— |

NOVEL SMALL-MOLECULE AGENTS
IN OVERCOMING MULTIDRUG
RESISTANCE IN CANCERS

EDITED BY: Qingbin Cui, Yingfang Fan, Qianxiong Zhou, Cong Wang and
Leli Zeng
PUBLISHED IN: Frontiers in Oncology, Frontiers in Chemistry and
Frontiers in Pharmacology

,frontiers Research Topics


https://www.frontiersin.org/research-topics/21637/novel-small-molecule-agents-in-overcoming-multidrug-resistance-in-cancers
https://www.frontiersin.org/research-topics/21637/novel-small-molecule-agents-in-overcoming-multidrug-resistance-in-cancers
https://www.frontiersin.org/research-topics/21637/novel-small-molecule-agents-in-overcoming-multidrug-resistance-in-cancers
https://www.frontiersin.org/research-topics/21637/novel-small-molecule-agents-in-overcoming-multidrug-resistance-in-cancers
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/oncology

:' frontiers

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 978-2-88976-235-4
DOI 10.3389/978-2-88976-235-4

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 Journals
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

Frontiers in Oncology

1 May 2022 | Novel Agents Overcome MDR


https://www.frontiersin.org/research-topics/21637/novel-small-molecule-agents-in-overcoming-multidrug-resistance-in-cancers
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
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://www.frontiersin.org/about/contact

NOVEL SMALL-MOLECULE AGENTS
IN OVERCOMING MULTIDRUG
RESISTANCE IN CANCERS

Topic Editors:

Qingbin Cui, University of Toledo, United States

Yingfang Fan, Zhujiang Hospital Southern Medical University, China
Qianxiong Zhou, Technical Institute of Physics and Chemistry (CAS), China
Cong Wang, Zhengzhou University, China

Leli Zeng, Sun Yat-sen University, China

Citation: Cui, Q., Fan, Y., Zhou, Q., Wang, C., Zeng, L., eds. (2022). Novel
Small-Molecule Agents in Overcoming Multidrug Resistance in Cancers.
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88976-235-4

Frontiers in Oncology 2 May 2022 | Novel Agents Overcome MDR


https://www.frontiersin.org/research-topics/21637/novel-small-molecule-agents-in-overcoming-multidrug-resistance-in-cancers
https://www.frontiersin.org/journals/oncology
http://doi.org/10.3389/978-2-88976-235-4

Table of Contents

05

08

19

29

41

48

62

74

84

95

106

Editorial: Novel Small-Molecule Agents in Overcoming Multidrug
Resistance in Cancers

Qingbin Cui, Cong Wang, Leli Zeng, Qian-Xiong Zhou and Ying-Fang Fan
HMGB1 Promotes Resistance to Doxorubicin in Human Hepatocellular
Carcinoma Cells by Inducing Autophagy via the AMPK/mTOR Signaling
Pathway

Junhua Li, Wei Zhou, Qiang Mao, Dandan Gao, Lin Xiong, Xinyao Hu,
Yongfa Zheng and Ximing Xu

LY294002 Is a Promising Inhibitor to Overcome Sorafenib Resistance in
FLT3-ITD Mutant AML Cells by Interfering With PI3K/Akt Signaling
Pathway

Amin Huang, Peiting Zeng, Yinguang Li, Wenhua Lu and Yaoming Lai

The PI3K Inhibitor XH30 Enhances Response to Temozolomide in
Drug-Resistant Glioblastoma via the Noncanonical Hedgehog Signaling
Pathway

Ming Ji, Zhihui Zhang, Songwen Lin, Chunyang Wang, Jing Jin, Nina Xue,
Heng Xu and Xiaoguang Chen

Targeting Mitochondrial Metabolism and RNA Polymerase POLRMT to
Overcome Multidrug Resistance in Cancer

Hui-Jing Yu, Guan-Li Xiao, Yu-Ying Zhao, Xin-Xin Wang and Rongfeng Lan
The Role of Circular RNAs in the Drug Resistance of Cancers

Xin-Yuan Liu, Qi Zhang, Jing Guo, Peng Zhang, Hua Liu, Zi-Bin Tian,
Cui-Ping Zhang and Xiao-Yu Li

Anlotinib Reverses Multidrug Resistance (MDR) in Osteosarcoma by
Inhibiting P-Glycoprotein (PGP1) Function In Vitro and In Vivo
Gangyang Wang, Lingling Cao, Yafei Jiang, Tao Zhang, Hongsheng Wang,
Zhuoying Wang, Jing Xu, Min Mao, Yingqgi Hua, Zhengdong Cai, Xiaojun Ma,
Shuo Hu and Chenghao Zhou

Local Anesthetic Ropivacaine Exhibits Therapeutic Effects in Cancers
Peng Xu, Shaobo Zhang, Lili Tan, Lei Wang, Zhongwei Yang and Jinbao Li
Overexpression of ABCB1 Associated With the Resistance to the
KRAS-G12C Specific Inhibitor ARS-1620 in Cancer Cells

Xing-Duo Dong, Meng Zhang, Chao-Yun Cai, Qiu-Xu Teng,

Jing-Quan Wang, Yi-Ge Fu, Qingbin Cui, Ketankumar Patel,

Dong-Tao Wang and Zhe-Sheng Chen

Complex Crystal Structure Determination of Hsp90N-NVP-AUY922 and
In Vitro Anti-NSCLC Activity of NVP-AUY922

Chun-Xia He, You Lv, Meng Guo, Huan Zhou, Wei Qin, Dong Zhao,
Hui-Jin Li, Lu Xing, Xin Zhou, Peng-Quan Li, Feng Yu, Jian-Hua He and
Hui-Ling Cao

The Resistance of Cancer Cells to Palbociclib, a Cyclin-Dependent Kinase
4/6 Inhibitor, is Mediated by the ABCB1 Transporter

Han Fu, Zhuo-Xun Wu, Zi-Ning Lei, Qiu-Xu Teng, Yugi Yang,

Charles R. Ashby, Yixiong Lei, Yuyin Lian and Zhe-Sheng Chen

Frontiers in Oncology

3 May 2022 | Novel Agents Overcome MDR


https://www.frontiersin.org/research-topics/21637/novel-small-molecule-agents-in-overcoming-multidrug-resistance-in-cancers
https://www.frontiersin.org/journals/oncology

118

127

138

152

162

182

196

205

221

238

A Mini-Review of Flavone Isomers Apigenin and Genistein in Prostate
Cancer Treatment

Xiaozhen Ji, Kai Liu, Qingyue Li, Qun Shen, Fangxuan Han, Qingmei Ye and
Caijuan Zheng

Combining EGFR-TKI With SAHA Overcomes EGFR-TKI-Acquired
Resistance by Reducing the Protective Autophagy in Non-Small Cell
Lung Cancer

Peijun Cao, Yongwen Li, Ruifeng Shi, Yin Yuan, Hao Gong, Guangsheng Zhu,
Zihe Zhang, Chen Chen, Hongbing Zhang, Minghui Liu, Zhenhua Pan,
Hongyu Liu and Jun Chen

Research Progress on Natural Diterpenoids in Reversing Multidrug
Resistance

Zhuo-fen Deng, Irina Bakunina, Hua Yu, Jaehong Han, Alexander Domling,
Maria-José U Ferreira and Jian-ye Zhang

Ribociclib Inhibits P-gp-Mediated Multidrug Resistance in Human
Epidermoid Carcinoma Cells

Lei Zhang, Biwei Ye, Yunfeng Lin, Yi-Dong Li, Jing-Quan Wang, Zhuo Chen,
Feng-Feng Ping and Zhe-Sheng Chen

Research Advances on Matrine

Xiao-Ying Sun, Li-Yi Jia, Zheng Rong, Xin Zhou, Lu-Qi Cao, Ai-Hong Li,
Meng Guo, Jie Jin, Yin-Di Wang, Ling Huang, Yi-Heng Li, Zhong-Jing He,
Long Li, Rui-Kang Ma, Yi-Fan Lv, Ke-Ke Shao, Juan Zhang and Hui-Ling Cao
Design, Synthesis, and Biological Evaluation of [1,2,4]triazolo[4,3-a]
Pyrazine Derivatives as Novel Dual c-Met/VEGFR-2 Inhibitors

Xiaobo Liu, Yuzhen Li, Qian Zhang, Qingshan Pan, Pengwu Zheng,

Xinyang Dai, Zhaoshi Bai and Wufu Zhu

Meclofenamic Acid Restores Gefinitib Sensitivity by Downregulating
Breast Cancer Resistance Protein and Multidrug Resistance Protein 7 via
FTO/m6A-Demethylation/c-Myc in Non-Small Cell Lung Cancer

Hui Chen, Bin Jia, Qiang Zhang and Yu Zhang

Novel MDM_2 Inhibitor XR-2 Exerts Potent Anti-Tumor Efficacy and
Overcomes Enzalutamide Resistance in Prostate Cancer

Meng Wu, Jingyi Cui, Huimin Hou, Ying Li, Shengjie Liu, Li Wan, Lili Zhang,
Wei Huang, Gaoyuan Sun, Jingchao Liu, Pengfei Jin, Shunmin He and
Ming Liu

Research Advances on Anti-Cancer Natural Products

Meng Guo, Jie Jin, Dong Zhao, Zheng Rong, Lu-Qi Cao, Ai-Hong Li,
Xiao-Ying Sun, Li-Yi Jia, Yin-Di Wang, Ling Huang, Yi-Heng Lj,

Zhong-Jing He, Long Li, Rui-Kang Ma, Yi-Fan Lv, Ke-Ke Shao and

Hui-Ling Cao

DHW-221, a Dual PI3K/mTOR Inhibitor, Overcomes Multidrug Resistance
by Targeting P-Glycoprotein (P-gp/ABCB1) and Akt-Mediated FOXO3a
Nuclear Translocation in Non-small Cell Lung Cancer

Mingyue Liu, Chang Xu, Xiaochun Qin, Wenwu Liu, Deping Li, Hui Jia,
Xudong Gao, Yuting Wu, Qiong Wu, Xiangbo Xu, Bo Xing, Xiaowen Jiang,
Hongyuan Lu, Yingshi Zhang, Huaiwei Ding and Qingchun Zhao

Frontiers in Oncology

4 May 2022 | Novel Agents Overcome MDR


https://www.frontiersin.org/research-topics/21637/novel-small-molecule-agents-in-overcoming-multidrug-resistance-in-cancers
https://www.frontiersin.org/journals/oncology

& frontiers | Frontiers in Chemistry

EDITORIAL
published: 04 May 2022
doi: 10.3389/fchem.2022.921985

OPEN ACCESS

Edited and reviewed by:
Michael Kassiou,
The University of Sydney, Australia

*Correspondence:
Qingbin Cui
qingbin.cui@utoledo.edu

Specialty section:

This article was submitted to
Medicinal and Pharmaceutical
Chemistry,

a section of the journal
Frontiers in Chemistry

Received: 17 April 2022
Accepted: 20 April 2022
Published: 04 May 2022

Citation:

Cui Q, Wang C, Zeng L, Zhou Q-X and
Fan Y-F (2022) Editorial: Novel Small-
Molecule Agents in Overcoming
Muiltidrug Resistance in Cancers.
Front. Chem. 10:921985.

doi: 10.3389/fchem.2022.921985

Check for
updates

Editorial: Novel Small-Molecule
Agents in Overcoming Multidrug
Resistance in Cancers

Qingbin Cui', Cong Wang?, Leli Zeng®, Qian-Xiong Zhou* and Ying-Fang Fan®

"Department of Cell and Cancer Biology, University of Toledo College of Medicine and Life Sciences, Toledo, OH, United States,
2State Key Laboratory of Esophageal Cancer Prevention and Treatment, School of Pharmaceutical Sciences, Zhengzhou
University, Zhengzhou, China, *Guangdong Provincial Key Laboratory of Digestive Cancer Research, Scientific Research Center,
The Seventh Affiliated Hospital, Sun Yat-sen University, Shenzhen, China, 4Key Laboratory of Photochemical Conversion and
Optoelectronic Materials, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing, China,
°Department of First Hepatobiliary Surgery, Zhujiang Hospital, Southern Medical University, Guangzhou, China

Keywords: multidrug resistance, mechanism, reversal agents, medicinal chemistry, drug discovery

Editorial on the Research Topic
Novel Small-Molecule Agents in Overcoming Multidrug Resistance in Cancers

Multidrug resistance (MDR) is a term describing the phenomenon that cancer cells show resistant
properties to various anticancer drugs of structurally and mechanistically different, accounting for
approximate 90% of cancer treatment failures (Chaffer and Weinberg, 2011; Pluchino et al., 2012;
Gao et al., 2020; Wang et al., 2021). It is worth noting that even the cutting-edge immunotherapy, is only
10%-20% effective, encountering resistance as well in certain patients (Sabbatino et al., 2018; Bai et al,
2020; Imbert et al., 2020; Bashash et al., 2022). Thus, MDR appears to be one of the major challenges in
cancer treatment, which significantly undermines patients’ survival and quality of life (Zugazagoitia et al,,
2016). The causes of MDR are usually multi-facet (Assaraf et al,, 2019; Vasan et al,, 2019), rendering it an
even tougher challenge to tackle. Therefore, in the current Research Topic “Novel Small-Molecule Agents
in Overcoming Multidrug Resistance in Cancers,” we attempted to collect the most-recent progress made
in identifying new targets and agents in the treatment of drug-resistant cancers. In total, after being peer-
reviewed, 20 manuscripts, composed with 13 research articles and seven review articles authored by 187
researchers worldwide, were successfully accepted for publication.

Natural products-derived drug discovery remains a practical and feasible strategy in the term of
efficiently finding new hit/lead compounds that can undergo structural modification (Munos, 2009;
Newman and Cragg, 2020). Guo et al. reviewed the latest progress of using eight classes of natural products
in cancers. In their review, compounds of alkaloids, terpenoids, naturally occurring inorganic salt,
phenylpropanoids, flavonoids, quinonoids, saponin and polysaccharides, their derivatives, as well as their
research in cancer treatment, and the associated action modes were summarized and discussed. Specially, a
separate review by Sun et al. from the same group above focused on matrine, a quinolizidine alkaloid
isolated from Sophora flavescentis. Pharmacological effects including anticancer of matrine and its
derivatives were summarized. In addition, critical structure-activity relationship (SAR) was also
presented and discussed. Ji et al. conducted an interesting comparison of the flavones apigenin and
genistein, two isomers that show similar yet different activities and mechanisms in prostate cancer.
Importantly, genistein has been extensively studied in lab and in clinical trials for many diseases including
cancers (Russo et al,, 2016; Yu et al., 2021), and it has been used as nutritional supplement on market for
decades. Genistein appears to be a more promising drug candidate and lead compound than its
counterpart apigenin, since much more combinational regimens were developed and evaluated using
genistein as a chemo-sensitizer. Deng et al. presented a systematic review of the recent progress of using
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natural diterpenoids in drug-resistant cancers cells overexpressing
ATP-binding cassette (ABC) transporter. Jatrophanes, lathyranes,
clerodanes, pimaranes, ingenanes, briaranes, segetane, jatropholane,
pseudolaric acid, taxanes and euphoractine were thoroughly
reviewed for their bioactivities in killing drug resistant cancer
cells, and sensitizing certain chemotherapeutics.

Drug repurposing is another efficient strategy in identifying novel
agents by defining new indications (Parvathaneni et al, 2019;
Berdigaliyev and Aljofan, 2020; Dini¢ et al, 2020). Xu et al
summarized the anticancer activity of local anesthetic ropivacaine.
Ropivacaine, at either clinic-relevant dose/concentrations or much
higher concentrations, could suppress the proliferation, migration of
certain drug-resistant cancer cells, including leukemia stem cells,
triple-negative breast cancer MDA-MB-231 cells, and it sensitized 1)
5-fluorouracil (5-FU) in breast cancer MDA-MB-468 and SkBr cells,
and 2) tumor necrosis factor a (TNFa) in human hepatoma HepG2
cells, human colon cancer HT-29 cells and human leukemic
monocyte THP-1 cells. Chen et al. found that non-steroidal anti-
inflammatory drug (NSAID) meclofenamic acid was a potential dual
inhibitor of breast cancer resistance protein (BCRP) and multidrug
resistance protein-7 (MRP-7), two important ABC transporters.
Meclofenamic acid and its combination with gefitinib down-
regulated the expression of both BCRP and MRP-7 in gefitinib-
resistant non-small cell lung cancer (NSCLC) PC9-GR and H292-GR
cel, mediated by FTO/m6A-demethylation/c-Myc  axis.
Meclofenamic acid could increase the intracellular concentration
of gefitinib, leading to its re-sensitization.

Several compounds were found to show inhibitory effects toward
drug resistant cancer cells, and synergistic effects were achieved when
combined with certain chemotherapeutics. Ji et al. reported the recent
progress of their novel phosphatidylinositide 3-kinase (PI3K)
inhibitor XH30 in the treatment of temozolomide-resistant
glioblastoma. XH30 was not only highly toxic toward
temozolomide-resistant U251/TMZ and T98G cells in vitro and in
vivo, but also was able to sensitize temozolomide in the U251/TMZ
xenograft model, probably mediated by the negative regulation of
transcription factor GLIL. In addition to its ability in suppressing
brain metastasis (Ji et al., 2022), XH30 represents a promising drug
candidate in combating drug resistance in glioblastoma. Liu et al.
reported that the dual PI3K/mTOR inhibitor, DHW-221 could act as
an inhibitor of P-gp (one of the most important ABC transporters
which cause MDR) in resistant NSCLC A549/Taxol cells. DHW-221
was predicted to bind and inhibit P-gp, leading to down-regulated
P-gp expression and enhanced cytotoxicity of taxol (a substrate of
P-gp) in A549/Taxol cells. DHW-221 appeared to preferably target
A549/Taxol cells over sensitive A549 cells, inducing cell death
mediated by cell arrest, mitochondrial apoptosis pathway and
mitogen-activated protein kinase (MAPK) pathway. More
importantly, DHW-221 was able to suppress the migration and
invasion of A549/Taxol cells, and it reduced tumor growth in A549/
Taxol xenograft model, suggesting its great promise as a chemo-
sensitizer and drug candidate. Anlotinib, a vascular endothelial
growth factor receptor 2 (VEGFR2) inhibitor, is an approved
anticancer drug in China for the treatment of locally advanced or
metastatic NSCLC. Wang et al. further validated that it could act as a
P-gp inhibitor. Anlotinib inhibited the efflux function of P-gp
without altering its expression level and localization, leading to
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increased accumulation of chemotherapeutics that are P-gp
substrates, thereby sensitizing doxorubicin, paclitaxel and
vincristine in P-pg overexpressing osteosarcoma cells. In KHOSR2
xenograft model, the combination of anlotinib and docorubicin
showed higher inhibitory effects as compared to mono-therapy,
and no significant toxic effects were observed. Another drug
ribociclib, a CDK4/6 inhibitor, was identified as a P-pg inhibitor
by Zhang et al. Different with anlotinib, ribociclib could down-
regulate the translation and transcription levels of P-gp, leading to
increased concentration of colchicine and doxorubicin in P-gp
overexpressing human epidermoid carcinoma KB-C2 cells. Both
ribociclib and anlotinib could stimulate the ATPase of P-gp.
Huang et al. reported the therapeutic effects of PI3K inhibitor
LY294002 in Fms-like tyrosine kinase 3-internal tandem
duplication (FLT3-ITD) mutant acute myeloid leukemia (AML)
cells that show sorafenib-resistant property. LY294002 inhibited
the glycolysis of sorafenib-resistant cells which rely heavily on
glycolysis for ATP production, leading to cell apoptosis. Liu et al.
designed and evaluated a series of dual c-Met/VEGFR-2 inhibitors
based on the core structure triazolopyrazine. Their study yielded a
highly potent compound 171 that can suppress the enzymatic
activities of c-Met and VEGFR-2, and inhibit the proliferation of
A549 cells. Cao et al. found that SAHA, a histone deacetylase
inhibitor, when combined with gefitinib or osimertinib, showed
synergistic effects in the corresponding resistant NSCLC PC-9/
AB2 and H19750R cells in vitro and in animal models (SAHA
plus gefitinib), which was mediated by increased enhancer of zeste
homolog 2 (EZH2) and decreased autophagy. Heat shock protein 90
(HSP90) inhibitor, NVP-AUY922 was terminated in phase II clinical
trials, despite its favorable results in overcoming drug resistance
NSCLC cells. He et al. obtained the co-crystallization of NVP-
AUY922 with HSP90, which showed detailed binding information
that further directed the further drug design. Wu et al. designed and
synthesized a novel murine double minute 2 (MDM?2) inhibitor, XR-
2 that was able to disturb the MDM2-p53 interaction, induce cell
cycle arrest and apoptosis of wild-type p53 castration-resistant
prostate cancer (CRPC) cell lines. In the enzalutamide-resistant
CRPC xenograft model, XR-2 showed a strong synergistic effect
with enzalutamide, resulting in a nearly complete inhibition of tumor
growth while without showing any toxic effects.

In addition, several potential druggable targets causing drug
resistance were also highlighted. Fu et al. found that the
overexpression of P-gp can cause resistance of approved drug
CDK 4/6 inhibitor palbociclib, whereas the inhibition of the efflux
of P-gp by verapamil could restore its sensitivity. Similar
phenomenon was also observed by Dong et al. on ARS-1620,
a KRAS-GI12C inhibitor that is now under clinical trials.
Furthermore, Li et al. reported the involvement of high
mobility group box protein 1 (HMGBI) in doxorubicin
resistance, and its inhibitor ethyl pyruvate that can
significantly enhance the sensitivity of doxorubicin in HMGB1
overexpressing hepatocellular carcinoma BEL7402 and
SMMC7721 cells. Yu et al. summarized the druggability of
mitochondrial DNA-directed RNA polymerase (POLRMT)
and its inhibitors in overcoming drug resistance. Liu et al.
systematically reviewed circular RNAs (circRNAs) and their
roles in inducing drug resistance.
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In conclusion, the identified novel small-molecule agents can
serve as drug candidates and/or leading compounds that can be
further structurally modified. Furthermore, rational designed
combinations using these agents should be evaluated in the
future to combat drug resistance.
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Chemoresistance remains as a major hindrance in the treatment of hepatocellular
carcinoma (HCC). High mobility group box protein 1 (HMGB1) enhances autophagic
flux and protects tumor cells from apoptosis, which results in acquired drug resistance.
However, the exact mechanisms underlying HMGB1-modulated autophagy in HCC
chemoresistance remain to be defined. In the present study, we found that
administration of doxorubicin (DOX) significantly promoted HMGB1 expression and
induced HMGB1 cytoplasmic translocation in human HCC cell lines BEL7402 and
SMMC7721, which enhanced autophagy that contributes to protecting HCC cells from
apoptosis and increasing drug resistance. Moreover, we observed HMGB1 translocation
and elevation of autophagy in DOX-resistant BEL7402 and SMMC7721 cells. Additionally,
inhibition of HMGB1 and autophagy increased the sensitivities of BEL-7402 and SMMC-
7721 cells to DOX and re-sensitized their DOX-resistant cells. Subsequently, we
confirmed with HMGB1 regulated autophagy by activating the 5’ adenosine
monophosphate-activated protein kinase (AMPK)/mTOR pathway. In summary, our
results indicate that HMGB1 promotes acquired DOX resistance in DOX-treated
BEL7402 and SMMC7721 cells by enhancing autophagy through the AMPK/mTOR
signaling pathway. These findings provide the proof-of-concept that HMGB1 inhibitors
might be an important targeted treatment strategy for HCC.
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Lietal

HMGB1 Promotes Resistance to Doxorubicin

INTRODUCTION

Liver cancer is considered to be the sixth most common cancer
(1). The incidence and mortality of it rank the fourth and second
among malignant tumors, respectively, which show a continuous
upward trend in China (2, 3). Hepatocellular carcinoma (HCC)
is the most common type of live cancer, accounting for
approximately 75%-85% of cases (1, 4). Chemotherapy
remains an indispensable comprehensive treatment for patients
with postoperative or unresectable HCC at present (5, 6).
Doxorubicin (DOX), a traditional chemotherapeutic agent for
a wide variety of tumors, is a standard component for the
treatment of advanced HCC. It demonstrates higher efficacy
than other agents such as 5-fluorouracil, epirubicin, cisplatin,
and etoposide (7, 8). However, the tendency to acquired
resistance to DOX severely limits its clinical application in
HCC therapy. DOX resistance involves multiple mechanisms,
mainly related to drug accumulation (9), decreased DNA damage
(10), and apoptosis signaling (11). Recently, the role of
autophagy in DOX resistance has attracted a great deal of
attention. Some studies have demonstrated that reversing DOX
resistance via modulation of autophagy is a promising
therapeutic strategy (12-14).

Autophagy is an essential cellular process that involves self-
degradation of cellular proteins, damaged organelles, and lipid
droplets via the lysosome, maintaining the energy balance and
intracellular homeostasis (15). Recently, it was reported that
autophagy is a significant contributor to chemoresistance in
osteosarcoma cells and inhibition of autophagy enhances drug
sensitivity of osteosarcoma cells (16). Autophagy has also been
implicated in modulating sensitivity to oxaliplatin in human
colorectal cancer cell lines (17). Some studies have shown that
upregulation of autophagy promotes tumor cell survival and
probably contributes to chemoresistance in liver cancer therapy
(18, 19). These findings suggest that autophagy participates in
the development of chemoresistance. However, little is still
known about the underlying molecular mechanism of
autophagy in regulating the development of chemotherapy
resistance in HCC.

High mobility group box protein 1 (HMGB1), a well-known
regulator of autophagy, is a highly conserved non-histone
nuclear protein that has various biological functions in the
nucleus such as DNA replication, recombination, transcription,
and repair (20). In addition to its nuclear functions, HMGBI in
the cytoplasm acts as an extracellular signaling molecule that is
closely associated with inflammation, cell proliferation and
differentiation, and tumor progression (20, 21). Upregulation
of HMGBI1 expression has been unequivocally observed in
various cancers such as HCC and lung cancer (22-24).
Cytosolic translocation of HMGB1 and secretion of HMGBI1
by tumor cells in response to chemotherapy are major factors in
the disordered tumor microenvironment (25, 26). Many reports
have demonstrated that subcellular localization and secretion of
HMGBI plays a major role as a positive regulator of autophagy
in chemotherapy resistance in various cancers (26-29). However,
the exact mechanism of HMGBI1-mediated autophagy in the
DOX resistance of HCC has not been clearly defined.

In this study, we investigated whether DOX augmented
HMGBI1 expression and induced HMGBI1 translocation,
whether the autophagy induced by DOX was regulated by
HMGBI, and whether the changes in autophagy and HMGB1
protect HCC cells against DOX and facilitate the development of
acquired DOX resistance. BEL7402 and SMMC7721 cells and
DOX-resistant BEL7402 and SMMC7721 cells (BEL7402/DOX
and SMMC7721/DOX cells, respectively) were used as the cell
model. We found that HMGBI expression and the associated
autophagic flux were increased in response to DOX treatment in
HCC cells, and autophagy modulated by HMGB1 protected
HCC cells from DOX-induced apoptosis. Additionally,
BEL7402/DOX and SMMC7721/DOX cells exhibited more
autophagy and HMGBI1 expression, and inhibition of
autophagy and HMGBI1 enhanced apoptosis sensitivity of
DOX-resistant HCC cells to DOX. Moreover, we found that
the 5" adenosine monophosphate-activated protein kinase
(AMPK)/mTOR signaling pathway was involved in these
processes. Our data support HMGBI as a potential molecular
therapeutic target to enhance the efficacy of DOX in HCC.

MATERIALS AND METHODS

Cell Culture and Establishment of
Drug-Resistant Cell Lines

Human HCC cell lines BEL-7402 and SMMC-7721 were
purchased from the Cell Bank of the Chinese Academy of
Science (Shanghai, China). Cells were cultured in RPMI-1640
medium (Gibco, Invitrogen, CA, USA) supplemented with 10%
fetal bovine serum (Thermo Fisher Scientific Inc., Shanghai,
China) at 37°C in a humidified atmosphere with 5% CO,.
DOX-resistant BEL-7402 and SMMC-7721 cell lines, BEL-
7402/DOX and SMMC-7721/DOX, were established in our
laboratory by selecting cells for resistance to increasing
stepwise concentrations of DOX (Shanghai Shenggong
Biological Engineering Co., Ltd., Shanghai, China) over 10
months until the cells survived in 1 pg/mL DOX as described
previously (30). The half maximal inhibitory concentration
(ICsp) value was calculated with GraphPad Prism version 7.0
software, and the resistance index (RI) was calculated according
to the following formulae: RI = (ICsq of drug-resistant cells)/
(ICs of parental cells), which was used as the relative indicator to
evaluate drug resistance.

Drug Sensitivity Measured by the

MTT Assay

The sensitivity of HCC cells to DOX, expressed as the
proliferation inhibition rate, was measured using the MTT
assay. The cells were seeded at a density of 1 x 10° cells per
well in 96-well plates in 200 ul RPMI (Gibco, Invitrogen, CA,
USA) and incubated at 37°C in a humidified atmosphere with 5%
CO, for 24 h. Then, the cells were treated with DOX at increasing
concentrations of 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 ug/mL (five
replicates for each concentration). After 48 h of culture at 37°C
for adherence, the supernatants were removed and 20 L per well
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MTT (Thermo Fisher Scientific, Shanghai, China) was added to
the medium, followed by incubation for 2 h. Then, 150 pL per
well of DMSO (Sigma-Aldrich, St. Louis, MO, USA) was added
to dissolve the purple crystals. Subsequently, absorbance was
determined at 490 nm and ICs, values were calculated by
Graphpad Prism 7.0 software. The inhibition rate of cells was
calculated by the following formula: (1-experimental blank
absorbance value/control-blank absorbance value) x 100%. All
experiments were repeated three times and the results are
expressed as mean values.

Construction of Vectors, siRNA, and
Transfection Into Cells

BEL-7402 and SMMC7721 cells were seeded at 1 x 10° cells per
well in six-well plates and cultured to 80%-90% confluence.
HMGB1-overexpressing vector pcDNA3.1-HMGB1 was obtained
from Genechem Company (Shanghai, China) and transfected into
HCC cells using Lipofectamine' ™ 2000 (Invitrogen, Carlsbad, CA,
USA). Knockdown of HMGB1 was accomplished by specific small
interfering RNA (siRNA). HMGBI1-siRNA or negative control
(NC) siRNA (GenePharma Company, Shanghai, China) were
transfected into cell, using Lipofectamine " 2000 in accordance
with the manufacturers’ instructions. The siRNA sequences were as
follows (31, 32): siHMGBI, sense strand 5-ccuguccauuggug
auguutt-3” and anti-sense strand 5’-aacaucaccaauggacaggtt-3%
sINC, sense strand 5-uucuccgaacgugucacgutt-3” and anti-sense
strand 5-acgugacacguucggagaatt-3’. The working concentration
of siRNA was 40 nmol/L. At 48 h after transfection, the culture
medium was replaced and the cells were treated with the indicated
concentrations of drugs for various periods.

Western Blot Analysis

Cell lysates were prepared using RIPA lysis buffer containing 1
mM phenylmethylsulfonyl fluoride and 1% phosphatase
inhibitor cocktail. The protein concentration was measured
with a BCA assay (Beyotime Biotechnology, Shanghai, China).
All samples were adjusted to equal protein content before
analysis. Samples (20 pg total protein) from each group were
separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and subsequently transferred onto PVDF
membranes (Millipore, Billerica, MA, USA) under a constant
current. Then, the membranes were blocked with 5% dry non-fat
milk in TBST buffer for 2 hour at room temperature. The
membrane was then incubated overnight at 4°C with a primary
antibody diluted in TBST. The primary antibodies were as
follows: polyclonal rabbit anti-human HMGBI, Beclin 1, LC3B,
p62, AMPK, phosphorylated AMPK (p-AMPK), mTOR,
phosphorylated mTOR (p-mTOR), and cleaved PARP (Affinity
Biosciences, OH, USA), and antibodies against GAPDH (Cell
Signaling Technology, Inc., MA, USA) and Lamin B (Boster
Biological Technology Co. Ltd., Wuhan, China). After washing
three times with TBST for 10 min each wash, the membrane was
incubated with corresponding peroxidase-conjugated goat IgG
(1:2,000 dilution, Boster Biological Technology Co. Ltd., Wuhan,
China) as the secondary antibody for 1 h at room temperature.
Enhanced chemiluminescent reagent (Applygen Technologies

Inc., Beijing, China) was used for development. Protein bands
were quantified and analyzed using the BandScan5.0 system.
Each experiment was repeated three times and the results
were averaged.

Flow Cytometric Analysis of Apoptosis

Apoptosis was detected by annexin V-FITC and PI staining
using an Apoptosis Detection kit (KeyGEN Bio TECH Co. Ltd,,
Nanjing, China) in accordance with the manufacturer’s
instructions. Drug-treated cells were washed, collected,
resuspended in PBS, and transferred to a flow cytometer tube
after incubation with 500 pl Binding Buffer. Then, 5 ul annexin
V-FITC and 5 pl PI were added, followed by incubation in the
dark for 15 min at room temperature. Stained cells were analyzed
by a CytoFLEX flow cytometer (Beckman Coulter, USA).

Statistical Analysis

Statistical analyses were performed using SPSS22.0 software
(IBM Corp., Armonk, NY, USA). Data are expressed as the
mean * standard deviation. Student’s t test was used for
continuous variable comparison between two groups, and one-
way ANOVA was adopted for multi-group comparison
(Dunnett-t test or LSD-t test were used for multiple
comparison). P < 0.05 was considered statistically significant.

RESULTS

BEL7402/DOX and SMMC7721/DOX Cells
Exhibit Stable Drug Resistance

To evaluate drug resistance of BEL7402/DOX and SMMC7721/
DOX cells, the DOX ICs of cells was determined by the MTT
assay and RI indexes were calculated. The ICs, values of
BEL7402 and BEL7402/DOX cells were 0.226 *+ 0.004 and
4.776 + 0.128 pg/mL, respectively, and those of SMMC7721
and SMMC7721/DOX cells were 0.175 + 0.007 and 2.556 + 0.002
pg/mL, respectively. As shown in Figure 1A, the RIs of BEL7402/
DOX and SMMC7721/DOX cells were 21.1 and 14.6,
respectively, suggesting that BEL7402/DOX and SMMC7721/
DOX cells had exhibited stable DOX chemoresistance (33).

DOX Treatment Promotes HMGB1
Expression and Induces HMGB1
Translocation in HCC Cell Lines

To determine whether HMGBI1 expression was related to
chemotherapy of HCC cells, we treated BEL-7402 and SMMC-
7721 cells, which are commonly used in drug resistance
experiments, with the chemotherapeutic drug DOX. DOX
exerts anti-cancer effects by intercalating nucleotide bases,
which depends on topoisomerase II enzyme, and inducing
programmed cell death (34, 35). Here, BEL-7402 and SMMC-
7721 cells were exposed to increasing concentrations of DOX or
a fixed concentration (3.2 pg/mL, which determined by
preliminary experiment) for 0, 12, 24, and 48 h. As shown in
Figure 1B, western blot analysis revealed that DOX treatment
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led to a dose- and time-dependent increase in the total level of
HMGBI in both BEL-7402 and SMMC-7721 cells. Moreover, the
cytosolic levels of HMGBI1 were up-regulated, whereas HMGB1
expression in the nucleus was obviously reduced when the cells
treated with DOX. Additionally, BEL-7402/DOX and SMMC-

7721/DOX cells, the DOX-resistant sublines, showed relatively
higher total and cytosolic levels of HMGB1 compared with
parental cells (Figure 1C). These results suggested that DOX
treatment induced expression and translocation of HMGB1 and
that HMGB1 might be associated with drug resistance.
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Suppression of HMGB1 Increases the

Sensitivity to DOX in HCC Cells
To investigate the effect of HMGBI1 induced by DOX on HCC

cells, we analyzed the responses of BEL-7402 and SMMC-7721
cells and their DOX-resistant cells to DOX treatment after
inhibition of HMGBI1 expression and translocation. The cells
were transfected with HMGB1 siRNA (Si-HMGBL1) or negative
control siRNA (Si-NC). HMGBI expression was significantly
lower in Si-HMGBI cells than in Si-NC cells (Figure 2A). The
cells were incubated with various concentrations DOX for 48 h
after transfection with HMGBI1 siRNA or pretreated with ethyl
pyruvate (EP), a pharmacological inhibitor of HMGBI1

cytoplasmic translocation (26). The ICs, values of cells
transfected with HMGB1 siRNA or pretreated with EP were
significantly lower than those of NC siRNA-transfected cells
(Figure 2B), which indicated that the DOX sensitivities of BEL-
7402 and SMMC-7721 cells were significantly increased by
inhibition of HMGB1 expression and cytoplasmic
translocation. Simultaneously, the apoptosis of cells, which
were transfected with siRNA-HMGB1/siRNA-NC or pretreated
with EP(10mM) 2h and then exposed to doxorubicin(3.2ug/mL)
for 48h, was increased significantly after HMGB1 knockdown
(Figure 2C), which suggested that suppression of HMGBI1
enhanced apoptosis sensitivity in BEL-7402 and SMMC-7721
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cells. Similar to the results in parental cells, transfection of BEL-
7402/DOX and SMMC-7721/DOX cells with HMGB1 siRNA
and pretreatment with EP rendered them largely more sensitive
to DOX as indicated by decreases in ICs, values and increased
apoptosis (Figures 2B, C).

DOX Induces Autophagy That Protects
HCC Cells From Apoptosis

To explore the effect of DOX on autophagy and the role of
autophagy in chemotherapeutic drug resistance of HCC cells, we
first detected the autophagy-related proteins Beclin 1, LC3-II,
and p62, which are reliable markers of autophagy (36), in BEL-
7402 and SMMC-7721 cells treated with various concentrations
DOX for the indicated periods. As shown in Figure 3A, DOX
markedly enhanced the levels of Beclin 1 and LC3-II, and
reduced p62 expression in a time- and dose-dependent manner
in BEL-7402 and SMMC-7721 cells.

These data indicated that treatment with chemotherapeutic
drugs induced and increased autophagy in HCC cells.

Next, to determine whether DOX-induced autophagy was
involved in drug resistance of HCC cells, we analyzed autophagy
activity in two DOX-resistant cell lines: BEL-7402/DOX and
SMMC-7721/DOX. Western blot analysis showed that the levels
of LC3-1II and Beclin 1 were higher and levels of p62 were lower
in DOX-resistant cells than in parental cells (Figure 3A), which
suggested that DOX-resistant HCC cells had an increased
capacity for autophagy. Next, the parental and DOX-resistant
HCC cells were pretreated with 3-MA (25uM) before incubating
with doxorubicin(3.2ug/mL) for 48h. Cell proliferation
inhibition rates were performed by MTT assay and IC50 was
calculated. We found that the cytotoxicity and apoptosis were
increased significantly when autophagy was inhibited by 3-MA
in these kinds of cells as indicated by a decrease of ICs, and
increase of apoptosis (Figures 3B, C). Furthermore, the
sensitivity of BEL-7402/DOX and SMMC-7721/DOX cells to
DOX was enhanced markedly, which indicated that the drug
resistance of these cells was reversed by treatment with 3-MA
(Figure 3B). Both parental and DOX-resistant cell lines showed
potentiation of apoptosis after suppression of autophagy (Figure 3C).

These findings suggested that treatment with chemotherapeutic
drug DOX induced autophagy in HCC cells, which protected HCC
cells from DOX-induced apoptosis and contributed to the survival
of HCC cells treated with DOX.

HMGB1 Regulates DOX-Induced
Autophagy in HCC Cells

Both HMGBI1 and autophagy were induced by chemotherapy,
which decreased sensitivity to the drug in HCC cells. Next, we
investigated the relationship between them and examined
whether HMGBI is a direct regulator of autophagy. Previous
studies have shown that starvation or other stresses facilitate
translocation of HMGBI to the cytoplasm and enhance autophagic
flux (20, 37). In this study, BEL7402 and SMMC7721 cells were
transfected with pcDNA3.1-control or pcDNA3.1-HMGB1 and then
pretreated with or without 3-MA(25uM) for 12h before additional
48h incubated with doxorubicin(3.2ug/mL). HMGBI, Lc3 and P62

levels were assayed by western blot. We found that pcDNA3.1-
HMGBI vector significantly increased HMGBI1 protein in the cells
(Figure 4A). Moreover, western blot analysis showed that
overexpression of HMGBI increased the conversion levels of LC3-1
to LC3-II and promoted the degradation of p62 compared with the
pcDNA3.1-control group when cells were exposed to DOX.
However, the LC3-II elevation and p62 degradation were
abrogated by suppression of autophagy with 3-MA (Figure 4A).
To further verify effect of HMGB1 on autophagy, the cells, BEL7402
and SMMC7721, were transfected with HMGB1 siRNA or negative
control and then were treated with 3-MA and doxorubicin. And
western blot results showed that inhibition of HMGBI by
transfecting with HMGB1 siRNA could significantly reduce
autophagy in cells, which was more obvious when cells pretreated
with 3-MA (Figure 4B). Furthermore, we observed changes of LC3-
IT and p62 expression in cells when cytosolic translocation of
HMGBI was inhibited by EP. BEL7402 and SMMC7721 cells were
pretreated with or without EP(10mM) for 12h, and then incubated
with doxorubicin (3.2ug/mL) for 48h. Nuclear and cytoplasmic
HMGBI and autophagy-related proteins were detected by western
blotting. The results demonstrated that pretreatment with EP
decreased the levels of LC3-II, but increased the level of p62 in
cells before incubation with DOX (Figure 4C). Therefore, HMGB1
played an important role in the regulation of autophagy in HCC cells.

HMGB1-Mediated Autophagy and
Downregulated Apoptosis Induced by

DOX Involve the AMPK/mTOR Pathway in
HCC Cells

AMPK is a highly conserved serine/threonine kinase that is widely
distributed in eukaryotic cells, which is typically activated by a high
AMP/ATP ratio to maintain energy homeostasis (38). Moreover,
AMPK coordinates with many upstream and downstream
molecules, such as LKBI, mTOR, 70 kDa ribosomal protein S6
kinase (p70S6K), Akt, and ULKI, and regulates apoptosis and
autophagy (39-41). Mammalian rapamycin target protein mTOR
—an atypical serine/threonine kinase—is an important
downstream protein of AMPK and plays a “gating” role in
regulation of autophagy by phosphorylation of p70S6K. Activated
AMPK inactivates mTOR and the AMPK/mTOR pathway has
been linked to actuation of autophagy (42-44). Thus, to determine
whether the AMPK/mTOR pathway was involved in regulation of
HMGB1-mediated autophagy in HCC cells, we measured AMPK
and mTOR phosphorylation, markers of autophagy, p62, and
apoptosis-related protein cleaved PARP in DOX-induced cells
with or without AMPK inhibitor Compound C (10 uM) and
mTOR inhibitor rapamycin (10 nM) treatments after transfection
with the HMGBI1 cDNA plasmid or HMGBI siRNA. As shown in
Figure 5A, compared with vector control cells, overexpression of
HMGBI1 significantly increased AMPK phosphorylation and
obviously decreased the levels of p-mTOR, p62, and cleaved
PARP in both BEL7402 and SMMC7721 cells. However, these
effects were abolished by suppression of AMPK with Compound C.
These results suggested that AMPK participated in promotion of
autophagy by HMGBI, which downregulated apoptosis in
HCC cells.
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FIGURE 3 | DOX induces autophagy that protects HCC cells from apoptosis and reduces the sensitivity of HCC cells to DOX. (A) Treatment with DOX promoted
autophagy in a dose- and time-dependent manner in BEL7402 and SMMC7721 cells. Autophagy was also upregulated in DOX-resistant HCC cells. (B) Inhibition of
autophagy promoted apoptosis and sensitivity of HCC cells to DOX. The DOX ICs of parental and DOX-resistant HCC cells was significantly decreased by
pretreatment with 3-MA. (C) Apoptosis rates of cells in the 3-MA group were remarkably higher than those of control cells both in parental and DOX-resistant HCC
cells. **P < 0.01 compared with control cells.

We also observed the role of mTOR in the abovementioned
regulation process. Compared with the siRNA-NC group,
depletion of HMGB1 by siRNA notably decreased p-AMPK and
increased p-mTOR. Moreover, p62 degradation was weakened and
cleaved PARP expression was enhanced in the siRNA-HMGBI1
group, which further supported the role of AMPK in HMGBI-
mediated autophagy and apoptosis of HCC cells. Additionally,
when combined with mTOR inhibitor rapamycin in cells
transfected with HMGB1 siRNA, the p-mTOR level was
decreased obviously, p62 degradation was enhanced, and

apoptosis was reduced significantly (Figure 5B). These results
indicated that downregulation of p-AMPK after knockdown of
HMGBI did not promote p-mTOR expression, inhibit autophagy,
or promote apoptosis when mTOR was blocked by rapamycin,
which suggesting that mTOR was a downstream molecule of
AMPK. Therefore, HMGB1 may regulate DOX-induced
autophagy and reduce apoptosis through the AMPK/mTOR
pathway in HCC cells. Similar to the results in parental cells,
transfection of BEL7402/DOX and SMMC7721/DOX cells with
HMGB1 ¢DNA plasmid improved activation of AMPK/mTOR
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pathway and autophagy (Figure 5C), and decreased the propensity
for apoptosis. And the changes trend of these indexes were just
opposite in HMGB1-knockdown DOX-resistant cells (Figure 5D).
Together with data of the studies, we proposed a model in which
doxorubicin induced the cytosolic translocation of HMGB1, which
regulated autophagy that decreased apoptosis and increased drug
resistance by activating the AMPK/mTOR pathway(Figure 5E).

DISCUSSION

In the present study, we demonstrated that DOX treatment
markedly induced cytosolic HMGBI translocation, HMGBL1
expression, and autophagy in HCC cell lines. HMGB1-regulated
autophagy contributed to the acquirement of DOX resistance by
protecting HCC cells from apoptosis, and inhibition of HMGBI1 or
suppression of HMGBI1 cytosolic translocation attenuated this
autophagic protection in response to DOX. Additionally, we
showed that activation of the AMPK/mTOR signaling pathway
was involved in the process of HMGB1-mediated autophagy.
Acquired resistance is a major hindrance for the application of
chemotherapeutic drugs to tumors. Numerous investigations have
described that the mechanisms of DOX resistance include
upregulation of multidrug resistance efflux pumps, topoisomerase,
altered drug targets, and alterations in apoptosis signaling (45-48).
However, the molecular mechanism of DOX resistance in HCC has
not been fully elucidated. Currently, autophagy is considered as a
novel clinical target to reverse DOX resistance. Studies have implied
that autophagy is involved in several steps of HCC initiation and
progression as well as therapeutic resistance (18, 19). Here, we
found that BEL-7402 and SMMC-7721 cells underwent autophagy
in a time- and dose-dependent manner when treated with DOX
and drug-resistant sublines BEL-7402/DOX and SMMC-7721/
DOX had an increased capacity for autophagy. Inhibition of
autophagy by 3-MA potentiated the inhibitory effect of DOX on
the proliferation of these cells, which was accompanied by
significantly increased apoptosis. Additionally, autophagy

inhibitor 3-MA partially reversed DOX resistance of BEL-7402/
DOX and SMMC-7721/DOX cells by inhibiting autophagy. Our
results suggested that DOX-induced autophagy protected HCC
cells from apoptosis and was highly related to DOX resistance in
these cells. Therefore, revealing the detailed mechanism of
autophagy regulation may provide novel therapeutic options to
improve chemotherapy efficacy.

HMGB1—a chromatin-associated nuclear protein—is a critical
regulator of cell death and survival. Overexpression of HMGBI is
associated with the hallmarks of cancer, which included an
unlimited replicative potential, angiogenesis, evasion of apoptosis,
insensitivity to inhibitors of growth, inflammation, tissue invasion,
and metastasis (20, 21). The activities of HMGBI are related to its
cellular localization. In the nucleus, HMGBI1 binds to DNA and
regulates nuclear events such as DNA replication, recombination,
and repair. It is also actively secreted or passively released under
various stimuli, such as injury, necrosis, hypoxia, and endotoxin, in
different cell types (16, 20). Both endogenous and exogenous
HMGBI1 have been suggested to be important regulators of
autophagy in tumor cells (49, 50). It was reported that anticancer
agents doxorubicin induced HMGBI1 upregulation in human
osteosarcoma cells, and knockdown of HMGBI restored the
chemosensitivity of osteosarcoma cells in vivo and in vitro by
inducing autophagy, an intracellular self-defense mechanism
known to confer drug resistance (51). Pan et al. (26) found that
HMGBI is a crucial regulator of autophagy, which significantly
contributes to docetaxel resistance in LAD cells. Wang et al. (50)
showed that HMGBI facilitates autophagic progression and reduces
oxidative stress induced by DOX, which is a critical factor for the
development of chemoresistance and tumorigenesis. This
prompted us to investigate the relationship between HMGBI1 and
autophagy in chemotherapy resistance of HCC.

Here, we focused on the interaction between intracellular
HMGBI and autophagy in chemotherapy resistance to DOX. We
observed that DOX treatment promoted HMGBI expression and
induced HMGBI translocation in HCC cells and overexpression of
HMGBI by transfection with pcDNA3.1-HMGBI increased the
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FIGURE 5 | HMGB1-mediated autophagy that downregulates apoptosis in HCC cells involves the AMPK/mTOR pathway. (A) Western blot analysis of p-AMPK,
p-mTOR, p62, and apoptosis-related protein cleaved PARP in BEL7402 and SMMC7721 cells transfected with pcDNAS.1-control or pcDNA3.1-HMGB1 and then
pretreated with or without AMPK inhibitor Compound C (10uM). (B) Western blot analysis of p-AMPK, p-mTOR, p62, and cleaved PARP in BEL7402 and
SMMC7721 cells transfected with sSiRNA-HMGB1 or siRNA-NC and then treated with or without mTOR inhibitor rapamycin(10 nM). (C) Western blot analysis of
p-AMPK, p-mTOR, p62, and apoptosis-related protein cleaved PARP in DOX-resistant BEL7402 and SMMC7721 cells transfected with pcDNA3.1-control or
pcDNAB.1-HMGBH1 and then pretreated with or without AMPK inhibitor Compound C. (D) Western blot analysis of p-AMPK, p-mTOR, p62, and cleaved PARP in
BEL7402/DOX and SMMC7721/DOX cells transfected with siRNA-HMGB1 or siRNA-NC and then treated with or without mTOR inhibitor rapamycin. (E) Model
depicting the mechanism by which HMGB1 modulates doxorubicin resistance by inducing autophagy. Doxorubicin induces the cytosolic translocation of HMGBT,
which promotes autophagy that decreases apoptosis and increases doxorubicin resistance by activating the AMPK/mTOR pathway.
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level of autophagy when HCC cells treated with DOX. However,
this upregulation of autophagy was abolished by suppression of
autophagy with 3-MA. Interestingly, we found that inhibition of
autophagy by 3-MA was unable to increase the level of intracellular
HMGB]I, although autophagy is also regulated by the release of
HMGBI (52). Moreover, we observed that ethyl pyruvate (EP), an
inhibitor of HMGBI cytoplasmic translocation, attenuated DOX-
induced autophagy. Our results showed that both HMGBI1
upregulation and cytoplasmic translocation of HMGB1 enhanced
the level of autophagy, which contributed to resistance against
DOX when HCC cells were exposed to DOX. Furthermore,
knockdown of HMGBI1 or inhibition of HMGB1 cytoplasmic
translocation increased sensitivity to DOX in BEL-7402 and
SMMC-7721 cells and re-sensitized DOX-resistant BEL-7402/
DOX and SMMC7721/DOX cells. Our findings obviously

demonstrate that HMGBI is a positive regulator of autophagy in
HCC and mediates DOX resistance.

We further explored the molecular mechanism by which
intracellular HMGBI1 regulates autophagy. Previous studies have
demonstrated the role of AMPK in viability, migration, invasiveness,
and apoptosis of HCC cells (43, 53). Moreover, the AMPK/mTOR
signaling pathway is involved in autophagy and AMPK negatively
regulates mTOR and triggers autophagy flux. Thus, mTOR is
suggested to be the predominate regulator of autophagy (42-44).
Studies have showed that HMGBI1 induced cardiomyocyte
autophagy following acute myocardial infarction through
activation of AMPK and inhibition of mTORCI (54). Targeting
autophagy enhances heat stress-induced apoptosis via the ATP-
AMPK-mTOR axis in hepatocellular carcinoma (55). In the present
study, we found that transfection with an HMGB1 cDNA plasmid
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promoted AMPK phosphorylation and reduced the level of mMTOR
phosphorylation, which were accompanied by increased autophagy
and lower apoptosis. Suppression of AMPK with Compound C
facilitated mTOR phosphorylation, inhibited autophagy, and
enhanced apoptosis, even in HMGBI1-overexpressing cells. These
data suggested that AMPK participated in HMGBI1-mediated
promotion of autophagy, which downregulated apoptosis in HCC
cells. Additionally, we observed that downregulation of p-AMPK by
depletion of HMGBI1 did not enhance p-mTOR expression, inhibit
autophagy, or promote apoptosis of HCC cells when mTOR was
blocked by rapamycin, which implied that mTOR was a downstream
molecule of AMPK in the abovementioned regulation process.
Taken together, these results suggest that HMGB1 regulates
autophagy by activating the AMPK/mTOR pathway.

In summary, our study showed that both HMGBI expression and
cytoplasmic translocation of HMGB1 are enhanced by chemotherapy
with DOX in HCC cell lines, which promotes autophagy that
decreases apoptosis and increases drug resistance. HMGBI1
facilitates autophagy by activating the AMPK/mTOR pathway.
These results demonstrate that HMGBI1 could be a potential target
for HCC therapy. Further experiments are needed to clarify whether
other downstream genes participate in the regulation process and to
confirm our hypothesis in animal models in vivo.
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Internal tandem duplications (ITD) mutation within FMS-like tyrosine kinase 3 (FLT3), the
most frequent mutation happens in aimost 20% acute myeloid leukemia (AML) patients,
always predicts a poor prognosis. As a small molecule tyrosine kinase inhibitor, sorafenib
is clinically used for the treatment of advanced renal cell carcinoma (RCC), hepatocellular
carcinoma (HCC), and differentiated thyroid cancer (DTC), with its preclinical and clinical
activity demonstrated in the treatment of Fms-like tyrosine kinase 3-internal tandem
duplication (FLT3-ITD) mutant AML. Even though it shows a rosy future in the AML
treatment, the short response duration remains a vital problem that leads to treatment
failure. Rapid onset of drug resistance is still a thorny problem that we cannot overlook.
Although the mechanisms of drug resistance have been studied extensively in the past
years, there is still no consensus on the exact reason for resistance and without effective
therapeutic regimens established clinically. My previous work reported that sorafenib-
resistant FLT3-ITD mutant AML cells displayed mitochondria dysfunction, which rendered
cells depending on glycolysis for energy supply. In my present one, we further illustrated
that losing the target protein FLT3 and the continuously activated PIBK/Akt signaling
pathway may be the reason for drug resistance, with sustained activation of PISK/AKT
signaling responsible for the highly glycolytic activity and adenosine triphosphate (ATP)
generation. PISK inhibitor, LY294002, can block PISK/AKT signaling, further inhibit
glycolysis to disturb ATP production, and finally induce cell apoptosis. This finding
would pave the way to remedy the FLT3-ITD mutant AML patients who failed with
FLT3 targeted therapy.

Keywords: FMS-like tyrosine kinase 3, Internal tandem duplication, LY294002, Drug resistance, Acute myeloid
leukemia, PI3K/Akt
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INTRODUCTION

Internal tandem duplications (ITD) mutation, the most frequent
mutation in the juxtamembrane domain of the FMS-like tyrosine
kinase 3 (FLT3) gene, was found in almost 20% of all acute
myeloid leukemia (AML) patients (1, 2). This mutation leads to
constitutive activation of FLT3 and its downstream signaling,
including phosphatidylinositol3-kinase (PI3K)/AKT, mitogen-
activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK), and signal transducer and activator of
transcription5 (STATS5). It also results in cell proliferation and
disease progress (3-5). It is demonstrated that FLT3 mutational
status, an independent predictor of poor prognosis, was closely
associated with chemotherapy efficacy and disease relapse (6, 7).
Many inhibitors targeting FLT3 kinase are under development,
with some already demonstrating their efficacy in treating FLT3-
ITD mutant AML (8-10).

Sorafenib, firstly known for its antiangiogenic effect and
approved for treating HCC, RCC and DTG, is found potent in
inhibiting FLT3, with a significant anti-tumor effect in the FLT3-
ITD mutant AML (11-13). Clinical trials of sorafenib were
widely conducted in the first-line induction, relapsed or
refractory and post-transplant maintenance period, as a single
agent, and in combination with chemotherapy and
hypomethylating agents. Farhad et al. reported the
combination of sorafenib and chemotherapy (cytarabine and
idarubicin) resulted in a higher CR rate in FLT3-mutated
patients than that of the FLT3-WT patients (14). However, no
significant difference in overall survival (OS) or disease-free
survival (DFS) was observed in the final analysis due to the
emergence of sorafenib-resistant leukemic clones (15).
SORAML, a phase 2 trial, investigated the effect of sorafenib in
consolidation therapy and maintenance. Median event-free
survival in the sorafenib group was 21months versus 9 months
in the placebo group. The combination effect of sorafenib with
azacitidine in older patients unsuitable for intensive induction
therapy was evaluated. In the 27 patients enrolled, 7 patients
reached CR, 12 CRi/CRp, and 2 PR, with an overall response rate,
78% (16). As monotherapy, sorafenib has been proven effective
in the salvage therapy for R/R FLT3-ITD AML and maintenance
after transplantation by reducing the possibility of relapse and
death (17, 18). Besides sorafenib, other FLT3 inhibitors, such as
midostaurin, gilteritinib and quizartinib were also approved by
Food and Drug Administration (FDA) for treating FLT3 mutant
AML (19-22). Both European LeukemiaNet and National
Comprehensive Cancer Network guidelines recommend FLT3
genetic testing to predict the prognosis and evaluate the targeted
therapy when the disease is diagnosed and relapsed.

Eventhough FLT3 inhibitors are promising in treating FLT3-
ITD mutant AML patients, the limitations should not be ignored:
drug resistance that often occurs within 1-3 months after initial
remission responses, resulting in disease relapse and treatment
failure (23). As massive studies have investigated the resistance
mechanism, multiple mechanisms have been proposed,
including increased efflux of drugs induced by ATP-binding
cassette (ABC) proteins, the emergence of new mutations, up-
regulation of FLT3 ligand, aberrant activation of pro-survival

signaling, rewired metabolic profiles and redox change (24-32).
However, there is still no consensus on the precise mechanisms
of drug resistance, and more efforts should be taken in clarifying
the mechanisms and exploring new strategies to reverse
this resistance.

In my previous paper, we established two sorafenib-resistant
cell lines and compared the metabolic differences between the
resistant cells and their corresponding parental cells. We found
the resistant cells were with mitochondria dysfunction and active
aerobic glycolysis (30). In my present work, we will further
elucidate the relationship between PI3K/Akt signaling and
glycolysis and investigate the possibility of overcoming this
resistance by interfering PI3K/Akt signaling pathway.

MATERIALS AND METHODS

Cell Lines and Cell Culture

Human FLT3-ITD mutant cell line: MV4-11 was ordered from
ATCC. BaF3-ITD cell line was established as described
previously from mouse hematopoietic progenitor BaF3 cell line
(33). All parental cells were cultured in RPMI 1640 with 2.05 mM
L-Glutamine (Hyclone, South Logan, UT, USA) and 10% Fetal
Bovine Serum (Hyclone, South Logan, UT, USA) in the
incubator with 5% CO?2 at 37°C.

Generation of the Drug-Resistant

Cell Lines

To generate drug-resistant cell lines, we co-cultured the BaF3-
ITD and MV4-11 cells with sorafenib with the initial
concentration of 1 nM. When the cells could survive in the
present concentration for 3-5 days, the concentration of
sorafenib would be improved to a higher dose. Three months
later, the resistant cell lines, MV4-11-R and BaF3-ITD-R cell
lines could grow in a medium containing 0.5uM sorafenib. The
sorafenib-resistant cells were continuously cultured in the RPMI
1640 medium with 0.5 pM sorafenib.

Chemical Compounds and

Biologic Reagents

All small molecule inhibitors were obtained from Selleck Chemicals
(Houston, TX, USA), these inhibitors include: Sorafenib tosylate
(#S1040), PI3K inhibitors: LY294002 (#S1105), Buparlisib
(#52247), Pictilisib (#51065), Alpelisib (#52814) and
Akt inhibitors MK2206 (#S1078), Ipatasertib (#S2808),
Afuresertib (#S7521). All chemicals formulated by their
suppliers’ recommendations.

Antibodies

Antibodies of anti-HK2 (#2867), anti-PKM2 (#4053), anti—P-
FLT3 (#3464), anti—-FLT3 (#3462), anti-Akt (#4691), anti-P-Akt
(#4060), anti-PARP (#9542) were obtained from Cell Signaling
Technologies (Beverly, MA, USA); Antibodies of anti-PDK1
(#ab11025), anti-B-actin (#ab8227), goat anti-Rabbit secondary
HRP-conjugated antibody (#ab6721), and goat anti-Mouse
secondary HRP-conjugated antibody (#ab6789) were supplied
by Abcam (Cambridge, UK).
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Cell Proliferation Assays

Cell viability assay was performed using CellTiter 96 AQueous
One Solution Reagent (Promega, Madison, WI, USA) according
to the manufacturer’s recommendations. Briefly, cells were
plated in 96-well microplates in triplicate at a density of
3x10°cells/ml and treated as indicated for 72 hrs. Then 20 ul
of a tetrazolium compound (MTS) was added to each well for 4 h
at 37°C. After incubation, the absorbance was read at a wave
length of 490 nm. Accordingly, cell viability is reported as
percentage of control (untreated) cells, with the data
representing three independent experiments. Error bars
represent the standard error of the mean for each data point.

Western Blot

Protein was extracted by RIPA lysis buffer supplemented with
protease inhibitor cocktail set I and phosphatase inhibitor
cocktail set II (Calbiochem, Nottingham, England). Equal
amounts of protein extracts were resolved in 4%-12% standard
SDS-PAGE and transferred to polyvinylidenedifluoride (PVDEF)
membranes. Membranes were probed with primary antibody
overnight at 4°C and Horseradish peroxidase (HRP)-conjugated
secondary antibody for 1 h at room temperature, with the protein
band visualized by chemiluminescent detection kit with
ClarityTM Western ECL Substrate from Bio-Rad Laboratories
(Richmond, CA, USA). The images were captured using Bio-Rad
ChemiDoc Imaging System.

Quantitative Real-Time PCR

Ribonucleic acid (RNA) was isolated with TRIzol reagent
(Invitrogen, Paisley, United Kingdom), and complementary
DNA (cDNA) was generated using PrimeScript RT reagent Kit
(Takara Shuzo, Shiga, Japan) according to the manufacturer’s
recommendation. Quantitative real-time polymerase chain
reaction (PCR) was performed with SYBR Premix Ex Taq II
(Takara Shuzo, Shiga, Japan) according to the manufacturer’s
recommendation. The quantitative polymerase chain reaction
was carried out in triplicate on a CFX96 multicolor real-time
PCR system (Bio-Rad, Richmond, CA).B-actin was used as an
internal standard. The PCR primers are listed in Table 1.

Flow Cytometry

Apoptosis detection kit containing Annexin-V-FITC,
propidiumiodide (PI) and binding buffer were purchased from
Keygen Biotech (Nanjing, China). To detect apoptosis, cells were
seeded in a 6-well plate at the density of 3x10° cells/well and

TABLE 1 | Specific primer sequences used in this paper (5'-3").

incubated with designated drugs for 48h. The cells were collected
and washed with cold phosphate-buffered saline (PBS) three
times. Each sample was suspended in 500 pl binding buffer
containing 5 ul Annexin-V-FITC, 5 pl PI, and incubated for 15
min in the dark at room temperature. The cells were analyzed by
CytoFlex flow cytometry (Becton Dickinson, Heidelberg,
Germany) and CytExpert software. The results shown here
represent three independent experiments.

Glucose Uptake and Lactate Production

To determine the cellular glucose uptake and lactate production,
cells were collected and seeded in triplicate at the density of
1~2x10° cells/well and treated with certain drugs for indicated
times. Culture mediums were removed to analyze glucose and
lactate content with the fresh medium as control using a SBA-
40C biosensor (Biology institute of Shandong academy of
science, Jinan, Shandong province) according to the
manufacturer’s instruction.

Statistical Analysis

The statistical analyses were performed with SPSS version 18.0
software (SPSS Inc., Chicago, IL, USA). Comparisons between
groups were analyzed by the Student paired t test. Multiple
groups were compared using analysis of variance (ANOVA)
followed by post-hoc Fisher’s least significant difference (LSD)
testing when appropriate. Significance was judged when p<0.05.

RESULTS

Evaluation of the Drug-Resistant
Characteristics: Comparison of
Proliferation and Apoptosis in the
Presence of Sorafenib

Two sorafenib resistant cell lines, MV4-11-R and BaF3-ITD-R,
generated from the parental MV4-11 and BaF3-ITD cells should
be continuously maintained in the medium containing 0.5 uM
sorafenib. When deprived with sorafenib treatment they may lose
the drug resistance. After a long time to store in the liquid
nitrogen, it’s necessary to confirm the drug resistance prior to
use. Cell viability and cell apoptosis assays were utilized to evaluate
the drug resistance characteristics. Cell viability of MV4-11 and
MV4-11-R cells responding to increasing concentrations of
sorafenib for 72 h, and that of BaF3-ITD and BaF3-ITD-R were

Gene name Forward Reverse Accession number
Homo PKM2 CCACTTGCAATTATTTGAGGAA GTGAGCAGACCTGCCAGACT NM_002654

HK2 CAAAGTGACAGTGGGTGTGG GCCAGGTCCTTCACTGTCTC NM_000189

B-actin AACTCCATCATGAAGTGTGACG GATCCACATCTGCTGGAAGG NM_001101

LDHA ATCTTGACCTACGTGGCTTGGA CCATACAGGCACACTGGAATCTC NM_005566

GLUT1 CGGGCCAAGAGTGTGCTAAA TGACGATACCGGAGCCAATG NM_006516

FLT3 CTTCCCTTTCATCCAAGACAACATC ATCCACATTCTGATACATCGCTTCT NM_004119
musculus B-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC NM_007392

fit3 TTTCATCCAAGACAACATCTCCTTC CTAAAAATGAAGTCAGGTTGGGGAA NM_010229
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shown in Figure 1A. The IC50 values of the two pairs of cells were
evaluated. We estimated the IC50 for resistant cell line MV4-11-R
and BaF3-ITD-R is 2.43 uM and 1.52 uM, which is significantly
higher than 4.35 nM in MV4-11 and 4.85 nM in BaF3-ITD. By
analyzing the cell viability, we confirmed the resistant cell lines
were resistant to sorafenib treatment.

Furthermore, flow cytometry was used to evaluate apoptosis
when cells were treated with sorafenib. As shown in Figure 1B,
we didn’t observe any cell apoptosis after incubation MV4-11-R
and BaF3-ITD-R cells with 0.25 uM sorafenib for 48h. However,
after incubating the parental cells in 0.25 UM sorafenib for 48h,
significant cell apoptosis was observed in MV4-11 and BaF3-ITD
cells (31.2% and 40.4%, respectively). When the concentration
was increased to 0.5 UM, more apoptosis was detected in the
parental cells, and still no apoptosis was observed in the resistant
cells. From this figure, we further confirmed the resistant cells
kept their drug-resistance characteristics after long time of
storing in liquid nitrogen.

The Significant Restraining of FLT3 Is
Concurrent With Sustained Activation of
PI3K/Akt Signaling in the Resistant Cells
Sorafenib induced FLT3-ITD mutant AML cell death by
targeting FLT3 and downstream signaling, including PI3K/
AKT, MAPK/ERK, and STATS5. Firstly, the FLT3 gene
expression examined by PCR and then visualized by agarose

gel electrophoresis in Figure 2A indicated that FLT3 gene
expression was dramatically inhibited by sorafeinb in the
resistant cells. Corresponding to the gene expression, FLT3 and
phosphorylated FLT3 protein expression were not observed in
the sorafenib-resistant cells compared with the parental cells
(Figure 2B). However, the phosphorylated Akt was remarkablely
activated (Figure 2C), indicating the lost target protein may be
responsible for drug resistance to FLT3 inhibitors. However,
PI3K/AKkt signaling’s sustained activation may provide survival
advantages for the resistant cells.

The Resistant Cells Rely on Glucose

for Proliferation

The activation of the PI3K/Akt signaling pathway is known to
regulate cell death and survival, and enhance glycolytic activity and
metabolism (34). Plentiful work had shown that increased Akt
activation could directly phosphorylate a number of glycolytic
enzymes such as hexokinase 2 (HK2) (35). Based on the hyper-
activation of PI3K/Akt signaling, we firstly examined glycolytic
genes, including HK2, pyruvate kinase isozyme M2 (PKM2),
lactate dehydrogenase A (LDHA), and glucose transporter type 1
(GLUT1), found HK2, PKM2 and GLUT1 genes were over-
expressed in varying degrees in the resistant cells. Western
blotting further confirmed the up-regulation of HK2, PKM2 and
3-phosphoinositide dependent kinase-1 (PDK1) in protein level, as
shown in Figures 3A, B. When the glucose in the medium was
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FIGURE 1 | Comparison of the cell proliferation and apoptosis of the parental and sorafenib-resistant cell lines in the presence of sorafenib. (A) The sorafenib-resistant
cells, MV4-11-R and BaF3-ITD-R, and parental BaF3-ITD and MV4-11 cells were incubated with increasing concentrations of sorafenib for 72 hours. Cell viability (%) was
compared. Data represent three independent experiments. (B) Cells were exposed to sorafenib at the indicated concentrations for 48 hours. The apoptotic cells were
stained with Annexin-V and propidium iodide (P) for 15 mins and detected by flow cytometry in one hour. Data represent three independent experiments.
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Akt

p-Akt

B

B-actin

evaluated by immunoblotting, with B-actin used as aloading control.

deprived, the proliferation of resistant cells was inhibited more
significantly than that of the corresponding parental cells,
especially for MV4-11 cells, so deprivation of glucose indeed
inhibited cells growth from 24h to 72h. However, this inhibition
didn’t show any statistical significance (P>0.05). However, this
difference was more apparent for the MV4-11-R cells, with the cell
growth suppressed significantly from 48h, as shown in Figure 3C
(P<0.001). For BaF3-ITD and BaF3-ITD-R cell lines, same
phenomenon was observed, as shown in Figure 3D, the
inhibition effect was more apparent for the resistant cells at 48 h,
72 h, and 96h. That means the resistant cells are more dependent
on glucose for cell proliferation and energy supply. Glycolysis is
the major way of adenosine triphosphate (ATP) production for
the resistant cells since mitochondria dysfunction was reported in
my previous work (26). Intracellular ATP was measured when the
enzymes relevant to glucose metabolism were interfered. By
treating the resistant cells with 10 uM oxamate, a competitive
LDHA inhibitor, for 6 hrs, we observed the ATP production was
reduced to 62.8% and 60.7% for MV4-11-R and BaF3-ITD-R
respectively (P<0.001). 2-deoxy-d-glucose (2-DG), a derivative of
glucose, can be phosphorylated by hexokinase and interfere with
glucose uptake. Similar phenomenon was observed when cells
were treated with 10uM 2-DG for 6 hrs, with ATP production
significantly reduced to 83.7% and 74.7% for MV4-11-R and
BaF3-ITD-R, respectively (P<0.05) (Figure 3E). These results
mean the resistant cells depended on glycolysis for survival and
ATP production.

PI3K/Akt Signaling Was Responsible for
the Highly Activated Glycolytic Activity

To illustrate whether the highly expressed glycolytic enzymes
were associated with retained activation of PI3K signaling, a pan-
PI3K inhibitor, LY294002 was applied to treat the resistant cells.

FLTs (G |

p-FLT3

B-actin [ —— | [S——

FIGURE 2 | FLT3 and PI3K/Akt signaling were detected. (A) PCR product of FLT3 gene was applied to agarose gel electrophoresis. B-actin was used as an internal
control. (B, C) The protein level of total FLT3, phosphorylated-FLT3, total Akt, phosphorylated-Akt in BaF3-ITD, BaF3-ITD-R, MV4-11, MV4-11-R cells were

The real-time quantitative polymerase chain reaction (PCR)
revealed that when the cells were treated with 20 pM
LY294002 for 48 h, gene expression of HK2, PKM2 and Glutl
were obviously depleted (Figure 4A). Western Blot also verified
the protein expression inhibition of glycolytic enzymes induced
by LY294002 (Figure 4B). As the concentration of LY294002
increased, HK2 were significantly suppressed in both MV4-11-R
and BaF3-ITD-R cells, however PDK1 and PKM2 level were not
apparently influenced by LY294002 treatment. Moreover, co-
culturing cells with 20 uM LY294002 for only 6 hrs, glucose
uptake could be reduced to 72.8% and 73.5% for BaF3-ITD-R
and MV4-11-R, respectively (P<0.01), with their lactate
production inhibited to 89.2% and 85.3% (P<0.05)
(Figure 4C). Thus, we speculate activation of PI3K/Akt axis
maybe the incentive factor for the highly glycolysis of the drug-
resistant cells and the crucial pathway for cell survival and
proliferation. This leads us to investigate further whether
blocking this pathway could be the potential therapeutic
regimen to conquer drug-resistance.

The Resistant Cells Were More Sensitive
to PI3K Inhibitor LY294002

As a highly glycolytic activity of resistant cells is promoted by the
activation of PI3K/Akt signaling, interfering with this signaling
pathway can suppress glycolysis and cell growth. So, we
speculated PI3K inhibitor could selectively induce resistant cell
death and reverse drug resistance. To verify this hypothesis, the
pan PI3K inhibitor LY294002 was adopted to treat drug-resistant
cells. LY294002 could induce cell apoptosis for both the drug-
resistant and the parental cells in a dose-dependent manner, but
the apoptosis was more significant in the resistant cells. As
illustrated in Figure 5A, in the presence of 40 pM LY294002
for 24h, the apoptotic rate of BaF3-ITD-R cells was 26.5%, while

Frontiers in Oncology | www.frontiersin.org

November 2021 | Volume 11 | Article 782065


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

Huang et al.

LY294002 Overcomes Sorafenib Resistance

Cell Counts,1 0®

ATP,% of control

» @

»

*
*
*

Relative mRNA expression,
(normalized to control)

= Mv4-11
*FK = MV4-11-R

N
o

Cell Counts,10°®
3

1501

1004

1
I
1

‘o,% _:| .
=1k

ns

(1
&

&

4
%
%,

Mva-11

=3 Normal
B3 Glucose Free

& »® v o
Time/hours

BaF3-ITD

B3 Normal
B3 Glucose Free

Time/hours

3 MV4-11-R
[ MV4-11-R Oxamate 10uM 6h
= MV4-11-R 2-DG 10uM 6h

Cell Counts,10°
] 3

S
© O W
& o0 &
9 > S
MV4-11-R

3 Normal
B3 Glucose Free

30

Cell Counts,10°

150

100+

ATP,% of control

*k
2 s L Ul
LOm ﬂ.l :
w»

o Av ®
Time/hours
BaF3-ITD-R
B Normal

B2 Glucose Free

o w & o
Time/hours
[ BaF3-ITD-R

[ BaF3-ITD-R Oxamate 10uM 6h
[ BaF3-ITD-R 2-DG 10uM 6h
*k

* %k
==

il

o

FIGURE 3 | Sorafenib-resistant cells rely on glucose for proliferation and ATP generation. (A) Real-time quantitative PCR was used to compare the gene expression
of glycolytic enzymes. (B) Western blot analysis of glycolytic enzyme HK2, PKM2 and PDK1. B-actin was shown as a loading control. (C, D) Cell counts were
compared for the two pairs of cells after incubating with the normal and glucose-free medium for indicated times. (E) ATP production rate of the resistant cells was
detected when treated with 10 pM Oxamate and 10 uM 2-DG, respectively, for 6 hours. *p < 0.05, *p < 0.01, **p < 0.001, NS, No significance.

for the BaF3-ITD cells, the value was only 17.3%. When the
concentration reached to 80 puM, 57.6% of apoptosis was
observed in the resistant cell BaF3-ITD-R. However, the value
was only 31.6% for the BaF3-ITD cells. The same phenomenon
was observed in MV4-11 and MV4-11-R cells, with LY294002
inducing more apoptosis in the resistant cells than parental cells.
Poly-ADP-ribose polymerase (PARP) and cleaved PARP were
detected by western blotting to confirm the cell apoptosis
induced by LY294002. As shown in Figure 5B, inhibition of
PI3K by LY294002 induced the appearance of cleaved PARP in a
dose-dependent manner. Treatment of BaF3-ITD and BaF3-

ITD-R cells with 20 uM LY294002 for 24h witnessed
prominent up-regulation of cleaved PARP in the BaF3-ITD-R
cells, yet no obvious change was observed until the concentration
comes to 80 uM, only slight change was detected for the BaF3-
ITD cells. Similar results were observed in the MV4-11 and
MV4-11-R cells. When cells were treated with 80 uM LY294002
for 24h, more apparent cleaved PARP was detected in the MV4-
11-R cell line than that of MV4-11 cells. These results mean that
the drug-resistant cells were much more sensitive to PI3K inhibitor,
and LY294002 is promising in overcoming FLT3 inhibitor induced
drug-resistance. We also evaluated the drug sensitivity of the other
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PI3K and Akt inhibitor, as shown in Supplementary Figure 1, we
found the drug resistance cells showed resistant to all these
inhibitors in different degrees. This means that it’s not all the
PI3K/Akt pathway inhibitors could overcome the drug resistance.
As a PI3K inhibitor, LY294002 has its special function and
mechanism that deserve further investigation.

DISCUSSION

Internal tandem duplication of FLT3, the predictor of poor
prognosis, occurs in a subset of patients with AML. Although
various FLT3 inhibitors have been developed, with several applied
to clinical practices, the development of drug resistance remains a
major challenge. The mechanisms of drug resistance have been
extensively studied, and efforts are underway to develop new
strategies to overcome this resistance. However, no effective
treatment procedure is found and approved clinically.

In this paper, we established two sorafenib-resistant cells by
culturing BaF3-ITD and MV4-11 cells with increasing
concentrations of sorafenib for almost three months. By
comparing the resistant cells with their parental ones, we tried
to investigate mechanisms of sorafenib resistance in human
leukemic cell lines. The drug-resistance was firstly determined
by calculating the IC50 value and detecting the cell apoptosis in
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FIGURE 4 | Gene expression of glycolytic enzymes and ATP generation were diminished by LY294002 in the resistant cells. (A) Incubating the MV4-11-R cells with
10 uM LY294002 for 48 hours, and messenger ribonucleic acid (MRNA) level of HK2, PKM2, LDHA, GLUT1 were compared. (B) The sorafenib-resistant cells, MV4-
11-R and BaF3-ITD-R, were incubated with increasing concentrations of LY294002 for 24 hours, with the protein expression of HK2, PDK1 and PKM2 were
evaluated by western blotting. B-actin was used as a loading control. (C) Glucose uptake and lactate production were evaluated when resistant cells were treated

the presence of sorafenib, with the resistant cells confirmed,
highly resistant to sorafenib treatment. FLT3 is the target of
FLT3 inhibitors. Western blot analysis revealed that prolonged
sorafenib treatment resulted in significant down-regulation of
total and phosphorylated FLT3 with the retained downstream
signaling PI3K/Akt activated. My previous study also reported
the resistant cells were cross-resistant to FLT3 inhibitor, protein
kinase C 412 (PKC412) and tandutinib (MLN518) (30). That
means the lost target protein FLT3 leads to ineffective of FLT3
inhibitors. However, sustained activation of PI3K/Akt pathway
resulted in cell proliferation and survival. These together possibly
explain the underlying mechanism for drug resistance.

The PI3K/Akt signaling pathway plays a vital role in
regulating cell proliferation, survival, and apoptosis (36).
Moreover, it is closely relevant to aerobic glycolysis through
interacting with glycolytic enzymes. As the enzyme controlling
glucose uptake into cells, GLUT1, regulated by Akt, can enhance
glucose uptake. HK2, the rate-limiting enzyme in glycolysis,
sequesters glucose inside the cells by phosphorylating it to
glucose-6-phosphate, with Akt activation promoting HK2
localized to mitochondria. This process leads to rapid
mitochondria-derived ATP production and sustained HK2-
mediated glucose phosphorylation (35, 37). The downstream
effector of Akt, mammalian target of rapamycin (mTOR), was
reported to enhance PKM2 expression by simulating HIFlo
expression (38). Besides, PI3K/Akt could also stimulate the
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FIGURE 5 | Drug-resistant cells are more sensitive to LY294002. (A) Comparison of the apoptotic effect induced by LY294002 in two pairs of cell lines. Cells were
exposed to LY294002 at the indicated concentrations for 24 hours, and the apoptotic cells were stained with Annexin-V and Pl for 15 mins and detected by flow
cytometry in one hour. Data represent three independent experiments. (B) Cells were treated with LY294002 for increasing concentrations, with PARP and cleaved

PARP detected by western blotting. B-actin was used as a loading control.

activity of other enzymes such as phosphofructokinase 1 (PFK1)
and PDK1 (36, 39).

Based on this, we speculated the resistant cells with highly
activated PI3K/Akt signaling may have more active glycolytic
activity. By qRT-PCR and western blotting, we found the
resistant panels were over-expressed with PKM2 and HK2.
Furthermore, when culturing cells in the medium deprived of
glucose, more significant growth inhibition were observed in the
drug-resistant cells than the parental. That means the resistant
cells were more dependent on glucose for proliferation. Blocking
the glycolytic pathway, with 2-DG and oxamate could sharply
shrink ATP production and cell survival.

To further illustrate the relationship between PI3K/Akt
signaling and glycolysis, PI3K inhibitor, LY294002, was
adopted to treat cells. The discovered suppression of glycolytic
enzymes, glucose uptake and lactate production represent the
inhibition of the glycolytic pathway. Cell apoptosis assay and
PARP cleavage detected by western blotting further verified the
cytotoxicity of LY294002.

In summary, through prolonged exposure to sorafenib, we
established two pairs of drug-resistant cells. We demonstrated
that drug-resistant cells, losing the target protein FLT3, lead to
resistance to TKI inhibitors. The continuous activation of PI3K/
Akt signaling, the major downstream signaling of FLT3, led to

highly glycolytic activity that provides ATP production and cell
survival advantages. As PI3K/Akt signaling is the initiator for
metabolic changes and cell survival, we hypothesized that
blocking this pathway with PI3K inhibitors may selectively
induce cell death and conquer drug resistance. Further
experiments confirmed this speculation, and PI3K inhibitor
LY294002 may provide a new therapeutic regimen to combat
sorafenib-induced drug resistance. In the meanwhile, the other
PI3K and Akt inhibitors were tested for their drug sensitivities,
the result showed the BaF3-ITD-R cells were resistant to all these
inhibitors. This leads us to speculate that besides inhibiting PI3K,
LY294002 may have other mechanisms to interfere with the
survival of resistant cells. The underlying mechanisms need
further investigations. Moreover, the anti-tumor effect of
LY294002 should be investigated in animal experiments and
possibly in clinical trials in future.
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Glioblastoma multiforme (GBM) is the most common malignant tumor of the central
nervous system. Temozolomide (TMZ)-based adjuvant treatment has improved overall
survival, but clinical outcomes remain poor; TMZ resistance is one of the main reasons for
this. Here, we report a new phosphatidylinositide 3-kinase inhibitor, XH30; this study
aimed to assess the antitumor activity of this compound against TMZ-resistant GBM.
XH30 inhibited cell proliferation in TMZ-resistant GBM cells (U251/TMZ and T98G) and
induced cell cycle arrest in the G1 phase. In an orthotopic mouse model, XH30 suppressed
TMZ-resistant tumor growth. XH30 was also shown to enhance TMZ cytotoxicity both
in vitro and in vivo. Mechanistically, the synergistic effect of XH30 may be attributed to its
repression of the key transcription factor GLI1 via the noncanonical hedgehog signaling
pathway. XH30 reversed sonic hedgehog-triggered GLI1 activation and decreased GLI1
activation by insulin-like growth factor 1 via the noncanonical hedgehog signaling pathway.
These results indicate that XH30 may represent a novel therapeutic option for TMZ-
resistant GBM.

Keywords: glioblastoma, TMZ, PI3K, hedgehog, GLI1

INTRODUCTION

Glioblastoma multiforme (GBM) is the most aggressive tumor of the central nervous system in adults
(DeAngelis, 2001). Despite recent research focusing on various glioblastoma therapies, the clinical
benefit from treatment for people with GBM remains unsatisfactory (Touat et al., 2017; Castresana
and Melendez, 2021; Liau, 2021). Mean overall survival is currently estimated to be only 9.7 months
after primary treatment.

Temozolomide (TMZ) chemotherapy is still recommended as the standard care for GBM.
However, GBM recurs in most people with this tumor type after primary treatment. The
development of resistance to TMZ is often the primary limiting factor for treatment success
(Bocangel et al., 2002; Lee, 2016; Dymova et al., 2021). Many factors contribute to TMZ
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resistance, such as overexpression of O6-methylguanine
methyltransferase (MGMT), lack of a DNA repair pathway,
activation of the hedgehog signaling pathway, the presence of
glioma stem cells, and metabolic dysfunction (Happold and
Weller, 2015; Perazzoli et al., 2015; Yun et al., 2020; Chien
et al, 2021; Zheng et al, 2021). The hedgehog signaling
pathway has been a focus of research in this area recently
(Melamed et al, 2018; Avery et al, 2021). The glioma-
associated oncogene GLI, a zinc finger protein, is a key
component in this pathway. Pharmacological inhibition of
GLI-1 has been shown to enhance the cytotoxicity of TMZ in
GBM and overcome TMZ resistance (Li J. et al., 2016; Ji et al.,
2018).

The phosphatidylinositide 3-kinase (PI3K) pathway is
frequently overactivated in glioblastoma due to PIK3CA
mutations, loss of phosphotase and tensin homolog (PTEN)
gene function, and amplification of epidermal growth factor
receptor (EGFR) gene expression (Sami and Karsy, 2013;
Langhans et al, 2017; Colardo et al, 2021). PI3K is an
attractive therapeutic target for glioblastoma (Li X. et al., 2016;
Colardo et al., 2021). In animal models, PI3K inhibitors have been
shown to have substantial antitumor activity against GBM (Zhao
etal., 2017). The effects of PI3K inhibitors, such as paxalisib, have
been tested in patients with newly diagnosed GBM (Wen et al.,
2019). Preliminary data have shown encouraging survival
outcomes in these patients. In addition, PI3K inhibitors have
also been shown to enhance TMZ cytotoxicity in GBM via
distinct mechanisms, such as downregulation of ATP-binding
cassette subfamily E member 1, inhibition of autophagy,
promotion of apoptosis, and inhibition of DNA double-strand
break repair (Gil del Alcazar et al., 2014; Radoul et al., 2016;
Zhang et al., 2018; Zajac et al., 2021). However, the antitumor
activity of PI3K inhibitors in patients with TMZ-resistant GBM
currently remains unclear (Hainsworth et al., 2019).

Many studies have reported crosstalk between the PI3K and
hedgehog signaling pathways (Ranjan and Srivastava, 2017).
The PI3K signaling pathway is a crucial non-canonical
activator of GLI1 (Riobo et al., 2006; Zhou et al., 2016;
Liang et al., 2017; Ranjan and Srivastava, 2017). Activation
of this pathway has been found to enhance GLI1 protein
stability because the serine/threonine kinase in this
pathway, AKT, can extend the half-life of GLI proteins in
the cells by alleviating the inhibitory effect of protein kinase A,
thus facilitating nuclear translocation (Singh et al., 2017).
Meanwhile, PI3K signaling activates GLI1 via its
downstream effector, ribosomal S6 kinase (p70S6K) (Wang
et al., 2012). Activated p70S6K promotes GLI1 disassociation
from suppressor of fused homolog (SUFU) by phosphorylating
GLII at Ser84 and enhancing GLI1 transcriptional activity. In
addition, p70S6K2 has been shown to inhibit glycogen
synthase kinase (GSK3) by phosphorylating GLI1 at Ser9,
leading to a decrease in GSK3B-mediated GLI1 degradation
(Mizuarai et al., 2009).

XH30 is a PI3K inhibitor that can cross the blood-brain
barrier (Lin et al, 2018). XH30 has previously been
demonstrated to have robust antitumor activity in GBM and
brain metastases of lung cancer in vivo (Lin et al., 2018; Ji et al.,
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2021). In this study, we aimed to assess the capacity of XH30 to
inhibit the growth of GBM cells with natural or TMZ-induced
drug resistance both in vitro and in vivo, in an orthotopic mouse
model. We also explored the underlying mechanisms of the
antitumor effects of XH30.

MATERIALS AND METHODS

Cell Lines

Two cell lines were used in this study. The T98G human glioma
tumor cell line was purchased from ATCC (Manassas, VA,
United States); this is a naturally TMZ-resistant cell line with
elevated levels of MGMT. The U251/TMZ cell line was a gift from
Dr. Yuhui Zou of General Hospital of Guangzhou Military
Command of People’s Liberation Army, as previously reported
(Ji et al, 2018); this line has acquired TMZ resistance, with
overactivated hedgehog signaling. Both cell lines were cultured
in Dulbecco’s modified eagle medium (Gibco, TX, United States)
with 10% (v/v) fetal bovine serum (Gibco), penicillin (100 units/
ml), and streptomycin (100 units/ml) in a humidified atmosphere
of 5% CO, at 37°C.

Antibodies and Reagents

XH30 was synthesized in house as described previously (Lin et al.,
2018). PI3K inhibitor PF-04691502 was purchased from Selleck
Chemicals (Houston, TX, United States). TMZ was purchased
from J&K Scientific (Beijing, China). All antibodies [AKT,
phosphor-AKT (S473), phosphor-AKT (T308), mammalian
target of rapamycin (mTOR), phosphor-mTOR (S2448),
GSK3p, phosphor-GSK3p (S9), proline-rich AKT substrate of
40kDa (PRAS40), phosphor-PRAS40 (T246), p70S6K,
phosphor-p70S6K  (T389), S6 ribosomal protein (S6RP),
phosphor-S6RP (5240/244), smoothened (SMO), cyclin D1,
and anti-cyclin-dependent kinase (CDK2)] were purchased
from Cell Signaling Technology (Danvers, MA, United States).
Anti-GLI1 and anti-B-actin antibodies were purchased from
Abcam (Cambridge, United Kingdom) and Santa Cruz
Biotechnology (Dallas, TX, United States), respectively.

Cell Viability Assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8;
Solarbio, Beijing, China). Briefly, 2,000 cells per well were seeded
into a 96-well plate. After incubation overnight, the cells were
treated with different concentrations (0.0512, 0.256, 1.28, 6.4, 32,
160, 800, 4,000, and 20,000 nM) of XH30 or PF-04691502 with
three replicates for 72 h. Then, CCK-8 solution was added and
incubated for 3 h, after which, absorbance values were measured
at 450 nM using a microplate reader (BioTek Instruments, Inc.,
United States). The half-maximal inhibitory concentration (ICsg)
was calculated using GraphPad Prism v8.0.1 (La Jolla, CA,
United States).

Colony Formation Assay

U251/TMZ and T98G cells were seeded at a density of 200 cells
per well into six-well plates. After 24 h, the cells were treated with
indicated concentrations (4, 20, 100, and 500 nM) of XH30 with
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three replicates. The culture medium with test compound was
replaced every 3 days. After cell colonies formed, cells were
washed with phosphate-buffered saline (PBS) and fixed with
4% paraformaldehyde for 15min, then stained with crystal
violet for 30 min, and washed with PBS. Finally, colonies were
recorded with a photograph and measured by a microplate reader
(BioTek).

Cell Cycle Analysis

Flow cytometry assays were used to analyze the cell cycle
distribution as previously reported (Ji et al, 2018). In brief,
U251/TMZ and T98G cells were dispensed into six-well
plates at a density of 50,000 cells per well. After growing
overnight in a humidified atmosphere of 5% CO, at 37°C,
cells were treated with indicated concentrations (4, 20, 100,
and 500 nM) of XH30 for 24 h. Then, cells were harvested and
fixed ice cold 70% ethanol overnight at -20°C, washed with
PBS, and stained with propidium iodide (PI) solution
containing PI (20 mg/ml) and RNase A (20 mg/ml) in PBS
for 30 min. DNA contents were measured using the BD
fluorescence-activated cell sorting verse flow cytometer (BD
Biosciences, NJ, United States), and the cell cycle distribution
was analyzed.

Immunoblotting Analysis

Cells or mice tumor tissues were collected and lysed in RIPA
lysate buffer supplemented with 1% protease inhibitor cocktail
and 1% phosphatase inhibitor cocktail (Solarbio, Beijing,
China). Lysates were then centrifuged at 12,000g for
30 min. Proteins were quantified using a bicinchoninic acid
assay kit (Solarbio, Beijing, China). Resultant samples
containing equal amounts of proteins were subjected to
sodium dodecylsulfate-polyacrylamide gel electrophoresis
and transferred to a polyvinylidene fluoride membrane
(Millipore, Darmstadt, Germany). The membrane was
blocked with TBST buffer containing 5% non-fat milk for
30 min and incubated with appropriate primary antibodies (1:
1,000 dilution) in TBST at 4°C overnight. After washing with
TBST, the membrane was incubated with horseradish
peroxidase-conjugated  secondary antibodies  (1:2,000
dilution; Cell Signaling Technologies, Boston, MA) for 1h
at room temperature. Bound proteins were visualized using
enhanced chemiluminescence and detected using ImageQuant
LAS 4000 software.

Quantitative Real-Time Polymerase Chain

Reaction Analysis

Total RNA from XH30-treated U251/TMZ or T98G cells was
isolated using TRIzol reagent (Bioteke Corporation, China)
according to the recommended procedures of the
manufacturer. First-strand cDNA was synthesized from 1 pg of
total RNA using the ReverTra Ace” gqPCR RT Master Mix with
gDNA Remover (Toyobo, Japan). Real-time polymerase chain
reaction (PCR) was performed using the Analytikjena gTOWER
detection system and the SYBR® Green RT-PCR master mix
(Toyobo). Target sequences were amplified at 95°C for 1 min,

PISK Inhibitor Enhances Temozolomide Response

followed by 40 cycles at 95°C for 15 s, 60°C for 15s, and 72°C for
45 s. Fold changes in GLI1, paired box protein 6 (PAX6), and O6-
methylguanine-DNA-MGMT (MGMT) gene expression were
calculated according to the 2-AACt method. The primers
sequences used to amplify specific regions of the indicated
genes were as follows: GLI1 forward, ATGTTCAACTCGATG
ACCCCAG; GLII reverse, CAACTTGACTTCTGTCCCCACA;
MGMT forward, ATGGAT GTTTGAGCGACACA; MGMT
reverse, ATAGAGCAAGGGCAGCGTTA; PAX6 forward,
AACGATAACATACCAAGCGTGT; PAX6 reverse, GGTCTG
CCCGTTCAACATC.

Orthotopic Mouse Tumor Model and

Subcutaneous Mouse Tumor Model

Eight- to 10-week-old female Balb/c athymic nude mice (SPF
Biotechnology, Beijing, China) were housed in standard
facilities. Human U251/TMZ cells in PBS were injected
intracranially, 2.0 mm below the skull surface, according to
a previously published protocol (Ji et al., 2018). Three days
after surgery, mice were randomized to receive one of the four
following treatments: a drug vehicle (delivered orally once per
day for 9 days). TMZ (50 mg/kg, delivered orally once per day
for 5 days), or XH30 (5 mg/kg, delivered orally once per day for
9days). TMZ and XH30 were dissolved in 0.5%
carboxymethylcellulose solution. Tumor volumes
monitored using an animal magnetic resonance imaging
(MRI) scanner (PharmaScan 70/16 US, Bruker, Germany).
The parameters for the MRI scans were as follows: a
T2_TurboRARE, with TR/TE = 5,000/40, 6 averages, 20 x
20 field of view, and 0.5-mm slice thickness. The tumor volume
on the basis of MRI was calculated as V. =L x W x T, where L is
the maximum length of tumor, W is the maximum width
perpendicular to L, and T is the thickness of the tumor slice
(set at 0.5 mm).

For the subcutaneous mice tumor model, female Balb/c
athymic nude mice (eight to 10weeks of age) were
subcutaneously implanted with 1 x 107 U251/TMZ cells in
0.2 ml matrigel solution in the right flank. After 2 weeks,
tumor issue was harvested sterilely, and tumor cells were
extracted from the tissue homogenate. Then, the mice were
implanted with 2 x 10° tumor cells each in the right flank.
Seven days later, when the average tumor volumes reached
to 100-300 mm?, the mice were randomized into four groups,
in which either alone treatment or combination was
administered, respectively, using the same dose regime as
in the orthotopic model. Tumor volume and body weight
were monitored twice a week. Tumor volume was calculated
as V = 1/2 x L x W?, where L is the maximum length of tumor
and W is the maximum width of tumor. The mice were
euthanized at day 14, and tumor tissues were collected for
immunoblotting.

All procedures were approved by the Ethics Committee for
Animal Experiments of the Institute of Materia Medica, Chinese
Academy of Medical Sciences and Peking Union Medical College
and conducted under the Guidelines for Animal Experiments of
Peking Union Medical College.
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FIGURE 1 | The PI3K inhibitor XH30 inhibited cell proliferation in temozolomide (TMZ)-resistant glioblastoma multiforme (GBM) cells. (A) The ICsq values of XH30,
PF-04691502 (control), and TMZ in TMZ-resistant GBM cells over 72 h. Data are presented as means + SD, n = 3. (B,D) Colony formation assay of XH30 in TMZ-
resistant U251/TMZ and T98G cells, respectively. Representative images are shown for each group. (C,E) The inhibition ratio of colony formation assay of XH30 in U251/
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Statistical Analysis
Most statistical analyses were performed utilizing GraphPad

Prism v8.0.1 (La Jolla, CA, United States), and significance
levels were evaluated using analysis of variance (ANOVA) or
T-tests, as appropriate. In our experiments, we distinguish
between three of significance (***p < 0.001, **p < 0.01, and
*p < 0.05, respectively).

On the basis of the cell viability assay, the combination index
(CI) was calculated using the Chou-Talalay method, with CI = 1,
CI < 1 and CI > 1 denoting an additive effect, synergism, and
antagonism, respectively. CI = (D)1/(Dx)1 + (D)2/(Dx)2, where
(Dx)1 and (Dx)2 represented concentrations of each drug alone
to exert x% effect, while (D)1 and (D)2 were concentrations of
drugs in combination to elicit the same effect.
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FIGURE 2 | The PI3K inhibitor XH30 suppressed the PI3K signaling pathway in TMZ-resistant GBM cells. (A) XH30 dose-dependently inhibited PISK pathway
signaling in TMZ-resistant U251/TMZ cells. The cells were incubated with XH30 at indicated concentrations (0.8, 4, 20, and 100 nmol/L) or PF-04691502 (100 nmol/L)
as a control for 3 h. The experiment was repeated three times. (B) Relative expression levels of the major proteins in (A). Data are presented as means + SD, n = 3. t-test,
*p < 0.05, *p < 0.01, and ***p < 0.001 compared with control. (C) XH30 dose-dependently inhibited PISK pathway signaling in TMZ-resistant T98G cells. The cells
were incubated with XH30 at indicated concentrations (0.8, 4, 20, and 100 nmol/L) or PF-04691502 (100 nmol/L) as a control for 3 h. The experiment was repeated
three times. (D) Relative expression levels of major proteins in (C). Data are presented as means + SD, n = 3. t-test, *p < 0.05, *p < 0.01, and ***p < 0.001, compared with
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RESULTS

The PI3K Inhibitor XH30 Inhibited
TMZ-Resistant GBM Cell Growth in vitro

Here, we assessed the anti-tumor activity of XH30 in two TMZ-
resistant GBM cell lines: one with acquired TMZ resistance and
overactivated hedgehog signaling (U251/TMZ) and one with
natural TMZ resistance and elevated MGMT levels (T98G). As
shown in Figure 1A, TMZ did not exhibit cytotoxicity at the
highest concentration of 1,000 uM. XH30 suppressed cell

proliferation of both U251/TMZ and T98G cells, with 72h
ICso values of 191 and 183 nM, respectively. The cytotoxic
effect was stronger at 72 h than at 24 or 48 h (Supplementary
Figure S1). The positive control, PF-04691502, also inhibited the
proliferation of both cell types. In a colony formation assay, the
formation of cell colonies dose-dependently decreased after
exposure to XH30 in both U251/TMZ and T98G cells
(Figures 1B-E). These results indicated that XH30 exhibited
strong inhibitory effects on the proliferation of TMZ-resistant
GBM cells.
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FIGURE 3| XH30 induced G1 cell-cycle arrest in TMZ-resistant GBM cells. (A, B) XH30 induced cell cycle arrest in TMZ-resistant U251/TMZ and T98G cells in the
G1 phase. Exposure to various concentrations of XH30 at indicated concentrations (4, 20, 100, and 500 nM) or the control, PF-04691502 (500 nM), for 24 h. The cells
were stained with propidium iodide (Pl) for flow cytometry analysis, n = 3. (C, D) XH30 downregulated markers of the G1 phase of the cell cycle. The protein levels of cyclin
D1 and CDK2 were detected viaimmunoblotting in both U251/TMZ and T98G cells exposed to XH30 for 24 h. (E, F) The effect of XH30 on apoptosis in both U251/
TMZ and T98G cells exposed to XH30 for 48 h.

XH30 Reduced Downstream Molecules in
the PI3K Signaling Pathway in

TMZ-Resistant GBM Cells

We assessed the inhibitory activity of XH30 on the PI3K signaling
pathway in both U251/TMZ and T98G cells. XH30 dose-
dependently blocked downstream molecules in the PI3K pathway
including p-AKT, p-GSK3pB, p-PRAS40, p-p70S6K, and p-S6RP
(Figures 2A-D). At a concentration of 100 nM, XH30 strongly
suppressed the phosphorylation of these signaling molecules. This
inhibitory activity was more potent than the inhibitory effect of the
positive control, PF-04691502, at the same concentrations.

XH30 Induced Cell Cycle Arrest in
TMZ-Resistant GBM Cells

Next, we investigated whether XH30 could induce cell cycle arrest
or apoptosis in both TMZ-resistant GBM cell lines. In U251/TMZ

cells, both PF-04691502 and XH30 induced cell cycle arrest in the
GO0/G1 phases. The percentage of G1 phase increased from 48.62% to
76.30% after a concentration titration of XH30 (Figure 3A). In
TI8MG cells, cell cycle arrest was observed during the G1 phase after
exposure to XH30. The percentage of Gl phase at a XH30
concentration of 500 nM was increased compared to the control
group (77.78% vs. 50.07%) (Figure 3B). Moreover, XH30
downregulated the expression of cyclin D1 and CDK2, which are
markers of the G1 phase (Figures 3C,D). However, apoptosis was
not observed in either U251/TMZ or T98G cells after exposure to
XH30 for 48 h. These data demonstrated that XH30 induces cell
cycle arrest in TMZ-resistant GBM cells (Figures 3E,F).

XH30 Exhibited Antitumor Activity in

TMZ-Resistant GBM in vivo
To further explore the antitumor activity of XH30 in TMZ-
resistant GBM, we used a U251/TMZ orthotopic mouse model.
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FIGURE 4 | XH30 repressed TMZ-resistant GBM growth in a mouse orthotopic xenograft model. (A) magnetic resonance imaging (MRI) T2-weighted image of
intracranial tumors from the various groups from the U251/TMZ orthotopic model at day 9. Images in each lane show all tumor slices from one representative mouse in
each group. The red curves indicate the tumors. (B) Representative MRI images from the U251/TMZ orthotopic model at day 9. The red arrows indicate the tumor. (C)
Tumor volumes in the U251/TMZ orthotopic model at day 9. Data are presented as means + SD, n = 5. ANOVA, **p < 0.01 compared with the vehicle

control group.

A T
Vehicle ," \ ( y 9% ; ’g} @ N %\

Tumor Volume (mm?)

i
o L]

c "y

Vehicle  TMZ XH30 XH30
50mg/kg 5mgl/kg 10 mg/kg

Mice were given TMZ orally at doses of 50 mg/kg/day for 5 days
or XH30 at either 5 mg/kg or 10 mg/kg daily for 9 days. In our
MRI analysis, the images showed that XH30 suppressed tumor
growth in brain (Figures 4A,B). At a dose of 10 mg/kg/day,
tumor volume was significantly lower compared to the control
group that received the drug vehicle (p < 0.01; Figure 4C;
Supplementary Table S1). In this model, TMZ did not reduce
tumor volume at a dose of 50 mg/kg/day with 6.2% tumor
growth inhibition (TGI), whereas the TGI of TMZ at the same
dose was 98.4% in a U251 (TMZ sensitive) orthotopic mice
model (Supplementary Figures S3A, B). During the
experiments, the body weight of mice in the XH30 group
did not significantly decrease compared to that of the
control group (Supplementary Figure S2A). Together, these
data indicate that XH30 suppressed TMZ-resistant GBM
growth in vivo.

XH30 Enhanced TMZ Cytotoxicity in
TMZ-Resistant GBM

Because XH30 showed excellent antitumor activity
against TMZ-resistant GBM and TMZ resistance is a
current barrier to effective treatment in GBM, we
investigated whether XH30 could sensitize GBM to TMZ.
To do this, XH30 and TMZ were administered together in
GBM cells. XH30 at concentrations of 20 and 100nM
enhanced TMZ cytotoxicity in both U251/TMZ and
T98G cells (Figure 5A). Calculation of the CI gave values of

<1 for combined XH30 and TMZ in both cell types, indicating
a synergic effect of these drugs (Supplementary Table S2).
Immunoblotting results showed that the combination of
XH30 and TMZ increased the level of the DNA damage
marker AH2AX to a greater extent compared with TMZ or
XH30 alone, indicating that XH30 increases TMZ cytotoxicity
(Figure 5B).

We then evaluated whether combining XH30 and TMZ had
synergistic antitumor effects in vivo. We employed a
subcutaneous mouse model implanted with U251/TMZ
cells. The groups that received XH30 or a combination of
XH30 and TMZ both had significantly delayed tumor growth
(Figure 5C). Treatment with either TMZ at 50 mg/kg/day or
XH30 at 5 mg/kg/day suppressed tumor growth, with TGI
values of 58.9% and 69.9%, respectively (Figures 5D,E).
Combined TMZ and XH30 significantly suppressed tumor
growth compared with the groups that received either TMZ
or XH30 alone, with a TGI of 90.1%. Although TMZ
exhibited antitumor activity, the effect was weaker than in
the parent cell line U251 (TMZ sensitive) in the
subcutaneous mouse model (58.9% vs. 94.9% TGI, Figure
S3C and D). The body weight change with combined TMZ
and XH30 treatment was within acceptable limits
(Supplementary Figure S4). The immunoblotting data
also showed that the phosphorylation proteins
downstream to PI3K including mTOR, AKT, and S6RP
decreased in tumor tissues with XH30 alone and in
combination with TMZ (Figure 5F).
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FIGURE 5 | XH30 enhanced TMZ response in TMZ-resistant GBM. (A) The curve for combined XH30 and TMZ treatment in GBM cells for 72 h. Data are presented
as means + SD, n = 3. (B) Combination of XH30 with TMZ increased the level of AH2AX. Cells were incubated with XH30 (100 nM) or TMZ (250 uM) for 12 h. (C)
Antitumor activity of XH30 in an U251/TMZ subcutaneous xenograft model. t-test, *p < 0.05 and **p < 0.001, compared with the TMZ or XH30 group. Data are
presented as means + SD, n = 6. (D) Tumor weight in an U251/TMZ xenograft model. t-test, *p < 0.05 and **p < 0.001. (E) Tumor issues in a U251/TMZ xenograft

model. (F) Levels of proteins in the PI3K signaling pathway in tumor tissue from the U251/TMZ xenograft mice model.

XH30 Repressed GLI1 via the Noncanonical in Figure 6A, the protein levels of GLI1, a key factor in the
Hedgehog Signaling Pathway to Increase hedgehog signaling pathway, was dose-dependently decreased in
TMZ Cytotoxicity U251/TMZ cells exposed to XH30 in various concentrations,

along with decreased levels of phosphorylated AKT. SMO protein
levels did not decrease after treatment with XH30. Similar results
were also observed in T98G cells. GLI1 target genes, such as PAX6
and GLI1 itself, were downregulated in the presence of XH30 at
100nM (Figure 6B), likely because XH30 suppresses
noncanonical hedgehog signaling pathway via the blockade of
PI3K. In T98G cells, another GLI1 target gene, MGMT, was also
downregulated by XH30. Next, we investigated whether XH30

The hedgehog signaling pathway has been demonstrated to have
a role in TMZ resistance (Li J. et al., 2016; Lee, 2016), and
crosstalk between noncanonical hedgehog and PI3K signaling
pathways has been documented (Riobo et al., 2006). Previously,
we showed that the hedgehog pathway is overactive in both U251/
TMZ and T98G cells (Ji et al., 2018). Therefore, we hypothesized
that inhibition of PI3K may also inhibit the noncanonical
hedgehog pathway to increase the response to TMZ. As shown
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target gene expression, as indicated by mRNA levels, in both U251/TMZ and T98G cells. Data are presented as means + SD, n = 3. t-test, *p < 0.05, *p < 0.01, and
***p < 0.001, compared with control. (C) XH30 attenuated SHH-triggered GLI1 activation in U251/TMZ and T98G cells. The cells were incubated with XH30 at a
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was able to block the hedgehog pathway in the presence of the
hedgehog ligand SHH (sonic hedgehog). As shown in Figure 6C,
SHH activated the hedgehog pathway in U251/TMZ and T98G,
reflecting upregulated GLI1 expression, whereas XH30 reduced
GLI1 expression. In the presence of SHH, XH30 partially reversed
SHH-mediated GLI1 activation. The phosphorylation of
downstream proteins in the PI3K pathway, including AKT
and S6RP, was consistently decreased in cells exposed to
XH30. Moreover, insulin-like growth factor 1 (IGF-1), which
activates PI3K, also upregulated GLI1 expression, which can be
attributed to the crosstalk between the PI3K signaling pathway
and GLI1 (Figure 6D). In the presence of XH30, IGF-mediated
elevation of GLI1 was partially attenuated. There was no obvious
change in SMO protein levels. We also observed that XH30 and
TMZ in combination maintained lower level of GLI1 expression
in both mRNA and protein level in TMZ-resistant GBM cells

(Figures 6E,F). Immunoblotting results of tumor tissues also
showed that the protein levels of GLI1 decreased in XH30 and
TMZ combination group compared to vehicle group (Figure 6G).
Together, our results demonstrate that XH30 suppressed GLI1 via
blockade of the noncanonical hedgehog signaling pathway.

DISCUSSION

Glioblastoma is the most aggressive cancer of the brain in adults,
and its prevalence is increasing, especially in China (Yang et al,,
2013). Standard treatment includes surgery combined with
radiotherapy and chemotherapy (Weller et al, 2014). So far,
TMZ is the only chemotherapeutic option with confirmed
efficacy and an acceptable safety profile in this cancer type
(Rajaratnam et al, 2020). In addition, vascular endothelial
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growth factor inhibitors and tumor-treating fields have also been
approved for the treatment of glioblastoma (Lassman et al., 2020;
Seystahl et al, 2020; Zhang et al., 2020). However, patient
outcomes from these treatments remain contentious. Clinical
trials of immunotherapy with anti-programmed cell death 1
antibodies also did not meet clinical survival endpoints in
patients with GBM (Khasraw et al., 2020; Maghrouni et al,
2021). Overactivation of the PI3K pathway occurs frequently in
GBM, including in those with TMZ resistance (Sami and Karsy,
2013). In our previous study, XH30 exerted robust antitumor
activity against TMZ-sensitive glioblastoma (Lin et al, 2018).
Therefore, in this study, we tested this compound in GBM with
either natural or acquired TMZ resistance. As expected, XH30 was
shown to have acceptable antitumor activity against TMZ-resistant
GBM both in vitro and in vivo, via inhibition of PI3K and
downstream proteins and induction of cell cycle arrest. Similarly
to other pan-PI3K inhibitors, we observed reductions in total white
blood cells, neutrophils, and lymphocytes after XH30 treatment in
our in vivo mouse model (Supplementary Figure S2B).

After standard treatment, GMB recurs in most people with this
tumor type; TMZ resistance is a primary factor contributing to this
process (Bocangel et al., 2002). For recurring tumors, repeated
treatment with low doses of TMZ or treatment with lomustine
(CCNU) has been recommended (Birzu et al., 2020; Di Nunno
et al,, 2020; Weller and Le Rhun, 2020). However, the clinical
benefits of this approach are limited. The mechanism of TMZ
resistance is extremely complex and includes overexpression of
MGMT, aberrant activation of the hedgehog signaling pathway,
overexpression of P-glycoprotein, and even metabolic
reprogramming (Lee, 2016). Many approaches for overcoming
TMZ resistance have been assessed (Happold and Weller, 2015),
but none have been particularly successful. The hedgehog signal
pathway represents an attractive target for glioblastoma treatment;
inhibition of this pathway could overcome TMZ resistance (Shahi
et al,, 2008; Braun et al,, 2012). In this context, a particularly
interesting finding in our study is that XH30 dose-dependently
decreased GLI-1 protein levels and downregulated its target genes
including PAX6 and GLI1 itself in both U251/TMZ and T98G. In
T98G cells, the mRNA level of MGMT, which may be regulated by
GLII, was reduced after XH30 treatment as well. This observation
triggered us to explore the possible mechanism of XH30 as part of
the hedgehog signaling pathway. There have been reports that
PI3K signaling pathway is an important non-canonical activator of
GLII and that targeting the PI3K/AKT pathway via GLI inhibition
enhances drug sensitivity (Liang et al,, 2017). Conversely, GLI1
reduces drug sensitivity via direct activation of the PI3K pathway in
acute myeloid leukemia (Zhou et al., 2021). In our study, in the
presence of SHH, XH30 suppressed the hedgehog pathway and
partially reversed GLI1 activation. In addition, when we added
IGF-1 to activate the PI3K signaling pathway, we found that GLI1
protein levels increased after IGF-1 stimulation. In the presence of
XH30, this GLI1 level increase was partially attenuated. These
results provided us with an additional clue that XH30 may play
other roles in GBM treatment, which warrants further research.

Previous research has reported that inhibition of hedgehog signal
pathway can enhance TMZ cytotoxicity and overcome TMZ
resistance (Li J. et al, 2016; Ji et al, 2018). Therefore, we

PISK Inhibitor Enhances Temozolomide Response

predicted that XH30 may also increase the response to TMZ via
blockade of the non-canonical hedgehog pathway, allowing direct
antitumor activity against TMZ-resistant GBM. In our experiments,
XH30 enhanced the cytotoxicity of TMZ in both TMZ-resistant cell
types in vitro. Treatment with combined XH30 and TMZ increased
the level of \H2AX, a marker of DNA damage. Our in vivo studies in
orthotopic mice also confirmed this synergistic effect. The
combination of XH30 with TMZ yielded an improved antitumor
activity compared with XH30 or TMZ treatment alone. This suggests
that PI3K inhibitors could be tested as adjuvant treatment along with
TMZ in patients with recurrent GMB.

In conclusion, the PI3K inhibitor XH30 exhibited robust antitumor
activity in TMZ-resistant GBM; this compound is therefore a novel
potential therapeutic option for TMZ-resistant GBM.
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Clinically, the prognosis of tumor therapy is fundamentally affected by multidrug resistance
(MDR), which is primarily a result of enhanced drug efflux mediated by channels in the
membrane that reduce drug accumulation in tumor cells. How to restore the sensitivity of
tumor cells to chemotherapy is an ongoing and pressing clinical issue. There is a prevailing
view that tumor cells turn to glycolysis for energy supply due to hypoxia. However, studies
have shown that mitochondria also play crucial roles, such as providing intermediates for
biosynthesis through the tricarboxylic acid (TCA) cycle and a plenty of ATP to fuel cells
through the complete breakdown of organic matter by oxidative phosphorylation
(OXPHOS). High OXPHOS have been found in some tumors, particularly in cancer
stem cells (CSCs), which possess increased mitochondria mass and may be depends
on OXPHQOS for energy supply. Therefore, they are sensitive to inhibitors of mitochondrial
metabolism. In view of this, we should consider mitochondrial metabolism when
developing drugs to overcome MDR, where mitochondrial RNA polymerase (POLRMT)
would be the focus, as it is responsible for mitochondrial gene expression. Inhibition of
POLRMT could disrupt mitochondrial metabolism at its source, causing an energy crisis
and ultimately eradicating tumor cells. In addition, it may restore the energy supply of MDR
cells to glycolysis and re-sensitize them to conventional chemotherapy. Furthermore, we
discuss the rationale and strategies for designing new therapeutic molecules for MDR
cancers by targeting POLRMT.

Keywords: cancer stem cell, multidrug resisitance, OxPhos, POLRMT, RNA polymerase

INTRODUCTION

Cancer multidrug resistance (MDR) is the development of resistance of tumor cells to drugs with
different structures and mechanisms of action after exposure to a particular anticancer drug. This
resistance is a unique broad-spectrum phenomenon, acquired by tumor cells, either innately or later
in life. The presence of MDR leads to increasingly poor prognosis and failure of chemotherapy in
clinical trials (Szakacs et al., 2006). There are three main reasons for the formation of MDR: first,
reduced uptake of the drug, which may be due to a reduction or closure of transmembrane channels
that transport the drug into the cells. Second, alteration or modification of the drug, which reduces
the potency of the drug. Third, efflux of the drug. According to many years of research, members of
the ATP-binding cassette (ABC) transporter family, such as the ATP-dependent translocase ABCB1
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