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Editorial on the Research Topic
New insights into the mechanisms of resistance to anti-cancer drugs
The development of resistance after an initial response by tumor cells to anti-cancer

therapies is perhaps one of the main causes that lead cancer patients to succumb to their

disease. Resistance can develop against any type of therapies, including chemotherapy,

targeted agents (small molecules or antibody-based) and cellular therapies. Several

biological mechanisms are involved in drug resistance and include increased drug

efflux, changes in drug metabolism, alterations in drug target interaction, evasion of

apoptosis, and activation of alternative signaling pathways. Unfortunately, this high

heterogeneity in response to treatments and the complexity of drug resistance, including

the fact that multiple resistance mechanisms might be active at the same time in an

individual patient, make it difficult to achieve complete responses and avoid tumor

progressions and relapses. This Research Topic collects the latest data on mechanisms

responsible for the onset of chemoresistance and presents new combination therapies to

overcome the mechanisms of resistance in different types of cancer.

Two contributions are focused on triple-negative breast cancer, one of the tumors still

much in need of effective therapies. Wu et al. explore modalities directly targeting the

tumor cells, combining the mTOR inhibitor rapamycin with itraconazole, a broad-

spectrum antifungal agent with also anti-tumor activity, achieving synergism although

only in terms of increased cell cycle arrest but not in increased induction of cell death.

Ghallab et al. instead explore a therapeutic modality targeting the interaction between the

tumor cell and the tumor microenvironment. After studying CXCR2 and TFGbeta

expression pattern and potential role in sustaining resistance to the chemotherapy agent

doxorubicin, Ghallab et al. use AZD5069, a CXCR2 antagonist small molecule, to

counteract this feedback and also to improve, at least in an in vitro system, the

response to the anti-PDL-1 immune checkpoint modulator atezolizumab.
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Three contributions are devoted to lung cancer. Zeng et al.

describe two cases treated with the EGFR inhibitor osimertinib

focusing on the genetic events preceding, and, especially,

following the treatment with the tyrosine kinase inhibitor that

might be involved in resistance to this targeted agent. The paper

by Zeng et al. is on the role of glycosylation, and in particular of

the resistance to cisplatin, and how, in cellular models of non-

small cell lung cancer, the glycosylation inhibitor tunicamycin

can reduce the chemoresistance. Xiang Li et al. look at the copper

chelator ammonium tetrathiomolybdate (ATTM), used for the

treatment of hereditary copper metabolism conditions and with

possible anti-cancer properties.

In lung adenocarcinoma cells, the Authors observed that

hydrogen sulfide, induced by the exposure to ATTM, might

impede the anti-tumor activity of ATTM itself. Interestingly,

hydrogen sulfide is also the topic of another work of this

Research Topic. Indeed, Mao et al. provide evidence on the

negative impact of hydrogen sulfide on the anti-tumor activity of

the thioredoxin inhibitor PX-12.

Hu et al. have contributed to this issue with a comprehensive

overview on the role of non-coding RNAs in sustaining the

resistance to the multi-kinase inhibitor sorafenib in

hepatocellular carcinoma, showing how non-genetic also

contribute to the reduced activity of anti-cancer agents.

Finally, two contributions are on hematological cancers.

Goel et al. use an in vivo model of T-cell lymphoma, namely

the murine thymus-derived Dalton’s Lymphoma to characterize

the anti-tumor activity of the natural oxylipin methyl jasmonate,

which appears to modulate the expression of various genes

involved in drug resistance. Finally, Zhang et al. applied
Frontiers in Oncology 02
65
computer modeling to tackle the changes induced by the

asciminib (ABL001), an allosteric BCR-ABL1 inhibitor, on

BCR-ABL1 itself in its mutant and wild-type forms, to

optimize co-administration of orthosteric tyrosine kinase

inhibitors and allosteric drugs for chronic myeloid

leukemia patients.
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Xiang Li 1,2, Na Li 1,2, Li Huang 3, Shi Xu 4, Xue Zheng 1,2, Akil Hamsath 4, Mei Zhang 1,2,

Lijun Dai 1,2, Hui Zhang 1,2, Justin Jong-Leong Wong 5, Ming Xian 4, Chun-tao Yang 1,2*† and

Jinbao Liu 1,2*

1 Affiliated Cancer Hospital & Institute of Guangzhou Medical University, Guangzhou, China, 2Guangzhou Municipal and
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Ammonium tetrathiomolybdate (ATTM) has been used in breast cancer therapy for

copper chelation, as elevated copper promotes tumor growth. ATTM is also an identified

H2S donor and endogenous H2S facilitates VitB12-induced S-adenosylmethionine

(SAM) generation, which have been confirmed in m6A methylation and lung cancer

development. The m6A modification was recently shown to participate in lung

adenocarcinoma (LUAD) progression. These conflicting analyses of ATTM’s anticancer

vs. H2S’s carcinogenesis suggest that H2S should not be ignored during LUAD’s

treatment with ATTM. This study was aimed to explore ATTM’s effects on LUAD

cells and mechanisms associated with H2S and m6A. It was found that treatment

with ATTM inhibited cell growth at high concentrations, while enhanced cell growth

at low concentrations in three LUAD cell lines (A549, HCC827, and PC9). However,

another copper chelator triethylenetetramine, without H2S releasing activity, was not

found to induce cell growth. Low ATTM concentrations also elevated m6A content in

A549 cells. Analysis of differentially expressed genes in TCGA cohort indicated that

m6A writer METTL3 and reader YTHDF1 were upregulated while eraser FTO was

downregulated in LUAD tissues, consistent with the findings of protein expression

in patient tissues. ATTM treatment of A549 cells significantly increased METTL3/14

and YTHDF1 while decreased FTO expression. Furthermore, inhibition of m6A with

shMETTL3 RNA significantly attenuated eukaryotic translation initiation factor (eIF)

expressions in A549 cells. Correlation analysis indicated that small nuclear ribonucleic

protein PRPF6 was positively expressed with YTHDF1 in LUAD tissues. Knockdown

of YTHDF1 partially blocked both basal and ATTM-induced PRPF6 expression, as well

as A549 cell growth. Lastly, ATTM treatment not only raised intracellular H2S content

76
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but also upregulated H2S-producing enzymes. Exogenous H2S application mimicked

ATTM’s aforementioned effects, but the effects could be weakened by zinc-induced

H2S scavenging. Collectively, H2S impedes ATTM-induced anticancer effects through

YTHDF1-dependent PRPF6 m6A methylation in lung adenocarcinoma cells.

Keywords: H2S, m
6A methylation, Ammonium tetrathiomolybdate, lung cancer, PRPF6

INTRODUCTION

Ammonium tetrathiomolybdate (ATTM), with the formula
(NH4)2MoS4, is a strong copper chelator. It has been clinically
used in the treatment of copper toxicosis for Wilson’s disease.
At high concentrations, copper is also known to promote
angiogenesis, metabolism and oxidative phosphorylation,
thereby leading to tumor growth (1–3). Consequently, copper-
chelating agents, like ATTM and triethylenetetramine (TETA),
have been investigated in the treatment of cancers, including
breast cancer, thyroid cancer and liver cancer (4–8). Additionally,
copper-dependent enzyme, superoxide dismutase (SOD) 1, has
been reported to facilitate lung adenocarcinoma (LUAD)
development (9). Therefore, ATTM therapy may theoretically be
extended to LUAD.

Interestingly, our lab and others have recently discovered
ATTM is a pH-dependent hydrogen sulfide (H2S) donor (10,
11). There is no doubt that the development of ATTM as
a therapeutic candidate must consider ATTM being both a
copper chelator and a H2S releaser. It should be noted that
the links between H2S and cancer development is still under
debate (12). Some studies showed that elevated H2S can induce
angiogenesis and tumor cell proliferation, thereby contributing
to cancer development (13–15). H2S was also involved in
VitB12-induced S-adenosylmethionine (SAM) generation (16),
and high VitB12 has been found to raise the risk of lung
cancer (17). Notably, in lung cancer tissues, endogenous H2S
and its producing enzymes, like cystathionine beta-synthase
(CBS), cystathionine gamma lyase (CSE, also known as CTH)
and 3-mercaptopyruvate sulfurtransferase (3-MST), are highly
expressed thereby benefiting cancer development (18, 19).

N6-Methyladenosine (m6A) methylation is one major
type of mRNA modification, dynamically modulated by the
corresponding writers, erasers and readers (20). The m6A
methylation can differentially influence all fundamental aspects
of mRNA metabolisms, including splicing, stability, and
translation efficiency, when read by different m6A readers (21–
23). Recently, the m6Amethylation has been implicated in cancer
pathogenesis, due to its induction of cell proliferation, invasion
and immune disorders (24–28). Analysis of the cancer genome
atlas (TCGA) cohort and recent studies (29, 30) indicated that
m6A writer, methyltransferase like (METTL) 3 is upregulated in
LUAD. The eraser, fat mass and obesity-associated gene (FTO),
is downregulated. Both increased METTL3 and decreased FTO
strongly suggest that LUAD tissues exhibit high m6A levels.
However, no direct evidence has shown H2S can regulate m6A
methylation, although H2S enhances SAM generation (16), a
cofactor of METTL3/14 complex. We therefore hypothesize that

m6A methylation is likely to be affected by H2S derived from
ATTM and participate in LUAD development.

In the present study, we observed the effects of ATTM on
lung adenocarcinoma cells and explored the roles of m6A in
this process. Furthermore, we assessed the medication of H2S
in ATTM-induced tumor cell proliferation, invasion and growth.
Lastly, a purposive strategy was developed to overcome ATTM’s
side-effects in LUAD therapy.

MATERIALS AND METHODS

Materials
ATTM and antibodies against METTL3 and METTL14 were
purchased from Sigma-Aldrich Co. (St. Louis, MO, US).
Antibodies against FTO and YTHDF1 were purchased from
Abcam (Plc.Cambridge, MA, US). CuSO4 and Zn(OAc)2 were
purchased from Meilun Biotechnology Co. (Dalian, China).
TRIzolTM Regent (Invitrogen) was provide by Thermo Fisher
Scientific Co. (Shanghai, China). GemcellTM fetal bovine serum
(FBS) was supplied by Gemini Company (Woodland, US).

Cell Culture, Growth, Proliferation, and
Invasion Assays
Lung adenocarcinoma cell lines (A549 and HCC827) were
purchased from Cell Bank of Type Culture Collection of Chinese
Academy of Sciences (Shanghai, China), and PC9 was obtained
from ATCC. The cells were maintained in RPMI-1640 medium
supplemented with 10% FBS at 37◦C under an atmosphere of 5%
CO2 and 95% air. They were passaged and harvested with 0.25%
trypsin every other day.

Cell number was measured with Cell Counting Kit (CCK)-
8 provided by Dojindo Lab (Kyushu, Japan). A549, HCC827,
and PC9 cells were plated in 96-well plates at a density of 7,
000 cells/well. When grown to ∼60–70% confluence, the cells
were treated correspondingly. After the treatments, the CCK-
8 solution (100 µL) at a 1:10 dilution with FBS-free medium
was added to each well-followed by a 2-h incubation at 37◦C.
Absorbance (A) was measured at 450 nm with a microplate
reader (Molecular Devices, US).

Cell proliferation was tested with BeyoClickTM 5-Ethynyl-2′-
deoxyuridine (EdU) kit (Haimen, China). After the treatment of
A549 cells with ATTM for 48 h, EdU incorporation assay was
performed according to the manufacturer’s instructions.
TMB-derived color was measured at 630 nm with the
microplate reader.

Cell invasion was observed with Transwell Migration Assay,
as described (31) with modifications. RPMI-1640 medium (1%
FBS) containing ATTM or Na2S in the absence or presence
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of Zn(OAc)2 was added to the lower chambers of the 12-well
format transwells (8 µm-pore, BD Biosciences). A549 cells were
seeded in the upper chambers at 105 cells per well, following a
48 h-culture. After that, the transwells were fixed in methanol,
and stained with Giemsa solution. The unmigrated cells were
removed from the top of the membranes using cotton swabs.
To quantify the number of migrated cells in the bottom of the
membrane, four random images of each group were taken at 10×
under a lightmicroscope.Migrated cell number was counted with
Image J software.

Quantification of m6A RNA Methylation
After treatments of A549 cells with increasing concentrations of
ATTM for 24 h, total RNA was extracted using TaKaRa MiniBest
kits (Kusatsu, Japan) and quantitated with NanoDrop 1000
spectrophotometer (Thermo Fisher, US). The m6A RNA was
detected with EpiQuik m6A RNA Methylation Colorimetric kit
(Farmingdale, US). Briefly, 200 ng of fresh extracted RNA sample
was added into strip wells with RNA high binding solution,
and incubated for 90min at 37◦C. After three washes, capture
antibody, detection antibody, and enhancer solution were applied
in turn, and incubated for 1 h at 37◦C. After washes, color
developing solution was added and incubated for 6min in the
dark. When the solution became blue in the m6A positive wells,
stop solution was added to turn the color into yellow. Lastly, the
absorbance of stable yellow was measured at 450 nm with the
microplate reader.

Western Blotting for Protein Expression
After exposed to 60µM ATTM for 24 h, A549 cells were
collected and split at 4◦C. Total proteins in the lysate were
quantitated with a BCA kit. Thirty micrograms of total protein
sample were loaded in SDS-PAGE and electrophoresed. At the
end of electrophoresis, the proteins were transferred to PVDF
membranes. The membranes were blocked with 5% fat-free milk
in Tris-base buffered saline containing 0.1% Tween-20 (TBS-T)
for 1 h at room temperature, and then incubated with the primary
antibodies against m6A related proteins (METTL3, METTL14,
FTO, and YTHDDF1), and H2S-producing enzymes (CSE,
CBS, and MPST), respectively, with gentle agitation overnight
at 4◦C. After three washes, corresponding HRP-conjugated
secondary antibodies were applied and incubated for 1.5 h at
room temperature. The signal was visualized using an enhanced
chemiluminescence detection system. The intensity of bands was
quantified with Image J software.

Analysis of TCGA Database and
Measurement of Protein Expression of
LUAD Patients
Transcriptional expressions of m6A or H2S related genes in
primary tumor tissues and adjacent tissues of LUAD patients,
as well as correlation analysis in tumor tissues, were performed
through TCGA cohort research tool (UALCAN). Furthermore,
the protein expressions of METTLE3, METTL14, and FTO
in LUAD patients were verified with Western blotting assay
as above.

Gene Knockdown
Gene expression microarray data were downloaded at https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE76367 (29).
METTL3 was knocked down through short hairpin (sh) RNA in
A549 cells, and gene expression was profiled by high throughput
sequencing. Selected genes of eukaryotic translation initiation
factors (eIFs) were shown as the maximum vs. minimum of the
ratio shMETTL3 to shGFP.

Small interfering RNA (siRNA) against human YTHDF1
(Gene ID: 54915) was synthesized by GenePharma Co., Ltd
(Shanghai, China). YTHDF1 siRNA and control random non-
targeting siRNA were transfected into the A549 cells using
Lipofectamine 2000 (Invitrogen, USA) (32). To raise the
transfection efficiency, the cells were incubated with 20 nM
YTHDF1 siRNA or Control siRNA for 6 h followed by a
24-h culture. The silencing ability was evaluated by Western
blotting assay.

Quantitative Polymerase Chain Reaction
for PRPF6 Gene Expression
Total RNAs were extracted from A549 cells and quantitated
as above. First-strand cDNA was synthesized using TaqMan
SYBR R© Premix Ex TaqTM II (Tli RNase H Plus) virus reverse
transcriptase and 2 µg RNA template in 20 µL reaction volume.
The cDNA was used for real-time PCR with Prime Script RT
reagent kit with gDNA Eraser (Life Technologies, US). Actin
was used to normalize the expression of PRPF6. The results
were analyzed using the comparative Ct method (2-11Ct
with logarithmic transformation). Primer sequences were
displayed as below: PRPF6 forward 5-GTCATGCGTGCCGT
GATTG-3 and reverse 5-TCCAGGGCATTGTGGGCTA-3,
Actin forward 5-TGGCACCCAGCACAATGAA-3 and reverse
5-CTAAGTCATAGTCCGCCTAGAAGCA-3. PCRs were carried
out as follows: initial denaturation at 95◦C for 30 s, 40 cycles
of 95◦C for 5 s, 60◦C for 34 s, and 95◦C for 15 s, 60◦C for 1 h,
followed by a final extension at 95◦C for 15 s.

Measurement of H2S Levels
ATTM-mediated H2S generation in cells was determined with a
H2S fluorescent probe WSP-5 (33). A549 cells were inoculated
in 24-well plates and grown to 60∼70% confluence. After treated
with ATTM, the cells were incubated with 10µM WSP-5 in 1%
FBS medium at 37◦C for 30min in the dark. Cell imaging was
carried out after a slight wash with PBS. The intracellular H2S-
triggered fluorescence was visualized under AMG fluorescence
microscopy (Advanced Microscopy Group, US).

For H2S scavenging induced by Zn(OAc)2, CuSO4, FeCl3
or VitB12 was observed through a Unisense H2S micro-sensor
(Tueager 1, Denmark) (34). Into 5 mL PBS buffer, fresh Na2S
stock solution was added to produce a 100µM Na2S solution.
When the curve reached the peak and kept stable, the same dose
of above compounds was immediately added, respectively. The
curves were recorded correspondingly with the H2S sensor. For
Zn(OAc)2 or CuSO4-induced continuous H2S scavenging from
ATTM solution was recorded for 6 h. Into 20 mL of 500µM
ATTM solution (pH 5), fresh Zn(OAc)2 or CuSO4 stock solutions
was added, respectively, to produce a 250µM solution. Real-time
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FIGURE 1 | Effects of copper chelators on LUAD cell growth and proliferation. After treatment with increasing concentrations of ATTM (A) or TETA (B) for 48 h, cell

number of three cell lines (A549, HCC827, and PC9) was counted with CCK-8 assay. (C) After ATTM treatment for 48 h, the proliferation of A549 cells was tested with

BeyoClickTM EdU kit. Data are expressed as mean ± SD of four independent experiments. *P < 0.05, **P < 0.01 vs. Control group.

H2S content was monitored with the H2S sensor and quantified
against a standard curve.

Statistical Analysis
The experiment data are presented as means ± standard
deviation (SD). Significance between groups was evaluated by
one-way analysis of variance (ANOVA) followed by Student-
Newman-Keuls test using GraphPad Prism 8 software (SanDiego,
US). A probability <0.05 was considered statistically significant.

RESULTS

Low ATTM Levels Enhanced Growth of
Lung Adenocarcinoma Cells
As shown in Figure 1A, treatment with high concentrations
(≥250µM) of ATTM for 48 h remarkably reduced cell number,
in three types of lung adenocarcinoma cells (A549, HCC827, and
PC9). However, at low concentrations (from 60 to 125µM), the
treatment distinctively increased cell number. Notably, another
copper chelator TETA, without H2S releasing activity, was not
found to elevate cell number at the same treatment profile
(Figure 1B). Furthermore, 60–125µMof ATTM treatment could
also induce A549 cell proliferation as evaluated by EdU assay
(Figure 1C). The result indicates that low ATTM concentrations
are able to promote lung adenocarcinoma growth.

ATTM Induced mRNA m6A Methylation in
Lung Adenocarcinoma A549 Cells
To understand why ATTM enhanced lung adenocarcinoma
growth, A549 cells were selected as a representative in
the following experiments. Since mRNA m6A methylation
is involved in a variety of cancer growth including lung
adenocarcinoma, intracellular m6A mRNA level was then
investigated. As shown in Figure 2A, the m6A mRNA content
was significantly elevated after the exposure of A549 cells to
60µM ATTM for 24 h. However, the treatment duration (half
of 48 h) did not alter cell number (Figure 2B) or growth status
(Figure 2C). Notably, analysis of TCGA cohort shows that LUAD
condition significantly upregulates the m6A writer METTL3,
while downregulates them6A eraser FTO (Figure 2D). The result

indicates that ATTM can trigger mRNAm6Amethylation before
cell growth in lung adenocarcinoma cells.

Upregulated m6A Methylation Was
Involved in LUAD Progression and
ATTM-Induced mRNA Translation in Lung
Adenocarcinoma A549 Cells
To uncover the mechanisms underlying the increased m6A
mRNA levels in ATTM-treated cells, m6A related proteins
were detected with Western blot. As shown in Figures 3A,C,
comparing with the adjacent tissues, the writer (METTL3
and METLL14) expressions were upregulated in tumor
tissues of LUAD patients, while the eraser FTO expression
was downregulated. Importantly, the writer (METTL3 and
METLL14) expressions in A549 cells could also be upregulated,
while the eraser FTO could be downregulated under ATTM
treatment (Figures 3B,D), supporting the finding of the
increased intracellular m6A content. To confirm the roles
of m6A methylation, we investigated gene expression profile
in METTL3 knockdown A549 cells. As shown in Figure 3E,
shRNA-mediated METTL3 knockdown significantly inhibited
the expressions of translation initiation factors, including eIFs
(2B3, 3B, 3C/CL, 3D, 3IP1, 4A1, and 5/5A). This suggests that
m6A methylation is necessary to translation process in A549
cells, and that the elevated m6A levels may be important for
LUAD progression and ATTM-induced tumor growth.

YTHDF1 Mediated ATTM-Induced Growth
in Lung Adenocarcinoma A549 Cells
Although the increased m6A writer METTL3/14 and the
decreased eraser FTO can result in the enhancement of m6A
content, it is them6A readers that directly determine the outcome
of m6AmethylatedmRNA.With TCGA cohort, we examined the
four common m6A readers (YTHDF1, YTHDF2, YTHDF3, and
YTHDC1) in LUAD tumor samples and normal samples, and
found YTHDF1 highly expressed in tumor tissues (Figure 4A).
The increased YTHDF1 continuously expressed within various
stages of LUAD (Figure 4B). Importantly, it was found that
treatment of A549 cells with 60µM ATTM for 24 h remarkably
upregulated YTHDF1 protein expression (Figure 4C). After
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FIGURE 2 | Effects of ATTM on mRNA m6A methylation in A549 cells. The cells were treated with ATTM at concentrations ranging from 0 to 60µM for 24 h. (A) The

content of m6A mRNA was measured with a commercial kit (PC, positive control; NC, negative control). (B) The cell number was tested with CCK-8 assay. Data are

presented as mean ± SD. n = 4. *P < 0.01 vs. Control group. (C) Growth of quiescent A549 cells and cells exposed to 60µM ATTM for 24 h were captured using

digital microphotograph. (D) Expressions of the m6A writers (METTL3, METTL14, and WTAP) and erasers (FTO and ALKBH5) were analyzed between LUAD primary

tumor tissues (n = 515) and normal tissues (n = 59) in TCGA cohort. Data are showed as median ± quartile. **P < 10−4 vs. Normal tissues.

knockdown of YTHDF1 with siRNA in A549 cells (Figure 4D),
both basal and ATTM-triggered cell growth were attenuated
(Figure 4E).

YTHDF1-Mediated Cell Growth Was
Associated With PRPF6 Induction in
ATTM-Treated A549 Cells
To explore targets involved in YTHDF1-mediated A549 cell
growth, we screened genes that are positively correlated with
YTHDF1 in TCGA LUAD cohort. As shown in Figure 5A,
PRPF6 was found to be positively expressed with YTHDF1 in
LUAD tissues (r = 0.72). Similar to YTHDF1’s expression profile,
the increased PRPF6 expression lasted various stages of LUAD
(Figure 5B). Furthermore, qPCR analysis showed that PRPF6
mRNA level was significantly reduced after YTHDF1 knockdown
in A549 cells. Additionally, the knockdown attenuated ATTM-
induced PRPF6 mRNA expression (Figure 5C). The result
reveals that PRPF6 may be a potential target gene involved in
YTHDF1-mediated A549 cell growth.

H2S Was Significant to ATTM-Induced
A549 Cell Growth and m6A Methylation
ATTM was previously demonstrated to generate H2S on
acid conditions in our lab. As shown in Figure 6A, the
exposure of A549 cells to ATTM markedly raised intracellular

H2S levels. With TCGA cohort, we studied endogenous H2S
synthetase expressions and, found that CSE/CTH, CBS and
MPST expressions were enhanced in tumor tissues comparing
with normal samples (Figure 6B). Additionally, the exposure
of A549 cells to 60µM ATTM for 24 h obviously upregulated
CBS andMPST expressions (Figures 6D,E), however, remarkable
change of CSE was not found (Figure 6C). Notably, direct H2S
donation (Na2S) could also inducem

6Amethylation (Figure 6F),
as well as cell growth (Figure 6G), proliferation (Figure 6H)
and invasion (Figures 6I,J), indicating H2S being an effector in
ATTM-induced m6A methylation and cell growth.

H2S Scavenging Attenuated ATTM-Induced
A549 Cell Growth and m6A Methylation
Since the enhanced H2S generation was involved in ATTM-
induced A549 cell growth and m6Amethylation, scavenging H2S
might overcome these side-effects of ATTM. Through testing
several common H2S scavengers, it was found that Zn(OAc)2
and CuSO4 had powerful ability to remove H2S, while the
ability of VitB12 and FeCl3 was weak or even undetectable
(Figure 7A). Additional cell viability examination showed that
both Zn(OAc)2 and CuSO4 were non-toxic at concentrations
<25µM (Figures 7B,C).

To make sure H2S is necessary to ATTM-induced biological
process in A549 cells, we observed the scavenging effect
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FIGURE 3 | Effects of lung cancer condition and ATTM treatment on m6A related protein expression. (A) Confirmed LUAD patient tumor tissues and normal adjacent

tissues, as well as (B) A549 cells treated with 60µM ATTM for 24 h and normal cells, were collected and split. Total proteins were used for Western blot assay to

measure the expressions of METTL3, METTL14, and FTO. Corresponding quantifications were shown as (C,D), respectively. Data are presented as mean ± SD. n =

2. *P < 0.05, **P < 0.01 vs. Control group. (E) A549 cells transfected with shMETTL3 or shGFP were collected and gene expression was profiled by high throughput

sequencing. Representative genes of eukaryotic translation initiation factors (eIFs) were analyzed and shown as the maximum vs. minimum of the ratio of shMETTL3

to shGFP (GSE76367).

of Zn(OAc)2 or CuSO4 on ATTM-induced H2S release
within a period of 6 h. As shown in Figure 8A, adding
25µM Zn(OAc)2 or CuSO4 time-dependently attenuated
ATTM-induced H2S release. Notably, application of 25µM
Zn(OAc)2 inhibited ATTM-induced cell growth (Figure 8B),
proliferation (Figure 6H) and invasion (Figures 6I,J). More

importantly, Zn(OAc)2 was also able to attenuate ATTM-
induced m6A methylation (Figure 8C). Collectively, the
result suggests that H2S is necessary and sufficient to
ATTM-induced biological changes, and scavenging H2S
can potentially overcome ATTM’s side-effects in lung
cancer treatment.
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FIGURE 4 | Roles of YTHDF1 in ATTM-induced growth of A549 cells. (A) Expressions of m6A readers (YTHDF1, YTHDF2, YTHDF3, and YTHDC1) and a potential

target gene (PRPF6) were compared between LUAD patient primary tumor tissues (n = 515) and normal tissues (n = 59) in TCGA cohort. Data are shown as median

± quartile. **P < 10−7 vs. Normal tissues. (B) YTHDF1 gene expression in normal tissues and various LUAD stage tissues was analyzed in TCGA cohort. Data are

shown in the box plot. (C) After treatment of A549 cells with 60µM ATTM for 24 h, YTHDF1 protein expression was measured with Western blot assay, and the

densitometric analysis was performed. Data are shown as mean ± SD. n = 2. *P < 0.05 vs. Control group. (D) A549 cells were incubated with YTHDF1 siRNA or

Control siRNA for 6 h followed by a 24-h culture, and the interference efficiency was determined with Western blot assay. (E) Normal A549 cells and YTHDF1-knocked

down cells were treated with 60µM ATTM for 48 h, and cell counting assay was performed. Data are presented as mean ± SD. n = 4. **P < 0.01 vs. Control siRNA

cells, #P < 0.01 vs. ATTM-free cells.

FIGURE 5 | Identification of PRPF6 as a target gene of YTHDF1. (A) TCGA-based correlation analysis between PRPF6 and YTHDF1. (B) PRPF6 gene expression in

normal tissues and various LUAD stage tissues was analyzed through TCGA cohort. Data are shown in the box plot. (C) Normal A549 cells and YTHDF1-knocked

down cells were treated with 60µM ATTM and then mRNA was extracted for analysis of PRPF6 expression with qPCR. Data are shown as mean ± SD. n = 4. *P <

0.01 vs. ATTM-free cells. #P < 0.01 vs. Control siRNA cells.

DISCUSSION

In the present study, ATTM was found to promote cell growth,
proliferation and invasion in lung adenocarcinoma cells, through
YTHDF1-dependent PRPF6m6Amethylation. H2S was involved
in the above effects of ATTM. Importantly, scavenging H2S
was proved to overcome the side-effects of ATTM in lung
cancer therapy.

Copper ions are known to essentially maintain organism
functions by regulating activity of key enzymes, like cytochrome
C oxidase and SOD. However, its aberrant increase in plasma
usually leads to pathological consequences, including Wilson’s
disease and cancers. During cancer development, high contents
of copper are believed to enhance angiogenesis and blood supply,
as well as activity of mitochondrial cytochrome C oxidase,
thereby promoting solid tumor growth and metastasis (1–3, 35).
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FIGURE 6 | Roles of H2S in ATTM-induced m6A methylation and growth in A549 cells. (A) A549 cells were treated with normal medium (Control) and 60µM ATTM for

3 h. Intracellular H2S content was observed with H2S fluorescent probe WSP5 staining followed by fluorescence photography. (B) Expressions of H2S synthetases

(CSE, CBS and MPST) were compared between LUAD patient primary tumor tissues (n = 515) and normal tissues (n = 59) in TCGA cohort. Data are showed as

median ± quartile. *P < 10−6, **P < 10−11 vs. Normal tissues. (C–E) After treatment of A549 cells with 60µM ATTM for 24 h, the expressions of CSE (C), CBS (D),

and MPST (E) were measured with Western blot, and then densitometric analysis were performed. Data are shown as mean ± SD. n = 2. *P < 0.05 vs. Control.

(F) A549 cells were treated with increasing concentrations of Na2S for 24 h, intracellular m6A mRNA was tested with a commercial kit. (G) A549 cells were treated

with the indicated concentrations of Na2S for 24 and 48 h, respectively. The cell number was measured with CCK-8 assay. (H–J) A549 cells were treated with 60µM

ATTM or 120µM Na2S in the absence or presence of 25µM Zn(OAc)2 for 48 h. Cell proliferation was tested with EdU incorporation assay (H). Cell invasion was

observed with Transwell Migration Assay (I) and migrated cells were counted using ImageJ software. Data are presented as the mean ± SD. n = 4. *P < 0.05, **P <

0.01 vs. Control/Medium. #P < 0.05, ##P < 0.01 vs. Zn(OAc)2 free group.
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FIGURE 7 | H2S removing efficiency and cell toxicity of the indicated H2S scavengers. (A) After adding 100µM Na2S, the same amount of indicated H2S scavengers,

including Zn(OAc)2, CuSO4, FeCl3 and VitB12, were added, respectively. The content of H2S molecule was monitored with a Unisense H2S microsensor. (B–C) A549

cells were treated with increasing concentration of Zn(OAc)2 (B) or CuSO4 (C) for 24 h. The cell number was measured with CCK-8 assay. Data are shown as the

mean ± SD. n = 4. *P < 0.05, **P < 0.01 vs. Control group.

Consequently, chelating agents of copper ions, like ATTM and
TETA, have become promising anticancer drugs. The clinical
trials of ATTM in breast cancer have recentlymade great progress
(4–6). Notably, SOD1, a copper-dependent enzyme, was reported
to participate in lung cancer growth and has become a significant
therapeutic target (9). Therefore, ATTM may exert anticancer
effects in lung adenocarcinoma through reduction of copper
ions. In this study, at high concentrations, ATTM could indeed
inhibit the growth of lung adenocarcinoma cells. However, at low
concentrations, ATTMdistinctively promoted tumor cell growth,
as well as proliferation and invasion. The result was different
from the reported effects of ATTM in breast cancer (6) and
BRAF-driven papillary thyroid cancer (8), which suggests that
the findings in other cancers should not be simply transplanted
to lung cancer.

To uncover the mechanisms underlying ATTM-induced
LUAD cell growth at low concentrations, we investigated mRNA
m6A methylation, which has been involved in different cancer
growth, like liver cancer (25), endometrial cancer (26), and
leukemia (36). The m6A writer METTL3 has also been reported
to promote lung cancer survival, growth, and invasion (29).
We therefore speculated that the aberrant m6A methylation was
involved in ATTM-induced growth of LUAD cells. By measuring
m6A content in A549 cells, we found that the treatment with
ATTM for 24 h significantly enhanced intracellular m6A content,

while it did not significantly alter cell growth, suggesting m6A
methylation occurs earlier than cell growth. Generally, m6A
methylated mRNA can be synthesized via methyltransferase
complex m6A writer, mainly consisting of METTL3, METTL14,
and WTAP. Meanwhile, CH3- can also be erased from the RNA
using FTO and ALKBH5. Therefore, the process is dynamic and
reversible (37). The increased METTL3 and decreased FTO in
the present TCGA analysis indicate that the dysregulated writer
and/or eraser may be responsible for the increased m6A content
in lung adenocarcinoma cells. This finding was supported
by protein measurement in LUAD patients. Importantly, we
found that the treatment with ATTM significantly augmented
METTL3, but reduced FTO protein expression. ATTM could
also upregulate METTL14 expression, which was not consistent
with the TCGA analysis. We hypothesize that this difference may
be due to the uncertainty of gene expression between mRNA
level and protein level. Notably, for the increased METTL3
and decreased FTO, the present experiment matched the TCGA
analysis. Such unique expressions, we believe, contribute to
ATTM-induced m6A increase in A549 cells.

However, the roles of m6A in cancer biology are complicated
and conflicting, i.e., tumor growth or anti-tumor (38). In
addition, the binding of target mRNA with the writers or erasers
is usually instantaneous. Therefore, it may be significant to
examine the roles of m6A readers. To date, YT521-B homology
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FIGURE 8 | Effects of H2S scavengers on ATTM-induced A549 cell growth and m6A methylation. (A) ATTM solutions were prepared in the presence or absence of

25µM Zn(OAc)2 or CuSO4. Subsequently, released H2S was recorded for 6 h with a H2S micro-sensor. (B) A549 cells were treated with 60µM ATTM for 48 h in the

absence or presence of 25µM Zn(OAc)2 or CuSO4. The cell number was measured with CCK-8 assay. (C) A549 cells were treated with 60µM ATTM for 24 h in the

absence or presence of 25µM Zn(OAc)2 or CuSO4. Intracellular m
6A mRNA was tested with a commercial kit. Data are shown as the mean ± SD. n = 4. **P < 0.01

vs. Control. #P < 0.05, ##P < 0.01 vs. ATTM alone group.

(YTH) domain family of proteins, like YTHDF1, YTHDF2,
YTHDF3, and YTHDC1, have been identified as m6A readers.
YTHDF1-mediated mRNA spicing can increase translation
efficiency, whereas YTHDF2-mediated mRNA decay will inhibit
gene expression (21). The TCGA analysis indicates that the
expression of YTHDF1, instead of YTHDF2/3 or YTHDC1, was
markedly increased in LUAD tissues. In A549 cells, the elevated
m6Amainly induced gene translation, evidenced by shMETTL3-
mediated eIFs’ downregulation (29). Western blot test showed
that YTHDF1 expression could be upregulated by ATTM.
Significantly, YTHDF1 siRNA inhibited basal and ATTM-
induced cell growth, confirming the involvement of YTHDF1 in
basal and environment-stimulated lung tumorigenesis.

As an m6A reader, it is necessary to discover YTHDF1’s target
genes. The TCGA analysis shows that PRPF6 (a small nuclear
ribonucleic protein) is positively expressed with YTHDF1.
The GEO analysis shows that PRPF6 can be attenuated
through METTL3 knockdown (shGFP 1023 vs. shMETTL3
848). Additional analysis of MeT V2.0 m6A database indicates
that m6A PRPF6 mRNA can be discerned and read by
YTHDF1 in Hela cells via GRAC motif (R is G or A)
(21). Actually, PRPF6 has been reported to promote lung
cancer growth (39, 40). With these bioinformatics analyses
and reports, PRPF6 is probably a target gene of YTHDF1.
Importantly, the present experiment showed that ATTM
treatment not only induced YTHDF1 expression, but also
enhanced PRPF6 mRNA abundance. Both basal and ATTM-
induced PRPF6 upregulation was significantly reduced by
YTHDF1 knockdown, which was supported by previous reports
(39, 40). As documented, the increased PRPF6 can alter the
constitutive and alternative splicing of ZAK kinase, thereby
activating cancer-related pathways, like AP-1, ERK, and JNK
(41). In sum, it is believed that ATTM treatment upregulated

METTL3/14 and downregulated FTO, raising intracellular m6A
mRNA like PRPF6. Furthermore, these specific mRNAs were
read by YTHDF1, and the spicing and translation of cancer
growth-related genes were induced, thereby promoting LUAD
tumor growth.

Significantly, we dissected the cause of ATTM-induced
m6A methylation and cell growth. Copper chelating can exert
anticancer effects through inhibiting angiogenesis (4, 6, 8).
However, apart from copper chelating, ATTM can release H2S
(10, 11). Studies have shown that the homeostasis of H2S
is essential in organisms (42–46). In this study, we found
that intracellular H2S level was markedly raised after ATTM
treatment. Nevertheless, another copper chelator without H2S
releasing ability, TETA, did not alter tumor cell growth. Direct
H2S donation exerted similar effects to ATTM. The effects of
ATTM or H2S could be abolished by CuSO4 or Zn(OAc)2.
Besides H2S releasing, we found ATTM induced the expressions
of H2S-production enzymes, which have been reported to
participate in survival and chemoresistance of LUAD cells (18).
Therefore, H2S is significant and necessary for ATTM-induced
m6A methylation and lung cancer growth.

In healthy individuals, plasma free copper ion content is
<20µM (47), but for cancer patients, the recommended daily
ATTM dosage was 90mg (48). Therefore, the initial plasma
ATTM should be much higher than that of free copper ions, so
the free ATTM will release H2S during the clinical application
(11). Of course, zinc application maybe overcomes ATTM’s
side-effects in LUAD therapy, while copper should not be
recommended because of its tumorigenesis risk.

Interestingly, during the examination of VitB12 roles, it was
found that VitB12 enhanced ATTM-induced LUAD cell growth
(Supplementary Figure 1), unlike zinc or copper’s inhibitory
effects. However, both our study and previous reports suggest
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FIGURE 9 | ATTM-produced H2S induces mRNA m6A methylation and

promotes lung adenocarcinoma growth.

VitB12 is a H2S scavenger (34, 49). In fact, it has been documented
that high VitB12 can raise the risk of lung cancer (17). H2S
can also facilitate VitB12-induced SAM generation (16) that is
the first substrate of METTTL3/14 complex. These findings
further support H2S-induced m6A methylation promotes LUAD
tumor growth.

In conclusion, the present study demonstrated that ATTM
can induce m6A methylation through upregulation of METTL3
and downregulation of FTO in LUAD cells. YTHDF1-mediated
PRPF6 expression is probably a pivotal reason. The effects of
ATTM are closely associated with H2S generation (Figure 9).
For the first time, this work reveals a potential risk and
mechanism for ATTM application in LUAD treatment.
Meanwhile, this is the first report on the roles of H2S in
m6A methylation.
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Thioredoxin (Trx) is a pro-oncogenic molecule that underlies tumor initiation, progression

and chemo-resistance. PX-12, a Trx inhibitor, has been used to treat certain tumors.

Currently, factors predicting tumor sensitivity to PX-12 are unclear. Given that hydrogen

sulfide (H2S), a gaseous bio-mediator, promotes Trx activity, we speculated that it might

affect tumor response to PX-12. Here, we tested this possibility. Exposure of several

different types of tumor cells to PX-12 caused cell death, which was reversely correlated

with the levels of H2S-synthesizing enzyme CSE and endogenous H2S. Inhibition of CSE

sensitized tumor cells to PX-12, whereas addition of exogenous H2S elevated PX-12

resistance. Further experiments showed that H2S abolished PX-12-mediated inhibition

on Trx. Mechanistic analyses revealed that H2S stimulated Trx activity. It promoted Trx

from the oxidized to the reduced state. In addition, H2S directly cleaved the disulfide

bond in PX-12, causing PX-12 deactivation. Additional studies found that, besides Trx,

PX-12 also interacted with the thiol residues of other proteins. Intriguingly, H2S-mediated

cell resistance to PX-12 could also be achieved through promotion of the thiol activity

of these proteins. Addition of H2S-modified protein into culture significantly enhanced

cell resistance to PX-12, whereas blockade of extracellular sulfhydryl residues sensitized

cells to PX-12. Collectively, our study revealed that H2Smediated tumor cell resistance to

PX-12 throughmultiple mechanisms involving induction of thiol activity in multiple proteins

and direct inactivation of PX-12. H2S could be used to predict tumor response to PX-12

and could be targeted to enhance the therapeutic efficacy of PX-12.

Keywords: PX-12, H2S, sulfhydration, chemotherapy, drug resistance, Trx, albumin

INTRODUCTION

Cancer is the leading cause of death worldwide. It is, therefore, highly desirable to understand
the molecular mechanisms behind the initiation and development of cancer and to find effective
therapeutic interventions. Many strategies against cancer have been developed. However, the
self-protective mechanisms of tumors greatly limit the efficacy of cancer therapy (1).

Redox state in tumor cells plays an important role in tumor initiation, development and therapy
(2, 3). The cellular metabolic activity is associated with production of the reactive oxygen species
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(ROS). In normal cells, ROS is depleted by the antioxidative
mechanisms. The decreased cellular defense against ROS leads
to ROS accumulation, causing a situation called oxidative stress
(2, 4, 5). In oxidative stress, ROS causes cell damage through
modification of important molecules and activation of redox
signaling pathway. In cancer cells, the metabolism is accelerated
to meet the energy demand for abnormally high proliferation.
The high metabolic rate leads to an increased ROS generation,
which makes tumor cells under persistent oxidative stress. To
escape from the stress-initiated cell injury, cancer cells develop
several ways to enhance cell resistance against oxidative stress
including activating alternative metabolic pathway to meet the
energy demand without the large accumulation of ROS and
increasing cell defense against ROS.

One of the well-documented mechanisms involved in tumor
cell resistance to oxidative stress is the thioredoxin (Trx) system
(6–9). The Trx system, composed of Trx reductase (TrxR), Trx,
and NADPH, is one of the main thiol-dependent electron donor
systems in the cells, which plays critical roles in maintaining
cellular redox homeostasis and cell survival. Trx exerts its
antioxidative actions via disulfide exchange. It directly scavenges
ROS and plays a vital role in the control of the apoptosis
signal-regulating kinase 1 (ASK1)/MAPK signaling pathway (10,
11). Besides, Trx also controls the activity of enzymes that
counteract oxidative stress within cells. Trx is one of major
molecules involved in the initiation and development of cancer.
In many different cancers, the levels of Trx and TrxR are
increased. High levels of Trx assist cancer development due
to its growth-promoting and antiapoptotic functions. Trx also
facilitates cancer progression through promotion of angiogenesis
and metastasis. In addition, Trx contributes to tumor cell
resistance to chemotherapy (9, 12, 13). Given the central roles of
Trx in cancer cells, Trx has been developed as a therapeutic target
to inhibit cancer growth, progression, and metastasis (14–16).

PX-12 (1-methylpropyl 2-imidazolyl disulfide) is a promising
antitumor chemical that inhibit Trx activity through binding to
the cysteine 73 residue of Trx (17, 18). PX-12 has shown excellent
antitumor activity in both in vitro and in vivo experiments. It
inhibits the growth of many different types of tumors, including
humanMCF-7 breast cancer and human acute myeloid leukemia
cells (19, 20). Currently, PX-12 is undergoing pre-clinical trials
for tumor therapy. However, factors governing tumor cell
response to PX-12 are still largely unknown. To increase the
therapeutic efficacy of PX-12, it is urgently needed to identify
the molecules that interfere with the effects of PX-12 and to
understand the mechanisms.

Hydrogen sulfide (H2S) is an endogenous gaseous biological
mediator produced by cells expressingH2S synthesizing-enzymes
cystathionine γ-lyase (CSE), cystathionine β-synthase (CBS),
and 3-mercaptopyruvate sulfurtransferase (3-MST). H2S has
multifaced biological actions, including antioxidative property
(21–23). It scavenges ROS and enhances cell defense against
oxidative stress. Many types of antioxidative machinery, such
as glutathione, SOD, and catalase, is activated by H2S (24,
25). In many types of tumors, H2S-producing enzymes
are upregulated, which has been recognized as a cancer-
promoting factor. The endogenous H2S produced by tumor

cells increases mitochondrial bioenergetics, accelerates cell cycle
progression, stimulates cell proliferation, promotes angiogenesis
and facilitates tumor cell migration and invasion (26–30).
Furthermore, it enhances cell resistance to apoptosis and
increases cell tolerance to several antitumor drugs (30–33).

We recently reported that H2S exerts its antioxidative effects
through regulating the redox state of Trx (10). Also, H2S cleaves
the disulfide bond in many molecules (10, 34, 35). These findings
prompted us to speculate that H2S may interfere with the effects
of Trx-inhibiting chemicals. The purpose of this study was to test
this hypothesis.

Here, we present our data that H2S increases tumor cell
resistance to PX-12 through multiple mechanisms, including
promoting Trx reductivity, deactivating PX-12, and elevating
sulfhydryl residues in proteins that competitively bind PX-12.
Our study thus characterizes H2S as a presently unreported
molecule contributing to tumor cell resistance to PX-12.
Targeting H2S could be developed to enhance the tumor-killing
efficacy of PX-12.

MATERIALS AND METHODS

Materials
PX-12 and anti-mouse antibody against CTH were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Beta-cyano-
L-Alanine (BCA) was from Cayman Chemical (Ann Arbor,
MI, USA). siRNAs of CTH1 and CTH2 were purchased from
QIAGEN (Tokyo, Japan). 4-acetamido-4’-maleimidylstilbene-2,
2’-disulfonic acid (AMS) was bought from Life Technologies
(Eugene, OR, USA). Alexa 680 C2 maleimide was from
Thermo Scientific (Rockford, IL). Anti-rabbit antibodies against
Trx1 (C63C6), horseradish peroxidase (HRP)-conjugated anti-
rabbit or mouse IgG were bought from Cell Signaling
Technology (Danvers, MA, USA). Sodium hydrosulfide hydrate
(NaHS), L-cysteine hydrochloride, DL-Propargylglycine (PAG),
recombinant Trx (rTrx) and all other chemicals were from Sigma
(Tokyo, Japan).

Cells
Hepatoma G2 (HepG2), NRK52E and Hela cells were purchased
from ATCC (American Type Culture Collection, Manassas,
VA), which were maintained in Dulbecco’s modified Eagle’s
medium/Ham’s F-12 medium (DMEM/F-12; GIBCO-BRL,
Gaithersburg, MD, USA) supplemented with 5∼10% fetal
bovine serum (FBS; Sigma-Aldrich, Carlsbad, CA, USA) and 1%
penicillin/streptomycin/antibiotic antimycotic solution (ABAM;
Sigma-Aldrich, Carlsbad, CA, USA). For experiments, cells were
exposed to stimuli in the absence of FBS.

Assessment of Cell Viability With WST
Reagent
Cells were seeded onto 96-well culture plates and stimulated with
various stimuli for the indicated time. WST reagent was added
and allowed to react with cells for 30min. The optical density
(OD) was measured with a spectrometer at the wavelength of
450 nm. Cell viability was expressed as the percentage of OD
value relative to the untreated control.
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Calcein-AM/Propidium Iodide (PI) Staining
After various treatments, cells were exposed to a mixture of
Calcein-AM (green) and PI (red) solution (Dojindo, Kumamoto,
Japan) for 10–20min, and observed under a fluorescent
microscope. Calcein-AM positive green cells were considered
alive, while PI-positive red cells were considered dead.

Transient Transfection
The HepG2 cells were transfected with a control siRNA or siRNA
against CSE at the concentration of 20 nM using the HiPerFect
transfection reagent for 36 h. Afterward, the cells were seeded
onto 96- or 12-well plate, exposed to stimuli and detected for
cellular expression of targeted protein and cell viability.

Western Blot Analysis
Western blot was performed as described previously (11).
Briefly, extracted proteins were separated on 10 or 12% SDS–
polyacrylamide gels and electro-transferred onto polyvinylidene
difluoride membranes. The membranes were blocked with 5%
non-fat dry milk in phosphate-buffered saline (PBS), followed by
overnight incubation with primary antibody at 4◦C. Afterward,
the membranes were washed and probed with HRP-conjugated
anti-rabbit or anti-mouse IgG. The signals in the membrane
were visualized by Chemi-Lumi One L (NacalaiTesque, Kyoto,
Japan) and captured with a Fujifilm luminescent image LAS-1000
analyzer (Fujifilm, Tokyo, Japan). β-tubulin or β-actin was used
as an internal loading control. Quantification of the bands was
performed using ImageJ software.

Lead Sulfide Method for Determination of
H2S Production Capacity
H2S production capacity was determined according to the
method described by Hine et al. (36). Briefly, H2S test paper was
soaked in 20mM lead acetate solution and dried. To measure
H2S production capacity, we seeded the equal number of NRK,
HepG2, or Hela cells onto 96-well culture plate. The cells
were cultured in DMEM/F12 containing 10mM L-cysteine plus
10µM pyridoxal-5’-phosphate (PLP). The H2S test paper was
placed directly over the 96-well plate for 24 h and allowed to
react with the cell-released gaseous H2S. The reaction of H2S with
lead acetate causes the formation of lead sulfide, which darkens
the paper and forms a visible black-colored circle. The intensity
of the circle was analyzed using the IntDen measurement in
ImageJ software.

Redox Western Analysis
Protein redox status was determined using AMS-shift assay
reported by Chen et al. (37). Cellular proteins precipitated with
10% Trichloroacetic acid (TCA) were washed twice with 100%
acetone and dissolved in lysis buffer (62.5mM Tris-Cl, PH 6.8,
1% SDS). The dissolved proteins were allowed to react with
20mMAMS at room temperature for 1 h. Afterward, the samples
were subjected to Western blot analysis for the redox state of Trx
under non-reducing condition.

Red Maleimide for Detection of Sulfhydryl
(-SH) Groups
This assay was modified from the previous reports (38, 39).
Proteins treated with or without the indicated stimuli was
precipitated with TCA, washed with acetone, redissolved in PBS
and allowed to react with Alexa Fluor 680 C2 maleimide (red
fluorescence at the final concentration of 2 or 5µM) at 4◦C for
2 h. The unlabeled maleimide was removed with TCA/acetone
precipitation. The re-precipitated proteins were equally divided
into two tubes with or without 1mM DTT. After one hour at
4◦C, the protein samples were directly applied to 0.45-µm pore
size nitrocellulose membrane in a commercial dot-blot apparatus
(BioRad). The signal of fluorescent maleimide in the membranes
was captured with a Fujifilm image LAS-1000 analyzer (Fujifilm,
Tokyo, Japan) and quantified with ImageJ software. EZ blue
staining or immunoblotting of the membrane with an anti-
rabbit Trx1 antibody was performed to confirm the equal loading
of proteins.

Absorption Spectroscopic Method for
Detection of 2-Mercaptoimidazole
UV absorption spectra was measured to detect 2-
Mercaptoimidazole (2-MI) produced by the reaction of
PX-12 with NaHS using a Shimadzu UV-1800 recording
spectrophotometer. Hundred micromolar PX-12 that was
dissolved in a mixture of DMSO and ethanol was added into
1mM NaHS in the volume of 1ml PBS at room temperature
for 1 h. 2-MI production was confirmed by the absorption band
at 252 nm. Each measurement was repeated three times for
all samples.

Statistical Analysis
Values are expressed as mean ± SE. Comparison of two groups
was made by Student’s t-test. For multiple comparisons, one-way
analysis of variance was employed. Both analyses were performed
with Microsoft Excel (Microsoft, Redmond, WA, USA) or Sigma
plot software (Systat Software Inc., San Jose, CA). P < 0.05 was
considered statistically significant.

RESULTS

H2S Regulates Cell Sensitivity to PX-12
To determine the role of H2S on tumor cell response to PX-
12, we compared the effect of PX-12 among three different cell
lines, NRK, HepG2 and Hela. Figures 1A,B show that these cell
lines expressed different levels of H2S-synthesizing enzyme CSE.
The amount of CSE was abundant in HepG2 cells, moderate
in Hela cells and deficient in NRK cells. Consistently, H2S-
producing capacity of these cells, as detected by using lead sulfide
method, was in a direct proportion to CSE levels (Figures 1C,D).
Furthermore, the level of intracellular H2S was indeed different
between HepG2 and NRK cells as measured by using the
fluorescent probe HSip-1 DA (Supplementary Figure 1).

We, therefore, compared the sensitivity of these cells to PX-12.
Figure 2 shows that PX-12 caused a cell death in a concentration-
dependent manner, which was most sensitive in CSE-deficient
NRK cells and insensitive in CSE-rich HepG2 cells, while Hela
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FIGURE 1 | Different levels of CSE and H2S-producing capacity in three cell

lines. (A,B) The protein level of CSE in NRK, HepG2, and Hela cells. The same

amounts of cellular lysates from NRK, HepG2, or Hela cells were subjected to

Western blot analysis for CSE (A). The densitometric quantitation of the blot is

shown in (B). Data are expressed as percentage relative to HepG2 cells (mean

± SE, n = 3; *P < 0.05, **P < 0.01 vs. HepG2 cells; ##P < 0.01 vs. NRK

cells). (C,D) Comparison of H2S production capacity among these cells.

(Continued)

FIGURE 1 | Cells were seeded into 96-well plate at the density of 4 × 105 and

cultured in growth medium supplemented with 10mM L-cysteine and 10µM

PLP for 24 h (C). The capacity of H2S production was determined based on

the density of the black-colored circle in the test paper as described in the

section of Materials and Methods. Densitometric analysis of the intensity of the

black-colored circles is shown in (D). Data are expressed as percentage

relative to HepG2 cells (mean ± SE, n = 4; **P < 0.01 vs. HepG2 cells;
##P < 0.01 vs. NRK cells).

FIGURE 2 | Different cell response to PX-12. (A,B) Effect of PX-12 on cell

shape and viability. NRK, HepG2 and Hela cells were incubated with the

indicated concentrations of PX-12 for 7 h. Afterward, cells were stained with

Calcein-AM/PI staining (A, magnification: × 400) and photographed. Cell

viability was evaluated by WST assay (B). Data in (B) are expressed as the

percentage of living cells against the untreated control (mean ± SE, n = 4;

**P < 0.01 vs. respective control).

cells were in the middle. These observations suggest that the
cell sensitivity to PX-12 was reversely correlated to the level
of CSE.
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FIGURE 3 | Influence of H2S on cell vulnerability to PX-12-induced cell death. (A,B) Effect of H2S on PX-12-induced HepG2 cell death. HepG2 cells were incubated

with 200µM PX-12 in the presence or absence of 2mM BCA, 3mM PAG, 2mM L-cysteine or 1mM NaHS for 12 h. Then, the cells were either stained with

Calcein-AM/PI (A, magnification: × 400) or assayed for formazan formation with WST reagent (B). Data in (B) are expressed as the percentage of living cells against

the untreated control (mean ± SE, n = 4; *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. PX-12 alone). (C–E) Effect of CSE siRNA on PX-12-induced

HepG2 cell injury. The HepG2 cells were transfected with control siRNA or siRNAs targeting different sequences of CSE (siCTH1 and siCTH2) as described in Method

section. The cellular lysates were extracted and subjected to Western blot analysis for CSE (C). The treated cells were also seeded into 96-well plate and exposed to

200µM PX-12 for 12 h to evaluate cell viability through Calcein-AM/PI staining (D, magnification: × 400) and WST assay (E). Data in (E) are expressed as the

percentage of living cells against the untreated siControl (mean ± SE, n = 4; *P < 0.05 vs. untreated siControl; #P < 0.05 vs. PX-12-treated siControl).
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FIGURE 4 | Effect of H2S on the redox state of Trx. (A,B) Effect of NaHS on Trx protein levels in HepG2 cells. HepG2 cells were exposed to 1mM NaHS for the

indicated time intervals. Cellular lysates were subjected to Western blot analysis of Trx (A). Densitometric analysis of the blot in (A) was shown in (B). Data shown are

mean ± SE, (n = 3). (C,D) Effect of endogenous H2S on the redox state of Trx. HepG2 cells were cultured with or without 2mM BCA or 3mM PAG for 12 h. Cellular

proteins precipitated by TCA were dissolved in lysis buffer and allowed to react with thiol-binding AMS as described in Materials and Methods. The redox state of Trx

was determined through the shift of Trx bands in western blot analysis. Note the obvious reduction of AMS-labeled reduced form of Trx (upper band; C). Densitometric

analysis of the blot in (C) is shown in (D). Data shown are mean ± SE, (n = 3, **P < 0.01 vs. control). (E,F) Effect of H2S on redox state of rTrx. rTrx (2 µg) was

exposed to 1mM freshly prepared NaHS solution (f-NaHS) for 2 h or solution that had been exposed to air for 2 days before the experiments (old NaHS: o-NaHS). The

binding of fluorescence-labeled maleimide (MAL) was evaluated through the fluorescent intensity in dot blot (E). Densitometric analysis of the blot was shown in (F).

Data shown are mean ± SE, (n = 3; *P < 0.05, **P < 0.01 vs. control).

To further establish the role of H2S, we examined cell
response to PX-12 in the presence of CSE inhibitors or H2S
donors. Figures 3A–E show that inhibition or downregulation
of CSE in HepG2 cells with chemical inhibitors (BCA and
PAG) or siRNA significantly sensitized cells to PX-12. On the
contrary, the supplement of HepG2 cells with H2S substrate
L-cysteine or H2S donor NaHS enhanced cell resistance to
PX-12. The similar resistance was also achieved in CSE-
deficient NRK cells (Supplementary Figure 2). Collectively,
these results indicate that H2S regulates cell sensitivity
to PX-12.

H2S Increases the Reductivity of Trx
To explore the mechanisms underlying the effect of H2S, we
first examined its effect on Trx, the therapeutic target of PX-12
(17, 18). Figure 4 shows that H2S donor NaHS did not affect the
protein expression level of Trx (Figures 4A,B), whereas it greatly
affected the Trx redox state. Inhibition of CSE in HepG2 cells
with BCA or PAG decreased the reduced form of Trx as revealed
by AMS-shift assay (Figures 4C,D). Further experiments using
rTrx show that NaHS increased the free sulfhydryl residues, as
evidenced by the increased binding of thiol-reactive maleimide.
This effect of NaHS disappeared after exposure of the donor
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FIGURE 5 | Counteracting effect of H2S on PX-12 binding to sulfhydryl

residues in Trx. (A,B) Enhancement of Trx activity by H2S. rTrx (2 µg) was

treated with 250µM PX-12 and 1mM NaHS for 2 h and assayed for sulfhydryl

groups as described in Materials and Methods. To confirm the equal loading of

rTrx, the membrane was probed for Trx using anti-Trx antibody. Note the

obvious increased MAL-labeled Trx after NaHS treatment in comparison with

PX-12 alone (A). Densitometric analysis of the blot was shown in (B). Data

shown are mean ± SE, (n = 3; **P < 0.01 vs. untreated control; ##P < 0.01

vs. PX-12 alone).

solution to air to release gaseous H2S for 2 days, suggesting a
mediating role of H2S (Figures 4E,F). Collectively, these results
indicate that H2S stimulates the reductivity of Trx.

To determine whether H2S interfered with the effect of PX-
12 on Trx, we detected free sulfhydryl residues in Trx using
thiol-reactive maleimide. As expected, PX-12 potently inhibited
maleimide labeling, suggesting a loss of free thiol residues in Trx.
In the presence of H2S donor NaHS, however, the effect of PX-12
was largely abolished (Figure 5). These results indicate that H2S
counteracts the inhibitory effect of PX-12 on Trx activity.

H2S Inactivates PX-12
Previous studies from our group showed that H2S is a reducing
chemical that cleaves disulfide bond (10, 34, 35). Given that
there is a disulfide bond in the structure of PX-12, which is
requisite for its function, we speculated that H2S might directly
inactivate PX-12 through reaction with disulfide bond. To test
this possibility, we first examined whether pretreatment of PX-
12 with H2S donor NaHS could lead to a loss of PX-12 activity.
Figures 6A,B show that freshly prepared NaHS abolished PX-
12-mediated inhibition of Trx activity. Intriguingly, this effect of
NaHS was also achieved by pretreatment of PX-12 with NaHS

FIGURE 6 | Loss of PX-12 activity after reaction with H2S. (A,B) Comparison

of the effect of freshly prepared NaHS and H2S pre-released solution on the

thiol-binding activity of PX-12. rTrx (2 µg) was treated with 250µM PX-12, or

PX-12 plus freshly prepared 1mM NaHS for 2 h [f-(NaHS + PX-12)], or a

mixture of PX-12 and NaHS solution that had been prepared 2 days before the

experiment to completely release gaseous H2S [o-(NaHS + PX-12)]. Note that

the pretreatment of PX-12 with NaHS led to a great loss of its binding ability to

Trx, suggesting that H2S may directly inactivate PX-12 (A). Densitometric

analysis of the blot in (A) was shown in (B). Data shown are mean ± SE,

(n = 3; *P < 0.05, **P < 0.01 vs. control; ##P < 0.01 vs. PX-12 alone). (C)

Production of 2-MI by the reaction of PX-12 with NaHS. 100µM PX-12 were

allowed to react with 1mM NaHS for 1 h. The absorbance under UV-vis

spectroscopic analysis was monitored. Upper panel shows the results of

absorbance of different groups of chemicals. Note the appearance of a wave in

NaHS plus PX-12 group (red line) at 252 nm, the peak position of the standard

2-MI (dotted line). Data shown is one of the representative of three separate

experiments with similar results. Lower panel shows the scheme of potential

reaction of H2S with PX-12. H2S reacted with PX-12, causing the release of

2-MI, a metabolite resulted from the cleavage of disulfide bond in PX-12.
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FIGURE 7 | Ability of PX-12 in binding to cellular proteins and albumin. (A)

Effect of PX-12 on MAL binding to sulfhydryl residues of cellular proteins.

Cellular lysates pretreated with or without 500µM PX-12 were exposed to

thiol-reactive MAL for 2 h. The cellular proteins were separated with

SDS-PAGE and blotted onto PVDF membrane (A). The signal of MAL-labeled

proteins was detected. Note the blocking effect of PX-12 on MAL binding to

protein thiol residues (A, upper part). The equal loading of cellular proteins was

confirmed by staining the membrane with EZ blue (A, lower part). (B) Effect of

PX-12 on MAL binding to native and reduced albumin. Albumin (12.5 µg)

pretreated with or without the reducing chemical DTT was exposed to 250µM

PX-12 followed by reaction with MAL, and the signal of MAL-labeled albumin

was detected using dot blot. Densitometric analysis of the blot in (B) was

shown in (C). Data shown are mean ± SE, (n = 4; *P < 0.05, **P < 0.01 vs.

control; ##P < 0.01 vs. PX-12 alone).

for 2 days, a condition that H2S has been evaporated. This result
suggests that H2S might directly affect PX-12 activity.

To demonstrate that H2S, indeed, disrupted PX-12 structure,
we detected the formation of 2-MI, a metabolite resulted from

the cleavage of the disulfide bond in PX-12. Figure 6C shows
that standard 2-MI exhibited a peak absorbance at 252 nm under
UV-vis detection (dotted line). Incubation of PX-12 with NaHS
caused a formation of 2-MI, as evidenced by the appearance
of a wave at the location of 2-MI (red line), which was not
observed in PX-12, NaHS and dissolvent control. This result
indicates that H2S generated by the hydrolysis of NaHS can
directly deactivate PX-12.

H2S Stimulates Sulfhydryl Residues in
Multiple Proteins That Contribute to PX-12
Drug Resistance
PX-12 is reported to react with thiols of Trx in a specific and
irreversible way (17, 18). However, there is a report describing
that PX-12 also bound tubulin and cysteine-dependent proteases
(40). We, therefore, determined whether PX-12 also reacted
with other cellular proteins. For this purpose, we pretreated
cell lysates with PX-12 and detected its influence on thiol
activity using maleimide labeling assay. Figure 7A shows that
PX-12-pretreated proteins lost their binding abilities to thiol-
reactive maleimide, suggesting that PX-12 was able to react with
sulfhydryl groups of a wide range of cellular proteins.

Albumin is the most abundant serum protein that is
produced by hepatocytes (41, 42). It is reported that albumin
has active cysteine residues (43–45). We, therefore, tested
whether PX-12 also reacts with albumin. Figures 7B,C show
that albumin reacted with maleimide, which was potentiated by
DTT, indicating the presence of sulfhydryl residues. Consistent
with the notion that PX-12 also bound to proteins other than
Trx, pretreatment of albumin with PX-12 caused a significant
reduction in the subsequent maleimide binding. These results
indicate that PX-12 reacts with sulfhydryl residues in albumin.

H2S has reducing activity. We have reported that H2S
increases sulfhydryl residues of several proteins (10, 34). We,
therefore, tested whether H2S also influence the sulfhydryl
residues in albumin. Figures 8A,B show that NaHS increased
sulfhydryl residues of albumin in a way similar to DTT.
This effect was associated with increased albumin sulfhydration
(Figures 8C–E).

Given that the increased sulfhydryl residues in albumin
may compete with Trx in binding PX-12, we speculated that
this mechanism might also contribute to PX-12 resistance.
To confirm this hypothesis, we examined the influence of
sulfhydrated albumin on PX-12-initiated cell death. Figures 8F,G
show that supplement of cells with H2S-pretreated albumin
significantly blunted the cell-killing action of PX-12.

Blockade of Extracellular Sulfhydryl
Residues Enhances Cell Sensitivity to
PX-12
To further confirm that the off-target binding of PX-12
to the sulfhydryl residues of proteins other than Trx may
also contribute to drug resistance, we blocked extracellular
thiol-active residues with membrane-impermeable AMS and
maleimide and examined the changes in cell response. Figure 9
shows that AMS and maleimide alone at the concentration used
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FIGURE 8 | Effect of H2S-treated albumin on PX-12-induced cell death. (A) Induction of the reduced form of albumin by H2S. Albumin (12.5 µg) pretreated with or

without 1mM NaHS were exposed to 250µM PX-12 followed by reaction with thiol-reactive MAL for 2 h. and the signal of MAL-labeled albumin was detected using

dot blot. Densitometric analysis of the blot in (A) was shown in (B). Data shown are mean ± SE, (n = 4; **P < 0.01 vs. control; ##P < 0.01 vs. PX-12 alone). (C) H2S

induced enhancement of sulfhydryl residues and sulfhydration in albumin. Albumin (12.5 µg) treated with or without 1mM NaHS was assayed for sulfhydration as

described in the section of Materials and Methods. The samples were added to dot-blot apparatus and detected for the fluorescent signal. To confirm the equal

(Continued)
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FIGURE 8 | loading of albumin, the membrane was stained with EZ blue (C, input). Note the obvious increased MAL-labeled Trx after NaHS treatment in comparison

with control and its reduction following DTT treatment. (D) Densitometric analysis of the intensity of bands between control and NaHS-treated samples without DTT

treatment. (E) Quantitative calculation of sulfhydrated albumin by NaHS. The level of sulfhydration was calculated through the fluorescence loss after DTT treatment

and expressed as a percentage against the intensity of fluorescence before DTT treatment. Data in (D,E) are representative of four independent experiments and

values are expressed in mean ± SE, (*P < 0.05, **P < 0.01 vs. control). (F,G) Effect of NaHS-treated albumin on PX-12-induced cell death. HepG2 cells in 96-well

plate were exposed to the indicated concentrations of PX-12 in the presence or absence of 20 mg/ml NaHS-treated albumin for 4 h. Then, the cells were stained with

Calcein-AM/PI (F, magnification: × 400). Cell viability was determined by WST assay (G). Data in (G) are expressed as the percentage of living cells against the

respective control (mean ± SE, n = 4; **P < 0.01 vs. control; ##P < 0.01 vs. PX-12 alone).

FIGURE 9 | Effect of blocking sulfhydryl residues with cell

membrane-impermeable alkylating chemicals on PX-12-induced cell death.

(A,B) HepG2 cells in 96-well were pretreated with 10µM maleimide or 2mM

AMS for 1 h, followed by exposure to the indicated concentrations of PX-12 for

an additional 4 h. Then, the cells were stained with Calcein-AM/PI (A,

magnification: × 400). Cell viability was determined by WST assay (B). Data in

(B) are expressed as the percentage of living cells against the respective

control (mean ± SE, n = 4; **P < 0.01 vs. control; ##P < 0.01 vs.

PX-12 alone).

did not affect cell viability; however, they markedly sensitized
cells to PX-12.

DISCUSSION

In this study, we characterized H2S as a presently unrecognized
molecule influencing cell response to PX-12. Furthermore, we

revealed that this effect of H2S was mediated through multiple
mechanisms. The schematic depiction of the mechanisms has
been shown in Figure 10. Given that H2S is produced by many
types of tumors and also exists in the tumor microenvironment,
H2S could be an important factor determining cell sensitivity to
PX-12. Targeting H2S could be a potential way to increase the
efficacy of chemotherapy.

H2S has been documented to increase tumor cell resistance
to several drugs, such as 5-FU and oxaliplatin (30–33). In this
study, we found that H2S underlay cell resistance to PX-12.
The evidence supporting this conclusion include that: (1) cell
sensitivity to PX-12 was conversely correlated with the level of
H2S-producing enzyme CSE and H2S production; (2) inhibition
of endogenous H2S sensitized cell to PX-12; and (3) supplement
of cells with exogenous H2S enhanced cell resistance to PX-12.

Redox state is a determinant factor of tumor initiation and
development. It is also the target of tumor therapy (2–4). Many
antitumor drugs, such as doxorubicin, cisplatin, and bleomycin,
cause tumor senescence and death through the induction of
oxidative stress (3, 46–48). Previous studies have shown that
ROS also mediated the tumor-killing action of PX-12; inhibition
of ROS abolished its antitumor actions (49–51). Given that
H2S regulates oxidative stress via multiple mechanisms, it is
conceivable that these mechanisms could contribute to the
observed effects in the current investigation.

PX-12 is an inhibitor of Trx, which inactivates Trx through
interaction with the reduced thiols of Trx (17). In this study,
we confirmed that the thiol activity of Trx was blocked by PX-
12. Intriguingly, in the presence of H2S, this effect of PX-12 was
abolished. The question naturally occurs as to howH2S prevented
the effect of PX-12. Theoretically, it could be a result of its effects
on Trx, PX-12, or both.

Regarding the effect of H2S on Trx, we have reported that
H2S promoted the reductivity of Trx through sulfhydration (10).
Here, we reconfirmed our previous finding that H2S increased
sulfhydryl residues in Trx. This increase counteracted the action
of PX-12. Besides its action on Trx, our study also revealed that
H2S directly deactivated PX-12. This conclusion is supported by
the fact that pretreatment of PX-12 with H2S caused a loss of
PX-12 activity and a formation of 2-MI, a metabolite resulted
from the cleavage of the disulfide bond in PX-12. This action
of H2S was unexpected, but not surprising because H2S, as a
reducing chemical, has been shown to cleave disulfide bond in
many proteins (10, 34, 35).

The antitumor action of PX-12 is generally accepted to
be through its specific and irreversible binding to Trx.
However, there are also reports that PX-12 has off-target
effects. It bound to tubulin and cysteine-dependent proteases
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FIGURE 10 | Schematic depiction of the mechanisms involved in H2S-mediated tumor resistance to PX-12. H2S increased tumor cell resistance to H2S through

multiple mechanisms: (1) H2S promotes Trx in the reduced state, counteracting the thiol-inhibiting effect of PX-12; (2) H2S directly reacts with PX-12, leading to the

cleavage of disulfide bond in PX-12 and PX-12 deactivation; and (3) H2S induces sulfhydryl residues in proteins that competes with Trx in binding PX-12, causing a

reduced binding of PX-12 to Trx.

(40). In this investigation, we found that PX-12 interacted
with sulfhydryl residues of many cellular proteins, including
albumin. Interestingly, our group showed that H2S increased the
sulfhydryl residues in many proteins, including IgG and albumin
(10, 34). The observations promoted us to speculate that H2S
could enhance cell resistance through induction of sulfhydryl
residues in these proteins. Our results support this idea. This
is shown by the facts that supplement of cells with H2S-treated
albumin blunted the tumor-killing action of PX-12, and that
blockade of extracellular sulfhydryl residues enhanced efficacy
of PX-12. Thus, induction of sulfhydryl residues in proteins
other than Trx by H2S could be an unexpected, but important
mechanism by which H2S increased cell resistance to PX-12.

Of note, apart from CSE, CBS and 3-MST are also involved in
the production of H2S. In this study, their expression and roles
in the tested cells have not been characterized. Given that the
level of endogenous and exogenous H2S was closely correlated
with the cell sensitivity to PX-12, it is reasonable to conclude
that H2S is a determiant factor governing cell response to PX-12.
Consistent with previous reports (52, 53), our study also indicates
that CSE was the predominant enzyme for H2S production in

HepG2 cells. The inhibition or downregulation of CSE in HepG2
cells significantly sensitized cells to PX-12. In this context, the
lack of the information about CBS and 3-MST should not greatly
affect our conclusion.

It is also worth mentioning that our finding could also be
applicable to tumor chemotherapy targeting Trx reductase such
as auranofin and pleurotin. In our previous study, we have
demonstrated that Trx reductase inhibitor auranofin-induced
cell death was also prevented by H2S (10). This effect of H2S
could be ascribed to its promoting action on Trx reductivity.
In addition, it could also be due to its induction of sulfhydryl
residues in other cellular proteins as revealed in this paper.

Our study could have important basic and clinical
implications. First, we identified H2S as a novel molecule
rendering cell resistance to PX-12. In many types of tumors,
increased expression of H2S-synthesizing enzymes has been
reported (26–30, 54). Besides, tumors could also occur at
an environment exposed to H2S, such as colon where up to
millimolar H2S has been reported (55, 56). Moreover, H2S is
also available from food and bacteria. This endogenous and
exogenous H2S could hinder the therapeutic efficacy of PX-12.
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Strategies against H2S can be developed to increase efficacy of
tumor therapy. Moreover, H2S could also be used as a potential
marker predicting tumor response to PX-12.

Second, our study found that, other than Trx, PX-12 also
reacted with a wide range of proteins through a thiol-disulfide
exchange, including albumin, a protein that is abundant in
hepatocytes and serum (41–43). Given the importance of thiol
residues in protein functions, this finding should be important.
It suggests that PX-12 may have a broader range of activity and
applicability. It also hints that drug resistance to PX-12 should
not be limited to Trx system, but also include other PX-12-
reactive proteins. In this study, we showed that H2S significantly
increased the thiol activity in a wide range of proteins, including
IgG (34) and albumin. Because these proteins are far more
abundant than Trx, it may play an important role in drug
resistance. Thus, prevention of the off-target binding of PX-12
could be an effective way to increase therapeutic efficacy.

Third, our study provides additional evidence supporting
a regulatory role of H2S on cysteine or disulfide bonds in
multiple molecules, possibly through sulfhydration. Given thiol
has been characterized as an important molecule involved in
the regulation of oxidative and redox signaling, this effect of
H2S could be an important mechanism by which H2S increases
drug resistance. In this study, we also found that H2S directly
deactivated PX-12. This result suggests that, in analyzing the
effect and mechanisms of H2S on drug resistance, other than
the important signalingmolecules and cellular proteins, attention
should also be paid to the possible direct chemical reaction
between H2S and drugs.

Of note, our study also has limitations. We have used a
relatively high, non-physiological concentration of NaHS as an
exogenous H2S donor in some of the experiments regarding
the effects of H2S on recombinant Trx, albumin and PX-
12. However, this shortcoming should not greatly affect our
conclusion about the involvement of H2S in cell resistance to Trx
inhibitors because the similar results were also achieved through
modulation of endogenous H2S levels. Another limitation of this

study is that our finding was obtained from cultured cells. It is
necessary to verify the results in animal models. This will be the
direction of our future research.

Collectively, we characterized H2S as an important molecule
governing cell response to PX-12. This effect of H2S involved
multiple mechanisms including increasing thiol activity in Trx
and in the proteins that competitively bind PX-12, as well as
direct inactivation of PX-12. Our study suggests that targeting
H2S and thiol residues could be an effective way to increase the
tumor-killing efficacy of PX-12. H2S can be used as a marker
predicting tumor cell response to PX-12.
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Methyl jasmonate (MJ), a natural oxylipin, possesses a broad spectrum of antineoplastic
potential in vitro. However, its tumor growth impeding and chemo-potentiating action has
not been adequately investigated in vivo. Using a murine thymus-derived tumor named
Dalton’s Lymphoma (DL), in the present study, we examined if intra-tumoral
administration of MJ can cause tumor growth impedance. We also explored the
associated molecular mechanisms governing cell survival, carbohydrate & lipid
metabolism, chemo-potentiation, and angiogenesis. MJ administration to tumor-
transplanted mice caused deceleration of tumor growth accompanying prolonged
survival of the tumor-bearing mice. MJ-dependent tumor growth retardation was
associated with the declined blood supply in tumor milieu, cell cycle arrest, augmented
induction of apoptosis and necrosis, deregulated glucose and lipid metabolism, enhanced
membrane fragility of tumor cells, and altered cytokine repertoire in the tumor
microenvironment. MJ administration modulated molecular network implicating Hsp70,
Bcl-2, TERT, p53, Cyt c, BAX, GLUT-1, HK 2, LDH A, PDK-1, HIF-1a, ROS, MCT-1,
FASN, ACSS2, SREBP1c, VEGF, cytokine repertoire, and MDR1, involved in the
regulation of cell survival, carbohydrate and fatty acid metabolism, pH homeostasis,
and drug resistance. Thus, the present study unveils novel molecular mechanisms of the
tumor growth decelerating action of MJ. Besides, this preclinical study also establishes
the adjunct therapeutic potential of MJ. Hence, the present investigation will help to design
novel anti-cancer therapeutic regimens for the treatment of hematological malignancies.

Keywords: methyl jasmonate, tumor growth impedance, cell survival and metabolic regulation, chemo-
potentiation, intra-tumoral blood flow
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INTRODUCTION

Global research efforts are focused on devising novel anti-cancer
therapeutic strategies capable of specifically targeting the
neoplastic cells. Thus, several agents capable of targeting one
or more cancer hallmarks are being examined for their
therapeutic efficacy. Methyl jasmonate (MJ), a natural oxylipin
(Methyl(1R,2R)-3-Oxo-2-(2Z)-2-pentenyl-cyclopentaneacetate;
http://www.chemspider.com/Chemical-Structure.4445210.
html), possesses a promising antineoplastic potential, devoid of
any harmful effects on healthy cells. The broad-spectrum anti-
cancer action of MJ has been vividly demonstrated against
neoplastic cells of diverse origins (1, 2). The cytotoxic activity
of MJ against neoplastic cells has been shown to implicate a wide
variety of molecular mechanisms but majorly through the
induction of mitochondrial-mediated apoptotic cell death by
involving altered functions of mitochondria (3, 4) and causing
detachment of hexokinase from VADC (5). However, the bulk of
data associated with MJ’s antineoplastic action is mainly from in
vitro studies performed against a wide variety of neoplastic cell
lines (1, 2, 6, 7). However, to optimally realize its
chemotherapeutic potential to establish MJ as a standard anti-
cancer drug, it is essential to assess the in vivo anti-cancer
therapeutic efficacy, which is mainly lacking in the case of MJ.

In vivo based investigations are crucial for understanding
various critical issues related to a drug’s ability to decelerate
tumor progression. Moreover, other decisive aspects regulating
tumor growth like dose, administration route, the bioavailability,
mechanism(s) of action, side effects, toxicity, and different in vivo
interactions also need to be worked out. However, only sporadic
studies are available in this respect for MJ. The in vivo antitumor
action of MJ has been investigated against only a limited type of
malignancies, which includes breast cancer (8, 9), multiple
myeloma (10), and murine lymphoma (11). However, these
studies do not provide detailed mechanisms of in vivo
antitumor efficacy/tumor growth retarding and chemo-
potentiating MJ action. Thus, it is essential to investigate MJ’s
effect on the crucial cancer cell-specific metabolism & cell
survival regulation, membrane stability, angiogenesis, and drug
resistance in an appropriate in vivo model. This will help to
achieve therapeutic optimization laying the foundation for
further clinical trials. However, except for only one study
mentioned above (1), to the best of our knowledge, so far,
there has been no comprehensive investigation revealing
mechanisms of the therapeutic potential of MJ against any
progressive hematological neoplasms.

Additionally, it will also be essential to understand the efficacy
of MJ’s combinatorial use with other conventional anti-cancer
drugs, which is only feebly investigated (1, 9). However, all of
these studies were only in vitro based, with little clue about such
combinations’ therapeutic efficacy under in vivo tumor-bearing
situation. Hence, it is also essential to work out the in vivo
therapeutic potential of MJ in a combinatorial study and the
associated mechanism(s), which will lower the doses and,
subsequently, the massive side effects of standard anti-
cancer drugs.
Frontiers in Oncology | www.frontiersin.org 23534
Considering the lack of knowledge regarding the in vivo
antineoplastic and chemo-potentiation mechanisms of MJ, the
present study was conducted on a thymus-derived murine
tumor, Dalton’s lymphoma (DL), to unravel the unknown
mechanistic pathways. DL has been successfully used in our
and other laboratories for exploring the therapeutic efficacy of
several anti-cancer agents (12, 13). This is the first report on
understanding MJ’s therapeutic efficacy on a progressively
growing thymoma, with a comprehensive investigation of the
underlying unexplored molecular mechanisms and issues related
to MJ’s chemo-potentiating action in vivo.
MATERIALS AND METHODS

Tumor, Mice, and Reagents
Dalton’s lymphoma initially discovered in the laboratory of A.J
Dalton (NCI, Bethesda, USA) as a spontaneously originated
thymoma in mice (14) and subsequently adapted for serial
transplantation and ascitic growth (15), was used in the
present investigation to understand antitumor action of MJ.
We maintained this tumor in our laboratory by serial
intraperitoneal transplantation in BALB/c mice for achieving
ascitic tumor growth. Healthy male mice (6–8 weeks of age) were
intraperitoneally transplanted with 5 x 105 cells. Mice fully
grown ascitic tumor is apparent by 12–16 days following
tumor transplantation. The average survival time of tumor-
bearing mice is usually 22 ± 2 days under normal conditions.
Mice handling and experimentations were carried out as per
approval of the institutional animal ethical committee (Approval
reference: BHU/DOZ/IAEC/2018-2019/019; dated: January 01,
2019). HuT-78 and J6 (human T cell lymphoma) cell lines were
obtained from NCCS, Pune, India. Methyl Jasmonate was
commercially procured from Sigma-Aldrich (USA) with 95%
purity (catalog no. 392707). Most of the reagents were procured
from Sigma-Aldrich (USA). Other reagents and biologicals were
obtained from the following sources: Fetal calf serum (Hyclone,
USA), and Annexin V/PI apoptosis detection kit (Imagenex,
USA), Antibodies (Imagenex, USA, Sigma Aldrich, USA,
Chemicon, USA, BD Pharmingen Inc, USA and e-Biosciences,
USA), and Primers for RT-PCR (Eurofins, USA).

Administration of MJ to Tumor
Transplanted Mice
To study the effect of MJ administration on tumor progression,
we followed a protocol summarised in Figure 1. Tumor cells
were harvested from the tumor-bearing mice administered with
PBS alone or containing MJ (100 g/kg) on the indicated days.
The remaining mice were left to study the rate of tumor
progression and survival time. As body weight is reported to
be a parameter for tumor progression in ascitic tumor growth
(16), the same was used in the study to monitor tumor
progression along with an estimation of the total volume of
ascitic fluid and enumeration of viable tumor count (13). In each
group, 10 mice were used.
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Dye Exclusion Test for Cell Survival
The number of viable tumor cells was enumerated using the
standard trypan blue dye exclusion test (17).

MTT Assay
The MTT assay was used for estimating metabolic activity and
calculated cytotoxicity following the method described by
Mosmann (18), with slight modifications. The MTT solution
(final concentration 0.5 mg/ml) was added to the wells
containing the tumor cells in the medium, and further
incubation was carried out for 4 h (37 °C in CO2 incubator).
The formazan crystals formed during the incubation period were
solubilized using DMSO for overnight. Absorbance at 540 nm
was measured by the ELISA plate reader (Labsystems Finland).
ID50 values were calculated by following a method described by
Vertosick et al. (19).

Estimation of Cytotoxicity
Cytotoxicity was assayed using a method described earlier (20),
using MTT assay. The percentage of cytotoxicity was calculated
using the following formula:

% Cytotoxicity = A−B
A � 100

A :  Absorbance Control

B :  Absorbance MJ
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Estimation of Cell Death
The apoptotic and necrotic modes of cell death were evaluated
by microscopic observation of the control , and MJ
exposed tumor cells using the standard Wright-Giemsa
and Annexin V/PI staining (17, 21) fol lowing the
manufacturer’s instructions.
Cell Cycle Analysis
The cell cycle analysis was performed following a method
described earlier (17) based on the method of Shen et al. (22).
The tumor cells harvested from the tumor-bearing mice of
control and treated groups were washed twice with chilled
PBS, fixed in 70% ice-cold ethanol followed by incubation for
30 min at −20°C. The cells (1×105 cells/ml) were then washed
with PBS, stained with PI (10 mg/ml) following incubation with
20 mg/ml of RNAase A solution for 30 min at 37°C in dark.
Thereafter, cells were analyzed by the flow cytometer for cell
cycle arrest. A total of 10,000 cells per sample was acquired on a
flow cytometer (BD FACSCalibur) using a PI suitable band filter
and the events below 400/Sec. The primary gate was on a dot plot
with FSC vs. SSC. A secondary gate was applied around the FL2-
A (pulse area) vs. FL2-W (pulse width). Finally, the data was
recorded on a histogram plot with FL2-A at X-axis & cell counts
at Y-axis, and analysis was quantified by the Cell Quest software
(Becton Dickinson).
FIGURE 1 | Protocol for the administration of MJ to tumor-bearing mice. Mice in groups of 10 each were transplanted with 1 x 105 DL cells in 0.5 ml PBS per
mouse (day 0), followed by intraperitoneal administration of MJ (100 mg/kg) or PBS on days 4, 6, 8, 10, and 12 post tumor transplantation. Tumor cells and ascitic
fluid were collected and investigated for various assays on day 14. Remaining tumor-bearing mice were monitored for change of body weight and survival as
parameters of tumor progression.
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Detection of Cell Surface Expression of
MCT-1, GLUT-1, and MDR1
The expression of MCT1, GLUT-1, and MDR1 was analyzed by
flow cytometry (23, 24) along with Western blotting (25). Cells
were incubated with primary antibody for 40 min, washed, and
subsequently incubated with fluorochrome-conjugated
secondary antibody for 30 min at 37 °C in a humidified
atmosphere. The expression pattern of the indicated molecules
was analyzed by flow cytometry.

Immunodetection of Cytokine Production
in Ascitic Fluid
The levels of IL-6, IFN-Ƴ, and TGF-b were detected by a
standard ELISA in the ascitic fluid of control and MJ-exposed
group (26). The ELISA plate wells were coated with 50 μl of
ascitic fluid and kept at 4 °C overnight. The ELISA plates were
extensively washed with PBS-Tween-20 (0.1% v/v), followed by
blocking of unsaturated sited by BSA (1% w/v) solution in PBS.
Washing was followed by incubation with the primary antibody
and then with alkaline phosphatase-conjugated secondary
antibody at room temperature. After washing, p-nitrophenyl
phosphate (1 mg/ml) was added, followed by incubation for
30 min at room temperature. Absorbance was measured at
405 nm.

Immunodetection of Cytosolic Cyt c
Cytosolic Cyt c was immunodetected by Western blotting using
cytosolic extract (27) as described earlier. Cell lysis was carried
out by incubating cells in lysis buffer pH 7.5 [(HEPES 200 mM,
MgCl2 1.0 mM, sucrose 250 mM, EGTA 1.0 mM, PMSF 0.1 mM,
DTT 1.0 mM, KCl 2 μg/ml, aprotinin and leupeptin (2 μg/ml)]
followed by homogenisation. Lysate thus obtained was
centrifuged (16,000 x g, 4° C, 20 min). The harvested
supernatant was used for immunoblotting for the detection of
Cyt c.
Immunoblotting
Immunoblotting was carried out to detect the indicated proteins
as described earlier (20, 25) using cytosolic extract, or cell lysates
obtained by lysing cells for 30 min on ice with lysis buffer [(Tris-
Cl 20 mM (pH 8.0), NaCl (137 mM), glycerol 10 (v/v), Triton X-
100 1% (v/v), EDTA 2.0 mM, PMSF 1.0 mM, Leupeptin 20 mM,
and aprotinin 0.15 U/ml)]. The standard Bradford method was
used to estimate the protein content in cytosolic extract or cell
lysates (28). Samples for loading of gel were prepared in a gel-
loading buffer [(Tris-Cl 0.5 M (pH 6.8), b-mercaptoethanol 100
mM, SDS 20% (w/v), Bromophenol blue 0.1% (v/v), and glycerol
10% (v/v)] by heating on a boiling water bath for 3 min. Thirty
μg protein per sample was loaded on the polyacrylamide-SDS gel
for electrophoresis. After electrophoresis, transfer of proteins to
the nitrocellulose membrane (Sartorius, Germany) was carried
out, followed by incubation with primary antibodies against the
respective proteins. After that, the membrane was incubated with
an alkaline phosphatase-conjugated secondary antibody followed
by BCIP/NBT solution to visualize bands. The intensity of each
Frontiers in Oncology | www.frontiersin.org 43736
protein band was analyzed by ‘ImageJ’ software. b-actin was used
as a loading control.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)
The expression of indicated RNA was estimated using standard
protocol for RT-PCR following a method described earlier (17).
cDNA was prepared using a cell to cDNA kit as per the
manufacturer’s instructions (Ambion, USA). Primers for the
indicated genes were obtained from Eurofins; the detailed
description is provided in Table 1. Thirty-five cycles of
amplification were done with each comprising denaturation for
2 min at 94 °C, annealing at 55–60 °C as per the genes’ primers,
and elongation for 30 s at 72 °C. The DNA bands were separated
on 2% agarose gel containing ethidium bromide (0.25% w/v) by
electrophoresis and then visualized using a UV-transilluminator.
The band intensity of each gene was analyzed by “ImageJ”
software. b-actin was used as a loading control.

DCFDA Staining for Intracellular ROS
Expression
Intracellular ROS expression was detected using DCDFDA
staining as described by Furuta et al. with minor modifications
(29). Tumor cells were incubated in HBSS containing DCFDA
(0.1 mM) for 45 min at 37°C. After washing, DCFDA stained
cells were observed under the fluorescence microscope (Nikon,
Japan) at 400 X magnification. The fluorescence intensity was
analyzed by “ImageJ”.

Ultrasonographic Imaging
A transabdominal color Doppler was performed on control and
MJ-administered mice for observing blood flow in the ascitic
cavity with iU22 Ultrasound (Phillips, NL), as per the method
described earlier (30). We used a linear multifrequency assay
transducer (7–11 MHZ) for detecting alterations in blood flow in
the peritoneal cavity (30).

Statistical Analysis
Experiments were conducted thrice. The statistical significance of
differences between test groups was analyzed by Student’s t-test. A
p-value of less than 0.05 was considered as significant.
TABLE 1 | Primer sequence for RT-PCR.

Gene Primer Sequence

ACSS2 F-5′GTGGATGAAAGGAGCAACTACA-3’; R-5′
GCCCTCCCAGTAAAAAGCAACT-3’

FASN F-5′-AGGGGTCGACCTGGTCCTCA-3’; R-5′-
GCCATGCCCAGAGGGTGGTT-3’

GLUT-1 F-5’-CTTTGTGGCCTTCTTTGAAG-3’; R-5’-
CCACACAGTTGCTCCACAT-3’

LDH A F-5’-TGTCTCCAGCAAAGACTACTGT-3’; R-5’-
GACTGTACTTGACAATGTTGGGA-3’

PDK-1 F-5′-CCGGGCCAGGTGGACTTC-3′; R-5′-
GCAACTCTTGTCGCAGAAACATAA-3′

HIF-1a F-5’-CTCAAAGTCGGACAGCCTCA-3’; R-5’-
CCCTGCAGTAGGTTTCTGCT-3’

b-Actin F-5’GGCACAGTGTGGGTGAC-3’; R-5’-
CTGGCACCACACCTTCTAC-3’
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RESULTS

MJ Administration Retards Tumor
Progression
Initial experiments were conducted to explore if MJ’s
administration impedes tumor progression following the
protocols as shown in Figure 1. Tumor growth was examined
by estimating body weight and time duration of the host survival.
Administration of MJ impeded tumor growth compared to the
control (Figure 2A). The survival time of MJ-administered mice
was also increased significantly compared to the untreated group
(Figure 2B). To corroborate the observations mentioned above,
the volume of ascitic fluid was measured as an indicator of tumor
size. The number of tumor cells in the ascitic fluid was also
counted. Administration of MJ caused a significant waning of
tumor size (Figure 2C) compared to the control. Similarly, a
substantial reduction in tumor cell numbers (number of tumor
cells/ml of ascitic fluid) was also observed following MJ
administration compared to control (Figure 2D). These two
parameters were further confirmed the tumor growth
decelerating action of MJ.
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MJ Displays Tumor Cell-Specific Cytotoxic
Activity
To ascertainMJ’s tumoricidal action spectrum, we also examined its
in vitro cytotoxicity against DL, HuT-78, and J6 cells, along with
splenocytes and hepatocytes obtained from healthy mice. As shown
in Figure 3, treatment of tumor cells with MJ resulted in a
significant dose-dependent cytotoxic action against DL (ID50: 558
μg/ml), HuT-78 (ID50: 280 μg/ml), and J6 (ID50: 167 μg/ml) cells
compared to their respective untreated controls. Further, in vitro
exposure of normal cells, splenocytes, and hepatocytes to MJ, did
not affect their survival (Figure 3).

Molecular Mechanisms Associated With
MJ-Dependent Tumor Growth
Deceleration
One of the principal focus of this investigation was to decipher the
molecular mechanisms underlying the observed tumor growth
retarding action of MJ. We analyzed the mode of cell death
induction, cell cycle, and expression repertoire of proteins that
regulate these events. The number of apoptotic and necrotic cells
showed a significant rise in the MJ group compared to the control
A B

C D

FIGURE 2 | MJ administration retards tumor progression. Tumor-transplanted mice were administered with PBS alone (control) or containing MJ (100 g/kg), as
shown in Figure 1, followed by monitoring of tumor progression by the change of body weight (A) and survival of the tumor-bearing mice (B), estimation of the
volume of ascitic fluid (C), and the number of viable tumor cells (D). Values are shown in (A, C, D) are mean ± SD of three independent experiments. *p < 0.05 vs.
respective control.
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(Figure 4A). These results indicate that MJ-administration triggers
cell death via the induction of apoptosis and necrosis. As cell death
is a direct consequence of cell cycle arrest (31), we also analyzed the
cell cycle in tumor cells obtained from the control and MJ group of
mice. Results presented in Figure 4B suggest that MJ arrests cell
cycle in the G0/G1 phase. Because of these observations, next, we
examined if the repertoire of proteins responsible for regulating cell
cycle and apoptosis showed modulated expression in MJ-exposed
tumor cells. Further, tumor cells harvested from the MJ group
displayed a significantly declined Hsp70, Bcl-2, and TERT
expression. In contrast, p53 and BAX expression levels were
increased compared to tumor cells of control group (Figure 5A).
Therefore, their modulated expression could underlie the observed
altered survival of tumor cells exposed to MJ in vivo.

As altered mitochondrial membrane permeability is associated
with the increased cytosolic release of Cyt c, reflecting the
mitochondrial-dependent cell death induction, we also estimated
the level of cytosolic Cyt c in MJ-exposed tumor cells. Results
(Figure 5B) showed a significant increase in the level of cytosolic
Cyt c in the MJ-exposed tumor cells compared to PBS-administered
control (Figure 5B). As an increase of intracellular ROS is also
implicated in the mitochondrial associated induction of apoptosis,
next, we examined intracellular ROS level. We found dramatically
increased intracellular ROS level in the tumor cells isolated from the
MJ-administered group compared to the control group (Figure 5C).

MJ Administration Manifests Inhibition of
Glycolysis in Tumor Cells
To understand if MJ administration modulated tumor cells’
glucose metabolism as glycolysis has been noticed as one of the
Frontiers in Oncology | www.frontiersin.org 63938
crucial regulators of apoptosis and necrotic cell death (3).
Therefore, MJ administration’s effect on the metabolic activity
(Figure 6A) and repertoire of glucose metabolism regulatory
molecules (Figures 6B–E) were examined. The results showed
significant inhibition of metabolic activity in tumor cells exposed
to MJ compared to PBS administered control. The inhibition of
metabolic activity was accompanied by a suppressed expression
of glucose metabolism regulatory molecules, namely HIF-1a, HK
2, LDH A, PDK-1, and GLUT-1.

As carbohydrate metabolism is intimately associated with
altered pH homeostasis in neoplastic cells, MJ administration’s
effect on the pH of ascitic tumor fluid was also investigated. The
MJ group’s ascitic fluid displayed relative alkalinization
compared to the control group (Figure 6F). This suggests a
reversal of the acidic tumor microenvironment. Considering the
critical role of pH regulator MCT-1 in the maintenance of pH
homeostasis in tumor cells through regulating the transport of
lactate across the plasma membrane, next, we checked the
expression of MCT-1. The MJ-exposed group’s tumor cells
showed inhibited MCT-1 expression compared to control
group tumor cells (Figure 6G).

MJ Exposure Alters Lipid Metabolism in
Tumor Cells
Because lipid homeostasis is also impacted by altered
carbohydrate metabolism and lipid biogenesis is a lifeline of
tumor cell proliferation (20). Therefore, the effect of MJ on lipid
metabolism was evaluated. Thus, the expression of lipid
metabolism-regulating molecules was analyzed (Figure 7A).
Significant down-regulated expression of fatty acid synthase
(FASN) was observed in the MJ group compared to control, a
key regulatory enzyme of de novo fatty acid synthesis (Figure
7A). Similarly, MJ-exposed tumor cells displayed inhibited
expression of ACSS2, and SREBP1c (Figure 7A). The impact
of inhibited expression of FASN, ACSS2, and SREBP1c in MJ-
exposed tumor cells was also investigated by assessing tumor cell
membrane’s stability through examining the osmotic fragility
(Figure 7B). MJ-exposed tumor cells showed a significant
increase in osmotic fragility compared to control.

Altered Cytokines Repertoire in Ascitic
Fluid
ELISA was performed on the ascitic fluid obtained from control and
MJ groups to immunodetect the indicated cytokines (Figure 8). The
MJ group’s ascitic fluid showed elevated IL-6 and IFN-Ƴ,
accompanied by declined TGF-b levels compared to the PBS-
administered control.

MJ Administration Modulates VEGF
Expression and Intra-Tumoral Blood Flow
A color doppler ultrasonographic imaging was performed to
understand if MJ-dependant tumor growth retardation also
changed the pattern of blood flow in the vicinity of
progressively growing ascitic tumors in the peritoneal cavity.
The mesenteric blood flow was quantified for the peak-systolic
velocity (PSV) and end-diastolic velocity (EDV), which
FIGURE 3 | In vitro tumor cell-specific cytotoxic action of MJ against
neoplastic cells of human origin. Indicated tumor cell lines, hepatocytes,
and splenocytes (1 x 106 cells/ml) were incubated in vitro for 12 h in
medium alone or containing MJ followed by estimation of cytotoxicity by
MTT assay. Values shown are mean ± SD of three independent experiments.
*,a, #p < 0.05 vs. respective control.
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significantly declined after MJ-administration compared to
control (Figures 9A, B). These observations indicate that MJ
inhibits blood flow in the ascitic cavity. Considering VEGF’s
implication in the regulation of tumor angiogenesis, we also
examined if MJ could modulate VEGF level. Notably, the level of
VEGF was found to decrease in MJ-exposed tumor cells (Figure
9C) and the ascitic fluid (Figure 9D) of the MJ group.

Chemo-Potentiating Action of MJ
As MJ on its own is not yet established as the drug of choice in
the mainstream anti-cancer regimens, we checked if it can
influence the tumor cell killing ability of standard anti-cancer
drug cisplatin (CP) upon in vivo administration. Cell lysates were
examined for MDR1 level by Western blotting (Figure 10A) and
flow cytometry (Figure 10B). MJ-exposed tumor cells showed
down-regulated expression of MDR1 compared to control. These
observations indicate that in vivo exposure to MJ could enhance
the cytotoxic ability of other anti-cancer drugs. This hypothesis
was further confirmed by examining cytotoxicity (Figure 10C)
and tumor cell viability (Figure 10D) in tumor cells isolated
from tumor-bearing mice administered with PBS alone or
containing MJ, CP, or a combination of both. Administration
of MJ and CP markedly augmented cytotoxicity with a decreased
Frontiers in Oncology | www.frontiersin.org 74039
number of viable cells compared to groups of cisplatin or MJ
alone, indicating the chemo-potentiating effect of MJ
for cisplatin.
DISCUSSION

Observations of the present study strongly suggest the tumor
growth retarding action of MJ against a progressively growing
lymphoma of thymic origin. Further, this investigation also
explores the possible molecular mechanisms underlying the
tumor growth impeding effect of MJ. Tumor cells harvested
from MJ-administered tumor-transplanted mice displayed
augmented induction of apoptosis and cell cycle arrest, which
possibly led to a decline in tumor load. Further, in vitro exposure
of MJ exhibited cytotoxic action against DL, HuT-78, and J6 cells
without imparting any adverse effect on normal cells. This
indicates the broad spectrum of tumor cell-specific cytotoxic
action of MJ. Similar to our findings, other studies have shown
that MJ does not harm normal cells (1, 32). Although the precise
mechanism of the cell cycle interrupting and cell death-inducing
action of MJ upon in vivo administration is not clear, one of the
A

B

FIGURE 4 | MJ administration to tumor-bearing mice induces tumor cell death and cell cycle arrest. Tumor cells harvested from control and tumor-transplanted
mice were examined for induction of cell death by Annexin V/PI staining using fluorescence microscopy and Wright-Giemsa staining (A). Arrows indicate apoptotic
cells, and arrowheads indicate necrotic cells. Tumor cells were also analyzed for cell cycle as described in materials and methods using flow cytometry (B).
Microscopic and flow cytometric images are from a representative experiment of three independent experiments with similar results. The accompanying bar diagrams
are mean ± SD three independent experiments. *p < 0.05 vs. respective control.
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likely causes could be the altered expression of tumor
metabolism regulatory molecules. MJ-exposed tumor cells
showed inhibition of HK 2, LDH A, PDK-1, and HIF-1a
expression, which have a pivotal role in maintaining the
predominant glycolytic phenotype of tumor cells, crucially
required for augmented survival of neoplastic cells (33–36).
Studies have overwhelmingly demonstrated that MJ could bind
to and detach mitochondria linked HK 2 in malignant cells (5),
Frontiers in Oncology | www.frontiersin.org 84140
leading to the decoupling of glycolysis and mitochondrial
metabolism (37), with detrimental consequences on cell survival.

MJ dependent dissociation of HK 2 from voltage-dependent
anion channel (VDAC) is also reported to trigger a dip in
mitochondrial transmembrane potential, leading to increase
release of Cyt c and induction of apoptosis (37). Indeed, we
also observed an augmented level of cytosolic Cyt c in tumor cells
exposed to MJ in vivo, reconfirming the mitochondrial mode of
A B

C

FIGURE 5 | Altered expression of cell survival regulatory molecules in tumor cells following in vivo exposure to MJ administration. Tumor cells (1 x 106 cells/ml)
harvested from control and MJ-administered tumor-transplanted mice were analyzed for the expression of indicated cell survival regulatory molecules (A). The
cytosolic level of Cyt c was detected (B) as described in the materials and methods. Bands shown in (A, B) are from a representative experiment out of three
independent experiments with similar results. Expression of intracellular ROS in tumor cells of control and MJ groups was estimated by DCFDA staining (C) as
described in the materials and methods. Accompanying bar diagrams depicts densitometric analysis showing mean ± SD. *p < 0.05 vs. respective control.
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cell death. The necrotic cell population’s surge also indicates the
possibility of declined bioenergetics in MJ-exposed tumor cells,
as induction of apoptosis is an ATP-dependent phenomenon
(32). Thus, once ATP production is depleted in cells undergoing
apoptosis, the necrotic mode of cell death can be ushered during
Frontiers in Oncology | www.frontiersin.org 94241
the late stages of exposure to a metabolic inhibitor (17). The
same could also underlie the inhibited expression of various
metabolic molecules in MJ exposed tumor cells owing to
increased cell death. Other studies have also indicated that
hexokinase inhibited expression augments apoptosis induction,
A B C

E

G

F

D

FIGURE 6 | MJ alters the metabolic activity of DL cells in vivo. Tumor cells (1 x 106 cells/ml) of control and MJ-administered tumor-bearing mice were analysed for
metabolic activity by MTT assay (A), expression of HK2 by Western blotting (B), and other indicated metabolism regulatory molecules by RT-PCR (C). The
expression of GLUT-1 was analyzed by RT-PCR (D) and flow cytometry for membrane expression of GLUT-1 (E). The pH of the control and MJ-administered
groups’ ascitic tumor fluid was measured (F) by pH meter. The expression of pH regulator MCT-1 was analysed by flow cytometry (G) in tumor cells harvested from
control and MJ-administered tumor-bearing mice. Bands shown (B, C, D) and flow cytometric image (E, G) are from representative experiments out of three
independent experiments with similar results. Values shown in bar diagrams are mean ± SD of three independent experiments. *p < 0.05 vs. respective control.
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and declines cell proliferation (13, 37). Blocked ATP synthesis in
MJ-treated hepatocellular carcinoma cells owing to inhibited
metabolism has been demonstrated to cause necrosis in the
neoplastic cells (3). Further, G0/G1 arrest of the cell cycle is
associated with mitochondrial mode of apoptosis (38). MJ-
Frontiers in Oncology | www.frontiersin.org 104342
dependent cell cycle arrest has also been demonstrated in other
neoplastic cell lines exposed to MJ in vitro in the G0/G1 and S
phase of the cell cycle. The difference in the phases of cell cycle
arrest by MJ may depend on the type of tumor cells’ etiology (1).

We also observed an increase in intracellular ROS expression
in tumor cells exposed to MJ in vivo. The augmented ROS level
has been shown to induce apoptosis by causing the destruction of
various macromolecules like proteins, lipids, and nucleic acids
(39). Mitochondrial ROS triggers apoptosis induction via the
intrinsic pathway, leading to activation of caspases (39). The
increase of cytosolic Cyt c is reported to cause caspase activation
(40). Caspase can also cause loss of mitochondrial functions and
trigger an increased ROS generation (41).

There was no report regarding the effect of MJ in vivo on the
expression of HIF-1a. HIF-1a plays a vital role in the reprogrammed
cancer cell metabolism by enhancing the expression of GLUT-1, HK 2,
LDHA, and PDK-1 (35). Hence, HIF-1a is considered both upstream
and downstream master regulator of tumor metabolism (42). The
inhibition of HIF-1a by exposure of tumor cells to MJ could induce
mitochondrial passage of pyruvate, leading to activation of oxidative
phosphorylation and ROS production with concomitant inhibition of
GLUT-1, HK 2, LDH A, and PDK-1 axis (35), a lifeline of tumor
metabolism. Nevertheless, LDH A inhibition causes a declined lactate
production, leading to abrogation of tumor cell survival by disturbing
the glycolytic bioenergetic homeostasis (33). HIF-1a also up-regulates
the expression of pH regulator MCT-1 in tumor cells, regulating pH
homeostasis (43, 44). Interestingly, we observed a reversal of
tumor acidosis accompanied by a declined glucose uptake,
glycolytic activity, and MCT-1 expression. As tumor acidosis is
necessary to maintain cytosolic alkalinization of tumor cells,
interference with the same is also reported to cause the induction
of tumor cell death (45).

This is the first report to indicate the novel mechanism of in
vivo antineoplastic action of MJ. We observed that MJ
administration ushered modulation in the expression of crucial
A B

FIGURE 7 | MJ alters lipid homeostasis. Tumor cells (1 x 106 cells/ml) harvested from control and MJ administered tumor-bearing mice were analysed for the
expression of ACSS2, FASN, and SREBP1c by RT-PCR (A). Osmotic fragility (B) of control and MJ exposed tumor cells in vivo was analyzed, as described in the
materials and methods. Bands shown in (A) are from a representative experiment out of three independent experiments with similar results. Values shown in bar
diagrams (A, B) are mean ± SD of three independent experiments. *p < 0.05 vs. respective control.
FIGURE 8 | MJ administration to tumor-bearing mice alters cytokine
repertoire in ascitic fluid. The ascitic fluid of control and MJ administered
tumor-bearing mice were analyzed for the levels of indicated cytokines by
ELISA as described in the materials and methods. Values are mean ± S.D.
*p < 0.05 vs. control.
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cell survival regulatory molecules, notably the declined Hsp70
and Bcl-2, and increased p53 and BAX levels. Indeed, increased
level of Bcl-2 and declined p53 level have been implicated in
antagonizing the induction of apoptosis in tumor cells (46).
Further, Bcl-2 also regulates HIF-1a protein stabilization in
neoplastic cells (47). Moreover, suppression of TERT leads to
inhibition of cell proliferation and promotion of cell cycle arrest
and apoptosis induction (48). Furthermore, TERT is reported in
apoptosis regulation via Bcl-2 and p53 (49, 50).

Another interesting finding of the present study is the lipid
metabolism inhibitory ability of MJ. The reason behind
examining the effect of MJ on lipid metabolism was due to its
indispensable role in the cell proliferation. We observed the
declined expression of lipid homeostasis regulating molecules
like FASN, ACSS2, and SREBP1c in MJ exposed tumor cells.
These molecules play a pivotal role in sustaining the de novo fatty
acid production in neoplastic cells (51, 52). Nevertheless, HIF-1a
and Hsp70 directly regulate apoptosis in neoplastic cells (33, 53)
and govern the expression of FASN, ACSS 2, and SREBP1c (51,
54). The consequence of the inhibition of these crucial lipid
homeostasis regulating molecules in MJ exposed tumor cells in
vivo is reflected in increased osmotic fragility of tumor cells,
indicating hampered membrane biogenesis (51). Indeed, Yousefi
et al. reported that MJ increases breast cancer cell apoptosis by
Frontiers in Oncology | www.frontiersin.org 114443
causing a decline in membrane fluidity (9). In turn, membrane
fluidity is regulated by the membrane’s lipid constituents (55).
The declined membrane fluidity caused by MJ can also be
associated with the hampered cell cycle progression (55).

It is mention-worthy that in one of our previous studies,
curcumin, a well-established phytochemical with promising
cancer therapeutic potential, also caused retardation of DL
progression, implicating a modulation of the tumor growth-
regulating constituents of the tumor microenvironment and
induction of cell death by modulating the expression pattern of
apoptosis, cell survival and chemoresistance regulatory
molecules (56) as observed in the present investigation using
MJ. Studies have also shown the role of anti-glycolytic and
lipogenic inhibitory activity of curcumin in tumoricidal action
(57, 58). Further, curcumin can alter mitochondrial membrane
potential and the neoplastic cells’ inflammatory state (59–61).
Thus, in these respects, MJ seems to be similar to curcumin
concerning some of its tumor progression inhibiting
mechanisms. Therefore, to fully realize the therapeutic
potential of MJ, it will be beneficial to study the cooperation of
MJ and curcumin in retarding tumor progression in appropriate
in vitro and in vivo settings of DL and other cancer cells. Our
preliminary unpublished and ongoing experimental observations
indicate that MJ has an adjuvant effect in potentiating
A

B D

C

FIGURE 9 | Effect of MJ administration on intratumoral blood flow and VEGF expression. A color doppler sonographic imaging was performed on control and MJ-
administered tumor-bearing mice, as described in materials and methods. Images of Peak Systolic Velocity (PSV) and End Diastolic velocity (EDV) shown in (A) are
from a representative experiment out of three independent experiments with similar results. The accompanying bar diagrams (B) show the mean ± SD of PSV and
EDV, respectively. Tumor cells (1 x 106 cells/ml) harvested from control and MJ-administered tumor-bearing mice were analysed for the expression of VEGF by
Western blotting in cell lysate (C) and by ELISA in ascitic fluid (D). Bands shown in (B) are from representative experiments out of three independent experiments
with similar results. Values shown in bar diagrams (B–D) are mean ± SD of three independent experiments. *p < 0.05 vs. respective control.
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FIGURE 10 | Chemo-potentiating action of MJ in vivo. Tumor cells (1 x 106 cells/ml) harvested from control and MJ-administered tumor-bearing mice were
examined for the expression of MDR1 by Western blotting (A) and flow cytometry (B). Bands shown (A) and flow cytometric images (B) are from representative
experiments out of three independent experiments with similar results. Values shown in bar diagrams are mean ± SD of three independent experiments. *p < 0.05
vs. respective control. To evaluate the chemo-potentiating effect of MJ administration, the tumor-bearing mice were administered with PBS with or without MJ (100
mg/kg body weight) or CP (5 mg/kg bodyweight) or both together on alternative days starting from day 4 to day 12 post tumor transplantation. Tumor cells
harvested on day 14 from tumor-bearing mice of control and those administered with MJ, CP, and MJ plus CP were further examined for cytotoxicity by MTT assay
(C) and survival by Trypan blue dye exclusion test (D) as described in materials and methods. Values shown are mean ± SD. *p < 0.05 vs. values for control.
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curcumin’s antitumor efficacy. Thus, there is a great potential to
investigate the combined effect of these phytochemicals to
optimize their successful application in anticancer regimens.

We also observed attenuated VEGF expression in tumor
ascitic fluid and tumor cells of MJ-administered tumor-bearing
mice. Indeed, VEGF is a well-defined target of HIF-1a (47). We
also checked the pattern of blood flow in the ascitic tumor cavity
using color doppler ultrasonographic imaging. Interestingly, we
observed low mesenteric blood flow in MJ administered tumor-
bearing mice. This observation indicates a declined blood flow in
the tumor microenvironment, which could be responsible for
tumor growth retardation. Moreover, diminished VEGF
expression in tumor cells is also accompanied by augmented
apoptosis (62). More so, inhibition of VEGF-dependent
angiogenesis also induces tumor cell apoptosis (62). One report
indicates the role of inhibited angiogenesis in MJ-induced cell
death of endothelial and melanoma cells (63). However, the
study used chick embryo angiogenesis as a model. The present
Frontiers in Oncology | www.frontiersin.org 134645
study is the first of its kind to report the effect of in vivo
administration of MJ on VEGF expression and blood flow in
the tumor microenvironment of tumor-bearing mice. Further,
we observed inhibition in the level of TGF-b in the ascitic fluid of
MJ-administered tumor-transplanted mice, along with an
increase in the level of IFN-Ƴ and IL-6. The inhibited
expression of HIF-1a could also be associated with the
increased expression of proinflammatory cytokines like IFN-Ƴ
and IL-6 (17, 64). Both IFN-Ƴ and IL-6 promote antitumor
immunity (13, 45) and have shown the inhibitory effect on the
expression of HIF-1a (17, 20). However, the increased level of
TGF-b is very well reported in the uninterrupted tumor cell
progression through attenuation of tumor cell death and
antitumor immune response (65).

We also observed the increased tumoricidal ability of cisplatin
in the presence of MJ. Although there could be multiple factors
underlying MJ’s action, we observed a declined expression of
MDR1 in MJ exposed tumor cells. Indeed, MDR1 has been
FIGURE 11 | Summary of the molecular mechanism underlying the tumor growth retarding and chemo-potentiating action of MJ.
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reported to manifest drug resistance to cisplatin (66). Moreover,
HIF-1a regulates the expression of MDR1 (17, 67). Further, IFN-
Ƴ has been shown to inhibit the expression of MDR1 (68).
Numerous in vitro studies have shown the alteration in the
expression of MDR1 by MJ (63). However, so far, no in vivo
study had investigated the effect of MJ on MDR1 expression. The
chemo-potentiating action of MJ has also not yet been evaluated
in a progressively growing tumor. Hence, our study is the first to
suggest MJ’s chemo-potentiating action against hematological
origin’s malignancy and the plausible associated mechanisms.

Taken together, the results of this study indicate that the
administration of MJ to T cell lymphoma bearing mice retards
tumor progression by triggering induction of tumor cell death
associated with interference with carbohydrate and lipid
metabolism, pH homeostasis, angiogenesis, and drug
resistance. These actions of MJ are mainly re-laid on altered
levels of HK2, HIF-1a, SREBP 1c, and MDR1 (Figure 11). This
preclinical study’s findings will help to design the new anti-
cancer therapeutic regimens against hematological
origin malignancies.
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Hepatocellular carcinoma (HCC) is the second most common cause of cancer-related
death. Sorafenib is approved by the U.S. Food and Drug Administration to be a first-line
chemotherapy agent for patients with advanced HCC. A portion of advanced HCC
patients can benefit from the treatment with sorafenib, but many patients ultimately
develop sorafenib resistance, leading to a poor prognosis. The molecular mechanisms
of sorafenib resistance are sophisticated and indefinite. Notably, non-coding RNAs
(ncRNAs), which include long ncRNAs (lncRNAs), microRNAs (miRNAs) and circular
RNAs (circRNAs), are critically participated in the occurrence and progression of
tumors. Moreover, growing evidence has suggested that ncRNAs are crucial
regulators in the development of resistance to sorafenib. Herein, we integrally and
systematically summarized the molecular mechanisms and vital role of ncRNAs impact
sorafenib resistance of HCC, and ultimately explored the potential clinical
administrations of ncRNAs as new prognostic biomarkers and therapeutic targets
for HCC.

Keywords: hepatocellular carcinoma, sorafenib resistance, microRNA, long non-coding RNA, circular RNA
BACKGROUND

Hepatocellular carcinoma (HCC) is the paramount form of primary liver cancer, accounting for 75-
85% (1). And it is deemed as the second leading cause of cancer-related deaths worldwide, with high
probability of metastasis and lethality. Hepatitis B virus (HBV) or hepatitis C virus (HCV) infection,
which stimulates chronic inflammation in the liver, is considered to be a dominating risk factor of
HCC (2). Meaningfully, detecting early and taking treatment timely can obtain relatively long
survival in HCC patients. However, patients are often diagnosed at an advanced stage because of the
complex etiology, latent onset, difficulty in diagnosis and rapid progression of HCC. At this stage,
chemotherapy is a major available palliative treatment (3), but chemotherapeutic drugs are prone to
develop resistance during the course of HCC treatment.

Sorafenib is a first-line chemotherapeutic agent approval by the US Food and Drug
Administration to treat the advanced HCC through inhibiting angiogenesis and cell proliferation (4).
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As a kinase inhibitor of multiple targets, it is capable of blocking
tumor cell multiplication via restraining the activation of Raf-1, B-
RAF and kinases in Ras/Raf/MEK/ERK pathway. In addition,
sorafenib inhibits the generation of tumor blood vessels via
regulating platelet-derived growth factor receptor (PDGFR-b),
Fms-like tyrosine kinase (FLT-3), hepatocyte factor receptor
(C-Kit), vascular endothelial growth factor receptor (VEGFR) 2,
VEGFR-3 and other tyrosine kinases (5). However, patients are
vulnerable to develop resistance to sorafenib during treatment,
resulting in poor outcomes, so further studies are needed to
investigate the precise mechanisms of sorafenib resistance (6).

Only 2% of human genome is composed of protein-coding
sequences, the rest are non-coding sequences (7). Non-coding
RNAs (ncRNAs) principally consist of miRNAs, lncRNAs and
circRNAs, which are widely associated with the transcription and
post-transcription regulation, and also exert a critical action in
the occurrence and development of cancer, as well as resistance
of sorafenib (8). Herein, we discussed the molecular mechanisms
of sorafenib resistance and the role of ncRNAs in this process
(Figure 1), thus providing new ideas to antagonize sorafenib
Frontiers in Oncology | www.frontiersin.org 25150
resistance, enhance the efficacy of sorafenib, and improve the
outcome of HCC patients.
MECHANISMS OF SORAFENIB
RESISTANCE IN HCC

Some individuals with HCC do not respond to sorafenib in
clinical practice, and even if some patients do respond initially,
they quickly become refractory (9), mainly due to the primary
and acquired resistance to sorafenib. The primary mechanisms
of the resistance to sorafenib are summarized here, more details
are given in Tables 1, 2.

Primary Resistance
The primary resistance of HCC to sorafenib, existing prior to
drug treatment, is attributed mainly to the genetic heterogeneity
(63), while the precise mechanism is still unclear. Epidermal
growth factor receptor (EGFR), is the most well-studied target
related to the primary resistance to sorafenib. EGFR, located at
FIGURE 1 | Overview of the mechanisms of ncRNAs involved in HCC resistance to sorafenib and dysregulated ncRNAs’ differential expression in sorafenib resistant
HCC cells. Numerous miRNAs, lncRNAs and circRNAs are implicated in sorafenib resistance through regulating the expression of downstream target genes and
affecting drug transport, metabolism, cell multiplication, autophagy, apoptosis, cell cycle, EMT, tumor microenvironment, and gene modifications.
July 2021 | Volume 11 | Article 696705
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the surface of epithelial cells, when bound to its ligands, can
result in the activation of downstream pathways, thereby
regulating cell proliferation (64). Over half of the patients
diagnosed with HCC have aberrant EGFR/HER3 activation
and over-expression of EGFR and its ligands (particularly the
dual regulated ligands), which suppress the antitumor capacity of
sorafenib. The efficacy of sorafenib can be improved when
sorafenib combined with RNA interference agents inhibiting
Frontiers in Oncology | www.frontiersin.org 35251
EGFR/HER-3 phosphorylation. Studies suggested that activated
EGFR may be a promising predictor of primary sorafenib
resistance in HCC cells, and overexpression of EGFR or its
ligands may result in continuous activation of EGFR
downstream pathways and subsequent resistance to sorafenib
(65). Additionally, another downstream pathway of EGFR, the
Ras/Raf/MEK/ERK pathway, is activated in sorafenib-resistant
patients, further corroborating the vital action of EGFR in
TABLE 1 | miRNAs and sorafenib resistance in HCC.

miRNAs Expression Effects on sorafenib resistance Target Mechanism References

miR-423-5p up-regulated Inhibiting GADD45B autophagy (10, 11)
miR-142-3p down-regulated Promoting HMGB1, ATG5, ATG16L1 autophagy (12, 13)
miR-221 up-regulated Promoting Caspase-3 apoptosis (14)
miR-541 down-regulated Inhibiting ATG2A/RAB1B autophagy (15)
miR-30e-3p down-regulated Promoting TP53/MDM2, EpCAM, PTEN, p27 CSCs (16)
miR-486-3p down-regulated Inhibiting FGFR4, EGFR AKT activation (17)
miR-122 down-regulated Inhibiting SERPINB3 HIF-2a/CSCs (18, 19)
miR-30a-5p down-regulated Inhibiting CLCF1 AKT activation (20)
miR-1226-3p down-regulated Inhibiting DUSP4 JNK-Bcl-2 axis (21)
miR-552 up-regulated Promoting PTEN AKT activation (22)
miR-124 down-regulated Inhibiting CAV1 CSCs (23)
miR-181a up-regulated Promoting RASSF1 MAPK (24)
miR - 222 up-regulated Promoting PI3K/AKT AKT activation (25)
miR-378a-3p down-regulated Inhibiting IGF-1R EMT (26)
miR-744 down-regulated Inhibiting PAX2 EMT (27)
miR-374b down-regulated Inhibiting hnRNPA1/PKM2 glycolysis (28)
miR-21 up-regulated Inhibiting PTEN AKT activation (29, 30)
miR-375 down-regulated Inhibiting AEG-1 AKT activation (31)
miR-223 down-regulated Promoting FBW7 apoptosis (32)
miR-145-5p down-regulated Inhibiting HDAC11 metabolism (33)
miR-96 up-regulated Promoting TP53INP1 apoptosis (34)
miR-494 up-regulated Promoting p27, puma, PTEN, mTOR AKT, CSCs (35, 36)
miR-21-5p down-regulated Inhibiting EZH2 NOTCH1 (37)
miR-26a-1-5p down-regulated Inhibiting EZH2 NOTCH1 (37)
miR-3609 down-regulated Inhibiting EPAS-1 metabolism (38)
miR-101/122/125b/139 up-regulated Promoting IGF1R apoptosis (39)
miR-193b down-regulated Inhibiting Mcl-1 apoptosis (40)
miR-1 down-regulated Inhibiting PD-L1 apoptosis (41)
miR-137 down-regulated Inhibiting ANT2 CSCs (42)
miR-216a/217 up-regulated Promoting PTEN, SMAD7 EMT (43)
July 2
021 | Volume 11 | A
TABLE 2 | lncRNAs and sorafenib resistance in HCC.

lncRNAs Expression Effects on sorafenib resistance Interact with Target Mechanism References

SNHG1 up-regulated Promoting miR-21 SLC3A2 transfer (44)
HANR up-regulated Promoting miR-29b ATG9A autophagy (45)
FAM225A up-regulated Promoting miR-130a-5p CCNG1 apoptosis (46)
NEAT1 up-regulated Promoting miR-149-5p AKT1 Akt activation (47)
HEIH up-regulated Promoting miR-98-5p PI3K/AKT Akt activation (48)
SNHG16 up-regulated Promoting miR-140-5p FEN1 EMT (49, 50)
KCNQ1OT1 up-regulated Promoting miR - 506 PD - L1 apoptosis (51)
MALAT1 up-regulated Promoting miR-140-5p Aurora-A EMT (52, 53)
H19 up-regulated Promoting miR-675 miR - 675 EMT (54)
FOXD2-AS1 down-regulated Inhibiting miR-150-5p TMEM9 transfer (55)
TTN-AS1 up-regulated Promoting miR-16-5p cyclin E1 Akt activation (56)
NEAT1 up-regulated Promoting miR-204

miR-335
miR-149-5p

ATG3
c-Met-AKT

autophagy apoptosis
AKT activasion

(57, 58)

POIR up-regulated Promoting miR-182-5p FOXF2 EMT (59)
TUC338 up-regulated Promoting / RASAL1 gluconeogenesis (60, 61)
VLDLR up-regulated Promoting / ABCG2 transfer (62)
rticle 696705
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sorafenib resistance. The down-regulation of pERK may
contribute to sorafenib resistance.

In addition, mitogen-activated protein kinase (MAPK) levels
affect the susceptibility of HCC cells to sorafenib. Recent research
has also demonstrated that c-Jun N-terminal kinase (JNK),
another member of MAPK family, has great potential to
predict the sorafenib sensitivity (65). Furthermore, sestrin2
(SESN2), an important component of the sestrin stress‐
inducible protein family, participates in tumorigenesis and
development by regulating a variety of downstream pathways,
among which MAPK and AKT are closely associated with cell
multiplication and metabolism (66). Upregulation of SESN2
confers primary resistance to sorafenib in HCC cells by
activating AKT (67). Additionally, HCC patients with
overexpressed VEGFA are significantly susceptible to sorafenib.
VEGFA can stimulate stromal cells to secrete hepatocyte growth
factor to induce tumor progression, suggesting that VEGFA may
be a promising predictor of response to sorafenib in patients with
HCC (68).

In summary, it is highly prospective to further explore the
mechanism of primary resistance to sorafenib, identify
biomarkers that predict sorafenib sensitivity, and then
personalize the therapy for patients with different sensitivities
to save the economic and time costs of ineffective treatment. It is
also helpful in seeking new therapeutic targets and exploring
novel strategies to combine sorafenib with other targeted drugs
for more effective treatment.

Acquired Resistance
Acquired sorafenib resistance can be induced under a variety of
conditions, including reduced drug intake, enhanced
intracellular drug metabolism, increased excretion, changes in
molecular targets affecting the activation/inactivation of
pathways, changes in DNA repair mechanisms, dysfunction of
cell cycle-related proteins and tumor microenvironment
regulation (69). Here we summarized several of the latest and
most recognized mechanisms of acquired sorafenib resistance.

The Solute Carrier (SLC) Family
The human SLC superfamily transporter plays an important role
in sorafenib uptake. Previous study has shown that SLC22
(organic cationic/anion transporter) is down-regulated in HCC
and is closely related to sorafenib resistance. Moreover, down-
regulated expression of SLC22A1 in human HCC is related to its
DNA methylation (70). Therefore, demethylation agents
targeting SLC22A1 methylation are promising for the
treatment of patients resistant to sorafenib (71).

ATP Binding Box (ABC) Transporters Family
Removal of drugs from the cytoplasm is an important method of
drug resistance. The ABC transporter is one of the largest family of
membrane transporters. The genetic variants of ABC transporter
genes, such as the ABCB family, the ABCC family and the ABCG2
family is related to clinical chemotherapy resistance (72). An in vitro
research illustrated that the accumulation of sorafenib was lower in
cells with ABCC2 overexpression than in cells with normal ABCC2
expression, suggesting that sorafenib resistance may be related to
Frontiers in Oncology | www.frontiersin.org 45352
ABCC2 (MRP2) variation. Furthermore, downregulation of ABCC2
expression has the potential to restore sensitivity to sorafenib (73).

EGFR
EGFR/HER3 activation is associated with both primary and
acquired drug resistance (74). The combination of gefitinib,
which can down-regulate EGFR/HER3 expression, with
sorafenib has been shown to increase tumor inhibition and
prevent sorafenib resistance, demonstrating the role of EGFR/
HER3 inhibition in the HCC treatment.

AKT Activation
The sustained action of sorafenib induces AKT activation, which
further leads to resistance of HCC cells to sorafenib. AKT
inhibition reverses sorafenib resistance by converting
protective cellular autophagy into a cell-death mechanism.
GDC0068, a new ATP competitive inhibitor of pan-AKT, acts
synergistically with sorafenib in inhibiting the development of
sorafenib-resistant HCC. Moreover, the combination of
sorafenib with arsenic trioxide (ATO), an AKT-inhibited anti-
cancer agent, enhances the anticancer activity of sorafenib
against HCC (75). Furthermore, it has been found that the
application of hepatocyte growth factor (HGF) in sorafenib
treated HCC cells can activate the proto-oncogene MET, re-
stimulate the downstream AKT and extracellular regulated
protein kinases (ERK1/2) pathways, therefore inhibiting
apoptosis. HCC cells treated by HGF can also induce the
expression of early growth response protein (EGR1), which has
strong correlation with sorafenib resistance. Taken together,
HGF induced MET activation promotes the sorafenib
resistance in HCC via AKT/ERK1/2-EGR1 pathway (76).

Hypoxia-Inducible Factors (HIF)
In patients continuously exposed to sorafenib, the anti-
angiogenic effect of sorafenib causes a decrease in
microvascular density, leading to intracellular hypoxia and
favoring the selection of resistant cells adapted to the hypoxic
microenvironment. Clinical studies suggest that overexpression
of HIF-1 and HIF-2 in HCC patients is a reliable marker of poor
prognosis (77). Therefore, sorafenib combined with HIF
inhibitor therapy is a potential approach to overcome sorafenib
resistance. It is important to note that HIF-1 and HIF-2
compensate for each other, and the removal of one HIF-
subtype increases the expression of the other HIF-subtype.
Hence, targeting both HIF-1 and HIF-2 is more effective.

Metallothionein (MT) -1G
Sorafenib activates the transcription factor nuclear factor
erythrocyte 2-related factor 2, thus inducing the MT-1G
expression. Downregulation of MT-1G was shown to improve
the anticancer action of sorafenib both in vitro and in vivo.
Knockdown of MT-1G by RNA interference increased the
glutathione consumption and the lipid peroxidation, resulting
in sorafenib-induced ferroptosis, which is a novel approach to
regulate cell death (78). In summary, MT-1G may be a key
regulator of sorafenib-resistant cells in human HCC and is a
hopeful therapeutic target.
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Cancer Stem Cells (CSC)
Tumorigenicity and chemoresistance of tumor cells can be
increased by the acquisition of CSC characteristics. CD13,
CD24, CD44, CD90, CD133 and EpCAM are potential
markers for the enrichment of CSCs in HCC. CD133+ cells
activate the AKT/PKB axis and Bcl-2 cell survival response, thus
promoting chemoresistance (79). CD44 also contributes to the
formation of sorafenib resistance and can serve as a predictor of
sorafenib efficacy. Moreover, Nanog is a gene essential for self-
renewal of CSCs in HCC. It has been shown that in sorafenib-
resistant HCC cells, Nanog expression is promoted by the
destabilization and significant downregulation of the
transactivation response element RNA binding protein 2, as a
result of autophagy-lysosomal protein hydrolysis, promoting the
sorafenib resistance of HCC cells (80). In addition, the
interaction between cyclin-dependent kinases 1 (CDK1) and
the pluripotent transcription factor octamer binding
transcription factor 4 has a crucial action in differentiation of
embryonic stem cells. It has revealed that blocking the CDK1/
PDK1/b-catenin pathway by the CDK1 inhibitor RO3306
improves the therapeutic efficacy of sorafenib in a preclinical
HCC model (81). Overall, CSCs-based studies are expected to
reverse resistance to sorafenib and improve its efficacy.

Activator of Thyroid and Retinoic Acid
Receptors (ACTR)
ACTR is a crucial oncogenic factor in HCC. It is also significantly
elevated in sorafenib-resistant HCC cells in mice transplant
models of HCC, increasing sorafenib resistance by modulating
the Warburg effect. Cancer cells produce energy mainly through
glycolysis. ACTR not only interacts with c-myc, a key regulator
of the Warburg effect, to promote glycolysis to occur, but also
promotes glucose uptake, ATP and lactate production, decreases
extracellular acidification and oxygen consumption, thus
inhibiting sorafenib sensitivity. Knockdown of ACTR decreases
the expression of glycolytic enzyme and is associated with a
better prognosis (17). Hence, ACTR is expected to be a
prospective target for reversing sorafenib resistance.

Autophagy
Autophagy exerts a protective effect on tumor cells, and the
EFGR/Ras/MAPK pathway, mammalian target of rapamycin
(mTOR) pathway, p53 pathway and HIF-1 signaling pathway
are several pathways that regulate autophagy in cancer cells (82).
Inactivation of the mTOR pathway has been reported to induce
resistance to sorafenib in HCC cells. P70S6K and 4E-BP1 are
downstream proteins of mTORC1, and their activity can be
inhibited by sorafenib in turn (83). The main upstream inducer
of mTORC1 is the PI3K/AKT pathway, and inhibition of AKT
reverses the acquired sorafenib resistance in HCC patients,
converting protective autophagy into cell death. Moreover,
PSMD10 translocates into nucleus and binds to heat shock
transcription factor (HSF1), initiating ATG7 transcription,
increasing autophagy, and promoting sorafenib resistance. This
is a hallmark of poor outcome in HCC patients (84). In addition,
N6-methyladenosine (M6A)-modified FoxO3 mRNA is
downregulated in hypoxic environments, activating autophagy
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and promoting sorafenib resistance during HCC treatment (85).
In conclusion, autophagy is a self-protective mode of HCC cells
and a facilitator of sorafenib resistance. Regulating the upstream
and downstream pathways of autophagy and converting
protective autophagy into apoptosis may be effective
approaches for HCC therapy.

Epithelial-Mesenchymal Transition (EMT)
EMT is known to be a key process in cancer development,
promoting cell migration, and is also associated with resistance
to sorafenib. There may be a negative correlation between EMT
and the efficacy of sorafenib (86). Galactosin-1 induces EMT in
HCC through activating FAK/PI3K/AKT signaling pathway to
enhance sorafenib resistance and is a biomarker for predicting
sorafenib sensitivity. Sorafenib inhibits the occurrence of EMT,
which in turn impairs the efficacy of sorafenib. It has been shown
that zinc finger protein 703 may be a promising target for cancer
therapy by directly binding to and transfecting the CLDN4
promoter to activate the expression of CLDN4, inducing EMT
and inhibiting the sensitivity of HCC cells to sorafenib (87).

The above-mentioned resistance mechanisms of sorafenib
can help us to have a deeper understanding of the reasons for
the poor chemotherapeutic effect of HCC, and to explore more
targets to reverse the resistance of sorafenib for better
therapeutic effect.
MiRNAs AND SORAFENIB RESISTANCE
OF HCC

miRNAs are a category of short non-coding RNAs (about 20nt)
that bind to the 3’-untranslated region (3’ UTR) of mRNA, act as
mRNA sponges to absorb mRNA and regulate the expression
levels of downstream genes, participate in several physiological
processes, influence cancer-associated pathways, and also
contribute to the formation of the resistance to sorafenib
(Table 1) (83).

Acting on Autophagy
MiR-423-5p is closely associated with treatment sensitivity.
Statistical analysis revealed an increase in secretion of miR423-
5p in 75% of patients after 6 months of sorafenib treatment.
Further experiments has showed that the proportion of cells in
the S phase of the cell cycle in HCC cells is markedly elevated
after transfection with miR-423-5p (10). miR-423-5p has been
revealed to promote autophagy and ultimately induce drug
resistance by targeting growth arrest and DNA damage
inducing b protein (GADD45B) (11). miR-142-3p is a tumor
inhibitor miRNA that suppresses HCC cell invasion and
migration by repressing the expression of the high mobility
histone B1 (HMGB1) gene (12). It has also been shown to be
an autophagy-regulating miRNA. miR-142-3p upregulation can
decrease autophagy by targeting autophagy-related 5 (ATG5)
and autophagy-related 16-like 1 (ATG16L1), thereby increasing
the sensitivity of HCC cells to sorafenib and enhancing the
apoptosis induced by sorafenib. PU.1 transcription factor can
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up-regulate the miR-142-3p expression. Targeting the PU.1-
miR-142-3p-ATG5/ATG16L1 axis may be an effective
therapeutic strategy to reverse cytoprotective autophagy and
overcome sorafenib resistance (12, 88).

Acting on Apoptosis
Overexpression of miR-221 activates caspase-3 thereby
reversing the resistance of HCC cells to sorafenib and
inducing apoptosis in HCC cells. In sorafenib-resistant cells,
the activation of insulin-like growth factor 1 receptor (IGF-
1R) triggered downstream EGFR pathway RAS/RAF/ERK
signaling, resulting in the reduced miR-221 expression and
poor therapeutic efficacy (14). Besides, miR−223 targets FBW7
to enhance the resistance of HCC cells to sorafenib and
inhibit apoptosis. In addition, liver tumor-initiating cells (T-
ICs) play a vital part in the occurrence, development, drug
resistance and recurrence of HCC (32). In liver T-ICs, miR-96
down-regulates TP53INP1, inhibits HCC cell apoptosis, and
promotes HCC cell resistance to sorafenib (34). Furthermore,
enhancers of zeste 2 multimeric complex 2 subunit (EZH2)
inhibit HCC cell apoptosis and promote sorafenib resistance
by suppressing the expression of miR-101, miR-122, miR-125b
and miR-139 thereby regulating insulin-like growth factor
1 receptor (IGF1R) levels (39). In HBV-positive HCC cells,
MCL-1 level is elevated and miR-193b is markedly down-
regulated. Upregulation of miR-193b can restore cellular
sensitivity to sorafenib and promote sorafenib-induced
apoptosis (40). Moreover, NRF-2/miR-1 axis-regulated
programmed death ligand-1 (PD-L1) inhibits apoptosis of
HCC cells, enhances sorafenib resistance and promotes
tumor progression (39).

Acting on AKT Activation
MiR-30a-5p expression is decreased in HCC tissues, inhibits
the PI3K/AKT axis, targets CLCF1, and then increases the
sensitivity of HCC cells to sorafenib (20). MiR-375, which is
also down-regulated in HCC, inhibits AKT activation by
targeting AEG-1, suppresses tumor angiogenesis in HCC, and
reverses the sorafenib resistance of HCC (31). miR-486-3p,
similarly down-regulated, activates AKT by targeting FGFR4
and EGFR, leading to the sorafenib resistance in HCC patients
(17). Down-regulation of miR-222 significantly inhibits the
proliferation, migration and invasion of HepG2 cells (human
hepatocellular cancer cell line, as HCC model) (89) and induces
apoptosis. It regulates the expression of phosphorylated PI3K
and AKT, thereby enhancing the sorafenib resistance of HCC
(25). Moreover, miR-552 promotes hepatic T-IC amplification
and decreases the sensitivity of HCC cells to sorafenib. It acts by
targeting PTEN to affect AKT activation (22). Furthermore,
exosome miR-21 modulates the TETS/PTENP1/PTEN pathway
to facilitate the development of HCC, and also inhibits
autophagy-mediated sorafenib resistance via the PTEN/AKT
pathway (29, 30). Besides, miR-494 is related to stem cell
phenotypes and promotes the progression of HCC. It
enhances the sorafenib resistance of HCC cells via targeting
PTEN, a crucial protein that inhibits the activation of
AKT (35).
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Other Pathways
MiR-30e-3p affects tumor development via the MDM2/TP53
axis, and EpCAM, PTEN and P27 are its additional targets that
together exert miR-30e-3p’s role in promoting tumor
malignancy. In sorafenib-treated HCC patients, increased
circulating miR-30e-3p levels predict the progression of
sorafenib resistance (16). Likewise, miR-181a promote
sorafenib resistance. Studies have reported that HepG2 cells are
more sensitive to sorafenib than Hep3B cells and that miR-181a
expression levels are lower in HepG2 cells. miR-181a directly
targets and reduces the expression of MAPK signaling factor,
RASSF1, an inhibitor of sorafenib resistance, thereby reducing
sorafenib efficacy (24). Furthermore, miR-216a/217 expression
level is increased in HCC and induces EMT via targeting PTEN
and Smad7, leading to sorafenib resistance and cancer
recurrence (43).

The above are miRNAs that promote sorafenib resistance,
miRNAs that enhance sorafenib sensitivity is introduced in this
paragraph. First, inhibitors of EZH2 can target Notch1 through
Notch1-related miRNAs, such as miR-21-5p, miR-26a-1-5p, and
act on the corresponding HCC stem cells to reduce sorafenib
resistance (37). Second, in most HCC patients, miR-122 is down-
regulated. It has been shown that miR-122 targets SERPINB3
and its low expression is related to SERPINB3 activity and CSC
phenotype in HCC cells. Moreover, miR-122 have a crucial
action in inhibiting sorafenib resistance by regulating the
expression of HIF-2a (18). Third, miR-1226-3p is lowly
expressed in HCC cells, and it promotes the sensitivity of HCC
cells to sorafenib by downregulating DUSP4 and affecting the
JNK-Bcl-2 pathway (21). Fourth, miR-124 acts on CAV1 to
regulate HCC CSC proliferation, thereby inhibiting sorafenib
resistance (23). Fifth, a study has found that LXR increases the
sensitivity of sorafenib in HCC by activating miR-378a
transcription. MiR-378a is downregulated in HCC, it targets
IGF-1R and inhibits EMT, thereby suppressing sorafenib
resistance (26). Sixth, miR-744 affects the expression of PAX2,
thus inhibiting the multiplication of HCC cells and sorafenib
resistance (27). Seventh, miR-374b inhibits the progression of
HCC and re-sensitizes HCC cells to sorafenib through
antagonizing the PKM2-related glycolysis pathways (28).
Eighth, downregulation of miR-145-5p and promoter
hypomethylation mediated HDAC11 overexpression affects the
metabolism of HCC cells and tissues, and facilitates the
metastasis of HCC cells and their resistance to sorafenib (33).
Ninth, miR-3609 retards the sorafenib clearance in HCC cells
through regulating EPAS-1 and inhibiting activation of the
gestation hormone X receptor pathway (38). Last but not least,
miR-137 upregulation reverses CSC phenotype and sorafenib
resistance in HCC by degrading ANT2 (42).
LncRNAs AND SORAFENIB RESISTANCE
OF HCC

LncRNA is a class of RNAs, over 200 nucleotides in length, with
no protein-coding action. It can not only act as a sponge for a
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variety of miRNAs, but also interact with one or more RNA-
binding proteins (RBPs) to be involved in multiple biological
processes by regulating cell proliferation, apoptosis, metastasis,
and invasion (90, 91). In recent years, its effects on the
occurrence, migration, prognosis, recurrence and chemoresistance
of cancers have become a hotspot of research (Table 2).

Acting on Autophagy
LncHANR expression is increased in HCC. It serves as a sponge for
miR-29b ang inhibits its expression, thus affecting the expression of
autophagy-related protein 9A antibody (ATG9A), the target
protein of miR-29b, and ultimately enhancing autophagy-
associated sorafenib resistance (45). LncNEAT1 can promote the
development of multiple cancers including HCC. lncNEAT1 serves
as a sponge for miR-204, upregulates ATG3 expression, a target
gene of miR-204, promotes autophagy, and facilitates the sorafenib
resistance of HCC (57).

Acting on AKT Activation
LncSNHG1 is remarkably upregulated in HCC tissues and cells,
promoting HCC invasion and leading to poor patient prognosis.
Further mechanistic studies revealed that sorafenib can induce
miR-21 translocation to the nucleus, which promotes lncSNHG1
expression, thereby upregulating solute carrier family 3 member
2 (SLC3A2) leading to AKT activation and ultimately to
sorafenib resistance (92). Conversely, downregulation of
SNHG1 enhances the effect of sorafenib. LncNEAT1, which
also plays a pro-oncogenic role, is significantly increased in
HCC cells. It inhibits the efficacy of sorafenib by targeting
miR-149-5p and regulating the miR-149-5p/AKT1 axis (47).
Furthermore, NEAT1 inhibits the sensitivity of HCC cells to
sorafenib via modulating miR-335/c-Met (58). In addition,
lncHEIH is also markedly upregulated in sorafenib-resistant
HCC cells. HEIH acts as a sponge for miR-98-5p to activate
the PI3K/AKT pathway, thereby enhancing sorafenib resistance
(48). Besides, lncTTN-AS1 expression is upregulated in HCC
cells, and lncTTN-AS1 acts as a sponge for miR-16-5p to inhibit
its expression, thereby upregulating cyclinE1, the target protein
of miR-16-5p, and activating the PTEM/AKT signaling pathway,
ultimately leading to resistance of HCC cells to sorafenib (93).

Acting on Apoptosis
LncFAM225A is up-regulated in HCC tissues and sorafenib-
resistant HepG2/SOR cells, and inhibition of FAM225A
significantly inhibits the resistance of HepG2/SOR cells to
sorafenib. Further studies have revealed that FAM225A
interacts with miR-130a-5p to negatively regulate CNG1
expression, thereby inhibiting apoptosis and promoting
sorafenib resistance of HCC cells (46). Besides, lncKCNQ1OT1
has been revealed to correlate with the sorafenib resistance and
immune escape of HCC cells. In HCC tissues resistant to
sorafenib, KCNQ1OT1 serves as a ceRNA for miR-506 and
elevates the expression of PD-L1, leading to immune escape of
HCC cells. Knockdown of KCNQ1OT1 could alter the tumor
microenvironment, inhibit T-cell apoptosis and promote HCC
cell apoptosis, thus inhibiting HCC cell resistance to sorafenib
and cell metastasis (51). Furthermore, by restraining miR-335
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expression, lncNCNEAT1 suppresses c-Met-AKT signaling
pathway-mediated sorafenib resistance of HCC cells. In
contrast, upregulation of miR-335 or knockdown of c-Met
resists the antiapoptotic activity of NEAT1 in HCC cells (58).

Acting on EMT
LncSNHG16 is closely associated with HCC invasiveness and poor
outcome of patients, and its expression is dramatically increased in
HCC cells. Additionally, SNHG16 can serve as an endogenous
sponge of miR-140-5p and up-regulate flap endonuclease 1 (FeN1),
an oncogene in a range of cancers, which is also involved in the
pathological process of HCC, thereby reducing the sensitivity of
HCC cells to sorafenib and affecting the therapeutic effect (49).
Previous study has confirmed that silencing FeN1 restrains the
EMT of HCC cells, thereby suppressing HCC progression and
metastasis (50). In summary, SNHG16 regulates the EMT of HCC
cells through affecting the miR-140-5p/FeN1 axis, thereby
promoting the sorafenib resistance of HCC.

The lncMALAT1 expression is increased in sorafenib-resistant
HCC tissues, and enhances the multiplication, migration and EMT
of HCC cells, thus affecting the development and progression of
HCC. It has shown that MALAT1 as a sponge for miR-140-5p and
promotes the expression of the serine/threonine protein kinase
Aurora-A, which maintains genomic integrity and participate
mitosis. Up-regulated Aurora-A is related to poor outcome of
HCC patients and induces a variety of malignant phenotypes in
HCC (52, 53). In addition, lncH19 expression is negatively related
to sensitivity of HCC cells to sorafenib. Knockdown of lncH19 can
improve the sensitivity of HCC cells to sorafenib by inhibiting
EMT (54). Notably, H19 can upregulate the expression of miR-675
to promote EMT. What’s more, through serving as a sponge for
miR-182-5p, lncPOIR inhibits the expression of miR-182-5p and
promotes EMT, thereby suppressing sorafenib sensitivity and
promoting HCC development. Knockdown of lncPOIR reverses
the EMT and the sorafenib resistance of HCC cells (59).

Acting on Other Pathways
It is shown that LncFOXD2-AS1 is significantly reduced in HCC
cells. FOXD2-AS1 affects the transmembrane protein 9 (TMEM9)
by suppressing miR-150-5p expression, thereby reversing sorafenib
resistance in HCC (55). In contrast, lncTUC338 is highly expressed
in HCC cells and tissues. Down-regulation of TUC338 suppresses
tumor growth by increasing the expression of Rasal1, while
enhancing the sensitivity of HCC cells to sorafenib via inhibiting
gluconeogenesis (60, 61). Knockdown of lncVLDLR reduces the
expression of ABCG2, an important transporter, thereby
restraining drug efflux and enhancing sensitivity of HCC cells to
sorafenib. lncVLDLR may be a novel target to improve the efficacy
of sorafenib (62).
CircRNAs AND SORAFENIB RESISTANCE
OF HCC

CircRNAs are a specific category of ncRNAs and a latest research
hotspot in the field of RNA. Unlike linear RNAs, circRNAs, with
a closed loop structure, cannot be sheared by RNA exonucleases
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and are more stably expressed and less susceptible to
degradation. They widely correlate with the regulation of cell
multiplication, polarization and apoptosis in vivo, and also have
significant effects on the development of various diseases,
particularly on the pathogenesis, diagnosis, treatment and
prognosis of tumors (94). However, studies on the role of
circRNAs in the sorafenib resistance of HCC are still in the
infancy. It has been found 582 differentially expressed circRNAs
in HCC cells resistant to sorafenib (HUH7-S), of which 272 were
up-regulated and 310 were down-regulated, with a statistically
significant difference (0.05) (95). This suggests that circRNAs
with different expression levels may exert a crucial role in
sorafenib resistance of HCC.

N6-methyladenosine (M6A)-modified circRNA-SORE is
expressed highly in sorafenib-resistant HCC cells. Further studies
have shown that circRNA-SORE can induce EMT through serving
as a sponge for miR-103a-2-5p and miR-660-3p to competitively
activate Wnt/b-catenin pathway, thereby inducing sorafenib
resistance in HCC cells (15). Furthermore, circRNA-SORE can
bind to YBX1, a major oncogenic protein in cytoplasmic matrix,
thereby preventing YBX1 from interacting with E3 ubiquitin ligase
PRP19, blocking PRP19-mediated degradation of YBX1, stabilizing
YBX1, and ultimately mediating sorafenib resistance in HCC cells
and poor prognosis of patients (96).

CirCFN11 expression is increased in HCC cells, and its
overexpression promotes the aggressiveness of HCC and is an
independent risk factor for prognosis of HCC patients. It acts as a
sponge of miR-1205 to upregulate the expression of oncogene E2F1
and finally mediates the resistance of HCC cells to sorafenib (97).

Moreover, circFoxM1, a newly discovered circRNA,
significantly inhibits HCC development and enhances sorafenib
efficacy in vitro. Interestingly, its expression is up-regulated in
sorafenib-resistant HCC cells, suggesting that circFoxM1may affect
the development of HCC and sorafenib resistance, respectively,
through different mechanisms. CircFOXM1 can serve as a sponge
for miR-1324 and increase methyl-CpG-binding protein 2
(MeCP2) expression, thereby regulating sorafenib resistance in
HCC. In addition, overexpression of miR-1324 reverses
circFoxM1-induced sorafenib resistance and increases MeCP2
expression. This further confirms that circFOXM1 contribute to
the regulation of sorafenib sensitivity in HCC cells through the
miR-1324/MeCP2 axis (95).
CONCLUSIONS AND EXPECTATIONS

A growing number of ncRNAs have been identified to play
critical regulatory roles in sorafenib resistance of HCC. MiRNAs
exert regulatory effects by binding to the 3’-UTR of target
mRNAs to regulate downstream proteins, while lncRNAs and
circRNAs are mainly involved in modulating the resistance of
sorafenib as sponges of miRNAs.

The underlying mechanisms of the role of sorafenib
resistance-associated ncRNAs in HCC are summarized in
Figure 1. Targeting these dysregulated ncRNAs may be a
promising approach to reverse sorafenib resistance in HCC.
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Delivery of tumor suppressor ncRNAs directly or via suitable
vectors to target cells to exogenously increase their expression, or
designing small interfering RNA (siRNA) or short hairpin RNA
(shRNA) to knock down oncogenic ncRNAs has been shown to
be adaptable in reversing resistance to sorafenib in HCC patients.
For example, gold nanoparticles-loaded anti-miR221 has been
shown to enhance the effect of sorafenib by inhibiting HCC cell
proliferation via inactivating miR-221/p27/DNMT1 pathway. In
addition, the treatment with the combination of nanoparticles-
loaded anti-miR221 and sorafenib is more efficient than with
sorafenib alone (98). It has also been reported that miR-375 and
sorafenib can be co-loaded into calcium carbonate nanoparticles
with lipid coating to inhibit the resistance of sorafenib via
exerting the anti-autophagic effect of miR-375, thus enhancing
the anti-tumor effect of sorafenib (99). Matrine combined with
sorafenib treatment also inhibits proliferation of HCC cells
synergistically, partially by suppressing miRNA-21 expression
and then inducing PTEN (100). Hence, targeting ncRNAs in
combination with sorafenib against HCC is expected to conquer
sorafenib resistance and represent a promising option for
patients in advanced stage of HCC resistant to sorafenib.
However, it is still a challenge to select key target ncRNAs
from numerous candidate ncRNAs. In order to develop
ncRNA-based therapeutics to benefit HCC patients, further
additional translational research and clinical trials are warrant.
We believe that targeting ncRNAs is promising to eventually
overcome sorafenib resistance thus improving outcome of
advanced HCC patients.

It is worth noting that the development of more reliable
delivery systems is urgently required to improve the biological
stability of ncRNAs and to improve their uptake, penetration,
transport, distribution and retention. Meng et al. constructed 50
nm mesoporous silica nanoparticles to transport doxorubicin
and Pgp siRNA, which are protected via a polyethyleneimine-
polyethylene glycol copolymer, resulting in an 8% increase in
doxorubicin and Pgp siRNA permeability by 8%, ultimately
reversing the resistance of breast cancer to doxorubicin. This
practice provides a rationale for ncRNAs-based therapy
combined with sorafenib to against sorafenib resistance in
HCC and improve patients’ prognosis (101). Development of
suitable transport vehicles for ncRNA/siRNA/shRNA and
sorafenib is important to improve combination therapy to
reverse sorafenib resistance and improve sorafenib efficacy.
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Elevated N-Glycosylation Contributes
to the Cisplatin Resistance of
Non-Small Cell Lung Cancer Cells
Revealed by Membrane Proteomic
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Hospital, Sichuan University, Chengdu, China, 3Sichuan Provincial Engineering Laboratory of Pathology in Clinical Application,
West China Hospital, Sichuan University, Chengdu, China

Chemoresistance is the major restriction on the clinical use of cisplatin. Aberrant changes
in protein glycosylation are closely associated with drug resistance. Comprehensive study
on the role of protein glycosylation in the development of cisplatin resistance would
contribute to precise elucidation of the complicated mechanism of resistance. However,
comprehensive characterization of glycosylated proteins remains a big challenge. In this
work, we integrated proteomic and N-glycoproteomic workflow to comprehensively
characterize the cisplatin resistance-related membrane proteins. Using this method, we
found that proteins implicated in cell adhesion, migration, response to drug, and signal
transduction were significantly altered in both protein abundance and glycosylation level
during the development of cisplatin resistance in the non-small cell lung cancer cell line.
Accordingly, the ability of cell migration and invasion was markedly increased in cisplatin-
resistant cells, hence intensifying their malignancy. In contrast, the intracellular cisplatin
accumulation was significantly reduced in the resistant cells concomitant with the down-
regulation of drug uptake channel protein, LRRC8A, and over-expression of drug efflux
pump proteins, MRP1 and MRP4. Moreover, the global glycosylation was elevated in the
cisplatin-resistant cells. Consequently, inhibition of N-glycosylation reduced cell resistance
to cisplatin, whereas promoting the high-mannose or sialylated type of glycosylation
enhanced the resistance, suggesting that critical glycosylation type contributes to cisplatin
resistance. These results demonstrate the high efficiency of the integrated proteomic and
N-glycoproteomic workflow in discovering drug resistance-related targets, and provide
new insights into the mechanism of cisplatin resistance.
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INTRODUCTION

Cisplatin, a representative anticancer drug, is one of the most
widely used chemotherapeutic agents for the clinical treatment of
various solid tumors including ovarian, testicular, colorectal,
bladder and non-small cell lung cancers (Dilruba and Kalayda,
2016; Rottenberg et al., 2021). Unfortunately, despite the initial
effectiveness, the clinical use of cisplatin is dramatically restricted
by the development of chemoresistance of cancer cells. The
underlying mechanisms of cisplatin resistance are
multifactorial and complicated. It has been demonstrated that
many pathways are involved in the development of cisplatin
resistance, including reduced cellular drug accumulation (Kuo
et al., 2012), increased drug detoxification (De Luca et al., 2019),
enhanced DNA repair and defective apoptosis signal
transduction (Michaud et al., 2009; Ray Chaudhuri et al.,
2016). However, these mechanisms are still insufficient to
account for the complicated chemoresistance due to the
heterogeneous nature of tumor cells and the complexity of
cellular responses to cisplatin.

Cell membrane holds multiple membrane carrier proteins
(e.g., solute carrier family 22 A1/2/3/4/5, copper transporter 1,
volume-regulated anion channels, ATP-binding cassette
superfamily), which control the cisplatin uptake and efflux,
thereby determining the intracellular drug concentration
(Ishida et al., 2002; Wen et al., 2014; Harrach and Ciarimboli,
2015; Planells-Cases et al., 2015; Jia et al., 2021). Importantly,
most of these membrane proteins undergo post-translational
modifications, particularly with various glycans (Maryon et al.,
2007; Voss et al., 2014). Aberrant changes in glycosylation will
cause dysfunction of the glycoproteins, consequently giving rise
to numerous pathophysiological events, especially those
associated with cancer cell growth, invasion, and metastasis
(Lau and Dennis, 2008; Christiansen et al., 2014; Zhang et al.,
2014). Intriguingly, some recent studies have revealed a

correlation between protein glycosylation and chemoresistance,
including multidrug resistance in gastric cancer cells, Adriamycin
resistance in leukemia cells, and cisplatin resistance in ovarian
cancer cells (Li et al., 2013; Sun et al., 2014; Ji et al., 2017; Lin et al.,
2020). N-glycans with α2,3-linked sialic structures have been
found remarkably higher in cisplatin-resistant ovarian cancer
cells and may act as biomarkers to monitor the dynamic process
of the acquisition of platinum resistance (Lin et al., 2020).
Although protein glycosylation has been expected to provide
additional targets for current cancer theranostics (Ferreira et al.,
2016; Mereiter et al., 2019; Costa et al., 2020), accurately decoding
the site-specific glycosylation profile of the drug resistance-
related proteome remains a big challenge (Kolli et al., 2015;
Ruhaak et al., 2018), which largely impedes the progress of
cancer drug discovery in this field.

Generally, glycoproteomics studies involve the analysis of
glycoproteins and site-specific glycans, including the
identification of protein, glycopeptide and glycosite, as well as
the characterization of site-specific glycan composition and
structure (Shah et al., 2015; Gao et al., 2019; Zhang et al.,
2020). However, in these previous studies, glycoproteins and
glycans were investigated separately. Namely, glycans were
released from glycopeptides using N-glycosidase, and either
the obtained glycans or deglycopeptides were subjected to
mass spectrometry (MS) analysis. Hence, comprehensive
information on the role of both glycoproteins and site-specific
glycans in chemoresistance remains unavailable. Accordingly,
there is still a lack of characterization of cisplatin resistance-
associated membrane proteins in both expression and
glycosylation profile.

In this work, we integrated a workflow based on high-
resolution MS to simultaneously identify glycoprotein,
glycopeptide, glycosite, and glycan composition/structure in a
single run. Employing this workflow, we analyzed the membrane
proteins associated with cisplatin resistance in non-small cell lung
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cancer cells. We found that critical membrane proteins were
altered in abundance and glycosylation during the development
of cisplatin resistance, which was related to cell migration,
invasion, and cisplatin accumulation. Our results
demonstrated that elevated high-mannose or sialylated type of
glycosylation attenuated the sensitivity of non-small cell lung
cancer cells to cisplatin and contributed to the resistant
phenotype. These findings provide new insights into the
mechanisms underlying cisplatin resistance.

MATERIALS AND METHODS

Materials and Chemicals
Cisplatin, dithiothreitol (DTT), iodoacetamide (IAA), formic
acid (FA), trifluoroacetic acid (TFA), concanavalin A (Con A)
and horseradish peroxidase (HRP) were obtained from Sigma (St.
Louis, MO, United States). Acetonitrile (ACN) was purchased
from Merck (Darmstadt, Germany). Sequencing-grade trypsin
was obtained from Enzyme and Spectrum (Beijing, China).
Minute™ Plasma Membrane Protein Isolation and Cell
Fractionation Kit (SM-005) was obtained from Invent
Biotechnologies (Eden Prairie, MN, United States). The rabbit
monoclonal anti-human Na/K ATPase antibody (ab76020), anti-
human Lamin-B1 antibody (ab133741), anti-human Tomm20
antibody (ab186735), anti-human α-1,2-mannosidase IA
(MAN1A1) antibody (ab140613), anti-human sialidase-1
(Neu1) antibody (ab197020), anti-human leucine-rich repeat-
containing 8A (LRRC8A) antibody (ab157489), and anti-human
multidrug resistance-associated protein 1 (MRP1) antibody
(ab180960) were purchased from Abcam (Cambridge, MA,
United States). Rabbit monoclonal anti-human β-actin
antibody (AC026) was purchased from Abclonal (Wuhan,
China), and goat anti-rabbit horseradish peroxidase-conjugated
secondary antibody (511,203) was purchased from Zen
Bioscience (Chengdu, China). The glycosylation inhibitors,
Tunicamycin and Kifunensine, were obtained from Abcam
(Cambridge, MA, United States), Oseltamivir phosphate from
SelleckChem (Houston, TX, United States), and
Castanospermine from MedChemExpress (United States).
Zwitterionic hydrophilic interaction liquid chromatography
(Zic-HILIC) materials were obtained from Fresh Bioscience
(Shanghai, China). Deionized water was prepared using a
Milli-Q system (Millipore, Bedford, MA, United States). All
other chemicals and reagents of the best available grade were
purchased from Sigma-Aldrich or Thermo Fisher Scientific.

Cell Culture and Drug Treatment
Human non-small cell lung cancer cell line, A549, and its
cisplatin-resistant counterpart, A549/DDP, were obtained from
KeyGen Biotech (Nanjing, China) with the authentication by
short tandem repeat (STR) detection. The cisplatin-resistance of
A549/DDP cells was acquired by continuously exposing A549
cells to cisplatin of progressive concentrations until the final
concentration reached 1.0 μg/ml. A549 cells were cultured in
RPMI-1640 (Gibco) supplemented with 10% fetal bovine serum
(FBS, Gibco) and 100 U/ml penicillin-streptomycin (Hyclone).

The same medium with 1.0 μg/ml cisplatin was used to culture
A549/DDP cells. However, to avoid the influence of cisplatin,
A549/DDP cells were cultured in a drug-free medium for 3 days
prior to subsequent experimentation. All cells were grown at 5%
CO2 in a humidified incubator at 37°C. Cisplatin was dissolved in
phosphate buffered saline (PBS) to prepare a 1.0 mM stock
solution and further diluted with culture medium to desired
concentration.

Cell Fractionation, Protein Extraction, and
Protein Characterization
A549 and A549/DDP cells were washed and harvested using a cell
scraper when reaching 80% confluence, followed by wash and
centrifugation with PBS for three times. Cells were fractionated
into four parts, the cell membrane (CM), organelle (CO), nucleus
(CN), and cytosol (CC) using the Minute™ Plasma Membrane
Protein Isolation and Cell Fractionation Kit following the
manufacturer’s instructions. Intact cells and the obtained CM,
CO and CN fractions were lysed using UA buffer (8 M urea,
0.1 M Tris, pH 8.5) with sonication at 4°C for protein extraction.
The protein concentration was determined using bicinchoninic
acid assay (BCA) kit (Thermo Fisher Scientific, United States).
Proteins from the CM, CO, CN, and CC fraction, along with the
whole cell lysate (WP) were boiled with gel-loading buffer, and
then loaded onto a 4–20% gradient gel (Genscript, Nanjing,
China) for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The gel was stained with
Coomassie brilliant blue for 10 min, washed with water
overnight, and imaged. For Western blot (WB) analysis, the
separated proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, United States). The
membrane was blocked in 5% skimmed milk in Tris-buffered
saline (TBS) with 0.1% Tween20 (TBST) at room temperature for
1 h, and then incubated with primary antibodies of human Na/K
ATPase, Lamin-B1, Tomm20, and β-actin in appropriate
dilutions at 4°C overnight. The blots were washed four times
with TBST for 5 min each and incubated with HRP-conjugated
secondary antibody at room temperature for 1 h. After being
washed with TBST, the protein bands were visualized by
enhanced chemiluminescence (ECL, Thermo Fisher Scientific,
United States) and imaged using an image analyzer (Tanon
4600SF, China).

Sample Preparation for MS Analysis
Cell membrane proteins were prepared in three biological
replicates for each cell line from the cell culture step. The
membrane proteins were prepared for MS analysis using a
modified filter-aided sample preparation (FASP) protocol. In
brief, 100 μg of proteins were loaded onto a 30-kDa filter and
centrifuged at 13,000 g for 15 min. After being reduced by DTT
(20 mM) for 4 h at 37°C and alkylated with IAA (50 mM) for
30 min at 25°C in the dark, the protein mixture was washed once
with 200 μl UA buffer and three times with 200 μl of 50 mM
ammonium bicarbonate by centrifugation at 13,000 g for 15 min
at room temperature. Then 200 μl of 50 mM ammonium
bicarbonate containing 2.0 μg trypsin was added to each filter
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and incubated for 16 h at 37°C. Finally, the filter tubes were
washed three times with 100 μl water by centrifugation at 13,000 g
for 10 min. The concentration of these collected peptides was
determined using a peptide assay kit (Thermo Fisher Scientific,
United States) based on the absorbance measured at 480 nm. The
peptide mixtures were freeze-dried and then stored at −80°C.

Enrichment of Intact N-Glycopeptides
Intact N-glycopeptides were enriched by the Zic-HILIC method.
Specifically, the peptide mixtures were re-dissolved in 100 μl
equilibration buffer (80% ACN/0.2% TFA), and 2 mg
processed Zic-HILIC materials were added and rotated for 2 h
at 37°C. Finally, the mixture was transferred to a 200-μl pipette tip
packed with a C8 membrane and washed twice with 70 μl
equilibration buffer. Intact N-glycopeptides were then eluted
three times with 70 μl elution buffer (0.1% TFA in water) and
were freeze-dried for further analysis.

LC-MS/MS Analysis
All samples were analyzed by LC-MS/MS in the data-dependent
acquisition mode using an Orbitrap FusionLumos mass
spectrometer (Thermo Fisher Scientific). In brief, peptides and
intact N-glycopeptides of membrane proteins were dissolved in
water with 0.1% FA and separated on a column (ReproSil-Pur
C18-AQ, 1.9, 75 μm inner diameter, length 20 cm; Dr Maisch)
over a 78-min gradient (solvent A, 0.1% FA in water; solvent B,
0.1% FA in 80% ACN) at a flow rate of 300 nl/min (0–8 min,
5–8% B; 8–58 min, 8–22% B; 58–70 min, 22–32% B; 70–71 min,
32–90% B; and 71–78 min, 90% B).

MS parameters for the detection of peptides were as follows. 1)
MS1: orbitrap resolution � 120,000; scan range (m/z) �
350–1,550; RF lens � 30%; AGC target � 1.0 e6; maximum
injection time � 50 ms; included charge state � 2–6; exclusion
duration � 15 s; exclusion after n times, n � 1; each selected
precursor ion was subjected to one high-energy collision
dissociation MS/MS (HCD-MS/MS); 2) MS2: isolation window
(m/z) � 2.0; HCD collision energy � 35%; detector type �
orbitrap; orbitrap resolution � 15,000; first mass (m/z) � 120;
AGC target � 5.0 e4; maximum injection time � 80 ms.

MS parameters for the detection of intact N-glycopeptides
were as follows. 1) MS1: orbitrap resolution � 120,000; scan range
(m/z) � 800–2000; RF lens � 30%; AGC target � 2.0 e5; maximum
injection time � 100 ms; included charge state � 2–6; exclusion
duration � 15 s; exclusion after n times, n � 1; each selected
precursor ion was subjected to one stepped collision energy high-
energy collision dissociation MS/MS (SCE-HCD-MS/MS); 2)
MS2: isolation window (m/z) � 2.0; detector type � orbitrap;
orbitrap resolution � 15,000; first mass (m/z) � 120; AGC target �
5.0 e5; maximum injection time � 250 ms; HCD collision energy
� 30%; stepped collision energy mode on, energy difference of ±
10% (20–30–40%).

Data Processing
For the identification and quantification of cell membrane
protein, the raw peptide data files were searched against the
human uniprot database (v. 2020_08; 20,368 entries) with
MaxQuant (v. 1.5.3.8; Max Planck Gesellschaft, Munich,

Germany). Label-free quantification (LFQ) analysis of the
proteins was performed. Two missed cleavage sites were
allowed for trypsin digestion. Cysteine carbamidomethylation
(+57.02 Da) was set as the fixed modification. Oxidation of
methionine (+15.99 Da), deamidation of asparagine
(+0.98 Da), and acetylation of the protein N-terminal
(+42.01 Da) were set as variable modifications. Match between
runs was used for the alignment of retention time across the six
individual LC-MS/MS runs. The false discovery rates (FDR) of
the peptide spectrum matches (PSMs) and proteins were set
to <1%.

For the identification of the intact N-glycopeptides, the raw
data files were searched using Byonic software (version 3.6.1,
Protein Metrics, Inc.), with the mass tolerance for precursors and
fragment ions set at ± 6 ppm and ±20 ppm, respectively. Two
missed cleavage sites were allowed for trypsin digestion. The fixed
modification was carbamidomethyl (C), and variable
modifications included oxidation (M), acetylation (protein
N-term), and deamidation (N). In addition, 182 human
N-glycans were specified as N-glycan modifications. All other
parameters were set as the default values, and the protein groups
were filtered to a 1% FDR based on the number of hits obtained
for searches against these databases. Stricter quality control
methods for intact N-glycopeptide identification were
implemented, requiring a score of no less than 300 and
identification of at least six amino acids. Furthermore, all of
these PSMs and glycopeptide-spectrum matches (GPSMs) were
examined manually and filtered using the following criteria:
PSMs were accepted if there were at least 3 b/y ions identified
in the peptide backbone, and GPSMs were accepted if there were
at least three glycan oxonium ions identified and at least three 3 b/
y ions identified in the peptide backbone.

Bioinformatics Analysis
We performed the bioinformatics analysis using an R language-
based in-house freely available platform called “Wu Kong”
(https://wkomics.omicsolution.com/wkomics/main/) (Wang
et al., 2020). For quantitative analysis of the proteomics data,
the LFQ intensities of cell membrane proteins from A549 and
A549/DDP cells were extracted from the MaxQuant result file to
represent the expression level of corresponding protein in six
samples. Proteins with the number of missing LFQ intensity
accounting for 50% or more across all samples were filtered, after
which the intensity was normalized to the median and then the
missing value was filled using k-nearest neighbors (KNN)
imputation. To get precise quantitation results, proteins with a
coefficient of variation of the intensities larger than 0.3 were
filtered. After filtering, a 1,360 × 6 protein expression matrix was
generated for subsequent statistical analysis. Unpaired Student’s
t-test was performed to screen the differentially expressed
proteins (DEPs) between A549 cell membrane (ACM) and
A549/DDP cells membrane (DCM) with a Benjamini-
Hochberg (BH) adjusted p value <0.05 and a fold change >2.
00. Biological function of the DEPs was analyzed through Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis using
the “Wu Kong” platform. For quantitative analysis of the intact
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N-glycopeptides, the intensities of intact N-glycopeptides were
extracted from the Byonic result files to represent the abundance
of corresponding intact N-glycopeptides in the six samples.
Glycopeptides having more than 50% missing data were
excluded. The intensity was normalized to the median and
then the missing values were filled using KNN imputation.
Moreover, glycopeptides with a coefficient of variation of the
intensities larger than 0.5 were filtered. Unpaired Student’s t-test
was performed to screen the differentially expressed
glycopeptides (DEGs) between ACM and DCM groups with a
BH adjusted p value <0.05 and a fold change >2.00. In particular,
we reserved the intact N-glycopeptides that were identified in all
the three biological replicates within one group while completely
missing in all replicates of the other.

WB Analysis and Glycoprotein Detection
Proteins extracted from ACM and DCM, or the whole cell lysate
of A549 and A549/DDP were transferred to PVDF membrane
after SDS-PAGE separation. For the detection of high-mannose
glycosylated protein, the membrane was blocked with TBST at
room temperature for 1 h, followed by the incubation with 25 μg/
ml Con A in TBST containing 1 mM CaCl2 and 1 mM MnCl2
(TBSTS) at 4°C overnight. The blots were washed four times with
TBSTS for 5 min each, and then incubated with 0.5 μg/ml HRP at
room temperature for 1 h. After being washed with TBSTS, the
protein bands were visualized by ECL and imaged using an image
analyzer (Tanon 4600SF, China). For the detection of MAN1A1,
Neu1, LRRC8A and MRP1 proteins, the PVDF membrane was
blocked with 5% skimmedmilk in TBST at room temperature for 1
h, followed by the incubation with corresponding primary
antibodies in appropriate dilutions at 4°C overnight. The blots
were washed with TBST and incubated with HRP-conjugated
secondary antibody at room temperature for 1 h. The protein
bands were also visualized by ECL and imaged by the image
analyzer. Na/K ATPase was used as the internal standard for
the detection of cell membrane proteins LRRC8A, MRP1 and
the global high-mannose glycosylated membrane proteins. In
particular, for the detection of MRP1, the samples were not
boiled before loading onto the SDS-PAGE gel to reduce protein
aggregation. β-actin was used as the internal standard for the
detection of MAN1A1 and Neu1 from the whole cell lysates.

Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) Detection
A549 and A549/DDP cells with a density of 1 × 106 were cultured
for 24 h, and then treated with 30 μM cisplatin for 24 h. After
rinsing with PBS twice, the cells were collected, further washed
three times with PBS, and counted. Subsequently, the cells were
lysed with 250 μl of 4% SDS via repeated freeze-thaw cycles in
liquid nitrogen followed by sonication. Then, the cell lysate was
diluted to 1 ml with water, filtered through a 0.22 μm filter, and
injected into the ICP mass spectrometer (7,700, Agilent,
United States) to determine the concentration of platinum
(Pt). A standard curve was generated using a certified
platinum standard solution. The amount of Pt in cells was
calculated from the standard curve and reported in nanogram

per million cells (Pt ng/10E6 cells). All samples were prepared
and detected in quadruplicate to obtain the average and standard
deviation (SD).

Methyl Thiazolyl Tetrazolium (MTT) Assay
Cytotoxicity of cisplatin alone or the co-administration of cisplatin
and glycosylation inhibitors was evaluated in A549 and A549/DDP
cells usingMTT assay. Cells (5 × 103) were seeded in a 96-well plate
and incubated at 37°C overnight. For the individual administration
of cisplatin or the glycosylation inhibitor (Tunicamycin,
Kifunensine, Castanospermine or Oseltamivir phosphate), 200 μl
of culture medium with different concentrations of cisplatin
(1–100 μM) or glycosylation inhibitor (2–200 μM) were added
to each well followed by incubation for 48 h. For the co-
administration of cisplatin and glycosylation inhibitor, 200 μl of
medium with inhibitor and different concentrations of cisplatin
were added to each well and incubated for 48 h. The medium was
removed, and 100 μl of 0.5 mg/ml solution of MTT in RPMI-1640
medium were added to each well and incubated for another 3.5 h.
Then, the medium was fully aspirated, and 150 μl DMSO were
added to dissolve the purple formazan. Absorbance at 562 nm was
determined, and cell viability or death was calculated.

Transwell Migration and Invasion Assays
Cell migration assay was conducted using a 24-well Transwell
chamber with a polycarbonate membrane filter of 8 μm pore size
(Corning). A549 or A549/DDP cells (5 × 105) suspended in 200 μl
serum-free RPMI-1640 media were seeded in the upper
compartment of the chamber, and 500 μl RPMI-1640 with 2.5%
FBSwere added to the lower compartment of the chamber. Cells were
incubated at 37°C with 5% CO2 for 24 h to allow migration, after
which the cells were fixed with 4% paraformaldehyde for 20min and
stained with hematoxylin for 20min at room temperature. After
being washed three times with PBS, the non-migrating cells in the
upper chamber were carefully removed using a cotton swab. The
migrated cells on the lower surface of the membrane were imaged
and photographed with an inverted microscope (Olympus IX83) at
200× magnification in five randomly selected visual fields, and the
migrated cells were counted using Image J software with manual
inspection. Each assay was performed in triplicate, and the number of
migrated cells was shown as means ± SD. Cell invasion assay was
performed similarly, except that the FBS concentration in the lower
compartment of the chamber was increased to 8%, and the
incubation time was extended to 48 h.

Molecular Modeling
The molecular model of the glycosylated human volume-
regulated anion channel (VRAC) protein was constructed
using the Sybyl X 2.0 program (Tripos Inc.) running on a
Dual-core Intel(R) E5300 CPU, 2.60 GHz, 4 GB RAM, under
theWindows 10 operating system. Crystal structure of the human
VRAC protein was obtained from the Protein Data Bank (PDB
code: 6DJB). The oligosaccharide was constructed using Sybyl 2.0
program and docked onto the protein’s binding site (Asn66 at
Chain A) via the formation of C-N glycosidic bond between the
C-1 atom of the terminal N-acetylglucosamine and the N atom of
the sidechain amide of the asparagine residue. The initial covalent
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bond distance of C-N was set to 1.4 Å, and all the hydrogen atoms
were added to define the correct configuration and tautomeric
states. Then Amber7 FF99 charges were added to the biopolymer
and all the atoms were set as Amber7 FF99 type, followed by
stepwise energyminimization under standard set parameters using
the Amber7 FF99 force field with the Powell energy minimization
algorithm, a distance dependent dielectric function, and current
charges with the 0.05 kcal·mol−1 constringent energy gradient to
generate the molecular model. The final schematic diagrams were
created using PyMOL. The calculation of the solvent accessible area
(SAA, Å2) of the NH2 group on the sidechain of Asn66 residue
before and after glycosylation was performed using the VEGA ZZ
module of PyMOL program.

RESULTS AND DISCUSSION

Workflow for the Integrated Proteome and
Glycoproteome Analytical Method
The integrated proteome and glycoproteome analytical
workflow was composed of four major steps, including cell

culture and fractionation, membrane protein extraction and
digestion, proteomic analysis, and N-glycoproteomic analysis
(Figure 1).

The cisplatin-resistant A549/DDP cell line was established by
continuously exposing the parental A549 cell line to cisplatin of
increasing concentrations till 1.0 μg/ml. The resistance factor was
determined to be 8.36 bymeasuring the cytotoxicity of cisplatin to
A549 and A549/DDP cells (Supplementary Figure S1), verifying
the cisplatin-resistance of A549/DDP cells. A549 and A549/DDP
cell fractionation was performed using a membrane extraction
kit. Cell membrane proteins, the proteins from other fractions,
and the whole cell lysate were analyzed by SDS-PAGE andWB to
examine the purity of membrane proteins (Supplementary
Figures S2A,B). WB analysis showed that the cell membrane
marker, Na/K ATPase, was significantly enriched in the cell
membrane fraction, validating the high purity of the obtained
cell membrane. Then, the membrane proteins were denatured,
reduced, alkylated and digested into peptides, which were further
divided in half for subsequent proteomic and N-glycoproteomic
analysis. For proteomic analysis, the peptides were detected by
HCD-MS/MS, and quantified by LFQ method. For

FIGURE 1 | Schematic illustration of the workflow for the integrated proteomic and N-glycoproteomic method designed to comprehensively profile cisplatin-
resistance-related cell membrane proteins, N-glycoproteins, and N-glycans of the non-small cell lung cancer cell line.
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N-glycoproteomic analysis, the intact N-glycopeptides were
enriched by HILIC beads, and then directly analyzed by SCE-
HCD-MS/MS with flexible collision energy settings
(20–30–40%). In this manner, abundant and informative
fragment ions from both the glycan and the peptide can be
produced and detected within one spectrum, allowing the
simultaneous identification of glycoproteins, glycopeptides,
glycosites, and glycan composition/structure in a single run.
This integrated method is able to simultaneously analyze
membrane proteins and N-glycoproteins as well as N-glycans
by intact glycopeptide analysis in a single process, making it
suitable to comprehensively characterize the alterations in both

abundance and glycosylation of membrane proteins involved in
the development of cisplatin-resistance.

Proteomic Screening of the
Resistance-Related Cell Membrane
Proteins
Comparative proteomic analysis was performed to characterize
the abundance changes of membrane proteins in A549/DDP cells
compared with parental A549 cells. The experiments were
conducted in triplicate and a total of 2,906 proteins were
identified. GO enrichment analysis showed that these proteins

FIGURE 2 | Quantitative proteomic analysis of cell membrane proteins. (A) Volcano plot of proteomic data constructed using fold changes (DCM/ACM) and
adjusted p values. Red dots: significantly up-regulated proteins (fold change >2.00, p < 0.05). Blue dots: significantly down-regulated proteins (fold change <0.50, p <
0.05). Black dots: proteins with no significant changes. (B)Heat map generated from the normalized intensity of the 297 DEPs across ACM and DCM groups. The upper
violin plot shows the intensity distribution of proteins in each sample. (C) GOCircle plot of the top eight enriched biological processes of the 297 DEPs. The up-
regulated (red dots) and down-regulated (blue dots) proteins in each process are distributed in the outer circle of the plot. The inner circle displays the z-score, calculated
as the number of up-regulated proteins minus the number of down-regulated proteins divided by the square root of the total count. The larger z-score represents more
up-regulated proteins enriched in the process. (D) Top six enriched KEGG pathways of the DEPs.
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were mainly enriched in the membrane component
(Supplementary Figure S2C), further confirming the purity of
the extracted proteins. To identify the proteins associated with
cisplatin resistance, we carried out the quantitative proteomic
analysis based on LFQ method, and the quantitation results were
shown as the fold change of DCM/ACM. A total of 297 cell
membrane DEPs were screened out, among which 157 proteins
were up-regulated with a fold change >2.00, and 140 were down-
regulated with a fold change <0.50 (Figure 2A). The abundance
of these membrane proteins was significantly altered in drug-

resistant A549/DDP cells, suggesting their involvement in the
development of cisplatin resistance. The DEPs could be classified
into two distinct clusters between ACM and DCM groups, and
the normalized intensities of the same protein were similar in the
three biological replicates, indicating good reproducibility and
reliability of the results (Figure 2B).

To explore the functions of these DEPs, the biological
processes and pathways they participate in were analyzed
through GO enrichment analysis and KEGG pathway
enrichment analysis. The GO analysis results were further

FIGURE 3 | N-glycoproteomic analysis of cell membrane proteins and WB verification of the results. (A) Number of identified N-glycoproteins, intact
N-glycopeptides, N-glycopeptides, N-glycosites, and N-glycans in ACM and DCM groups. (B,C) Number of N-glycans of each type in ACM (B) and DCM (C) groups.
(D,E) Number of intact glycopeptides modified with different types of glycans in ACM (D) and DCM (E) groups. (F) Compositions and structures of the top ten glycans
detected on the intact glycopeptides from ACM and DCM groups. (G)WB detection of global high-mannose glycosylated proteins in ACM and DCM groups. Na/K
ATPase was used as an internal standard. (H) WB detection of MAN1A1 and Neu1 in A549 and A549/DDP cells. β-actin was used as an internal standard. (I) Main
biological processes involving the 82 differentially glycosylated proteins and the number of glycoproteins containing only down- or up-regulated glycopeptides implicated
in these processes. Error bars represent mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test.
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integrated with the fold changes of these proteins to generate the
GOCircle plot (Figure 2C), which could clearly present the major
enriched biological processes and the composition of up- and
down-regulated proteins in each process, facilitating the
comparison of biological functions amongst these DEPs. As
shown in Figure 2C, the biological processes involving more
up-regulated proteins mainly included cell adhesion and response
to drug, which were expected to enhance cell adhesion and the
tolerance to cisplatin, thereby contributing to drug resistance. In
contrast, most of the down-regulated membrane proteins were
implicated in signal transduction and cell migration, implying the
deficient signal transduction and reduced migration of A549/
DDP cells.

GO analysis revealed that cell adhesion and response to drug
were enhanced, while signal transduction and cell migration
appeared to be impaired in the cisplatin-resistant cells
(Figure 2C, Supplementary Figure S3). Moreover, KEGG
pathway analysis indicated that the 297 DEPs mainly
functioned in the cell junction and metabolism pathways
(Figure 2D). In particular, the up-regulated proteins were
concentrated on the tight junction and adherens junction
pathways (Supplementary Figures S4, S5), which supported
the result of GO analysis that cell adhesion was increased in
the resistant cells. Altogether, proteomic screening highlights that
some critical membrane proteins implicated in cell adhesion,
response to drug, cell migration and some signal pathways are
altered in the abundance during the development of cisplatin
resistance.

N-Glycoproteomic Profiling of
Resistance-Related Membrane
Glycoproteins and Glycans
N-glycoproteomic analysis was employed to comprehensively
study the alteration of membrane protein glycosylation in
multiple aspects, including proteins, glycopeptides, glycosites,
and glycans. By virtue of SCE-HCD-MS/MS, simultaneous
identification of N-glycoproteins and N-glycans can be
achieved in a single run. N-glycoproteome profiling of whole
cell lysate was also performed and compared with that of
membrane proteins. The identified intact N-glycopeptides,
N-glycopeptides (peptide backbones without glycans), and
N-glycosites were significantly elevated in the membrane
protein groups (Supplementary Figure S6), which contributed
to the identification of N-glycoproteins with higher confidence.

All the experiments were carried out in triplicate for the
membrane proteins from each cell line, and the number of
identified N-glycoproteins, intact N-glycopeptides,
N-glycopeptides, N-glycosites, and N-glycans of each
biological replicate were displayed in Supplementary Figure
S7. In the ACM group, we identified a total of 3,106 unique
intact glycopeptides composed of 257 glycan compositions, 908
glycosites, and 902 unique glycopeptides from 405 glycoproteins.
In the DCM group, a total of 3,974 unique intact glycopeptides
were identified, which consisted of 346 glycan compositions,
1,079 glycosites, and 1,075 unique glycopeptides from 449
glycoproteins. ACM and DCM groups overlapped across 284

proteins, 1,206 intact glycopeptides, 631 glycopeptides, 633
glycosites and 135 glycan compositions (Supplementary
Figure S8). Furthermore, the membrane protein glycosylation
were systematically compared between A549 and A549/DDP
cells. Evidently, the number of N-glycoproteins, intact
N-glycopeptides, N-glycopeptides, N-glycosites, and N-glycans
identified in the DCM group were all significantly higher than
those in ACM group (Figure 3A), indicating an increase of global
glycosylation in the cisplatin-resistant cells. Based on the glycan
compositions, the identified N-glycans were classified into five
types: high-mannose glycosylated, only fucosylated (but not
sialylated), only sialylated (but not fucosylated), fucosylated
and sialylated, and others. The dually fucosylated and
sialylated type accounted for the highest proportion of
diversity (50% for ACM, 46% for DCM) regardless of their
abundance, and the high-mannose type contributed only 4
and 9% of diversity, respectively (Figures 3B,C). Moreover,
the N-glycan compositions of DCM had larger diversity than
those of ACM in high-mannose, fucosylated, or sialylated types of
N-glycans. Although the high-mannose type was less diverse,
nearly half of glycopeptides were modified with high-mannose
glycans for both the ACM and DCM samples (Figures 3D,E).
Approximately one third of the glycopeptides were fucosylated or
silaylated. Similar to the N-glycans, the number of glycopeptides
modified with high-mannose, fucosylated, or sialylated glycans in
DCM group were all greater than those in ACM group. In
addition, the top ten glycopeptides (the number of peptides
containing the same glycan) and the deduced structure of each
glycan were shown in Figure 3F. Likewise, the high-mannose
glycosylated peptides were proven to have the largest population
with those containing HexNAc(2)Hex(8) being the most
abundant. These top high-mannose glycosylated peptides were
notably increased in A549/DDP cells.

To validate the elevated high-mannose glycosylation in A549/
DDP cells revealed by the N-glycoproteomic analysis, the global
high-mannose glycosylation level of ACM and DCM groups were
detected by WB assay using the lectin Con A as a specific
mannose-binding partner. As shown in Figure 3G, the
abundance of high-mannose glycosylated proteins was
markedly higher in the DCM group, confirming the result of
N-glycoproteomic analysis. Furthermore, we examined the
expression of two proteins, MAN1A1 and Neu1, which play
critical roles in protein glycosylation. MAN1A1 is involved in
the maturation of Asn-linked oligosaccharides, and progressively
trims α-1,2-linked mannose residues from Man9GlcNAc2 (Man:
mannose, GlcNAc: N-acetylglucosamine) to produce
Man5GlcNAc2 (Ogen-Shtern et al., 2016). WB assay showed
that MAN1A1 was down-regulated in A549/DDP cells
(Figure 3H). The low expression of MAN1A1 may hamper
the processing of N-glycans thereby promoting the
accumulation of Man9GlcNAc2 high-mannose glycosylation in
A549/DDP cells, which was also uncovered by the
glycoproteomic analysis as peptide modified with the
Man9GlcNAc2 chain [i.e., HexNAc(2)Hex(9)] was one of the
most abundant glycopeptides and was markedly increased in
A549/DDP cells (Figure 3F). Neu1 functions in sialic acid
metabolism and catalyzes the removal of sialic acid moiety
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from glycoproteins (Bonten et al., 1996). The expression of Neu1
was substantially decreased in the resistant cells (Figure 3H). In
view of this, our results suggest that the degradation of sialic acid
from glycoproteins is retarded in A549/DDP cells, in turn leading
to the accumulation of sialylated glycoproteins in cisplatin-
resistant cells.

We also conducted quantitative analysis of the intact
N-glycopeptides to detect the abundance changes of
glycopeptides between ACM and DCM groups. The DEGs
were classified into two types, DEGs with fold changes
(DEGsw) and DEGs without fold changes (DEGsw/o). DEGsw/o
included those special glycopeptides that were identified in all the
three biological replicates within one group while completely
missing in all replicates of the other. Overall nine DEGsw derived
from nine glycoproteins were screened out, including six up-
regulated (fold change >2.00) and three down-regulated (fold
change <0.50) intact glycopeptides (Supplementary Figure S9).
The identities and abundance changes of these DEGsw and
corresponding proteins were shown in Table 1;
Supplementary Figures S10–S18. Besides DEGsw, a total of
1,010 DEGsw/o were screened out, among which 833 were
exclusively identified in DCM group as up-regulated
glycopeptides and 177 were unique in ACM group as down-
regulated glycopeptides. Hence, the number of up-regulated
glycopeptides was much larger than the down-regulated,
confirming the elevated global glycosylation in cisplatin-
resistant cells. The top 10 up- and down-regulated DEGsw/o in
intensity as well as corresponding glycoproteins were listed in
Supplementary Tables S1, S2. Most of the top up-regulated
DEGsw/o were derived from cell adhesion molecules, integrins,
while the top down-regulated DEGsw/o mainly stemmed from
folate receptor.

The 1,019 DEGs including DEGsw and DEGsw/o were derived
from 254 glycoproteins, among which 129 were also quantified at
the proteomic level. Particularly, we further focused on the
differentially glycosylated proteins that contained DEGs but
were not changed in protein abundance. A total of 82
differentially glycosylated proteins were screened out
containing 54 down-regulated glycopeptides and 302 up-
regulated glycopeptides. Specifically, 56 out of 82 glycoproteins
contained only the up-regulated glycopeptides while six
glycoproteins contained only the down-regulated glycopeptides

(Supplementary Figure S19). GO enrichment analysis disclosed
that the 82 glycoproteins were primarily implicated in the
biological processes of cell adhesion, extracellular matrix
(ECM) organization, signal transduction, cell migration,
protein transport, and response to drug (Supplementary
Figure S20), which are known to be the functions of
membrane proteins. Moreover, these biological processes
mainly attributed from the glycoproteins containing up-
regulated glycopeptides (Figure 3I), suggesting the increased
glycosylation of proteins associated with these processes in
A549/DDP cells. Additionally, KEGG pathway analysis of the
82 proteins showed that many glycoproteins containing up-
regulated DEGs were annotated as cell adhesion molecules
(Supplementary Figure S21) and functioned in the ECM-
receptor interaction (Supplementary Figure S22), being in
good consistency with the findings of GO analysis.

In summary, N-glycoproteomic analysis indicated that the
glycosylation of membrane proteins in A549/DDP cells was
elevated in terms of the number of identified N-glycoproteins,
intact N-glycopeptides, N-glycopeptides, N-glycosites, N-glycans
as well as the up-regulated glycopeptides. Moreover, the high-
mannose, fucosylated, or sialylated glycosylation levels were
increased in the cisplatin-resistant cells. The glycosylation of
proteins participating in cell adhesion, ECM organization,
signal transduction, cell migration, protein transport, and
response to drug was enhanced in the resistant cells, which
was closely related to the development of cisplatin resistance.

Biological Verification of the Results of
Proteomic and N-Glycoproteomic Study
Proteomic study of the membrane proteins revealed that the
proteins involved in cell adhesion, response to drug, cell
migration, and signal transduction were associated with
cisplatin resistance. Meanwhile, N-glycoproteomic analysis
indicated that the glycosylation of proteins implicated in these
biological processes was also altered in the development of
cisplatin resistance. Inspired by these findings, we further
investigated the cell migration and invasion, as well as the
cisplatin uptake and efflux in A549 and A549/DDP cells. In
addition, we explored the specific glycosylation type most
relevant to cisplatin resistance.

TABLE 1 | Identities and abundance changes of the 9 DEGsw (fold change >2.00 or <0.50) and corresponding proteins.

N-glycopeptide Glycosite Glycan Gene name Intact N-glycopeptide Protein

Fold change Expression Fold change Expression

LPADCIDCTTN#FSCTYGK 87 HexNAc(2)Hex(8) TM2D3 47.061 Up NAa NA
DAVNN#ITAK 324 HexNAc(2)Hex(8) CACNA2D1 6.936 Up NA NA
LN#SSTIK 275 HexNAc(5)Hex(6) LAMP2 6.845 Up 0.613 No change
N#MSFVNDLTVTQDGRK 196 HexNAc(2)Hex(8) APMAP 5.204 Up 2.982 Up
N#YTADYDK 106 HexNAc(2)Hex(8) ERLIN1 4.164 Up 3.328 Up
YHYN#GTLLDGTLFDSSYSR 286 HexNAc(2)Hex(9) FKBP9 2.075 Up 0.627 No change
IAPASN#VSHTVVLRPLK 88 HexNAc(2)Hex(9) SSR2 0.004 Down NA NA
TQN#FTLLVQGSPELK 439 HexNAc(2)Hex(6) BCAM 0.304 Down 0.249 Down
DTCTQECSYFN#ITK 669 HexNAc(4)Hex(5)Fuc (2) ITGB1 0.379 Down 3.142 Up

aNA: not quantified in the proteomic analysis.
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Cell Migration and Invasion
Proteomic analysis showed that the proteins required for cell
migration were reduced in the cisplatin-resistant cells, implying
the defective migration of A549/DDP cells. Interestingly, the
glycosylation of proteins involved in cell migration was
increased; for example, the number of identified intact
glycopeptides, glycopeptides, glycosites, or glycans of integrin β1
(ITGB1), a key participant in cell adhesion andmigration (Leavesley
et al., 1993), was increased in DCM group (Supplementary Figures
S23A,B), and for most glycosites, the number of modified glycans
on each site was also increased (Supplementary Figure S23C).
Further assessment using the Transwell system found that the
number of migration and invasion A549/DDP cells was much
higher than that of A549 cells (Figures 4A,B), indicating that the
resistant cells have stronger ability of migration and invasion. This
observation revealed that although some proteins involved in the
cell migration were down-regulated in the A549/DDP cells, the
ability ofmigrationwas not impaired and even increased, whichwas
thought to be attributed, at least in part, to the elevated glycosylation
of membrane proteins associated with cell adhesion and migration.

These results also demonstrate the necessity for integrating
proteomic and glycoproteomic detection to comprehensively and
accurately study the mechanism of cisplatin resistance.

Cisplatin Uptake and Efflux
Cell membrane proteins play key roles in the response to drug as
there are multiple carriers controlling the uptake and efflux of
various drugs. Many carriers have been proposed to function in
the accumulation of cisplatin in cells, among which the VRACs are
key players. VRACs consist of six LRRC8 subunits (Kefauver et al.,
2018). It has been demonstrated that about 50% of cisplatin uptake
relies on LRRC8A and LRRC8D under isotonic conditions (Planells-
Cases et al., 2015). In the genome-wide screening for Pt drug
resistance, loss of LRRC8 subunits of VRACs was found to
increase the resistance to cisplatin (Planells-Cases et al., 2015; He
et al., 2018). Thus, the LRRC8 subunits play crucial roles in cisplatin
accumulation and drug resistance (Planells-Cases et al., 2015;
Sørensen et al., 2016; He et al., 2018). Through the quantitative
proteomic analysis, we found that LRRC8A was down-regulated in
the A549/DDP cells, and WB assay also confirmed the decrease of

FIGURE 4 | Biological verification of the results of proteomic and N-glycoproteomic study. (A,B) Representative images of the Transwell migration (A) and invasion
assay (B) of A549 and A549/DDP cells, and the quantitative number of migration and invasion cells. (C,D) WB assay of LRRC8A (C) and MRP1 (D) in ACM and DCM
groups. (E) The amount of Pt in A549 and A549/DDP cells measured by ICP-MS. Error bars represent the mean ± SD; **p < 0.01, ****p < 0.0001, Student’s t-test.
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FIGURE 5 | Inhibition of N-glycosylation by small molecule inhibitors. (A) Cytotoxicity of Tunicamycin to A549 and A549/DDP cells. (B,C) Cytotoxicity of the
combination treatment of Tunicamycin (1 μM) and cisplatin to A549 (B) and A549/DDP cells (C). (D)Cytotoxicity of Castanospermine to A549 and A549/DDP cells. (E,F)
Cytotoxicity of the combination treatment of Castanospermine (100 μM) and cisplatin to A549 (E) and A549/DDP cells (F). (G) Cytotoxicity of Kifunensine to A549 and
A549/DDP cells. (H,I) Cytotoxicity of the combination treatment of Kifunensine (30 μM) and cisplatin to A549 (H) and A549/DDP cells (I). (J) Cytotoxicity of
Oseltamivir to A549 and A549/DDP cells. (K,L) Cytotoxicity of the combination treatment of Oseltamivir (100 μM) and cisplatin to A549 (K) and A549/DDP cells (L).
Concentrations of cisplatin used in the combination treatment are 3, 6 and 9 μM for A549 cells, and 10, 20 and 30 μM for A549/DDP cells. Error bars represent the
mean ± SD.
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LRRC8A in the resistant cells (Figure 4C). Moreover, the
N-glycoproteomic study showed that the LRRC8A in DCM group
was modified with Man8GlcNAc2 chain at the site of Asn66, whereas
no glycosylation was identified in ACM group. Asn66 was located on
the extracellular loop of LRRC8A (Supplementary Figure S24A).
Molecular modeling showed that the SAA of Asn66 was increased
from 21.377 Å2 to 29.407 Å2 after the modification of Man8GlcNAc2
oligosaccharide (Supplementary Figures S24B,C). The increased
solvent accessibility may affect the channel structure and activity
to carry cisplatin into cells (Planells-Cases et al., 2015; Singh et al.,
2018). Collectively, the low expression and elevated glycosylation of
LRRC8A may cause a reduction in cisplatin uptake by A549/DDP
cells, therefore bringing about the resistance to cisplatin.

Apart from the carriers responsible for cisplatin uptake, some
transporters mediate the drug efflux out of cells. ATP-binding
cassette (ABC) transporters are well-known drug efflux pumps
capable of extruding numerous drugs from the cytoplasm (Robey
et al., 2018). The ABC superfamily members, multidrug resistance
protein 1 (MDR1), MRPs, and breast cancer resistance protein
(BCRP), have been proposed to regulate cisplatin sensitivity in
various cancer cells, including breast cancer (Yi et al., 2019), lung
cancer (Fang et al., 2018; Wu et al., 2019), oesophageal squamous
cell carcinoma (Yamasaki et al., 2011), and ovarian carcinoma
(Guminski et al., 2006). The role of ABC transporters in cisplatin
resistance may vary among the ABC subfamily members and
depend on the cancer type. Proteome screening in this study
found that MRP1 and MRP4 were slightly over-expressed in
A549/DDP cells, and the result of WB assay displayed the same
tendency (Figure 4D). Notably, the increased expression of MRP1
and MRP4 has also been reported to correlate with the platinum-
based drug resistance in the ovarian carcinoma cells (Beretta et al.,
2010). The over-expression of MRP1/4 may increase the export of
cisplatin from A549/DDP cells and reduce the intracellular drug
concentration. To validate the influence of the alteration of LRRC8A
and MRP1/4 on cisplatin accumulation, we used ICP-MS to
determine the amount of cisplatin in A549 and A549/DDP cells.
For A549 cells, there was 68.5 ng cisplatin in per million cells, while
the amount decreased to 30.0 ng for A549/DDP cells (Figure 4E).
Thus, the accumulation of cisplatin was significantly reduced in the
drug resistant cells due to the low expression and glycosylation of
LRRC8A as well as a concomitant increased expression of MRP1/4,
thereby conferring cisplatin resistance.

High-Mannose and Sialylated Glycosylation
Contribute to Cisplatin Resistance
N-glycoproteomic analysis indicated the increased glycosylation of
membrane proteins in A549/DDP cells. To further determine the
specific glycosylation type most relevant to cisplatin resistance, we
used several well-established glycosylation inhibitors that could
block N-glycan synthesis at different stages to treat the A549 and
A549/DDP cells in combination with cisplatin.

Tunicamycin (Tun), a potent protein glycosylation inhibitor,
inhibits protein N-glycosylation entirely at the first step of glycan
synthesis (Wu et al., 2018). Tun has been reported to enhance the
suppressive effects of cisplatin on cancer cell growth (Noda et al.,
1999; Hou et al., 2013; Ahmmed et al., 2019). In this study, we

found that Tun exerts cytotoxicity on both A549 and A549/DDP
cells with higher toxicity to the resistant cells (Figure 5A). When
co-administered with cisplatin, Tun worked synergistically with
cisplatin and potentiated its efficacy on A549 and A549/DDP
cells, especially at low cisplatin concentrations (Figures 5B,C).
The synergistic effect was more apparent on the resistant cells.

Two alkaloids, Castanospermine (Cas) and Kifunensine (Kif),
were employed to alter the protein glycosylation in A549 and A549/
DDP cells, respectively. Cas and Kif block the trimming reaction of
nascent Glc3Man9GlcNAc2 (Glc: glucose) oligosaccharide on
glycoproteins by inhibiting the glycosidases involved in the
trimming process (Zhong et al., 2020). Cas preferentially inhibits
α-glucosidases I and II, causing the accumulation of fully
glucosylated high-mannose chains (Pili et al., 1995). Cas did not
significantly suppress the proliferation of the 2 cell lines
(Figure 5D). In contrast to Tun, Cas increased the tolerance to
cisplatin of A549 cells (at the low dosage of cisplatin) and A549/
DDP cells (at the high dosage of cisplatin) as the cell death of
combinatorial administration was lower than that of individual
treatment with cisplatin (Figures 5E,F). Kif selectively inhibits the
α-mannosidase I, resulting in the accumulation of Man7-9GlcNAc2
high-mannose type oligosaccharides on glycoproteins (Zhou et al.,
2008), which were also the top three abundant glycans identified in
ACM and DCM groups (Figure 3F). Although being cytotoxic to
A549 and A549/DDP cells (Figure 5G), Kif also increased the cell
survival in a similar way to Cas when working in combination with
cisplatin (Figures 5H,I).

Oseltamivir phosphate (Ostv) is an efficient small-molecule
inhibitor of neuraminidase that prevents the cleavage of sialic
acid from glycan chains and increases the level of sialylated
glycosylation (de Oliveira et al., 2015). Ostv alone did not have
a strong suppressive effect on cell proliferation (Figure 5J). When
treated with a combination of Ostv and cisplatin, A549/DDP cells
showed no significant difference in cell death from those treated
with cisplatin alone, while A549 cells survivedmore compared with
the individual treatment (Figures 5K,L).

Collectively, these findings suggest that inhibition of protein
N-glycosylation could enhance the anticancer activity of cisplatin
on both A549 and A549/DDP cells. However, promoting the high-
mannose or sialylated type of glycosylation attenuated the sensitivity
of A549 cells to cisplatin. Therefore, the increased high-mannose or
sialylated glycosylation play critical roles in the development of
cisplatin resistance and contribute to the resistant phenotype.

CONCLUSION

In this work, we have integrated proteomic and N-glycoproteomic
detection for the comprehensive characterization of the membrane
proteins associated with cisplatin resistance in non-small cell lung
cancer cells. Based on this method, we found that the proteins
involved in cell adhesion, cell migration, response to drug, and
signal transduction were significantly altered in abundance and
glycosylation in the development of cisplatin resistance.
Consequently, the ability of migration and invasion was
substantially increased in cisplatin-resistant cells, further aggravating
theirmalignancy.On the other hand, the concentration of cisplatinwas
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significantly reduced in the resistant cells, concomitant with the
down-regulation of LRRC8A and over-expression of MRP1 and
MRP4, thereby decreasing the amount of cellular cisplatin and
conferring the resistance. In addition, the global glycosylation of
membrane proteins was significantly elevated in the cisplatin-
resistant cells, and inhibition of protein N-glycosylation potentiated
the anticancer efficacy of cisplatin. Particularly, increasing the high-
mannose or sialylated type of glycosylation promoted the cell
resistance to cisplatin, revealing the key glycosylation type
associated with cisplatin-resistance. These results give new insights
into the mechanism of cisplatin resistance. It is also worth noting that
the integrated method is versatile and highly efficient for obtaining
multilevel and comprehensive information on the expression and
glycosylation of proteins in a single experiment. We anticipate its
broad application in the study on the mechanisms of drug resistance.
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Co-Administration of Allosteric and
Orthosteric Drugs to Overcome
Drug-Resistance in T315I BCR-ABL1
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Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm, driven by the BCR-
ABL1 fusion oncoprotein. The discovery of orthosteric BCR-ABL1 tyrosine kinase
inhibitors (TKIs) targeting its active ATP-binding pocket, such as first-generation
Imatinib and second-generation Nilotinib (NIL), has profoundly revolutionized the
therapeutic landscape of CML. However, currently targeted therapeutics still face
considerable challenges with the inevitable emergence of drug-resistant mutations
within BCR-ABL1. One of the most common resistant mutations in BCR-ABL1 is the
T315I gatekeeper mutation, which confers resistance to most current TKIs in use. To
resolve such conundrum, co-administration of orthosteric TKIs and allosteric drugs offers a
novel paradigm to tackle drug resistance. Remarkably, previous studies have confirmed
that the dual targeting BCR-ABL1 utilizing orthosteric TKI NIL and allosteric inhibitor
ABL001 resulted in eradication of the CML xenograft tumors, exhibiting promising
therapeutic potential. Previous studies have demonstrated the cooperated mechanism
of two drugs. However, the conformational landscapes of synergistic effects remain
unclear, hampering future efforts in optimizations and improvements. Hence, extensive
large-scale molecular dynamics (MD) simulations of wide type (WT), WT-NIL, T315I, T315I-
NIL, T315I-ABL001 and T315I-ABL001-NIL systems were carried out in an attempt to
address such question. Simulation data revealed that the dynamic landscape of NIL-
bound BCR-ABL1 was significantly reshaped upon ABL001 binding, as it shifted from an
active conformation towards an inactive conformation. The community network of
allosteric signaling was analyzed to elucidate the atomistic overview of allosteric
regulation within BCR-ABL1. Moreover, binding free energy analysis unveiled that the
affinity of NIL to BCR-ABL1 increased by the induction of ABL001, which led to its
favorable binding and the release of drug resistance. The findings uncovered the in-depth
structural mechanisms underpinning dual-targeting towards T315I BCR-ABL1 to
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overcome its drug resistance and will offer guidance for the rational design of next
generations of BCR-ABL1 modulators and future combinatory therapeutic regimens.

Keywords: chronic myelogenous leukemia (CML), BCR-ABL1, tyrosine kinase inhibitors (TKIs), nilotinib, drug
resistance, ABL001, allosteric drug, combinatory treatment

INTRODUCTION

Targeted drug therapy strikes specifically at defined carcinogenic
targets representing a therapeutic breakthrough in human cancer
treatments (Bozic et al., 2013). Kinase, one of the largest gene
families, is a class of critical drug targets (Manning et al., 2002;
Qiu et al., 2021a; Wang et al., 2021), and kinase inhibitors have
revolutionized cancer therapeutics. Traditionally, most kinases
inhibitors target the ATP-binding site, also known as orthosteric
site. Prolonged administration of inhibitors often leads to
inevitable emergence of resistant mutations, which
subsequently results in diminished therapeutic efficacy
(Nussinov et al., 2017, 2021; Agnello et al., 2019), posing a
huge challenge to drug development and threatening global
public health (Holohan et al., 2013). Compared to orthosteric
ligands bounding to conserved orthosteric sites, allosteric
modulators bind to structurally diverse allosteric sites (Lu
et al., 2021) and yield pivotal advantages in terms of high
specificity and selectivity in the paradigm of precision
medicine (Guarnera and Berezovsky, 2016; Lu et al., 2019c; Lu
and Zhang, 2019). In addition, allosteric drugs could act together
with orthosteric inhibitors to exert synergistic and allosteric
effects on a protein, potentially restoring or even boosting the
efficacy of orthosteric inhibitors (Ma et al., 2016; Huang et al.,
2021). Hence, co-administration of allosteric and orthosteric
inhibitors offers a revolutionary strategy to conquer the
notorious problem of drug resistance (Al-Lazikani et al., 2012;
Nussinov et al., 2017; Ni et al., 2020a; Zhang et al., 2020).

The most recent successful example of combining allosteric
and orthosteric drugs to circumvent drug resistance is the
treatment of chronic myeloid leukemia (CML) by targeting
Breakpoint Cluster Region-Abelson1 (BCR-ABL1) kinase
(Heisterkamp et al., 1985). CML is driven by the reciprocal
translocation between chromosomes 9 and 22, leading to the
fusion of the Breakpoint Cluster Region (BCR) and Abelson1
(ABL1) genes on the Philadelphia chromosome (Ph) (Apperley,
2015). The expression of BCR-ABL1 which has a constitutively
active ABL1 kinase domain leads to aberrant activation of
numerous signaling pathways finally resulting in the
dysregulated differentiation, growth, and survival of leukemic
cells (Melo, 1996). In recent years, the prognosis of CML patients
has been improved due to the promotion of tyrosine kinase
inhibitors (TKIs), including imatinib, dasatinib, nilotinib (NIL)
and ponatinib, inhibiting the kinase activity of BCR-ABL1 by
targeting its adenosine triphosphate (ATP) -binding site (Jabbour
and Kantarjian, 2016). More than 80% of patients treated with
TKI had improved survival rates of more than 10 years (Kalmanti
et al., 2015). However, some patients suffer from loss of response
to TKIs, usually associated with drug resistance generated by
BCR-ABL1 kinase mutations that impede drug binding (Pophali

and Patnaik, 2016). In particular, the T315I gatekeeper mutation
with a frequency up to 30% in BCR-ABL1 (Chahardouli et al.,
2013), is resistant to first- and second-generation TKIs except
ponatinib whose dosing is limited by adverse events (Quintás-
Cardama et al., 2007; Miller et al., 2014). To tackle the notorious
problem of drug resistance, researchers have proposed the
possibility of combinatorial treatments with allosteric and
orthosteric drugs to against drug resistance.

Here we characterize Asciminib (ABL001), the first allosteric
BCR-ABL1 inhibitor successfully entering phase III clinical trial
and marketed (Deeks, 2022), which synergistically inhibits the
BCR-ABL1 mutant with orthosteric drugs. Remarkably, previous
studies have confirmed that the dual targeting towards BCR-
ABL1 utilizing ABL001 and NIL resulted in complete disease
control and eradication of the CML xenograft tumours without
recurrence after discontinuation of treatment (Wylie et al., 2017),
highlighting the great potential of the combinatory therapeutics
of orthosteric and allosteric molecules. Previous studies have
described the mechanism of BCR-ABL allosteric drugs and
how they working conjointly with orthosteric drugs (Adrián
et al., 2006; Zhang et al., 2010). Nevertheless, the detailed
mechanism in conformational ensembles of their cooperative
inhibition remains unclear.

Therefore, we applied extensive large-scale molecular
dynamics (MD) simulations of wide type (WT), WT-NIL,
T315I, T315I-NIL, T315I-ABL001 and T315I-ABL001-NIL
systems to unravel the detailed molecular mechanistic of dual-
targeting therapeutics to overcome drug resistance. Among these
complexes, T315I, and T315-NIL are considered as resistant
systems whose enzymatic activities were not successfully
inhibited; whereas WT-NIL, T315I-ABL001, and T315I-
ABL001-NIL are considered as sensitive systems, where the
kinases within were successfully inactivated. Dissection of
conformation landscapes of these systems found that the
dynamic conformation of the ternary complex is the most
stable. ABL001 could shift NIL-bound active BCR-ABL1 to
inactive conformation by modulating the conformation of key
structural domains utilizing Markov state model (MSM) analysis.
The binding free energy analysis showed that the affinity of NIL
to BCR-ABL1 was strengthened upon ABL001 binding, thus
exerting concerted effects on improving the overall therapeutic
efficacy. The community network of allosteric signaling was
described, to gain an atomistic view of allosteric regulation
within BCR-ABL1. Moreover, the allosteric crosstalk between
the allosteric site and ATP-binding pocket was investigated
utilizing energetic dynamics computations.

Collectively, the findings uncovered the in-depth structural
mechanisms underpinning dual-targeting towards BCR-ABL1.
This will help offer guidance for the rational design of future
generations of BCR-ABL1 modulators and provide novel insights
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into the regulation of receptor tyrosine kinase (Nussinov et al.,
2014). The cooperative targeting of orthosteric and allosteric
inhibitors to address drug resistance provides proof of
exemplifying for clinical optimization of co-administration
therapy in the future.

RESULTS

Overview of the Ternary Complex Structure
The structural domain of BCR-ABL1 protein is organized
similarly to Src family kinases, with contiguous Src homolog 2
(SH2) and SH3 domains, an SH2/kinase linker, and a bilobal
kinase domain (Figure 1) (Panjarian et al., 2013).

SH3 and SH2 domains are among the most common modular
protein-protein interaction domains in human proteins
(Sherbenou et al., 2010). Structurally, the SH3 domain consists
of two short antiparallel β-sheets forming a barrel-shaped
structure, and the SH2 domain comprises a central antiparallel
β-sheet flanked by α-helices. Deletion or mutations of the SH3
and SH2 structural domains results in upregulation of ABL1
kinase activity, suggesting that the SH3 and SH2 structural
domains together inhibit kinase activation (Mayer and
Baltimore, 1994).

The core catalytic domain of kinase adopts a bilobed
architecture, consisting of a small N-terminal lobe (N-lobe)
followed by a large C-terminal lobe (C-lobe), which is in
charge of catalyzing the transfer of γ-phosphate from ATP to
tyrosine residues of substrate proteins. The N-lobe consists of β1-
β5 sheets and an important αC-helix. A glycine-rich loop (or
Wolker loop) connects the β1 and β2 strands, also known as the

P-loop that is critical for binding ATP. The P-loop is highly
flexible, so it can be interspersed between the β- and γ-phosphates
of the substrate ATP to facilitate phosphoryl transfer reactions.
Whereas the C-lobe consists mainly of α-helices. Within the
C-lobe, the activation loop (A-loop), the most flexible part of
BCR-ABL1, is a principal regulatory structure for modulating
kinase activity (Schindler et al., 2000; Sonti et al., 2018). A
conserved “DFG” motif (D381-F382-G383) motif implicated in
ATP binding is located at the N-terminus of A-loop (Lovera et al.,
2012). In the active conformation of Abl1 kinase, the A-loop is in
an “open” or “extended” conformation. In this conformation, the
body of the A loop does not block the C-lobe, enabling the C-lobe
to be available for binding the substrate. The D381 within the
DFG conserved motif is oriented toward the ATP binding pocket,
also known as DFG-in active conformation, and its carboxylic
acid functional group binds the Mg coordinated to ATP in active
kinases. While in the “closed” form, the A-loop could block
substrate binding to the C-lobe. The Abl kinase domain switches
from an active from to an inactive form, resulting in a
conformational change at the start of the A loop. This flips
the orientation of the DFG motif by 180°, termed DFG-out
conformation (Shan et al., 2009). With the Asp side chain is
flipped away from the ATP binding site, Mg coordination (with
the Mg-ATP complex) is prevented. Additional conformational
changes upon the ABL1 activity transition include the rotation
orthogonal to main axis of αC-helix (Fajer et al., 2017). In the
active ABL1 kinase, the αC helix is rotated inward, also known as
the “in” position, allowing a salt bridge to form between E286 and
K271 in the β-III sheet lining the ATP binding pocket. This salt
bridge between two highly conserved residues is considered to be
critical for a catalytically competent kinase active site. In the

FIGURE 1 | The overall structure of the allosteric drug ABL001 (off-white) bound to the myristoyl pocket and the second generation TKI NIL (cyan) bound to the
ATP-pocket in a ternary complex with BCR-ABL1 fusion protein (PDB ID: 5mo4). The backbone of BCR-ABL1 structure is represented in gray. Key structural elements
are highlighted in orange (A-loop), yellow (P-loop), pink (αC-helix), and purple (DFG motif), respectively.
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inactive state, E286 along the αC-helix points away from the
binding pocket, adopting the “out” conformation. E286 whereas
interacts with Arg386 in the A-loop and the salt bridge breaks
(Paul et al., 2020). Furthermore, there is a “myristate binding
pocket” located in the C-lobe. The myristoyl group covalently
attached to the N-terminal end of ABL1 prior to fusion with BCR
and induced an assembly inactive state (Nagar et al., 2003).
However, this natural autoregulation mechanism disappears
after the BCR fragment replaces the N-terminal cap region of
ABL1 containing the myristoylation site, resulting in structural
activation of BCR-ABL1.

The N-lobe and C-lobe of the kinase are connected by a hinge
domain, which contains several conserved residues that provide the
catalytic machinery and make up an essential part of the ATP
binding pocket, also participating in substrate binding. The catalytic
pocket situates at the interface between the N-lobe and C-lobe where
the substrate binds. TKIs currently approved for the treatment of
CML were designed to target the catalytic ATP binding site of BCR-
ABL1, whose efficacy tends to be compromised due to resistance
mutations. Especially, there is a “gatekeeper” residue Thr315 within
this pocket involved in ATP binding that plays a critical role in
stabilizing the active conformation of BCR-ABL1 (Liu et al., 1998).
The T315I gatekeeper mutation always leads to recalcitrant
resistance to TKIs, with a frequency up to 30% in BCR-ABL1
(Gorre et al., 2001).

NIL, a second-generation TKI, was computationally designed
to overcome BCR-ABL1’s resistance to the first-generation TKI
imatinib (Kantarjian et al., 2011). Although NIL is effective in
suppressing most mutations within BCR-ABL1, it still failed to
counteract the T315I gatekeeper mutation. However, recent
research has shown that the notorious T315I resistance could
be tamed by the combination of ABL001 and NIL without
recurrence after the cessation of treatment. In contrast to
catalytic-site ABL1 kinase inhibitors, ABL001 was developed
using fragment-based NMR screening X-ray for the myristate
pocket of ABL1 that is normally occupied by the myristoylated
N-terminal of ABL1—a motif that serves as an allosteric negative
regulatory element lost upon fusion of ABL1 to BCR (Schoepfer
et al., 2018). Structural analysis showed that ABL001 forms
hydrophobic interactions mainly with BCR-ABL1, and induces
an inactive kinase conformation. To explore the mechanism
underlying cooperatively double targeting of ABL001 and NIL
towards BCR-ABL1, MD simulations were carried out for six
systems, WT, WT-NIL, T315I, T315I-NIL, T315I-ABL001, and
T315I-ABL001-NIL, in an attempt to pursue deeper insight into
the drug combinations to overcome T135I resistance.

Allosteric Drug Enhanced System Stability
We calculated the Cα atoms root-mean-square deviation (RMSD)
of each system versus initial structures to interrogate the dynamic
conformational alterations during simulations. RMSD data
indicated that all six systems began to reach equilibrium after
600 ns of simulations (Supplementary Figure S1A), and our
further analyses focused on the trajectories under equilibrium
states. The RMSD values for the six systems were 3.35 ±
0.43(WT), 2.90 ± 0.6(WT-NIL), 3.13 ± 0.33(T315I), 3.20 ±
0.45(T315I-NIL), 3.10 ± 0.48(T315I-ABL001) and 2.67 ±

0.39 Å (T315I-ABL001-NIL), respectively. They were not
significantly different among the systems, implying that the
single mutation T315I did not affect the overall protein
stability. The RMSD value of the T35I-ABL001-NIL system
was the lowest, suggesting this system might exhibit the most
stable conformational dynamics.

To quantify the local conformation dynamics of BCR-ABL1,
the atomic root-mean-square fluctuations (RMSFs) of Cα atoms
around its original position were calculated for each residue
(Supplementary Figure S1B), which was projected onto the
structure of ABL1 in each system for visualization (Figure 2).
The RMSF values for the six systems were 1.30 ± 0.71(WT), 1.35 ±
0.80(WT-NIL), 1.28 ± 0.72(T315I), 1.30 ± 0.63(T315I-NIL),
1.26 ± 0.61(T315I-ABL001) and 1.17 ± 0.64 Å (T315I-
ABL001-NIL), respectively. Analysis of the RMSF profiles of
the six systems showed that the T35I-ABL001-NIL system
typically displayed a lower RMSF, suggesting that this system
was relatively more stable. Notably, the functional domains such
as αC-helix and A-loop, which played critical roles in the binding
of TKIs, displayed relatively higher RMSFs in each system,
demonstrating their elasticity and critical implication in TKI
drugging. We thus mainly focused on these domains in
following analysis.

Principal component analysis (PCA) was next conducted to
identify the predominant overall conformational transitions of
BCR-ABL1 (Amadei et al., 1993). Porcupine diagrams were
constructed where PC1 was projected onto initiation structure
of each system to graphically visualize the dominant motions of
different regions in BCR-ABL1 throughout the simulation
(Figure 3).

The principal dynamic motions of BCR-ABL1 system mainly
resided on its A loop and αC-helix, which is in accordance with
the RMSF data. Particularly, systems exhibited the most
prominent differences in the motion vectors of A-loop. We
observed that NIL relieved the downward movement of the
A-loop in the WT system and conversely induced an upward
motion. It thus locked the kinase in an inactive conformation. In
contrast, in the T315I-NIL system, the A-loop remained a
downward opening orientation possibly due to the hindrance
from the resistant T315I mutation towards NIL. Furthermore, in
the T315I-ABL001 and T315I-ABL001-NIL systems, ABL001
inhibited kinase activity by allosteric regulation during which
the A-loop, readout of kinase activity, exhibited elevat motion.

Overall, in the WT, T315I and T315I-NIL systems where
BCR-ABL1 was in active state, the global movement trends of the
protein were large. While the overall kinase movement tendency
was smaller and the global structures were more stabilized in the
WT-NIL, T315I-ABL001 and T315I-ABL001-NIL systems,
which were in accordance with their successful inhibition by
different drugs respectively, especially in the dual-targeting
ternary system.

Drug Combination Limited Correlated
Motions Between Domains
To explore the intra-chain correlation within all systems, residue
interactions in each system were quantified through dynamic
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cross-correlation matrices (DCCMs) (Figure 4). The dynamic
correlated motions of the WT-NIL system were markedly
reduced compared with the WT system, indicating that NIL
might stabilize the residual interactions within BCR-ABL1,
conferring its inhibitory activity. However, compared with the
T315I system, the T315I-NIL system exhibited a slight elevation

of correlated motions in the T315I-NIL system, which may be
related to the inability of NIL to suppress T315I mutation. In
contrast, the T315I-ABL001 system exhibit a lower value of
DCCM globally. Overall, in the T315I-ABL001-NIL system,
the dynamic correlated motion amplitude was the lowest
(Figure 4F), indicating that the residue interactions within this

FIGURE 2 | The Cα RMSFs of WT (A), WT-NIL (B), T315I (C), T315I-NIL (D), T315I-ABL001 (E) and T315I-ABL001-NIL (F) systems along 3,000 ns MD
simulations were projected onto the structure of BCR-ABL1.

FIGURE 3 | Comparison of principal mode of motion along PC1 in WT (A), WT-NIL (B), T315I (C), T315I-NIL (D), T315I-ABL001 (E) and T315I-ABL001-NIL (F)
systems. Red arrows depict the directions of protein motions, while the length of the arrows represents the magnitude of the movements.
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system were the most stable, which was consistent with the RMSF
and PCA analysis.

In particular, we observed that DCCM was weakened in
A-loop (A1) and enhanced in the αC-helix (B1) and P-loop
(C1) in the T315I system, compared with WT system, implying
that the T315I mutation was anti-correlated with A-loop whereas
positively associated with the movements of αC-helix and P-loop.
In the T315I system, the binding of NIL failed to suppress the
mutation, and A1, B1, C1 all became larger, enhancing the
coupling between the mutated residue T315I and A-loop, αC-
helix and P-loop. While A1, B1, and C1 were slightly reduced in
the T315I-ABL001 complex compared with T315I system,
implying ABL001 led to weakened coupling. Furthermore, in
the co-administered T315I-ABL001-NIL system, A1, B1, and C1
were the weakest, indicating the weakest coupling between T315I
and important structural domains mentioned above. The
outcome is consistent with the clinical fact that the
combination of TKI and ABL001 can successfully inhibit
T315I BCR-ABL1, while TKI alone failed to inhibit T315I.

Co-Administration of NIL and ABL001
Reprogrammed Structural Community and
Allosteric Signal Network Within BCR-ABL1
We next explored the propagation pathways of the allosteric
signal through community analysis based on the Girvan-
Newman algorithm, and quantitatively estimated the

variational coupling among the communities. Throughout the
trajectory, residues within a cut-off distance of 4.5 Å for at least
75% of simulation time were classified in the same community,
which were considered as a synergistic functional unit within the
overall structure. The visualized community network graphs
clearly depicted the paths and the corresponding intensity of
allosteric crosstalk, allowing visual comparison of the allosteric
network within BCR-ABL1 among different systems (Figure 5).

In the WT system, community one was composed of SH3,
while the majority of SH2 formed community 4, except for the
connection between SH3 and SH2 that constituted community
12. Community three consisted of the majority of the C-lobe,
including the P-loop. The αC-helix constituted community 8, and
the rest of the C-lobe, A-loop, made up community 5. The N-lobe
contained communities 2, 6, 7, and 10, where communities 2, 6, 7
enclosed the allosteric cavity of ABL001. Compared with WT
(Figure 5A), upon NIL loading, community eight of was
incorporated into community 2, indicating that the inhibitor
strengthened the association within BCR-ABL1 N-lobe and
might thereby capture the kinase in an inactive state
(Figure 5B). When NIL was loaded into the T315I system
(Figure 5D), community 11, representing the myristoyl pocket
within the C-lobe, was independent from community six and had
diminished signal linkage to surrounding residues as NIL failed to
inhibit T315I BCR-ABL1 kinase activity. And the connection
between community one and community three becomes weaker
in T315I-ABL001 system compared with T315I system,

FIGURE 4 | DCCM plots of WT (A), WT-NIL (B), T315I (C), T315I-NIL (D), T315I-ABL001 (E), and T315I-ABL001-NIL (F) systems. Positive areas (purple)
represent correlated motion, while negative areas (blue) stand for anti-correlated motion. Correlation motions with absolute values less than 0.3 are ignored and
displayed in white.
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suggesting that ABL001 could induce a reduction in the
perturbation of SH3 and N-lobe (Figure 5E). In the T315I-
NIL-ABL001 system, distinct alterations were observed for the
topologic characteristics and the inter-community
communications within the BCR-ABL1 allosteric network
compared with T315I-NIL system. Communities 10 and 11
that are close to the allosteric site are incorporated into
community 6, indicating an enhanced signal transduction near
the allosteric site, possibly explaining the allosteric effect in
distant regions. The incorporation of community nine into
community four within SH2 implies that the allosteric effect
promoted the internal signal of the SH2 region. In addition, the

connection between Community two and Community five was
strengthened upon ABL001 binding, indicating an enhanced
allosteric signal flow between them. This implied that some
less important connections were quenched upon inhibitor
binding, but specific signaling pathways were promoted to
transmit the effects of the ligands.

Overall, there were 10 communities and 15 pathways in the
T315I-NIL complex, 9 communities and 14 pathways in the
T315I-AB001, and 8 communities and 11 pathways in the
T315I-ABL001-NIL complex (Figure 5F). The reduction in
the number of communities and the overall complexity of
community connectivity following drug binding implied that

FIGURE 5 |Colored community networks of WT (A), WT-NIL (B), T315I (C), T315I-NIL (D), T315I-ABL001 (E), and T315I-ABL001-NIL (F). Each sphere stands for
an individual community with an area proportional to the number of residues it contains. While the lines connecting different spheres visualize the inter-community
connections, and the thickness of these lines is proportional to the corresponding edge connectivity.
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the co-binding of inhibitors significantly remodeled the topology
of communities, possibly accounting for their inhibition.

Co-Binding of NIL and ABL001 Shifted
BCR-ABL1 Towards Inactive State
Based on the results above, T315I-NIL, T315I-ABL001 and
T315I-ABL001-NIL systems were selected to perform PCA to

interrogate the overall free energy landscapes of the three relevant
systems. The twomost dominant collective principal components
(PC1 and PC2) were used to project the overall conformation
ensembles onto two dimensions (2D) plots to elaborate the
conformational dynamics of the BCR-ABL1 during
simulations. As shown in Figure 6A, T315I-NIL system
exhibited four dominant conformations. The conformational
ensembles of BCR-ABL1 were significantly changed upon
ABL001 binding regardless of the presence or absence of NIL
(Figures 6B,C). The T315I-ABL001 system had three major
conformational clusters, whose global basin slightly shifted
along the positive X-axis compared to the T315I-NIL system.
The T315I-ABL001-NIL ternary complex, which contained two
major structural clusters, had the lowest overall PCA values
compared to the other two systems, indicating that the system
had the least volatility.

To investigate their key conformational states during
simulation, we applied PyEMMA (see Materials and Methods)
for our complex systems to construct MSMs for analyses, which is
powerful to probe into the protein conformations, unraveling
unprecedented dynamic details (Lu et al., 2019b). Our models
were first confirmed to be Markovian by the implied time scale
tests (Supplementary Figure S2) and the Chapman-Kolmogorov
tests (Supplementary Figure S3). Conformational ensembles for
T315I-NIL, T315I-ABL001 and T315I-ABL001-NIL were then
clustered into 4 (M1, M2,M3, andM4), 3 (M1’, M2’ andM3’) and
2 (M1” and M2”) MSM metastable states, respectively (Figures
6A–C). Comparative analysis of these dominant conformations
showed that the whole backbone structure of BCR-ABL1 was

FIGURE 6 | Conformational landscapes of T315I-NIL (A), T315I-
ABL001 (B) and T315I-ABL001-NIL (C) were generated using PCA.
Structural comparison of dominant intermediate state of T315I-NIL (M1, M2,
M3, and M4), T315I-ABL001 (M1′, M2′, and M3′) and T315I-ABL001-
NIL (M1″ and M2″), with the A-loop colored in orange and αC-helix in pink.

FIGURE 7 | Energy coupling analysis for the ABL001 site in apo-
(unbound) and holo- (NIL-bound) BCR-ABL1. Each dot stands for a residue
pair, and its intersection indicates the corresponding standard deviation. The
yellow region indicated minor energy differences (one standard
deviation, group a), the green regions indicated moderate energy differences
(three standard deviations, group b), and the area beyond the green area
represented major energy differences (greater than three standard deviations,
group c).
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stable during simulations, regardless of whether the kinase was
successfully inhibited by drug.

The conformations of M1, M2, M3 and M4 in the T315I-NIL
system all exhibited an A-loop open conformation and the αC-
helix of M1, M2 and M4 showed a in conformation, implying
their activated statuses. In the T315I-ABL001 system, the A-loop
and αC-helix of M1’ are in an intermediate state, and the A-loop
of M2’ exhibited an open state but αC-helix showed a distinct out
conformation, implying that M1’ and M2’ were in an
intermediate state. In contrast, the dominant conformation of
M2’, which accounted for about 54.6% of the structural cluster,
showed an A-loop closed and αC-helix out conformation,
revealing that ABL001 allosterically regulated the global
conformation of T315I-ABL001 complex shifted towards an
inactive state. Significantly, in the T315I-ABL001-NIL system,
the dominant conformation of M2”, which accounted for 75.5%
of the overall structural ensemble, exhibited an inactive A-loop
closed and αC-helix out conformation. The highest proportion of
inactive conformation in the ensemble of the ternary complex
system suggested that the co-binding of NIL and ABL001 might
be the most effective in BCR-ABL1 inhibition, highlighting the
synergistic effects between them.

Overall, conformational landscape analyses through MSMs
unraveled that the combinatory regimen of NIL and ABL001
might function through trapping BCR-ABL1 in an inactive
topology, suppressing its kinase activity.

Energetic Insights for Overcoming Drug
Resistance
To investigate in-depth detailed mechanism by which ABL001
restores the action of NIL, the binding free energy (ΔGbinding)
between NIL and T315I BCR-ABL1 upon ABL001 binding or not
was calculated using molecular mechanics/Poisson-Boltzmann
surface area (MM/PBSA) methods. As shown in Table 1, the
ΔGbinding of NIL to BCR-ABL1 kinase in T315I-NIL system was
-9.12 ± 1.42 kcal/mol, while for the T315I-ABL001-NILsystem,
the result was -13.11 ± 1.12 kcal/mol. For the ternary complex,
the ΔGbinding was lower, implying the favorable binding of NIL
and its higher affinity in this system, which could be the
explanation for co-administration to overcome resistance in
T315I mutation. Hence, dual-targeting overcomes drug
resistance not only by stabilizing the dynamic conformation of
BCR-ABL1, but also by enhancing the binding of NIL to kinase
through the induction of ABL001.

Finally, for more insight into the synergistic effect of NIL
and ABL001 to inhibit BCR-ABL1, a computational scheme

was established to confirm the coupling between the
orthosteric and allosteric sites (Ma et al., 2016). Previous
studies have modeled residue-residue interactions in which
a number of residue pairs within the allosteric sites displayed
massive interaction energy alters upon ligand binding (Ni
et al., 2020b; Zhang et al., 2021). On the basis of this
model, we yielded a quantitative model that all residue pairs
within the allosteric pocket were classified into three groups
based on the difference in interaction energy before and after
orthosteric binding: minor energy difference a), moderate
energy difference b) and major energy difference c). The
energy differences between residue pairs in the minor
energy difference a) group were within one standard
deviation of the mean (in the yellow area), while those in
the moderate energy difference b) group were within three
standard deviations (in the green area). In the major energy
difference group c), the energy differences between residue
pairs are distributed at least three standard deviations beyond
the mean interaction energy change (outside the green area).
We calculated the ratio of the number of residue pairs in group
c) to the number of residue pairs in groups b) and c) as the
energy coupling fraction, which represents the coupling
between the orthosteric and allosteric sites. The energy
coupling fraction threshold was 0.25, which was chosen
based on a previous study. The energy coupling score for
the allosteric ABL001 site is 0.3157 (Figure 7), which
surpassed the threshold of 0.25. The residue-residue
interaction free energy of a portion of the residue pairs
within the ABL001 site changed considerably before and
after NIL loading, suggesting that the orthosteric drug NIL
perturbation leads to a reversal allosteric communication. The
energy coupling fraction deciphered the crosstalk between
orthosteric perturbations and allosteric pockets in an
energetic perspective, reflecting the synergistic effect of
orthosteric NIL and allosteric ABL001.

DISCUSSION

In the era of modern medicine, drug resistance is one of the
leading challenges, posing great threats towards effective
therapeutics, especially in infections and cancers (Beyer et al.,
2018; Li et al., 2021). The development of new therapies to
circumvent such conundrum are therefore urgently needed.
Accumulating evidence suggests that allosteric drugs can target
structurally diverse allosteric sites of the resistant orthosteric
target, resensitizing the resistant target and thus restoring the
efficacy of the orthosteric drug (Guarnera and Berezovsky, 2020).
In addition, dual-targeting at allosteric and orthosteric sites could
improve pharmacological effectiveness and cover a broader
therapeutic spectrum than monotherapy. Hence, combinatory
treatments are emerging as a novel trend, representing a
revolutionary strategy to tackle drug resistance (Qiu et al., 2021b).

One of the quintessential examples of harnessing both
orthosteric and allosteric drugs to overcome drug resistance is
dual-targeting BCR-ABL1, one of the most crucial anti-cancer
targets within tyrosine kinase family, for CML treatments. The

TABLE 1 | Binding free energy analysis (kcal/mol) for the interactions between NIL
and T315I BCR-ABL1 in T315I-NIL system and T315I-ABL001-NILsystema.

Energy component (kcal/mol) T315I-NIL T315I-ABL001-NIL

ΔGgas −101.34 (1.10) −102.82 (1.39)
ΔG solv 92.22 (1.14) 89.71 (1.44)
ΔGbinding −9.12 (1.42) −13.11 (1.12)

aNumbers in the parentheses are the standard deviations.
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co-administration of allosteric drug ABL001 and classical TKIs
targeting BCR-ABL1, (including imatinib, NIL, and dasatinib) for
the therapy of CML achieved persistent and complete regression
of the malignancy and addressed historically notorious resistance.
Importantly, a recent clinical trial (Clinical Trial Number:
NCT02081378) confirmed the efficacy of ABL001 in
combination with TKIs for the treatment of CML. Such
regimen was later approved for marketing by the FDA,
highlighting its great therapeutic potential. However, the
specific conformational landscapes mechanism of combination
drug use to overcome T315I resistance mutation is unclear and
needs to be studied in depth.

Here, based on computational biology system method, we
illustrated the mechanism of dual-targeting therapy with
BCR-ABL1. To gain an atomic structural view, a
comparative MD simulation study and relevant analysis
were conducted in the WT, WT-NIL, T315I, T315I-NIL,
T315I-ABL001 and T315I-ABL001-NIL BCR-ABL1 systems
for in-depth investigations on drug combinations to overcome
T135I resistance. RMSD and RMSF analyses unveiled that the
T3I5I-ABL001-NIL system had the lowest deviation and
fluctuation values, indicating the dual-targeting system had
the most stable conformational dynamics. DCCMs were
carried out to reveal correlated motions in BCR-ABL1. The
residue interactions within T315I-ABL001-NIL system were
the most stable, suggesting that the drug combination limited
the correlated motions between structural domains.
Furthermore, The visualized community network clearly
depicted the path and intensity of the allosteric crosstalk in
each system, unveiling double targeting at allosteric and
orthosteric sites could reduce the signal flow within BCR-
ABL1. Conformational landscapes were also analyzed by
MSM. The dominant MSM metastable state of T315I-
ABL001-NIL system elucidated that the overall
conformation of T315I-ABL001-NIL complex is preferred
to be inactive compared to the conformation of T315I-NIL
which tends to be in the activated state. Energetic analysis
showed that the binding free energy between NIL and BCR-
ABL1 was lower in the T315I-ABL001-NIL system, compared
with T315I-NIL system, indicating the favorable binding of
NIL and its higher affinity in the ternary complex. In
conclusion, allo-loading could shift NIL-bound active form
of BCR-ABL1 to a more stable inactive conformation by
modulating the conformation of key structural domains
such as A-loop and αC-helix through allosteric
communication and induce stronger binding of NIL to
BCR-ABL1, thus exerting concerted effects on improving
the overall therapeutic efficacy.

Hence, our research revealed allosteric communication
mechanism underlying dual-targeting at allosteric and
orthosteric sites. The findings serve as proof of the concept
for future clinical strategies to overcoming drug resistance that
the appropriate combination of orthosteric and allosteric
inhibitors could resolve drug-resistance as well as
synergistically improve the efficacy of both drugs.
According to our study, ABL001 could re-sensitize resistant
TKI drugs by allosterically modulating the conformation of

A-loop and C-helix. In the future, we can develop drug
molecules to induce such conformational changes to restore
recalcitrant drug-resistant kinases. And based on the identified
allosteric pathways, it may be possible that drug allosteric
potency could be enhanced by enhancing internal signal
transduction within the C-lobe or SH2 or by strengthening
he connection between Community two and the A-loop. And
resistance residues outside the drug pocket could be predicted
as mutations on the allosteric pathway may lead to resistance
to allosteric drugs (Lu et al., 2019a, 2020). Moreover, based on
reversed allosteric communication theory, we validated the
coupling between the ATP-binding pocket and the allosteric
site by energetic dynamics calculations. The residue-residue
interaction free energy of a portion of the residue pairs within
the ABL001 site changed considerably before and after NIL
loading, suggesting that the orthosteric drug NIL perturbation
leads to a reversal allosteric communication. The results
supported the intrinsic linkage between topologically
distinct sites, providing theoretical basis for future
approaches using orthosteric modulators binding to predict
allosteric pockets (Fan et al., 2021). Future research is expected
to provide a more comprehensive insight into orthosteric
ligands to fine-tune BCR-ABL1 and enable the mining of
allosteric pockets with superior affinity and potency (Ni
et al., 2021). The ABL001 pocket was also detected in
Cyclin-dependent kinase 2 (CDK2), thus the investigation
of BCR-ABL1 dual-targeting mechanism is useful to guide
combination therapies with other kinases.

MATERIALS AND METHODS

Construction of Stimulation Systems
In this study, six systems (WT, WT-NIL, T315I, T315I-NIL,
T315I-ABL001 and T315I-ABL001-NIL) were constructed.
The initial structure for T315I BCR-ABL in complex with
NIL and NIL was obtained from Protein Data Bank (PDB ID:
5MO4) (Wylie et al., 2017). The missing residues (Thr277,
Met278, and Gly383-Lys400) in the original crystal profile
were modeled using available X-ray structures of relevant
homologs (PDB ID: 3XOZ) by Discover Studio 3.1. Based
on the T315-ABL001-NIL structure, the structures of T315I-
ABL001, T315I-NIL and T315I were extracted from the T315I-
ABL001-NIL complex. The I315 was mutated back to T in the
WT and WT-NIL systems using Discovery Studio.

MD Simulations Settings
MD simulations were performed for the six systems.We prepared
the initial parameter files for minimizations and simulations
utilizing Amber ff14SB force field (Maier et al., 2015) and
general amber force field (GAFF) (Wang et al., 2004). A
transferable intermolecular potential three-point (TIP3P)
truncated octahedral water box (10 Å) was employed for
solvation, and then the counterions were added for
neutralization (Jorgensen et al., 1983). Subsequently, 0.15 mol
L−1 NaCl was added into each system to attain the physiological
conditions for proteins.
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After the preparation, each system underwent two rounds
of energy minimization with the steepest descent and
conjugate gradient algorithm. Next, every system was
heated from 0 to 300 K in 300 ps in a canonical ensemble
(NVT), with an equilibrium runs of 700 ps. Finally, three
independent rounds of 3 μs conventional MD simulations
were conducted with random velocities for all systems
under isothermal isobaric ensemble (NPT) condition and
periodic boundary condition. During the MD simulation,
the Particle Mesh Ewald (PME) method was performed to
model the long-range electrostatic interactions (Darden et al.,
1993), while a cutoff of 10 Å was set for the short-range
electrostatic interactions and van der Waals force
calculations. Furthermore, the SHAKE algorithm was
performed to constrain covalent bonds involving hydrogens
(Ryckaert et al., 1977).

Dynamic Cross-Correlation Matrix Analysis
Using the CPPTRAJ plugin, the DCCM of all protein Cα
atoms, which represents the fluctuations in Cα atom
coordinates, was calculated to reflect the inter-residue
correlations in each system (Hünenberger et al., 1995). The
cross-correlation coefficient Cij was calculated according to
the following Eq. 1:

C(i, j) � c(i, j)
c(i, i)1/2c(j, j)1/2 (1)

where i and j represent the ith and jth Cα atoms, respectively.

Community Network Analysis
Utilizing the NetworkView plugin in VMD (Eargle and Luthey-
Schulten, 2012), the community organizations of each system
were calculated based on the correlation coefficient matrix Cij.
The whole ABL1 of each system was recognized as a group of
nodes (assigned to the Cα atom of each residue) connected by
edges, which were drawn between nodes that remained within a
cut-off distance of 4.5 Å for at least 75% of the simulation process
(Sethi et al., 2009). We calculated the edge connections between
certain nodes by Eq. 2:

di,j � −log(∣∣∣∣Ci,j

∣∣∣∣) (2)
where i and j represent two nodes and Cij was calculated by Eq. 1.

Then, optimal pathways between all pairs of nodes were
calculated with Floyd–Warshall algorithm. The
gncommunities program was employed to get the
substructure of the communities, which embedded the
Girvan-Newman divisive algorithm and applied edge
betweenness defined as the number of paired optimal
paths. To acquire the optimal substructure of the network,
edges with the highest betweenness would be iteratively
removed from the network, and the remaining edges would
be recomputed until each node represents an isolated
community. Communities with residues less than three
were discarded. Connectivity between communities was
measured by the betweenness value.

Energy Coupling Score Calculation
The molecular mechanisms generalized Born surface area (MM-
GBSA) energy decomposition calculation was applied for the
allosteric pockets on ABLT315I in both NIL-bound (apo) and NIL-
unbound (holo) systems to compare the residue-residue
interactions, based on MD simulation trajectories. The
interaction free energy for residues pairs separated by at least
three amino acids in the sequence of the cavity was calculated by
Eq. 3:

E � Eint + Eeel + Evdw + Gpol + Gsas (3)
where Eint denotes internal energy, Eeel indicates electrostatic
energy, Evdw indicates van der Waals energy, Gpol represents the
polar solvation free energy, and Gsas is the solvent accessible
surface energy.

The energy coupling scores were assessed using the energy
differences between the allosteric pockets in the holo and apo
systems.

CONSTRUCTION OF MARKOV STATE
MODEL

Based on the coordinates of T315I-NIL and T315I-ABL001-NIL,
the PCA of overall protein backbone during the simulation of the
two systems was calculated. and then taken as input for PyEMMA
MSM analysis. The Python library PyEMMA (http://www.emma-
project.org/latest/) was employed to estimate and validate
Markov state models (MSM) based on MD simulation data
(Scherer et al., 2015). By implied timescale validation, we
confirmed that the T315I-ABL001-NIL and T315I-NIL
systems were Markovian (Supplementary Figure S1) and
reliable with a 100 microstate model with a lag time of 60 ns
and amaximum k-means iteration number of 100. Next, based on
the Perron cluster analysis (PCCA+) algorithm, the microstates
were clustered into three macrostates in T315I-ABL001-NIL
system and four macrostates in T315I-NIL system,
respectively, which was further validated by the
Chapman–Kolmogorov test (Supplementary Figure S2) (Prinz
et al., 2011).

In each transferable state, we extracted trajectories that
include more than 50% snapshots of the corresponding
state using the “coordinates.save_traj” algorithm. The
mdtraj package was used to extract the structures near the
microstate cluster centers of each macrostate into the
trajectories of corresponding macrostates. The
representative conformation of each macrostate was selected
based on the similarity score Sij.

Sij � e−dij/dscale (4)
In Eq. 4, the structure with the highest Sij among the

trajectories was considered as the most representative
conformation of the macrostate. The dij represents the RMSD
between the conformations i and j, while dscale is the standard
deviation of d.
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Acquired Concurrent EGFR T790M
and Driver Gene Resistance From
EGFR-TKIs Hampered Osimertinib
Efficacy in Advanced Lung
Adenocarcinoma: Case Reports
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Application and Engineering Research Centre, Changsha, China, 5Hunan Key Laboratory of Tumor Models and Individualized
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The acquired resistance of epidermal growth factor receptor tyrosine kinase inhibitors
(EGFR-TKIs) is inevitable and heterogeneous. The strategies to overcome acquired
resistance are significant. For patients with secondary T790M-positive after early
generation EGFR-TKIs, osimertinib is the standard second-line therapy. In patients
resistant to prior early generation EGFR-TKIs, the acquired T790M mutation overlaps
with other driver gene resistance, such as HER2-and MET amplification, accounting for
4–8%. The efficacy of osimertinib is unclear in patients with concurrent multiple driver gene
resistance. We here report a patient who acquired EGFR T790M, STRN-ALK fusion, and
EGFR amplification after gefitinib progression and subsequent MET amplification acquired
from osimertinib. The other patient acquired EGFR T790M and MET amplification post-
dacomitinib and acquired CCDC6-RET fusion after osimertinib treatment. Besides,
subsequent new bypass activations were the possible resistance mechanisms to
second-line osimertinib. Both patients had progression-free survival (PFS) less than
4months and limited benefits from osimertinib second-line therapy. The T790M
accompanying driver gene resistance will be a new subtype after EGFR-TKIs
progression, needing effective treatment options.

Keywords: non-small-cell lung cancer, EGFR-TKI acquired resistance, T790M, diver gene resistance, ALK fusion,
MET amplification, RET fusion

INTRODUCTION

The resistance mechanisms to epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-
TKIs) are inevitable and heterogeneous, which restricts the clinical benefits (Piper-Vallillo et al.,
2020). The most frequent acquired resistance mechanism of early generation EGFR-TKIs is
secondary T790M mutation, and osimertinib is the standard second-line therapy (Mok et al.,
2017; Westover et al., 2018). Some oncogene alterations like ALK, ROS1, and RET are increasingly
observed in resistance mechanisms (Piper-Vallillo et al., 2020). Concurrent driver gene alteration as a
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resistance mechanism occurs in lung adenocarcinoma with a low
incidence rate. However, no good consensus was formulated
when EGFR T790M mutation was combined with other driver
gene resistance. Herein, we reported two cases that developed
T790M-positive and driver gene resistance after receiving EGFR-
TKIs, which provide valuable suggestions for clinical decisions.
Further, extensive literature reviews were made to summarize the
reported cases with T790M mutation and driver gene resistance
in NSCLC patients and to analyze the prognosis and efficacy of
osimertinib.

CASE REPORT

# Case 1
Case 1 reports a 75-year-old non-smoking woman suffering from
cough and pain in her upper limbs and back. Computed
tomography (CT) identified a nodule in the left superior lung
and metastasis in the liver in October 2018 (Figure 1B). Single-
photon emission computed tomography bone imaging showed
multiple bone metastases. The pathology was confirmed as lung
adenocarcinoma and ALK Ventana immunohistochemistry
(D5F3) was negative (Figure 1C). Besides, genotype by
amplification-refractory mutation system polymerase chain
reaction (RT-PCR) revealed an EGFR 19 exon in-frame
deletion (19del) (Supplementary Table S1). She started on
gefitinib at 250 mg daily in December 2018 (Figure 1A).
Partial response was obtained in the patient with liver

metastasis disappearing. The disease progressed with lung
lesion enlargement and bone metastases after 12 months.
Plasma-based next-generation sequencing (NGS, 168-gene
panel, Burning Rock, Guangzhou) in December 2019 showed
an EGFR 19del, EGFR T790M, STRN-ALK fusion, TP53
mutation, and EGFR amplification. Then she began
osimertinib at 80 mg daily, which controlled her lung mass
within 2 months. Alectinib was combined with osimertinib
since plasma-based NGS showed that the STRN-ALK
frequency was increasing. The STRN-ALK frequency
disappeared after 3 weeks of treatment. However, new liver
and right iliopsoas metastases were identified after 7 weeks of
combination treatment. The CT-guided needle biopsy of the right
iliopsoas lesion revealed metastatic lung adenocarcinoma, and
tissue-based NGS showed an EGFR 19del, MET amplification,
and HER3 mutation (425 gene-panel, Geneseeq Technology Inc.,
Nanjing). Crizotinib combined with osimertinib was
administrated. Due to gastrointestinal toxicity, crizotinib was
reduced to 250 mg daily. The patient showed remission of the
right iliopsoas mass after 2 months of treatment, but her clinical
conditions worsened, and she eventually died 1 week later.

# Case 2
A 72-years woman was diagnosed with lung adenocarcinoma by
percutaneous left lung biopsy in August 2019. The patient had
multiple bone metastases with clinical disease stage Ⅳ. The gene
testing showed an EGFR 19del by plasma-based ARMS-PCR (EGFR
gene mutation assay). She started dacomitinib at 45mg daily in

FIGURE 1 | (A): Timer shaft of gene testing and treatment measurement of case 1; (B): Computed tomographic images of primary lung lesion, liver, and iliopsoas
mass metastases; (C): ALK Ventana immunohistochemistry (D5F3) as negative.
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August 2019. The tumor shrank with a duration of response (DOR)
of 19months (Figure 2). The patient had progression on the right
supraclavicular and cervical lymph nodes. The ultrasound-guided
percutaneous biopsy of the right supraclavicular lymph node showed
metastatic lung adenocarcinoma. Besides, tissue- and plasma-based
NGS (425 gene-panel, Geneseeq Technology Inc., Nanjing) revealed
an EGFR 19del, T790M mutation in both, and MET amplification
(CN:4.7) in plasma. Second-line osimertinib was administrated in
May 2021. The patient’s lesion shrank in the first month of
osimertinib therapy. However, the supraclavicular lymph nodes

enlarged and new brain metastases appeared in September 2021
with progression-free survival (PFS) of less than 4months. The
plasma-based NGS (437 gene-panel, Geneseeq Technology Inc.,
Nanjing) revealed an EGFR 19del, T790M mutation, MET
amplification (CN:14.2), and CCDC6-RET fusion (Supplementary
Table S2, Figure 3). The patient received radiotherapy for brain and
subsequent osimertinib and crizotinib combination therapy in
October 2021. She showed mild gastrointestinal toxicity of nausea
and vomiting to the combination. The brain metastatic lesion was
controlled but the primary lung lesion progressed after a 1-month

FIGURE 2 | Timer shaft of gene testing and treatments measurement, and the computed tomographic images of primary lung lesion and lymph nodes metastases
of case 2.

FIGURE 3 | The comparison of resistance mechanisms of genetic alterations between dacomitinib progression and osimertini progression in case 2.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8382473

Zeng et al. Concurrent Acquired Resistances to Osimertinib

9190

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


combination. The patient had a poor performance status and severe
symptoms of dyspnea.

DISCUSSION

The mechanisms of resistance were heterogeneous and the
remaining unknown mechanisms need to be discovered. The
acquired secondary EGFR T790M mutation could be overcome
by second-line osimertinib with a median PFS of 10.1 months in
the AURA3 study (Mok et al., 2017; Westover et al., 2018). The
driver gene acquired resistance, such as MET, ALK, and RET
alterations, are increasingly reported (Zeng et al., 2022). It is
unclear if osimertinib will exert its efficacy in patients with
concurrent T790M-positive and driver gene resistance.

For the first time, we reported cases harboring concurrent
alterations of EGFR T790M with ALK fusion and MET
amplification after EGFR-TKIs. Both patients had a PFS of less
than 4months under osimertinib second-line therapy. The presented
cases showed concurrent EGFR T790M and that driver gene
resistance could not benefit from osimertinib monotherapy.
Besides, the two patients developed MET amplification and RET
fusions after osimertinib, which indicated that subsequent new bypass
activations were possible resistance mechanisms to second-line
osimertinib in patients with EGFRT790M and driver gene resistance.

Further, we conducted extensive literature reviews to identify the
incidence rate and prognosis of concurrent driver gene resistance.
EGFR secondary T790M, accompanying ALK, ROS1, MET, RET,
HER2, KRAS, or NTRK gene alterations, were included. The
incidence of T790M mutation overlapping with driver gene
mutation, such as HER2-and MET amplification, was 4–8% after
prior EGFR-TKIs treatment (Yu et al., 2013; Gou et al., 2016; Fu
et al., 2021). Wang and coworkers reported a T790M lative allele

frequency less than 20% was more likely concurrent driver gene
resistance, like MET and HER2-amplification in EGFR-TKIs
progression patients, who had a lower objective response rate and
disease control rate to osimertinib (Wang et al., 2020). Besides, the
reported cases of concurrent EGFR T790M and driver gene
resistance are summarized in Table 1. The patients with T790M
and KRAS G12V mutation coexistence did not respond to
osimertinib therapy (Xiang et al., 2015; Fu et al., 2021). The
patients harboring acquired EGFR T790M, HER2 mutation, and
HER2 amplification from first-generation EGFR-TKIs did not
respond to osimertinib and the combination of trastuzumab with
a frustrating PFS (Meedendorp et al., 2018; Zhang et al., 2018; Ralki
et al., 2019). The statistics also presented the poor efficacy of
osimertinib on T790M and driver gene resistance.

EGFR-TKIs combined with bypass targeted therapy showed
potent antitumor activity. Osimertinib plus savolitinib showed an
acceptable risk-benefit in NSCLC patients with acquired MET
amplification from pretreated EGFR-TKIs in a phase Ⅰb study
(Sequist et al., 2020). crizotinib combined with osimertinib also
demonstrated improved PFS in a real-world study (Liu et al.,
2021). Patients with acquired ALK fusions resistant to EGFR-
TKIs, such as EML4-ALK and STRN-ALK, may benefit from
EGFR plus ALK inhibitors (Offin et al., 2018; Zhou et al., 2019).
RET fusion appearance post-osimertinib progression responded
to osimertinib and pralsetinib, the selective RET-TKI (Piotrowska
et al., 2018). trastuzumab emtansine (T-DM1) and trastuzumab
deruxtecan were available targeted agents with activity against the
HER2 alterations, however, strategies against acquired HER2
alterations await more clinical evidence (Zeng et al., 2022).

Hence, strategies to rival multiple driver gene resistance are
urgently needed. Firstly, the plasma assay of EGFR T790M single-
point is insufficient to identify the resistance of EGFR-TKIs, since
concurrent driver gene resistance impairs osimertinib’s efficacy.

TABLE 1 | Clinicopathological characteristics of concurrent EGFR-T790M and driver gene-resistant NSCLC patients.

Case no Age Sex Smoking
History

Pathology Staging Baseline
Driver
Gene

First-Line
Therapy

Resistance
Mechanisms

Second-Line
Therapy

Best
Response

PFS
(mo)a

1 (Ralki et al.,
2019)

60 M Never ADC IV EGFR
L858R,
HER2 amp

Gefitinib EGFR T790M, HER2
S310Y mutation,
HER2 amp

Osimertinib and
trastuzumab

SD 4

2 (Zhang et al.,
2018)

57 M Yes ADC IV EGFR L858R Icotinib EGFR T790M, HER2
V777L mutation,
HER2 amp

Osimertinib PD 1

3 (Meedendorp
et al., 2018)

62 M N/A ADC IV EGFR L858R Gefitinib,
afatinib

EGFR T790M,
HER2 amp

Osimertinib SD 3

4 (Xiang et al.,
2015)

69 M Yes ADC IV EGFR L858R Gefitinib EGFR T790M, KRAS
G12V

Chemotherapy PD 2b

5 (Fu et al., 2021) 72 M N/A ADC IV EGFR 19del Gefitinib EGFR T790M, KRAS
G12V

Osimertinib PD 3

6 76 F Yes ADC Ⅳ EGFR 19del Gefitinib EGFR T790M,
STRN-ALK,
EGFR amp

Osimertinib and
alectinib

SD 4

7 72 F Never ADC IV EGFR 19del Dacomitinib EGFR T790M,
MET amp

Osimertinib SD 3

aThe PFS, of second-line therapy.
bThe patients had an OS, of 2 months
AbbreviationsM, male; F, female; ADC, adenocarcinoma; N/A, not available; PR, partial response; SD, stable disease; PD, progression disease; PFS, progression-free survival; mo,
months.
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Osimertinib combined with bypass TKIs is a promising treatment for
concurrent EGFR T790M and driver gene resistance. The circulating
tumorDNA (ctDNA) genomic profile was an effective tool to observe
the resistance mechanisms (Del Re et al., 2019). ctDNA monitoring
may allow the timely combination of osimertinib and bypass
inhibitors. When EGFR T790M is accompanied with ALK/MET/
ROS1 resistance, osimertinib and crizotinib with AEs observation
could be taken into consideration since crizotinib may prevent the
activation of the other two mechanisms.

CONCLUSION

We firstly reported lung cancer patients harboring concurrent
alterations of EGFR T790Mwith ALK fusion, MET amplification,
and RET fusions as mechanisms of resistance after EGFR-TKIs.
Both patients had poor outcomes from osimertinib. Additionally,
subsequent new bypass activations were possible resistance
mechanisms to second-line osimertinib. T790M accompanying
driver gene resistance will be a new subtype after EGFR-TKI
progression and needs effective treatment options.
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Induced Cell Cycle Arrest in
Triple-Negative Breast Cancer by
Combined Treatment of Itraconazole
and Rapamycin
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Triple-negative breast cancer (TNBC) is the aggressive molecular type of breast
carcinoma, with a high metastasis/relapse incidence and cancer-related death rate,
due to lack of specific therapeutic targets in the clinic. Exploring potential therapeutic
targets or developing novel therapeutic strategies are the focus of intense research to
improve the survival and life quality of patients with TNBC. The current study focused on
drugs targeting the mTOR signaling pathway by investigating the potential utilization of
itraconazole (ITZ) combined with rapamycin in the treatment of TNBC. CCK-8, colony
formation and transwell assays were conducted to evaluate the effect of ITZ with
rapamycin in combination on MDA-MB-231 and BT-549 TNBC cells. Synergistic
inhibition was found in terms of proliferation and motility of TNBC cells. However,
apoptosis was not enhanced by the combined treatment of ITZ and rapamycin. Flow
cytometry analysis showed that ITZ and/or rapamycin arrested cells in G0/G1 phase and
prevented G1/S phase transition. Reduced cyclin D1 protein levels were consistent with
G0/G1 phase arrest, especially when resulting from the combination of ITZ with rapamycin.
In conclusion, the combination of ITZ with rapamycin is a promising therapeutic strategy for
patients with TNBC through synergistically arresting cells in the G0/G1 phase of the cell
cycle, rather than inducing apoptosis.

Keywords: itraconazole, rapamycin, triple-negative breast cancer, cell cycle, apoptosis

INTRODUCTION

Itraconazole (ITZ), a broad-spectrum antifungal agent, has recently been verified as an anti-cancer
drug in preclinical and clinical research (Pantziarka et al., 2015). ITZ exerts its antifungal activity
through decreasing ergosterol synthesis, which is required for the membrane integrity of fungal cells
(Poulsen et al., 2021). Based on its antifungal effects, ITZ is used as a safe and effective long-tern
prophylaxis for fungal infections in immunocompromised cancer patients with neutropenia
(Muhldorfer and Konig, 1990).

The effects and mechanisms of action for ITZ’s anti-cancer activities have been reported in
different types of cancer in vitro and in vivo. Its anti-cancer potential to reverse multi-drug resistance
(MDR) has been shown in daunorubicin-resistant P388 leukemia cells (Gupta et al., 1991),
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adriamycin-resistant K562 leukemia cells (Kurosawa et al., 1996),
human breast cancer resistance protein-expressing HEK cells
resistant to topotecan (Gupta et al., 2007), P-glycoprotein
(MDR1)-overexpressing, multidrug-resistant HeLa cells (Iida
et al., 2001), bevacizumab-resistant gastrointestinal cancer
(Hara et al., 2016) and metastatic castration-resistant prostate
cancer (Antonarakis et al., 2013). It has also been reported that
ITZ inhibits tumor growth and angiogenesis or induces apoptosis
and autophagy in non-small cell lung cancer (NSCLC) (Aftab
et al., 2011; Gerber et al., 2020), gastric cancer (Hu et al., 2017; Lan
et al., 2018), cervical cancer (Rojo-Leon et al., 2019), and skin
cancer (Liang et al., 2017; Carbone et al., 2018). Importantly, the
underlying molecular mechanism of ITZ’s anti-cancer effect has
been reported via inhibiting hedgehog signaling, Wnt pathway
and/or reducing mTOR expression, recognized as an mTOR
inhibitor (Head et al., 2015; Wang et al., 2020).

Growing evidence demonstrates that combined therapeutic
strategies with ITZ are promising for cancer patients.
Chemotherapy with ITZ has been reported as a promising
treatment for patients with unresectable gastric cancer
(Sawasaki et al., 2020). A prospective randomized controlled
study found that the utilization of ITZ in patients with
NSCLC significantly benefits patients in terms of 1-year
progression-free survival and overall response rate, although
no improvement was found in terms of 1-year overall survival
(Mohamed et al., 2021). As arsenic trioxide and ITZ antagonize
the hedgehog pathway, Ally et al. proposed a sequential arsenic
trioxide and ITZ treatment for metastatic basal cell carcinoma
and found that the combined treatment is a feasible strategy for
metastatic basal cell carcinoma patients (Ally et al., 2016). For
colorectal cancer, ITZ synergistically increases the therapeutic
effect of paclitaxel and 99mTc-methoxyisobutylisonitrile
accumulation in an HT-29 human colorectal tumor-bearing
animal model (Ghadi et al., 2021).

Breast cancer, the most common female malignant tumor,
threatens the patients’ health worldwide (Siegel et al., 2021).
Among the different molecular types of breast cancer, triple-
negative breast cancer (TNBC) is highly aggressive and has a high
incidence of metastasis/relapse and increased mortality due to the
absence of the estrogen receptor (ER), progesterone receptor (PR)
and human epidermal growth factor receptor 2 (HER2)
expression, hindering the ability to employ targeted therapy
(Cao et al., 2021). Interestingly, for heavily treated patients
with TNBC, especially patients with recurring tumors,
chemotherapy with ITZ has shown a promising effect in the
clinic (Tsubamoto et al., 2014). To evoke drug repurposing and
drug combinations, a screening of the most promising drugs with
verapamil and ITZ was conducted and identified the combination
of ITZ and 5-fluorouracil as the most effective by decreasing cell
viability and proliferation (Correia et al., 2018). Recently, EI-
Sheridy et al. used miltefosine-modified lipid nanocapsules to
develop an ITZ nanoformulation, with a relatively small size and
high entrapment efficiency, to enhance the chemotherapeutic
efficacy of ITZ, regarding inhibition of tumor growth and cellular
proliferation (El-Sheridy et al., 2021). Based on the above
evidence, ITZ shows promise as an anti-cancer drug in the
treatment of patients with TNBC.

Head et al. focused on the molecular mechanism of ITZ and
found the suppressive function of ITZ on the AMPK/Mtor
signaling axis (Head et al., 2015). The mTOR signaling
pathway is essential for cell proliferation and survival, and in
many types of cancers, mTOR is typically abnormally activated
due to metabolic changes or mutations in upstream regulatory
factors. Not surprisingly, inhibition of the mTOR pathway is a
promising strategy for the development of anticancer drugs and
has been demonstrated in clinical studies (Ferrari et al., 2022).
Rapamycin, another antifungal drug extracted from
Streptomyces hygroscopicus, is currently considered as a
potent immunosuppressant in clinical and a target for mTOR,
a serine/threonine protein kinase (Sabatini, 2017), exerting
cytotoxicity against various kinds of cancers (Jelonek et al.,
2021). However, Lee et al. demonstrated that rapamycin did
not inhibit the activation of downstream effectors of mTOR
completely (Lee et al., 2021), leading to the compensatory up-
regulation of AKT activity and chemotherapy, limiting the
utilization of rapamycin as an independent therapy
(Mossmann et al., 2018).

So, the current study targets the AKT/mTOR signaling
pathway, downstream of ITZ (Head et al., 2015), investigates
the anti-cancer effect of monotherapy using ITZ and another
drug each, as well as the two in combination, in TNBC cells. Also,
the potential molecular mechanism of the therapeutic effect was
also evaluated to provide potential drug combinations for patients
with TNBC.

MATERIALS AND METHODS

Chemical Reagents
ITZ (HY-17514) and rapamycin (HY-10219) were purchased
from MedChemExpress (United States).

Cell Culture
The human triple-negative breast cancer cell lines MDA-MB-231
and BT-549 were from the cell bank of the Chinese Academy of
Sciences (Shanghai). MDA-MB-231 cells were cultured in
Dulbecco’s modified Eagle’s medium plus 10% fetal bovine
serum (FBS, GIBCO, Brazil) and 1% penicillin-streptomycin
antibiotics (Beyotime, China). BT-549 cells were cultured in
RPMI 1640 medium (GIBCO, Brazil) plus 10% FBS and 1%
penicillin-streptomycin. All cells were cultured in a 37°C
incubator containing 5% carbon dioxide.

CCK-8 Assay
Determination of IC50 concentration: 5 × 103 cells were
inoculated into each well of a 96-well plate. After 24 h, culture
medium containing a series of drug dilutions was changed and
cells were further cultured for 48 h. Then, 10 µL CCK-8 reagent
(Invigentech, United States) and 100 µL culture medium were
added to each well and cells were cultured an additional 2 h before
absorbance was measured at 450 nm. Growth inhibition was
calculated as Inhibition rate% = (OD value of control group-
OD value of experimental group)/(OD value of control group-
OD value of the blank) × 100%. The SPSS 19.0 software was used
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for statistical analysis of data to obtain half maximal growth
inhibitory concentration (IC50) value of drugs, each experiment
was repeated for three times.

Quantitation of cell proliferation: cells were inoculated at 1 ×
103 cells per well into 96-well plates and cultured at 37C, 5% CO2

and allowed to attach for 24 h. Drugs at their half maximal growth
inhibitory concentration (IC50) concentrations were added. After
24, 48, 72, 96, and 120 h, 10 μL CCK-8 reagent and 100 μL
medium were added for 2 h at 37°C. Then absorbance of each
well was measured at 450 nm using a spectrophotometer.

Colony Formation
Cells were inoculated into a 60 mm dish with drug at the IC50
concentration for 48 h. Then, cells were resuspended and seeded
at 1 × 103 cells per well in 6-well plates and cultured for 14 days.
Cells were fixed with methanol and stained with 0.1% crystal
violet. Count the size and number of cell colonies in each group.

Transwell Assay
Chambers with 8-µM pore membranes were used for migration
assays. Cells were initially cultured for 48 h in media without and
with different concentrations of drugs. Then, cells were digested
with pancreatin and diluted in serum-free medium and inoculate
into the upper transwell chambers at a density of 2 × 104 cells per
chamber. Complete medium was added to the bottom chamber.
After 24 or 48 h, migrated cells were stained with 0.1% crystal
violet.

Flow Cytometry
For quantitation of apoptosis, Annexin V-FITC Detection Kit
(C1063, Beyotime, China) was used and cells were inoculated
into a 60 mm dish with drugs at IC50 concentrations for 48 h.
After washing the cells twice with PBS, the cells were digested
and resuspended in binding buffer containing 5 µL of an
Annexin V-FITCAfter incubation at room temperature for
20 min, 10 µL PI was added to the suspension and incubated
for another 10 min. Then the degree of apoptosis was detected
by flow cytometry (Accuri C6, Becton-Dickinson,
United States).

For quantitation of cell cycle phases, Cell cycle Detection Kit
(BestBio, China) was applied and cells were incubated with drugs
for 24 h, then digested and collected into 70% ethanol at -20°C
and allowed to fix for 2 h. The fixed cells were centrifuged at
1000 rpm and then washed with PBS, resuspended in staining
buffer (0.5 ml) containing PI (25 µL) and RNase A (10 µL), and
incubated at 37°C for 30 min in the dark. Finally, the DNA level
was measured by flow cytometry.

Western Blotting
Cell cultures were incubated in 60 mm dishes with different
concentrations of drug for 48 h and then washed twice with
PBS for digestion and cell collection. The cells were lysed for
30 min in ice-cold RIPA buffer with phenylmethylsulfonyl
fluoride and Protein phosphatase inhibitor (Solarbio,
China). Then, lysates were ultrasonicated three times (4 s
each) and centrifuged at 12,000 rpm for 15 min to remove
the precipitate, and the protein concentration was determined

using a bicinchoninic acid assay (BCA) kit (GenStar, China).
After denaturation, 30 µg of protein was subjected to SDS-
polyacrylamide gel electrophoresis, transferred to a
polyvinylidene fluoride membrane, and blocked with 5%
milk. The PVDF membrane was incubated with primary
antibodies overnight to detect the expression of mTOR
pathway-related proteins and cycle-related proteins.
Primary antibodies and diluted concentration were
followed: Akt (1:1000, #4691, CST, United States), p-Akt (1:
1000, #4060, CST, United States), mTOR (1:1000, #2983, CST,
United States), p-mTOR (1:1000, #5536, CST, United States),
p70S6K (1:1000, #9202, CST, United States), p-p70S6K (1:
1000, #9205, CST, United States), cyclin D1 (1:1000, #2978,
CST, United States), GAPDH (1:1000, #TA309157, ZSGB-
BIO, China), p21 (1:1000, #2947, CST, United States), β-
Actin (1:1000, #TA-09, ZSGB-BIO, China). After incubation
with primary antibody, membranes were washed, then
incubated with HRP-conjugated secondary antibody (1:
2000) at room temperature for 120 min. Enhanced
chemiluminescence chemicals were used to visualize target
proteins and chemiluminescence western blotting detection
system (Bio-Rad ChemiDoc XRS+, United States) was used for
protein detection.

RESULTS

Itraconazole Inhibits the Proliferation and
Motility of Triple-Negative Breast Cancer
Cells Through Suppressing the AKT/mTOR
Pathway
To investigate the potential function and mechanism of ITZ in
TNBC, the concentration of ITZ required for treating TNBC cells
was determined by CCK-8 assay to identify IC50 for MDA-MB-
231 and BT-549 cells. Results showed that with increasing
concentration of ITZ, the survival rate of TNBC cells
decreased in a dose-dependent manner (Figure 1A), with
IC50s of 4.917 μM for MDA-MB-231 and 4.367 μM for BT-
549 obtained.

The anti-cancer activities of ITZ were examined by
measuring the effects of ITZ on the proliferation and
motility of TNBC cells. In the CCK-8 assay, TNBC cells
were exposed with or without ITZ at the IC50
concentration for 24, 48, 72, 96, and 120 h. ITZ treatment
inhibited the proliferation of both MDA-MB-231 and BT-549
cells (Figure 1B). Colony formation was also decreased by ITZ,
compared with the control group, in both MDA-MB-231 and
BT-549 cells (Figure 1C). Furthermore, transwell assays
suggested that treatment with ITZ suppressed the migratory
ability of MDA-MB-231 and BT-549 cells (Figure 1D).

To explore the underlying mechanism of ITZ in TNBC cells,
protein levels of AKT/mTOR signaling pathway components
were examined by western blotting. Interestingly, the activated
forms of AKT and mTOR were decreased with ITZ treatment,
while the expression levels of AKT and mTOR were not
suppressed in the ITZ-treated groups. To confirm the

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8731313

Wu et al. Combined ITZ in TNBC

9796

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


involvement of the AKT/mTOR signaling pathway,
phosphorylation of the mTOR downstream target p70S6K was
also examined. Phosphorylation of p70S6K was inhibited in the
ITZ-treated groups, consistent with reduced p-AKT and
p-mTOR levels (Figures 1E,F).

Inhibition of the AKT/mTOR Pathway by
Rapamycin Inhibits the Proliferation and
Motility of Triple-Negative Breast Cancer
Cells
The ability of rapamycin to inhibit growth of TNBC cells was also
determined by CCK-8 assay, which showed IC50s of 12.2 μM for
MDA-MB-231 and 15.9 μM for BT-549 cells (Figure 2A). Not
surprisingly, the proliferation and colony formation of both
MDA-MB-231 and BT-549 cells were suppressed by
rapamycin treatment at the IC50 concentration (Figures
2B,C). The number of migratory cells in the transwell assay
was lower in the rapamycin-treated group than that in the control
(Figure 2D). As an mTOR inhibitor, rapamycin treatment of
TNBC cells resulted in low activity of the AKT/mTOR signaling

pathway, as demonstrated by decreased expression of p-AKT,
p-mTOR, and p-p70S6K (Figures 2E,F).

Combined Treatment of Itraconazole and
Rapamycin Suppresses Triple-Negative
Breast Cancer Cells Synergistically
To investigate the potential function of combined ITZ with
rapamycin in TNBC cells, CCK-8, colony formation and
transwell assays were used to evaluate the malignant behavior
of TNBC cells. In Figure 3A, the proliferation of both MDA-MB-
231 and BT-549 cells was suppressed in both the ITZ- and
rapamycin-treated groups, compared with the control groups,
while the combined treatment inhibited the proliferation of
TNBC cells dramatically compared to treatment with either
drug alone. Consistently, colony formation was decreased by
ITZ or rapamycin treatment alone, but the decline was even
greater in the combined treatment groups than that in the groups
treated with either drug alone (Figures 3B,C). Regarding the
migratory ability of TNBC cells, transwell assays showed that the
inhibition of TNBC cell motility was the most obvious in the

FIGURE 1 | Effect of ITZ on TNBC cells. (A) Proliferation of TNBC cells was dose-dependently inhibited by varying concentrations of ITZ (B) The proliferation rate of
TNBC cells was suppressed by ITZ in time-dependent manner (C) Colony formation assay showing ITZ treatment reduces both the number and size of colonies formed
by both MDA-MB-231 and BT-549 cells, quantified and analyzed in histogram (D) Transwell assay showing the motility of MDA-MB-231 and BT-549 cells was
dramatically inhibited by ITZ treatment (E,F) Activity of the AKT/mTOR signaling pathway was decreased by ITZ treatment. The quantified results fromWestern blot
(E) were analyzed with statistical significance in histogram (F). *p < 0.05, **p < 0.01, ***p < 0.001.
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combined treatment of ITZ and rapamycin rather than treatment
with ITZ or rapamycin alone (Figure 3D).

The activity of the AKT/mTOR signaling pathway was also
evaluated by the expression of biomarkers. In Figures 3E,F,
although the expression level of AKT, mTOR, and p70S6K
was not decreased following treatment with ITZ and
rapamycin alone or in combination, their activated forms, i.e.
p-mTOR, and p-p70S6K, were decreased in the single drug-
treated groups, and were even lower in the combined
treatment group.

Itraconazole and Rapamycin Induce
Triple-Negative Breast Cancer Cell
Apoptosis Seperately
In order to investigate the combined effect of ITZ and rapamycin
in TNBC, the percentage of apoptotic cells was evaluated by flow
cytometry after ITZ and rapamycin treatment. Apoptosis was
induced by ITZ treatment and rapamycin treatment alone in
MDA-MB-231 cells (Figure 4A), whereas for BT-549 cells, ITZ
but not rapamycin induced apoptosis (Figure 4A).

For the combined treatment of ITZ and rapamycin, the cells
were collected after a 48 h treatment and analyzed by flow
cytometry. Although in the ITZ-treated group, apoptosis was
induced accordingly, the percentage of apoptotic cells in the
combined treatment group was not increased compared with
the single drug groups (Figure 4B), indicating that the synergistic
inhibition of ITZ and rapamycin on TNBC cells was not through
inducing apoptosis.

Synergistic Inhibition of Itraconazole in
Combination With Rapamycin Is due to Cell
Cycle Arrest
As apoptosis was not synergistically induced by ITZ and
rapamycin in combination, the question arose as to how the
proliferation and motility of TNBC cells was inhibited. Cell cycle
analysis of TNBC cells was conducted to investigate the
underlying mechanism. Interestingly, the proportion of TNBC
cells in G0/G1 phase increased with ITZ and rapamycin
treatment alone, but was especially high in the combined
treatment group (Figure 5A).

FIGURE 2 | Effect of rapamycin on TNBC cells. (A) Viability of TNBC cells treated with varying concentrations of rapamycin (B) Proliferation of TNBC cells was
inhibited by rapamycin in time-dependent manner (C) Colony formation of both MDA-MB-231 and BT-549 cells were suppressed by rapamycin treatment, analyzing in
histogram (D) Motility of MDA-MB-231 and BT-549 cells was dramatically inhibited by rapamycin treatment (E,F) Rapamycin treatment decreased the activity of the
AKT/mTOR signaling pathway. The quantified results fromWestern blot (E) were analyzed with statistical significance in histogram (F). *p < 0.05, **p < 0.01, ***p <
0.001.
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Concomitant with cell cycle arrest in G0/G1 phase, the number of
TNBC cells entering S and G2 phases was decreased accordingly. To
confirm the synergistic effect of ITZ and rapamycin on blocking cell
cycling, cell cycle-related proteins were detected by western blotting,
which showed that treatment with ITZ (5 μM) or rapamycin
(15 μM) alone suppressed the expression of cyclin D1, an
indicator of G1/S phase transition (Figures 5B,C). Importantly,
upon combined treatment with ITZ (2 μM) and rapamycin (10 μM),
the expression of cyclin D1 was the lowest compared with control
and single drug-treated groups (Figures 5D,E).

DISCUSSION

For patients with TNBC, chemotherapy has been the main
therapeutic strategy due to the lack of targeted therapy.
However, chemo-resistance, distant metastasis and relapse
seriously affect the quality of life and survival of patients with
TNBC (Shi et al., 2018). Drug combinations or drug repurposing
have the potential to treat TNBC and/or reduce the amount of drug
and related toxicity. Important signaling pathways, such as NF-κB,
PI3K/Akt/mTOR, Notch 1, Wnt/β-catenin, and YAP, have been
considered as therapeutic targets for patients with cancer (Lee et al.,
2020). The current study proposes a novel combination of ITZ and
rapamycin, both of which target the mTOR signaling pathway.

First, the optimal concentration used for TNBC cells was
evaluated by CCK-8 assay. Interestingly, although both MDA-
MB-231 and BT-549 cells are TNBC cell lines, the tolerance to ITZ
and rapamycin are quite different with different IC50 values. For
other types of breast cancer cell lines, the sensitivity to ITZ and
rapamycin can be different based on the exposure time (Tengku
Din et al., 2014; Ozates et al., 2021). Our results show that at the
IC50 concentrations for ITZ and rapamycin, the proliferation and
motility of both MDA-MB-231 and BT-549 cells are inhibited.

Cai et al. investigated the influence of different triazole
antifungal drugs on the pharmacokinetics of
cyclophosphamide, and all tested triazoles, including ITZ,
increased the pharmacokinetics of cyclophosphamide in
cancer patients, as well as the area under the plasma
concentration-time curve of cyclophosphamide (Cai et al.,
2020). Importantly, it has been reported that combination
with ITZ treatment enhanced the toxicity due to
chemotherapy in patients with Hodgkin’s lymphoma,
causing severe myelosuppression and neurotoxicity after
concurrent administration (Bashir et al., 2006). However,
our combined treatment used lower concentrations of ITZ
and rapamycin than the IC50, with the hypothesis that ITZ
would enhance the cytotoxicity of rapamycin in TNBC cells.
As expected, synergistic inhibition was observed to occur
through suppressing the AKT/mTOR signaling pathway.

FIGURE 3 | Combined effect of ITZ and rapamycin in TNBC cells. (A,B) Proliferation (A) and colony formation (B) of both MDA-MB-231 and BT-549 cells were
suppressed by treatment with ITZ, rapamycin and ITZ + rapamycin (C) The quantified results of colony formation in TNBC cell treated with control, monotherapy and
combined therapy (D) Motility of MDA-MB-231 and BT-549 cells was dramatically inhibited by treatment with ITZ, rapamycin and ITZ + rapamycin (E) AKT/mTOR
signaling pathway activity was decreased by treatment with ITZ and rapamycin alone and combined (F) The quantified results fromWestern blot were analyzed with
statistical significance in histogram. *p < 0.05, **p < 0.01, ***p < 0.001.
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Further investigation focused on the mechanism of synergism
in TNBC cells. Both apoptosis and cell cycle arrest are involved in
this process. Flow cytometric analyses were conducted in this
study. Interestingly, no enhanced induction of apoptosis was
found upon combined treatment, indicating other mechanisms
are involved in the inhibition of malignant behavior. Buczacki
et al. demonstrated that ITZ could cause cycling and dormant
cells to switch to global senescence in CRC models (Buczacki
et al., 2018). Consistent with this, either ITZ or rapamycin
treatment induced cell cycle arrest. Moreover, combined

treatment with ITZ and rapamycin enhanced cell cycle arrest
in TNBC cells through or partially p21 protein and decreasing
cyclin D1 levels.

Nevertheless, attention also should be paid to side effects
due to ITZ-enhanced toxicity of other compounds. In adult
acute lymphoblastic leukemia, ITZ was found to enhance
vindesine neurotoxicity (Chen et al., 2007). Recently,
Foroughinia et al. reported vincristine-induced seizures
potentiated by ITZ following chemotherapy of diffuse large
B-cell lymphoma (Foroughinia et al., 2012), calling for

FIGURE 4 | Apoptosis induced by ITZ and/or rapamycin in TNBC cells. (A) The percentage of apoptotic cells with or without ITZ or rapamycin treatment (B) The
combined treatment of TNBC cells induced apoptosis without a synergistic effect.
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attention to the need to evaluate the benefits and risks of
patients before clinical use.

CONCLUSION

Combination of ITZ with rapamycin exerts an antitumor effect
on TNBC cells through arresting cell cycling in G0/G1 phase,
rather than synergistically inducing apoptosis.
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CXCR2 Small-Molecule Antagonist
Combats Chemoresistance and
Enhances Immunotherapy in
Triple-Negative Breast Cancer
Alaa M. Ghallab1, Reda A. Eissa2 and Hend M. El Tayebi1*

1The Molecular Pharmacology Research Group, Department of Pharmacology, Toxicology and Clinical Pharmacy, Faculty of
Pharmacy and Biotechnology, German University in Cairo, Cairo, Egypt, 2Department of Surgery, Faculty of Medicine, Ain Shams
University, Cairo, Egypt

Triple-negative breast cancer (TNBC) is the most malignant subtype of breast cancer as
the absence of cell surface receptors renders it more difficult to be therapeutically targeted.
Chemokine receptor 2 (CXCR2) has been suggested not only to promote therapy
resistance and suppress immunotherapy but it also to possess a positive cross-talk
with the multifunctional cytokine transforming growth factor beta (TGF-β). Here, we
showed that CXCR2 and TGF-β signaling were both upregulated in human TNBC
biopsies. CXCR2 inhibition abrogated doxorubicin-mediated TGF-β upregulation in 3D
in vitro TNBC coculture with PBMCs and eliminated drug resistance in TNBC
mammospheres, suggesting a vital role for CXCR2 in TNBC doxorubicin-resistance via
TGF-β signaling regulation. Moreover, CXCR2 inhibition improved the efficacy of the
immunotherapeutic drug “atezolizumab” where the combined inhibition of CXCR2 and
PDL1 in TNBC in vitro coculture showed an additive effect in cytotoxicity. Altogether, the
current study suggests CXCR2 inhibitors as a promising approach to improve TNBC
treatment if used in combination with chemotherapy and/or immunotherapy.

Keywords: triple-negative breast cancer, chemoresistance, CXCR2 inhibition, doxorubicin, atezolizumab, AZD5069

1 INTRODUCTION

Breast cancer (BC) is the most common cancer and one of the leading causes of death in women
(Momenimovahed and Salehiniya, 2019). Triple-negative breast cancer (TNBC) is the most lethal
subtype of BC characterized by lack of expression of hormonal estrogen (ER+) and progesterone
receptors (PR+) and the human epidermal growth factor receptor 2 (HER2+) receptor (Pal et al.,
2011). TNBC is thought to be more immunogenic than hormonal subtypes (Rody et al., 2011), and it
is consistently associated with poorer survival than non-TNBC (Dent et al., 2007). The major
obstacle hindering TNBC effective therapy is the acquired resistance to chemotherapeutics after
repetitive and long-term chemotherapeutic administration (Nedeljković and Damjanović, 2019;
Gottesman, 2002). Chemoresistance in TNBC is a multifactorial process based on the particular
interplay of the tumor microenvironment, drug efflux, cancer stem cells, and bulk tumor cells, where
the alterations of multiple signaling pathways govern these interactions (Nedeljković and
Damjanović, 2019).

Doxorubicin is one of the anthracycline antibiotics (Barrett-Lee et al., 2009). Presently, it is
the most powerful chemotherapeutic agent used to treat breast cancer (Shi et al., 2018).
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Unfortunately, it has been shown that doxorubicin can cause
drug resistance, resulting in poor prognosis and survival in
patients since the onset of multidrug resistance in cancer cells
usually leads to chemotherapy failure (Li et al., 2005; Lee et al.,
2006; Shukla et al., 2010). Studies reported that the interplay
between signaling pathways can promote drug resistance
through the initiation of proliferation, cell cycle
progression, and inhibition of apoptosis (Lee et al., 2006;
Abrams et al., 2010). Previous data showed that
knockdown of CXCR2 enhances doxorubicin-mediated
toxicity in mammary tumor cells. Furthermore, CXCL1, “a
CXCR2 ligand,” was found to be overexpressed in
doxorubicin-treated mammary tumor cells, which was
inhibited following CXCR2 knockdown (Sharma et al.,
2013a).

A new weapon against cancer that has elicited durable
clinical advances is cancer immunotherapy that inhibits
immune-checkpoints; cytotoxic T-lymphocyte–associated
protein 4 (CTLA4) or programmed death 1 (PD1) and its
ligand, and programmed death 1 ligand (PDL1) has changed
the landscape of anticancer treatment (Smyth et al., 2016).
Specifically, inhibitors targeting PD1 and PDL1 have shown
remarkable clinical efficacy in more than 15 cancer types,
including TNBC (Sharma and Allison, 2015; Thomas et al.,
2021). This unprecedented success prompted FDA approval of
the anti-PDL1 monoclonal antibody (mAb), atezolizumab, for
the treatment of TNBC (FDA, 2019). Although, the efficacy of
immune checkpoint inhibitors was unusual, many patients did
not respond to it. Recent data showed that some patients, who
demonstrate encouraging primary responses to
immunotherapy, can acquire resistance gradually. Currently,
there is an urgent need to predict targets for combination
therapy to inhibit or treat resistant tumors (O’Donnell et al.,
2017).

Chemokine receptor 2 (CXCR2) is a typical G
protein–coupled cell surface chemokine receptor (Wise
et al., 2002), which has been found to be highly expressed
in various cancers, including breast cancer (Koch et al., 1992).
Various studies have observed the role of CXCR2 receptor in
tumor aggressiveness, resistance, and immunosuppressive
properties (Infanger et al., 2013; Wang et al., 2016; Zhang
et al., 2017; Wang et al., 2018). CXCR2 is involved in therapy
resistance by maintaining and promoting the migration of
cancer stem cells (CSCs), and it is not only suggested as a novel
cancer stem-like cell marker for TNBC (Wang et al., 2018) but
also known to regulate TGF-β signaling, which is known to
promote chemotherapy resistance (Mohammad et al., 2015).
Furthermore, there is emerging evidence that the myeloid-
derived suppressor cells (MDSCs), recruited to the tumor
microenvironment through CXCR2 signaling, play a crucial
role in protecting tumors from the cytotoxic T cell–mediated
antitumor effect and in suppressing the efficacy of immune
checkpoint blockade (ICB) (Talmadge, 2007; Gabrilovich
et al., 2012). The blockade of CXCR2 significantly reduced
the infiltration of MDSCs and improved the function of
cytotoxic T cells in bladder and prostate cancer (Wang
et al., 2016; Zhang et al., 2017). In a pancreatic ductal

adenocarcinoma model, CXCR2 inhibition was found to
augment PD1-inhibition (Steele et al., 2016). CXCR2
inhibition has been proposed as an attractive antitumor
treatment not only to enhance immunotherapy but also to
intensify the cytotoxicity of chemotherapeutic drugs (Gao
et al., 2015).

In an attempt to puzzle out a clinically oriented approach to
boost the effect of conventional chemotherapy and
immunotherapy in TNBC, we selected a novel, potent,
selective, and clinically relevant CXCR2 small-molecule
inhibitor “AZD5069.” AZD5069 was developed with the aim
of being selective for CXCR2. When measured in a similar
system expressing recombinant CXCR1, it was apparent that
this drug is around 100-fold more potent against CXCR2 than
CXCR1. Furthermore, this drug has recently shown safety and
tolerability in patients with chronic obstructive
pulmonary disease (COPD) and advanced malignancies
(Kirsten et al., 2015; Nicholls et al., 2015). Moreover,
AZD5069 has shown rapid absorption in healthy volunteers
(Cullberg et al., 2018).

Our study aims at evaluating the impact of targeting CXCR2
in combination with standard chemotherapy and
immunotherapy on several outcomes in TNBC using
“AZD5069″ as a selective small-molecule antagonist of the
human CXCR2.

2 MATERIALS AND METHODS

2.1 Patient Sample Collection
In total, 22 pairs of breast cancer tissues and adjacent nonbreast
cancer tissues were collected from patients undergoing tumor
resection surgery. All tissues are of invasive (Infiltrative) ductal
carcinoma (IDC); any other type of breast cancer was excluded.
The tissues were kept at −80°C for further use. The blood samples
were collected from the same pool of patients where peripheral
blood mononuclear cells (PBMCs) were isolated from TNBC
patients’whole blood and were preserved at −80°C for further use.
All human materials were obtained with informed consent after
the approval of the German University in Cairo and Ain Shams
University Ethical Review Committees. The study followed the
ethical guidelines of the 1975 Declaration of Helsinki. Patient
clinical parameters are presented in Table 1.

2.1.1 Blood Collection Procedure
A total of 8 ml blood was drawn from each patient. The blood was
stored in EDTA blood collection tubes at 4°C for few hours.
Afterward, 6 ml fresh blood was used for isolating PBMCs using
the Ficoll separation method. PBMCs of each patient were stored
at −80°C for further use. The PBMCs were pooled together during
the preparation of the coculture (Section 2.2.1). Plasma was
isolated from 2 ml fresh blood by centrifugation and then stored
at −80°C for further use.

2.2 Cell Culture and Reagents
MDA-MB-231 cells were purchased from Vacsera tissue bank,
Egypt. The cells were cultured in DMEM high glucose media
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supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (pen/strep) at 37°C in 5% CO2. After
4 days, when the plate is fully confluent, splitting was performed
using 1X trypsin to detach the adherent layer of cells.

2.2.1 In Vitro Coculture With PBMCs
The coculture of PBMCs with MDA-MB-231 cells was
performed through a series of consecutive steps; PBMCs
were isolated from TNBC patients’ whole blood using
the Ficoll separation protocol and were preserved in a
solution containing 90% FBS and 10% dimethyl sulfoxide
(DMSO) at −80°C till further use. Upon coculturing,
PBMCs were thawed gently at 37°C in a water bath. The
collected PBMCs were then washed by centrifugation, plated
at equal density, stimulated by 1% phytohaemagglutinin
(PHA), and incubated overnight in a medium consisting of
RPMI 1640 supplemented with 10% FBS and 1% penicillin/
streptomycin at 37°C and 5% CO2. After overnight resting, the
PBMCs were treated in triplicate with the doses of AZD5069
(mentioned in Section 2.2.6), and PBMCs were incubated for
48 h at 37°C and 5% CO2 after treatment. Finally, PBMCs were

cocultured with MDA-MB-231 cells with a ratio 10:1 and were
incubated for 72 h.

2.2.2 Mammosphere Formation
MDA-MB-231 were trypsinized and washed in PBS. The cells
were counted and visualized on a hemocytometer. If cell
clumps were observed, the cells were passed through a 25-
gage needle till a single suspension is formed. A total of 8,000
cells per ml were seeded in 24-well ultralow attachment plates
(4,000 cell/well) in mammosphere media containing DMEM/
F12 supplemented with 2 mM L-glutamine, 100 U/ml
penicillin, 100 U/ml streptomycin, 20 ng/ml recombinant
EGF, 10 ng/ml recombinant human bFGF, and 1x B27
supplement. The spheres were imaged at Day 7, and spheres
greater than 40 µm in diameter were counted as
mammospheres and included in the analysis. The number
of mammospheres and single cells was counted using
trypan blue exclusion. The percent of mammosphere-
forming efficiency (M.F.E%) was calculated using the
equation: M.F.E (%) = (no. of mammospheres per well)/(no.
of cells seeded per well) × 100. All the working wells had
approximately the same efficiency as all wells had the same
initial seeding density.

2.2.3 Mammosphere In Vitro Coculture With PBMCs
TNBC patient PBMCs were treated by the doses of AZD5069
(mentioned in Section 2.2.6). PBMCs were incubated for 48 h at
37°C and 5% CO2 after the treatment. The coculturing of PBMCs
with MDA-MB-231 mammospheres was performed by adding
PBMCs to the mammospheres with the ratio 10:1. The coculture
was incubated for 72 h.

2.2.4 RT-PCR Assay
Total RNA was extracted from the tissue of breast cancer
patients and their adjacent normal tissue using the BIOzol
reagent, according to manufacturer’s instruction. In total, 2 μg
of total RNA was used for cDNA synthesis using the cDNA
reverse transcription kit (catalog number: 4368813, Thermo
Fisher Scientific, United States). Quantification of the CXCR2
gene was carried out using qRT-PCR. For the amplification of
the CXCR2 gene, real-time PCR was carried out using the
Taqman gene expression assay (catalog number: 4331182,
Applied Biosystems, United States) containing the CXCR2
gene, the master mix, and the GAPDH gene expression
assay. The geometric mean of the housekeeping gene
GAPDH was used as an internal control to normalize the
variability in expression levels. The PCR yielded a cycle
threshold value (Ct) for each sample. The expression data
were normalized to the geometric mean of the housekeeping
gene GAPDH to control the variability in expression levels and
were analyzed using the 2−ΔΔCT method. The primers used for
CXCR2 are as follows:

TABLE 1 | Patient characteristics.

Patients (n = 22) Percentage
(%)

Sex
Male (1/22) 5
Female (21/22) 95

Age (years)
<50 (1/22) 5
>50 (21/22) 95

Subtype
Invasive ductal carcinoma (IDC) (22/22) 100

Grade
Grade 2 (15/22) 68
Grade 3 (6/22) 27
Grade 4 (1/22) 5

ER
ER +ve (14/22) 64
ER −ve (8/22) 36

PR
PR +ve (13/22) 59
PR −ve (9/22) 41

HER 2/NEU
HER 2 + ve (6/22) 27

TNBC
TNBC (6/22) 27

Treatment
Naïve (12/22) 55
Neoadjuvant chemotherapy (9/22) “alone or combined with

herceptin”
41

Targeted therapy “herceptin” (4/22) 18

Forward 5′-CAGCGACCCAGTCAGGATTTA-3′

Reverse 5′-ACCAGCATCACGAGGGAGTTT-3′
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The housekeeping gene GAPDH was used as a control, and
primers used are as follows:

2.2.5 MTT Viability Assay
For cell viability evaluation inMDA-MB-231 cells andmammosphere
post treatment with doxorubicin, triplicate sets of equal densities per
plate were seeded in a 24-well cell culture plate under normal growth
conditions (37°C and 5% CO2). The following day, the cells were
treatedwith step-wise concentrations of doxorubicin (250 nM–2 µM).
The MTT experiment was carried out 72-h post treatment using the
MTT reagent (catalog number: 11465007001, Sigma Aldrich,
Germany). Cell viability was assessed by reading the absorbance at
490 nM using the Victor 1420 multilabel counter plate reader.

2.2.6 Pharmacological Treatment
AZD5069(catalog no: 878385-84-3,MedChem express, United States)
was dissolved in DMSO at a concentration of 75mM, and further
dilutions were prepared using DMEM or DMEM/F12. Doxorubicin
was dissolved in a free medium of DMEM or DMEM/F12 to prepare
an initial concentration of 0.04mg/ml. Atezolizumab (60mg/ml vial)
was used to prepare a stock solution of (1.2mg/ml) using free DMEM.
For all the parameters measured in the in vitro cultures containing
PBMCs, 200 nM of atezolizumab (Passariello et al., 2019) was used to
treat the coculture, and three different concentrations of AZD5069 (3,
10, or 30 nM)were used to treat the PBMCs before coculturing, where
30 nM is the effective dose for CXCR2 inhibition in PBMCs (Nicholls
et al., 2015). For the mammosphere culture, a concentration range of
0–750 nM AZD5069 was used alone or in combination with
doxorubicin. In all cultures, doxorubicin (320 nM) was used for
treatment, and this dose was concluded from the IC50 curve of the
drug on MDA-MB-231 cells.

2.2.7 Flow Cytometric Analysis
To evaluate the expression panel of the CXCR2 receptor in the
mammospheres, treated and nontreated mammospheres were
dissociated and then single-cell suspensions (2.4 × 104 cell/tube)
were prepared. For detection of CXCR2, the cells were suspended for
10 min in 0.5% bovine serum albumin (BSA) for blocking; after
washing, the cells were kept on a rotator with 2% paraformaldehyde
(PFA) for 30 min, washed again, and permeabilized using 0.1%
Triton X for 5 min. The cells were washed with PBS and incubated
with monoclonal anti-CXCR2 primary antibody (catalog number:
sc-7304, Santa Cruz Biotechnology, Germany) (1 µg per one million
cells) for 30 min on an ice bucket. After washing with PBS, the cells
were incubated with secondary IgG antibody Alexa Fluor
488–conjugated anti-mouse (catalog number: sc-516176, Santa
Cruz Biotechnology, Germany) (1 µg per one million cells) for
30 min on an ice bucket. The cells were washed with PBS and
then, 10,000 events were acquired for each sample.

2.2.8 ELISA Assay
TGF-β protein was assayed by using the TGF-β ELISA kit (catalog
number: MBS266143, My Biosource, United States), according to

the manufacturer’s protocol. The absorbance was measured at
450 nM using a Victor 1420 multilabel counter plate reader.

2.2.9 Cytotoxicity Assay
Cytotoxicity of the pharmacological treatments in the in vitro
culture was detected using the lactate dehydrogenase (LDH) assay
kit (catalog number: MBS822351, MyBioSource, United States).
The cells were incubated for 72 h after the drug treatment.
According to the manufacturer’s protocol, the supernatant of
each well was centrifuged, and LDH reagents were used. LDH
release was assessed by reading the absorbance at 490 nM using
the Victor 1420 multilabel counter plate reader.

2.2.10 Statistical Analysis
Analysis of the in vitro experiment was performed using GraphPad
Prism 7.02 software. For the purpose of comparison between two
populations, Student’s unpaired t-test was used, while statistical
differences comparing multiple populations were analyzed by
analysis of variance (ANOVA). Data were expressed as mean ±
standard error of the mean (SEM). A p-value less than 0.05 was
considered statistically significant. **** = p < 0.0001, *** = p <
0.001, ** = p < 0.01, and * = p < 0.05.

3 RESULTS

3.1 CXCR2 is Highly Expressed in the Tumor
Tissue of Breast Cancer Patients
CXCR2 expression is highly upregulated in BC tissues than in
adjacent normal tissues. Upon segregation of patient subtypes,
TNBC and HER2+ve (luminal B or HER2 enriched) patients
showed a dramatic upregulation in CXCR2 expression
compared to the controls (p = 0.0039 and p = 0.0286,
respectively). Hormonal patients with ER +ve and/or PR
+ve and HER2 −ve receptors (luminal A and normal like
subtypes) showed mild significantly upregulated CXCR2
expression (p = 0.0179) compared to the controls. CXCR2
expression was significantly higher in TNBC patients than in
hormonal patients (p = 0.0199) (Figure 1).

3.2 Elevation of TGF-β Protein Level in
Plasma of Breast Cancer Patients
Recent data suggested that TGF-β protein increases with the
high expression of CXCR2, and TGF-β is known to possess an
impact on drug resistance (Yang et al., 2008). Accordingly, in
the same pool of patients, TGF-β protein levels in blood
plasma was found to be overexpressed in BC patients
than in the healthy control group (all were females, age
<55 years, and with no chronic health conditions). TNBC
and HER2+ve patients showed significant upregulation
in the TGF-β protein level compared to healthy controls
(p = 0.0004 and p = 0.0013, respectively), while hormonal
patients with ER +ve and/or PR +ve and HER2 −ve receptors
(luminal A and normal like subtypes) showed nonsignificantQ
upregulated TGF-β protein levels compared to healthy controls
(p = 0.0652) (Figure 2).

Forward 5′-GTCTCCTCTGACTTCAACAGCG-3′

Reverse 5′-ACCACCCTGTTGCTGTAGCCAA-3′

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8621254

Ghallab et al. CXCR2 Antagonist in Triple Negative Breast Cancer

108107

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


3.3 3D Morphological Characteristics of
Mammospheres Generated From
MDA-MB-231 Cell Line
A mammosphere formation assay was performed according to
Lombardo et al. (2015) to generate primary mammospheres
from the MDA-MB-231 cell line. After 7 days, the
transformation of the spindle-shaped MDA-MB-231 cells to
a larger spheroidal-shaped mammosphere was observed. The
images were captured for the MDA-MB-231 cell line before the
experiment at ×10 magnification (Supplementary Figure S1),
and after the mammosphere formation, the images were
captured at ×40 (Supplementary Figures S1B,C) and ×20
magnification. (Supplementary Figures S1D,E).

3.4 Comparing the Chemosensitivity
Response to Doxorubicin in the
MDA-MB-231Cell Line andMammospheres
To determine the inhibitory concentration (IC50) of
doxorubicin in MDA-MB-231 cells, the cell line was treated
with step-wise drug concentrations. The cell viability was
examined post treatment using the MTT assay and the IC50

was calculated. In addition, 320 nM was found to be the drug
dose that causes half-maximal inhibitory effect in MDA-MB-
231 cells (Supplementary Figure S2). Using the same dose
range to treat mammospheres, the MTT assay showed the
resistance of the mammospheres to doxorubicin. It was
observed that the percent viability increased in
mammospheres with higher doses of doxorubicin
(Supplementary Figure S2). Upon comparing the cytotoxic

effect of 320 nM doxorubicin on both the MDA-MB-231 cell
line and the mammospheres, it was observed that although this
dose causes 50% inhibitory effect in sensitive cells, it caused a
dramatic increase in the cell viability in mammospheres as the
viability increased even above the control (p = 0.0001)
(Supplementary Figure S2). This confirms the molecular
changes in the mammospheres and the acquisition of
resistance properties.

3.5 Doxorubicin Induces Higher CXCR2
Expression Level in MDA-MB-231
Mammospheres
Interestingly, it has been reported that chemotherapy
upregulates CXCR2 expression levels in breast cancer cells
to increase its aggressiveness (Sharma et al., 2013b). The effect
of doxorubicin treatment in the CXCR2 expression in
mammospheres was evaluated by cytofluorimetry (Figure 3)
and (Supplementary Figure S3). The figure shows a
significant increase in CXCR2 expression upon doxorubicin
treatment compared to nontreated TNBC mammospheres (p =
0.0031). These results could not be confirmed by
immunofluorescence due to the very low fraction of CXCR2
positive cells in the bulk population of mammospheres.

3.6 AZD5069 Inhibits Doxorubicin-Mediated
CXCR2 Overexpression and Restores
Primary Levels of the Receptor in TNBC
Mammospheres
To investigate whether inhibiting CXCR2 signaling might
affect the CXCR2 upregulation induced by doxorubicin in
TNBC mammospheres, mammosheres were treated with
doxorubicin (320 nM) alone and combined with several
doses of AZD5069. The dose effect of AZD5069 was
estimated using flow cytometry. It was found that CXCR2
inhibition by AZD5069 (50 nM) almost completely abrogated
the overexpression of the receptor caused by doxorubicin in
TNBC mammospheres. The CXCR2 level in mammospheres
treated with doxorubicin alone is extremely higher than the
CXCR2 level in mammospheres treated with doxorubicin in
combination with 50 nM AZD5069 (p = 0.0483). In addition,
the correlation analysis of AZD5069 doses versus CXCR2
expression showed that higher doses of AZD5069 (150 and
750 nM) decreases the expression of the receptor below
primary level (p = 0.0008 and 0.0200, respectively)
(Figure 4) (Supplementary Figure S4).

3.7 Elevated TGF-β Protein Level in the In
Vitro 3D Culture Post treatment With
Doxorubicin
In an attempt to simulate clinical situation, coculturing of
mammospheres with TNBC patient-derived PBMCs was
performed in order to explore whether doxorubicin
exposure would cause the elevated protein expression of

FIGURE 1 | CXCR2 expression is upregulated in the tumor tissue of
breast cancer patients. Expression of CXCR2 in different subtypes of BC
tissue is compared to the expression in adjacent normal tissue (n = 22). RNA
was prepared from whole targeted biopsies post resection and from
adjacent normal breast tissue to perform RT-PCR experiment. p values;
unpaired Student’s t-test.
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TGF-β. The TGF-β level in the supernatant of the culture
treated with 320 nM doxorubicin was estimated using ELISA
and was compared to the TGF-β level of the nontreated
culture. Statistically significant upregulation in TGF-β was
found in the coculture treated with doxorubicin compared
to untreated coculture (p < 0.0001) (Figure 5).

3.8 AZD5069 Prevents
Doxorubicin-Mediated TGF-β Upregulation
in the MDA-MB-231 Mammospheres In
Vitro Cultured With PBMCs
In an attempt to discover whether AZD5069 would have an
impact on the TGF-β elevation caused by doxorubicin, TGF-β
concentration was measured in the cultures treated with
AZD5069 alone and those treated with a combination of
AZD5069 and doxorubicin. Doxorubicin induced significant
increase in the TGF-β concentration in the cultures treated
with small doses of AZD5069, 3 nM AZD5069 (p = 0.0023)
and 10 nM AZD5069 (p = 0.0065), compared to nontreated
cultures (Figure 6), while surprisingly, doxorubicin
combined with 30 nM AZD5069 did not induce any
elevation in the TGF-β concentration, (p > 0.9999 = ns)
(Figure 6), where 30 nM AZD5069 is the inhibitory dose

FIGURE 2 | TGF-β protein level is extremely elevated in the plasma of
breast cancer patients. TGF-β plasma levels of patients with different BC
subtypes (n = 22) are compared to the TGF-β levels of healthy individuals.
Plasma was separated from whole blood using the Ficoll separation
protocol, and TGF-β concentrations were assessed using ELISA. p values;
unpaired Student’s t-test.

FIGURE 3 | Doxorubicin induces higher CXCR2 expression level in
MDA-MB-231 mammospheres. The cytofluorimetric analysis for CXCR2
expression in mammospheres in control and treated conditions; data are
expressed as CXCR2 percentage; Dox: doxorubicin. p values, unpaired
Student’s t-test.

FIGURE 4 | AZD5069 inhibits doxorubicin-mediated CXCR2
overexpression and restores primary levels of the receptor. The
cytofluorimetric analysis for CXCR2 expression in mammospheres in control
and treated combinations; data are expressed as CXCR2 percentage;
Dox: doxorubicin; AZD: AZD5069. p values, unpaired Student’s t-test.

FIGURE 5 | Elevated TGF-β protein level in 3D culture post treatment
with doxorubicin. TGF-β levels obtained from ELISA were compared in control
and treated conditions. Data are expressed as TGF-β concentration. p values;
unpaired Student’s t-test.
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for CXCL1 ligand-binding inhibition according to the
concentration response curve (Nicholls et al., 2015).

3.9 CXCR2 Inhibition by AZD5069
Diminishes Doxorubicin Chemoresistance
in MDA-MB-231 Mammospheres
Recent data suggest the important role of the CXCR2 receptor
in maintaining and promoting therapy resistance (Xu et al.,
2018a); therefore, would the pharmacological inhibition of
CXCR2 signaling inhibit the resistance to doxorubicin in
MDA-MB-231 mammospheres? To inhibit CXCR2,
AZD5069 was used, the CXCR2 antagonist, at a high,
moderate, and low concentrations alone and in association
with doxorubicin. While the doxorubicin showed no
significant cytotoxic effect on mammospheres (p = ns =
0.2473) (Figure 7), the combination of both drugs showed
a dramatic significant increase in cytotoxicity than
doxorubicin alone (Figure 7) and the corresponding dose
of AZD5069 alone (Figure 7B). This clearly showed that the
CXCR2 inhibition diminished chemoresistance
characteristics in the mammospheres and, thus, enhanced
doxorubicin effect.

FIGURE 6 | AZD5069 prevents doxorubicin-mediated TGF-β
upregulation in 3D culture. TGF-β concentration levels were obtained from
ELISA and were compared in different treatment conditions. Data are
expressed as TGF-β concentration. Dox: doxorubicin; AZD: AZD5069. p
values: The TGF-β concentration level of each combined treatment group was
compared to the concentration of the corresponding AZD dose alone using
unpaired Student’s t-test.

FIGURE 7 | CXCR2 inhibition by AZD5069 diminishes doxorubicin
chemoresistance in MDA-MB-231 mammospheres. (A) Cell cytotoxicity in
control and treated conditions obtained from the LDH assay. Data are
expressed as cytotoxicity percentage. Dox: doxorubicin; AZD:
AZD5069. p values: The cytotoxicity of each combined treatment group was
compared to the cytotoxicity of doxorubicin alone using unpaired Student’s
t-test. ****p < 0.0001, ns = p = 0.2473. (B) Cell cytotoxicity in control and
treated conditions obtained from the LDH assay. Data are expressed as
cytotoxicity percentage. Dox: doxorubicin; AZD: AZD5069. p values. The
cytotoxicity of each combined treatment group was compared to the
cytotoxicity of the corresponding dose of AZD alone using unpaired Student’s
t-test. ****p < 0.0001, **p ≤ 0.002.
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3.10 Targeting CXCR2 Ultimately Fosters
Sensitivity to Anti-PDL1 Immunotherapy in
MDA-MB-231 Cells Cultured With PBMCs
Recently, anti-PDL1 inhibitors have shown strong potential in
multiple tumor types, including TNBC, by overcoming immune
suppression and harnessing endogenous antitumor immunity.
Knowing that the CXCR2 receptor contributes to promoting
immunosuppressive properties, the anti-PDL1 inhibitor
combined with CXCR2 small-molecule antagonist was used
in a TNBC in vitro culture. It was tempting to ask if such a
combination would exhibit an additive cytotoxic effect and if
CXCR2 inhibitors could enhance sensitivity to anti-PDL1
therapies. In this experiment, TNBC patient–derived PBMCs
(treated or nontreated with AZD5069) were cocultured with
MDA-MB-231 cells, and the anti-PDL1 inhibitor
“atezolizumab” was added to the coculture. Remarkably, the
combination of 30 nM AZD5069 (inhibitory dose for the
CXCR2 ligand-binding inhibition in PBMCs according to the
concentration–response curve) (Nicholls et al., 2015) and
200 nM atezolizumab induced a significant additive effect in
cytotoxicity compared to atezolizumab alone (p = 0.0065)
(Figure 8), while the noneffective dose of AZD5069 (10 nM)
(Nicholls et al., 2015) in association with atezolizumab
showed no increase in cytotoxicity than atezolizumab alone
p = ns = 0.0607 (Figure 8).

4 DISCUSSION

TNBC is a heterogenous disease which is clinically difficult to
manage (Pal et al., 2011) with a clear urge for therapy
improvements. CXCR2 converges information from tumor cells
and the microenvironment, leading to disease progression,
chemoresistance, and immunosuppression, supporting a role for
the CXCR2 receptor as a novel therapeutic target. This study aimed
at studying the role of CXCR2 inhibitors and their possible use as
anticancer drugs for TNBC to diminish chemoresistance and
augment immunotherapy. Furthermore, it aimed at
demonstrating the impact of CXCR2 inhibition on TGF-
β–mediated doxorubicin chemoresistance. In the current study,
the effect of AZD5069, a small-molecule CXCR2 antagonist,
administered alone or in combination with doxorubicin were
assayed in vitro on MDA-MB-231 mammospheres. Moreover,
AZD5069 was used in combination with atezolizumab, an anti-
PDL1 inhibitor, and assayed on the same cell line cultured with
PBMCs. Here, we showed that although doxorubicin causes
significant elevation in the levels of CXCR2 and TGF-β in 3D
culture, CXCR2 inhibition by AZD5069 prevents this elevation and
restores their levels back to the nontreated condition. Furthermore,
in 3D TNBC culture, we highlighted the benefits of CXCR2
inhibition: not only does the inhibition of CXCR2 diminish
doxorubicin chemoresistance but it boosts the efficacy of
atezolizumab immune checkpoint inhibitor.

FIGURE 8 | Targeting CXCR2 ultimately fosters sensitivity to anti-
PDL1 immunotherapy in MDA-MB-231 cells cultured with PBMCs. (A) Cell
cytotoxicity in control and treated conditions obtained from the LDH assay.
Data are expressed as cytotoxicity percentage. Anti-PDL1:
atezolizumab 200 nM; AZD: AZD5069. p values. The cytotoxicity of
each combined treatment group was compared to the cytotoxicity of
atezolizumab alone using unpaired Student’s t-test, ns = p = 0.0607. (B)
Cell cytotoxicity in control and treated conditions obtained from the LDH
assay. Data are expressed as cytotoxicity percentage. Anti-PDL1:
atezolizumab 200 nM; AZD: AZD5069. p values. The cytotoxicity of
each combined treatment group was compared to the
cytotoxicity of atezolizumab alone using unpaired Student’s t-test, **p ≤
0.0065.
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Higher levels of CXCR2 and TGF-β were observed in
patients with breast cancer and other types of cancer where
they were always correlated with worse clinical outcomes
(Ivanović et al., 2006; Li et al., 2011; Gao et al., 2015;
Schinke et al., 2015). In our study, the analysis of the
CXCR2 expression profile in breast cancer patient tissue
biopsies showed that CXCR2 expression is significantly
upregulated in patients of the TNBC subtype and other BC
subtypes (Figure 1). Furthermore, when we compared the
TGF-β protein levels in plasma of breast cancer patients to
healthy controls, the TGF-β levels was found to be
dramatically upregulated in TNBC patients and Her2+ve
patients (Figure 2).

The cellular model used in this study was the triple-negative
MDA-MB-231 cells that were not studied in previous
experiments using AZD5069. Mammospheres generated from
MDA-MB-231 cells were included in this context as they possess
chemoresistant properties (Supplementary Figure S1). Although
MDA-MB-231 cells were found to express CXCR2
(Supplementary Figure S5), mammospheres were created for
the drug-resistant properties they possess. Doxorubicin is a
chemotherapeutic agent commonly used in patients with
breast cancer and was used in the current study to better
understand the effect of CXCR2 inhibition. IC50 of
doxorubicin was generated from the dose-response curve on
MDA-MB-231 cells and was used to treat mammospheres to
examine its sensitivity where the IC50 of doxorubicin and even
higher doses were not able to decrease the viability of the
mammospheres (Supplementary Figure S2). In addition, it
was observed that doxorubicin promoted mammosphere
growth (Supplementary Figure S2B). Though the mechanism
was not investigated, studies reported that doxorubicin can
induce a higher tumor growth rate in the murine breast tumor
model (Christowitz et al., 2019). In the current study, doxorubicin
was found to induce higher CXCR2 and TGF-β signaling in the
TNBC mammospheres. Although the increase in CXCR2
expression post exposure to doxorubicin is small, it is
considered a magnitude of value compared to the normal
receptor expression in mammospheres (Figures 3 and 5).

While the use of the CXCR2 inhibitor “AZD5069” in
combination with doxorubicin blocked the CXCR2
overexpression and TGF-β elevation mediated by doxorubicin
in addition to increasing the chemosensitivity of the
mammospheres to doxorubicin (Figures 4, 6 and 7). This is in
agreement with other studies linking chemotherapy treatment of
TNBC to increased TGF-β signaling (Bhola et al., 2013), where
this process was observed to be CXCR2-mediated (Yang et al.,
2008). These results are also consistent with previous studies in
which Bandyopadhyay et al. (2010); Sharma et al. (2013a) showed
an increase in CXCR2 and/or TGF-β levels in aggressive breast
cancer cells post treatment with doxorubicin, whereas the
targeting of either of them was able to increase the response
of cancer cells to doxorubicin. Not only does this elevation occur
with doxorubicin but also in epirubicin-resistant TNBC cell lines
as reported by a recent study (Xu et al., 2018b).

TGF-β signaling is known to promote TNBC chemotherapy
resistance in addition to its immunomodulating effect (Neuzillet

et al., 2015); moreover, chemotherapy treatment of TNBC was
revealed to increase TGF-β signaling (Bhola et al., 2013). Thus,
several TGF-β inhibitors are now being evaluated in clinical trials
in breast cancer where they generated either disappointing
(NCT01401062) or mixed results (Bogdahn et al., 2011;
Giaccone et al., 2015). Several barriers remain ahead of TGF-
β–based TNBC therapy, including selectivity and/or specificity
issues of TGF-βR inhibitors and the accessibility of TGF-β to
monoclonal antibodies (mAbs). Furthermore, the TGF-β
pathway suppresses tumorigenesis in early-stage cancers,
including breast cancer; therefore, a careful use of inhibitors is
needed in order to suppress the tumorigenic arm of the pathway,
while fostering the tumor-suppressive one (Shi et al., 2011; Smith
et al., 2012). Bierie, B. et al. and Yang, L., et al. observed the
positive cross-talk of CXCR2 with the TGF ß pathway. They
reported that TGF-βR deletion caused an increase in CXCR2
signaling, which led to increased MDSC recruitment into the
tumor microenvironment. These MDSCs caused the production
of high levels of TGF-ß (Bierie et al., 2008; Yang et al., 2008).
Here, we hypothesized that the inhibition of TGF-β elevation
could be achieved through CXCR2 inhibitors. 3D TNBC
mammospheres cultured with PBMCs were used to mimic
clinical conditions, and data showed that CXCR2 inhibition at
optimum doses prevented only doxorubicin-induced TGF-β
elevation, thus diminishing TGF-β–mediated chemoresistance
without further TGF-β inhibition (Figure 6).

Not only does doxorubicin drive chemoresistance in triple-
negative BC cells through CXCR2 and TGF-β upregulation but
also induces drug resistance by interacting with other signaling
pathways that promote drug resistance, such as MAPK/ERK,
PI3K/Akt (Christowitz et al., 2019), and NF-kB, as reported by
some studies (Marinello et al., 2019).

It is worth noting that immunotherapy reactivating
antitumor immunity has delivered promising results in
various tumor types, including TNBC (Sharma and
Allison, 2015). Atezolizumab is an anti-PDL1 immune
checkpoint inhibitor used in TNBC treatment and was
used in the current study to investigate the impact of
targeting CXCR2 on the efficacy of anti-PDL1 antibodies.
It has been shown in our study that the combination of the
CXCR2 antagonist and atezolizumab ameliorates the effect of
atezolizumab. Our results suggested that CXCR2 inhibition
enhances the effect of immune checkpoint blockade effect in
an in vitro TNBC model (Figure 8). In concordance with our
findings, a recent study showed that CXCR2 inhibition was
found to augment programed cell death 1 (PD-1) inhibition
in pancreatic cancer (Steele et al., 2016). Altogether, these
data are in coherence with previous studies, confirming that
the blockade of CXCR2 was able to significantly reduce the
infiltration of MDSCs and improves the efficacy of
immune checkpoint blockade (Wang et al., 2016; Zhang
et al., 2017).

Although the fraction of CXCR2 positive cells in TNBC
mammospheres was quite low, this fact must not underscore the
importance of CXCR2 signaling in TNBC since their inhibition
rendered the TNBC cells more sensitive to doxorubicin and
atezolizumab. These data go in line with previous studies
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reporting the same CXCR2 expression pattern in MDA-MB-231
mammospheres (Brandolini et al., 2015; Wang et al., 2018), where
Wang et al. reported that despite the few proportion of CXCR2
positive cells in TNBC mammospheres, these cells were responsible
for chemotherapy resistance (Wang et al., 2018).

In conclusion, the present study highlights the role of CXCR2
in inducing chemoresistance and suppressing immunotherapy
in TNBC. Our data showed the additive effect of CXCR2
antagonists when combined with conventional chemotherapy
or immune checkpoint inhibitors suggesting CXCR2 inhibition
as a promising strategy to combat chemoresistance and augment
immunotherapy in TNBC. Currently, several small-molecule
inhibitors of CXCR2, including “AZD5069”, are being
investigated for their anticancer effects in preclinical and
clinical studies in several tumor types but not yet
investigated in TNBC. More in vivo studies are needed to
suggest such combination strategies into future clinical trials
in dedicated patient population.
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