& frontiers | Research Topics

Biological aspects of
targeted drug discovery:
Development of novel
targets and/or
chemotherapies, and
drug repurposing

Edited by
Sandeep Singh, Anjana Munshi, Jitender Bariwal
and Rajkumar S. Kalra

Published in
Frontiers in Oncology
Frontiers in Pharmacology



https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/research-topics/30818/biological-aspects-of-targeted-drug-discovery-development-of-novel-targets-andor-chemotherapies-and
https://www.frontiersin.org/research-topics/30818/biological-aspects-of-targeted-drug-discovery-development-of-novel-targets-andor-chemotherapies-and
https://www.frontiersin.org/research-topics/30818/biological-aspects-of-targeted-drug-discovery-development-of-novel-targets-andor-chemotherapies-and
https://www.frontiersin.org/research-topics/30818/biological-aspects-of-targeted-drug-discovery-development-of-novel-targets-andor-chemotherapies-and
https://www.frontiersin.org/research-topics/30818/biological-aspects-of-targeted-drug-discovery-development-of-novel-targets-andor-chemotherapies-and
https://www.frontiersin.org/research-topics/30818/biological-aspects-of-targeted-drug-discovery-development-of-novel-targets-andor-chemotherapies-and
https://www.frontiersin.org/journals/pharmacology

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers.

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version.

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers’ Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-83251-287-6
DOI 10.3389/978-2-83251-287-6

Frontiers in Oncology

January 2023

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

:' frontiers ‘ Research Topics January 2023

Biological aspects of targeted
drug discovery: Development
of novel targets and/or
chemotherapies, and drug
repurposing

Topic editors

Sandeep Singh — Central University of Punjab, India

Anjana Munshi — Central University of Punjab, India

Jitender Bariwal — University of Nebraska Medical Center, United States
Rajkumar S. Kalra — Okinawa Institute of Science and Technology Graduate
University, Japan

Citation

Singh, S., Munshi, A., Bariwal, J., Kalra, R. S., eds. (2023). Biological aspects of
targeted drug discovery: Development of novel targets and/or chemotherapies,
and drug repurposing. Lausanne: Frontiers Media SA.

doi: 10.3389/978-2-83251-287-6

Frontiers in Oncology 2 frontiersin.org


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-83251-287-6

& frontiers | Research Topics

Table of
contents

Frontiers in Oncology

05

09

20

30

42

53

58

71

81

January 2023

Editorial: Biological aspects of targeted drug
discovery: Development of novel targets and/or
chemotherapies, and drug repurposing

Rajkumar Singh Kalra, Sandeep Singh, Anjana Munshi and
Jitender Bariwal

Displacement of Native FXYD Protein From Na*/K*-ATPase
With Novel FXYD Peptide Derivatives: Effects on Doxorubicin
Cytotoxicity

Chia-Chi Liu, Yeon Jae Kim, Rachel Teh, Alvaro Garcia,

Elisha J. Hamilton, Flemming Cornelius, Robert C. Baxter and

Helge H. Rasmussen

Chemical and Biological Evidence of the Efficacy of
Shengxian Decoction for Treating Human Lung
Adenocarcinoma

Kejuan Li, Fengming You, Qin Zhang, Ruijiao Yuan, Qianghua Yuan,
Xi Fu, Yifeng Ren, Qian Wang, Xiaohong Li, Zhenya Zhang,
Mototada Shichiri and Yue Yu

Agl120-Mediated Inhibition of ASCT2-Dependent Glutamine
Transport has an Anti-Tumor Effect on Colorectal Cancer
Cells

Wei Yu, Jianwen Huang, Qichao Dong, Wenting Li, Lei Jiang,

Qian Zhang, Li Sun, Shengtao Yuan and Xu He

A Novel RGD-4C-Saporin Conjugate Inhibits Tumor Growth
in Mouse Models of Bladder Cancer

Stefania Zuppone, Chiara Assalini, Claudia Minici,

Oronza A. Botrugno, Flavio Curnis, Massimo Degano, Angelo Corti,
Francesco Montorsi, Andrea Salonia and Riccardo Vago

Anlotinib for the Treatment of Multiple Recurrent Lumbar and
Sacral Cord Hemangioblastomas: A Case Report
Nan Jin, Chunxiao Sun, Yijia Hua, Xinyu Wu, Wei Li and Yongmei Yin

Honokiol Induces Ferroptosis by Upregulating HMOX1 in
Acute Myeloid Leukemia Cells

Xingrong Lai, Yanhua Sun, Xuedi Zhang, Dan Wang, Jialing Wang,
Haihua Wang, Yao Zhao, Xinling Liu, Xin Xu, Haoran Song,

Wenijia Ping, Yanli Sun and Zhenbo Hu

Associations of Prior Chronic Use of Non-Steroidal
Anti-Inflammatory Drugs (NSAIDs) and Glucocorticoids With
Cachexia Incidence and Survival

Santiago Olaechea, Anne Gilmore, Christian Alvarez,

Bhavani S. Gannavarapu, Rodney Infante and Puneeth lyengar

Combining Network Pharmacology and Experimental
Validation to Study the Action and Mechanism of Water
extract of Asparagus Against Colorectal Cancer

Huiling Liang, Yanju Li, Feiging Wang, Jianing Zhao, Xu Yang, Dan Wu,
Chike Zhang, Yanqing Liu, Jie Huang, Min Su, Zhixu He, Yang Liu,
Jishi Wang and Dongxin Tang

3 frontiersin.org


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

&® frontiers | Research Topics January 2023

98 The Role of Membrane-Associated E3 Ubiquitin Ligases in
Cancer
Xuankun Chen, Li Jiang, Zhesheng Zhou, Bo Yang, Qiaojun He,
Chengliang Zhu and Ji Cao

111 Combinatorial delivery of CP1444 and vatalanib loaded on
PEGylated graphene oxide as an effective nanoformulation to
target glioblastoma multiforme: In vitro evaluation
Vishnu S. Mishra, Sachin Patil, Puli Chandramouli Reddy and
Bimlesh Lochab

128  Diallyl Disulfide: A Bioactive Garlic Compound with
Anticancer Potential
Saikat Mitra, Rajib Das, Talha Bin Emran, Rafiuddin Khan Labib,
Noor-E-Tabassum, Fahadul Islam, Rohit Sharma, Islamudin Ahmad,
Firzan Nainu, Kumarappan Chidambaram, Fahad A. Alhumaydhi,
Deepak Chandran, Raffaele Capasso and Polrat Wilairatana

149  TAIGET: A small-molecule target identification and
annotation web server
Xuxu Wei, Jiarui Yang, Simin Li, Boyuan Li, Mengzhen Chen,
Yukang Lu, Xiang Wu, Zeyu Cheng, Xiaoyu Zhang, Zhao Chen,
Chunxia Wang, Edwin Wang, Ruiging Zheng, Xue Xu and
Hongcai Shang

156  Exploring the recent trends in perturbing the cellular
signaling pathways in cancer by natural products
Md. Mominur Rahman, Md. Taslim Sarker, Mst. Afroza Alam Tumpa,
Md. Yamin, Tamanna Islam, Moon Nyeo Park, Md. Rezaul Islam,
Abdur Rauf, Rohit Sharma, Simona Cavalu and Bonglee Kim

182  Beta-adrenergic receptor blockade in angiosarcoma: Which
beta-blocker to choose?
Alaa Embaby, Lisanne van Merendonk, Neeltje Steeghs, Jos Beijnen
and Alwin Huitema

187  Effects of metformin on Sonic hedgehog subgroup
medulloblastoma progression: In vitro and in vivo studies
Huangyi Fang, Lingfei Wang, Lisheng Yu, Fang Shen, Zelin Yang,
Yue Yang, Shize Li, Haipeng Dai, Feng Tan, Jian Lin and
Hansong Sheng

Frontiers in Oncology 4 frontiersin.org


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

& frontiers | Frontiers in Oncology

‘ @ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY

Olivier Feron,

Université catholique de Louvain,
Belgium

*CORRESPONDENCE

Rajkumar Singh Kalra
rajkumar.singh@oist.jp

Sandeep Singh
sandeepsingh82@cup.edu.in

SPECIALTY SECTION

This article was submitted to
Pharmacology of Anti-Cancer Drugs,
a section of the journal

Frontiers in Oncology

RECEIVED 23 November 2022
ACCEPTED 12 December 2022
PUBLISHED 22 December 2022

CITATION

Kalra RS, Singh S, Munshi A and
Bariwal J (2022) Editorial: Biological
aspects of targeted drug discovery:
Development of novel targets
and/or chemotherapies, and

drug repurposing.

Front. Oncol. 12:1106610.

doi: 10.3389/fonc.2022.1106610

COPYRIGHT

© 2022 Kalra, Singh, Munshi and
Bariwal. 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 Oncology

TvpPE Editorial
PUBLISHED 22 December 2022
DoI10.3389/fonc.2022.1106610

Editorial: Biological aspects
of targeted drug discovery:
Development of novel targets
and/or chemotherapies, and
drug repurposing

Rajkumar Singh Kalra™, Sandeep Singh**, Anjana Munshi?
and Jitender Bariwal®

*Okinawa Institute of Science and Technology, Graduate University, Okinawa, Japan,

2Central University of Punjab, VPO Ghudda, Bathinda, Punjab, India, *The University of Texas MD
Anderson Cancer Center, Houston, TX, United States, “University of Nebraska Medical Center,
Omaha, NE, United States

KEYWORDS

cancer, drug discovery, chemotherapy, targeted medicine, drug repurposing,
bioactive compounds, natural products, cancer therapeutics

Editorial on the Research Topic

Biological aspects of targeted drug discovery: Development of novel
targets and/or chemotherapies, and drug repurposing

Cancer drug discovery is a competitive research area in interventional cancer
research. It comprises elements of biology and chemistry for developing novel drugs/
small molecules demonstrating potent anti-cancer efficacy (1). Enormous efforts across
laboratories and pharmaceutical industries worldwide identify thousands of such
molecules annually, however, only a few reach the clinical testing stage (2). It reflects a
high failure rate for several reasons that include (yet may not be limited to) drug efficacy,
physiological effects, associated side effects, and drug toxicity to normal cells (3). Targeted
drug discovery approaches advanced the development of refined drugs/molecules with
high therapeutic potential, yet again the success rate remains limited (4). Investigation
into the drugs that are approved to cure certain diseases/conditions at times were
unexpectedly seen to provide benefits from unintended side effects (5). Availability of the
safety, pharmacokinetic, and manufacturing data of licensed drugs/molecules enables
researchers to extract/concentrate and investigate their ‘unintended’ beneficial effects,
avoiding a longer procedure of preclinical and clinical trials for safety evaluation (6, 7).
Above practice in drug designing and discovery is generally called ‘drug repurposing’ or
‘drug repositioning’ (8). Given the availability of relevant safety data that skips time and
funding, drug repurposing offers opportunities for researchers to evaluate their anti-
cancer and preventive efficacies against routine chemotherapeutic drugs/therapies (9).

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.1106610/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1106610/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1106610/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1106610/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1106610/full
https://www.frontiersin.org/research-topics/30818#
https://www.frontiersin.org/research-topics/30818#
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.1106610&domain=pdf&date_stamp=2022-12-22
mailto:rajkumar.singh@oist.jp
mailto:sandeepsingh82@cup.edu.in
https://doi.org/10.3389/fonc.2022.1106610
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.1106610
https://www.frontiersin.org/journals/oncology

Kalra et al.

In the present Research Topic, we gathered new knowledge on
novel anticancer compounds/molecules, research strategies/
approaches, and repurposing drugs.

Given the safety and accessibility, natural bioactive
compounds/extracts from herbal medicinal plants attained
larger interest in the field of cancer drug discovery. In an
original report, Li et al. explored the anti-cancer potential of
Shengxian Decoction (SXT, a traditional Chinese medicine)
against lung adenocarcinoma. Extraction and analysis of crude
SXT led them to reveal the abundance of mangiferin, ie., an
established anti-cancer compound. The serum pharmacological
analysis exhibited growth-suppressive activity of serum SXT
against A549 lung cancer cells that was further validated in the
animal model. At the molecular level, their investigation revealed
tumor necrosis-inducing and HIF-1o. suppressive function of
SXT. Their investigation provided the first scientific evidence of
the anti-cancer efficacy of SXT against lung adenocarcinoma.
Another report by Lai et al. identified the anti-leukemia activity
of honokiol (a natural small biphenolic phytochemical
compound) on a panel of acute myeloid leukemia (AML) cell
lines. To analyze honokiol’s potent growth arrest (G0/G1) and
anti-viability/proliferative activities at the molecular level, they
discovered a noncanonical ferroptosis pathway-inducing function
of honokiol that upregulates the intracellular lipid peroxide and
HMOX1 levels in AML cells. This report suggested that honokiol
could serve as a potential ferroptosis activator in AML. In another
report, Zuppone et al. genetically modified the plant-derived
single-chain ribosome-inactivating protein saporin (SAP)
structure by joining its N-terminus to the ACDCRGDCFCG
peptide (RGD-4C, an ow-integrin ligand), and subsequently
analyzed the anti-tumor efficacy of the resulting protein viz.
RGD-SAP in vitro and in vivo mouse model. They revealed that
RGD-4C targeting domain fusion to SAP enhances the cytotoxic
activity of the latter in an av-integrin expression-dependent
manner. Of note, they showed that a systemic administration of
RGD-SAP with mitomycin C (a frontline chemotherapeutic drug
to treat bladder cancer) extended the survival of mice with
orthotopic bladder cancer, lacking any systemic toxicity. They
stressed on exploiting the potent efficacy of RGD-SAP either alone
or in combination with the current chemotherapy regimes to treat
bladder cancer and potentially other solid tumors. In this line,
another study by Liang et al. using network pharmacology and wet
lab attempted to identify the potential therapeutic targets of
Asparagus (ASP) in colorectal cancer (CRC). They identified 9
active components from ASP, while its 157 potential targets were
predicted including the p53, FOS, AP-1, and Aktl. The obtained
results from in vitro and in vivo assays affirmed the anti-cancer
activities of ASP, thereby providing the first evidence of its
potential role for CRC therapeutics. Consistent with the
emerging significance of natural bioactive compounds in the
complementary or alternative therapeutics, Mitra et al. in a
review report further assessed the anti-cancer potential of
Diallyl disulfide (DADS), a key bioactive organosulfur
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compound from garlic. Garlic is widely regarded for its
medicinal properties that have a wide range of bioactivities
including antithrombotic, hypo-lipidemic, antibacterial, and
anticancer, while DADS exhibited prominent anti-tumor
activities against diverse cancers. The gathered information
comprehensively provided insights into the anti-cancer
properties of DADS, its mode of action, mechanisms,
bioavailability, and pharmacokinetics from existing studies. To
this end, Rahman et al. in a detailed review further explored the
recent trends in natural products-led perturbed cellular signaling
of a cancer cell. The report reviewed the role of natural
compounds in causing cell cycle arrest, triggering intrinsic and/
or extrinsic apoptosis pathways. The report highlighted the
significance of several key signaling pathways and their effector
proteins including MAPK, NF-B, Wnt, Akt, Notch, ER, and p53,
which regulate apoptotic signals specifically in pre-malignant or
cancer cells. They underlined the importance of non-toxic
“natural drugs” for cancer prevention and therapeutics. Taken
together, original research and reviews in the section enhanced
our understanding of the anti-cancer activities of natural
compounds at the cellular and molecular levels.

Emergence of targeted drug discovery approaches
highlighted the significance of selective inhibitors, small
molecules/metabolites, and novel peptides in cancer
therapeutics. In this line, original research from Yu et al
elucidated the potent function of Agl20 (ivosidenib, a mutant
isocitrate dehydrogenase 1 or IDHI inhibitor) as an ASCT2
(solute carrier family 1 member 5) inhibitor in colorectal cancer.
In the cancer cell metabolic reprogramming, glutamine
metabolism plays an important role in tumor progression,
which underlines that targeting glutamine uptake (via the
transporter protein ASCT2/SLC1A5) could be an effective
interventional strategy. The report showed that Agl20 blocks
glutamine uptake, metabolism and restricts tumor cell growth
via ERK and mTOR signaling pathways. These efforts identified
a novel mechanism of Agl20 function as an ASCT?2 inhibitor for
cancer therapeutics. In another original report, Olaechea et al.
studied the associations between prior long-term use of NSAIDs
(non-steroidal anti-inflammatory drugs) or glucocorticoids with
cachexia (i.e., an inflammatory and metabolic syndrome of
unintended weight loss in muscle and adipose tissue)
incidence and occurrence of post-diagnosis weight loss in a
retrospective cohort of 3,180 cancer patients. Of note, they
elucidated that the prior anti-inflammatory treatments, mainly
NSAIDs, have protective effects against the manifestations of
cachexia at the cancer diagnosis. They stressed on the requisite
of detailed investigation to precisely assess the potential
therapeutic benefits of NSAIDs early in cancer management.
Examining the repurposing of Metformin (a first-line drug for
type 2 diabetes), a report by Fang et al. further investigated
inhibitory effect on the medulloblastoma (MB) and elucidated its
efficacy in the Sonic hedgehog (Shh) subgroup MB cell line in
vitro and in vivo. Of note, these effects were shown to cause by
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AMPK-mediated inhibition of the Shh signaling pathway. In
the case of hemangioblastoma (HB, a highly vascularized cystic
tumor of the CNS or central nervous system), a case report by Jin
et al. revealed that anlotinib, i.e, a tyrosine kinase inhibitor
(targeting VEGFR) can produce the significant radiographic
response. The 62-year-old woman patient with multiple
recurrent lumbar and sacral cord HBs post receiving the 3
months anlotinib treatment showed marked tumor regression,
hinting anlotinib could be a therapeutic approach for patients
with multiple recurrent HB or multiple lesions/VHL disease.
Amid increasing drug repurposing in clinical practice, a careful
review of drug safety for cancer patients is important. In a
perspective report, Embaby et al. underscored the need for
diligence when choosing the [-adrenergic receptor blockers
(B-blockers) in angiosarcoma. The B-blockers/antagonists are
often prescribed in ischemic cardiac disease due to their anti-
hypertensive and anti-arrhythmic activities. Given the usage of
B-blockers in recent times to improve therapeutic options for
angiosarcoma patients, it is crucial to determine the optimal
pharmacological activities of B-blockers in the patient cohort
where most patients lack cardiovascular co-morbidity. The
report underlined the need to use B-blockers that have
intrinsic sympathomimetic or vasodilator effects, e.g., labetalol,
pindolol or carvedilol, essentially to minimize the risk of adverse
cardiovascular events. To ensure efficient drug delivery, original
research by Mishra et al. developed water-dispersible and
biocompatible nanocargo (GO-PEG) for Glioblastoma
multiforme (GBM; a primary malignant form of CNS tumor
in adults). Given the utility of nanocarriers that improve a drug’s
water dispersibility, cellular permeability, and efficacy at a lower
dose, they developed a GO-PEG nanocarrier based on modified
graphene oxide with a poly(ethylene glycol) amine dendrimer
(6-armed) for effectively load and carry two hydrophobic
anticancer drug molecules viz. CPI444 and vatalanib targeting
A2AR, VEGFR, PDGFR, and c¢-KIT. They validated the above
regime to reduce cancer cell viability, migration/invasion,
calcium levels, and expression of markers (Oct4 and Nanog)
associated with GBM, and thereby affirmed the utility of the
adopted strategy toward effective GBM treatment. The
revised/repurposed targeting approaches against cancer are of
much interest, yet tumor resistance has been an evident
challenge. In this line, original research from Liu et al.
attempted to overcome FXYD3 (an FXYD protein linked with
Na+/K+-ATPase o/ heterodimers that protect B1 subunit
against glutathionylation that destabilizes the heterodimer and
inhibits its function) -led treatment resistance in cancer cells.
They developed two FXYD3 peptide derivatives viz. FXYD3 -pep
CKCK and -pep SKSK that allow elimination and increase of
EXYD protein function, respectively. The report revealed that
Cys residue is critical to counter B1 subunit glutathionylation to
promote the cytotoxicity upon siRNA-mediated FXYD3
suppression. Chen et al. in a review report, further assessed
the functional significance of membrane-associated E3 ligases in
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cancer and as a drug target. Authors shed light on the critical
function of the ubiquitin E3 ligase in facilitating intracellular
communication, while linking its dysfunction to cancer.
Therefore, E3 ligase could as a novel drug target for cancer
therapy, where drugs/small molecules inducing ubiquitination-
mediated degradation of the cancer-cell membrane may be of
prime interest. To enable the virtual and reliable identification of
targets for drug discovery, Wei et al. in a method article further
developed a graphical web interface viz. TAIGET, which
comprises a docking, a target screen, and an annotation
module respectively. TAIGET consist of a robust target
annotation module (curating >14,000 cancer-related works,
having 73 cancer types and 2,170 cell types), and is freely
accessible at http://www.taiget.cn/. Also, it has a
comprehensive interface to support researchers those lack
technical expertise in the virtual drug discovery practice.

Taken together, the present Research Topic collects
knowledge from the submitted original research article(s),
reviews, case reports, method and perspective reports and
comprehensively presents new findings on the anti-cancer
drug (natural compounds, inhibitors/peptides, and small
molecules) discovery, novel regimes, and emerging clinical
significance of drug repurposing.
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The seven mammalian FXYD proteins associate closely with o/B heterodimers of Na*/K*-
ATPase. Most of them protect the B1 subunit against glutathionylation, an oxidative
modification that destabilizes the heterodimer and inhibits Na*/K*-ATPase activity. A
specific cysteine (Cys) residue of FXYD proteins is critical for such protection. One of the
FXYD proteins, FXYD3, confers treatment resistance when overexpressed in cancer cells.
We developed two FXYD3 peptide derivatives. FXYD3-pep CKCK retained the Cys residue
that can undergo glutathionylation and that is critical for protecting the 1 subunit against
glutathionylation. FXYD3-pep SKSK had all Cys residues mutated to Serine (Ser). The
chemotherapeutic doxorubicin induces oxidative stress, and suppression of FXYD3 with
siRNA in pancreatic- and breast cancer cells that strongly express FXYD3 increased
doxorubicin-induced cytotoxicity. Exposing cells to FXYD3-pep SKSK decreased co-
immunoprecipitation of FXYD3 with the a1 Na*/K*-ATPase subunit. FXYD3-pep SKSK
reproduced the increase in doxorubicin-induced cytotoxicity seen after FXYD3 siRNA
transfection in pancreatic- and breast cancer cells that overexpressed FXYD3, while
FXYD3-pep CKCK boosted the native protein’s protection against doxorubicin. Neither
peptide affected doxorubicin’s cytotoxicity on cells with no or low FXYD3 expression.
Fluorescently labeled FXYD3-pep SKSK was detected in a perinuclear distribution in the
cells overexpressing FXYD3, and plasmalemmal Na*/K*-ATPase turnover could not be
implicated in the increased sensitivity to doxorubicin that FXYD3-pep SKSK caused. FXYD
peptide derivatives allow rapid elimination or ampilification of native FXYD protein function.
Here, their effects implicate the Cys residue that is critical for countering B1 subunit
glutathionylation in the augmentation of cytotoxicity with siRNA-induced downregulation
of FXYDS.

Keywords: breast cancer, pancreatic cancer, peptide therapy, membrane transport, oxidative stress, dysadherin
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INTRODUCTION

The 7-member mammalian FXYD protein family is expressed in
a tissue-specific manner (1). Its members associate closely with
the Na'/K"-ATPase, and most of them protect the Na'/K'-
ATPase Bl subunit against glutathionylation, an oxidative
modification in which the cytosolic tri-peptide glutathione
(GSH) binds to a free SH group of a cysteine (Cys) residue in
a protein. Glutathionylation of the B1 subunit compromises the
structural integrity of the at1/B1 heterodimer of Na*/K"-ATPase
and inhibits its function. Countering this, FXYD proteins can
stabilize Na*/K"-ATPase structure and function (2).

A specific Cys residue bracketed by basic amino acids and
conserved across most members of the FXYD protein family is
critical for a FXYD protein’s protection against B1 subunit
glutathionylation. The cellular expression of FXYD proteins
that have the specific Cys residue is protective against oxidative
stress-induced 1 subunit glutathionylation and Na*/K"-ATPase
inhibition, while mutating the residue eliminates the protective
effect of the expressed protein (2). The critical role of Cys
residues is also evident from the effects of exposing cardiac
myocytes to recombinant FXYD proteins with or without the
Cys residue (2).

A brief (15 min) exposure of myocytes to recombinant FXYD3
protein displaces the native FXYD1 protein. Both the exogenous
and the native protein have the Cys residue critical for the
protective effect against f1 subunit glutathionylation, and the
additional exogenous supply of FXYD3 counters f1 subunit
glutathionylation induced by oxidative stress. In parallel, it
counters sarcolemmal Na®/K'-ATPase inhibition. Exogenous
recombinant FXYD1 has similar effects on Na'/K'-ATPase
function. However, while a recombinant FXYD3 protein with
Cys residues mutated to serine also displaces native FXYD1 in
myocytes, it is not protective against B1 subunit glutathionylation
or Na"/K*-ATPase inhibition (2).

Only the transmembrane domain and the extracellular
PEXYD motif near the membrane leaflet have known bonds to
o- and B Na*/K"-ATPase subunits (3, 4). Other than the PEXYD
motif and the motif that includes the Cys residue critical for
countering B1 subunit glutathionylation, extracellular and
cytoplasmic domains are poorly conserved across the FXYD
protein family (5). Since they are not expected to affect B1
subunit glutathionylation, we designed 36 amino acid peptide
analogues of the Cys-preserved FXYD3 protein and its Cys-
mutated (Cys —Ser) derivative without these domains. We refer
to these peptides as FXYD3-pep CKCK and FXYD3-pep SKSK.

EFXYD3 is often highly expressed in cancers, particularly in
those of the pancreas (6), prostate (7), and breast (8).
Suppression of FXYD3 with siRNA in cultured human breast
cancer cells that overexpress FXYD3 augments cytotoxicity of
doxorubicin (Dox) (9). Dox induces oxidative stress (10), and the
augmentation of Dox cytotoxicity with downregulation of
FXYD3 was associated with an increase in 31 Na*/K*-ATPase
subunit glutathionylation (9). If augmentation of cytotoxicity
with FXYD3 downregulation depends on the FXYD Cys residue
that is critical for countering B1 subunit glutathionylation, Cys-
mutated FXYD3-pep SKSK but not FXYD3-pep CKCK should

reproduce the augmentation. We have examined the effects of
FXYD3-pep SKSK or FXYD3-pep CKCK on Dox-induced
cytotoxicity in breast and pancreatic cancer cells that do or do
not overexpress FXYD3.

MATERIALS AND METHODS
Cell Cultures

Human pancreatic cancer cells BxPC-3, Panc-1, non-
transformed human mammary epithelial MCF-10A cells, and
human breast cancer cells MCF-7 and MDA-MB-468 were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were then cultured as previously
described (6, 9, 11). All cells were used within 20 passages of
thawing and were free of mycoplasma contamination as
ascertained by mycoplasma PCR detection (12).

FXYD3 siRNA Transfection

A human siRNA against FXYD3 (consisting of pools of three to
five target-specific 19-25-nt siRNAs designed to knock down
gene expression, sc-60665) and the non-silencing control
(control siRNA-A, sc-37007) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Cells were transfected using
the siRNA Transfection Reagent/Medium (Santa Cruz
Biotechnology) according to the manufacturer’s instructions.
The FXYD3 mRNA expression level was quantified by real-
time polymerase chain reaction (RT-PCR) as described
previously (9). FEXYD3 protein abundance was measured by
Western blotting (9).

Susceptibility to Glutathionylation of
FXYD3 Peptide Derivatives

FXYD3 peptide derivatives were synthesized by Mimotopes Pty
Ltd., Australia. Since an FXYD protein’s susceptibility to
glutathionylation is essential for the protein to counter
glutathionylation of the B1 subunit (2), we ascertained that
FXYD3-pep CKCK but not FXYD3-pep SKSK is susceptible to
glutathionylation. Glutathionylation was performed by disulfide
exchange with oxidized glutathione (GSSG) (13). Peptides were
incubated with 10 mM GSSG (30 min) or 10 mM GSH/100 mM
hydrogen peroxide (H,O,, 30 ). Dithiothreitol (DTT) was
added for disruption of protein disulfide bonds. N-
Ethylmaleimide (NEM, 5 mM for 5 min on ice) was also
added to block free thiols and minimize exchange between free
thiols and oxidized thiols.

Fluorescent Confocal Microscopy

The extracellular N-terminal of customized FXYD3-pep SKSK
was tagged with fluorescent tetramethylrhodamine (TRITC) to
visualize the distribution of FXYD peptide derivatives in cells.
BxPC-3 cells grown to 70% confluence were exposed to 1 pM
FXYD3-pep SKSK with or without TRITC-tag. Cells were
exposed to the peptide for 2 h, the media removed, peptide-
free fresh media added, and cells incubated for a further 24 h.
They were then fixed in 3.7% paraformaldehyde, washed, and
mounted on non-coated color frost slides in Fluoroshield
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mounting medium with DAPT (ab104139, Abcam, Cambridge,
MA, USA) and examined under a laser scanning confocal
microscope (Leica TCS SP5, Wetzlar, Germany). The
excitation wavelength was 543 nm, and the emission
wavelength was 572 nm. The fluorescence images were
obtained using constant settings of scanning speed, pinhole
diameter, and voltage gain.

Cell Viability and Apoptosis

Cell metabolic activity was assayed as described (14) by
estimating the reduction of XTT (2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxyanilide), using a
commercially available kit (Cell Signaling Technology,
Danvers, MA, USA) according to the manufacturer’s
instructions. Metabolic activity was used as a surrogate for
viability. For each set of experimental groups, we performed 5
experiments with 4 replicates. Caspase-3-like activity is increased
through a protease cascade during the early stage of apoptosis
(15), and we measured activities of Caspase 3/7 (DEVDase) using
the caspase fluorogenic substrate (Calbiochem, San Diego, CA,
USA) as described (9).

Co-Immunoprecipitation

After solubilization in RIPA lysis buffer, protein extracts (0.5-1
mg) from cells were precleared and incubated overnight at 4°C
with anti-o; subunit Na*™-K" ATPase (D4Y7E; Cell Signaling
Technology, USA), anti-FXYD3 (ab205534; Abcam, UK), or
anti-B1 subunit (D6U8SQ; Cell Signaling Technology, USA)
Na'/K"-ATPase antibodies followed by precipitation for 2 h at
4°C with protein A/G plus agarose-coated beads (Abcam, UK).
Sample buffer was added, the mixture was boiled for 5 min and
sedimented, and the supernatant was used for immunoblotting.

Western Blot

Western blot analysis was performed as previously described (9).
The following primary antibodies were used: Na"-K" ATPase o1
subunit (05-369; Merck Millipore, Burlington, MA, USA), Na*-
K*-ATPase 1 subunit (A278; Merck Millipore, USA), FXYD3
(OTIID1; Sigma-Aldrich, AUS), or GSH (recognizing GS-S-
proteins purchased from Virogen, Watertown, MA, USA). For
a loading control, GAPDH was detected using the anti-GAPDH
monoclonal antibody (G8795; Sigma-Aldrich, Sydney,
Australia). Each presented immunoblot is representative of
separate experiments as indicated in text. The band densities
were quantified by densitometry (Image Lab™, 6.0.1 Bio-Lab
Laboratories, Inc., Hercules, CA, USA).

Measurement of Plasmalemmal
Na*/K*"-ATPase Activity

The whole-cell patch-clamp technique was used to measure
plasmalemmal electrogenic Na*/K*-ATPase pump current (I,
arising from the 3:2 ratio of intracellular Na" pumped out of cells
in exchange for extracellular K" pumped in). Solutions and
voltage-clamp protocols were designed to minimize non-pump
currents. Patch pipette solutions that perfuse the intracellular
compartment after the whole-cell voltage clamp configuration is
established contained the following (in mM): 1 NaH,PO,, 5

HEPES, 5 EGTA, 2 MgATP, 86 Na'-glutamate, and 70
tetramethylammonium chloride. The solution was titrated to a
pH of 7.2 at 22°C using 2 M NaOH. The final concentration of
Na" was 100 mM which causes near-maximal plasmalemmal
Na'/K"-ATPase activation at intracellular sites.

Cells were initially superfused with modified Tyrode’s
solution containing the following (in mM): 140 NaCl, 5.6 KCl,
2.16 CaCl,, 0.44 NaH,PO,, 10 glucose, 1.0 MgCl,, and 10
HEPES. The solution was titrated to a pH of 7.55 at 22°C with
NaOH. After the whole-cell configuration was established, we
switched the superfusate to one that was nominally Ca**-free and
contained 0.2 mM CdCl, and 2 mM BaCl,. Cd** was included to
block Ca** channel conductance and inhibit Na*-Ca®" exchange
(16), while Ba** was included to block K* channels. Cells were
voltage clamped at 0 mV to inactivate voltage-sensitive Na"
channels (17) and L-type Ca®* channels (18, 19).

I, was identified as the inward shift in holding current with
exposure to K'-free extracellular solutions to eliminate Na*/K*-
ATPase activation at extracellular sites, as described previously
for measurements in cardiac myocytes (20). We switched to the
K"-free superfusate 2-3 minutes after the whole-cell
configuration had been established. Na*/K"-ATPase pump
currents are small relative to other membrane currents, and it
is important for their accurate measurement that holding
currents are stable before and after the switch from K'-
containing to K'-free solutions. As for measurement of I, in
cardiac myocytes (20), we used predetermined criteria for
stability of holding currents before and after changing to K'-
free extracellular solution. I, was normalized for cell membrane
capacitance and hence cell size.

Statistical Analysis

Results are presented as mean * standard deviation (SD). The
IC50 values for Dox in cell viability studies were calculated by
GraphPad Prism. Statistical comparisons were made with a
Mann-Whitney test, ANOVA, and repeated-measure ANOVA
with Geisser-Greenhouse epsilon correction. p < 0.05 was
considered statistically significant.

RESULTS

FXYD3-siRNA Transfection Augments
Dox-Induced Cytotoxicity in BxPC-3 Cells
BxPC-3 pancreatic cancer cells which have high FXYD3 expression
were treated with siRNA transfection to modulate FXYD3
expression. Figure 1A shows that the siRNA reduced levels of
endogenous FXYD3a and FXYD3b mRNA, two splice variants of
FXYD3, at 24 and 48 h after treatment when compared with a control.
Transfection with siRNA also decreased the protein expression of
FXYD3 in BxPC-3 cells by ~60% after 48 h (Figure 1B).

FXYD3 siRNA transfection alone had no significant effects on
viability or caspase 3/7 activation in BxPC-3 cells. When co-
treated with Dox, transfection augmented a decreased viability
(Figure 1C) and an increased caspase 3/7 activation (Figure 1D).
The siRNA-directed suppression of FXYD3 protein sensitized
BxPC-3 cells to Dox.
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FIGURE 1 | FXYD3-siRNA transfection of BxPC-3 cells. (A) Expression of FXYD3a and FXYD3b mRNA after exposure of cells to FXYD3 siRNA for 24 or 48 h (B)
Effect of siRNA and Dox on FXYD3 expression. Cells were exposed to 1 uM Dox or Dox-free culture medium for 48 h after transfection as indicated. (C) FXYD3
siRNA transfection and effect of Dox on cell viability. Cells were exposed to Dox or Dox-free culture medium as for (C). (D) FXYD3 siRNA transfection and effect of

Dox on Caspase-3/7 activity.

Effects of Novel FXYDS3 Derivatives on
Protein Glutathionylation

The amino acid sequence of wild-type (WT) EXYD3 is shown in
Figure 2A. The peptide analogue of the Cys-mutated FXYD3
protein with poorly conserved intracellular and extracellular
domains eliminated FXYD3-pep SKSK, as shown in Figure 2B,
and the analogue with Cys residues of the WT protein retained
FXYD3-pep CKCK, as shown in Figure 2C. As expected,
immunoblotting with a GSH antibody identified
glutathionylation of FXYD3-pep CKCK but not of FXYD3-pep
SKSK (Figure 2D, one of two similar experiments is shown).
Dithiothreitol (DTT) is a reducing agent, which is expected to
decrease existing glutathionylation. When incubated with DTT,
the signal for glutathionylation of FXYD3-pep CKCK was
eliminated (Figure 2E).

The effects of FXYD3-pep SKSK on glutathionylation of the 31
Na'/K"-ATPase subunit was examined in BxPC-3 cells submitted
to the oxidative stress induced by Dox. BxPC-3 cells were exposed to
1 uM FXYD3-pep SKSK for 2 h. The cells were washed and then
incubated for 24 hin a solution that included only 1 uM Dox but was
free of FXYD3-pep SKSK. The levels of glutathionylation of the Na,

K-ATPase B1 subunit was quantified in the precipitate obtained in
immunoprecipitation experiments with an anti-GSH antibody.
Exposure to FXYD3-pep SKSK increased the signal for B1 Na*/
K*-ATPase subunit glutathionylation (Figure 2F).

FXYD3-pep SKSK Displaces WT FXYD3
From the a1 Na*/K*-ATPase Subunit

Levels of FXYD3, normalized to levels in the non-transformed
human breast cell line MCF-10A, were much higher in the
BxPC-3 and MCF-7 cells than in the MDA-MB-468 and Panc-
1 cells. Overexpression of the a1 Na'/K'-ATPase subunit
broadly followed the same pattern as FXYD3 expression
(Figure 3A). We did not detect WT FXYD3 protein or FXYD3
mRNA for Panc-1 (not shown), as others also reported (6).

We examined the cellular distribution of FXYD3-pep SKSK.
For this, we used pancreatic BxPC-3 cells because they exhibited
the strongest signal for expression of ol Na'/K'-ATPase
subunits (Figure 3A) that FXYD3-pep SKSK is expected to
bind to. We exposed cells to TRITC-tagged FXYD3-pep SKSK
for 2 h. The peptide was then washed off, and fluorescence
microscopy was performed 24 h later.
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subunit glutathionylation.

TRITC-tagged FXYD3-pep SKSK was detected in the cytosol,
particularly in the perinuclear region (Figure 3B). The fluorescent
signal was not detected in cells exposed to FXYD3-pep SKSK
without TRITC-tag (data not shown). A fluorescent signal that
appears with a 2-h exposure to TRITC-tagged FXYD3-pep
indicates that the peptide is membrane permeable, as expected for
its amino acid sequence that mostly corresponds to the
transmembrane domain of the FXYD3 protein (Figure 2).
Persistence of the fluorescent signal 24 h after TRITC-tagged
FXYD3-pep was washed off would not be expected unless the
peptide binds intracellularly. A fluorescent signal reflecting
binding to plasmalemmal Na'/K'-ATPase was not selectively
detected. However, a signal from such fluorescence might be
undetectable with overlapping of signals in multilayered
cultured cells.

To examine if FXYD3-pep SKSK can displace WT FXYD3
from Na*/K*-ATPase, we exposed BxPC-3 cells to 1 uM FXYD3-
pep SKSK for 2 h before cell lysis. We used an antibody directed
against an epitope in WT FXYD3 that is absent in the shortened
FXYD3-pep SKSK to detect the FXYD3 protein and found that
FXYD3-pep SKSK reduced the co-immunoprecipitation (Co-Ip)
of the Na"/K"-ATPase ol subunit with FXYD3 by ~50%
(Figure 3C). A similar reduction was observed in reverse Co-

Ip (Figure 3D). The peptide displaced the native FXYD3 from
the Na*/K"-ATPase ol subunit.

FXYD3-pep SKSK Enhances
Dox-Mediated Cytotoxicity

We examined if displacement of WT FXYD3 from Na'/K'-
ATPase is reflected in viability of cells exposed to FXYD3-pep
SKSK with and without co-exposure to Dox for 48 h. The culture
medium that contained FXYD3-pep SKSK and Dox was replaced
with fresh medium every 24 h.

FXYD3-pep SKSK alone at 1 or 2 uM did not decrease cancer
cell viability (data not shown). However, it augmented a Dox-
induced decrease in viability of pancreatic BxPC-3 and breast
MCE-7 cells that express high levels of FXYD3. For BxPC-3 cells,
the IC50 for Dox was shifted from ~1.74 to ~0.4 pM and ~0.3
UM with exposure to 1 and 2 uM FXYD3-pep SKSK, respectively
(Figure 4A). For MCF-7 cells, FXYD3-pep SKSK augmented the
effects of Dox with a shift in IC50 from ~4.3 to ~0.5 uM with
exposure to 2 uM FXYD3-pep SKSK (Figure 4B). FXYD3-pep
SKSK did not augment the effect of Dox on pancreatic Panc-1
cells that do not express FXYD3 (Figure 4C) or on the breast
cancer cell line MDA-MB-468 that expresses FXYD3 at a low
level (Figure 4D). The peptide derivative that retained the Cys
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FIGURE 3 | Distribution of FXYD3-pep SKSK and its ability to displace FXYD3 from the a1 Na*/K*-ATPase subunit. (A) FXYD3 and Na*/K*-ATPase o1 subunit
expression in MCF-7 and MDA-MB-468 breast cancer cells and in BxPC-3 and Panc-1 pancreatic cancer cells. Expression is normalized to expression in human
non-cancer MCF-10A cells; GAPDH was the internal loading control. (B) Immunofluorescence showing distribution of TRITC-labeled FXYD3-pep SKSK in BxPC-3
cells. Cells were exposed to 1 pM TRITC-tagged FXYD3-pep SKSK (TRITC-SKSK) (red) for 2 h and fluorescence microscopy performed 24 h after the peptide was
washed off. DAPI was used to counterstain the nucleus (blue). One of 5 similar experiments is shown. Fluorescence is predominantly peri-nuclear. Scales are shown
in the middle panel. (C) Immunoblot (IB) of a1 Na*/K*-ATPase subunit with WT FXYD3 immunoprecipitant in lysate of BXPC-3 with and without exposure of the cells
to 1 uM FXYD3-pep SKSK for 2 h before lysis. (D) Immunoblot of WT FXYD3 with the a1 subunit immunoprecipitant in the lysate from the cells. C, control; TL, total
lysate; non-immune IgG (IgG), negative control for IP. The efficiency of the Co-Ip can be estimated by the comparison of B1 subunit expression in the initial total
lysate and the unbound supernatant after IP in BXPC-3 cells (data not shown). Approximate binding efficiency was ~90%.

residues of the WT EXYD3 protein, FXYD3-pep CKCK, and  induced by oxidative stress (2), we examined if direct inhibition
reduced Dox induced cytotoxicity in BxPC-3 cells (Figure 4E)  of the Na'/K'-ATPase reproduces the effect of FXYD3-pep
but had no effect on Panc-1 cells that do not express the FXYD3 ~ SKSK in augmenting Dox-induced cytotoxicity. We exposed
protein (Figure 4F). MCEF-7 breast cancer cells to ouabain that, due to its

Exposure of BxPC-3 cells (Figure 5A) and MCF-7 cells  hydrophilicity, is poorly membrane-permeable and inhibits
(Figure 5B) to FXYD3-pep SKSK alone had no effect on  plasmalemmal Na'/K"-ATPase at extracellular sites (21). Cells
caspase 3/7 activity, but exposure to the peptide augmented an ~ were exposed to ouabain with or without co-exposure to Dox.

effect of Dox on caspase 3/7 in both cell lines. Ouabain alone reduced cell viability in a concentration-

dependent manner. However, a modest augmentation of Dox-
Plasmalemmal Na*/K*-ATPase Is an induced cytotoxicity decreased with an increase in ouabain
Unlikely Target for FXYD3-pep SKSK concentration (Figure 6A), in contrast to the increased

Plasmalemmal Na*/K*-ATPase is critical for cell survival, and augmentation of Dox cytotoxicity with an increase in the
since WT FXYD3 protects the Na*/K"-ATPase against inhibition ~ concentration of FXYD3-pep SKSK from 1 to 2 uM (Figure 4).
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to solutions free of the peptide. Results are from 5 experiments for each peptide concentration.

The different levels of Na"/K'-ATPase subunit expression
might reflect a difference in the cells’ functional plasmalemmal
Na"/K"-ATPase. FXYD3 and ol Na'/K"-ATPase subunits are
markedly upregulated in MCF-7 cells that are sensitized to Dox
cytotoxicity by FXYD3-pep SKSK relative to levels in the MDA-
MB-468 cells that are not sensitized (Figure 3A). We measured
I, of the two cell lines. There was no difference in I, between the
cells (Figure 6B). The differences in o:1 Na*/K"-ATPase subunit
expression between MCF-7 and MDA-MB-468 cells but similar
plasmalemmal Na'/K'-ATPase pump capacity implicate an
intracellular location of overexpressed Na'/K'-ATPase in the

cells that are sensitized to Dox with exposure to FXYD3-
pep SKSK.

DISCUSSION

Similar to the distribution of overexpressed WT FXYD3 in
resected pancreatic (6) and breast cancers (8), we detected
TRITC-tagged FXYD3-pep SKSK intracellularly, predominately
in a perinuclear distribution. Immunofluorescence signals for WT
FXYD3 in MCEF-7 cells partly overlap with signals for Na'/K*-
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FIGURE 5 | Effect of FXYD3-pep SKSK on caspase 3/7 activity. (A) BxPC-3 and (B) MCF-7 cells were exposed to solutions that included 1 uM FXYD3-pep SKSK
or were peptide-free for 24 h and then for a further 48 h to solutions that included the peptide or were peptide-free and included Dox, 0.5 uM for the BxPC-3 cells,
and 2.5 uM for the MCF-7 cells as indicated. Caspase 3/7 activity was used as index of apoptosis. N = 5.
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FIGURE 6 | Plasmalemmal Na*/K*-ATPase as a potential target for FXYD3-pep SKSK. (A) MCF-7 cell survival after a 48-h exposure to ouabain in concentrations
indicated, with or without co-exposure to 1 uM doxorubicin (Dox). * indicates difference in additive effect of ouabain and Dox at 25 or 50 nM ouabain vs. 70-150 nM
ouabain. N = 5 for each ouabain concentration. (B) Electrogenic Na*/K*-ATPase pump currents (I,) of MCF-7 cells that do, and MDA468 cells that do not,
overexpress Na*/K*-ATPase. The trace of membrane current (Im) was recorded in an MCF-7 cell before and after Na*-K* pump activity was eliminated with
exposure to K*-free extracellular solution. The inward shift to a near-zero holding current in K*-free solution identifies I,. Currents were sampled with an electronic
cursor after electrical noise caused by extracellular solution change had subsided.

ATPase o subunits (8), and a mostly perinuclear distribution ofthe ~ promotes FXYD3 transcription, and the synthesized FXYD3
B1 Na'/K*-ATPase subunits in cancer cells is also reported with  protein in turn confines SOX9 to the nucleus in a regulatory
the development of some colorectal cancers (22). We are notaware ~ feedback loop for FXYD3 amplification (23). With
of studies reporting overexpression of the intact o/f/FXYD3  experimentally induced synthesis of FXYD3 in Chinese
Na®/K*-ATPase molecular complexes in the intracellular ~ Hamster Ovary (CHO) cells, detectable FXYD3 becomes
compartment in cancers. However, all its constituents are  distributed in the nuclear envelope and the endoplasmic
reported intracellularly and in a shared distribution. reticulum (ER) but not in the plasmalemma (24). Here, it is

FXYD3 in MCEF-7 cells is expressed in the plasmalemma as  unlikely that FXYD3-pep SKSK sensitized the cells to Dox
well as in intracellular membrane compartments (8). The  because of a dependence on a high catalytic plasmalemmal
overexpressed FXYD3 is confined to the perinuclear region  Na'/K'-ATPase activity. The high expression of WT FXYD3
because the stem cell-related transcription factor SOX9  in parallel with the expression of a1 subunits in MCF-7 cells
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relative to MDA-MB-468 cells was not reflected by different
maximally activated I,. Furthermore, while MDA-MB-468 cells
did not overexpress WT FXYD3, they did express the protein at
levels comparable to those for non-transformed human breast
cells, yet FXYD3-pep SKSK did not sensitize MDA-MB-468 cells
to Dox.

Facilitated by bonds from FXYD proteins to o and [ subunits
seen in the crystal structure (4), the primary overexpression of
FXYD3 in cancer cells might lead to an intracellular
accumulation of FXYD3/0/f Na'/K'-ATPase complexes. That
such assembly plausibly occurs is indicated by the spontaneous
formation of FXYD/o/ Na*/K"-ATPase complexes with the in
vitro exposure of human o1/B1 subunits to a molar excess of
FXYDI1, FXYD2, or FXYD3. FXYD/o/B Na*/K'-ATPase
complexes also assemble when rat FXYD1, FXYD2, or FXYD4
is co-expressed with rat ol subunits in HeLa cells, indicating that
the effects shown for purified human proteins are biologically
relevant in intact cells (25).

That an excess of FXYD proteins stabilizes the Na*/K'-
ATPase structure and function is supported by how
recombinant full-length WT FXYD3 prevents a decrease in o1/
Bl Co-Ip detected in cardiac myocyte lysate and prevents a
decrease of I, measured in intact voltage-clamped myocytes
during oxidative stress (2). However, while WT- and Cys-
mutated recombinant proteins in equimolar concentrations
similarly displace the FXYDI native to myocytes, only the WT
FXYD3 has these preventative effects. The proteins share amino
acids that have bonds to - and 3 subunits, and presence of Cys
residues rather than displacement of WT proteins per se
accounts for their effects on integrity and function of Na*/
K*-ATPase.

Even with the overexpression of WT FXYD3 in BxPC-3 cells,
FXYD3-pep CKCK had a protective effect against Dox-induced
cytotoxicity while FXYD3-pep SKSK augmented it. The two
peptides share with their full-length equivalent proteins all
domains with bonds to the o/f Na'/K'-ATPase complex.
However, Cys residues, including the specific residue that
mutational studies indicate confers susceptibility of FXYD
proteins to glutathionylation, had been replaced by Ser in
FXYD3-pep SKSK (Figure 2) and it is a FXYD protein’s
susceptibility to glutathionylation that counters glutathionylation
of the B1 subunit (2). Effects of the peptides here indicate that
augmentation of cytotoxicity with siRNA-induced downregulation
of EXYD?3 (9) reflects the role of the Cys residue that is critical for
countering B1 subunit glutathionylation.

With selective inhibition of plasmalemmal Na™/K*-ATPase at
ouabain concentrations >50 nM, there was no dose-dependent
increase in ouabain’s augmentation of Dox’s cytotoxicity; that is,
ouabain did not reproduce the large dose-dependent
augmentation of Dox’s cytotoxicity that FXYD3-pep SKSK
induced. Therefore, while glutathionylation of the B1 subunit
inhibits Na*/K"-ATPase (26), selective inhibition of
plasmalemmal Na'/K'-ATPase ion transport is unlikely to
account for the pattern of sensitization to Dox seen with
FXYD3-pep SKSK.

In addition to mediating ion transport, Na*/K*-ATPase
facilitates cell adhesion via intercellular B1-B1 subunit bridges,

and exposure to ouabain in nanomolar concentrations augments
such cell adhesion in CHO fibroblasts overexpressing 31 subunits
(27). Ouabain also prevents B1 subunit glutathionylation induced
by oxidative stress, shown for intact cardiac rabbit myocytes and
isolated pig kidney Na'/K'-ATPase-enriched membrane
fragments (28). B1 subunit glutathionylation and o1/B1 subunit
Co-Ip are inversely related (28), and molecular dynamics
simulations suggest that this might reflect the structural
disruption that a GSH adduct causes between transmembrane
domains of the glutathionylated heterodimer, combined with a
disruption of the cytosolic membrane leaflet necessary for access
of the cytosolic GSH (29).

FXYD3 from intracellular o/B/FXYD3 Na'/K'-ATPase
complexes in cells overexpressing FXYD3 might be a source
that counters glutathionylation of B1 subunits in plasmalemmal
Na'/K"-ATPases. The effect such a source of FXYD proteins can
have is indicated by the reversal of decreased myocyte I, induced
by oxidative stress when recombinant FXYDI1 or FXYD3
proteins are included in patch pipette solutions perfusing the
intracellular compartment. A decrease in the 1 subunit’s
glutathionylation in parallel with an increase in its Co-Ip with
ol subunits in lysates of myocytes supported FXYD protein-
dependent protection of ct1/B1 heterodimer integrity accounting
for effects on ion transport (2).

Since intercellular B1-B1 subunit bridges extend to the
cytoskeleton through the binding of B1 to ol subunits, that in
turn have bonds to the cytoskeleton (30), disruption of the at1/B1
heterodimer with glutathionylation is expected to disrupt cell
adhesion. Conversely, overexpressed FXYD3 might counter such
disruption. Consistent with this, FXYD3 knockdown impairs
growth and disperses cells in MCF-7 tumors expressed in mice
(23), and in human colon adenocarcinoma Caco-2 cells, FXYD3
knockdown decreases the transepithelial electrical resistance of
confluent cell layers consistent with decreased intercellular
adhesion (31).

In contrast to FXYD3 promoting cell adhesion, transfection
of a mouse kidney cell line with FXYD5 reduces adhesion, as
indicated by a decrease in transepithelial electrical resistance
(32). However, this is expected if disruption of the ol/B1
heterodimer with glutathionylation disrupts cell adhesion
because FXYD5 has a Gln residue (33) at the site where a Cys
residue bracketed by basic amino acids is obligatory for a FXYD
protein to counter glutathionylation of the B1 subunit. A single,
selective mutation of the residue (Cys— Ala) eliminates an FXYD
protein’s effect to counter B1 subunit glutathionylation (2).

Disruption of cell adhesion with FXYD5 transfection was
attributed to a decrease in glycosylation of the Bl subunit’s
extracellular domain (32), and inhibiting glycosylation can
augment the cytotoxicity of Dox (34). FXYD5 is functionally a
WT protein equivalent of FXYD3-pep SKSK in terms of their
expected effects on glutathionylation of B1 subunits, and
decreased glycosylation or increased glutathionylation of the
subunits is not mutually exclusive in potential effects on
subunit-dependent intercellular adhesion. The complexity of
B1 subunits Na"/K*"-ATPase N-glycans is also important for
effects of the subunit on intercellular adhesion (35). However, an
effect of FXYD3-pep SKSK on this cannot be invoked at present.
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The FXYD peptide derivatives here augment key functions of
the WT proteins they are derived from or, with a Cys-mutated
modification, eliminate the function by displacing the WT
protein from its only known binding partner, Na*/K"-ATPase.
Exposure over minutes-hours avoids confounding cellular
adjustments with transfection to overexpress FXYD proteins or
silencing to reduce their abundance over days-weeks, and, in
contrast to the experimental use of recombinant FXYD proteins
(2), purified peptides are easy and inexpensive to make.

The FXYD3 peptide derivatives we report here are useful tools
for exploring the role of overexpressed FXYD3 in cancer and its
potential as a treatment target. With further modifications,
FXYD3-pep SKSK might be developed into a treatment
sensitizer. However, one caveat must be kept in mind. The
peptide is, at least in part, expected to be a functional
equivalent of FXYD5, and FXYD5 expression increases the
metastatic potential in a mouse breast cancer model. This is
associated with a decrease in plasmalemmal Na'/K"-ATPase B1
subunit expression and a decrease in intercellular adhesion (36).
FXYD5 expression also appears to increase the metastatic
potential of human cancers (37).

While the focus here is on FXYD3-pep SKSK, the protective
effect of FXYD3-pep CKCK against Dox-induced cytotoxicity
reflects properties that also may be useful. The peptide retains the
Cys residue and, in turn, an ability to protect integrity and
function of the a1/l Na'/K'-ATPase heterodimer (2). A
potential use is exemplified by treatment of acute respiratory
distress syndromes, including SARS-CoV-2 infection. Reduced
Na" export from alveolar cells mediated by Na*/K*-ATPase and
compromised 1 subunit-dependent integrity of the alveolar
epithelial barrier are implicated in the pathophysiology of
pulmonary alveolar edema (38, 39). A peptide drug based on
FXYD3-pep CKCK and modified to resist in vivo breakdown
might offer an approach to treatment.
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Shengxian Decoction (SXT) is a traditional Chinese medicine prescription comprising
several anti-cancer medicinal herbs. However, the anti-cancer effect of SXT has rarely
been reported. Herein, we explored the therapeutic potential of SXT for the treatment of
lung adenocarcinoma (LUAD). High-performance liquid chromatography analysis of crude
SXT extract revealed the abundance of mangiferin, an established anti-cancer compound.
The serum pharmacological evaluation revealed that serum SXT suppressed A549 lung
cancer cell proliferation in vitro. The tumor-inhibitory activity of SXT was confirmed in vivo
via tumor formation assays in nude mice. We applied biochemical, histopathological and
imaging approaches to investigate the cellular targets of SXT. The results indicated that
the treatment with SXT induced tumor necrosis, and downregulated hypoxia-inducible
factor 1 alpha in the serum. In vivo biosafety assessment of SXT revealed low levels of
toxicity in mouse models. Our study provides the first scientific evidence that SXT
effectively represses cancer cell growth and, thus, may serve as a safe anti-cancer
agent for LUAD treatment.

Keywords: Shengxian Decoction, Chinese medicine, lung cancer, anti-tumor agent, toxicity

INTRODUCTION

Lung adenocarcinoma (LUAD), a histological subtype of non-small cell lung cancer, is one of the
most common malignancies in terms of morbidity and mortality, accounting for approximately
40% of lung malignancies (1). Due to the characteristics of insidious onset, rapid metastasis and
high recurrence rate, LUAD is usually first diagnosed at advanced stages. The five-year overall
survival rate of LUAD patients is < 25% (2). LUAD can currently be treated with surgical resection,
cytotoxic drug therapy, thoracic radiotherapy, targeted therapy, immunotherapy or a combination
of these techniques (3). However, recurrence remains highly likely. The complete cure rate is < 10%
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(4). Although immunotherapy and targeted therapy provide new
directions for improving the survival of patients with LUAD, the
cost is generally exorbitant. Therefore, the search for new and
cheaper drug candidates for LUAD treatment has become the
focus of current research.

Shengxian Decoction (SXT), a well-known traditional Chinese
formula, comprises Astragali Radix (A. radix, 18 g),
Anemarrhenae Rhizoma (A. rhizoma, 9 g), Bupleuri Radix (B.
radix, 4.5 g), Platycodonis Radix (P. radix, 4.5 g) and Cimicifugae
Rhizoma (C. rhizoma, 3 g). (5). SXT can be used to treat
experimental autoimmune myasthenia gravis (6), cardiomyocyte
injuries (7), and chronic heart failure (8). The anti-cancer activity
of SXT has rarely been reported; however, the individual
constituents of SXT have been shown to attenuate cancer
growth. For example, as the main component in SXT, A. radix
inhibited LUAD development through regulation of the
autophagy process (9). Meanwhile, B. radix and P. radix have
been shown to have favorable anti-cancer effects in various cancer
models, including human LUAD (10-13). Moreover, C. rhizoma
and A. rhizoma exhibit strong cytotoxicity against human breast
and colorectal cancer cells (14-16). Previous phytochemical
investigations revealed three types of flavonoids (i.e. mangiferin,
calycosin-7-O-B-D-glucoside and formononetin) in A. radix
(17, 18), isoferulic acid in C. rhizoma (19), Timosaponin AIII in
A. rhizoma (20), saikosaponins in B. radix (11), and Platycodin D
in P. radix (13). These compounds are believed to be the major

active components that account for their corresponding anti-
cancer effects. Hence, we hypothesized that their integrated
formulation (SXT) may have a therapeutic effect on LUAD.

Serum pharmacology is a novel method that can be used to
realistically analyse pharmacological actions of drugs after their
metabolization in the body. In serum pharmacology, drug or
drug combinations are orally administrated to animals, and the
blood from treated animals is subsequently collected after a
certain period to separate the drug-containing serum for
further experimental studies (21). Serum pharmacology is
regarded as a reliable approach for evaluating the anti-tumor
activities of traditional Chinese medicine (22). Therefore, to
explore the possibility of SXT as a candidate drug for LUAD
treatment, we used serum pharmacology method, together with a
subcutaneous xenograft model, to study the anti-cancer effect of
SXT on A549 human LUAD cells (Figure 1). High-performance
liquid chromatography (HPLC) was also employed to identify
potential phytochemicals in SXT (Figure 1).

MATERIALS AND METHODS

Medicines and Chemicals

A. radix (Gansu, China, batch No. 1901032), A. rhizoma (Hebei,
China, batch No. 190301), B. radix (Hebei, China, batch No.
190401), P. radix (Anhui, China, batch No. 1904065), and C.

Shengxian decoction (SXT)

___________________

Platycodonis Radix

i :

HPLC

i | SXT ,

: . extract (

i | o —
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i Anemarrhenae Rhizoma i

A S L
: j‘j:.&" i Nude mice

Phytochemical
identification

In vitro anticancer
activity

-

-
Serum SXT

Tumor-bearing xenograft

In vivo
tumor suppression
and toxicological
evaluation

-

FIGURE 1 | Schematic illustration of the experiment design in this study. Shengxian Decoction (SXT) extracted from five medicinal herbs was subjected to high-
performance liquid chromatography (HPLC) analysis for phytochemical identification, followed by an integrative serum pharmacology-based approach to evaluate
cancer killing activity in vitro. The in vivo anti-tumor effect of SXT and preliminary toxicological evaluation was investigated using mice.
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rhizoma (Liaoning, China, batch No. 1902051) were provided by
the Affiliated Hospital of Chengdu University of Traditional
Chinese Medicine. Mangiferin (batch No. 190822, 98.56%),
calycosin-7-O-B-D-glucoside (batch No. 190817, 99.21%),
formononetin (batch No. 191206, 98.61%) and isoferulic acid
(batch No. 191115, 98.06%) were purchased from Chengdu Plant
Standard Pure Biotechnology Co., Ltd. (Sichuan, China). Isotonic
sodium chloride solution (0.9% saline) was purchased from
Sichuan Kelun Pharmaceutical Co., Ltd. (Sichuan, China, batch
No. A19042103-1). Cisplatin (Cis-diamminedichloroplatinum,
DDP) was purchased from Jiangsu Hausen Pharmaceutical Co.,
Ltd. (Sichuan, China, batch No. 190602).

Cell Culture

The human LUAD cell lines A549, SK-LU-1 and NCI-H1975 were
obtained from the American Type Culture Collection. A549 cells
were maintained in Dulbecco Modified Eagle Medium (Life
Technologies, CA, USA), supplemented with 10% fetal bovine
serum (FBS) and 1% (v/v) penicillin-streptomycin. SK-LU-1 cells
were maintained in Minima Essential medium (Life Technologies,
CA, USA) supplemented with 10% FBS and 1% (v/v) penicillin-
streptomycin. NCI-H1975 cells were maintained in Roswell Park
Memorial Institute 1640 (Life Technologies, CA, USA) medium
supplemented with 10% FBS and 1% (v/v) penicillin-
streptomycin. The cells were incubated in a stable environment
with 5% CO,/95% air at 37°C in a humidified incubator.

Animals

Sprague-Dawley rats (male, 6-week old, 200 + 20 g) for the serum
pharmacology experiment were purchased from Chengdu Dasuo
Experimental Animal Co., Ltd. (Sichuan, China). BALB/c-nude
mice (6-week old, 20 + 2 g) for the in vivo tumor suppression assay
were purchased from Beijing Weitong Lihua Laboratory Animal
Technology Co., Ltd. (Beijing, China). Animals were acclimated to
the facilities for 5 days prior to the experiments in a specific
pathogen-free environment, housed under controlled conditions
(22 + 3°C, approximately 60% humidity, and 12 h light-dark
cycle), and fed with sterilized water and standard rodent chow. All
feed was provided by Chengdu Dasuo Laboratory Animal Co.,
Ltd. All animal experiments were conducted in accordance with
strict ethical guidelines, following the recommendations of the
Animal Experiments Committee of Chengdu University of
Traditional Chinese Medicine.

Preparation of Crude SXT Extract

Atotal of 39 g (A.radix, 18 g; A. rhizoma, 9 g; B. radix, 4.5 g; P. radix,
4.5 g; C. rhizoma, 3 g) crude powders were weighed and soaked in
eight times the volume of water (312 mL) for 2 h prior to the first
decoction. The decoction was filtrated after boiling for 30 minutes,
and the residues were collected for two additional decoctions under
the same conditions. The total decoctions combined from three
separate boiling instances were concentrated under reduced
pressure (0.08 - 0.09 MPa) at 70°C. The resulting concentrate
was subjected to freeze-drying until getting lyophilized powders
(14.43 g; 37% extraction rate). SXT extract was prepared in double
distilled water before use and stored at 4°C.

SXT Dose Calculation

SXT doses used in this study were estimated using the factor
method, in which the conversion factor for human/rat and
human/mice were determined as 6.3 and 9.1, respectively,
based on the body surface area (23). In the traditional Chinese
medicine system, 39 g of SXT crude powder is clinically used for
preparing the decoction that is usually administrated to humans
with average body weight around 70 kg. According to the
extraction rate (37% of SXT extract obtained from initial crude
powder), we determined the clinical dose of SXT as 0.21 g/kg/d
(39 g/70 kg/d x 37%) for human. Therefore, the equivalent dose
for a 200 g Sprague-Dawley rat will be 6.3 x 0.21 kg/d = 1.32 g/
kg/d. SXT doses used in the serum pharmacological experiments
for rats were set as 5 times (6.60 g/kg/d), 15 times (19.80 g/kg/d)
and 20 times (26.40 g/kg/d) of the calculated equivalent doses.
The SXT dose for mice (1.91 g/kg/d) was obtained in a similar
manner except for the conversion factor of 6.3 was replaced with
9.1. After calculation, the low, medium and high doses of SXT
used in the in vivo anti-tumor assay were set as 9.55 g/kg/d, 28.65
g/kg/d, and 38.20 g/kg/d, respectively. The experimental doses of
DDP were 15.48 mg/kg/d and 22.36 mg/kg/d for rats and mice
based on its clinical dose (2.46 mg/kg/d), respectively.

Preparation of Drug-Containing Serums
After adaptive feeding, the Sprague-Dawley rats were randomly
divided into five groups (n = 6) and subjected to following
treatments: normal saline (negative control, oral gavage), DDP
(positive control, 15.48 mg/kg/d, intraperitoneal injection), low-
dose SXT extract (6.60 g/kg/d, oral gavage), medium-dose SXT
extract (19.80 g/kg/d, oral gavage), and high-dose SXT extract
(26.40 g/kg/d, oral gavage). Each rat was administered twice a
day with an interval of 12 hours.

On day 7, rat serum was collected as follows: the rats were
anaesthetised by intraperitoneal injection of 10% chloral hydrate.
Blood was then collected from the abdominal aorta and allowed
to stand for 2 h. After centrifugation at 3000 rpm/min for 15 min
at 4°C, the supernatant in the total blood was filtered through a
0.22 pum filter and placed in a 56°C water bath for 30 min to
remove complements. The resulting drug-containing serums
corresponding to normal saline, DDP, low-dose SXT, medium-
dose SXT, and high-dose SXT treatments were labeled as
Normal-S, DDP-S, LSXT-S, MSXT-S and HSXT-S, respectively,
and was stored at -20°C until further use.

Cell Viability Assay

A Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan) was used to assess LUAD cell proliferation. Briefly, 100
uL of cell suspension (1 x 10° cells/mL) was seeded in a 96-well
plate and allowed to adhere overnight. Next, they were incubated
with culture medium containing 10 UL of Normal-S, DDP-S,
LSXT-S, MSXT-S or HSXT-S. After 24 or 48 h of treatment, 10
UL of Cell Counting Kit-8 solution was added to each well and
incubated at 37°C for 4 h. Cell viability was assessed according to
the change in absorbance at 450 nm using a microplate reader
(Model 550; Bio-Rad, CA, USA).
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In Vivo Anti-Tumor Assay

Mice bearing A549-derived tumors were generated by
subcutaneously injecting A549 cells (1 x 107 cells in 0.2 mL
medium) into the right axilla region. Tumor growth was
monitored every second day. Successfully established tumor-
bearing models were randomly divided into five groups (n=5)
and administration was initiated as follows: saline (vehicle
control, oral gavage); DDP (positive control, 22.36 mg/kg/d,
intraperitoneal injection); low-dose SXT (LSXT) (9.55 g/kg/d,
oral gavage), medium-dose SXT (MSXT) (28.65 g/kg/d, oral
gavage), and high-dose SXT (HSXT) (38.20 g/kg/d, oral
gavage). All the groups received treatment for 24 consecutive
days. Body weight and tumor size were measured every two days.
The tumor volume was calculated according to the formula:
V (mm’) = 0.5x L x S, where L and $ are the long and short
diameters of the tumor, respectively (24). Blood from each
animal was collected from the eyeball at the end of the
experiment for further analysis. Major organs including lung,
spleen and tumor were isolated, pictured, weighed and sampled
for further use. The tumor inhibitory rate was calculated using
the following equation: inhibition rate (%) = (Wc - We) x 100/
We, where We is the tumor weight of the control mice, and We is
the mean weight of the treated mice. Lung and spleen indices
were calculated according to the following equation: Organ index
(mg/g) = weight of organ (mg)/body weight (g) (25).

Histopathological Evaluation

Tumors, lungs and spleens were fixed in 10% neutral buffered
formalin, embedded in paraffin, and sectioned at a thickness of 4
pum. H&E staining was conducted according to routine protocols
(26). Briefly, representative sections were stained with hemotoxylin
and eosin, and examined using a digital microphotography system
(BA200, Motic China Group Co., Ltd, Xiamen, China). The lesions
in each section were imaged at magnifications of 100x, 200x or
400x. The necrosis region was analyzed using the Image] software.
At least three fields of view were collected to calculate the
quantitative result.

Measurement of Biochemical Parameters
in Blood

After collection, blood samples from each mouse were allowed to
stand at room temperature for 2 h, and then centrifuged at 3000
rpm for 15 min at 4°C to obtain the serum. The levels of tumor
necrosis factor-alpha (TNF-o) and hypoxia-inducible factor 1-
alpha (HIF-1ot) in the serum were measured using enzyme-
linked immunosorbent assay (ELISA) kits from ZCIBIO
Technology Co., Ltd (Shanghai, China) according to the
manufacturer’s instructions. In Brief, 50 UL of serum samples
were loaded into the wells, followed by the addition of 100 uL
horseradish peroxidase-linked antibodies. After incubation at
37°C for 1 h, the samples were washed and then reacted with 50
UL substrates for 15 min. Absorbance of each well at 450 nm was
assessed using a microplate reader (SpectraMAX Plus384, MD,
USA). TNF-o. and HIF-1a levels were calculated according to the
calibration curves.

HPLC Analysis

SXT extract was diluted with methanol to obtain a solution at a
concentration of 72.15 mg/mL. Standard solutions of mangiferin
(0.2328 mg/mL), calycosin-7-O-f-D-glucoside (0.0339 mg/mL),
isoferulic acid (0.0470 mg/mL) and formononetin (0.0154 mg/
mL) were carefully prepared with methanol by stepwise dilution
of the stock solutions. All samples were filtered through a 0.22
-um filter prior to HPLC injection.

Measurement was performed on an HPLC equipment (Agilent
1260 equipped with DAD detector) with an Agilent SB C18 column
(250 x 4.6 mm, 5 um; Agilent, CA, USA), and data were collected
and analyzed using Agilent ChemStation software. Column
temperature was maintained at 25°C. The mobile phase was
composed of a 0.2% phosphoric acid solution (solvent A) and
acetonitrile (solvent B) with gradient elution for better separation.
Gradient solvent system was optimized as follows: 0-20 min, 1-17%
B; 20-25 min, 17-20% B; 25-33 min, 20-23% B; 33-40 min, 23-
30% B; 40-50 min, 30-33% B; 50-65 min, 33-50% B; 65-70 min,
50-70% B at a flow rate of 1.0 mL/min. The detection was
conducted at 220 nm with a 5 UL injection volume of each sample.

Statistical Analysis

All data were analyzed using the SPSS 26.0 software and the
GraphPad Prism 8 software. Results were expressed as mean +
standard deviation (SD), and statistical significance was
evaluated using analysis of variance (ANOVA) followed by a
multiple comparison test with Duncan’s adjustment. Statistical
significance was set at P < 0.05.

RESULTS

Identification of Anti-Cancer Compounds
in SXT Extract

The chemical fingerprint of the SXT extract was determined using
HPLC analysis. We selected four chemicals possessing anticancer
properties as standard samples for comparison with the SXT
extract (Figure 2A). The analysis results of SXT showed a
number of peaks (Figure 2B), indicating the presence of
multiple substances. Comparing with the standards (Figure 2C),
compounds corresponding to peaks 1-4 were identified as
mangiferin, calycosin-7-O-B-D-glucoside, isoferulic acid and
formononetin, respectively. The contents of these compounds in
SXT are listed in Table 1. These results indicate that the prepared
SXT extract contains substantial amounts of anti-cancer
compounds and may be capable of killing cancer cells.

Serum SXT Suppresses the Proliferation of
LUAD Cells in Vitro

Next, we performed a serum pharmacology assay to investigate
the anti-cancer potential of SXT. To collect SXT-containing
serum, Sprague-Dawley rats were administered crude SXT
extract at different concentrations (see Material and Methods).
The obtained serums corresponding to high, medium, and low
doses of SXT were named HSXT-S, MSXT-S and LSXT-S,
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glucoside; 3. isoferulic acid; 4. formononetin.

respectively. The in vitro cytotoxicity of SXT-S was evaluated
using Cell Counting Kit-8 kit after 24 or 48 h of incubation with
LUAD cells. DDP-S was used as a positive control. As shown in
Figure 3, compared to that of the Normal-S control group, SXT-
S treatments at all doses showed cytotoxic effects against A549,
SK-LU-1, and NCI-H1975 cells. Notably, the cell killing
performances of MSXT-S and HSXT-S were comparable to
that of the DDP-S positive control, indicating favorable anti-
tumor activity. However, the viability of cells treated with HSXT-
S showed no significant difference (P > 0.05) compared to that of
MSXT-S both at 24 and 48 h, which is likely a result of the similar
amount of SXT presented in MSXT-S and HSXT-S.

TABLE 1 | Amounts of bioactive compounds in SXT.

Compounds mg/g’
mangiferin 2.03 £ 0.08
calycosin-7-O-B-D-glucoside 0.16 £ 0.01
isoferulic acid 0.21 £ 0.002
formononetin 0.07 + 0.003

Results are expressed as mean + SD (n=3 independent measurements).
"Calculated mass in the SXT extract powder.

FIGURE 2 | Identification of anti-cancer phytochemicals in SXT by HPLC analysis. (A) Potential chemical compounds in SXT responsible for anticancer effect. HPLC
chromatograms of SXT extract (B) and standard sample mixtures of the potential compounds (C). Peak assignment as follows: 1. mangiferin; 2. calycosin-7-O-f-D-

SXT Extract Retards the Tumor
Growth in Vivo

Considering the promising anti-proliferation results in vitro, we
next performed in vivo assays to investigate the effect of SXT on
tumor progression in mice. A549 subcutaneous xenograft-bearing
mice were administered saline, DDP, and different doses of SXT
extract for 24 days. Visible differences in tumor size were observed
among the groups by the end of treatment (Figure 4A). We found
that the mice treated with saline exhibited aggressive tumor
growth, with an average volume of 482.99 + 13.52 mm’ at the
end of experiment (Figure 4B). In contrast, tumors in STX-treated
groups grew slower over time, of which volumes on day 24 were
only 402.38 + 12.70 mm?, 278.43 + 23.15 mm’, and 328.65 + 18.62
mm’ for LSXT (9.55 g/kg/d), MSXT (28.65 g/kg/d) and HSXT
(38.20 g/kg/d) groups, respectively (Figure 4B). The tumors were
excised from the mice and weighed to calculate the tumor
inhibition rate. Notably, the results of MSXT were comparable
to DDP positive control with a tumor inhibition rate of
approximately 46.85% (Figure 4C). These data indicate that
SXT 1is capable of retarding tumor progression in vivo. The
encouraging therapeutic effect was highly consistent with in
vitro observations.
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FIGURE 3 | Serum SXT suppresses the proliferation of lung adenocarcinoma
cells. Incubation with serum SXT for (A) 24 h and (B) 48 h show obvious
cytotoxicity to lung adenocarcinoma cell lines (mean + S.D., n=10), **P <
0.001, n.s., no significance (one-way ANOVA test). Normal-S, normal serum;
DDP-S, serum containing cisplatin; LSXT-S, serum containing low-dose SXT;
MSXT-S, serum containing medium-dose SXT; HSXT-S, serum containing
high-dose SXT.

To further investigate the anti-cancer activity of SXT, the
isolated tumors were subjected to histological examination. As
shown in Figure 4D, tumor tissues in the vehicle control group
(saline) have a dense structure on a large scale, with intact nuclei
and circular lipid droplets (as indicated by the red arrow). No
obvious necrotic areas were observed. In contrast, tumors that
received SXT treatments exhibited low cell density and irregular
cell shape. Damage, such as nuclear fragmentation (green arrow),
vacuolar degeneration (yellow arrow), and necrosis (black
arrow), were also observed. Quantitation results (Figure 4E)
revealed approximately 24.35%, 22.18%, 19.51% and 16.35%
increases in tumor necrosis region in response to DDP, MSXT,
HSXT, and LSXT treatments, respectively.

SXT Reduces the Levels of TNF-o and
HIF-10 in Mice Blood Serum

HIF-1o plays a key role in the development of cancer. Elevated
HIF-1a levels are associated with tumor metastasis, poor patient
prognosis and drug resistance (27). HIF-1o expression is
positively regulated by TNF-o (28), a major inflammatory
cytokine that induces necrosis in certain tumor types (29).

Therefore, we evaluated their levels in the blood of mice
following SXT treatment. As shown in Figure 5A, compared to
the control mice injected with saline, HIF-1o levels were
significantly downregulated, after 24 days of exposure to the
medium (MSXT) and high (HSXT) doses of SXT. Quantitation
results revealed 20.63%, 14.67% and 16.49% reductions in the
expression levels of HIF-1o in the DDP (control drug), MSTX,
and HSTX groups, respectively (Figure 5A). However, TNF-o
levels showed no changes in all treatment groups (Figure 5B),
indicating that SXT-mediated tumor necrosis is involved in
TNE-o. regulation.

Evaluation of Biosafety Potentials of SXT
Using Mice

Multiple herbal medicines are pharmacologically beneficial at
one dose, however, they can be toxic at another (30). The safety
of traditional medicines remains a concern. Therefore, we
evaluated the biosafety potential of SXT at the various
therapeutic doses used in our study. Administration of SXT as
high as 38.20 g/kg/d (HSXT) showed negligible changes in mice
body weight over the treatment period (Figure 6A). Notably, we
observed a noticeable reduction in body weight in the mice
treated with the commercial drug, DDP. However, MSXT, whose
anti-cancer effect is comparable to that of DDP (Figure 4),
exhibited no significant loss in body weight (Figure 6A),
demonstrating that SXT could potentially be a potent
medication with low toxicity.

The effect of SXT on organ toxicity was also assessed by
measuring organ indices (organ weight/body weight). We
selected the spleen and lung as representative organs because
their injuries frequently occur during chemotherapy (31, 32). As
shown in Figures 6B, C, neither spleen nor lung indices
exhibited significant differences (P > 0.05) between the control
and treated groups. Saline-treated mice showed a normal splenic
tissue structure, as evidenced by the intact dorsal membrane and
clear boundaries between white (in blue) and red (in red) pulps
(Figure 6D). In contrast, DDP treatment resulted in splenic
atrophy, lymphocyte reduction, formation of germinal centre,
sparsely arranged red marrow cells, and enhanced light reduced
cell density. Compared with that of the DDP group, SXT-treated
mice showed moderate pathological changes in the spleen tissue
structure. Only a slight degree of this phenomenon was observed
(Figure 6D). No obvious histological changes were observed in
the lung tissue in any of the groups (Figure 6E), suggesting that
SXT did not impair the lung. Altogether, these results
demonstrated that SXT, within the concentration of 38.20 g/
kg/d, caused limited organ damage in mice.

DISCUSSION

Increasing evidence suggests that traditional Chinese medicine is
beneficial for improving the clinical outcomes of LUAD patients
(10). SXT has been widely used for treating diseases related
to immune and cardiovascular diseases in China for a long time
(6-8). Although the therapeutic use of SXT for cancer treatment
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FIGURE 4 | In vivo anti-tumor effect of SXT. (A) Image of tumors isolated from mice treated with 0.9% saline (vehicle control), 22.36 mg/kg/d of cisplatin (DDP,
positive control) and 9.55 g/kg/d (LSXT), 28.65 g/kg/d (MSXT) and 38.20 g/kg/d (HSXT) of SXT extract after 24 days of treatment. (B) Tumor volumes in different
groups of mice during treatment (measured at Day O, 4, 8, 12, 24) (mean + S.D., n = 5), **P < 0.01 (two-way ANOVA test). Subcutaneous injection of A549 cells in
SXT -treated nude mice showed low tumor forming capacity as compared to that treated with the saline control. (C) Inhibition rate of A549 xenograft (in weight) in
mice with different treatments at the end of experiment (mean + S.D., n = 5), *P <0.01, **P < 0.001 (one-way ANOVA test to saline). (D) Representative histological images
tumor sections stained with haematoxylin and eosin showing the induction of damages and necrosis after SXT treatment at different concentrations. Objective magnification:
200x. Red arrow: lipid droplets; Green arrow: nucleus fragmentation; Yellow arrow: vacuolar degeneration; Black arrow: necrosis. (E) The quantitation result is shown on the
right (n = 3). “*P < 0.001 (one-way ANOVA test to saline).
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FIGURE 5 | Relative expression levels of serum HIF-1a (A) and TNF-o (B) determined by ELISA (mean + S.D., n = 5), **P < 0.01, **P < 0.001, n.s., no significance
(one-way ANOVA test to saling). SXT treatment at medium (MSXT; 28.65 g/kg/d) and high (HSXT; 38.20 g/kg/d) doses decreased the levels of HIF-1c, but not TNF-
o. DDP was used as a positive control.
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all the treatments.

has not been extensively studied, its constituent herbs have been
shown to be useful for the treatment of cancers, including
LUAD (10, 12, 15, 16, 33). For instance, A. radix, as the main
component of SXT, has been recently reported to kill lung cancer
cells by regulating the p53/AMPK/mTOR signaling pathway (9).
B. radix and P. radix, as auxiliary prescriptions in SXT, have also
been shown to induce apoptosis in cancer cells (11, 13). We
verified that SXT is effective in inhibiting lung cancer growth
both in vitro and in vivo.

Earlier reports revealed that mangiferin, calycosin-7-O-B-D-
glucoside, and formononetin might be the major active
components responible for the anti-cancer effects of A. radix
(17, 18). Isoferulic acid is believed to be responsible for the
colorectal cancer-killing activity of C. rhizoma. (19). Among
them, mangiferin. exhibits anti—tumor properties in A549
xenograft mice in vivo, and may negatively regulate the
expression of miR-92a and miR-27b to influence not only
cancerous growth but also the cell cycle progression and
apoptosis induction of LUAD cells (34, 35). Formononetin
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FIGURE 6 | Toxicological evaluation of SXT. (A) Average body weight of mice showing no loss during treatments. Spleen (B) and lung (C) indices of mice
following administrations of 0.9% saline, DDP (22.36 mg/kg/d) and low (9.55 g/kg/d; LSXT), medium (28.65 g/kg/d; MSXT) and high (38.20 g/kg/d; HSXT) doses
of SXT extract (mean + S.D., n = 5). The data indicates no significant difference between SXT and saline control groups. (D) Histological images (magnification:
original 100x; enlarged 400x) of spleen in treated mice. Treatment with commercial drug DDP induces pathological changes in the spleen tissue, whereas SXT
exhibits no sign of toxicity. Black arrow indicates the germinal centre. (E) Observation of lung histopathology showing no abnormal changes at the tested doses of

inhibits tumor growth by suppression of EGFR-Akt-Mcl-1 axis
in non-small cell lung cancer (36). Therefore, we examined the
potential anti-cancer constituents (mangiferin, calycosin-7-O-f3-
D-glucoside, formononetin and iso-ferulic acid) in SXT by
HPLC. The results showed that SXT is abundant in mangiferin
(0.203%), which may account for the favorable tumor
suppression performance of SXT.

The in vitro anti-proliferation activity of SXT on LUAD cells
(A549, SK-LU-1, and NCI-H1975) was investigated using serum
pharmacology experiments. The results indicated that SXT had
anticancer effect comparable to that of DDP (in the case of MSXT-
S). Furthermore, an in vivo tumor suppression assay suggested that
administration of SXT for 24 days repressed tumor progression
with inhibition rates of 21.16%, 46.85% and 38.96% (Figure 4C) for
LSXT, MSXT and HSXT, respectively. These encouraging
therapeutic effects are highly consistent with in vitro observations.

LUAD development is a complex biological process involving
numerous factors, and the activation of inflammatory cytokines
is one of the most important incentives. TNF-ot is a major
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inflammatory cytokine, and has been reported to play decisive
roles in the complex process of lung cancer onset, progression,
and dissemination (37). Furthermore, the malignancy level of
LUAD is closely related to the tumor microenvironment, where
cancer cells use glycolysis more readily as a metabolic pathway
for energy metabolism (38). HIF-1o, which plays a regulatory
role in glycolytic metabolism, is a core regulator of restoring
intracellular environmental stability under hypoxia (39), and
functions in the control of cell proliferation (22). Stabilization of
HIF-1o. in LUAD promotes glycolysis, thereby enhances tumor
metastasis (5). Using ELISA technique, we detected a significant
decrease in HIF-1a: levels in the blood serum of mice receiving
SXT treatment (Figure 5) suggesting, at least in part, that SXT
may exert anti-tumor activity by modulating HIF-1c-related
signaling pathways.

Observation of mouse body weight revealed hardly any
toxicity of SXT at all doses used in the present study. Since
spleen is an important organ that functions in blood cell storage
and filtration, its index is regarded as an acceptable indicator of
immune response (40). As shown in Figure 6B, no significant
difference in spleen index was observed, indicating that SXT
hardly impaired spleen-related immune capacity in mice. In
addition, treatment with SXT and DDP, had no influence the
on the lung tissue structure (Figure 6C).

In conclusion, the data presented herein demonstrate SXT is
effective in LUAD treatment, with low toxicity to visceral tissues.
The therapeutic performance of SXT (at a medium dose, 28.65 g/
kg/d) was comparable to that of the commercial anticancer drug
DDP; however, it was considerably safer. Our study provides an
experimental basis for developing new anticancer agents from
SXT for the treatment of LUAD.
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Nanjing, China, °Department of General Surgery, Zhuhai People’s Hospital (Zhuhai Hospital Affiiated with Jinan University),
Zhuhai, China

Metabolic reprogramming is considered to be a hallmark of cancer, and increased
glutamine metabolism plays an important role in the progression of many tumors,
including colorectal cancer (CRC). Targeting of glutamine uptake via the transporter
protein ASCT2/SLC1A5 (solute carrier family 1 member 5) is considered to be an
effective strategy for the treatment of malignant tumors. Here, we demonstrate that
Ag120 (ivosidenib), a mutant isocitrate dehydrogenase 1 (IDH1) inhibitor approved for
the treatment of certain cancers, acts as an ASCT2 inhibitor in CRC cells. Ag120 blocked
glutamine uptake and metabolism, leading to reduced cell proliferation, elevated
autophagy, and increased oxidative stress in CRC cells in vitro and in vivo, potentially
via the ERK and mTOR signaling pathways. These effects occurred independently of
mutant IDH1 activity and were supported by experiments with ASCT2-depleted or
-overexpressing cells. These data identify a novel mechanism of Ag120 anti-tumor
activity and support further exploration of ASCT2 inhibitors for cancer therapy.

Keywords: ASCT2, AG120, CRC, glutamine metabolism, tumor proliferation

INTRODUCTION

Deregulation of cell metabolism, also known as metabolic rewiring, is a hallmark of cancer and is a
response to the increased demands for energy and materials needed to support the growth
phenotypes of cancer cells (Hanahan and Weinberg, 2000; San-Millin and Brooks, 2017).
L-glutamine is a crucial amino acid for protein synthesis and energy generation by many
tumors, including colorectal cancer (CRC) (Deberardinis and Cheng, 2010; Noel et al., 2010).
Typically, transportation of glutamine into cells is mediated by amino acid carrier proteins,
particularly solute carrier family 1 member 5 (SLC1A5), also known as alanine, serine, cysteine-
preferring transporter 2 (ASCT2) (Wang et al., 2015). SLCIAS5 is highly expressed in many cancers,

Abbreviations: ASCT2, alanine, serine, cysteine-preferring transporter 2; SLC1A5, solute carrier family 1, member 5; CRC,
colorectal cancer; ATP, adenosine triphosphate; ROS, reactive oxygen species; NADH, nicotinamide adenine dinucleotide
(reduced); Agl20, ivosidenib; TCA, tricarboxylic acid; a-KG, 2-ketoglutaric acid; Glu, glucose; Gln, glutamine
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including CRC (Deberardinis and Cheng, 2010), and plays an
important role in supplying glutamine for energy production,
autophagy, redox homeostasis, and activation of mTOR
signaling, thereby promoting tumor growth (Hassanein et al.,
2013; Willems et al., 2013; Huang et al., 2014; Marzi et al., 2016;
van Geldermalsen et al., 2016). Inhibition of ASCT2 protein and
glutamine starvation represents a promising strategy for cancer
therapy. Consistent with this, many studies have investigated the
effects on cancer growth of ASCT2 inhibition with small
molecule compounds such as V9302 (Schulte et al., 2018),
L-y-glutamyl-p-nitroanilide (GPNA) (Esslinger et al., 2005),
and benzylserine (Grewer and Grabsch, 2004), and with
ASCT2-specific monoclonal antibodies (Hara et al, 2020).
However, each of these approaches has some limitations such
as high toxicity and poor solubility (Grewer and Grabsch, 2004;
Esslinger et al., 2005; Schulte et al., 2018; Hara et al., 2020). And
there is an urgent need to continue the search for new ASCT2
inhibitors for the treatment of cancer.

Ag120, also known as ivosidenib, is a small molecule inhibitor of
mutant isocitrate dehydrogenase (IDHImt). The driver mutations
in IDH1 abolish its normal function in the conversion of isocitrate
to a-ketoglutarate (a-KG) and instead confer gain-of-function
activity that results in the production of the oncometabolite 2-
hydroxyglutarate (2-HG) (Lucia et al., 2017; Marina et al., 2021). In
the United States, ivosidenib was approved for the treatment of
IDHImt acute myeloid leukemia in 2018 and for IDH1mt
cholangiocarcinoma in 2021, and it is currently in clinical trials
for other cancers such as advanced hematological malignancies
(NCT02074839) and advanced solid tumors (NCT02073994)
harboring IDHImt (Lucia et al, 2017; Marina et al, 2021).
Agl20 mainly targets tumor cells by inhibiting IDHImt-
mediated production of 2-HG, thereby blocking of tumor
progression (Pollyea et al., 2014; Fan et al., 2015). Interestingly,
Ag120 inhibits the proliferation of a subcutaneous grade 3 IDH1mt
glioma by 52% through an unknown mechanism (Brandon et al,
2017). Therefore, it seems likely that the anti-tumor effects and
mechanisms of action of Agl20 are incompletely understood, and
continued study of this compound is warranted. To date, the anti-
CRC effects of Agl20 have not been investigated and its
mechanisms of action other than via IDH1 mt are also unknown.

In the present study, we report for the first time that Agl120 is
an ASCT?2 inhibitor in CRC cells and suppresses tumor growth
via inhibition of glutamine uptake and metabolism. This work
not only has important implications for broadening the potential
indications for Agl20 but also identifies ASCT2 as a potential
anti-cancer therapeutic target of Agl20.

MATERIALS AND METHODS

Cell Culture and Reagents

The human CRC cell lines HCT116 and HT29 were obtained
from NEWGAINBIO (Wuxi, China) and were authenticated
using short tandem repeat analysis (Genetic Testing Bio-
technology ~Corporation, Suzhou) to exclude possible
contamination. CRC cells were maintained in McCoy’s 5A
medium containing 10% fetal bovine serum at 37°C in a 5%

Ag120 has an Anti-CRC Effect

CO, humidified atmosphere. Agl120 and the ASCT2 inhibitor
V9302 were obtained from Selleck and were resuspended in
phosphate-buffered saline (PBS) for experiments.

Computational Screening

The datafile for the structure of the human ASCT2 protein [Protein
Data Bank (PDB): 5LLM]was downloaded from PDB (http://www.rcsb.
org/). All heterogeneous atoms were removed for subsequent molecular
docking. The PDB file (5SLLM) was converted to the PDBQT format for
macromolecules before virtual screening. The grid (ligand docking
search space) was located and maximized. Autodock Vina 1.1.2 was
used for molecular docking. Protein-ligand interactions were visualized
using PyMOL version 1.7.4.5.

Surface Plasmon Resonance

Binding of Agl20 to purified human ASCT2 protein
(ACROBiosystems, Beijing, China) was measured by SPR using a
Biacore T200 system (General Electric, Sweden). Binding was tested
in the presence of two-fold serial dilutions of Ag120 from 0.15625 to
10 uM. Each sample was analyzed in triplicate.

Construction of CRC Cell Lines With Stable

ASCT2 Knockdown or Overexpression
HCT116 and HT29 cells were seeded in tissue culture dishes and grown
for approximately 24 to reach 50-60% confluence. The medium was
then changed to McCoy’s 5A containing 30 pig/ml polybrene and the
appropriate lentiviruses encoding control or ASCT2 shRNAs (sh
SLC1A5#1: 5'-GCTTGGTAGTGTTTGCCATCG-3'; sh SLCIA5#2:
5'-GGATGTGGGTTTACTCTTTGC-3'; sh NC: 5'-TTCTCCGAA
CGTGTCACGT-3'; Public Protein/Plasmid Library, Nanjing, China)
or overexpression vectors (pLenti-CMV-GFP-Puro-SLCIA5; Public
Protein/Plasmid Library, Nanjing, China) were added and incubated
at 37°C for 24 h. The medium was exchanged for fresh McCoy’s 5A
medium and the cells were further cultured for an additional 24 h. Stable
ASCT?2 knockdown (ASCT2-KD) or ASCT2-overexpressing (ASCT2-
OE) cell lines were selected by growth in medium containing 10 M
puromycin. Efficient knockdown or overexpression was verified by RT-
gPCR and immunoblotting.

Colony-forming Assay

CRC cells were seeded in 6-well culture plates at 10° cells/well and
treated with Agl20 or V9302 for 10 days (wild-type cells) or
14 days (ASCT2-KD or ASCT2-OE cells). At the end of the
incubation, the cells were stained with crystal violet solution
(Beyotime, Jiangsu, China) and the number of colonies was
counted manually.

Colorimetric Cell Proliferation Assay

Cells were seeded in 96-well plates at 2 x 10* cells/well and
incubated for 72 h. Every 24 h, cell numbers were determined
using a Cell Counting Kit-8 (CCK-8; Beyotime, Jiangsu, China)
according to the manufacturer’s instructions.

EdU Incorporation
To assess proliferation by incorporation of the fluorescent
nucleoside analog 5-ethynyl-2'-deoxyuridine (EdU), CRC cells
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TABLE 1 | Primer sequences for quantitative RT-PCR.
Gene Sequences

SLC1A5

Forward Sequence: TCCTCTTCACCCGCAAAAACCC
Reverse Sequence: CCACGCCATTATTCTCCTCCAC

were seeded in 96-well plates at 3 x 10* cells/well and incubated
for 72 h. EAU incorporation was assessed using an EdU Staining
Proliferation kit (RuiBo, Suzhou, China) according to the
manufacturer’s instructions.

Immunoblotting

CRC cells were incubated with Agl20 or V9302 for 48 h and
processed for immunoblotting as previously described (Schulte
et al., 2018). Primary antibodies against p-actin, ASCT2, mTOR,
phosphorylated (p)-mTOR, P70S6K, p-P70S6K, ERK1, p-ERKI,
IDHIwt, LC3, LAMP1, ATG7, ATGS5, and beclin-1 and a
secondary FITC-conjugated goat anti-rabbit IgG (H + L)
antibody were purchased from ABclonal Biotechnology
(Wuhan, China). Horseradish peroxidase (HRP)-conjugated
anti-mouse IgG was purchased from ABclonal Biotechnology
(Wuhan, China) and anti-rabbit IgG secondary antibodies were
purchased from Cell Signaling Technology (Beverly, MA,
United States). Protein bands were visualized using enhanced
chemiluminescence reagents (Millipore).

Quantitative Reverse-Transcription PCR
(RT-gPCR)

Total cellular RNA was isolated from cells or tissues using
TRIzol reagent (Vazyme, Jiangsu, China) and RNA was
reverse transcribed using a Revert Aid First Strand cDNA
Synthesis Kit (Vazyme). qQPCR was performed using SYBR
GREEN master mix (Vazyme) on a Bio-Rad CFX-96
fluorescence quantitative PCR instrument. mRNA levels of
the genes of interest were standardized with an internal
control (18s rRNA). Primer sequences are provided in
Table 1.

Mouse Xenograft Experiments

Groups (n = 5) of female athymic BALB/c nude mice (5-6 weeks
of age, body weight 18-22 g) were obtained from Charles River
(ZheJiang, China). Subconfluent HCT116 cells were collected,
resuspended in serum-free medium at 10° cells/100 ul, and
injected subcutaneously into one flank. After 7days, the
animals were injected intraperitoneally with the indicated
doses of Agl20, V9302, or vehicle (PBS) in 100 pl/injection.
Animal care and experimental protocols were approved by the
Animal Care Committee of JINAN University. Animals were
treated appropriately and used in a scientifically valid and ethical
manner.

BrEdU Incorporation Assay

Four hours after the final injection of vehicle, Agl20 or V9302,
the mice were injected intraperitoneally with 100 pl of 1 mg/ml
bromodeoxyuridine (BrEdU) labeling reagent (RuiBO) and

Ag120 has an Anti-CRC Effect

sacrificed 4h later. The tumors were excised, frozen, and
cryosectioned. Sections were incubated with 10 pg of mouse
anti-BrEdU  primary antibody (ABclonal Biotechnology,
Wuhan, China) for 12h at 4°C and then with a rhodamine
red-labeled goat anti-mouse IgG secondary antibody
(Invitrogen Molecular Probes, Carlsbad, CA) for 2h at 20°C.
Sections were counterstained with the DNA-binding dye 4',6-
diamidino-2-phenylindole (DAPI). Cells were imaged on an
inverted fluorescence microscope and photographs were
obtained and scanned into Image] software. BrEdU-
incorporating and proliferating cells were quantified using
high-magnification photographs.

Glutamine Uptake

Cells were cultured overnight in 3.5-ml culture dishes at 2 x 10°/
dish. Cells were transferred to PBS containing 1 mg/mL D-glucose
and 0.11 mg/ml sodium pyruvate and incubated with Agl20 or
V9302 for 2 h L-glutamine (2 mM) was then added to the cells for
an additional 10 min and the cells were collected, washed, and
lysed. Intracellular glutamine concentrations were measured
using a glutamine assay kit (Abnova, United States) according
to the manufacturer’s instructions. Luminescence was measured
using a FilterMax F3 microplate reader. The data were
normalized to total protein levels.

Glucose Uptake

Cells were seeded in a 6-well plate at 5 x 10° cells/well. The cells
were glucose-starved by preincubation in 1ml Krebs-Ringer-
Phosphate-HEPES  buffer containing 2% bovine serum
albumin and Agl120 or V9302 for 40 min, and 10 ul of 10 mM
2-deoxyglucose (Sigma Aldrich, St. Louis, MO, United States) was
then added for an additional 20 min. At the end of the incubation,
the cells were collected, washed, and lysed, and glucose
concentrations in the supernatants were measured with a
Glucose Uptake kit (Abcam, Cambridge, United Kingdom)
according to the manufacturer’s instructions.

Intracellular Metabolite Assays

CRC cells were treated for 48 h with Agl120 and then processed
for measurement of intracellular levels and analyzed for
intracellular levels of NAD*/NADH, GSH, and ATP using kits
from Beyotime; for glutamate, glucose, and a-KG using kits from
Abcam (Cambridge, United Kingdom); and for b-2-
hydroxyglutarate (2-HG) levels using a colorimetric assay kit
from BioVision (Bioptics, Tucson, AZ, USA).

Immunohistochemistry

Tumors were excised from the mice within 4 h of the final vehicle,
Agl20, or V9302 administration, and then fixed in 10% formalin
for 24 h and stored in 70% ethanol in PBS at 4 °C. Tissues were
sectioned (5 pm thickness) and stained with primary antibodies
against ASCT2 (Cell Signaling Technology, #8057S), Ki67
(Abclonal #A2094), or LC3 (Cell Signaling Technology,
#12741S) followed by anti-rabbit IgG secondary antibodies
(Cell Signaling Technology, Beverly, MA, United States).
Tissues were imaged wusing an inverted fluorescence
microscope at x20 magnification.
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FIGURE 1 | Ag120 binds to isolated ASCT2 protein and inhibits the metabolism of CRC cells. (A) Modeling of Ag120 (green stick) docking superimposed on
ASCT2 protein (PDB: 5LLM), with the interacting ASCT2 amino acids represented by orange sticks. Inset shows higher magnification. (B) SPR analysis of the binding
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Transmission Electron Microscopy
TEM was used to visualize autophagic vesicles and

mitochondrial morphology. CRC cells were treated with
Agl20 and V9302 for 72h and fixed in glutaraldehyde
(Sigma). Ultrathin sections were prepared using a Sorvall
MT5000 microtome and stained with lead citrate and/or 1%
uranyl acetate. Sections were visualized using a Philips
EM420 electron microscopy.

Detection of Lysosomes and

Autophagosomes

Lysosomes and autophagosomes were visualized using the
fluorescent probes LysoTracker and monodansylcadaverine
(MDC), respectively. Cells were seeded in 6-well plates at
5 x 10°/well and grown overnight. Agl20 or V9302 was
added and the cells were incubated for 72h. The culture
medium was then removed and the cells were processed
using a LysoTracker staining kit (Beyotime), or an MDC
staining kit (Solarbio, Beijing, China) according to the
manufacturers’ instructions. Cells were visualized using an
inverted fluorescence microscope.

Statistical Analysis
Data are presented as the mean + standard deviation (SD).

Multiple group means were compared using two-way analysis
of variance followed by the Student-Newman-Keuls multiple
comparison test, and two group means were compared using
Student’s t-test. A p value < 0.05 was considered to be statistically
significant.

+

RESULTS

Ag120 Binds to Purified Human ASCT2
Protein and Modulates Energy Metabolism

in CRC Cells

By employing the crystal structure of ASCT2 to perform
molecular docking modeling, we find the potential interaction
between Agl20 and ASCT2 protein (Canul-tec et al.,, 2017). As
shown in Figure 1A, Ag120 binds to ASCT2 through amino acids
CYS175, LEU179, ASN182, SER195, SER197, VAL218, ILE223,
LEU224, THR376, GLY419, ALA421, ALA426, and VAL429

(Figure 1A). Consistent with this, SPR experiments
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FIGURE 2| Ag120 inhibits CRC cell proliferation via suppression of ERK and mTOR signaling pathways. (A) Quantification of HCT116 and HT29 cells after culture
for 72 h with Ag120 or V9302 was performed using a CCK-8 kit. (B,C) Plate images (B) and quantification (C) of colony formation by HCT116 and HT29 cells cultured for
10 days with Ag120 or V9302. (D-F) Fluorescence microscopy images (D,E) and quantification (F) of EJU incorporation in HCT116 and HT29 cells cultured for 3 days
with Ag120 or V9302. Scale bars, 50 um. (G) Immunoblot analysis of ERK1, p-ERK1, mTOR, p-mTOR (S2448), P70S6K, and p-P70S6K expression in CRC cells
treated with Ag120 or V9302 for 72 h. Mean + SD of at least three independent experiments. ns, no significance; *p < 0.05, *p < 0.01 by Student’s t-test.

demonstrated a binding affinity of 5.91 uM between purified
human ASCT2 protein and Agl20 (Figure 1B) and V9302 is
regarded as the positive control (Supplementary Figure S1A)
(Schulte et al., 2018). To examine the pharmacological effects of
Ag120, we incubated two human CRC cell lines, HCT116 and
HT29, with various concentrations of Agl20 or with 10 uM of
V9302, a previously described ASCT?2 inhibitor (Schulte et al.,
2018) for 72 h and then analyzed the intracellular concentrations
of glutamine, a-KG, ATP, NAD"/NADH, glutathione (GSH), and
reactive oxygen species (ROS). Agl20 was found to significantly
decrease intracellular levels of glutamate, a-KG, ATP, and NAD"/
NADH in both cell types (Figures 1D-G), whereas glucose
concentrations were significantly elevated (Supplementary
Figure S1B), possibly as a compensation mechanism.
Moreover, the block of glutamine uptake could cause the

reduce of GSH and increase of ROS thereby inducing
oxidative stress (Schulte et al., 2018; Hara et al., 2020). Agl20
altered the redox balance in CRC cells, as reflected by the
significant depletion of GSH levels and elevation of ROS levels
compared with untreated cells (Figures 1H,I). These changes
were also observed with the known ASCT2 inhibitor V9302,
although V9302 appeared to be the more effective inhibitor of the
two (Figures 1D-I). Collectively, these results demonstrated that
Agl120 binds to ASCT2, inhibits glutamine metabolism and
energy production, and induces oxidative stress in CRC cells.

Ag120 Inhibits Proliferation in CRC Cells

To determine whether Agl120 exhibited an anti-tumor effect on
CRC cells, we analyzed cell proliferation, colony formation, and
DNA synthesis. Incubation of CRC cells with Ag120 significantly
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FIGURE 3 | Ag120 induces autophagy in CRC cells. (A) Transmission electron microscopy images of HCT116 cells treated with AG120 or V9302 for 72 h. Scale
bars, 1 pm. (B,C) Fluorescence microscopy images of CRC cells incubated with Ag120 or V9302 for 72 h and labeled with MDC to visualize autophagic vesicles (B) or
with LysoTracker to visualize lysosomes (C). Scale bars, 50 um. (D) Immunoblot analysis of LC3, LAMP1, beclin-1, ATG7, and ATG5 expression in CRC cells treated
with Ag120 or V9302 for 72 h.

and dose-dependently decreased the number of viable cells  (Figure 3A), suggesting that Agl20 treatment induced the
present after 72h (Figure 2A) and the number of colonies  formation of autophagic vesicles. Agl20 treatment also
formed after 10days (Figures 2B,C). These effects were  increased the number of MDC- and LysoTracker Red-stained
confirmed by demonstrating a significant reduction in  foci in the cytoplasm of Agl20-treated cells, indicative of
incorporation of the fluorescent nucleoside EdU into CRC cell ~ autophagosome and lysosome accumulation (Figures 3B,C;
DNA after 72h treatment with Agl20 (Figures 2D-F). To  Supplementary Figures S2A,B). To probe this further, we
identify the potential mechanism of action of Agl20, we  examined expression of a number of autophagy-related
performed immunoblot analysis of key components of the  proteins by immunoblot analysis and found that Agl20
ERK and mTOR signaling pathways in HCT116 and HT29  treatment increased the expression of the autophagy markers
cells. Agl20 treatment for 72h resulted in decreased  LC3, beclin-1, ATG7, and ATGS5, and of the lysosomal marker
expression of ERKI, phosphorylated (p)-ERK1, mTOR, LAMP-1 (Figure 3D; Supplementary Figures S3C-H). Taken
p-mTOR (S2448), P70S6K, and p-P70S6K (Figure 2G;  together, these results demonstrate that Agl20 induces autophagy
Supplementary Figure S2) which is related to tumor  in CRC cells.

proliferation (van Geldermalsen et al, 2016; Schulte et al,

2018). Collectively, these results suggest that Agl20 exhibits a . .
significant anti-tumor effect in CRC that may be mediated by Ag120 Suppresses the Proliferation of CRC

inhibition of the mTOR and ERK1 signaling pathways. Cells by Inhibiting Glutamine Metabolism
We next asked whether the anti-tumor effects of Ag120 in CRC
Ag120 Induces Autophagy in CRC Cells cells were mediated via inhibition of glutamine metabolism alone
Autophagy has been shown to be elevated upon ASCT2 depletion ~ or whether IDH1mt inhibition might also contribute. Agl20
and glutamine starvation in vitro and in vivo (Schulte et al., 2018). might also have an effect on the IDHIwt in tumor cells

Therefore, we next investigated whether Agl20 might affect  (Pollyea et al., 2014; Fan et al, 2015). In addition, IDH-
autophagy in CRC. To this end, we performed TEM as well as  mutated tumor cells could also cause abnormalities in the
fluorescence microscopy of cells stained with the fluorescent  glutamine metabolic pathway (Lucia et al., 2017; Marina et al,,
probes MDC or LysoTracker Red, which preferentially  2021). However, we examined the effects of Ag120 treatment for
accumulate in autophagosomes and lysosomes, respectively. ~ 72h on intracellular 2-HG levels and found that the production
Agl20 treatment of HCT116 cells for 72h resulted in the of 2-HG in CRC cells is about 100-300 ng/ml (Figure 4A), which
presence of a large number of vacuoles of varying sizes and  means CRC cells do not exist IDH1 mutation (Pollyea et al., 2014;
clear punctate structures in the cytoplasm or perinucleus  Marina et al.,, 2021). Moreover, we examined the effects of Ag120
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FIGURE 4 | Effects of Ag120 and glutamine depletion on CRC cells. (A,B) 2-HG production (A) and immunoblot analysis of IDH1mt expression (B) in CRC cells
treated with Ag120 or V9302 for 72 h. (C) Quantification of viable HCT116 and HT29 cells treated with vehicle or Ag120 (45 pM) for 72 h in DMEM medium containing 2
or 0 mM L-glutamine. Cell numbers were measured using a CCK-8 kit. Contribution of Ag120 to cell viability was calculated based on the data in Supplementary Figure
S3A. (D) Colony formation by CRC cells after 10 days of treatment with 0 or 45 uM Ag120 in 0 or 2 mM L-glutamine-containing medium. (E,F) Fluorescence
microscopy images of EdU incorporation in HCT116 (E) and HT29 (F) cells treated for 72 h with 0 or 45 uyM ASCT2 in 0 or 2 mM L-glutamine-containing medium. Scale
bars, 50 um. Mean + SD of three experiments. *p < 0.05, *p < 0.01 by Student’s t-test.

treatment for 72 h on intracellular 2-HG levels and on IDHI1wt
expression and found that concentrations of Agl20 that could
inhibit CRC proliferation and promote autophagy had no
significant effects on either 2-HG production (Figure 4A) or
IDH1wt expression (Figure 4B; Supplementary Figure S4A),
suggesting that Ag120 effects were independent of IDH1mt and
IDH1wt in these CRC cells. We next examined the effects of
Agl20 in cells grown in glutamine-depleted medium. As
expected, depletion of extracellular glutamine significantly
reduced the growth of CRC cells over 72h (Figure 4GC;
Supplementary Figure S4B). However, Agl20 exhibited a
more significant anti-tumor effect in 2mM glutamine-
containing compared with glutamine-depleted medium, as
shown by colony formation and EdU incorporation assays
(Figures 4D-F; Supplementary Figures S4C-F). These results
suggested that Agl20 inhibition of CRC cell proliferation most
likely occurs independently of IDH1mt and instead is mediated
via its effects on glutamine metabolism.

Ag120 Anti-Tumor Effect is Predominantly

Mediated by ASCT2 Inhibition in CRC Cells

To test this hypothesis further, we constructed HCT116 and
HT29 cell lines with stable ASCT2 knockdown (ASCT2-KD)

induced by lentivirus-mediated expression of SLCIA5 shRNA
(shSLC1A5#1/shSLCIA5#2) or with stable overexpression of
ASCT2 (ASCT2-OE) mediated by transfection of DNA-lipid
complexes. We performed immunoblot analysis and RT-qPCR
to verify effective ASCT?2 silencing or overexpression (Figures
5A,B; Supplementary Figures S5A-D) and then analyzed the
tumor cell phenotypes. In keeping with the proposed mechanism
of action of Agl20, we found that the inhibitor had different
effects in ASCT2-KD and ASCT2-OE CRC cells (Supplementary
Figures S5E,F). ASCT2 KD and OE resulted in decreased and
increased glutamine uptake, respectively (Supplementary
Figures S5E,F). Compared with cells expressing control
shRNA, the relative glutamine inhibition rate of ASCT2-KD
cells which is calculated based on the data in Supplementary
Figure S5E decreased significantly (Figure 5C; Supplementary
Figure S5E), and conversely, ASCT2-OE cells exhibited a high
rate of glutamine inhibition rate compared with the control cells
(Figure 5D; Supplementary Figure S5F).

We next compared the effect of Agl20 on ASCT2-KD and
ASCT2-OE cells. CRC cell viability decreased in ASCT-KD cells
(Supplementary Figure S5G) and increased in ASCT2-OE cells
Supplementary Figure S5H). Additionally, compared with the
control cells, the relative inhibition rate of Agl20 which is
calculated based on the data in Supplementary Figures
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FIGURE 5 | Effects of Ag120 on glutamine metabolism and proliferation in CRC cells following ASCT2/SLC1A5 knockdown or overexpression. (A,B) Immunoblot
analysis of ASCT2 in HCT116 and HT29 cells stably transfected with ASCT2 shRNA (shSLC1A5#1/shSLC1A5#2) or control shRNA (A) or stably transfected with a
control or SLC1A5 DNA-lipid overexpression complex (B). (C,D) Glutamine uptake in SLC1A5-depleted or SLC1A5-overexpressing HCT116 and HT29 cells treated for
2 h with Ag120 (15 uM). The contribution of Ag120 to glutamine uptake was calculated based on the data in Supplementary Figures S4C,D. (E,F) Viability of
SLC1A5-depleted or SLC1A5-overexpressing HCT116 and HT29 cells treated for 72 h with Ag120 (45 uM) was quantified using a CCK-8 kit. The contribution of Ag120
to cell viability was calculated based on the data in Supplementary Figures 4E,F. (G,H) As described for (E,F) except colony formation was measured after 10 days.
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S5G,H was decreased in the ASCT-KD cells (Figure 5G;
Supplementary Figure S5G) and increased in the ASCT-OE
cells (Figure 5F; Supplementary Figure S5H). The effects of
Agl20 on colony formation were consistent with these
observations (Figures 5G,H; Supplementary Figures S5I-L).
These results suggested that Agl20 might exert its anti-tumor
effects in CRC cells via ASCT2.

Ag120 Exhibits an Anti-CRC Effect in Vivo

Finally, we determined whether the effects of Ag120 on CRC cell
phenotypes observed in vitro also translate in vivo using a mouse
xenograft model. Groups of nude mice were injected
subcutaneously with HCT116 cells. Beginning on day 7, the
mice were injected with Ag120 once daily or with V9302 every
3 days until day 28, at which time the tumors were excised and
analyzed (Figure 6A). Agl20 treatment was found to have no
significant effect on body weight (Figure 6B) but significantly
inhibited tumor volumes and weights (Figures 6C-E). V9302

also potently inhibited in vivo tumor growth, but it also affected
the general health and body weight of the mice (Figure 6B).
Analysis of blood and tumor samples on day 28 showed that
Ag120 treatment significantly reduced serum glutamine levels
(Figure 6F) and reduced EdU incorporation into tumor cells
(Figure 6G; Supplementary Figure S6A). Finally, by
quantifying  the  staining intensities  obtained in
immunohistochemical and fluorescent labeling experiments,
we found that Agl20 decreased the expression of ASCT2,
significantly inhibited expression of Ki67, and significantly
increased expression of the autophagy protein LC3 in the
tumors (Figure 6H; Supplementary Figures S6B-D). Taken
together, these data demonstrate that treatment of CRC tumor-
bearing mice with Agl20 effectively inhibited glutamine
metabolism and augmented autophagy, thereby suppressing
tumor progression in vivo. A model of the potential
glutamine-mediated anti-tumor effects of Agl120 is shown in
Figure 6l.
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FIGURE 6 | Effect of Ag120 on HCT116 xenograft growth in mice. (A) Experimental protocol. Groups of athymic BALB/c nude mice were injected subcutaneously
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day 28, animals were sacrificed and tumors and blood samples were collected for analysis. (B) Body weight change. (C) Tumor volumes. (D,E) Weights (D) and
photographs (E) of tumor xenografts excised on day 28. (F) Blood glutamine levels on day 28. (G) Fluorescence microscopy images of EdU incorporation in
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DISCUSSION

Metabolic reprograming in cancer cells provides many
opportunities for therapeutic drug development and precision
medicine (Hanahan and Weinberg, 2011; Koppenol et al., 2011).
Cancer cells exhibit an increased demand for glutamine
compared with normal cells because of their rapid metabolism
and proliferation (Deberardinis and Cheng, 2010; Noel et al.,
2010; Mohamed et al., 2014; Manabu et al., 2020). In this context,
glutamine is a conditional essential amino acid (Liu et al., 2018).
Previous studies have revealed that ASCT2 is a major glutamine
transporter and is upregulated in multiple cancer cell types such
as breast, gastric, prostate, and colorectal cancers (Fuchs and
Bode, 2005; Miyo et al., 2016). Consequently, a large number of
ASCT?2-targeting small molecule drugs have been developed or
discovered; however, none of them have entered clinical trials as
ASCT?2 inhibitors to date (Grewer and Grabsch, 2004; Esslinger
et al.,, 2005; Canul-tec et al., 2017; Schulte et al., 2018). In the
present study, we identified Agl120 as a novel ASCT2 inhibitor
that had anti-tumor effects in CRC cells mediated by blockade of
ASCT2-dependent glutamine transport. Most importantly,
Agl20 has been approved in the United States for the
treatment of several cancers and is undergoing clinical testing
for other indications (Alan et al., 2014; Emadi et al., 2014; Kelly
etal,, 2019), which provides a wealth of information regarding the
safety profile of Ag120 in healthy volunteers and cancer patients.
Our study increases the spectrum of cancers that may be treatable
with Ag120 and provides proof of concept for the development of
ASCT? inhibitors for cancer therapy.

Previous work has identified several ASCT2-targeting small
molecule inhibitors and antibodies that block glutamine
uptake and inhibit the proliferation of CRC cells (Schulte
et al., 2018; Hara et al., 2020). Here, we report that the
effects of Agl20 were equivalent to or exceeded those of the
known ASCT?2 inhibitor V9302, including inhibition of growth
and survival caused by a reduction in mTOR and ERK
signaling (Papa et al., 2019; Hara et al., 2020), induction of
autophagy, and increased oxidative stress caused by a decrease
in GSH levels (Hara et al., 2020). Importantly, the anti-tumor
effect of Agl120 was also observed in a nude mouse xenograft
model of CRC. The anti-ASCT2 monoclonal antibody Ab3-8
has been shown to have a weak inhibitory effect on CRC cells
(Hara et al., 2020); however, this appears to be less potent than
Agl120. Similarly, Agl20 fares well when compared with
another glutamine uptake inhibitor, GPNA (Esslinger et al.,
2005). This compound is a known ASCT2 inhibitor but
exhibits poor potency and selectivity for human cells
(Esslinger et al., 2005; Chiu et al, 2017). Thus, Agl20
appears to have equal or better anti-tumor effects in CRC
compared with several known ASCT2 inhibitors.

ASCT2 is expressed in normal large intestinal tissue,
suggesting that targeting ASCT2 as a cancer therapy might
cause some side effects (Utsunomiya-Tate et al, 1996).
However, recent studies showed that ASCT2/SLCIA5-deficient
mice exhibit normal growth and survival (Nakaya et al.,, 2014;
Masle-Farquhar et al., 2017), indicating that targeting of ASCT2
for cancer therapy is likely to be well tolerated and elicit few

Ag120 has an Anti-CRC Effect

adverse effects. Moreover, Agl20 had little effect on the body
weights of tumor-bearing mice compared with V9302 in the
present study. In support of this, data from clinical trials of Ag120
in healthy volunteers and cancer patients have shown mild liver
damage and other moderate adverse effects (Kelly et al., 2019).
Other studies with Ag120 also indicate that the compound is well
tolerated and that most adverse events are of mild to moderate
severity (Alan et al, 2014; Emadi et al,, 2014; Fan et al., 2015;
Brandon et al., 2017).

In the present study, we observed that the Agl20-induced
inhibition of glutamine metabolism was accompanied by a
concomitant increase in glucose uptake, suggesting that the
latter is a compensatory mechanism of energy production.
Similarly, a previous study showed that V9302 induced a
compensatory increase in glucose uptake in CRC cells (Hara
et al,, 2020). These results suggest that the anti-tumor efficacy of
Ag120 could be diminished or subverted by an increase in glucose
uptake and metabolism. Since the metabolic heterogeneity of
tumor cells suggests that some are cells are dependent on both
glucose and glutamine for energy production and proliferation
(Vander Heiden et al.,, 2009; Deberardinis and Cheng, 2010; Li
and Zhang, 2016). Therefore, it may be more effective to combine
the therapeutic use of Agl20 with inhibitors of glucose
metabolism. For example, co-treatment of breast cancer and
CRC cells with V9302 and the glucose analog 2-deoxyglucose
is known to increase the efficacy of V9302 (Luo et al., 2020). The
results of our study suggest that combination therapy with Ag120
and glucose inhibitors might be a potential new strategy for the
treatment of cancer.

Our study suggests that Ag120 is a new ASCT?2 inhibitor and
exerts an anti-tumor effect in CRC. However, there are no specific
biomarkers for the anti-tumor efficacy of Agl20 and other
ASCT?2 inhibitors. It is reported that the anti-tumor activity of
ASCT2 inhibitors does not necessarily correlate with the
expression of transporter proteins (Schulte et al, 2018), and
tumor cells that are sensitive to ASCT2 inhibitors are mainly
susceptive to glutamine withdrawal (Schulte et al., 2018; Hara
et al, 2020). Clinically, the anti-tumor efficacy of ASCT2
inhibitors could be quantitatively assessed by using non-
invasive PET imaging of glutamine uptake (Schulte et al,
2018). However, this technology cannot measure the anti-
tumor activity of ASCT2 inhibitors. Therefore, larger studies
will be needed to evaluate correlations between the efficacy of
Ag120 and other ASCT?2 inhibitors and oncogene status and
metabolic heterogeneity, and to identify biomarkers of their
activity.

CONCLUSION

In the past several years, interest has increased in the use of
ASCT?2 inhibitors as a treatment for cancer. In our study, we
report for the first time that inhibition of ASCT2 function and
glutamine metabolism may be a second mechanism to explain the
anti-cancer effects of the IDHI1mt inhibitor Ag120. We anticipate
that our findings will shed light on the mechanism of Agl20
activity, extend the potential cancers that may be treatable with
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Ag120, and provide new insight into the potential utility of other
ASCT? inhibitors as anti-cancer agents.
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Although toxin may have some advantages compared to chemotherapeutic drugs in
cancer therapy, e.g. a potent cytotoxic activity and a reduced risk of resistance, their
successful application in the treatments to solid tumors still remains to be fully
demonstrated. In this study, we genetically modified the structure of the plant-derived
single-chain ribosome inactivating protein saporin (SAP) by fusing its N-terminus to the
ACDCRGDCFCG peptide (RGD-4C), an av-integrin ligand, and explored the anti-tumor
activity of the resulting protein (called RGD-SAP) in vitro and in vivo, using a model of
muscle invasive bladder cancer. We found that the RGD-4C targeting domain enhances
the cytotoxic activity of SAP against various tumor cell lines, in a manner dependent on owv-
integrin expression levels. In a subcutaneous syngeneic model of bladder cancer, RGD-
SAP significantly reduced tumor growth in a dose-dependent manner. Furthermore,
systemic administration of RGD-SAP in combination with mitomycin C, a
chemotherapeutic drug currently used to treat patients with bladder cancer, increased
the survival of mice bearing orthotopic bladder cancer with no evidence of systemic
toxicity. Overall, the results suggest that RGD-SAP represents an efficient drug that could
be exploited, either alone or in combination with the state-of-the-art therapies, for the
treatment of bladder cancer and, potentially, of other solid tumors.

Keywords: saporin, recombinant protein, bladder cancer, RGD peptide, targeted therapy, ribosome inactivating
proteins, RGD-integrins

INTRODUCTION

Toxic molecules produced by plants have been assumed to be part of their defense weapons, even if
in some cases a few of them are present in edible plants, including species that are eaten raw. From
an evolutionary point of view, the selective pressure by the environment on plants has led to the
development and optimization of highly efficient toxin molecules, which may represent potent and
efficient cytotoxic agents that can be potentially exploited in cancer therapy. Their small size, high

Frontiers in Oncology | www.frontiersin.org

42 April 2022 | Volume 12 | Article 846958


https://www.frontiersin.org/articles/10.3389/fonc.2022.846958/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.846958/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.846958/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:vago.riccardo@hsr.it
https://doi.org/10.3389/fonc.2022.846958
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.846958
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.846958&domain=pdf&date_stamp=2022-04-11

Zuppone et al.

RGD-SAP Anti-Tumor Activity and Specificity

molecular stability, easy of production, high potency and direct
cell-killing property make this class of cytotoxic agents very
attractive for the development of new anti-cancer therapies
(1-4). Among the various toxins so far studied for this
purpose, the plant-derived type I ribosome inactivating
proteins (RIPs) represent ideal candidates, owing to their high
efficiency in irreversibly inhibiting protein translation and
causing prompt cell death (2, 5). Furthermore, type I RIPs
consist only of an N-glycosidase domain, lacking the lectin
domain, typical of type II RIP, which bind galactose residues
on the cell surface and facilitates the catalytic portion to enter the
cell. This feature offers the opportunity to couple type I RIPs with
a tumor-targeting ligand that enable specific and selective
delivery of the toxins to cancer cells, thereby improving their
therapeutic index. According to this view, type I RIPs have been
coupled to growth factors or other polypeptides capable of
recognizing receptors over-expressed on the surface of cancer
cells or on tumor endothelial cells (2, 6-8).

Saporin (SAP), a type I RIP characterized by unusual
resistance to high temperature, denaturation and proteolysis
and by a strong intrinsic cytotoxic activity, may represent a
suitable candidate for the design and development of new anti-
cancer drugs. Recent studies have shown that coupling SAP with
tumor targeting ligands, such as monoclonal antibodies, peptides
and aptamers, improves its cytotoxic effects on different cancer
types, both vitro and in vivo (9-14). In particular, SAP-based,
chimeric recombinant proteins formed by the toxin fused to the
amino-terminal fragment of urokinase (11, 13), the epidermal
growth factor (12, 15), the anti-CD22 ScFv (9) have been
produced and successfully tested. Thus, the development of
new strategies for targeted delivery of SAP to tumors is of
great experimental and pharmacological interest. At this
regard, a growing body of evidence suggests that integrins may
represent important molecular targets on cancer cells. In fact, the
expression of certain integrins is increased on various types of
cancer cells and tumor vasculature, to regulate many steps of
tumor progression, such as angiogenesis and tumor cell growth,
survival, migration and invasion (16-19). For example, certain
owv-integrins, such as ovp3, ovp6, o5B1 and oavf5, are
upregulated in various solid cancers, tumor microenvironment
and upon anti-cancer therapy, while they are expressed at lower
or undetectable levels in normal tissues (20). In particular, ovfB3
and ovp5 are known to be overexpressed in the tumor
vasculature and to be involved in tumor angiogenesis (21, 22).
Integrin over-expression is associated with pathological
outcomes including disease stage, metastasis formation,
treatment resistance, and patient survival (20). Thus, ligands of
specific integrin subclasses may be exploited, in principle, for the
development of new tumor-homing derivatives of SAP.

In the last years, many investigators have explored the potential
of peptides as integrin ligands, a promising class of molecules that,
owing to their small size, low immunogenicity, ease of manufacture
at reasonable costs, can overcome many of the limitations related to
the use of monoclonal antibodies as targeting moieties. For instance,
RGD-based peptides have been widely investigated as ligands for
targeted delivery of drugs and nanoparticles to tumors. In particular,

ACDCRGDCFCG (RGD-4C), a peptide capable of recognizing
with high affinity avP3, and, although with a lower affinity, also
ovP5, o5B1 and owvP6 (26) has proven useful to enhance the
selective delivery of various types of compounds to tumors,
including cytokines and toxins (23-26).

Based on these notions, we tested the hypothesis that fusing
RGD-4C to SAP, by recombinant DNA technology, can increase
its tumor selectivity and therapeutic activity. We show that the
RGD-SAP conjugate can be easily produced in E.coli with no
need of renaturation, and that this product can kill integrin-
expressing cells more efficiently than a SAP variant lacking the
RGD domain. Moreover, we show that RGD-SAP can inhibit the
tumor growth in mouse models of bladder cancer.

MATERIALS AND METHODS

Cell Cultures

Human bladder RT4, RT112, 5637 were maintained in RPMI
1640 supplemented with 10% fetal calf serum (FCS), 2 mM L-
glutamine and antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycine-sulphate); breast MDA-MB 468 and glioblastoma
U87 cancer cell lines as well as skin fibroblast cells were
maintained in DMEM supplemented with 10% FCS, 2 mM L-
glutamine and antibiotics (100 U/mL penicillin and 100 ug/mL
streptomycine-sulphate). Murine MB49 bladder cancer cells
were cultured in DMEM, supplemented with 10% FCS, 2 mM
L-glutamine, antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycine-sulphate) and 1 mM sodium pyruvate.

MB49 Luc cells stably expressing luciferase were generated by
transduction with a 3™ generation lentiviral vector carrying the
luciferase gene. pLenti PGK V5-LUC Neo (w623-2) was a gift
from Eric Campeau, University of Massachusetts Medical
School, Worcester, Massachusetts, US (Addgene plasmid #
21471). For lentivirus production, a monolayer of HEK293T
cells, cultured in 10 cm? dish, were incubated with the following
mixture: transfer vector (10 ug), packaging vector Ar 8.74 (6.5
ug), Env VSV-G vector (3.5 pg), REV vector (2.5 pug) in 450 pl
double distilled water, 50 pl calcium chloride (2.5 M) and 500 ul
Hank’s buffered saline (2-fold). Sixteen hours later, the medium
was replaced with culture medium and 24 hours later the
medium was collected and 0.22 pm-filtered to recover virus
particles. Virus particles were then used to transduce MB49
cells. Infected cells were then cultured in presence of G418
antibiotic (0.5 mg/ml) for fifteen days.

Cloning of RGD-SAP and CYS-SAP in
PET22b Vector

SAP fused with ACDCRGDCFCG or CGGSGG at its N-
terminus were prepared by GenScript (New Jersey, USA). The
nucleotide sequences were obtained from the corresponding
amino acid sequences of saporin S and optimized for the
expression in E.coli. A GGSSRSS sequence was interposed
between ACDCRGDCEFC and SAP as a spacer and a 6xHis tag
was added at the C-terminus to allow the purification by affinity
chromatography. The whole encoding sequences were inserted
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into the pET22b(+) vector (Novagen), forming the pET22b
(+)-RGD-SAP (5'-Ndel- ACDCRGDCFCG-GGSSRSS-SAP-
HHHHHH-EcoRI-3’) and the pET22b(+)-CYS-SAP (5'-Ndel-
CGGSGG-SAP-HHHHHH-EcoRI-3’) expression vectors.
Ligation products were used to transformed the E.coli strain
DHb5alpha (Invitrogen).

Expression and Purification of RGD-SAP
and CYS-SAP

The expression of RGD-SAP and CYS-SAP in transformed BL21
(DE3) E.coli cells (Novagen) was induced for 3 hours at 37°C
with 0.1 mM IPTG. Bacterial pellet from 1 L culture was
resuspended in 15 ml of 50 mM Tris-HCI, pH 7.5,
supplemented with a cocktail of protease inhibitor (Sigma-
Aldrich). Soon after, 10 mM of imidazole, lysozyme (250 pg/
ml) and DNAse (20 pg/ml) were added. The bacterial solution
was then incubated on ice for 45 min, subjected to 3 cycles of
sonication (using a UW3100 Bandelin sonicator operating at
60% power; 2 min cycle duration with 1 sec pulse and 1 sec
pause), and centrifuged at 4°C for 25 min at 10000 x g. Soluble
RGD-SAP and CYS-SAP contained in the supernatant were then
purified by metal chelate affinity chromatography using a
HisTrap HP 5 ml column (GE Healthcare Life Sciences)
equilibrated in Tris-HCl 50 mM pH 7.5, 300 mM NaCl
supplemented with 10 mM imidazole (and 5 mM DTT for
CYS-SAP) operated with the AktaPurifierl0 FPLC system. To
elute proteins, imidazole concentration was increased step by
step up to 500 mM in 20 column volumes (CV). The fractions
containing the target proteins were dialyzed against 50 mM Tris-
HCI, pH 7.5 (CYS-SAP) or 50 mM bicine, pH 8.2 (RGD-SAP) at
4°C for 16 hours. A cation exchange chromatography on HiTrap
SP Sepharose FF column (GE Healthcare Life Sciences) was then
performed for further purification, using a 20 CV gradient up to
1 M NaCl for protein elution. The proteins were then
concentrated using 10 KDa cutoff Amicon centrifugal filters
(Millipore-Sigma) and dialyzed against PBS with slide A lyzer
dialysis cassette (Thermo Fisher). All solutions used in
purification steps were prepared with sterile and endotoxin-
free water (S.A.L.F. Laboratorio Farmacologico SpA, Bergamo,
Italy). Protein concentration was measured using the BCA
Protein Assay DC' Kit (BioRad). Protein purity and identity
was checked by SDS-PAGE and Western blotting. Both CYS-
SAP and RGD-SAP showed comparable yields ranging from 0.6
to 1.2 mg/l of bacterial culture.

Western Blot Analysis

Cells were washed twice with cold PBS, collected by scraping and
centrifuged 5 min at 300 g. Cells were lysed for 30 min on ice in
ice-cold buffer (50 mM Tris-HCI, pH 7.5, containing 150 mM
NaCl, 2 mM NaF, 1 mM EDTA, 1 mM EGTA, 1 mM
Na;VO,41 mM PMSF, 75 mU/ml aprotinin (Sigma-Aldrich),
1% TritonX-100 and a proteinase inhibitor cocktail® (Sigma-
Aldrich). Cell lysates were centrifuged at 10000 x g at 4°C for
10 min and the supernatants were recovered and quantified for
total protein content. Equal amounts of cell protein extracts were
separated by SDS-PAGE under reducing conditions unless stated
otherwise. For western blot analysis, proteins were transferred

onto a nitrocellulose membrane, incubated with 5% non-fat
powdered milk in TBS-T (0.5% Tween-20) for 1 hour and then
with the following antibodies: anti-saporin anti-serum (rabbit,
1:5000), anti-caspase 3 (rabbit, 1:2000, clone E87, Abcam), anti-
beta actin (mouse, 1:10000, clone AC-15, Sigma-Aldrich). The
antibody binding was detected using a secondary horseradish
peroxidase conjugated antibodies (donkey anti-mouse/rabbit
IgG HRP-linked, GE Healthcare) and an enhanced
chemiluminescent (ECL, Merck Millipore).

Seed SAP used as positive control for Western blot analysis
was purchased from Advanced Targeting Systems, which
had purified it from the seeds of the Soapwort plant
(Saponaria officinalis).

Flow Cytometry Analysis

Cultured cell lines were detached by TripLE Express (Gibco) to
preserve receptor integrity, washed with PBS containing 1% FCS
and incubated with PE-conjugated Ab specific for human ovf3
and owvPB5 (R&D System) and FITC-conjugated Ab specific for
human ovfB6 integrins (NovusBio). For receptor detection, cells
were incubated with the fluorescently labelled Ab at 4°C for
30 min. Stained cells were resuspended in 100 uL of PBS
containing 1% FCS. Samples were run through an Accuri ™
flow cytometer (BD Biosciences). All data were analysed by
FCS Express and expressed as relative fluorescence intensity
(RFI), calculated as follows: mean fluorescence intensity after
mADb staining/mean fluorescence intensity after isotype-negative
control staining. Analysis was done on 20,000 gated events
acquired per sample.

Cell Viability Assay (MTT)
Cultured cell lines (5 x 10° cells/well) were seeded in 96 wells plates
and incubated for 72 h with various amounts of RGD-SAP or CYS-
SAP at 37°C, 5% CO,. Cell viability was then quantified by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide staining
(MTT) (working solution 0.5 pug/ml). After 1 h of incubation, the
supernatants were removed, the formazan crystals were dissolved
with dimethyl sulfoxide and the absorbance at 570 nm was
measured using a microtiter plate reader. Competitive
experiments were performed as described above using 100 nM of
RGD-SAP or 1000 nM of CYS-SAP in the presence of 5000 nM of
ACDCRGDCEFCG peptide for 48 and 72 hours.

To induce caspase 3 activation, cells were treated with 30 nM
RGD-SAP or 2 mM DTT for 48 and 72 hours.

In Vivo Studies

Studies on animal models were approved by the Institutional
Animal Care and Use Committee (Institutional Animal Care and
Use Committee, JACUC) and performed according to the
prescribed guidelines. C57BL/6 female mice (7 weeks old, Charles
River, Calco, Italy) were challenged with subcutaneous injection in
the left flank of 3-5 x 105 MB49 living cells; 5 days later, 4-6 mice/
group were intravenously administered with various doses of RGD-
SAP or CYS-SAP diluted in sodium chloride (0.9%, iv., 200 pl).
Tumor growth was estimated by calculating the volume using the
formula r1 x r2 x 13 x 4/3 m, where rl and r2 are the longitudinal
and lateral radii, and 13 is the thickness of tumors protruding from
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the surface of normal skin. Animals were euthanized when tumors
reached 10 mm in diameter, became ulcerated or a 15% animal
body weight loss was measured.

Orthotopic syngeneic tumor were developed according to the
procedure described by Loskog et al. (27). Briefly, C57BL/6
female mice were anesthetized with ketamine/xylazine (80/10
mg/kg) and catheterized (PE50 catheter, BD Biosciences) using
lubricated catheters with 2.5% lidocaine-containing gel (Luan).
To enhance tumor engraftment, 100 pl of poly-L-lysine (0.1 mg/
ml, mw 70000-150000, Sigma Aldrich), was injected
transurethrally into the bladder and left in place for 30 min,
then bladder was washed with PBS and instilled with 5x104
MB49 Luc diluted in serum-free medium (100 ul/mice), 30 min
later the catheters were removed. On day 7, mice were treated
with mitomycin C (MMC) alone (n=10), administered
transurethrally and kept in the bladder for 1 hour (50 ug in
100 pl of PBS, every 4 days for 2 times), or combined with RGD-
SAP (n=5) or RGD-SAP alone (i.v., 200 pl, every 5 days, for 3
times) (n=10), starting at day 9. Control group of mice was
treated with vehicle (sodium chloride, 0.9%, i.v., 200 ul) (n=10).
Orthotopic tumor engraftment and growth was monitored once
a week by in vivo bioluminescence imaging (IVIS). Tumor
growth was estimated by acquiring the bioluminescence signal
(BLI) and it expressed in total photon flux. Mice were euthanized
when the BLI intensity suddenly drop, due to irreversible
necrosis and accompanied with hematuria or animal lethargy.

Blood Sample Collection and Biochemical
Parameters Analysis

Blood samples were collected from the retroorbital plexus of
anesthetized mice using 4% isoflurane at the end of each
experiment or before animal sacrifice. Blood samples were left
at room temperature for at least 30 min before being processed
and then centrifuged (800 x g, 10 min) for serum separation.
Serum albumin, aspartate transaminase, alanine transaminase,
creatinine and urea were determined by using an automated
analyzer (ScilVet ABC plus and Idexx Procyte analyzers)
according to the manufacturers’ instructions. Standard controls
were run before each determination.

Statistical Analysis

All in vitro experiments were performed at least in triplicate.
Mouse experiments were performed using at least 4 mice per
group. When appropriate, statistical significance was determined
using a 2-tailed Student’s ¢ test. For tumor growth analyses, we
performed one-way ANOVA statistical analysis. Survival curves
were compared using the log rank test. Tests symbols mean: *p <
0.05; **p < 0.01; *™p < 0.001; ns, not significant.

RESULTS

Production and Characterization of RGD-
SAP and CYS-SAP

RGD-SAP, consisting of RGD-4C fused to the N-terminus of
SAP was produced in E.coli cells by recombinant DNA

technology. In parallel we have also produced a SAP variant
with a Cys residue in place of the RGD-4C domain (CYS-SAP)
(Figures 1A, B).

To facilitate their purification and to promote endosomal
escape of the toxin into recipient cells, both products were
genetically engineered to express a histidine tag at the C-
terminus (28). Since SAP can inactivate prokaryotic ribosomes,
their production in E.coli was induced with IPTG for only 3 h.
Western blot analysis of the purified RGD-SAP, performed
under reducing and non-reducing conditions, showed a single
band of 30 kDa as expected for monomers (Figure 1C),
suggesting that inter-chain disulfide bonds between the
ACDCRGDCFCG domains of different molecules were not
formed. In contrast, two bands corresponding to monomers
and dimers were detected in CYS-SAP, suggesting that an inter-
chain disulfide bond was formed between the N-terminal
cysteines of this protein (Figure 1C).

RGD-SAP Can Kill Integrin-Expressing
Cells More Efficiently Than CYS-SAP
RGD-4C can recognize owv-integrins with different affinities (29).
Integrins, such as ovP33, ovB5 and o6, are present on a variety
of tumor cells (24-26, 30). Therefore, to identify tumor cells that
could be exploited as targets to validate the targeting properties
of RGD-SAP in vitro, we characterized the surface expression of
integrins by various cancer cell lines, including U87 glioblastoma
cells, RT4, RT112 and 5637 bladder cancer cells, MDA-MB-468
breast cancer cells and normal fibroblasts, by flow cytometry.
The results showed that U87 cells express high levels of avf33, but
not of avP5 and w36, whereas RT4, RT112 and 5637 and MDA-
MB-468 cells showed a moderate-high positivity for o5 and
avf6, but not of owvB3. Normal fibroblasts expressed none of
these integrins (Figure 2A).

To assess whether the RGD domain can increase the cytotoxic
effects of saporin against cancer cells, we then tested the cytotoxic
effects of RGD-SAP and CYS-SAP on these cell lines. A stronger
cytotoxic effect of RGD-SAP, compared to CYS-SAP, was
observed with all cancer cells, but not with normal fibroblasts
(Figure 2B). Considering that fibroblasts do not express owvp3
and owf5, ie. integrins known to be recognized by RGD-4C,
these data suggest that the stronger cytotoxic effects of RGD-SAP
against cancer cells was mediated by an RGD-dependent
targeting mechanism.

To verify this hypothesis, we performed competition
experiments with the free RGD-4C peptide on 5637 cell line,
selectively sensitive to RGD-SAP and representative of a
human muscle-invasive model of bladder cancer. To this
end, cells were treated with 0.1 uM RGD-SAP or 1 uM CYS-
SAP, concentrations reflecting the different sensitivity of cells
towards the two toxins, in the presence or absence of an excess
of free RGD-4C. As expected, RGD-4C significantly decreased
the activity of RGD-SAP, but not that of CYS-SAP
(Figure 3A). This result lends support to the hypothesis that
indeed the RGD domain of RGD-SAP contribute to the
cytotoxic activity of this conjugate by a receptor-mediated
targeting mechanism, likely involving integrins.
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FIGURE 1 | Design, expression and purification of RGD-SAP and CYS-SAP recombinant proteins. (A) Schematic representation of RGD-SAP and CYS-SAP
recombinant proteins. The RGD (ACDCRGDCFCG,) targeting and CYS (CGGSGG) non-targeting peptides were inserted by genetic recombination at the N-terminus
of SAP. A histidine (His)-tag was added at the C-terminus of the two constructs to aid in the purification of the recombinant proteins. (B) Effect of IPTG on RGD-SAP
and CYS-SAP expression in BL21DE3 E.coli cells as determined by western blot using an anti-SAP antibody. IPTG (+) and (-), induced and not induced cells,
respectively. Seed-derived SAP (200 ng) was used as positive control for WB analysis. (C) WB analysis of purified RGD-SAP and CYS-SAP under reducing (-
mercaproethanol (B-me) +) or non-reducing (B-me -) conditions.
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FIGURE 2 | Integrins expression on cancer cell lines and in vitro biological activity evaluation of RGD-SAP and CYS-SAP recombinant proteins. (A) 5637, RT112,
RT4, U87, MDA-MB-468 cancer cell lines and fibroblasts were analyzed by flow cytometry for B3, awvp5 and avB6 integrins expression. Relative Fluorescence
Intensity (RFI) are shown as mean+SD. The dashed red line represents the threshold arbitrarily defining positive expression (RFI=2). (B) Effect of various amounts of
RGD-SAP or CYS-SAP on the indicated cells as determined by MTT assay after 72 h treatment. One representative experiment out of three performed is shown.
Cell viability is expressed as percentage to untreated cells (mean + SD). The ICso from three different experiments is reported as mean + SE.
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FIGURE 3 | RGD-SAP target specificity and caspase 3 activation. (A) 5637 bladder cancer cells were incubated with RGD-SAP (0.1 pM) or CYS-SAP (1 uM) in the
presence or absence of ACDCRGDCFC peptide (5 uM). The cell viability was evaluated after 48 and 72 h by MTT assay. Results are shown as mean + SE. *p <
0.05, *p < 0.01 by non-parametric unpaired t test. (B) The activation of apoptosis via caspase 3 cleavage upon RGD-SAP (30 nM) treatment was evaluated in 5637
and MDA-MB-468 cells by analyzing the intracellular levels of caspase-3. Cells were incubated with RGD-SAP for 48 and 72 h and cell lysates were analyzed by
western blot with anti-caspase-3 or an anti-B-actin antibodies for protein normalization. DTT (2 mM) was included as positive control for caspase-3 activation.

RGD-SAP Is Endowed With Antitumor
Activity on a Subcutaneous Model of
Bladder Cancer

The anti-tumor activity of RGD-SAP and CYS-SAP were then
investigated using C57BL/6 mice bearing subcutaneous murine
MB49 urothelial carcinoma cells. A preliminary experiment,

performed in vitro, showed that RGD-SAP could kill these
cells (Figure 4A).

Thus, mice were treated, systemically, with 1 mg/kg of RGD-
SAP or CYS-SAP at day 5. The treatment was repeated three
times every five days (Figure 4B). RGD-SAP could reduce tumor
growth after the second administration, leading to marked

A B
?120 MB49 Tumor _

S implantation sacrifice
8 100 ! ‘ ‘ ;

o AV v

S 8o :
< 60 l T r v ;

2 0 Time (days) 0 5 10 15 19
Q

©

= 22 Vehicle

O (0101 1 10 1001000 RGD-SAP (1 mg/kg, i.v.)

RGD-SAP (nM) CYS-SAP (1 mg/kg, i.v.)

Cc D E
® 164n=
2 1.6{n=4 ~ 10 : Day 19
%1 5 S 100 H—%
£ £ 9 Vehicle @& B
3 —
o 0.8 2 80
S > cyssap @@ o @
o 04 o]
E @ 60 RGD-SAP + & #
0.0 50
2 10 15 20 STRAN |

5 10 15 20
[

Days post-implant

Days post-implant
< Vehicle
*[*[ -+ CYS-SAP (1 mg/kg)
# RGD-SAP (1 mg/kg)
FIGURE 4 | Effects of RGD-SAP and CYS-SAP on tumor growth in a subcutaneous syngeneic bladder cancer mouse model. (A) Effect of RGD-SAP on MB49
murine bladder cancer cell line viability as measured by MTT assay. (B) Schematic representation of the experimental design and treatment schedule. MB49 cells were
subcutaneously implanted in 7-week-old C57BL/6 WT female mice. Tumor bearing-mice were treated i.v. with the indicated doses of CYS-SAP or RGD-SAP or vehicle
every 5 days after tumor implantation (arrows). (C) Effect of 1 mg/kg dose of CYS-SAP or RGD-SAP on MB49 bladder cancer growth. Tumor volumes (mean + SD, n=4
mice/group) are shown. *p < 0.05, by one-way ANOVA test. (D) Effect of treatments on the animal body weight change. Animal weights are reported as percent of
starting body weight (mean + SD of 4 animals per group). (E) A representative image of MB49 subcutaneous tumors explanted from mice that survived to the end of the
experiment (day 19): (vehicle (n=2), 2 mice were sacrificed at day 16 due to tumor ulceration; RGD-SAP (n=4), 1 tumor undetectable).
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reduction of the tumor volume in all mice and complete
eradication in one mouse (Figures 4C-E and Supplementary
Figure 1A). On the contrary, CYS-SAP did not show any effect
on tumor growth, suggesting that the therapeutic effect of RGD-
SAP crucially involved the RGD domain. However, the dose of
RGD-SAP used in this experiment also caused loss of body
weight at day 19 (Figure 4D) and severe necrosis in the tails
where the drug was injected.

To determine the minimal effective, non-toxic dose of RGD-
SAP tumor-bearing mice were treated with 0.75, 0.5, 0.25 mg/kg
of RGD-SAP at days 5, 10, 15 after tumor implantation, as
described above. The doses of 0.75 and 0.5, but not 0.25 mg/kg,
caused a significant delay of tumor growth, pointing to a dose-
dependent effect (Figure 5A and Supplementary Figure 1B),
without causing loss of body weight (Figures 5B-D).

The toxicological effects RGD-SAP was further investigated.
To this aim, we collected blood samples at the end of each
experiment or before animal sacrifice and analyzed biochemical
parameters of liver and kidney toxicity (albumin, alanine
transaminase, aspartate transaminase for liver toxicity, and
creatinine and urea for kidney toxicity). As shown in Figure 6,
RGD-SAP systemic toxicity was dose dependent and apparent
only with the highest dose used (1 mg/kg). In fact, significantly
higher values of AST and CHE were measured in mice treated
with 1 mg/kg RGD-SAP, but not with the lower doses.

RGD-SAP Can Delay Tumor Growth in an
Orthotopic Mouse Model of Syngeneic
Bladder Cancer

The anti-tumor efficacy of RGD-SAP was then investigated in an
orthotopic model of urothelial carcinoma. To this aim, we
genetically engineered MB49 cells to express luciferase (MB49-
luc). MB49-luc cells were then orthotopically implanted into
immunocompetent C57BL/6 mice. Tumor engraftment and
growth, as monitored by in vivo bioluminescence imaging,
occurred in 100% of mice in 5-7 days after cells inoculation.
This tumor model resembles advanced bladder cancer and is

characterized by high proliferation rate accompanied by
protrusion of the mass into the bladder lumen, obstruction of
urethra, hematuria and necrosis in the tumor core a few days
upon engraftment (27). These features can lead to an inadequate
drug delivery to the tumor mass (27). To overcome this
limitation, we decided to use mitomycin C (MMC) as a tool to
slow down the tumor growth and delay necrosis formation,
thereby allowing the toxin to reach tumor cells and exert its
specific effect. MMC is one of the most widely used agents for
preventing recurrence of superficial bladder cancer in clinics,
usually administered intravesically after transurethral resection
of cancer lesions (31-33). Of note, MB49 bladder cancer cells
were extremely sensitive to MMC (IC50 ~2 ug/ml) (Figure 7A).

At the time of tumor detection (day 7 after cells infusion into
the bladder) two experimental groups were treated with MMC
through transurethral administration. A second dose of MMC
was given after four days. In between, mice received a first dose of
RGD-SAP (systemically, 0.5 mg/kg) or vehicle, which was
repeated for three times (Figure 7B). One group of mice was
treated with RGD-SAP alone, as control. As previously
demonstrated (34), in this model, after an initial increase, the
bioluminescent signal drops in a time dependent manner, due to
the reduced light emission from extended necrotic and
hemorrhagic areas compared with vital tumor areas. In the
control group the bioluminescent signal increased, reaching the
maximum value after 11 days, and then started decreasing.
Although a similar behavior was observed after treatment with
MMC or RGD-SAP alone, the combination of these drugs greatly
limited the increase of the signal (Figure 7C), which implies a
relevant anti-tumor effect. Accordingly, a significant effect on
mice survival was observed in the group of mice treated with
RGD-SAP/MMC combination (Figures 7E, F), as 80% of mice
were still alive when the experiment ended after 23 days.
Histochemical analysis of the tumors, explanted after mouse
scarification, showed that only one mouse treated with the
combined therapy had a necrotic tumor, while all the others
did not display any necrotic area, suggesting that this treatment
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FIGURE 5 | Dose dependent effects of RGD-SAP on tumor growth in a subcutaneous syngeneic bladder cancer mouse model. (A) MB49 cells were subcutaneously
implanted in 7-week-old C57BL/6 WT female mice (n=6/group) were treated i.v. with the indicated doses of RGD-SAP every 5 days after tumor implantation for three
times (arrows). Tumor volumes (mean + SD) are shown. *p < 0.05; *p < 0.01; **p < 0.001 by using one-way ANOVA test. (B) Animal weights are reported as percent
of starting body weight (mean + SD of 6 animals per group). (C) Kaplan-Meyer plot of animal survival and (D) the associated median survival time. Results from a Mantel-
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consistently reduced the tumor growth. Furthermore, no
evidence of toxicity was observed, judging from the lack of
significant changes of body weight (Figure 7D), as well as of
albumin, alanine transaminase or urea levels in the
bloodstream (Figure 8).

DISCUSSION

The results show that the fusion of RGD-4C with SAP enables
selective delivery of this toxin to tumors, thereby enhancing its
antitumor activity. In particular, the results show that RGD-SAP
can kill cells expressing the integrins o33, oovf35 and avf6 more
efficiently than CYS-SAP, a control conjugate lacking the RGD-
4C domain. As expected, the improved cytotoxic activity of
RGD-SAP was inhibited, in vitro, by an excess of free RGD-4C
peptide. Considering the known ability of RGD-4C to bind a3
(affinity value: 8.3 nM), a5 (46 nM), ai5B1 (244 nM) and o6
(380 nM) integrins (26), although with different affinities, and
the known overexpression of these integrins in tumors, these
findings suggest that integrin targeting was an important
mechanism that contribute to the improved activity of RGD-
SAP. We tested the expression of owP3, awvB5 and o6, to
associate the RGD-SAP cytotoxicity to the integrin expression on
target tumor cells. U87, which expresses the highest amount of
ovf3, are the most sensitive to RGD-SAP, but also other cell
lines, expressing owvP5 and o6 are enough sensitive to RGD-
SAP, considerably more than the untargeted CYS-SAP. It is likely
that not only ovf33, but also the other abovementioned integrins
can contribute to the RGD-SAP cytotoxicity. In addition, we
cannot exclude contribution of other RGD-interacting integrins
to RGD-SAP cytotoxicity. To lower the risk that RGD-4C fusion

with saporin could reduce or abolish the binding of the peptide
to integrins, e.g. by steric hindrance, we have introduced a seven
amino acids flexible linker. The higher activity of RGD-SAP with
respect to untargeted SAP and the reduction of its cytotoxicity
upon competition with RGD-4C peptide, suggests that with this
linker RGD-4C preserved, at least partially if not at all, its
functional properties after coupling to saporin. The results of
in vivo studies in different mouse models of bladder cancer show
that RGD-SAP can reduce tumor growth and significantly
prolong animal survival without inducing detectable side
effects. These results and the notion that RGD-4C is a
compound with a proven utility as ligand for the targeted
delivery of therapeutic molecules to av integrins (16, 24, 26,
29), and that owv integrins are significantly over-expressed in
bladder tumors in a stage and grade-dependent manner (35, 36),
lend support to the hypothesis that this class of receptors may
represent important molecular targets for toxin delivery to
bladder cancer.

The approved clinical practice for the management of bladder
cancer consists in transurethral resection of cancer lesions or by
the removal of the entire organ (radical cystectomy), depending
on the tumor grade and stage. Most of the times, a
chemoprophylaxis regimen based on chemotherapeutics like
platinum complexes or mitomycin C (MMC) is given either
before surgery (neoadjuvant chemotherapy) or after surgery
(adjuvant chemotherapy) to reduce the risk of cancer
recurrence (33). In case of advanced or metastatic bladder
tumor, immune checkpoint inhibitors (anti-PDL1 antibodies)
and tyrosine kinase inhibitors (specific for FGFR) represent the
most effective targeted options, showing promising results in the
treatment of specific subtypes. However, the clinical outcome of
these treatments strictly relies on the presence of an elevated
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immune signature or FGFR2/3 specific mutation (typical of
patients with a luminal I bladder cancer subtype) (37, 38).

To recapitulate advanced bladder cancer features, we have
tested the pharmacological efficacy of our recombinant protein,
systemically administered, using syngeneic bladder cancer mouse
models. At first we used a subcutaneous cancer model to
determine the optimal dosage and found that RGD-SAP can
inhibit the tumor growth in a dose-dependent manner. In this
model, RGD-SAP was significantly more active than the CYS-
SAP control, the latter being almost completely inactive. This
suggest that RGD-SAP can actively target the tumor environment

and exclude a “passive targeting” mechanism potentially related
to the enhanced permeability of tumor tissues. Then, we used an
orthotopically implanted tumor model (MB49) to assess the
therapeutic effect of RGD-SAP alone and in combination with
MMC. The MB49 orthotopic model of advanced bladder cancer is
characterized by a logarithmic proliferation rate of the tumor
mass, leading in several days to the formation of an inner necrotic
area, causing a sudden drop of luminescence signal (27, 39). It is
expected that the uptake of drugs in solid tumors is heterogeneous
and the general distribution decreases with increasing tumor
weight, since cells that are progressively distant to blood vessels
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5 80 80 O Vehicle
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J g . 60 3 60 m MMC+RGD-SAP
S 5 D 40 g) 40
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FIGURE 8 | Comparison of clinical biochemistry parameters in mice treated with mitomycin C (MMC) alone or in combination with RGD-SAP. Blood samples were
collected from treated mice and the concentration of albumin, alanine transaminase and urea in the serum were measured. Values are shown as mean + SD from

n = 10 for vehicle and MMC; n=5 for MMC + RGD-SAP.
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and located in high-pressure regions constitute large areas of
hypoxic, necrotic, or semi-necrotic tissue. Thus, this condition
can limit an adequate penetration of drug administrated
systemically, such as RGD-SAP, into the tumor mass.
Interestingly, upon MMC pre-treatment, RGD-SAP reduced
tumor growth compared to MMC alone, significantly increasing
overall survival (80% of mice) and improving animal welfare.
Notably, RGD-SAP has shown a low cytotoxic activity on MB49
cells in vitro, suggesting that its activity in vivo could be related to
the targeting of microenvironment components as well. Indeed,
ovP3 is expressed by the endothelium in the neo-angiogenic
blood vessels (16-19) and it represent a potential target of
RGD-SAP.

Intra-tumoral heterogeneity represents a major obstacle to
cancer therapeutics, including conventional chemotherapy,
immunotherapy, and targeted therapies. Due to its potential
effects on tumor cells and microenvironment, RGD-SAP may
represent a good therapeutic tool for bladder cancer. In addition,
by inhibiting proteins synthesis, SAP acts in a cell cycle
independent manner, thus targeting both quiescent and rapidly
dividing tumor cells. This feature makes it suitable to contrast
both aggressively growing cancers and tumors with slower
progression. RGD-SAP can be employed also in combination
with other therapeutic options based on different mechanisms of
action, e.g. inhibition of DNA synthesis, cell division, and
signal transduction.

CONCLUSIONS

Our study demonstrates that the fusion of RGD-4C to SAP
enables specific delivery of the toxin to the tumor mass and
enhances its anti-tumor activity in bladder cancer models
without showing detectable side effects. The RGD-SAP may be
potentially applicable to other solid tumors, especially in
combination with other therapeutic agents to tackle
tumor heterogeneity.
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Background: Hemangioblastoma (HB) is a rare and highly vascularized tumor that
originates from the central nervous system as well as other part of the body. They can
appear sporadically or as part of von Hippel-Lindau (VHL) disease, a rare hereditary cancer
syndrome. Although surgery can cure the majority of HBs, the disease shows a treatment-
refractory challenge upon recurrence. HBs express a high amount of vascular endothelial
growth factor (VEGF) which is responsible for angiogenesis and subsequently tumor
progression. Anti-angiogenic treatment like bevacizumab has showed effect on HB, so
we hypothesized that anlotinib could trigger HB regression via its inhibitory effect on VEGF.

Case Presentation: \We will share our experience in treating a 62-year-old woman with
multiple recurrent lumbar and sacral cord HBs. She was treated with anlotinib (8mg qd
d1-14, g3w) for three months and her follow up radiological examination demonstrated
marked tumor regression which was evaluated as having partial response pursuant to
RECIST 1.1 system. She is currently still receiving treatment of anlotinib orally and the
lesions continuously reduced.

Conclusion: We have reported that anlotinib can cause significant radiographic response
in a patient with multiple recurrent lumbar and sacral cord HBs for the first time. This might
enable a novel therapeutic approach for patients with multiple recurrent HB or those with
multiple lesions such as in VHL disease which are difficult to resect surgically.

Keywords: anlotinib, hemangioblastoma, anti-angiogenesis, case report, tyrosine kinase inhibitor (TKI)

INTRODUCTION

Hemangioblastoma (HB) is a rare and highly vascularized tumor that originates from the central
nervous system (CNS) as well as other part of the body. HBs located in the CNS commonly arise in
the brain and less commonly in the spinal cord. Most of HB lesions are sporadic and approximately
account for 75% of cases, whereas in 25% of patients, they are manifestations of von Hippel-Lindau
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(VHL) disease and are often multifocal (1). HBs can result in
significant neurological dysfunction by mass effect or
hemorrhage in spite of their slow-growing benign nature.
These tumors express a high amount of vascular endothelial
growth factor (VEGF) which drives angiogenesis, a process that
explains their highly vascular nature (2). The traditional
treatment for HBs within accessible locations is surgical
resection (3), leading to a cure typically. Nonetheless, up to
25% of HB patients have recurrence after surgical extirpation on
the basis of past statistics (4, 5). For patients with recurrent HB,
repeated surgical procedures are less recommended and surgery
should be reserved as a salvage modality. Radiation therapy (RT)
is performed following surgery for incompletely resected or
recurrent lesions. However, it increases risks of radiation
necrosis owing to overlapped irradiation zones (6). To date,
targeted treatments and chemotherapy play a limited role in
recurrent HB (7).

Given that HBs express high levels of VEGEF, it appeals to be a
promising target to block angiogenesis for controlling tumor
proliferation conceptually. Anti-angiogenic agents like
bevacizumab have showed significant clinical benefit on a 51-
year-old man with a surgically unresectable cervical cord HB (8).
Anlotinib, a novel orally administered tyrosine kinase inhibitor
(TKI), is characterized as a potent and highly selectively vascular
endothelial growth factor receptor (VEGFR)-2 inhibitor (9).
Therefore, recurrent HB patients could derive benefit from
anlotinib logically. Anlotinib has been reported to inhibit
pathological ocular neovascularization (10), improve the life
quality of patients with advanced non-small cell lung cancer
(NSCLC) (11) and so on. Furthermore, previous literatures have
demonstrated that anlotinib possesses additional advantages,
including well bioavailability and tolerable safety profiles (12).
But as far as we know, there are no published reports regarding
the administration of this agent in HB. In this report, we will
show tumor regression and meaningful clinical improvement

responding to anlotinib in a patient with multiple recurrent
lumbar and sacral cord HB.

CASE PRESENTATION

A 62-year-old woman came to our department for a consultation
due to multiple recurrent HBs. In May 2016, she presented to our
neurosurgery with a half-year history of persistent lower back pain
that was radiating to left leg. She was initially diagnosed with
lumbar disk herniation and received symptomatic treatment, but
the clinical condition continued to deteriorate. The magnetic
resonance imaging (MRI) showed a space-occupying lesion at
L1-L2 (Figure 1A). Then she underwent a complete surgical
resection under general anesthesia and symptoms were
significantly alleviated after the operation. Histology confirmed
the diagnosis of HB and immunohistochemical results showed
EMA (-), S-100 (-), GFAP (-), Vimentin (++) and Ki-67 (10-15%).
The patient has no similar family history and no other lesions
characteristic of VHL disease were found, so she was diagnosed as
a sporadic HB case. A MRI was done every six months
postoperatively to follow up.

In July 2019, the patient was admitted to our clinic again due to
a one-year history of left leg pain which progressively worsened
over the last three months with difficulty in urination and
defecation. She underwent a MRI of the lumbar spine which
showed a space-occupying lesion at S1 (Figure 1B), thus the
tumor resection was performed again. Immunohistochemical
results showed EMA (-), S-100 (-), GFAP (-) and Ki-67
(sporadic +). Recurrent HB was diagnosed according to
pathological results and medical history. Postoperatively, her pain
significantly relieved. In June 2020, MRI indicated tumor
recurrence at L2 and S1-S2 (Figure 1C). The patient did not
receive any treatment due to free of symptoms in the next one year.

after the second surgery in June 2020.

FIGURE 1 | Changes of hemangioblastoma of the magnetic resonance imaging (MRI). (A) A space-occupying lesion at L1-L.2 was detected (red arrow) in May
2016; (B) A recurrent site at S1 was observed (red arrow) after the first surgery in July 2019; (C) Two recurrent sites at L2 and S1-S2 were discovered (red arrow)
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following three months of anlotinib in Sep 2021.

FIGURE 2 | Anlotinib resulted in tumor regression of multiple recurrent lumbar and sacral cord hemangioblastoma. This is a sagittal magnetic resonance imaging
(MRI) view of lumbar and sacral spine; (A) The two lesions at L2 and S1-S2 were observed to have increased in size (red arrow) in June 2021; (B) The MRI
demonstrated tumor regression (red arrow) following one month of anlotinib in July 2021; (C) The MRI showed further regression in the enhancing tumor (red arrow)

In June 2021, tumor progression was observed. the MRI
showed that the diameter of two lesions at L2 and S1-S2
increased to 1.8cm and 2.3cm respectively (Figure 2A).
Despite the fact that the patient was symptom-free, she came
to our department for further treatment. Anlotinib was begun
after obtaining informed consent. Then, anlotinib (8mg qd d1-
14, q3w) was orally administrated. There was a considerable
improvement in the T2 signal change around the enhancing
component, as well as a decrease in the size on the MRI from
1.8cm to 1.0cm at L2 and from 2.3cm to 2.0cm at S1-S2 after use
of one month (Figure 2B). To date of Sep 22, 2021, the MRI
demonstrated further decrease in the dimensions of residual
lesions (Figure 2C). The patient was in good condition,
evaluated as having partial response in accordance with the
RECIST 1.1 system. In addition, apart from hypertension
(grade I), no other adverse side effects of anlotinib such as
hemorrhage, thrombopenia, fatigue and hypertriglyceridemia
were observed in the patient. All of these adverse effects were
evaluated pursuant to the Common Terminology Criteria for
Adverse Events (CTCAE) Version 5.0. The treatment timeline of

the patient is depicted in Figure 3. The patient has given her
consent for the case report to be published.

DISCUSSION

HBs are benign and exceedingly vascular CNS tumors. They
account for approximately 1.5% to 2.5% of all intracranial
tumors, the majority of which are encountered in the
cerebellar hemispheres (13). They occur both as sporadic
disease and in association with VHL disease particularly in
spinal manifestations (14). Sporadic HB in the absence of VHL
disease is often curable with surgical resection, whereas there are
still many patients suffering from recurrent or multifocal disease
that is incompletely resected, normally treated with adjuvant RT
(15). Despite their benign nature, repeated surgeries caused by a
high recurrence rate are often of limited value and increase the
clinical risk especially for patients with multiple recurrent
lesions. There is no standard treatment beyond surgery for
these types of HB particularly outside of CNS. Furthermore,

Surgery o
| | | | ,
2016.05 2019.10 2020.06 2021.06 2021.07 2021.09
Surgery Recurrence Second PD SD PR
Recurrence

FIGURE 3 | The treatment timeline of the patient with multiple recurrent hemangioblastoma.
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the effectiveness of RT diminishes over time. Swelling after RT
could also lead to neurologic decline and significant morbidity.
Additionally, it has been reported that radiation necrosis, a
complication following RT, can lead to poor outcomes for
patients (6, 16). Therefore, developing new therapeutic options
or drugs is of great significance for treatment of multiple
recurrent HB.

The biological pathogenesis of HB is not completely elucidated;
however, it has been reported that VHL disease is linked to a
mutation of the VHL gene on chromosome 3p25-26 (17), leading
to a stabilization of the hypoxia-inducible factor 1ot protein and
thereby to an up-regulation of target genes, which coding for
VEGEF, erythropoietin, platelet-derived growth factor, and so on
(18). Considering that VEGF and its receptors seem to play a
momentous part in HB tumor cell proliferation, we anticipated
that using a high-selective and potent VEGFR inhibitor to block
the VEGF signaling would alter the growth pattern of HB and
consequently cause tumor regression. So far, progressive HBs
successfully treated with VEGF-based anti-angiogenic therapy,
such as monoclonal antibody bevacizumab, have been published
(8, 19). In a single arm, phase II study with the VEGFR inhibitor
sunitinib in patients with VHL disease, 9/11 patients with HB were
evaluated as stable disease, whereas partial response was observed
in 6/18 individuals with other lesions associated with VHL
syndrome (20). Meanwhile, 1 open-label phase II study with
sunitinib malate in patients who have VHL disease has reported
partial response in 6/18 lesions (ClinicalTrials.gov Identifier:
NCT00330564). Hence Anti-angiogenic therapy seems to be an
attractive alternative for patients with multiple recurrent HB.

Anlotinib is a small molecular TKI inhibiting tumor
angiogenesis and proliferation signaling. In clinical applications,
it has exhibited satisfactory efficacy against diverse solid tumors,
containing NSCLC, breast cancer, soft-tissue sarcoma, renal cell
cancer and so on. Anlotinib has been approved by the Chinese
Food and Drug Administration for third-line treatment for
advanced NSCLC patients. Also, anlotinib has exhibited
inspiring efficacy as well as low toxicity in heavily pre-treated
HER2-negative metastatic breast cancer (21).

In this case report, we first delineate the significant effectiveness
of anlotinib in the patient with multiple recurrent HB. Moreover,
anlotinib showed few adverse effects, ensuring their life quality
while increasing the treatment efficacy. The clinical benefit is hard
to explain but it could be attributed to a reduction in perfusion and
edema, as well as improved perfusion of adjacent brain
parenchyma. Possible mechanisms are the known decreases in
capillary density, microvascular flow, and blood vessel
permeability in response to anlotinib. We believe that anlotinib
merits further investigation in order to better define its role in
patients with this challenging disease. In addition, more clinical
trials are still needed to determine whether the effect of anlotinib
on multiple recurrent HB will translate into improvements in
disease control, including prolonged progression-free survival
(PES) and overall survival (OS).

CONCLUSION

No reports were found in a Medline search (keywords: anlotinib;
hemangioblastoma) that showed HB may be in response to
anlotinib favorably. As far as we are aware, our case is the first
report that demonstrates anlotinib induces a positive
radiographic response when used to treat multiple recurrent
lumbar and sacral cord HBs. The mechanism underlying this
remains scanty. Additionally, the effect of anlotinib in treating
multiple recurrent HB is yet to be determined, including whether
it will improve PFS and OS, but we believe this case report will
provide indication for future research.
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Acute myeloid leukemia (AML) is one of the malignant hematological cancers with high
mortality. Finding a more effective and readily available treatment is of the utmost importance.
Here, we aimed to identify the anti-leukemia effect of a natural small molecule compound
honokiol on a panel of AML cell lines, including THP-1, U-937, and SKM-1, and explored
honokiol’s potential biological pathways and mechanisms. The results showed that honokiol
decreased the viability of the targeted AML cells, induced their cell cycle arrest at GO/G1
phase, and inhibited their colony-formation capacity. Honokiol also triggers a noncanonical
ferroptosis pathway in THP-1 and U-937 cells by upregulating the level of intracellular lipid
peroxide and HMOX1 significantly. Subsequent studies verified that HMOX1 was a critical
target in honokiol-induced ferroptosis. These results reveal that honokiol is an effective anti-
leukemia agent in AML cell lines and may be a potential ferroptosis activator in AML.

Keywords: honokiol, AML, ferroptosis, heme oxygenase (HO)-1, lipid peroxidation

INTRODUCTION

Acute myeloid leukemia (AML) with complex karyotypes accounts for 10-14% of all AML patients,
and the overall survival rate is less than 20% (Daneshbod et al., 2019; Mrozek et al., 2019). Until now,
most AML patients have been treated by chemotherapeutic regimens. While chemotherapy kills
leukemia cells, it often results in serious side effects to the patients and drug resistance of the
leukemia cells. Although hematopoietic stem cell transplantation can alleviate or even cure AML
with complex karyotype, its limited source restricts its wide application in clinical settings (Fenwarth
et al,, 2021). Therefore, finding a more effective and readily available treatment for AML is of the
utmost importance.

Several components with a deep history in traditional Chinese medicine have been proven
effective in treating AML. For example, arsenic trioxide combined with all-trans retinoic acid can
achieve a complete response in 90-100% of acute promyelocytic leukemia (APL) patients, with an
overall survival rate of 86-97% (Lo-Coco et al, 2013; Ni et al, 2019). In addition,
Homoharringtonine (HHT) can be a reliable choice for patients with AML, especially for newly
diagnosed or patients younger than 60. Additionally, the use of HHT can reduce relapse in elderly
intolerant patients (Mi et al., 2021).

Several previous studies proved that lipid metabolism was reprogrammed and lipid synthesis was
significantly up-regulated in hematological malignancy (Stuani et al., 2018; Humbert et al., 2021; Ito
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FIGURE 1 | Effects of honokiol on the viability and apoptosis of THP-1, U-937, and SKM-1 cells. (A) Chemical structure of honokiol. (B) Effects of honokiol on the
viability of THP-1, U-937, and SKM-1 cells. Cells were incubated with different concentrations of honokiol for 24, 48, 72 h, then CCK-8 was added, and the absorbance
at 450 nm was determined. The points represent mean + SEM from three independent experiments. (C) Cytotoxic effect of honokiol on human PBMCs. PBMCs were
incubated with different concentrations of honokiol for 24, 48, 72 h, then CCK-8 reagent was added, and the absorbance at 450 nm was determined. The points
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etal., 2021; Tcheng et al,, 2021). Therefore, it may be an effective
strategy to treat AML through interfering fatty acid and lipid
metabolism.

Honokiol (Figure 1A), from the mark of the magnolia (Fang
et al., 2015), is a biphenolic phytochemical that possesses potent
antioxidant, anti-inflammatory, antiangiogenic, antimicrobial,
and anti-cancer activities (Banik et al., 2019). In addition, it
displayed diverse anti-cancer efficacy in different tumors,
including but not limited to prostate cancer, gastric cancer,
oral cancer, glioblastoma, skin cancer, ovarian cancer,
osteosarcoma, lung cancer, leukemia, liver cancer, and colon
cancer (Arora et al,, 2012).

Till now, a variety of signaling pathways have been studied to
elucidate the anti-cancer effect of honokiol, including apoptosis
(Li et al.,, 2015), EGFR signaling pathway (Leeman-Neill et al,
2010), STAT3 activation cascade pathway (Rajendran et al,
2012), mTOR pathway (Liu et al., 2008), NF-kB signaling
pathway (Dikalov et al, 2008), and autophagy pathway
(Muniraj et al., 2020). Moreover, honokiol has been proven to
play a vital role in modulating fatty acid oxidation in normal cells
(Zhu et al,, 2018; Li et al., 2020a), whether this mechanism is
involved in its anti-leukemia effect has not been determined yet.
Furthermore, no study has yet to determine if honokiol can
induce ferroptosis in leukemia cells.
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Ferroptosis, discovered in 2012 (Dixon et al., 2012), is a ROS-
dependent form of lipid peroxidation-induced cell death,
accompanied by iron accumulation (Tang et al., 2021a).
Generally, there are canonical and noncanonical mechanisms
in ferroptosis: the former is induced by dropping the protein level
and activity of glutathione peroxidase 4 (GPX4), while the latter is
induced by increasing the expression and activation of heme
oxygenase 1 (HMOX1) (Tang et al, 2021a).

This study aimed to evaluate the anti-leukemia effect and
mechanism of honokiol in the AML cell lines with complex
karyotypes. We found that honokiol can induce ferroptosis of
AML cells with complex karyotypes by upregulating the
expression of HMOX1.

MATERIALS AND METHODS

Chemicals and Equipment

Honokiol purchased from MedChemExpress was dissolved in
DMSO and stored at -20°C. RPMI-1640 medium, FBS,
penicillin 5,000 U/ml, streptomycin 5,000 mg/ml were
purchased from GIBCO (GIBCO,United States). The
Propidium iodide (PI)/RNase buffer and the Fluorescein
Isothiocyanate (FITC) Annexin V apoptosis detection kit
were purchased from BD Biosciences (San Jose, CA,
United  States). HMOXI1 inhibitor =~ ZnPP  (Zinc
Protoporphyrin Zn(II)-protoporphyrin IX) and ferroptosis
inhibitor Ferrostatin -1 were purchased from Sigma-Aldrich
LLC (Shanghai, China). SLC7A11/xCT (AB175186), HO-1
(AB189491), and GPX4 were purchased from Abcam
(Cambridge, MA, United States). PrimerScript RT kit and
SYBR Premix Ex Taq Kit were purchased from TAKARA
Bio(Otsu, Japan). Flow cytometry analysis was performed
using the CytoFLEX V0-B3-R2 Flow Cytometer (Beckman
Coulter, United States). PCR amplification was performed
using the Applied Bio 7,500 Fast Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, United States).

Cell Lines and Cell Culture

AML cell lines THP-1, U-937, and SKM-1, all monocytes origin
with complex karyotypes, obtained from DSMZ (DSMZ,
Brunschweig, Germany, https://www.dsmz.de/) were cultured
in RPMI 1640 medium containing 10% or 20% FBS and 1%
penicillin/streptomycin at 37°C and 5% CO,.

Cell Viability Assay

CCK-8 assay was used to detect cell viability. THP-1, U-937,
and SKM-1 cells were seeded into 96-well plates with 6 x 10’
cells per well. Simultaneously, the cytotoxicity of honokiol for
the peripheral blood mononuclear cells (PBMCs) was also
evaluated. Six hours later, the specified compounds were
added and cultured for 24, 48, 72h. Four hours before
ending the incubation, 10 ul of CCK-8 was added to each
well and incubated for 4 h. The total volume in each well was
100 pl. The absorbance was measured at 450 nm using a
microplate reader (Thermo Fisher Scientific, United States).

Honokiol Induces Ferroptosis in AML Cells

Cell-Cycle Analysis
THP-1, U-937, and SKM-1 cells in their logarithmic growth

phases were added to a 24-well plate with 2 x 10°/well and
incubated with different concentrations of honokiol for 24 h
before cells were collected. The cells were fixed using 70% pre-
cold ethanol overnight and then stained with 400 ul PI (50 pg/ml)
and 100 ul RNase A (100 pg/ml) at room temperature for 15 min
in the dark. Flow cytometry analysis was performed using
CytoFLEX VO0-B3-R2 Flow Cytometer (Beckman Coulter,
United States) to determine the percentage of cells at every
phase of the cell cycle.

Cell Apoptosis Assay

THP-1, U-937, and SKM-1 cells were incubated with different
concentrations of honokiol, respectively. After 24 h, the cells were
collected, washed twice using the binding buffer, and incubated
with FITC-labeled Annexin-V and PI (BD Biosciences) at room
temperature in the dark for 30 min. Cell apoptosis was
determined by flow cytometry.

Colony Formation Assay

5 x 10° THP-1, U-937, and SKM-1 cells were mixed with the
indicated concentration of honokiol in 500 uL methylcellulose
medium  (MethoCult™ H4100, Stemcell Technologies)
containing 10% fetal bovine serum, 10% 5,637 cell cultural
supernatant, and 1% penicillin/streptomycin, then added to
24-well plates, 500 pl/well. After 14 days of incubation, the
total number of cell colonies consisting of at least 50 cells was
counted using an inverted microscope. To determine any toxicity
of honokiol towards normal cells, normal hematopoietic stem/
progenitor cells were isolated and enhanced from cord blood of
health donors with informed consent by gradient centrifugation.
1 x 10° enhanced hematopoietic stem/progenitor cells were
incubated with specified concentration of honokiol (25, 35 and
45 pM) in 100 pl of methyl-cellulose medium per well of 96-well
plate (MethoCult H4434, STEMCELL Technologies, Victoria,
Canada) containing cytokines and 10% FBS. The groups
without honokiol treatment and with DMSO were used as
controls. After about 14 days, the total colony formation
numbers of containing all the BFU-E-, CFU-GM-, and CFU-
GEMM- derived colonies in different groups were counted under
an inverted microscope.

Detection of Lipid Peroxidation

The liperfluo (Dojindo) was used to detect lipid peroxidation per
the manufacturer’s protocol. THP-1, U-937, and SKM-1 cells (5 x
10° cells/well) were seeded in 24-well plates. Six hours later,
different concentrations of honokiol were added to these cells.
After 12 h incubation, cells were washed with HBSS twice and
incubated with 1uM liperfluo reagent at 37°C, 5% CO, for
30 min. Following that, the cells were washed with HBSS
twice. The content of intracellular lipid peroxide was detected
by flow cytometry (Beckman Coulter, United States).

mRNA Sequencing
mRNA sequencing was performed on THP-1 and U-937 cell lines
(Hangzhou Lianchuan Biotechnology Co., LTD., Zhejiang,
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China). After incubation with honokiol for 24 h, the cells were
collected, and RNA was extracted from the cell samples. The
quality of extracted RNA was evaluated. Total 2 pg RNA was
purified and used to construct the cDNA libraries. Sequencing
was performed using Illumina HiSeq 4,000 platform. The gene
expressions were calculated using fragments per kilobase of exon
per million fragments mapped (FPKM) values. False discovery
rate (FDR) was used to identify the p-value threshold and analyze
the differences’ significance. Significantly differentially expressed
genes (DEGs) were set with a standard [the adjusted p-value <
0.05 and the absolute value of log2 FC.

(fold change) > 1]. Enrichment analysis of the KEGG pathway
of DEGs was performed using R language. The enriched KEGG
pathway was statistically significant, with the adjusted
p-value < 0.05.

Real-Time Quantitative PCR

THP-1, U-937, and SKM-1 cells were incubated with a specific
concentration of honokiol. After a certain interval (6 and 12 h),
the cells were collected, and total RNA was extracted from the
TRIzol samples. The cDNA was reversely transcribed from 1 ug
total RNA. Based on the SYBR Green method, HMOXI,
SLC7A11, and GPX4 were quantified by RT-qPCR using
Applied Biosystems 7,500 Fast Real-Time PCR system. The
relative quantification results of gene expression were
calculated using the 272" method. The primers used are as
follows: GAPDH-Forward: 5'-TGGGTGTGAACCATGAGA
AGT-3" and GAPDH-Reverse: 5'-TGAGTCCTTCCACGATAC
CAA-3; HMOXI1-Forward: 5-AGTTCAAGCAGCTCTACC
GC-3' and HMOX1-Reverse: 5'-GCAACTCCTCAAAGAGCT
GGAT-3; SLC7A11-Forward: 5'-TCTCCAAAGGAGGTTACC
TGC-3' and SLC7A11-Reverse: 5'-AGACTCCCCTCAGTAAAG
TGAC-3’; GPX4-Forward: 5-GAGGCAAGACCGAAGTAA
ACTAC-3" and GPX4- Reverse: 5'-CCGAACTGGTTACAC
GGGAA-3.

Western Blotting

Equal amounts (about 40 pg) of cell lysates from samples were
loaded to the SDS-PAGE gel, and electrophoresis was performed.
After electrophoresis, the proteins were transferred from 12%
SDS-PAGE gels onto 0.45 uM PVDF (polyvinylidene fluoride)
membranes. First, they were blocked by 5% skim milk in TBST
(Tris-buffered saline with 0.1% Tween-20). Then, they were
incubated with GAPDH, HMOX1, SLC7Al1, or GPX4
antibodies overnight. After that, the membranes were
immersed in the HRP-labeled goat anti-rabbit antibody
solution at 37°C for 1h, followed by enhanced
chemiluminescence reagent added. The specific protein bands
were visualized using the Amersham Imager 600 (GE Healthcare
Biosciences, Pittsburgh, PA, United States).

Statistical Analysis

All experiments were repeated at least three times, and the data
were presented as the mean + SEM. ANOVA analysis or t-test
was used to determine the control and experimental groups’

Honokiol Induces Ferroptosis in AML Cells

TABLE 1 | IC50 Values of Honokiol on AML cell lines.

Cell lines IC50 (uM) = SD

24 h 48 h 72h
THP-1 20.64 £ 2.94 17.64 £ 2.51 13.78 £ 0.86
U-937 36.49 + 2.36 29.72 + 2.05 17.85 + 3.23
SKM-1 32.05 £ 1.3 28.71 £ 1.87 21.07 + 2.86

IC50 values are calculated from cell proliferation assays. IC50 (uM) + SD: the compound
concentration at which cell survival was inhibited by 50% (means + SD). Values are
representative of three independent experiments, and each experiment was performed in
triplicate.

RESULTS

Honokiol can Effectively Inhibit the
Proliferation of Acute Myeloid Leukemia
Cells

In order to evaluate if Honokiol can effectively inhibit the
proliferation of acute myeloid leukemia cell, we used CCK-8
to detect the effects of honokiol on the viability of AML cells. As
shown in Figure 1B, honokiol significantly reduced the cell
viability of the three cell lines THP-1, U-937 and SKM-1.
According to IC50 shown in Table 1, THP-1 cells were more
sensitive than U-937 and SKM-1 cells to honokiol. As the
incubation dose and time increased, IC50 of honokiol
decreased, indicating the inhibition effect of honokiol on
leukemia cells is dependent on dose and time in each cell line.
However, no obvious cytotoxic effect was observed for the
PBMCs treated with the dose of less than 50 uM of honokiol
as shown in Figure 1C.

Honokiol Induced the Apoptosis of THP-1,
U-937, and SKM-1 Cells

To explore whether the proliferation inhibition of honokiol is
related to apoptosis, we incubated THP-1, U-937, and SKM-1
cells with different concentrations of honokiol for 24 h. As shown
in Figure 2, the apoptosis rate of THP-1, U-937, and SKM-1 cells
rose significantly as the concentration of honokiol increased.
Moreover, THP-1 was more sensitive to honokiol compared to
U-937 and SKM-1. For U-937 cells, the apoptotic cells occurred
mainly at the late phase. In contrast, the apoptotic cells occurred
mainly at the early and late phases in THP-1 and SKM-1 cells.
The results reveal that the cell death mechanism induced by
honokiol varies per cell line.

Honokiol Induced G0O/G1 Phase Arrest of
THP-1, U-937, and SKM-1 Cells

To evaluate the influence of honokiol on the cell cycle in THP-1,
U-937, and SKM-1 cells, we treated these cell lines, each with a
specific concentration of honokiol established by ID50 values for
24 h (THP-1: 20 uM; U-937: 35 uM; SKM-1: 30 uM). The results

statistical ~significance. Data were considered statistically =~ demonstrated that the percentage of AML cells in GO/G1 phase
significant when p < 0.05. was significantly increased after honokiol treatment (Figure 3).
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FIGURE 2 | Effects of honokiol on the apoptosis of THP-1, U-937, and SKM-1 cells. The cells were incubated with the indicated concentration of honokiol for 24 h,
and Annexin-V-FITC/PI staining and flow cytometry analysis were performed. The experiments were performed in triplicate. Statistical analysis of cell apoptosis was
shown as bar graphs (*, p < 0.05, **, p < 0.01, compared to the control group).

These findings suggest that honokiol suppresses the proliferation
of AML cells by inducing AML cell-cycle arrest at GO/G1.

Honokiol inhibited the Leukemia Colony
Formation of THP-1 and SKM-1 Cells

Next, we analyzed the effect of honokiol on the colony formation
of THP-1, U-937, and SKM-1 cells. As seen from Figure 4, the
number of THP-1 and SKM-1 cell colonies decreased
significantly as honokiol concentration increased. Eventually,
neither cell line could form colonies at a high enough
honokiol concentration (THP-1:25uM; SKM-1: 35 uM).
Furthermore, the U-937 cell line, whether treated with
honokiol or not, could not form colonies in MethoCult™
H4100 with or without 10% 5,637 cell conditioning medium.
From the results above, we conclude that honokiol can effectively
inhibit the colony-formation ability of AML cells. To determine
any toxicity of honokiol towards normal cells, normal
hematopoietic stem/progenitor cells isolated from cord blood
of healthy donors were used for colony formation assay. The
result showed there were no significant differences in colony

formation numbers among these groups treated with or without
honokiol, indicating honokiol had no obvious toxicity for normal
hematopoietic stem/progenitor cells at the concentration of less
than 45 uM (Supplementary Figure S1).

Honokiol Activated Ferroptosis Pathway in
AML Cells

We performed transcriptome sequencing (mRNA sequencing) in
THP-1 and U-937 cells treated with honokiol in order to explore the
regulation mechanism of honokiol killing leukemia cells
(Supplementary Table S1). As shown in Figure 5A, there were
2,447 and 1991 differentially expressed genes in THP-1 and U-937
cells treated with honokiol, respectively. In addition, we further
screened 685 genes that are common to both cell lines within this
pool. These data revealed that the genes regulated by honokiol varied
per cell line. The Kyoto Encyclopedia of Genes and Genomes
(KEGQG) analysis was performed for these differentially expressed
genes in both cell lines. The top 20 signaling pathways were shown in
Figure 5B, and there were four statistically significant common
pathways: ferroptosis, regulation of lipolysis in adipocytes, PPAR
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FIGURE 3 | Honokiol arrests cell cycle of THP-1, U-937 and SKM-1 cells at GO/G1 Phases. The cells were incubated with the specified concentration of honokiol
(THP-1: 20 pM; U-937: 35 pM; SKM-1: 30 pM) and then analyzed using flow cytometry with Pl staining. Statistical analysis of GO/G1 phase cells was shown as a bar
graph (*, p < 0.05, **, p < 0.01, compared to the control group). These data are from three separate replicates.

signaling pathway, and bile secretion. Among them, ferroptosis is ~ PPI (protein-protein interaction network) analysis using
closely correlated with cell death induced by honokiol. STRING software. As shown in Figure 5D, HMOXI, the key
Additionally, we generated a heat map portraying the  member of the noncanonical ferroptosis mechanism, interacted
expression of the relevant genes in these pathways  with seven genes: SLC7Al1l1, TFRC, HAMP, TNF, TLR4,
(Figure 5C). In the ferroptosis pathway, HMOXI1 (Heme  SERPINEI, and TXNIP. Two of which, SLC7A11 and TFRC,
Oxygenase 1, HO-1) and SAT1 (Spermidine/Spermine N1-  were involved in ferroptosis.
Acetyltransferase 1) were upregulated significantly in the We further detected more ferroptosis-related markers
group treated with honokiol, as was SLC7A11 (Solute Carrier  including TFR1 (TFRC), ACSL4, PTGS2, CHACI and SAT1
Family seven Member 1, XCT), compared to the control group  using qPCR. Three cell lines THP-1, U-937 and SKM-1 were
treated with DMSO only. Also, the expression of CEBPB  treated with honokiol at the concentration of 20, 35, 30 uM
(CCAAT Enhancer Binding Protein Beta), a gene closely  respectively for 12h, and mRNA expression of the ferroptosis-
related to the cell differentiation of AML (Guerzoni et al,  related genes was detected by qPCR. The results showed there was
2006; Novikova et al, 2021), increased significantly after  no identical change for TFR1 (TFRC), ACSL4, PTGS2 and
honokiol treatment. CHACI in these 3 cell lines, however, the mRNA expression
In order to determine the relationships and interactions  of SAT1 increased in all the 3 cell lines treated with honokiol,
amongst these common genes in both cell lines, we performed  which was consistent with the results of mRNA sequencing. Thus,
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our result suggested that SAT1 may play an important role in
ferroptosis induced by honokiol (Supplementary Figure S2).

Honokiol Enhanced Lipid Peroxidation in
THP-1, U-937, and SKM-1 Cells

As the existence of lipid peroxide serves as one of the most
reliable pieces of evidence of ferroptosis, we opted to
investigate the level of lipid peroxide in THP-1, U-937, and
SKM-1 cells after being treated with honokiol for 12 h. It was
shown in Figure 6 that honokiol elevated the expression of
lipid peroxide in these cell lines. Moreover, the lipid peroxide
level positively correlated with the concentration of honokiol
within a specific concentration range. These data provide
strong evidence for ferroptosis being induced by honokiol.

Honokiol Induced Ferroptosis by
Upregulating HMOX-1, Not by
Downregulating SLC7A11

To verify the expression of ferroptosis-related genes, qPCR and
WB were used. The qPCR results (Figure 7A) indicated that the
mRNA level of HMOX1 and SLC7A11 in THP-1, U-937, and
SKM-1 cells treated with honokiol were upregulated significantly
compared to the control group at 6 and 12 h. WB results further
revealed that honokiol enhanced the protein expression level of
both genes (Figure 7B). As both upregulation of HMOXI1 and
downregulation of SLC7A11 promoted ferroptosis, we postulate
that the ferroptosis induced by honokiol in these cells mediated
by the overexpression of the HMOXI1 protein. The effect of
SLC7A11 on ferroptosis induced by honokiol needs to be
clarified in future studies.
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FIGURE 7 | HMOX1 is a necessary molecule to induce ferroptsis in AML cells induced by honokiol. (A) The mRNA expression of HMOX-1, SLC7A11, and GPX4
after honokiol treatment, showing Honokiol increased the expression of HO-1 and SLC7A11. The statistical analysis of MRNA expression was presented as bar graphs
(*, p < 0.05; **, p < 0.01). (B) Western blot results on the protein expression of HMOX-1, SLC7A11, and GPX4 in 3 cell lines. (C) HMOX1 inhibitor ZnPP rescued the
ferroptosis of AML cells induced by honokiol. Compared with honokiol treatment group, the cell viability of honokiol combined with ZnPP treated group was
significantly increased (**, p < 0.01).

HMOX1 Inhibitor ZnPP Rescued the
Ferroptosis of AML Cells Induced by

Honokiol

To learn if HMOXI1 is a necessary molecule to induce ferroptsis in
AML cells induced by honokiol, three AML cell lines U-937,
THP-1 and SKM-1 were treated with DMSO as control, honokiol

and honokiol combined with HMOXI inhibitor ZnPP
respectively. CCK-8 assay was used to measure cell viability
after treatment of the cells for 24 h and the concentrations of
honokiol used were for THP-1: 20 uM, U-937: 35 uM and SKM-1:
30 uM. AS shown in Figure 7C, compared with honokiol treated
group, the cell viability of honokiol combined with ZnPP treated
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group was significantly increased (**, p < 0.01), suggesting that
HMOXI1 inhibitor ZnPP can rescue the ferroptosis of AML cells
and HMOX]1 is a necessary molecule to induce ferroptosis in
AML cells induced by honokiol.

To confirm ferroptosis as the major cause of cell death in AML
induced by honokiol, we used Ferrostatin -1 as a ferroptosis
inhibitor that has proven to inhibit ferroptosis by preventing the
accumulation of ROS from lipid peroxidation. THP-1, U-937 and
SKM-1 cells were pretreated with Ferrostatin-1 (5 uM) for 2 h,
then honokiol was added to the cell culture at specified
concentration and incubated for 24h. Cell viability of the
three cell lines was measured by CCK-8 assay. The result
indicated that the ferroptosis inhibitor Ferrostatin-1 partially
rescued honokiol-induced cell death in THP-1, U-937 and
SKM-1 cells, suggesting that these cells underwent ferroptosis
after honokiol treatment (Supplementary Figure S3).

DISCUSSION

AML is characterized by high chemoresistance, high recurrence
risk, and poor prognosis (Siegel et al., 2021). Although several
recently approved pharmacologic agents expanded AML
treatment options, the outcomes of chemoresistant patients,
accounting for 35-45% of new cases, are still unsatisfactory
with less than 30% of long-term survival rate (Song et al,
2018; Shallis et al., 2019). Till now, practitioners have resorted
to using a few Chinese herb extracts, including arsenic trioxide
and HHT, to treat AML (Stahl and Tallman, 2019; Zhang et al.,
2019; Zhou et al.,, 2020) effectively,. Notwithstanding the above,
new effective therapeutic strategies or drugs for AML are still in
urgent need.

Honokiol has recently attracted more attention due to its
potent anti-cancer activity and low cytotoxicity (Ong et al,
2019). In this study, we evaluated the anti-leukemia effect of
honokiol from one Chinese herb in AML-MS5 subtype cell lines
THP-1, U-937, and SKM-1 with complex karyotypes, which are
closely associated with poor prognosis of AML patients
(Daneshbod et al., 2019; Mrozek et al., 2019). Firstly, HNK
inhibited the viability of THP-1, U-937, and SKM-1 cells, but
showed almost no cytotoxicity for the normal PBMCs. Further
experimental results demonstrated that HNK could induce cell
cycle arrest at the GO/G1 phase and inhibit the leukemic colony
formation of THP-1 and SKM-1 cells. Additionally, the dead
cells mainly accumulated in the upper right quadrant with the
late apoptotic cells regardless of the concentration of honokiol
used. These results suggest that HNK inhibits AML cells’
proliferation by nonapoptotic programmed death manner.
Our transcriptome sequencing results showed that the only
cell death mode induced by honokiol in THP-1 cells was
ferroptosis, whereas that in U-937 cells was ferroptosis and
apoptosis (Figure 5B). Moreover, ferroptosis is statistically the
primary cell death mode in U-937 cells compared to apoptosis
(Figure 5B). Different from many known cell death modes,
Ferroptosis is a ROS-dependent type of cell death accompanied
by iron accumulation and lipid peroxidation (Tang et al.,
2021a). The accumulation of lipid peroxide is considered the

Honokiol Induces Ferroptosis in AML Cells

primary feature of ferroptosis (Li et al., 2020b). It was found that
increased lipid peroxide occurred in THP-1, U-937, and SKM-1
cells, suggesting that honokiol may induce ferroptosis-like
cell death.

Based on the existing data, ferroptosis is mainly divided into
downregulated GPX4-induced and upregulated HMOXI1-
induced (Chang et al, 2018; Hassannia et al, 2018; Li et al,
2020a). Honokiol elevated the expression of HMOX1 but did not
inhibit the expression of GPX4. Therefore, HMOX1 is considered
directly responsible for the ferroptosis induced by honokiol.

An increasing number of studies have shown that HMOX-1
plays a dual role in ferroptosis. A proper cellular level of HMOX1
plays an antioxidative function to protect cells from ROS toxicity
(Ryter and Tyrrell, 2000). However, its overexpression has pro-
oxidant effects to induce ferroptosis of cells, which is dependent
on intracellular iron accumulation and increased ROS content
upon excessive activation of HMOX1 (Chang et al., 2018). Several
HO-1 inhibitors have been discovered and are widely used. ZnPP
(Zinc Protoporphyrin Zn(II)-protoporphyrin IX), a heme analog,
has been widely used in studying HO-1 in ferroptosis (Tang et al.,
2021b). It may competitively inhibit enzymatic activity by
occupying the heme-binding site of HMOX-1. In AML cell
lines THP-1, U-937, and SKM-1, ZnPP inhibited honokiol-
induced cell ferroptosis significantly. Here, it was concluded
that honokiol materially enhanced the expression of HMOX1,
which led to the ferroptosis of THP-1, U-937, and SKM-1 cells.
However, our study found that after honokiol treatment, the
expression of SLC7A11 was also upregulated. This detected
change is different from that in previously published data.
SLC7A11 serves as one of the essential regulatory factors of
ferroptosis. It protects cells from ferroptosis by importing
cystine for the biosynthesis of glutathione (Stockwell et al.,
2017). However, there is evidence that drugs, radiation, and
other stimuli can induce cancer cells to adapt to these stress
conditions by increasing the expression of SLC7A11, which is
often unrelated to ferroptosis (Lin et al., 2020; Koppula et al.,
2021). In tumors, SLC7A11 regulates nonferroptotic cell death,
cell proliferation, drug-/radio-resistance, and tumor immunity,
all of which are dependent on cystine import and/or glutamate
export mediated by SLC7A11 (Zhou et al., 2020). Based on these
data, we conjectured that there might be two functions of
overexpressed SLC7Al11 induced by honokiol. First, the
overexpression of SLC7A11 due to negative feedback on lipid
peroxide induced by HMOX-1 could regulate redox homeostasis
by importing cystine in AML cells. Secondly, SLC7A11 may also
induce cell death by excessive cysteine intake, which is likely toxic
to cells (Koppula et al., 2021).

In short, honokiol has a significant inhibitory effect on THP-1,
U-937, and SKM-1 cells, which is achieved by honokiol through
ferroptosis, a novel cell death mechanism confirmed by mRNA
sequencing technology and typical marker detection. The results
of our present study suggest that honokiol triggers phenotype
features of ferroptosis in AML cells by increasing the expression
of HMOXI1. Moreover, the HMOX1 inhibitor ZnPP rescued the
ferroptosis of AML cells induced by honokiol. Therefore, these
data highlight that honokiol plays a vital anti-cancer role in AML
through activating the ferroptosis pathway and that HO-1 is the
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crucial regulating molecule in this pathway. However, it is critical
to note that the results of this study also suggest that the level of
SLC7A11 expression detected is contradictory to that in other
published studies of ferroptosis, so the function of SLC7A11 in
honokiol treatment remains to be clarified. Additionally, the anti-
cancer effects of honokiol were only examined on three AML cell
lines. Therefore, whether honokiol can be used as a broad-
spectrum anti-leukemia drug remains uncertain. Nevertheless,
our study explains the potential molecular mechanism of the anti-
cancer activity of honokiol and paves the ground for further
studies on the topic.
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Background: Cachexia is an inflammatory and metabolic syndrome of unintentional
weight loss through depletion of muscle and adipose tissue. There is limited knowledge of
how chronic use of non-steroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids
affect cachexia development. The purpose of this study was to investigate associations
between prior long-term use of NSAIDs or glucocorticoids with cachexia incidence and
post-diagnosis weight loss progression in a retrospective cancer patient cohort.

Methods: Of 3,802 lung or gastrointestinal cancer patient records, 3,180 comprised our
final cohort. Patient demographic information, tumor qualities, medication histories, and
comorbidities were assessed. Cachexia was defined as having developed prior to
oncologic treatment. Statistical evaluations included categorical, multivariate logistic
regression, and log-rank survival analyses. Development of substantial post-diagnosis
weight loss was calculated and interpreted for patients without cachexia at diagnosis.

Results: Chronic prior use of any NSAID or glucocorticoid medication was associated
with approximate absolute and relative reductions in cachexia incidence at diagnosis of 10
and 25 percent (P<0.0007). In multivariate analyses, NSAID medications demonstrated a
23 percent reduction in cachexia incidence likelihood (OR=0.770; 95% Cl=0.594, 0.998;
P=0.0481). Patients without cachexia at diagnosis were significantly more likely to develop
substantial post-diagnosis weight loss from pre-diagnosis use groups of glucocorticoids
(OR= 1.452; 95% CI=1.065, 1.979; P=0.0183) or NSAIDs (OR=1.411; 95% Cl=1.082,
1.840; P=0.011).

Conclusions: Our findings suggest a protective effect of prior anti-inflammatory
medications, primarily NSAIDs, against manifestations of the cachexia phenotype at
cancer diagnosis. These observations support further exploration of potential
therapeutic benefits from anti-inflammatory medications early in cancer management.

Keywords: cachexia, NSAIDs (non-steroidal anti-inflammatory drugs), glucocorticoids, weight loss, palliative care,
drug repurposing and discovery
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INTRODUCTION

Cancer-associated wasting, known as cancer cachexia, poses a
significant challenge in the management of patients across many
primary malignancies. While weight loss is the hallmark of this
syndrome, cachexia is further characterized by maladaptive
inflammatory signaling through modulation of pathways
including JAK/STAT (often through IL-6 cytokines) and both
NF-kB and MAP kinase (through TNF-o induction) (1-4).
These tumor-directed, cytokine-dependent mechanisms help
set apart cachectic weight loss from weight loss attributable to
alternative processes such as treatment induced anorexia and
dysphagia. Developments within the field have further
implicated cancer cachexia with reduced physical function, loss
of appetite, sarcopenia, fatigue, lower self-reported quality of life
scores, increased treatment-related toxicity, and worse survival
outcomes (5, 6). Currently, physicians have few pharmacological
interventions available for cachexia-specific management.
Available therapies primarily address nutritional consequences
without targeting the maladaptive systemic changes
underpinning cachectic pathophysiology (7).

Multiple pre-clinical and clinical trials have suggested
potential benefits in application of non-steroidal anti-
inflammatory drugs (NSAIDs) and glucocorticoid medications
in the treatment of cachexia-associated weight loss (5, 8-11). The
mechanistic premise for NSAID use is their COX inhibition,
which impairs the production of prostaglandins known to
contribute to inflammation and tumor progression. In addition
to appetite stimulation, corticosteroids alter gene expression with
significant downstream anti-inflammatory effects, such as
interference with NF-kB activation (12). Cohort characteristics,
treatment groups, and outcomes of notable studies are
summarized in Supplementary Table 1.

The aforementioned trials have been insufficient to validate
the inclusion of NSAIDs or glucocorticoids in cachexia treatment
guidelines (7, 13, 14). Of note, these trials have almost exclusively
included patients with advanced cancer, where the degree of
cachexia might be exceedingly difficult to overcome with
treatment. In these cohorts, patients have already undergone
surgical, chemotherapeutic, hormonal, immunologic, or
radiation treatments, most of which are known to introduce
various alternative mechanisms for weight loss outside the
metabolic paraneoplastic effects of cachexia. In contrast, our
current effort in this study focuses on patient use of daily
medications with anti-inflammatory properties prior to their
cancer diagnosis. The novel emphasis on cachexia and use of
these medications use prior to a cancer diagnosis and tumor-
directed treatment allows for a better understanding of the effects
of these medications on the development of cachectic weight loss
specifically attributable to the metabolic and inflammatory
alterations induced by the tumor itself on host tissues.
Fundamentally, the purpose of this study was to determine the
association between prior long-term use of NSAIDs or
glucocorticoids with cachexia incidence at the time of cancer
diagnosis and their effects on cachexia and non-cachexia
associated survival.

MATERIALS AND METHODS
Patient Cohort

Figure 1 demonstrates our cohort selection and stratification
process. Using the clinical research data warehouse at UT
Southwestern Medical Center and supplemental chart review
for validation and data collection, we identified 3,802 patients
with lung or gastrointestinal cancer diagnosed between 1/1/
2006 and 12/31/2013 for evaluation. Patients were excluded if
records were incomplete or if the classification of tumor
histology was carcinoma in situ, sarcoma, or melanoma.
After applying exclusion criteria, 3,180 patients were eligible
for the study database. Demographic and tumor characteristics
from the time of cancer diagnosis were recorded, and a
calculation of each patient’s Charlson Comorbidity Index
(15) was carried out to demonstrate their comorbidity risk.
The UT Southwestern Medical Center Institutional Review
Board approved this study.

Determination of Cachectic Weight Loss
at Diagnosis and Significant Post-
Diagnosis Weight Loss

Cachexia was retrospectively evaluated for the total cohort
through review of patient medical records in which weight
measurements were routinely documented at each office visit.
The assessment of cachexia for each patient was supplemented
by vital signs, physician notes, and dietitian notes specifically at
the time of cancer diagnosis but before any treatment had been
administered. The international consensus definition of cancer
cachexia served as the basis for our classification of cachexia at
diagnosis (16). In patients with a BMI > 20 kg/m?, unintentional
weight loss greater than 5% of total weight within 6 months prior
to cancer diagnosis led to a classification of demonstrating
cachectic pre-treatment weight loss. In patients with a BMI <
20 kg/m?, unintentional weight loss greater than 2% within 6
months prior to cancer diagnosis led to the same classification.
Patients with stable weight, purposeful weight loss, or weight
gain were not categorized as having cachectic weight loss.

To define significant weight loss in patients who did not
present with cachexia at diagnosis, we applied criterion of
reaching 5% weight loss within any 6-month period that ended
within 6 months post-diagnosis.

Defining Prior Anti-Inflammatory
Medication Use

Medication prescription and administration logs were obtained
through extraction of health system medical records. Patients
were placed into prior medication use groups if they were
prescribed or administered the selected medications for
chronic use prior to cancer diagnosis. We defined chronic use
medications as daily medications started at least 3 months before
the cancer diagnosis date. Stringent criteria were applied in the
selection of medication dosage and formulation type, and any
acute or subacute intervention was excluded. Median time from
initial medication use per patient to their cancer diagnosis
was calculated.
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Patients with lung or gastrointestinal malignancy diagnosed
between January 1, 2006 and December 31, 2013

(n=3802)

Data availability and
exclusion criteria applied

Total cohort investigated
(n=3180)

Met international consensus

weight loss criteria for cachexia at
time of cancer diagnosis?

(=1113)

No cachexia cohort
(n=2097)

\ 4

Post-diagnosis weight
data available
(n=2003)

Reached 5% weight loss
within 6 months post-
diagnosis?

No

(n=890)

FIGURE 1 | Cohort selection and stratification diagram.

Cachexia cohort
(n=1083)
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Statistical Analysis

Chi square testing determined categorical associations between
prior medication use groups and cachexia at diagnosis, as both
were recorded as binary variables for each patient. The primary
control group consisted of patients without chronic use of anti-
inflammatory medications (specifically NSAIDs and
glucocorticoids in this study) prior to their cancer diagnosis.
An additional control group, patients positive for chronic
metformin use and negative for chronic anti-inflammatory
medication use, was included in categorical testing. Metformin
was selected due to its classification as an unrelated medication
class and prevalent chronic use.

Multivariate logistic regressions were conducted to consider
potentially interfering patient and tumor factors in our evaluation
of relationships between anti-inflammatory medication use and
cachexia incidence at diagnosis. Cachexia incidence at diagnosis
functioned as the binary dependent variable. Patient factors included
as covariates were age at diagnosis, sex, race, alcohol history, tobacco
history, and Charlson Comorbidity Index. Tumor factors included
were primary site and stage. Prior chronic medication use was
included as a binary covariate, with null use denoting patients
without prior use of any anti-inflammatory medications.
Investigated. Overall survival differences between each medication
use group versus the medication null group were estimated using the
Kaplan-Meier method and evaluated statistically using log-rank
testing for the total, cachectic, and noncachectic cohorts.

Associations between prior medication use and significant post-
diagnosis weight loss in the non-cachectic cohort were evaluated
through chi square testing and multivariate analyses. Multivariate
analyses included all covariates from the previous multivariate
analyses (age at diagnosis, sex, race, alcohol history, tobacco
history, and Charlson Comorbidity Index), with the addition of
systemic, surgical, radiation interventions as binary covariates. To
visually represent weight loss progression in patients non-cachectic
at diagnosis, Kaplan-Meier curves were created with significant
post-diagnosis weight loss within as the event investigated and days
from diagnosis to this event as the time variable.

All statistics were conducted with the alpha level of 0.05 defining
statistical significance on SPSS Statistics for Mac Version 28.0.1.1
(International Business Machines, Armonk, NY).

RESULTS

Patient Cohort and Cachexia at Diagnosis
After applying exclusion criteria, the database was composed of
3,180 consecutive cancer patients seen at the UT Southwestern
Medical Center diagnosed between 1/1/2006 and 12/31/2013.
Patient and tumor characteristics for the total cohort, as well as
sub-cohorts defined by cachexia status at diagnosis, are presented
in Table 1.

Prior Medication Use and Cachexia
Incidence at Diagnosis

The median time from the start of medication use to cancer
diagnosis was 17 months. Patients with prior glucocorticoid use

demonstrated an absolute decrease of 7.93% and a 21.94%
relative decrease of cachexia incidence compared to patients
who did not take anti-inflammatory medications prior to
diagnosis (P=0.0052). Prior chronic use of any NSAID had
10.25% absolute and 28.36% relative decreases in cachexia
incidence compared to patients who did not take anti-
inflammatory medications prior to diagnosis (P<0.0001).
Patients with prior chronic metformin use did not have
significant reductions in cachexia incidence (P=0.4685;
Table 2; Figure 2A).

Specific NSAID medications included: patients with chronic
use of low-dose aspirin; other nonselective COX-1 and COX-2
inhibitors such as indomethacin, diclofenac, and meloxicam; and
selective COX-2 inhibitors such as celecoxib. Independently, all
NSAID classifications demonstrated significantly decreased
cachexia incidence at cancer diagnosis, with 8.94-10.56%
absolute and 24.74-29.22% relative reductions, compared to
patients without prior anti-inflammatory medication use
(aspirin: P=0.0003; other nonselective: P=0.0172; selective:
P=0.0418; Table 2; Figure 2B).

Multivariate analyses considering patient and tumor factors
as covariates did not determine statistically significant changes in
likelihood of cachexia incidence associated with glucocorticoid
medication use (Odds ratio=1.046; 95% CI=0.778, 1.406;
P=0.7665). Use of any NSAID prior to diagnosis was
associated with decreased likelihood of cachexia incidence by
23.0% (Odds ratio=0.770; 95% CI=0.594, 0.998;
P=0.0481; Table 3).

Survival

Prior to the review of the effect of anti-inflammatory medications
on non-cachectic- and cachectic-specific survival, median
survival time was determined to be 23 months (95%
CI=21.161, 24.839) in the total patient cohort, 14 months (95%
CI=12.659, 15.341) in patients with cachexia at diagnosis, and 31
months (95% CI=26.797, 35.203) for patients without cachexia at
diagnosis. Patients with prior use of glucocorticoid medications
had median survival times significantly lower than their
medication-null counterparts in the non-cachexia group (20 vs
34 months; P=0.0018) and did not reach a significant difference
within the cachexia cohort (16 vs 13 months; P=0.8961). Patients
with prior NSAID use had median survival times significantly
lower than their medication-null counterparts in the non-
cachexia group (26 vs 34 months; P=0.0149) and did not reach
a significant difference for the cohort of patients with cachexia at
diagnosis (13 vs 13 months; P=0.1554). Similar findings were
observed across specific NSAID groups and are further
demonstrated in Table 4.

Prior Anti-Inflammatory Use and Incidence
of Significant Post-Diagnosis Weight Loss

Of the 2003 patients that did not meet criteria for cachexia at
cancer diagnosis, 44.43% met the cutoff of 5% weight decrease
within 6 months post-diagnosis. When evaluated based on prior
medication use, 42.06% of non-cachectic patients who did not
take any anti-inflammatory medication prior to diagnosis met
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TABLE 1 | Study population characteristics in total, cachectic, and non-cachectic cohorts.

Characteristic Total cohort
N 3180
Median age at diagnosis (IQR) 62 (65-71)

Female (%) 1355 (42.61%)

Race (%)
Asian or Pacific Islander 127 (3.99%)
Black 758 (23.84%)
Non-Hispanic White 1854 (58.30%)
Hispanic 363 (11.42%)
Other/unknown 78 (2.45%)

Primary tumor site (%)
Anal 92 (2.89%)
Colorectal 623 (19.59%)
Gastroesophageal 329 (10.35%)
Hepatobilliary 342 (10.75%)
Pancreatic 267 (8.40%)
NSCLC 1369 (43.05%)

(
158 (4.97%)
2267 (71.29%)
1502 (47.23%)

Small cell lung cancer
Tobacco (%)
Alcohol (%)
Charlson comorbidity index (%)

0 1034 (32.52%)
1 1049 (32.99%)
2 541 (17.01%)
3+ 556 (17.48%)

Tumor grade (%)

1 142 (7.28%)
2 1034 (53.03%)
3 739 (37.90%)
4 35 (1.79%)

Tumor stage (%)

541 (17.54%)
531 (17.21%)
879 (28.49%)
1134 (36.76%)

WD =

No cachexia Cachexia Percent with cachexia
2097 1083 34.06%
63 (65-71) 62 (64-71)

929 (44.30%) 426 (39.33%) 31.44%*
82 (3.91%) 45 (4.16%) 35.43%
426 (20.31%) 332 (30.66%) 43.80% T
1332 (63.52%) 522 (48.20%) 28.16%"*
206 (9.82%) 157 (14.50%) 43.25%"
51 (2.43%) 7 (2.49%) 34.62%
68 (3.24%) 4 (2.22%) 26.09%
451 (21.51%) 172 (15.88%) 27.61%*
143 (6.82%) 186 (17.17%) 56.53%"
259 (12.35%) 83 (7.66%) 24.27%%
125 (5.96%) 142 (183.11%) 53.18%"
953 (45.45%) 6 (38.41%) 30.39%*
98 (4.67%) 0 (5.54%) 37.97%
1477 (70.43%) 790 (72.95%) 34.85%
1005 (47.93%) 497 (45.89%) 33.09%
642 (30.62%) 392 (36.20%) 37.91%"
679 (32.38%) 370 (34.16%) 35.27%
366 (17.45%) 175 (16.16%) 32.35%
410 (19.55%) 146 (13.48%) 26.26%"
111 (8.42%) 1 (4.91%) 21.83%*
731 (65.42%) 303 (48.02%) 29.30%*
459 (34.80%) 80 (44.37%) 37.89%"

18 (1.36%) 7 (2.69%) 48.57%"
446 (21.86%) 95 (9.09%) 17.56%*
394 (19.31%) 137 (18.11%) 25.80%*
557 (27.30%) 322 (30.81%) 36.63%"
643 (31.52%) 491 (46.99%) 43.30%"

Significantly increased (1) or decreased (1) cachexia incidence within row category relative to total cohort indicated (P<0.05).
Significant (*) or non-significant (n.s.) differences of cachexia incidence between medication use groups indicated (P<0.05).

criteria for weight loss within 6 months post-diagnosis. This was
significantly lower than the 52.11% (P=0.0006) and 51.75%
(P=0.0059) of non-cachectic patients with prior NSAID or
glucocorticoid use, respectively, that met the post-diagnosis
weight loss cutoff. Similar findings were observed across
specific NSAID groups (Table 5).

Within the same cohort of 2003 patients who did not meet
cachexia criteria at diagnosis, multivariate analyses considering

patient, tumor, and treatment factors, prior use of any
glucocorticoid medication associated with a 45.2% (Odds
ratio=1.452; 95% CI=1.065, 1.979; P=0.0183) increased
likelihood of meeting criterion for significant post-diagnosis
weight loss by 6 months. Prior use of any NSAID medication
similarly predicted for 41.1% (Odds ratio=1.411; 95% CI=1.082,
1.840; P=0.0110) increased likelihood of reaching the same
criterion (Supplementary Table 2).

TABLE 2 | Categorical comparison of cachexia incidence in prior medication use cohorts and patients without prior anti-inflammatory medication use.

Prior medication use (n) Patients with cachexia at diagnosis P-value

Total cohort (3180) 1083 (34.06%)

No anti-inflammatory medication (2521) 911 (36.14%)

Medication groups
Any glucocorticoid (319) 90 (28.21%) 0.0053
Any NSAID (479) 124 (25.89%) <0.0001
Low-dose aspirin (301) 7 (25.58%) 0.0003
Other nonselective NSAIDs (157) 42 (26.75%) 0.0172
Selective COX-2 inhibitors (125) 4 (27.20%) 0.0418
Metformin only (95) 1(32.63%) 0.4685

P values bolded if <0.05.
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FIGURE 2 | Cachexia incidence across cohorts of different prior medication use with overall anti-inflammatory medication class (A) and specific NSAID medication
groups (B). Nonselective NSAID medications include combined COX-1 and COX-2 inhibitors. Selective NSAID medications include specific COX-2 inhibitors.
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Significant (*) or non-significant (n.s.) differences of cachexia incidence between medication use groups indicated (P < 0.05).

Figures 3A, B demonstrate Kaplan-Meier curves for time-to-
cachexia for patients with prior chronic use of any glucocorticoid
or NSAID medication compared to patients without prior anti-
inflammatory medication use.

DISCUSSION

Overall Findings

In this study, we investigated relationships between prior
chronic use of NSAID and glucocorticoid medications
with cachexia at cancer diagnosis. Multivariate analyses
demonstrated a particularly relevant 25% reduction in
likelihood of cachexia presentation associated with the
NSAID medication class that was independent of potentially
confounding patient and tumor characteristics, including
comorbidities. Furthermore, our survival and post-diagnosis
cachexia analyses are consistent with a delay in cachexia
progression attributable to these medications. Although
retrospective studies cannot establish causality and are
vulnerable to sampling bias, we applied statistical rigor to our
dataset through the application of multiple analytical methods
and subdivided our cohort to decrease bias and reduce
error in our investigation. The novel focus of this study
on use of NSAIDs and glucocorticoids prior to cancer
treatment intervention primarily highlights NSAIDs for
further investigation of therapeutic potential early in
cachexia-specific cancer management.

Bridging Cachexia Pathophysiology and
Therapeutic Strategy

Our decision to further investigate the therapeutic potential of
NSAID and glucocorticoid medications stemmed from the
mechanistic link between these medications and cachexia, as
well as further evidence from animal models (17) and clinical
trials supporting the use of these medications to attenuate weight
loss in the setting of advanced malignancy (Supplementary
Table 1) (18-22). In our comprehensive literature review, we
were unable to identify any prior attempts at evaluating potential
benefits of these medications in early or even sub-clinical stages
of cachexia progression.

The central mechanism of NSAIDs is inhibition of COX-1
and COX-2 enzymes, which are expressed in almost every
human tissue (23). Although COX-1 function is largely stable
as a mediator of various housekeeping functions, COX-2
function can vary widely due to upregulation in states of
inflammation. COX-2 upregulation has been demonstrated to
contribute to tumor growth and metastatic spread by promoting
angiogenesis and immune evasion (24-28). Many of the
pathologic manifestations of cancer cachexia are understood to
arise from inflammatory signaling dependent on upregulated
COX production of prostaglandins.

Pivotal to progression of cachexia is the combination of
hypophagia and excessive energy expenditure that promote a
debilitating state of catabolism. Although multifactorial in
nature, hypophagia observed in cancer cachexia is understood to
be primarily generated through the dysregulation of hypothalamic-
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TABLE 3 | Multivariate logistic regressions evaluating covariate associations with cachexia incidence at diagnosis including glucocorticoid and NSAID medication use

groups.
Variable Odds ratio (95% ClI) P-value
Age at diagnosis 1.012 (1.004, 1.020) 0.0026
Female sex 0.810 (0.678, 0.968) 0.0206
Race
Asian or Pacific Islander - <0.0001
Black 1.602 (1.034, 2.482) 0.0350
Non-Hispanic White 0.719 (0.471, 1.098) 0.1262
Hispanic 1.508 (0.947, 2.401) 0.0838
Other/unknown 1.042 (0.528, 2.06) 0.9049
Alcohol history 0.924 (0.777, 1.099) 0.3719
Tobacco history 1.363 (1.100, 1.688) 0.0046
Charlson Comorbidity Index
0 - 0.0400
1 0.979 (0.797, 1.201) 0.8362
2 0.848 (0.655, 1.098) 02117
3+ 0.690 (0.524, 0.909) 0.0084
Primary Tumor Site
Anal - <0.0001
Colorectal 0.762 (0.435, 1.335) 0.3420
Gastroesophageal 2.491 (1.400, 4.430) 0.0019
Hepatobiliary 0.735 (0.406, 1.332) 0.3108
Pancreatic 2.814 (1.547,5.118) 0.0007
NSCLC 0.725 (0.420, 1.252) 0.2483
Small-cell lung cancer 0.824 (0.431, 1.575) 0.5590
Tumor stage
| - <0.0001
1 1.232 (0.882, 1.719) 0.2208
If 2.309 (1.728, 3.086) <0.0001
% 3.290 (2.477, 4.369) <0.0001
Prior glucocorticoid use 1.046 (0.778, 1.406) 0.7665
Prior NSAID use 0.770 (0.594, 0.998) 0.0481

P values bolded if <0.05.

pituitary axis function by characteristic inflammatory cytokines
including TNF-o, IL-1B, and IL-6 (29, 30). Prostaglandins
propagate the generation of these cytokines in the periphery and
modulate the integration of signaling centrally within the
hypothalamus and brainstem (31-34). Additionally, this
inflammatory signaling disturbs thermoregulatory control,
contributing to maladaptive energy expenditure. Prostaglandins
have also been implicated in the metabolically inefficient
sympathetic overactivation observed in cachexia (35-37). At sites

of adipose stores, prostaglandins mediate the induction and
recruitment of thermogenic brown adipose tissue, further
contributing to energy wasting in cachexia in a mechanism
attenuated by COX-2 inhibition in murine models (38).

In addition to negative overall metabolic flux, functional
decline in cachexia is largely attributable to skeletal muscle
wasting from systemic catabolic and inflammatory signaling
(39). In multiple murine tumor models, COX inhibition has
demonstrated efficacy at preventing cachectic skeletal muscle

TABLE 4 | Log-rank analysis comparing overall survival in medication groups to no anti-inflammatory medication groups across all, cachectic, and non-cachectic cohorts.

All patients (n=3180)

Cachectic patients (n=1083)

Non-cachectic patients (n=2097)

Prior medication use Median time (95% CI) P-value Median time (95% CI) P-value Median time (95% CI) P-value
(months) log-rank (months) log-rank (months) log-rank

All patients 23 (21.161, 24.839) 14 (12.659, 15.341) 31 (26.797, 35.203)

No anti-inflammatory 23 (20.780, 25.220) 13 (11.564, 14.436) 34 (28.401, 39.599)

medication

Medication groups
Any glucocorticoid 19 (14.030, 23.970) 0.0252 6 (8.588, 23.412) 0.8961 20 (13.708, 26.292) 0.0018
Any NSAID 21 (16.922, 25.078) 0.0449 3 (8.646, 17.354) 0.1554 26 (18.86, 33.14) 0.0149
Low-dose aspirin 21 (16.048, 25.952) 0.0610 0 (6.946, 13.054) 0.0285 25 (15.084, 34.916) 0.0781
Other nonselective NSAIDs 19 (11.379, 26.621) 0.0606 3 (6.991, 19.009) 0.3157 26 (14.818, 37.182) 0.0337
Selective COX-2 inhibitors 22 (14.415, 29.585) 0.5529 0 (2.857, 17.143) 0.6695 26 (15.873, 36.127) 0.3469

P values bolded if <0.05.

Frontiers in Oncology | www.frontiersin.org

June 2022 | Volume 12 | Article 922418


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

Olaechea et al.

Anti-Inflammatory Medications and Cachexia

TABLE 5 | Categorical comparison of significant post-diagnosis weight loss incidence (in patients without cachexia at diagnosis) between prior medication use groups

and anti-inflammatory medication null patients.

Prior medication use category (N) Patients that reached significant weight loss within 6 months of cancer diagnosis (%) P-value

No anti-inflammatory medication (1517) 638 (42.06%)

Medication groups
Any glucocorticoid (228) 118 (51.75%) 0.0059
Any NSAID (355) 185 (52.11%) 0.0006
Low-dose aspirin (224) 113 (50.45%) 0.0180
Other nonselective NSAIDs (115) 58 (60.43%) 0.0799
Selective COX-2 inhibitors (91) 53 (68.24%) 0.0025

P values bolded if <0.06.

degradation, furthering the relevance of NSAID function in this
syndrome (40, 41).

Clinical Relevance

Cancer cachexia remains a critically undertreated component of
disease burden across almost every cancer type. Factors
contributing to this deficiency include limited options available
for management and identification. Although cancer patients are
well known to undergo weight loss from treatment-induced

anorexia, cachexia uniquely intensifies energy expenditure
through malignant metabolic and inflammatory mechanisms.
The evaluation of relationships between retrospective
medication was carefully considered, as chronic use of any
anti-inflammatory medication implies a comorbid condition.
This implication prompted our application of multivariate
analyses to simultaneously control for comorbidity, as
represented by Charlson Comorbidity Index in our cohort, in
addition to a multitude of patient and tumor factors. The
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FIGURE 3 | Kaplan Meier curves demonstrating time to significant post-diagnosis weight loss in patients without cachexia at diagnosis for patients with prior chronic
use of any glucocorticoid (A) and any non-steroidal anti-inflammatory drug (NSAID) (B) medications.

Frontiers in Oncology | www.frontiersin.org 78

June 2022 | Volume 12 | Article 922418


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

Olaechea et al.

Anti-Inflammatory Medications and Cachexia

significant 23% decreased likelihood of cachexia incidence
attributable to prior NSAID use interpreted through this
method suggests these medications might currently be
underutilized in cachexia management and prevention.

On initial evaluation, our results demonstrated a survival
detriment observed across medication use groups primarily in
patients without cachexia at diagnosis. Further evaluation of
non-cachectic patients revealed an approximate increase of 10%
in the incidence of significant weight loss within 6 months post-
diagnosis in patients with prior use of NSAIDs or
glucocorticoids. In this cohort of patients without cachexia at
diagnosis, multivariate analyses considering interfering patient,
tumor, and treatment factors found significant increases in
likelihood of post-diagnosis weight loss of more than 40% in
NSAID and glucocorticoid use groups. If these medications
indeed suppressed the inflammatory ramifications of cachexia-
inducing tumor phenotypes prior to diagnosis, it is possible that
the reduction of non-cachectic survival represents a progression
of cancers which would have classified patients as having
cachexia at diagnosis in the absence of prior NSAID or
glucocorticoid use. Ultimately, the observed reduction in
overall survival within non-cachectic patients with prior
NSAID or glucocorticoid use in combination with their
increased burden of post-diagnosis weight change potentially
represents a delay in cachexia progression by these medications.

Conclusion

The findings of this study substantiate further investigation into
cachexia-specific intervention with these medications, primarily
NSAIDs, early in cancer development. The clinical outcomes we
observed are consistent with the biomolecular reasoning that
cachexia progression would possess vulnerability to this
medication type, which specifically mitigates inflammatory
mechanisms of the syndrome not attributable to the body
tissue wasting observed consequently to oncologic therapies.
Individuals with elevated cancer risk or unexplained weight
loss may benefit from these medications prophylactically, as
they could potentially blunt cachexia development before
patients are burdened by sequelae from cancer progression and
treatment. Deciphering the clinical merit contributed by
medications with anti-inflammatory properties in this context
can alter their prioritization in treatment protocols and physician
judgement for managing patients with chronic conditions
simultaneously at risk for developing cachexia-inducing tumors.
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Asparagus (ASP) is a well-known traditional Chinese medicine with nourishing, moistening,
fire-clearing, cough-suppressing, and intestinal effects. In addition, it exerts anti-
inflammatory,  antioxidant, anti-aging, immunity-enhancing, and  anti-tumor
pharmacological effect. The anti-tumor effect of ASP has been studied in
hepatocellular carcinoma. However, its action and pharmacological mechanism in
colorectal cancer (CRC) are unclear. The present study aimed to identify the potential
targets of ASP for CRC treatment using network pharmacology and explore its possible
therapeutic mechanisms using in vitro and in vivo experiments. The active compounds and
potential targets of ASP were obtained from the TCMSP database, followed by CRC-
related target genes identification using GeneCards and OMIM databases, which were
matched with the potential targets of ASP. Based on the matching results, potential targets
and signaling pathways were identified by protein-protein interaction (PPI), gene ontology
(GO) functions, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses. Finally, in vitro and in vivo experiments were performed to further
validate the anti-cancer effects of ASP on CRC. Network pharmacology analysis identified
nine active components from ASP from the database based on oral bioavailability and drug
similarity index, and 157 potential targets related to ASP were predicted. The PPI network
identified tumor protein 53 (TP53), Fos proto-oncogene, AP-1 transcription factor subunit
(FOS), and AKT serine/threonine kinase 1 (AKT1) as key targets. GO analysis showed that
ASP might act through response to wounding, membrane raft, and transcription factor
binding. KEGG enrichment analysis revealed that ASP may affect CRC through the
phosphatidylinositol-4,5-bisphosphate  3-kinase PIBK/AKT/mechanistic  target  of
rapamycin kinase (MTOR) signaling pathway. In vitro, ASP inhibited cell proliferation,
migration, and invasion of HCT116 and LOVO cells, and caused GO/G1 phase arrest and
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apoptosis in CRC cells. In vivo, ASP significantly inhibited the growth of CRC transplanted
tumors in nude mice. Furthermore, pathway analysis confirmed that ASP could exert its
therapeutic effects on CRC by regulating cell proliferation and survival through the PISK/
AKT/mTOR signaling pathway. This study is the first to report the potential role of ASP in
the treatment of colorectal cancer.

Keywords: colorectal cancer, Chinese medicine, network pharmacology, asparagus, PIBK/AKT/mTOR signaling

pathway

1 INTRODUCTION

Colorectal cancer (CRC) is a highly prevalent malignancy of the
digestive system and is the second leading cause of cancer-related
deaths worldwide, with a higher incidence in men than in women,
and has the third highest rate of malignant lethality (Zhu et al,,
2017). Approximately 20%—25% of patients with CRC already
have metastases at the time of initial diagnosis because of the
insidious onset of colorectal cancer and the lack of effective
clinical screening biomarkers (Xu et al, 2020). One study
predicted that by 2030, there will be more than 2.2 million
new cases and 1.1 million cancer deaths worldwide. The
burden will increase by 60%, with low- and middle-income
countries facing greater challenges (Arnold et al, 2017). In
recent years, good progress has been made in surgical
techniques and systemic drug therapy; however, side effects,
such as nausea, vomiting, pain, and leukopenia, can be
particularly distressing for patients with CRC (Hattori et al.,
2019; Vodenkova et al., 2020). Encouragingly, traditional Chinese
medicine (TCM) has played an increasingly important role in the
treatment of CRC as a major source of natural medicines and
herbal products, with advantages of reliable efficacy and low rates
of adverse effects.

In recent years, several studies have described the extensive
use of TCM in cancer treatment, which has received increasing
international attention (Chen et al., 2018; Wang et al., 2018). In
a cohort study including 1,988 patients with lung
adenocarcinoma treated with tyrosine kinase inhibitors
(TKI), TCM treatment was associated with better
progression-free survival and overall survival compared with
those of the untreated group (Li C. L. et al., 2019). Similarly, in
CRC, a multicenter prospective cohort study including 312
patients with stage II and III CRC reached similar
conclusions (Xu et al., 2017). In a retrospective cohort study
including 817 patients with CRC, TCM improved disease-free
survival in patients with stage IT and III disease (Shi et al., 2017).
With the development of herbal injections, the intravenous
delivery of antitumor herbs has been used widely in clinical
practice. A study containing 366 randomized controlled trials
and 48 systematic evaluations and meta-analyses reported more
consistent benefits of herbal injections in terms of tumor
response, quality of life, bone marrow suppression, and
improvement in immune function (Yang et al., 2021). It was
found that the active ingredients of herbal medicines usually
exert their anti-cancer effects by inhibiting cell proliferation,
inducing apoptosis, suppressing metastasis, inhibiting
angiogenesis, reversing multidrug resistance, and modulating

immune function (Yan et al., 2017; Li X. et al., 2019; Liu et al,,
2020).

Chinese asparagus (Asparagus cochinchinensis (Lour) Merr.,
hereafter referred to as ASP) is a tuberous root vegetable in the lily
family, which is widely distributed in Asia and is one of the
common Chinese herbs with a long history in China (Lee et al.,
2017). ASP has nourishing, moistening, fire-clearing, cough-
suppressing, and intestinal effects and anti-
inflammatory, antioxidant, anti-aging, immunity-enhancing,
and anti-tumor pharmacological effect (Samad et al., 2014; Lei
et al., 2017; Cheng et al., 2019; Sun et al., 2020). Recent studies
have reported that ASP polysaccharides can inhibit hypoxia-
induced hepatocellular carcinoma cell migration, invasion, and
angiogenesis by regulating hypoxia inducible factor alpha (HIF-
la) and vascular endothelial growth factor (VEGF) expression
through mitogen activated protein kinase (MAPK) and
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)
signaling pathways (Cheng et al., 2021). In addition, ASP-
derived exosome-like nanovesicles could inhibit hepatocellular
carcinoma cell proliferation, induce apoptosis, and inhibit tumor
growth without significant side effects in mice (Zhang et al,
2021).

Network pharmacology is a strategy that combines network
science, bioinformatics, and computer science methods into the
pharmacological study of TCMs to determine their mechanism of
action in the context molecular network regulation. It is holistic
and systematic in nature, similar to the holistic view of TCM, and
uses the principle of discriminative treatment, providing a more
scientific and effective strategy for modern TCM research (Zhang
et al, 2019). The aim of the present study was to identify the
natural compounds of ASP through network pharmacology,
explore the key targets of ASP for the treatment of CRC,
understand their potential mechanism of action, and provide a
basis for the development and application of ASP. The flow chart
of the study is shown in Figure 1.

exerts

2 METHODS AND MATERIALS

2.1 Network Pharmacology

The systematic Pharmacology Database of Traditional Chinese
Medicine (TCMSP,http://tcmspw.com/tcmsp.php) (Zhang et al.,
2019) was used to screen active ASP compounds. Oral
bioavailability and drug similarity were set to >30% and >0.18
using a pharmacokinetic information retrieval filter based on the
TCMSP platform to obtain qualified herbal compounds. The
chemical structures of the corresponding compounds were
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FIGURE 1 | The workflow of the network pharmacology analysis and validation of ASP against CRC.
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TABLE 1 | Active ingredients andabsorbed, distributed, metabolized and excreted
(ADME) parameters of ASP.

Mol ID Molecule name Structure oB DL
(%)
MOL000098  quercetin 46.43 0.28
MOL000358  beta-sitosterol 36.91 0.75
|
! ~
MOLO00359  sitosterol 36.91 0.75
|
! ~
MOL000449  Stigmasterol 43.83 0.76
|
|
MOL000546  diosgenin 80.88 0.81
N
MOL003889  methylprotodioscin_gt e 35.12 0.86
\
A
(L
MOL003891  pseudoprotodioscin_qt L 3793 0.87
1€ k1
MOL003896  7-Methoxy-2-methyl 4256 0.20
isoflavone
MOLO03901  Asparaside A_qt “r 30.60 0.86

Asparagus and Colorectal Cancer

downloaded using the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/). The GeneCard database (https://www.genecards.
org/) and OMIM database (http://www.omim.org/updated in
2020) were used to predict and screen of CRC targets.
Oliveros, J. C. Venny 2.1was used to screen for common
targets between ASP and CRC-related targets (https:/
bioinfogp.cnb.csic.es/tools/venny/index.html).

Cytoscape V 3.7.2 (http://www.cytoscape.org/) software
was used to construct drug compound-disease-target
networks and to analyze core compounds using the merge
function. The STRING database platform was used to
construct protein-protein (PPI) interaction networks for
common ASP and CRC-related targets with a medium
confidence level (0.7) and to reject target proteins
independent of the network. Metascape (http://metascape.
org/) was used for gene ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis (Zhou et al., 2019).

2.2 Experimental Validation

2.2.1 Preparation of ASP

Pieces of ASP were purchased from GuizhouRen Ji Tang
Company Limited (Guiyang, China). Fifty grams of raw drug
were crushed, placed in 10 times the volume of purified water,
soaked for 2h, extracted twice at reflux, 1h/time, filtered,
combined filtrate, made up the reduced weight with water,
concentrated at 70°C under reduced pressure, and
concentrated to 1g/ml of raw drug. Two ml of the
concentrated solution was diluted to 10ml using purified
water, filtered through a 0.22 um pore size filter, divided into
sterile centrifuge tubes, and stored at —20°C.

2.2.2 Cell Culture

Human CRC cell lines (HCT116, LOVO, and LO2) were
provided by the Shanghai Institute of Cell Biology, Chinese
Academy of Sciences. Cells were cultured in high-sugar
Dulbecco’s modified Eagle medium (DMEM, GIBCO, Grand
Island, NY, United States) supplemented with 10% fetal
bovine serum (FBS, BI, Kibbutz, Israel) and 1% penicillin-
streptomycin (Solarbio, Beijing, China). Cells were cultured at
37°C in a 5% CO, atmosphere.

2.2.3 Cell Viability Assay

CRC and LO2 cells100 ul/well (6 x 10° cells/ml) were
inoculated into 96-well plates and incubated overnight in a
humidified incubator at 37°C and 5% CO,. Cells were then
pretreated with ASP (0, 25, 50, 100, 150, and 200 pg/ml) for
24, 48, and 72 h. Then, 10 pl of Cell Counting Kit-8 (CCK-8)
(Dojindo, Kumamoto, Japan) was added to each well, and the
cells were incubated at 37°C, 5% CO, for 4 h. Finally, the
absorbance was measured at 450 nm using a Microplate
Reader (Thermo Fisher Scientific, Waltham, MA,
United States) and the cell proliferation inhibition rate was
calculated.  Cell  proliferation  inhibition rate =
(1—absorbance value of experimental group/absorbance
value of control group) x 100%.
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FIGURE 2 | Network pharmacological analysis of asparagus (ASP). (A) Venn diagram showing the 157 common targets of ASP in colorectal cancer (CRC). (B)
Compound-disease-target network of ASP against CRC. (C) Protein-protein interactions identified by STRING software (visualized by Cytoscape 3.7.1 software). (D)
Cluster subnetwork based on MCODE analysis with a score of 10.667. (E) Top 10 core nodes derived according to the MCC algorithm.
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2.2.4 Crystalline Violet Staining

When cell growth reached 70%—-90% confluence, cells were
digested (Trypsin-EDTA solution, 0.25%with phenol red,
Solarbio, Beijing, China) and collected in 6-well cell
culture plates at a cell density of 1 x 10° cells/ml. Cells
were incubated in a 5% CO, cell culture incubator at 37°C
for 24h. When cells reached 50% confluence, they were
exposed to ASP (0, 50, 100, and 200 pug/ml) for 24 h. Cells
were fixed with 4% paraformaldehyde, washed twice with
phosphate buffered saline (PBS, Solarbio, Beijing, China),
and stained with 1% crystalline violet solution (Solarbio).
Excess crystal violet dye was washed away using tap water.
After natural drying at room temperature, the morphological

2.2.5 Colony Formation Assay

Cells were inoculated into 6-well plates at 700 cells per well and treated
with different concentrations of ASP for 24 h. Cells were washed with
PBS and culture was continued in complete growth medium, which
was replaced with fresh medium every 3 days for a total of 14 days.
Colonies were fixed with 4% paraformaldehyde and stained with 1%
crystalline violet solution for 15 min. The colonies were observed
under a light microscope and manually counted in three randomly
selected fields to measure the cell colony number (>50 cells/colony).

2.2.6 5-Ethynyl-2’-deoxyuridine (EdU) Assay
CRC cells in logarithmic phase of growth (5,000 cells per well)
were inoculated into 96-well plates and incubated for 24 h. Cells

changes of the «cells were observed, analyzed, and  were exposed to 0, 50, 100, and 200 pg/ml of ASP and incubation
photographed under an inverted microscope (Leica  was continued for 24h. EdU (RiboBio, Guangzhou, China)
DM2500, Heidelberg, Germany). labeling solution at a dilution of 1,000:1 was added and
Frontiers in Pharmacology | www.frontiersin.org 85 June 2022 | Volume 13 | Article 862966


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

Liang et al.

Asparagus and Colorectal Cancer

BP

MF

-log10(P)
S

corresponding to each term.

FIGURE 3 | Biofunctional enrichment analysis of Asparagus (ASP). (A) Top 10 biological processes, top 10 molecular functions and top 10 cellular components in
the GO analysis. (B) Top 20 KEGG pathways. The color scale indicates the different thresholds of p values and the size of the dots represents the number of genes

Longevity regulating pathway
Prion diseases
Calcium signaling pathway
Apelin signaling pathway
Insulin signaling pathway -log10(pvalue)
Acute myeloid leukemia
Estrogen signaling pathway
Transcriptional misregulation in cancer 30
African trypanosomiasis { 2
foxo signaling pathway 10

NF-kappa B signaling pathway

Platinum drug resistance { count
e 10
o
[ )
[ X

MAPK signaling pathway

thyroid hormone signaling pathway
HIF-1 signaling pathway

TNF signaling pathway

Epstein- Barr virus infection
Hepatitis C

@

AGE- RAGE signaling pathway in diabetic complications {

010

Pathways in cancer

015 020 02

Enrichment

incubated for 2h. The remaining operations were completed
according to the manufacturer’s instructions, taking care to avoid
light. Cells were then imaged under an inverted fluorescence
microscope (Nikon, Tokyo, Japan, three random positions in
each well were photographed, and the fluorescence of EdU-
positive cells was measured using Image] 1.8.0 software (NIH,
Bethesda, MD, United States). EdU-positive cells (%) = red EQU
count/blue Hoechst count 33,342 x 100.

2.2.7 Flow Cytometry to Assay the Cell Cycle
HCT116 and LOVO cells were treated with 0, 50, 100, and 200 pg/
ml of ASP for 24 h. The collected cells (1 x 10°) were fixed in cold
ethanol and stored overnight at 4°C. The next day, cells were
washed twice with cold PBS; then 100 ul of RNase A (25 pg/ml)
and 400 ul of propidium iodide (PI, 50 pg/ml) were added to each
sample according to the instructions of the cell cycle kit
(KeyGEN, Nanjing, China) and incubated for 40 min in the
dark. The cells were analyzed using a flow cytometer (BD
Biosciences, San Jose, CA, United States) and FlowJo 10.0
software (FlowJo, Ashland, OR, United States).

2.2.8 Flow Cytometry to Assay Cell Apoptosis

Cells (1 x 10° cells/ml) were inoculated in 6-well plates and
incubated for 24h and then reacted with the indicated
concentrations of ASP for 24 h. Cells were collected according
to the instructions of the Fluorescein isothiocyanate (FITC)
Annexin V/PI Apoptosis Detection Kit (KeyGEN), and 500 pl
of Binding Buffer was added to each sample tube to prepare a cell
suspension, the Annexin V-FITC/PI fluorescent dye was added,
and incubated for 15min in the dark. The cells were then

measured using flow cytometry (BD Biosciences) and the data
were analyzed using FlowJo 10.0 software.

2.2.9 Terminal Deoxynulceotidyl Transferase
Nick-End-Labeling (TUNEL) Assay

CRC cells were inoculated at 4,000 cells per well into 96-well
plates and incubated for 24 h. The cells were then treated with the
indicated concentrations of ASP for 24 h. Cells were fixed in 4%
paraformaldehyde for 20 min at room temperature. Apoptosis
was detected using the TUNEL Apoptosis Assay Kit (Beyotime,
Shanghai, China). TUNEL assay solution (50 pl) was added to
each well according to the manufacturer’s protocol and incubated
for 60 min at 37°C in the dark. The cell nuclei were counterstained
using 4’,6-diamidino-2-phenylindole (DAPI). TUNEL-positive
cells were imaged under a fluorescence microscope and
measured using the Image] 1.8.0 software. TUNEL-positive
cells (%) = Green TUNEL count/blue DAPI count x 100.

2.2.10 Wound Healing Assay

Cells (2x10° cells/well) were inoculated onto 6-well plates and
incubated for 24 h in a 37°C incubator. A sterile pipette tip was
used to make a scratch in the cell monolayer, the cells were
washed three times with PBS to dislodge the cells debris,
photographed under an inverted microscope, and the culture
was continued with fresh medium without FBS in the presence of
the indicated concentrations of ASP for 24h. Six different
locations were photographed randomly under an inverted
microscope, and the wound area was analyzed using Image]
1.8.0 software. Wound healing was assessed according to the
size of the wound at Oh and 24 h.
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FIGURE 4 | Asparagus aqueous extract (ASP) inhibits the proliferation of HCT116 and LOVO cells. (A) Cell Counting Kit-8 (CCK-8) analysis of human colorectal
cancer (CRC) celllines (HCT116 and LOVO cells) after treatment with the indicated doses of ASP for 24, 48, and 72 h. (B) Median inhibitory concentrations (IC50) of ASP
acting against HCT116 and LOVO cells for 24 h. (C) Morphological changes of cells observed by light microscopy after 24 h of ASP application at the indicated

2.2.11 Transwell Invasion Assay

Transwell invasion assays were performed using an 8 um well
Transwell chamber system (Corning Inc. Corning, NY,
United States). The upper chamber was coated with Matrigel
matrix gel (BD Biosciences). Cells (5 x 10* cells/well) after 24 h of
treatment were resuspended in 200 ul of FBS-free medium,
inoculated into the upper chamber, and 600 pul of complete
medium containing 10% FBS was added to the lower chamber.
After 24 h of incubation, uninvaded cells were removed from the
upper surface of the membrane using a cotton swab, and the
invaded cells were fixed and stained with 1% crystal violet
solution. Finally, light microscopy was performed to
photograph and count six random fields of view in each group.

2.2.12 Western Blotting Analysis

Total cellular or tissue proteins were extracted using
Radioimmunoprecipitation — assay ~ (RIPA) lysis  buffer
containing protease inhibitor, phosphatase inhibitor, and
PMSF (Solarbio, Beijing, China). Equal amounts of proteins
were subjected to 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) (Solarbio) for separation and
then transferred to polyvinylidene difluoride (PVDF) membranes
(0.45 um, Millipore, Unites States). The membranes were blocked
using with 5% skim milk for 1 h at room temperature, and then

incubated with primary antibodies overnight at 4°C. The next day,
the membranes were washed three times with Tris-buffered
saline-Tween 20 (TBST, Solarbio) and incubated with goat
anti-rabbit or goat anti-mouse horseradish peroxidase (HRP)-
coupled secondary antibodies for 2h at room temperature.
Finally, immunoreactive protein bands were visualized using
ultrasensitive ECL chemiluminescent ready-to-use substrate
(BOSTER, Wuhan, China). The grayscale values of the protein
bands were quantified using Image]J software and the relative level
of the proteins was normalized by the level of glyceraldehyde-3-
phosphate (GAPDH). The antibodies used were as follows: anti-
tumor protein 53 (TP53), anti- BCL2 associated X (Bax), anti-
BCL2 apoptosis regulator (Bcl-2), anti-Cyclin D1, anti-P21, anti-
C-Myc, anti-PI3K, anti-phospho (p)-PI3K, anti-protein kinase B
(AKT), anti-p-AKT, anti-mechanistic target of rapamycin kinase
(mTOR), anti-p-mTOR, and anti-GAPDH 1:1,000 (Beyotime),
goat anti-rabbit and goat anti-mouse HRP-coupled secondary
antibodies 1:5,000 (BOSTER).

2.3 Nude Mice Tumor Xenografts

Twenty male BALB/c nude mice (4 weeks old, 20 + 2 g) were
purchased from Spelford Biotechnology Ltd. (Beijing, China). All
animal experiments were performed in the pathogen-free medical
animal laboratory of theFirst Affiliated Hospital of Guizhou
University of Traditional Chinese and were approved by the

Frontiers in Pharmacology | www.frontiersin.org

87

June 2022 | Volume 13 | Article 862966


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

Liang et al. Asparagus and Colorectal Cancer

A ASP(pg/ml)

HCT116

Clone number

HCT116 ¢ '®

[ 50 100 200
(ng/mi)
Lovo

Clone number

o 50 100 200
(ug/mi)
B
HCT116
— ]
= _ 100~
B
< T
2 804
g
g e § o !
< = 0
3 2 2 4
-
S 2
he]
@ m n
= v T T
K 0 5 100 200
(Hg/ml)
3 Lovo
_ 100
X
g L
2 g .
‘;_w’ 8 60
2 S ¢
>
k- 3 2 -
7]
g
3 20
& woo
= v T T
0 50 100 200
(ng/mi)

FIGURE 5 | (A) Colony formation assays were performed on HCT116 and LOVO cells cultured with different doses (0, 50, 100. and 200 ug/ml) of ASP. The number
of colonies formed was calculated and expressed as mean + standard deviation (SD) (n = 3). (B)The proliferation capacity of HCT116 and LOVO cells treated with the
indicated concentrations of ASP (0, 50, 100, and 200 pg/ml) for 24 h was measured using an EdU assay (x200). *o < 0.05, **p < 0.01 vs. the control.

Animal Ethics Committee of the First Affiliated Hospital of (n =5, 0.9% saline, 0.1 ml/10 g) and ASP-L, ASP-M, and ASP-H
Guizhou University of Traditional Chinese (approval number:  groups (n = 5, ASP at 100, 200, and 300 mg/kg, 0.1 ml/10 g,
AHQU?20180310A). After 3 days of acclimatization in a specific  respectively). The drug concentration in the ASP-treated group
pathogen free (SPF)-grade animal room, 200 ul (5 x 107 cells/ml) ~ was derived from a previous study (Agrawal et al., 2008). The
of HCT116 cells were implanted subcutaneously into the right  drug was administered via gavage, once daily for 2 weeks. The
axilla of each nude mouse. At 7 days after cell inoculation, non-  body weight and tumor size of nude mice were measured every
tumor-forming and tumor-oversized mice were excluded, and  other day. The tumor volume was determined by measuring the
then the mice were randomly divided into four groups: control ~ length (L) and width (W) and calculated according to the
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following formula: tumor volume (mm3) = 0.5 x L x W2). At the
end of the experiment, the neck of nude mice was dislocated, and
the tumors were excised, weighed, and photographed.

2.4 Statistical Analysis

Data analysis was performed using GraphPad Prism 8.3.1 software
(San Diego, CA, United States). All experimental data are
expressed as the mean + SD. The statistical significance of the
results was analyzed using one-way analysis of variance (ANOVA)
for multiple group comparisons and by Student’s t-test for two
group comparisons. A p value < 0.05 indicates a significant
difference. All experiments were performed in triplicate.

3 RESULTS

3.1 Network Pharmacological Analysis of

ASP Targeting CRC

In this study, using the TCMSP database (Table 1), we retrieved a
total of nine compounds (among which methylprotodioscin_qt
and Asparaside A_qt had no relevant targets) from ASP using
Oral Bioavailability (OB) >30% and Drug-like (DL) >0.18 as
screening conditions.

From these 7 compounds, 192 relevant genes were screened.
10,339 genes associated with CRC were screened in GeneCard
and OMIM databases (duplicates were removed). A total of 157
common targets were obtained using Venny 2.1.0 (Figure 2A),
and these intersections were considered as potential candidate
targets for ASP against CRC. Seven active ingredients and
157 “drug-disease™ key target genes were introduced into
Cytoscape 3.7.1 software. A visualized active ingredient-cancer
target network was constructed (Figure 2B). The active
ingredients with the most target genes in ASP were quercetin,
beta-sitosterol, and 7-Methoxy-2-methyl isoflavone.

The target PPI network was constructed using the STRING
database platform, and 157 target genes were introduced. The
selected species was Homo sapiens, and the PPI network with
confidence level >0.7 and potential targets of ASP against CRC is
shown in Figure 2C. The PPI network consists of 141 hub nodes
and 972 edges (after removing the free nodes). The results show
that there were five cluster subnetworks based on MCODE
analysis, where the highest scoring cluster subnetwork made
up of 25 hub nodes and 128 edges. The clusters included:
RELA, STATI, ESR1, AKT1, MAPK1, IL2, MAPK14, CCNB1,
CRP, TP53, CCNA2, PPARG, VCAMI, CXCL10, FOS, ESR2,
E2F1, MMP3, IL6, TNF, EGFR, CDKN2A, MMP1, HIF1A, and
NR3C1, with a score of 10.667 (Figure 2D). Moreover, the top 10
core nodes were obtained in the order of the MCC algorithm
score from highest to lowest, namely TP53, FOS, AKT1, STAT1,
MAPK1, MAPK14, IL6, RELA, EGFR, and ESR1 (Figure 2E).
These results suggest that these core targets may contribute to the
fundamental therapeutic role of ASP in CRC.

To explore the therapeutic mechanisms of putative ASP
targets for CRC, GO and KEGG pathway enrichment
analysis was performed using Metascape (updated 2021-02-
01). A total of 2068 biological processes (BP), 89 cellular
components (CC) and 165 molecular functions (MF),

Asparagus and Colorectal Cancer

respectively, satisfied the requirements of gene count >3 and
p-value < 0.01. The top 10 significantly enriched GO terms in
BP, CC and MF are plotted in Figure 3A, and the results showed
that ASP’s effects might be mediated through response to
wounding, response to drug, membrane raft, perinuclear
region of cytoplasm, organelle outer membrane, transcription
factor binding, protein kinase binding, and protein domain
specific binding, to regulate the proliferation and apoptosis of
CRC cancer cells, thus exerting its anti-cancer effects on CRC. A
total of 329 related signaling pathways were obtained by KEGG
enrichment analysis. The top 20 signaling pathways with high
confidence and p-values < 0.01 were selected for analysis, as
shown in Figure 3B. From Figure 3B, it can be seen that most of
the target genes affect substances or signaling pathways,
including Pathways in cancer, AGE-RAGE signaling pathway
in diabetic complications, Hepatitis C, Epstein-Barr virus
infection, and TNF signaling pathway. We found that
Pathways in cancer play an important role in ASP against
CRC. This pathway is large and complex, including ERK
signaling, PI3K Signaling, WNT Signaling, NOTCH
Signaling, Other RAS Signaling, etc.

3.2 ASP Inhibited the Proliferation of CRC

Cells in vitro

CRC cells (HCT116, LOVO, and LO2) were pretreated with
different concentrations of ASP (0-200 pg/ml) for 24, 48, and
72 h. CCK-8 analysis showed that ASP significantly inhibited the
viability of CRC cells in a dose- and time-dependent manner
(Figure 4A). However, the cytotoxicity of ASP to normal LO2
cells was significantly lower than that of CRC cells
(Supplementary Figures S1A,B). The median inhibitory
concentration (IC50) values for HCT116 and LOVO cells were
20537 + 2255ug/ml and 1622 + 11.04pg/ml for 24h
(Figure 4B). Light microscopy images showed a gradual
decrease in the number of cells with increasing ASP
concentration, poor cell wall adhesion, cell wrinkling, varying
degrees of nuclear consolidation, and nuclear vacuolization
(Figure 4C). These data suggest that ASP has cytotoxic effects.

We used colony formation and EdU assays to investigate the
effect of ASP on the proliferation of CRC cells (HCT116 and
LOVO). As shown in Figure 5A, ASP inhibited the colony
formation of HCT116 and LOVO cells at the indicated
concentrations. The EdU assay further showed that ASP
reduced the percentage of EdU-positive cells in a dose-
dependent manner (Figure 5B). These findings clearly indicate
that ASP has an anti-proliferative effect on HCT116 and
LOVO cells.

Cell cycle analysis showed that the percentage of HCT116 cells
in the S phase decreased significantly with increasing ASP
concentrations compared with controls, whereas the number
of cells in the GO/Gl phase increased significantly
(Figure 6A). Similar results were obtained in LOVO cells
(Figure 6A). ASP inhibited the expression of Cyclin D1
(200 pg/ml p < 0.05) and C-Myc (100 and 200 pg/ml p < 0.05)
proteins, and promoted the expression of P21 in HCT116 cells
(200 pg/ml p < 0.05, Figure 6B); in LOVO cells, similar results
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FIGURE 6 | Asparagus aqueous extract (ASP) significantly inhibits the cell cycle of colorectal cancer cells. (A) ASP significantly inhibited the cell cycle progression of
HCT116 and LOVO, stopping them in G1/GO0 phase, as shown in flow cytometric analysis (n = 3 per group). (B) Expression of Cyclin D1 and C-Myc decreased with
increasing ASP concentration and P21 increased (n = 3 per group). Values are shown as the mean + SD, *p < 0.05, **p < 0.01 vs. the control.

were observed. These data further suggested that ASP has an
inhibitory effect on cell proliferation.

3.3 ASP Promoted CRC Cell Apoptosis

in vitro

Flow cytometry was used to detect the effect of different
concentrations of ASP on the apoptosis of CRC cells. The
results showed that when treated with 0, 50, 100, and 200 pg/

ml of ASP, the total apoptosis rate of HCT116 cells increased with
increasing ASP concentrations, with early (100 and 200 pg/ml p <
0.01) and late (50, 100, and 200 pg/ml p < 0.05) apoptosis being
significantly promoted; similar results were obtained for LOVO
cells (Figure 7A). Similarly, TUNEL staining showed an increase
in the percentage of apoptosis after ASP treatment (Figure 7B).
In HCT116 cells, ASP inhibited the expression of Bcl-2 (100 and
200 ug/ml p < 0.05) and promoted the expression of TP53
(200 pg/ml p < 0.05) and Bax (200 pug/ml p < 0.05) proteins;
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similar results were observed in LOVO cells (Figure 7C). These
results suggested that ASP has a pro-apoptotic effect on
CRC cells.

3.4 ASP Inhibited the Migration and Invasion
of CRC Cells in vitro

We performed wound healing and Transwell invasion assays
to explore the effect of ASP on the migration and invasive
ability of human CRC cells. As shown in Figure 8A, the
migration of HCT116 and LOVO cells was significantly
inhibited in the ASP treated group compared with that in
the control group. As shown in Figure 8B, in the Transwell
invasion assay, invasion of HCT116 and LOVO cells was
inhibited in a dose-dependent manner in the ASP-treated
group. These results confirmed that ASP inhibits the
migration and invasion of CRC cells.

3.5 ASP Induced Apoptosis in CRC Cells via
the PISK-Akt-mTOR Pathway

Based on previous informatics data, as shown in Figures 2E, 3B,
AKT1 was one of the key targets in the top 10 bioenrichments,
and Pathways in cancer was the most enriched signaling pathway;

therefore, wedecided to test whether mTOR/PI3K/AKT pathway
involved in the anti-tumor effect of ASP.

We further investigated the mechanism of how ASP
promotes apoptosis using western blotting of HCT116 and
LOVO cells. As shown in Figure 9, ASP downregulated the
levels of p-PI3K, p-AKT, and p-mTOR (100 and 200 pg/ml p <
0.05) proteins in HCT116 and LOVO cells compared with
those in the controls. In conclusion, these data support the
hypothesis that ASP induces apoptosis in CRC cells by
regulating the PI3K/AKT/mTOR pathway.

3.6 ASP Inhibited the Growth of HCT116 Cell

Xenografts in Nude Mice

The HCT116 cell xenograft tumor model was used to study
the antitumor effects of ASP. The results showed that ASP
significantly inhibited tumor growth compared to the NS
control group (Figures 10A,B). In addition, the rate of weight
loss of mice in the ASP-treated group slowed down with
increasing drug concentration in the middle and late stages
compared with that in the NS group (Figure 10C).At the
same time, the rate of tumor volume increase slowed down in
the ASP group, although not significantly (Figure 10D).
Meanwhile, western blotting analysis of tumor tissues was
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performed (Figure 10E). Compared with the control group,
the levels of p-PI3K, p-AKT, and p-mTOR in mice treated
with ASP decreased. Levels of apoptosis markers, including
P53 and Bax, were increased and those of Bcl-2 decreased in
tumor cells. The levels of cycle-related proteins was
consistent with the results of in vitro studies. These data
suggested that ASP inhibits tumor growth, induces cell cycle
arrest and apoptosis in HCT116 cells, and inhibits the PI3K/
AKT/mTOR signaling pathway in vivo.

4 DISCUSSION

Chinese medicine is a great repository of knowledge related to
disease prevention and treatment; however, because of the
complexity and diversity of chemical components in Chinese
medicine, it is difficult to explore the active ingredients and the
corresponding mechanism of efficacy after entering the human
body, which is the main challenge to research on Chinese
medicine. In recent years, network pharmacology technology
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FIGURE 10 | ASP inhibits CRC tumor growth in vivo.(A,B) Subcutaneous xenograft tumor profiles after 2 weeks (n = 5). (C) Changes in body weight of mice during
ASP treatment (n = 5). (D) Changes in tumor volume in mice during ASP treatment (n = 5).(E) Protein levels of Cyclin D1, P21, C-Myc, TP53, Bcl-2, Bax, PI3K, p-PI3K,
AKT, p-Akt, mTOR, and p-mTOR in tumor tissues (n = 3). Values are displayed as the mean + SD, *p < 0.05 and **p < 0.01 vs. the control.

has been rapidly developed. Its theoretical ideas are similar to the
multi-component, multi-target, and multi-pathway action
characteristics of TCM, providing new ideas for studying
complex TCM systems (Li, 2016).

The anticancer activity of polysaccharide, saponin, and
flavonoid extracts from ASP has been reported in various
cancers, such as lung and bladder cancer (Bilusi¢ et al., 2019),

liver cancer (Cheng et al., 2021), and ovarian cancer (Xu et al.,
2021). Some studies have found that asparagus saponin extracts
have significant cytotoxic effects on colorectal cancer cells
(Jaramillo-Carmona et al, 2018), and the results of
Bousserouel (Bousserouel et al,, 2013) and others have shown
in more detail that methanolic extracts of ASP can induce
apoptosis by activating the TRAIL death receptor pathway in
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SW480 and SW620 human colon adenocarcinoma cells.
However, the anticancer effects and mechanisms of ASP on
colorectal cancer have not been determined systematically.
Therefore, we used a network pharmacology approach to
construct a relational network of asparagus active ingredients
targeting disease pathways. By analyzing the importance of each
node in the topological network, we initially screened the key
active ingredients of asparagus against colorectal cancer,
including  quercetin,  P-sitosterol, and  7-methoxy-2-
methylisoflavone. Quercetin has been shown to inhibit a
variety of cancers, such as nasopharyngeal, colorectal, and
breast cancers, by affecting different cancer pathways
(Almatroodi et al., 2021). B-sitosterol is known to have a wide
range of antitumor effects, and Wang et al. (Wang Z. et al., 2020)
found that p-sitosterol can mediate the p53/NF-kB/BCRP
signaling axis to modulate the response of CRC to
chemotherapy. Jiang et al. (2016) showed a negative
correlation between isoflavone intake and colorectal cancer
risk in a case-control study. All these studies and our
experimental studies support the theory of “different treatment
for the same disease” and “different treatment for different
diseases” in TCM and demonstrate the good practice of the
network pharmacology approach in identifying the mechanism
of action of TCM.

We identified 157 potential drug targets, and through PPI
network analysis, we identified the core targets among them as
TP53, FOS, AKTI1, STAT1, MAPK1, MAPK14, IL6, RELA,
EGFR, and ESRI1. In addition, analysis at the Metascape
database (Zhou et al., 2019) showed that multiple signaling
pathways are closely related to ASP treatment of CRC, with
the highest correlation being “Pathways in cancer,” and combined
with the core targets, we speculated that ASP might act
therapeutically through the PI3K/AKT/mTOR  signaling
pathway.

The results of previous studies confirmed that a saponin
extract and methanol extract of asparagus have some toxic
effects on CRC cells (Bousserouel et al, 2013; Jaramillo-
Carmona et al, 2018). Similarly, the results of the present
study showed that an aqueous extract of asparagus
significantly decreased the proliferation of HCT116 and LOVO
human colorectal cancer cells. The same results were observed in
xenograft tumor models. The tumor growth rate was reduced in
the ASP-treated group compared with that in the NS group. A
previous study showed that methanolic extract of asparagus
increased the percentage of G2/M phase and apoptosis in
MCEF-7 cells (Mfengwana et al, 2019). In comparison, our
results showed that ASP induced cell cycle arrest in the G0/G1
phase of CRC cells and similarly, promoted apoptosis in HCT116
and LOVO cells.

Phosphorylation of PI3K activates phosphorylation of AKT
and mTOR, which play key roles in regulating cell proliferation,
growth, angiogenesis, migration, and nutrient metabolism
(Manning and Toker, 2017). Previous studies have shown
that numerous natural substances have the ability to inhibit
the PI3K/AKT/mTOR signaling pathway in a variety of cancer
cells, which is considered to be an key effective strategy for
cancer inhibition (Narayanankutty, 2019) and has become a
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popular target for new cancer drugs (Janku et al., 2018). We
detected the phosphorylation level of PI3K/AKT/mTOR
pathway members using western blotting and found that ASP
inhibited phosphorylation of related proteins in a dose-
dependent manner.

Activation of the PI3K/AKT pathway increases the
expression of mTOR, which enters the nucleus and initiates
the expression of CyclinD1, facilitating the rapid entry of cells
into mitosis (Xie et al., 2021). C-Myc stimulates cell cycle
progression by regulating many genes related to cell cycle
control (Elbadawy et al., 2019; Garcia-Gutiérrez et al., 2019).
Claassen et al. (Claassen and Hann, 2000) found that
upregulation of p21“™' correlated with the downregulation
of c-Myc levels after transforming growth factor B treatment
in HaCaT cells. In the present study, the analysis of the above-
mentioned cell cycle proteins revealed that different
concentrations of ASP extracts decreased the levels of
CyclinD1 and c-Myc proteins and increased the levels of p21
in cells in a concentration-dependent manner. This result
indicates that ASP negatively regulates cell cycle proteins in
CRC cells.

The role of p53 proteins in apoptosis, senescence, and DNA
damage repair is well understood (Lacroix et al., 2020). Bcl-2
family proteins are involved in apoptosis through various
mechanisms, and elevated Bax expression is usually associated
with apoptosis, while decreased Bcl-2 expression levels indicate a
reduced ability to inhibit apoptosis (Ramesh and Medema, 2020),
which is closely related to the PI3K pathway (Wang Y. et al,
2020). Cheng et al. (2020) found that naringin effectively
promoted Bax expression and inhibited Bcl-2 expression in a
concentration-dependent manner. Similarly, our results showed
that the pro-apoptotic regulators TP53 and Bax were upregulated
and the anti-apoptotic regulator Bcl-2 was downregulated by
ASP. The expression of these regulators confirms the pro-
apoptotic effect of ASP on CRC. Flow-cytometry apoptosis
analysis and cellular TUNEL assays also showed that ASP
induced apoptosis in HCT116 and LOVO cells. In addition, it
has been suggested that mTOR pathway inhibition might
abrogate tumor cell invasion and migration (Duan et al,
2018). The results of our scratch healing and Transwell
invasion assays showed that ASP inhibited the migration and
invasion of CRC cells.

Based on these results, we found that ASP inhibited cell
proliferation, migration and invasion, promoted cell G0/G1
phase block and apoptosis, and inhibited the PI3K/Akt/mTOR
pathway to achieve therapeutic effects on colorectal cancer.
Although we demonstrated the anticancer effect of ASP and
its mechanism, further study is required to determine the
mechanism of the antimetastatic effect of ASP on CRC and
further in vivo experiments are needed to better validate the
predicted results of network pharmacology.

5 CONCLUSION

In conclusion, the pharmacological mechanism of ASP’s effect on
CRC was explored through a combination of network
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pharmacological analysis and in vivo and in vitro experimental
validation. We demonstrated that ASP inhibited the proliferation
of HCT116 and LOVO cells through PI3K/AKT/mTOR-
mediated pathway and induced cell cycle arrest and apoptosis.
In addition, ASP reduced the migration and invasion of CRC
cells. This study provides a theoretical and experimental basis for
the use of traditional Chinese medicines as antitumor agents.
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The cell membrane system comprises the plasma membrane, endoplasmic reticulum,
Golgi apparatus, lysosome, mitochondria, and nuclear membrane, which are essential for
maintaining normal physiological functions of cells. The proteins associated with these
membrane-organelles are frequently modified to regulate their functions, the most
common of which is ubiquitin modification. So far, many ubiquitin E3 ligases anchored
in the membrane system have been identified as critical players facilitating intracellular
biofunctions whose dysfunction is highly related to cancer. In this review, we summarized
membrane-associated E3 ligases and revealed their relationship with cancer, which is of
great significance for discovering novel drug targets of cancer and may open up new
avenues for inducing ubiquitination-mediated degradation of cancer-associated
membrane proteins via small chemicals such as PROTAC and molecular glue.

Keywords: cell membrane system, cancer, E3 ligases, drug targets, PROTAC (proteolysis-targeting chimeric
molecule)

INTRODUCTION

The cell membrane system comprises the plasma membrane, endoplasmic reticulum (ER), Golgi
apparatus, mitochondria, and nuclear membrane, which is essential for maintaining cell morphology
and functions. By way of illustration, plasma membrane control the substances’ entrance and exit of
cells and protect the integrity of cells and maintain the shape of cells. Other membrane structures
provide for the manufacture and packaging of substances within cells. Similarly, other subcellular
membranes surround organelles resembling the cell membrane but with different protein and
phospholipids compositions. Membrane-bound organelles provide many benefits to eukaryotic cells.
Firstly, the membrane system divides the cell into multiple compartments, enabling enzymes to be
concentrated in specific compartments, thereby improving the efficiency of biochemical reactions
therein. Secondly, Membrane structures can protect the rest of the cell from damage by confining
harmful substances to specific compartments. Thirdly, membrane-composed organelles usually rely
on vesicles to transport substances and proteins (Dacks and Field, 2018). Remarkably, different
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membranes are well suited for their functions, primarily thanks to
their various molecular composition, especially some anchor
proteins. However, the dysfunction of these anchor proteins is
closely associated to some human diseases like cancer (Martin
and List, 2019), etc.

Ubiquitylation regulates protein breakdown and signaling
cascades, and hence plays a crucial role in cellular physiology.
Three kinds of enzymes are required for the ubiquitylation
process: El, E2, and E3. E3 ligases, in particular, endow
ubiquitination with selectivity by promoting ubiquitin transfer
from an E2 enzyme to the substrate (Zheng and Shabek, 2017). So
far, more than six hundred E3 ubiquitin ligases have been
identified in the human proteome, which can be classified into
three main types: Really Interesting New Gene (RING) E3s,
Homologous to the E6-AP Carboxyl Terminus (HECT) E3s,
and RING-between-RING (RBR) E3s. RING E3s are the most
abundant ubiquitin ligases. They especially contain RING
domains that can bind with an E2-ubiquitin thioester and
promote ubiquitin cargo release. RING E3s can also stimulate
the transfer of ubiquitin from E2s to the substrate directly
(Deshaies and Joazeiro, 2009). The HECT E3s, containing a
conserved enzymatic cysteine (Cys), accept ubiquitin from E2s
and then transfer it to the substrate by a specific Lys residue
(Rotin and Kumar, 2009). Another type of E3 ligases, RBR, play a
role in ubiquitination through a HECT-RING hybrid
mechanism. Ubiquitin is recruited to RBR via forming a
disulfide bond with the crucial cysteine residue on RING2 and
then transported to the substrate, forming an isopeptide bond
with it (Figure 1). Based on the ubiquitination degradation
process, E3 ubiquitin ligases have potential application value
in relative researches of some proteins’ structures, functions
and distribution. For instance, E3 ligases have been involved
in PROteolysis-TArgeting Chimeras (PROTACs) related
research to target substrate proteins for degradation. In

addition, some E3 ligases were reported as novel biomarkers
for some diseases like COVID-19 (Novelli et al, 2021).
Furthermore, some preceding works of our group revealed
that E3 ligases may participate in regulating carcinogenesis
including WD repeat and SOCS box containing 1(WSB1) and
Murine double minute-2 (MDM2) (Cao et al., 2015; Ying et al.,
2016). These researches inspire us to shine a spotlight on the
relationship between E3 ligases and cancer.

According to the statistics, E3 ligases distribute in a great many
organs, cells and subcellular compartments. Compared with
other subcellular localized E3 ligases, membrane-associated E3
ligases are much more crucial for the membrane-organelles,
which play vital roles in maintaining their morphology and
functions. For instance, mainly distributed in the
mitochondrion and endoplasmic reticulum, the membrane-
associated RING-CH-type finger (MARCH) proteins of E3
ubiquitin ligases positively regulate mitochondrial fission (Xu
et al,, 2016) and play a crucial role in controlling mitochondrial
mass. It can degrade itself in dysfunctional mutants to maintain
mitochondrial homeostasis and prevent cellular senescence
(Bauer et al., 2017). Another E3 ligase Synoviolin (SYVN1),
located in ER, stimulates the degradation of IREla through
interaction with p53 and maintains ER function by regulating
activation of the IRE1a/XBP1 pathway (Namba et al., 2015).
However, the membrane-associated E3 ligases remain poorly
summarized.

In this review, we summarized the 84 membrane-associated
E3 ligases from the following aspects: UniProt ID, gene name,
subcellular localization, E3 type and the number of
transmembrane segments (Table 1). Moreover, we also
described the relationship of some important E3 ligases
with carcinogenesis in detail, which is significant for
uncovering novel targets of cancer and may provide a new
perspective of understanding the ubiquitination process,
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especially providing inspiration for inducing membrane
protein degradation via ubiquitination and proteasome
pathway.

ER-LOCALIZED E3

The endoplasmic reticulum functions as the transportation
system of the eukaryotic cell and manufactures lipids and
proteins. What’s more, the studies presented thus far provide
evidence that endoplasmic reticulum stress is closely related to
cancer (Yadav et al,, 2014). Due to the critical role that E3 ligases
play in metabolism occurred in the endoplasmic reticulum, ER-
localized E3 ligases are essential for cancer development
(Figure 2).

TRIbM13

TRIM13 is a tumor suppressor gene whose deletion is common in
various malignant tumors. It is a tumor suppressor in non-small-
cell lung carcinoma (NSCLC) and its mRNA and protein
expression was reduced in NSCLC tissues and cell lines (Xu
et al,, 2019). It has been reported that it is mainly located in the
endoplasmic reticulum membrane, mediates the degradation of
endoplasmic reticulum-related proteins, and regulates autophagy
caused by endoplasmic stress (Tomar et al., 2012). So far, caspase-
8, MDM2, Akt, and Nur77 have all been identified as TRIM13
substrates. Furthermore, several studies have suggested that these
substrates are all related to tumor cell apoptosis and proliferation.

As for caspase-8, its ubiquitination is critical to proceed
downstream caspase cascade, which results in cell apoptosis.
TRIM13-induced caspase-8 ubiquitination may lead to its
transportation to autophagosomes. Autophagosomes anchor
caspase-8 and fusion with lysosomes, providing an
environment for cleavage and activation of caspase-8. When
the endoplasmic reticulum is stressed, the cell will amplify the

downstream caspase cascade and cause cell death (Tomar et al,,
2013).

Besides caspase-8, TRIM13 can also form complexes with
MDM2, which negatively regulates the tumor suppressor p53 and
AKT to provoke cell apoptosis. As a result of their interaction,
MDM2 and AKT are ubiquitinated and degraded by
proteasomes, thereby increasing the stability of p53, reducing
the AKT kinase activity, and inducing cell apoptosis consequently
(Joo et al., 2011).

This study suggests that TRIM13 can promote tumor cell
apoptosis, which indicates that TRIM13 may be deleted or
inactivated in some cancer tissues and cell lines. In 2019, the
hypothesis was confirmed by Xu et al. (2019) experimentally.
They found that compared with non-cancerous tissues and
normal bronchial epithelial cell lines, non-small cell lung
cancer tissues and cell lines have reduced TRIM13 mRNA and
protein expression. And it is also been found that TRIM13 partly
induces the apoptosis of NSCLC cells under the mediation of
caspase-3 and exerts an antitumor effect.

TRIM13 can not only promote tumor cell apoptosis but also
regulate cell proliferation. In 2014, Tomar and Singh (2014)
investigated the influence of TRIM13 on cell growth and
proliferation. According to their research, NEMO, a substrate
of TRIM13, plays a notable role in the NF-kB signaling pathway,
which regulates the expression of several inflammatory cytokines
and is associated with cancer. TRIMI13 initially interacts with
NEMO to induce its ubiquitination and degradation, which may
suppress the activity of the IKK complex and thus hinder NF-kB
signaling. Ultimately, TRIM13 inhibits the proliferation of
cancer cells.

Gp78

Gp78, commonly known as autocrine motility factor receptor
(AMFR), was initially found in the B16-F1 melanoma cell line
(Nabi and Raz, 1987) and has been discovered to be an AMFR
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TABLE 1 | 84 membrane-associated E3 ligases.

Uniprot ID

QINZS9
Q9UKV5
Q5T197
Q9Y4D8
Q96J02
Q8TDB6
ABNNE9
Q86UD3
QIP2E8
QONX47
Q8TCQ1
Q86YJ5
Q9PON8
Q5T0OTO
Q86YT6
Q7L5Y9
060337
Q00987
Q969V5
Q8WY6B4
P46934
076050
QBZNB6
060683
000623
043164
Q8WZ73
000237
Q9H920
060260
Q9HOV4
QOULX5
Q96EQ8
P29590
Q8wWvz7
Q8WU17
Q86XS8
P50876
Q7Z419
Q8WVD5
Q8N8NO
Q8TEB7
QIHBY7
Q8NC42
Q96MT1
Q8N7C7
Q9ULK6
Q96K19
Q8N4F7
Qo6D59
QINXI6
Q8N6BD2
Qayeu7
QINV58
Q62ZMZ0
ABNCQ9
E7ERAG
Q96GF1
MOQZC1
Q9BY78
QOBIK3
Q9Y225
Q8TC41
Q5M720

Name

BFAR
AMFR
DCSTH
HECTD4
ITCH
DTX3L
MARCHF11
MARCHF3
MARCHF4
MARCHF5
MARCHF1
MARCHF9
MARCHF2
MARCHF8
MIB1
MAEA
MARCHF6
MDM2
MUL1
MYLIP
NEDD4
NEURL1
NFXL1
PEX10
PEX12
PJA2
RFFL
RNF103
RNF121
PRKN
RNF122
RNF112
RNF125
PML
RNF133
RNF139
RNF130
RNF144A
RNF144B
RNF141
RNF152
RNF128
RNF167
RNF149
RNF145
RNF148
RNF150
RNF170
RNF175
RNF183
RNF186
RNF182
RNF215
RNF19A
RNF19B
RNF222
RNF223
RNF185
RNF225
RNF26
RNF34
RNF24
RNF217
RNFT1

Subcellular location

ERM

ERM

PM

Membrane

PM, cytoplasm, nucleus, EM
Cytoplasm, nucleus, EM, LM
VM

VM, EM

GAM

MM, ERM

GAM, LM, VM, EM, PM
GAM, LM

ERM, LM, EM

VM, LM, EM

Cytoplasm, SK, CK, PM
Cytoplasm, nucleus, PM, SK
ERM

Cytoplasm, nucleus

MM

Cytoplasm, PM

Cytoplasm, PM

Cytoplasm, PM

Membrane

Peroxisome membrane
Peroxisome membrane
Cytoplasm, PM, ERM, GAM
EM

ERM

Membrane

Cytoplasm, nucleus, ERM, MM, PM
GAM, ERM

Cytoplasm, nucleus, VM, PM
GAM

Cytoplasm, nucleus, ERM
ERM

ERM

Membrane, cytoplasm

PM, VM

MM, cytoplasm

Membrane

LM

M, cytoplasm, SK, perinuclear region
M

Membrane

ERM

Membrane

Membrane

ERM

Membrane

ERM, GAM, LM

ERM

Membrane, cytoplasm
Membrane

Membrane, cytoplasm, SK
Cytoplasmic granule membrane, ERM
Membrane

Membrane

MM, ERM

Membrane

ERM

PM, nucleus, cytoplasm, cytosol
GAM

Membrane, cytoplasm

ERM
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Type

RING
RING
RING
HECTc
HECTc
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
HECTc
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
RING
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TABLE 1 | (Continued) 84 membrane-associated E3 ligases.

Uniprot ID Name Subcellular location Type Transmembrane regions
Q9BEX2 RNFT2 Membrane RING 4
QOHCE? SMURF1 Cytoplasm, PM HECTc NA
AOCAVI4 TMEM129 ERM RING 3
Q9HAU4 SMURF2 Nucleus, cytoplasm, PM, membrane raft HECTc NA
060858 TRIM13 ERM RING 1
P36406 TRIM23 Cytoplasm, GAM, LM RING NA
Q86TM6 SYVN1 ERM RING 6
Q8IWR1 TRIM59 ERM RING 1
Q6zZMU5 TRIM72 PM, sarcolemma, VM RING NA
Q62712 UBR3 Membrane UBR 3
Q5T4S7 UBR4 Membrane UBR 2
Q9H270 VPS11 EM, LM, VM, autophagosome RING NA
P49754 VPS41 EM, LM, GAM, VM, clathrin-coated vesicle RING NA
Q6PJI9 WDR59 LM RING NA
095159 ZFPLA GAM RING 1
Q9HOMO WWP1 Cytoplasm, PM, nucleus HECTc NA
Q8ND25 ZNRF1 VM RING NA
QOULTB ZNRF3 PM RING 1
QB8NHG8 ZNRF2 EM, LM, PM RING NA
Q8WWF5 ZNRF4 ERM RING 1
Q9P253 VPS18 EM, LM, VM, autophagosome RING NA

ERM, endoplasmic reticulum membrane; GAM, golgi apparatus membrane; PM, plasma membrane; VM, vesicle membrane; EM, endosome membrane; LM, lysosome membrane; MM,
mitochondrion membrane; SK, cytoskeleton and microtubule.
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FIGURE 2 | The role of some typical ER-localized E3 ligases in cancer. Gp78, TRIM13, and PARK2 are ER-localized E3 ligases. They regulate carcinogenesis
through many distinct pathways, involving cell proliferation, cell apoptosis, tumor angiogenesis, cell cycle disruption, cell metastasis and mitochondrial function.
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essential for tumor metastasis and migration (Watanabe et al.,
1991). The ligand for gp78 is AMF (Nabi et al, 1990), an
extracellular tumor cytokine. In response to AMF stimulation,
gp78 is activated and then changes cell adhesion, proliferation,
movement, and apoptosis activities by activating the downstream
signaling pathway. Specifically, the activation of gp78 triggers a
protein kinase C-dependent signal cascade and then activates and
upregulates RhoA and Racl (Kanbe et al., 1994; Tsutsumi et al.,
2002), which induce the reorganization of the lesion contact and
the formation of stress fibers, resulting in enhanced cell motility
and proliferation. The activated gp78 also upregulates the
transcription factor SNAIL, leading to loss of cell adhesion
(Silletti et al., 1996; Tsutsumi et al., 2004), and phosphorylates
MEKI and MEK?2 to activate the MAPK pathway and increases
cell proliferation (Torimura et al., 2001). Besides, the expression
level of Apaf-1 and caspase-9 is reduced when gp78 is activated,
which may inhibit tumor cell apoptosis (Haga et al., 2003).

Other than the function mentioned above of gp78 as a
receptor, it can ubiquitinate and degrade some proteins as an
E3 ligase, which is associated with its locations. Gp78 is
internalized through the endocytosis pathway and directly
enters the smooth ER when combined with AMEF. Therefore,
gp78 is located on the plasma membrane, smooth ER closely
connected with mitochondria, and a small amount of rough ER.
In ER, gp78 is crucial in proteasomal degradation of ERAD-
targeted proteins, and some substrates identified so far contain
cholesterol homeostases, such as apolipoprotein B (Liang et al.,
2003), HMG coenzyme A reductase (Song et al., 2005) and Insig-
1 (Lee et al., 2006). Other gp78 substrates like KAIl, a metastasis
inhibitor, are closely correlated with sarcoma metastasis (Tsai
et al., 2007).

PARK2
PARK?2 is a tumor suppressor gene that plays an essential part in
cancer progression. It is related to microtubule stability, cell cycle
disruption, mitochondrial homeostasis, cell apoptosis, and
metabolism that regulates cell state (Manzanillo et al, 2013).
Current studies have confirmed loss of function of PARK2 in
various human cancers, including breast (Rodriguez et al., 2000),
ovarian (Saito et al, 1996) lung (Kong et al,, 2000), and renal
cancers (Morita et al,, 1991), implying that its inactivation may
promote tumor transformation and progression. What’s more,
PARK2 protein is negatively regulated in many primary tumors,
which may contribute to cancer development. For instance, Parkin
deficiency may promote pancreatic tumors through dysregulation
of microtubule-dependent mitotic kinesin Eg5 expression and
subsequent spindle behavior defects (Sun et al., 2013).
Microtubule stability is critical for cell proliferation, and
PARK2 may inhibit tumor migration by stabilizing
microtubules through an E3-independent way when paclitaxel
is administered as an anticancer drug. This effect is triggered by
the binding of three microtubule-binding domains of Parkin
(MAPKs), which are mitogen-activated protein kinases, to
microtubules. By binding to the external layer of microtubules,
Parkin enhances microtubule-paclitaxel interaction as well as the
activity of paclitaxel, thereby promoting microtubule stability and
assembly, which are two hallmarks of paclitaxel cytotoxicity.
Therefore, PARK2 levels may predict paclitaxel treatment
outcomes in breast cancer (Wang et al., 2009). In addition, the
following activation of protein kinases associated with
microtubules such as p38, ERK, and JNK is also blocked,
thereby  antagonizing the  effects of  microtubule
depolymerization drugs like colchicine (Ren et al., 2009).
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Carcinogenesis may be incited by cell cycle disruption induced
by Parkin dysfunction. A seminal study of PARK2 by Kyoko
Ikeuchi (2009) reports that Parkin help with the ubiquitination
and proteasome degradation of cyclin E in human colon cells
(Ikeuchi et al, 2009). Furthermore, Shiam-Peng (2010)
demonstrated that PARK2 contributes to cell cycle arrest and
growth inhibition by specifically upregulating CDK6 mRNA
levels in MCF7 breast cancer cells (Tay et al., 2010). Multiple
shreds of evidence suggest that PARK2 also modulates
centrosomes and mitotic spindles via interacting with y-
Tubulin (Chen et al,, 2012). Since centrosomes contribute to
mitotic spindles formation, their inactivation may contribute to
cell division dysregulation.

Mitochondrial function is usually impaired in cancer, and
PARK?2 is implicated in mitochondrial functional regulation and
turnover. PARK2 combines with mtDNA to enhance
mitochondrial transcription mediated by TFAM and restore the
expression of PGC-1a, thus promoting mitochondrial production
(Kuroda et al, 2006). In addition, it protects mitochondrial
genomes from reactive oxygen species-induced damage, and it is
also involved in mtDNA repair (Rothfuss et al., 2009). What’s more,
activated PARK2 acts as a catalyst for rapid ubiquitination of
various mitochondrial proteins, such as FISI, MFNI1/2,
TOMM70A, RHOT1/2, etc. (Chan et al, 2011; Narendra et al.,
2012; Sarraf et al., 2013), which then recruits adaptor proteins to
initiate  selective  autophagy.  Ultimately, =~ PARK2-reliant
mitochondrial autophagy maintains healthy —mitochondrial
populations by selectively degrading damaged mitochondria.
Therefore, PARK2 is vital for promoting mitochondrial function
and maintaining mitochondrial genome integrity and popularity.
As aresult, changes in PARK2 can be associated with tumorigenesis.

PARK2 also regulates the activity of several apoptosis-related
proteins of the Bcl-2 family, including Bax, Bcl-2, and Mcll (Chen
etal,, 2010; Johnson et al., 2012; Ekholm-Reed et al., 2013), promoting
apoptosis of tumor cells. In addition, PARK2 boosts cell apoptosis
produced by Microtubule stabilizers and HDAC inhibitors in liver
and breast tumor cells, according to studies (Wang et al., 2004; Wang
et al,, 2009). Furthermore, PARK2 makes HeLa cells susceptible to
apoptosis induced by TNF-a (Lee et al., 2012).

PARK2 may influence cancer cell metabolism to some extent.
For example, PARK2 is the target gene of p53, which regulates
energy metabolism. PARK2 deficiency enhances glycolysis while
decreasing mitochondrial respiration, leading to the Warburg
effect (Zhang et al., 2011). Moreover, in gliomas, the EGFR-Akt
pathway is negatively regulated by PARK2, and PARK2
overexpression can inhibit signal transduction through Akt/
mTOR. And the loss of parkin function will enhance the
expression of cyclin D1 and Akt-related growth promotion
signals and, at the same time, promote the proliferation of
glioma cells. Besides, in gliomas PARK2 downregulates
VEGFR2, a high-affinity tyrosine kinase receptor involved in
tumor angiogenesis. Therefore, it may have the effect of inhibiting
tumor angiogenesis (Yeo et al., 2012).

SYVN1

SYVNI inhibits breast cancer growth and metastasis through the
miR-96-5p/SYVNI axis (Gao et al., 2018). It interacts with IGF-1R

Membrane-Associated E3 Ligases Regulate Carcinogenesis

and promotes its ubiquitination and degradation through the
proteasome. This, in turn, leads to inhibition of the growth,
migration and invasion of breast cancer cells (Xu et al, 2015).
Tumor metastasis is closely associated with the poor prognosis of
hepatocellular carcinoma (HCC). Some studies have found that E3
ubiquitin has been analyzed by proteomics and ubiquitinomics of
HCC. Furthermore, there is a correlation between SYVNI and
tumor metastasis. Moreover, SYVNI interacts with heat shock
protein 90 and contributes to the ubiquitination of eukaryotic
elongation factor 2 kinase. (Ji et al., 2021).

Tumor cell metabolic abnormalities may cause ER lesion and
unfolded protein response (UPR), which maintains ER
homeostasis by inducing degradation of unfolded proteins.
Typically, proteins not properly folded are perceived by adaptor
proteins such as chaperones, ubiquitinated by E3 ubiquitin ligases
and degraded by proteasomes. However, ER stress would induce
cell apoptosis to exclude them from normal cells. Therefore, ER
function is critical for the survival of cancer cells.

PLASMA MEMBRANE-LOCALIZED E3

Plasma membrane not only regulates the flow of substances into
and out of cells but also protects the integrity of cells and keeps
their form. Multitudes of researches have proved that frequent
mutations of plasma membrane-associated E3 ligases are engaged
in carcinogenesis (Figure 3).

ZNRF3

Zinc and ring finger 3 (ZNRF3) is located in the plasma
membrane, which is usually correlated to cancer development.
In 2014, Assié et al. (2014) reported frequent mutations of ZNRF3
in adrenocortical carcinoma (ACC). Compared to normal
surrounding tissues, the ZnRF3 level in gastric tumor tissues
has been lower (Zhou et al., 2013), and ZnRF3 mutations are
prevalent in pancreatic cancer (Wolpin et al., 2014). Numerous
literature has investigated how ZNRF3 regulates the Wnt/p-
Catenin signal, which is correlated with cancer (Clevers and
Nusse, 2012) because Wnt helps the stabilization and nuclear
localization of B-Catenin, which contributes to the formation of
TCF/B-Catenin complex and recreation of other co-activators to
promote gene activation like c-MYC and cyclin D1 (Ma et al,,
2012).

Ubiquitination-mediated Wnt receptor turnover has become a
key regulating factor of the Wnt pathway because it affects the
sensibility of cells to Wnt ligands. And ZNRF3 precisely regulates
Wnt pathway activity by promoting the degradation of Wnt
receptors. ZNRF3 inhibits Wnt/PCP and Wnt/p-Catenin
signaling pathway by promoting the ubiquitination and
degradation of Wnt protein core receptor FZD (Jiang et al,
2015) and Wnt protein co-receptor LRP6 (Hao et al, 2012;
Koo et al, 2012). Therefore, ZNRF3 negatively regulates the
Wnt pathway and may inhibit cancer cell growth.

It has also been found that ZNRF3 hinders the growth of
cancer cells and promotes cell apoptosis by regulating the Wnt/p-
Catenin/TCF signaling pathway (Zhou et al., 2013) for the reason
that Wnt-1 inhibits apoptosis by blocking mitochondrial
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cytochrome C release, thereby inhibiting the activity of caspase-9
(Li et al., 2006; Brocardo and Henderson, 2008). And other
studies have shown that Wnt signaling inhibits cancer cell
apoptosis by impelling NF-kB. Activated (-Catenin may
decrease the expression level of FAS, targeted by NF-«B,
whence possibly suppressing Fas-mediated apoptosis, leading
to tumorigenesis (Ma and Hottiger, 2016).

Furthermore, ZNRF3 may also restrain the migration and
invasiveness of some cancer cells like papillary thyroid carcinoma
cells by this pathway (Deng et al., 2015). Previous research has
established that epithelial-mesenchymal transition (EMT) is a
critical step in the migration of cancer cells from the original
cancer lesions to nearby organs (Christofori, 2006). The Wnt/f-
Catenin pathway is one mechanism for cells to undergo EMT
(Thiery et al., 2009). Consequently, ZNRF3 peradventure inhibits
cancer cell invasion.

RFFL (CARP-2)

The ring finger and FYVE-like (RFFL) domain-containing E3
ligase is a member of caspase 8/10-associated RING proteins
(CARPs), so it is also named CARP-2. Studies have found that
RFFL inhibits p53, which is an effective tumor suppressor that
tends to be mutated in tumor cells (Bode and Dong, 2004; Olivier
et al,, 2004) and promotes the growth of cancer cells. RFFL has
been reported to have strong functions in colorectal cancer cells
(Dong et al., 2013). In contrast, CARP’s silencing upregulates p53
expression and facilitates transcriptional activation and tumor
suppression. CARPs negatively regulate p53 through
ubiquitination and proteasome degradation of p53 and inhibit
transactivation and cell cycle arrest. CARPs can target not only
non-phosphorylated p53 but also phospho-p53°**° and possibly

phospho-p53°™° 7*, both of which are accumulated after DNA
damage and cannot be ubiquitinated by other p53 associated E3s
like MDM2. Consequently, CARPs are critical to regulating
cancer cell growth through the p53 pathway.

Apart from promoting cancer cell proliferation, CARPs also
inhibit cancer cell apoptosis. It helps the ubiquitin-mediated
proteolysis of death effector domain (DED) caspase, which
induces the damage of cell target during apoptosis and is
challenging to be inhibited by regular inhibitors of apoptosis
proteins (IAP). It has been found that CARPs interact
specifically with caspase-8 and caspase-10 (McDonald and
El-Deiry, 2004) and induce their ubiquitination and
degradation via the proteasome pathway, thereby impeding
cancer cell apoptosis.

And RFFL plays a pivotal part in cell migration. RFFL induces
ubiquitination and degradation of PRR5L, which leads to
mTORC2-mediated phosphorylation and activation of PKC
HM. Continuous activation of PKC is indispensable for
maintaining tumor cell migration. Therefore, RFFL may be a
potential target to promote tumor migration and metastasis (Gan
etal, 2013). Hence, the regulation of RFFL is essential for tumors.
Studies have reported that miR-133a can straight bind to RFFL
mRNA and inhibit its translation, thereby reducing the level of
RFFL protein, enhancing cell apoptosis and inhibiting cell
proliferation (Dong et al., 2013).

RNF34 (CARP-1)

Belonging to the CARP family, RNF34 induces the ubiquitination
and degradation of death effector domain (DED) caspase to
suppress cancer cell apoptosis (McDonald and El-Deiry, 2004).
And RNF34 can also inhibit cancer cell apoptosis by regulating
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the NOD1 pathway. NODI1 can not only induce cell apoptosis but
also control cell proliferation, and NOD1 activation can lead to
caspase-8 and caspase-9-induced apoptosis (da Silva Correia
et al., 2007). Recently there have been reports of missing
NODI1 and breast tumor growth (da Silva Correia et al., 2006).
RNF34 mainly affects the NOD1 pathway negatively. It interacts
directly with NOD1 to induce its ubiquitination and subsequent
degradation, therefore reducing the expression level of NODI in
the cell. As a result, RNF34 hinders NOD1-mediated apoptosis.
And it inhibits the activation of NOD1-dependent nuclear factor-
kB (NF-yB) along with mitogen-activated protein kinase
(MAPK), which results in cytokine, chemokine, antimicrobial
peptide production and apoptosis when activated (da Silva
Correia et al., 2007; Hasegawa et al., 2008; Park et al., 2007).
Therefore, it may inhibit the cellular immune response,
inflammatory response and apoptosis in this way.

In addition, RNF34 also stimulates the degradation of p53 and
then hinders transactivation, and cell cycle arrests like other
CARP members, such as RFFL mentioned above (Yang et al,
2007), which means it also regulates cancer cell cycles and may
accelerate cell growth and proliferation.

NEURL1

Neuralized-like protein 1 (NEURL1) is a conserved E3 ligase
investigated as a candidate tumor suppressor. The subcellular
localization of NEURL1 has not been definitively determined,
while some studies demonstrated that overexpressed NEURLI is
localized in the plasma membrane in an N-myristylation-
dependent manner (Koutelou et al, 2008). According to
studies, NEURL1 is significantly down-regulated in
medulloblastoma cells through histone modification and
exhibits various tumor suppressor properties, including
promotion of cell apoptosis and suppression of tumor growth,
angiogenesis, and invasion (Koutelou et al., 2008). These effects
are mainly produced through the regulation of the Notch
signaling cascade.

NEURL1 can function as an E3 ubiquitin ligase to
monoubiquitinate the extracellular domain of a membrane-
tethered protein Jaggedl and trigger the endocytosis and
degradation of Jaggedl (Koutelou et al, 2008). Decreased
Jaggedl level weakens signaling between Jaggedl and its
receptor, Notchl, on the surfaces of neighboring cells. This
results in less cleavage and detaching of Notch intracellular
region (icN1) from the membrane and binding with CSL
transcription factor in the nucleus (Sjolund et al, 2005).
Consequently, inhibition of the Notchl signaling pathway
downregulates the transcriptional initiation of a variety of cell
cycle-related proteins, including HES1 and HEY1 (Teider et al.,
2010), suppressing the growth and division of tumor cells.

Other upstream proteins may regulate this effect of
NEURL1. Fe65 facilitates the recruitment of NEURLI to
form a stable ternary complex with Jaggedl and is
considered a factor negatively regulating the Jagged1/Notchl
pathway (Lee et al., 2015). Neuritin interacted with NEURLL1
and down-regulates NEURL1 expression. Therefore, it is
considered a positive regulator of the Jaggedl/Notchl
pathway (Zhang et al., 2017).

Membrane-Associated E3 Ligases Regulate Carcinogenesis

Cbl

Cbl proteins mainly exist on the cell membrane surface and play a
significant role in tumorigenesis and antitumor immunity
(Liyasova et al, 2015). And it is been reported that Cbl
expression correlates with human colorectal cancer
(Kumaradevan et al., 2018) and it may inhibit lung cancer and
glioblastoma cells’ migration (Lee et al., 2018). First, its activity as
an E3 ligase negatively regulates signalings by activated RTKs:
this family of proteins attenuates receptor tyrosine kinases by
ubiquitinating RTKs, targeting them to lysosomes for
degradation (RTK)-related signaling (Ma et al, 2013).
Nevertheless, Cbl's E3 function is lost due to cancer
mutations. Furthermore, Cbl-mediated ubiquitination can alter
the cellular localization of the protein to modulate its function. In
addition, Cbl also act as adaptors to active RTKs by recruiting
signaling molecules. For example, it has been shown that Cbl act
as adaptors to recruit PI3K to activate RTKs, which subsequently
activate the PI3K/AKT pathway (Dombrosky-Ferlan and Corey,
1997; Ueno et al., 1998).

Cbl-b negatively regulates the antitumor function of T cells
and natural killer (NK) cells through its E3 ligase activity.
Therefore, deletion of Cbl-b will potentiate the NK cell
activity. For example, Cbl-b deficient NK cells can suppress
oncogene-driven breast cancer. The tyrosine kinase receptor
TAM family is the molecular substrate of Cbl-b, including
Tyro3, Axl, and Mer. And TAM receptors also negatively
regulate NK cells. Therefore, the Cbl-b/TAM receptors inhibit
NK cell activation (Paolino et al., 2014), and the consequences of
Cbl protein deficiency can lead to malignant tumors or immune
dysfunction.

GOLGI LOCALIZED ES3 LIGASES

The Golgi apparatus is of particular importance for secretory
proteins. Its significant function of regulating metabolism mainly
dependents on membrane fluidity and abundant important
anchored proteins. And Golgi localized E3 ligases are closely
related to tumor hypoxia responses and cell apoptosis, such as
KLHL20 (Figure 4).

KLHL20, a Cullin3 (Cul3) substrate adaptor, belongs to
Broad-Complex, Tramtrack, and Bric-a-brac (BTB) family
(Pintard et al., 2004). Only if it forms an E3 ligase complex
with Cul3 and Rocl can it induce the ubiquitination of its
substrates like PML and DAPK. It promotes tumor growth,
migration, angiogenesis and metabolic reprogramming as well
as inhibits the processes of autophagy and apoptosis of cancer
cells by promoting substrate ubiquitination and degradation, thus
promoting prostate cancer progression (Yuan et al., 2011).

KLHL20 mediates hypoxia-induced PML ubiquitination and
proteasome-induced degradation. CDK1/2 and Pinl are also
implicated in the regulation of this pathway. CDK1 and CDK2
promote KLHL20-mediated degranulation of PML, and Pinl-
mediated proline isomerization promotes the recruitment of
PML to KLHL20. Because PML negatively regulates hypoxia-
inducible 1o (HIF-1a) protein synthesis by inhibiting mTOR
activity (Bernardi et al., 2006). Therefore, degradation of PML
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would increase HIF-1a content, thereby promoting a variety of
HIF-la-regulated metabolic reprogramming, migration, tumor
growth and angiogenesis, etc. (Brahimi-Horn et al., 2007; Finger
and Giaccia, 2010; Semenza, 2010).

Studies have shown that KLHL20 also enhances DAPK
ubiquitination and proteasome degradation to inhibit cell
apoptosis. Death-associated protein kinase (DAPK) is a tumor
suppressor. Moreover, interferon (IFN) can suppress tumor cell
proliferation and trigger apoptosis, and it has been used in cancer
therapy. Because DAPK is a pivotal factor of IFN-induced
autophagy (Inbal et al, 2002), KLHL20 impairs its
proapoptotic function. It was also found that IFN could
reduce the efficiency of KLHL20-DAPK complex formation by
sequestering KLHL20, thus reducing DAPK ubiquitination by
KLHL20 and stabilizing DAPK protein content; as a result, aiding
IFN-induced autophagy (Inbal et al., 2002).

MITOCHONDRIA LOCALIZED E3

PIR2/RNF144B is a potential targeted biomarker in endometrial
cancer to promote proliferation and is mainly localized on the
mitochondrion membrane. Experiments in human osteosarcoma
cells Saos-2 revealed that the expression of apoptin issues in the
activation of proapoptotic TAp73, ending in the upregulation of
PUMA and cell death. Thus, PIR2 degrades anti-apoptotic
ANp73 to increase TAp73 stability to induce apoptosis. In
brief, it induces ubiquitination of ANp73 for degradation and
activates the TAp73-mediated apoptosis pathway. And it was
previously shown to regulate the stability of p2IWAF1 or p63,
which mediate cell growth arrest and epithelial homeostasis
(Conforti et al., 2013).

NUCLEAR MEMBRANE-LOCALIZED E3
ITCH

ITCH is localized on the cell and nuclear membranes. It plays a
fundamental role in different cellular contexts depending on its
different substrates. Its substrates are mainly divided into two
categories: transcription factors and cell growth factors, like
ErbB-4, a member of the EGFR/ERbB family. These substrates’
ubiquitination and proteasomal degradation affects cell growth,
differentiation and apoptosis, and is associated with tumors
malignant transformation and chemoresistance (Melino et al.,
2008). And it is been found that ITCH is a downstream target of
miR-10b which promoted melanoma progression by repressing
ITCH (Wang et al., 2019).

Smurfi and Smurf2

Smad ubiquitin regulatory factor 1 (Smurfl) and Smurf2 are E3
ligases that inhibit the TGF-p pathway through ubiquitination-
induced receptors for degrading smads and transforming growth
factor-f (TGF-f). Smurfl may promote ovarian cancer invasion
and epithelial-to-mesenchymal transition (EMT) (Fan et al,
2019) and Smurf2 may motivate colon cancer cell proliferation
(Yu et al., 2019). However, their substrates are different. Smurfl
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binds to Smadl and Smad5, while Smurf2 binds to Smadl,
Smad2, Smad3, Smad6, and Smad7. Smurf2 enhanced the
repressive  activity of Smad7 while decreasing the
transcriptional activity of Smad2. Smurf2 can bind to the
transcriptional co-repressor SnoN and degrade it through
Smad2 (Bonni et al., 2001). Therefore, Smurf2 may enhance
TGF-p signaling beneath certain circumstances. In addition,
due to differences in post-translational regulation, the
functions of smurf2 and smurfl also differ to some extent. At
the same time, Smurfl can regulate cell motility by promoting the
ubiquitination and degradation of RhoA (Wang et al, 2003),
which plays a certain role in the development of cancer. On
MDA-MB 231 cells, Smurf2 can ubiquitinate and subsequently
degrade Smurfl, but not vice versa. The knockdown of Smurf2
leads to an increase in the protein level of Smurfl, which
promotes cell migration in vitro and bone metastasis in vivo
(Fukunaga et al., 2008).

CONCLUSION AND PROSPECTS

In summary, membrane-associated E3 ligases are of great
significance to the therapeutic improvement of cancer. Lipid
alterations in membrane and other cancer syndromes in cancer
cells are closely related to E3 ligases (Zalba and ten Hagen, 2017).
Thus, the membrane system regulates the proliferation, migration
and differentiation of cancer cells partly via E3 ligases. Increasing
evidence indicates that specific E3 ligases play a key role in
carcinogenesis. What’s more, some membrane-associated E3
ubiquitin ligases are observed to be frequently mutated in many
human cancer cell lines, which may induce chemoresistance and
cause poor clinic prognosis. These research findings would
eventually shed light on a new class of antitumor drugs
targeting E3 ubiquitin ligases and the research and development
of sensitive biomarkers for cancer diagnosis, treatment, and
prognosis, which requires further constant exploration. What’s
more, several studies have demonstrated that some E3 ubiquitin
ligases are related to the regulation of innate immune response,
which provides a solid theoretical basis for expanding the
application of E3 ligases to promote tumor immunotherapy.

In the future, the rapid development and breakthrough of
PROTAC may largely depend on some research on membrane-
associated E3 ligases. Some membrane-anchored proteins, for
example, are difficult to target using targeted degradation
techniques, but a new strategy utilizing membrane-
associated E3 ligases may help the ubiquitination and
degradation of these proteins. In addition, the cellular
trafficking system may deliver some proteins from the
plasma membrane to the trans-Golgi network, thereby
chewing up these proteins.

Consequently, the membrane-associated E3 ligases have
crucial functions and potential application
developing new therapeutic strategies for cancer. It is
anticipated that membrane E3 ligases will soon be of great
significance in tackling medical and biological research
problems with more in-depth research and understanding of
membrane-associated E3 ubiquitin ligases.
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Glioblastoma multiforme (GBM) is known as the primary malignant and most
devastating form of tumor found in the central nervous system of the adult
population. The active pharmaceutical component in current chemotherapy
regimens is mostly hydrophobic and poorly water-soluble, which hampers
clinical implications. Nanodrug formulations using nanocarriers loaded with
such drugs assisted in water dispersibility, improved cellular permeability, and
drug efficacy at a low dose, thus adding to the overall practical value. Here, we
successfully developed a water-dispersible and biocompatible nanocargo
(GO-PEQG) based on covalently modified graphene oxide (GO) with a 6-
armed poly(ethylene glycol) amine dendrimer for effective loading of the two
hydrophobic anticancer drug molecules, CPlI444 and vatalanib. These drug
molecules target adenosine receptor (A2AR), vascular endothelial growth
factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR),
and type Il stem cell receptor tyrosine kinase (c-KIT), which plays a crucial
role in cancers. The effective cellular delivery of the drugs when loaded on GO-
PEG is attributed to the increased permeability of the drug-nanoconjugate
formulation. We observed that this combinatorial drug treatment with
nanocargo resulted in a significant reduction in the overall cell survival as
supported by reduced calcium levels and stem cell markers such as Oct4 and
Nanog, which are two of the prime factors for GBM stem cell proliferation.
Furthermore, reduced expression of CD24 upon treatment with
nanoformulation impeded cellular migration. Cellular assays confirmed
inhibition of cell proliferation, migration, and angiogenic potential of GBM
treated with GO-PEG-Drug conjugates. Ultimately, GBM U87 cells assumed
programmed cell death at a very low concentration due to nanocarrier-
mediated drug delivery along with the chosen combination of drugs.
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Together, this study demonstrated the advantage of GO-PEG mediated
combined delivery of CPl444 and vatalanib drugs with increased
permeability, a three-pronged combinatorial strategy toward effective

GBM treatment.

KEYWORDS

glioblastoma multiforme, A2A receptor, drug delivery, graphene oxide, PEGylation,
CPl444, vatalanib, combination therapy

1 Introduction

Neuro-oncology is a challenging area dealing with
malignancies of the brain and spinal cord. Among all the
central nervous system (CNS) cancers, glioblastoma
multiforme (GBM) is a rare-grade 4 glioma (1) that emerges
from glial cells and is one of the most malignant and aggressive
forms of brain tumor. The incidence rate of GBM is about 2-3
per 100,000 individuals every year, with a survival rate of around
15 months (2). The major challenge in treating GBM is their
physical isolation by the blood-brain barrier (BBB), which
restricts their accessibility to many drugs. Another important
feature is the multilevel molecular and cellular heterogeneity (3).
In particular, due to stem cell heterogeneity, GBM can overcome
the loss of a cell type upon chemotherapy by other cell types and
quickly evolve. Owing to the complex nature of GBM, a
multifaceted approach by which divergent properties of GBM
can be targeted with a better drug delivery system is the need of
the hour.

Glioblastoma tumors exhibit abnormal vasculature that
promotes tumor hypoxia, eventually leading to treatment
resistance. One of the major players, vascular endothelial
growth factor (VEGF), contributes to the abnormal vasculature
and could be a prime target to treat GBM (4). VEGF and its
signaling pathway have been most extensively explored in
context with angiogenesis in tumors, including GBM (5), and
have been targeted by various chemotherapeutic drugs like
tivozanib, sorafenib, and others. Bevacizumab, a humanized
mAb (mono clonal antibody) against VEGF, is the first and
only FDA (U.S. Food and Drug Administration) approved
immunotherapy for GBM. However, it has been suggested that
bevacizumab increases progression-free survival but does not
significantly increase the overall survival of the patients
(6). Another anti-angiogenic drug, vatalanib (PTK787), is a
tyrosine kinase inhibitor of all VEGF (VEGFR-1, -2, and -3)
receptors, platelet-derived growth factor receptor-f3 (PDGFR-f3),
and proto-oncogene, c-kit (4, 7). This drug has been shown to be
well tolerated by cancer patients (8, 9). A recent study using
vatalanib in a mouse model for Alzheimer’s disease (AD) has
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demonstrated its capability to cross the BBB and cause reduced
AD pathology (10). A previous report also indicated that
vatalanib can be effective in treating gliomas (11). These
studies suggest that vatalanib could be effective in targeting the
characteristic angiogenic properties of GBM along with a
suitable partner to tackle heterogeneous nature of GBM.

Another emerging target of various cancers is the A2A
adenosine receptor (A2AR). It is a guanine nucleotide-binding
protein, and a G-protein coupled adenosine receptor and acts
through mitogen-activated protein kinase (MAPK) and protein
kinase A (PKA), signaling converging at the cyclic adenosine
monophosphate (CAMP) response element (CREB) (12). This
signaling axis regulates various cellular processes such as
neuronal plasticity, neuroprotection, vasodilation, and
immunosuppression (13). In glial cells, purinergic signaling
has been shown to be modulated by various stress factors such
as hypoxia, pro-inflammatory cytokines such as tumor necrosis
factor-o. (TNF-), interleukin-18 (IL-1B) by elevated A2A
receptor (13). These dynamics in A2A receptor mediated
signaling affect various cellular processes of glial cells such as
proliferation, differentiation, and apoptosis (14). Among these,
targeting the immunosuppressive properties of purinergic
signaling has been explored as a potential cancer therapy by
using various antagonists to this pathway (15-17). Moreover,
due to the neuronal origin of GBM, targeting A2A receptor
mediated signaling may also affect different cellular functions.
Therefore, choosing the A2A receptor antagonist might prove a
double-edged sword.

CPI444, an antagonist of the human A2A receptor (18), is one
of the earliest drugs evaluated in cancer therapies (19, 20). This
drug has shown promising antitumor activity by increasing the
CD8+ (cluster of differentiation 8 positive) T-cell infiltration due
to blockage of adenosine activity (20). CPI444 also exhibited 66-
fold higher inhibition specificity in A2A receptor over the Al
receptor (18). A recent report indicates the promising tolerance of
this drug by renal cancer patients (19). Moreover, a recent study
by Corvus Pharmaceuticals, Inc. has shown a minimum of 15% of
CPI444 crossing BBB (21). Therefore, CPI444 is a viable choice to
targeting divergent cellular mechanisms associated with GBM.
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Nanoparticles have been widely explored as a carrier in the
past few decades to improve the efficacy and reduce the side
effects of anticancer drugs. Graphene and functionalized
graphene derivatives offer unique physico-chemical properties
and are the most widely explored nanocargos to deliver payloads
such as drugs, nucleotides, proteins, etc. (22, 23). Graphene
assists in excellent loading of hydrophobic cancer drugs by either
non-covalent or covalent interactions due to its two-dimensional
planar nanoarchitecture and a very high specific area. The ease
of its preparation via chemical oxidation of graphite, followed by
exfoliation to form graphene oxide (GO) nanoflakes, resulted in
well-exposed oxygen-enriched functionalities such as hydroxyl,
carbonyl, carboxyl, and epoxide. These multiple surface
functionalities on GO provide excellent aqueous dispersion
stability and scope of derivatization to impart biocompatibility
and tuning capabilities to modulate charge, size, etc., essential for
the delivery of anticancer drugs. In the past, several efforts have
been made to amplify biocompatibility, aqueous stability and
opsonization with a prolonged blood circulation time of GO, by
functionalization with poly(ethylene glycol) (PEG), FDA
approved polymer (24, 25). There are several reports on using
GO-PEG to deliver several cancer drug molecules such as
doxorubicin, cis-platin, camptothecin, etc. However, single
drug-based conventional therapeutic approaches are not
successful due to the complexity of the tumors and may cause
drug resistance. Usage of multiple drugs is an attractive option
where each component has a specific role to play and mitigates
heterogeneity associated with the tumors. Various physical
properties of drugs, such as molecular size, solubility, stability,
and cellular delivery, are an important aspect of combinatorial
drug treatment. However, their optimal dosage reaching the
tumor site is essentially important for effective cancer treatment.
This demands exploration of rational design of nanocarriers
which can efficiently load multiple drugs and assist cellular
delivery in the desired ratio to enable synergistic interactions,
if any, with improved chemotherapeutic potential. Additionally,
independent studies have demonstrated that GO-based
nanostructures, including GO-PEG, can cross the BBB (26, 27)
and are used in drug delivery for tageting glioma (28). This
property proves invaluable, especially in the treatment of GBMs
where crossing the BBB is a major hurdle for many
chemotherapeutic agents.

In this work, a GO-PEG nanodrug delivery system is
designed, synthesized, and characterized for the combinatorial
therapy of two drug molecules, CPI444 and vatalanib. The drug
molecules are separately loaded on GO-PEG and then combined
in an optimal ratio to form a nanoformulation. The effective
ratio of the two drugs was predetermined using a carrier-free in
vitro experiment in the GBM U87 cell line. The current
combinatorial therapeutic approach may provide new avenues
and directions to the forefront of several therapeutic and
developmental chemotherapy regimens.
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2 Materials and methods
2.1 Materials

Graphite flakes (Alfa Aesar, 99.8%, natural graphite 325
mesh), 6-arm PEG-amine (JenKem Technology, 15 kDa),
sulfuric acid (H,SO,4, Rankem, 95%-98%), potassium
permanganate (KMnO,, Aldrich, 99%), phosphoric acid
(H3PO,), hydrogen peroxide (30% w/v) and potassium
hydroxide (KOH, powder) from Finar Scientific, Vatalanib
(cat#A3969, APExBIO), CPI444 (cat#1202402-40-1,
MedChemExpress), and GBM U87 cell lines were obtained
from the National Centre for Cell Sciences (NCCS) Pune. The
origin of GBM U87 (or U-87 MQG) is a malignant glioma from a
human male patient with epithelial morphology. It is from the
primary brain tumor and grade IV glioma according to the
WHO cdlassification (29). MEM (Minimum Essential Medium
Eagle, Cat#AL080A) media, trypsin-EDTA solution 1x 0.25%
(Cat#TCL007), FBS (Fetal Bovine Serum, Cat#RM10681),
antibiotic solution (penicillin and streptomycin), and PBS
(Dulbecco’s Phosphate Buffered Saline, powder pH 7.4) were
purchased from HiMEDIA, India. Fluorescein isothiocyanate
(FITC, Invitrogen) and CCK-8 (Cell Counting Kit-8/
Cytotoxicity assay kit) were purchased from Dojindo
Molecular Technologies, USA.

2.2 Characterization

A Thermo Scientific Evolution 201 UV-visible
spectrophotometer was used to measure the absorbance in a
1 cm quartz cuvette over the range of 200-800 nm. A Nicolet
iS20 mid-infrared FTIR spectrometer equipped with an
interferometer with KBr/Ge coated beam splitter, deuterated
triglycine sulfide (DTGS) detector, and attenuated total
reflectance diamond (iD5-ATR) accessory was used to
measure the Fourier transform infrared (FTIR) in the range of
4,000 to 450 cm ™! with a resolution of 0.25 cm™. A Jobin Yvon
HR800 Raman microscope was used for Raman analysis of
nanomaterials at a wavelength (A) of 514 nm. Disorder and
defects in graphitic materials were measured by the ratio of the
intensity of D and G bands, i.e., (Ip/Ig). Structure disorder in the
graphite network raises the intensity ratio and is inversely
proportional to the average sp> cluster size. The distance
between defect points (Lp) in the GO samples was calculated
from the intensities of the D (spz—hybridized carbon breathing
mode) and G (graphitic sp®-hybridized carbon) bands in the
Raman spectra using the Tuinstra-Koenig relation, (C x A = 102
nm?), using Equation (1) (30).

Lp=+/(Cx A)(Ig/Ip) (Equation 1)
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The average crystallite size (L,) of the sp2 domains in the
synthesized GOs was determined by Equation (2),

-1
L,= (24 %1072 G—D) (Equation 2)
G

A Rigaku Smart Lab X-ray diffractometer was used to study
the powder X-ray diffraction (PXRD) of nanoparticles using
Cu-K,, radiation (A = 0.154 nm) over a 26 scan range of 4°
to 60°, where 0 is the Bragg angle. A Mettler Toledo
thermogravimetric analyzer (TGA) with a built-in gas
controller (TGA2 SF/1100) and fitted with an XP1U TGA
balance (ultra-micro balance) was used to study the
thermodynamic properties of nanoparticles in a temperature
range from 50 to 700°C in a nitrogen atmosphere at a flow rate

! The surface

of 50 ml min™" and a heating rate of 10°C min~
chemistry of nanomaterials was analyzed by X-ray
photoelectron spectroscopy (XPS) (Omicron multiprobe
surface analysis system) using a monochromatized AIK,
(1,486.7 eV) radiation source. A dynamic light scattering
(DLS) instrument (Nanosizer, Malvern, UK) was used to
measure hydrodynamic particle size and zeta potential ({)
using an argon laser at a A = 633 nm, with a detector angle

of 90°, at room temperature.

2.3 Preparation of graphene oxide (GO)

GO was prepared from graphite powder using a previously
reported method (23). Graphite powder (1.0 g) was oxidized by a
mixture of concentrated sulfuric acid and phosphoric acid
(134:15 ml, v/v) followed by the addition of potassium
permanganate (6.0 g) at room temperature. The reaction
mixture was stirred at 50°C for 12 h, and after that allowed to
cool to room temperature before the slow addition of a mixture
of ice-cold water: H,O, (250:3 ml) with vigorous stirring. A color
change from dark brown to yellow is noticed. Upon gravity
settling, GO particles settled down and the supernatant was
decanted. The so-obtained residue was washed multiple times
with water and GO as the residue was separated by
centrifugation (Eppendorf 5425 R) at 11,000 rpm. This process
was repeated until the pH of the supernatant became neutral.
Finally, the brown slurry obtained was dried under vacuum on a
rotary evaporator at 50°C and GO was obtained as a black
powder (2.3 g).

2.4 Preparation of PEGgylated graphene
oxide (GO-PEQ)

An aqueous dispersion of GO (0.5 mg/ml, 20 ml) was
prepared in deionized water by probe sonication for 2 min
(Sonics USA, 500 W, 20 kHz) at 40% maximum amplitude and a
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pulse rate of 10 s (on and off) followed by bath sonication for 2 h.
To this GO dispersion, 6-armed PEG amine (60 mg) and KOH
(80 mg) were added. The reaction mixture was stirred vigorously
at 80°C for 24 h. Finally, GO-PEG was obtained by purifying the
reaction mixture by dialysis membrane (mol. weight cut-off = 10
kDa) against deionized water for 24 h to remove the excess or
unbound 6-armed PEG amine. The GO-PEG dispersion was
stored at 4°C.

2.5 Preparation of CP1444@GO-PEG and
vatalanib@GO-PEG

A stock solution of CPI444 (1.1 mg) was prepared in a
cosolvent mixture of water and tetrahydrofuran (1:1 v/v, 2 ml)
and mixed with the prepared dispersion of GO-PEG (0.5 mg/ml,
2 ml). The resultant mixture was stirred vigorously at room
temperature for 24 h. Excess or unbound CPI444 was removed
by dialysis membrane (mol. weight cut-off = 10 kDa) against
deionized water (50 ml x 4) for 24 h. Removal of excessive
unbound amounts of CPI444 on GO-PEG was monitored and
calculated using UV-visible spectroscopy at a maximum
absorption wavelength (4,,,,) of CPI444 at 356 nm. The so-
formed CPI444@GO-PEG nanoconjugate was stored at 4°C for
further study. Similarly, vatalanib@GO-PEG was also prepared
following the same method. In brief, a stock solution of vatalanib
(1.01 mg) was prepared in a cosolvent mixture of water and
tetrahydrofuran (1:1 v/v, 2 ml) and mixed with the prepared
dispersion of GO-PEG (0.5 mg/ml, 2 ml) and dialyzed. For
CPI444 + vatalanib@GO-PEG, optimal amounts of CPI444@
GO-PEG and vatalanib@GO-PEG (with the same drug
combination, 1:1 molar ratio, as without GO-PEG) were
premixed and probe sonicated for 2 min to homogenize, just
prior to study.

2.6 Drug loading capacity on
GO-PEG nanocarrier

To determine the loading of CPI444 on GO-PEG, UV-vis
spectroscopy measurements were carried out. A standard curve
of CPI444 (linear fitting with R* = 0.99505) at different
concentrations was plotted at a An.c of 356 nm. After the
reaction completion of the CPI444@GO-PEG preparation, an
unbound or excess amount of leached out CPI44 drug, during
dialysis, was calculated using a standard curve and subtracted
from the added amount of drug. The percentage loading and
encapsulation efficacy were calculated using Equation (3) and
Equation (4), respectively.

Drug adsorbed on GO - PEG (ug)

100
GO - PEG added (uig) x

Drug loading (%) =

(Equation 3)
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Drug encapsulation efficacy (%)

_ Drug adsorbed on GO - PEG (ug) 100
B Drug adeed (Lg)

(Equation 4)

Similarly, the percentage loading and encapsulation efficacy
of vatalanib on GO-PEG were determined using the same
protocol as in the case of CPI444 on GO-PEG, by UV-vis
spectroscopy. The standard curve of vatalanib (linear fitting
with R* = 0.99665) at different concentrations was plotted at a
Amax Of 335 nm.

2.7 Cell culture conditions

Glioblastoma multiforme (Human) cancer cell line GBM
U87 was cultured in Minimum Essential Media (MEM)
containing 10% FBS and 1% antibiotic (penicillin/
streptomycin) solution in a humidified cell culture incubator
(Galaxy 170R, Eppendorf) containing 5% CO, at 37°C.

2.8 Cell viability study

The cell viability study of pristine drugs (CPI444, vatalanib,
and CPI444 + vatalanib), GO-PEG, and respective drug-GO-
PEG nanoconjugates (CPI444@GO-PEG, vatalanib@GO-PEG,
and CPI444 + vatalanib@GO-PEG) were assessed using the
CCK-8 kit (Cat#CK04, Dojindo). The GBM U87 cells were
seeded into a fresh 96-well flat-bottom plate at a density of
5,000 cells/well. After cells were attached for 18-24 h, they were
treated separately with pristine drugs (2-60 uM), GO-PEG (2-
20 pg/ml), and nanoconjugates (with a drugloading of 1-30 uM)
at different concentrations for 48 h. After the treatment, 10 pl of
CCK-8 solution was added to each well. Optical density (OD) at
a A of 450 nm was recorded on a microplate reader (BioRad). All
the experiments were repeated three times independently. The
relative percentage of absorbance was calculated, considering
control as cent percent.

2.9 Cellular uptake of GO-PEG

GBM UB87 cells were seeded in a 60 mm culture dish and
treated with FITC-tagged GO-PEG with a concentration of 0 pg/
ml (untreated negative control), 5 ug/ml, 10 pg/ml, and 15 pg/
ml. After 24 h, cells were harvested using trypsin. Cells were
washed with 1x PBS twice and then resuspended in 500 pl of 1x
PBS + 0.1% FBS solution. The cells were analyzed using a
CytoFLEX flow cytometer and 10,000 events were acquired for
each sample.

Frontiers in Oncology

115

10.3389/fonc.2022.953098

2.10 Fluorescent activated cell sorting
(FACS) analysis

GBM U87 cells were seeded in a 60 mm dish and, after 18 h,
cells were subjected to target drug formulations with appropriate
controls. After 48 h of treatment, the cells were harvested and
processed for FACS analysis.

2.10.1 Cellular calcium level quantitation by
Fuo-4AM fluorophore

Harvested cells were incubated in 3 uM concentration of
Fluo-4AM dye (cat#F14201, Life technologies) in dark at room
temperature for 20 min. After incubation, cells were washed
twice with 1x PBS and resuspended in 500 pl of 1x PBS solution
with 0.1% FBS solution.

2.10.2 CD24 marker staining

Here, cells were washed twice with 1x PBS and then
resuspended in a 1x PBS solution with 0.1% FBS. Cells were
stained with CD24 mAb-FITC (cat# MHCD2401) at a
concentration of 1:100 for 45 min in the dark at room
temperature. Cells were collected and resuspended in 500 pl of
1x PBS solution with 0.1% FBS solution.

The cell suspensions were analyzed using a CytoFLEX flow
cytometer and 10,000 events were acquired for each sample.

2.11 Transwell-chamber migration assay

Transwell inserts (24 well, 8 um pore size; HIMEDIA) were
used to assess the migratory abilities of cells. Pre-treated GBM
U87 cells with GO-PEG, CPI444 + vatalanib, and CPI444 +
vatalanib@GO-PEG along with untreated control for 48 h were
used for this assay. The treated cells were suspended at a final
density of 3.5 x 10* cell/ml in a serum-free medium and seeded
in the upper-well of the chamber. The lower-well of the chamber
contained media supplemented with 10% FBS. After 24 h, cells
on the surface of the upper-well were removed by a cotton swab.
Cells that had migrated through the filter to the lower chamber
were fixed in 4% paraformaldehyde and stained with 1% crystal
violet. Cells were counted from three randomly selected fields
per each chamber under a microscope (ECLIPSE Ti, Nikon).

2.12 Cell adhesion assay

Cells were seeded in a 60 mm dish and treated with drugs as
mentioned above for 48 h. Cells were harvested and re-suspended
in media. Meanwhile 12-well plate coated with 50 uM poly-L-
lysine (cat#P3513, Sigma) for 1 h at room temperature. Treated/
untreated GBM U87 cells were harvested and suspended at a final
density of 3 x 10° cells/ml and plated on poly-L-lysine-coated
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plates for 30 min. After that, unattached cells were removed by
inverting the 12-well plate and gently washing twice with 1x PBS.
The attached cells were fixed in ice-cold methanol for 10 min at
room temperature. After a wash with 1x PBS, cells were stained
with 1% crystal violet stain for 5 min with gentle shaking. The
plate was washed with water and kept for drying. After that,
images were captured by a color camera. Later, stain was
solubilized into 1 ml of 1% sodium dodecyl sulfate (SDS) for
1 h and collected in fresh 1.5 ml centrifuge tubes. Absorbance was
recorded at 595 nm (Bio-Rad microplate reader) in a 96-well plate
in four replicates. The absorbance value of the control sample was
converted to 100% and relative percentage changes in other
treatment conditions were calculated.

2.13 Invadopodia assay

GBM U87 cells were harvested and seeded in a 60 mm dish for
the invadopodia experiment. The cells were treated with specific
drugs and GO-PEG-drug conjugates for 48 h following the
procedure mentioned above. Prepared fluorescent gelatin-coated
coverslips according to the protocol (31). Briefly, GBM U87 cells
were harvested and plated on coverslip in 60%-70% confluency
which was already coated with gelatin labeled with oregon green
488 (cat#G13186, Life technologies). After that, the coverslip with
the cells was transferred to a CO, incubator for 15 h for the
initiation of the gelatin degradation. After 15 h of incubation, the
coverslip was taken out of the plate and quickly fixed with 4%
formaldehyde for 10-15 min at room temperature. The fixation
solution was removed and washed with 1x PBS twice. Blocking
and permeabilization were performed with a solution (3% BSA in
1x PBS containing 0.1% Triton X-100) for 15-20 min at room
temperature in the dark. The blocking solution was removed and
washed with 1x PBS twice. This was probed with Alexa Fluor 555
Actin-Phalloidin (1:500 dilution) for 30-40 min in the dark.
Actin-Phalloidin was removed and washed with 1x PBS twice,
and after that, the coverslip was mounted by inverting it over a
glass slide containing a drop of mounting medium ProLongTM
Gold antifade reagent with Hoechst (Invitrogen). The slides were
dried and sealed with colorless nail paint. Images were taken
under a Nikon Fluorescent Microscope (at x60) for
visual comparison.

2.14 Colony forming assay

To perform a 2D colony forming assay, cells were seeded in
6-well plates and then treated with various combinations of test
drugs for 48 h. After 48 h, treated/untreated cells were placed in
fresh 6-well plates at a cell density of 1,000 cells/well. Every third
day, the media was replenished until control well-achieved
confluency. The experiment was observed for up to 12 days
and images were captured under a microscope (DIC imaging,
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ECLIPSE Ti, Nikon). Then, cells were fixed in 4%
paraformaldehyde for 10 min and stained with crystal violet
stain for 10 min. After washing the plates with water slowly, cells
were collected in 1% SDS and absorbance was measured at 595
nm. The relative absorbance was compared to control sample in
percentages (control was treated as cent percent).

2.15 Tube formation assay and proteome
array

The tube formation assay and cytokine array analysis were
conducted as described previously (32). Briefly, primary
endothelial cells were cultured and incubated with conditioned
media of treated and untreated cells. Tube formation was
analyzed after 4 h and images were captured. The number of
branches and nodes was calculated manually and the same was
shown as bar plots. For proteome array analysis, total cell lysate
of all treated cells was collected and quantified by Bradford
reagent. An equal amount of protein was loaded on each
membrane for 24 h and developed as per the protocol of the
manufacturer (cat#ARY010, R&D systems).

2.16 Western blot analysis

The effect of treatment of CPI444 and vatalanib@GO-PEG
on apoptotic markers (proteins) was tested. Here, after 48 h of
treatment with test drug formulations and appropriate controls,
total cell lysate was prepared and quantified using Bradford
reagent. Proteins were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for
3 h. The proteins were transferred onto the polyvinylidene
fluoride (PVDF) membrane after blocking blots were
incubated with primary antibodies overnight at 4°C. The blots
were washed and developed using appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies following a
standard protocol using chemiluminescent substrate
(SuperSignalTM West Pico PLUS, cat#34580, ThermoFischer).
The images were acquired by the FluorChem E system and
densitometry was carried out by Image] software.

Primary antibodies: anti-PARP in Rabbit, cat#ITM3132;
Anti-Bcl2 in Mouse, cat#ITT5756 and anti-B-actin in Rabbit
from G-biosciences

Secondary antibodies: HRP-Goat-anti-Rabbit, cat#SE134
from G-biosciences and HRP-Goat-anti-Mouse, 554002 from
BD biosciences.

2.17 Statistical analyses

The statistical analyses were performed using the GraphPad
Prism Version 7.04 software. Here, the Student’s two-tailed ¢-test
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was performed using the mean from the minimum of three
independent observed values, and respective p-values
are reported.

3 Result and discussion

3.1 Synthesis and characterization
of nanoparticles

The preparation of GO-PEG from graphite proceeds in two
steps, as illustrated in Figure 1. In the first step, graphene oxide
(GO) was prepared from graphite using the modified Hummer’s
method. This involved chemical oxidation of graphite by acidified
potassium permanganate. This method provides the benefit of
keeping the graphitic planes relatively intact, and oxidation occurs
mainly on the edges to introduce oxo-functionalities. The fewer
defect in the basal plane ensures swift binding and efficient loading
of the highly aromatic drug molecules via rt-7 stacking. The oxygen-
rich functionalities such as carboxyl and hydroxyl groups are
necessary to improve the aqueous dispersion stability of the GO
nanoparticles, while epoxide and carbonyl groups on the basal plane
are desired for the covalent modification of the GO (24). In the
second step, the epoxide and carbonyl groups on GO were reacted
with the 6-armed PEG-amine to form PEGylated graphene oxide,
GO-PEG. The reaction is favored in alkaline medium and
proceeded by base mediated nucleophilic ring-opening and
addition reaction. This led to the enrichment of the surface of
nanoparticles with an enormous number of covalently-linked free
amine groups, in addition to the existing carboxyl and hydroxyl
functionalities. As a result, the subsequent increase in polar
functionalities in GO-PEG occurs to offer hydrophilic properties
to the prepared nanocarrier. Following the purification, both GO

/~_/ 6-arm PEG amine . Vatalanib
cr

Graphite

@ cruu

FIGURE 1

Hydroxyl & Epoxide-rich GO
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and GO-PEG were characterized by various techniques. Figure 2A
shows the FTIR spectra of GO and GO-PEG. The successful
synthesis of GO from graphite was confirmed by the presence of
oxygen-rich functionalities. The characteristic peaks at 3,400 cm™,
1,740 cm ™%, 1,590 cm™}, 1,412 em ™! and 1,050 cm ™ are assigned to
the O-H (of carboxylic group), >C=0 (carbonyl), C=C (aromatic,
sp2 hybridized carbon), O-H (adsorbed water) and C-O-C
(epoxide ring) vibrations, respectively. The FTIR spectrum of
GO-PEG is grossly dissimilar to GO, and clearly the carbonyl-
related stretch is relatively vanished. Additionally, several new IR
vibrations at 3,390 cm™’, 2,868 cm™’, and 1,250 cm ! for the N-H
stretching, C-H stretching, and C-H deformation vibrations,
respectively, are observed. It is evident that the intensity of C-O-
C stretching vibration at 1,050 cm ™" substantially increased in GO-
PEG, which is due to the large number of ether linkages in the PEG
structure. This demonstrated the presence of PEG-amine bound to
GO in the synthesized nanocarrier.

To determine the amount of PEG-amine coating on GO,
thermogravimetric analysis (TGA) was performed. From
Figure 2B, GO showed mass loss in the range of 80 to 220°C
associated with the evaporation of adsorbed water and
thermodynamic decomposition of highly labile oxygen
functionalities (33). GO revealed a residual char yield of 0% at
650°C. Unlike GO, GO-PEG is relatively more thermodynamically
stable and showed an initial mass at a high temperature of ~315°C,
which clearly demonstrated the existence of a polymer coating on
GO sheets (34). Comparison of residual char yield obtained at 650°
C in GO and GO-PEG revealed a ~12% loading of PEG-amine
on GO.

The powder X-ray diffractogram (PXRD) spectrum
(Figure 2C) of GO showed the absence of graphite (002) peak
at 20 = 26.28° (35), but a new (001) peak at low 20 = 9.7° clearly
supports the successful oxidation of graphite to GO and the
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Schematic diagram for the synthesis of GO, GO-PEG, and drug loaded GO-PEG nanocarriers (CPI444@GO-PEG and vatalanib@GO-PEG).
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absence of graphite impurity in it. Surprisingly, no diffraction
peaks are observed in GO-PEG, including the disappearance of
diffraction peaks related to GO, which suggests PEG coating
resulted in the formation of amorphous GO-PEG nanoparticles.
The interlayer spacing of the materials is proportional to the
degree of functionalization and inversely related to the observed
26. GO showed an interlayer spacing of 9.1 A (>3.4 A in
graphite), calculated using Bragg’s equation (36) suggesting
significant oxidation occurred in graphite to form GO. GO-
PEG diffractogram remained featureless, suggesting the
interlayer spacing may be further enhanced due to the
introduction of extra PEG-amine coating on the GO-
PEG nanostructure.

The Raman spectra as shown in Figure 2D show D and G
bands centered at ~1,350 cm™" and ~1,590 cm ™", respectively,
confirming the typical lattice distortions (37) in GO. Defects in
graphitic materials can be assessed by evaluating the ratio of
intensities in the D and G bands, i.e., the Ip/I ratio. A higher I/
I (1.04) in GO-PEG than that observed in GO (0.907), along
with a subsequent broadening of bands, signifies an increased
defect ratio of GO upon functionalization with the dendrimer.
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Interestingly, since PEGylation occurred on the pre-existing
epoxide and carbonyl defects in GO, both the nanoparticles
demonstrated an identical distance between defects (Lp ~10
nm). GO-PEG revealed a reduced in-plane crystallite size (L,)
from 18.5 nm to 16.1 nm, supporting PEGylation induced
shrinking and disruption of stacked GO domains, consistent
with the PXRD studies.

The UV-vis spectra of the aqueous dispersion of the
synthesized nanomaterials are shown in Figure 3A. GO revealed
two distinct absorption peaks at 230 nm and 300 nm, which
originated from n-m* transition of the conjugated C=C bond and
the n-m* transition of the >C=0 bond, respectively (38). GO-PEG
showed a red shift in the m-m* transition from 230 nm to 240 nm
with an undetectable shoulder at 300 nm, confirming that
PEGylation of GO led to greater retention of conjugation in its
basal plane. Additionally, optical images of the aqueous dispersions
(Figure 3A, inset) clearly showed an alteration in color from red-
brown in GO to dark-black in GO-PEG, which further supports the
formation of a more conjugated structure in the latter.

XPS analysis was performed to determine chemical
functionality and confirm successful functionalization of GO
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nanoparticles with PEG-amine. Deconvolution of the Cls XPS
spectrum (Figure 3B) in GO revealed the existence of four main
types of carbon bonds (binding energy) as C-C/C=C (284.5 eV),
C-0/C-0-C(286.3eV), C=0 (288.1 V) and COOH (289.0 eV)
with relative percentages of 15.4%, 54.4%, 24.7%, and 5.5%,
respectively. Similarly, the Cls spectra of GO-PEG were
deconvoluted into four peaks (Figure 3C) as C-C/C=C (284.4
eV), C-O/C-O-C (285.7 eV), C-N (288.3 eV) and COOH
(289.1 eV). Successful attachment of PEG to GO was
confirmed by a simultaneous increase in the percentage of C-
C/C=C to 37.06% and vanishing of >C=0 XPS peak, and
appearance of a new peak which is attributed to the C-N (of
bound PEG-amine) with a relative percentage of 4.10%. This
clearly demonstrated the base-mediated nucleophilic addition
reaction of PEG-NH, on the carbonyl groups in GO, consistent
with the FTIR results.

The particle size and surface charge (zeta potential, {) of
nanoparticles are critical parameters that dictate the interaction
with the payload and may guide their cellular uptake. As can be seen
in Figures 4A, C, the average hydrodynamic sizes () of GO and
GP were determined as 450 nm (—49 mV) and 80 nm (-12 mV),
respectively. PEG binding to GO substantially reduced the
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hydrodynamic size and reduction in negative charge () due to
the positively charged amino groups of PEG, which counteracted
the negatively charged carboxylate group (COO") in GO. This may
enable GO-PEG as an attractive nanocargo for intracellular delivery.
The CPI444@GO-PEG and vatalanib@GO-PEG showed a
hydrodynamic sizes of 275 nm and 220 nm, respectively
(Figure 4B). Drug loading on GO-PEG led to an increment in
hydrodynamic size, clearly supporting the loading of hydrophobic
drug molecules on GO-PEG nanoflakes. Further, a change in {
value of GO-PEG in CPI444@GO-PEG and Vatalanib@GO-PEG
showed (Figure 4D) a —21 mV and —16 mV, respectively, is noticed.
Both zeta potential ({) and average hydrodynamic values of drug-
nanoconjugates confirmed the successful loading of drug molecules
on the GO-PEG nanocarrier.

3.2 Drug loading efficiency

The amount of drug loading on GO-PEG as in CPI444@
GO-PEG and vatalanib@GO-PEG was determined
spectrophotometrically. A standard curve was plotted by
recording absorbance at a respective wavelength maximum
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using variable drug (CPI444, A,,.x = 356 nm and vatalanib, A,,.«
= 335 nm) concentrations, and a linear good fit (Figures 5A, B,
Figures S1A, B) was obtained. The unbound drug was removed
by dialysis on the carrier and purification was monitored by
UV-vis spectroscopy. As can be seen from Figure 5C, a
subsequent decrease in absorbance at 356 nm in the dialysate
is noticed to support leaching out of the loosely bound CPI444
on GO-PEG. The fourth washing showed the absence of any
released CPI444, confirming the successful formation of a stable
CPI444@GO-PEG conjugate. The CPI444 loading capacity and
encapsulation efficacy were calculated as 55 wt% and 50 wt%,
respectively. Figure 5D shows UV-vis spectra for GO and
CPI444@GO-PEG, qualitatively confirming the loading of
CPI44 onto the GO-PEG nanocarrier as it revealed the
shoulder at 356 nm associated with bound CPI444 on GO-
PEG. Likewise, the amount and existence of vatalanib on the
GO-PEG nanocarrier was also determined. As can be seen in
Figure S1, for vatalanib, the dialyzate revealed almost no release
of the unbound drug, supporting its excellent adsorption on the
GO-PEG nanocarrier. Structurally, vatalanib has a highly rigid
aromatic framework compared to CPI444, which ensures
relatively strong van der Waals interactions of the former with

the carrier.
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3.3 Improved cellular uptake of CPI444
and vatalanib via PEGylated graphene
oxide nanocarrier resulting in enhanced
cell death

The highly evasive nature of glioblastoma (GBM) is mainly
due to the heterogeneity of the cellular and molecular players (3).
This demands exploration of combinatorial nanotherapeutic
approaches, i.e., utility of two or more drug molecules on a
carrier to enhance high cellular uptake of drug and to induce
pronounced effects in their specific roles to target different
cellular mechanisms.

CPI444 is an adenosine A, receptor antagonist emerging as a
potential antitumor drug (20, 39, 40). Vatalanib is another potential
drug that targets VEGEFR tyrosine kinase and other class III kinases
(41) and plays a significant role in targeting angiogenesis in GBMs
(4). CPI444 and vatalanib have different molecular targets, enabling
them to be suitable for GBM treatment. A nanocarrier, GO-PEG,
was used to deliver both CPI444 and vatalanib drug molecules for
better outcomes. Initially, a cell viability study was performed to
assess the cytotoxic effects of CPI444, vatalanib, CPI444 + vatalanib,
GO-PEG, and CPI444 + vatalanib@GO-PEG at different
concentrations than individual drug molecules (Figures 6A-C).
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Quantitative and qualitative analysis for the formation of CPI@QGO-PEG using UV-vis spectroscopy: (A) UV-vis spectra of CPl444 solution
recorded at different concentrations in (water: THF) solvent mixture, (B) Linear equation obtained from the standard curve at a wavelength
maximum of 356 nm, (C) UV-vis spectra recorded for unbound CPI1444, (D) UV-vis spectra for GO-PEG and purified CPl1444@GO-PEG.

The inhibitory concentration (ICs,) values of CPI444, vatalanib,
and in combination were determined as 48, 33, and 26 pM,
respectively (Figure 6A). The combination of CPI444 and
vatalanib exhibited a drastic effect on cell survival at a relatively
lower concentration than individual drug molecules. Further, the
biocompatibility of the designed GO-PEG over GO was evaluated.
It clearly revealed PEGylation substantially improved the cell
viability up to 20 ug/ml, supporting it as a safe carrier
(Figure 6B). Finally, an ICs, value for the drug loaded GO-PEG
(CPI444 + vatalani@GO-PEG) was determined as 14 uM
(Figure 6C). Drug molecules loaded with GO-PEG induced an
elevated cytotoxic effect compared to the individual drug molecules
or their combination. This assay suggests that the GO-PEG
nanocarrier improves therapeutic efficacy without raising dosage.
Additionally, the cellular uptake of GO-PEG nanoparticles in GBM
U87 cells was calculated through flow cytometry (Figure 6D, Figure
§2). To perform this experiment, GO-PEG was tagged with FITC
and incubated with the cells for 24 h in different concentrations (5
pg/ml, 10 pg/ml, and 15 pg/ml). Here, a concentration-dependent
cellular uptake of GO-PEG-FITC was observed. Previously, GO-
PEG has been shown to exhibit a minimal effect on cell viability in
the range of ~50 pg/ml (42). This novel formulation of nanocarrier
(GO-PEG) with CPI444 and vatalanib facilitated increased cellular
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uptake, thus allowing the effective reduction of inhibitory
concentrations affecting cell viability. This will reduce significant
side effects due to overdosage.

3.4 CPl444 and vatalanib loaded GO-
PEG affect the proliferation and
stemness properties of GBM U87 cells

Glioblastoma multiforme (GBM) is a type of high-grade
primary brain cancer that comprises a subpopulation called
glioblastoma stem cells (GSC), which are responsible for tumor
initiation, development, and recurrence following treatment (3).
Calcium (Ca®") is a secondary messenger that plays a vital role in
cell proliferation, cell death, differentiation, migration, metabolism,
neural plasticity, and gene transcription, among other processes
(43, 44). Calcium signaling is reported to have a significant impact
on neuronal cell development and function (45). Glioblastoma is of
neuronal origin, and therefore, calcium pathways are active in
controlling and promoting various cellular functions (46).
Therefore, intracellular calcium (Ca®") levels were assessed in
GBM U87 cells upon treatment with CPI444 and vatalanib-
loaded PEGylated graphene oxide nanoparticles. Here, a
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Cell viability studies and cellular uptake of PEGylated graphene oxide. (A) CPl444 and vatalanib cell cytotoxicity were calculated in GBM U87
cells. Cells were treated with drugs individually along with different concentrations for 48 h. After 48 h, ICsq values were calculated. (B)
Cytotoxicity analyses of GO and GO-PEG were performed in GBM U87 cells. The PEGylated graphene oxide carrier did not show significant
cytotoxicity in the GBM cell line up to 20 pg/ml. (C) In the GBM U87 cell line ICsq value of CPI444 + vatalanib@GO-PEG is ~14 uM. (D) To
confirm the cellular internalization of PEGylated GO nanoparticles in the GBM cells, we conducted a FACS study after 24 h of incubation with
different concentrations of PEGylated graphene oxide nanoparticles; MFI (Mean Fluorescence Intensity) in arbitrary units (AU); ****p <0.0001

and ***p <0.001.

significant reduction in Ca®' levels was observed in CPI444 +
vatalanib and CPI444 + vatalanib@GO-PEG treated cells compared
to untreated or cells treated with either of the drugs individually
(Figure 7A, Figure S3). A 2D colony forming assay was performed
to identify the role of reduced intracellular calcium (Ca®") in the
inhibition of GBM stem cell properties. A combination of
nanoconjugated CPI444 and vatalanib reduced the colony
formation in GBM U87 cells (Figures 7B, C). This indicates that
reduced cellular calcium levels affect the proliferation ability of
glioblastoma stem cells (GSCs). A human pluripotent stem cell
array analysis was performed under similar treatment conditions to
further investigate the molecular targets that are affected. Here,
markers for pluripotency such as Oct3/4, Nanog, and Sox2 exhibit
significant downregulation upon treatment with CPI444 and
vatalinib loaded on GO-PEG (Figure 7D). Additionally, markers
associated with the epithelial to mesenchymal transition (EMT),
such as Snail and Goosecoid (Gsc), as well as other markers for
differentiation to other cell lineages exhibited downregulation
(Figure 7D). This suggests that the GSCs are not undergoing
differentiation into assume other cell fates.
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These observations suggest that combinatorial treatment
of CPI444 with vatalanib with the aid of GO-PEG is effective
in reducing the cellular calcium pool of GBM U87 cells.
This is a very promising observation as Ca®" levels play a
critical role not only in GSC proliferation and in glial cell
function that helps in the survival and fate determination
process (44, 47).

3.5 GBM U87 cells migration and invasive
potential is compromised by
combinatorial treatment of CP1444 and
vatalanib loaded on GO-PEG

Glioblastoma multiforme is an aggressive tumor that
has an aggressive migratory property and invades the
microenvironment and adjacent brain tissue. CD24, a motility
and invasion marker, was overexpressed in gliomas, particularly
in GBM (48-50). Therefore, to assess the effect of CPI444 and
vatalanib loaded GO-PEG on CD24 expression in GBM U87 by
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FIGURE 7

CPl444 and vatalanib-loaded GO-PEG affect the proliferation and stemness properties of GBM U87 cells. (A) Cellular calcium levels were
estimated by FACS analysis using Fluo-4AM dye under different drug treatment conditions. (B) Colony forming assay of GBM U87 treated with
untreated control, GO-PEG, CPI444 + vatalanib and CPI444 and vatalanib conjugated with GO-PEG. (C) Quantitation of colony forming assay,
%RAU, relative absorbance units in percentage. (D) Heatmap depicting the expression levels of human pluripotent stem cell protein array for
pluripotency and differentiation markers upon treatment with CP1444 and vatalanib loaded on GO-PEG with appropriate controls. MFI (Mean

Fluorescence Intensity) in arbitrary units (AU); ****p <0.0001 and *p <0.05.

FACS analysis is therefore necessary. A significant reduction in
the CD24 expression was observed (Figure 8A, Figure S4).
Further, the migration abilities of GBM U87 cells under
similar treatment conditions were estimated by the Boyden
chamber assay. Here, a drastic reduction in the cell numbers
that have migrated to the Boyden chamber was observed
(Figures 8B, C). Cell motility is linked to adhesive properties;
an important reason for the decreased migration is the
attenuation of adhesion. Therefore, we assessed the adhesive
property of GBM U87 cells upon treatment with the CPI444 +
vatalanib@GO-PEG along with the comparable controls and
observed reduced cellular adhesion compared to the control
conditions (Figure 8D). Finally, gelatin degradation assay was
performed after treatment with CPI444 + vatalanib@GO-PEG,
CPI444 + vatalanib, and compared with the untreated cells as a
control. A visible reduction in the dark patches formed by
invadopodia during cell migration in nanoparticles mediated
drug-treated cells was evident (Figure 8E). This clearly
demonstrates a profound impairment in the cellular migration
of GBM U87 cells.
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In the previous section, a drastic reduction in the cellular Ca?
* levels was observed upon treatment with CPI444 + vatalanib@
GO-PEG. There are ever-growing studies suggesting the role of
calcium-mediated signaling in cell migration during
development and in cancer metastasis (51, 52). Previous
reports have also shown that CD24 plays a critical role in the
invasive properties of cancer/tumor cells (48, 50). Therefore, we
hypothesize that the observed reduction in expression of CD24,
along with the non-invasive phenotype of GBM US87, upon
treatment with CPI444 and vatalanib via GO-PEG, could be
due to reduced Ca®" levels.

3.6 Treatment with CPl444, vatalanib,
and CPl444 +vatalanib@GO-PEG caused
reduced secretion of angiogenic factors
and apoptosis of GBM U87 cells

The glioblastoma tumor microenvironment exhibits
characteristic vascularization mediated by various growth
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CPl444 and vatalanib@GO-PEG hindered the cellular migration and invasive behavior of GBM U87 cells. (A) CD24 expression levels in GBM U87,
quantitated by FACS analysis after treatment with CPI444 and vatalanib-loaded GO-PEG and other combinations. (B, C) Boyden chamber
analysis (Transwell migration assay) was performed for cell migration properties. The combination of nanoconjugate CPI444 and vatalanib-
treated cells shows smaller numbers of migrated cells compared to control. (D) The adhesive property of GBM cells was significantly reduced
after the treatment with the GO-PEG conjugated combination of CPI444 and vatalanib. RAU%, Relative absorbance units in percentage. (E)
Invadopodia causing dark gelatin degradation patches (indicated by white arrows) were detected by the gelatin degradation assay under
different treatment conditions. ****p <0.0001, ***p <0.001, and **p <0.01

factors and conditions. GBM U87 cells secrete particular growth
factors that cause neo-angiogenesis in pre-existing capillaries
(49). We analyzed the effect of CPI444 and vatalanib loaded GO-
PEG on the angiogenic potential of GBM U87. The essential
developmental molecules for tube formation are found in the
tissue culture media (TCM) of GBM U87 cells. The TCM of
treated and untreated GBM U87 cells was collected and provided
to the primary endothelial cells for tube formation. The TCM of
control cells revealed a rich and progressive vasculature and
showed a larger number of branches and nodes compared to
the treated cells (Figures 9A-C). Previous reports have shown
that vatalanib exhibits anti-angiogenic properties in multiple
cancers, including tumors (53, 54). Purinergic signaling
has also been shown to help in tumor neovascularization
by inducing the secretion of VEGF into the tumor
microenvironment (55, 56). Therefore, a combinatorial
treatment with GO-PEG mediated high cellularity proves to be
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very effective in the inhibition of angiogenic signals from GBM
U87 cells. The observed morphology also explains why VEGF2R
was downregulated upon treatment with CPI444 + vatalanib@
GO-PEG (Figure 7D).

So far, in this study, multiple assays have indicated that the
loss of stemness properties leads to reduced proliferation
capacity upon CPI444 + vatalanib@GO-PEG treatment. At the
same time, GBM U87 cells were also not differentiated into any
specialized cell types (Figures 7D, 9A-C). This indicates that the
cells might be exhibiting arrested growth or undergoing
programmed cell death. To understand this, the expression of
apoptotic markers such as the proteolytic cleavage product of
poly (ADP-Ribose) polymerase (PARP) and B-cell lymphoma 2
(Bcl2) was scored (Figures 9D-F). Here, upregulated cleaved
PARP and downregulation of Bcl2 clearly demonstrate that
combinatorial treatment with improved cellular uptake results
in apoptosis of GBM U87 cells.
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FIGURE 9

Treatment of CPI444 and vatalanib-loaded GO-PEG inhibits the angiogenic potential and causes apoptosis of GBM U87. (A—C) A tube formation
assay was performed for angiogenesis analysis in GBM cells. GBM U87 cells showed a smaller number of nodes and branches compared to
control cells. (D—F) Western blot analysis of Bcl2, intact PARP, cleaved PARP. B-actin was used as an internal control. The Western blot shown is
a representative of three independent experiments. ****p <0.0001, ***p <0.001, and **p <0.01.

4 Conclusion

In this study, a nanocarrier GO-PEG was synthesized and
characterized. PEGylation of graphene oxide resulted in a
significant reduction in hydrodynamic size, and zeta potential,
which facilitated a high cellular uptake of GO-PEG.
Additionally, PEGylation of graphene oxide led to reduced
cytotoxicity. This nanocarrier was used to deliver potential
therapeutic drug molecules, CPI444 and vatalanib, to target
GBM U87 cells derived from glioblastoma multiforme. These
drugs were mainly selected to target divergent cellular
mechanisms as GBM exhibits molecular and cellular
heterogeneity to its advantage. This study clearly demonstrates
that the stem cell properties of GBM U87 were severely affected
by custom-designed nanoformulation. Additionally, the
treatment with CPI444 and vatalanib via GO-PEG led to a
drastic reduction in the metastatic ability of GBM U87 cells. The
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current work has proven the importance of the novel
formulation under study in the effective reduction of the
angiogenic potential of GBM. Ultimately, this nanosized
CPI444 and vatalanib caused elevated apoptosis, which will
lead to a reduced tumor size. This nanoparticle-based
combinatorial therapy approach enhances the efficacy of the
existing therapeutic drugs by targeting the key molecular players
at very low concentrations. This property will provide a huge
advantage in tackling drug resistance exhibited by tumors and
avoiding off-target effects due to overdosage.
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Cancer is a life-threatening disease caused by the uncontrolled division of cells, which
culminates in a solid mass of cells known as a tumor or liquid cancer. It is the leading cause
of mortality worldwide, and the number of cancer patients has been increasing at an
alarming rate, with an estimated 20 million cases expected by 2030. Thus, the use of
complementary or alternative therapeutic techniques that can help prevent cancer has
been the subject of increased attention. Garlic, the most widely used plant medicinal
product, exhibits a wide spectrum of biological activities, including antibacterial, hypo-
lipidemic, antithrombotic, and anticancer effects. Diallyl disulfide (DADS) is a major
organosulfur compound contained within garlic. Recently, several experimental studies
have demonstrated that DADS exhibits anti-tumor activity against many types of tumor
cells, including gynecological cancers (cervical cancer, ovarian cancer), hematological
cancers (leukemia, lymphoma), lung cancer, neural cancer, skin cancer, prostate cancer,
gastrointestinal tract and associated cancers (esophageal cancer, gastric cancer,
colorectal cancer), hepatocellular cancer cell line, etc. The mechanisms behind the
anticancer action of DADS include epithelial-mesenchymal transition (EMT), invasion,
and migration. This article aims to review the available information regarding the anti-
cancer potential of DADS, as well as summarize its mechanisms of action, bioavailability,
and pharmacokinetics from published clinical and toxicity studies.

Keywords: oncology, garlic, diallyl disulfide, clinical, pre-clinical, Pharmacology, drug discovery

1 INTRODUCTION

Cancer is a severely detrimental health condition that is experienced by people across the world. The
number of cancer-afflicted patients is rising rapidly and is estimated to be around 20 million by 2030
(Nussbaumer et al., 2011; Munari et al., 2014; Siegel et al., 2016; Society, 2016). Unbridled cellular
growth leads to the modification of internal cellular or tissue materials as well as genetic instabilities,
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converting normal, healthy cells into malignant ones (Feller et al.,
2013; Rauf et al, 2021). These genetic instabilities include
mutations in the oncogenes, suppressors, DNA
repairing genes, and genes involved in the metabolism of cell
growth (Dixon and Kopras, 2004). Cancer has several internal
(hormonal abnormalities, genetic mutations, and the immune
system) and external (smoking, cigarettes, drinking polluted
water, food, radiation, chemicals, heavy metals, air, and
infectious agents) causes (Bigby, 1988; Zhou et al., 2017; Mitra
et al, 2022a). Thus, the discovery and development of
phytochemical compounds that can be used as promising
drugs for carcinoma treatment purposes have become a strong
priority for researchers (Mitra et al., 2022e; Rahman et al., 2022).

Current therapeutic strategies for cancer treatment include
surgery, radiotherapy, and chemotherapy, among others.
However, patients undergoing these cancer preventative
therapies experience intense stress; potentially leading to
damaging, long-term health issues (Haberkorn, 2007; Moding
et al., 2013; Mitra et al., 2022d). Several studies have shown that
many medicinal plant species can be used to prevent or cure
cancer (Mitra et al., 2021, 2022¢; Islam et al., 2022). Anticancer
effects have been observed in many plant species, especially in
plants that have been utilized in traditional herbal treatments
used in developing countries (Greenwell and Rahman, 2015). It is
estimated that dietary modifications could prevent nearly one-
third of current cancer cases (Brennan et al., 2010; Rastegari and
Rafieian-Kopaei, 2016; Rauf et al., 2022).

Garlic, the most widely used plant in medicinal products, has
several pharmacological properties, such as antibacterial,
hypolipidemic, antithrombotic, and anticancer effects (Lai
et al.,, 2013; Mikaili et al.,, 2013). Garlic oil is soluble in both
oil and water, and it has long been considered to be both a dietary
supplement and an anticancer agent (Omar and Al-Wabel, 2010).
Experimental animal studies have shown that specific sulfur-
containing compounds can chemically suppress carcinogenesis in
different organs (Kim et al., 2014). Diallyl disulfide (DADS), a
compound composed of two allyl groups connected by two sulfur
atoms, is a vital organosulfur compound found in garlic (De Greef
etal, 2021; He et al,, 2021; Song et al.,, 2021). DADS is produced
during the decomposition of allicin, and there have been many
detailed studies regarding its medicinal applications (Liang et al.,
2015). DADS, diallyl tetrasulfide, and diallyl trisulfide are the key
elements of distilled garlic oil. DADS is a yellow liquid that has a
distinct garlic odor and is not soluble in water. Allicin is released
when garlic or other plants belonging to the family Alliaceae are
crushed; DADS is produced during the decomposition of allicin.
DADS can easily be oxidized to allicin in the presence of peracetic
acid or hydrogen peroxide. Similarly, allicin hydrolyses to
produce diallyl trisulfide and DADS. When DADS reacts with
liquid sulfur, it produces diallyl polysulfide mixtures that can
create unbroken sulfur chains up to 22 atoms in length (Yiand Su,
2013).

An increasing number of studies have found that DADS
exhibits anticancer activity against several kinds of tumor cells,
including gastric cancer, breast cancer, and colon cancer cell lines
(Altonsy et al., 2012; Tang et al., 2013; Xiao et al., 2014).
Specifically, the underlying mechanism behind the anticancer

tumor
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action of DADS involves inducing apoptosis, activating
metabolizing enzymes that detoxify carcinogens, inhibiting the
production of reactive oxygen species, suppressing DNA adduct
formation, and regulating cell cycle arrest. DADS can also
suppress the metastatic potential of tumors such as EMT,
invasion, and migration (Tsubura et al., 2012).

The purpose of this review is to evaluate the existing
information on the potential of the anticancer activities
exhibited by DADS as well as its mechanism of action, while
also summarizing toxicity and pharmacokinetic studies
conducted on this substance.

2 IN VITRO AND IN VIVO PRECLINICAL
STUDIES

2.1 Breast Cancer

DADS has been successfully shown to intrinsically induce the
apoptosis pathway in breast cancer (Fulda and Debatin, 2006; Lei
etal, 2008; Lee et al., 2011b; Williams et al., 2018). The apoptosis
pathway is regulated by several complex molecules that affect the
production of distinct antiapoptotic and proapoptotic proteins.
The wupregulation of activating caspase occurs during
mitochondria-mediated apoptosis, which is regulated by the
proteins of the Bcl-2 family. Proapoptotic molecules (Bax,
Bim, and Bad) co-exist with a variety of antiapoptotic proteins
in the Bcl-2 protein family but can improve the expression of
antiapoptotic ~ proteins.  Bcl-2  proteins  prevent the
permeabilization of the outer mitochondrial membrane and
suppress apoptosis (Elmore, 2007; Tait and Green, 2010;
Elumalai et al, 2012; Marie Hardwick and Soane, 2013;
Redza-Dutordoir and Averill-Bates, 2016). In comparison to
DADS, DADS-SLN resulted in the increased expression of the
proapoptotic proteins Bad, Bax, caspase-3, and caspase-9, while
also reducing the expression of antiapoptotic proteins, including
Bcl-2. This shows that DADS-SLN causes apoptosis via intrinsic
signaling (Talluri et al., 2017).

The percentages of late and early apoptosis in the control
samples were 0.8% and 0.7%, respectively; this was considerably
lower than the 55.6% and 3.3% exhibited by DADS-SLN. These
values were also considerably larger than that of the blank SLN
(0.9% and 1.4%) and DADS (12.42% and 2.61%), indicating that
DADS-SLN enhanced apoptosis after medicating for 24 h at a
concentration of 8 uM. The greater proportion of apoptotic cells
in DADS-SLN compared to DADS suggests that the former has a
much larger impact on apoptosis. Blank-SLNs appeared to have
very little effect on the MCF-7 cells in terms of apoptosis; this
minor cytotoxicity may be related to excipients. Thus, the nano-
encapsulation of DADS might improve its anticancer impact,
which is mostly associated with the increased induction of
apoptosis (Talluri et al, 2017). In another trial, the late and
early apoptosis cells in a control sample accounted for 0.9% and
0.6% of the cells, respectively. The study showed that DADS-
RAGE-SLN improved the apoptotic activity of DADS in MDA-
MB231 cells (Siddhartha et al., 2018).

Altonsy et al. (2012) found that DADS causes apoptosis in
MCEF-7 breast cancer cell lines by interfering with cell-cycle
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development stages such that the sub-G, population increases
and the synthesis of DNA are slowed significantly. In addition,
DADS activates caspase-3 by inducing phosphatidylserine
translocation from the inner to the outer leaflet of the plasma
membrane. Additional research found that DADS regulates Bcl-
w, Bcl-xL, Bcl-2, and Bax levels in cells in a dose-dependent
manner, suggesting that the Bcl-2 proteins are involved in the
apoptosis induced by DADS. Histone deacetylation inhibitors
(HDAC:I) have been shown to reduce cancer cell growth and
cause apoptosis. In the context of MCE-7 cells, DADS possesses
HDACI characteristics because it prevents the loss of an acetyl
group from the acetylated substrate and causes histone-4 (H4)
hyperacetylation. Thus, the HDACI characteristics of DADS may
be responsible for the activation of apoptosis in breast cancer cells
(Altonsy et al., 2012). Another experiment found that miR-34a
expression was upregulated in MDA-MB-231 cells that were
treated with DADS. miR-34a suppressed breast cancer
development both in vitro and in vivo while also enhancing
the antitumor effectiveness of DADS. Specifically, miR-34a
inhibits the expression of SRC, which results in the
suppression of the Ras/SRC/ERK pathway. miR-34a can also
be considered to be an effective agent for gene therapy procedures
as it boosts the antitumor activity of DADS (Xiao et al., 2014).

DADS was used to pretreat (PreTx) MCF-10A cells in the
presence of the carcinogen benzo(a)pyrene (BaP). MCF-10A cells
were also co-treated (CoTx) with Bap and DADS for up to 24 h to
evaluate the inhibitory influence of DADS on early carcinogenic
events. The cells were monitored for any changes in the cell cycle,
DNA damage, cell proliferation and viability, and the induction of
peroxide formation. BaP tended to significantly increase cell
proliferation at 6 h; DADS CoTx suppressed this phenomenon.
Within 24 h, DADS prevented BaP-induced extracellular aqueous
peroxide production; this behavior was independent of
concentration or technique. Throughout DADS CoTx and
PreTx, with notable suppression for every treatment sustaining
after 6 h, DADS suppressed the single-strand break in DNA
induced by BaP at all times. In normal cell lines, DADS was
effective at inhibiting BaP-induced cell cycle transitions, cell
proliferation, DNA damage, and the production of reactive
oxygen species; thus, DADS may also suppress the
environmentally-induced  initiation  of  breast cancer
(Nkrumah-Elie et al., 2012). The role of DADS, as well as the
mechanisms behind its influence on breast cancer stem cells
(BCSCs), were explored in a separate study. The findings showed
that DADS reduced glucose metabolism and cell stemless in
BCSCs. DADS also reduced the metastasis and the growth of
BCSCs in vivo investigations by targeting the pyruvate kinase M2
(PKM2), CD44, and AMPK signaling pathways in BCSCs. An
THC analysis found that the expression levels of AMPK, CD44,
and PKM2 were positively correlated in the tissues of 125 breast
cancer patients. Furthermore, the positive expression of PKM2,
AMPK, and CD44 was linked to poor overall survival and
disease-free survival in patients (Xie et al., 2018). Furthermore,
DADS caused the downregulation of MMP-9, the dysregulation
of Bcl-2 family members, and the reversal of the epithelial-
mesenchymal transition (EMT). Remarkably, DADS also
suppressed the activation of the PB-catenin signaling pathway,
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which is associated with the regulation of the Bcl-2 family, EMT,
and MMP-9 in TNBC cells. The effectiveness of the anticancer
properties of DADS was confirmed in MDA-MB-231 xenograft
mice, which was consistent with the in vitro findings. Treating
these mice with DADS appreciably lowered tumor weight and
volume while raising apoptosis; in addition, active P-catenin
expression levels were reduced and the downstream molecules
underwent dysregulation (Table 1) (Huang et al., 2015).

Bauer et al. (2014) demonstrated the anticancer properties by
showing a prominent expression profile for the sustained release
of IL-8, IL-6, plasminogen activator inhibitor-1, and TIMP1/2 in
untreated/resting MDA-MB-231 cells using an initial chemokine/
adipokine protein panel microarray. TNF-a (40 ng/ml) did not
affect most of these molecules, except for a single large increase in
CCL2 release (an approximately 1,300-fold upregulation). A sub-
lethal dose of DADS (100 uM) inhibited and reversed the release
of TNF-a-induced CCL2 (Bauer et al., 2014).

2.2 Gastrointestinal Tract and Associated

Cancers

2.2.1 Esophageal Cancer

EC is the sixth most frequently occurring cancer. It has a terrible
prognosis worldwide and affects about 450,000 people. At one
point, squamous cell carcinoma accounted for around 90% of EC
cases, although epidemiology has seen a shift in various western
nations (Epidemiologic differences in esophageal cancer between
Asian and Western populations; Kamangar et al., 2009; Sadjadi
et al., 2010; Yang et al., 2020). The occurrence of esophageal
adenocarcinoma (EAC) has been gradually increasing over the
last 30 years, and currently outnumbers squamous cell cases
(Dabrowski et al., 1998; Comprehensive and Network, 2014).
One study showed that DADS halted cancerous cells in the G2/M
phase by modulating proteins that were related to the cell cycle;
this modulation was linked to a decrease in the production of
cyclin Bl, cdc25¢, cdc2, and p-cdc2. Furthermore, DADS
regulated cellular apoptosis by upregulating the ratio of Bax to
Bcl-2, activating caspase-3, and downregulating the MEK-ERK
signaling pathway. The activation of the p53/p21 pathway
involves the suppression of the G2/M phase, the induction of
apoptosis, and the inhibition of cell differentiation. Hence, DADS
controlled esophageal squamous cell carcinoma (ESCC) cells via
many signaling pathways and was revealed to be a prospective
anticancer therapy for ESCC (Yin et al., 2014b).

Feng et al. (2017) investigated the chemopreventive
effectiveness of DADS against Barrett’s esophagus (BE) as well
as any potentially linked signaling pathways by treating BAR-T
cells with deoxycholic acid (DCA) in the absence or presence of
DADS. DADS was not observed to decrease cell viability for a
given range of concentrations. Like PDTC, an NF-kB inhibitor,
DADS suppressed the ROS production induced by DCA, IxBa
phosphorylation, inflammation, and the production of p50 in the
nucleus in a dose-dependent manner. By lowering the amount of
Bcl-2, DADS also boosted the rate of cell apoptosis. DADS had a
minimal cytotoxic effect on BAR-T cells. DADS exhibited an anti-
inflammatory effect against BAR-T cells through the NF-«xB
signaling pathway and ROS inhibition. Furthermore, DADS
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TABLE 1 | Possible antineoplastic properties of DADS as well as their underlying mechanisms as established by in vitro research.

Cell lines

Breast cancer
MCF-7
MDA-MB231
Breast cancer stem
cells (BCSCs)
MDA-MB-468, MDA-
MB-231, and BT-549
MCF7

MDA-MB-231,
MCF-10A
MDA-MB-231
MDA-MB-468
MCF-7
MDA-MB-231
MDA-MB-231
CMT-13

MCF-7

MCF-10A

Esophageal cancer
ECA109,L02

BAR-T

ECA109

CE81T/VGH
Gastric cancer

MGC803

AGS

OE19

AGS

BGC-823, MGC-803,
MKN-28, HGC-27,
SGC-7901, and AGS

MGC803

MGC-803

BGC823

Duration and conc.

8 UM (24 h)
5 UM (24 h)
50-400 pM (48 h)

0-100 pM

0-400 uM (48 h)
50-1,200 uM (24 h)
46.85-1,500.0 uM

(24, 48 h)
100-400 pM (24 h)
100 pM (24 h)
40 uM (24 h)
Less or equal

1,000 pM (72 h)
7.62 mg

6, 60, and 600 uM 24 h

20, 40, 60 pg/ml (24 h)
0-30 pg/ml (24, 48,
and 72 h)

0, 20 and 40 pg/ml (24 h)
50 pM (24 h)

30 mg/L (12, 24,

36 and 48 h)

0, 50, 100, 200, and
400 pM (48 h)
<10 pg/ml (24-h)

100 mM (6 h)

100 uM (48 h)

30 mg/L (12, 24, and 48 h)

20.30 and 40 mg/ml (24 h)

15 mg/L (12, 24, 36,
and 48 h)

Anticancer properties

Induced apoptosis
Increased apoptosis
Inhibited cell proliferation

Induced apoptosis

Induced apoptosis

Inhibited proliferation of cells

Inhibited cell growth

Inhibited cell growth
Inhibited invasion and metastasis of

cells
Inhibited cell growth

Inhibited cell proliferation
Suppressed cell growth

Induced apoptosis

Induced apoptosis

Induced G2/M arrest and promoted
apoptosis

Abolished apoptotic resistance
Induced apoptosis

Caused DNA damage

Cell cycle arrest and apoptosis

Induced apoptosis

Inhibited metastasis

Inhibited tumor cell motility and
invasion

Suppressed proliferation and
induced apoptosis

Inhibited cell migration and invasion
Halted cell migration and invasion

Significantly reduced the proliferation
of cells

Mechanism of action

Tcaspase-3, 1Bax, Tcaspase-9, 1Bad, |Bcl-2
Tcaspase-9, |Bcl2 and surviving, TROS
lglucose metabolism, |metastasis, |CD44,
IPKM2, |AMPK

1Bcl-2, |B-catenin signaling pathway,
IMMP-9

Tsub-GO population, |DNA synthesis,
Tphosphatidylserine translocation, Tcaspase-
3, TBax, 1Bcl-xL, TBcl-2, 1Bcl-w, |Histone
deacetylation (HDACI), Thistone-4 (H4)
Hyper-acetylation

TmiR-34a, |SRC/Ras/ERK pathway, |SRC

| TNF-a-induced release of CCL2 from triple-
negative human breast tumor (MDA-MB-231)
cells

Tcaspase-3, Tapoptosis, TNQO1,

1S0D, 1GSH

1Vimentin, |MMP-9, TE-cadherin, |p38

TNF-kBmRNA, |p38, |MEK, | TNF-a invoked
CCL2 production, |IKKe, |MAPK/ERK, |NF-
kB pathway signaling

Not reported

Lcell cycle G2/M phase

| mitochondrial membrane potential, T
mitochondrial depolarization, TCaspase-3,T
procaspase-3

|BaP-induced G2/M arrest, Textracellular
aqueous peroxide, |BaP-induced DNA
single-strand breaks, |reactive oxygen
species

leyclin B1, [cdc2, |p-cdc2, |cdc25¢, Tpb3,
T p21

INF-xB, |ROS, |IkBa phosphorylation, |
p50, |Bcl-2

|PCNA, |RAF/MEK/ERK, Tcaspase-3, T p53,
TBax/Bcl-2 ratio

INAT1 mRNA, |protein levels of NAT

Tphospho-Chk1 protein, Tphospho-ATR
expression

|percentage of live AGS cells and sub-diploid
DNA content, |Bcl-2, T Annexin V positive/PI
negative area, TROS production,
Texpressions of Fas, caspase-3, T Bax
IMMPs, |[NF-kB, and PI3K signaling
pathways, Tu-PA, TTIMPs

1 MMP-2 and -9 mRNA and proteins, T TIMP-
1 and -2 mRNA levels and proteins
TmiR-200b, TMiR-22

1p-LIMK1, | p-cofiin1, |Rac1-Pak1/Rock-
LIMK1 pathway, |EMT, [MMP-9, T TIMP-3
TRORa, TnM23, 1TIMP-3, TE-cadherin,
ILIMK1, JuPAR, |CDK1 receptor, |ERK/Fra-
1 pathway, | MMP-9, |vimentin

1Cdc25C, |cyclin B1,

TChk1 phosphorylation, Tphospho-ATR,
Tp21, TGADD45a, 1p53
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TABLE 1 | (Continued) Possible antineoplastic properties of DADS as well as their underlying mechanisms as established by in vitro research.

Cell lines

MGC803

MGC803

Colon cancer

SW480

HT-29

HCT-116

Colo 205

Colo 205

SW480

HT29

COLO 205

HT-29
CT26

SW620, SW480, and
HCT116

HCT116, DLD-1,
HT29, and SW620

SW480

Caco-2,HT-29

Caco-2, HT-29

Cervical cancer

Hela

Hela

Caski

Ovarian cancer
SK-OV-3 and
OVCAR-3 ovarian

Leukemia

K562 and NB4

HL-60

HL-60

Duration and conc.

30 mg/L (0.12, 24 and 48 h)

30 mg/L (0, 6, 12, or 24 h)

0-500 UM (1 h)

0, 30, 60, 120 and
240 pmol/L (12,
24 and 48 h)
50, 100, 200, and 400 uM
(12.24 and 48 h)

25 UM (24-h and 48-h)
10 and 25 pM
85ppm (24 h)

EDso 69 um (16 h)

25 uM (24 h)

120 UM (12, 24 and 48 h)

100 pg/ml (1, 2, 4, and 8 h)

1.008 g/ml (24 h)
100 pl (24 h)
45 mg/L (24 h)

200 uM (6 h)

200 uM (3 h and 6 h)

10 UM 24 h

0-100 M 24 h

30 mg/L

0, 25, 50, 75,100, 200, 300,
and 500 pg/ml (24 and 48 h)

4,8, 16, 32, 64 and
128 uM (72 h)

500 pl (24, 48 and 72 h)

Anticancer properties

exerted anti-EMT and antitumor

growth effects

Arrested cell cycle and inhibited cell
proliferation

Induced apoptosis and cytotoxicity

Induced anti-proliferative and

cytotoxic activity

Cell cycle arrest in the G2/M phase

Elevated chemo-resistance

Inhibited migration and invasion

Attenuated proliferation and induced

apoptosis

Induced redox potrntial oxidation and

reduced cell proliferation
Induced apoptosis

Suppressed cell growth

Enhanced cytotoxicity

Inhibited migration and invasion
Initiated apoptosis

Inhibited the migration and invasion

Increased histone acetylation and
provided protective properties

Increased histone acetylation and cell
cycle arrest

Inhibition of cell viability

Cell growth inhibition

Inhibited cell proliferation

Inhibited cell proliferation

Induced apoptosis and autophagy

Inhibited proliferation, migration,
invasion and arrested cells at GO/
G1 stage

Inhibited migration and invasion

Diallyl Disulfide and Its Anticancer Potential

Mechanism of action

ITGF-p1, |Ract, |p-catenin, |vimentin, TE-
cadherin

TAcetylated histones H3 and H4, Tp21VA™
protein expression

1[Ca*] concentration, Tphospholipase
C-independent Ca* release from ER,
Textracellular Ca®* influx

Texpression of p21, TMM1, | YWHae, |
RRM1

|ROS, |proliferation, Tp53 expression,
Teyclin B1

Texpression of drug resistant genes,
TMRP3 gene expression

|Ras, |PI3K, |p38, |MEKKS, |ERK1/2,
IMKK?7, | JNK1/2, IMMP-2, -7, and -9
1GSK-3p; [NF-xB

Lcell proliferation, |reduced GSH,

Toxidized GSH

|the mitochondrial membrane potential, | Bcl-
2, | Bel-xL, 1Bak, 1Bax, Tcyclin B; Tcdc25¢-
ser-216-9; TWee1; Tcaspase-3, -8 and

-9 activity, TFas, Tphospho-Ask1, TJINK,
Tp53, Tcytochrome ¢

P21, TMM1, |[YWHAE, |RRM1

Tdual functioning ability, Tdrug release, Tease
of penetration through mucous membranes,
T cell cycle arrest at sub-G1 phase

|Rac1

|Bcl-2, 1Bak, TBax, Tcaspase-9

Iphosphorylation of ADF/cofilin, |LIMK1,
Lvimentin; |CD34; | Ki-67

Tp21"af/ePT expression, Thistone

H3 acetylation, Thistone H4 hyperacetylation,
|HDAC activity, |AM at the same
TCDKN1A promoter-associated histone
acetylation, Tp21°P" mRNA and protein levels

Tapoptosis, |p73, |radiation-induced G2/M
phase arrest, 1Tap73, TANp73, TFASLG,
TAPAF1

Tsub-G1 phase (apoptosis), T GO/G1 cell
cycle arrest, Tdysfunction of mitochondria,
TDNA damage, Tcytochrome c,Tpro-
caspase-3 and -9, TAIF, TEndo G
TIntracellular ROS, Tapoptosis,Tcell cycle
arrest in GO/G1 phase, |cyclin D1, |[CDK4,
TP21WAF1/CIP1, Tp27KIP1, |EB, |E7

Tp-Chk1, Tp-CDC25C, Tp-P53, TP21WAF1,
Tp-CDK1, |CDK1, |CyclinB1 protein,
IPCNA, [Ki-67, |Survivin, TCleaved-
caspase3d

Lcell viability, |mTOR expression, Tthe
percentage of cell apoptosis
Tdifferentiation, TCD11b expression, |[NBT,
1DJ-1; |cofilin 1; |RhoGDI2; | calreticulin
(CTR) and PCNA

|DJ-1, |p-Src, |p-Fak
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TABLE 1 | (Continued) Possible antineoplastic properties of DADS as well as their underlying mechanisms as established by in vitro research.

Cell lines

HL-60

HL-60
HL-60

HL-60

HL-60
HL-60

HL-60
HL-60

KF62
Lymphoma
uoz7

Lung cancer
A549

A549

Neural cancer
SH-SY5Y, HelLa

SH-8Y5Y

SH-SY5Y
CCF STTGH,
SW1783, SW1088,

CHLA-03-AA
T98G and US7TMG

Prostate cancer

PC-3

LNCaP

PC-3

DU145

PC-3

inhibited the DCA-induced resistance of apoptosis via a
mechanism that is NF-kB/Bcl-2 dependent, suggesting that it
could be a promising option for the chemical prevention and
treatment of EAC and BE (Feng et al., 2017). Yin et al. (2014a)
found that DADS dramatically decreased the viability of human
esophageal cancer ECA109A cells while being considerably less
toxic to normal liver cells. Annexin V-FITC/propidium iodide

Duration and conc.

8 uM (72 h)

5,10, 15 mg/ L (24 h)
1.25 mg/L (8 h)
1.25 mg/L (8 h)

5and 10 mg/L (4, 8 or 12 h)

1.25 mg/L (48 h)

1.25 mg/L (48 h)
20 micro mol/L (12 h)

1.25 pg/ml (24 h)

0.625, 1.250, and 2.500 pg/

ml (24, 48, and 72 h)
10, 20, 40, 80 mg/L (48 h)
50 uM (24 h)

0-80 UM (24 h)

7.5 uM and 10 uM 24 h

50 uM (3 h)

100 uM (24 h)

50 pmol/L (24 h)

15 and 150 pg/ml (24 h)

100 pM (24 h)

10-50 UM
200, 400 pM 24 h
50-1,000 UM

200, 400 uM 24 h

20, 40 M 24 h

Anticancer properties

Suppressed proliferation of cell

Induced apoptosis
Induced apoptosis

Decreased
proliferation,differentiation and
invasion

Reduced cell proliferation, invasion,
and differentiation

induced the G(2)/M arrest

Triggered apoptosis
Inhibited the proliferation

Induced autophagy

Induced apoptosis

inhibited cell proliferation

Decreased cell viability

Caused early morphological changes

Induced apoptosis

Caused nuclear damage, protein
oxidation, and lipid peroxidation
Triggered apoptosis

Induced apoptosis

Inhibited cell growth
Inhibited cell growth
Increased cytotoxicity

Inhibited cell growth

Decreased cell viability

Diallyl Disulfide and Its Anticancer Potential

Mechanism of action

TCD11b and CD33 expression, | cofilin 1,
|phosphorylated cofilin 1, |Ract, | ROCK1, |
LIMK1, | phosphorylation of LIMK1

TRac2 gene, TNADPH oxidase, TROS, TJNK
leytoplasmic DJ-1 protein expression
Tnuclear DJ-1 protein expression

I mitochondrial DJ-1 protein expression
ICRT

ICRT, | CD383, 1C/EBPa, TROS

Tphospho-p38 MAPK, Tphospho-Cdc25B,
Tphospho-Cdc2

TROS, TPKCS cleavage

| VEGF mRNA, TVEGF protein

1p-ERK, TLC3-II

IhTERT, |DNA-binding activity of c-Myc and
Sp-1, TMad1, TMad/Max complex

IMMP-2/9, TE-cadherin, |N-cadherin,
INrf2 signaling

lgelatinases, TE-cadherin, Tcytokeratin-18,
IN-cadherin and |vimentin

1S0OD1, TROS, TPP1-mediated Tau
dephosphorylation

1[Ca®*], Teytosolic Smac/Diablo, Tcaspase-
9, TcaspaseS, TCalpain, TSBDP, |NF-xB,
1ICAD

TROS, TNO

|AKYPKB

TROS, Tphosphorylation of p38 MAPK,
TJINK1 pathway, T[Caz*], Tcalreticulin,
Tcaspase-4, Tcaspase-9, Tcaspase-3, TBax,
Teytochrome, 1Smac, Tcalpain, |Bcl-2,
|BIRC proteins

Tapoptosis, TIGF, | phosphorylation of Akt,
Teyclin D1, TBcl-2 molecule TBad, TNF-kB,
T Bax

TTER, |claudin, |(MMP)-2 and -9
Ithapsigargin, T apoptosis, TROS, T[Ca2+],
ROS production

TApoptosis, modulation of TBcl-2, |IAP,
TDR4, TFasL, |Bid proteins,
Tphosphorylation of MAPKs

INF-xB, |IKKa, |IKKB
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(PI) staining identified the proapoptotic impact of DADS on
ECA109 cells. Flow cytometry analysis revealed that DADS
enhanced apoptosis in a dose-dependent manner and that the
caspase-3 inhibitor Ac-DEVD-CHO could reduce the rate of
apoptosis. In a xenograft trial conducted on nude mice, DADS
therapy decreased the development of ECA109 tumors at
concentrations of 20 mg/kg and 40 mg/kg with no apparent
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adverse effects. By suppressing the proliferation of nuclear
antigen (PCNA) cells, DADS reduced the proliferation of
ECA109. In ECA109 xenograft tumors, DADS activated a
mitochondria-dependent network with the executor of
caspase-3, increased the ratio of Bax and Bcl-2, increased
p53 levels, and downregulated the ERK/MEK/RAF pathway.
These findings suggest that DADS is an efficient and reliable
anti-cancer agent against esophageal carcinoma (Table 1) (Yin
et al., 2014a).

2.2.2 Gastric Cancer

With over an estimated one million new cases diagnosed in
2020 and 769,000 predicted deaths, gastric cancer remains a
serious health concern across the world and ranks fifth in
terms of its incidence and fourth in terms of its lethality
(UICC, 2020; Sung et al, 2021). Its etiology might be
influenced by several factors, including genetics and the
environment. Garlic consumption is a commonly prescribed
means of preventing gastric cancer (Wang et al, 2012;
Shamshirian et al., 2018). Ling et al. (2014) showed the
anticancer properties of DADS that it induced the buildup of
phosphorylated Chkl and had a downregulating effect on the
expression of cyclin Bl and CDC25C. The overexpression of
ChkI resulted in a significant increase in G2/M arrest induced by
DADS, the inhibition of CDC25C expression, and an increase in
DADS-mediated Chkl phosphorylation. Chkl suppression
decreased DADS-associated G2/M arrest and prevented the
DADS-induced suppression of cyclin Bl and CDC25C. In
addition, Chkl signaling wvia CDC25C/Chkl/ATR/cyclin
Bl mediated the DADS-induced G2/M checkpoint responses
(Ling et al., 2014). By triggering apoptosis and increasing ROS
generation, DADS considerably reduced the growth of AGS
human gastric adenocarcinoma cells. DADS also decreased the
expression levels of Bcl-2 in AGS cells while also increasing the
expression levels of Bax, Fas, and caspase-3 (Lee et al., 2011a).
DADS hindered the metastasis of type II esophageal-gastric
junction adenocarcinoma cells (OE19) by suppressing the Akt/
PI3K and NF-xB signaling pathways, downregulating uPA,
MMP-9, and MMP-2 in the process (Yin et al.,, 2018). DADS
inhibited cell proliferation by increasing tissue inhibitors of
metalloproteinase (TIMP)-1 and TIMP2 mRNA levels and
proteins while decreasing claudin proteins (claudin-3, claudin-
4, and claudin-2), which are important components of tight
junctions (TJs) (Park et al., 2011).

Tang et al. (2013) found that DADS inhibits cell proliferation
and causes apoptosis via the Wnt-1 signaling pathway by
upregulating miR-22 and miR-200b. Variations in the
expression of miRNA were identified in DADS-treated MGC-
803 cells, while the upregulation of miR-22 and miR-200b was
also observed. Wnt-1 was also discovered to be a target of both
miR-22 and miR-200b. miR-200b and miR-22 not only
synergistically decreased gastric cancer development but also
improved the antitumor effects of DADS both in vitro and in
vivo. Thus, it was suggested that miR-22 and miR-200b could be
used in possible gene therapy procedures to boost the antitumor
effectiveness of DADS (Tang et al,, 2013). By downregulating
LIMK1, DADS prevented the epithelial-mesenchymal transition

Diallyl Disulfide and Its Anticancer Potential

(EMT), preventing gastric cancer invasion and development. The
expression of LIMK1 is linked with the differentiation, clinical
stage, invasion level, lymph node metastasis, and poor diagnosis
of tumors, both in vitro and in vivo (Bo et al., 2016). To investigate
the potential of DADS-regulated molecules, Su et al. (2015)
compared the protein expression profiles of DADS-treated
gastric cancer MGC-803 cells to untreated control cells.
23 proteins with statistically important variations in expression
were found through proteomic approaches, comprised of
14 downregulated proteins and 9 upregulated proteins. Ling
et al. (2010) demonstrated that there was an association
between the cell cycle arrest of G2/M and the phosphorylated
forms of Chk1 buildup, but not Chk2; this suggests that the G2/M
cell cycle arrest was associated with the DADS-induced growth
suppression of the BGC823 gastric cancer cell line in humans.
Additionally, Chk1 signaling via the Cdc25C/Chkl/cycling B1/
ATR pathway mediates the DADS-induced G2/M checkpoint
response; this process is independent of Chk2 (Ling et al., 2010).
Bo et al. (2014) reported similar results; they found that Chkl1,
and not Chk2, was directly responsible for the arrest of G2/M,
which is induced in the human gastric cancer BGC823 cells by
DADS (Table 1). An in vitro trial conducted by Su (2012) found
that DADS increased the acetylation of the H4 and H3 histones in
human gastric cancer MGC803 cells in a time-dependent
manner; this was supported by an increase in
P21WAF1 protein levels increase and was consistent with the
arrest of the G2/M phase cell cycle. DADS also exhibited dose-
dependent antitumor effectiveness in an in vivo trial of MGC803-
xenografted nude mice, resulting in the inhibition of tumor cell
development and the arrest of the G2/M phase. Furthermore, the
xenografted tumor cells exhibited distinct cell differentiation
characteristics. These findings suggest that DADS, by causing
the hyperacetylation of histones H4 and H3 while also boosting
the expression of p2IWAF1 in MGCB803 cells, might trigger the
arrest of the cell cycle and reduce cell proliferation, which may be
responsible for its antitumor effects against gastric cancer (Su,
2012).

2.2.3 Colorectal Cancer

Well over 1.9 million new cases of colorectal cancer (CRC) are
expected to be diagnosed in 2020, with an estimated
935,000 fatalities. CRC is the third most frequently-occurring
cancer and has the second-highest mortality rate (1. Hyuna Sung
et al., 2020; UICC, 2020). A lack of exercise or physical activity,
obesity, as well as the consumption of alcohol, red meats, and
tobacco are all known to contribute to the development of CRC.
CRC fatalities can be reduced if it is detected and treated early.
The use of garlic as a dietary supplement can help prevent and
lower the risk of CRC (Fleischauer and Arab, 2001). DADS had a
preliminary signaling impact on the SW480 colon cancer cell line
by increasing Ca®" mobilization (Chen et al., 2012). The DADS-
induced apoptosis of colo205 cells was related to the elevated
expression of transcription 1 (STATI1) signal activators and
transducers (Lu et al, 2007). In HCT-116 cells, DADS
triggered the arrest of the cell cycle in the G2/M phase, while
also elevating the expression of p53 and cyclin B1 (Jo et al., 2008),
as well as the production of ROS (Song et al,, 2009). DADS
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targeted drug-resistant genes in human colon cancer cells
(colo205). The expression levels of the multidrug resistance-
associated protein-3 (MRP-3) were increased by DADS. DADS
elevated the expression of the MRP6 and MRP4 genes while also
inhibiting the growth of co0lo205 cells by lowering the Ras, PI3K,
MEKK3, MKK?7, JNK1/2, p38, and ERK1/2 expression levels,
which consequently suppressed MMP-9, MMP-2, NF-«kB, COX-
2, and MMP-7 expressions levels (Lai et al., 2012, Lai et al., 2013).

DADS prevented colorectal tumorigenesis in mouse models
through a process that involved the NF-«kB signaling pathway and
the nuclear localization of NF-«B, causing it to have a reduced
activity while also inhibiting the activation of GSK-3f (Saud et al.,
2016). An in vivo study using human colon cancer colo205 cells
transplanted into mice revealed that DADS decreased the tumor’s
weight and size (Lai et al., 2012). DADS dramatically decreased
cell proliferation and triggered the arrest of the cell cycle in the
G2/M phase in human colon cancer SW480 cells both in vitro and
in vivo; this was most likely accomplished by downregulating
cyclin B1, p53, and PCNA expression while upregulating
p21WAF1 (Liao et al, 2007). Through the alteration of its
intracellular redox environment, DADS suppressed the growth
and arrest of the G2/M phase in human colon cancer HT-29 cells
(Odom et al, 2009; Yang et al., 2009). The anti-proliferative
properties of DADS against colon cancer HT-29 cells were linked
to several genes that had varied expression patterns and that were
engaged in different physiological systems (Huang et al., 2011).
Colon-targeting DADS-loaded nanoparticles that had dual
functionalities and a significant cytotoxic impact were
successfully produced. In colon cancer therapy, ES100/PLGA-
NPs might be a viable method of targeting water-insoluble
bioactive phytochemicals with better safety measures and
patient compliance. Furthermore, the polymeric mixture used
can be precisely adjusted to create nano-carriers that can deliver
dietary phytochemicals (Saraf et al., 2021).

DADS inhibited the expression levels and activity of Racl by
inhibiting the PI3K/Akt pathway, preventing EMT as well as cell
migration and invasion. The Racl knockdown improved the
tumor prevention capabilities of DADS; in contrast, the
overexpression of Racl counteracted its effects (Table 1) (Xia
et al., 2019). In CRC cell lines, Kim et al. (2019) found that non-
cytotoxic doses of DADS boosted tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)-related cell death. In
addition, the synergistic impact between TRAIL and DADS
was confirmed in vivo using mice models. One of the
mechanisms involved in these observations was the reduced
production of the antiapoptotic protein Bcl-2; the synergistic
effect of DADS and TRAIL was diminished in cells with
overexpressed Bcl-2. This study revealed new insights into the
involvement of DADS in the TRAIL-associated suppression of
CRC development via Bcl-2 inhibition (Kim et al., 2019). The
overexpression of LIMK1 considerably aids colon cancer cell
invasion and migration. DADS reduced cancer cell invasion and
migration by decreasing the phosphorylation of ADF/cofilin via
the suppression of LIMK1 in colon cancer cells. The knockdown
and overexpression of LIMK1 increased and decreased DADS-
induced cell proliferation suppression, respectively; this was
confirmed both in vitro and in vivo. Similar results were
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observed in DADS-induced alterations to the expression of
E-cadherin, Ki-67, CD34, and vimentin in xenografted tumors.
These findings suggested that LIMK1 was a viable target molecule
to enhance the anti-invasion and anti-migration effects of DADS
on colon cancer cells (Su et al,, 2017). By inhibiting histone
hyperacetylation and HDAC while increasing the expression of
cipl/p21wafl, DADS suppressed cell proliferation in HT-29 and
Caco-2 cells. The cellular and molecular effects evoked by DADS
are potentially connected to its impact on histone acetylation and
thus contribute to its anti-carcinogenic capabilities in the colon
(Druesne et al., 2004). In both short-term, solitary treatments as
well as persistent, repetitive treatments, DADS caused rapid
histone hyperacetylation in human tumor colon cell lines.
Histone hyperacetylation is linked to anti-proliferative effects,
including the arrest of the cell cycle in the G2/M phase and the
increase of p2lcipl mRNA and protein expression levels
(Druesne-Pecollo et al., 2008).

2.2.4 Hepatocellular Cancer

There were an estimated number of 906,000 new cases and
830,000 fatalities attributed to primary liver cancer in 2020. It
is the most common form of cancer, has the highest mortality
rate, and is the sixth most frequently diagnosed cancer worldwide
(Anwanwan et al., 2020; Globocan, 2020; Sung et al., 2021). The
two treatments available for liver cancer are immunotherapy and
chemotherapy. However, new therapeutic approaches that
incorporate natural ingredients may result in better prognoses.
In particular, garlic has exhibited anticancer and preventative
effects against liver cancer (Zhou et al., 2016). Through inhibition
of IkBa phosphorylation and NF-kB translocation in CCL4-
induced liver injury, DADS boosted the levels of phase II
antioxidant enzymes while simultaneously decreasing the
expression of inflammatory mediators. This suggests that
DADS activated the Nrf2 pathway, which enhanced
antioxidant defense, inhibited NF- KB activation, and
decreased inflammation (Lee et al., 2014). Another study
found that DADS successfully reduced the acute hepatic
damage caused by acetaminophen in rats. The beneficial
impacts of DADS are due to its ability to regulate
inflammatory reactions by suppressing NF-kB activation and
reducing oxidative stress-mediated JNK activation by
inhibiting CYP2E1 or by increasing antioxidant enzyme
activity (Table 1) (Ko et al, 2017). DADS suppressed the
critical regulators of lipid peroxidation, inflammation, and
metabolism, while also having appreciable effects on
nonalcoholic steatohepatitis (NASH) induced by high-fat diets
(HFD) or methionine and choline-deficient diets (MCD) (Zhang
et al, 2019a). The administration of DADS reduced
cyclophosphamide-induced  hepatotoxicity in  rats by
simultaneously upregulating both anti-inflammatory and
antioxidant activity, demonstrating its promising therapeutic
utility against the adverse effects of cyclophosphamide (Hasan
etal., 2020). The pre-treatment of epithelial cells in CdCl,-treated
rat liver with DADS compounds exhibited a protective effect
against the toxicity of CD by modulating cytokine protein
production, which resulted in improved viability (Odewumi
et al,, 2019).
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Table 1 demonstrates the possible antineoplastic properties of
DADS as well as their underlying mechanisms as established by
in vitro research.

2.3 Gynecological Cancers

2.3.1 Cervical Cancer

Cervical cancer is the fourth most common cancer, with
342,000 fatalities and 604,000 new cases diagnosed in women
globally in 2020. Middle and low-income nations accounted for
over 90% of cases worldwide (Sung et al., 2021; Mitra et al,
2022b). Thus, therapeutic treatments that use natural products
are urgently needed. Several experimental studies have shown
that DADS is effective against cervical cancer. Di et al. (2015)
investigated the molecular mechanisms associated with DADS
using human cervical cancer cells. As radiotherapy is the most
basic form of treatment, HeLa cells were treated with 10 uM of
DADS before being exposed to radiation, increasing their
radiosensitivity and reducing cell viability. DADS pre-
treatment reduced the radiation-induced arrest of the G2/M
phase while also boosting radiation-induced apoptosis. In
addition, coupled DADS and radiation treatment boosted the
activation of apoptosis pathways as well as increased the Tap73
(proapoptotic) to Np73 (antiapoptotic) ratio and the levels of
APAF1 and FASLG downstream proteins (Di et al., 2015). DADS
had a substantial anti-proliferative impact on Caski cells, dose-
dependently decreasing cell viability and increasing intracellular
ROS production and apoptosis. Downregulating cyclin
CDK4 and D1 and the overexpression of p27KIP1 and
p21WAF1/CIP1 inhibitors of CDK enhanced the ability of
DADS to arrest the GO/G1 cell cycle in Caski cells. DADS also
downregulates the viral oncogenes E7 and E6 while restoring the
functions of p53 (Ansari et al., 2020).

2.3.2 Ovarian Cancer

Ovarian cancer is the seventh most frequent disease in women
across the globe and the 18th most prevalent cancer. In 2012,
there were almost 239,000 new instances of ovarian cancer in
women, which accounts for approximately 4% of all new cancer
cases in women (2% of all cancer cases across both genders).
Ovarian cancer is generally lethal. The age-standardized
prevalence rate of this cancer ranges from less than 5 per
100,000 in Africa to more than 11 per 100,000 in Eastern and
Central Europe (Sanchez et al., 2013). To mitigate the extreme
prevalence of ovarian cancer, novel therapeutics must be
considered. DADS has been used for decades to treat this
disease. SK-OV-3 and OVCAR-3 cells were incubated with
different concentrations of DADS to explore the influence of
the DADS-induced arrest of the G2/M phase on the development
and death of ovarian cancer cells as well as the molecular
mechanisms that are involved in this process. The test was
run on xenograft models in vivo which demonstrated that the
inhibition rate of cell proliferation dramatically increased as the
concentration of DADS increased. The suppression rates of the
OVCAR-3 and SK-OV-3 cells were noticeably greater at 24 h
than at 12 and 48 h, demonstrating remarkable time-dependency.
Another test demonstrated that when OVCAR-3 and SK-OV-
3 cells were medicated with DADS of various concentrations, the
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rates of apoptosis increased as the concentration of DADS.
Notably, the apoptosis rates of DADS treated OVCAR-3 and
SK-OV-3 cells at 24 h were much greater than the rates at 12 and
48 h. The intraperitoneal injection of a solution containing DADS
significantly reduced the volume of xenografted cancer cells in the
ovaries of nude mice compared to the blank control groups.
When 30 mg/L of DADS was administered to OVCAR-3 and SK-
OV-3 cells for 24 h, the proportion of OVCAR-3 and SK-OV-
3 cells in the G2 phase rose dramatically compared to the blank
cells. Survivin, PCNA, and Ki-67, which are associated with cell
apoptosis and proliferation, were all dramatically reduced while
the levels of the protein cleaved-caspase3 significantly
increased [54].

2.4 Hematological Cancers

2.4.1 Leukemia

The type of leukemia is determined by the type of malignant
blood cell and the rate at which it proliferates (Van Den Heuvel-
Eibrink, 2004). Leukemia is the most frequent cancer in patients
older than 55 while also being the most prevalent illness in
children younger than 15years old (Deschler and Libbert,
2008). In the cell lines of NB4 and K562 myeloid leukemia,
autophagy and apoptosis could both be triggered by DADS via
the mTOR pathway (Tan and Xiao-xia, 2011). After treatment
with DADS at different concentrations for 24-48 h, it was found
that DADS suppressed cell viability and increased the apoptosis
rate in a time- and dose-dependent manner. The expression of
mTOR was significantly reduced in cells that had been treated
with DADS and mTOR inhibitors. Cells treated with 10 uM of
mTOR inhibitor and 100 g/ml of DADS exhibited high rates of
autophagy and death (Suangtamai and Tanyong, 2016). DADS
halted cells at the GO/GI1 stage and reduced the proliferation,
invasion, and migration of HL-60 cells. DADS also lowered the
capacity of NBT, improved the expression of CD11b, slowed
tumorigenesis, and promoted differentiation in xenografts in vivo
(Table 2). The expression of Rho GDP dissociation inhibitor 2
(Rho GDI2), Dj-1, Calreticulin (CTR), PCNA, and cofilin 1 were
all lowered by DADS (Ling et al., 2017). DADS suppressed DJ 1-
mediated migration and invasion in leukemic cells by inhibiting
the Src-Fak-Integrin signaling pathway; the Src inhibitor
synergistically improved the anticancer effects of DADS (Liu
et al,, 2018). Due to the reduced ability of nitro-blue tetrazolium
as well as elevated CD33 and CD11b expressions, 8 uM of DADS
inhibited cell migration, proliferation, and invasion, while also
causing differentiation. DADS significantly decreased the
generation of phosphorylated cofilin 1 in HL 60 leukemia
cells. DADS also decreased the protein and mRNA expression
of Racl, LIM domain kinase 1 (LIMK1), and Rho-associated
protein kinase 1 (ROCK1), as well as LIMK1 phosphorylation in
HL 60 cells (Ling et al., 2020).

NADPH oxidase is another key ROS source that is enhanced
by DADS. Rac2 activated the c-JNK pathway in DADS-induced
apoptosis but did not activate the p38 pathway. NADPH oxidase,
reactive oxygen species, and Rac2 played a role in the DADS-
induced apoptosis of HL 60 human leukemia cells (Yi et al., 2010).
The expression of DJ 1 proteins was significantly reduced in the
cytoplasm when the HL 60 cells were exposed to 1.25 mg/L DADS
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TABLE 2 | Potential antineoplastic effects of DADS and its underlying mechanisms based on in vivo studies.

Animal tumor
models

Breast cancer
Female athymic mice
(breast)

Ehrlich ascites carcinoma
(EAC) bearing female albino
mice
Esophageal cancer

ECA109 injected nude
mice
Gastric cancer

Male Balb/c nude mice

MGCB808 injected nude
mice

MGCB8083 injected male
athymic BALB/c nude mice

MGCB8083 -xenografted
nude mice
Colon cancer

Colo 205 xenograft mice

FVB/N mice

SW480 injected nude mice

SW620, SW480, and
HCT116 injected nude mice

HCT116, DLD-1, HT29,
and SW620 injected BALB/c
nude mice

SW480 injected nude mice

Caco-2,HT-29 injected
rodents

Caco-2, HT-29 injected
colonocytes
Hepatocellular cancer

Thirty male Sprague-
Dawley rats

Twenty four healthy male
rats

c57BI/6J mice

CP feeded male adult
albino rats

CRL1439 treated rats

Leukemia

Anticancer effects

Retarded the tumor growth

Modulated apoptosis

Induced apoptosis

Induced apoptosis
Inhibited cell invasion

Exerted anti-EMT and
antitumor growth effects

Arrested cell cycle and
inhibited cell proliferation

Elevated chemo-resistance
of human cancer cells
Prevented colorectal
tumorigenesis

Inhibited proliferation and
arrested cell cycle
Inhibited migration and
invasion

Initiated apoptosis

Inhibited the migration and
invasion

Increased histone acetylation
and provided protective
properties

Increased histone acetylation

and cell cycle arrest

Induced antioxidant defense
mechanism and reduced
inflammatory response

Provided protective effects

Effectively attenuated hepatic
steatosis, lipotoxicity, lipid
peroxidation and
inflammation

Reduced hepatotoxicity

Triggered apoptosis

Mechanisms

Not reported

TApoptosis, |Bcl-2, Tp53,
Tdeoxynucleotidyl transferase, |sialic acid

IPCNA, |RAF/MEK/ERK, Tcaspase-3,
Tp53, 1Bax/Bcl-2 ratio

TmiR-22, TmiR-200b

| p-cofilin1, |Rac1-Pak1/Rock1-

LIMK1 pathway, |EMT, |p-LIMK1, [MMP-
9, T TIMP-3

|Ki-67, |CD34, |vimentin, TE-cadherin

TAcetylated histones H3 and H4,
1p21VAFT protein expression

T™dr1, MRP1, MRP3, MRP4 and
MRP6 gene expression

lprolonged inflammation and cellular
transformation; |GSK-3p, |NF-xB
LPCNA, |p53, |cyclin B1, Tp21WAF1

|Rac1, |N-cadherin, |vimentin, |snail1,
TE-cadherin
|Bcl-2, 1Bak, TBax, Tcaspase-9

Iphosphorylation of ADF/cofilin, |LIMK1,
lvimentin, |CD34, | Ki-67

1p21a1/ePT expression, Thistone

H3 acetylation, Thistone

H4 hyperacetylation, |HDAC activity, |AM
at the same

TCDKN1A promoter-associated histone
acetylation, 1p21°"" mRNA and protein
levels

INF-kB translocation, | [kBa
phosphorylation, TBax, Tcytochrome c,
Tcaspase-3, TNrf2 translocation, Tphase II/
antioxidant enzyme activities

lhepatic CYP2E1 expression, |NF-kB
activation, |serum AST and ALT levels,
IMDA, |JINK activation, TGSH,
Tantioxidant enzymes activities

Iserum AST and ALT levels, |liver TG and
TC contents, | mMRNA levels of SREBP-1
and Apoa-l, |SCD-1, | NF-kB, | TNF-a,
lIL-6, [MDA, |SOD, TPPARa, TMRNA
levels of CREBH and FGF21

TALT, TAST, TALP, 1 total and direct
bilirubin levels, Ty-GT, THDL-C, TGP,
Iserum cholesterol, | triglycerides, TCAT,
ILDL-C, | VLDL-C levels, [MDA, |PCC,
INOX-4

lIGF-1R, |Fas/TNFRSF6/APO

Dose (route)

Intraperitoneal injection
(1 or 2mg) 3 times a
week
Intraperitoneally
100 mg/kg

20 and 40 mg/kg (i.p.)

100 mg kg™ (s.c)
30 mg/L (s.c.)

30 mg/L (s.c.)
50, 100, and
200 mg/kg (s.c.)
25 uM (s.c.)
10 mg/kg (i.p.)
30 mg/kg (s.c.)

1,008 g/ml (i.v.)

100 L (s.c.)
45 mg/L (s.c.)

200 pM (s.c.)

200 mg/kg (Intracaecal
perfusion and gavage)

50 and 100 mg/kg/day
(gavaged)

100 mg/kg/day (oral
gavage)

20, 50, and

100 mg/kg (s.c.)

200 mg/kg (oral)

150 pM (oral)

Duration

35 days

2 weeks

24 h

48 h
12, 24,
and 48 h
0.12,
24 and
48 h
0, 6, 12,
or 24 h
24-h and
48-h
24 h
24 h
24 h

24 h

24 h

6h

1and 21h

5 days

5 days

4 or
20 weeks

10 days

2h

References

Tsubura et al.
(2012)

Ahmed and Ahmed,
(2015)

Yin et al. (2014a)

Tang et al. (2013)
Bo et al. (2016)

Su et al. (2018)

Su, (2012)

Lai et al. (2012)
Saud et al. (2016)
Liao et al. (2007)
Xia et al. (2019)
Kim et al. (2019)
Su et al. (2017)
Druesne et al.

(2004)

Druesne-Pecollo

et al. (2008)

Lee et al. (2014)

Ko et al. (2017)

Zhang et al. (2019a)

Hasan et al. (2020)

Odewumi et al.
(2019)
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TABLE 2 | (Continued) Potential antineoplastic effects of DADS and its underlying mechanisms based on in vivo studies.

Animal tumor Anticancer effects Mechanisms Dose (route) Duration References
models
HL-60 injected mice Inhibited proliferation, Tdifferentiation, T CD11b expression, 21, 42 and 5 days Ling et al. (2017)
migration, invasion and INBT, |DJ-1, | cofilin 1, |[RhoGDI2, |CTR, 84 mg/kg (s.c.)
arrested cells at GO/G1 stage  |PCNA
HL-60 injected SCID mice  Reduced cell proliferation, |LCRT, |CD33, TC/EBPa, TROS 21 or 42 mg/kg (s.c.) 21 days Sun et al. (2019)
invasion, and differentiation
Skin cancer
DMBA/TPA-treated Inhibited chemically induced ~ TCAT, 1SOD, TGPx, TGR, Tnuclear 4 uM (topical) 4 days Shan et al. (2016)
mouse papilloma genesis accumulation of Nrf2

over 8 h. However, the expression DJ 1 was greatly elevated in the
nucleus fractions compared to the untreated controls. Following
treatment with 5mg/L and 10 mg/L of DADS, the expression
levels of DJ 1 proteins were dramatically reduced in the
mitochondria of the HL 60 cells. These findings revealed that
exposing HL 60 cells to low dosages of DADS increases the
translocation of the DJ one protein from the cytoplasm to the
nucleus, suggesting that DJ one could be a cofactor binding
protein or transcription factor in cell differentiation. The
expression of DJ one in mitochondria may be connected to
the induction of apoptosis in HL 60 cells that were exposed to
moderate concentrations of DADS (Li et al., 2016). Calreticulin
(CRT) played a significant role in human acute myeloid leukemia
(AML) cell invasion and proliferation and is the subject of a
significant amount of research. Yi et al. (Yi et al., 2016) found that
CRT caused cell differentiation, proliferation, and invasion in
DADS-treated HL 60 cells, as evidenced by the DADS-induced
CRT downregulation across differentiated HL 60 cells. Following
DADS-induced differentiation, CRT expression levels decreased
while C/EBPa expression levels increased in the HL 60 cells. In
severe combined immunodeficiency mice injected with HL
60 cells, DADS reduced tumor tissue growth in vivo, decreased
levels of CRT, and increased C/EBPa. Furthermore, it was
demonstrated that the DADS-mediated increased expression of
C/EBPa and decreased expression of CRT expression resulted in
an upregulation of reactive oxidant species. In an RNA
immunoprecipitation experiment, CRT bound to C/EBPa
mRNA, indicating that it controls C/EBPa mRNA degradation
by conjugating with UGrich elements in the 3’ untranslated
region (Sun et al, 2019). The DADS-induced arrest of the G2/
M phase in HL-60 cells may be linked to the activation of
p38 MAP kinase. Following the expression of phospho-Cdc2
and phospho-Cdc25B, DADS elevated the expression levels of
phospho-p38 MAPK and activated the G2/M checkpoint when
HL-60 cells were exposed to 20 uM/L of DADS over 12 h (Tan
et al., 2004).

DADS dramatically inhibited the growth of HL-60 cells by
suppressing the expression of VEGF mRNA and the generation of
VEGEF proteins in HL-60 cells, leading to anti-leukemic effects
(Fan et al., 2006). As the concentration of DADS was increased,
the number of K562 cells reduced significantly, and the form of
some of the fixed K562 cells became irregular, resulting in a
twisted membrane. The number of green spots in the stained cells
increased as the concentration of DADS increased. The rate of

autophagy in K562 cells increased steadily after 48 h of DADS
culture. The groups that had been exposed to 20, 40, and 80 mg/L
of DADS exhibited greater autophagy rates compared to the
group of blank control, of which the group that had been exposed
to 40 mg/L of DADS exhibited the highest autophagy rate. There
was no discernable variation in the expression of ERK protein
between groups, but the expression of p-ERK and LC3-II proteins
increased as the concentration of DADS increased; a substantial
change in the expression of the proteins of the 40 mg/L DADS
group was also observed. DADS activated the MEK-ERK
signaling pathway through the phosphorylation of ERK, which
induced autophagy in the K562 cells (Ye and Yin, 2017).

2.4.2 Lymphoma

Lymphomas refer to solid tumors found in the immune system.
Hodgkin lymphomas account for 10% of all lymphomas.
Lymphomas are relatively common and most clinicians will
have encountered a lymphoma patient regardless of their
specialty. Early diagnosis is critical since many lymphomas
have excellent, and quite curative, therapies (Pinkerton, 2013).
DADS inhibited the activity of telomerase through the
transcriptional downregulation of hTERT, the catalytic subunit
of telomerase, while keeping the expression of its RNA
component unchanged. The suppression of the transcription
factors Sp-1 and c-Myc by caspases and the cysteine protease,
calpain, led to decreased DNA-binding efficiency at their relative
binding sites on the hTERT promoter, culminating in apoptosis
via the reduction of telomerase activity. Elevated Madl levels
generated by DADS treatment may also lead to the creation of
additional Max/Mad complexes that may interfere with the Max/
Myc complex which binds the E-box of the hTERT promoter,
thus transcriptionally decreasing the expression of hTERT
(Table 2) (Dasgupta and Sengupta Bandyopadhyay, 2015).

2.5 Lung Cancer

Non-small cell lung cancer (NSCLC) is the single biggest reason
for cancer-associated fatalities. Radiotherapy is still the primary
treatment for NSCLC. However, ionizing radiation (IR) at low
doses can cause invasion and migration (Xu et al., 2021). One
study showed that IR significantly boosted A549 cell invasion and
migration. A549 cells treated with 40 uM of DADS decreased the
IR-induced invasion and migration while improving their
radiosensitivity. Furthermore, IR-induced EMT was inhibited
by 40 uM of DADS by suppressing the protein matrix, which
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is  related to  metalloproteinase-9 (MMP-9) and
metalloproteinase-2 (MMP-2) generation, as well as the
reduction of the mesenchymal marker N-cadherin and the
elevation of the epithelial marker E-cadherin in A549 cells. In
addition to this, the expression of Nrf2 signaling was shown to be
inhibited by DADS. The IR-induced invasion and migration were
suppressed by DADS by inhibiting the activation of
Nrf2 signaling in A549 cells (Table 2) (Xu et al., 2021).

The EMT is critical to the process of malignant
transformations, and fibronectin (FN), a component of the
extracellular matrix, can induce metastasis and invasion. Due
to the reduced function of gelatinase, DADS hindered the FN-
induced migration and invasion of A549 cells. In DADS-treated
A549 cells, cytokeratin-18 and E-cadherin, which are epithelial
indicators, were elevated, while vimentin and N-cadherin, which
are the mesenchymal markers, as well as factors of transcription,
such as twist, snail, and slug, were downregulated. DADS
inhibited the FN-induced nuclear translocation of catenin and

glycogen synthase kinase-3 phosphorylation in A549 cells, as well
as disorganized lymphoid enhancer factor/T-cell factor and
homolog 2 activities (Figure 1) (Das and Sinha, 2019).

2.6 Neural Cancer

Neural cancers are a heterogeneous group of over 100 illnesses
that cause considerable morbidity and mortality when combined.
Glioblastoma multiform (GBM), the most common form of brain
tumor, is almost always fatal, with a survival rate (5-year) of only
2%; current treatments only provide palliative relief. GBMs have a
high degree of cellular heterogeneity, which may explain why
patients’ nodular or regional patterns frequently advance or recur
(Figure 1) (Lathia et al., 2011).

Due to its extensive cytoskeletal modification and particularly
lethal effect on growing neuroblastoma cells, Aquilano et al.
(2010) emphasized the use of DADS in cancer therapy. As the
phosphorylation of Tau is strongly associated with the functions
of the neuronal cytoskeleton, their investigations found Tau to be
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a novel target for the anti-cytoskeletal action of DADS and can be
used to develop new ways of treating neuronal illnesses linked
with  Tau phosphatases and the impairment of
hyperphosphorylation (Aquilano et al., 2010). DADS has been
shown to suppress antiapoptotic factors while simultaneously
inherently triggering a caspase cascade as well as activating
calpain, resulting in the apoptosis of SH-SY5Y cells (Karmakar
et al.,, 2007). DADS was also found to regulate nNOS, suggesting
that nitric oxide plays a significant role in preventing the
cytotoxicity caused by reactive oxygen species (Aquilano et al.,
2007). DADS exhibited potential anti-glioma properties,
especially with regard to their proliferation, while also
inducing apoptosis in four distinct types of glioma cell lines
that represented the different phases of the illness (Choromanska
et al., 2020). DADS caused glioblastoma cells to die by forming
ROS, increasing ER stress, lowering A¥m, and activating
apoptosis-inducing cysteine proteases and stress kinases
(Table 2) (Das et al., 2007).

2.7 Skin Cancer

Skin cancer is a lethal illness and a major public health issue that
has resulted in significant economic and human losses across the
world (Didona et al, 2018). A variety of internal and
environmental variables can aggravate the pathophysiology of
skin cancer and worsen the illness (Siegel et al, 2018). The
importance of the early identification and diagnosis of skin
cancer cannot be overstated. The mortality rate of skin cancer
has decreased dramatically because of improved screening
procedures, early detection and diagnosis, and innovative
treatment modalities (Table 2) (Casari et al., 2018).

The topical application of DADS reduced the prevalence and
development of skin cancer in mice models. Shan et al. (2016)
revealed that DADS decreased the occurrence and development
of skin tumors in mice models in a dose-dependent manner. This
mechanism was associated with the upregulation of antioxidant
enzyme activity, including catalase, SOD, and glutathione
peroxidase, as well as the nuclear accumulation of Nrf2.
DADS also enhanced the endogenous link between Nrf2 and
p21 and was critical in helping Keap-1 prevent the degradation of
Nrf2 (Figure 1) (Shan et al., 2016).

2.8 Prostate Cancer

Prostate cancer is the second most frequent cancer in males after
skin cancer, and yet its treatments have the highest success rates.
An in vitro experiment was used to study the impact of DADS on
growth factor signaling molecules (like insulin) that are involved
in the proliferation and survival of the human prostate cancer
cells (Arunkumar et al., 2012). It was found that DADS reduces
the rate of survival of androgen-independent prostate cancer cells
by modulating the expression of the IGF system, resulting in the
inhibition of Akt phosphorylation, and consequently inhibiting
cell cycle survival and progression by reducing the expression of
NF-kB, cyclin D1, and antiapoptotic Bcl-2 molecules while
enhancing the expression of proapoptotic signaling molecules
(Bax and Bad) which trigger apoptosis (Arunkumar et al., 2012).
Shin et al. (2010) investigated the anti-invasive potential of DADS
in prostate cancer LNCaP cells; its mechanism involved the
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tightening of TJs and inhibiting matrix metalloproteinase
activities. DADS inhibited the expression of claudin proteins,
the important components of TJs, which are crucial for the
selectivity and regulation of paracellular transport. In addition,
the administration of DADS suppressed the activity of MMP-9
and MMP-2 in LNCaP cells in a dose-dependent manner; this
was also associated with a decrease in the expression of proteins
and mRNA (Table 2) (Shin et al., 2010).

Chen et al. studied the impacts of DADS on Ca** viability and
mobility in human prostate cancer PC3 cells. 500 uM of DADS
caused apoptosis in a mechanism that was independent of Ca**.
Annexin V/pi staining revealed that concentrations of both
10 and 500 uM of DADS induced apoptosis. DADS also
boosted the formation of ROS. DADS caused an increase in
Ca®" in PC3 cells by inducing phospholipase C-independent Ca**
release from the endoplasmic reticulum as well as the influx of
Ca®" via phospholipase A2 sensitive channels. In summary,
DADS induced Ca**-independent apoptosis, Ca®*-dependent
cell death, and the generation of ROS (Figure 2) (Chen et al,
2011).

DADS significantly suppressed the development of human
prostate cancer DU145 cells by inducing apoptosis. Apoptosis
was accompanied by the modulation of Bcl-2 and the inhibitor of
apoptosis proteins (IAP) family of proteins, the depolarization of
the mitochondrial membrane potential (MMP, A¥Ym), and
proteolytic activation of caspases. DADS boosted the
expression of Fas ligand (FasL) and death receptor 4 (DR4)
proteins while decreasing the number of intact Bid proteins.
Furthermore, DADS stimulated the phosphorylation of mitogen-
activated protein kinases (MAPKSs) such as extracellular-signal
regulating kinase (ERK), p38 MAPK, and c-Jun N-terminal
kinase (JNK). SP600125, an inhibitor of JNK, greatly inhibited
DADS-induced apoptosis, but p38, MAPK (SB203580), and ERK
(PD98059) inhibitors did not produce the same effect. DADS-
induced apoptosis was followed by the inactivation of
phosphatidylinositol 3-kinase (PI3K)/Akt and the inhibition of
PI3K. In addition, LY29004 dramatically boosted DADS-induced
cell death (Shin et al., 2012).

The growth and progression of breast and prostate cancers
have been associated with NF-xB activation. DADS had an IC-
50 value of 40 uM whereas MDA-MB-231 and MCEF-7 cells
had IC-50 values of 6 and 4 uM, respectively. PC3 cells were
administered with DADS/quercetin, which significantly
reduced the expression of NF-kB, IKKa, and IKKP. This
suggests that DADS or quercetin blocks the expression of
nuclear factor kappa-B in androgen-independent prostate
cancer cells (Arunakaran et al., 2013).

3 BIOAVAILABILITY AND
PHARMACOKINETIC PROFILE OF DIALLYL
DISULFIDE

A comprehensive investigation of DADS pharmacokinetics
profiles was conducted by orally administering a 200 mg/kg
dose to rats. Allylmethyl sulfide (AMS), allylmercaptan (AM),
allyl methyl sulfone, and allyl methyl sulfoxide were recognized as
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DADS metabolites in the plasma, stomach, urine, and liver of rats
(Zhang et al., 2020). When the prepared garlic was consumed, the
alliinase enzyme was activated, accelerating the transformation of
alliin to allicin, an unstable metabolite. The decomposition of
allicin leads to the formation of organic diallyl polysulfides such
as diallyl sulfide (DAS) and DADS (Bradley et al., 2016;
Yamaguchi and Kumagai, 2019; He et al,, 2021). In the human
body, DADS degrades quickly, metabolizing into different
metabolites, such as diallyl thiosulphinate (DADSO),
allylmercaptan ~ (AM), allylmethyl sulfoxide (AMSO),
allylmethyl sulfide (AMS), and allylmethyl sulfone (AMSO?2).
The presence of DADS has been identified in the breath of human
subjects following the consumption of garlic. DADS could not be
identified in the urine of a volunteer after the oral intake of 1-3 g

of garlic powder; this was because DADS cannot easily reach uM-
level concentrations in vivo (Alma et al., 2014; He et al., 2021).
Similarly, allicin is rapidly removed from circulation after
intravenous injections as it is converted into secondary
metabolites such as DADS, 2-ethenyl-4H-1,3-dithiin, and
E-ajoene (Jacob and Anwar, 2008; Ansary et al., 2020).

For enteric tablets, the allicin, which would eventually
metabolized to DADS, various bioavailability were found ranging
from 36% to 104%. This was reduced to 22%-57% when consumed
with a high-protein meal. Nonenteric tablets gave high
bioavailability (80%-111%), while garlic powder capsules gave
26%-109% bioavailability, whatever the meal type is Allicin
rapidly disappears from circulation after iv injection, suggesting
that it is transformed into secondary products. (Zhang et al., 2020).
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Yamaguchi and Kumagai, (2019) found in their animal studies
that alliin was absorbed primarily from the intestine via the
amino acid transporter for cysteine. The split products of alliin
appeared in the circulation 20 min after the administration of
alliin by gastric intubation. These investigators concluded that
splitting of alliin would take place in the intestinal cells by the
action of an alliinase (or C-S-lyase)-like enzyme. The sulfides
derived from allicin are known to be absorbed very fast from the
intestine, which can be attributed to chemopreventive potential of
this molecule (Ariga and Seki, 2006). The bioavailability of OSCs
is high in animal subjects treated with aqueous garlic extracts
(98% in liver, 103% in blood plasma, and 87% in kidneys for rats,
mice, and dogs, respectively). It was estimated that 1 g of ingested
garlic will biosynthesize 2.5 mg of allicin, 60 pg of SAC, 1,000 +
100 pg of DATS, and 570 + 40 pug of DADS (Gao et al., 2013).

The bioactivity of Allium is mainly attributed to the allyl
derivatives that showed in vivo anticarcinogenic activity in
various tissues. For instance, in garlic extracts, OSCs are
mainly found in allyl and methyl forms (Thompson, 2014;
Ramirez et al, 2017). These clearly demonsrates that the
significant amount of these molecules can contribute to
anticancer properties of DADS.

DADS was determined to have a half-life of less than 1h in
isolated rat livers. Four metabolites of DADS, AMS, AM, AMSO2,
and AMSO, were determined to have half-lives (T;,,) of 6.78,
4.39, 8.64, and 7.16 h, respectively. AMS, AM, AMSO2, and
AMSO were found to have the peak concentrations (Cp.x) of
8, 8, 1,440, and 376 pM, respectively, suggesting that it is possible
to achieve effective therapeutic concentrations of these active
metabolites. DADS was shown to be quickly absorbed, with
the peak concentrations observed 90 min after it was
administered. After 2h, 70% of the radioactivity was still
detectable in the cytosol of liver cells, 80% of which was
metabolized into sulfides while only 8% as remained as
35S-DADS. Within 2-3 h, DATS, AMDS, DADS, and DAS
reached their maxima while the rate of increase of the other
compounds was slower (Haina Wang, 2013).

The RBCs of humans convert the organic polysulfides that are
derived from garlic into H,S, an endogenous cardio-protective
vascular cell-signaling molecule. Increasing numbers of sulfur-
tethering atoms and substituents of allyl accelerate the production
of H,S from the organic polysulfides. Hydropolysulfide (RSnH) is
a critical intermediate in the production of H,S; RSnH is formed
when polysulfides that are allyl-substituted undergo nucleophilic
substitution at the a-carbon of the allyl substituent. Nucleophilic
substitution takes place at the sulfur atom of the organic
polysulfides, yielding H,S and RS,H. H,S is also released when
the intact aorta rings process the garlic-derived organic
polysulfides under physiologically relevant oxygen levels
(Benavides et al., 2007).

The behavior of drug release in different pH environments,
such as the intracellular lysosome (pH 4.5) and the cellular
exterior (pH 7.4), was investigated. The profile of the
regulated release of DADS from solid lipid nanoparticles
(SNL) was examined. Under these conditions, a greater DADS
release rate was observed at lower pHs. Due to the presence of the
pair of sulfide groups, DADS acts as both an alkaline and a weak
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acid and is more soluble at lower pHs. As a result, DADS
encapsulated within SLN were more likely to be released at
pH. Drug release in a more favorable acidic
environment would result in a greater rate of release of DADS
to the tumor cells; this is especially important in cell lines that are
resistant, increasing the therapeutic potential of the delivery
system (Talluri et al., 2017; Siddhartha et al., 2018).

lower

4 CLINICAL STUDIES

According to the FDA’s proof-based assessment procedure for
scientific health appraisal, there is no clear evidence that links
garlic to decreased risks of lung, breast, or gastric cancer. (Rivlin,
2009). Even though almost all experiments were observational,
the number of investigations that were deemed to be scientifically
relevant to this assessment was comparatively small. In addition,
the number of subjects involved was relatively small, and no
conclusive proof regarding a link between garlic consumption
and esophageal, oral, colon, ovarian, prostate, renal, and laryngeal
cell cancers has been recorded. Consequently, the relationship
between cancer risk reduction and garlic remains unknown
(Zuniga et al, 2019). Garlic appears to assist with a wide
range of cancer symptoms, including those associated with
pancreatic, lung, colon, gastric, colorectal, and breast cancers.
In this context, a potential personalized diet with supplementary
foods, including beneficial phytochemicals such as allyl sulfur
compounds and allicin, could be a potential alleviative treatment.
Patients in remission or undergoing therapy have been
administered high dosages of allicin antioxidants (Table 3)
(Ansary et al., 2020).

A 6-month eating plan that followed a Mediterranean-style
diet was found to increase the intake of anti-inflammatory
ingredients such as garlic among the survivors of breast cancer
(Zuniga et al., 2019). Another experiment revealed that taking
200 mg capsules or 1 mg of garlic oil twice a day decreased
progressive gastric lesions (You et al., 2006). Similar outcomes
were observed when the same doses of garlic supplementations
were administered over 7.3 years. In addition, long-term garlic
intake, such as garlic pills or garlic mixed with vitamins reduced
cancer risk (Ma et al., 2012), mortality rate (Li et al., 2019), and
precancerous gastric lesions (Gail and You, 2006). A garlic
treatment of two capsules twice a day for 7.3 years improved
mild folate insufficiency and enhanced serum folate in individuals
who were experiencing gastric lesions in rural Chinese
communities (Wang et al, 2009). In addition, consuming
3.65 kg of garlic supplements per year for 2 years was linked
to a lower incidence of colorectal adenoma, a precursor to
colorectal cancer (CRC) (Table 3) (Jin et al.,, 2013; Gatt et al,,
2015; Dreher, 2018; Wu et al., 2019). Several theories have been
proposed to explain the chemopreventive benefits of garlic,
including the suppression of the formation of DNA adducts,
the inhibition of mutagenesis by limiting metabolism, the
scavenging of free radicals, or the lowering of cell growth and
tumor development (Jin et al., 2013; Charron et al, 2015). In
another study, cancer patients were asked to follow either the
remission support diet (RD; for the patients in remission) or the
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TABLE 3 | Clinical studies on garlic constituents in cancer prevention and intervention.
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Subjects Types of Population No. of
study of patients
study
Breast cancer patient Randomized United States 153
intervention trial
Individuals with gastric ~ Factorial, double-blind, China 4,326
lesion placebo-controlled trial
Gastric cancer patient  Factorial, double-blind, China 3,411
placebo-controlled trial
Colorectal cancer Comparison based Germany 57,560
patient study
Healthy adults Case-control China 966 men and
700 women
Lung cancer patient Case-control China 5,967
and healthy adults
Hematological patients  Double-blind, placebo- Israel 95
controlled trial
Healthy adults Randomized crossover  United States 17

feeding trial

treatment support diet (TD; for the patients undergoing
chemotherapy) over 3-9 weeks. The diets were low in fat and
glucose and high in plant proteins; however, the TD group had an
extra 0.5 protein servings. Additional quantities of tomato, rice
bran, garlic, kale, pineapples, onion, blueberry, turmeric powder,
and/or shiitake were included in daily meals based on clinical
studies. The TD had a higher estimated daily consumption of
quercetin, plant fat, allicin, onion, protein, and garlic than the RD.
Both groups experienced an elevated consumption of vitamin A,
C, and E, as well as a decreased consumption of the D-dimer
relative to baseline diets. TD showed a greater impulse in
cytotoxicity and increased albumin while RD showed reduced
D-ROMS (Lee et al., 2015).

5 CONCLUSION AND FUTURE
RECOMMENDATIONS

Garlic, a widely consumed spice of the genus Allium, has been found
to contain various organosulfur components. DADS has received
attention in cancer prevention research as a natural product with
potent anticancer properties. This review aims to provide an inclusive
evaluation of clinical and preclinical research on the chemopreventive
and anticancer effects of DADS. Toxicity and pharmacokinetic
investigations of DADS were also included. The potential of this
phytochemical as an anti-cancer agent has been supported by many
in vitro and in vivo investigations. Pharmacokinetic investigations
revealed that this chemical has high bioavailability in a variety of
tissues. Injections are the most common delivery method in animal
experiments, but clinical experiments have focused on oral ingestion.
Future animal studies should more efficiently mimic the conditions of
clinical trials conditions to obtain a better understanding of the actual

Intervention Key findings References
39.0%—-69.5% garlic  Improved adherence to a Zuniga et al
diet Mediterranean style (2019)

AGE 400 mg Reduction of burden of gastric cancer ~ Gail and You,
in high risk areas (2006)
4 capsules/day Elevated concentration of serum folate  \Wang et al.
(2009)

One bulb/day Condensed colorectal adenoma risk Dreher, (2018)

— Condensed colorectal adenoma risk Wu et al. (2019)

garlic compounds Chemopreventive effect Jin et al. (2013)

33.4 g per week

900 mg/day No significant effects in the entire Gatt et al.
cohort (2015)

— Activated genes correlated to Charron et al.
apoptosis, immunity, and xenobiotic (2015)

metabolism

anticancer effectiveness of DADS. The bulk of the literature discussed
in this review focuses on preclinical investigations; however, it also
covers clinical tests conducted on DADS and its biogenic precursors.
These investigations proposed several mechanistic pathways for
DADS’ anticancer effects, such as invasion, migration, metastasis,
cell cycle arrest, oxidative stress, and cell death. Many in vitro
investigations have shown that DADS induces several distinct
anticancer activities across a variety of cancer subtypes. More in
vivo research is required to provide support for these mechanisms.
Garlic was also used in several trials; however, this review
recommends concentrating on DADS due to its potency. Pure
DADS should be studied in more detail to completely understand
its anticancer characteristics, especially since several investigations
have proposed conflicting mechanisms. More in vivo studies must be
conducted to elucidate the true mechanisms and the target
biomolecules of DADS, while also identifying biomarkers that can
measure the effectiveness of DADS in anticancer therapy. The
literature suggests that DADS could be a promising agent for
future natural chemotherapy and that it has significant potential
as a safe and efficacious natural remedy to cancer.

AUTHOR CONTRIBUTIONS

SM, RD, TE, and PW conceptualized and designed the manuscript,
participating in drafting the article and/or acquisition of data, and/or
analysis and interpretation of data; RL, NE-T, FI, RS, IA, and
FN prepared the figures and tables. TE, KC, FA, DC, RC, and
PW wrote, edited and revised the manuscript critically. TE
and PW revised the final written. All authors critically revised the
manuscript concerning intellectual content and approved the final
manuscript.

Frontiers in Pharmacology | www.frontiersin.org

143

August 2022 | Volume 13 | Article 943967


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

Mitra et al.

REFERENCES

Agassi, S. F. T., Yeh, T. M., Chang, C. D., Hsu, J. L., and Shih, W. L. (2020).
Potentiation of differentiation and apoptosis in a human promyelocytic
leukemia cell line by garlic essential oil and its organosulfur compounds.
Anticancer Res. 40, 6345-6354. doi:10.21873/anticanres.14655

Ahmed, O., and Ahmed, R. (2015). Anti-proliferative and apoptotic efficacy of
diallyl disulfide on Ehrlich ascites carcinoma. Hepatoma Res. 1, 67. d0i:10.4103/
2394-5079.157602

Alma, E., Eken, A, Ercil, H., Yelsel, K., and Daglioglu, N. (2014). The effect of garlic
powder on human urinary cytokine excretion. Urol. J. 11, 1308-1315.

Altonsy, M. O., Habib, T. N., and Andrews, S. C. (2012). Diallyl disulfide-induced
apoptosis in a breast-cancer cell line (MCF-7) may be caused by inhibition of
histone deacetylation. Nutr. Cancer 64, 1251-1260. doi:10.1080/01635581.2012.
721156

An, X,, Zhang, X, Yao, H,, Li, H,, and Ren, J. (2015). Effects of diallyl disulfide in
elephant garlic extract on breast cancer cell apoptosis in mitochondrial
pathway. J. Food Nutr. Res. (Newark). 3, 196-201. doi:10.12691/jfnr-3-3-11

Ansari, I. A,, Ahmad, A, Imran, M. A., Saeed, M., and Ahmad, 1. (2020).
Organosulphur compounds induce apoptosis and cell cycle arrest in cervical
cancer cells via downregulation of HPV E6 and E7 oncogenes. Anticancer.
Agents Med. Chem. 21, 393-405. doi:10.2174/1871520620999200818154456

Ansary, J., Forbes-Hernandez, T. Y., Gil, E., Cianciosi, D., Zhang, J., Elexpuru-
Zabaleta, M., et al. (2020). Potential health benefit of garlic based on human
intervention studies: A brief overview. Antioxidants 9, E619-E635. doi:10.3390/
antiox9070619

Anwanwan, D., Singh, S. K., Singh, S., Saikam, V., and Singh, R. (2020). Challenges
in liver cancer and possible treatment approaches. Biochim. Biophys. Acta. Rev.
Cancer, 1873, 188314. doi:10.1016/j.bbcan.2019.188314

Aquilano, K., Filomeni, G., Baldelli, S., Piccirillo, S., De Martino, A., Rotilio, G.,
et al. (2007). Neuronal nitric oxide synthase protects neuroblastoma cells from
oxidative stress mediated by garlic derivatives. J. Neurochem. 101, 1327-1337.
doi:10.1111/.1471-4159.2006.04431.x

Aquilano, K., Vigilanza, P., Filomeni, G., Rotilio, G., and Ciriolo, M. R. (2010). Tau
dephosphorylation and microfilaments disruption are upstream events of the
anti-proliferative effects of DADS in SH-SY5Y cells. J. Cell. Mol. Med. 14,
564-577. doi:10.1111/j.1582-4934.2008.00588.x

Ariga, T., and Seki, T. (2006). Antithrombotic and anticancer effects of garlic-
derived sulfur compounds: A review. BioFactors 26, 93-103. doi:10.1002/biof.
5520260201

Arunakaran, J., Arunkumar, R., Elumalai, P., and Senthilkumar, K. (2013). Impact
of quercetin, diallyl disulfide and nimbolide on the regulation of nuclear factor
kappa B expression in prostate and breast cancer cell lines. Nat. Prod. Chem.
Res. 1. doi:10.4172/2329-6836.1000115

Arunkumar, R, Sharmila, G., Elumalai, P., Senthilkumar, K., Banudevi, S.,
Gunadharini, D. N,, et al. (2012). Effect of diallyl disulfide on insulin-like
growth factor signaling molecules involved in cell survival and proliferation of
human prostate cancer cells in vitro and in silico approach through docking
analysis. Phytomedicine. 19, 912-923. doi:10.1016/j.phymed.2012.04.009

Bauer, D., Mazzio, E., Soliman, K. F., Taka, E., Oriaku, E., Womble, T., et al. (2014).
Diallyl disulfide inhibits TNFa-induced CCL2 release by MDA-MB-231 cells.
Anticancer Res. 34, 2763-2770.

Bauer, D., Redmon, N., Mazzio, E., Taka, E., Reuben, J. S., Day, A, et al. (2015).
Diallyl disulfide inhibits TNFa induced CCL2 release through MAPK/ERK and
NF-Kappa-B signaling. Cytokine 75, 117-126. d0i:10.1016/j.cyt0.2014.12.007

Benavides, G. A., Squadrito, G. L., Mills, R. W, Patel, H. D., Isbell, T. S., Patel, R. P.,
et al. (2007). Hydrogen sulfide mediates the vasoactivity of garlic. Proc. Natl.
Acad. Sci. U. S. A. 104, 17977-17982. doi:10.1073/pnas.0705710104

Bigby, J. (1988). Harrison’s principles of internal medicine. Arch. Dermatol. 124,
287. doi:10.1001/archderm.1988.01670020093028

Bo, S., Hui, H,, Li, W,, Hui, L, Hong, X,, Lin, D, et al. (2014). Chkl, but not Chk2, is
responsible for G2/M phase arrest induced by diallyl disulfide in human gastric cancer
BGC823 cells. Food Chem. Toxicol. 68, 61-70. doi:10.1016/j.fct.2014.03.007

Bo, S., Jian, S., Ying, Z., Fang, L., Hong, X., Yan-Hua, M., et al. (2016). Diallyl
disulfide suppresses epithelial-mesenchymal transition, invasion and
proliferation by downregulation of LIMK1 in gastric cancer. Oncotarget 7,
10498-10512. doi:10.18632/oncotarget.7252

Diallyl Disulfide and Its Anticancer Potential

Bradley, J. M., Organ, C. L, and Lefer, D. J. (2016). Garlic-derived organic
polysulfides and myocardial protection. J. Nutr. 146, 403S-409S. doi:10.
3945/jn.114.208066

Brennan, S. F., Cantwell, M. M., Cardwell, C. R., Velentzis, L. S., and Woodside,
J. V. (2010). Dietary patterns and breast cancer risk: A systematic review and
meta-analysis. Am. J. Clin. Nutr. 91, 1294-1302. doi:10.3945/ajcn.2009.28796

Casari, A., Chester, J., and Pellacani, G. (2018). Actinic keratosis and non-invasive
diagnostic techniques: An update. Biomedicines 6, E8. doi:10.3390/
biomedicines6010008

Charron, C. S., Dawson, H. D., Albaugh, G. P., Solverson, P. M., Vinyard, B. T.,
Solano-Aguilar, G. I, et al. (2015). A single meal containing raw, crushed garlic
influences expression of immunity- and cancer-related genes in whole blood of
humans. J. Nutr. 145, 2448-2455. doi:10.3945/jn.115.215392

Chen, C. Y., Huang, C. F,, Tseng, Y. T., and Kuo, S. Y. (2012). Diallyl disulfide
induces Ca 2+ mobilization in human colon cancer cell line SW480. Arch.
Toxicol. 86, 231-238. d0i:10.1007/s00204-011-0748-4

Chen, W. C, Hsu, S. S., Chou, C. T,, Kuo, C. C,, Huang, J. K, Fang, Y. C, et al.
(2011). Effect of diallyl disulfide on Ca2+ movement and viability in
PC3 human prostate cancer cells. Toxicol. Vitro. 25, 636-643. doi:10.1016/j.
tiv.2010.12.015

Chen, X. X,, Liu, X. W,, Zhou, Z. G,, Chen, X. Y., Li, L. D,, Xiong, T, et al. (2016).
Diallyl disulfide inhibits invasion and metastasis of MCF-7 breast cancer cells
in vitro by down-regulating p38 activity. Nan Fang. Yi Ke Da Xue Xue Bao 36,
814-818.

Choromanska, A., Kulbacka, J., Saczko, J., and Surowiak, P. (2020). Effect of diallyl
disulfide and garlic oil on different human astrocytoma cell lines. Biomed. Rep.
13, 32-36. doi:10.3892/br.2020.1339

Comprehensive, N., and Network, C. (2014). Esophageal and esophagogastric
Jjunction.

Dabrowski, A., Abramowicz, K., and Zinkiewicz, K. (1998). Epidemiology of
esophageal cancer. Pol. Merkur. Lek. 5, 145-172. doi:10.1007/978-1-4684-
2442-3_7

Das, A., Banik, N. L., and Ray, S. K. (2007). Garlic compounds generate reactive
oxygen species leading to activation of stress kinases and cysteine proteases for
apoptosis in human glioblastoma T98G and U87MG cells. Cancer 110,
1083-1095. doi:10.1002/cncr.22888

Das, B., and Sinha, D. (2019). Diallyl disulphide suppresses the cannonical Wnt
signaling pathway and reverses the fibronectin-induced epithelial mesenchymal
transition of A549 lung cancer cells. Food Funct. 10, 191-202. doi:10.1039/
c8f000246k

Dasgupta, P., and Sengupta Bandyopadhyay, S. (2015). Role of diallyl disulfide-
mediated cleavage of c-Myc and Sp-1 in the regulation of telomerase activity in
human lymphoma cell line U937. Nutrition 31, 1031-1037. doi:10.1016/j.nut.
2015.02.016

De Greef, D., Barton, E. M., Sandberg, E. N., Croley, C. R., Pumarol, J., Wong, T. L.,
et al. (2021). Anticancer potential of garlic and its bioactive constituents: A
systematic and comprehensive review. Semin. Cancer Biol. 73, 219-264. doi:10.
1016/j.semcancer.2020.11.020

Deschler, B., and Liibbert, M. (2008). Acute myeloid leukemia: Epidemiology and
etiology. Acute Leuk., 47-56. doi:10.1007/978-3-540-72304-2_3

Di, C, Sun, C, Li, H,, Si, J., Zhang, H., Han, L., et al. (2015). Diallyl disulfide
enhances carbon ion beams- induced apoptotic cell death in cervical cancer cells
through regulating Tap73/ANp73. Cell Cycle 14, 3725-3733. doi:10.1080/
15384101.2015.1104438

Didona, D., Paolino, G., Bottoni, U., and Cantisani, C. (2018). Non melanoma skin
cancer  pathogenesis doi:10.3390/
biomedicines6010006

Dixon, K., and Kopras, E. (2004). Genetic alterations and DNA repair in human
carcinogenesis. Semin. Cancer Biol. 14, 441-448. doi:10.1016/j.semcancer.2004.
06.007

Dreher, M. L. (2018). Dietary patterns, whole plant foods, nutrients and
phytochemicals in colorectal cancer prevention and management. Diet.
Patterns Whole Plant Foods Aging Dis., 521-555. doi:10.1007/978-3-319-
59180-3_19

Druesne, N., Pagniez, A., Mayeur, C., Thomas, M., Cherbuy, C., Duée, P. H,, et al.
(2004). Diallyl disulfide (DADS) increases histone acetylation and p21wafl/
cipl expression in human colon tumor cell lines. Carcinogenesis 25, 1227-1236.
doi:10.1093/carcin/bgh123

overview. Biomedicines 6.

Frontiers in Pharmacology | www.frontiersin.org

August 2022 | Volume 13 | Article 943967


https://doi.org/10.21873/anticanres.14655
https://doi.org/10.4103/2394-5079.157602
https://doi.org/10.4103/2394-5079.157602
https://doi.org/10.1080/01635581.2012.721156
https://doi.org/10.1080/01635581.2012.721156
https://doi.org/10.12691/jfnr-3-3-11
https://doi.org/10.2174/1871520620999200818154456
https://doi.org/10.3390/antiox9070619
https://doi.org/10.3390/antiox9070619
https://doi.org/10.1016/j.bbcan.2019.188314
https://doi.org/10.1111/j.1471-4159.2006.04431.x
https://doi.org/10.1111/j.1582-4934.2008.00588.x
https://doi.org/10.1002/biof.5520260201
https://doi.org/10.1002/biof.5520260201
https://doi.org/10.4172/2329-6836.1000115
https://doi.org/10.1016/j.phymed.2012.04.009
https://doi.org/10.1016/j.cyto.2014.12.007
https://doi.org/10.1073/pnas.0705710104
https://doi.org/10.1001/archderm.1988.01670020093028
https://doi.org/10.1016/j.fct.2014.03.007
https://doi.org/10.18632/oncotarget.7252
https://doi.org/10.3945/jn.114.208066
https://doi.org/10.3945/jn.114.208066
https://doi.org/10.3945/ajcn.2009.28796
https://doi.org/10.3390/biomedicines6010008
https://doi.org/10.3390/biomedicines6010008
https://doi.org/10.3945/jn.115.215392
https://doi.org/10.1007/s00204-011-0748-4
https://doi.org/10.1016/j.tiv.2010.12.015
https://doi.org/10.1016/j.tiv.2010.12.015
https://doi.org/10.3892/br.2020.1339
https://doi.org/10.1007/978-1-4684-2442-3_7
https://doi.org/10.1007/978-1-4684-2442-3_7
https://doi.org/10.1002/cncr.22888
https://doi.org/10.1039/c8fo00246k
https://doi.org/10.1039/c8fo00246k
https://doi.org/10.1016/j.nut.2015.02.016
https://doi.org/10.1016/j.nut.2015.02.016
https://doi.org/10.1016/j.semcancer.2020.11.020
https://doi.org/10.1016/j.semcancer.2020.11.020
https://doi.org/10.1007/978-3-540-72304-2_3
https://doi.org/10.1080/15384101.2015.1104438
https://doi.org/10.1080/15384101.2015.1104438
https://doi.org/10.3390/biomedicines6010006
https://doi.org/10.3390/biomedicines6010006
https://doi.org/10.1016/j.semcancer.2004.06.007
https://doi.org/10.1016/j.semcancer.2004.06.007
https://doi.org/10.1007/978-3-319-59180-3_19
https://doi.org/10.1007/978-3-319-59180-3_19
https://doi.org/10.1093/carcin/bgh123
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Mitra et al.

Druesne-Pecollo, N., Chaumontet, C., and Latino-Martel, P. (2008). Diallyl
disulfide increases histone acetylation in colon cells in vitro and in vivo.
Nutr. Rev. 66, $39-541. doi:10.1111/j.1753-4887.2008.00066.x

Elmore, S. (2007). Apoptosis: A review of programmed cell death. Toxicol. Pathol.
35, 495-516. doi:10.1080/01926230701320337

Elumalai, P., Gunadharini, D. N., Senthilkumar, K., Banudevi, S., Arunkumar, R.,
Benson, C. S., et al. (2012). Induction of apoptosis in human breast cancer cells
by nimbolide through extrinsic and intrinsic pathway. Toxicol. Lett. 215,
131-142. doi:10.1016/j.toxlet.2012.10.008

Fan, Z. L., Qi, Z. H., and Xie, Y. (2006). Effect of diallyl disulfide on the expression
and secretion of VEGF in HL-60 cells. Zhonghua Xue Ye Xue Za Zhi 27,
626-629.

Feller, L. L., Khammissa, R. R. A. G., Kramer, B. B., and Lemmer, J. J. (2013). Oral
squamous cell carcinoma in relation to field precancerisation: Pathobiology.
Cancer Cell Int. 13, 31. doi:10.1186/1475-2867-13-31

Feng, C,, Luo, Y., Nian, Y., Liu, D., Yin, X., Wu, ], et al. (2017). Diallyl disulfide
suppresses the inflammation and apoptosis resistance induced by DCA through
ROS and the NF-kB signaling pathway in human barrett’s epithelial cells.
Inflammation 40, 818-831. doi:10.1007/s10753-017-0526-4

Fleischauer, A. T., and Arab, L. (2001). Garlic and cancer: A critical review of the
epidemiologic literature. J. Nutr. 131, 1032S-1040S. doi:10.1093/jn/131.3.1032s

Fulda, S., and Debatin, K. M. (2006). Extrinsic versus intrinsic apoptosis pathways
in anticancer chemotherapy. Oncogene 25, 4798-4811. doi:10.1038/sj.onc.
1209608

Gail, M. H,, and You, W. C. (2006). A factorial trial including garlic supplements
assesses effect in reducing precancerous gastric lesions. J. Nutr. 136, 813S-815S.
d0i:10.1093/jn/136.3.813s

Gao, S., Basu, S., Yang, G., Deb, A, and Hu, M. (2013). Oral bioavailability
challenges of natural products used in cancer chemoprevention. Prog. Chem. 25,
1553-1574.

Gatt, M. E,, Strahilevitz, J., Sharon, N., Lavie, D., Goldschmidt, N., Kalish, Y., et al.
(2015). A randomized controlled study to determine the efficacy of garlic
compounds in patients with hematological malignancies at risk for
chemotherapy-related febrile neutropenia. Integr. Cancer Ther. 14, 428-435.
doi:10.1177/1534735415588928

Globocan, M. (2020). New Global Cancer, 1.

Greenwell, M., and Rahman, P. K. S. M. (2015). Medicinal plants: Their use in
anticancer treatment. Int. J. Pharm. Sci. Res. 6, 4103-4112. doi:10.13040/IJPSR.
0975-8232.6(10).4103-12

Haberkorn, U. (2007). What is cancer? Adv. Nucl. Oncol. 2007, 1-16. doi:10.3109/
9781420091380-2

Haina Wang, X. J. (2013). Drug metabolism and pharmacokinetics of organosulfur
compounds from garlic. J. Drug Metab. Toxicol. 04. doi:10.4172/2157-7609.
1000159

Hasan, H. F., Abdel-Hamid, G. R., and Ebrahim, S. I. (2020). Antioxidant and anti-
inflammatory effects of diallyl disulfide on hepatotoxicity induced by
cyclophosphamide in rats. Nat. Prod. Commun. 15, 1934578X2096908.
doi:10.1177/1934578X20969083

He, H., Ma, Y., Huang, H., Huang, C., Chen, Z,, Chen, D,, et al. (2021). A
comprehensive understanding about the pharmacological effect of diallyl
disulfide other than its anti-carcinogenic activities. Eur. J. Pharmacol. 893,
173803. doi:10.1016/j.ejphar.2020.173803

Huang, J.,, Yang, B., Xiang, T., Peng, W., Qiu, Z,, Wan, J,, et al. (2015). Diallyl
disulfide inhibits growth and metastatic potential of human triple-negative
breast cancer cells through inactivation of the p-catenin signaling pathway. Mol.
Nutr. Food Res. 59, 1063-1075. doi:10.1002/mnfr.201400668

Huang, Y. S., Xie, N, Su, Q., Su, J., Huang, C., and Liao, Q. J. (2011). Diallyl
disulfide inhibits the proliferation of HT-29 human colon cancer cells by
inducing differentially expressed genes. Mol. Med. Rep. 4, 553-559. d0i:10.3892/
mmr.2011.453

Islam, M. R, Islam, F., Nafady, M. H., Akter, M., Mitra, S., Das, R, et al. (2022).
Natural small molecules in breast cancer treatment: Understandings from a
therapeutic viewpoint. Molecules 27, 2165. doi:10.3390/molecules27072165

Jacob, C., and Anwar, A. (2008). The chemistry behind redox regulation with a
focus on sulphur redox systems. Physiol. Plant. 133, 469-480. doi:10.1111/j.
1399-3054.2008.01080.x

Jin, Z. Y., Wu, M,, Han, R. Q,, Zhang, X. F,, Wang, X. S,, Liu, A. M, et al. (2013).
Raw garlic consumption as a protective factor for lung cancer, a population-

Diallyl Disulfide and Its Anticancer Potential

based case-control study in a Chinese population. Cancer Prev. Res. 6,711-718.
doi:10.1158/1940-6207.CAPR-13-0015

Jo, H. ], Song, J. D., Kim, K. M., Cho, Y. H,, Kim, K. H., and Park, Y. C. (2008).
Diallyl disulfide induces reversible G2/M phase arrest on a p53-independent
mechanism in human colon cancer HCT-116 cells. Oncol. Rep. 19, 275-280.
doi:10.3892/0r.19.1.275

Kamangar, F., Chow, W. H., Abnet, C., and Dawsey, M. (2009). Environmental
causes of esophageal cancer. Gastroenterol. Clin. North Am. 38, 27-57. doi:10.
1016/j.8t¢.2009.01.004

Karmakar, S., Banik, N. L., Patel, S. J., and Ray, S. K. (2007). Garlic compounds
induced calpain and intrinsic caspase cascade for apoptosis in human
malignant neuroblastoma SH-SY5Y cells. Apoptosis. 12, 671-684. doi:10.
1007/5s10495-006-0024-x

Kim, H. J., Kang, S., Kim, D. Y., You, S., Park, D., Oh, S. C,, et al. (2019). Diallyl
disulfide (DADS) boosts TRAIL-Mediated apoptosis in colorectal cancer cells
by inhibiting Bcl-2. Food Chem. Toxicol. 125, 354-360. doi:10.1016/j.fct.2019.
01.023

Kim, S. H,, Lee, I. C,, Baek, H. S,, Shin, L. S,, Moon, C,, Bae, C. S, et al. (2014).
Mechanism for the protective effect of diallyl disulfide against
cyclophosphamide acute urotoxicity in rats. Food Chem. Toxicol. 64,
110-118. doi:10.1016/j.fct.2013.11.023

Ko, J. W,, Park, S. H,, Shin, N. R,, Shin, J. Y., Kim, J. W., Shin, L. S., et al. (2017).
Protective effect and mechanism of action of diallyl disulfide against
acetaminophen-induced acute hepatotoxicity. Food Chem. Toxicol. 109,
28-37. doi:10.1016/j.fct.2017.08.029

Lai, K. C., Hsu, S. C,, Kuo, C. L, Yang, J. ., Ma, C. Y., Lu, H. F,, et al. (2013). Diallyl
sulfide, diallyl disulfide, and diallyl trisulfide inhibit migration and invasion in
human colon cancer colo 205 cells through the inhibition of matrix
metalloproteinase-2, -7, and -9 expressions. Environ. Toxicol. 28, 479-488.
doi:10.1002/tox.20737

Lai, K. C., Kuo, C. L., Ho, H. C,, Yang, J. S., Ma, C. Y., Lu, H. F,, et al. (2012). Diallyl
sulfide, diallyl disulfide and diallyl trisulfide affect drug resistant gene
expression in colo 205 human colon cancer cells in vitro and in vivo.
Phytomedicine. 19, 625-630. doi:10.1016/j.phymed.2012.02.004

Lathia, J. D., Heddleston, J. M., Venere, M., and Rich, J. N. (2011). Deadly
teamwork: Neural cancer stem cells and the tumor microenvironment. Cell
Stem Cell 8, 482-485. doi:10.1016/j.stem.2011.04.013

Lee, G. Y, Lee, J. J., and Lee, S. M. (2015). Antioxidant and anticoagulant status
were improved by personalized dietary intervention based on biochemical and
clinical parameters in cancer patients. Nutr. Cancer 67, 1083-1092. doi:10.1080/
01635581.2015.1073754

Lee, I. C,, Kim, S. H., Baek, H. S., Moon, C., Kang, S. S., Kim, S. H,, et al. (2014). The
involvement of Nrf2 in the protective effects of diallyl disulfide on carbon
tetrachloride-induced hepatic oxidative damage and inflammatory response in
rats. Food Chem. Toxicol. 63, 174-185. doi:10.1016/j.fct.2013.11.006

Lee, J. E., Lee, R. A, Kim, K. H., and Lee, J. H. (2011a). Induction of apoptosis with
diallyl disulfide in AGS gastric cancer cell line. J. Korean Surg. Soc. 81, 85-95.
doi:10.4174/jkss.2011.81.2.85

Lee, S. T., Li, Z., Wu, Z., Aau, M., Guan, P., Karuturi, R. K. M, et al. (2011b).
Context-specific regulation of NF-kB target gene expression by EZH2 in breast
cancers. Mol. Cell 43, 798-810. doi:10.1016/j.molcel.2011.08.011

Lei, H., Hemminki, K., Johansson, R., Altieri, A., Enquist, K., Henriksson, R., et al.
(2008). PAI-1 -675 4G/5G polymorphism as a prognostic biomarker in breast
cancer. Breast Cancer Res. Treat. 109, 165-175. doi:10.1007/s10549-007-9635-3

Li, Q. Tang, Y. Qin, J., Yi, L., Yang, Y., Wang, ], et al. (2016). Subcellular
localization of DJ-1 in human HL-60 leukemia cells in response to diallyl
disulfide treatment. Mol. Med. Rep. 14, 4666-4672. d0i:10.3892/mmr.2016.5831

Li, W. Q., Zhang, ]. Y., Ma, J. L,, Li, Z. X,, Zhang, L., Zhang, Y., et al. (2019). Effects
of Helicobacter pylori treatment and vitamin and garlic supplementation on
gastric cancer incidence and mortality: Follow-up of a randomized intervention
trial. BMJ 366, 15016. doi:10.1136/bmj.15016

Liang, D., Wu, H., Wong, M. W., and Huang, D. (2015). Diallyl trisulfide is a fast
H2S donor, but diallyl disulfide is a slow one: The reaction pathways and
intermediates of glutathione with polysulfides. Org. Lett. 17, 4196-4199. doi:10.
1021/acs.orglett.5b01962

Liao, Q. J., Su, J.,, Zhou, X. T., Tang, H. L., Song, Y., and Su, Q. (2007). Inhibitory
effect of diallyl disulfide on proliferation of human colon cancer cell line
SW480 in nude mice. Ai Zheng 26, 828-832.

Frontiers in Pharmacology | www.frontiersin.org

August 2022 | Volume 13 | Article 943967


https://doi.org/10.1111/j.1753-4887.2008.00066.x
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1016/j.toxlet.2012.10.008
https://doi.org/10.1186/1475-2867-13-31
https://doi.org/10.1007/s10753-017-0526-4
https://doi.org/10.1093/jn/131.3.1032s
https://doi.org/10.1038/sj.onc.1209608
https://doi.org/10.1038/sj.onc.1209608
https://doi.org/10.1093/jn/136.3.813s
https://doi.org/10.1177/1534735415588928
https://doi.org/10.13040/IJPSR.0975-8232.6(10).4103-12
https://doi.org/10.13040/IJPSR.0975-8232.6(10).4103-12
https://doi.org/10.3109/9781420091380-2
https://doi.org/10.3109/9781420091380-2
https://doi.org/10.4172/2157-7609.1000159
https://doi.org/10.4172/2157-7609.1000159
https://doi.org/10.1177/1934578X20969083
https://doi.org/10.1016/j.ejphar.2020.173803
https://doi.org/10.1002/mnfr.201400668
https://doi.org/10.3892/mmr.2011.453
https://doi.org/10.3892/mmr.2011.453
https://doi.org/10.3390/molecules27072165
https://doi.org/10.1111/j.1399-3054.2008.01080.x
https://doi.org/10.1111/j.1399-3054.2008.01080.x
https://doi.org/10.1158/1940-6207.CAPR-13-0015
https://doi.org/10.3892/or.19.1.275
https://doi.org/10.1016/j.gtc.2009.01.004
https://doi.org/10.1016/j.gtc.2009.01.004
https://doi.org/10.1007/s10495-006-0024-x
https://doi.org/10.1007/s10495-006-0024-x
https://doi.org/10.1016/j.fct.2019.01.023
https://doi.org/10.1016/j.fct.2019.01.023
https://doi.org/10.1016/j.fct.2013.11.023
https://doi.org/10.1016/j.fct.2017.08.029
https://doi.org/10.1002/tox.20737
https://doi.org/10.1016/j.phymed.2012.02.004
https://doi.org/10.1016/j.stem.2011.04.013
https://doi.org/10.1080/01635581.2015.1073754
https://doi.org/10.1080/01635581.2015.1073754
https://doi.org/10.1016/j.fct.2013.11.006
https://doi.org/10.4174/jkss.2011.81.2.85
https://doi.org/10.1016/j.molcel.2011.08.011
https://doi.org/10.1007/s10549-007-9635-3
https://doi.org/10.3892/mmr.2016.5831
https://doi.org/10.1136/bmj.l5016
https://doi.org/10.1021/acs.orglett.5b01962
https://doi.org/10.1021/acs.orglett.5b01962
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Mitra et al.

Ling, H., He, J., Tan, H,, Yi, L, Liu, F,, Ji, X,, et al. (2017). Identification of potential
targets for differentiation in human leukemia cells induced by diallyl disulfide.
Int. J. Oncol. 50, 697-707. doi:10.3892/ij0.2017.3839

Ling, H., Ji, X,, Lei, Y., Jia, Y., Liu, F., Xia, H., et al. (2020). Diallyl disulfide induces
downregulation and inactivation of cofilin 1 differentiation via the Racl/
ROCKI1/LIMKI1 pathway in leukemia cells. Int. J. Oncol. 56, 772-782.
doi:10.3892/ij0.2020.4968

Ling, H,, Lu, L. F.,, He, J., Xiao, G. H,, Jiang, H., and Su, Q. (2014). Diallyl disulfide
selectively causes checkpoint kinase-1 mediated G2/M arrest in human
MGC803 gastric cancer cell line. Oncol. Rep. 32, 2274-2282. doi:10.3892/or.
2014.3417

Ling, H., Wen, L, Ji, X. X,, Tang, Y. L., He, J., Tan, H,, et al. (2010). Growth
inhibitory effect and Chkl-dependent signaling involved in G 2/M arrest on
human gastric cancer cells induced by diallyl disulfide. Braz. J. Med. Biol. Res.
43, 271-278. doi:10.1590/S0100-879X2010007500004

Liu, R, Yang, Y. N., Yi, L, Qing, J., Li, Q. Y., Wang, W. S., et al. (2018). Diallyl
disulfide effect on the invasion and migration ability of HL-60 cells with a high
expression of DJ-1 in the nucleus through the suppression of the src signaling
pathway. Oncol. Lett. 15, 6377-6385. doi:10.3892/01.2018.8139

Lu, H. F, Yang, J. S, Lin, Y. T., Tan, T. W., Ip, S. W., Li, Y. C,, et al. (2007). Diallyl
disulfide induced signal transducer and activator of transcription 1 expression
in human colon cancer colo 205 cells using differential display RT-PCR. Cancer
Genomics Proteomics 4, 93-97.

Ma,]. L., Zhang, L., Brown, L. M., Li, ]. Y., Shen, L., Pan, K. F,, et al. (2012). Fifteen-
year effects of helicobacter pylori, garlic, and vitamin treatments on gastric
cancer incidence and mortality. J. Natl. Cancer Inst. 104, 488-492. doi:10.1093/
jnci/djs003

Marie Hardwick, J., and Soane, L. (2013). Multiple functions of BCL-2 family
proteins. Cold Spring Harb. Perspect. Biol. 5, a008722. doi:10.1101/cshperspect.
2008722

Mikaili, P., Maadirad, S., Moloudizargari, M., Aghajanshakeri, S., and Sarahroodi,
S. (2013). Therapeutic uses and pharmacological properties of garlic, shallot,
and their biologically active compounds. Iran. J. Basic Med. Sci. 16, 1031-1048.
doi:10.22038/ijbms.2013.1865

Mitra, S., Chakraborty, A. J., Tareq, A. M., Emran, T. B., Nainu, F., Khusro, A., et al.
(2022a). Impact of heavy metals on the environment and human health: Novel
therapeutic insights to counter the toxicity. J. King Saud Univ. - Sci. 34, 101865.
doi:10.1016/j.jksus.2022.101865

Mitra, S., Lami, M. S., Ghosh, A, Das, R, Tallei, T. E., Fatimawali, et al. (2022b).
Hormonal therapy for gynecological cancers: How far has science progressed
toward clinical applications? Cancers (Basel) 14, 759. doi:10.3390/
cancers14030759

Mitra, S., Lami, M. S., Uddin, T. M., Das, R,, Islam, F., Anjum, J,, et al. (2022c).
Prospective multifunctional roles and pharmacological potential of dietary
flavonoid narirutin. Biomed. Pharmacother. 150, 112932. doi:10.1016/j.
biopha.2022.112932

Mitra, S., Rauf, A., Tareq, A. M., Jahan, S., Emran, T. B., Shahriar, T. G,, et al.
(2021). Potential health benefits of carotenoid lutein: An updated review. Food
Chem. Toxicol. 154, 112328. doi:10.1016/j.fct.2021.112328

Mitra, S., Sarker, J., Mojumder, A., Shibbir, T. B., Das, R,, Emran, T. B,, et al.
(2022d). Genome editing and cancer: How far has research moved forward on
CRISPR/Cas9? Biomed. Pharmacother. 150, 113011. doi:10.1016/j.biopha.2022.
113011

Mitra, S., Tareq, A. M., Das, R., Emran, T. B, Nainu, F., Chakraborty, A. J.,, et al.
(2022e). Polyphenols: A first evidence in the synergism and bioactivities. Food
Rev. Int., 1-23. doi:10.1080/87559129.2022.2026376

Moding, E. J., Kastan, M. B., and Kirsch, D. G. (2013). Strategies for optimizing the
response of cancer and normal tissues to radiation. Nat. Rev. Drug Discov. 12,
526-542. doi:10.1038/nrd4003

Munari, C. C., De Oliveira, P. F., Campos, J. C. L., Martins, S. D. P. L., Da Costa,
J. C., Bastos, J. K., et al. (2014). Antiproliferative activity of Solanum lycocarpum
alkaloidic extract and their constituents, solamargine and solasonine, in tumor
cell lines. J. Nat. Med. 68, 236-241. doi:10.1007/s11418-013-0757-0

Nkrumah-Elie, Y. M., Reuben, J. S., Hudson, A. M., Taka, E., Badisa, R., Ardley, T.,
et al. (2012). The attenuation of early benzo(a)pyrene-induced carcinogenic
insults by diallyl disulfide (DADS) in MCF-10A cells. Nutr. Cancer 64,
1112-1121. doi:10.1080/01635581.2012.712738

Diallyl Disulfide and Its Anticancer Potential

Nussbaumer, S., Bonnabry, P., Veuthey, J. L., and Fleury-Souverain, S. (2011).
Analysis of anticancer drugs: A review. Talanta 85, 2265-2289. doi:10.1016/j.
talanta.2011.08.034

Odewumi, C., Latinwo, L. M., Badisa, V. L., Smith, S., Cobb Abdullah, A., Kent
First, M., et al. (2019). Modulation of cadmium induced apoptotic, cancer and
inflammation related cytokines by diallyl disulfide in rat liver cells. Ann.
Toxicol. 1. doi:10.36959/736/633

Odom, R. Y., Dansby, M. Y., Rollins-Hairston, A. M., Jackson, K. M., and Kirlin, W.
G. (2009). Phytochemical induction of cell cycle arrest by glutathione oxidation
and reversal by N-acetylcysteine in human colon carcinoma cells. Nutr. Cancer
61, 332-339. doi:10.1080/01635580802549982

Omar, S. H,, and Al-Wabel, N. A. (2010). Organosulfur compounds and possible
mechanism of garlic in cancer. Saudi Pharm. ]. 18, 51-58. d0i:10.1016/j.jsps.
2009.12.007

Park, H. S., Kim, G. Y., Choi, I. W,, Kim, N. D., Hwang, H. J., Choi, Y. W,, et al.
(2011). Inhibition of matrix metalloproteinase activities and tightening of tight
junctions by diallyl disulfide in AGS human gastric carcinoma cells. J. Food Sci.
76, T105-T111. doi:10.1111/j.1750-3841.2011.02114.x

Pinkerton, R. (2013). “Non-Hodgkin lymphoma,” in Evidence-based pediatr.
Oncol. Third Ed., 88-104. doi:10.1002/9781118625309.ch10

Rahman, M. M., Islam, F., Afsana Mim, S., Khan, M. S., Islam, M. R., Haque, M. A.,
et al. (2022). Multifunctional therapeutic approach of nanomedicines against
inflammation in cancer and aging. J. Nanomater., 1-19. doi:10.1155/2022/
4217529

Ramirez, D. A, Locatelli, D. A., Gonzilez, R. E., Cavagnaro, P. F., and Camargo, A.
B. (2017). Analytical methods for bioactive sulfur compounds in Allium: An
integrated review and future directions. J. Food Compost. Anal. 61,4-19. doi:10.
1016/j.jfca.2016.09.012

Rastegari, F., and Rafieian-Kopaei, M. (2016). Antioxidant supplements and
cancer. Immunopathol. Persa 2.

Rauf, A., Abu-Izneid, T., Khalil, A. A, Imran, M., Shah, Z. A,, Bin Emran, T., et al.
(2021). Berberine as a potential anticancer agent: A comprehensive review.
Molecules 26, 7368. doi:10.3390/molecules26237368

Rauf, A., Shariati, M. A., Imran, M., Bashir, K., Khan, S. A., Mitra, S., et al. (2022).
Comprehensive review on naringenin and naringin polyphenols as a potent
anticancer agent. Environ. Sci. Pollut. Res. Int. 29, 31025-31041. doi:10.1007/
s11356-022-18754-6

Redza-Dutordoir, M., and Averill-Bates, D. A. (2016). Activation of apoptosis
signalling pathways by reactive oxygen species. Biochim. Biophys. Acta 1863,
2977-2992. doi:10.1016/j.bbamcr.2016.09.012

Rivlin, R. S. (2009). Can garlic reduce risk of cancer? Am. J. Clin. Nutr. 89, 17-18.
doi:10.3945/ajcn.2008.27181

Sadjadi, A., Marjani, H., Semnani, S., and Nasseri-Moghaddam, S. (2010).
Esophageal cancer in Iran: A review. Middle East ]. Cancer 1, 5-14.

Sénchez, A. R., Fernandez, B. C., Raposo, C. G., and Castellanos, P. C. (2013).
Ovarian cancer. Med. - Programa Form. Médica Contin. Acreditado 11,
1641-1648. doi:10.1016/S0304-5412(13)70518-3

Saraf, A., Dubey, N., Dubey, N., and Sharma, M. (2021). Enhancement of
cytotoxicty of diallyl disulfide toward colon cancer by Eudragit S100/PLGA
nanoparticles. J. Drug Deliv. Sci. Technol. 64, 102580. doi:10.1016/j.jddst.2021.
102580

Saud, S. M., Li, W., Gray, Z., Matter, M. S., Colburn, N. H., Young, M. R,, et al.
(2016). Diallyl disulfide (DADS), a constituent of garlic, inactivates NF-xB and
prevents colitis-induced colorectal cancer by inhibiting GSK-3p. Cancer Prev.
Res. 9, 607-615. doi:10.1158/1940-6207.CAPR-16-0044

Shamshirian, A., Alizadeh-Navaei, R., Shamshirian, A., Hedayatizadeh-Omran, A.,
Ghadimi, R., and Janbabai, G. (2018). Effect of garlic in gastric cancer prognosis:
a systematic review and meta-analysis. WCRJ 5 (4), e1184.

Shan, Y., Wei, Z., Tao, L., Wang, S., Zhang, F., Shen, C,, et al. (2016). Prophylaxis of
diallyl disulfide on skin carcinogenic model via p2l-dependent
Nrf2 stabilization. Sci. Rep. 6, 35676. doi:10.1038/srep35676

Shin, D. Y., Kim, G. Y., Kim, J. I, Yoon, M. K., Kwon, T. K,, Lee, S. ., et al. (2010).
Anti-invasive activity of diallyl disulfide through tightening of tight junctions
and inhibition of matrix metalloproteinase activities in LNCaP prostate cancer
cells. Toxicol. Vitro. 24, 1569-1576. doi:10.1016/j.tiv.2010.06.014

Shin, D. Y., Kim, G. Y., Lee, J. H,, Choi, B. T., Yoo, Y. H., and Choi, Y. H. (2012).
Apoptosis induction of human prostate carcinoma DUI145 cells by diallyl

Frontiers in Pharmacology | www.frontiersin.org

August 2022 | Volume 13 | Article 943967


https://doi.org/10.3892/ijo.2017.3839
https://doi.org/10.3892/ijo.2020.4968
https://doi.org/10.3892/or.2014.3417
https://doi.org/10.3892/or.2014.3417
https://doi.org/10.1590/S0100-879X2010007500004
https://doi.org/10.3892/ol.2018.8139
https://doi.org/10.1093/jnci/djs003
https://doi.org/10.1093/jnci/djs003
https://doi.org/10.1101/cshperspect.a008722
https://doi.org/10.1101/cshperspect.a008722
https://doi.org/10.22038/ijbms.2013.1865
https://doi.org/10.1016/j.jksus.2022.101865
https://doi.org/10.3390/cancers14030759
https://doi.org/10.3390/cancers14030759
https://doi.org/10.1016/j.biopha.2022.112932
https://doi.org/10.1016/j.biopha.2022.112932
https://doi.org/10.1016/j.fct.2021.112328
https://doi.org/10.1016/j.biopha.2022.113011
https://doi.org/10.1016/j.biopha.2022.113011
https://doi.org/10.1080/87559129.2022.2026376
https://doi.org/10.1038/nrd4003
https://doi.org/10.1007/s11418-013-0757-0
https://doi.org/10.1080/01635581.2012.712738
https://doi.org/10.1016/j.talanta.2011.08.034
https://doi.org/10.1016/j.talanta.2011.08.034
https://doi.org/10.36959/736/633
https://doi.org/10.1080/01635580802549982
https://doi.org/10.1016/j.jsps.2009.12.007
https://doi.org/10.1016/j.jsps.2009.12.007
https://doi.org/10.1111/j.1750-3841.2011.02114.x
https://doi.org/10.1002/9781118625309.ch10
https://doi.org/10.1155/2022/4217529
https://doi.org/10.1155/2022/4217529
https://doi.org/10.1016/j.jfca.2016.09.012
https://doi.org/10.1016/j.jfca.2016.09.012
https://doi.org/10.3390/molecules26237368
https://doi.org/10.1007/s11356-022-18754-6
https://doi.org/10.1007/s11356-022-18754-6
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.3945/ajcn.2008.27181
https://doi.org/10.1016/S0304-5412(13)70518-3
https://doi.org/10.1016/j.jddst.2021.102580
https://doi.org/10.1016/j.jddst.2021.102580
https://doi.org/10.1158/1940-6207.CAPR-16-0044
https://doi.org/10.1038/srep35676
https://doi.org/10.1016/j.tiv.2010.06.014
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Mitra et al.

disulfide via modulation of JNK and PI3K/AKT signaling pathways. Int. J. Mol.
Sci. 13, 14158-14171. doi:10.3390/ijms131114158

Siddhartha, V. T., Pindiprolu, S. K. S. S., Chintamaneni, P. K., Tummala, S., and
Nandha Kumar, S. (2018). RAGE receptor targeted bioconjuguate lipid
nanoparticles of diallyl disulfide for improved apoptotic activity in triple
negative breast cancer: In vitro studies. Artif. Cells Nanomed. Biotechnol. 46,
387-397. doi:10.1080/21691401.2017.1313267

Siegel, R. L., Miller, K. D., and Jemal, A. (2016). Cancer statistics, 2016. Ca. Cancer
J. Clin. 66, 7-30. doi:10.3322/caac.21332

Siegel, R. L., Miller, K. D., and Jemal, A. (2018). Cancer statistics, 2018. Ca. Cancer
J. Clin. 68, 7-30. doi:10.3322/caac.21442

Society, A. C. (2016). Cancer Facts & Figures 2016, 2016, 1-9.Cancer Facts Fig.

Song, J. D., Lee, S. K., Kim, K. M,, Park, S. E,, Park, S. J., Kim, K. H,, et al. (2009).
Molecular mechanism of diallyl disulfide in cell cycle arrest and apoptosis in
HCT-116 colon cancer cells. J. Biochem. Mol. Toxicol. 23, 71-79. d0i:10.1002/
jbt.20266

Song, X., Yue, Z., Nie, L., Zhao, P., Zhu, K., and Wang, Q. (2021). Biological
functions of diallyl disulfide, a garlic-derived natural organic sulfur compound.
Evid. Based. Complement. Altern. Med. 2021, 5103626. doi:10.1155/2021/
5103626

Su, B. (2012). Diallyl disulfide acetylation and
P21WAFI1 expression in human gastric cancer cells in vivo and in vitro.
Biochem. Pharmacol. 01. doi:10.4172/2167-0501.1000106

Su, B, Jian, S. U,, Zeng, Y., Ding, E., Liu, F., Tan, T., et al. (2018). Diallyl disulfide
inhibits TGF-p1-induced upregulation of Racl and (-catenin in epithelial-
mesenchymal transition and tumor growth of gastric cancer. Oncol. Rep. 39,
2797-2806. doi:10.3892/0r.2018.6345

Su, B, Su, J., He, H,, Wu, Y., Xia, H,, Zeng, X,, et al. (2015). Identification of
potential targets for diallyl disulfide in human gastric cancer MGC-803 cells
using proteomics approaches. Oncol. Rep. 33, 2484-2494. doi:10.3892/0r.2015.
3859

Su, J., Zhou, Y., Pan, Z., Shi, L., Yang, J., Liao, A., et al. (2017). Downregulation of
LIMK1-ADF/cofilin by DADS inhibits the migration and invasion of colon
cancer. Sci. Rep. 7, 45624. doi:10.1038/srep45624

Suangtamai, T., and Tanyong, D. I. (2016). Diallyl disulfide induces apoptosis and
autophagy via mTOR pathway in myeloid leukemic cell line. Tumour Biol. 37,
10993-10999. doi:10.1007/s13277-016-4989-y

Sujatha, P., Anantharaju, P. G., Veeresh, P. M., Dey, S., Bovilla, V. R,, and
Madhunapantula, S. V. (2017). Diallyl disulfide (DADS) retards the growth
of breast cancer cells in vitro and in vivo through apoptosis induction. Biomed.
Pharmacol. J. 10, 1619-1630. doi:10.13005/bpj/1273

Sun, J., Mu, H,, Yu, ], Li, L., Yan, H,, Li, G, et al. (2019). Diallyl disulfide down-
regulates calreticulin and promotes C/EBPa expression in differentiation of
human leukaemia cells. J. Cell. Mol. Med. 23, 194-204. doi:10.1111/jcmm.13904

Sung, H., Ferlay, ], Siegel, R. L., Laversanne, M., Soerjomataram, I, Jemal, A., et al.
(2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Ca. Cancer J. Clin. 71,
209-249. doi:10.3322/caac.21660

Sung, H., Ferlay, J., and Siegel, R. L., (2020). GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. Glob. Cancer Stat. 71.
doi:10.3322/caac.21660

Tait, S. W. G., and Green, D. R. (2010). Mitochondria and cell death: Outer
membrane permeabilization and beyond. Nat. Rev. Mol. Cell Biol. 11, 621-632.
doi:10.1038/nrm2952

Talluri, S. V., Kuppusamy, G., Karri, V. V. S. R, Yamjala, K., Wadhwani, A.,
Madhunapantula, S. R. V., et al. (2017). Application of quality-by-design
approach to optimize diallyl disulfide-loaded solid lipid nanoparticles. Artif.
Cells Nanomed. Biotechnol. 45, 474-488. doi:10.3109/21691401.2016.1173046

Tan, H., and Xiao-xia, W. J. (2011). Growth inhibition and apoptosis of K562 cells
induced by diallyl disulfide. South China,Hengyang,Hunan 421001,China: Inst.
Cancer Res.

Tan, L., Zhang, M., Xia, L., Mei, H. Z,, Zhi, Y., Li, J., et al. (2004). The initiation of
G2/M checkpoint by diallyl disulfide requires the activation of p38 MAP kinase
in HL-60 cells. Zhonghua Xue Ye Xue Za Zhi 25, 273-276.

Tang, H., Kong, Y., Guo, J., Tang, Y., Xie, X, Yang, L., et al. (2013). Diallyl disulfide
suppresses proliferation and induces apoptosis in human gastric cancer through
Wnt-1 signaling pathway by up-regulation of miR-200b and miR-22. Cancer
Lett. 340, 72-81. doi:10.1016/j.canlet.2013.06.027

increases histone

Diallyl Disulfide and Its Anticancer Potential

Thompson, A. K. (2014). Health-promoting properties of fruit and vegetables.
Fruit. Veg., 557-572. doi:10.1002/9781118653975.ch14

Tsubura, A., Lai, Y.-C., Kuwata, M., Uehara, N., and Yoshizawa, K. (2012).
Anticancer effects of garlic and garlic-derived compounds for breast cancer
control. Anticancer. Agents Med. Chem. 11, 249-253. doi:10.2174/
187152011795347441

UICC (2020). Globocan 2020: New global cancer data, 5. New York, USA: Website.

Van Den Heuvel-Eibrink, M. (2004). “Acute myeloid leukaemia,” in Paediatr.
Oncol. Third Ed., 203-229. doi:10.1201/b13276-14

Wang, X, Jiao, F., Wang, Q. W., Wang, ], Yang, K., Hu, R. R,, et al. (2012). Aged
black garlic extract induces inhibition of gastric cancer cell growth in vitro and
in vivo. Mol. Med. Rep. 5, 66-72. doi:10.3892/mmr.2011.588

Wang, Y., Zhang, L., Moslehi, R., Ma, J., Pan, K., Zhou, T., et al. (2009). Long-term
garlic or micronutrient supplementation, but not anti-Helicobacter pylori
therapy, increases serum folate or glutathione without affecting serum
vitamin B-12or homocysteineina rural Chinese population. J. Nutr. 139,
106-112. doi:10.3945/jn.108.091389

Wei, Z., Shan, Y., Tao, L., Liu, Y., Zhu, Z., Liu, Z., et al. (2017). Diallyl trisulfides, a
natural histone deacetylase inhibitor, attenuate HIF-1a synthesis, and decreases
breast cancer metastasis. Mol. Carcinog. 56, 2317-2331. doi:10.1002/mc.22686

Williams, M. M., Lee, L., Werfel, T., Joly, M. M. M,, Hicks, D. J., Rahman, B,, et al.
(2018). Intrinsic apoptotic pathway activation increases response to anti-
estrogens in luminal breast cancers. Cell Death Dis. 9, 21. doi:10.1038/
541419-017-0072-x

Wuy, P. P, Chung, H. W, Liu, K. C,, Wu, R. S. C,, Yang, J. S., Tang, N. Y., et al.
(2011). Diallyl sulfide induces cell cycle arrest and apoptosis in HeLa human
cervical cancer cells through the p53, caspase- and mitochondria-dependent
pathways. Int. J. Oncol. 38, 1605-1613. doi:10.3892/ij0.2011.973

Wu, X,, Shi, J., Fang, W., xia, Guo, X, Zhang, L., Yun, L, et al. (2019). Allium
vegetables are associated with reduced risk of colorectal cancer: A hospital-
based matched case-control study in China. Asia. Pac. J. Clin. Oncol. 15,
el32-el41. doi:10.1111/ajco.13133

Xia, L, Lin, J,, Su, J., Oyang, L., Wang, H., Tan, S., et al. (2019). Diallyl disulfide
inhibits colon cancer metastasis by suppressing Racl-mediated epithelial-
mesenchymal transition. Onco. Targets. Ther. 12, 5713-5728. doi:10.2147/
OTT.S208738

Xiao, X., Chen, B,, Liu, X, Liu, P, Zheng, G., Ye, F,, et al. (2014). Diallyl disulfide
suppresses SRC/Ras/ERK signaling-mediated proliferation and metastasis in
human breast cancer by up-regulating miR-34a. PLoS One 9, €112720. doi:10.
1371/journal.pone.0112720

Xie, X., Huang, X,, Tang, H., Ye, F., Yang, L., Guo, X,, et al. (2018). Diallyl disulfide
inhibits breast cancer stem cell progression and glucose metabolism by
targeting CD44/PKM2/AMPK signaling. Curr. Cancer Drug Targets 18,
592-599. doi:10.2174/1568009617666171024165657

Xu, S., Huang, H., Tang, D., Xing, M., Zhao, Q., Li, J., et al. (2021). Diallyl disulfide
attenuates ionizing radiation-induced migration and invasion by suppressing
Nrf2 signaling in non-small-cell lung cancer. Dose. Response. 19,
15593258211033114. doi:10.1177/15593258211033114

Yamaguchi, Y., and Kumagai, H. (2019). Characteristics, biosynthesis,
decomposition, metabolism and functions of the garlic odour precursor,
S-allyl-l-cysteine sulfoxide (Review). Exp. Ther. Med. doi:10.3892/etm.2019.
8385

Yang, J., Liu, X,, Cao, S., Dong, X., Rao, S., and Cai, K. (2020). Understanding
esophageal cancer: The challenges and opportunities for the next decade. Front.
Oncol. 10, 1727. doi:10.3389/fonc.2020.01727

Yang, J. S., Chen, G. W., Hsia, T. C., Ho, H. C,, Ho, C. C,, Lin, M. W, et al. (2009).
Diallyl disulfide induces apoptosis in human colon cancer cell line (COLO 205)
through the induction of reactive oxygen species, endoplasmic reticulum stress,
caspases casade and mitochondrial-dependent pathways. Food Chem. Toxicol.
47, 171-179. doi:10.1016/j.fct.2008.10.032

Ye, X, and Yin, X. (2017). Effect of MEK-ERK signaling pathway on diallyl
disulfide-induced autophagv in human leukemia K562 cells. J. Leuk. Lymphoma
26, 665-669. doi:10.3760/cma.j.issn.1009-9921.2017.11.007

Yi, L., Ji, X. X,, Tan, H,, Lin, M., Tang, Y., Wen, L., et al. (2010). Role of Ras-related
C3 botulinum toxin substrate 2 (Rac2), NADPH oxidase and reactive oxygen
species in diallyl disulphide-induced apoptosis of human leukaemia HL-60
cells. Clin. Exp. Pharmacol. Physiol. 37, 1147-1153. doi:10.1111/j.1440-1681.
2010.05444.x

Frontiers in Pharmacology | www.frontiersin.org

August 2022 | Volume 13 | Article 943967


https://doi.org/10.3390/ijms131114158
https://doi.org/10.1080/21691401.2017.1313267
https://doi.org/10.3322/caac.21332
https://doi.org/10.3322/caac.21442
https://doi.org/10.1002/jbt.20266
https://doi.org/10.1002/jbt.20266
https://doi.org/10.1155/2021/5103626
https://doi.org/10.1155/2021/5103626
https://doi.org/10.4172/2167-0501.1000106
https://doi.org/10.3892/or.2018.6345
https://doi.org/10.3892/or.2015.3859
https://doi.org/10.3892/or.2015.3859
https://doi.org/10.1038/srep45624
https://doi.org/10.1007/s13277-016-4989-y
https://doi.org/10.13005/bpj/1273
https://doi.org/10.1111/jcmm.13904
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/nrm2952
https://doi.org/10.3109/21691401.2016.1173046
https://doi.org/10.1016/j.canlet.2013.06.027
https://doi.org/10.1002/9781118653975.ch14
https://doi.org/10.2174/187152011795347441
https://doi.org/10.2174/187152011795347441
https://doi.org/10.1201/b13276-14
https://doi.org/10.3892/mmr.2011.588
https://doi.org/10.3945/jn.108.091389
https://doi.org/10.1002/mc.22686
https://doi.org/10.1038/s41419-017-0072-x
https://doi.org/10.1038/s41419-017-0072-x
https://doi.org/10.3892/ijo.2011.973
https://doi.org/10.1111/ajco.13133
https://doi.org/10.2147/OTT.S208738
https://doi.org/10.2147/OTT.S208738
https://doi.org/10.1371/journal.pone.0112720
https://doi.org/10.1371/journal.pone.0112720
https://doi.org/10.2174/1568009617666171024165657
https://doi.org/10.1177/15593258211033114
https://doi.org/10.3892/etm.2019.8385
https://doi.org/10.3892/etm.2019.8385
https://doi.org/10.3389/fonc.2020.01727
https://doi.org/10.1016/j.fct.2008.10.032
https://doi.org/10.3760/cma.j.issn.1009-9921.2017.11.007
https://doi.org/10.1111/j.1440-1681.2010.05444.x
https://doi.org/10.1111/j.1440-1681.2010.05444.x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Mitra et al.

Yi, L., Shan, J., Chen, X,, Li, G., Li, L., Tan, H., et al. (2016). Involvement of
calreticulin in cell proliferation, invasion and differentiation in diallyl disulfide-
treated HL-60 cells. Oncol. Lett. 12, 1861-1867. doi:10.3892/01.2016.4850

Yi, L., and Su, Q. (2013). Molecular mechanisms for the anti-cancer effects of diallyl
disulfide. Food Chem. Toxicol. 57, 362-370. doi:10.1016/j.fct.2013.04.001

Yin, X, Feng, C., Han, L., Ma, Y., Jiao, Y., Wang, J., et al. (2018). Diallyl disulfide
inhibits the metastasis of type Il esophageal-gastric junction adenocarcinoma
cells via NF-«kB and PI3K/AKT signaling pathways in vitro. Oncol. Rep. 39,
784-794. doi:10.3892/0r.2017.6113

Yin, X, Zhang, J., Li, X, Liu, D, Feng, C., Liang, R, et al. (2014a). DADS suppresses
human esophageal xenograft tumors through RAF/MEK/ERK and
mitochondria-dependent pathways. Int. J. Mol. Sci. 15, 12422-12441. doi:10.
3390/ijms150712422

Yin, X,, Zhang, R., Feng, C., Zhang, J., Liu, D., Xu, K., et al. (2014b). Diallyl disulfide
induces G2/M arrest and promotes apoptosis through the p53/p21 and MEK-
ERK pathways in human esophageal squamous cell carcinoma. Oncol. Rep. 32,
1748-1756. doi:10.3892/0r.2014.3361

You, W. C,, Brown, L. M., Zhang, L., Li, J. Y., Jin, M. L., Chang, Y. S., et al. (2006).
Randomized double-blind factorial trial of three treatments to reduce the
prevalence of precancerous gastric lesions. J. Natl. Cancer Inst. 98, 974-983.
doi:10.1093/jnci/djj264

Yu, F. S, Yu, C. S, Lin, J. P., Chen, S. C,, Lai, W. W., and Chung, J. G. (2005). Diallyl
disulfide inhibits N-acetyltransferase activity and gene expression in human
esophagus epidermoid carcinoma CE 81T/VGH cells. Food Chem. Toxicol. 43,
1029-1036. doi:10.1016/j.fct.2005.02.009

Zhang, N., Wang, Y., Zhang, J., Liu, B,, Li, G., Xin, S., et al. (2019a). Diallyl disulfide
attenuates non-alcoholic steatohepatitis by suppressing key regulators of lipid
metabolism, lipid peroxidation and inflammation in mice. Mol. Med. Rep. 20,
1363-1372. doi:10.3892/mmr.2019.10316

Zhang, R,, Shi, H., Ren, F., Liu, Z., and Ji, P. (2019b). Effects of diallyl disulfide on
the proliferation and apoptosis of epithelial ovarian cancer cells by inducing
G2/M arrest. Zhongguo Yi Xue Ke Xue Yuan Xue Bao. 41, 43-52. doi:10.3881/j.
issn.1000-503X.10494

Diallyl Disulfide and Its Anticancer Potential

Zhang, Y., Liu, X, Ruan, ], Zhuang, X, Zhang, X, and Li, Z. (2020).
Phytochemicals of garlic: Promising candidates for cancer therapy. Biomed.
Pharmacother. 123, 109730. doi:10.1016/j.biopha.2019.109730

Zhou, Y., Li, Y., Zhou, T., Zheng, J., Li, S., and Li, H. B. (2016). Dietary natural
products for prevention and treatment of liver cancer. Nutrients 8, 156. doi:10.
3390/nu8030156

Zhou, Z., Tang, M,, Liu, Y., Zhang, Z,, Lu, R,, and Lu, J. (2017). Apigenin inhibits cell
proliferation, migration, and invasion by targeting Akt in the A549 human lung
cancer cell line. Anticancer. Drugs 28, 446-456. doi:10.1097/CAD.0000000000000479

Zuniga, K. E., Parma, D. L., Muioz, E., Spaniol, M., Wargovich, M., and Ramirez,
A. G. (2019). Dietary intervention among breast cancer survivors increased
adherence to a mediterranean-style, anti-inflammatory dietary pattern: The rx
for better breast health randomized controlled trial. Breast Cancer Res. Treat.
173, 145-154. doi:10.1007/s10549-018-4982-9

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mitra, Das, Emran, Labib, Noor-E-Tabassum, Islam, Sharma,
Ahmad, Nainu, Chidambaram, Alhumaydhi, Chandran, Capasso and Wilairatana.
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

148

August 2022 | Volume 13 | Article 943967


https://doi.org/10.3892/ol.2016.4850
https://doi.org/10.1016/j.fct.2013.04.001
https://doi.org/10.3892/or.2017.6113
https://doi.org/10.3390/ijms150712422
https://doi.org/10.3390/ijms150712422
https://doi.org/10.3892/or.2014.3361
https://doi.org/10.1093/jnci/djj264
https://doi.org/10.1016/j.fct.2005.02.009
https://doi.org/10.3892/mmr.2019.10316
https://doi.org/10.3881/j.issn.1000-503X.10494
https://doi.org/10.3881/j.issn.1000-503X.10494
https://doi.org/10.1016/j.biopha.2019.109730
https://doi.org/10.3390/nu8030156
https://doi.org/10.3390/nu8030156
https://doi.org/10.1097/CAD.0000000000000479
https://doi.org/10.1007/s10549-018-4982-9
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

a' frontiers ‘ Frontiers in Pharmacology

@ Check for updates

OPEN ACCESS

EDITED BY
Rajkumar S. Kalra,

Okinawa Institute of Science and
Technology Graduate University, Japan

REVIEWED BY
Wenliang Zhang,

The University of Hong Kong, China
Desi Shang,

Harbin Medical University, China

Ling Wang,

South China University of Technology,
China

*CORRESPONDENCE

Ruiging Zheng,
rqzheng@csu.edu.cn

Xue Xu,
xuexu007@wust.edu.cn
Hongcai Shang,
shanghongcai@foxmail.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 17 March 2022
ACCEPTED 19 July 2022
PUBLISHED 29 August 2022

CITATION
Wei X, Yang J, Li S, Li B, Chen M, Lu Y,
Wu X, Cheng Z, Zhang X, Chen Z,
Wang C, Wang E, Zheng R, Xu X and
Shang H (2022), TAIGET: A small-
molecule target identification and
annotation web server.

Front. Pharmacol. 13:898519.

doi: 10.3389/fphar.2022.898519

COPYRIGHT
© 2022 Wei, Yang, Li, Li, Chen, Lu, Wu,
Cheng, Zhang, Chen, Wang, Wang,
Zheng, Xu and Shang. 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

TYPE Methods
PUBLISHED 29 August 2022
pol 10.3389/fphar.2022.898519

TAIGET: A small-molecule target
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Background: Accurate targetidentification of small molecules and downstream
target annotation are important in pharmaceutical research and drug
development.

Methods: We present TAIGET, a friendly and easy to operate graphical web
interface, which consists of a docking module based on AutoDock Vina and
LeDock, a target screen module based on a Bayesian—Gaussian mixture model
(BGMM), and a target annotation module derived from >14,000 cancer-related
literature works.

Results: TAIGET produces binding poses by selecting <5 proteins at a time from
the UniProt ID-PDB network and submitting <3 ligands at a time with the
SMILES format. Once the identification process of binding poses is complete,
TAIGET then screens potential targets based on the BGMM. In addition, three
medical experts and 10 medical students curated associations among drugs,
genes, gene regulation, cancer outcome phenotype, 2,170 cancer cell types,
and 73 cancer types from the PubMed literature, with the aim to construct a
target annotation module. A target-related PPl network can be visualized by an
interactive interface.

Conclusion: This online tool significantly lowers the entry barrier of virtual
identification of targets for users who are not experts in the technical aspects of
virtual drug discovery. The web server is available free of charge at http://www.
taiget.cn/.
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target prediction, web server, target annotation, cancer, botanical drug
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Key points

o TAIGET is a graphical web interface to identify potential
targets of small molecules, which consists of a docking
module, a target screen module, and a target annotation
module.

o The target annotation module is constructed by text mining
and manually curating >14,000 cancer-related literature
works, which involves 73 cancer types and 2,170 cell types.

o TAIGET supports docking service in a mini-batch mode.

Instruction

A drug discovery process starts with identification of targets
and clarification of mechanism of action of drugs, with the hope
to win the battle of disease treatment (Vamathevan et al., 2019).
Approaches for target identification in drug discovery include
virtual and experimental screening. As one of the most widely
used structure-based virtual screening approaches, molecular
docking allows identifying the most likely target of a query
ligand. There are many popular docking procedures, such as
AutoDock, LeDock, Glide, GOLD, and DOCK (Lapillo et al.,
2019; Shahid et al., 2021). To reduce scoring bias, Lee and Kim,
(2020) constructed a web server for target prediction, by ranking
scoring algorithms of GOLD, AutoDock Vina, and LeDock. To
assist identification of putative targets for herbal ingredients,
Zhang et al. (2019) used a reverse docking approach to predict
ligand-target interactions. When Ma and Zou, (2021) developed
an inverse docking procedure using the DOCK algorithm to
support docking ligands against an ensemble of multiple protein
structures.

However, the advantages of docking are balanced by a serious
deficit: docking creates many false-positive events (Lyu et al,
2019). This is caused by relatively rough search algorithms, for
example, Monte Carlo algorithm generates a random initial
configuration of ligand in the active site consisting of a
random conformation, translation, and rotation; tabu search
algorithm made a number of small random changes to the
current configuration of ligand and ranked them (Sulimov
et al,, 2019). To avoid the false-positive events, we previously
developed a target filter algorithm based on a Bayesian-Gaussian
mixture model (BGMM) (Wei et al.,, 2022). We clustered the
interaction pairs between ligand atoms and protein fragments
extracted from the crystal structures of ligand-binding proteins
in the PDB (released from January 1995 to April 2021) and found
that the potential targets should meet with >600 significant
interaction pairs, and meanwhile, >0.8 ratio of them to all the
interaction pairs (Wei et al., 2022). The advantage of our method
was that we not only considered the major bonds between the
ligand and protein, such as hydrogen bonds, salt bridges,
hydrophobic contacts, halogen bonds, and pi-stacking (Shaikh
et al., 2021), but also summarized all the atomic contacts between
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FIGURE 1

TAIGET workflow.

the ligand and protein by defining an atomic contact between one
ligand atom and the first atom of the protein fragment with an
interatomic distance <5 A. We proposed that the diverse
characteristics of atomic contacts could accurately screen the
targets of small molecules.

In addition, target annotation is important for researchers to
identify functional elements of targets and to get an insight into
target-related proteins/genes and their functions (Xu et al., 2022;
Zhang et al., 2022). There are two main ways to annotate targets.
One is based on literature curation or experimental results.
Several popular databases provided information about protein/
gene interactions collected from literature or experimental
results, for example, IntAct molecular interaction database,
BioGRID, and Molecular INTeraction (MINT) database
(Licata et al, 2012; Orchard et al, 2014; Chatr-Aryamontri
et al,, 2015). The protein interaction network analysis (PINA)
platform integrated protein—protein interactions (PPIs) with
RNA-seq spectrometry-based
proteomes (Du et al, 2021). Another method is based on

transcriptomes and  mass
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machine learning or deep learning. Sun et al. applied stacked
autoencoder (SAE) to study sequence-based PPI prediction with
an average accuracy of 97.19% (Hashemifar et al., 2018). Chen
et al. presented a residual recurrent convolutional neural network
in the Siamese architecture for PPI prediction. Zeng et al. (2020)
developed an end-to-end deep learning framework with
combined local contextual and global sequence features to
predict PPL. The aforementioned studies raised the following
three questions: 1) Different drugs have different effects on
protein/gene regulation, so whether some PPIs could be
broken by specific drugs? 2) Are PPIs different in different
cell lines? 3) Are PPIs different in different diseases?

In this study, we developed TAIGET, a web server integrating
target identification and annotation (Figure 1). We provide here
the description of docking service, target screen, target
annotation, and PPI analysis. User guide and examples of how
to use TAIGET are further provided online.

Implementation

We first collected 176,773 PDB files (January 1995-April
2021) from the Protein Data Bank (PDB). Only Homo sapiens/
mouse protein-ligand binding files were maintained. After
filtering of the PDB files based on our previous work (Wei
et al, 2022), hydrogen atoms in proteins were removed by
pdb-tools (Rodrigues et al., 2018) and were added again by
Reduce. Size and position of binding pockets were calculated
based on 3D-coordinates of ligands in the PDB files. A UniProt
ID-PDB database was then constructed, consisting of 3D
structures of 51,362 proteins named by four-character PDB
IDs. The corresponding UniProt IDs of proteins were also
involved in the UniProt ID-PDB database. Thus, users could
provide UniProt IDs or four-character PDB IDs as protein
inputs.

The details about the BGMM-based target filter algorithm
could be found in our previous work (Wei et al., 2022). Briefly,
protein-ligand binding structures in the PDB files were split into
interaction pairs of ligand atoms and protein fragments
(covalently linked three heavy atoms) with an interatomic
distance of <5 A. The interaction pairs were grouped into
ligand atoms with the same SYBYL atom type surrounding
the same protein fragment, which were further clustered via
the BGMM. Gaussian distributions with >20 ligand atoms were
identified as significant interaction patterns. Finally, the number
of significant docked interaction pairs and the ratio of them to all
the docked interaction pairs were defined as two important
criteria to screen potential targets after docking.

To validate the importance of the aforementioned two
features, we constructed a dataset involving 314 representative
ligand-protein complexes from the PDB database in the previous
work. Docking was conducted on the ligand and the
corresponding protein involved in the 314 complex structures.
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FIGURE 2

ROC curves for the group with RMSD <2.5 A by the pattern
number and pattern ratio, respectively. Pattern num: the number
of significant docked interaction pairs. Pattern ratio: the ratio of
significant docked interaction pairs to all the docked

interaction pairs.

For each docking case, root-mean square deviation (RMSD) was
used to estimate structural similarity between the ligand poses
and their corresponding crystal structure, respectively, and the
ligand poses with the highest and lowest RMSD values were
maintained. The process produced 1,252 binding poses. We
further classified the binding poses into two groups with a
threshold of RMSD of 2.5 A. We proposed that the significant
interaction patterns were reliable if the aforementioned two
features were significantly higher in the group with
RMSD <2.5 A than in the group with RMSD >2.5 A.

Here, we used ROC analysis of the two features to evaluate
the classification accuracy. The Youden Index (YI) was used to
obtain the optimal cut-off point (Figure 2). When the number of
significant docked interaction pairs was equal to 285, the
sensitivity at the maximal Youden Index was 0.573 for the
group with RMSD <2.5 A, while the specificity was 0.776.
When the ratio of significant docked interaction pairs to all
the docked interaction pairs was equal to 0.679, the sensitivity at
the maximal Youden Index was 0.71 for the group with
RMSD <2.5 A, while the specificity was 0.547.

Because the number of significant docked interaction pairs
and the ratio of them to all the docked interaction pairs were two
independent and non-linear correlated features, we further
constructed machine learning models by using the two
features to predict probability of the binding pose with
RMSD <2.5 A. We randomly divided the 1,252 binding poses
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FIGURE 3

ROC curves for the group with RMSD <2.5 A in the test set by
machine learning models. LR: logistic regression, KNNs: k-nearest
neighbors, DT: decision tree, RF: random forest, XGB: XGBoost.

into a training set (n = 876) and a test set (n = 376). Among
logistic regression (LR), k-nearest neighbors (KNNs), decision
tree (DT), random forest (RF), and XGBoost, XGBoost yielded
the best AUC of 0.78 (Figure 3). As shown in Table 1, XGBoost in
the test set showed 77% accuracy and 95% specificity. Thus, we
used XGBoost as the classification model in TAIGET to predict
the probability of obtaining a true-positive target.

For target annotation, 55,299 cancer-related literature works
ranging from 1995 to 2021 was first filtered by searching (cancer
[Tile/Abstract]) AND (viability [Tile/Abstract]) OR (apoptosis
[Tile/Abstract]) OR (invasion [Tile/Abstract]) OR (migration
[Tile/Abstract]) AND (drug [Tile/Abstract]) in PubMed. Titles,
abstracts, PMID, article types, and other related categories of the
literature were downloaded. After removing reviews, meta-
analyses, and clinical assays, information on PMID, species,
drugs, genes, regulation, cancer cell lines, cancer subtypes, and
cancer outcome was extracted from 14,394 literature studies.

TABLE 1 Model performance on the test set.

10.3389/fphar.2022.898519

Three medical experts and 10 medical students then manually
curated all the literature, especially in the following situations: 1)
regularization for cell lines in the abstracts could not distinguish
drug response in a specific cell line from many cell lines, for
example, lanatoside C had an anti-proliferation effect on
different human cancer cell lines (MKN-45, SGC-7901, HN4;
MCEF-7, and HepG2). MKN-45 cells treated with lanatoside C
showed upregulation of cleaved caspase-9 and cleaved PARP and
downregulation of Bcl-xl. Medical experts and students replaced
“cancer cell lines (MKN-45, SGC-7901, HN4; MCF-7, and
HepG2)” with “MKN-45 cell line.” 2) Regularization for cell
lines in the abstracts could not distinguish the name of a specific
cell line from the names of many cell lines, for example, breast
cancer and melanoma cell lines were checked for the response to
PTX by cytotoxic assay. Medical experts and students replaced
“breast cancer and melanoma cell lines” with “breast cancer cell
line” and “melanoma cell line.” Furthermore, gene information
was standardized by protein ID in UniProt and protein-coding
genes in GENCODE (Frankish et al, 2021), while cell line
information was standardized by cancer cell lines in CCLE
(Nusinow et al., 2020).

In addition, PPIs in AFFINOMICS and cancer and cardiac
datasets in BioGRID (https://thebiogrid.org/) and IntAct
(https://www.ebi.ac.uk/intact/) were combined, with the aim to
construct target-related networks.

The TAIGET web server integrated, for the first time, a
docking service module, a target screen module, and a target
annotation module in a single GUI environment. Users have two
ways to submit a protein or ligand: 1) selecting a PDB ID or a
UniProt ID as a protein and 2) submitting a SMILES molecular
formula or a ligand file prepared by users. Also, the users have
two ways to run a job: 1) providing an input and sequentially
running the job from step 1 to step 3 and 2) selecting a specific
step among the three steps and providing the corresponding
input to run a sub-job.

The following parameters are available in the “STEPI:
Docking Service” module:

o Input files: Users can provide protein by entering four-
character PDB IDs or selecting UniProt IDs from our
UniProt ID-PDB database. Users can provide <5 proteins
at a time. In addition, users can provide ligands by entering

AUC Accuracy Sensitivity Specificity PPV NPV
LR 0.75 0.75 0.11 0.97 0.58 0.76
KNN 0.74 0.78 03 0.95 0.67 0.79
DT 0.74 0.77 0.22 0.96 0.69 0.78
RF 071 0.76 032 091 055 0.79
XGB 078 0.77 0.24 0.95 0.63 0.78

LR, logistic regression; KNNs, k-nearest neighbors; DT, decision tree; RF, random forest; XGB, XGBoost; PPV, positive predictive value; NPV, negative predictive value.
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SMILES molecular formulas or uploading ligand files in one
of the following formats, that is, *.pdb, *.pdbqt, *.smi, *.sdf,
and *.mol2. The SMILES molecular formulas of ligands can
be transformed to 3D structures by Open Babel (O'Boyle
2011) TAIGET. Users
provide <3 ligands at a time.

et al, involved in can

Docking service: users can select AutoDock Vina (Trott
and Olson, 2010) or LeDock (Wang et al., 2016) to run
docking. AutoDock Vina and LeDock are the two
popular academic docking tools with relatively high
accuracy. However, although AutoDock Vina achieves
a large docking success rate, the correlation between
estimated and experimental binding free energy is low
(R <0.5) (Nguyen et al., 2020). The weakness of LeDock
is its inability to calculate accurate binding energies.
During the docking process in TAIGET, a progress bar
will be shown.

Data download: when the docking is complete, users can
download protein-ligand binding poses or click the “Go to
step 2” button.

e Run time: ~10s is required for each pair of protein and
ligand.

The following parameters are available in the “STEP2: Target
Screen” module:

« Input files: if users click the “Go to step 2” button, TAIGET
starts the target screen immediately. Users can also provide a
protein-ligand binding pose created by themselves in
this step.

Target screen: when the job running is finished, a table,
portraying protein-ligand poses, PDB names, ligand names,
interaction patterns, interaction pattern ratios, and
probability will be shown.

An interactive image: when users click a specific row of the

table, a 3D protein-ligand binding structure will be shown
on the left window. Users can rotate the image by the mouse.

Data download: users can download the target-related
matrix and the 3D image.

Run time: ~30s is required for the identification of
interaction pairs and the pattern calculation for each
protein-ligand pose.

The following parameters are available in the “STEP 3: Target
Annotation” module:

o Input files: users can submit a UniProt ID that they are
interested in. After clicking the “Find Target” button, a new
window appears to show the four-character PDB IDs related
to the UniProt ID. Users can also submit a four-character
PDB ID in the step.

o Target annotation: if the four-character PDB ID or UniProt

ID can be found in our standardized and curated
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associations among drugs, genes, gene regulation, cancer
outcome, cancer cell lines, and cancer types, a new table will
be created to show the associations.

A PPI network: after clicking the “Target-related PPI”
button, the screened targets can be projected to the PPI
network constructed by AFFINOMICS and cancer and
cardiac datasets in BioGRID and IntAct.
visualize and drag the nodes in the target-related PPI

Users can

network using the mouse. Node colors represent the
number of literature, and the darker the color, the lager
the number of target-related literature. By placing the mouse
can observe the node-related

on one node, users

representative literature.

Image download: TAIGET supports export of a high-quality
picture of the PPI network, with the aim to facilitate
academic research or education.

Results and discussion

TAIGET consists of a docking service module, a target
screen module, and a target annotation module, with the aim
to facilitate traditional experiment researchers to identify
potential targets. Compared with DrugComb (Zheng et al,,
2021) that collected drugs, drug concentration, cell lines,
drug response from drug combination screening studies, and
monotherapy drug screening datasets, we text-mined and
manually curated >14,000 PubMed literature works to
construct associations among drugs, genes, gene
regulation, cancer outcome, and cancer types for target
7,553
(6,109 types), genes (3,063 types), gene regulation, cancer

outcome, cancer cell lines (2,170 types), and cancer types

annotation. Finally, associations among drugs

(73 types) were extracted from the literature. As we known,
there is no active web server constructing such a simplified
and comprehensive pipeline for target identification. In
TAIGET, we only allow users to input <5 proteins at a
time for docking because of the limitation of computing
power. If users have more requirements, they could contact
the authors by e-mails.

Input files for TAIGET

For docking, users can input PDB IDs or UniProt IDs. For
example, one user attempts to study the interactions of the serine/
threonine kinase BRAF, a promising therapeutic target for lung
cancer, with gefitinib, a tyrosine kinase inhibitor used as first-line
therapy to treat non-small cell lung cancer. By providing UniProt
ID P15056 of BRAF as the protein input, a new window will be
created, showing 76 BRAF-related PDB files. Here, the user
selects 1TUWH as the protein structure, and meanwhile,
the SMILE format of

provides gefitinib
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TABLE 2 Browser compatibility: TAIGET works in all major browsers and operating systems.

oS Version Chrome
Linux Ubuntu 20.04.3 LTS N/a

MacOS OS X 10.11.6 95.0.4638.54
Windows 10 96.0.4664.93

COC1=C(C=C2C(=C1)N=CN=C2NC3=CC(=C(C=C3)F)Cl)
OCCCN4CCOCCH4 as the ligand input.

For the target screen, the user can input protein-ligand files
created by oneself. TAIGET will identify interaction pairs and
calculate interaction patterns for each interaction pair.

For target annotation, the user can enter a four-character
PDB ID or a UnijProt ID. For example, when the user provides
1UWH as an input, a new window will be created to show
UniProt ID P15056. By clicking the UniProt ID with the mouse, a
new table will be created, showing all the BRAF-related literature.

Output files for TAIGET

In the docking step, a user can download <5 docked
protein-ligand poses at a time or directly go to the next
step. Here, we select AutoDock Vina for the docking of BRAF
with gefitinib, which produces two poses.

In the target screen step, a table related to BRAF-gefitinib
binding information will be created. The user can download the
target-related information by clicking the “Download Results”
button.

In the target annotation step, the user can get associations
among drugs, genes, gene regulation, cancer outcome, cancer cell
lines, and cancer types. Here, the user can provide ITUWH as an
input to find three cancer-related literature works in a new table.
For example, when the PubMed literature with doi of 10.2119/
molmed.2011.00164 is identified, the user has access to the
BRAF-related information, that is, sorafenib resulted in cell
apoptosis of marrow stromal cells, nurse-like cells, and CLL
cells by upregulation of BRAF and several related genes.

Supported browsers and systems by
TAIGET

The web server has been tested on all major browsers and
operating systems (Table 2).

Conclusion

TAIGET combines docking and a BGMM-based target filter
model to identify potential targets of small molecules, which is
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Firefox Microsoft Edge Safari
95.0 N/a N/a
Not tested N/a 11.1.2
95.0 96.0.1054.53 N/a

friendly to non-expert users via a GUIL More importantly, TAIGET
involves a target annotation database, which contains curated
associations among drugs, gene regulation, cancer
types
from >14,000 PubMed literature works. This greatly favors

experts and non-experts to explore target function and regulation

genes,

outcome, cancer cell lines, and cancer derived

in specific cancer cell lines.
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Cancer is commonly thought to be the product of irregular cell division.
According to the World Health Organization (WHO), cancer is the major
cause of death globally. Nature offers an abundant supply of bioactive
compounds with high therapeutic efficacy. Anticancer effects have been
studied in a variety of phytochemicals found in nature. When Food and Drug
Administration (FDA)-approved anticancer drugs are combined with natural
compounds, the effectiveness improves. Several agents have already
progressed to clinical trials based on these promising results of natural
compounds against various cancer forms. Natural compounds prevent
cancer cell proliferation, development, and metastasis by inducing cell cycle
arrest, activating intrinsic and extrinsic apoptosis pathways, generating reactive
oxygen species (ROS), and down-regulating activated signaling pathways.
These natural chemicals are known to affect numerous important cellular
signaling pathways, such as NF-B, MAPK, Wnt, Notch, Akt, p53, AR, ER, and
many others, to cause cell death signals and induce apoptosis in pre-cancerous
or cancer cells without harming normal cells. As a result, non-toxic “natural
drugs” taken from nature's bounty could be effective for the prevention of
tumor progression and/or therapy of human malignancies, either alone or in
combination with conventional treatments. Natural compounds have also been
shown in preclinical studies to improve the sensitivity of resistant cancers to
currently available chemotherapy agents. To summarize, preclinical and clinical
findings against cancer indicate that natural-sourced compounds have
promising anticancer efficacy. The vital purpose of these studies is to target
cellular signaling pathways in cancer by natural compounds.
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cancer, natural compounds, therapeutic efficacy, reactive oxygen species, metastasis
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Introduction

Cellular signaling is a complicated signaling network that
governs and organizes cells’ key biological processes. Signaling
cascades are three-dimensional protein pathways that interact
with one another in a specific cell site (Shaw and Filbert, 2009).
Cancer cells regularly exhibit changes in several cellular signaling
pathways as a result of the complex transmission of cell signaling.
This could explain why specific inhibitors that target a single
pathway have so often failed to treat cancer. In cancer cells, the
cell cycle and apoptosis regulatory systems almost always fail,
resulting in uncontrolled cell proliferation and tumor formation
[1]. NF-B, Akt, MAPK, Wnt, Notch, p53, AR, and ER, among
others, have been discovered as cellular signaling pathways that
influence cell growth and death. All of these signaling pathways
are damaged in cancer cells, which promotes the growth of
cancer cells and inhibits apoptosis (Karin et al., 2002; Martin,
2003; Sebolt-Leopold and Herrera, 2004; Stiewe, 2007; Klaus and
Birchmeier, 2008). As a result, in order to effectively eradicate
cancer cells, it is important to create a technology that can
concurrently target many biological
(Sarkar et al., 2009).

Chronological diseases that severely endanger human life are

signaling pathways

cancers. Many treatments have been developed for cancer care,
surgery, radiotherapy, targeted therapy,
chemotherapy. The occurrence pace of malignancy has been

involving and
steady in women. It has decreased marginally in men over the
past decade (2006-2015) due to all these therapies, and the
cancer mortality rate (2007-2016) has also decreased (Siegel
et al, 2019). In 2018, cancer caused an expected 9.6 million
deaths, and cancer is predicted to be the primary source of death
worldwide in the 21st century (Bray et al., 2018; Rahman et al,
2022a; Rahman et al., 2022b). Chemoprevention is a somewhat
expensive option for treating cancer. The idea is gaining
popularity because it is more affordable and efficient.
Chemoprevention involves the administration of one or more
naturally occurring and synthetic agents. It can prevent, slow
down, or reverse the initiation and progression of the disease
(Haddad Shin,  2009).
chemoprevention in the 1920s, and Sporn’s work in the 1970s

and Berenblum  pioneered
brought it back into the mainstream of cancer research (Amin
et al., 2009).

Consequently, in addition to cancer treatment, malignancy
counteraction stays an inventive region of anticancer science.
Because of increased studies, the components of variant sign
transduction pathways in malignant growth and the effects of
these pathways on apoptosis, tumorigenesis, and metastasis have
been progressively exposed (Lezhnina et al., 2014). Traditional
cancer treatment strategies, however, are only successful for
certain malignant tumors (Sun, 2015). Unscheduled and
unregulated cell proliferation characterizes it in the cell
spectrum. Cancer incidence in developed nations has been
tumor forms associated with viral, genetic mutations, and
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2010).
resistance

bacterial infection have prevailed (Jemal et al,
to
of

cancer

Metastasis, heterogeneity, recurrence,

radiotherapy and  chemotherapy, and  shirking

immunological surveillance are the key reasons
treatment has failed (Batlle and Clevers, 2017). In its growth
and the progression of the disease, cancer has a high occurrence
and a long dormancy time. Several risk factors for cancer
development are identified, including geographic region, age,
and race (Wiart, 2007). The revelation of various biomarkers
related to antibiotic development, and even as epidermal growth
factor receptor (EGFR), cyclo-oxygenase-2 (COX-2), and Ras, as
well as the invention of Novel tailored inhibitors for such
biomarkers, has opened up new avenues for chemoprevention
(Arber et al, 2009; Toshiya et al, 2012). Numerous targeted
medicines have since been found, including the COX-2 inhibitors
celecoxib and rofecoxib, the EGFR inhibitors erlotinib and
gefitinib, and farnesyltransferase inhibitors (Deng et al., 2019;
Forouzanfar and Mousavi, 2020).

Macro autophagy, or autophagy for short, is a highly
conserved stress repercussion and degradation process.
Stresses such as hunger trigger autophagy, which results in
double-membrane autophagosomes capturing intracellular
proteins and organelles (Deng et al., 2019). Cargos (protein
clusters and malfunctioning mitochondria) will be carried to
lysosomes for breakdown, allowing biomolecules to be recycled
and lifespan to be maintained (Nawaz et al., 2020). Autophagy
governs several cellular activities, including attribute monitoring
and the destruction of defective proteins and organelles, in
addition to its functions in energy homeostasis (Singh et al.,
2017a). As a result, defective autophagy can play a role in
developing various diseases, notably cancer, neurological
sickness, and immune disorders (Dikic and Elazar, 2018;
Wang et al, 2019; Rahman et al, 2021a; Rahman et al,
2021b; Rahman et al., 2021c; Islam et al, 2021; Rauf et al.,
2021; Bhattacharya et al., 2022; Rahman et al., 2022¢; Rahman
et al.,, 2022d). Several bits of research point to a relationship
between nutrition and cancer therapy efficacy. Appropriate
utilization of phytochemicals arising from dietary and
medicinal herbs has been shown to lower cancer fatality by
influencing the stimulation of numerous oncogenic molecules
(Singletary and Milner, 2008; Hsieh et al., 2015).

Natural

phytochemicals, vitamins, and minerals has emerged as a

cancer chemoprevention, particularly
viable and practical way to reduce cancer’s impact and is
gaining traction as a safe and cost-effective substitute to
anticancer  therapy.  Contrary to  pharmaceutical
medications, which are mono-target molecules, herbal
remedies have multitarget compounds that can control the
initiation and spread of cancer (Deeb et al., 2007; Shu et al,,
2010; Khan et al., 2015). Herbal substances exhibit several
anti-cancer properties, particularly anti-inflammatory, anti-
mutagenic, anti-oxidative, and apoptosis-inducing properties,

which may aid in preventing cancer growth in its initial phase
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(Figure 1). By suppressing the cell cycle, inducing apoptosis,
controlling the metabolism of carcinogens and the expression
of oncogenes, restricting cell adhesion, multiplication, and
migratory, and blocking signaling pathways that are crucial
for cancer development, dietary ingestion of a sufficient
amount of these herbal supplements may aid in the
preventive measures and treatment of cancer (Huang et al,,
2009). A total of 136 anticancer medications were introduced
for usage between 1981 and 2014, and about 83 percent of
them were either herbal substances or their derivatives
(Amaral et al., 2019).

In various studies in both in vitro and in vivo settings, the
prevention of cancer by natural compounds, particularly
has
malignancies

vitamins, shown
different

(Manson, 2003). Raw materials have a rich and long tradition

phytochemicals, minerals, and

encouraging  outcomes  against
when it comes to producing bioactive chemicals. As a significant
novel source with a wide variety of pharmaceutical promise,
herbal medicines are used to cure human diseases, involving
nearly all forms of cancer (Christen and Cuendet, 2012; Rahman
et al., 2022e; Rahman et al., 2022f). The inclusion at epigenetic,
genomic, molecular, and cellular levels of several factors
influencing the developmental stages of cancer opens up
immense opportunities to disrupt and reverse the onset and
development of the disorders. It offers various targets for
scientists and researchers to avoid cancer growth through
physiological and pharmacological mechanisms (Cragg and
Newman, 2005; Chopra et al, 2022; Rahman et al,, 2022g;
Rahman et al., 2022h; Rahman et al., 2022I; Rahman et al.,
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2022J; Rahman et al., 2022K; Rauf et al., 2022). This article will
focus on advances in understanding the signaling pathways of
cancer by natural compounds. According to recent findings from
an increasing number of studies on these natural products, these
natural compounds exhibit their pleiotropic effects on cancer
cells by targeting numerous cellular signaling pathways, such as
NE-B, MAPK, Wnt, Akt, Notch, p53, AR, and ER pathways. This
suggests that these natural compounds might be useful alone or
in combination with conventional therapeutic agents for the
prevention and/or treatment of tumor development. This
article summarizes the functions of many of these signaling
It the
compounds and their associated mode of action in various

pathways. also reflects various natural-sourced
cancer lines with chemical structure. The newly found
anticancer drug (dostarlimub) and its mode of action are also
briefly discussed in this article. This article is unique due to the
brief overview of numerous cancers signaling pathways, natural
compounds and their modes of action, and recently identified
anticancer medicines with modes of action. Overall, this article
on using natural resources as sources for the development of
novel anticancer drugs abundantly supports the idea that natural
resources remain very attractive for the discovery and
manufacture of cutting-edge medical devices for the treatment
of cancer patients. Phytoconstituents separation of novel
compounds and their molecular and cellular analysis in
in vitro cancer cells must come first in order to develop new
drugs with improved pharmacological features regarding efficacy
to target tumor cells and safety to spare adverse effects towards

normal tissues.
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Cancer management signaling
pathways

Cancer is the driving reason for death in developed countries,
with a dynamic mechanism of improvement in pathophysiology.
It causes cells to avoid homeostatic controls. Creating an effective
therapeutic strategy that tackles all fanatical cancer components
(Sever and Brugge, 2015). Many therapeutic strategies are
currently being developed for the prevention and treatment of
cancer. A small number of rectal cancer patients recently
witnessed a sort of scientific miracle: after receiving an
their
Patients took the medication dostarlimab for 6 months as part

experimental medication, cancer just disappeared.
of a relatively limited trial run by specialists at the Memorial
Sloan Kettering Cancer Center in New York. Every single one of
their malignancies vanished as a result of the experiment. There
is plenty to learn about the treatment’s mechanism of action since
this trial group consisted of only 18 individuals (Guardian, 2022).
GlaxoSmithKline, a

manufactured dostarlimab. The medicine cost $11,000 per

pharmaceutical manufacturer,
dose and was administered to the individuals every three to
6 months. The medicine is referred to as a checkpoint suppressor.
Cancer cells create a barrier around themselves to thwart T-cells
from the body’s immune system from destroying them. This
medication removes that barrier. Cancer cells are more
susceptible to being eliminated by the immune system when
the shield is absent. Over a follow-up term, which lasted an
average of about a year, none of the individuals had a return of
their disease or required additional therapy. None of the patients
encountered the more severe side effects that are frequently
associated with rectal cancer therapies, such as infertility,
neuropathy, or sexual dysfunction, despite some of them
having rashes, dermatitis, exhaustion, pruritis, or nausea
(Cercek et al,, 2022). The dostarlimub injection inhibits the
activity of a specific protein in cancer cells, which is how it
works. This aids in slowing the growth of tumors and aids the
immune system’s defense against cancer cells (Adnal, 2022). The
initiation of unregulated cellular proliferation and disease
metastasis cancer can be separated in multiple pathological
stages of a natural cell’s mutation into cancer cells due to
deregulation of different unique pathways. The nuclear factor
kappa B (NF-kB) has been shown in the action stage of cancer
where normal cells are transformed into cancer cells,
improvements in immunological and cellular pathways, and
relaxation (Lin et al., 2010; Vinay et al, 2015). NF-kB is an
inducer of inflammation. The cellular connections between
inflammation and carcinogenesis are explored, and there is
mounting evidence that NF-kB (Nuclear factor kappa B) plays
a critical role in the correlation between them. The regulation of
innate and adaptive immune responses that are present in
inflammatory states and the integration of various stress
stimuli depends on transcription factors (NF-kB) (Karin et al,,

2006). It was only reasonable to anticipate a connection between
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NF-kB and cancer, as was initially proposed several years ago,
given the understanding that inflammatory diseases are
frequently related to or cause cancer (KarinM et al., 2002).
Since then, a rapid accumulation of experimental data has
revealed precise pathways by which NF-kB affects cancer to
start, develop, and progress. The emergence of RelA/p65 cloning
and sequencing immediately exposed its kindred to c-Rel and its
malignant variant v-Rel, which led to the emergence of a
link between NF-kB
mutations that confer transformative action on RelA, c-Rel, or

potential and cancer. Oncogenic
other NF-kB proteins, on the other hand, were discovered to be
uncommon and mostly restricted to lymphoid malignancies
(Gilmore, 2003).

If inflammation and infection promote tumor growth, they
must do so via altering signal transduction pathways that affect
cells engaged in either cancer monitoring or malignant
transformation. Unless they contain their oncogenes, poisons,
or growth regulators, infectious organisms often affect the
recipient by activating pattern recognition receptors (PRRs),
such as components of the Toll-like receptor (TLR) family
(Medzhitov, 2001). As a result of the activation of multiple
signaling pathways by PRR and TLR activation, many
transcription factors are targeted, which regulate genes
expressing cytokines, chemokines, and enzymes that drive
innate and adaptive immune responses (Karin et al., 2006).
The inflammatory response is propagated and amplified by a
number of these genetic variants that stimulate certain receptors;
it is one aspect of the broader innate immune response. While
activating multiple important signaling pathways, activation of
TLRs and receptors for proinflammatory cytokines, including as
TNF-a and interleukin (IL)-1, plays a crucial role in
inflammation and innate immunity (Li and Verma, 2002).
the
dissatisfaction of the autophagy and apoptotic pathway. They

Uncontrolled cell multiplication is responsible for
assume that the second stage of cancer is an important aspect of
sustaining stable cell endurance and eradicating mutant cells
(Hassan et al., 2014; Nagelkerke et al., 2015). The metabolic
pathway continues to change as a consequence of the increased
energy requirements of cancer cells. Every location where RAS
protein activity occurs, which is required for the signaling
pathway of RAS proteins to function, represents a new stage
of cancer (Galluzzi et al., 2013; Bahrami et al., 2018). Lopsided
angiogenesis pathways regulate the mechanism for cancer attack
and metastasis of new organs in the high-level phase of cancer
(Zhao and Adjei, 2015). Table 1 describes the clinical goals of the
different processes involved in cancer treatment and their
therapeutic action mechanisms.

Signaling pathway

It explains various chemical reactions, such as cell division or
cell death, a process in which a community of molecules in a cell
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TABLE 1 Targets of common pathways implicated in cancer treatment with clinical action strategies (Singh and Shukla, 2018).

Pathway Targets Activity
Immune Regulatory T cells (Tregs) Reduce the immune system’s reaction.
Pathway
Tumor Necrosis Factor Receptor ~ T-cell activation and immune responses may
(TNFR) be manipulated.
I NK cells and M2 macrophages ~ Growth of a tumor
Metabolic HK1 and HK2 Phosphorylation of ATP
pathway
3BP ATP supply is being reduced.
GAPDH For energy, break down glucose.
Apoptosis SRTFs This protein transcribes Bcl-2 and Bcl-xL
pathway genes.
HDACs Bcl-2 and Bcl-xL must be activated.
RAS pathway Nucleotide exchange RAS signaling activation
GRB2 RAS signaling activation
SHC Mediate between GRB2 and the receptor.

NF-KkB pathway

IKK kinase complex

Proteasome

NF-kB activation requires this part.

This protein aids in the development of

Targeting mechanisms

Reducing Tregs have a suppressive
effect.

TNEFR contact inhibition.

Release of cytokines is inhibited.
Silencing of HK2 and HK1.

Increasing the supply of 3BP.
GAPDH levels are reduced.
SRTF activation is inhibited.

Changing the expression of
HDACs.

Nucleotide exchange is inhibited.

preventing the interaction of
GRB2 receptors.

SHC auto-phosphorylation is
reduced.

IKK expression is reduced.

Proteasome inhibition.

References

Byrne et al. (2011)

Du et al. (2017)

Singh et al. (2017b)

Singh et al. (2015); Gupta et al.
(2017)

Shoshan, (2012)
Birsoy et al. (2013)
Green and Evan, (2002)
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Huang et al. (2015)
Ahmed et al. (2015)

Niemitz, (2013)

Strickson et al. (2013)
Kubiczkova et al. (2014)

NF-KkB.

collaborate to regulate a cell process. When a chemical, growth
factor, or hormone, interacts with a particular protein receptor
on or within the membrane, a cell gets signals from its
surroundings. It activates another molecule after the first
molecule on the route receives a call. Until the very last
molecule is stimulated and the cell work is completed, this
step is replicated through the whole signaling cascade.
Abnormal signaling pathway activation can contribute to
illnesses such as cancer. By targeting particular molecules
involved in these pathways, drugs are being produced. Such
medicines can help to prevent cancer cells from rising
(National Cancer Institute, 2022).

Notch signaling

The Notch signaling pathway has been around for a long
time. It has remained relatively unchanged during evolution that
many organisms play a significant role in the growth of the
embryo and the baby after birth. The pathway has several
pleiotropic implications, affecting critical organ growth
processes and adult stem cell self-renewal control, resulting in
tissue homeostasis (Kopan and Ilagan, 2009). This pathway,
however, is vulnerable to irregular signaling due to its
multifunctional structure and has been related to a host of
human diseases, including developmental syndromes and
cancer. Notch signals are a well-organized, multi-tiered,

closely controlled cascade of cell/tissue signaling occurrences.
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For its maturation, activation, and execution, it requires different
components. Four receptors, known as Notch-1 to Notch-4, and
five DSL (Delta/Serrate/Lag-2) ligands, known as Jagged-1 and
Jagged-2 (Jag-1 and Jag-2) and Delta-like-1, Delta-like-3, and
Delta-like-4, are in the Notch signaling family (DII-1, DII-3, and
DIl-4) (Angulo et al,, 2017). Transmembrane proteins, ligands,
receptors, and pathway activation happens when an adjacent cell
ligand communicates with the receptor (Ehebauer et al., 2006).
The encounter causes conformational modifications in the
ligand-receptor complex, which reveal a notch receptor site to
proteolytic divide through the tumor necrosis factor-alpha

converting  enzyme (TACE/ADAM17/CD156q) and
metalloprotease part, or ADAM (Figure 2). This cleavage
results in the membrane-attached notch extracellular

truncation (NEXT) fragment, a vital regulatory step in notch
activation and signaling, which is located in the negative
regulatory area of the notch receptor extracellular domain
(Okajima and Matsuda, 2006; Sato et al., 2007).

Notch signaling is uncommon in many cancers, and tissue
and cell history-based may play complex oncogenic or tumor-
suppressive roles in multiple tumors (xi et al, 2020). Notch
receptor mutations cause gain-of-function (for example, in
malignant hematological disorders (Arruga et al, 2018;
Sorrentino et al., 2019)) or loss-of-function (for example,
cancer of the bladder (Goriki et al,, 2018) and carcinomas of
squamous cells (Zhang et al., 2016)). They are a fundamental
cause of dysregulation of Notch signaling. The mechanisms that
control Notch signaling by four Notch receptors, as well as their
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Notch
Ligand

FIGURE 2

Notch signaling pathway. The ligand on the receiving cell connects the cell that acts as a presenter for the notch receptor. ADAM
metalloprotease and y-secretase split the Notch extracellular truncated (NEXT) domain, forming the notch intracellular domain (NICD). NICD is
introduced into the nucleus and is a complex of transcription factors CSL 9 CBF1/hairless/lack 1 and transcriptional coactivator of mastermind-like
proteins (MAML). The complex would then activate the target gene’s transcription. Treatment with diallyl trisulfide (DATS) boosts the expression

of tumor suppressor microRNAs miR-143 and miR-145. When microRNAs bind to Notchl mRNA, the mRNA is degraded, but the Notchl protein is
not translated. Curcumin inhibits Notchl transcription and expression and the nucleus’ Hes-1, Hey-1, and Hey-2 genes (Angulo et al,, 2017).

distinct functions in the progression, occurrence, and recurrence
of cancer, to date have been well known, indicating that Notch
receptor-based therapeutic approaches may be helpful (xi et al.,
2020).

It is generally acknowledged that Notch signaling is crucial
for maintaining the harmony between cell proliferation, survival,
apoptosis, and diversification, which has an influence on the
growth and operation of numerous organs. As a result, Notch
malfunction  inhibits
undifferentiated cells onto malignant transformation (Jubb
et al., 2010; Wang et al., 2010; Espinoza and Miele, 2013). In
fact, a number of information indicate that modifications in

distinction and eventually leads

Notch signaling may be connected to a variety of human cancers.
Furthermore, Notch receptors and ligands have been identified to
serve as prognostic indicators in human cancers (Wang et al.,
2009; Moretti and Brou, 2013). It is really remarkable that Notch
signaling may play either an anti-proliferative or an oncogenic
role in the development of tumors, depending on the situation. A
limited fraction of tumor forms, including human hepatocellular
carcinoma, medullary thyroid, small cell lung cancer, skin cancer,
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and cervical cancer, have revealed that notch signaling is anti-
proliferative (Anusewicz et al., 2021; Christopoulos et al., 2021;
Zhou et al., 2022).

WNT/B-catenin signaling

Organogenesis, cell proliferation, cell fate determination, and
stem cell renewal are regulated by the Wnt signaling pathway,
which is strongly conserved (Angulo et al., 2017). Wnt signaling
is traditionally classified as either [-catenin-dependent
(canonical, Wnt/B-catenin pathway) or B-catenin-independent
(noncanonical, Wnt/planar cell polarity [PCP] and calcium
pathway) (Grumolato et al., 2010; Katoh, 2017). Skin, breast,
and colon cancers may be caused by changes and dysregulation
in the Wnt pathway (Angulo et al., 2017). Wnt signaling regulates
gene transcription and cell-to-cell adhesion, and B-catenin is a
critical player in this process. Degradation and phosphorylation
ensure that the protein’s amount remains stable—amino acid

substitutions occurring as a result of (-catenin mutations,
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TABLE 2 Impact of natural compounds affecting significant stem pathways cell signaling (Angulo et al., 2017).

Major Components Objective

paths for

signaling

Notch Curcumin The notch-1 and downstream genes Hes-1, Hey-1,

and Hey-2 mRNA speed downregulate
transcriptions and translations.

Diallyl trisulfide  Intracellular domain targets Notch-1

WNT/B-catenin ~ Resveratrol histone H2AX; B-catenin
Hedgehog Cyclopamine SMO-binding
PI3/AKT Sulforaphane AKT and ERK

resulting in the protein’s improper phosphorylation Table 2. The
ubiquitin ligase E3 does not accept the phosphorylated protein
properly. As a result of the dysregulation of the Wnt pathway,
Bcatenin accumulates without being destroyed and then
translocates to the nucleus, stimulating oncogene transcription
(Zou et al., 2015), ¢-Myc, cyclin DI, and survivin (an apoptosis
inhibitor) are examples of expressed downstream genes. Wnt
glycoproteins tie to the Frizzled receptor family of extracellular,
transmembrane proteins. The signal then stimulates the
cytoplasmic protein Disheveled (Dsh/DV1). Wnt then divides
into three signaling pathways: canonical and noncanonical Wnt/
Ca®', noncanonical planar cell polarity (Komiya and Habas,
2008).

Hedgehog signaling

The signaling pathway of Hedgehog (Hh), also called the
Hedgehog-Gli (Hh-Gli), Hedgehog-Patched (Hh-Ptch), or
Hedgehog-Patched-Smoothened ~ (Hh-Ptch-Smo), is
evolutionarily conserved signaling pathway that transmits

an

signals from the cell membrane to the nucleus (Table 2).
Invertebrates and vertebrates both use the Hh signaling
pathway to help them usually evolve (Varjosalo and Taipale,
2008). In the human body, the Hh pathway is inactive mainly or
only moderately active. It can be triggered if necessary, such as in
the cure of the wound (Le et al., 2008). It also promotes the
growth of somatic stem cells and pluripotent stem cells required
to reconstruct tissue such as skin, mammary, erythropoietic,
neural, and pulmonary stem cells, and epithelial cells in internal
organ systems. As a result, Hh signaling is needed for lung
epithelial regeneration, exocrine pancreas cell regeneration,
and prostate epithelial regeneration (Skoda et al., 2018). The
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Effect References

Causes apoptosis by increasing reactive species of
oxygen.

Tu et al. (2012)

Decreases downstream gene expression of Notch.
Enhances expression of microRNAs (miR143 and miR-
145) possible tumor suppressants and reduces tumor
support for miR-21 MicroRNA.

Tutelyan and
Lashneva, (2013)

Apoptosis in ROS cells triggers telomere instability and
DNA disruption by lowering -catenin mRNA and
protein expression and c-Myc Histone H2AX
phosphorylation.

Angulo et al. (2017)

Kumar and Fuchs,
(2015)

Signal transduction to GLIS is prevented.

It suppresses phosphorylation of ERK and AKT and
induces apoptosis by arresting cells in the G2/M
process.

Aggarwal et al.
(2007)

Hh signaling pathway is only found in primary cilia (PC), which
are microtubule-based organelles that protrude from the cell
surface and receive chemical, mechanical, and thermal signals
(Plotnikova et al., 2008). The PC contains all Hh signal
transduction pathway components (Michaud and Yoder,
2006). Natural substances including Cyclopamine, Nitidine
Chloride, Sulforaphane, and Genistein may be able to kill
CSCs by the
components and inactivating the signaling cascade (Figure 3)
(Cross and Bury, 2004; Varjosalo and Taipale, 2008; Rodova
et al., 2012).

Hh signaling has been implicated in multiple stages of

specifically targeting Hedgehog pathway

carcinogenesis in various tumors, according to several reports.
The activation of the signaling pathway is seen in the early stages
of pancreatic and esophageal cancers and metastatic tumors (Ma
et al., 2006; Bailey et al., 2009). Regulation of the Hh signaling
pathway is connected to tissue invasion and increasing metastatic
risk in other cancers, such as prostate cancer and gastric cancer.
Inhibition of the Hh signaling pathway inhibits tumor cell
proliferation in prostate and gastric cancers, according to
those studies (Karhadkar et al., 2004; Sheng et al., 2004).

PI3K-AKT-mTOR pathway

Many cellular stimuli activate PI3K/Akt/mTOR, which
like
and

controls  essential cellular functions translation,

transcription, survival.
Disrupted activation of the PI3K/Akt pathway has been linked

to various human cancers, making it essential for producing new

proliferation, development,

antitumor drugs (Porta and Figlin, 2009). Several studies have
suggested that PI3K plays a part in cancer cell survival at different
levels (Asati et al., 2016). The loss or downregulation of PTEN, an
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Smo
receptor

Cyclopamine
Sulforaphane
Genistein

Gli complex

Nitidine chloride
Sulforaphane
Genistein

Sulforaphane

Hedgehog signaling and its interference in natural compounds. Upon binding of Hedgehog ligand (Hh) to Patched receptor, Smo is activated
(Pathched generally inactivates Smo when it is not engaged with ligand). Then Smo brings about the translocation of Gli protein into the nucleus,
subsequently causes the transcription of downstream genes. Compounds such as cyclopamine and genistein decrease the expression of Smo.
Whereas nitidine chloride downregulates the expression of both Smo and Patched receptors. On the other hand, sulforaphane, nitidine chloride

and genistein decrease the expression of Gli protein. Sulforaphane also reduces the expression of Smo, Gli and inhibits the nuclear translocation of
Gli. Smo: Smoothened; Cos 2: Costal-2; SUFU: Suppressor of fused homolog; Hh: Hedgehog ligand (Skoda et al,, 2018; Das et al., 2019).

that  encodes
phosphatidylinositol-3,4,5-triphosphate (PIP3) 3’-phosphatase,
has been shown to stimulate the PI3K pathway (Li et al,
1997; Sansal and Sellers, 2004). Akt is phosphorylated at
T308 and S473, while the binding of specific cytokines

stimulates PI3K to their receptors. Phosphorylation of Akt

essential  tumor  suppressor  protein

facilitates the downregulation of some downstream substrates,
such as Bad and GSK-3b, which may contribute to cancerous
transformation (Chang et al, 2003). One of the essential
functions of Akt during cancer cell proliferation is the
aggregation of the cyclin D1 protein, which is mainly
regulated by the loss of kinase activity of GSk-3b due to Akt
phosphorylation (Diehl et al., 1998). The activation of the PI3K/
Akt/mTOR signaling pathway has been linked to the
pathogenesis of multiple cancers. It indicated that targeting
individual components of this pathway, such as PI3K,
(PDK-1), Akt,
mTOR (mammalian Target of Rapamycin), may be a possible

phosphoinositide-dependent  kinase-1 and
cancer therapy technique (Asati et al., 2016). According to new
research, Ras appears to play an essential role in activating the
PI3K/Akt pathway and controls a variety of downstream

substrates (Sasaki and Firtel, 2005).
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Ras-Raf-MEK-ERK pathways

The Ras/Raf/MEK/ERK pathway is also essential for cell
survival at various stages of cancer. In around 30 percent of
human cancer, Ras system mutations lead to the expression of
Ras proteins that are constitutively active (Stirewalt et al., 2001).
Upstream activation by the epidermal growth factor receptor
(EGFR) and Ras small guanosine triphosphatases promotes cell
proliferation, survival, and metastasis (GTPases) (Roberts and
Der, 2007). Phosphorylation positively regulates the activities of
ERK 1/2, which include Serine/Threonine Kinases, which
MEK1 and MEK2 mediate (Chang et al., 2003). The Ras/Raf/
MEK/ERK signaling pathway’s phosphorylated ERK (pERK) is a
well-known downstream portion. It translocates to the nucleus
after being phosphorylated, causing changes in gene expression
and regulating various transcription factors such as the Ets family
transcription factors (Elk-1) (Roberts and Der, 2007). The Ras/
Raf/MEK/ERK signaling cascades are also crucial in regulating
gene expression and preventing apoptosis by transmitting signals
from growth factor receptors (McCubrey et al., 2007). Since
tumors frequently have abnormal expression, they may be
candidates for slight molecule inhibition (Ripple et al., 2013).
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PI3K/Akt/mTOR and Ras/Raf/MEK/ERK signaling pathways (Asati et al., 2016).

In recent years, two critical methods for identifying Ras
inhibitors have been systematically pursued. Various inhibitors
for Ras downstream effector signaling have been developed in the
first approach, with hard work focusing on the ERK/MAPK
pathway. The second strategy aimed to prevent Ras membrane
interaction by blocking post-translational modifications (Roberts
and Der, 2007). The development of inhibitors of the PI3K/AKT/
mTOR and Ras/MEK/ERK pathways (Figure 4), which are
known to be the critical transducers of oncogenic signals in
tumor progression, has been crucial (Jokinen et al., 2012).

Role of natural compounds in cancer
prevention

Plants provide a vast pool of natural ingredients, displaying
significant structural diversity, and offer a wide range of new and
exciting chemical species, as well as a long tradition of use in the
treatment of several diseases (Table 3). According to a survey,
80% of the world’s population already uses plant-derived drugs to
meet their healthcare needs (Fulda, 2010). It is also been recorded
that natural products, their derivatives, or analogs account for
50% of all medications in clinical use, with plant-derived active
ingredients accounting for 74% of the most effective drugs
(Mandal and Jaganathan, 2009; Hsu et al.,, 2010). In modern
medicine, more than 3,000 plant species have been long-
established to be used to treat cancer (Millimouno et al,
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2014). eribulin,
topotecan, trabectedin, and cytarabine are a few examples
(Atanasov et al, 2015; AK, 2016). The prevention and

treatment of cancer with one or more natural substances

Taxol, irinotecan, vincristine, vinblastine,

continue to attract significant interest. Combination treatment
entails the use of two or more agents at the same time. Because of
the disease’s many targets nature, monotherapy has poor success
in treating most adult malignancies. It has limited value in
prevention due to the diverse paths through which cancer
might arise (AS and WF, 1975). Tissue toxicity frequently
restricts the usage of a single agent. Other than dosage,
natural substances are more likely than pharmacologic
treatments to be connected with hazardous consequences,
such as adulteration, substitution, contamination, and lack of
standardization (JH, 1990). Multiple chemotherapeutic drugs
and, more recently, chemotherapy with targeted biologic
therapy have been used in cancer treatment as combinations
(Bartlett and Chu, 2012).

Although a single chemical extracted from nature may not be
ideally efficient in preventing or treating cancer, combination
therapy utilizing lower dosages with no or decreased toxicity may
be beneficial (Bode and Dong, 2009). If possible, use a
that
pathways and mechanisms. When possible, combination

combination of medicines targets distinct disease
therapy should use medications that do not cross-resistance
and have overlapping side effects. When feasible, tailored

treatment should be utilized to match specific molecular
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TABLE 3 Mode of action and chemical structure of natural compounds.

Natural
compounds

Curcumin

Diallyl trisulfide

Resveratrol

Apigenin

Cyclopamine

Chemical structure

AN

HO

OCHs

=

OCH;

OH

Hzc:/\/s\s/s\/\cH2

HO

OH

HO
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Mode of action

Stopping tumor cell
invasion and proliferation
by inhibiting a number of
biological signaling
pathways, hence inducing
apoptosis.

Controls a number of
processes that are
characteristic of cancer,
including the cell cycle,
apoptosis, angiogenesis,
invasion, and metastasis.
Arrest cancer cells at
several cell cycle stages,
with the G2/M arrest
receiving the most
attention.

Since it blocks the
monooxygenase
cytochrome

P450 isoenzyme CYP1 A1,
the enzyme responsible for
the liver’s metabolism of
xenobiotics, it acts as a
blocking agent by
preventing the
development of
procarcinogen into
carcinogen.

Activate cell apoptosis and
autophagy, cause cell cycle
arrest, inhibit cell
migration and invasion,
and stimulate an
immunological response
to control a variety of
human malignancies both
in vitro and in vivo.

Bloked the hedgehog
signaling pathway (Hh).

10.3389/fphar.2022.950109

Cancer Lines

Colorectal, breast,
pancreatic, prostate,
brain cancer

Colorectal, lung,
myeloma, prostate
cancer

Lymphoid, cervix,
breast, skin, stomach,
prostate, colon,
pancreas, thyroid
carcinoma cell cancer

Colorectal, lung,
prostate, breast,
ovarian, melanoma,
Glioblastoma,
Pancreatic, cervical
cancer

Prostate, pancreas,
breast cancer
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TABLE 3 (Continued) Mode of action and chemical structure of natural compounds.

Natural
compounds

Genistein

Quercetin

Tetrandrine

Chemical structure

HO
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Mode of action

Activates the transcription
factor CCAAT/enhancer-
binding protein
homologous protein
(CHOP) to cause
apoptosis by increasing
the production of the
glucose-regulated protein
78 (GRP78), which in turn
boosts the activity of
protein kinase R-like ER
kinase (PERK).

Caspase activation and
apoptotic cell death are the
end results of activating
p53, which causes the
overexpression of Bax and
the downregulation of Bcl-
2 in tumor cells. Quercetin
alters mesangial cells’
apoptosis by preventing
the activation of the JNK
and other ERK pathways.

Induce apoptosis in a
dose-dependent manner
leading cancer prevention.

10.3389/fphar.2022.950109

Cancer Lines

Breast, lung, and
colon cancer

Breast, colorectal,
stomach, head,
melanoma, ovarian,
lung, leukemia and
neck cancer

Breast, liver,
leukemia, colon,
pancreatic cancer
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changes (Nikanjam et al., 2017). Maximizing response rates while
minimizing standard tissue damage is achieved by targeting
several routes or the same pathway through a different
method (Gravitz, 2011). Tumor resistance can be overcome
better with combination therapy than with monotherapy, as
most adult malignancies display substantial genetic variability
(Piccart, 2015).

Chemo preventive agents and
anticancer compounds

Chemoprevention has become a successful and proactive
medical approach to minimizing cancer incidence as a method of
cancer control. The development of the disease may be avoided
entirely or slowed down by using a nontoxic naturally derived
item (Amin et al, 2009). Cancer therapy with economically
obtainable manufactured chemotherapeutic agents is restricted
(Surh and Chun, 2007).
Phytochemicals obtained from some kind of food items which

due to extreme side effects
are known as chemopreventive agents such as Curcumin, Diallyl
trisulfide, Genistein,
Quercetin, When
opposed to their synthetic counterparts, natural goods are

Resveratrol, Apigenin, Cyclopamine,

Tetrandrine, Silibinin, Thymoquinone.
typically thought to be harmless and free from serious adverse
consequences at therapeutic doses, which drives up demand for
them dramatically (Pradhan et al, 2020). Phytochemicals
obtained from natural sources could be a mix of other
compounds. This mixture of other compounds is hard to
separate or isolate from target compound. These may interfere
with the effectivity of the target compound. The technology of
isolating and purifying bioactive or target compounds from
This
cutting-edge method allows for a parallel between the creation

plants has recently undergone new advancement.

and accessibility of numerous sophisticated bioassays on the one
hand, and the provision of exact techniques for isolation,
separation, and purification on the other. Finding a suitable
approach that can screen the source material for bioactivity,
such as antioxidant, antibacterial, or cytotoxicity, while
combining simplicity, specificity, and speed is the aim while
looking for bioactive or target compounds (Altemimi et al.,
2017). It has been shown that these agents prevent the
propagation of carcinogenesis, inhibit the signaling pathways
of the development factor, trigger apoptosis, inhibit the
activation of NF-kB, AP-1, and JAK/STAT pathways, inhibit
angiogenesis, and inhibit cyclooxygenase-2 (Table 3) (Dorai and
Aggarwal, 2004).

Curcumin

It is also known as Diferuloylmethane. It is a light-yellow dye
that is part of the polyphenol class. It is obtained from the
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turmeric rhizomes (Curcuma longa L.) (Plants of the World
Online KS, 2022). It is a type of condiment used chiefly for food
conservation and well-being in Asian countries. Additionally,
utilized as a beauty product and in some pharmaceutical
preparations (Rajasekaran, 2011). The compound had been
extracted for the first time two centuries earlier, and it was
used to treat many systemic conditions such as respiratory,
dermatological, and gastrointestinal disorders. Because of its
wide variety of functional attributes, Curcumin has been
capable of performing many of these activities,“including
antioxidant, antiviral, antibacterial, antifungal, anti-
inflammatory, and anticancer” characteristics (Aggarwal et al.,
2007).

Curcumin is likely to have a suppressing impact on cancer

development by many processes including inhibiting
carcinogenic  activation  and  cancer-causing  agent
detoxification, preventing oxidative DNA damage, and

reducing inflammation (Surh and Chun, 2007). Curcumin has
been proven beneficial in all three stages of carcinogenesis
(initiation, promotion, and progression). Plenty of its potential
impact is obtained because of inhibiting transcription factor NF-
kB and subsequent suppression of the pro-inflammatory
pathways (Thangapazham et al, 2006). It has the good
prophylactic and curative ability for many cancers, “including
cancer of leukemia, cancer of the gastrointestinal tract,
lymphoma cancer, head and neck cancer, lung cancer,
genitourinary cancer, breast cancer, ovarian cancer, and skin
cancer” (Anand et al., 2008).

Curcumin restrained development and facilitated autophagy
and apoptosis (Fu et al., 2018). Mechanistic research has shown
that Curcumin can enhance p53 and p21, thereby enabling the
signaling pathway for p53. Curcumin has also been shown to
denature the PI3K signaling pathway. These findings established
Curcumin’s role in inhibiting GC progression, suggesting that it
could be used as a GC treatment. By inhibiting the expression of
MMP-2/9/9, Curcumin has regulated the invasiveness of oral
squamous cell carcinoma (Lee et al., 2015). It also prevented the
EMT process by overexpressing p53 function in oral squamous
cell carcinoma (OSCC) cells. Curcumin could be used for OSCC
medicinal services as an adjunctive method (Li et al.,, 2015). A
higher therapeutic technique for treating human cervical cancer
could be Curcumin combined with paclitaxel 1 (Wang et al,
2019).

Diallyl trisulfide

Food items including fruits, vegetables, and condiments have
been used to both prevent and treat a variety of ailments, such as
infections, irritability, and wounds. In recent times, it has been
shown that bioactive compounds obtained from all of these foods
have anti-microbial, anti-inflammatory, and anticancer effects.
Plant species of the Allium genus, like garlic and onions, are
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renowned for their therapeutic quality for a long time (Block,
1985; Petrovska and Cekovska, 2010). Studies have found that
organosulfur compounds (OSCs) are the principal bioactive
Diallyl trisulfide
(DATS), a bioactive OSC contained in garlic, can be used to

agents responsible for positive effects.

attenuate disease conditions like cancer, infection, and metabolic
(Mikaili 2013).
mechanisms are an initiatory cancer production event that

processes et al, Cell-cycle deregulation
allows the unrestrained progression of the cell cycle and rapid
growth of the tumor. Few numbers of researching have shown
that DATS mediates G2/M-stage cell cycle arrest. DATS induced
cell cycle arrest by increasing reactive oxygen species (ROS)
(Hosono et al., 2005; Xiao et al., 2005; Antosiewicz et al.,
2006). The DATS increase apoptosis which is an effective
anti-cancer treatment intended to slow tumor growth.
Evidence is mounting that DATS causes cancer cells to
respond to cell death signals like oxidative stress, DNA
damage, and cellular damage. Results across a variety of
cancer cell types have shown that DATS therapy activates the
intrinsic ~ apoptotic ~ pathway. Numerous studies have
demonstrated increased activation of the apoptosis-regulating
protein c-Jun N-terminal kinase (JNK) following DATS
incubation. Recent investigations have shown that DATS
therapy can inhibit the proteins related to invasion and
migration. Following DATS treatment, levels of Tissue
Inhibitors of Metalloproteinases (TIMP) -1 and -2, known
(MMPs)

resulting in improved tight connection formation between

Metrix Metalloproteinases inhibitors, increased,
bladder cancer cells. The progression of breast and prostate
cancers is known to be significantly influenced by estrogen
and androgen hormone signaling, respectively. Estrogen
sensitivity and HER-2 expression are significant determinants
of patient outcome in breast cancer. Studies with breast cancer
cell lines that varied in their sensitivity to estrogen and HER-2
status revealed reduced cell viability after DATS therapy
(Puccinelli and Stan, 2017b).

Resveratrol

It is also named as 3,54'-trihydroxytrans-stilbene.
Resveratrol is a naturally appearing phytoalexin and phenol
derived from various plants in response to wounds and
microbes. Other sources like mulberry, raspberry, blueberry,
raisin, and peanut (Ferrucci et al, 2016). Initially, it was
separated from the roots of the white hellebore. This phenol is
a practical component of the root from Polygonum cuspidatum
(Dandawate et al., 2013). Resveratrol has antioxidant, anti-
inflammatory, and antiproliferative effects on many cancer
cells. It efficiently breaks down the enzyme and non-enzyme-
generated superoxide, hydroxyl, and peroxynitrite fundamentals
and provides defense against DNA damage caused by these ROS
(Leonard et al., 2003; Lee and Lee, 2006; Gagliano et al., 2010).
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Resveratrol, relying on its striking restrictive impact on
cellular events linked to cancer initiation, promotion, and
progression, is a viable contender for cancer chemoprevention
(Zhu, 2011). It promotes antitumor activity by controlling
multiple cell-signaling molecules, including drug therapy
transporters, proteins for cell survival, cell proliferative
proteins, and signals to members of the NF-xB and STAT3
(Gupta et al.,, 2011). In order to effectively lead the multiple
cycles of cancer from start and promotion to progression,
resveratrol alters the several signal-transduction pathways that
control cell growth and division, inflammation, metastasis,
apoptosis, and angiogenesis. It has been discovered that
resveratrol can stop processes connected to the development
of cancers. For instance, resveratrol therapy reduced the
production of free radicals in human leukemia HL-60 cells
that were generated by 12-O-tetradecanoylphorbol-13-acetate
(TPA) (Sharma et al., 1994). Studies conducted in vitro have
demonstrated that resveratrol has an anti-proliferative impact
through inducing apoptosis. Resveratrol affects the proportions
of cyclins and cyclin-dependent kinases (CDKs), which inhibits
the cell cycle at the GO/G1 phase. For instance, a connection has
been discovered between cell cycle arrest in the GO/G1 phase
inside several cancer cells and resveratrol’s suppression of cyclin
D1/CDK4 (Gatouillat et al., 2010). Additionally, it has been
demonstrated that resveratrol raises cyclin A and cyclin E
levels, causing cell cycle arrest in the G2/M and S phases
(Filippi-Chiela et al., 2011). Similar research has shown that
resveratrol stops cell cycles and activates a mechanism that is
dependent on p53 (Hsieh et al., 2011). Tumor metastasis is
caused by a number of processes that are involved in the
progression of the tumor. The deletion or mutation of many
genes promotes the growth of malignant cancers. Proteolytic
enzymes like matrix metalloproteinases are used by cancer cells
to invade and spread by destroying the extracellular matrix
(ECM) and basement membrane (MMPs). MMP-2 and
MMP-9 are two of these enzymes that are overexpressed and
regulate cell invasion and metastasis in a range of malignant
cancers (Nelson et al, 2000). Resveratrol may decrease the
expression of angiogenesis indicators like VEGF, EGFR, and
FGF-2 as well as MMPs, particularly MMP-9 (Trapp et al., 2010;
Ko et al, 2017).

Apigenin

It is also known as 4',5,7-trihydroxyflavone. Apigenin is a
naturally appearing glycoside that belongs to the class of flavone.
Various vegetables and fruits produce the compound, including
onions, tea, wheat sprouts, and oranges (Tutelyan and Lashneva,
2013). It has characteristics as being anti-oxidant, anti-
inflammatory, anti-growth, anti-mutagenic, anti-carcinogenic,
and anti-progression (Patel et al., 2007). Previous researches
have shown that apigenin prevents tumor proliferation,
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Effects of quercetin on lymphoma cells: proposed model. By inhibiting antiapoptotic signaling molecules and inducing proapoptotic proteins,
which activate mitochondrial-mediated caspase activation and apoptosis, quercetin reduces cell proliferation (GULATI et al., 2006; Srivastava et al.,

2016).

invasion, and tumor development in prostate cancer cells (Shukla
et al,, 2015). Dimethyl benzanthracene-induced skin tumors are
suppressed by topical use of apigenin (Wei et al.,, 1990). It also
decreased the prevalence of UV-induced cancer and improved
tumor-free survival studies (Birt et al, 1997). Apigenin
encourages metal chelation, searches for free radicals, and
boosts phase II detoxifying enzymes in cell culture and in vivo
malignant tumors (Elliott et al., 2000). In the PC-3 tumor model,
therapy with apigenin ended in 32 percent and 51 percent
suppression of tumor growth (Wei et al, 1990). Studies
conducted in vitro have demonstrated that resveratrol has an
anti-proliferative impact through inducing apoptosis (Liu et al.,
2015). Apigenin’s anti-cancer properties and minimal toxicity
have recently attracted a lot of attention. Apigenin has been
shown to inhibit a number of human malignancies both in vitro
and in vivo by a variety of biological mechanisms, including
inducing cell apoptosis and autophagy, cell cycle arrest,
inhibiting cell migration and invasion, and eliciting an
immunological response (Yan et al., 2017b).

Cyclopamine

Cyclopamine is a steroidal alkaloid that can counteract

cancers including prostate, gastrointestinal, breast, and
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osteosarcoma cancer (Qualtrough et al., 2004; Warzecha et al,,
2012; Lu et al,, 2014; Zhu et al,, 2015). It was separated from the
plant corn lily (Veratrum californicum) in the late ‘60s (Lee et al.,
2014). Cyclopamine binds to the receptor smoothly, inhibiting
additional signal transduction to the GLI5 destination gene
(Warzecha et al, 2012). Apart from having a significant role
in the development of an embryo, improper initiation of the
sonic hedgehog signaling pathway in different cells has been
related to nevoid basal cell cancers and many cancers, including
basal cell cancers medulloblastoma, and rhabdomyosarcoma
(Chen et al., 2002; Heretsch et al., 2010). Nevoid basal cell
cancer has been identified as a hereditary condition with
several basal cell carcinomas, malignant and benign tumors,
and malformations (Bale and Yu, 2001). In a way, the Shh
hedgehog) signaling pathway’s
effectively cure cancer because it can prevent the development

(Sonic disruption could
of tumors without some typical side effects of conventional
has that

cyclopamine can prevent tumor development. Numerous

carcinogenic therapy. It been demonstrated
cancers, including prostate cancer, pancreatic cancer, ovarian
cancer, gastrointestinal cancer, lung cancer, and basal cell
carcinoma, are linked to aberrant Hedgehog (Hh) signaling.
One of the most actively researched targets for cancer therapy
is the Hh signaling system, and several drugs that block Hh

signaling are currently undergoing clinical trials to treat a variety
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of malignancies. More people die from lung cancer than from the
next three most frequent malignancies combined (colon, breast,
and prostate). Understanding the role of Hh signaling in
development and cancer has benefited greatly from the
discovery of the first drug to suppress Hh signaling,
cyclopamine (Alam et al., 2016).

Genistein

Also known as 4’,5,7—Trihydr0xyisoﬂavone. It is a
phytoestrogen in soybeans and tofu, soy milk, and soy sauce
and is an effective therapeutic agent for cancer (Fotsis et al., 1995;
Li et al, 2010). Genistein therapy was found to prevent the
development of several cancerous cells by enhancing apoptosis,
triggering delayed cell cycles, and regulating intracellular
signaling pathways (Li et al., 2010). The potency of intakes of
genistein for breast, prostate, and colorectal cancers has been
shown in epidemiological reports (Hwang et al., 2009). Modern
research has shown that genistein disrupted EGF-induced
proliferation by modulation of the PI3K/Akt routes in
cancerous colon cells (Qi et al., 2011). Genistein is attributed
to cell cycle blockage and cell death in breast cancer cell lines
(Magee and Rowland, 2004). It can induce the death of breast
cancer cells through the accumulation of intrinsic copper ions
and reactive oxygen species (ROS) (Ullah et al., 2011). Genistein
is a potent anti-angiogenic compound that can suppress VEGF-
induced endothelial cell activation by reducing the function of
protein tyrosine kinase (PTK) and the activation of MAPK (Yu
et al.,, 2012). Anti-proliferative activities of genistein obtain from
growth (IGFR)
phosphorylation and IGF signaling, which suppresses cell

reduced  insulin-like factor  receptor

development (Lee et al, 2012). When genistein is used in
combination with chemotherapeutic substances, “including
letrozole, resveratrol, vitamin-D, paclitaxel, erlotinib,
doxorubicin, and cetuximab,”, it may be of greatest benefit
(Park 2010). ER by
upregulating the expression of the protein glucose-regulated
protein 78 (GRP78). The transcription factor CCAAT/

enhancer-binding protein homologous protein (CHOP), which

et al, Genistein  induces stress

induces apoptosis, is then triggered by the activation of PERK
(Tuli et al., 2019). By influencing the nuclear translocation of
phosphorylated ERK molecules, genistein reduced the activity
ERK regulates cell growth,
differentiation, and proliferation, whereas p38 is more closely

and proliferation of cells.

associated with stress and inflammatory responses (Irrera et al.,
2017).

Quercetin

Quercetin is a naturally occurring bioflavonoid found in a
wide assortment of foods, along with apples, grapes, berries,
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broccoli, onions, tea, tomatoes, nuts, barks, and leaves (Kelly,
2011). As a lipophilic substance, quercetin can pass through cell
membranes and start a number of intracellular signaling
pathways. The ability of quercetin to serve as both an
antioxidant and a peroxidant is one of its distinctive
properties (Witjen et al., 2005). It appears to happen as
O-glycosides, and the most common sugar residue is
D-glucose. About 170 glycosides of quercetin were identified
(Yang et al., 2001). It has several medicinal properties, “including
anti-oxidant, anti-bacterial, anti-inflammatory, and anticancer”
(Rafiq et al., 2015). It is an effective agent of chemoprevention
due to its cardinal effect on the distinctive characteristics of
carcinoma and its impact on the signaling pathways associated
with tumors (Russo et al., 2012). It exhibits various activities,
including modulation of the cell cycle, interacting with type II
estrogen receptors, and inhibiting tyrosine kinase (Lamson and
Brignall, 2000). When quercetin is administrated intravenously,
It blocked lymphocyte tyrosine kinase in people with cancer and
is the first inhibitory agent of tyrosine kinase tested in a clinical
phase I trial (Ferry et al., 1996). It appears that quercetin may
have anti-proliferative, anti-tumor, and apoptosis-inducing
properties (Figure 5) (Witjen et al., 2005; Ezzati et al., 2020).

Excessive reactive oxygen species (ROS) generated oxidative
strain carries a significant factor in cancer growth. ROS serves
itself as a “redox messenger” to promote the growing phases of
cells at lower physiological volumes. Residual ROS could damage
DNA under oxidative strain. Quercetin can prevent ROS-
mediated hepatocarcinogenesis by increased activation of
enzymatic and  non-enzymatic  anti-oxidant  defense
mechanisms. So, like an antioxidant, quercetin can scour ROS
and lower the threat of DNA disruption and cancer development.
Due to its overall antioxidant Capacity and higher reducing
ability, quercetin inhibits ROS production and active nitrogen
molecules in severe monocytic leukemia cells (Waris and Ahsan,
2006; Vasquez-Garzon et al., 2009; Circu, 2010; Zhang et al,,
2011). In chemotherapeutic procedures, apoptosis plays an
important role. Quercetin can excite apoptosis pathways both
intrinsically and extrinsically (Chien et al., 2009).

Tetrandrine

It is a bis-benzylisoquinoline (BBI) alkaloid, separated from
the root of Stephania tetrandra (Yang et al., 2021). Tetrandrine
has different beneficial effects such anti-rheumatic, anti-
inflammatory, immunomodulatory, and anti-hypertensive
(Yu-Jen, 2002). Collected data shows that tetrandrine has a
resistant effect on several cancers, including leukemia, primary
hepatic cancer, colorectal cancer, lung cancer, glioblastoma, and
nasopharyngeal cancer (Lai et al., 1998; Lee et al., 2002; Kuo and
Lin, 2003; Meng et al., 2004; Ng et al., 2006; Sun et al., 2007; Chen
et al., 2009; Cho et al., 2009; Wu et al., 2010). Remedial actions of

tetrandrine on many cancerous cells have been documented,
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including inhibition of growth, anti-inflammatory, modulation
of the cell cycle, apoptosis stimulation, angiogenesis prevention,
and the abstraction of multidrug sensitivity (Yu-Jen, 2002).
Pharmacologically, a few numbers of signaling pathways or
essential conditions for example, “mitogen-activated protein
kinases (MAPKs), Wnt/p-catenin, PI3K/Akt, and p53,” have
been documented to participate in the cancer prevention
process by tetrandrine (Meng et al, 2004; NOMURA et al,
2007; Wu et al, 2010). By influencing Wnt/B-Catenin,
Tetrandrine could prevent the development of the human
colorectal cancer cells (He et al., 2011). Tetrandrine has also
been seen to incite cytotoxicity and apoptosis of human
nasopharyngeal cancerous cells through stimulating ROS-
mediated mitochondrial and endoplasmic reticulum (ER)
stress pathways and Akt/FOXO3-activation (Chaudhary and
Vishwanatha, 2014; Zhang et al, 2015; Lin et al., 2016).
Tetrandrine suppressed endometrial cancer cells in a time-
and dose-dependent way, the research showed. Tetrandrine
caused endometrial cancer cells to undergo apoptosis in a
dose-dependent according to flow

manner, cytometric

analyses (Shang et al.,, 2021).

Targeting kinase activity by instinctive
agents in chemoprevention

Natural substances obtained from several resources can
help to activate a range of biological pathways that can protect
from cancer (Balunas and Kinghorn, 2005; Cragg and
2005). The of
phosphorylation by protein kinases is essential

Newman, catalyzation protein
for
controlling cellular activity. Protein kinases are manifested
in different cellular components such as on the cell’s exterior,
(e.g.
intracellular regions (e.g. nucleus). Undesirable protein

cytoplasm Cyclin-based protein kinases), and
phosphorylation is involved in various disease pathways,
including cancer. The construction of multi-targeted and
much more efficient PTK blockers gives potential prospects
for cancer treatment (Marston, 2011). So, we focused on the
evaluation of two agents which are used as significant
substances to prevent tumor development/Epstein Barr

virus-related cancer.

Grifolin, a potential agent for kinase
inhibitor, controls cancer development by
targeting ERK1/2 and DAPK1

Grifolin, an active farnesyl phenolic agent, is a secondary
plant metabolite derived from the mushroom Albatrellus
confluens. This the eatable
pseudocalopus mushroom (Song et al, 2009). It has been

also derives from Boletus

proven to trigger apoptosis or cell cycle arrest in several
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tumor cell lines by targeting ERK or upregulation of
DAPKI1 via p53 (Ye et al,, 2007; Luo et al., 2011). The ERK-1/
2 pathway plays some crucial roles in modulating many
biological functions, including cell proliferation, division, cell
cycle transformation, and longevity. The majority of evidence
indicates that ERK1/2 pathway activity leads to tumorigenesis or
cancer development and increases cell death (Ishikawa and
Kitamura, 1999). ERK modulates several transcription factors
such as EIkI, c-J un, c-Myc, and c-F os. These variables restrict
genetic expression, which is essential for cell cycle propagation,
specifically cyclin D1 and p21 (MacCorkle and Tan, 2005).
Analyzing the impacts of grifolin on the function of Gl-
related protein shows that the down-regulation of cyclin DI,
CDK4, cyclin E, and the phosphorylation of grifolin-inducing
pRB are correlated with the cell cycle blockage. Grifolin resists
the multiplication of CNE1 cells by the Gl phase blockage,
mediated by Gl-protein regulation. Grifolin mainly has an
impact on CNEL1 cells involving the ERK1/2 route. At high
enough doses, the ERK1/2 route could be inhibited (Ye et al.,
2005). DAPK1 is a positive moderator which is apoptotic-
positive (Pelled et al., 2002). It operates as a tumor suppressor
because of its capability to sensitize cells to multiple apoptotic
signals, “including those produced by mortal receptors,
cytokines, matrix removal, and oncogenic hyperproliferation,”
which are envisaged as a cell
DAPK1 mRNA and protein function has been up-regulated
with grifolin in NPC cells in a dose-dependent way. Up-

occurs tumorigenesis.

regulation of DAPKI1 by grifolin can be an essential process to
cause an apoptotic response in the tumor cells. Grifolin can
retrieve the pro-apoptotic role of DAPKI through the p53 route
because of the higher occurrence of DAPKI activity loss in
various tumor forms (Luo et al., 2015).

Neoalbaconol, a potent antagonist of
PDK1, causes many cell deaths through
the PI3K/AKT pathway

It is a new tiny-molecular compound derived from
mushroom Albatrellus confluens, which can aim at 3-
phosphoinositide-dependent protein kinase 1 (PDKI1) and
suppress its phosphoinositide-3 kinase (PI3-K)/Akt-hexokinase
2 (HK2) routes, which contributed to energy abolition. By
locating PDK1, Neoalbaconol decreases glucose and ATP
production, triggered autophagy, and induced apoptotic and
necroptotic death of cancerous cells by a separate route. The
probability that increased activity of Akt counteracts the energy
shortage caused by Neoalbaconol, confirms the significance of
the PDK1-Akt energy route in NA-induced cell death (Deng
et al,, 2013). The metabolic energy reconfiguration of cancerous
cells is among the essential aspects. The oncogenic PI3K/AKT/
mTOR route plays a significant role in reconfiguring metabolic
processes in cancerous cells. PDK1 is an Akt/mTOR signaling
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controller, that stimulates some protein kinases belonging to the
AGC kinase group, such as A, G, and C (Toker and Newton,
2000; Vivanco and Sawyers, 2002). PDK1 phosphorylates
function at Ser308 in response to different cell stimulation,
contributing to the Akt activation and controlling energy
synthesis, cellular proliferation, cell cycle progress, and
migratory. Depending on essential activities of PDKI in
tumor cells, analysts lately demonstrated that PDKI acts as an
appropriate therapeutic tool for anticancer and established
multiple PDK1 blockers, including AR-12 and GSK233447, for
the killing of cancerous cells (Peifer and Alessi, 2008).

So, restructuring cellular energy metabolic processes by
locating the PDK1/PI3K/AKkt signal pathway, NA is concerned
with NA-mediated apoptotic and necroptotic cell destruction.
These observations demonstrate that NA is an appropriate choice
as a key anticancer agent to inhibit tumor cell development.

Molecular targets for natural
chemopreventive agents

In the study of cells and animal models, natural products,
alkaloids,
flavonoids, and polyphenolics, have been widely studied and

such as sesquiterpenes lactones, diterpenoids,
discovered to exhibit a considerable range of chemopreventive
qualities against several forms of cancer. Many other preventives
peruse are underway. The pathways of cell signaling, triggered by
natural anticancer chemical substances, are various and specific
to individual functions for insistence. Besides that, depending on
the cell categories, the same substance stimulates multiple

signaling pathways (Millimouno et al., 2014).

p53 Family members

In regulating the genomic integrity, cell cycle, apoptosis,
deoxyribonucleic acid repair and response to variations of
tumor protein p53 gene and TP53 gene, genotoxic stresses,

regarded as the protector of the genome, play an
indispensable role (Heinrich et al., 1998; Budram-Mahadeo
et al, 2002; Bode and Dong, 2004). Regulation of

p53 signaling may suppress the growth and spread of cancer
and induce apoptosis of cells (Gong et al., 2017; Su et al., 2017). In
GC cells, the signaling pathways which rely on p53 are essential
elements to stress cellular responses. Fourcelline in parthenolide,
NCI-H1299 lung carcinoma, RKO colon carcinoma, HCT116,
and HL60 myeloblastoma activated the substantial decrease in
the apoptotic cell frequency in the p53-proficient UV-irradiated
row (Guzman et al., 2007; Szoltysek et al., 2008). Parthenolide
stimulated p53 and other tumor-suppressor proteins controlled
by double mouse minute 2 homolog (MDM2) (Gopal et al.,
2009). In PC-3 cells, alanto-lactone causes p53-independent
apoptosis in carcinoma of the prostate (Rasul et al., 2013).
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Nuclear factor-Kappa B

A prominent transcription factor is the NF-kB (pro-
oncogenic nuclear factor-Kappa B) composed of strongly
correlated proteins that form dimers and interact with the
kB B site within target gene promoters. It can enhance target
gene transcription by recruiting coactivators and corepressors
(Aggarwal, 2004). Genes that, after a viral infection, are used to
delegate the replication of (a viral gene) through the presence of a
gene at another locus are associated with angiogenesis, cell
proliferation, apoptosis, metastasis, tumor cell invasion; the
NE-kB pathway takes part in an influential role
carcinogenesis (Orlowski and Baldwin, 2002). The NF-kB
transcription factor family comprises five types, are- NF-kB1
(p50), NE-kB2 (p52), c-Rel, RelB, and RelA (p65), which express
the N-terminal Rel homology domain essential for ankyrin
(DNA)
homodimerization and heterodimerization, encompassing the

in

repeat  deoxyribonucleic  acid binding  and
NEF-kBB1 nuclear position series (Aggarwal, 2004; Baud and
Karin, 2009).

Nuclear factor-related factor 2 is a possible molecular source
that compounds found in nature for cancer prevention. By
inducing the procurement of NrF2, some limited natural
substances have been identified as possible contenders for
chemoprevention. And that is in the nucleus, which actively
participates in the transcriptional activation of phase II
detoxification enzymes. In the Choi-CK and SCK cells, low
parthenolide thresholds resulted in the induction of Nrf2-
dependent HO-1, followed by a decrease in its apoptogenic

activity. Furthermore, with the protein kinase C-a inhibitor

Ro317549 (Ro), parthenolide-mediated apoptosis inhibits
activation and nuclear translocation of nuclear factor
erythroid 2-related factor 2(Nrf2), resulting in HO-1

expression blockage (Millimouno et al., 2014).

Activator protein 1

Cellular proliferation, modification, and death have been
described in the transcription factor. The target genes and
molecular pathways modulating these mechanisms have
previously been investigated using mice and cells missing AP-
1 components. Appropriately,
function is negotiated by tumor suppressor incarceration and

c-growth-promoting Jun’s

up-regulation in positive cell cycle regulators (Shaulian and
Karin, 2002). Other naturally occurring chemopreventive
substances have also been shown to decrease AP-1 synthesis
and amplify AP-1 target genes, which is ultimately connected
with their chemopreventive potential. These substances include
resveratrol, green tea, and curcumin. Activator protein 1 (AP-1)
transcriptional activity is regulated by green tea polyphenols in a
variety of cell types, which is crucial for their function as
development inhibitors. A cell employs transcriptional activity
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to monitor the translation of DNA to RNA and hence organize
gene activity (Amin et al.,, 2009).

Signal transducers and activators of
transcription pathway

STAT (Signal Transducers and Activators of Transcription)
is a unique signal transduction pathway to the nucleus discovered
in connection with IFNN through the analysis of transcriptional
regulation. Several procedures, such as development, immune
system feature, multiplicity, differentiation, survival, and EMT
(epithelial to mesenchymal transformation), have been involved
(Sano et al., 1999; Silver and Montell, 2001). Utilization of
different  tyrosine leads STAT  protein
phosphorylation, nuclear localization, dimerization, linking to

kinases to
and significant transcription of specific DNA components. So
many other cancers, namely lymphoma, myeloma, leukemia, and
several solid tumors, have been documented to require
constitutive STAT3 and STAT5 activation (Rubin Grandis
et al., 1998; Sano et al., 1999). Natural substances have been
involved in modulating STAT function in tumor cells over the
last couple of years. STAT1 dephosphorylation managed to
prevent wedelolactone by specifically inhibiting T-cell protein
tyrosine phosphatase, an essential enzyme in T-cells for
STATI1 tyrosine phosphatase, and STATI dephosphorylation
inhibited wedelolactone by specifically inhibiting T-cell protein
tyrosine phosphatase, which is vital for STAT11 tyrosine
phosphatase (Liu et al., 2012; Chen et al., 2013). Parthenolide
(Ci5H2005 ) shows significant transcriptional repression of
activated by STAT
alantolactone prevents the formation of STAT3 in HepG2

proapoptotic  genes inhibition, and
(Liver Hepatocellular Carcinoma) cells (Legendre et al., 2003;
Nakshatri et al., 2004; Khan et al., 2013). In addition to validating
STAT as a new goal for chemotherapy of cancer, these combined
findings including both in vivo studies and in vitro have also
provided the basis for the production of natural component

STAT inhibitors (Millimouno et al., 2014).

Growth factors and their receptors

Factors that foster growth are proteins that associate with the
cell surface receptors and documented to influence various
cellular mechanisms, with the most important influence of
of cytoskeleton
rearrangement (Klippel et al, 1996; Kauffmann-Zeh et al,

causing apoptosis, proliferation cells,
1997). In carcinogenesis, many growth factors signaling
molecules are involved. One of them is a platelet growth
factor, endothelial growth factor, the transformation of growth
factor, FGF, colony-stimulating factor and insulin-like growth
factor (Han et al., 2007). Numerous downstream signals, such as

PI3K-Akt and Ras-MAPK, are also involved as a significant
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intracellular pathway outcome of growth factor receptor
stimulation. The critical impact of these signaling pathways is
that many natural chemopreventive and chemotherapeutic
compounds relate to reduced prognosis and tumor growth,
which are becoming aims. Biological agents, specifically the
drug selected, quickly induce Akt phosphorylation after
activation, which could be used as an active inhibitor of
cancer cells (Millimouno et al., 2014).

Immunoprevention

A re-emergence of concern in cancer immunosurveillance
and an expansion of this concept into one termed cancer
immunoediting especially have been seen over the past
15 years. The immune system provides protection to the body
in the development of primary non-viral cancers and sculpts the
immunogenicity of tumors, accompanied by clear observational
evidence from murine tumor models and interesting
comparative results from human cancer experiments (Dunn
et al, 2004). Numerous different natural agents, essential to
their prophylactic chemical ability, have modulated specific
host factors. Stimulating IL-12-dependent deoxyribonucleic
acid (DNA) maintenance, encouraging tumor cell apoptosis,
causing cytotoxic (CD8") T cells, and suppressing angiogenic
factors have been shown to inhibit UV-induced skin cancer.
Epigallocatechin-3-gallate (EGCG) has improved DNA
vaccination-affected CD8" T  cell-mediated

immunity (Amin et al, 2009). 4,7, 4'-trihydroxyisoflavone

antitumor

(Isoflavone genistein) is an elevated phytoestrogen that has
been associated with soy products connected with a low
prevalence of breast and prostate cancer. The conceivable
immune system outcomes of genistein were monitored in
adult B6C3F1 Gavage
administered to mouse groups for 28 days (Guo et al., 2001).

female mice. or genistein is
In a murine xenograft model, VEGF luteolin inhibited vascular-
induced angiogenesis and in vivo tumor development. A range of
research has already shown that the purpose of chemical

prevention of Curcumin is angiogenesis (Amin et al., 2009).

Safety and effectiveness of
chemopreventive agents

While the field of cancer chemoprevention is emerging
beyond its pioneering phase, widespread acceptance and use
have not yet been established. Many agents described above
have been identified through studies in vitro, animals, and in
humans that can inhibit the growth of cancer and other
mutation illnesses. These agents should also meet specific
requirements, including 1) low price, as defined by
standard costing and the target population, 2) pragmatism

of use, as determined by accessibility, storage environments,
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and route of administration, 3) efficacy, and 4) safety (Kelloff
et al., 2004; Ferguson et al., 2004; D’Agostini et al., 2005). The
Latin word primum non-nocere serves as a reminder that the
most important condition for a medical treatment is that it not
cause harm to healthy people. Accordingly, the essential need
for pharmacological agents employed in the treatment of
people living with cancer is their efficacy, even though this
kind of treatment is expensive and inconvenient and
(De Flora and
Ferguson, 2005). However, certain chemopreventive drugs,

associated with severe harmful effects

which have been demonstrated to be effective but are also
toxic, have been described. The effects of chemotherapeutic
agents in cancer development are based on in vitro studies and
animal studies, which typically use higher dosage levels than
what is consumed by humans, and it might be challenging to
adopt  these
chemopreventive agents can have side effects, including

results directly to humans. Many

mutagenicity, carcinogenicity, and other toxic effects
(Kelloff et al., 2000; MB S and SuhN., 2000). Therefore, It
is thus necessary to develop definite preventative

recommendations for distinct types of malignancies that
should be carefully designed, considering ethnic differences,
efficacy, and safety of chemopreventive medicines in mind
(Lee and Park, 2003).

Conclusion and future perspective

Cancer is perhaps the deadliest disease in the Universe,
and it has a massive impact on society, with one out of every
three people in the world who have some kind of cancer.
Although several existing drugs are ineffective in providing
complete cancer protection, it is critical to be developed new
treatment methods to treat or slow cancer progression.
Bioactive compounds have a wide range of chemical
configurations and are likely to be useful in cancer therapy.
Anticancer properties vary depending on the variable. Along
with their poor aqueous solubility and fast digestion,
flavonoids may enhance the performance of stomach, lung,
esophageal, colon, and endometrial cancers with limited
extreme harmful effects. Alkaloids have a great deal of
difficulty meeting their intended destination due to their
low bioavailability and poor aqueous solubility. Natural
compounds will serve as a stepping stone for reducing the
public health effects of primary cancers in the future, thanks to
the integration of chemoprevention and chemotherapy drug
production. These compounds like chemotherapeutic and
immunomodulators are linked to several different targets.
Signaling pathways are connected to complex chemical
configurations, and this connection is crucial for drug
production to continue.

According to data from in vivo human and animal research
as well as in vitro tests, natural products (natural agents) such as
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curcumin, isoflavones, resveratrol, I3C, DIM, EGCG, and
lycopene have inhibitory action on carcinogenesis and cancer
progression. Many cells signaling pathways are thought to be
involved in these effects, including the NF-B, Wnt, Notch, Akt,
MAPK, p53, AR, and ER pathways, among others. Cancer cells
constantly exhibit changes in a variety of cellular signaling
pathways as a result of the complex interactions between cell
signaling networks. As a result, managing cancer cell behavior
like cell growth inhibition and death requires medicines that can
target numerous cells signaling pathways, and many of these
natural products are now regarded to be great examples of
natural agents that can target multiple pathways. As a result,
we believe that these non-toxic chemicals derived from nature’s
bounty could be useful in the prevention and/or treatment of
most human cancers, either alone or in combination with
established therapies (chemotherapy and radiotherapy).
Further in-depth mechanistic research in vitro, as well as
appropriate and relevant animal model studies in vivo, as well
as unique clinical trials, are required in the future to fully
comprehend the significance of these and other natural

products in human health and disease.
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blockade in angiosarcoma:
Which beta-blocker to choose?
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Beta-blockers are currently studied to improve therapeutic options for patients
with angiosarcoma. However, most of these patients have no cardiovascular
co-morbidity and it is therefore crucial to discuss the most optimal
pharmacological properties of beta-blockers for this population. To
maximize the possible effectiveness in angiosarcoma, the use of a non-
selective beta-blocker is preferred based on in vitro data. To minimize the
risk of cardiovascular adverse events a beta-blocker should ideally have
intrinsic sympathomimetic activity or vasodilator effects, e.g. labetalol,
pindolol or carvedilol. However, except for one case of carvedilol, only
efficacy data of propranolol is available. In potential follow-up studies
labetalol, pindolol or carvedilol can be considered to reduce the risk of
cardiovascular adverse events.

KEYWORDS

beta-blockade, angiosarcoma, drug repurposing, pharmacological
characteristics, propranolol
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Introduction

Beta (B)-blockers or B-adrenoceptor antagonists were first
introduced in the early 1960s for the treatment of angina
pectoris (1). The use of B-blockers in ischemic cardiac disease
is based on the reduction of the catecholaminergic stimulation of
the heart in order to improve the exercise capacity of the cardiac
muscle by slowing heart rate and lowering the oxygen
consumption. The anti-hypertensive and anti-arrhythmic
effects of this drug class have led to its extensive use in the
treatment of hypertension and cardiac arrhythmias. Other (off-
label) indications for the use of B-blockers are migraine, the
treatment of essential tremor, prophylaxis of esophageal variceal
hemorrhage caused by portal hypertension, control of anxiety
symptoms (exam anxiety and stage fright) and thyrotoxicosis.

The expression of B-adrenergic receptors has been
investigated previously in both benign and malignant vascular
tumors (2, 3). The registered indication of propranolol, a non-
selective B-blocker, has now been extended to the treatment of
infantile hemangioma requiring systemic therapy (4, 5). Since B-
adrenoceptors are also overexpressed in some cancer types, such
as soft tissue sarcomas, propranolol might be a drug of interest in
these rare malignancies. Hence, propranolol obtained the
orphan designation by the European Commission for the
treatment of soft tissue sarcomas (6, 7). Furthermore, the effect
of B-receptor blockade with propranolol on angiosarcoma is
currently being studied in two clinical trials: The PropAngio trial
(NCT04518124, study start date December 2019, status
ongoing) and the PROPAN trial (NCT02732678, study start
date May 2016, status unknown) (8-10). The aim of the
PropAngio trial is to prospectively assess the anti-proliferative
effect of neoadjuvant propranolol as monotherapy in primary,
recurrent and metastatic angiosarcoma. In the PROPAN trial,
propranolol is given in combination with cyclophosphamide in
locally advanced or metastatic angiosarcoma (10). The usual
daily dose range of propranolol for hypertension is 160 to 320
mg (5). In the PropAngio trial, propranolol is given orally in a
dose-escalation schedule (40-80 mg twice daily in the first two
weeks, thereafter 80 mg three times a day) until initiation of
standard therapy (chemotherapy and/or surgery or radiation).
Since the anti-proliferative effect of propranolol on
angiosarcoma cells has been shown to be dose dependent,
evaluating the effect of dose escalation in this trial is necessary
(3). However, these patients have no cardiovascular co-
morbidity or other indications for B-receptor blockade,
making them more at risk for treatment related cardiovascular
adverse events, mainly bradycardia and hypotension. These
known side effects of propranolol can limit its use in high
dosages in this patient population. Ideally, one should adapt a
B-blocker with proven efficacy in angiosarcoma and which is
characterized by minimal cardiovascular side effects. Here, we
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discuss the pharmacological properties of the diverse B-blockers
and consider the usage of propranolol in angiosarcoma.

Pharmacological properties

B-blockers can be distinguished based on their
pharmacological properties by selectivity, intrinsic
sympathomimetic activity (ISA), vasodilator activity and
lipophilicity (Table 1). These pharmacological properties can
be of use to define treatment and to predict adverse events.
Intrinsic sympathomimetic activity or partial agonist activity of
[B-blockers is caused by inhibition of B-receptors in the presence
of agonists, such as catecholamines, and stimulation of -
receptors in rest when these agonists are absent (11). This
results in less bradycardia or peripheral vasoconstriction (12).
Consequently, B-blockers with ISA can be of use in patients in
whom strong decline of heart rate is unwanted. A comparison
between pindolol and propranolol confirms this clinical benefit
of B-blockers with ISA in patients with angina pectoris (13). Of
the non-selective B-blockers with a vasodilator effect, there is
some evidence that carvedilol causes less bradycardia compared
to other B-blockers (14). Lipophilic B-blockers can more easily
cross the blood-brain barrier increasing theoretically the
incidence of central nervous system adverse events (12).
However, studies were unable to associate lipophilicity to the
incidence of adverse events (18).

f;-receptors are primarily located in the heart and most
adverse effects of B-blockers are a result of antagonism of ;-
receptors (notably bradycardia), whereas inhibition of P,-
receptors, located on vascular and bronchial smooth muscle,
can lead to adverse events like constriction of airways or
peripheral vasculature (11, 15, 16). Therefore, cardioselective
[B-blockers are better tolerated and are preferred in patients with
respiratory disease (15).

Differences in pharmacological properties can theoretically
lead to varying adverse events. However, in head-to-head trials,
the incidence of adverse events could not be clearly differentiated
among most -blockers (18, 19). Some studies report a difference
in adverse events e.g; carvedilol showed a higher rate of
dizziness compared to metoprolol and propranolol was
associated with a higher overall rate of adverse events
compared to pindolol (13, 17). However, no B-blocker can be
distinguished with highest incidence of adverse events (19).

Use of B-blockers in angiosarcoma

Overexpression of B1-, B2- and B3-adrenoceptors in
angiosarcoma cells has been demonstrated in several
preclinical studies (2, 3). This finding suggests that, as in
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TABLE 1 Properties of B-blockers divided into selectivity, intrinsic sympathomimetic activity and vasodilator activity (11-17).

Group

Selectivity (11, 12, 15, 16)  Selective B-blockers or
cardioselective f3-

blockers

Non-selective -
blockers

B-blockers with ISA

sotalol

Intrinsic
sympathomimetic
activity (ISA) (11-13, 16)

B-blockers without ISA

Examples

Acebutolol, atenolol, bisoprolol, celiprolol,
esmolol, metoprolol, nebivolol

Carvedilol, labetalol, pindolol, propranolol,

Acebutolol, celiprolol, labetalol, pindolol*

Atenolol, bisoprolol, carvedilol, esmolol,

Mechanism Clinical impact

Higher affinity for B; compared to B,.  Less pulmonaric and
Selectivity can be lost at higher dosage ~ metabolic adverse

events**

No selectivity for B; or B, N.A.

At a low sympathetic tone stimulation At rest less decrease in

of B-receptors heart rate and cardiac

output

No stimulation of B-receptors N.A.

metoprolol, nebivolol, propranolol, sotalol

Vasodilator activity (11,
12, 14, 16, 17)

Vasodilator activity

No vasodilator activity

Carvedilol, labetalol, nebivolol

Acebutolol, atenolol, bisoprolol, celiprolol,

Carvedilol + labetalol: o-receptor Reduced peripheral

antagonismNebivolol: Nitric oxide vascular resistance

(NO) release

N.A. N.A.

esmolol, metoprolol, pindolol, propranolol,

sotalolol
Lipophilicity (12, 15, 16)  Lipophilic Acebutolol, bisoprolol, carvedilol, metoprolol,
nebivolol, pindolol, propranolol
Hydrophilic Atenolol, celiprolol, esmolol, labetalol, sotalol

*Most ISA compared to other B-blockers.

Passage of blood-brain barrier Possible more central

adverse events ***

Less passage of blood brain barrier N.A.

**B-blockers increase LDL and triglyceride levels and reduce HDL levels (more pronounced effect in non-selective 3-blockers without ISA).

#treg. sleep disturbances, psychosis, depression, hallucination.

infantile hemangioma, B-blockers may also be of use in the
treatment of this aggressive vascular tumor. Several mechanisms
behind this anticancer effect have been suggested. Direct effects
of B-blockers on tumor cells due to antagonism of B-receptors
could lead to less proliferation, migration and differentiation of
tumor cells (20). In addition, B-blockers can also influence
tumor angiogenesis by downregulation of VEGF (2, 21-23).
Furthermore, B-receptors play a role in immunostimulation and
B-blockers can have effects on several immune cells (in both the
adaptive and innate immune system) and on the tumor
microenvironment (20, 22, 23). Several preclinical studies
describe the synergy between [-blockers and chemotherapy
resulting in less drug-resistance (3, 6, 21-24). Affecting the
tumor microenvironment and immune system could also
increase sensibility to immune checkpoint inhibitors by
increasing T-cell infiltration and decreasing suppression of
CD8+ cytotoxic T-cells (20, 25). Additionally the used isomer
of B-blockers can be of importance. Studies on the isomers of
propranolol suggest that the use of the R-isomer, which has no
significant activity against the B-receptor, could lead to less side
effects while maintaining efficacy. This supports a mechanism of
action independent of B-blockade (24, 26). Using in vitro
angiosarcoma models, it was found that the anti-proliferative
effect of non-selective 3-blockers was superior to cardioselective
[-blockers (esmolol and atenolol) (27).

The anti-tumor activity of propranolol (as single agent and in
combination with chemotherapy) in different types of
angiosarcoma has been described in several case reports and
case series (23, 28-35). Table 2 shows the characteristics and
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results of these reports. Pasquier et al. reported the results of an
unpowered pilot study in 7 patients with metastatic angiosarcoma
in which propranolol was administered in combination with
metronomic vinblastine-based chemotherapy. A response rate of
100% was observed (16). One single arm prospective clinical trial
studied the efficacy of beta-blockade with propranolol or
carvedilol in metastatic angiosarcoma (27). A total of 9 patients
received either propranolol 20-100 mg per day (n=38) or carvedilol
6.25 mg per day (n=1) in combination with standard treatment
protocols according to physicians choice. An improvement of the
median progression-free survival (PES) and overall survival (OS)
was observed compared with historical controls (PFS 9 months vs.
3-6 months, OS 36 months vs. 12 months) (27).

Discussion

The aim of this perspective was to give an overview of the
efficacy and safety of different B-blockers in angiosarcoma in
order to recommend the use of the most appropriate B-blocker
in this patient population. In accordance with the summarized
preclinical and clinical data, we hypothesize that use of a non-
selective B-blocker is preferred to maximize the possible
effectiveness in angiosarcoma. Propranolol has been reported
to be effective as monotherapy and in combination with
chemotherapy in diverse cases of angiosarcoma. This is
possibly the result of a synergistic effect of this non-selective
B-blocker with chemotherapy by decreasing drug-resistance of
tumor cells. B-blockade is also expected to enhance the
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TABLE 2 Case reports and case series of propranolol in angiosarcoma.

Report Patient characteris- Treatment given

reference tics

Luczynska  Female, 45 years, primary Doxorubicin + cyclophosphamide + propranolol 10 mg TID

etal. (28)  bilateral angiosarcoma of followed by surgery

the breast

Fiste et al.  Male, 33 years, metastatic Paclitaxel (150 mg/m?)+ propranolol 40 mg TID

(29) cardiac angiosarcoma

Daguze Male, 49 years, nose Cyclophosphamide 200 mg QD (1 out of 2 weeks) + propranolol

et al. 2017  angiosarcoma 120 mg daily

(30)

Daguze Male, 73 years, metastatic Cyclophosphamide 200 mg QD (1 out of 2 weeks) + propranolol

etal. 2016  angiosarcoma of the scalp 120 mg daily

(31)

Banavali Female, 69 years, metastatic ~Celecoxib 200 mg BID + etoposide 50 mg (for 3 months) +

etal. (32)  angiosarcoma of left arm cyclophosphamide 50 mg daily during 15-21 days of a 28-day
cycle + propranolol 40 mg BID

Pramanik  Female, 37 years, metastatic ~ Oral thalidomide 200 mg daily + celecoxib 400 mg BID +

etal. (33)  angiosarcoma of the breast  intermittent etoposide 50 mg daily + intermittent
cyclophosphamide 100 mg daily + propranolol 40 mg BID

Galvan Female, 61 years, metastatic ~Propranolol monotherapy 40 mg/kg

et al. (34) cardiac angiosarcoma

Chow et al. Male, 60+ years, Neoadjuvant propranolol monotherapy 40 mg BID - 40 mg

(35) angiosarcoma of the scalp TIDFollowed by weekly paclitaxel (10 cycles) + daily
propranolol. Thereafter combined with radiotherapy

Pasquier 7 patients (2 female, 5 male, Metronomic vinblastine Gmg/m2 + methotrexate 35 mg/m* +

etal. (23)  age 20-72 years) with propranolol 40 mg BID. After 12 months intermittent

metastatic angiosarcoma

cyclophosphamide + etoposide 50 mg daily + propranolol

10.3389/fonc.2022.940582

Efficacy/best response

Partial response (PR)

Progression-free survival (PFS) of 8
months

Complete remission after 2 months

PR of visceral metastasis and CR of
cutaneous lesions (minimal duration of
response 7 months)

Complete response (CR). Relapse after
20 months from start of treatment.

SD

On 12-month evaluation PET/CT
regression of lesions and resolution of
pericard effusion

Clinical improvement of lesion and
decrease of proliferative index (also
observed during propranolol
monotherapy)

100% response rate (very good partial
response in n=3 and complete
response in n=1).

Toxicity

Not reported

Manageable
toxicity; not
specified

Good tolerance;
not specified

No severe
toxicity

No grade 3 or 4
toxicities

Neutropenia
due to
chemotherapy

Not reported

No adverse
events observed
(monotherapy)

Grade II fatigue
in all patients

immunomodulatory effects combinations of checkpoint
inhibitors due to their positive effects on T-cells. However,
propranolol is known to cause (cardiovascular) side effects by
B-receptor antagonism, repurposing the R-isomer of
propranolol could be a strategy to decrease side effects.

Given the abovementioned pharmacological features of 3-
blockers, one should ideally adopt a non-selective 3-blocker with
ISA to lower the risk of potential severe cardiovascular events
such as bradycardia in patients with angiosarcoma. -blockers
that fulfill these criteria are labetalol and pindolol. As mentioned
earlier, carvedilol has no ISA, but is known to cause less
bradycardia because of its mainly vasodilator effects and may,
therefore, be a suitable drug. To our knowledge, these agents
have never been studied in angiosarcoma (except of carvedilol
which is described in one case). Therefore, we do not
recommend replacement of propranolol with another B-
adrenoceptor antagonist in angiosarcoma due to lack of
efficacy data. Hence, strict monitoring of adverse events and in
particular (severe) bradycardia is highly recommended. The use
of non-selective B-blockers with ISA should be considered in
potential follow-up studies.
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Jian Lin**' and Hansong Sheng™*'
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Metformin is a first-line drug for type 2 diabetes, and its anticancer effects have
also been widely studied in recent years. The Sonic hedgehog (Shh) signaling
pathway is involved in the initiation and progression of medulloblastoma. In
order to develop a new treatment strategy for medulloblastoma (MB), this study
investigated the inhibitory effect of metformin on MB and the underlying
mechanism of metformin on the Shh signaling pathway. The effect of
metformin on proliferation was evaluated by the cell counting kit-8 (CCK-8)
test and colony formation experiment. The effect of metformin on metastasis
was assessed by the scratch-wound assay and transwell invasion assay. Cell
cycle and apoptosis were evaluated by flow cytometry, and the associated
proteins were examined by western blotting. The mRNA and protein expression
levels related to the Shh pathway were measured by quantitative PCR, western
blotting, and immunofluorescence staining. The xenograft murine model was
carried out to evaluate the anticancer effect of metformin on medulloblastoma
in vivo. Metformin inhibited proliferation and metastasis of the Shh subgroup
MB cell line, and the inhibitory effect on proliferation was related to apoptosis
and the block of the cell cycle at the GO/G1 phase. Animal experiments showed
that metformin inhibits medulloblastoma growth in vivo. Moreover, metformin
decreased mRNA and protein expression levels of the Shh pathway, and this
effect was reversed by the AMP-activated protein kinase (AMPK) siRNA.
Furthermore, the pro-apoptotic and cell cycle arrest effects of metformin on
Daoy cells could be reversed by the Shh pathway activators. Our findings
demonstrated that metformin could inhibit medulloblastoma progression
in vitro and in vivo, and this effect was associated with AMPK-mediated
inhibition of the Shh signaling pathway in vitro studies.
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Introduction

MB is the most common malignant brain tumor in children,
accounting for about 20% of all brain tumors in children under
15 years of age (Patel et al., 2014). MB has the characteristics of
high malignancy, rapid growth, easy metastasis, and easy
recurrence, and the 5-year survival rate is only 50%-75%
(Northcott et al., 2019). The comprehensive treatment of MB
patients with surgery, radiotherapy, and chemotherapy is
effective for most patients with medulloblastoma. Still, most
survivors endure the adverse effects of radiotherapy and
chemotherapy for a long time, including developmental,
neurological, and endocrine misalignment (Yeole et al., 2021).

With the development of molecular diagnostics, MB has been
divided into four subgroups (Wnt, Shh, Group 3, and Group 4)
(Chatterjee et al., 2022). The Shh subtype accounts for about
30%, which is more common in infants and adults and has a poor
prognosis. In most cases, the Shh subgroup involves somatic
mutations in one or more genes of the Shh pathway (such as Ptc,
Sufu, or Smo, etc.), leading to abnormal activation of the pathway
and further leading to the occurrence of MB((Amayiri et al,
2021), (Skowron et al., 2021)).

Metformin is an oral hypoglycemic drug for treating type
2 diabetes, which mainly acts through AMPK (de Maraién
et al., 2022). Previous clinical observational studies have found
that taking metformin can significantly reduce the incidence
and mortality of various cancers, including gastric cancer,
thyroid cancer, and prostate cancer (Kim et al, 2014;
Heckman-Stoddard et al., 2017; Park et al.,, 2018). In the
study of prostate cancer and breast cancer, it was also found
that activation of AMPK mediates the anticancer effects of
metformin (Fan et al,, 2015; Chen et al., 2021). In recent years,
studies have found that AMPK has a direct and indirect
regulatory impact on the Shh pathway. In this study, we
selected the Daoy and ONS-76 cell lines (Shh pathway-
activated medulloblastoma) as the research object (Azatyan
et al., 2021). We examined the inhibitory effect of metformin
on MB and identified its association with the AMPK/Shh
signaling pathway.

Methods
Chemicals

Metformin was ordered from Sigma-Aldrich (St. Louis, MO,
United States). Fetal calf serum (FBS), RPMI 1640 medium, and
0.25% Trypsin-EDTA were purchased from Gibco (Grand
Island, NY, United States). Smoothened Agonist SAG was
purchased from Abcam (Cambridge, MA, United States). The
small interfering RNA (siRNA) specific to AMPK (sc-45312) and
normal control (sc-37007) came from Santa Cruz (CA,
United States). The CCK-8 was purchased from Dojindo
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Chemical Research Institute (Tokyo, Japan). 0.5% crystal
violet was ordered from Sigma-Aldrich (St. Louis, MO,
United States). The primary antibody of Caspase-3 (AF6311),
Cleaved-caspase-3 (Aspl75) (AF7022), Bax (AF0120), Bcl-2
(AF6139), Cyclin Bl (AF6168), Cyclin D1 (AF0931), Cdk4
(DF6102), Shh (DF7747), Ptc (AF5202), Smo (DF5152), Sufu
(DF7687), Gli-1 (DF7523), AMPK alpha (AF6423), Phospho-
AMPK alpha (Thrl72) (AF3423), and B-actin (AF7018) for
western blot was obtained from Affinity Biosciences
(Cincinnati, OH, United States). All primary antibodies were

used at a ratio of 1:1,000 in western blot assays.

Cell culture

The Daoy and ONS-76 cell lines were obtained from
American Type Culture Collection (ATCC, Manassas, VA,
United States). The Daoy and ONS-76 cells were maintained
in RPMI 1640 medium supplemented with 10% FBS and 1%
penicillin-streptomycin (HyClone, Logan, UT, United States).
The cells were maintained at 37°C with 5% CO, under the
condition of a humidified atmosphere.

RNA interference

To transfect Daoy cells, the AMPKal siRNA or control
siRNA was used with Lipofectamine 3,000 Transfection
Reagent (Invitrogen, Carlsbad, CA, United States), according
to the manufacturer’s protocol. The cells were treated in a serum-
free medium for 48 h after transfection, then used in the
following experiments.

Cell proliferation analysis

The
proliferation according to the instructions of the kit. The

CCK-8 assay was performed to detect cell
Daoy and ONS-76 cells were seeded into a 96-well plate at
a density of 8 x 107 cells/well and treated separately with
different concentrations of metformin and SAG (100 nm)
after cell attachment. Subsequently, 10 uL CCK-8 and
100 uL fresh RPMI 1640 medium solution were added to
each well and incubated for 1 h. The absorbance at 450 nm
was measured with a microplate reader (Thermo Fisher
Scientific, Waltham, MA, United States). For the colony
Daoy and ONS-76 cells were
trypsinized, and 500 viable cells were seeded into 6-well

formation experiment,

plates. After 24 h, the cells were treated with metformin at
a concentration of 0, 1, 3, and 9 mm. After 7 days, the cells
were fixed and dyed with 0.5% crystal violet staining (Sigma-
Aldrich, St. Louis, MO, United States). Finally, the number of
visible colonies was counted.
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Scratch assay

A scratch was made on the top center of cells using a sterile
plastic 200-uL micropipette tip. And the medium was replaced
with a serum-free medium. Cell migration at 0, 12, 24, and 48 h
after scratching was recorded with a microscope. We used Adobe
Photoshop (Adobe Systems, San Jose, CA, United States) to
measure the scratch with to calculate the migration rate.

Cell invasion assay

Daoy cells were seeded into the 6.5 mm Matrigel-coated (BD
Biosciences, San Jose, CA, United States) Transwell inserts (Corning
Costar Corp, Cambridge, MA, United States) at a density of 3 x 10°
cells per insert. RPMI 1640 medium with 20% FBS and pure RPMI
1640 medium without FBS were respectively placed in the lower and
upper chambers. Following 24h of treatment with different
concentrations of metformin, the cells in the lower chamber were
fixed with 4% paraformaldehyde and stained with 0.5% crystal violet.
Then  the
at X200 magnification using a Nikon Eclipse E 400 microscope
(Nikon, Fukuoka, Japan). Finally, we used Image] (National Institutes
of Health, Bethesda, MD, United States) to measure the cell number.

cell images were captured and counted

Apoptosis analysis

Daoy cells were seeded into a 6-well plate (1 x 10° cells/well)
and treated separately with different metformin concentrations
and SAG (100 nm) for 24 h. The cells were trypsinized, then
washed with phosphate-buffered saline (PBS). We used the
Annexin V-fluorescein isothiocyanate (FITC) kit (Beyotime
Institute of Biotechnology) to quantify apoptosis, according to
the instructions. The cells were resuspended in a binding buffer
and stained with Annexin V-FITC/propidium iodide (PI). Cell
apoptosis was examined by flow cytometry (Thermo Fisher
Scientific, Waltham, MA, United States). Data analysis was
analyzed using the FlowJo software (Tree Star Inc, Ashland, OR).

Cell cycle analysis

Daoy cells were seeded into a 6-well plate (1 x 10° cells/well)
and treated separately with different metformin concentrations
and SAG (100 nm) for 24 h. The cells were trypsinized, then
washed with PBS. The cells were centrifuged and fixed with ice-
cold 70% ethanol at 4°C overnight. The cells were incubated with
RNase (Dojindo, Kumamoto, Japan) and PI in an incubator at
37°C for 30 min (min) on the second day. The cell cycle
distribution was examined by flow cytometry (Thermo Fisher
Scientific, Waltham, MA, United States). Data analysis was
analyzed using the FlowJo software.
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Quantitative PCR

Daoy cells were seeded into a 6-well plate (1 x 10° cells/well)
and treated with different metformin concentrations for 24 h.
Total cellular RNA was extracted with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. The
total RNA extracted was then reverse-transcribed into cDNA
with the PrimeScript RT Master Mix. The primers specific for
each molecule were designed to generate the PCR products. The
following primers were used: Shh-Forward: 5'-CGCACGGGG
ACAGCTCGGAAGT-3’; Shh-Reverse: 5'-CTGCGCGGCCCT
CGTAGTGC-3% 5'""TTACCTTCAGCTGCC
ACTTCTACG-3; Smo-Reverse: 5'-GCCTTGGCAATCATC
TTGCTCTTC-3’; Ptc-Forward: 5'-TCT GCAGCAACTATA
CGAGC-3’; Ptc-Reverse: 5'-GAACAGCTCGACC GTCATCA-
3’; Gli-1-Forward: 5'-GGACAACCGCCATCCAGACT-3’; Gli-
1-Reverse: 5'-GCCAGGGACACCTCCATCTC-3’; GAPDH-
Forward: 5'-TCACCATCTTCCCAGGAGCGAG-3"; GAPDH-
Reverse: 5'-TGTCGCTGTTGAAGTCAGAG-3". The samples
were examined with a PCR array (Takara, Japan). Data were
analyzed by the 274" method.

Smo-Forward:

Western blot analysis

The cells are properly treated and placed on ice before adding
RIPA buffer containing protease inhibitor cocktail (ratio, 100:1)
(Roche Diagnostics Corp. Indianapolis, IN, United States). The
protein concentration was examined by the BCA method
(ab102536; Abcam), separated by 8%-12% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, then transferred to
a polyvinylidene difluoride membrane (Abcam, Cambridge, MA,
United States). Subsequently, the membrane was blocked with
5% non-fat milk in Tris-buffered saline containing Tween-20
(TBST) for 90 min at room temperature. Then the membrane
was washed with TBST and incubated at 4°C overnight with the
primary antibody in a ratio of 1:1,000. The next day, the
membrane was washed with TBST and followed by incubation
with horseradish peroxidase-coupling secondary antibody (goat
anti-rabbit) at room temperature for 2 h. At last, the membrane
was washed with TBST and detected with BeyoECL Plus
developer (Beyotime, Shanghai, China) using the Bio-Rad
Molecular Imager FX.

Immunofluorescence staining

Daoy cells were treated separately with metformin (3 mm)
and SAG (100 nm) for 24 h, fixed in 4% paraformaldehyde for
15 min at room temperature and then permeabilized with 0.2%
Triton X-100 for 20 min. After blocking for 30 min in 10% goat
serum, the cells were incubated with the primary antibodies Gli-1
(1:200 dilution) overnight at 4°C. Then, the cells were washed
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three times with PBS and incubated with AlexaFluor 488 (goat
anti-rabbit IgG, Abcam, Cambridge, UK, 1:1,000 dilution) for 1 h
at room temperature. Finally, the cells were stained with Dapi
(1 pg/ml)
IX71 microscope system (Olympus, Tokyo, Japan). The mean

for 10min and imaged wusing an inverted

intensity was measured by ImageJ software.

Tumor xenografts in nude mice

Daoy cells (5 x 10°) were resuspended in PBS and injected
subcutaneously into 6-week-old BALB/c nude mice (Shanghai
Laboratory Animal Center, Shanghai, China). About 10 days
later, the mice were randomly assigned to two groups (control
group and metformin group). The mice in the control group were
orally administrated with 300 uL PBS daily, while the mice in the
metformin group were orally administrated with 300 uL
metformin (200 mg/kg) daily. The mice were measured for
body weight and tumor volume every 3 days. The tumor
volumes were measured using a vernier caliper and calculated
as 0.5 x length x width®. After 24 days of treatment, the tumors
were removed from the mice, weighed, and photographed. All
mouse studies were carried out according to the institutional
guidelines for the use of animals, and all procedures were
approved by the Ethics Committee of the Second Affiliated
Hospital of Wenzhou Medical University.

Statistical analysis

Statistical results were analyzed with GraphPad Prism 8.00
(GraphPad Software, Version X; La Jolla, CA, United States). All
experimental data were shown as mean + standard deviation.
Data were statistically analyzed by Student’s t-test, one-way
analysis of variance (ANOVA), or two-way ANOVA. p <
0.5 was considered statistically significant.

Results

Metformin inhibited the growth,
migration, and invasion of the Shh
subgroup MB cell line

To examine the anticancer effect of metformin in Shh
subgroup MB, cell viability was detected by the CCK-8 assay.
After treating Daoy cells with metformin (0, 1, 3, and 9 mm) for
12 h, 24 h, 48 h, and 72 h, we found the cell viability decreased
with the increase in metformin concentration and treatment time
(Figure 1A). The results of the colony formation experiment
showed that the number and size of the colonies decreased with
the increase in metformin concentration (Figures 1B and C).
Similar results were obtained in ONS-76 cells (Supplementary
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Figure S1). Scratch-wound assay (for migration) and transwell
invasion assay (for invasion) were used to investigate the effect of
metformin on the Daoy cell migration and invasion. Compared
with the control group, the cellular migration and invasive
with  the
concentration and prolonged treatment time (Figures 2A-D).

capacity  decreased increased  metformin

Metformin promoted apoptosis of the Shh
subgroup MB cell line

To determine the apoptosis effect of metformin on Daoy
cells, cell apoptosis was detected by flow cytometry. After treating
Daoy cells with metformin (0, 1, 3, and 9 mm) for 24 h, the
percentage of apoptotic Daoy cells elevated with the increase of
metformin concentration (Figures 3A and B). In western blot,
metformin inhibited the expression level of Bcl-2 and promoted
the levels of Bax and Cleaved-caspase-3 in Daoy cells but had no
significant effect on Caspase-3 (Figures 3C and D). These results
indicated that metformin induced the apoptosis of Daoy cells.

Metformin arrested cell cycle of the Shh
subgroup MB cell line

To investigate the effect of metformin on the Daoy cell
cycle, the cell cycle was detected by flow cytometry. After
treating Daoy cells with metformin (0, 1, 3, and 9 mm) for
24 h, the percentage of cells in the GO/G1 phase was increased,
and the rate of cells in the S and G2/M phase was decreased
(Figures 4A and B). In addition, the expression of key G1-phase
proteins Cyclin D1, CDK4, and the mitosis-related protein
Cyclin Bl decreased (Figures 4C and D). These results
indicated that metformin arrested the cell cycle of Daoy cells
in the GO/G1 phase.

Metformin suppressed the Shh signaling
pathway through AMPK in the Shh
subgroup MB cell line

To determine the effects of metformin on Shh signaling and
whether this effect is exerted by activating AMPK. After treating
Daoy cells with metformin (0, 1, 3, and 9 mm) for 24 h, the
mRNA and protein levels of Shh, Smo, Ptc, and Gli-1 decreased
in a dose-dependent manner following treatment with
metformin (Figures 5A-C). To verify the role of AMPK in
regulating the expressions of Shh signaling pathway proteins,
we treated Daoy cells with AMPK siRNA for 24 h and then
treated them with metformin (3 mm) for another 24 h. The
results ~ showed  that metformin  upregulated the
phosphorylation level of AMPK (Thrl72) (p-AMPK). In
addition, the effect of metformin on reducing Gli-1 expression
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FIGURE 1
Metformin inhibited the proliferation of Daoy cells. (A) CCK-8 assay was used to investigate the effects of metformin treatment on cell viability

(n = 6). (B,C) Colony formation assay was used to detected the effects of metformin treatment on clone ability of cells (n = 3). Data are presented as
the mean + SD, t-tests were used to determine the significance. *p < 0.05; ***p < 0.001 compared with the control group.
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Metformin suppressed the migration and invasion of Daoy cells. (A,B) Scratch assay was used to assess the migration ability of Daoy cells after
metformin treatment (n = 4). (C,D) Transwell assay was used to assess the invasion ability of Daoy cells after 24 h of metformin treatment (n = 3). Data
are presented as the mean + SD, t-tests were used to determine the significance. *p < 0.05; **p < 0.01; ***p < 0.001 compared with the control
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group.

could be reversed by AMPK siRNA (Figure 5D). These results
indicated that the molecular mechanism by which metformin
suppressed Shh signaling pathway might involve the activation
of AMPK.

The antitumor effect of metformin on MB
partly depended on the Shh pathway

To explore whether the Shh pathway mediates the antitumor
effect of metformin on medulloblastoma, after the treatment of
Daoy cells with SAG (100 nm) and metformin (3 mm), we found
that the SAG can attenuate the inhibitory effect of metformin on
Gli-1 (Figures 6A and B). In the detection of cell proliferation
viability, SAG also reduced the inhibitory effect of metformin on
cell viability (Figure 6C). This effect may be related to apoptosis
and cell cycle arrest. We found that SAG can reduce the pro-
apoptotic and cell cycle arrest effects of metformin on Daoy cells
(Figures 6D-G). These results suggested that the Shh signaling
pathway mediated the anti-proliferation effect of metformin on
the Daoy cells by participating in apoptosis and cell cycle
(Figure 7).
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Metformin resisted Shh subgroup MB
growth in vivo

We conducted animal experiments to explore the anticancer
effect of metformin on Shh subgroup MB in vivo. Oral
administration of 300 uL metformin (200 mg/kg) or an
equivalent volume of PBS was adopted after the subcutaneous
formation of the tumor using Daoy cells. After treatment for
24 days, the mice in the metformin group demonstrated reduced
tumor volumes and reduction in excised tumor weights when
compared to the mice in the control group (Figures 8A-D).
During the experiment, there was no significant difference in
body weight between the two groups of mice (Figure 8E).

Discussion

Most Shh subgroup MBs contain germline or somatic
mutations in Shh signaling pathway-related genes, resulting in
the activation of Shh signaling and promoting tumor progression
(Cotter and Hawkins, 2022). Commonly mutated or deleted
genes included Ptc (43%) and Sufu (10%); in addition, Smo
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Schematic diagram of the proposed molecular mechanism

by which metformin exerts anticancer effects via AMPK-mediated
inhibition of the Shh signaling pathway in medulloblastoma.
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(9%) mutations, Gli-1/2 (9%), and N-myc (7%) amplifications
were sometimes observed (Northcott et al., 2017). Early studies
on Smo antagonists showed a good inhibitory effect on the Shh
pathway. Unfortunately, drug resistance occurs due to mutations
in SMO and its downstream genes (Yauch et al., 2009; Ocasio
etal,, 2019). Therefore, multi-target combination therapy may be
a necessary means to effectively control the disease. Metformin is
a biguanide semi-synthetic oral hypoglycemic drug, mainly used
for the treatment of type 2 diabetes. In 2005, Evans JM et al. first
found that metformin reduces the incidence of tumors in patients
with type 2 diabetes, and a series of related basic and clinical
2005;
Higurashi et al., 2016; Munoz et al., 2021). In the present study,
we found that metformin exhibited anticancer activity in MB by

studies have been carried out since then (Evans et al.,

inhibiting cell proliferation, migration, and invasion in a dose-
and-time-dependent manner in vitro. Moreover, metformin also
showed an inhibitory effect on MB growth in vivo experiments.
Among them, metformin inhibited cell proliferation by
regulating cell cycle and apoptosis. Crucially, we found that
metformin inhibited Shh signaling pathway in MB,
AMPK mediated part of this effect.

and
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Metformin resisted Shh subgroup MB growth in vivo. (A) Photo of the nude mice bearing subcutaneous xenograft tumor. (B) Photo of tumors
removed from mice after 24 days of metformin (200 mg/kg) or PBS treatment. (C) Tumor volume was recorded every 3 days (D)The weight of the
excised tumor tissue. (E) Body weight of mice was recorded every 3 days (n = 6). Data are presented as the mean + SD, two-way ANOVA multiple
comparisons were used to determine the significance. *p < 0.05; **p < 0.01; ***p < 0.001 compared with the control group.

As a programmed cell death, apoptosis plays a key role in
cancer therapy. Caspase-3 is an important protease in the process
of apoptosis, and its activated form is involved in DNA repair and
cell proliferation (Sergeeva et al., 2017). Previous studies have
shown that metformin has a dual effect on apoptosis in different
diseases, both promoting and inhibiting apoptosis. In studies
related to cardiomyopathy, metformin inhibits apoptosis by
the thereby
cardiac

reducing expression of Cleaved-caspase-3,

attenuating hyperhomocysteinemia-induced
hypertrophy and cardiac fibrosis (Zhao et al., 2021). However,
metformin can reduce mitochondrial oxidative phosphorylation
and intracellular ATP content, activate AMPK, and increase
apoptosis in breast cancer cells (Haugrud et al, 2014). In
related studies of the Shh signaling pathway, Ptc can activate
caspase-mediated apoptosis when thhe Shh signaling pathway is
inhibited (Brennan et al., 2012; Sigafoos et al., 2021). This study
shows that metformin induces apoptosis in Daoy cells. The
results showed that Daoy cells treated with metformin showed
a significant downregulation of the anti-apoptotic protein Bcl-2,
while the pro-apoptotic protein Bax and Cleaved-caspase-
3 increased. The results also showed that the mRNA and
protein expression levels of the Shh pathway were significantly
decreased in metformin-treated Daoy cells in a dose-dependent
manner. To further investigate the correlation between the
apoptotic effect of metformin and its inhibitory effect on the
Shh signaling pathway, we treated cells with SAG (a specific
activator of the Shh signaling pathway). We observed that SAG
could reverse part of the apoptosis-promoting effects of
metformin. These findings support a significant role in the
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inhibition of the Shh signaling pathway in metformin-induced
apoptosis in Daoy cells.

Disorders of cell cycle regulation exist in the occurrence and
development of most malignant tumors. Previous studies have
shown that GO/G1 cell cycle arrest is a mechanism of metformin’s
antitumor effect, which has been demonstrated in lung and kidney
cancer cells (Jin et al.,, 2017; Xie et al., 2017). Regulation of the cell
cycle is dependent on the action of a series of Cyclin-Cdk-CD
inhibitors (Knudsen et al., 2022). These special complexes regulate
each phase of the cell cycle. Cyclin D1/Cdk1-4 are vital proteins
regulating the G1/S transition, while Cyclin Bl initiates mitosis by
promoting the cell G2/M transition (Khan et al, 2022). The
dysregulated expression of the cell cycle-related proteins plays
an important role in the growth, differentiation, apoptosis, and
metastasis of various tumor cells (Montalto and De Amicis, 2020).
Western blot results of this study showed that Daoy cells treated
with metformin showed a significant downregulation of the
decreased Cyclin D1, Cdk4, and Cyclin Bl expression. This is
consistent with our observation in flow cytometry that the cell
cycle was arrested in the GO/G1 phase. The Shh pathway also plays
an important role in regulating the cell cycle. Gli-1 can promote
the transcription of Cyclin D1, and Ptc can phosphorylate Cyclin
B1 to promote cell proliferation (Barnes et al., 2001; Sigafoos et al.,
2021). In our study, SAG was able to partially reverse the cycle
arrest effect of metformin on Daoy cells. These results suggested
that the Shh signaling pathway is involved in metformin-mediated
cell cycle arrest in Daoy cells.

Tumor invasion and metastasis are closely related to
epithelial to mesenchymal transition (EMT). The occurrence
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of EMT results in the weakening of tight junctions between epithelial
cells and the loss of epithelial cell polarity, thereby enhancing the
motility of epithelial cells (Jinesh and Brohl, 2022). The Shh
signaling pathway also played a role in promoting the occurrence
of EMT. In pancreatic cancer studies, it was found that the Shh
signaling pathway promotes the process of EMT by affecting the
components of various signaling pathways, including TGF(, Ras,
What, PI3K/AKT, Integrin, and S100A4 (Xu et al., 2012). The study
of gastric cancer also found that the increase in tumor lung
metastasis was related to the activation of EMT by the Shh
signaling pathway (Yoo et al,, 2011). This is consistent with our
observation that metformin inhibited the migration and invasion of
Daoy cells, and inhibition of the Shh signaling pathway may mediate
this effect by reducing EMT activity.

AMPK is the most important downstream effector of
metformin and has been found to mediate the anticancer
effects of metformin in multiple tumor cell lines (Chen et al.,
2021; Lu et al,, 2021). However, the relationship between AMPK
and the Shh pathway is not clear, some studies pointed out that
activated AMPK inhibits SHH signaling by phosphorylating Gli-1
and degrading it (Li et al., 2015). In addition, AMPK has indirect
regulatory effects on the Shh pathway mediated by mTOR, FoxO1,
and GSK3p (Asha et al., 2020) (Sun et al., 2016). In the present
study, we found that metformin reduced the expression levels of
the Shh signaling pathway and increased the ratio of p-AMPK/
AMPK in Daoy cells. Gli-1 is an important downstream effector of
the Shh pathway, and its expression level was partially reversed by
AMPK siRNA under the inhibitory effect of metformin. Moreover,
with the reduction of Gli-1 expression, the expression of upstream
molecules in the pathway was also suppressed. Interestingly, the
expression of the pathway negative regulator Sufu was upregulated,
which may be related to the NEK2A-mediated indirect inhibition
of Sufu degradation by Gli-1. These results suggest that AMPK is
involved in regulating the non-canonical Shh pathway in Daoy
cells by metformin.

Our study showed that metformin inhibited the proliferation,
migration, and invasion of Shh subtype MB and promoted
apoptosis and cell cycle arrest. The AMPK/Shh signaling
pathway mediates part of this tumor suppressor effect.
However, the concentration of metformin in cell culture
(1-9 mm) is much higher than the plasma drug concentration
(5-25 pm) of patients (Dowling et al., 2016). In order to explore
the rationality of metformin as an anticancer drug, we established
a medulloblastoma xenograft mouse model and administered it
the
Reagan-Shaw formula (Reagan-Shaw et al., 2008), the human

metformin orally at 200 mg/kg/day. According to
equivalent of the murine dose of 200 mg/kg is 973 mg in an
average-sized human (60kg), while the standard human
therapeutic concentration of metformin is 1,000-2,500 mg/
day. Satisfyingly, this dose of metformin effectively inhibited
medulloblastoma growth and had no significant effect on growth
in mice. These results suggest that metformin may be a potential
for Shh-type medulloblastoma.

chemotherapeutic agent
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Nevertheless, the anticancer activity of such doses in mice and
the possibility of achieving comparable levels in humans by
rationally increasing the dose suggest a reassessment of
metformin dosing regimens in anticancer treatment to
optimize plasma drug levels and delivery to the tumor. In
future studies, we need to fully characterize the mechanism of
action of metformin at effective antitumor concentrations and
evaluate its efficacy as a viable anticancer therapy.
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