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Editorial on the Research Topic
Adopting drug repurposing to overturn drug resistance in cancer

Introduction

Despite significant technological advances the etiology of cancer and mechanism disease
progression, and their translation into therapeutic benefits has been considerably slow.
Traditional drug discovery efforts employing unbiased or target-based approaches involving
natural products or small-molecule screening have created several therapeutics, but the
entire process is tedious. Drug repurposing, also called drug repositioning, reprofiling, or
retasking, identifies opportunities to use approved or investigational drugs that are outside
the scope of the original medical indications (Ashburn and Thor, 2004). This strategy can be
advantageous over developing an entirely new drug or formulation for a condition. It lowers
the risk of failure as the repurposed drug’s safety has already been determined and found to
be safe in preclinical models and humans through completed early-stage trials; thus, from a
safety point of view, the drug is less likely to fail in subsequent efficacy trials (Breckenridge
and Jacob, 2019). Drug resistance is a recurrent issue in oncology (Maxmen, 2016;
Dharmaraja, 2017; Nikolaou et al., 2018) and researchers are actively pursuing
innovative strategies to mitigate its impact. These approaches encompass a range of
interventions, including immuno-oncological treatments that elicit the immune system’s
response to target cancer cells (Dawe et al., 2020), combination therapies employing multiple
drugs to attack cancer cells at different levels (Obenauf, 2022), and precision medicine that
focuses on the molecular pathways underlying drug resistance to optimize treatment
outcomes (Tsimberidou et al., 2020). These novel techniques aim to surmount the
challenges of drug resistance in cancers and enhance patient outcomes. Repurposing
drugs for cancer treatment has emerged as an increasingly attractive strategy as it can
reduce the time to regulatory approval (Bertolini et al., 2015; Clohessy and Pandolfi, 2015;
Corsello et al., 2017; Pantziarka, 2017; Pushpakom et al., 2019). In this Research Topic, we
have collated research reports exploring the utility of organic small molecules, natural
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products, Chinese herbal medicines, and antibodies as
combinatorial therapies to target drug resistance in cancers
(Figure 1).

Small molecules in combination therapy for
cancer treatment

Small molecules with promising anticancer effects have a high
possibility of becoming commercialized. Therefore, there is growing
enthusiasm for exploring small molecules to advance the potency of
existing anticancer therapeutics. A report by Chandrasekaran et al.
has identified a tyrosinated-urolithin A derivative, ARS-600, as an
effective inhibitor (EC50: <920 nM) of castration-resistant prostate
cancer (CRPC) in xenografted castrated and non-castrated mice.
The mechanism of the lead molecules was found to be the
ubiquitination of the androgen receptor and its splice variant
ARV7 resulting in signal inhibition in CRPC cells. Similarly,
Saran et al. have identified a Withaferin A analog, ASR490, as an
inhibitor of NOTCH-NICD (an active form of Notch1) in breast
cancer stem cells at nanomolar concentrations. ASR490 triggers
autophagy in cells to prevent cancer progression in in vivo xenograft

models. High-throughput screening of bioactive molecules could
help with the rapid identification of potential therapeutics and could
provide insights into the mechanism of action. Huang et al.
performed a quantitative high-throughput combinational
screening of the LOPAC library (1,280 molecules, Sigma) and
identified terfenadine (TFD) as a potential sensitizer of
multidrug-resistant (MDR) ovarian cancer cells to doxorubicin.
Here TFD molecule exerts a synergistic effect with doxorubicin
against the survival of MDR ovarian cancer. They established that
the mechanism of TFD function is not the manipulation of its
canonical targets (Histamine receptor 1 or ether-a-go-go-related
gene (hERG) channel), but direct modulation of the calcium-
mediated signaling (CAMKIID/CREB1) pathway. Another small
molecule-based combination therapeutic strategy with a flavonoid
natural product, wogonin, was studied by Zhang et al. They show
that gemcitabine-resistant pancreatic cancer cells became sensitive
to gemcitabine when co-treated with wogonin. Subsequent
mechanism-of-action analysis revealed suppression of the protein
kinase B (Akt) signaling pathway with wogonin treatment resulting
in apoptosis induction in vivo. Niu et al. have demonstrated that an
antidepressant and antineoplastic drug, venlafaxine, could be used
to control melanoma in mouse models. Venlafaxine induced

FIGURE 1
Summary of repurposed small molecules and their mechanism of actions to tackle drug resistance in the panel of cancers mentioned.
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apoptosis in melanoma through its interaction with JNK1/
2 signaling to promote translocation of Nur77 to mitochondria,
which triggered the activation of Bcl-2, cleaved caspase-3, and poly-
ADP ribose polymerase (PARP) in mouse models.

Natural products and herbal medicines that
help overcome drug resistance

Natural products are a rich source of structurally diverse
chemical scaffolds for the screening and identification of unique
therapeutic candidates. This should not be a surprise given the
successful development of taxanes as chemotherapeutic agents since
the 1960s (Weaver, 2014). Chen et al. explored the therapeutic
potential of kaempferol (KPL), a flavonoid natural product isolated
from persimmon leaves. Here, they evaluate the efficacy of KPL on
resensitizing drug-resistant hepatocellular carcinoma (HepG2)
cells to venetoclax (ABT-199), a therapeutic approved to treat
leukemia. The combination of KPL with ABT-199 demonstrated
the induction of apoptosis through the disruption of
mitochondrial membrane potential and the release of
cytochrome C into mitochondria and cytoplasm, triggering
apoptosis. The downstream apoptotic signature was observed
in the reduction in anti-apoptotic proteins such as Bcl-2, Bcl-xL,
and Mcl-1 and the upregulation of cleaved caspase. Traditional
Chinese medicines have been used for the treatment of cancer for
several decades. For example, Sang et al. showed that feiyanning
formula (FYN), a Chinese herbal medicine cocktail prescribed for
the treatment of lung cancer, could be exploited for targeting
osimertinib-resistant non-small cell lung cancer (NSCLC). FYN
has been shown to downregulate SRSF1 and GSK3β and thereby
modulate the Wnt/β-catenin pathway in osimertinib-resistant
NSCLC, HCC827OR, and PC9OR cells. Further, FYN (250 μg/
mL) was found to elicit a synergistic effect with osimertinib
(4 µM), an epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitor, on osimertinib-resistant NSCLC cells after 48 h
of treatment and to prevent cell proliferation and migration; the
combination suppressed tumor growth in mouse xenograft
models of lung adenocarcinoma. Another Chinese herbal
formula, feiyiliu mixture (FYLM), was described as sensitizing
mutant EGFR-NSCLC to osimertinib by Shi et al. The major
components of FYLM, characterized by mass spectrometry,
included several antioxidant components such as quercetin,
apigenin, formononetin, scutellarin, and oleanolic acid. EGFR-
Del19/T790M/C797S mutant NSCLC is resistant to osimertinib;
when combined with FYLM, the cells underwent apoptosis. It was
shown that FYLM reduced EGFR phosphorylation and
downregulated cyclin B1 and Bcl-2 while upregulating levels
of cleaved caspase-3 to promote apoptosis in vivo. Peng et al.
performed a metadata analysis of 31,263 patients treated with
16 Chinese herbal injections (CHIs) in combination with
Western medicines. In a detailed analysis of 16 CHIs used
either alone or in combination to treat cancer in China, a few
were shown to be exceptionally beneficial in terms of reducing
gastrointestinal adverse reactions, the incidence of
thrombocytopenia, and the incidence of leukopenia when
combined with Western medicines.

Antibody and nanocarrier systems targeting
drug resistance

Antibodies and antibody-drug conjugates (ADCs) that have
been approved by the FDA for use in cancer treatment are
promising classes of cancer therapies and precision medicines.
However, the inherent reduction in activity due to de novo
resistance development in the phenotype has prompted the
combination therapies evolution of ADCs with
chemotherapeutics. Lv et al. describe a case report of overcoming
trastuzumab resistance in human epidermal growth factor receptor
2 (HER2)-positive gastric cancer by treating it with a triple regimen
of apatinib and camrelizumab with trastuzumab. This issue also
includes a research article on nanoparticle-based drug delivery
systems for cancer treatment. Here, Wu et al. have developed a
trifunctional, covalent nanocarrier system (Pep-1@PDA-TMZ) as a
chemotherapeutic and photothermal therapeutic (PTT) to treat
glioblastoma. This Pep-1@PDA-TMZ is based on dopamine
polymeric nanoparticles covalently linked to a glioblastoma drug,
temozolomide (TMZ), and Pep-1, a cell-penetrating peptide for
enabling blood-brain barrier (BBB) breach. The conjugate Pep-1@
PDA-TMZ was shown to penetrate cells effectively and was
delivered specifically to the therapeutic site with a 77% inhibition
of U87 cells in tumor-bearing nude mice in vivo recorded upon
irradiation. This Research Topic also includes reviews by Xia et al.
and Wang et al. that comprehensively discuss combination
therapeutic strategies to overcome PARP-mediated drug
resistance in breast and gynecological cancers.

This Research Topic assembles research reports targeting a wide
range of cancers and mechanisms centered around overcoming drug
resistance by utilizing drug repurposing or therapies using
combinations of drugs (Figure 1).
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Breast cancer and gynecological tumors seriously endanger women’s physical

and mental health, fertility, and quality of life. Due to standardized surgical

treatment, chemotherapy, and radiotherapy, the prognosis and overall survival

of cancer patients have improved compared to earlier, but the management of

advanced disease still faces great challenges. Recently, poly (ADP-ribose)

polymerase (PARP) inhibitors (PARPis) have been clinically approved for breast

and gynecological cancer patients, significantly improving their quality of life,

especially of patientswith BRCA1/2mutations. However, drug resistance faced by

PARPi therapy has hindered its clinical promotion. Therefore, developing new

drug strategies to resensitize cancers affecting women to PARPi therapy is the

direction of our future research. Currently, the effects of PARPi in combination

with other drugs to overcome drug resistance are being studied. In this article, we

review the mechanisms of PARPi resistance and summarize the current

combination of clinical trials that can improve its resistance, with a view to

identify the best clinical treatment to save the lives of patients.

KEYWORDS

PARP inhibitor, PARP inhibitor resistance, breast cancer, gynecological cancer,
combination therapy, ATR/CHK1/WEE1 pathway, targeted drugs

1 Introduction

According to statistics, in 2020, breast cancer had the highest incidence among

women in the world, followed by cervical cancer (CC), endometrial cancer (EC), and

ovarian cancer (OC) (Sung et al., 2021; Grossman et al., 2018). These cancers seriously

endanger women’s physical and mental health. Treatment methods for the cancers

mentioned above generally include radical surgical resection, radiotherapy, and

chemotherapy (Brown et al., 2020; Butala et al., 2021; Rütten et al., 2021). Although

the treatments as mentioned earlier can significantly prolong the survival of patients, the
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overall prognosis is still unsatisfactory. OC patients have about a

70% probability of recurrence within 3 years after standard

treatment (Sung et al., 2021; Ledermann et al., 2018). The 5-

years survival rate of early breast cancer patients can reach more

than 90%, but the survival rate of advanced cancer patients is only

30%. Compared with the other molecular subtypes of breast

cancer, triple-negative breast cancer has the worst prognosis

because it does not respond to endocrine or targeted therapy

(Sung et al., 2021; Ovcaricek et al., 2011). Advanced EC and CC

patients also have a poor prognosis (Cohen et al., 2019; Crosbie

et al., 2022). Progression-free survival (PFS) is progressively

shorter in patients despite continued treatment at relapse

(Poveda et al., 2021).

Recently, the advent of targeted drugs has given new hope to

cancer patients, which can prolong the life of these patients,

improve their quality of life, and cause less damage to the body.

Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPis) are

one of these drugs, of which olaparib, lucaparib, niraparib, and

talazoparib have been approved for use clinical treatment,

including breast, ovarian, lung and prostate cancers (Poveda

et al., 2021; Hao et al., 2021; Wang et al., 2020; Mirza et al., 2020;

Molinaro et al., 2020). It is the first drug to target and induce the

death of BRCA1/BRCA2-deficient cells on a synthetic lethal basis

(Bryant et al., 2005). Currently, PARPi has become the first-line

regimen for OC treatment (Poveda et al., 2021). A single-center

real-world study of patients with platinum-resistant ovarian cancer

(PROC) treated with PARPi showed that after the use of PARPi in

17 patients, the objective response rate (ORR) was 47%, and the

median progression-free survival (PFS) was 8.2 months (5.3–11.3),

overall survival (OS) was 14.9 months (11.2–18.5) (Agarwal et al.,

2021). Despite the success of PARPi in targeting BRCA-deficient

tumors, the emergence of acquired resistance to PARPi is a hurdle

that we need to overcome, with more than two-thirds of patients

on long-term PARPi therapy eventually developing acquired

resistance (Hodgson et al., 2018; Lin et al., 2019). Therefore,

understanding the mechanism of PARPi resistance and then

finding alternative treatment strategies to improve the benefits

of PARPi treatment is the top priority of our research. This article

discusses some of the possible mechanisms of PARPi resistance

and combined treatment strategies to improve the sensitivity of

PARPi in cancer treatment.

2 Mechanisms of PARP inhibitors

There are many mechanisms in cells to recognize and repair

DNA damage, so that damaged DNA can be repaired in time to

maintain normal physiological functions, mainly including

homologous recombination (HR), non-homologous end

joining (NHEJ), BER (base excision repair), and mismatch

repair (MMR) (Hoeijmakers, 2001). PARP1/2 is crucial in

repairing DNA single-strand breaks (SSB) (Langelier et al.,

2012). When the DNA single strand breaks, it rapidly

recognizes and binds to the DNA damage site, and catalyzes

the PARylation of various proteins including itself; i.e., PARP

protein and NAD+ (Nicotinamide adenine dinucleotide), PAR

(poly ADP-ribose) chains bind and recruit other DNA repair-

related proteins to initiate the DNA repair process (Fisher et al.,

2007; Pascal and Ellenberger, 2015). With the PARylation of

PARP1/2 proteins, the chromatin gradually becomes relaxed,

and the PARP protein automatically detaches from the DNA

damage site. On the one hand, PARPi can block this process, so

that the PARP proteins and other DNA repair proteins cannot be

detached from the DNA chain (Wang et al., 2019). This is called,

“PARP trapping.” This is also the reason why PARPi is more

destructive towards cancer cells than knocking out the PARP

gene itself (Kim et al., 2020); on the other hand, PARPi can

competitively bind to the NAD+ site, directly inhibit the activity

of PARP1/2, and block the DNA repair process mediated by it, so

that the SSB in DNA cannot be repaired and converted into DNA

double-strand break (DSB).

There are two main repair pathways for DSB, homologous

recombination (HR) repair pathway and non-homologous end

joining (NHEJ) repair pathway. HR repair (HRR) is a rigorous,

high-fidelity repair pathway that contributes to genetic stability.

The HRR process involves the participation of various proteins,

such as BRCA1, BRCA2, RAD51, and ATM. If the above genes

are mutated and lose their original activity, it will lead to

homologous recombination deficiency (HRD). At this time,

the proportion of NHEJ in the repair process of DSB is

increased. Compared with the high fidelity of HRR, the repair

of NHEJ does not require the participation of homologous DNA

templates; hence, its error rate is extremely high, which easily

leads to DNA aberrations and cell death (Betermier et al., 2014;

Le Guen et al., 2014). PARPi treatment blocks SSB repair in

cancer cells, while cells with BRCA mutations are unable to rely

on the HR pathway to repair DSBs and switch to a low-fidelity

NHEJ pathway to repair DNA, causing genomic instability and

cell death, a so-called “synthesis lethal effect" (Figure 1)

(Fishman-Lobell et al., 1992; van Wietmarschen and

Nussenzweig, 2018). A recently proposed new theory suggests

that in BRCA-deficient cells, PARPi leads to the accumulation of

ssDNA gaps through a trans-cellular cycle (Cong et al., 2021).

That is, PARPi stimulates the restart of PrimPol to induce the

production of ssDNA gaps in S-phase, and the accumulated

ssDNA gaps are transformed into DSBs in the next S-phase. The

continuous use of PARPi in BRCA-deficient cells leads to the

inability of DSBs to be repaired in time and eventually kills tumor

cells (Simoneau et al., 2021; Tirman et al., 2021).

3 Mechanisms of resistance to PARP
inhibitors

With the approval of PARPi as a first-line clinical drug, more

and more patients have increased clinical benefits, but with it
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comes an increase in the incidence of new or acquired resistance

to PARPi. An in-depth understanding of the mechanism of

PARPi resistance will help us understand and overcome the

occurrence of clinical resistance. Numerous preclinical and

clinical studies have explored PARPi resistance to identify

combination therapy strategies and appropriate populations.

3.1 Recovery of replication fork stability

The replication fork is a significant step in DNA damage

repair and checkpoint activation during replication in the cell

cycle. Many abnormalities in DNA replication can lead to stalled

replication forks, leading to genomic instability and cell death if

stalled replication forks fail to restart (Cox et al., 2000). PARP1,

BRCA1/2, and RAD51 exert essential roles in protecting

replication forks from nuclease attack and regulating the

accumulation of reversed forks (Chaudhuri et al., 2016; Schaaf

et al., 2016; Ronson et al., 2018). However, in BRCA-mutated

cells, down-regulation of the nuclease MRE11 and cross-linking

endonuclease MUS81 due to a series of molecular mechanisms

ultimately leads to fork protection and enhanced DNA damage

repair (DDR), ultimately leading to PARPi resistance (Figure 2A)

(Bryant et al., 2009; Rondinelli et al., 2017).

EZH2, a methyltransferase involved in histone methylation,

rapidly locates at the replication fork after replication fork

FIGURE 1
The mechanism of action of PARP inhibitors for “synthetically lethality.”
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stagnation and promotes MUS81, a crossover junction

endonuclease, to attack the replication fork, causing

replication fork degradation (Rondinelli et al., 2017). The

MLL3/4 complex protein PTIP can recruit the nuclease

MRE11 into the stalled replication fork, resulting in

degradation of the stalled replication fork (Zhang et al., 2014).

In BRCA1 and BRCA2 mutated cells, EZH2 and PTIP activities

are downregulated at the fork, and MUS81 and

MRE11 recruitment is reduced, ultimately leading to the

stabilization of the replication fork and the development of

PARPi resistance.

Furthermore, recent studies have found that the lysine

acetyltransferase 2B, KAT2B (often called PCAF), is associated

with the degradation of stalled replication forks. Kim et al. (2020)

showed that in BRCA-deficient cells, PCAF first utilizes its own

structure to bind to stalled replication forks, and then acetylates

H4K8 to promote the recruitment of MRE11 and

EXO1 nucleases to the replication fork, which further

promotes fork degradation. Loss of PCAF promotes the

resistance of BRCA1/2-deficient cells to PARPi treatment.

3.2 Reduction of PARP1 trapping

After identifying DNA damage, PARP1 is rapidly activated

and it binds to the site of DNA breakage sites. Then it catalyzes

the formation of multiple protein PAR chains, including itself

with NAD+ as the substrate, thus realizing its function (Wang

et al., 2006). PARPi inhibits the catalytic activity of PARP1,

which keeps PARP bound to DNA and prevents subsequent

repair (Figure 2B). Recently, Stephen et al.used the CRISPR-Cas9

technology to screen PARP1 point mutation fragments that lead

to PARPi resistance, and they found PARP1 p. R591C mutation

(c.1771C>T) in an olaparib-resistant ovarian cancer patient.

FIGURE 2
Partial mechanisms of PARP inhibitor resistance in cancer. (A) Restoration of replication fork stability leads to PARP inhibitor resistance. When
EZH2 or MLL3/4-PTIP is deficient, MUS81 and MRE11 recruitment fails, the replication fork is less attacked, and the replication fork is stable. (B)
Decreased PARP1 trapping contributes to the development of PARP inhibitor resistance. PARP inhibitors reduce the catalytic activity of PARP1, so that
PARP remains bound to DNA and cannot undergo subsequent repair. PARP1 mutations reduce PARP capture. (C) Increased drug efflux
mediated by ABCB1 overexpression leads to a decrease in effective concentration in cancer cells and increased resistance to PARPi.
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Mutations enhance PARP1 dissociation from DNA and reduce

PARP trapping, suggesting that PARP1 mutations are associated

with the emergence of a drug-resistant phenotype, and

experiments have confirmed that point mutations outside the

ZnF domain may also lead to PARP inhibition resistance by

reducing PARP1 trapping (Pettitt et al., 2018).

3.3 Increased drug outflow

Studies have demonstrated that the occurrence of PARPi

resistance is associated with increased ABCB1-mediated drug

efflux. ABCB1 (P-gp, p-glycoprotein, also known as MDR1), a

drug efflux transporter belonging to the ATP-binding cassette

(ABC) transporter superfamily, encodes the multidrug resistance

protein (Figure 2C) (Li et al., 2015). It has a very wide substrate

specificity, and it is highly expressed in many tumors, especially

in drug-resistant breast cancer and OC (Christie et al., 2019).

With the up-regulation of ABCB 1a/1b genes, the expression of

P-gp efflux transporter increases, resulting in a decrease in the

effective intracellular drug concentration, thus, leading to PARPi

resistance (F. Martins et al., 2021). In 2020, a quantitative mass

spectrometry imaging (LC-MS/MS) assay showed that in a P-gp-

overexpressing ovarian cancer model, niraparib was unevenly

distributed within the tumor, reducing the efficacy of drug

treatment; thus, suggesting that it is resistant to

PARPi(Morosi et al., 2020).

The relationship between the two was first discovered by

Rottenberg et al. The group’s experiments demonstrated that in a

breast tumor model, the emergence of PARPi-acquired resistance

is related to upregulation of P-gp expression, and that the P-gp

inhibitor tariquidar can reverse its overexpression (Rottenberg

et al., 2008). Similarly, in vitro experiments by Margarida et al.

demonstrated that ABCB 1a/1b attenuated brain penetration and

promoted systemic elimination of niraparib in mice, with partial

reversal of resistance following treatment with the

ABCB1 inhibitor Elacridar (F. Martins et al., 2021). A clinical

study (NCT02681237) found that ABCB1 was upregulated in

15% of patients in the progression group after using PARPi.

Clinically, PARPi resistance is significantly relevant to increased

drug efflux and decreased accumulation of PARPis in tumor cells

(Lheureux et al., 2020). Therefore, a more in-depth study of the

relationship between the expression and role of ABCB1 and

PARPi resistance is crucial for clinical medicine.

3.4 PARG depletion

PARylation is a PARP-mediated post-translational

modification of proteins that controls key mechanisms such as

the DNA damage response in cells (O’Sullivan et al., 2019).

PARP1 is the primary target of PARylation, and the resulting

PAR chains recruit downstream protein repair factors. Poly

(ADPribose) glycohydrolase (PARG) can reverse PARylation

and catalyze PAR strand breaks; thus, its loss reduces

PARP1 capture, rescues PARP1-dependent DNA damage

signaling, and ultimately leads to PARPi resistance

(Figure 3A) (Francica and Rottenberg, 2018; O’Sullivan et al.,

2019). A number of studies have demonstrated that the loss of

PARG is related to the occurrence of acquired resistance to

PARPi. Experiments in breast cancer cell models have

demonstrated the correlation between the two (Gogola et al.,

2018). Interestingly, many studies of PARPi-resistant cells

treated with PARG inhibitors have shown that PARG

inhibitors can improve the development of PARPi resistance

(Gogola et al., 2018). The PARG protein was highly expressed in

34% of OC tumors, and the use of PARG inhibitors resulted in

decreased cell migration compared with the use of PARG

inhibitors alone. Inhibition of PARG enhances the therapeutic

effect of cisplatin and PARPi on ovarian cancer cells (Chen and

Yu, 2019).

3.5 Loss of SLFN11

The SLFN11 protein encoded by the Schlafen11 (SLFN11)

gene can cause the degradation of specific tRNAs and then inhibit

the expression of DNA damage repair-related proteins when

activated. Therefore, in normal cells, SLFN11 inhibits DNA

repair when DNA is broken. However, the SLFN11 gene is

generally silenced in cancer cells, making these cancer cells

more capable of DNA repair and conferring resistance to

PARPi (Figure 3B) (Li et al., 2012). Loss of SLFN11 conferred

resistance to three PARPis (olaparib, rucaparib, and veliparib) in

an in vitro assay in small cell lung cancer and a dataset analysis in

2017 (Lok et al., 2017). The EVOLVE clinical trial

(NCT02681237) exploratory study of anti-angiogenic drugs

combined with PARPi in patients with PARPi-resistant

ovarian cancer showed the following findings: BRCA1/2 or

RAD51B reversion (19%) at the time of PARPi progression;

ABCB1 upregulation (15%); and down-regulation of SLFN11

(7%) (Lheureux et al., 2020).

3.6 The alteration of the ATR/CHK1/
WEE1 pathway

Besides PARPi, the ATR/CHK1/WEE1 pathway also plays a

decisive role in DNA damage recognition and repair. When

sensing DNA damage and replication fork pressure, replication

protein A (RPA) binds to the site of damage and then recruits and

activates Ataxia-telangiectasia and RAD3-related protein (ATR)

at the site. When ATR is activated by RPA, it starts to activate its

effector proteins, CHK1 andWEE1, which eventually leads to cell

stagnation in the G2-M and S phases, preventing the cells from

entering mitosis to reduce the replication pressure and trigger the

Frontiers in Pharmacology frontiersin.org05

Wang et al. 10.3389/fphar.2022.967633

13

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.967633


appropriate DNA repair pathways (Figure 3C) (Petermann and

Caldecott, 2006; Yekezare et al., 2013). PARPi induces strong

replication stress after cancer treatment, which activates the

ATR/CHK1/WEE1 pathway. Studies have shown that the

ATR/CHK1/WEE1 pathway can promote DNA repair, and

inhibition of this pathway can resensitize tumor cells to

PARPi (Kim et al., 2017).

Cell cycle protein-dependent kinase (CDK) mainly regulates

cell cycle and gene transcription process. The expression of DNA

repair proteins such as ATR and BRCA1/2 is downregulated by

CDK12 knockdown (Bajrami et al., 2014; Naidoo et al., 2018).

Inhibition of CDK12 induces the generation of BRCAness

phenotype, thus reversing PARPi drug resistance.

3.7 POLQ drives drug resistance

Microhomology-mediated end joining (MMEJ) is an

uncommonly used DSB repair pathway other than HR and

NHEJ, driven by low-fidelity DNA polymerase theta (Polθ,
also known as POLQ). It recognizes 5-25bp homologous

sequences and directly connects the broken DNA ends. Due

to the frequent deletion and dislocation of homologous

fragments, MMEJ is a low-fidelity DSB repair pathway

compared to HR (Chang et al., 2017). In HR-deficient cancer

cells, DSB repair is dependent on MMEJ repair, and inhibition of

this pathway results in failure of DNA to repair properly and

increases genomic instability (Figure 3D). The expression of Polθ
is negatively correlated with HR activity, and Polθ binds to

RAD51 and inhibits its mediated DNA recombination.

Knockdown of Polθ in HR-proficient cells resulted in

increased HR activity and upregulation of RAD51 activity,

whereas knockdown of Polθ in HR-deficient cells resulted in

cell death (Ceccaldi et al., 2015; Mateos-Gomez et al., 2015).

Therefore, on the one hand, inhibiting the Polθ gene in HR-

deficient tumors induces tumor cell death through a “synthetic

lethal” mechanism, and on the other hand, targeting PARPi-

resistant cells caused by 53BP1/Shieldin complex deficiency, is a

promising strategy for the treatment of PARPi-resistant patients.

3.8 Restoration of homologous
recombination repair

With the approval of PARPi as a first-line clinical drug, more

and more patients have obtained increased clinical benefits, but

with it comes an increase in the incidence of new or acquired

resistance to PARPi. An in-depth understanding of the

mechanism of PARPi resistance will help us understand and

overcome the occurrence of clinical resistance (Figure 4).

Numerous preclinical and clinical studies have explored

PARPi resistance to identify combination therapy strategies

and appropriate populations.

3.8.1 Restoration of the BRCA1/2 function
To our knowledge, BRCA1 and BRCA2 are critical genes in

HR-dependent DSB repair, and the loss of their function can

directly lead to defects in the HR-repair pathway (Wang and

FIGURE 3
Partial mechanisms of PARP inhibitor resistance in cancer. (A) PARG deletion leads to PARPI resistance. (B) Loss of SLFN11 enhances DSB repair
capacity, ultimately leading to PARPi resistance. (C) The ATR/CHK/WEE1 signaling pathway arrests the cell cycle to reduce replication stress and
promote DSB repair. (D)HR-deficient cells rely onMMEJ for DSB repair, which is mediated by POLθ. Inhibition of POLθ in HR-deficient cells results in
cell death.
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Figg, 2008). The most common cause of functional restoration of

the HR pathway is secondary mutations in BRCA1/2 genes

(Barber et al., 2013; Waks et al., 2020). Reverse mutations of

BRCA1 and BRCA2 have been demonstrated in high-grade OC

cells that are resistant to platinum and PARPi drugs (Shroff et al.,

2018). This is due to the reverse mutation correcting the ORF of

the primary mutant BRCA1/2. For example, in Ashkenazi Jewish

populations, which lack wild-type BRCA2, but carry the c.6174d

frameshift mutation of BRCA2, this mutation can result in

truncation of BRCA2 protein expression (Edwards et al.,

2008). Subsequent further cellular experiments have found

that the deletion of the c.6174d mutation and subsequent

restoration of the ORF function leads to the expression of

new BRCA isoforms, resulting in acquired resistance to

PARPi. To investigate the relationship between BRCA reverse

mutations and PARPi re sistance, an ARIEL2 trial sequenced the

circulating cell-free DNA (cfDNA) of 92 patients with BRCA-

mutated OC before and after rucaparib treatment. The PFS of the

group with BRCA reverse mutation was 7.2 months less than that

of the group without reverse mutation (1.8 vs. 9.0 months, HR,

0.12; 95%CI, 0.05–0.26; p < 0.0001) (Swisher et al., 2017).

In addition to reverse mutation of the gene, the reason for

restoration of BRCA1/2 function is also related to promoter

methylation. Experiments have demonstrated that

BRCA1 promoter methylation defects have been detected in

some OC ovarian cancer samples. Bianco T et al. observed

that unmethylated samples had lower BRCA1 RNA expression

levels compared to samples with high BRCA1 methylation.

Methylation status of the BRCA1 promoter is associated with

BRCA1 silencing, and hypomethylation are correlated with

different degrees of BRCA1 repression and different degrees of

HR recovery (Bianco et al., 2000). Hence, we can consider that

BRCA1 promoter methylation is a useful predictor of the

response to PARPi.

3.8.2 Increased expression of RAD51 and
secondary mutations in its homologous and
paralogous genes

RAD51 is a conserved universal recombinase that forms

helical filaments at ssDNA and promotes double-strand repair

of broken DNA. On the one hand, it binds to SWI/SNF-related

matrix-associated actin-dependent regulator of chromatin

subfamily A-like protein 1 (SMARCAL1) at stalled replication

forks to repair replication forks and promote fork inversion

(Baumann and West, 1998; Arnaudeau, 2001). On the other

hand, RAD51 protects newly synthesized DNA from nuclease

degradation and pro. motes subsequent DNA synthesis

(Hashimoto et al., 2010).

Detecting the expression of RAD51 foci in OC patient-

derived xenografts and scoring HR status according to

BRCA1/2 status showed that the expression of RAD51 foci

was strongly negatively correlated with olaparib

responsiveness (Guffanti et al., 2022). In olaparib-treated

tumor models, the percentage of RAD51-positive cells was

1.25 ± 0.25% in the four PARPi-sensitive models and 66.54 ±

2.70% in the 14 PARPi-resistant models (p < 0.0001). It shows

that the high expression of RAD51 is related to the occurrence of

PARPi resistance (Castroviejo-Bermejo et al., 2018). Clinical

studies have further confirmed the relationship between

RAD51 lesions and PARPi. Tumor samples from ovarian

patients were stained and scored for RAD51. The results

showed that the RAD51 score of PARPi-resistant tumor

samples was higher than that of PARPi-sensitive samples, and

was negatively correlated with the clinical efficacy of PARPi

(Cruz et al., 2018). Similarly, four of eight patients with

metastatic BC carrying BRCA1/2 mutations who were treated

with PARPi or platinum developed BRCA reversal mutations,

and a significant increase in RAD51 expression after drug

resistance was found by detecting changes in protein

FIGURE 4
Mechanism of HR-dependent pathway leading to PARPi resistance.
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expression in tumor tissues before and after drug resistance

(Waks et al., 2020).

It has been confirmed that in addition to BRCA1/

2 mutations, RAD51 secondary mutations can also lead to the

occurrence of PARPi resistance. Experiments by Olga

Kondrashova et al. (2017) showed that mutations in the

RAD51C/D genes confer sensitivity to PARPi treatment, but

secondary mutations in these genes were detected in ovarian

cancer patients who relapsed after rucaparib treatment. It may be

that these secondary mutations restore the open reading frame

(ORF) of RAD51, thereby restoring HR function and ultimately

leading to rucaparib resistance. Further cellular experiments

demonstrated that knockdown of RAD51C in the

OVCAR8 cell line increased the sensitivity of cisplatin and

rucaparib, and reintroduction of wild-type RAD51C cDNA

could be observed to restore resistance to PARPi in cells.

Conversely, introduction of RAD51C with primary mutation

cDNA did not restore resistance. Not only rucaparib, but

RAD51C cDNA containing secondary mutations conferred

resistance to olaparib, niraparib, tarazopanib, and veliparib.

Experiments by Nesic et al. (2021) found that methylation of

RAD51 (meRAD51C) sensitizes ovarian cancer models to

niraparib and rucaparib treatment, and that if meRAD51C

deletion occurs, resistance to PARPi treatment occurs.

Recently, a new protein was discovered that can antagonize

the activity of RAD51, namely RADX. RADX antagonizes the

recruitment of RAD51 at replication forks and inhibits its

accumulation at the forks. Conversely, loss of RADX restores

replication fork stability, conferring resistance to PARPi in

BRCA2-deficient cells. RADX acts as a regulator of RAD51 to

regulate stability at replication forks, which can serve as a

biomarker for predicting PARPi response (Dungrawala et al.,

2017). Additionally, a genome-wide screening found that loss of

the ubiquitin ligase HUWE1 induces increased

RAD51 expression and promotes partial restoration of HRR

in BRCA2-deficient cells, thereby promoting olaparib

resistance (Clements et al., 2020).

3.8.3 Defects of non-homologous end joining
In HRD cells, NHEJ plays a major repair role (Betermier

et al., 2014; Le Guen et al., 2014). NHEJ does not rely on

homologous DNA sequences and directly joins DSB ends by a

DNA ligase. But NHEJ is more error-prone than HRR due to

deletions or insertions of nucleotide sequences, eventually

causing genome instability and ultimately cell death (Grabarz

et al., 2012). When the NHEJ regulatory factor is deleted, HR is

reactivated, leading to the occurrence of acquired drug resistance.

TP53-binding protein (53BP1) is a protein involved in NHEJ

activation, which is normally regulated by BRCA1 to maintain

the balance between HR and NHEJ (Bothmer et al., 2010).

53BP1 can protect terminal DNA from excision, thereby

inhibiting HR repair (Hong et al., 2016). In BRCA1-mutated

cells, loss of 53BP1 restores HR repair by promoting the excision

of terminal DNA (Bunting et al., 2010; Chen et al., 2022). Animal

experiments demonstrated that knockout of 53BP1 in a mouse

breast cancer tumor model with BRCA1 mutations can make

PARPi resistant (Jaspers et al., 2013). Decreased expression of

53BP1 was found by whole-exome sequencing and analysis of the

HGSOC PDX model with BRCA1 mutations and resistance to

olaparib (Parmar et al., 2019). In OC patients with HRD, low

expression levels of 53BP1 were associated with suboptimal

response to PARPis (Hurley et al., 2019). These in vitro and

in vivo studies have demonstrated that 53BP1 deletion

specifically mediates PARPi resistance in BRCA1-mutated

tumors. Interestingly, 53BP1 does not appear to mediate

PARPi resistance in BRCA2-mutated tumors (Bouwman et al.,

2010; Yang et al., 2017).

In the mechanism of mediating HR repair, 53BP1 does not

act independently, and the 53BP1-Rap interacting factor (RIF1)-

Shieldin axis cooperates with each other in this process (Mirman

and de Lange, 2020). 53BP1 controls DNA 5′ excision through

RIF1, and REV7 inhibits RIF1 expression (Zimmermann et al.,

2013). The Shieldin complex consists of the regulator of viral

particle protein expression (REV7), SHLD1, SHLD2, and

SHLD3. This complex interacts with 53BP1 to protect DNA

ends from excision, promote NHEJ activity, increase the error

rate of DNA repair, and promote tumor cell death (Xu et al.,

2015; Noordermeer et al., 2018). PARPi resistance also develops

when effector expression on this axis is reduced. Dev et al. (2018)

found that SHLD1/2 can antagonize the effect of HR, and its

reduction is associated with acquired resistance to olaparib.

In addition to the above mechanisms, a novel

53BP1 interactor, DYNLL1, was recently discovered using

CRISPR knockout screening technology (He et al., 2018). In

BRCA1-deficient tumor cells, DYNLL1 promotes

53BP1 oligomerization to stimulate NHEJ (Becker et al.,

2018), and through its interaction with MRE11 Inhibition of

DNA end excision (He et al., 2018), the combination of these two

effects leads to genomic instability. Low PFS was found to be

significantly associated with reduced DYNLL1 expression in

patients with BRCA1-mutated OC following chemotherapy.

Cellular experiments demonstrated that up-regulation of

DYNLL1 expression could reverse the resistance of tumor

cells to olaparib. The role of DYNLL1 in DNA repair appears

to be effective only in BRCA1-deficient cells, not BRCA2.

Several other recent studies have revealed the role of Ku 70/

80 and EZH2 in regulating NHEJ activity in tumor cells. In

BRCA-mutated breast and ovarian cancer cell lines,

overexpression of miRNA-622 renders them insensitive to

olaparib and veliparib treatment. Yang et al. proposed the

following mechanism by which miR622 desensitizes PARPi: it

downregulats the expression of Ku 70/80, thereby reducing NHEJ

activity and restoring HR activity (Choi et al., 2016).

EZH2 regulates NHEJ expression in OC cells with high

expression of coactivator-associated arginine methyltransferase

1 (CARM1) independent of HR. This study demonstrated that
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tumor cells with high EZH2 expression were not sensitive to

PARPi treatment, and in patient-derived xenografts,

EZH2 inhibitors sensitize CARM1-high OCs to PARPi

(Karakashev et al., 2020).

The 53BP1-RIF1-Shieldin axis, Ku70/80 and EZH2 can all

regulate the expression of NHEJ. Among them, 53BP1 can

antagonize the effect of HR through two pathways, namely

BRCA1-dependent and BRCA1-independent, which further

indicates that PARPi acquired drug resistance. The occurrence

is not caused by a single mechanism, and clearer and deeper

mechanisms are waiting for us to explore.

4 Overcoming resistance to PARPi

Whether it is congenital or acquired resistance to PARPi, we

urgently need new treatments to solve this problem (Figure 5). At

present, some clinical trials on the combination of PARPi are

under study, and we hope to develop a clinical drug regimen for

reversing PARPi resistance.

4.1 Combined use of PARPi and the ATR/
CHK1/WEE1 pathway inhibitors

Studies have confirmed that drugs, such as ATR inhibitor

(AZD6738) and CHK1 inhibitor (MK8776), can reverse the

resistance of ovarian cancer cells to olaparib in vitro.

Interestingly, their combined therapeutic effects with PARPis

are independent of HR expression. The effects of ATRi and

CHK1i were more pronounced in BRCA-deficient PARPi-

resistant cells than in BRCA-proficient cells (Gralewska et al.,

2020). This may be because ATR exerts an important role in

RAD51 foci formation, and ATRi inhibits the loading of

RAD51 onto the stalled forks and causes enhanced fork

degradation and eventual cell death. The effect of the

combination of these two was also verified in an in vivo

model. In a mouse ovarian cancer orthotopic model, the use

of ATRi resensitized mice to PARPi and increased the sensitivity

of PARPi and platinum-based drugs (Kim et al., 2020). A Phase II

clinical trial of ceralasertib (ATRi) as monotherapy or in

combination with olaparib in ARID1A deletion or non-

deletion gynecological cancers (including ovarian, endometrial,

cervical, etc.), and treatment outcome will be measured in

RECIST v1.1 (Banerjee et al., 2021). In breast cancer,

concomitant administration of a CHK1 inhibitor and olaparib

restored the sensitivity of BRCA1-deficient resistant triple

negative breast cancer (TNBC) cells (Moustafa et al., 2021).

A phase II clinical trial (NCT03579316) compared a

WEE1 inhibitor (adavotinib) with or without olaparib in

patients with recurrent PARPi-resistant ovarian cancer. The

ORR for monotherapy and combination therapy was 23% vs.

29%, and the median PFS was 5.5 vs. 6.8 months. However, grade

3/4 toxicities occurred in both groups, most commonly

neutropenia and thrombocytopenia, and these toxicities could

be controlled by interruption of treatment or dose reduction

(Westin et al., 2021).

Dinaciclib is an inhibitor of CDK1, CDK2, CDK5 and CDK9,

and also has some inhibitory activity against CDK12. In BRCA

mutant triple negative breast cancer (TNBC) cells, the use of

FIGURE 5
Combination treatment options for ovarian cancer resistant to PARPi. Figures have been created with BioRender.com.
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CDK12 inhibitors restored the sensitivity of tumor cells to

PARPi, and this effect was also observed in a patient-derived

PDX model (Johnson et al., 2016).

The ongoing or completed clinical trials (https://clinicaltrials.

gov/) of ATR/CHK1/WEE1 pathway inhibitors combination

with PARPi are summarized in Table 1.

4.2 Combined use of PARPi and the PI3K-
Akt pathway inhibitors

The phosphoinositide 3-kinase/Akt (PI3K/Akt) signaling

pathway regulates many key processes in tumorigenesis and

development (Lorusso, 2016). The PI3K/Akt pathway

inhibitors have been confirmed to make cancer cells sensitive

to PARPi by down-regulating HRR (Mukhopadhyay et al., 2019).

Preclinical studies have shown that in TNBC models, the use of

PI3K inhibitors down-regulates BRCA1/2, thus, down-regulating

HRR and sensitizing cancer cells to PARPi (Park et al., 2013).

Combined application of these two is the focus of the current

research (Table 2).

For example, PI3K inhibitors, NVP-BEZ235 and VS-5584,

down-regulate HRR and make OC cells with BRCA1 mutations

and recombination sensitive to PARPi (olaparib and rucaparib),

and studies have shown that NVP-BEZ235 reduces the

expression of RAD51. In a preclinical study in TNBC, the

PI3K inhibitor BKM120 significantly reduced proliferation of

TNBC cell lines by assisting olaparib to block PARP-mediated

DNA SSB repair by inhibiting the expression of PARP1 and

PARP2 (Li et al., 2021). In 2017, a phase I dose escalation study

on the combination of BKM120 and olaparib in the treatment of

high-grade serous OC and BC showed that the combination of

BKM120 and olaparib was clinically beneficial (the remission rate

in patients with advanced OC was 29%, BC patients with a

remission rate of 28%) and can be assured of its safety (Matulonis

et al., 2017). Phase 1b trial (NCT01623349) of olaparib and

another PI3Kα-specific inhibitor (alpelisib) demonstrated partial

responses in 36% and stable disease in 50% of 28 patients with

BRCA wild-type OC(Konstantinopoulos et al., 2019). Similarly,

the combination of these two drugs has also achieved promising

results in TNBC. Among the 17 TNBC patients treated, the ORR

was 18%, and 59% had control, and the associated adverse events

were hyperglycemia (18%) and rash (12%) (Westin et al., 2021).

Currently, NCT01589861 is undergoing Phase II trials of

BKM120 and Lapatinib to determine the clinical effect of the

combination. Based on a series of preclinical studies, we have

reason to believe that this study will achieve satisfactory results.

The combination of Akt inhibitors and PARPis can also increase

the sensitivity of cancer cells to PARPi. A clinical trial

(NCT02208375) investigated the efficacy of olaparib in

combination with an Akt inhibitor (capivasertib) in patients

with PARP-resistant recurrent EC, TNBC, and OC -- 5 of the

TABLE 1 Ongoing or completed clinical trials of ATR/CHK1/WEE1 pathway inhibitors combination with PARPi.

Clinicaltrials. Gov
registration/Study
name

Phase Condition or
disease

Patients
(n)

Combination Results

Ongoing NCT04267939 Ib Advanced solid tumors,
including PARP inhibitor
resistant OC

56 BAY1895344 (ATRi) +
Niraparib

MTD and/or RP2D Incidence of
TEAEs Severity of TEAEs-DLT

CAPRI/NCT03462342 II ROC (platinum-sensitive or
platinum-resistant)

86 AZD6738 (ATRi) +
Olaparib

Incidence of TEAEs RRPFS

NCT04149145 I PARP inhibitor resistant
recurrent OC

40 M4344 (ATRi) +
Niraparib

Percentage of patients with TEAEs
MTD ORR PFS

NCT04065269 II Gynaecological Cancers with
ARID1A Loss or no Loss

40 AZD6738 (ATRi) +
Olaparib or
AZD6738 alone

ORR (complete or partial response)

NCT03579316 II PARP inhibitor resistant
recurrent OC

104 AZD1775(WEE1i) +
Olaparib or
AZD1775 alone

ORR DCR

Completed NCT02723864 I Refractory solid tumors 53 M6620 (ATRi) + Veliparib
+ Cisplatin

Incidence of adverse events PR:13.6%

NCT03057145 Do et al.
(2021) PMID: 34131002

I Advanced solid tumors,
including HGSOC with
BRCA1/2 mutation

29 Prexasertib (CHKi)
+Olaparib

MTD: prexasertib 70 mg/m2 iv and
olaparib 100 mg, bid BRCA1mut,
PARPi resistant, HGSOC (N = 18): PR
22.22%

DCR-disease control rate; DLT-dose limiting toxicities; MTD-maximum tolerated dose; ORR-overall response rate; OS- overall survival; PFS- progression free survival; RFS- relapse-free

survival; RR-response rate; TEAEs- treatment emergent adverse events.
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13 treated patients achieved a clinical benefit in the combination

study (Yap et al., 2020). The combined application of these two

drugs deserves further clinical exploration to overcome the

occurrence of PARPi resistance.

4.3 Combined use of PARPi and immune
checkpoint inhibitors

Immune checkpoints regulate the breadth and strength of

immune responses, leading to immune escape and avoiding

damage and destruction of normal tissues by the immune

system, at present, more researches are on cytotoxic T

lymphocyte-associated protein 4 (CTLA-4) and programmed

cell death 1 (PD-1) (Pardoll, 2012). CTLA4 and PD-1

compete with CD28 for binding to B7 molecules on antigen

presenting cells (APCs), transmits inhibitory signals to T cells,

and inhibit their proliferation and activation (Linsley et al., 1994).

Immune checkpoint therapy can block inhibitory checkpoints

(eg, CTLA-4, PD-1), thereby restoring efficient T cell function

and activating the immune system (Zhang et al., 2021). At

present, the use of immune checkpoint inhibitors (ICI) has

achieved preliminary results in clinical trials, and the most

widely used ICI in clinical practice are CTLA-4 inhibitors and

PD-1/PD-L1 inhibitors.

The interaction between tumor immune response-related

mechanisms and DNA damage is critical in cancer therapy,

and one of the most important pathways is cGAS-cGAMP-

STING pathway. PARPis release broken double-stranded

DNA after treating tumors and dsDNA stimulates STING

upregulation, resulting in the production of type I interferon

ϒ and pro-inflammatory cytokines (Ding et al., 2018; Li and

Chen, 2018; Shen et al., 2019); that is, antitumor immune

responses can be mediated after PARPi treatment.

Experiments by Meng J et al. (2021) demonstrated that

niraparib-induced DNA damage activates the STING pathway

in vitro and in vivo, and increases the expression of membrane

PD-L1 and total PD-L1 in OC cells. After combined use of PD-L1

inhibitor, cancer cells are resensitized to T cell killing through

mechanisms such as immunomodulation, so as to enhance the

antitumor effect. And there was no notable difference in body

weight between mice that who were administered the combined

TABLE 2 Phase II clinical trials of PARPis plus other drugs in OC/TNBC with published results.

Clinicaltrials. Gov identifier/
Study
name

Condition or disease Treatment arm Patients Key outcome measures

NCT02734004/MEDIOLA BRCA1/2-mutated metastatic breast
cancer

durvalumab + olaparib 30 DCR of 12 weeks: 80% (N = 24), 90% CI,
64.3–90.9

NCT03579316 Recurrent PARPi-resistant ovarian
cancer

adavosertib 35 ORR: 23% (90% CI)

CBR: 63% (90% CI)

PFS: 5.5 months (90%CI)

Adavosertib + olaparib 35 ORR: 29% (90% CI)

CBR: 89% (90% CI)

PFS: 6.8 months (90%CI)

NCT02657889 Triple-negative Breast Cancer Pembrolizumab +
niraparib

55 ORR:21%, (90% CI, 12%–33%)

DCR:49%, (90% CI, 36%–62%)

CR:5 patients (9%)

PR: 5 patients (9%)

SD: 13 patients (24%)

Ovarian cancer 60 ORR: 18% (90% CI, 11%–29%)

DCR: 65% (90% CI, 54%–75%)

CR:3 patients (5%)

PR: 8 patients (13%)

SD: 28 patients (47%)

NCT02354131/AVANOVA2 Platinum-sensitive recurrent ovarian
cancer

Niraparib plus
bevacizumab

48 PFS:11·9 months (95% CI 8·5–16·7)

Niraparib 49 PFS: 5.5 months (95% CI 8·5–16·7)
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drug and the single drug group, indicating that it is a safe option.

Therefore, we have reason to believe that the combination of

PARPis and immunomodulators may have a stronger effect on

inhibiting tumor growth and blocking immune escape.

There are currently more than 20 clinical trials investigating

the effectiveness of ICIs in breast cancer and advanced

gynecological tumors, but the results are not satisfactory. The

ORR of ICIs alone is less than 10% (Maiorano et al., 2021).

Niraparib in combination with pembrolizumab (a PD-1

inhibitor) was evaluated in a Phase I/II TOPACIO trial in the

treatment of advanced or metastatic TNBC or recurrent OC. In

TNBC, the objective response rate (ORR) was 21% and the

disease control rate (DCR) was 49% in 47 curative evaluable

populations, and the median duration of response (DOR) was

not reached at the time of data cut-off. Among 15 patients with

BRCAmutations with evaluable efficacy, the ORR and DCR were

47% and 80%, respectively, and the median PFS was 8.3 months.

In the 27 cases of BRCA wild-type with evaluable efficacy and in

the cohort with BRCA1/2 mutations, ORR and DCR were 45%

and 73%, respectively (Vinayak et al., 2019). Among 60 patients

with ovarian cancer whose efficacy could be evaluated, the ORR

and DCR were 18% and 65%, respectively. ORRs were consistent

in each subgroup according to the sensitivity of platinum

chemotherapy, whether bevacizumab was used in the past,

whether BRCA had mutation or homologous recombination

deficiency (HRD). A phase I/II MEDIOLA trial investigating

the effects of treatment with olaparib and durvalumab (a PD-L1

inhibitor) in patients with BRCA-mutant metastatic breast

cancer, 80% of 30 eligible and treated patients had disease at

12 weeks was controlled, but this trial did not set up an olaparib-

alone arm to investigate whether adding durvalumab would

increase the clinical benefit of olaparib (Domchek et al., 2020).

A phase II multicohort trial (NCT02912572) investigating

the clinical benefit of avelumab (a PD-L1 inhibitor) versus the

PARP inhibitor talazoparib in patients with microsatellite stable

(MSS) recurrent/persistent endometrial cancer showed that only

3 1 patient had a partial response (ORR = 8.6%) with a PFS of

25.8% at 6 months (Konstantinopoulos et al., 2020). There are

several ongoing clinical trials (NCT03016338, NCT03694262)

investigating the clinical benefit of combining ICI and PARPi

with other drugs in the treatment of endometrial cancer.

Cytotoxic T lymphocyte-associated protein 4 (CTLA-4) acts

as an immune checkpoint and downregulates the immune

response. Compared with PD-L1 inhibitors, CTLA4 inhibitors

have been less studied. A preliminary preclinical study conducted

in a BRCA1-deficient mouse model of OC showed that the long-

term survival of mice was improved when they were treated with

CTLA-4 inhibitors in a synergistic treatment with PARPi

(veliparib) (Higuchi et al., 2015). In a clinical trial

(NCT02571725) on treatment of patients with recurrent OC

with BRCA deficiency, using olaparib and tremelimumab

(CTLA4 inhibitor), the Phase 1/2 experiment is underway

(Fumet et al., 2020).

However, it seems that the combined use of ICIs and PARPis

has not achieved the expected effect, and most experiments only

discuss the effect of combined use without setting a PARPis alone

group to compare how much additional clinical benefit can be

obtained by adding ICIs.Why did the combination of the two not

achieve a more significant therapeutic effect? Jennifer et al.

suggested that the reason may be macrophage-mediated

immunosuppression. Macrophages have an MI-like anti-

tumor phenotype and an M2-like tumor-promoting

phenotype (Locati et al., 2020). PARPi treatment induces

macrophage differentiation to M2 phenotype under the

mediation of sterol regulatory element-binding protein 1

(SREBP1) and promotes the expression of colony-stimulating

factor receptor (CSF-1R) required for self-survival, while CSF-

1R-positive macrophages inhibit the function of T cells and

promote tumor growth and invasion. Previous experiments

have demonstrated that inhibition of CSF-1R reduces the

production of the M2 phenotype in macrophages, and tumor

growth is suppressed in mice lacking CSF-1R (Denardo et al.,

2011). In BRCA1-deficient TNBC mice treated with olaparib

alone, the PFS was 63 days, the PFS increased to 82.5 days after

the combination of a CSF-1R inhibitor and olaparib, and 80% of

the tumors in the combination group were completely eliminated

on the 34th day. In addition, it was found that the use of olaparib

and CSF-1R inhibitors in the BRCA-proficient mouse tumor

model had no significant therapeutic effect, indicating that tumor

immunotherapy was related to BRCA status.

Further studies found that the use of SREBP1 inhibitor

reversed the high expression of CSF-1R induced by PARP

inhibitor. In an aggressive TNBC mouse model, treatment

with PARPi + SREBP1 inhibitor + CSF-1 inhibitor

significantly improved tumor growth inhibition compared to

CSF-1 inhibitor + olaparib (Mehta et al., 2021).

4.4 Combined use of PARPi and heat
shock protein inhibitors

Studies have shown that heat shock protein 90 (HSP90) is

highly expressed in lung cancer, breast cancer, and many other

cancers (Katoh et al., 2000; Workman and Powers, 2007).

HSP90 stabilizes protein conformation through multi-

molecular chaperone complexes, promotes the proliferation

and growth of cancer cells, and affects many oncogene-related

pathways. HSP90 can restore the HR function of cells and make

them resistant to PARP by stabilizing the BRCA terminal

domain. Studies have shown that the use of the HSP inhibitor

17-allylamino-17-demethoxygeldanamycin (17-AAG) in many

cancers degrades BRCA through the ubiquitin-proteasome

pathway, making it vulnerable to PARPi. Resensitization

demonstrated that dual-target inhibitors of PARP and

HSP90 have stronger selective cytotoxicity against tumors

(Stecklein et al., 2012). A current preclinical trial on the
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combination of HSP90 inhibitor onalespib (at13387) and PARPi

in the treatment of ovarian cancer shows that in the mouse OC

patient-derived xenograft (PDX) model, onalespib can obtain a

good therapeutic effect in patients with acquired PARPi

resistance without any obvious toxic and side effects. In the

subsequent phase I clinical study, a total of 28 patients with

advanced solid cancer were enrolled, of which two patients with

BRCA-mutated HGSOC who had previously received Olaparib

and onalespib therapy had stable disease after 24 weeks of

treatment. Overall, 68% of patients had stable disease, 32%

had progressive disease, and 32% experienced clinical benefit

from the regimen (Konstantinopoulos et al., 2022). At present,

the HSP90 inhibitor TAS-116 (pimitespib) has achieved great

results in the treatment of gastric stromal tumors, significantly

prolonged PFS compared to the original treatment (Doi et al.,

2019; Saito et al., 2020). It is expected that other HSP90 inhibitors

will achieve good therapeutic effects in gynecological tumors.

4.5 PARPi combined with targeted therapy
drugs

The targeted drugs currently studied in combination with

PARP for the treatment of cancer mainly include anti-angiogenic

drugs (such as bevacizumab) and EGFR-targeted drugs (such as

cetuximab).

Anti-angiogenic drugs make tumor cells achieve a hypoxic

state by inhibiting tumor angiogenesis, causing DNA damage in

tumor cells, and the most characteristic feature is DNA DSB; at

this time, DNA replication pressure increases, and then the

expression of HRR pathway-related proteins, such as

RAD51 and BRCA1/2, is down-regulated through various

ways, and the final result is HRR defects. Therefore, in

combination with antiangiogenic drugs, it may increase tumor

sensitivity to PARPi. Bevacizumab inhibits the vascular

endothelial growth factor (VEGF) to inhibit tumor growth

and invasion. In the phase II trial of AVANOVA2, one group

of patients with recurrent ovarian cancer received niraparib alone

and the other group received niraparib and bevacizumab in

combination. PFS was significantly improved (11.9 vs

5.5 months, p < 0.001). In another clinical study of olaparib

combined with cediranib in the treatment of patients with OC,

the effect of the combination therapy was stronger than that of

monotherapy, especially in the non-BRCA mutation group. The

PAOLA phase III trial enrolled 806 patients with advanced high-

grade ovarian cancer to receive olaparib or olaparib in

combination with bevacizumab. Compared with bevacizumab

alone, treatment with PARPi significantly improved the patients’

survival rate. Progression-free survival (22.1 vs. 16.6 months; HR

0.59; 95% CI, 0.49–0.72; p < 0.001). Among patients with HRD-

positive ovarian cancer, the combination group had the most

significant benefit, with a median PFS of 37.3 months in the

combination group and 17.7 months in the bevacizumab-alone

group (HR, 0.33; 95% CI, 0.25–0.45), among HRD-positive

patients without BRCA mutations, median PFS was

28.1 months in combination therapy versus 16.6 months in

monotherapy (HR, 0.43; 95%) CI, 0.28–0.66). Adverse events

occurred in 31% of patients in both groups, with a higher rate in

the bevacizumab plus olaparib group than in the bevacizumab

alone group. Olaparib plus bevacizumab as first-line

maintenance therapy provided significant antitumor activity

and safety in HRD-positive patients regardless of BRCA status

(Ray-Coquard et al., 2019).

Cetuximab acts on the epidermal growth factor receptor

(EGFR) and blocks the intracellular signal transduction

pathway by inhibiting tyrosine kinase (TK) bound to EGFR,

thereby inhibiting cancer cell proliferation and inducing

apoptosis. In vitro experiments on head and neck tumors

demonstrate that inhibition of EGFR with cetuximab (C225)

sensitizes cells to PARPi (ABT-888) (Nowsheen et al., 2011). This

is because C225 reduces NHEJ and HR-mediated DSB repair,

resulting in DNA damage that persists after PARPi use. Through

this mechanism, C225 can make the head and neck tumor cells

susceptible to PARP inhibition. Therefore, the combination of

C225 and ABT-888 may be an innovative therapeutic strategy,

but this combination method has not been currently used in

gynecological tumors, and further research is needed.

4.6 PARPi combined with ALK inhibitors

Ceritinib is an ALK kinase inhibitor for first-line ALK-

positive treatment-naïve patients. It can inhibit the complex I

of the mitochondrial electron transport chain, which cooperates

with PARPis to generate reactive oxygen species, and then

reactive oxygen species can induce DNA damage (Friboulet

et al., 2014). Repair of this damage requires the participation

of PARP. These mechanisms suggest that ceritinib combined

with PARPis may increase its therapeutic efficacy in cancer. The

combination of ceritinib and olaparib showed superior cancer

inhibition in OC cell lines, and also in the HGSOC PDX model;

the results showed that ceritinib monotherapy had no significant

effect, but it could increase the therapeutic effect of olaparib in

the PDX model (Kanakkanthara et al., 2022), and this result

provides the basis for the clinical study on the combination of

these two. There is currently no clinical trial to further explore

the effect of the combined use of these two drugs on the clinical

benefit of patients, which is also the direction of future research.

4.7 PARPi combined with histone
deacetylase inhibitors

Histone deacetylase inhibitors (HDACi) can reduce the

expression of HRR-related proteins (Roos and Krumm, 2016;

Wilson et al., 2022). Vorinostat is the first HDACi to be
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developed. In vitro, transcriptome sequencing results showed

that the expression of HR repair-related molecules was decreased

in OC cell lines treated with the HDACi panobinostat. Likewise,

the combined use of PARPi and HDACi enhanced DNA

damage and decreased HR repair capacity (Wilson et al.,

2022). In vivo experiments showed that HDACi combined

with PARPi significantly inhibited the growth of xenograft

tumors compared with the two drugs alone--OC and TNBC

increased the antitumor effect after treatment with the two

drugs (Yalon et al., 2016). Olaparib in combination with

Entestat, a novel HDAC inhibitor, is being studied in a

phase I/II clinical trial (NCT03924245) in the treatment of

relapsed, platinum-refractory or resistant HGSOC and

fallopian tube cancer. Key outcome measures are MTD

and ORR.

4.8 PARPi combined with drugs targeting
NAD+ metabolism

PARP1 uses oxidized NAD+ as a substrate for PARylation,

which plays a key role in DNA repair and cell signal transduction.

Inhibition of NAD+ production modulates PARPi

responsiveness. Over-activation of PARP1 caused by oxidative

stress and DNA damage can cause a rapid decrease in

intracellular NAD+ concentration, resulting in a rapid decline

in the level of intracellular energy metabolism (Houtkooper et al.,

2010). Cells maintain the level of NAD+ through the salvage

pathway, and nicotinamide phosphoribosyltransferase

(NAMPT) exerts its biological function as the rate-limiting

enzyme of the NAD+ salvage synthesis pathway (Tateishi

et al., 2015). Bajrami et al. observed that knockdown of

NAMPT in TNBC cell lines increases olaparib sensitivity.

Olaparib alone caused a 36% inhibition of cell survival in

BRCA-deficient TNBC cell lines, which was increased to 72%

when the NAMPT inhibitor (FK866) was added. In vivo

experiments were carried out in the TNBC model of nude

mice, and olaparib, FK866, and olaparib plus FK866 were

used to treat xenograft model mice. The results showed that

compared with any single drug treatment, the drugs in the

combination group significantly inhibited the tumors growth,

and two nude mice in the combined group (n = 10) had complete

tumor regression at 39 days. FK866 can significantly inhibit the

growth and proliferation of OC cells both in vitro and in vivo, but

there is no study to explore the effect of combination therapy

(Bajrami et al., 2012). In addition, NADP+,a derivative of NAD+

competes with PARP to bind to the NAD+ site and inhibits

PARylation. It can be regarded as an endogenous PARP

inhibitor. When the NADP+ content in cancer cells is high, it

will confer PARPis sensitivity (Bian et al., 2019). In conclusion,

the relationship between the regulation of NAD+metabolism and

PARPi sensitivity is still in its infancy, and more preclinical and

clinical studies are needed to explore the link between the two, in

order to utilize the metabolic fragility of cancer cells to improve

PARPi sensitivity.

4.9 PARPi combined with POLQ inhibitor

In addition to being an antibiotic, novobiocin (NVB) can also

inhibit the activity of POLQ ATPase. Both in vivo and in vitro

experiments have demonstrated that NVB can induce HR-

deficient tumor cell death (Zhou et al., 2021). ART558 is a

small-molecule Polθ inhibitor that has a synergistic effect with

PARPi, and it has a stronger inhibitory effect on cells (including

ovarian cancer and breast cancer cells) when used at the same

time in BRCA1/2 mutant cells. Interestingly, tumor cells were

more sensitive to POLQ inhibitors when the expression of

53BP1 in BRCA-deficient cells was reduced, suggesting that

ART558 may resensitize patients with acquired resistance to

PARPi by inhibiting DNA end excision protection (Zatreanu

et al., 2021). ART4215 is the first Polθ inhibitor to enter clinical

development and is currently undergoing clinical trials of

ART4215 as monotherapy or in combination with PARPi

inhibitors in advanced solid tumors, and treatment is still

ongoing. POLQ inhibitors are promising drugs either as an

alternative to or in combination with PARP inhibitors.

4.10 PARPi combined with LIG3 inhibitor

Single-stranded DNA gaps are created after PARPi

treatment, and DNA ligase III (LIG3) is a known DNA repair

factor that catalyzes DNA end joining (Taylor et al., 2000).

Inhibition of LIG3 in BRCA1-deficient cells and in BRCA1/

53BP1 double-deficient cells promotes PARPi-induced

accumulation of single-stranded DNA gaps, ultimately leading

to accumulation of chromosomal aberrations and cell death.

Experiments showed that compared with parental cells, the

sensitivity of tumor cells to PARPi was significantly increased

after LIG3 knockout; PARPi-resistant cells regained sensitivity to

PARPi after LIG3 depletion. Reversal of PARPi resistance by

LIG3 is due to increased single-stranded DNA gap independent

of HR (Paes Dias et al., 2021). The combined effect of the two

needs further animal experiments and clinical trials to verify.

4.11 PARPi combined with BBIT20

In addition to the above chemical drugs, a natural

monoterpene indole alkaloid derivative, namely dregamine 5-

bromo-pyridin-2-ylhydrazone (BBIT20), has also made new

progress in reversing PARPi resistance. BRCA1-associated

ring domain protein (BARD1) binds to BRCA1 to form

BRCA1-BARD1, which can self-localize to DSB and promote

HR-mediated DSB repair. BBIT20 can inhibit the interaction
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between BRCA1 and BARD1, resulting in decreased

BRCA1 expression, especially in nuclear BRCA1, thereby

inhibiting HRR. BBIT20 significantly enhanced olaparib in

patient-derived OC cells and TNBC cells without inducing

drug resistance. BBIT20 and olaparib were then used to treat

OC xenograft mouse models, respectively, and the results showed

that BBIT20 inhibited tumor growth more strongly than olaparib

(Raimundo et al., 2021). These preclinical studies show that

BBIT20 has a very promising application in the treatment of

cancer, whether as a single drug or a combination drug.

5 Conclusion and future outlook

An increasing number of preclinical and clinical studies help

us understand the mechanism of PARP inhibitor resistance. At

present, the use of PARPis as first-line maintenance therapy for

breast and ovarian cancer is satisfactory, and its clinical

application range is gradually expanding (such as pancreatic

cancer and prostate cancer). However, there are many

troublesome problems behind the surprise of PARPis, and the

occurrence of acquired drug resistance is one of the problems

that cannot be ignored. The development of PARPi resistance, as

described in this paper, is caused by a variety of mechanisms,

most of which have been studied in cell lines and mouse models,

but the actual clinical treatment is different from pure preclinical

research. Many patients have developed resistance to drugs, such

as platinum or paclitaxel, before using PARPi treatment, which

will lead to the generation of PARPi cross-resistance. Therefore,

the resistance of PARPi in clinical treatment may be different

from preclinical studies. More clinical samples and studies are

needed to further determine a more comprehensive mechanism

of PARPi resistance.

In order to solve the problem of PARPi resistance, we studied

the therapeutic effect of PARPis combined with other drugs in

order to improve its therapeutic effect, PARPis plus ATR/CHK1/

WEE1 pathway inhibitors, PARPis plus PI3K/Akt pathway

inhibitors, PARPis plus ICIs, PARPis plus HSP90 inhibitors,

PARPis plus targeted therapy drugs, PARPis plus ALK inhibitors,

PARPis plus HDACis, PARPis plus drugs targeting NAD+

metabolism, and PARPis plus POLQ inhibitor have shown

certain effects in preclinical and clinical studies. But with so

many types of drugs, which one will bring the greatest benefit to

the patient? Will the combination drug produce more toxic and

side effects while improving the efficacy and prolong the survival

of patients, and will the quality of life of patients decrease? Can

patients afford the financial stress of multiple medications? These

are hot issues of clinical concern.

According to the existing clinical studies, PARPis combined

with the ATR/CHK1/WEE1 pathway inhibitors is the current

choice that takes into account the clinical benefits and safety. The

patients’ PFS and OS have been significantly improved, and the

adverse reactions are also within the range of patients’ tolerance.

In recent years, ICIs, as revolutionary drugs for tumor treatment,

have made great progress in clinical treatment as a single

treatment plan, but unfortunately they have not achieved 1 +

1>2 effect in combination with PARPis; the therapeutic effect of

combined targeted drugs is acceptable, but the incidence of

adverse reactions in patients is greatly increased. Research on

other drugs is currently mostly concentrated in preclinical

studies, with no clinical trials or experiments in progress.

According to the mechanism analysis, POLQ inhibitor induces

tumor cell death from two aspects and seems to be a more

promising drug. Finally, further exploration of biomarkers

associated with PARPi response and clinical classification

based on them to determine which combination therapy is

most suitable for patients will allow for more individualized

clinical treatment.
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ABT-199 (venetoclax) is the first-in-class selective B-cell lymphoma 2 (BCL2)

inhibitor, which is known to be ineffective towards liver cancer cells. Here, we

investigated the efficacy and the underlying molecular processes of the

sensitization effect of kaempferol isolated from persimmon leaves (KPL) on

the ABT-199-resistant HepG2 cells. The effects of various doses of KPL coupled

with ABT-199 on the proliferation of HepG2 cells and on the H22 liver tumor-

bearing mouse model were examined, as well as the underlying mechanisms.

Our findings showed that ABT-199 alone, in contrast to KPL, had no significant

impact on hepatoma cell growth, both in vitro and in vivo. Interestingly, the

combination therapy showed significantly higher anti-hepatoma efficacy.

Mechanistic studies revealed that combining KPL and ABT-199 may promote

both early and late apoptosis, as well as decrease the mitochondrial membrane

potential in HepG2 cells. Western blot analysis showed that combination of KPL

and ABT-199 significantly reduced the expression of the anti-apoptotic proteins

Bcl-2, Bcl-xL, and Mcl-1, raised the expression of Bax and cleaved caspase 3,

and enhanced cytochrome C release and Bax translocation. Therefore, KPL

combinedwith ABT-199 has a potential application prospect in the treatment of

hepatocellular carcinoma.

KEYWORDS

hepatocarcinoma, preclinical model, kaempferol, persimmons leaves, ABT-199, Bcl-2,
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1 Introduction

Hepatocellular carcinoma (HCC), the most common type

of primary liver cancer, is one of the most well-known harmful

tumours. The death rate is second to gastric cancer and

cellular breakdown in the lungs and is the fifth driving

reason for tumour-related deaths in the world (Siegel et al.,

2018). Most patients with HCC rely on chemotherapy and

radiotherapy for treatment, but conventional chemotherapy

and radiotherapy often fail to achieve satisfactory results (Liu

et al., 2015). Although surgical removal can be regarded as

curative treatment therapy, recurrence remains as a major

issue (Qian et al., 2021). Furthermore, liver cancer is often

diagnosed at advanced stages, which surgical intervention

may not be feasible. Therefore, finding new therapeutic

drugs and therapeutic targets has become an urgent task

for medical researchers.

ABT-199 (Venetoclax) is the first Bcl-2 inhibitor approved by

FDA for the treatment of patients with chronic lymphocytic

leukemia, small lymphocytic lymphoma (SLL) and acute myeloid

leukemia (AML) (Cang et al., 2015; Deeks, 2016). Several reports

on the therapeutic potentials of ABT-199 on chronic lymphocytic

leukemia (Souers et al., 2013), breast cancer (Vaillant et al., 2013)

and other malignant hematologic cancers and solid tumours

(Itchaki and Brown, 2016; Shi et al., 2021; Weller et al., 2022). To

the best of our knowledge, there’s no reports to date

demonstrating the effects of ABT-199 in HCC. Many tumour

cells over-express Mcl-1 protein, resulting in the imbalance of

interaction between anti-apoptotic members and pro-apoptotic

members, leading to malignant proliferation of tumour cells.

Studies have reported that, as an important anti-apoptotic

protein, Mcl-1 is also over-expressed in hepatocellular

carcinoma (Fleischer et al., 2006), which is one of the

important factors of HCC drug resistance (Sieghart et al.,

2006). The rational for the combination of agents based on

the mechanism of antineoplastic drugs and the dynamics of

proliferation is gaining attention in the field of tumour

chemotherapy in recent years, and it is also one of the

effective methods to overcome tumour resistance (Boshuizen

and Peeper, 2020).

Persimmon leaves are the fresh or dried leaves of

Diospyros kaki L. f., a species of the Ebenaceae family.

Previous literature demonstrated that persimmon leaves

have many ethnopharmacological properties, such as

reducing blood pressure, hemostasis, reducing blood sugar,

reducing blood lipid, antioxidant, antibacterial, liver

protection, anti-tumour, etc (Kim et al., 2020a; Kim et al.,

2020b). In our previous studies, we found that the ethyl acetate

part of persimmon leaves and the total flavones of persimmon

leaves could inhibit the tumour growth of H22 tumour-

bearing mice (Chen et al., 2018). We also showed that the

total flavones extracted from persimmon leaves had

significant inhibitory effects on liver cancer and breast

cancer, by regulating the redox state and increasing the

level of ROS in cells to promote apoptosis (Chen et al.,

2020). The main active components of total flavonoids in

persimmon leaves are kaempferol, quercetin and its glycosides

(Liu et al., 2012; Xie et al., 2015). Among these flavonoids,

several studies have confirmed that kaempferol has broad-

spectrum anti-tumour activities against liver cancer, breast

cancer, colon cancer, prostate cancer, bladder cancer, cervical

cancer, etc (Wang et al., 2019; Zhang et al., 2022).

Epidemiological studies showed that dietary intake of

flavonoids, including kaempferol, is correlated with low

incidences of liver cancer (Zamora-Ros et al., 2013).

Previous molecular studies have shown that kaempferol

inhibits HepG2 cell proliferation, migration, and invasion,

as well as cell viability in a dose- and time-dependent manner

(Zhu et al., 2018). Furthermore, treatment with kaempferol

can induce apoptosis and cause cell cycle arrest at the G2/M

phase, thus preventing tumour cell migration and invasion

(Huang et al., 2013; Sharma et al., 2021). Interestingly,

previous research has linked kaempferol’s anti-tumour

effect to Bcl-2 family proteins that regulate the endogenous

mitochondrial apoptosis pathway, which can downregulate

Bcl-2 and Mcl-1 while increasing Bax protein expression

(Imran et al., 2019; Zhu and Xue, 2019; Afroze et al.,

2022). Therefore, in this study, we hypothesized that KPL

can increase the sensitivity of hepatocarcinoma cells that is

resistant to ABT-199, by down-regulating the expression of

Mcl-1. Furthermore, we examined the sensitization effect and

elucidated the underlying molecular mechanism of the

selective Bcl-2 inhibitor ABT-199 combined with KPL on

HepG2 cell lines in vitro and in vivo.

2 Materials and methods

2.1 Cell-line and animals

HepG2 cells were purchased from Stem Cell Bank, Chinese

Academy of Sciences (SCB, Shanghai, China), and were routinely

cultured according to the protocol provided by SCB.

H22 ascites tumour mice were obtained from Guangxi

Institute of Traditional Chinese Medicine and Pharmaceutical

Science. Six-week-old Kunming mice (male and female, SPF)

were purchased from Human SJA Laboratory Animal Co., Ltd.,

weighing at 18–22 g (Certificate No. SYXK 2019–0017,

Changsha, China). All animal experimentations reported in

this study were carried out in accordance with the guidelines

for the use and care of experimental animals and were approved

by the Experimental Animals Committee at Guangxi University

of Science and Technology. The mice were housed at room

temperature between 20–26°C, the humidity was 40–70%,

under a 14:10 light/dark cycle. The mice had free access to

feed and drinking water for the whole experimentation period.
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2.2 Chemicals and reagents

Silica gel column chromatography was purchased from Marine

Chemical plant (Qingdao, China). Petroleum ether 60, ethyl acetate,

chloroform, methanol and glacial acetic acid were purchased from

Xilong Chemical Co., Ltd. (Guangzhou, China). Dimethyl Sulfoxide

(DMSO) was purchased from Kulaibo Technology Co., Ltd.

(Beijing, China). Eagle’s minimum essential medium (EMEM),

trypsin, and fetal bovine serum (FBS) were purchased from

Shuangru Biotechnology Co., Ltd. (Shanghai, China). Persimmon

(Diospyros kaki L.) leaves were purchased from Yaoyuan Trading

Inc. (AnguoCity, Hebei Province, China) (BatchNo. 161011). ABT-

199 and kaempferol reference standards were purchased from

TargetMol (MA, United States).

Cell counting kit-8 (CCK-8), RIPA lysis buffer, PMSF solution,

Quick block solution, primary antibody dilution buffer, secondary

antibody dilution buffer, SDS-PAGE gel preparation kit, Tris

buffered saline, SDS-PAGE electrophoresis buffer, pre-stained

color protein ladder, cell mitochondria isolation kit, 4%

paraformaldehyde fix solution and crystal violet staining solution

were purchased from Beyotime (Shanghai, China). Hoechst 33,342,

Annexin V, and propidium iodide (PI) were purchased from BD

BioSciences (San Jose, CA, United States). JC-1 mitochondrial

membrane potential assay kit was purchased from Cayman

Chemical (MI, United States). Polyvinylidene difluoride (PVDF)

membrane and ECL reagent were purchased from Millipore (MA,

United States). BCA protein assay kit was purchased from Merck

(novagen series, Germany). The manufactures and catalogue

numbers of antibodies used in this study are listed as follows,

Bcl-2 (Cell Signaling Technology, MA, United States, #4223T, 1:

1000), Bcl-xL (Cell Signaling Technology, MA, United States, #

2764T, 1:1000), Bax (Cell Signaling Technology, MA, United States,

#5023T, 1:1000), Mcl-1 (Cell Signaling Technology, MA,

United States, #5453T, 1:1000), Caspase 3 (Cell Signaling

Technology, MA, United States, #9665T, 1:1000), α-Tubulin (Cell

Signaling Technology, MA, United States, #2125S, 1:1000), Cyt C

(Cell Signaling Technology, MA, United States, #4280T, 1:1000),

secondary antibody (horseradish peroxidase-conjugated goat anti-

rabbit) (Cell Signaling Technology, MA, United States, sub-

packaged by Asbio Technology, # as006, 1:1000).

2.3 Kaempferol isolated from persimmon
leaves (KPL) and the content
determination

Kaempferol from persimmon leaves (KPL) was isolated from the

total flavonoids of persimmon leaves by the Pharmacological

Laboratory of Pharmacy, Department of Medicine, Guangxi

University of Science and Technology. The extraction method was

described by Chen et al. previous studies (Chen et al., 2018; Chen

et al., 2020). Briefly, 20.0 g of persimmon leaveswas separated by silica

gel column chromatography (360.0 g, 200~300 mesh sieves). The

crude powder was obtained by gradient elution of petroleum ether

60 - ethyl acetate (100:0→ 100:1→ 80:1→ 50:1→ 20:1→ 10:1→ 5:

1 → 2:1 → 0:100, V/V). The compound in powder form (12.4 mg)

was obtained by repeated silica gel column chromatography with

chloroform - methanol - glacial acetic acid (75:15:1, V/V) as eluent.

The content of KPL was determined by HPLC, and the standard

curve was prepared with different concentrations of kaempferol

reference materials. Chromatographic conditions: the

chromatographic column is Ultimate XB-C18 (5 μm, 4.6 mm ×

250mm); the mobile phase was acetonitrile: 0.2% phosphoric acid

aqueous solution = 32: 68; the flow rate was 1.0 ml/min; the detection

wavelength was 360 nm; the column temperature was room

temperature; the sample volume was 20 μL.

2.4 Cell culture

HepG2 cell line used in this study was cultured in EMEM

medium, supplemented with 10% FBS, 100 U/ml of penicillin

and 100 U/ml of streptomycin at a 37°C incubator (Thermo,

United States) supplied with 5% CO2. The cells in the logarithmic

growth phase were applied in the following assays.

2.5 Cell growth inhibition assays of
ABT-199

Cells (5×103 cells/well) were seeded in 96-well plates, cultured

overnight to allow cells attachment, and treated with ABT-199 at the

concentrations of 1, 2, 5, 10 and 15 μM respectively. After 48 h

treatment, 10 μL of CCK-8 dye was added into each well to a final

concentration (v/v) of 10% and incubated for another 2 h.

Subsequently, the absorbance (OD) was measured at 450 nm by

Multiskan GOmicroplate reader of multi-wavelength measurement

system (Thermo Scientific, MA, United States). Cell growth

inhibition rate was evaluated as the ratio of the absorbance of

the treated samples to that of the negative control samples and

analyzed by Prism 6 software (GraphPad Software Inc. San Diego,

CA, United States). All experiments were carried out in triplicate.

The formula of cell growth inhibition (%) is as follows:

growth inhibition (%) � (1 − ODT
ODC

) × 100%

Where ODT is the average OD value of the treated samples and

ODC is the average OD value of the negative control samples.

2.6 Cell growth inhibition assays of ABT-
199 combined with KPL

According to the preliminary experimental results (Figure 1A),

the growth inhibition rate (%) of ABT-199 on HepG2 cells at the

above five different concentrations were all less than 2% without
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significant difference, indicating that ABT-199 did not inhibit the

proliferation of HepG2 cells. Thus, 2 μM of ABT-199 was selected

for the subsequent experiments. Cells (5 × 103 cells/well) were seeded

in 96-well plates, cultured overnight to allow cells attachment, and

treated with KPL at the concentration of 10, 50, 100, 200 and

300 μM alone or combined with 2 μM of ABT-199 to the

corresponding wells for 48 h. Cell growth inhibition assays were

conducted as described in Section 2.5 (Cell growth inhibition assays

of ABT-199).

2.7 Colony forming assay

Cells were seeded in 6-well plates at 1 × 105 cells/well and

incubated overnight. The cells were next treated with KPL at the

concentration of 100 and 200 μM alone or combined with ABT-

199 at 2 μM to the corresponding wells. After treatment for 24 h, the

culture medium was discarded and fresh complete medium was

added to continue the culture. The culture medium was changed

every 3–4 days until there were colonies visible to the naked eye

(about 14 days). After that, the culture solution was discarded, 4%

paraformaldehyde was added to the wells and the cells were fixed for

10min. After fixation, the cells were washed with distilled water and

stained with crystal violet staining solution for 10 min. After

staining, the staining solution was removed through repeated

washing. Photos were taken and the formation of cell clones in

each group was compared by using Image J (NIH, United States).

The experiment was carried out in quadruplicate as described

previously with minor modifications (He et al., 2020).

2.8 Apoptosis assay

HepG2 cells were seeded in a 96-well clear bottom black plate at

a density of 5 × 103 cells/well and cultured overnight. Following

attachment, cells were treated with KPL at the concentration of

100 and 200 μM alone or combined with ABT-199 at 2 μM to the

correspondingwells for 24 h. The negative control groupwas treated

with complete medium only. Each treatment group had four

replicates. After treatment for 24 h, 1 μL Hoechst 33342, 5 μL PI,

and 5 μL FITC-Annexin V were added to each well. Apoptosis in

each group was evaluated and analyzed by ArrayScan VTI High

Content Screening reader (Thermo Scientific, MA, United States).

The Excitation/Emission wavelengths for Hoechst 33,342, FITC-

Annexin V, and PI were 350/461 nm, 494/518 nm, and 535/617 nm,

respectively (Alsaif et al., 2017).

2.9 Determination of mitochondrial
membrane potential

Cells were seeded in 6-well plates at 3 × 105 cells/well and

incubated overnight. The cells were next treated with KPL at the

concentration of 100 and 200 μM alone or combined with ABT-199

at 2 μM to the corresponding wells. After treatment for 24 h, the

culture medium was discarded, and the cells were washed with PBS.

Then JC-l Staining Solution with the final concentration of 10 µg/ml

was added to the cells followed by incubation in the dark at 37°C for

30 min. The supernatant was discarded, and the cells were washed

with assay buffer before observation. The images were observed in

dark and captured under TS2-FL ECLIPSE inverted fluorescence

microscope (Nikon Imaging Japan Inc.).

2.10 Western blot assay

The effects of KPL combined with ABT-199 on apoptosis-

related proteins were detected in the total protein of HepG2 cells.

Cells were seeded in 6-well plates at 5 × 105 cells/well and incubated

overnight. After the cells were treated with corresponding reagents

for 24 h, the culture medium was discarded and the cells were

washed with PBS. Then, the cells were lysed with RIPA containing

FIGURE 1
Effect of KPL combined with ABT-199 on the growth
inhibition of HepG2 cells. (A) Growth inhibition percentage (%) of
different concentrations of ABT-199 against HepG2 cell line. Cells
were seeded in a 96-well plate and treated with 1–15 μM
ABT-199 for 48 h, and the growth inhibition percentage of cells
was detected with CCK-8 kit. (B)Growth inhibition percentage (%)
of different concentrations of KPL combined with 2 μM ABT-199
on HepG2 cell line. Cells were seeded in a 96-well plate and
treated with 10–300 μM KPL for 48 h with or without 2 μM ABT-
199, and the growth inhibition percentage of cells was determined
by CCK-8 kit. Values are means ± SD (n = 4). **p < 0.01, ***p <
0.001 versus the same concentration KPL only group.

Frontiers in Pharmacology frontiersin.org04

Chen et al. 10.3389/fphar.2022.1032069

31

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1032069


protease inhibitor PMSF, and centrifuged at 1.2 × 104 g for 15 min at

4°C to collect the supernatant. The effects of KPL combined with

ABT-199 on Cyt C release and Bax translocation in HepG2 cells

were detected in mitochondria and cytoplasmic proteins. The

mitochondria proteins were isolated according to the instruction

of cell mitochondria isolation kit manual (Cayman Chemical, MI,

United States). All the proteins concentration was quantified by the

BCA method.

Equal amounts of protein (20–40 μg) were separated by 12%

SDS-PAGE gel electrophoresis and transferred onto PVDF

membranes. After blocking with 5% TBST milk, the membranes

were hybridized with primary antibodies: Bcl-2, Bcl-xL, Bax, Mcl-1,

Caspase 3, cleaved caspase 3, Cyt C and α-Tubulin. The ratio of

primary antibody and primary antibody diluent is 1:1000. All the

membranes were incubated with their respective primary antibodies

overnight at 4°C and the corresponding horseradish-peroxidase-

conjugated secondary antibodies for 1 h at room temperature. α-
Tubulin was used as the housekeeping protein. The blots were

developed using ECL reagent and visualized by an automatic

chemiluminescence imaging system (GelView 6000 Pro,

Guangzhou bolutang Instrument Co., Ltd.), and the protein

levels were quantified using Image J software.

2.11 Animal models and experimental
design

The solid tumour model was established using the method

previously described (Chen et al., 2018). In brief, four ascites tumour

mice with H22 cells passaged in the abdominal cavity for 7–9 days

were taken, themice were sacrificed, and ascites were collected under

sterile conditions. The ascites was diluted to 1 × 106 cells/mL with

normal saline and 0.2 ml of the ascites was inoculated

subcutaneously to healthy Kunming mice in the armpit of the

right forelimb. After 24 h inoculation, the mice were randomly

divided into 4 groups with 10mice in each group (half male and half

female): control, ABT-199 (100 mg/kg), KPL (100 mg/kg), KPL

(100 mg/kg) +ABT-199 (100 mg/kg). The mice were treated by

intraperitoneal injection (i.p.) daily for 10 continuous days. On the

11th day, themice were sacrificed by cervical dislocation, the tumour

weights were measured, and the tumour inhibition rates were

calculated using the following formula:

tumour inhibition (%) �
tumour weight inmodel group (g) − tumour weight in experimental group (g)

tumourweight inmodel group (g) × 100%

2.12 Statistical analysis

The experimental data were analysed by SPSS 25.0 statistical

software (IBM, Chicago, IL, United States), and the measurement

data were expressed as mean ± SD. One-way analysis of variance

(ANONA) followed by Tukey’s post hoc test was used for

comparison between multiple groups. p < 0.05 is considered as

statistically significant.

3 Results

3.1 Identification and content
determination of KPL

The compound, KPL, was in the form of yellow acicular crystal

with the melting point of 276–278°C. KPL was soluble in

chloroform, methanol, ethyl acetate and acetone but insoluble in

petroleum ether and water. The compound was presented as yellow

in the 10% sulfuric acid ethanol test and showed positive in the ferric

chloride reaction and magnesium hydrochloride powder reaction.

The 13C NMR data (Table 1) of KPL is consistent with the 13C NMR

data of kaempferol reported in the previous literature (Chen et al.,

2018; Chen et al., 2020). Therefore, it is concluded that the

compound isolated from PLF was KPL, and the content of KPL

was 91.23% as determined by HPLC.

3.2 The inhibitory effect of KPL and ABT-
199 co-administration on the growth of
Mcl-1 overexpressing HepG2 cell line

HepG2 cell line with high expression of Mcl-1 (Yu et al., 2016)

was employed in this study. First, we examined the potential growth

inhibition effect of ABT-199, ranging from 1–15 μM using CCK-8

staining. As shown in Figure 1A, the growth inhibitory effect of

ABT-199 at all tested concentrations were lower than 2%, which

showed that ABT-199 had no inhibitory effect against HepG2 cell

line, proving that hepatoma cells were insensitive to ABT-199. ABT-

199 at 2 μMwas chosen as the combination treatment with KPL for

the subsequent experiments. As shown in Figure 1B, KPL alone

(horizontal slashed bars, 10–300 μM) significantly inhibited the

growth of HepG2 cells, in a concentration-dependent manner.

Interestingly, when combined with 2.0 µM of ABT-199, the

inhibitory effect of KPL is significantly higher at each tested

concentration, as compared with KPL alone. These results

indicate that KPL may have sensitization effect on HepG2 cells

for ABT-199.

3.3 The inhibitory effect of KPL combined
with ABT-199 on colony-forming ability of
HepG2 cells

To further investigate the effect of KPL combinedwith ABT-199

on the proliferation of HepG2 hepatoma cells, the changes of cell

clone formation of HepG2 after being treated with KPL combined

with ABT-199 for 24 h were detected by crystal violet staining. As
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shown in Figure 2A, in HepG2 cells treated with ABT-199 (2 µM)

alone, the number of colonies were not significantly different from

the control group, in contrast with KPL alone groups (100–200 μM).

However, the number of colonies at all concentration of KPL

combined with ABT-199 were significantly lower than that of the

negative control group and ABT-199 alone. As shown in Figures

2A,B, the number of colonies formed was smaller and less in a

concentration-dependent manner, which was consistent with the

results of CCK-8 (Figure 1).

3.4 The effect of KPL combined with ABT-
199 on tumour growth and tumour cell
necrosis in H22 tumour-bearing mice

Next, we employed the H22 solid liver cancer-bearing mice

model to determine whether systemic administration of ABT-199

combined with KPL could inhibit tumour growth in mice. The in

vivo dose of ABT-199 (100 mg/kg, i.p.) was selected based on

previous similar studies (Pan et al., 2014; Peirs et al., 2014). In

our preliminary study, we found that treatment with 100 mg/kg and

200 mg/kg (i.p.) of KPL displayed similar efficacy, thus 100 mg/kg

KPL was selected for in vivo experiment. After repeated treatment

with i.p. ABT-199 alone or combined with KPL for 10 days, the

tumour weights were measured, and the tumour inhibition

percentages were calculated. As showed in Figures 3A,C,

compared with the control group (2.188 ± 0.256 g), the tumour

weight of ABT-199 only group (2.047 ± 0.275 g) was not

significantly reduced, but the tumour weight of KPL only group

(1.412 ± 0.206 g) and KPL combined with ABT-199 group (0.716 ±

0.105 g) were significantly reduced (p < 0.001). Noticeably, the

tumour inhibition by KPL-ABT-199 co-treatment group was

significantly higher than ABT-199 alone and KPL alone groups

(Figures 3C,D). These results also indicate that the KPL displayed a

significant sensitization effect in vivo, which is consistent with the

in vitro findings in Figure 1 and Figure 2.

We also conducted a hematoxylin-eosin (H&E) pathological

analysis with the tumour sections to confirm the sensitization effect of

KPL in vivo. The H&E staining in Figure 3 demonstrated that the

tumour cells in the control group were irregularly arranged, with

large volume, large nucleocytoplasmic ratio and obvious atypia. The

morphological characteristics of tumour cells in ABT-199 only group

TABLE 1 13C NMR data of KPL (100 MHz, DMSO d6).

C position Experimental value
δc

Reference value
δc

C position Experimental value
δc

Reference value
δc

C-2 146.9 146.1 C-9 161.3 160.5

C-3 136.6 135.5 C-10 103.8 102.9

C-4 176.5 175.7 C-1′ 122.6 121.6

C-5 157.1 156.0 C-2′, 6′ 130.4 129.3

C-6 98.8 98.2 C-3′, 5′ 116.4 115.3

C-7 164.7 163.8 C-4′ 159.8 159.0

C-8 94.2 93.4

FIGURE 2
The experimental results of clone formation of HepG2 cells
treated with KPL and ABT-199 for 24 h. (A)Colony formation assay
was conducted to investigate growth in vitro after treatment with
KPL at the concentration of 100 and 200 μM alone or
combined with ABT-199 at 2 μM for 14 days. The colonies were
visualized with the images. 1: Negative control, 2: KPL 100 μM, 3:
KPL 200 μM, 4: ABT-199 2 μM, 5: KPL 100 μM + ABT-199 2 μM, 6:
KPL 200 μM + ABT-199 2 μM. (B) The corresponding histogram
showed the colony numbers. Values aremeans ± SD (n = 4). ***p <
0.001 versus negative control group; ΔΔΔp<0.001 versus ABT-199
alone group; #p < 0.05, ###p < 0.001 versus KPL 100 μM group;
○○○p < 0.001 versus KPL 200 μM group.
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were the same as those in the control group; In KPL only group, there

were flake necrosis and less pathological mitosis in tumour tissue; In

ABT-199 combined with KPL group, the tumour sections exhibited

notably different histological features, obvious flake coagulation

necrosis was observed in the tumour tissue, the necrosis area were

significantly larger than that in other groups, the tumour nucleus

were pyknosis, and the necrotic cells were mainly located between

loosely arranged cells. The experimental results showed that KPL

could enhance the anti-hepatoma effect of ABT-199.

3.5 The effect of KPL combined with ABT-
199 on apoptosis of HepG2 cells

In this study, we investigated whether the inhibitory effect of

KPL combined with ABT-199 can be related to the induction of

apoptosis.We utilised theHoechst 33342/FITC-Annexin V/PI triple

staining assay to detect apoptosis in HepG2 cells. The findings in

Figures 4A,B showed that after Hoechst 33342 staining, the nuclei of

cells treated by ABT-199 appeared dark blue, similar to the negative

control group, with no significant difference in nuclear area between

the two groups. However, in the HepG2 cells that were treated with

all concentrations of KPL and KPL combined with ABT-199, the

nuclei area was significantly decreased (p < 0.001), and appeared

bright blue, which is one of the classical hallmarks of apoptosis. As

shown in Figures 4A,C,D, Annexin V and PI staining of cells in the

negative control group and ABT-199 only group showed almost no

fluorescence, indicating that there was almost no apoptosis, but cells

treated with all concentrations of KPL, the fluorescence intensity of

both FITC-Annexin V and PI was significantly increased, especially

KPL combined with ABT-199 group (p < 0.01 or p < 0.001). The

number of cells were less than that of KPL only group, due to the

FIGURE 3
The effect of KPL combined ABT-199 on tumour growth and tumour cells necrosis in H22 tumour-bearing mice. (A) Representative images of
the tumors in various groups. The size of tumors in each group can be seen with the naked eye: comparedwith the control group, the tumour size of
KPL only group and KPL combined with ABT-199 group were significantly reduced, whereas the KPL combined with ABT-199 group were more
significantly reduced. A1: Control group, A2: ABT-199 100 mg/kg group, A3: KPL 100 mg/kg group, A4: KPL 100 mg/kg + ABT-199 100 mg/kg
group. (B) Histological examination of tumour tissues from H22 tumor-bearing mice. The tumorus were sectioned and stained with H&E. The
necrotic tumor foci were indicated by the black arrows. B1: Control group, B2: ABT-199 100 mg/kg group, B3: KPL 100 mg/kg group, B4: KPL
100 mg/kg + ABT-199 100 mg/kg group. (C) Tumorweights of themice in each group at the end of the experiment. (D) Tumor inhibition percentage
of the various treatments. Magnification: 100 ×. Values aremeans ± SD (n= 10). ***p < 0.001 versus negative control group; ΔΔΔp < 0.001 versus ABT-
199 alone group; ###p < 0.001 versus KPL alone group.
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combined treatment inhibited the cells’ proliferation. The results

implied that KPL combined with ABT-199 could promote the early

and late apoptosis of HepG2 cells.

3.6 The effect of KPL combined with ABT-
199 onmitochondrial membrane potential
of HepG2 cells

One of the significant signs of early-stage apoptosis is the

decrease of mitochondrial membrane potential (Elmore,

2007). In this study, JC-1 fluorescent probe was used to

detect the changes of mitochondrial membrane potential

after KPL combined with ABT-199 treatment of

HepG2 cells. JC-1 staining results were shown in Figures

5A,B. The effect of cells treated with ABT-199 alone was

not significantly different from the negative control group,

which demonstrated bright red fluorescence. The weak green

fluorescence in these cells indicated that JC-1 existed in the

aggregated form in mitochondria and with high

mitochondrial membrane. However, in KPL alone (100 μM

and 200 μM) treatment group and KPL combined with the

ABT-199 treatment group, the red fluorescence intensity in

mitochondria decreased significantly and the green

FIGURE 4
The effect of KPL combined with ABT-199 on apoptosis of HepG2 cells. (A) Representative images of cell apoptosis in various groups. Different
concentrations of KPL with or without 2 μMABT-199 were treated on HepG2 cells for 24 h, and then the apoptosis was detected by Hoechst 33342/
FITC-Annexin V/PI triple staining. The imageswere collected by an Arrayscan VT1HCS reader. Merged images were the composition of images of the
same field from three different channels. (B) The effects of various concentrations of KPL with or without ABT-199 on the nuclear area. (C)
Fluorescence intensity of FITC Annexin V staining in HepG2 cells treated by various concentrations of KPLwith or without ABT-199. (D) Fluorescence
intensity of PI staining in HepG2 cells treated by various concentrations of KPL with or without ABT-199. Values are means ± SD (n = 12). **p < 0.01,
***p < 0.001 versus negative control group; ΔΔp < 0.01, ΔΔΔp<0.001 versus ABT-199 alone group; #p < 0.05, ###p < 0.001 versus KPL 100 μM group;
○p < 0.05, ○○○p < 0.001 versus KPL 200 μM group.
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fluorescence in cytoplasm increased significantly. These

findings indicated that JC-1 in mitochondria existed in the

form of monomer with low mitochondrial membrane

potential. The results showed that ABT-199 alone could not

reduce the mitochondrial membrane potential of HepG2 cells,

but the mitochondrial membrane potential decreased

significantly after being combined with KPL.

3.7 The effects of KPL combinedwith ABT-
199 on endogenous mitochondrial
apoptosis pathway-related proteins in
HepG2 cells

To further explore the molecular mechanism of KPL combined

with ABT-199 against HCC, we have proceeded with the Western

Blot technique. In this experiment, Mcl-1 inhibitor UMI-77 was

used as the positive control. As shown in Figures 6A,B, when the

HepG2 cells were treated with ABT-199 alone, there was no

significant difference in the expression level of anti-apoptotic

protein Mcl-1 compared with the negative control group; ABT-

199 combined with UMI-77, an Mcl-1 inhibitor, also showed no

significant difference in the expression of Mcl-1 compared with

UMI-77 alone. The above results showed that ABT-199 could not

directly inhibit the expression of Mcl-1. KPL alone and combined

with ABT-199 could significantly inhibit the expression level of anti-

apoptotic proteinMcl-1 (p < 0.001), and the inhibition intensity was

similar to that of UMI-77 alone and UMI-77 combined with ABT-

199. The findings from the present study also indicated that ABT-

199 alone was insensitive to Mcl-1 and Bcl-xL in HepG2 cells.

Interestingly, ABT-199 combined with KPL, compared with the

negative control group, the expression of Bcl-2, includingMcl-1 and

FIGURE 5
The effect of KPL combined with ABT-199 on mitochondrial membrane potential of HepG2 cells. (A) Representative images of double
immunofluorescent staining for JC-1. Different concentrations of KPL with or without 2 μMABT-199were treated on HepG2 cells for 24 h, and then
the changes of mitochondrial membrane potential were detected with JC-1 dye. The negative group was untreated. The images were collected by
inverted fluorescencemicroscope. Magnification = 100 ×. (B) The ratio of red and green fluorescence intensity. Values are means ± SD (n = 12).
***p < 0.001 versus negative control group; ΔΔΔp<0.001 versus ABT-199 alone group; ###p < 0.001 versus KPL 100 μM group; ○○p < 0.01, ○○○p <
0.001 versus KPL 200 μM group.
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Bcl-xL, had decreased significantly (p < 0.001), indicating that KPL

can enhance the inhibitory effect of ABT-199 on Bcl-2, Mcl-1 and

Bcl-xL expression. It can also be observed from Figure 6 that

compared with the negative control group, ABT-199 alone can

significantly enhance the expression of Bax (p < 0.001), and even

significantly greater than in ABT-199 combined with KPL. As

reported in Figure 6, compared with the negative control group,

there was no significant difference in the expression of caspase-3

when ABT-199 was applied alone (p > 0.05), but the expression of

caspase-3 in other groups decreased significantly. Furthermore, as

compared with the negative control group, KPL alone and UMI-77

combined with ABT-199 had no significant effect on the expression

of cleaved caspase-3 after activation (p > 0.05), but ABT-199 alone

and ABT-199 combined with KPL significantly increased the

expression of cleaved caspase-3 (p < 0.01 or p < 0.001). ABT-

199, as a selective Bcl-2 inhibitor, can cause apoptosis by interfering

with the interaction among Bcl-2 proteins, subsequently promote

Bax from cytoplasm to mitochondria, and mediate the release of

cytochrome C from the mitochondria to cytoplasm. As shown in

Figures 7A,B, in KPL alone (100 μM and 200 μM) treatment groups

and KPL combined with ABT-199 treatment group, cytochrome C

was released into the cytoplasm, therefore the expression of

cytochrome C in mitochondria was reduced. It is interesting to

note that the expression of cytochrome C in mitochondria of the

combined treatment was less than that of KPL alone treatment,

indicating that combined treatment can promote the release of

cytochrome C into the cytoplasm. In addition, after treatment, the

pro-apoptotic protein Bax was translocated to mitochondria, and its

FIGURE 6
The effects of KPL combined with ABT-199 on caspase-3, cleaved caspase-3, Bcl-2, Bcl-xL, Bax and Mcl-1 proteins in HepG2 cells. (A) The
expression levels of Bcl-2, Bcl-xL, Bax, Mcl-1, caspase 3 and cleaved caspase 3 were examined by western blotting analysis. α-tubulin was used as
internal control. (B) The relative expression level of Bcl-2, Bcl-xL, Bax, Mcl-1, caspase-3 and cleaved caspase-3. α-tubulin was used as internal
control. Relative expression of target protein = expression of target protein/expression of internal control protein. Values are means ± SD (n =
3). *p < 0.05, **p < 0.01, ***p < 0.001 versus negative control group; ΔΔΔp<0.001 versus ABT-199 alone group; ###p < 0.001 versus KPL 100 μMgroup.
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expression in mitochondria increased, and the expression of Bax of

combined treatment was more than that of KPL only treatment.

Western blot results showed that the inhibitory effect of KPL

combined with ABT-199 on the proliferation of hepatoma

HepG2 cells may be related to KPL downregulating Mcl-1,

thereby regulating the Bcl-2 protein family in the endogenous

mitochondrial pathway of ABT-199 regulating apoptosis.

4 Discussion

In this study, we first evaluated the sensitization effects of

KPL on HepG2 hepatoma cells for ABT-199. The results of CCK-

8 method and colony formation assay indicated that treatment

with ABT-199 alone did not affect the hepatoma cells, but in

combination with KPL, it could significantly inhibit the

proliferation and the colony forming ability of HepG2 cells.

To further verify the sensitization effect of KPL on ABT-199

in vivo, the H22 liver cancer bearing mouse model was employed,

evaluated via the weight and pathological sections of tumour

tissue.

Apoptosis is an important biological phenomenon of

eukaryotic cells. In tumour suppression therapy, inducing

tumour cell apoptosis is an important therapeutic strategy. To

study the mechanism of KPL on ABT-199-sensitized

hepatocellular carcinoma, Hoechst 33342 staining and JC-1

staining were used to observe the effect of KPL combined

with ABT-199 on apoptosis of HepG2 cells. The results of

apoptosis showed that KPL combined with ABT-199 could

promote the early and late apoptosis of HepG2 cells,

suggesting that the inhibitory effect of KPL combined with

ABT-199 on cell proliferation was related to the induction of

FIGURE 7
The effects of KPL combined with ABT-199 on cytochrome C release and Bax translocation in HepG2 cells were detected in mitochondria and
cytoplasmic proteins by Western blot assay. (A) The expression levels of cytochrome C release and Bax in mitochondria and cytoplasmic were
examined by western blotting analysis. α-tubulin was used as the internal control. (B) The relative expression levels of cytochrome C release and Bax
in the mitochondria and the cytoplasm. α-tubulin was used as the internal control for relative expression of target.
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apoptosis. It was found that the apoptosis of different cell lines

via varied factors was accompanied by the decline of

mitochondrial membrane potential. The mitochondrial

membrane potential began to decline before the pathological

changes in the early stage of apoptosis, even earlier than DNA

fragmentation (Salvioli et al., 2000). In this study, the JC-1

staining results showed that in the groups of combined

medication, the red fluorescence intensity in mitochondria

decreased significantly and the green fluorescence in

cytoplasm increased significantly, indicating that JC-1 in

mitochondria existed in the form of monomer, and the

mitochondrial membrane potential was low (Zhao et al.,

2018), demonstrating that the role of KPL in enhancing ABT-

199 on inhibiting HepG2 cell proliferation and promoting

apoptosis was related to the endogenous mitochondrial pathway.

When the cells were injured, the mitochondrial membrane

potential decreased, and the membrane permeability

increased. A series of apoptotic factors will be released,

resulting in apoptosis. Bcl-2 family proteins are important

proteins in the regulation of the apoptosis signaling pathway

(REF), including the mitochondrial-mediated endogenous

apoptosis pathway. The functions of the anti-apoptotic

protein Bcl-2 and the pro-apoptotic protein Bax are

diametrically opposed: Bcl-2 is a mitochondrial outer

membrane protein, which can inhibit the release of

cytochrome C with a pro-apoptotic effect from

mitochondria to cytoplasm and then inhibit apoptosis

(Naseri et al., 2015); anti-apoptotic protein Mcl-1 blocks

the release of cytochrome C from mitochondria by

interacting with pro-apoptotic factors of Bcl-2 protein

family, such as Bim and Bak, so as to prevent cells from

entering the process of apoptosis (Chen and Fletcher, 2017).

Bax is a nuclear coding protein existing in advanced

eukaryotes, which can be translocated to the outer

membrane of mitochondria to mediate cell apoptosis. Bax

itself can form a homodimer or heterodimer with Bcl-2. When

Bcl-2 was highly expressed in cells, the heterodimer of Bcl-2

and Bax increased and the trend of apoptosis decreased; when

Bax is highly expressed in cells, the homodimer formed by Bax

itself is dominant, and it antagonizes the effect of Bcl-2, it will

be prone to apoptosis (Oltvai et al., 1993; Naseri et al., 2015;

Guo et al., 2018). Caspase is a cysteine aspartate specific

protease that exists in the cytoplasm and plays an

extremely key role in the process of apoptosis. Caspase-3 is

located downstream of the cascade reaction. As a protein that

cuts the cell structure, caspase-3 can directly cause cell

apoptosis (Kirsch et al., 1999; Pisani et al., 2020). Caspase-

3 activation is an important indicator for determining the

state of cell apoptosis (Tyas et al., 2000; Brentnall et al., 2013;

Nichani et al., 2020). When cells are stimulated by apoptosis

signals or other harmful substances, caspase-3 will be

activated into an active cleaved caspase-3. Cleaved caspase-

3 participates in the process of cell apoptosis by cutting

specific substrates, DNA dependent protein kinases, actin,

lamin, etc. Therefore, the high expression of cleaved caspase-3

can induce tumour cell apoptosis, and it is one of the key

proteins that promote cell apoptosis (Hou et al., 2015;

Manning and Toker, 2017).

Studies have shown that Mcl-1, an important anti-

apoptotic protein in the mitochondrial apoptotic pathway, is

overexpressed in liver cancer cells and liver cancer stem cells

(Zhang et al., 2019). The increased expression of Mcl-1 is also

one of the potential mechanisms of ABT-199 resistance (Niu

et al., 2016). Because of the binding of ABT-199 with Bcl-2,

although it prevents the interaction between Bim and Bcl-2,

free Bim will be bound by the anti-apoptotic protein Mcl-1,

which then blocks the signal of apoptosis transmitted by Bim,

thus hindering apoptosis (Niu et al., 2016; Conage-Pough and

Boise, 2018). In the signal transduction of apoptosis, anti-

apoptotic proteins Bcl-xL and Bcl-2 can be combined by

apoptosis promoter protein Bid and factors with similar

functions to cause cytochrome C outflow (Shamas-Din

et al., 2013), which further activates caspase-3 and caspase-7

to execute apoptosis (Galluzzi et al., 2012). Bcl-xL is a protein

encoded by Bcl-2-like 1 gene and a major member of the Bcl-2

family. In terms of anti-apoptosis, Bcl-xL is more potent than

Bcl-2 and Mcl-1 (Fiebig et al., 2006; Chen et al., 2015), and

overexpression of Bcl-xL can reduce apoptosis in cells

(Fuchsluger et al., 2011). Therefore, the high expression of

Bcl-xL in tumour cells suggests that it is related to tumour

chemoresistance (Liu et al., 1999). ABT-199 has a strong

inhibitory effect on Bcl-2 and can promote the apoptosis of

tumour cells with high Bcl-2 expression. However, ABT-199 as

a BH3-mimetic has a weak inhibitory effect on Mcl-1, Bcl-xL

and Bcl-w (Cang et al., 2015; Luedtke et al., 2017), our

experiment results also proved it. The western blot results

indicated that KPL could downregulate the expression of Bcl-2,

Mcl-1 and caspase 3, and upregulate the expression of Bax. On

the other hand, ABT-199 could downregulate the expression of

Bcl-2 and upregulate the expression of Bax and cleaved

caspase-3. When the HepG2 cells were co-treated with KPL

and ABT-199, the expression of Bcl-2, Mcl-1 and Bcl-xL were

significantly downregulated, and the expression of Bax,

caspase-3 and cleaved caspase-3 were upregulated. But from

Figure 6 we can see that compared with the negative control

group, ABT-199 alone can significantly enhance the expression

of Bax, and even significantly greater than in ABT-199

combined with KPL. This may be related to ABT-199’s

ability to prevent the anti-apoptotic Bcl-2 from binding to

pro-apoptotic Bax and Bak-1 proteins (Bordeleau et al., 2018).

This also shows that, although ABT-199 can up-regulate the

expression of Bax protein, the inhibition of ABT-199 on Mcl-1,

Bcl-xL and Bcl-w is very weak, so from our experimental

results, we can see that ABT-199 alone has little effect on

the apoptosis of HepG2 cells with high expression of Mcl-1.

KPL combined with ABT-199 could inhibit the expression of
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Bcl-2, Bcl-xL and Mcl-1, change the conformation of Bax and

move to the surface of mitochondria, form pores on the

mitochondrial membrane, and then reduce the

mitochondrial membrane potential, release the apoptotic

factor cytochrome C to the cytoplasm, trigger the cascade

reaction of the caspase family, activate the effector caspase

3, and lead to apoptosis. Therefore, KPL combined with ABT-

199 had a mutual sensitization effect on the Bcl-2 proteins

family in the endogenous mitochondrial pathway of apoptosis,

thus inducing HepG2 hepatoma cells apoptosis. The molecular

mechanism of KPL sensitising ABT-199 against HepG2 cells is

shown in Figure 8.

5 Conclusion

In conclusion, KPL can enhance the sensitivity of ABT-

199 to hepatoma cells, inhibit the proliferation of HepG2 cells

and induce apoptosis. The anti-proliferation effect of KPL

combined with ABT-199 may be related to the down-

regulation of Mcl-1 by KPL, which enhances ABT-199

regulates the Bcl-2 protein family in the endogenous

mitochondrial pathway of apoptosis. Therefore, KPL

combined with ABT -199 has a potential application

prospect in the treatment of hepatocellular carcinoma, and

can be used as a new strategy for the treatment of

hepatocellular carcinoma patients. At present, Mcl-1

expression is mainly through the activation of Janus kinase/

signal transducer and activator of transcription (JAK/STAT)

signal pathway, phosphatidylinositol 3-kinase (PI-3K) signal

pathway, mitogen activated protein kinase (MAPK) signaling

pathway plays a role (Booy et al., 2011; Chou et al., 2013). The

present study has yet to examine the signaling pathway of KPL

sensitized ABT-199 in down-regulating Mcl-1, which may be

an interesting research topic in the future. Furthermore,

similar pharmacological studies on ABT-199 and KPL

combination therapy in other HCC cell lines should be

conducted in the future to augment the findings in the

current study, in order to provide a stronger basis for the

translational potential in clinical setting.
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Terfenadine resensitizes
doxorubicin activity in drug-
resistant ovarian cancer cells via
an inhibition of CaMKII/CREB1
mediated ABCB1 expression

Wei Huang1,2, Shu Yang2, Yu-Shan Cheng2, Ni Sima1,
Wei Sun2, Min Shen2, John C. Braisted2, Weiguo Lu1,3

and Wei Zheng2*

1Women’s Hospital, School of Medicine, Zhejiang University, Hangzhou, China, 2National Center for
Advancing Translational Sciences (NCATS), National Institutes of Health (NIH), Bethesda, MD,
United States, 3Women’s Reproductive Health Research Laboratory of Zhejiang Province, Women’s
Hospital, School of Medicine, Zhejiang University, Hangzhou, China
Ovarian cancer is one of the most lethal gynecological malignancies.

Recurrence or acquired chemoresistance is the leading cause of ovarian

cancer therapy failure. Overexpression of ATP-binding cassette subfamily B

member 1 (ABCB1), commonly known as P-glycoprotein, correlates closely

with multidrug resistance (MDR). However, the mechanism underlying aberrant

ABCB1 expression remains unknown. Using a quantitative high-throughput

combinational screen, we identified that terfenadine restored doxorubicin

sensitivity in an MDR ovarian cancer cell line. In addition, RNA-seq data

revealed that the Ca2+-mediated signaling pathway in the MDR cells was

abnormally regulated. Moreover, our research demonstrated that terfenadine

directly bound to CAMKIID to prevent its autophosphorylation and inhibit the

activation of the cAMP-responsive element-binding protein 1 (CREB1)-

mediated pathway. Direct inhibition of CAMKII or CREB1 had the same

phenotypic effects as terfenadine in the combined treatment, including lower

expression of ABCB1 and baculoviral IAP repeat-containing 5 (BIRC5, also

known as survivin) and increased doxorubicin-induced apoptosis. In this

study, we demonstrate that aberrant regulation of the Ca2+-mediated

CAMKIID/CREB1 pathway contributes to ABCB1 over-expression and MDR

creation and that CAMKIID and CREB1 are attractive targets for restoring

doxorubicin efficacy in ABCB1-mediated MDR ovarian cancer.
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Introduction

Ovarian cancer is one of the worst cancers and the major

cause of mortality among gynecologic tumors (1). Due to the

absence of clear early-stage symptoms, more than 75% of

ovarian cancer patients are diagnosed at an advanced stage,

with a 5-year survival rate of 20% (2–4). Currently, debulking

surgery followed by chemotherapy is the usual treatment for

ovarian cancer in an advanced stage (5). However, the

development of tumor resistance during treatment is common

and poses challenges in ovarian cancer therapy (6, 7). Indeed,

over 80% of cases respond to first-line treatment, yet 70% of

patients experience cancer recurrence within the first three

years (8).

Overexpression of ATP binding cassette subfamily B member 1

(ABCB1) is a well-known molecular mechanism responsible for

multidrug resistance (MDR) in malignancies such as ovarian cancer

(6, 9, 10). ABCB1, also known as P-glycoprotein 1 (P-gp), is an

ATP-driven efflux transporter that pumps substrates from cells. To

protect organs from toxins, it is abundantly distributed in the blood-

brain barrier, placenta, kidneys, and intestines (11). Numerous

anticancer medicines, including doxorubicin, vincristine,

paclitaxel, anthracyclines, and taxanes, are ABCB1 substrates (10,

11). Hence, overexpression of ABCB1 in cancer cells decreases

intracellular concentrations of these drugs and produces MDR (12).

Since co-administration of an effective ABCB1 modulator with

anticancer drugs was deemed to be a viable strategy for overcoming

ABCB1-mediated MDR malignancies, efforts have been made to

generate ABCB1 inhibitors in the past few decades. Despite the fact

that numerous ABCB1 inhibitors have been developed, their clinical

translation has been limited due to their low binding affinities,

excessive toxicity, or non-specificity (13, 14), indicating the need for

new ABCB1 transporter inhibitors or strategies to overcome the

MDR caused by ABCB1 overexpression.

Terfenadine is a histamine receptor H1 (HRH1) antagonist

that was once employed to treat allergy disorders. Recent studies

have demonstrated that terfenadine inhibits cell growth and

induces apoptosis in neoplastic mast cells, melanoma cells, and

breast cells via altering intracellular calcium homeostasis,

caspase activation, and the mitochondrial pathway (15–19).

Moreover, a synergistic effect of terfenadine and anticancer

drugs has been demonstrated in the treatment of breast cancer

and lung cancer (20, 21). However, it is unknown how

terfenadine functions in this combinational therapy.

Intriguingly, terfenadine has been related to a decrease in

calcium influx caused by L-type calcium channels (LTCC)

activation in rat and human cells (22, 23), showing terfenadine

can regulate intracellular calcium homeostasis. Calcium works as

a second messenger in cells to activate the downstream RNA

polymerase to trigger gene transcription, which is involved in

various cellular processes, such as cell division, proliferation, etc.

(24, 25). Ca2+ signaling alterations are linked to carcinogenesis,

tumor development, and metastasis (26). Moreover, it has been
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found that calcium signaling is connected with drug resistance.

Activation of transient receptor potential channels, for instance,

is associated with chemoresistance in a number of

malignancies (27).

In this work, using quantitative high-throughput

combinational screening (qHTCS), we found that terfenadine

reverses doxorubicin resistance in MDR ovarian cancer cells. In

addition, we demonstrate that terfenadine interacts directly with

calcium/calmodulin dependent protein kinase II delta

(CAMK2D) and inhibits the subsequent ectopic activation of

the CAMK2/cAMP responsive element binding protein 1

(CREB1) pathway in an ABCB1-mediated MDR ovarian

cancer line, A2780-ADR. In fact, either the CAMK2 or CREB1

inhibitor resensitizes doxorubicin-resistant ovarian cancer cells,

showing that the CAMK2/CREB1 pathway is a suitable target

pathway for future therapeutic development.
Materials and methods

Compounds and antibodies

Terfenadine was purchased from Sigma-Aldrich (catalog

number: T9625). Topotecan, paclitaxel, KN62, and KN93 were

obtained from Selleck Chemicals (catalog number: S1231, S1150,

S7422, and S7423). Rhodamine 123 was purchased from

MedChemExpress (catalog number: HY-D0186) Antibodies

used in experiments are listed in Table S1.
Cell culture

All the human ovarian cancer cell lines were purchased from

Sigma-Aldrich. Cells were cultured in RPMI 1640 medium with

10% fetal bovine serum (FBS) and 100 U/mL penicillin-

streptomycin at 37°C with 5% CO2.
Quantitative high-throughput
combinational screening

ATP content assay (Promega) was conducted according to

the manufacture’s protocols. Briefly, A2780-ADR cells were

plated at 500 cells/well in 5 µL of RPMI 1640 medium with

10% FBS and 100 U/mL penicillin-streptomycin in white, solid-

bottom 1,536-well plates and incubated 4 h at 37°C. Four

concentrat ions of compounds from the l ibrary of

pharmacologically active compounds (LOPAC, Sigma-Aldrich)

consists of 1,280 small molecules, the NIH Chemical Genomics

Center Pharmaceutical (NPC) collection with 4,265 compounds

(28), as well as the Mechanism Interrogation Plate (MIPE) with

1,920 compounds were added to assay plates at 23 nL/well using

a pintool station (WAKO Scientific Solutions, San Diego, CA).
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After a 72-h incubation at 37°C with 5% CO2, the mixture of

ATP LITE assay reagents was added to the assay plates at 5 µL/

well. After incubation for the indicated time, the luminescence

signal in the plates were detected using a ViewLux plate

reader (PerkinElmer).
Rhodamine123 accumulation assay

A2780-ADR cells were seeded onto 96-well plates at a

density of 5,000 cells/well. The cells were pretreated with 2.5

to 10 µM terfenadine for different time. After pretreatment, the

cells were incubated with 5 µM Rhodamine123 (Rh123) in

culture medium and kept in the dark at 37°C with 5% CO2 for

60 min. Plates were then washed twice with pre-warmed PBS,

filled with 100 µl/well PBS, and measured using a Tecan reader at

485 nm excitation and 535 nm emission.
Caspase activity assay and ATP content
cell viability assay

Caspase-3/7 activity assay (Caspase-Glo, Promega) and ATP

content cell viability assay (CellTiter-Glo, Promega) were

conducted according to the manufactures’ protocols. Ovarian

cancer cells were plated at 3,000 to 5,000 cells/well in 100 µL of

complete culture medium in white, solid-bottom 96-well plates

and incubated overnight at 37°C with 5% CO2. Compounds

were added to the assay plates at indicated concentrations at 100

µL/well diluted in medium. After a 24 h (caspase 3/7 assay and

ATP content cell viability assay) incubation at 37°C with 5%

CO2, the mixtures of assay reagents at 100 µL/well were added to

the assay plates. After incubation for the indicated times from

the protocols, the luminescence signal in assays plates were

detected in a ViewLux plate reader.
RNA-sequencing analysis

RNA-sequencing analysis of A2780 and A2780-ADR was

performed by Q2 Solutions as previously described (29, 30).

RNA was isolated by Qiagen miRNeasy Mini Kit. cDNA libraries

were generated using Illumina TruSeq Stranded mRNA sample

preparation kit (Illumina # RS-122-2103). Read counts of each

sample were normalized with DESeq and ran a negative

binomial two sample test to find significant genes in higher

transcript abundance in either sample. RNA sequencing data

have been deposited in Gene Expression Omnibus (GEO) under

accession number GSE177038.
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Western blotting

Cells were lysed in RIPA buffer (Cell Signaling Technology)

supplemented with protease inhibitors (cOmplete ULTRA

Tablets, EDTA-free, Roche) and phosphatase inhibitor cocktail

(PhosSTOP, Roche). The cell lysates were centrifuged at 16,000

rpm for 30 min. Supernatant was collected for protein

quantitation with a BCA assay kit (Pierce BCA Protein Assay

Kit, Thermo Fisher Scientific). The supernatant with similar

protein concentrations were subsequently applied to Bis-Tris or

Tris-Acetate gels for protein separation. Proteins were

transferred to polyvinylidene difluoride (PVDF) membrane by

dry transfer (iBlot 2 Gel Transfer Device, both from Thermo

Fisher Scientific) or tank wet transfer. Immunoblot analysis was

p e r f o rm e d w i t h i n d i c a t e d a n t i b o d i e s a n d t h e

chemiluminescence signal was visualized with Luminata Forte

Western HRP substrate (EMD Millipore) in a BioSpectrum

system (UVP, LLC). The chemiluminescence intensity of the

band was calculated in the VisionWorks LS software

(UVP, LLC).
Cellular thermal shift assay

CETSA was performed as previously described (31). A2780-

ADR cells were harvested, rinsed with PBS, and re-suspended in

detergent-free buffer (25 mM HEPES pH 7.0, 20 mM MgCl2,

2 mM DTT) supplemented with protease inhibitors and

phosphatase inhibitor cocktail. The cell suspensions were lysed

via three freeze-thaw cycles with liquid nitrogen. The cell lysates

were centrifuged at 16,000 rpm for 20 min at 4 °C to pellet the

cell debris from the soluble fraction. The soluble portion were

diluted in detergent-free buffer and divided into two aliquots,

with or without 600 mM terfenadine treatment. After 60 min

incubation at room temperature, each sample was divided into

12 small aliquots in 50 mL/tube and individually heated at

different temperatures (37 to 70 °C with 3 °C interval) for

3 min in a thermal cycler (Eppendorf), followed by immediate

3 min cooling cycle on ice. The heated samples were centrifuged

at 20,000 × g for 20 min at 4 °C to remove the precipitates from

the soluble fractions. The supernatant was examined by western

b l o t t i n g w i t h CAMKI I a n t i b o d y . T h e r e l a t i v e

chemiluminescence intensity of each sample at different

temperatures was used to plot the temperature dependent

melting curve. The apparent aggregation temperature (Tagg)

was calculated by nonlinear regression. The statistically

significance between two curves were analyzed by extra sum-

of-squares F test. All data represent mean ± SEM of at least

3 replicates.
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Data analysis

The primary screen data were analyzed using customized

software developed internally (32). All data from the cell-based

assays were presented as the mean ± standard error of the mean

(SEM) with at least three independent experiments unless otherwise

stated. Half maximal inhibitory concentrations (IC50) of

doxorubicin or compounds were calculated using Prism software

(version 7, GraphPad Software, San Diego, CA). All imaging data

are presented as the mean ± SEM and represent data from cells in at

least 10 fields from three or more independent experiments. The

two-tailed unpaired Student’s test of the mean was used for single

comparisons of statistical significance between experimental groups.

One-way analysis of variance (ANOVA) with Bonferroni test was

used for multiple comparisons. Bliss independence with Prism or

SynergyFinder (33) was used to define synergistic or additive effects.
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Results

Terfenadine restores doxorubicin activity
to MDR ovarian cancer cells

To explore potential novel therapies for ABCB1-mediated

MDR ovarian cancer cases in the clinic, we conducted a qHTCS

against an ABCB1-overexpressing MDR ovarian cancer cell line,

A2780-ADR. Compared to the parental A2780 cells, the A2780-

ADR cells exhibited a higher expression and overall activity of

ABCB1, as demonstrated by a considerable rise in protein level

in Western blot detection and a significantly reduced cellular

accumulation of Rho123, an ABCB1 substrate (Figures 1A, B

and Figure S1A). The IC50 values of three ABCB1 substrates

(doxorubicin, topotecan, and paclitaxel) for the A2780-ADR

cells were 7.08 uM, 0.0081 uM, and 0.88 uM, which were
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FIGURE 1

Terfenadine restores the activity of doxorubicin in MDR ovarian cancer cells. (A) Western blot analysis of ABCB1 in multidrug resistance (MDR)
ovarian cancer cells A2780-ADR and its parental cell A2780. A representative image was shown here. (B) Rho123 accumulation in A2780-ADR
and its parental cell A2780. (C) Dose-response curves of doxorubicin in MDR ovarian cancer cells A2780-ADR and its parental cell A2780. (D)
Cell viability of MDR ovarian cancer cells A2780-ADR treated with 2 mM doxorubicin (Dox), 5 mM tariquidar (Tar), or both for 48 hours. DMSO
was used as a non-treated control. (E) The heatmap shows 246 compounds were identified that efficiently inhibited the proliferation of A2780-
ADR cells as monotherapy in the first round of screening. The color represents the IC50 of each compound, as the scale bar showed. (F) The
heatmap shows enrichment of A2780-ADR for a strong response to specific drug categories (columns) combined with doxorubicin (rows).
Drug-category-response scores are based on IC50 (mM). (G) A2780-ADR dose-response curves to terfenadine in the presence of 0.1, 1, 10, and
25 mM doxorubicin (Dox). Statistical analysis was performed using a two-tailed t-test. ***p<0.001.
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significantly higher than 14 nM, 0.95 nM, and 0.0016 nM,

respectively, for the A2780 cells (Figure 1C and Figures S1B,

C). In the presence of tariquidar, a specific ABCB1 inhibitor,

their anticancer effectiveness against A2780-ADR cells also

increased (34) (Figure 1D and Figures S1D–F).

The qHTCS was performed in two stages. In the first stage,

we examined 6,016 pharmacologically active compounds as

single drugs at five doses in a luminescent cell viability assay

to narrow down the compound pairs. 246 compounds were

found that effectively inhibit the proliferation of A2780-ADR

cells with an IC50 < 10 µM (Figure 1E). To further identify

compounds that showed combination effects with doxorubicin,

these 246 compounds were evaluated at 11 concentrations in

combination with four doxorubicin concentrations at 0.1, 1, 10,

and 25 µM, separately. Consequently, 24 compounds were

identified as doxorubicin synergistic compounds in A2780-

ASR cells, as indicated by the decreasing IC50 of each drug as

the doxorubicin dose rose (Figure 1F and Table S2). Terfenadine

was selected for further investigation (Figure 1G) since the

mechanism of terfenadine and doxorubicin combination is

unknown and terfenadine’s anticancer activity has been

described (15, 16).
Terfenadine resensitizes doxorubicin-
induced apoptosis in MDR ovarian
cancer cells

With an IC50 of 4.8 µM, the inhibitory activity of terfenadine

as a single agent was confirmed in MDR A2780-ADR cells

(Figure 2A). As evidenced by the shifted toxicity curve in MDR

cells, the combined treatment significantly decreased the IC50 of

doxorubicin in a dose-dependent manner, indicating the potential

synergistic effect of these two drugs (Figure 2B).

To quantify these enhanced anticancer effects, we computed

the combinational index (CI) (CI<1, synergism; CI=1, additive;

CI>1, antagonism) (35). The mean CI value was 0.35, showing

that the interaction in A2780-ADR cells is synergistic (Figure 2C).

To further evaluate the synergism and determine the best

synergistic concentration, effects were investigated using a dose-

response matrix and analyzed using the zero interaction potency

(ZIP) model (33, 36). As a result, terfenadine exhibited a

synergistic effect with doxorubicin. The average ZIP synergy

scores for A2780 cells and A2780-ADR cells were 2.874 and

4.403, respectively (Figures 2D, E). Notably, in resistant cells, the

synergy score reached 49.80 when resistant cells were treated with

3.33 µM terfenadine and 1.11 µM doxorubicin, which was higher

than the highest score of 22.39 in sensitive cells, showing a greater

synergistic effect in MDR cells than in their parental cells,

indicating that terfenadine will target the abnormally activated

pathway associated with ABCB1 overexpression in MDR cells. In

addition, the combination therapy lowered cell counts in a nuclear

staining-based counting assay (Figure 2F), enhanced caspase-3/7
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activity (Figure 2G), and promoted PARP cleavage (Figure 2H

and Figure S2A), suggesting that the A2780-ADR cells were

induced to undergo apoptosis. During the expanded testing,

terfenadine had a comparable effect on the toxicity of paclitaxel

and topotecan for A2780-ADR cells (Figures S2B, C).
Neither hERG nor H1R were the
functional targets of terfenadine in
the combination

To investigate the mechanism underlying this synergistic effect,

we first examined two conventional terfenadine targets: the

histamine H1 receptor (H1R) (37) and the human ether-a-go-go-

related gene (hERG) channel (38). Terfenadine was reported as an

antagonist of the H1R and is a prodrug that is converted to

fexofenadine in the liver (37). Nevertheless, it was withdrawn

from the market due to its ability to inhibit the hERG channel

(38). The dose-response curve for doxorubicin as monotherapy was

nearly comparable to the dose-response curve for doxorubicin in

conjunction with the H1R-specific inhibitor fexofenadine (39)

(Figure 3A). The CI for doxorubicin and fexofenadine was

0.9819, showing that their effect was additive, not synergistic

(Figures 3A, B). In a second attempt, tannic acid (TA), a blocker

of the hERG channel, was recruited (40). Even while TA decreased

cell viability at higher concentrations, the dose-response curve for

the combined therapy was similar to that of the doxorubicin

treatment alone (Figure 3C). The CI value for the combination of

doxorubicin and TA was 1.1867, showing that there was no synergy

between the two drugs (Figures 3C, D). In addition, western blot

revealed no difference in H1R and KCNH2 protein expression

between A2780 andA2780-ADR cells, indicating that these proteins

are not essential for MDR development (Figure 3E and Figure S3).

These findings indicated that the synergistic effect of terfenadine

and doxorubicin was not the result of terfenadine inhibiting the

H1R or the hERG channel.
Terfenadine increased the intracellular
accumulation of doxorubicin in MDR
ovarian cancer cells by repressing ABCB1

We questioned whether terfenadine impacts the expression or

function of ABCB1 in these MDR ovarian cancer cells, as ABCB1

overexpression was essential for the chemoresistance of A2780-

ADR. Indeed, terfenadine decreased the expression of the ABCB1

protein in a dose-dependent manner (Figure 3F and Figure S4A).

The reduction of ABCB1 was also found following doxorubicin

and terfenadine treatment (Figure 3G and Figure S4B). In

addition, in the ABCB1 activity experiment, terfenadine boosted

Rho123 accumulation dose-dependently, indicating the decreased

cellular ABCB1 activity. The Rho123 signal achieved a plateau

when the concentration exceeded 5 µM (Figure 3H). In a time-
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course study, the intracellular level of Rho123 continued to

increase until terfenadine-induced apoptosis occurred

(Figure 3I). Moreover, combination treatment significantly

enhanced doxorubicin levels in A2780-ADR cells (Figures 3J,
Frontiers in Oncology 06
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K). These findings imply that terfenadine decreased the expression

and activity of the multidrug efflux pump ABCB1 in A2780-ADR

cells, which resulted in the accumulation of doxorubicin

and apoptosis.
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FIGURE 2

Terfenadine restores doxorubicin-induced apoptosis in MDR ovarian cancer cells (A) Terfenadine dose-response curves of MDR ovarian cancer
cells. (B) Dose-response curves for doxorubicin in MDR ovarian cancer cells in the absence or presence of terfenadine (Ter). (C) A Bar graph
showing the synergistic effects of terfenadine (Ter) and doxorubicin (Dox) on MDR ovarian cancer cells. Calculated CI values are presented
below the plots. (D, E) Synergy matrixes (bottom) and surface plots (top) show the synergy between doxorubicin and terfenadine on A2780 (D)
and A2780-ADR (E) cells (n = 3). (F) Nuclear staining of MDR ovarian cancer cells treated with the indicated concentration of doxorubicin (Dox),
terfenadine (Ter) or both. DMSO was used as a non-treated control. (G) Caspase3/7 activity in MDR ovarian cancer cells treated with the
indicated concentration of doxorubicin (Dox), terfenadine (Ter) or both. DMSO was used as a non-treated control. (H) Western blot analysis of
PARP in MDR ovarian cancer cells after treated with 2 mM doxorubicin (Dox), 5 mM terfenadine (Ter), or both for 24 h. ACTB was used as the
loading control. All values represent the mean ± SEM (n = 3 replicates). Western blot images were shown as one of three repeated experiments.
Statistical analysis was performed using two tailed t-test (*** p < 0.001).
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FIGURE 3

Terfenadine reverses MDR in ovarian cancer cells by repressing ABCB1 expression (A) Dose-response curves for doxorubicin (Dox) in the
presence or absence of 10 mM fexofenadine (Fex) in MDR ovarian cancer cells. (B) Cell viability of MDR ovarian cancer cells treated with 2 µM
doxorubicin (Dox), 10 µM fexofenadine (Fex), or both for 48 hours. DMSO was used as a non-treated control. (C) Dose-response curves of the
MDR ovarian cancer cells to doxorubicin (Dox) in the presence or absence of 4 mM tannic acid (TA). (D) Cell viability of MDR ovarian cancer cells
treated with 2 µM doxorubicin (Dox), 5 µM tannic acid (TA), or both for 48 hours. DMSO was used as a non-treated control. (E) Western blot
analysis of hERG channel (KCNH2) and HRH1 in MDR ovarian cancer cell and its sensitive parental A2780 cell. (F) ABCB1 Western blot analysis in
MDR cells treated with the indicated terfenadine (Ter) concentration. DMSO was used as a non-treated control. GAPDH was used as a loading
control. (G) ABCB1 Western blot in MDR cells treated with 2 µM doxorubicin (Dox), 5 µM terfenadine (Ter), or both. DMSO was used as a non-
treated control. GAPDH was used as a loading control. (H) Rho123 accumulation in MDR ovarian cancer cells treated with the indicated
concentration of terfenadine (Ter) for 6 h. (I) Rho123 accumulation in MDR ovarian cancer cells treated for indicated time with 5 mM terfenadine
(Ter). (J, K) Doxorubicin intracellular accumulation in MDR ovarian cancer cells or its parental sensitive A2780 cells treated for 6 hours with 2 µM
doxorubicin (Dox), 5 µM terfenadine (Ter), or both. All values represent the mean ± SEM (n = 3 replicates). All values represent the mean ± SEM
(n = 3 replicates). Western blot images were shown as one of three repeated experiments. Statistical analysis was carried out using a two-tailed
t-test (* p < 0.05, *** p < 0.001).
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Calcium pathway was altered in
MDR cells

To further investigate the potential targets and mechanisms of

drug resistance, we used RNA-seq to assess the transcriptional

differences between A2780 and A2780-ADR. A total of 5,694
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genes with a fold change of > 2 and a p-value < 0.05 were

identified as differentially expressed genes (DEGs) (Figure 4A),

including 2,755 genes that were over-expressed and 2,939 genes

that were under-expressed in the A2780-ADR cells. The gene

ontology (GO) enrichment study revealed 13 calcium-related

biological processes which caught our attention (Figure 4B). The
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FIGURE 4

Calcium pathway is important in MDR generation. (A) A volcano plot of the genes that were up- and down-regulated in A2780-ADR cells versus
A2780 cells. The genes are considered significant changes when the p-value is < 0.05 and the fold change is > 2-fold. (B) Gene ontology (GO)
enrichment analysis revealed that 13 calcium-related biological pathways were activated in the A2780-ADR cell when compared to its parental
A2780 cell. (C) Gene-Pathway network showed most of the DEGs were clustered in the processes of cytosolic calcium ion transport,
homeostasis, and response. (D) The KEGG calcium signaling pathway (p < 0.0001) was also exhibited the significance in gene set enrichment
analysis (GSEA). (E) Heatmap: the unsupervised hierarchical clustering showed 177 genes regarding calcium pathway showed the perfect
separation in the GSEA.
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Gene-Pathway network showed that the majority of DEGs were

clustered in the cytosolic calcium ion transport, homeostasis, and

response processes (Figure 4C), indicating this MDR cell line

possessed abnormal calcium signaling.

In addition to the preliminary analysis, a gene set enrichment

analysis (GSEA) was conducted to identify probable biological

pathway enrichment from the Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway database. This study uncovered the

difference in the KEGG calcium signaling pathway (p<0.0001) as

well (Figure 4D). Using all 177 genes involved in the calcium

pathway, unsupervised hierarchical clustering revealed a clear

separation of these two cell types (Figure 4E), demonstrating a

major modification in the calcium homeostasis of MDR cells.

Collectively, these findings suggest that the calcium signaling

pathway is associated with the MDR phenotype in the A2780-

ADR cells.
Terfenadine overcomes MDR by
inhibiting the CAMK2/CREB1 pathway

Among the proteins implicated in the calcium signaling

pathway, RNA-seq data revealed dysregulation of calcium/

calmodulin-dependent protein kinase II (CaMK2) members.

Specifically, CAMK2D is highly up-regulated, and CAMK2B is

down-regulated (Figure 5A). The rise of CAMK2D and its active

form, phosphorylated-CAMK2D (T286), in A2780-ADR cells

was confirmed by Western blotting (Figure 5B and Figure S5A).

In addition, we detected an increase in the phosphorylation of

CREB1 at S133, although RNA and protein levels remained

unchanged (Figures 5B, C and Figure S5A). As revealed by these

results, they indicated the CAMK2/CREB1 pathway was

overactive in the A2780-ADR cells.

To determine if terfenadine blocked the CAMK2/CREB1

pathway, the expression of related proteins was measured

following terfenadine administration. After 24 hours of treatment,

dose-dependent reductions in CAMK2D and phosphorylated

CAMK2D were observed. Meanwhile, CREB1, ABCB1, and

baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5)

were also reduced (Figure 5D and Figure S5B). The protein

BIRC5, also known as survivin, suppresses apoptosis by inhibiting

caspase activation. As CREB1 is a transcription factor located in the

nuclei and is activated by direct binding of CAMK2, we also

examined their levels in the nuclei and found that terfenadine

dose-dependently decreased the CAMK2D and the phosphorylated

CREB1 in the nuclei (Figures 5D, E and Figures S6A, B), indicating

a decrease in the activating and nuclear entry of CAMK2D in the

presence of terfenadine.

A cellular thermal shift assay (CETSA) was conducted to assess

if terfenadine directly binds to CAMK2D to prevent its activation.

CAMK2D’s apparent aggregation temperature (Tagg) was

evaluated in the absence or presence of terfenadine in A2780-
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ADR cell lysates (Figure 5F and Figure S6C). The best-fit curve for

the terfenadine-treated group shifted significantly from that of the

DMSO control (p< 0.001). Figure 5G shows that terfenadine

reduced the Tagg of CaMK2D protein from 57.4 to 54.2°C,

indicating that it thermally destabilized CAMK2D. Together with

the other studies demonstrating that CREB1 regulates ABCB1

expression (41, 42), our findings suggest that terfenadine may

prevent cells from apoptosis by regulating the Ca2+-mediated

CAMK2/CREB1 pathway through binding directly to CAMK2D,

thereby causing its destabilization in cells and reducing the

activation of CREB1 and subsequent ABCB1 expression.
CAMK2/CREB1 pathway is the promising
therapeutics target for the ABCB1
mediated MDR of ovarian cancer

To confirm further that CAMK2D was a target for MDR

combination therapy, we recruited KN62, a CaMK2 specific

inhibitor, for our investigation (43). KN62 reduced the

expression and activity of ABCB1 in A2780-ADR cells,

consistent with the terfenadine therapy (Figures 6A, B and

Figure S7A). Moreover, KN62 inhibited the expression of

BIRC5 and the phosphorylation of both CAMK2D and CREB1

in A2780-ADR cells (Figure 6A). The IC50 of doxorubicin

dropped from 2.4 µM (doxorubicin alone) to 0.17 µM

(doxorubicin paired with 5 µM KN62) in A2780-ADR cells

when KN62 was administered in combination with doxorubicin

(Figure 6C). This was a synergistic combination (CI < 1)

(Figure 6D). Notably, KN62 had the same effect as terfenadine

in the combination with doxorubicin, decreasing ABCB1 and

BIRC5 expression and increasing cleaved PARP (Figures 6E, F).

Although the phosphorylated CAMK2D was lowered in either

terfenadine or KN62 treatment alone, there was no difference in

CAMK2D phosphorylation in combination treatments with either

of them with doxorubicin. In contrast, CREB1 phosphorylation

remained lower in the combined treatment, indicating that

CAMK2 inhibitors repressed the CAMK2/CREB1 pathway

(Figures 6E. F and Figures S8A, B). Furthermore, KN93,

another CAMK2-specific inhibitor, reduced ABCB1 activity and

increased doxorubicin-induced cell death in A2780-ADR cells

(Figures S9A, B). These findings suggest that inhibiting CAMK2

could resensitize MDR cells to doxorubicin.

To determine if blocking CREB1 would similarly resensitize

MDR cells to doxorubicin, A2780-ADR cells were treated with

the selective CREB1 inhibitor 3i (also known as 666-15 (44).

Consistent with the CAMK2 inhibitors, ABCB1 and BIRC5,

along with CREB1 phosphorylation, decreased after treatment

with 666-15 (Figure 6G and Figure S7B). Under the 666-15

treatment, the total ABCB1 activity similarly dropped in a dose-

dependent manner (Figure 6H). In addition, the combination of

doxorubicin and 666-15 killed MDR cells A2781-ADR
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synergistically (CI < 1) (Figure 6I). Together, inhibition of the

Ca2+ mediated CAMK2D/CREB1 pathway appears to be a

promising therapeutic target for doxorubicin resensitization in

ABCB1-mediated MDR ovarian cancer.
Discussion

Resistance to chemotherapy, whether inherited or acquired,

is a significant obstacle in cancer treatment. Several mechanisms
Frontiers in Oncology 10
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of drug resistance have been postulated, with the multiplication

and expression of phosphorylated ABCB1 protein, an energy-

dependent drug efflux pump, being one of the most extensively

investigated (45). Studies in vitro have demonstrated that high

levels of ABCB1 expression are associated with MDR in multiple

cell lines and that the degree of overexpression correlates with

the amount of resistance (46). Research on patients with ovarian

cancer has found that high levels of ABCB1 expression are

inversely related to chemotherapy response and progression-free

survival (47). Consequently, ovarian cancer patients continue to
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FIGURE 5

Terfenadine overcomes MDR in ovarian cancer cells by inhibiting the CAMK2/CREB-mediated pathway. (A) Normalized read counts of the CAMK2
family in MDR ovarian cancer cells and its parental sensitive ovarian cells (A2780) obtained in the RNA-seq analysis. (B) Western blot analysis of p-
CAMK2 (T286), CAMK2 (pan), p-CREB1 (s133), and CREB1 in MDR sensitive ovarian cells (A2780). GAPDH was used as the loading control. (C) RNA-
seq normalized read counts of CREB1 in MDR ovarian cancer cells and its parental sensitive ovarian cancer cells A2780. (D) Upper panel: Western
blot analysis of p-CAMKII (T286), CAMKII (pan), p-CREB1 (s133), CREB1, ABCB1, and BIRC5 in MDR ovarian cancer cells treated for 24 hours with
terfenadine (Ter). GAPDH was used as the loading control. Lower panel: Western blot analysis of CREB1 and p-CREB1 (s133) in the nucleus of MDR
ovarian cancer cells treated with terfenadine (Ter) for 6 h. Histone H3 (H3C1) was used as the loading control. (E) Western blot analysis of CAMK2D
in the cytosol or nucleus of terfenadine (Ter)-treated MDR ovarian cancer cells for 6 hours. GAPDH and H3C1 were used as the loading controls for
cytosol protein and nucleus protein, respectively. (F, G) Cellular thermal shift assay (CETSA) for the binding of terfenadine to CAMKIID in MDR
ovarian cancer cell lysate. (F) Representative western blot images for the CESTA. (G) Tagg curves of CaMKIID in MDR ovarian cancer cells in the
presence of DMSO or 600 µM of terfenadine. All statistical analysis was performed using a two-tailed t-test (*** p < 0.001).
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FIGURE 6

Inhibiting the CAMK2/CREB pathway reversed MDR in ovarian cancer cells. (A) Western blot of p-CAMK2 (T286), CAMK2 (pan), ABCB1, p-CREB1
(s133), CREB1, and BIRC5 in KN62-treated MDR ovarian cancer cells for 24 h. (B) Rho123 accumulation in MDR ovarian cancer cells treated for
6 h with 5 µM KN62. DMSO was used as non-treated control. Statistical analysis was performed using a two-tailed t-test (*** p < 0.001). (C)
Dose-response curves of MDR ovarian cancer cells to doxorubicin (Dox) in the presence or absence of 5 µM KN62. (D) Synergistic effects of
KN62 and doxorubicin (Dox) on MDR ovarian cancer cell killing. The bar graph shows the cell viability of MDR ovarian cancer cells treated for
48 h with doxorubicin, KN62, or both. Calculated CI values are presented below the plots. (E) Western blot of p-CAMK2 (T286), CAMK2 (pan),
ABCB1, p-CREB1, CREB1, c-PARP, CHOP, and BIRC5 in MDR ovarian cancer cells treated for 24 h with 2 µM doxorubicin (Dox), 5 µM
terfenadine (Ter), or both. (F) Western blot of p-CAMK2 (T286), CAMK2 (pan), ABCB1, p-CREB1, CREB1, c-PARP, CHOP, and BIRC5 in MDR
ovarian cancer cells treated for 24 h with 2 µM doxorubicin (Dox), 5 µM KN62, or both. (G) Western blot of ABCB1, p-CREB1 (s133), CREB1, and
BIRC5 in MDR ovarian cancer cells treated for 24 h with 666-15. (H) Rho123 accumulation in MDR ovarian cancer cells treated for 6 h with 666-
15. DMSO was used as non-treated control. Statistical analysis was performed using a one-way ANOVA with Tukey’s HSD correction (*** p <
0.001). (I) Synergistic effects of 666-15 and doxorubicin (Dox) on MDR ovarian cancer cell killing. The bar graph shows the cell viability of MDR
ovarian cancer cells treated for 48 h with doxorubicin, 666-15, or both. Calculated CI values are presented below the plots.
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be in need of a therapeutic for effectively overcoming MDR.

Using qHTCS, this work found a group of doxorubicin

potentiators in an ABCB1-mediated MDR ovarian cancer cell

line. Among these, we demonstrated that terfenadine restored

the activity of doxorubicin by inhibiting the CAMK2/CREB1

pathway, resulting in decreased expression of ABCB1 and

BIRC5. In addition, inhibiting the CAMK2/CREB1 pathway

resensitized MDR ovarian cancer cells to not only doxorubicin

but also paclitaxel and topotecan, which are clinically employed

to treat ovarian cancer (48).

Terfenadine has been shown to restore the activity of

doxorubicin in the MCF-7/ADR human breast cancer cells

and the L1210/VMDRC.06 murine leukemia cells (49), and the

activity of epirubicin in killing drug-resistant non-small cell lung

cancer (20). In spite of this, the target and mechanism by which

terfenadine restores chemotherapeutic activity in MDR cancer

cells remain unknown. Notably, neither H1R nor hERG

inhibitors were able to duplicate the synergistic effects of

terfenadine on the MDR cancer cells, indicating that other

biological mechanisms may be involved in the reversal of

chemosensitivity. To investigate the unique target of

terfenadine in combinational chemotherapy for MDR cancer,

the global gene expression of doxorubicin-sensitive and

-resistant cell lines was profiled using RNA sequence.

Importantly, calcium signaling-related pathways were shown

to be aberrantly regulated in MDR cells, indicating that

calcium homeostasis was disrupted. Indeed, our work

demonstrated the abnormal expression of CAMK2 family

members, particularly CAMK2D, which is dramatically

overexpressed in MDR cells, and terfenadine treatment

inhibits the CAMK2D phosphorylation in a manner

comparable to that of the CAMK2 inhibitor KN62.

Intriguingly, terfenadine has been related to a decrease in

calcium influx caused by L-type calcium channels (LTCC)

activation in rat cerebellar neurons and human atrial myocytes

(22, 23), showing terfenadine can regulate intracellular calcium

homeostasis. However, the target of terfenadine for this function

remains unclear. Moreover, activation of CAMK2 can further

activate LTCC by binding to and phosphorylating the COOH

terminus of LTCC (50, 51). Using the CETSA assay, we

demonstrated the direct binding of terfenadine to CAMK2D

in our study, as indicated by a protein melting curve shift after

the addition of terfenadine to the cell lysate. Interestingly, the

melting curve of the CAMK2D protein was shifted to the right in

the presence of terfenadine, indicating instability of the

CAMK2D protein upon heating when bound to terfenadine.

As equilibrium binding ligands typically increase protein

thermal stability by a factor proportionate to the concentration

and affinity of the ligand, the CETSA assay will typically

demonstrate a leftward change in the melting curve of the

protein (52). However, multiple situations have been reported
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experimentally in which equilibrium-binding ligands destabilize

proteins, i.e., decrease the melting temperature of the protein by

an amount proportionate to the ligand’s concentration and

affinity (53, 54). This type of protein instability may cause

aggregation and degradation of target proteins in cells,

resulting in further protein reduction. In our study, we

demonstrated that terfenadine administration lowered CAMK2

protein in a dose-dependent manner. Based on our findings, it is

possible to speculate that terfenadine’s inhibition of CAMK2

protein leads to the deactivation of LTCC, thereby reducing

calcium influx in neurons and myocytes.

Unfortunately, terfenadine has been linked to cardiac death in

at least 125 and 14 cases in the United States and United

Kingdom, respectively (55), and the Food and Drug

Administration (FDA) recommended its removal from the

market in 1997 due to its pro-arrhythmic risk for long QT-

related Torsades de Pointes (TdPs) (56, 57). Although

numerous structural derivatives with a relatively low toxicity

profile, such as fexofenadine (58), have been developed, their

activity and target for MDR cancer treatment have yet to be

investigated. Therefore, it is preferable to identify

pharmacologically accessible downstream targets in this calcium

cascade for MDR treatment. In recent years, CAMK2 has

garnered a great deal of attention for its pivotal role in the

arrhythmias of chronic illness (59). The isoform-specific

inhibitor of CAMK2D (the main cardiac isoform of CAMK2)

could be used to target the cardiac-specific pathology of

autonomously activated CAMK2 in diabetes (60), while

avoiding off-target effects in other tissues, such as a and b
isoforms of CAMK2, and disruption of memory formation in

the hippocampus (61). A recent clinical trial revealed that the

CAMK2 inhibitor appears to be well accepted and safe among

patients (62), suggesting that it should pave the way for future

development of CAMK2 inhibitors in other conditions, such as

the treatment of MDR cancer patients.

Considering that CAMK2 activation can phosphorylate

and activate CREB1 (63) and that phosphorylated CREB1

binds to the CRE binding site in the ABCB1 promoter and

promotes ABCB1 expression (64), CAMK2 activation will

induce ABCB1 expression in cancer cells, resulting in MDR.

Therefore, reducing CREB1 activity is an additional promising

MDR cancer therapeutic target. In fact, CREB has already been

identified as a candidate for oncogenic signaling in a variety of

tumor types (65), particularly in leukemia and glioma (66,

67). In the current work, an aberrant increase in CREB1

phosphorylation was observed in MDR cells, and inhibition

of CREB1 decreased ABCB1 expression and activity, indicating

that CREB1 is a viable target for MDR reversal in cancer

therapy. Despite the recent developments, CREB inhibitors

are exclusively used in preclinical research. The lack of

pharmacokinetic and pharmacodynamic responses, as well as
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toxicity reports, makes it unlikely that any of them will be used

in clinical practice currently, despite the fact that some of them

look to be highly promising. In addition, the use of CREB

inhibitors has been hampered by numerous limitations, such as

lower bioactivity in living systems and off-target binding. This

necessitates a more comprehensive characterization and

development prior to clinical application.

In this study, we reported that the CAMK2/CREB pathway,

particularly CAMK2D, is a promising target for reversing

ABCB1-mediated drug resistance in ovarian cancer (Figure 7).

However, the in vivo activity of their inhibitors requires further

investigation. Additionally, we demonstrated once more that

integrating qHTCS and gene expression data is an effective

approach for identifying novel agents with combinational

effects and their underlying mechanisms.
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Background: Given the limitations of Western medicine (WM) for the

treatment of non-small cell lung cancer (NSCLC) and the wide

exploration of Chinese herbal injections (CHIs), systematically evaluate

the efficacy of Various CHIs Combined with WM for Non-small Cell Lung

Cancer. In this study, we performed a network meta-analysis to evaluate the

comparative efficacy of 16 CHIs combined with WM regimens for the

treatment of NSCLC.

Methods: Literature databases were searched from their inception to

November 2021, and all randomized control trials (RCTs) involving NSCLC

patients treated with a combination of Chinese and WM were retrieved.

Outcomes, including disease control rate, survival quality score, incidence of

gastrointestinal adverse reactions, incidence of leukopenia, and incidence of

thrombocytopenia, were analyzed using RevMan (5.3), Stata17, and R software.

Surface under the cumulative ranking curve (SUCRA) probability values were

calculated to rank the treatments examined, and clustering analysis was used to

compare the effects of CHIs on different outcomes.

Results: A total of 389 studies involving 31,263 patients and 16 CHIs were

included. The 16 CHIs were: Aidi injection (ADI), Huachansu injection (HCSI), oil
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of Ophiopogon injection (OOMI), disodium cantharidinate and vitamin

B6 injection (DCI), Shenfu injection (SFI), Shenmai injection (SMI), Shenqi

Fuzheng injection (SQFZI), Chansu injection (CSI), Delisheng injection (DLSI),

Fufang Kushen injection (FFKSI), Huangqi injection (HQI), Kangai injection (KAI),

Kanglaite injection (KLTI), Shengmai injection (SI), Xiangguduotang injection

(XGDTI), and Xiaoaiping injection (XAPI). The results of the network meta-

analysis showed that, with WM treatment as a co-intervention, CSI was most

likely to improve the disease control rate (SUCRA = 80.90%), HQI had the

highest probability of being the best option for improving the survival quality

score (SUCRA = 82.60%), DCI had the highest probability of reducing the

incidence of gastrointestinal adverse reactions (SUCRA = 85.50%), HCSI +

WM had the highest probability of reducing the incidence of

thrombocytopenia (SUCRA = 91.30%), while SMI had the highest probability

of reducing the incidence of leukopenia (SUCRA = 79.10%).

Conclusion: CHIs combined with WM is proved to be more effective than

WM alone, which may be beneficial to NSCLC patients. SMI + WM and DCI +

WM are most likely the optimal CHI to improve disease control rates, survival

quality score, and reduce adverse effects. This study has limitations;

therefore, higher quality RCTs and real-world evidence are required to

support our conclusions.

KEYWORDS

networkmeta-analysis, bayesianmodel, Chinese herbal injections, non-small cell lung
cancer, combined therapy, Chinese medicine

1 Introduction

Lung cancer is the malignancy with the highest mortality and

incidence rates, both worldwide and in China (Bray et al., 2018;

Sung et al., 2021; Siegel et al., 2021; Alexander et al., 2020). Lung

cancer brings a tremendous economic and social burden on both

developing and developed countries (Minguet et al., 2016; Sung

et al., 2021; Bray et al., 2018; Molina et al., 2008). Based on

histology, Lung cancer can be classified as non-small cell lung

cancer (NSCLC) and small cell lung cancer. Non-small cell lung

cancer (NSCLC) accounts for approximately 80%–85% of all

lung cancers (Miller et al., 2020; Miller et al., 2016; Miller et al.,

2022).

Currently, platinum based chemotherapy is still the first-

line treatment for lung cancer (Ettinger et al., 2017; Ettinger

et al., 2022). However, some patients are unable to complete

the recommended cycles of chemotherapy due to serious

adverse events, greatly limiting its clinical application

(Quoix et al., 2011; Shojaee and Nana-sinkam, 2017;

Ettinger et al., 2022). With the development of modern

treatment methods and biotechnology, lung cancer has

entered the era of precision therapy (Soo et al., 2017;

Hirsch et al., 2017; Yoneda et al., 2018). Molecular targeted

drugs and immunotherapy have substantially improved the

clinical efficacy of mid-to late-stage lung cancer treatment

(Lemjabbar-Alaoui et al., 2015; Cho, 2017; Zhang et al., 2018;

Jiang et al., 2019; Li et al., 2021). Although Immunotherapy

increasing the 5-year survival rate of patients with advanced

NSCLC from 5% to approximately 23% (Reck et al., 2022; Ren

et al., 2021; Yoneda et al., 2018; Garon et al., 2019; Breimer

et al., 2020), it is often accompanied by low antigenicity, side

effects, and drug resistance for lung cancer has limitations in

clinical practice (Khunger et al., 2018; Zhang et al., 2018; Xia

et al., 2019; Wang et al., 2021; Stock-Martineau et al., 2021;

Zhou and Zhou., 2021). Therefore, how to actively identify

effective drug treatment options to reduce postoperative

recurrence and metastasis, prolong the survival time of

patients with advanced disease, reduce adverse effects, and

improve patient quality of life remains a key challenge in the

treatment of advanced lung cancer.

Chinese medicine injections (CHIs) are widely used by

clinicians in China as an important component of

complementary and alternative medicine for the adjuvant

treatment of NSCLC (Jiao et al., 2017; Jiang et al., 2019; Xu

et al., 2021; Han et al., 2016; Wu et al., 2016; He et al., 2016;

Cao et al., 2017; Cao et al., 2021; Wang B et al., 2018). Many

studies have documented the efficacy of Various

CHIsCombined with Western Medicine for Non-small Cell

Lung Cancer (Li et al., 2021; Zhang et al., 2018; Yao et al.,

2020; Jiang et al., 2016; Jiang et al., 2019; Tan and Wang.,

2016; Liu et al., 2017; Ma and Xu., 2017; Zheng et al., 2017;

Wang G et al., 2018; Li et al., 2020; Liu et al., 2021; Xie et al.,

2021). However, there are various types of CHIs, and the

optimal strategy for combining CHIs with WM for treating
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NSCLC remains inconclusive, which may cause difficulty for

clinicians in clinical treatment. Bayesian network meta-

analysis (NMA) has the advantage of combining direct and

indirect evidence to compare multiple interventions

(Schwingshackl et al., 2019; Watt et al., 2019; Ahn and

Kang., 2021; González-Xuriguera et al., 2021; Watt and

Del Giovne, 2022). Therefore, in this study, we used

Bayesian network meta-analysis (NMA) method to

systematically evaluate the efficacy of Various CHIs

Combined with WM for Non-small Cell Lung Cancer. The

objective of this NMA was to supplement the optimal strategy

of NSCLC treatment and to strengthen additional insights for

clinical practice in the future.

2 Methods

This study is reported in strict accordance with the

standard format specifications detailed in the Preferred

Reporting Items for Systematic Reviews and Meta-Analysis:

PRISMA Extension Statement (Cornell, 2015; Hutton et al.,

2015; Rethlefsen et al., 2021). A completed PRISMA checklist

is included as an additional file (Supplementary File). The

study protocol was registered and approved on the

International Platform of Registered Systematic Review and

Meta-Analysis Protocols (INPLASY) on 17 November 2021

(registration number: INPLASY2021110068), and the study

was conducted strictly in accordance with the registered study

protocol. This NMA did not require ethical approval, because

the study only collected clinical data from each randomized

controlled trial (RCT) and did not disclose patient

information.

2.1 Search strategy

In this NMA, a comprehensive data search of the following

electronic databases for RCTs of CHIs combined with WM for

NSCLC was conducted from their inception to November 2021:

Chinese Biological Medicine Literature, China National

Knowledge Infrastructure, Wanfang, PubMed, Cochrane

Library, and Embase. In addition, pharmaceutical companies

that manufacture proprietary CMI were contacted to provide

unpublished information regarding premarket and postmarket

studies. Further, study authors were contacted to supplement

incomplete reports of original papers or to provide data from

unpublished studies. The search strategy was divided into three

parts: CHIs, NSCLC, and RCTs. A search strategy was developed,

as illustrated in Table 1 using PubMed as an example. A total of

16 CHIs that met the national standards of the Chinese Food and

Drug Administration were included (https://db.yaozh.com and

https://www.nmpa.gov.cn/). Detailed drug information is

provided in (Table 1 and Supplementary Table S1).

2.2 Inclusion criteria

2.2.1 Study types
RCTs that reported the efficacy of the 16 CHIs combined

with WM for treating NSCLC were eligible. There were no

language restrictions. When outcome information was

available for multiple time points, the data for the longest

follow-up time point were selected.

2.2.2 Participants
All patients were pathologically and histologically diagnosed

with NSCLC. There were no limitations on sex, age, race, region

or nationality.

2.2.3 Interventions
Patients in control groups received only WM regimens,

including DP, TP, GP, NP, and GE, where D indicates

docetaxel, P cisplatin, T paclitaxel, G gemcitabine, N

vinorelbine, and E gefitinib. Patients in the treatment group

received CHIs together with WM therapy. To facilitate our

analyses, we collapsed all agents regardless of dose. If patients

had complications during the treatment, then some appropriate

mitigation measures could be taken.

2.3 Outcome measures

The primary outcome indicator was DCR, where DCR was

defined as complete remission + partial remission + stable.

Survival quality was assessed using the Karnofsky

performance scale (KPS), with improvement defined as an

increase of ≥10 points in the KPS score after treatment,

stability as an increase or decrease of <10 points, and a

decline as a decrease of ≥10 points in the KPS score.

Secondary outcome indicators were the incidence of

adverse reactions, including gastrointestinal (GI) adverse

reactions, leukopenia, and thrombocytopenia. Data were

extracted according to the predefined definitions described

in the protocol, with priority given to the earliest published

report when data appeared in more than one report. RCTs

were eligible if they reported one of the aforementioned

outcomes.

2.4 Exclusion criteria

The exclusion criteria were as follows: 1) Other western

medical treatment options (Radiotherapy, Surgical and Local

interventional therapy); 2) Other traditional Chinese Medicine

treatment options (Decoction for oral and external use,

emotional therapy, static breathing control, acupuncture); 3)

repeat publications; and 4) Studies with incomplete or

incorrect data.
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2.5 Data extraction and quality assessment

All retrieved studies were managed using EndNote software.

After excluding duplicate studies, two researchers (Jing Chen and

Sini Li) independently screened the retrieved studies according to

the inclusion and exclusion criteria, and after excluding unrelated

literature, such as reviews, evaluations, animal studies, and

uncontrolled studies, the full text of each report was read to

finalize the texts for inclusion in the study and to extract the data.

Subsequently, a review team consisting of two researchers (Jianhe

Li andWei Cui) checked the accuracy of the data and assessed the

quality of the included studies. Information extracted from

included studies comprised: study name, study date, number

of patients, sex ratio, treatment strategy, treatment procedure,

and outcomes.

Two researchers (Jianhe Li and Wei Cui) independently

assessed the risk of bias in included RCTs according to the

risk of bias tool provided in the Cochrane Handbook for

Systematic Reviews of Interventions. The following were

assessed: 1) selection bias associated with random

sequence generation; 2) selection bias associated with

allocation concealment; 3) performance bias: blinding of

participants and personnel; 4) detection bias: blinding of

outcome assessments; 5) attrition bias: completeness of

outcome data; 6) reporting bias: selective reporting; and

7) other sources of bias. Each factor was categorized as

“low risk”, “high risk”, or “unclear”. All discrepancies

that emerged from this study were discussed by a review

panel.

2.6 Data analysis

All meta-analyses were performed within a Bayesian

framework using R4.11 software for statistical analysis of data

and research, and a Markov chain Monte Carlo method for

Bayesian inference. The parameters set in R4.11 software were as

follows: number of chains, 4; tuning iterations, 50,000; simulation

iterations, 100,000; thinning interval, 1; settings of tuning

iterations and simulation iterations were adjusted according to

the actual situation. Potential scale reduction factors were used to

evaluate the convergence of Markov chains. Models were

compared using the deviance information criterion, which is

equal to the sum of the posterior mean of the residual deviations

and the number of valid parameters. Results for comparisons of

dichotomous variables were calculated as odds ratios (OR).

Differences between groups were considered statistically

significant when the 95% confidence interval (CI) of OR

values did not contain 1. Network diagrams showing indirect

comparative relationships among different interventions were

generated, where the nodal areas for each intervention represent

the number of patients, and the thickness of lines between

different interventions represented the number of RCTs.

R4.11 and Stata17 software were used to plot cumulative

probability ranking, and to generate mesh and funnel plots for

each intervention. A surface under the cumulative ranking area

(SUCRA) curve is used to estimate the probability of ranking

each intervention; the larger the area under the curve, the higher

the ranking and the higher the probability that the CHIs are the

best interventions (Salanti et al., 2011). Clustering analysis was

used to synthesize and compare interventions with two different

outcome indicators, to obtain the best choice of injection for both

outcome indicators: the farther away from the origin in the

clustering plot, the better the outcome indicator. Acomparison-

adjusted funnel plot was used to assess potential publication bias.

If points on both sides of the midline in the funnel diagram were

symmetric, which meant the correction guideline was at right

angles to the midline, it was considered indicative of no

significant publication bias.

3 Results

3.1 Search results

A total of 2004 studies were retrieved, and 389 RCTs

(Supplementary Table S2) were finally included for NMA

TABLE 1 Specific terms used to search PubMed.

#1 Non-small cell lung
cancer (MeSH terms),
#2 carcinoma, Non-small cell
lung (title/Abstract), #3 carcinomas,
Non-small-cell lung (title/Abstract),
#4 lung carcinoma, Non-small-cell
(title/Abstract), #5 lung carcinomas,
Non-small-cell (title/Abstract), #6 Non-small-cell
lung carcinoma (title/Abstract),
#7 Non-small-cell lung carcinomas
(title/Abstract)

#8, #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7

#9 Aidi Injection (Title/Abstract), #10 Huachansu Injection (Title/Abstract),
#11 Oil of Ophiopogon Injection (Title/Abstract), #12 Disodium Cantharidinate
and Vitamin B6 Injection (Title/Abstract), #13 Shenfu Injection (Title/Abstract),
#14 Shenmai Injection (Title/Abstract)

#15 Shenqifuzheng Injection (Title/Abstract), #16 Chansu Injection (Title/
Abstract), #17 Delisheng Injection (Title/Abstract), #18 Fufangkushen Injection
(Title/Abstract), #19 Huangqi Injection (Title/Abstract)

#20 Kangai Injection (Title/Abstract), #21 Kanglete Injection (Title/Abstract),
#22 Shengmai (Title/Abstract), #23 Xiangguduotang Injection (Title/Abstract),
#24 Xiaoaiping Injection (Title/Abstract)

#25 #9 OR #10 OR #11 OR #12 OR #13 OR #14 OR #15 OR #16 OR #17 OR #18 OR
#19 OR #20 OR #21 OR #22 OR #23, OR #24

#26 randomized controlled trial (Publication type)

#27 controlled clinical trial (Publication type)

#28 #26 OR # 27

#28 #8 AND #25 AND #28
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TABLE 2 Detailed information on Chinese herbal injections.

Chinese herbal
injection
(Name of the
formulation)

Name of the herbal
drug

Functional indications Number of
articles

Number of patients

Number
of men

Number of
women

ADI Cantharis, ginseng, astragalus,
acanthopanax senticosus

anti-tumor and immunomodulatory effects Cichello
et al. (2015); Meng et al. (2018); Ge et al., 2017; Wang
et al. (2018)

66 3,681 2,339

XAPI Tongguanteng extract,
polysorbate

target apoptosis and autophagy leading to the death of
NSCLC cells death Jiao et al. (2018)

22 956 618

XGDTI Lentinan Enhance the immunity of the body and enhance
thesusceptibility Xu et al. (2020); Lv et al. (2021)

18 898 497

CSI Toad Induce apoptosis, promote cell differentiation, increase
immunity, inhibit vascular proliferation and
endothelial cell proliferation Su and Niu (2001);
Efferth et al. (2002)

4 114 153

DCI Sodium cantharidate,
vitamin B6

Inhibit the synthesis of protein and nucleic acid in
tumor cells and reduce the level of cancer toxin Wang
et al. (2019)

14 591 390

DLSI Red Ginseng, Astragalus, Toad,
Cantharis

Enhance the inhibition of chemotherapy on tumor
metastasis Dong et al. (2014)

8 378 184

FFKSI Sophora flavescens, Smilax
glabra

Enhance the resistance of body cancer cells, promote
the apoptosis of cancer cells, reduce the stimulation to
the body, Anti inflammation, endocrine regulation and
immune function improvement Zhang et al. (2013);
Agrawal et al. (2014)

55 2,933 1715

HCSI Dry Toad Skin Extract inhibit tumor cells, reduced the ADRs in patients with
advanced NSCLC Tan et al. (2021)

10 577 412

HQI Astragalus membranaceus Inhibiting tumor cell proliferation, affecting tumor
tissue metabolism and Functions such as regulating
immunity Sang et al. (2008)

8 331 156

KAI Astragalus membranaceus,
ginseng, matrine

matrine inhibits the proliferation and metastasis of
tumor cells by inducing apoptosis, halting the cell
cycle, and inhibiting the formation of blood vessels;
Astragalus membranaceus induction of interferon or
exert interferon-like effects, and to enhance anti-tumor
effects by strengthening the activity of NK cells Zhao
et al. (2012); Li, T et al. (2019); Hu et al. (2022)

37 1835 1,063

KLTI Coix seed oil, soybean
phospholipid

induction of cancer cell apoptosis, inhibition of cancer
cell mitosis, execution of cancer cells, and
improvement of the immune function Gui and Dai,
(2020)

39 2,101 1,417

OOMI Refined Brucea javanica oil,
refined soybean phospholipid,
glycerin

Alleviate adverse reactions caused by chemotherapy
drugs.It should prevent leukopenia caused by
chemotherapy bone marrow suppression and improve
the patient’s, And improve the quality of life Mo,
(2010); Luo et al., (2019)

23 1,113 702

SFI Red Ginseng, Epibolus increase the clinical efficacy through inducing the
cancer cell apoptosis, inhibiting cell proliferation
metastasis, and upregulating tumor immunity Cao
et al., (2017)

14 566 359

SI Red Ginseng, Ophiopogon
japonicus, Schisandra chinensis

improving quality of life in patients,
immunomodulating action Lu, (2011)

11 511 220

SMI Red Ginseng, Ophiopogon
japonicus

activating the body’s immune system, improving the
hematopoietic function of bone marrow, regulating
angiogenesis and inhibiting the growth of tumor cells
Cheng et al., (2021); Zhong et al., (2020)

21 1,013 537

SQFZI Dangshen, Huangqi inhibiting cancer growth, promoting apoptosis,
increasing chemotherapy sensitivity, and improving
immune functions Li et al., (2015); Xiong et al., (2018)

39 990 1913

Note: ADI, Aidi injection; CSI, Chansu injection; DCI, disodium cantharidinate and vitamin B6 injection; DLSI, Delisheng injection; FFKSI, Fufang Kushen injection; HCSI, Huachansu

injection; HQI, Huangqi injection; KAI, Kangai injection; KLTI, Kanglaite injection; OOMI, oil of Ophiopogon injection; SFI, Shenfu injection; SI, Shengmai injection; SMI, Shenmai

injection; SQFZI, Shenqi Fuzheng injection; XAPI, Xiaoaiping injection; XGDTI, Xianggu Duotang injection.
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according to the pre-defined inclusion and exclusion criteria.

Further details of the literature screening process are shown in

Figure 1. The 389 RCTs reported 16 herbal injections used as

interventions in combination with conventional WM, as

follows: Aidi injection (ADI, 66 RCTs), Huachansu

injection (HCSI, 10 RCTs), oil of Ophiopogon injection

(OOMI, 23 RCTs), disodium cantharidinate and vitamin

B6 injection (DCI, 14 RCTs), Shenfu injection (SFI,

14 RCTs), Shenmai injection (SMI, 21 RCTs), Shenqi

Fuzheng injection (SQFZI, 39 RCTs), Chansu injection

(CSI, 4 RCTs), Delisheng injection (DLSI, 8 RCTs), Fufang

Kushen injection (FFKSI, 55 RCTs), Huangqi injection (HQI,

8 RCTs), Kangai injection (KAI, 37 RCTs), Kanglaite injection

(KLTI, 39 RCTs), Shengmai injection (SI, 11 RCTs),

Xiangguduotang injection (XGDTI, 18 RCTs), and

Xiaoaiping injection (XAPI, 22 RCTs) (Table 2). Of the

389 RCTs reported, 306 reported DCR, 198 reported

Survival Quality Score, 222 reported Incidence of GI

Adverse Reactions, 198 reported Incidence of Leukopenia,

and 113 reported Incidence of Thrombocytopenia. All

included studies were published in Chinese, and the

publication years were from 2003 to 2021.

3.2 Characteristics and quality of included
studies

A total of 31,263 patients (15,854 in intervention groups and

15,409 in control groups) were enrolled in the 389 included

studies, all of whom were diagnosed with NSCLC in hospital,

based on clear diagnostic criteria. The number of people is

(males:18,588, females:12,675), and patients had a mean age

of 58 years. A total of 3,094 patients received ADI, 499 HCSI,

929 OOMI, 498 DCI, 462 SFI, 788 SMI, 1461 SQFZI, 142 CSI,

284 DLSI, 2373 FFKSI, 244 HQI, 1450 KAI, 1722 KLTI, 370 SI,

702 XGDTI, and 786 XAPI combined with WM therapies. Basic

data about the studies analyzed in this paper are listed in (Table 2

and Supplementary Table S2). We assessed the quality of

included studies according to the Cochrane Risk of Bias tool.

Each evaluation principle was classified as “high risk”, “low risk”,

or “unclear”. Of the 389 studies included, 59 RCTs used random

number tables for group assignment, 2 used random sampling

methods, and 1 applied random assignment by lottery; selection

bias associated with random sequence generation in the studies

was rated as “low risk”. All included studies reported complete

outcome indicators, and their attrition bias was assessed as “low

FIGURE 1
PRISMA flow diagram.

Frontiers in Pharmacology frontiersin.org06

Peng et al. 10.3389/fphar.2022.1037620

63

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1037620


risk”. Detailed results of the risk of bias assessment are shown in

Figure 2.

3.3 Primary outcomes

3.3.1 DCR
DCR directly reflects the curative effect of treatments on

patients and served as the main outcome index in this study. A

total of 16 CHIs assessed in 306 RCTs including 25,783 patients,

were included in the DCR analysis. Studies of ADI (n = 58), CSI

(n = 3), DCI (n = 11), DLSI (n = 6), FFKSI (n = 42), HCSI (n = 6),

HQI (n = 3), KAI (n = 32), KLTI (n = 35), OOMI (n = 18), SFI

(n = 12), SI (n = 4), SMI (n = 16), SQFZI (n = 30), XAPI (n = 11),

and XGDTI (n = 19), each combined withWM, were included. A

network diagram is shown in Figure 3A. OR values generated by

NMA are shown in Supplementary Table S1. DCR values were

significantly higher in patients with NSCLC treated with ADI,

CSI, DCI, DLSI, FFKSI, HCSI, KAI, KLTI, OOMI, SFI, SMI,

SQFZI, XAPI, or XGDTI combined with WM than in those

treated with WM alone. There was no significant difference

between DCR in patients treated with HQI or SI combined

with WM and those receiving WM treatment alone.

The results of the SUCRA rankings and probability values

(Table 3 and Figure 4A), after ranking the effects of the

interventions, indicated that CSI was most likely to improve

DCR in patients with NSCLC relative to WM treatment alone

(probability, 80.90%).

3.3.2 Survival quality score
Improvement in quality of survival was assessed for a total of

16 CHIs, 198 RCTs, and 14,700 patients, including studies of ADI (n=

40), CSI (n=3), DCI (n= 11),DLSI (n=5), FFKSI (n=25),HCSI (n=

2), HQI (n = 1), KAI (n = 16), KLTI (n = 18), OOMI (n = 9), SFI (n =

7), SI (n= 6), SMI (n= 8), SQFZI (n= 21), XAPI (n= 12), andXGDTI

(n = 14), each combined with WM. A network diagram is shown in

Figure 3B. OR values generated byNMA are shown in Supplementary

Table S2. Compared with the control group treated with WM alone,

survival quality scores of patients with NSCLC treated with WM

combined with all CHIs were significantly improved.

After ranking the effects of each intervention, the results of

the SUCRA ranking and probability values (Table 3 and

Figure 4B) indicated that HQI was most likely to improve

survival quality score in patients with NSCLC, compared with

controls treated with WM alone (probability, 82.60%).

3.4 Secondary outcomes

3.4.1 Incidence of GI adverse reactions
A total of 16 CHIs, 222 RCTs, and 18,720 patients were included

in analysis of GI adverse reactions, comprising studies of ADI (n =

45), CSI (n = 1), DCI (n = 8), DLSI (n = 5), FFKSI (n = 30), HCSI

(n = 4), HQI (n = 1), KAI (n = 22), KLTI (n = 22), OOMI (n = 16),

SFI (n = 9), SI (n = 6), SMI (n = 10), SQFZI (n = 21), XAPI (n = 8),

and XGDTI (n = 14), each combined withWM. A network diagram

is shown in Figure 3C. The OR values generated by NMA are

presented in Supplementary Table S3. The rate of GI adverse

reactions in patients with NSCLC treated with WM combined

with ADI, DCI, CSI, DLSI, FFKSI, HCSI, KAI, KLTI, HQI, SFI,

SMI, SQFZI, XAPI, or XGDTI was significantly lower than that in

patients treated withWM alone. There was no significant difference

in GI adverse events between patients receiving OOMI or SI

combined with WM and those treated with WM alone.

After ranking the effects of each intervention, the results of

the SUCRA rankings and probability values (Table 3 and

Figure 4C) indicated that DCI was most likely to reduce the

incidence of leukopenia in patients with NSCLC relative to WM

treatment alone (probability, 85.50%).

3.4.2 Incidence of leukopenia
Incidence of leukopenia was analyzed for a total of 16 CHIs,

in 198 RCTs, and 16,187 patients, comprising studies on ADI

(n = 37) CSI (n = 1), DCI (n = 10), DLSI (n = 2), FFKSI (n = 27),

FIGURE 2
Assessment of risk of bias.
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HCSI (n = 4), HQI (n = 3), KAI (n = 16), KLTI (n = 16), OOMI

(n = 13), SFI (n = 10), SI (n = 7), SMI (n = 11), SQFZI (n = 23),

XAPI (n = 6), and XGDTI (n = 12), each combined with WM. A

network diagram is shown in Figure 3D. The OR values

generated by NMA are presented in Supplementary Table S4.

The incidence of leukopenia in patients with NSCLC treated with

a combination of WM and ADI, DCI, OOMI, DLSI, FFKSI,

HCSI, KAI, KLTI, SFI, SI, SMI, SQFZI, XAPI, or XGDTI was

significantly lower than that in patients treated with WM alone.

HQI or CSI combined with WM did not significantly alter the

incidence of leukopenia relative to WM treatment alone.

After ranking the effects of each intervention, the results of

the SUCRA rankings and probability values (Table 3 and

Figure 4D) indicated that SMI was most likely to reduce

leukopenia incidence in patients with NSCLC compared with

WM alone, with a probability of 79.10%.

3.5 Incidence of thrombocytopenia

Analysis of the incidence of thrombocytopenia included a total

of 14 CHIs, 113 RCTs, and 12,648 patients in studies of ADI (n =

FIGURE 3
Network graphs for different outcomes. (A) Disease control rate. (B) Survival quality score. (C) Incidence of gastrointestinal adverse reactions.
(D) Incidence of leukopenia. (E) Incidence of thrombocytopenia.
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21), DCI (n = 3), DLSI (n = 1), FFKSI (n = 17), HCSI (n = 3), KAI

(n = 7), KLTI (n = 10), OOMI (n = 1), SFI (n = 6), SI (n = 4), SMI

(n = 9), SQFZI (n = 17), XAPI (n = 5), and XGDTI (n = 6), each

combined withWM. A network diagram is shown in Figure 3E. OR

values generated by NMA are presented in Supplementary Table S5.

The incidence of leukocytopenia in patients with NSCLC treated

with a combination of WM and ADI, DCI, HQI, DLSI, CSI, FFKSI,

HCSI, KAI, KLTI, SFI, SMI, SQFZI, XAPI, or XGDTI was

significantly lower than that in patients treated with WM alone;

there was no significant difference between patients treated with

OOMI or SI combined with WM and those receiving WM alone.

After ranking the effects of each intervention, the results of

the SUCRA rankings and probability values (Table 3 and

Figure 4E) indicated that HCSI was most likely to reduce the

incidence of thrombocytopenia in patients with NSCLC

compared with WM alone (probability, 91.30%).

3.6 Cluster analysis

Cluster analysis based on SUCRA is illustrated in

Figure 5. First, cluster analysis was conducted on DCR

and survival quality score. Among eligible treatments, SMI

+ WM and CSI + WM achieved superior effects over the

others in improving DCR and survival quality score, while

WM alone ranked toward the bottom. Next, cluster analyses

were performed on DCR, survival quality score, and other

outcomes. The results revealed that SMI + WM, DCI + WM,

and HQI + WM were the highest ranked among the eligible

interventions.

3.7 Publication bias

To assess whether the primary results of this study were

affected by reporting bias, we generated Acomparison-adjusted

funnel plot. The points on both sides of the center line of the

funnel plot were basically symmetrical from left to right;

therefore, we assumed that there was no small sample effect.

There was an angle between the correction guideline and the

centerline, suggesting that our findings may have been influenced

by publication bias to some extent (Figure 6).

4 Discussion

The severity of NSCLC has been widely recognized due to its

high mortality rates and heavy economic burden (Bray et al., 2018;

Miller et al., 2022). Currently, a combination of CHIs and WM is

widely adopted in China and has achieved the desired efficacy (Cao

et al., 2017; Chen, 2018; Duan et al., 2018; Wang J et al., 2018; Cao

et al., 2019; Wang et al., 2019; Feng et al., 2020; Zhu et al., 2022). As

aim of this study was to supplement the optimal strategy of NSCLC

treatment and to strengthen additional insights for clinical practice

in the future, this NMA incorporated 389 RCTs, which included

31,263 patients, comparing the efficacy of Sixteen CHIs combined

TABLE 3 Surface under the cumulative ranking probabilities analysis (SUCRA) results for five outcome measures.

Interventions Disease control
rate (%)

Survival quality
score (%)

Incidence of
gastrointestinal adverse
reactions (%)

Incidence of
leukopenia (%)

Incidence of
thrombocytopenia

ADI + WM 58.20 46.70 36.20 58.60 44.60%

CSI + WM 80.90 28.30 79.20 41.90 —

DCI + WM 67.80 82.20 85.50 63.20 87.40%

DLSI + WM 46.30 52.50 64.20 61.50 77.80%

FFKSI + WM 34.80 39.70 71.70 70.90 48.50%

HCSI + WM 69.10 44.20 75.80 26.00 91.30%

HQI + WM 51.50 82.60 16.10 13.10 —

KAI + WM 73.00 67.10 57.40 70.70 70.10%

KLTI + WM 40.20 31.30 44.20 58.40 53.70%

OOMI + WM 60.00 36.10 8.00 58.50 19.70%

SFI + WM 36.90 33.40 46.30 27.70 56.50%

SI + WM 9.40 70.60 27.70 41.50 8.70%

SMI + WM 80.60 60.30 67.70 79.10 67.00%

SQFZI + WM 56.30 49.30 76.20 67.40 26.90%

XAPI + WM 37.90 64.60 29.50 65.50 28.30%

XGDTI + WM 43.80 60.80 58.80 43.10 63.30%

WM 3.30 0.10 5.60 2.90 6.10%

The greater the SUCRA, the greater the likelihood that it will be the best intervention.
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with WM versus WM alone. According to the results of the cluster

analysis and the SUCRA, all eligible CHIs combined withWMwere

associated with a more beneficial effect than WM alone. Moreover,

SMI + WM and DCI + WM are most likely the optimal CHIs to

improve disease control rates, survival quality score, and reduce

adverse effects. Hence, the efficacy of SMI + WM and DCI + WM

should be considered for patients with NSCLC. However, according

to the results of the ORs, there was no significant difference between

DCR in patients treated with HQI or SI combined with WM and

those receiving WM treatment alone. It is worth noting that there

are major differences in the numbers of males and females analyzed

in this current NMA. Therefore, clinical treatment decisions should

be cautious guided by the specific situation and the clinicians

experience. The OR and SUCRA values for some treatment

strategies generated in this study were very close; therefore,

despite clear advantages over other treatment strategies, they do

not represent definitive treatment strategy choices in clinical care.

Shenmai injection (SMI), is derived from a well-known

traditional Chinese formula, Shendong Yin, in which the primary

pharmacological activity constituents are ginsenosides and

Ophiopogon (Liu et al., 2018; Xu et al., 2019; Nag et al., 2012;

Chen et al., 2021). Several pharmacological studies reported that SMI

has antitumor efficacy and is effective in regulating immune function,

enhancing body immunity, and reducing the side effects of

chemotherapy (Sun et al., 2020; Li S. Y., 2019; Fang et al., 2018).

Ginsenoside Rg3 (the preparation named SMI), a principal

pharmacological component of Ginseng, has the potential to

reverse drug resistance, inhibit the proliferation of NSCLC cells,

and protect DNA integrity (Jiang et al., 2017; Liu L et al., 2019).

The undelying mechanism may be that they can attenuate the

resistance of cisplatin in lung cancer by inhibiting Akt and NF-

KB, resuming immunity, and regulating DNA damage in NSCLC

cells by activating theVRK1/P53BP1pathway (Jiang et al., 2017; LiuT

et al., 2019). These findings reveal the impact of ginsenoside Rg3 on

DNA damage and downregulating PD-L1, and it opens a new

window for developing new drugs based on ginsenoside Rg3 and

presents a foundation for developing new therapeutic strategies for

cancers. Sodium cantharidinate (SCA), a semi-synthetic derivative of

cantharidin, is chemically synthesized from cantharidin and sodium

hydroxide (molecular formula, C10H12Na2O5). SCA (the preparation

named DCI) has the potential to enhance immune function and

inhibit the adhesion, invasion, andmetastasis of tumor cells (WangG

et al., 2018; Tao et al., 2017;Wen et al., 2013;Wu et al., 2021). Their an

mechanisim may be that they can promote the proliferation of T

lymphocytes, secrete the cytokine interleukin-2, inhibits the secretion

FIGURE 4
Surface under the cumulative ranking curve area plots for
each outcome analyzed (The larger the area under the curve, the

(Continued )

FIGURE 4 (Continued)
higher the ranking and the higher the probability that the CHIs
are the best interventions). (A) Disease control rate. (B) Survival
quality score. (C) Incidence of gastrointestinal adverse reactions.
(D) Incidence of leukopenia. (E) Incidence of
thrombocytopenia.
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FIGURE 5
Cluster analysis plots for outcomes. Cluster analysis plot of: (A) disease control rate (DCR) and survival quality score, (B) DCR and incidence of
gastrointestinal adverse reactions, (C) DCR and incidence of leukopenia, (D) DCR and incidence of thrombocytopenia, (E) survival quality score and
incidence of gastrointestinal adverse reactions, (F) survival quality score and incidence of leukopenia, and (G) survival quality score and incidence of
thrombocytopenia. Interventions located in the upper right corner indicate optimal therapies for two different outcomes, as follows: A, adi +
wm; B, csi +wm; C, dci +wm;D, dlsi +wm; E, flksi +wm; F, hcsi +wm;G, hqi +wm;H, kai +wm; I, klti +wm; J, oomi +wm; K, sfi4-wm; L, si +wtn; M,
smi + win; N, sqfzi + wm; 0, wm; P, xapi + wm; Q, xgdti + wm.
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of interleukin-8, downregulates the protein expression of VEGF and

MMP-9, restrain the formation of new blood vessels, and control

tumor cell adhesion (Tao et al., 2017; Wen et al., 2013; Wu et al.,

2021). In addition, SCA could reduce the hematopoietic system

toxicity of chemoradiotherapy by shortening the bone marrow

maturation, releasing leukocytes’ time, and promoting the

differentiation of hematopoietic stem cells into granulocyte/

monocyte progenitor cells, as well as increasing white blood cell

counts (Wu et al., 2021). Chansu injection (CSI) combined withWM

is considered as the best intervention for improving the Disease

Control Rate (DCR). Pharmacological studies have revealed that it has

good anti-tumor and anti-inflammatory effects, possibly due to its

main active ingredient-Toad (Su et al., 2001). The antitumor

mechanism of this combination strategy may be that they can

induce apoptosis of A549 cells, suppress the survivin mRNA and

protein, and increase caspase-3 activity (Morishita et al., 1992; Wang

et al., 2009; Wang et al., 2012).

The safety of CHIs should also be evaluated alongside their

effectiveness. Although the incidences of ADRs/ADEs were

low in this NMA, approximately two-thirds of eligible RCTs

did not report ADRs/ADEs, implying that these analyses did

not take the safety issue seriously. While describing ADRs/

ADEs, this NMA observed that an appropriate course of

treatment is essential in treatment. Moreover, appropriate

dosage, solution, and syndrome differentiation should also

be emphasized.

FIGURE 6
Funnel plots (A comparison-adjusted funnel plot was used to assess potential publication bias. If points on both sides of themidline in the funnel
diagram were symmetric, which meant the comection guideline was at right angles to the midline, it was considered indicative of no significant
publication bias). (A) Disease control rate. (B) Survival quality score. (C) Incidence of gastrointestinal adverse reactions. (D) Incidence of leukopenia.
(E) Incidence of thrombocytopenia. A, adi + wm; B, csi + wm; C, dci + wm; D, dlsi + wm; E, fflcsi + wm; F, hcsi + wm; G, hqi +wm; H, kai + wm; I,
klti + wm; J, oomi + wm; K, sfi + wm; L, si + wm; M, smi + wm; N, sqfzi + wm; 0, win; P, xapi + wm; Q, xgdti + wm.
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The present study has some limitations that should be

considered when interpreting the findings: 1) The methodological

quality of the included studies was not very high. Only 62 of the

389RCTs described the correct generation of random sequences and

no studies mentioned allocation concealment or blinding. 2) The

included studies spanned a relatively long period of time and were

published in Chinese journals, and their findings may not be fully

generalizable to other locations. 3) Most included RCTs compared

CHIs combined withWM for treatment of NSCLC, and there was a

lack of direct comparisons of two ormore CHIs. 4) The sample sizes

included in the RCTs varied in size and significant differences may

not be detected by studies with small sample sizes. If the sample size

is increased, to balance the number of RCTs targeting different types

of CHI could improve the statistical power of the data and the

credibility of the NMA. 5) Most relevant RCTs did not report the

CHIs dosage and ADRs/ADEs, In terms of the above limitations,

more rigorous RCTs with high quality are needed to verify the value

of CHIs combined with WM for patients with NSCLC.

Although this study has some limitations, it is the first to

comprehensively assess the efficacy and safety of CHIs in

combination with WM for treatment of NSCLC, using a

NMA to rank DCR, survival quality scores, incidence of GI

adverse events, incidence of leukopenia, and incidence of

thrombocytopenia. This NMA provides clinicians with a

detailed comparison of common treatment strategies and may

provide a reference for clinical application.

5 Conclusion

Overall, this NMA provides a comprehensive and integrated

evaluation and summary of the findings using CHIs for

treatment of NSCLC. The current evidence indicates that

CHIs combined with WM might have a more beneficial effect

on NSCLC patients thanWM alone, particularly SMI +WM and

DCI +WM. It is imperative for clinicians to consider the efficacy

of CHIs when diagnosing and treating patients. Future studies

should include high quality RCTs, and real-world data are

needed to confirm and support the findings of this NMA.
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Feiyanning formula modulates
the molecular mechanism of
osimertinib resistance in lung
cancer by regulating the Wnt/
β-catenin pathway
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Feiyanning Formula (FYN), a Chinese herbal formula derived from summarized

clinical experience, is proven to have anti-tumor effects in lung cancer patients.

Osimertinib, a third-generation epidermal growth factor receptor-tyrosine

kinase inhibitor (EGFR-TKI), can improve progression-free survival and

overall survival of patients but drug resistance is inevitable. The current study

evaluated the effects of FYN in osimertinib-resistant HCC827OR and PC9OR

cells. FYN preferentially inhibited the proliferation and migration of HCC827OR

and PC9OR cells. Moreover, FYN and osimertinib exhibited synergistic inhibitory

effects on proliferation and migration. Real-time qPCR (RT-qPCR) and western

blotting results indicated that FYN downregulated gene and protein levels of

GSK3β and SRFS1, which are enriched in the Wnt/β-catenin pathway. Besides,

FYN inhibited tumor growth and exhibited synergistic effects with osimertinib in

vivo. Collectively, the results suggested that FYN exerted an anti-osimertinib

resistance effect via the Wnt/β-catenin pathway.

KEYWORDS

Feiyanning formula, osimertinib, drug resistance, lung cancer, Wnt/β-catenin pathway

Introduction

Lung cancer is themost prevalent tumor globally and ranks first in cancermortality (Siegel

et al., 2022). The most common treatment for early stage lung cancer is surgery, whereas

chemotherapy, radiotherapy, targeted therapy, and immunotherapy are commonly used in

progressive cases (Lemjabbar-Alaoui et al., 2015). Unfortunately, most patients experience

recurrence and metastasis after surgery, which foreshadows a poor prognosis (Schegoleva

et al., 2021). To improve outcomes, the National Comprehensive Cancer Network

recommended that histological subtypes and biomarkers be detected before treating lung

cancer patients with recurrence and metastasis (Ettinger et al., 2022). As a third-generation

epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI), osimertinib is
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recommended as the first-line treatment in patients with epidermal

growth factor receptor (EGFR) mutation-positive non-small cell

lung cancer (NSCLC) (Maione et al., 2015). Osimertinib promotes

longer progression-free survival (18.9 months vs 10.2 months) and

better overall survival (38.6 vs. 31.8 months) than former generation

EGFR-TKIs (Passaro et al., 2021), but the development of resistance

is inevitable. In past decades, the mechanisms involved in

osimertinib resistance have not been entirely expounded there

has been no practical way to improve the situation. However,

herbal compounds have exhibited outstanding potential

therapeutic value recently.

Several recent studies have investigated the effects of Chinese

herbal compounds on EGFR-TKI resistance (Hu et al., 2020; Tan

et al., 2020). Feiyanning Formula (FYN) is an anti-cancer formula

consisting of Astragalus membranaceus, Ganoderma lucidum, Paris

polyphylla, and other Chinese herbs. In our previous clinical study,

FYN combined with chemotherapy prolonged the survival of

advanced NSCLC patients (Gong et al., 2018). Recent studies

have shown that FYN can induce apoptosis in lung

adenocarcinoma cells by activating the mitochondrial pathway

(Zhu et al., 2021). However, the mechanism by which FYN

delays drug resistance has not been reported yet.

In this study, the effects of FYN combined with osimertinib

on PC9OR andHCC827OR cell proliferation andmigration were

investigated. FYN combined with osimertinib had synergistic

inhibitory effects against the development of osimertinib

resistance in vivo. These findings revealed the mechanisms

involved in the application of FYN the treatment of NSCLC,

and provide an experimental basis for clinical application.

Materials and methods

Herbs and chemicals preparation

FYN consists of 11 Chinese herbs (Table 1). All FYN herbs were

provided by the pharmacy of Shanghai Chest Hospital, Shanghai Jiao

Tong University (Shanghai, China). FYNwas dried into a lyophilized

powder and stored at -20 °C. In accordance with the experimental

requirements, the lyophilized FYN powder was dissolved in RPMI-

1640 medium (Hyclone, United States, SH30809.01), diluted to

various concentrations, then passed through a 0.22-μm filter.

Osimertinib (Selleck Company, United States, S7297) was

dissolved in DMSO (Absin Bioscience Inc., China, abs9187),

diluted to 200mM, then aliquoted and stored at −20°C in the dark.

Cells and cell culture

HCC827 and PC9 cells originally obtained from the Cell

Bank of Chinese Academy of Sciences (Shanghai, China) were

cultured in RPMI 1640 medium supplemented with 10% fetal

bovine serum (Gibco, United States, 10091148) and 1%

penicillin–streptomycin (HyClone, United States, SV30010) in

a humidified incubator (Thermo Fisher, United States) with 5%

CO2 at 37°C. All cell types were verified by short tandem repeat

profiling and were examined every 6 months for Mycoplasma.

Establishment and identification of
osimertinib-resistant cell line lines

PC9 and HCC827 cells were cultured in T25 flasks at

logarithmic growth stages, then osimertinib was added to

establish osimertinib-resistant cell lines. PC9OR and

HCC827OR cells were established in our laboratory by

exposing them to stepwise and incremental concentrations of

osimertinib in the range of 5–3000 nM (Table 2).

Cell viability assay

Cell proliferation was assessed via the CCK-8 assay. PC9OR,

HCC827OR, PC9, and HCC827 cells in logarithmic growth

phase were seeded into 96-well plates at a density of 5 × 103

per well, and treatments (FYN, osimertinib and FYN combined

with osimertinib) were applied the next day. Five replicate wells

were prepared for each group. After treatment, OD values at

450 nm were measured in each well after the addition of 10 μl

CCK-8 reagent for 1–4 h without refreshing the media. The

inhibition ratio was calculated via the following formula:

Inhibition ratio (%) � (1 −ODtreatment /ODcontrol) × 100%

The IC50 values of osimertinib were calculated using

GraphPad Prism 8.0 software.

Synergistic effect analysis

Combination treatments can result in synergistic, additive,

antagonistic, or potentiative effects. These effects were evaluated by

calculation of the combination index (CI) in accordance with the

Chou-Talalay method. Data were analyzed using CompuSyn software

(CompuSyn Inc.), and CI 0.85 to 0.90 = slight synergism, CI 0.70 to

0.85 = moderate synergism, CI 0.30 to 0.70 = synergism, CI 0.10 to

0.30 = strong synergism, and CI < 0.10 = very strong synergism.

Colony formation assay

PC9OR and HCC827OR cells were seeded into 6-well plates at a

density of 1000 cells per well for 24 h before treatment. After 14 days,

all wells were fixed with 4% paraformaldehyde (Biosharp Co., Ltd.,

China, BL539A) and stained with crystal violet (Beyotime Inc., China,

C0121). After drying, the stained cells were imaged, and stained

colonies containing >10 cells were counted.
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TABLE 1 FYN components.

Species Active chemicals Herbal
name

Number
of
components (g)

Dried root of Astragalus membranaceus (Fisch.) Isoflavanone, Huang Qi 30

3,9-di-O-methylnissolin,

Isorhamnetin,

Jaranol,

Kaempferol,

Quercetin,

7-O-methylisomucronulatol,

Hederagenin,

Formononetin,

Calycosin,

Mairin, (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-[(2R,5S)-5-propan-2-
yloctan-2-yl]-2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-cyclopenta [a]
phenanthren-3-ol,

Bifendate

Dried rhizome of Polygonatum kingianum Coll. et
Hemsl.

4′,5-Dihydroxyflavone, Huang Jing 30

Apigenin,

Baicalein,

3′-Methoxydaidzein,

β-sitosterol,
Diosgenin,

Oroxin A,

Daucosterol,

Dioscin,

Methylprotodioscin, (+)-Syringaresinol-O-β-D-glucoside,
Liriodendrin_qt

Dried fruit of Cornus officinalis Sieb. Et Zucc. Hydroxygenkwanin, Shan Zhu Yu 15

Tetrahydroalstonine,

Mandenol,

Cornudentanone,

Ethyl linolenate,

Ethyl oleate (NF),

β-sitosterol,
Poriferast-5-en-3beta-ol,

Stigmasterol,

Diop,

Leucanthoside,

2,6,10,14,18-pentamethylicosa-2,6,10,14,18-Pentaene,

Gemin D

Dried rhizome of Paris polyphylla Smith var.
yunnanensis (Franch.) Hand.-Mazz.

Isorhamnetin, Chong Lou 15

Kaempferol,

Luteolin,

Quercetin,

Remerin,

(Continued on following page)
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TABLE 1 (Continued) FYN components.

Species Active chemicals Herbal
name

Number
of
components (g)

Stigmasterol,

Daucosterol,

Dioscin,

Polyphyllin VII,

Polyphyllin I,

Polyphyllin II

Dried rhizome of Atractylodes macrocephala
Koidz.

Apigenin, Bai Zhu 9

Luteolin,

Ethyl caffeate,

α-Amyrin,

AtractylenolideII, (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-[(2R,5S)-5-
propan-2-yloctan-2-yl]-2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-
cyclopenta [a]phenanthren-3-ol,

Atractylenolide Ⅲ,

Atractylenolide I

Dried nest of Polistes olivaceous (DeGeer) Kaempferol, Feng Fang 9

Ferulic acid,

β-sitosterol,
3,4,5-trihydroxy benzoic acid,

Supraene,

α-Carotene

Dried plant of Salvia chinensis Benth. Quercetin, Shi Jian
Chuan

30

Resveratrol,

Oleanolic acid,

Ursolic acid,

β-sitosterol,
Salvianolic acid C,

Vanillin

Dried skin of Bufo gargarizans Cantor Cinobufagin, Gan Chan Pi 6

Cinobufotalin,

β-sitosterol,
Arenobufagin,

Bufalin,

Resibufogenin,

Deacetylcinobufotalin,

Bufotaline

Dried fruit body of Ganoderma lucidum
(Leyss.exFr.) Karst

Cerevisterol, Ling Zhi 15

Ganosporelactone B,

Methyl Ganoderic acid DM,

Epoxyganoderiol B,

Ganoderiol F,

(Continued on following page)

Frontiers in Pharmacology frontiersin.org04

Sang et al. 10.3389/fphar.2022.1019451

77

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1019451


Wound healing assay

PC9OR and HCC827OR cells were inoculated in 6-well plates at

5×105 per well. When cells reached 90% confluence a horizontal

scratch was made with a 200-μl pipette tip. After washing away

floating cells with PBS, cells were treated for 24 h. Images were

obtained using an inverted microscope (Leica DMI3000B, Leica

Microsystems, Inc.) at different timepoints to measure scratch width.

TABLE 1 (Continued) FYN components.

Species Active chemicals Herbal
name

Number
of
components (g)

Ganodermanondiol,

Methyl (4R)-4-[(5R,7S,10S,13R,14R,15S,17R)-7,15-dihydroxy-4,4,10,13,14-
pentamethyl-3,11-dioxo-2,5,6,7,12,15,16,17-octahydro-1H-cyclopenta [a]
phenanthren-17-yl]pentanoate,

Lucidumol A,

Ganoderal B,

Lucialdehyde B,

Methyl (4R)-4-[(5R,10S,13R,14R,17R)-4,4,10,13,14-pentamethyl-3,7,11,15-
tetraoxo-2,5,6,12,16,17-hexahydro-1H-cyclopenta [a]phenanthren-17-yl]
pentanoate,

(+)-Methyl ganolucidate A,

Ganoderic acid V,

Ganoderic acid X,

Ganoderic aldehyde A,

Lucialdehyde C,

Ganolucidic acid E,

Ganodermic acid T-Q,

Ganoderic acid Mi,

Ganoderic acid TR

Dried pseudobulb of Cremastra appendiculata
(D.Don) Makino

Quercetin, Shan Ci Gu 15

2-methoxy-9,10-dihydrophenanthrene-4,5-diol,

β-sitosterol,
Stigmasterol,

3,4,5-trihydroxy benzoic acid,

Daucosterol,

Colchicine

Dried leaf of Epimedium brevicomu Maxim. Chryseriol, Yin
Yang Huo

15

Kaempferol,

Luteolin,

Quercetin,

8-Isopentenyl-kaempferol,

Linoleyl acetate,

Magnograndiolide,

Poriferast-5-en-3beta-ol,

Yinyanghuo A,

Icariin,

25-epicampesterol,

Anhydroicaritin,

Yinyanghuo C,

Yinyanghuo E
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Transwell assay

PC9OR andHCC827OR cells were diluted to 2 × 104 per well in

serum-free 1640 medium. The cells were then seeded into the upper

chambers of transwell plates and different treatments were applied

for 24 h. Medium containing 15% fetal bovine serum was added to

the lower chamber to enhance cell migration. After 24 h, the cells

were fixedwith 4%paraformaldehyde and stainedwith crystal violet.

An inverted microscope was used for image acquisition.

Real-time qPCR (RT-qPCR) array

The Trizol reagent (Invitrogen, Thermo Fisher Scientific Inc.,

United States, 15596018) was used to extract total RNA from

cells. The RNA was then reverse transcribed into cDNA using a

cDNA synthesis kit (Bio-Rad, United States, 1708891), and gene

expression profiles were analyzed by RT-qPCR array in

accordance with the manufacturer’s instructions. mRNA

expression levels were calculated using the 2−ΔΔCq method, and

GAPDH was used as an internal reference. All primers were

purchased from Sangon Biotech, and were summarized in

Supplementary Table S1.

Western blotting

HCC827OR and PC9OR cells were treated with FYN at IC50 for

48 h to determine protein expression levels. The cells were then lysed

in ice-cold RIPA buffer (Beyotime Inc., China, P0013B), and a BCA

Protein Assay Kit (Beyotime Inc., China, P0010) was used to quantify

protein concentrations. Total proteins in different groups were

subjected to SDS-PAGE gel separation, then transferred to

polyvinylidene difluoride membranes (Merck Millipore). After

blocking with 5% skim milk powder at room temperature for 2 h,

the membranes were incubated with primary antibodies at 4 °C

overnight. Secondary antibodies were then added, and the

preparations were incubated for 2 h. The probed membranes were

developed with ECL solution (Sangon, Shanghai, China, C510043-

0100). Primary antibodies against SRSF1 (Cat# 14908), GSK3B (Cat#

5558), β-catenin (Cat# 8480), and GAPDH (Cat# 5174) were

acquired from Cell Signaling Technology. The primary antibody

against PCNA (Cat# sc-56) was acquired from Santa Cruz

Biotechnology.

Tumor xenograft

Female nude mice aged 4 weeks were purchased from the

Shanghai SLAC Animal Laboratory (China). After

acclimatization for 1 week, 1 × 107 HCC827OR cells were

resuspended in 200 µl of PBS then injected subcutaneously under

the left armpit of each mouse. When the mean tumor volume of all

mice was approximately 100 mm3, the mice were divided into

control group, FYN group, osimertinib group, and FYN with

osimertinib combination group. The preparations applied to all

four groups were administered via oral gavage once each day. The

control group was administered water. The FYN group was

administered 131.86 mg FYN powder per mouse. The

osimertinib group was administered 0.1 mg osimertinib per

mouse. The combination group was administered 131.86 mg

FYN powder and 0.1 mg osimertinib per mouse. Body weights

and tumor volumes were recorded daily. Tumor volumes were

measured with a digital caliper and calculated as 0.5 × length ×

width2, and the results were presented in Supplementary Table S2.

At the endpoint of the experiment, the tumors were weighted and

the organs were fixed with 4% paraformaldehyde, embedded in

paraffin, and stained with hematoxylin and eosin.

Statistical analysis

Data were analyzed by GraphPad Prism 8.0, and represented

as means ± standard deviation. Differences between groups were

assessed via Student’s t-test or analysis of variance. Differences

were considered statistically significant when p < 0.05.

Results

FYN preferentially inhibited cell
proliferation and migration in osimertinib-
resistant lung cancer cell lines

The rates of PC9OR and HCC827OR cell inhibition were

significantly reduced compared to parental cells after 48 h of

osimertinib intervention, in a dose-dependent manner

(Supplementary Figure S1A). Protein levels of PCNA in

HCC827OR and PC9OR cell lines were higher than in the

parental counterpart (Supplementary Figure S1B), indicating

enhanced cellular proliferation and invasion. FYN

TABLE 2 Time of cultivation with each dose.

Concentration (nM) Time (days)

5 7

10 7

20 15

30 15

100 15

500 15

1000 20

2000 20

3000 20
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preferentially suppressed cellular proliferation and migration

in osimertinib-resistant HCC827OR and PC9OR cells, and it

had higher potency and efficacy than in the parental

HCC827 and PC9 cells (Figures 1A–C).

Synergistic effect of FYN with osimertinib
on resistant lung cancer cell lines

To investigate the synergistic effect of FYN with EGFR-

TKI, CCK-8 assays and colony formation assays were

performed. The effects of the combination of FYN and

osimertinib on the viability of HCC827OR and PC9OR cells

were assessed. The combination exhibited more significant

inhibition compared with osimertinib alone (Figure 2A,

Supplementary Figure S1C). The CI was less than 1.0

(Figure 2B), suggesting a synergistic effect of FYN and

osimertinib in resistant cell lines. Colony formation assays

indicated that the combination substantially inhibited the

long-term proliferation of HCC827OR and PC9OR cells

(Figure 3A). Thus, the combination exhibited significant

inhibition of the viability of drug-resistant cells.

Transwell assays and wound-healing assays were

performed to investigate the effects of the combination of

FIGURE 1
Effects of FYN on lung cancer cell proliferation and migration. (A,B) CCK8 results. HCC827 or HCC827OR cells (A) and PC9 or PC9OR cells (B)
were treated with different concentrations of FYN for 48 h. (C) Cell migration was detected via wound healing assays. HCC827 or HCC827OR cells
were treated for 24 h with 250 μg/ml FYN, and PC9 or PC9OR cells were treated for 24 h with 125 μg/ml FYN. *p < 0.05, **p < 0.01, ***p < 0.001.
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FYN and osimertinib on migration and invasion. Cell

migration was enhanced in HCC827OR and PC9OR cell

lines compared to the parental lines (Figure 1C). Cell

migration was inhibited after 24 h of treatment with the

combination of FYN and osimertinib in HCC827OR and

PC9OR cell lines, compared to control and osimertinib

alone (p < 0.05) (Figure 3B). Consistent results were

obtained in wound-healing assays (Figure 3C).

FYN downregulated mRNA expression in
the Wnt/β-catenin pathway

RT-qPCR array analysis was performed after 48 h of

treatment with an IC50 dose of FYN in HCC827OR cell lines.

mRNA levels of c-MYC, GSK3B, PIK3CA, Slug, and SRSF1 were

downregulated (Figures 4A,C). c-MYC, GSK3B, Slug, and

SRSF1 were downregulated after 48 h of exposure to FYN in

PC9OR cell lines (Figure 4D). KEGG analysis of the genes above

indicated they were primarily enriched differentially expressed

genes in the Wnt/β-catenin pathway (Figure 4B).

FYN reduced the expression of SRSF1,
GSK3B, and β-catenin

The differentially expressed genes were screened via the

GEPIA website (http://gepia.cancer-pku.cn/). SRSF1 and

GSK3B were filtered through “overall survival”, and high

expression was associated with a poorer prognosis than low

expression in a subset of lung adenocarcinoma patients

(Figure 5A). Western blotting results indicated that FYN

could significantly downregulate SRSF1 and GSK3B protein

expression in HCC827OR and PC9OR cells. Since the Wnt/β-
catenin pathway mainly regulates downstream signaling

pathways with β-catenin as the core node, we investigated the

expression of β-catenin in HCC827OR and PC9OR cells after

FYN intervention. FYN could downregulate β-catenin,
suggesting that the Wnt/β-catenin pathway may be involved

in FYN’s effects on osimertinib resistance (Figure 5B).

FYN suppressed tumor growth in vivo

To validate the synergistic effects of FYN with osimertinib in

vivo, murine subcutaneous xenograft experiments were performed.

In HCC827OR xenografts (Figures 6A,B, Supplementary Table S2),

compared with the control group tumor growth was inhibited in the

other three groups, particularly in the combination group (p < 0.05).

No lesionswere observed in heart, kidney, liver, spleen, or lung tissues

in the combination group (Figure 6C). Considering that the tumor

volume of the control group met the ethical requirements, 7 mice in

the control group, 7mice in the FYNgroup, 4mice in the osimertinib

group, and 4 mice in the combination group were terminated after

30 days of treatment. Due to the small volumes of tumors, 3 mice in

the osimertinib group and 3 mice in the combination group were

retained for further observation under prolonged intervention.

Tumor volume increased significantly after 20 days in the

osimertinib group, which may indicate the development of

resistance. Compared with the osimertinib group, tumor growth

was significantly inhibited in the combination group, suggesting that

FYN could partly against the adapt resistance of osimertinib

(Figure 6D).

Discussion

Most drug resistance development occurred after

treatment with former generations of EGFR-TKIs, with a

progression-free survival of 10–14 months (Zhang et al.,

2019; Wu et al., 2020). T790M mutation was believed to be

the culprit. Osimertinib has been used as a first-line treatment

in NSCLC patients with EGFR Mutations due to significant

therapeutic effects on both common EGFR mutations (Del19

and L858R) and T790M resistance mutations (Popat, 2018).

However, the development of resistance remains inevitable

FIGURE 2
Synergistic effects of FYN with osimertinib on osimertinib-
resistant NSCLC cells lines. (A) HCC827OR cells were treated for
48 h with 4 μM osimertinib alone, or in combination with 250 μg/
ml FYN. PC9OR cells were treated for 48 h with 6 μM
osimertinib alone, or in combination with 500 μg/ml FYN. (B)
Synergistic effects of 250 μg/ml FYN on HCC827OR cells (red
circles), or 500 μg/ml FYN on PC9OR cells (blue circles),
combined with various dose of osimertinib. CI (combination index)
value was calculated as described in Materials and Methods. Osi,
osimertinib; FYN, Feiyanning Formula; Combo, combination of
Feiyanning Formula and osimertinib. *p < 0.05, **p < 0.01.
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FIGURE 3
The synergistic effect of FYN with osimertinib on cell proliferation and migration. Resistant HCC827 cells were treated with 1 μM osimertinib
alone or in combinationwith 250 μg/ml FYN. Resistant PC9 cells were treated with 1 μMosimertinib alone or in combinationwith 125 μg/ml FYN. (A)
Clonogenic assays results of HCC827OR and PC9OR and the cells were treated for 14 days. (B)Cell migration was detected by transwell assays or (C)
wound healing assays for 24 h. Con, control; Osi, osimertinib; Combo, combination of Feiyanning Formula with osimertinib. *p < 0.05, **p <
0.01, ***p < 0.001.
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FIGURE 4
FYN downregulated the mRNA levels of genes enriched in the Wnt/β-catenin pathway. HCC827OR cells treated with FYN at IC50 for 48 h were
harvested for analysis (A) Heatmap of target mRNA expression in control HCC827OR cells and FYN-treated HCC827OR cells. (B) KEGG analysis
mostly enriched differentially expressed genes in the Wnt/β-catenin pathway. (C and D) mRNA levels in HCC827OR cells (C) and PC9OR cells (D)
were measured by qPCR. FYN, Feiyanning Formula. *p < 0.05, **p < 0.01, ***p < 0.001.
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(Du et al., 2021). Resistance mechanisms such as C797S site

mutations, MET and HER2 amplification, bypass activation,

and conversion to NSCLC are reportedly involved (He et al.,

2021). Traditional Chinese Medicine combined with targeted

therapy can reportedly prolong survival and delay drug

resistance (Zhang et al., 2018; Jiao et al., 2019; Lu et al.,

2021). Abundant herbal monomers combined with

osimertinib had the effect of delaying drug resistance. The

mechanisms involved included tumor stem cell inhibition,

regulation of reactive oxygen species, and alteration of

downstream pathways (Hu et al., 2020; Lai et al., 2021). In

contrast, research on herbal formulas remains at blurred

stages. Therefore, it is necessary to determine the

mechanisms of FYN in drug resistance regulation.

FYN contains 11 herbs and exhibits anti-cancer effects (Xu et al.,

2011). Although FYN can inhibit the protective autophagy induced

by cisplatin in NSCLC cells (Zheng et al., 2021), whether it can

modulate osimertinib resistance in NSCLC remains unclear. In the

current study, FYN inhibited the viability of HCC827OR and PC9OR

cells in a dose-dependent manner. FYN combined with osimertinib

could enhance the inhibition of cell viability, inhibit colony formation,

and suppress invasion and migration. These observations indicated

that FYN had synergistic effects.

Numerous studies have shown that the Wnt/β-catenin
pathway is a major contributor to the development of drug

resistance to EGFR-TKIs (Wang et al., 2020; Yan et al., 2022).

TheWnt signaling pathway is involved in a variety of physiological

processes including cell proliferation, developmental metabolism,

and cell migration. Moreover its abnormal activation is associated

with tumor growth (Koni et al., 2020; Yu et al., 2021; Liu et al.,

2022). In the current study, the differential genes were screened

using PCR array. According to KEGG analysis, these genes are

primarily enriched in the Wnt/β-catenin pathway. FYN

downregulated the expression of SRSF1 and GSK3B. SRSF1 is a

multifunctional protein involved in RNAmetabolism. It induces a

cancer cell cycle, proliferation, apoptosis, tumorigenic

angiogenesis, and metastasis (Sokół et al., 2017). Upregulation

of SRSF1 activates the Wnt pathway, promoting tumor growth

(Malakar et al., 2017; Zhang et al., 2021), which may be related to

the accumulation of β-catenin proteins (Fu et al., 2013). Glycogen

synthase kinase-3β is a serine/threonine kinase that participates in
various signaling pathways including Wnt/β-catenin. It also has

anti-tumor effects (Domoto et al., 2016; Lin et al., 2020). This is

consistent with results in the current study, implying that theWnt/

β-catenin pathway is the core pathway involved in FYN against

osimertinib resistance.

FIGURE 5
FYN reduced SRSF1, GSK3β, and β-catenin protein levels. (A) Correlations between overall survival in LUAD patients and GSK3β and
SRSF1 expression, analyzed using the GEPIA website. (B) HCC827OR cells were treated with FYN at IC50 or isovolumetric 1640 medium for 48 h for
analysis. Protein levels of SRSF1, GSK3B, and β-catenin were determined by western blotting. Con, control; FYN, Feiyanning Formula.
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Conclusion

The combination of FYN and osimertinib may inhibit the

cellular activities of osimertinib-resistant cells in vitro and in vivo,

leading to anti-tumor effects. In this study, FYN downregulated

the mRNA expression of SRSF1, β-catenin, and GSK3B. FYN

delayed osimertinib resistance by regulating the Wnt/β-catenin
pathway. The current study provided scientific evidence for the

application of Chinese herbal medicine on NSCLC treatment,

particularly in combination with EGFR-TKI.

FIGURE 6
FYN combined with osimertinib suppressed tumor growth in mouse xenograft models of lung adenocarcinoma. (A) Tumor growth curve and
body weight of subcutaneous HCC827OR xenografts (n = 7). (B) Mice in the control group (n = 7), FYN group (n = 7), osimertinib group (n = 4) and
combination group (n = 4) were anaesthetized to determine tumor volumes and weights 30 days after treatment. (C)Organs of mice in the control
group and the combination group were harvested 30 days after treatment and stained with hematoxylin and eosin. (D) Tumor growth curves
and tumor weights of 3mice in the osimertinib group and 3mice in the combination group. Con, control; FYN, Feiyanning Formula. Osi, osimertinib;
Combo, combination of Feiyanning Formula and osimertinib. *p < 0.05, **p < 0.01, ***p < 0.001.
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SUPPLEMENTARY FIGURE S1

Effects of osimertinib on the proliferation of different lung cancer cell
lines. (A) Effects of osimertinib on HCC827 and PC9 osimertinib
sensitivity in parental (white) and osimertinib-resistant (gray) cells. Cells
were treated with various concentrations of osimertinib for 48 h and
tested via the CCK8 assay. (B) Protein levels of PCNA were measured via
western blotting. (C) CCK8 results. HCC827OR cells were treated with
4 μM Osimertinib with FYN and PC9OR cells were treated for 48 h with
6 μM osimertinib with FYN for 48 h. ~P, parental cell lines; ~OR,
osimertinib-resistant cell lines. *p < 0.05, **p < 0.01, ***p < 0.001.
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Wogonin increases gemcitabine
sensitivity in pancreatic cancer by
inhibiting Akt pathway

Tianli Zhang, Mengmeng Liu, Qing Liu and Gary Guishan Xiao*

State Key Laboratory of Fine Chemicals, Department of Pharmaceutical Sciences, School of Chemical
Engineering, Dalian University of Technology, Dalian, China

Pancreatic cancer has a high degree of malignancy and a low 5-year survival

rate, and drug resistance is one of the main factors leading to poor prognosis of

pancreatic cancer. Wogonin is a flavonoid drug isolated from Scutellaria

baicalensis, which has certain antitumor activity. Hence the purpose of this

study was to investigate whether wogonin can be used to enhance the

sensitivity of pancreatic cancer to gemcitabine chemotherapy, and

investigate its possible sensitization mechanism. In vitro, MTT assay showed

that wogonin increased gemcitabine cytotoxicity in gemcitabine-resistant

pancreatic cancer cells. In vivo, Wogonin combined with gemcitabine was

found to inhibit tumor growth in orthotopic pancreatic cancer mousemodel. In

order to explore the sensitizationmechanism, the differentially expressed genes

(DEGs) of the gemcitabine-resistant cell line Panc-1 and the gemcitabine-

sensitive cell line Bxpc-3 were screened through the GEO database, and

15 differentially expressed genes were obtained by intersecting with the

potential targets of wogonin. Gene Ontology and KEGG enrichment analysis

was performed. Bioinformatics results predicted that wogonin promoted

pancreatic cancer cell apoptosis by inhibiting protein kinase B (Akt) signaling,

thereby enhancing the sensitivity of gemcitabine to Pancreatic cancer. The

above results were also verified by flow cytometry and Western blotting

experiments. In conclusion, wogonin may enhance the sensitivity of

gemcitabine by inhibiting Akt pathway.

KEYWORDS

wogonin, pancreatic cancer, gemcitabine, sensitization, drug resistance, mechanism

1 Introduction

The rate of pancreatic cancer incidence in 2020 was 4.9 per 100000 for both sexes

together, while mortality rate was 4.5 per 100000 from a global perspective (Ilic and

Ilic, 2022). Pancreatic cancer is a malignant tumor with high degree of malignancy,

difficult clinical detection and poor prognosis (Bray et al., 2018; Mcguigan et al., 2018;

Park et al., 2021). The main risk factors associated with pancreatic cancer include

factors such as alcoholism, smoking, obesity, diabetes, family history, and genetics

(Ren and Wang, 2020; Hu et al., 2021). The early treatment of pancreatic cancer is

mainly adjuvant gemcitabine chemotherapy after surgical resection, and the use of
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gemcitabine/nab-paclitaxel in the advanced treatment of

pancreatic cancer can improve the poor prognosis to a

certain extent (Neoptolemos et al., 2018). Although

gemcitabine is used as a first-line drug for pancreatic

cancer chemotherapy, it often leads to poor clinical

outcomes due to the inherent drug resistance of pancreatic

cancer cells (Yang et al., 2021). Therefore, for gemcitabine

resistance, quercetin (Lee et al., 2015), Ginsenoside Rg3 (Zou

et al., 2020) and Ursolic (Lin et al., 2020) has been reported to

promote apoptosis of pancreatic cancer cells and enhance

gemcitabine sensitivity. These findings prompted us to

investigate whether other phytochemicals could sensitize

pancreatic cancer cells to gemcitabine.

We selected one of the active ingredients wogonin

according to the optimal toxicokinetic ADME rules (OB =

30.68% > 30% and DL = 0.23 > 0.18) (Liu et al., 2013) in the

TCMSP database. Wogonin is a flavonoid compound

extracted from the root of Scutellaria baicalensis (Banik

et al., 2022). It has antioxidant activity, and anti-

inflammatory, anti-tumor, immunomodulatory,

neuroprotective effects (Huynh et al., 2020). Wogonin also

acts as a chemosensitizer, reducing drug resistance in cancer

therapy. When wogonin is used in combination with

anticancer drugs such as etoposide, doxorubicin, 5-FU, and

cisplatin (Huynh et al., 2017), it can induce tumor cell

apoptosis (Wu et al., 2021) and protect normal cells from

side effects.

Xing et al, (2019). Reported that wogonin enhanced the

sensitivity of ovarian cancer cells to gemcitabine by inhibiting

the PI3K/Akt signaling pathway. However, whether wogonin can

enhance gemcitabine sensitivity and its sensitizing mechanism

remain to be explored. Therefore, this study intends to

preliminarily investigate whether wogonin has a sensitizing

effect on the Pancreatic cancer by inhibiting the Akt signaling

pathway.

2 Materials and methods

2.1 Materials and reagents

Wogonin (Cat. MB6663-20 mg) was purchased from

Meilunbio (Dalian, China); Gemcitabine (Cat. PHR2582-

50 mg) was purchased from Sigma Aldrich (St Louis, MO,

United States); EDTA-free trypsin (C0207) was purchased

from Beyotime Biotechnology (Shanghai, China); the anti-β-
actin antibody (Cat. 66009-1-lg) was purchased from

Proteintech (Rosemont, IL, United States) and antibodies

against pAKT (Thr) antibody (Cat.ab131474), Akt

(Cat.ab8805), BAD (Cat.ab32455) and Bcl-2 (Cat.ab32124)

were purchased from Abcam (Massachusetts, United States).

The anti-rabbit Ki67 (Cat. ab15580) was also purchased from

Abcam.

2.2 Cell culture and MTT assays

Pancreatic cancer cell lines (PANC-1, BXPC-3, PANC-02)

were purchased from the Peking Union Medical College Cell

Bank (Beijing, China). All these cells were cultured in DMEM

medium supplemented with 10% FBS. Panc-1 and Bxpc-3 cells

were plated in 96-well plates, and treated with Gemcitabine or

Wogonin for 72 h MTT assays. MTT was then performed as

previously described (Zhang et al., 2022)

2.3 Annexin-V assay

The Annexin V-FITC Apoptosis Detection Kit (Cat.

C1062S) was were purchased from the Beyotime

Biotechnology (Shanghai, China). The Panc-1 cells were

cultivated to the logarithmic growth phase, and treated

with 10 μM, 20 μM, 40 μM, and 100 μM wogonin for 72 h,

digested with EDTA-free trypsin, and then terminated with

serum. Cells were washed with PBS twice and then esponded

with 195 μl Annexin V-FITC binding solution, subsequently

added 5 μl Annexin V-FITC and 10 μl PI for 10–20 min in the

dark. Finally, flow cytometry was used to detect cell apoptosis.

(PI and Annexin concentrations in the kit are inconvenient for

the reagent supplier to provide)

2.4 Western blotting

Panc-1 cells were treated with 10, 20, 40, 100 μM Wogonin

for 72 h. Total protein was extracted from the Panc-1 cells and

from pancreatic tissue of Control group, Gem group and Gem +

Wog group. Western blotting was then performed as previously

described (Domenichini et al., 2019)

2.5 Animals

C57BL/6 mice were purchased from Liaoning Changsheng

Biotechnology Co., Ltd. (Benxi, China). 2 × 106 Mouse derived

PANC-02 cells were injected into the pancreas tissue of male

C57BL/6 mice to generate orthotopic pancreatic cancer mouse

model. Eighteen mice were divided into three groups: Control

group, Gemcitabine group (Gem group), and Gemcitabine

Wogonin combined group (Gem + Wog group). Mice in the

Gem group were intraperitoneally injected with gemcitabine

(25 mgkg−1 i. g.) on the seventh and 14th days; Gem + Wog

group were intraperitoneally injected with gemcitabine

(25 mgkg−1 i. g.) on the seventh and 14th days, along with

intragastric administration of Wogonin (50 mgkg−1 i. p.) in

7–21 days per day. Body weight were measured every 2 days.

After 21 days, The mice were sacrificed and pancreas tumors

were collected for mechanism research.
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2.6 Histochemical staining

The collected pancreatic tumors were immersed in 4%

paraformaldehyde, embedded in paraffin, and cut into small

pieces. Pancreatic sections were then stained with

Ki67 antibody according to the manufacturer’s instructions

and simple images were obtained by using a light microscope

at ×100 magnification (Zheng et al., 2020). IHC images were

quantified by ImageJ.

2.7 Statistical analysis

The experimental data were analyzed using GraphPad Prism

8.0.1 statistical analysis software (GraphPad, San Diego, CA,

United States). A two-tailed Student’s t-test or one-way analysis

of variance (ANOVA) was used for statistical analyses. The

following terminology was used to show statistical

significance: *p < 0.05, **p < 0.01, ***p < 0.001.

2.8 Potential targets of wogonin

The active components of the drug can exert related

biological functions through related targets. The active

ingredients were screened in TCMSP (https://tcmsp-e.com/)

according to the optimal toxicokinetic ADME rules. Wogonin

(OB = 30.68, DL = 0.23) was obtained as possible core active

components of pancreatic cancer. Genecards (https://www.

genecards.org/),SwissTargetPrediction (https://new.

swisstargetprediction.ch/),BATMAN-TCM(http://bionet.ncpsb.

org.cn/batman-tcm/),PharmMapper (Wang et al., 2016; Wang

et al., 2017) (http://www.lilab-ecust.cn/pharmmapper/) were

used to predict the potential targets of wogonin.

2.9 Identification of differentially
expressed genes

GEO2R was used to identify DEGs between gemcitabine-

resistant cell line Panc-1 and the gemcitabine-sensitive cell line

Bxpc-3. A criteria of p < 0.05 and |logFC|≥2 were considered to

be statistically significant. Then, the online software Venny 2.1.0

(http://bioinfogp.cnb.csic.es/tools/venny/index.html) was used

to screen out overlapping DEGs. The Venn diagram was also

drawn by Venny 2.1.0. (Song et al., 2020).

2.10 Construction of a
“drug—targets—disease” network

The candidate targets of wogonin and protein markers of

pancreatic cancer gemcitabine resistance-related genes were

uploaded to IPA (Ingenuity Pathway Analysis, version 2019)

for network and pathway analysis. IPA was used to construct

pathways and networks based on interactions between genes and

proteins. Through the “Compare” module in IPA, the pathways

and networks involved in gemcitabine resistance-related genes

and wogonin candidate targets in pancreatic cancer were

identified.

2.11 Go and KEGG enrichment analysis

Metascape (https://metascape.org/gp/index.html#/main/

step1) was used for GO and KEGG enrichment analysis. GO

(Gene Ontology) terms are divided into CC (Cellular

Component), biological process BP (Biological Process) and

molecular function MF (Molecular Function). Set the filter

condition MinOverlap = 3, p < 0.01.

3 Results

3.1 Wogonin increased gemcitabine
cytotoxicity in gemcitabine-resistant
pancreatic cancer cells

MTT assay was performed to assess the antiproliferative

effects of pancreatic cancer cells by gemcitabine and wogonin

treatment for 72 h. Panc-1 and Bxpc-3 pancreatic cancer cell

lines were treated with gemcitabine at different concentrations

(0, 0.08, 0.15, 0.3, 0.6, 1.3, 2.5, 5 and 10 μM) for 72 h. Panc-1 cell

vitality decreased by 21.0%–37.7%, and Bxpc-3 cell viability

decreased by 53.8%–66.9%, which displayed significant

antiproliferative effects. (Figure 1A). As described in the

literature (Cao et al., 2015), Panc-1 pancreatic cancer cell line

is naturally resistant to gemcitabine, while Bxpc-3 pancreatic

cancer cell line is sensitive to gemcitabine.

Gemcitabine-resistant pancreatic cancer cells Panc-1 was

incubated with wogonin at different concentrations (0, 1.3,

2.5, 5, 10, 20, 40, 80, and 160 μM). Wogonin inhibited the

growth of Panc-1 cells in dose-and time-dependent manners.

MTT test showed that IC50 value of wogonin was 73.3 μM and

the dose-effect curve exhibited that 10 μMwogonin displayed no

significant antiproliferative effects on Panc-1 cells (survival rate

was 94.1%); 20 μM wogonin displayed weak antiproliferative

effects (survival rate was 78.7%) (Figure 1B)

10 and 20 μM wogonin were combined with different

concentrations (0, 0.04, 0.08, 0.15, 0.3, 0.6, 1.3, 2.5, 5 and

10 μM) of gemcitabine for 72 h. As shown in Figure 1C, at

gemcitabine concentrations of 0.04, 0.08 and 0.16 µM, 10 μM

wogonin significantly enhanced sensitive of Panc-1 cells to

gemcitabine (p < 0.001). At gemcitabine concentrations of

0.31 and 0.63 µM, Wogonin could slightly enhance the

sensitivity of Panc-1 cells to gemcitabine (p < 0.05). When the
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concentration of wogonin was increased to 20 μM, combined

with 0.08, 0.16, 0.31, 0.63, 1.25, 2.5, 5, 10 μM of gemcitabine

could further significantly inhibit the proliferation of Panc-1

cells. These results showed that the wogonin could significantly

increase gemcitabine cytotoxicity in gemcitabine-resistant

pancreatic cancer cells.

3.2 Prediction of targets for wogonin
sensitization

In order to explore the possible mechanism of wogonin

sensitization, two gene chips (GSE15550, GSE97594) were found

in the GEO database. By comparing the gemcitabine-resistant cell

line Panc-1 and the gemcitabine-sensitive cell line Bxpc-3,

differentially expressed genes (DEGs) related to gemcitabine

resistance in pancreatic cancer were obtained. Based on the

criteria of p < 0.05 and |logFC|≥2, a total of 1865 DEGs were

obtained in GSE15550, including 917 up-regulated genes and

948 down-regulated genes. In gene chip GSE97594, 1980 DEGs

were identified, including 1064 up-regulated genes and 916 down-

regulated genes. The DEGs were used to build a volcano map

(Figure 2A) Venn 2.1.0 was used to screen for common DEGs

between GSE15550 and GSE97594. The obtained 851 genes were

differentially expressed genes (DEGs) related to gemcitabine

resistance (Figure 2B). Through GeneCards, TCMSP,

SwissTargetPrediction, BATMAN-TCM, PharmMapper and IPA

databases, 251 potential targets related to wogonin were obtained

(Figure 2C). Potential targets of wogonin were intersected with

851 DEGs, and 15 DEGs were obtained (Figure 2D). These fifteen

DEGs, including AKT2, CCL2, HSP90AA1, PDE5A, PTGS1,

BCHE, SERPINB5, CA2, SRC, DGKA, HIF1A, PTGS2, ABCA1,

DPYD, and AKR1C3 were potential target of wogonin to enhance

gemcitabine sensitivity in pancreatic cancer.

3.3 Prediction of the sensitization
mechanism of wogonin

Through IPA (Ingenuity Pathway Analysis) software, a

“wogonin-target-gemcitabine resistance” network map was

constructed. Wogonin may enhance the sensitivity of

gemcitabine in pancreatic cancer by inhibiting AKT2, CCL2,

HSP90AA1, PDE5A, or activating PTGS1, BCHE, SERPINB5,

CA2, SRC, DGKA, HIF1A, PTGS2, ABCA1, DPYD and AKR1C3

(Figure 3A).

FIGURE 1
Wogonin combinedwith gemcitabine inhibits the proliferation of pancreatic cancer cells. (A) The cell viability of Panc-1 and Bxpc-3 cells treated
with gemcitabine was assessed using MTT assay at 72 h. Compared with Bxpc-3, Gemcitabine displayed no significant antiproliferative effects to
Panc-1 cell. (B) The cell viability of Panc-1 treated with wogonin was assessed using MTT assay at 72 h. The cell viability decreased with the elevated
concentration of wogonin. (C) Sensitizing effect of wogonin in Panc-1 cells to gemcitabine. Cells were treated with gemcitabine (0, 0.04, 0.08,
0.15, 0.3, 0.6, 1.3, 2.5, 5 and 10 μM), Gem +Wog (10 μM) and Gem +Wog (20 μM) for 72 h and cell viability was determined by MTT assay. *p < 0.05,
**p < 0.01, ***p < 0.001 vs. controls.
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GO and KEGG enrichment analysis for the 15 DEGs were

performed using the Metascape. The enriched GO terms were

divided into CC, BP, and MF ontologies. The results of GO

analysis indicated that DEGs were mainly enriched in BPs,

including response to fluid shear stress, cyclooxygenase

pathway, response to steroid hormone, protein kinase B

signaling, learning, positive regulation of transmembrane

transport, peptide transport, and ribonucleotide metabolic

process (Figure 3B). MF analysis showed that the DEGs were

significantly enriched in heme binding, phosphotransferase

activity, ubiquitin protein ligase binding, protein

homodimerization activity, and hydrolase activity. For the cell

component, the DEGs were enriched in membrane raft and axon.

In addition, the results of KEGG pathway analysis showed that

DEGs were mainly enriched in pathways in Fluid shear stress and

atherosclerosis, Regulation of lipolysis in adipocytes, IL-17

signaling pathway, and Choline metabolism in cancer.

As shown in Figure 2A, wogonin can down-regulate the

expression of AKT2 and enhance the sensitivity of gemcitabine to

pancreatic cancer cell; As shown in Figure 3B, the differentially

expressed genes for wogonin sensitization were enriched in

protein kinase B (Akt) signaling. In summary, we selected

protein kinase B (Akt) signaling pathway (GO:0043491).

Through the KEGG website (https://www.kegg.jp/), we can

hypothesize that wogonin can promote the apoptosis of

gemcitabine-resistant cell lines by inhibiting Akt and its

downstream apoptosis-related proteins BAD and Bcl-2

(Figure 3C), and was verified by follow-up experiments.

FIGURE 2
Potential target of wogonin to enhance gemcitabine sensitivity. (A)Diferential genes volcano map analyzed by GEO chips. Global gene
expression of gemcitabine-resistant cell line Panc-1 vs gemcitabine-sensitive cell line Bxpc-3 (B) Venn diagram of 851 DEGs related to gemcitabine
resistance (C) Potential targets of wogonin (D) Venn diagram of 15 DEGs related towogonin sensitization in gemcitabine-resistant pancreatic cancer.
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3.4 Wogonin promoted apoptosis of
Panc-1 cells by inhibiting Akt pathway

The expression of Akt pathway was verified by WB

experiment. The gemcitabine-resistant pancreatic cell line

Panc-1 was selected, and wogonin at final concentrations of

10, 20, 40, and 100 μM was added. After 72 h of incubation, the

cell protein was extracted and the expression of Akt, p-Akt, BAD,

Bcl-2 was detected. As shown in Figure 4A, with the increase of

wogonin concentration, the protein expression of Akt remained

unchanged, while the protein expression of p-Akt decreased

significantly, and the protein expression of the pro-apoptotic

gene Bad increased. The protein expression of the anti-apoptotic

gene Bcl-2 decreased, which was consistent with the

bioinformatics conclusions.

Cell apoptosis was detected by flow cytometry. In Panc-1

cells, 10, 20, 40, 100 μMwogonin was added, and the apoptosis of

Panc-1 was detected after 72 h of incubation. Annexin V-FITC

and PI double staining positive means late apoptotic cells. Under

the action of 10 μMwogonin, it had a certain promotion effect on

the apoptosis of Panc-1 (p < 0.05), and under the action of 20,

40 and 100 μM wogonin, it significantly promoted the late

apoptosis of cells (p < 0.001), which was consistent with

Western blot results (Figure 4B). We can conclude that

wogonin can promote the apoptosis of Gemcitabine-resistant

pancreatic cell line Panc-1 by inhibiting Akt signaling.

FIGURE 3
Potential mechanism of wogonin sensitization (A) “wogonin-target-gemcitabine resistance” network map. Wogonin can enhance gemcitabine
sensitivity by downregulating AKT2. (B)Go enrichment analysis of 15 DEGs, which were enriched in protein kinase B (Akt) signaling. (C)Hypothesis on
the sensitization mechanism of wogonin to gemcitabine in pancreatic cancer.
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3.5 Wogonin inhibitd pancreatic cancer in
vivo by inhibiting Akt pathway

In order to explore the sensitization effect of wogonin on

gemcitabine in pancreatic cancer, we generated orthotopic

pancreatic cancer mouse model in C57BL/6 mice and

administered the drugs on time. The experimental design is

shown in the timeline (Figure 5A) and in the method of

animals. As shown in Figure 5B, compared with the Control

group, the body weight of the mice in the Gem group (25 mg/kg)

and the Gem +Wog group (25 mg/kg Gem +50 mg/kgWog) had

no downward trend. Compared with the Control group, the

tumor size of Gem + Wog group was significantly reduced (p <
0.05) (Figure 5D). The tumor inhibition rates in Gem group and

FIGURE 4
Wogonin promoted apoptosis of Panc-1 cells by inhibiting Akt pathway (A)gemcitabine-resistant cell line Panc-1was treatedwith 10, 20, 40 and
100 μMwogonin for 72 h, then the protein levels of Akt, p-Akt, BAD and Bcl-2 were detected by western blot. (B)Flow cytometry was used to detect
the apoptosis of Panc-1 cells treated with different concentrations of wogonin for 72 h *p < 0.05, **p < 0.01, ***p < 0.001 vs. controls.
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Gem + Wog group were 26.2% and 59.6%, respectively, and the

tumor inhibition rate in the Gem + Wog group was significantly

higher than that in the Gem group. The combination of wogonin

and gemcitabine can inhibit the growth of pancreatic in tumor,

and the effect is better than that of gemcitabine alone.

Ki67 staining indicated tissue proliferation (Kreipe, 2018).

Gem + Wog group significantly reduced the degree of tissue

malignancy (Figure 5E). As shown in Figure 5F, the expression of

p-Akt protein decreased, the expression of its downstream pro-

apoptotic gene BAD increased, and the expression of anti-

FIGURE 5
Wogonin inhibitd pancreatic cancer in vivo by inhibiting Akt pathway (A)Orthotopic pancreatic cancer mouse model experimental design (B)
Bodyweight changes ofmice in Con group, Gemgroup andGem+Wog groupwithin 21 days (C) Tumor size (D) Tumorweight (E) The fixed sections
of mouse pancreas and pancreatic cancer were stained with Ki67 to detect tumor proliferation (F) After cryopreservation of mouse pancreatic
tumors, Western Blot was detected to compare the expression of p-AKT, AKT, BAD and bcl-2 proteins in Con group, Gem group and Gem +
Wog group. *p < 0.05, **p < 0.01, * **p < 0.001 vs. controls.
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apoptotic gene Bcl-2 decreased, which was consistent with the

in vitro experiments. The results showed that wogonin combined

with gemcitabine inhibited the Akt signaling pathway in vivo,

and inhibited the growth of orthotopic pancreatic cancer.

4 Discussion

Wogonin can induce senescence of breast cancer cells (Yang et al.,

2020) and promote apoptosis of cervical cancer (Kim et al., 2013) and

gastric cancer cells (Hong et al., 2018). Research shows that wogonin

can cooperate with chemotherapy drugs such as docetaxel (Wang

et al., 2018) and cisplatin (Xu et al., 2021) to achieve better anti-tumor

effect. In this study, through bioinformatics analysis and experimental

verification, it is showed that wogonin may enhance gemcitabine

sensitivity in pancreatic cancer.

Wogonin can inhibit tumor proliferation and invasion (Liu

et al., 2016). Through the MTT assay, it was demonstrated that

wogonin inhibited the proliferation of pancreatic cancer cells. At

the concentration of 10 μM, wogonin could also sensitize Panc-1

cell to gemcitabine (Figure 1).

In order to explore the sensitization mechanism of wogonin

to gemcitabine, the bioinformatics method was used to predict

potential target. Bioinformatics prediction showed that the

sensitizing target of wogonin is associated with AKT2, and

GO analysis indicated that DEGs are inriched in protein

kinase B (Akt) signaling (Figure 2, Figure 3). According to Yu

et al, (2010)expression of the apoptosis-related genes Bcl-2 and

BAD are associated with chemosensitivity. BAD and Bcl-2 are

also potential target of wogonin in glioma (Wang et al., 2021).

The results of flow cytometry and Western blot showed that

wogonin may enhance the sensitivity of pancreatic cancer cells to

gemcitabine by inhibiting p-Akt, anti-apoptotic gene Bcl-2,

activating pro-apoptotic gene BAD, and promoting apoptosis

of Panc-1 (Figure 4, Figure 5).

Meanwhile, bioinformatics predicted that wogonin could

enhance gemcitabine sensitivity of pancreatic cancer by inhibiting

AKT2, CCL2, HSP90AA1, PDE5A, and activating PTGS1, BCHE,

SERPINB5, CA2, SRC, DGKA, HIF1A, PTGS2, ABCA1, DPYD,

AKR1C3. According to the literature, AKT2 (Chen et al., 2012),

CCL2 (Monti et al., 2004), HSP90 (Ghadban et al., 2017), CA2

(Zhao et al., 2021), SRC (Lin et al., 2019), HIF1A (Xu et al., 2021),

ABCA1 (Shen and Yan, 2021), DPYD (Delhorme et al., 2022) and

AKR1C3 (Phoo et al., 2021) are associated with drug resistance. The

biological process of wogonin sensitization to gemcitabine includes:

response to fluid shear stress, cyclooxygenase pathway, response to

steroid hormones, positive regulation of transmembrane transport,

peptide transport, and ribonucleoside acid metabolism process

(Figure 3). And the results would be more reliable if gemcitabine

resistant cells of the Pancreatic cancer were constructed and the

Orthotopic pancreatic cancer mouse model was constructed. This

study has not been experimentally verified, and further research is

needed.

5 Conclusion

Our study demonstrates that wogonin inhibits the

proliferation of Pancreatic cancer cells both in vivo and

invitro. Through bioinformatics analysis and experimental

verification, the mechanism of wogonin sensitizing

gemcitabine in pancreatic cancer may be through inhibition of

Akt pathway. Therefore, wogonin may be a novel drug with

sensitizing effect in pancreatic cancer.
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Venlafaxine, an anti-depressant
drug, induces apoptosis in
MV3 human melanoma cells
through JNK1/2-Nur77 signaling
pathway

Ting Niu1†, Zhiying Wei2†, Jiao Fu1, Shu Chen1, Ru Wang1,
Yuya Wang2 and Ruihe Zheng2*
1Central Laboratory, Hainan General Hospital, Hainan Affiliated Hospital of HainanMedical University, Haikou,
China, 2Department of Pharmacy, Hainan General Hospital, Hainan Affiliated Hospital of Hainan Medical
University, Haikou, China

Introduction: Venlafaxine is one of the most commonly used anti-depressant and
antineoplastic drug. Previous studies have predicted venlafaxine as an anti-cancer
compound, but the therapeutic effects of venlafaxine inmelanomahave not yet been
demonstrated. Nur77 is an orphan nuclear receptor that highly expressed in
melanoma cells and can interact with Bcl-2 to convert Bcl-2 from an
antiapoptotic to a pro-apoptotic protein.

Method: We examined the effects of venlafaxine in MV3 cells in vitro and MV3
xenograft tumor in nude mice. Western-blot, PCR, TUNEL assay and
immunofluorescence were used to reveal the growth of melanoma cells.

Results: Here, our data revealed that venlafaxine could reduce the growth, and induce
apoptosis of melanoma cells through a Nur77-dependent way. Our results also showed
that treatment with venlafaxine (20mg/kg, i.p.) potently inhibited the growth of
melanoma cells in nude mice. Mechanistically, venlafaxine activated JNK1/2 signaling,
inducedNur77 expressions andmitochondrial localization, thereby promoting apoptosis
of melanoma cells. Knockdown of Nur77 and JNK1/2, or inhibition of JNK1/2 signaling
with its inhibitor SP600125 attenuated the anti-cancer effects of venlafaxine.

Conclusion: In summary, our results suggested venlafaxine as a potential therapy for
melanoma.

KEYWORDS

melanoma, Nur77, venlafaxine, drug repurposing, JNK1/2 kinase

1 Introduction

Melanoma is the leading cause of skin cancer death worldwide (Cullen et al., 2020). Currently,
BRAF inhibitor vemurafenib and MEK inhibitor trametinib are the most common drugs used for
the treatment of melanoma (Guo et al., 2021; Chiavarini et al., 2022; Porcelli et al., 2022). However,
BRAF-mutated melanomas treated with these compounds almost invariably develop resistance
(Siegel et al., 2020). Further research on the molecular mechanism of melanoma and the
development of novel therapeutics with high efficiency and low toxicity is highly desired.
Nur77 is an orphan nuclear receptor that widely expressed in different types of tumors,
including melanoma (Hsu et al., 2004; To et al., 2012). Nur77 plays diverse roles in the
regulation of cell proliferation, survival, and apoptosis (Hu et al., 2017; Wu and Chen, 2018;
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Safe and Karki, 2021). The mitogenic and survival effect of Nur77 may be
associated with its transcriptional activity in the nucleus (Zhang, 2007).
On the other hand, the pro-apoptotic effect of Nur77 involves its
translocation from the nucleus to mitochondria, where it interacts
with Bcl-2 and converts Bcl-2 from a survival to a killer of cancer
cells (Lin et al., 2004; Kolluri et al., 2008; Zhou et al., 2014; Liu et al.,
2017). These complex effects of Nur77 appear to be dependent on its
posttranslational modifications (Zhou et al., 2014; Liu et al., 2017). For
example, phosphorylation of Nur77 by protein kinase B (AKT) promotes
its nuclear shuttling, resulting in the promotion of cancer cell proliferation
and invasion, while its phosphorylation by c-JunN-terminal kinase (JNK)
involves the apoptosis in certain cancer cells (Han et al., 2006; Bourhis
et al., 2008; Bliss et al., 2012). Thus, targeting Nur77 may offer new
strategies to develop effective melanoma therapeutics.

To date, many potent Nur77modulators have been developed (Crean
and Murphy, 2021). However, it is extremely challenging to push these
compounds towards clinical application. One way to expedite drug
development is to discover new uses for approved or investigational
drugs. Recently, a study conducted by Bennett et al. revealed that
predicted venlafaxine as an anti-cancer compound (Bennett et al.,
2022). Venlafaxine is a serotonin and norepinephrine reuptake
inhibitor (Figure 1A) and has been used in therapy as an anti-
depressant drug since 1993 (Roseboom and Kalin, 2000). Venlafaxine
also can attenuate neuropathic pain and vasomotor symptoms in women
after cancer (Pinkerton and Santen, 2019; van den Beuken-van
Everdingen et al., 2017). Many serotonin reuptake inhibitors, e.g.,
fluoxetine and desipramine could inhibit melanoma solid tumor
growth in vitro (Kubera et al., 2009; Grygier et al., 2013). Thus, it is
possible that venlafaxine can reduce melanoma cell proliferation. In
addition, venlafaxine contains a two-ring group, which is commonly
seen in many potent Nur77 modulators, i.g., BI1071 and Triclosan (Ha
et al., 2018; Chen et al., 2019). Venlafaxine is likely to act as a
Nur77 modulator, exhibiting anti-cancer activities by regulation of
Nur77 signaling. So far, venlafaxine has not been explored as a
therapeutic approach for melanoma and whether venlafaxine can
inhibit the growth of tumor cells in animals is still unknown.

As a proof of concept, we examined the capability of venlafaxine to
inhibit the growth of MV3 melanoma cells, and its effects in
theNur77 expression. We also studied the molecular mechanisms

involved in venlafaxine-induced MV3 cell death. Our results showed
that venlafaxine could reduce the growth and induce apoptosis of
MV3 cells through the JNK1/2-Nur77 signaling pathway. Our results
suggested venlafaxine as a potential therapy for melanoma.

2 Materials and methods

2.1 Chemicals

All reagents were purchased from Sinopharm (Shanghai, China)
unless otherwise indicated. Venlafaxine hydrochloride (Cat.
#V129637), SP600125 (Cat. #S125267) and PD98059 (Cat.
#P126620) were purchased from Aladdin (Shanghai, China).

2.2 Cell culture and treatment

Humanmelanoma (MV3) cells were purchased from the China center
for type culture collection (Cat. #GDC0615). MV3 cells were cultured in
DMEMmedium supplemented with 10% FBS, 100 units/ml penicillin, and
100 μg/ml streptomycin in humidified 5% CO2 atmosphere at 37°C until
80% confluence.MV3 cells were then treatedwith venlafaxine (0–100 μM),
SP600125 (.5 μM) and PD98059 (15 μM) (a MEK/ERK inhibitor that can
inhibit MEK activation and subsequent ERK phosphorylation) for 30 min,
or human Nur77 siRNA (50 nM), JNK1/2 siRNA (Cell signaling, Cat.
#6232S, 50 nM), ERK1/2 siRNA (Cell signaling, Cat. #6560S, 50 nM) and
HiPerfect transfection reagent (Qiagen, 301704, United States) for 12 h,
followed by incubation at 37°C for 0–72 h (Li et al., 2018). The siRNA
sequences were described below:

Control siRNA: 5′-GCGCGCUUUGTAGGAUUCGdTdT-3′
Nur77 siRNA: 5′-CAGUCCAGCCAUGCUCCUCdTdT-3′

2.3 Cell viability

Cell viability was measured at 72 h, using the cell counting kit-8
(CCK8) according to the manufacturer’s instructions (Liu J et al., 2022;
Qin et al., 2022). MV3 cells were collected and incubated with a CCK-8

FIGURE 1
Cellular viability was correlated to Nur77 expression induced by venlafaxine. (A) Chemical structure of venlafaxine. (B) Dose-dependent inhibition of
venlafaxine on the growth inhibition of MV3 cells at 72 h. (C) RelativemRNA expressions of Nur77 inMV3 cells were quantified after treatment with venlafaxine
(10 μM) for 0–8 h. (D) The protein expression of Nur77 in MV3 cells was detected byWestern blot after treatment with venlafaxine (10 μM) for 0–8 h. Intensity
of the protein bands was quantified and normalized to loading control GAPDH. N = 3, ***, p < .001 vs. control (0 h).
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reagent (Dojindo, Cat. #CK04, 5 mg/ml, 10 μl) at 37°C for 60 min. The
OD values of the reaction mixture were measured at the wavelength of
450 nm. The cell viability was calculated using the following formula: Cell
viability (%) = OD (control) − OD (test)/OD (control) − OD (blank).

2.4 Apoptosis assay

Apoptosis assay was conducted at 0, 4 and 8 h, using a dead cell
apoptosis kit with Annexin V-FITC and propidium iodide (PI)
(Thermo, Cat. #V13241) according to the manufacturer’s
instructions (Chen et al., 2019; Li et al., 2022). MV3 cells were
washed with PBS, resuspended in binding buffer, incubated with
Annexin V-FITC and PI for 15 min according to the kit protocol,
and analyzed immediately by cytoFLEX Flow Cytometry System
(Beckman-Coulter) using FITC and PerCP.

2.5 Animals and treatments

The animal experiments were approved by the Animal Care and
Use Committee of HainanMedical University [Approval No. Med-Eth-
Re (2022) 736]. Female BALB/c nude mice (20–25 g) were purchased
from Shanghai SLAC Laboratory Animal Co., Ltd. Mice were
maintained under specific pathogen-free conditions, group-housed in
ventilated cages with controlled temperature (25°C ± 1°C) and relative
humidity (55% ± 10%). Standard mouse chow and tap water were
provided ad libitum. The nude mice were anesthetized by intravenous
injection of pentobarbital sodium (25 mg/kg), followed by subcutaneous
transplantation of MV3 or Nur77 knockout (Nur77 KO) MV3
melanoma cells in the right posterior axillary line (Liu Y. X et al.,
2022). The dose of venlafaxine for the mice was based on the
preliminary experiments and the references (Zhang et al., 2019;
Madrigal-Bujaidar et al., 2021). Mice were treated with venlafaxine
(20 mg/kg, i.p.) or its .1% DMSO-containing saline vehicle once daily
after tumor size grew up to 50–100 mm3. Body weight and tumor
volume were measured every 3 days. Mice were sacrificed by CO2

inhalation after 15-day drug treatment and the tumors were stripped
for various assessments (Chen et al., 2019). Nur77 knockout (KO)MV3
cells were generated by CRISPR/Cas9 system using a previously
reported method (Chen et al., 2019). The gRNA targeting sequence
of Nur77 is 5′-ACCTTCATGGACGGCTACAC-3′. Protein lysates
were prepared from tumors with previously reported method (Chen
et al., 2015). Tumorswere homogenized in cold 1×RIPA lysis buffer and
centrifuged at 15,000 × g for 15 min at 4°C. The supernatants were
collected and the protein concentration of sample was measured by
Pierce BCA protein assay kit (Thermo, Cat. #23225). Ultimately, all
samples were normalized to the same total protein concentration of
2 mg/ml. Frozen tumor tissues were thawed and then homogenated in
Trizol reagent. Total RNA was extracted with chloroform, isopropanol,
and 75% ethanol. The RNA concentration was measured with a
spectrophotometer (Beckman Coulter, United States).

2.6 Western blot

Western blots were performed using the standard sodium dodecyl
sulfate (SDS)-PAGE polyacrylamide gel electrophoresis method (Li et al.,
2021a). The protein of cell or tumor lysates was prepared and measured

by Pierce BCA protein assay kit (Thermo, Cat. #23225) (Xie et al., 2022a).
The total protein (50 μg) was separated by 10% SDS-PAGE gels and
transferred to a nitrocellulose membrane (Amersham Biosciences,
Shanghai, China). Membranes were blocked in 5% (w/v) nonfat milk
for 1 h at room temperature, washed with saline buffer (containing .05%
tween-20) and then incubated at 4°C overnightwith the primary antibody:
Nur77 (Cell signaling, Cat. #3960S, dilution 1:500), cleaved caspase-3 (Cell
signaling, Cat. #9661S, dilution 1:300), PARP (Santa Cruz, Cat. #sc-8001,
dilution 1:500), p38 (Novus, Cat. #AF8691, dilution 1:500), p-p38 (Santa
Cruz, Cat. #sc-166182, dilution 1:300), JNK1/2 (Santa Cruz, Cat. #sc-
137019, dilution 1:800), p-JNK1/2 (R&D, Cat. #AF1205, dilution 1:400),
c-Jun (Novus, Cat. #MAB8930, dilution 1:500), p-c-Jun (Cell signaling,
Cat. #3270S, dilution 1:300), ERK1/2 (Cell signaling, Cat. #68303SF,
dilution 1:600), p-ERK1/2 (Cell signaling, Cat. #9101S, dilution 1:300),
GAPDH (Santa Cruz, Cat. #sc-47724, dilution 1:1000). The membranes
were then incubated for 1 h at room temperature with horseradish
peroxidase (HRP)-linked anti-rabbit IgG antibody (Santa Cruz, Cat.
#sc-2004, dilution 1:5000) and detected with an
electrochemiluminescence plus kit (Amersham Biosciences).

2.7 Real-time polymerase chain reaction
(RT-PCR)

Total RNAs were extracted by Trizol (Invitrogen) and complemental
DNA was synthesized using RevertAid First-Strand cDNA Synthesis Kits
(Fermentas). RT-PCR was performed using SYBR Green dye and the
Roche LightCycler® 480 II system following the manufacturer’s
instructions on a 7300 real-time PCR system (Applied Biosystems)
using respective primers (Hu et al., 2021):

Nur77: 5′-ACCCACTTCTCCACACCTTG-3′ (forward), 5′-
ACTTGGCGTTTTTCT GCACT-3′ (reverse).

β-Actin: 5′-AGAGCTACGAGCTGCCTGAC-3’ (forward), 5′-
AGCACTGTGTTG GCGTACAG-3′ (reverse).

Expression data were normalized to β-Actin mRNA expression.

2.8 Histological analysis

Tumor tissues were excised, sectioned and fixed in 10% (w/v)
formalin for 24 h, followed by embedding in paraffin. The specimen
was embedded in paraffin and cut into 5 μm sections for further
assessments (Xie et al., 2022b).

2.9 Immunofluorescence

In vitro–cultured MV3 cells were fixed with 4%
paraformaldehyde, permeabilized with .1% Triton X-100 in PBS for
20 min, and then blocked with goat serum in .3 M glycine in PBS at
25°C for 1 h. Sections were then incubated at 4°C overnight with the
primary antibody: Nur77 (Cell signaling, Cat. #3960S, dilution 1:500)
and Bcl2 (Abcam, Cat. #ab692, dilution 1:500). Sections were rinsed
with .1 M PBS and exposed to donkey secondary antibodies
conjugated with Alexa Fluor 488 or 647 (Abcam, dilution 1:1,000)
at room temperature for 2 h. After an additional rinse, cells were then
counterstained with 4′, 6-diamidino-2-phenylindole (DAPI) for
nuclear labelling (Wang et al., 2022). Fluorescence images were
captured with a confocal microscope.
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The paraffin-embedded tumor sections were incubated with the
following primary antibodies at 4°C overnight: Nur77 (Cell signaling,
Cat. #3960S, dilution 1:500), cleaved caspase-3 (Cell signaling, Cat.
#9661S, dilution 1:300), Ki-67 (Abcam, Cat. #ab15580, dilution 1:800).
After incubation, sections were rinsed with .1 M PBS and exposed to goat
secondary antibodies conjugated with Alexa Fluor 488 or 647 (Abcam,
dilution 1:1,000) at room temperature for 1 h (Li et al., 2021b). After an
additional rinse, sections were then counterstained with DAPI for nuclear
labelling. Fluorescence images were captured with a confocal microscope.

Reactive oxygen species (ROS) were stained with cellular ROS
assay kit (deep red) (Abcam, Cat. #ab186029) according to the
manufacturer’s instructions. Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assays were carried out
according to the manufacturer’s instructions (Promega, Cat. #G7131).
The number of apoptotic cells was counted by Image J.

2.10 Statistical analysis

Data are presented as means ± SEM. Analyses were performed
with GraphPad Prism 9.0.5. Three or more different groups were
analyzed by one-way ANOVA with Dunnett’s post hoc multiple
comparison tests. p < .05 was considered statistically significant.

3 Results

3.1 Cellular viability was correlated to
Nur77 expression induced by venlafaxine

We first investigated whether venlafaxine could regulate the
cellular viability of MV3 cells. As shown in Figure 1B, venlafaxine

FIGURE 2
Venlafaxine induced apoptosis in MV3 cells. (A) The protein expression of BAX-2, cleaved caspase 3 and cleaved PARP in MV3 cells was detected by
Western blot after treatment with venlafaxine (10 μM) for 0–8 h. Intensity of the protein bands was quantified and normalized to loading control GAPDH. (B)
Apoptosis assays in MV3 cells treated with venlafaxine (10 μM) for 0–8 h were conducted by flow cytometry. (C) The apoptotic cells were detected by TUNEL
assay in MV3 cells treated with venlafaxine (10 μM) for 0–8 h. N = 3, ***, p < .001 vs. control (0 h).
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showed a great inhibition on the growth of MV3 cells with an
LD50 = 9.01 ± .97 μM. To investigate whether the cytotoxicity effect
of venlafaxine was associated with its induction of

Nur77 expression, we then examined the effect of venlafaxine on
Nur77 expression in MV3 cells. Based on the LD50 data of
venlafaxine, MV3 cells were treated with venlafaxine at a

FIGURE 3
Venlafaxine induced Nur77 mitochondrial targeting and ROS production in MV3 cells. (A) MV3 cells treated with venlafaxine (10 μM) for 0–8 h were
immunostained with Bcl-2 and Nur77 antibodies and visualized by confocal microscopy. (B)MV3 cells treated with the cellular ROS assay kit and visualized by
confocal microscopy.

Frontiers in Pharmacology frontiersin.org05

Niu et al. 10.3389/fphar.2022.1080412

103

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1080412


concentration of 10 μM. qRT-PCR (Figure 1C) and western blot
(Figure 1D) analyses showed that the mRNA and protein levels of
Nur77 were low in MV3 cells, but were persistently elevated after

venlafaxine treatment. Together, these results suggested that
venlafaxine reduced the cell proliferation and introduced
Nur77 expression in MV3 cells.

FIGURE 4
Nur77 expression was necessary for venlafaxine-induced apoptosis. MV3 cells were transfected with siRNA control or Nur77 siRNA, following by
treatment with venlafaxine (10 μM) for 0–8 h. (A) The protein expression of BAX-2, caspase 3 and cleaved PARP inMV3 cells was detected bywestern blot. Inte
cleaved nsity of the protein bands was quantified and normalized to loading control GAPDH. (B) Apoptosis assays in MV3 cells were conducted by flow
cytometry. (C) The apoptotic cells were detected by TUNEL assay. (D) MV3 cells treated with the cellular ROS assay kit and visualized by confocal
microscopy. N = 3, **, p < .01, ***, p < .001 vs. control.
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FIGURE 5
Activation of ERK1/2 signaling was necessary for venlafaxine-induced apoptosis. (A) Representative western-blot bands and quantification of the MAPK
signal molecules abundances in MV3 cells treated with venlafaxine (10 μM) for 0–8 h (B)MV3 cells were treated with vehicle, JNK1/2 inhibitor SP600125 and
MERK/ERK inhibitor PD98059 for 72 h. Cell viability weremeasured by CCK-8 kits at 72 h (C)MV3 cells were transfectedwith siRNA control, JNK1/2 siRNA, and
ERK siRNA for 72 h. Cell viability were measured by CCK-8 kits at 72 h (D,E) Representative western-blot bands and quantification of Nur77 abundances
in MV3 cells treated with venlafaxine (10 μM) for 8 h, or transfected with siRNA control, JNK1/2 siRNA, and ERK siRNA for 20 h (F) MV3 cells were
immunostained with Bcl-2 and Nur77 antibodies and visualized by confocal microscopy. N = 3, *, p < .05, **, < .01, ***, p < .001 vs. control.
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3.2 Venlafaxine-induced apoptosis in
MV3 cells

Given that the death effect of Nur77 is associated with its
induction of apoptosis, which has been observed in other studies
(Zhang, 2007), we speculate that venlafaxine may exert an anti-
proliferative effect through activating the Nur77-dependent
apoptotic pathway. As a proof of concept, we examined the
expression of BAX-2, cleaved caspase 3 and cleaved PARP, the
indicators of apoptosis, in MV3 cells treated with venlafaxine
(10 μM). Western-blot analysis showed that venlafaxine treatment
persistently induced caspase 3 and PARP cleavage and BAX-2
expression in MV3 cells (Figure 2A). We further assessed the effect
of venlafaxine on cell death using flow cytometry-based Annexin V/
Propidium iodide (PI) apoptosis assay. As shown in Figure 2B,
approximately 30% of MV3 cells were apoptotic when treated with
venlafaxine for 8 h, whereas only about 2% of cells were apoptotic in
vehicle control group. Moreover, TUNEL assay revealed extensive
apoptosis in venlafaxine-treated MV3 cells (Figure 2C). Together,
these results revealed that venlafaxine induces apoptosis in MV3 cells.

3.3 Venlafaxine induced Nur77 mitochondrial
targeting and ROS production in MV3 cells

Nur77 can induce apoptosis by translocating to mitochondria where
it binds to Bcl-2 to trigger cytochrome c release and ROS production (Lin
et al., 2004; Chen et al., 2019). Thus, we further examined whether
venlafaxine could induce Nur77 translocation from the nucleus to
mitochondria. Immunofluorescence assay showed that Nur77 was
mainly localized in the nucleus of MV3 cells, while treatment of
venlafaxine promoted the mitochondrial translocation of this protein

(Figure 3A). Furthermore, following Nur77 mitochondrial translocation,
the production of ROS in MV3 cells was also enhanced by venlafaxine
(Figure 3B). Together, these results revealed that venlafaxine induced
Nur77 mitochondrial targeting and ROS production in MV3 cells.

3.4 Nur77 expression was necessary for
venlafaxine-induced apoptosis

We next determined whether venlafaxine-induced apoptosis was
Nur77-dependent. MV3 cells were transfected with Nur77 siRNA and
subjected to venlafaxine treatment for 8 h. We found that
Nur77 knockdown decreased venlafaxine-induced expressions of BAX-
2, cleaved caspase 3 and cleaved PARP were in MV3 cells (Figure 4A).
Furthermore, venlafaxine-induced apoptosis was rescued by transfecting
with Nur77 siRNA, but not control siRNA (Figures 4B, C). Additionally,
venlafaxine induced lower levels of ROS in Nur77-knockdown cells than
control MV3 cells (Figure 4D). Together, these data indicated that
Nur77 expression was necessary for venlafaxine-induced apoptosis.

3.5 Activation of JNK1/2 signaling was
necessary for venlafaxine-induced cell death
effects

Given that MAPKs play an important role in the regulation of
melanoma cell survival and Nur77 post-translational modifications (Liu
et al., 2017; Huo et al., 2020; Hu et al., 2021), we further studied whether
venlafaxine affects Nur77 expression through MAPKs signaling.
MV3 cells expressed relatively low levels of phosphorylated MEK
(p-MEK), p-JNK1/2, p-c-Jun, and p-ERK. After treatment with
venlafaxine, the levels of p-MEK, p-JNK1/2, p-c-Jun, and p-ERK

FIGURE 6
Anti-cancer efficacy of venlafaxine inmice. BALB/c nudemice bearingMV3 or Nur77 KOMV3 xenograft tumors were treatedwith venlafaxine (20 mg/kg,
i.p.) or its vehicle once daily from week 1 to week 5 after implantation of MV3 or Nur77 KO MV3 cells. (A) Tumor tissues were immunostained with Nur77 and
JNK1/2 antibodies and visualized by confocal microscopy. (B) Venlafaxine reduced cancer cell growth in nude mice through Nur77. One of five similar
experiments is shown.
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were increased in MV3 cells (Figure 5A). To further study the roles of
MAPK signaling in venlafaxine-induced apoptosis, MV3 cells were co-
treated with venlafaxine and different inhibitors of MAPK kinases,
including MEK/ERK signaling inhibitor PD98059 and JNK1/2 inhibitor

SP600125. CCK8 assay showed that inhibition of JNK1/2 activity by
SP600125 impaired venlafaxine-induced cell death effects, while
PD98059 had no such effects (Figure 5B). Moreover, knockdown of
JNK1/2 but not ERK increased cell viability in venlafaxine-treated

FIGURE 7
Venlafaxine-induced apoptosis in vivo. BALB/c nudemice bearingWTMV3 or Nur77 KOMV3 xenograft tumors were treated with venlafaxine (20 mg/kg,
i.p.) or its vehicle once daily fromweek 1 to week 5 after implantation of MV3 or Nur77 KOMV3 cells. (A) Representative western-blot bands and quantification
of BAX-2, cleaved caspase 3 and cleaved PARP abundances in tumor tissues. N = 5, *, p < .05, **, < .01, ***, p < .001 vs. MV3 vehicle control. ###, p < .001 vs.
MV3 venlafaxine control. (B) Tumor tissues were immunostained with cleaved caspase 3 and cleaved PARP antibodies and visualized by confocal
microscopy. (C) Tumor tissues were immunostained with TUNEL assay kits and antibodies and Ki-67 visualized by confocal microscopy. One of five similar
experiments is shown.
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MV3 cells (Figure 5C). These data demonstrated that JNK1/2 signaling is
involved in venlafaxine-induced cell death effects. Next, we examined
whether venlafaxine affects Nur77 expression in MV3 cells through
JNK1/2 signaling. As shown in Figures 5D, E, both genetic
inactivation and pharmacological administration of JNK1/2 inhibitor
SP600125 significantly suppressed venlafaxine-induced
Nur77 expression, indicating that venlafaxine increases
Nur77 expression in MV3 cells through activation of JNK1/
2 signaling. Furthermore, blockade of JNK1/2 signaling also
suppressed mitochondrial translocation of Nur77 (Figure 5F). Taken
together, these data suggested that venlafaxine induced MV3 cells death
through activation of JNK1/2 signaling and induction of
Nur77 expression.

3.6 Anti-cancer efficacy of venlafaxine inmice

Encouraged by the in vitro activity of venlafaxine, we further
investigated whether the induction of Nur77 by venlafaxine contribute
to its growth inhibitory effect in vivo. BALB/c nude mice were inoculated
subcutaneously with MV3 cells, and were treated with venlafaxine
(20 mg/kg, i.p., once daily for 15 days) when the average tumor size
grew up to 50–100 mm3. Consistent with the in vitro results, treatment
with venlafaxine for 15 days promoted expressions of Nur77 and
activation of JNK1/2 in tumor tissues (Figure 6A). Furthermore, at the
15 days after implantation, the average tumor volume of the vehicle
control group was 1,732 mm3; and that of venlafaxine treatment group
was 630 mm3, with the inhibition ratio of tumor growth was 64%
(Figure 6B). These results demonstrated that venlafaxine induced
Nur77 expression and inhibit the growth ofMV3 xenograft tumor in vivo.

To study whether venlafaxine inhibit the growth of MV3 xenograft
tumor associated with its induction of apoptosis. We examined the

expression of BAX-2, cleaved caspase 3 and cleaved PARP in tumor
tissues. Western-blot assay and immunostaining showed that venlafaxine
treatment significantly increased the level of these protein (Figures 7A, B).
Additionally, immunostaining assay demonstrated that venlafaxine
enhanced apoptotic cell death, as assessed by TUNEL staining, and
suppressed cell proliferation, as assessed by Ki-67 immunostaining, in
tumor tissues (Figure 7C). When combined, these results suggested that
venlafaxine potently inhibited the growth of melanoma cells in animals
through its apoptotic cell death effects.

Furthermore, we also studied the role of Nur77 in the anti-cancer
effects of venlafaxine in vivo. We used the CRISPR/Cas9 technology to
generate Nur77 knockout (KO) MV3 cells, and subcutaneously injected
Nur77 KO MV3 melanoma cells into the BALB/c nude mice. At the
15 days after implantation, we found that the average tumor volume of the
Nur77 KO MV3 group was similar to that of MV3 group, indicating
Nur77 is not required for the growth of MV3 xenograft tumor.
Furthermore, treatment with venlafaxine could not inhibit the growth
of Nur77 KO MV3 xenograft tumor (Figures 6B, C), as well as the
expression of BAX-2, cleaved caspase 3 and cleaved PARP in tumor tissues
(Figures 7A, B). Moreover, treatment with venlafaxine had no effects on
the numbers of TUNEL-positive and Ki-67-positive cells (Figure 7C).
Taken together, these results suggested that venlafaxine suppresses the
growth of melanoma cells through Nur77-dependent apoptotic pathway.

4 Discussion

Melanoma is one of the most aggressive and dangerous form of skin
cancer (Ahmed et al., 2020). Although immunotherapies and targeted
therapies are highly effective in ameliorating melanoma, their clinical
use is hindered by the drug resistance (Ahmed et al., 2020). Therefore,
novel approaches to melanoma treatment are still highly desired to

FIGURE 8
Schematic summary of venlafaxine mediated signaling pathway.
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reduce the mortality rate of patient with melanoma. One way to rapidly
develop therapeutic agents for melanoma is drug repurposing, defined
as the re-application of known drugs to target new indication. Some of
the classic examples of successful repurposing are minoxidil and
gabapentin. Minoxidil, originally an anti-hypertensive agent, is now
commonly used to promote hair re-growth (Goren and Naccarato,
2018). Gabapentin, originally used as anti-epileptics, is now used to treat
neuropathic pain (Moore and Gaines, 2019). Therefore, we switch our
attention from newly synthesized anti-cancer compound to approved
drugs to rapidly develop therapeutic agents for melanoma. As a proof of
concept, we demonstrated that anti-depressant drug venlafaxine could
inhibit the growth of MV3 melanoma cells through introduction of
Nur77 expression. Mechanistically, venlafaxine activates JNK1/
2 signaling pathway, thus trigger expression and mitochondrial
localization of Nur77. Follow mitochondrial translocation,
Nur77 binds to Bcl-2 and converts Bcl-2 from a survival to a killer
of cancer cells, thereby inhibiting the growth and induce apoptosis of
MV3 melanoma cells (Figure 8).

A significant finding presented here is that venlafaxine can induce
apoptosis of MV3 human melanoma cells through a Nur77-dependent
pathway. Nur77 is an orphan nuclear receptor. It often translocate to
mitochondria and binds to Bcl-2 in response to different death signals,
leading to a conformation change in Bcl-2 and conversion of Bcl-2 from
performing an anti-apoptotic role to a pro-apoptotic role (Lin et al., 2004;
Kolluri et al., 2008). Many anti-cancer drugs, including vinblastine,
vincristine, taxol, and cisplatin also induce expression of Nur77
(Deacon et al., 2003; Achkar et al., 2018). Herein, we found that
venlafaxine treatment could increase Nurr77 expression and
interaction with Bcl-2 (Figures 1D, 3A), resulting in ROS production
(Figure 3B), and apoptosis (Figure 2A). Interestingly, the mRNA
expression of Nur77 after 4 h incubation is non-significant, although
there is significant protein expression at the same time point (Figures 1C,
D). The reason for the discrepancies between mRNA expressions and
protein expression is not clear. There may be serval reasons attributed to
these results. It has been reported that Nur77 can bind to Bcl-2 after
phosphorylation by JNK1/2. It is possible that the certain
posttranslational modifications of Nur77 may increase the binding
affinity of Bur77 to its antibody, thus a significant band of Nur77 was
also observed at 4 h. Furthermore, we cannot exclude the possibility that
the degradation of Nur77 was reduced in MV3 cells after 4 h incubation
with venlafaxine. Future studies need to be carried out to confirm the
precise reason for this result. Furthermore, theNur77 subgroup of nuclear
hormone receptors subfamily has been implicated in the pathophysiology
of the central nervous system, including manic depression, Parkinson’s
disease, schizophrenia, and Alzheimer’s disease (Liu et al., 2021).
Venlafaxine also exhibits pharmacological actions in these diseases
(Mazeh et al., 2004; Mokhber et al., 2014; El-Saiy et al., 2022; Zhuo
et al., 2022). It is possible that venlafaxine produces therapeutic effects in
these diseases through introduction of Nur77 expression.

A number of studies suggested that MAPKs, including JNK1/2 and
ERK and their related upstream or downstream signal molecules such as
MEK can regulate Nur77 expression (Anjum et al., 2022). Our results
showed that venlafaxine could activated the JNK/c-Jun and the MERK/
ERK pathway. Both pathways are documented in the literature. For
example, c-Jun is a transcription factor that positively modulated
Nur77 mitochondrial localization and activation by directly binding to
the Nur77 DNA promoter regions (Han et al., 2006; Ming et al., 2018).
The transcriptional activity of c-Jun is associated with its abundance and
posttranslational modification (Han et al., 2006; Ming et al., 2018). Ha et.

al. (2018) have reported that inhibition of c-Jun phosphorylation by miR-
6321/Map3k1 reduced Nur77 protein expression, while activation of the
JNK/c-Jun pathway by anisomycin increased Nur77 levels (Han et al.,
2006). In addition, the MERK/ERK pathway plays a critical role in
inducing Nur77 expression. GnRH promoted Nur77 expression in
alpha T3-1 cells through ERK signaling (Bliss et al., 2012; Oliveira
et al., 2021; Liu Y. X et al., 2022). Scalarane sesterterpenoid 12-
deacetyl-12-epi-scalaradial induces HeLa cells apoptosis through ERK-
mediated expression and phosphorylation of Nur77 (Zhou et al., 2020).
Furthermore, malayoside, a cardenolide glycoside extracted fromAntiaris
toxicaria Lesch, also induced Nur77 expression, phosphorylation, and
human non-small lung cancer cells apoptosis through ERK signaling (Hu
et al., 2021). Our results showed that venlafaxine-induced
Nur77 expression and cell apoptosis can be blocked by treatment with
JNK1/2 inhibitor SP600125, but not MERK/ERK inhibitor PD98059,
suggesting that venlafaxine may induced MV3 cell apoptosis through the
JNK/c-Jun signaling.

5 Conclusion

In conclusion, our results demonstrate that venlafaxine could
reduce the growth and induce apoptosis of MV3 cells through the
JNK1/2-Nur77 signaling pathway. Our results also identified
venlafaxine as a promising therapy for melanoma.
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New anti-cancer drugs are constantly being developed, especially targeted drugs.

Although these drugs have achieved significant clinical efficacy, they do not play a

significant role in ovarian cancer. Moreover, the research cycle and costs of such

drugs are often huge. The repositioning of conventional drugs has gradually

become a concern. Statins, as traditional lipid-lowering drugs, play a role mainly

by inhibiting HMGCR. In recent years, epidemiological studies and in vitro

experiments have confirmed its anti-cancer effect, especially the effect of anti-

ovarian cancer. Themutation rate of TP53 in ovarian cancer is as high as 95%, while

HMGCR is often highly expressed in TP53 mutant tumors. However, the effect of

prospective clinical trials is not ideal. This result seems understandable considering

that it seems unrealistic for a lipid-lowering drug to completely inhibit tumor

growth. Therefore, statins play more synergistic roles in the treatment of ovarian

cancer. Because ovarian cancer is a highly heterogeneous tumor, it may be a good

choice to deeply understand the mechanism of statins in the treatment of ovarian

cancer and achieve precise treatment by combining it with other drugs.

KEYWORDS
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1 Introduction

Ovarian cancer is a common malignant tumor reported in women and is also one of

the gynecological tumors with the highest mortality rate. There are 239,000 new cases of

ovarian cancer and 152,000 deaths of ovarian cancer every year in the world (GBD

2019 Stroke Collaborators, 2021). The incidence rate of Ovarian cancer in 2035 is
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estimated to be 371,000 (an increase of 55%), and the number of

deaths is estimated to be 254,000 (an increase of 67%). Most

ovarian cancers are diagnosed at stage Ⅲ and Ⅳ (Torre et al.,

2018), when 5-year survival is less than 30% (Torre et al., 2018;

Peres et al., 2019). Although routine treatment has demonstrated

therapeutic outcomes, 70% of patients with ovarian cancer

relapse and develop chemoresistance, and have a shorter

survival time. New targeted drugs have been widely used in

the treatment of tumors, but the effect is not ideal in the

treatment of ovarian cancer, especially relapsed and drug-

resistant ovarian cancer. It is therefore critical to identify

novel drugs for patients who are dissatisfied with the clinical

treatment effects. Due to the long development cycle and the high

cost of new drugs, the repositioning of traditional drugs has

gradually attracted people’s attention. Drug repositioning refers

to the method of determining new target molecules and disease

indications for approved drugs (National Academy of Sciences,

1975). When compared with traditional new drug research and

development, it has a lower cost and shorter cycle.

Statins—hyperlipidemia drugs (Schachter, 2005)—have

recently been discovered to have anti-cancer properties

manifested through the inhibition of the cell cycle, anti-tumor

proliferation (Kobayashi et al., 2015), induction of apoptosis and

autophagy (Kobayashi et al., 2015; Hutchinson and Marignol,

2017), and increasing the chemotherapy sensitivity of tumors

(Hutchinson and Marignol, 2017). Particularly, it plays an

important role in anti-ovarian cancer. Some people believe

that this is closely related to the characteristics of ovarian

cancer and the target of statins. The main target of statins is

HMGCR. The expression of HMGCR in TP53 mutant cells is

generally increased, while the proportion of TP53 mutations in

ovarian cancer cells is as high as 95%.

Several epidemiological studies and in vitro testing have

also demonstrated that statins have anti-ovarian cancer effects

(Liu et al., 2009; Xie et al., 2017; Li and ZHOU, 2018). For

example, some studies (Xie et al., 2017; Urpilainen et al., 2018)

have reported that the overall survival rate of patients taking

statins is significantly higher than that of patients not taking

statins. Even after the diagnosis of ovarian cancer, the overall

survival rate of patients taking statins was significantly higher

(Li and Zhou, 2018; Harding et al., 2019; Kim et al., 2022).

However, some data showed the opposite results. For instance,

some studies reported that statins can reduce the recurrence

rate of ovarian cancer, but have no impact on the overall

survival rate (Lavie et al., 2013; Bar et al., 2016; Chen et al.,

2016). On the other hand, some studies believe that the use of

statins can prevent the occurrence of ovarian cancer (Lavie

et al., 2013; Zhang et al., 2019), while others believe that the

use of statins cannot prevent the occurrence of ovarian cancer

(Baandrup, 2015). Moreover, some studies found that the use

of statins did not have a different effect on different ovarian

cancer subtypes (Couttenier et al., 2017), but other studies

showed that statins have a more obvious therapeutic effect on

non-serous papillary epithelial cell ovarian cancer subtypes. It

has been suggested that it may be related to the type of statin,

lipophile and hydrophilic statins may have different effects on

ovarian cancer (Jiao et al., 2020), and lipophile statins are

more effective in reducing tumor progression because they

have less liver selectivity than hydrophilic statins (Kato et al.,

2010; Majidi et al., 2021).

In addition, the prospective clinical trials using statins to treat

ovarian cancer have mostly been unsatisfactory (Altwairgi, 2015).

The reason may be related to the type of ovarian cancer and the

dosage of statins. On one hand, ovarian cancer exhibits high

heterogeneity, the histological classification of ovarian cancer is

complex with over 100 types having been identified (Granström

et al., 2008). Ovarian cancer treatment pathways are targeted at

the type and depend on histopathological diagnosis. Ovarian

cancer can be divided into epithelial, sex cord-stromal, and germ-

cell tumor types. Among these, epithelial ovarian cancer is the

most common one and can be further categorized into serous,

mucinous, endometrioid, and clear cell cancers according to their

cell types. In addition, ovarian cancer can be low-grade or high-

grade, based on the degree of malignancy. The biological

characteristics of the two types of tumors are extremely

different as are their genetic backgrounds. The common

mutations in HGSOC were TP53 (96%), BRCA1/2 (23%) and

HRD (homologous recombination defect) mutation (50%); The

commonmutations in clear cell carcinoma are PIK3CA, ARD1A,

PTEN and microsatellite instability (MSI); Common mutations

in endometrioid carcinoma are CTNNB1, ARID1A, PTEN, MSI;

The common mutations in mucinous carcinoma are KRAS,

HER2 and CDKN2A mutations; In LGSOC, mutations such

as BRAF, KRAS, NRAS, ERBB2 and PIK3CA are more

common (Schachter, 2005).

The anti-tumor effect of statins is not limited to HMGCR

inhibition, but it has different anti-tumor effects against different

tumors. On the other hand, in several studies, the drug dosage is

often utilized for hypercholesterolemia treatment, which may

have resulted in the plasma concentration of the drug being lower

than that necessary for inducing cell apoptosis in vitro tests

(Robinson et al., 2013). However, large-dose statins may cause

myalgia and other adverse effects.

It is undeniable that, although some studies have shown that

there is no difference in the survival time between the simple use

of statins and the simple use of chemotherapy drugs,

epidemiological investigations often combine statins on the

basis of conventional treatment. Therefore, the anti-tumor

effect of statins is mainly reflected by the combination with

other therapies, or it mainly plays an auxiliary role. Therefore, it

is important to better understand its anti-ovarian cancer

mechanism and the synergistic role with other drugs, which

has a significant role in improving the overall clinical efficacy and

reducing adverse drug reactions.

This study examined research on the mechanism of statin

treatment of ovarian cancer and how the therapeutic effects can
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be improved through drug combinations. This study aimed to

obtain ideas for application in future fundamental research and

clinical treatment (Table 1).

2 Treatment by inhibiting the
mevalonic acid (MVA) pathway

Statins’ anti-tumor effect mainly blocks theMVA pathway by

inhibiting HMGCR. HMGCR is considered a metabolic

oncogene that promotes tumor growth and development

(Clendening et al., 2010). HMGCR is commonly seen in

TP53-mutated tumor cells, and the TP53 mutation rate in

ovarian cancer cells is as high as 95% (Freed-Pastor and

Prives, 2016). De Wolf et al. investigated 12 ovarian tumor

cell lines and found that HMGCR was upregulated in ovarian

tumor cells when compared to that in normal ovarian surface

epithelial cells (De Wolf et al., 2017). Combining HMGCR with

other MVA pathway antagonists may achieve a sound synergistic

anti-ovarian cancer effect (Figure 1).

2.1 Synergistic blocking of protein
isoprenylation by statins andMVApathway
inhibitor

FPP, GGPP, and cholesterol are intermediate and end-

products of the MVA pathway. FPP and GGPP, for example,

can provide isopentenyl groups, thereby allowing isoprenylation

of multiple small GTPase binding proteins and anchoring them

to the cell membrane (e.g., Ras and Rho). Membrane localization

is, therefore, necessary for these proteins to function, and several

oncogenes interfering with the isoprenylation of these proteins

can have an anti-tumor effect (Mctaggart, 2006; Svensmark and

Brakebusch, 2019).

Ibandronate and zoledronic acid are FPP synthase inhibitors,

which limit the production of FPP and GGPP and thus inhibit

the isoprenylation of the relevant proteins (Kobayashi et al., 2015;

Pletcher et al., 2017). These drugs can inhibit various tumors

(Green, 2004), and the combination of statins with zoledronic

acid has synergistic inhibitory effects on the growth of ovarian

cancer cells (Abdullah et al., 2017).

TABLE 1 Synergistic effect of statins with other drugs in the treatment of ovarian cancer.

Drugs Cell models Potential References

The mechanism

1 Zoledronic acid +
fluvastatin

22 pre-treated ovarian carcinomas Activates the tricarboxylic acid cycle,
autophagy

Robinson et al. (2013)

2 Fluvastatin + cisplatin CAOV3 SKOV3 Induction of apoptosis Mctaggart (2006)

Inhibition of GGT

Inhibition of Ras, Rho, Rab

3 Lovastatin + doxorubicin A2780ADR Inhibiting P-glycoprotein. De Wolf et al. (2017)

4 Oxysterols + statins SKOV-3 Inhibition of SREBPs Lipper et al. (2019)

OVCAR-8

5 Carboplatin + simvastatin A2780, Ovcar-5, Ovcar-8 Igrov-1 Unclear Liu et al. (2009)

6 Paclitaxel + simvastatin A2780, Ovcar-5, Ovcar-8 Igrov-1 Unclear Liu et al. (2009)

7 Paclitaxel + simvastatin ES2 Inhibition of VDCA1 binding to tubulin Abdullah et al. (2019), Kobayashi et al.
(2022)

8 Panobinostat +
simvastatin

ES2 Inhibition of HDAC Kobayashi et al. (2022)

9 Prednisolone +
pitavastatin

Ovsaho, Cov-318, Cov-362, Ovcar-3,
Ovcar-4

Inhibition of MVA pathway; Svensmark and Brakebusch (2019)

HMGCR and FDPS were reduced

10 ABT-737 + pitavastatin Igrov-1 PARP cleavage Jeon and Osborne (2012)

Bcl-xL was reduced

11 Pictilisib + pitavastatin OVCAR3 Inhibiting NF-κB Jeon and Osborne (2012)

PTEN modulation

12 Atorvastatin + JQ1 Hey, SKOV3 Inhibiting c-Myc Jones et al. (2017)
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TABLE 2 Summary of the evidence regarding impact of statin therapy on risk and survival of ovarian cancer.

Type of
study

Size of population Primary outcome
variable

Conclusion References

Retrospective
cohort

8,629 Risk of ovarian cancer Improved survival among use statin after diagnosis, especially in
endometrioid cancer and those who use statin for long.

Feng et al. (2021)

Case control
study

Cases, 4,103; matched
controls, 58,706

Risk of epithelial ovarian cancer Decreased risk seen in mucinous ovarian cancer. No association
with epithelial subtype

Baandrup et al.
(2015)

Retrospective
cohort

442 Progression-free survival and
disease-specific survival

Improved survival among statin users was not seen except in
non-serous papillary epithelial ovarian cancer

Habis et al.
(2014)

Case control
study

Cases, 12; matched
controls, 126

Risk of ovarian cancer and
survival

Decreased risk along with improved survival was reported Lavie et al. (2013)

Retrospective
cohort

73,336 Risk of ovarian cancer Non-significant decrease in ovarian cancer risk was found Yu et al. (2009)

Retrospective
cohort

126 Progression-free survival and
overall survival

Improved survival was seen in statin users Elmore et al.
(2008)

Retrospective
cohort

361,859 Risk of ovarian cancer No association was found Friedman et al.
(2008)

Case control
study

Cases, 91; controls, 7,393 Risk of ovarian cancer Statins have no substantial effect on ovarian cancer risk Abdullah et al.
(2019)

Retrospective
cohort

997 Risk of ovarian cancer No difference in frequency of cancer between statin users/non-
users was reported

Clearfield et al.
(2001)

Retrospective
cohort

421 Mortality rate of ovarian cancer Pre-diagnostic use of statins was observed to be associated with
decreased mortality

Urpilainen et al.
(2018)

FIGURE 1
MVA pathway and the related inhibitors.
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Other targets in the isoprenylation pathway have also been

investigated to identify their effects on ovarian cancer. The

cumulative results demonstrated that lonafarnib (farnesyl transferase

inhibitor) and GGTI-298 (geranylgeranyl transferase inhibitor) can

inhibit the proliferation of SKOV3 and OVCAR5 cells by inhibiting

isoprenylation. By inhibiting the MVA pathway, 6-fluoromevalonate

(mevalonate pyrophosphate decarboxylasyrophose inhibitor) andYM-

53601 (squalene synthase inhibitor) could inhibit tumor cells.

However, a higher dosage of 6-fluoromevalonate and YM-53601 is

warranted (Kobayashi et al., 2017). By inhibiting the MVA pathway,

drugs can induce cell autophagy. Nevertheless, whether these drugs

and statins have a synergistic anti-ovarian cancer effect needs further

verification (Figure 1).

2.2 Combination of statins and cisplatin
blocks the small GTPase signaling
pathway

Among the diverse isoprenylated proteins, the small GTPase

superfamily, which comprises Ras, Rho, and Rab, has attracted

significant attention. In addition, it has been demonstrated that

lovastatin and simvastatin can inhibit the proliferation of ovarian

cancer cells, induce apoptosis, and cause cell-cycle arrest (Kato et al.,

2010; Martirosyan et al., 2010), which is closely related to the

inhibition of Ras, Rho, and Rab (Taylor-Harding et al., 2010).

Meanwhile, it was found that fluvastatin and cisplatin possess

synergistic cytotoxicity (Taylor-Harding et al., 2010). Accordingly,

a hypothesis was proposed that Rab1 protein regulated the cell

membrane transport and cell growth and that the detection of

unmodified Rab1 protein might lead to the synergistic effect of

fluvastatin and cisplatin combination therapy. Robinson et al. (2013)

reported that statins alone could reduce cell activity and proliferation

and increase cell apoptosis and autophagy. A superposition effect

was discovered when the experimental cells were exposed to statins

and carboplatin or paclitaxel, although the specific mechanism was

not explored in depth. Nevertheless, some scholars (Martirosyan

et al., 2010) claim that the combination of lovastatin and cisplatin

has synergistic effects only at high concentrations (Figure 2).

2.3 Combination of statins and prednisone
promotes apoptosis of ovarian cancer
cells

Previous studies (Abdullah et al., 2019) have demonstrated that

prednisolone has minimal influence on the caspase 3/7 activity in

ovarian cancer cells. However, pivastatin combined with

prednisolone significantly increased the caspase activation when

compared to that by pivastatin alone. Scholars have also investigated

the expression of MVA pathway-related genes as prednisolone

regulates gene expression by binding to glucocorticoid receptors.

They found that neither pitavastatin nor prednisolone alone had any

effect on HMGCR, GGTⅠ-β, IDI1, MVD, and FDPS levels, but they

could reduce the GGTⅡ-β expression. Pitavastatin with

prednisolone reduced the levels of GGTⅡ-β and resulted in

FIGURE 2
Effect of statins on small GTPase and its potential antitumor effects.
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significantly lower levels of HMGCR and FDPS. In addition, the

combination of prednisolone and pivastatin led to a significant

PARP accumulation relative to that of either drug individually

(Abdullah et al., 2019).

3 Inhibition of tumor growth by
metabolic reprogramming

Aerobic glycolysis is common in tumor cells. Aerobic

glycolysis can lead to increased acidic substances, inhibiting

immune cell function, and promoting tumor metastasis.

Acetyl CoA increased, whereas lactate decreased significantly

in statins-treated cells. It was also found through the analysis of

other metabolites that metabolites related to the tricarboxylic

acid cycle increased significantly and that their metabolic

characteristics were similar to those of normal cells (Figure 3).

3.1 Inhibition of tumor growth by VDAC1

VDAC1 was demonstrated to be a positively correlated gene

with statin response in ovarian cancer cells (Kobayashi et al., 2022).

VDAC1 encodes a 30-kDa channel protein found in the outer

mitochondrial membrane (Mannella and Bonner, 1975). VDAC

may transport substrates for energy metabolism from the cytoplasm

to the intermembrane zone and metabolites from the

intermembrane zone to the cytoplasm as it can non-selectively

penetrate substances with a molecular weight of about 6,000 Da.

Therefore, it is an essential protein for effective energymetabolism in

the mitochondria (Rostovtseva et al., 2006). By binding to

hexokinase, VDAC regulates glycolysis and interacts with

mitochondrial respiration (the rate-limiting enzyme of glycolysis)

(Pastorino et al., 2002; Mazure, 2017). VDAC1 expression is

upregulated in several human cancer cell lines when compared

to normal cell lines. VDAC1 is thus a potential therapeutic target for

cancer. In addition, statins have a regulating effect on VDAC1

(Baandrup, 2015; Lipper et al., 2019).

Paclitaxel and panopistat have synergistic anti-ovarian

cancer effects (Kobayashi et al., 2022). Paclitaxel is an effective

anti-tumor drug that can stoichiometrically and specifically bind

to the β-tubulin subunit in tubulin. The VDAC 1 expression may

be involved in the synergistic effect of statins and paclitaxel.

Tubulin can regulate VDAC via a functional interaction between

dimer tubulin and VDAC1 (Rostovtseva et al., 2008). Tubulin

and VDAC interact at the C-terminal tail of tubulin, which then

penetrates the lumen of the VDAC barrel and functions as a plug.

Because of the length of the C-terminal tail, which is about the

length of the VDAC pore, the C-terminal tail is negatively

charged and the VDAC-related domain is positively charged,

FIGURE 3
Other potential antitumor effects of statins.
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which contributes to tubulin and VDAC binding (Mazure, 2017).

Statins are one of the promising drugs for targeting VDAC;

hence, the synergistic antitumor effect of paclitaxel and statins

may be related to microtubules and VDAC binding (Reina And

De Pinto, 2017; Fang And Maldonado, 2018).

3.2 Cholesterol metabolism affected the
proliferation of ovarian cancer cells

Elevated cholesterol levels could decrease progression-free

survival in ovarian cancer patients (Li et al., 2010). Statins reduce

cholesterol synthesis by inhibiting the MVA pathway. Statins can

induce HMGCR increase through the sterol reaction in some statin-

resistant tumor cells, rather than in statin-sensitive cells. This type of

feedback depends on SREBPs (Jeon and Osborne, 2012). Oxysterol

inhibits SREBP activation by preventing protein processing and

nuclear transport. Indeed, statins-oxysterol combination treatment

could significantly enhance statin cytotoxicity in ovarian cancer cells

(Casella et al., 2014). This drug combination is effective against

statins-sensitive cells and has a synergistic effect on statin-resistant

cells. The mechanism may be related to the inhibition of SREBPs

activity, and, thus, a decrease in the intracellular cholesterol content.

LXRs bind to oxysterol and active LXRs can inhibit the growth of

ovarian cancer cells. Notably, 25HC was used in this study, and the

results showed that 25HC had no significant effect on promoting

apoptosis or proliferation in ovarian cancer cells (Casella et al.,

2014), despite past research suggesting that HC might promote

tumor growth. 27HC was tested in another study (He et al., 2019),

which could be metabolized by cholesterol through CYP27A1.

Moreover, 27HC has been shown to inhibit the growth of

ovarian cancer cells. Whether 27HC can cooperate with the anti-

tumor effect of statins warrants further verification. Moreover,

27HC may promote the metastasis of ovarian cancer cells, which

needs further consideration.

4 Other mechanisms

4.1 Induction of cell apoptosis by the PI3K/
AKT signal pathway

The PI3K/AKT signaling pathway promotes tumor cell

proliferation and anti-apoptosis and is overexpressed in 45% of

high-grade ovarian cancer (Cancer Genome Atlas Research

Network, 2011). Statins can inhibit PI3K activation by inhibiting

NF-κB, which promotes the expression of PTEN and reduces AKT

activation (Ghosh-Choudhury et al., 2010; Miraglia et al., 2012). The

investigation of OVCAR3, OVCAR8, A2780, and Igrov-1

constitutively activated by the PI3K/AKT signaling pathway

revealed that the combination of pictilisib and pivastatin had a

synergistic inhibitory effect on OVCAR3 but an antagonistic effect

on A2780 and Igrov (DeWolf et al., 2018). This observation may be

attributed to the low expression of PTEN in A2780 and Igrov cells,

which results in an inability to reduce AKT activation.

Simvastatin inhibited the PI3K/AKT pathway in SKOV3 and

HEY cells, increased the active oxygen level to cause DNA

damage, induced ER stress, and reduced the VEGF expression,

thus playing an anti-proliferation and metastasis role in ovarian

cancer (Stine et al., 2016). Moreover, after lovastatin

intervention, total glutathione, reduced glutathione, and

oxidized glutathione levels in the ovarian cancer cells were

significantly decreased (Kobayashi et al., 2017) (Figure 3).

4.2 Induction of cell apoptosis by the Bcl-2
superfamily

The Bcl-2 family includes pro-apoptotic proteins, anti-

apoptotic proteins, and pro-apoptotic proteins of BH-3-only.

Herein, the anti-apoptotic protein acted by binding with the pro-

apoptotic proteins or BH-3-only proteins. Past studies (De Wolf

et al., 2018) have demonstrated that pivastatin had no significant

effect on Bcl-2 alone, although it could promote the expression of

the pro-apoptotic protein Bim and decrease the expression of the

anti-apoptotic protein Bcl-XL. Moreover, Bcl-XL was highly

expressed in ovarian cancer (Lee et al., 2019).

ABT-737 is a BH3 mimetic inhibitor, and the combination of

pivastatin and ABT-737 significantly promoted ovarian cancer cell

death (De Wolf et al., 2018). Pivastatin may increase Bim and

decrease Bcl-xL, accelerating ABT-737, antagonizing Bcl-xL, and

inducing Bim release, which finally activated the cell-specific

apoptosis process. A relatively significant synergistic effect can be

found in Igrov cells, but none inA2780 cells, whichmay be due to the

low expression of Bcl-xL but a high expression of Mcl-1 in

A2780 cells. Furthermore, ABT-737 could inhibit Bcl-xL, Bcl-2,

and Bcl-w, but not Mcl-1, Bcl-B, or Bfl-1 (Witham et al., 2007)

(Figure 3). However, some studies have determined that simvastatin

could inhibit TNF-α-induced NF-κB activation, leading to the

downregulation of cyclin D1, Bcl-2, MMP9, and VEGF (Ahn

et al., 2007).

4.3 Anti-tumor chemoresistance
mediated by p-gp

ABCB1 encodes p-gp, and increasing its expression can

accelerate drug excretion, which is one of the critical

mechanisms of tumor chemoresistance (Waghray and Zhang,

2018). Past studies (Martirosyan et al., 2010) noted no significant

synergistic effect between statins and cisplatin or doxorubicin

and statins for chemotherapy-sensitive A2780 cells; however,

there was a significant synergistic effect between lovastatin and

adriamycin in chemo-resistant A2780ADR cells. Moreover,

adriamycin treatment increased the expression of p-gp in

A2780 cells, while statins could affect the inhibitory effect of
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the p-gp overexpression. Meanwhile, the adriamycin level of the

chemo-resistant cell strain rose. However, because the p-gp

expression was not considered in the cells, the combination of

statins and adriamycin demonstrated no significant synergistic

effect in treating A2780 cells. Therefore, the authors proposed

that statins had therapeutic effects on ovarian cancer via the

MVA pathway, could antagonize drug chemoresistance by

inhibiting p-glycoprotein and had synergistic effects with the

use of chemotherapeutic drugs (Figure 3).

4.4 Anti-tumor effect mediated by Myc

C-Myc is associated with both cell proliferation and the cell

cycle. Statins may induce cell growth arrest by inhibiting c-Myc. In

some studies, three statins were used to intervene in ovarian cancer

cells OVCAR8 and its multidrug chemo-resistant cell strain NCI-

ADR/RES. The results demonstrated that all three statins could

inhibit cell proliferation without causing cell apoptosis while also

arresting the G1 and S phases. Meanwhile, statins accelerated c-Myc

degradation and inhibited c-Myc protein synthesis, indicating that

statins interfere with c-Myc biosynthesis, which exists not only in

chemotherapy-sensitive ovarian cancer cells but also in multi-

chemo-resistant cells. JQ1 is a c-Myc inhibitor, and Jones et al.

found that JQ1 combined with Atorvastatin had a synergistic

inhibitory effect on c-Myc and a synergistic anti-ovarian cancer

effect (Jones et al., 2017).

Hence, we believe that statins can be clinically applied in

chemo-resistant tumor cells. However, after ceasing the

administration, the cell proliferation gradually recovered,

indicating the significance of statin action time in cancer

treatment (Rao and Rao, 2021) (Figure 3).

5 Discussion

Although several studies have demonstrated that statins play an

important role in the prevention and treatment of ovarian cancer,

most of these studies are retrospective in nature and often combined

with the use of statins on the basis of conventional treatment (Table

2). The results of ovarian cancer treated with statins alone are full of

contradictions (Robinson et al., 2013; Chen et al., 2016; Wang et al.,

2019), and some studies even believe that statins can promote the

occurrence of ovarian cancer (Desai et al., 2018). On the one hand,

this contradiction is related to the positioning of statins. It is difficult

to imagine that an anti-lipid drug can completely kill tumor cells.

Therefore, statins may need to be applied together with other drugs

to better play an anti-tumor role. On the other hand, it may also be

related to the high heterogeneity of ovarian cancer.

Some studies (Baandrup et al., 2015; Verdoodt et al., 2017;

Feng et al., 2021) believe that statins have obvious effects in the

treatment of endometrioid and mucinous carcinoma, but not in

serous or mucinous carcinoma. In serous ovarian cancer, statins

have a protective effect only after diagnosis (Hanley et al., 2021).

Therefore, the protective effect of statins may be limited to

certain specific subtypes, but, even for a certain subtype, the

biological characteristics of cancer cells are different.

At present, the sample size of the ongoing or completed

clinical trials is small. Although the sample size of the

retrospective trials can be relatively large, the data collected is

not precise enough. Therefore, the data collection of relevant

retrospective studies should be more detailed and targeted. For

example, not only the type of statin, the type of ovarian cancer,

but also the conventional treatment method should be

considered, and relevant clinical studies should look for

appropriate molecular markers on the basis of existing studies,

rather than simply relying on tissue type.

6 Conclusion and prospect

The anti-tumor effect of statins not only affects the MVA

pathway by inhibiting HMGCR, but also may affect cell

proliferation, apoptosis and drug resistance through metabolic

reprogramming, Bcl-2 family and other pathways. Moreover,

statins can exert synergistic anti-ovarian cancer effect by

combining with a variety of drugs. However, the current clinical

studies mainly focus on the combined use of statins and

chemotherapy drugs. Combination with other drugs is less

common. A thorough understanding of the working mechanism

of statins is expected to facilitate the achievement of “precision

treatment” by using them either alone or in combination, thereby

improving the overall clinical efficacy. Furthermore, suitable tumor

markers are essential and should be investigated in the future.
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Adding of apatinib and
camrelizumab to overcome de
novo trastuzumab resistance of
HER2-positive gastric cancer: A
case report and literature review

Huifang Lv, Yunduan He, Caiyun Nie, Feng Du and
Xiaobing Chen*

The Affiliated Cancer Hospital of Zhengzhou University, Henan cancer hospital, Zhengzhou, China

Background: Studies confirmed that trastuzumab plus fluorouracil-based

chemotherapy improves the survival to more than 1 year in human with

human epidermal growth factor receptor-2 (HER2)-positive advanced gastric

cancer. However, there are still a small proportion of patients who do not

benefit from trastuzumab treatment.

Case summary: Here, we described a case report of de novo trastuzumab

resistance in HER2-positive gastric cancer. Concomitant cyclin-E1 (CCNE1) and

HER2 amplification are associated with de novo trastuzumab resistance.

Genomic analysis demonstrated CCNE1 amplification and TP53 mutation in

a HER2-positive gastric cancer patient. This patient achieved significant survival

benefit and good safety when the patient received triple regimens consisting of

trastuzumab, apatinib, and camrelizumab.

Conclusion: Trastuzumab plus camrelizumab plus apatinib has the potential

efficacy in HER2-positive gastric cancer patients who were previously treated

with trastuzumab plus chemotherapy. This may lead to a new solution to

trastuzumab resistance.

KEYWORDS

trastuzumab, resistance, camrelizumab, apatinib, gastric cancer, case report, literature
review

Introduction

In the past decade, treatment based on precision medicine or individualized treatment

has changed the outlook of many types of cancers (Nelson et al., 2021). Gastric cancer

(GC) patients have evolved from treatment based on its molecular characteristics or its

tumor microenvironment. Human epidermal growth factor receptor-2 (HER2) is closely

related to the prognosis of gastric cancer (Lv et al., 2020). Since the advent of trastuzumab,

survival has been significantly prolonged in advanced HER2-positive GC, and the

treatment of GC has entered the era of targeted therapy (Bang et al., 2010).

OPEN ACCESS

EDITED BY

Eswar Shankar,
The Ohio State University, United States

REVIEWED BY

Ashish Tyagi,
Texas A&M University, United States
Daniele Mengato,
University Hospital of Padua, Italy

*CORRESPONDENCE

Xiaobing Chen,
zlyychenxb0807@zzu.edu.cn

SPECIALTY SECTION

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

RECEIVED 12 October 2022
ACCEPTED 13 December 2022
PUBLISHED 09 January 2023

CITATION

Lv H, He Y, Nie C, Du F and Chen X
(2023), Adding of apatinib and
camrelizumab to overcome de novo
trastuzumab resistance of HER2-
positive gastric cancer: A case report
and literature review.
Front. Pharmacol. 13:1067557.
doi: 10.3389/fphar.2022.1067557

COPYRIGHT

© 2023 Lv, He, Nie, Du and Chen. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Case Report
PUBLISHED 09 January 2023
DOI 10.3389/fphar.2022.1067557

122

https://www.frontiersin.org/articles/10.3389/fphar.2022.1067557/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1067557/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1067557/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1067557/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1067557/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.1067557&domain=pdf&date_stamp=2023-01-09
mailto:zlyychenxb0807@zzu.edu.cn
mailto:zlyychenxb0807@zzu.edu.cn
https://doi.org/10.3389/fphar.2022.1067557
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.1067557


Unfortunately, a small proportion of patients could not benefit

from trastuzumab treatment (de novo resistance). Even if

someone benefits from the treatment, drug resistance to

trastuzumab often appears after 1 year (acquired resistance).

Once trastuzumab treatment fails, chemotherapy, including

paclitaxel, docetaxel, or irinotecan, with or without

ramucirumab is suggested to be the second-line treatment

regimen (Hironaka et al., 2013; Wilke et al., 2014). New drugs

have been explored in the second-line or aforementioned

treatment of gastric cancer. Unfortunately, most of the clinical

studies showed negative results (Ohtsu et al., 2013; Dutton et al.,

2014; Bang et al., 2017). Antibody–drug conjugate (ADC) drugs

have been successfully used in HER2-positive breast cancer

(Modi et al., 2020; Montemurro et al., 2020). In addition to

trastuzumab emtansine (T-DM1) failure in gastric cancer, the

trials that involved trastuzumab deruxtecan (DS-8201a) and

disitamab vedotin (RC48) have achieved positive results in

gastric cancer (Thuss-Patience et al., 2017; Shitara et al., 2020;

Xu et al., 2021). DS-8201a has been approved for the second-line

treatment of gastric cancer by the US Food and Drug

Administration (FDA), and ADC-RC48 is also used for the

third-line treatment by the China National Medical Products

Administration (NMPA).

Immune checkpoint inhibitors (ICIs) have changed the

outcome of advanced tumors (Ribas and Wolchok, 2018).

However, only 15 percent can benefit from programmed cell

death 1 (PD-1) inhibitors alone. Therefore, the current research

mainly focuses on the exploration of different immunotherapy

combination treatment modalities (Hegde et al., 2016).

Nivolumab combined with chemotherapy significantly improved

the progression-free survival (PFS) and overall survival (OS) in the

first-line treatment of HER2-negative gastric cancer patients

(Janjigian et al., 2021), while in HER2-positive gastric cancer,

pembrolizumab plus trastuzumab and chemotherapy recently

showed a superior efficacy (Janjigian et al., 2020). In addition, a

recent study showed that ICIs and anti-angiogenic drugs have

synergistic effects on anti-tumor treatment (Galluzzi et al., 2016).

The combination of immunotherapy and anti-angiogenic drugs has

also been explored in gastric cancer. Regorafenib combined with

nivolumab was approved to show survival benefits in patients with

advanced gastric cancer in the REGONIVO study (Fukuoka et al.,

2020). Lenvatinib plus pembrolizumab showed active anti-tumor

activity in the EPOC1706 study (Kawazoe et al., 2020). However,

most patients cannot afford them due to their high prices in China.

Apatinib, an anti-angiogenic drug, has been approved for the

third-line treatment of GC and granted marketing approval by

the NMPA (Li et al., 2016). Camrelizumab, the PD-1 blockades,

has been approved effective in the treatment of lymphoma,

esophageal squamous cancer, non-small cell lung cancer, and

liver cancer by the NMPA (Nie et al., 2019; Qin et al., 2020; Luo

et al., 2021; Zhou et al., 2021). In addition, camrelizumab has

been approved as an orphan drug in hepatocellular carcinoma by

FIGURE 1
Treatment protocol before trastuzumab therapy. (A) CT scans (2020.6.25) showed the patient’s baseline disease; (B) CT scans (2020.8.25)
demonstrated progressive disease (PD) in multiple lymph nodes metastases when first-line chemotherapy failed. (C) CT scans (2020.10.15) revealed
new liver metastases when the second-line chemotherapy failed.
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the US FDA. Camrelizumab combined with chemotherapy

followed by camrelizumab plus apatinib demonstrated an

encouraging anti-tumor activity as the first-line therapy for

patients with advanced adenocarcinoma in a phase II trial

(Peng et al., 2021). Here, we described a specific case which

apatinib and camrelizumab combined with trastuzumab could

overcome trastuzumab resistance and primary chemotherapy

resistance. This made a preliminary exploration of the

treatment of triplet regimens (trastuzumab, camrelizumab,

and apatinib) to overcome trastuzumab resistance in HER2-

positive gastric cancer patients.

Case presentation

A 55-year-old female suffered from abdominal pain. The

information was as follows: KPS 90, H: 168 cm, W: 62 kg, and

BSA: 1.7 kg/m2. She has no family history and genetic history.

Gastroscopy showed a huge lump on the antrum of the stomach.

The gastric biopsy revealed adenocarcinoma. CT (2020.6.25)

scans demonstrated gastric antrum lesions with multiple

metastases of hepatogastric and retroperitoneal lymph nodes

(Figure 1A). The patient received two cycles of oxaliplatin

plus capecitabine (oxaliplatin 200 mg d1; capecitabine 1.5 bid,

d1–14, q21d). CT scans (2020.8.25) revealed disease progression

in multiple lymph nodes (Figure 1B). Then, the patient was

administered oxaliplatin plus capecitabine, along with docetaxel

for one cycle (oxaliplatin 200 mg d1; capecitabine 1.5 bid, d1–14;

and docetaxel 100 mg d1, q21d). New liver lesions appeared, and

the primary tumor and lymph nodes increased (2020.10.15,

Figure 1C). Then, the patient visited our hospital.

Immunohistochemistry (IHC) revealed that tumor cells were

HER2 3+ and negative for PD-L1 in gastric lesions (Figures

3A–C). The patient received trastuzumab plus docetaxel for two

cycles. Trastuzumab was administered by intravenous infusion at

FIGURE 2
CT scans identified liver lesions during trastuzumab treatment. (A) CT scans (2020.12.15) demonstrated progressive disease (PD) in liver
metastases after trastuzumab plus chemotherapy treatment. (B) CT (2021.8.10) showed that liver lesions had markedly shrunken 8 months after
trastuzumab, apatinib and camrelizumab treatment. (C) The PR status (2022.4.19) continued with trastuzumab, apatinib and camrelizumab
treatment until upper gastrointestinal bleeding happened.

TABLE 1 Gene alterations in live metastasis.

Type Result

NGS

TMB 8.64 Muts/Mb

MSI MSS

HER2 amplification CN = 49.2

CCNE1 amplification CN = 16.0

TP53 mutation 45.70%

IHC

HER2 3+
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a dose of 8 mg/kg on day 1 of the first cycle, followed by 6 mg/kg

every 3 weeks. Docetaxel was administered at a dose of 120 mg on

day 1 at 21 days intervals. CT scans (2020.12.15) showed

increased liver lesions (Figure 2A). A multi-gene next-

generation sequencing (NGS) testing was performed on liver

lesions. Genomic profiling showed HER2 amplification (fold

change, 49.2), cyclin-E1 (CCNE1) amplification (fold change,

16.0), and TP53 mutation (Table 1). IHC confirmed HER2 3+

and PD-L1 positive in liver lesions (Figures 3D–F). It is believed

that CCNE1 amplification may be related to the resistance of

HER2 monoclonal antibody and is associated with poor

prognosis in HER2-positive gastric cancer. Then, the patient

received trastuzumab, apatinib, and camrelizumab for eight

cycles. Camrelizumab was intravenously administered with a

dose of 200 mg at 21 days intervals. Apatinib was orally

administered with a dose of 250 mg each day. The clinical

efficacy was evaluated by imaging examination every 6 weeks.

The optimal efficacy was partial response (PR) (2021.8.10,

Figure 2B). During the treatment, the patient had moderate

anemia and underwent two blood transfusions. The triple

regimens continued until upper gastrointestinal bleeding took

place, and the patient had to discontinue apatinib (2022.4.19,

Figure 3C). Subsequently, she switched to ADC-RC48. A

summary of her treatment history is illustrated in Figure 4.

During the whole treatment, the patient provided written

informed consent each time.

Discussion

Trastuzumab plus chemotherapy significantly improved the

survival of gastric cancer (Bang et al., 2010), whereas most

FIGURE 3
(A). HE staining of gastric lesions (×400); (B). HER2 positive on gastric cancer cells; (C): PD-L1 negative on gastric cancer cells; (D): HE staining of
liver lesions (×400); (E): HER2 positive on liver lesions; (F): PD-L1 positive on liver lesions.

FIGURE 4
Information of this case report has been organized into a timeline.
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patients develop resistance about 1 year later. Overcoming

trastuzumab resistance is still a difficult problem in the clinic until

now. Different approaches have been explored recently in the second-

line or aforementioned treatment of HER2-positive GC. Lapatinib, a

small molecule tyrosine kinase inhibitor, blocks the downstream

signaling of HER2. Adding lapatinib to paclitaxel cannot prolong

PFS (3.7 m vs. 3.2 m, p = .33) and OS (10.2 m vs. 10.0 m, p = .20) in

patients who progressed after trastuzumab plus chemotherapy in the

TyTAN trial (Satoh et al., 2014). ADC drugs have dual antibody-

dependent cell-mediated cytotoxicity (ADCC) and cytotoxicity effect.

Due to bystander killing effect, DS-8201a had a better OS in patients

who failed to respond to trastuzumab (12.5 m vs. 8.4 m, p = .0097)

(Shitara et al., 2020). RC48-ADC had a similar result (OS = 7.6 m)

(Xu et al., 2021). Margetuximab, an Fc-modified anti-HER2 agent,

has more powerful ADCC. It demonstrated that margetuximab plus

pembrolizumab has a synergistic anti-tumor activity, and better

survival was achieved in patients who were previously treated with

trastuzumab (OS = 12.9 months) (Catenacci et al., 2020). In addition,

trastuzumab beyond progression was explored in HER2-positive

gastric cancer. However, continuous use of trastuzumab plus

switched chemotherapeutic agents after first-line treatment

progression failed to improve PFS (3.2 and 3.7 months, p = .33)

(Makiyama et al., 2020). However, an Ib/II trial illustrated that

continuous use of trastuzumab plus ramucirumab and paclitaxel

have a promising activity in patients who failed the first-line

trastuzumab plus standard chemotherapy trial (OS: 13.6 months;

PFS: 7.2 months) (Sun et al., 2021).

The mechanism of trastuzumab-acquired resistance has been

explored in gastric cancer in recent years, but it is still unclear. It

is considered that trastuzumab resistance is mainly related to

HER2 receptor mutations, activation of MET, HER3, or FGFR

receptors, or activation of downstream signaling such as PI3K/

AKT andMAPK (Augustin et al., 2022). In contrast, substantially

less effort has been devoted to investigating de novo trastuzumab

resistance in gastric cancer. Gastric cancer was divided into four

subtypes in The Cancer Genome Atlas (TCGA) project: tumors

positive for Epstein–Barr virus (EBV); microsatellite unstable

tumors (MSI); genomically stable tumors (GS), and tumors with

chromosomal instability (CIN). A CIN subtype often harbors

HER2 amplification, focal amplification of receptor tyrosine

kinases (RTKs), and cell cycle regulatory gene amplification

(Cancer Genome Atlas Research Network, 2014). It is believed

that preexisting specific gene copy-number alterations that often

co-occur with HER2 amplification might be co-drivers of

tumorigenesis or may reflect intratumor heterogeneity, which

would reveal the possible mechanism of de novo resistance to

HER2-directed therapy (Kim et al., 2014).

CCNE1, one of the cell cycle regulatory genes, is overexpressed

in multiple tumors. CCNE1 can lead to chromosomal instability

which may contribute to tumorigenesis. In HER2-positive gastric

cancer, patients with CCNE1 amplification have a poorer benefit

than the patients without CCNE1 amplification. However, in the

MSK cohort, there was no difference between patients with or

without CCNE1 amplification (Janjigian et al., 2018). The result is

controversial. Genomic analysis is often performed to identify the

genetic alterations and is helpful for better selection of treatment

regimens now. Previous studies showed that CCNE1 amplification is

related to de novo trastuzumab resistance (Kim et al., 2014). In this

case study, NGS testing demonstrated HER2 amplification,

CCNE1 amplification, and TP53 mutation. Unfortunately, there

is no specific drug for patients with CCNE1 amplification so far. In

this case report, this patient achieved survival benefits when she

received triple regimens consisting of trastuzumab, apatinib, and

camrelizumab. She has a good quality of life and is very satisfied with

her treatment regimen until now. This may lead to a new solution

for trastuzumab resistance.

We have to admit that the mechanism of trastuzumab

resistance is complicated, and the strategy in trastuzumab

resistance is still an urgent problem to be solved in HER2-

positive gastric cancer. The addition of apatinib and

camrelizumab to trastuzumab has good efficacy and high

safety in patients with de novo trastuzumab resistance. It

needs to be further verified in clinical practices.
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Purpose: Nanoparticles (NPs) of the polydopamine (PDA)-based,loaded with
temozolomide (TMZ) and conjugated with Pep-1 (Peptide-1) as a feasible nano-
drug delivery system were constructed and utilized for chemotherapy (CT) and
photothermal therapy (PTT) of glioblastoma (GBM).

Method: PDA NPs were synthesized from dopamine (DA) hydrochloride and reacted
with TMZ to obtain the PDA-TMZ NPs and then the PDA NPs and the PDA-TMZ NPs
were conjugated and modified by Pep-1 to obtain the Pep-1@PDA NPs and Pep-1@
PDA-TMZ NPs via the Schiff base reaction (SBR), respectively.Their dimensions,
charge, and shape were characterized by dynamic light scattering (DLS) and
scanning electron microscope (SEM). The assembly of TMZ was verified by
Fourier-transform infrared spectroscopy (FT-IR) and ultraviolet and visible
spectroscopy (UV-Vis). The biostability of both the nanocarrier and the synthetic
NPs were validated using water and fetal bovine serum (FBS). The antitumor activities
of the PDA-TMZ NPs and Pep-1@PDA-TMZ NPs were verified in U87 cells and
tumor-bearing nude mice.

Results: The prepared PDA NPs, PDA-TMZ NPs, Pep-1@PDA NPs, and Pep-1@PDA-
TMZ NPs were regular and spherical, with dimension of approximately 122, 131, 136,
and 140 nm, respectively. The synthetic nanoparticles possessed good dispersity,
stability,solubility, and biocompatibility. No obvious toxic side effects were observed,
and the loading rate of TMZ was approximately 50%.In vitro research indicated that
the inhibition ratio of the Pep-1@PDA-TMZ NPs combined with 808 nm laser was
approximately 94% for U87 cells and in vivo research was approximately 77.13%,
which was higher than the ratio of the other groups (p < 0.05).
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Conclusion: Pep-1 was conjugated andmodified to PDA-TMZ NPs, which can serve as
a new targeted drug nano-delivery system and can offer a CT and PTT integration
therapy against GBM. Thus, Pep-1@PDA-TMZ NPs could be a feasible approach for
efficient GBM therapy, and further provide some evidence and data for clinical
transformation so that gradually conquer GBM.

KEYWORDS

temozolomide, polydopamine, PEP-1, glioblastoma, nanoparticles, chemo/photothermal
therapy

1 Introduction

In clinical practice, GBM is the most common malignancy in the
brain. GBM originates from glioma cells (Ostrom et al., 2020).
Unfortunately, it is the survival rate of 5-years is only 23.5%
(Ostrom et al., 2020). Currently, postoperative radiotherapy (RT)
and CT are the conventional GBM treatment programs (Batash et al.,
2017; Glaser et al., 2017). However, identifying which radiotherapy-based
approach combined with chemotherapy are effective is a challenge due to
GBM specificity, including diverse sites, histological types, and
heterogeneity (Pearson and Regad, 2017). Postoperative CT, which can
inhibit GBM recurrence, is often used to manage glioma, and these
approaches directly affect the survival prognoses of the patients; TMZ, a
clinical first-line chemotherapy drug for GBM treatment, has significant
antitumor activity by inducing apoptosis to destroy glioma cells (Wang Y.
et al., 2021). However, the dissolvability and stability of TMZ is relatively
poorer inwater and its half-life is only approximately 1.8 h.Moreover, TMZ
can be instantly eliminated from in vivo circulation (Saenz del Burgo et al.,
2014). TMZ also has some deficiencies, including inferior tumor targeting,
considerable toxicities or adverse effects, drug resistance via DNA repair,
and the regulation of several signaling pathways. The therapeutic effect of
GBM remains unsatisfactory, even though timely operation and
postoperative CT (Yu et al., 2022). GBM remains a challenging and
valuable research topic. Basic researches and clinical trials exploring the
RT and CT of postoperative GBM have paid closer and higher attention to
the types of diverse nano-delivery system in recent years, because nano-
delivery system can enhance the targeting ability of TMZ, even trigger and
control the release of TMZ, and augment its biological half-life period to
inhibit its degradation in the acidic environment of the tumor (Nie et al.,
2019;Wang L. et al., 2021). The super-strong adhesion, better photothermal
conversion and good biocompatibility of PDA, and its capacity to promote
the molecular biology characteristics and upgrade bioavailability, supports
the use of PDA with TMZ to improve delivery (Bi et al., 2018). Meanwhile,
the PTT of PDA is beneficial for enhanced tumor therapy due to the
synergistic effect, especially some multi-mode therapeutics such as the
photodynamic therapy (PDT) combined with the PTT can convert
molecular oxygen (O2) into cytotoxic reactive oxygen species (ROS) to
destroy tumor cells. (Shao et al., 2020). More, Pep-1, a specific IL-13Ra2
ligand, was proved to improve the ability of traversing the blood brain
barrier (BBB) and cytomembrane and targeted to GBM. Pep-1 can carry
efficiently nanoparticles to traverse the BBB and enter into the nucleus
(Wang et al., 2019).

In this study, we designed a covalent self-assembly strategy by
introducing dynamic Schiff base bonds (Sbb C=N) into the PDA NPs
The formation of Sbb C=N occurred between the PDA amine group
and the carbonyl groups of Pep-1 and TMZ via cross-linking during
the SBR. Sbb C=N endowed the PDA-based NPs with pH-dependent
degradation properties. After encapsulating TMZ, the versatile drug

nano-delivery system Pep-1@PDA-TMZ NPs displayed that Pep-1 can be
utilized as the promising accelerator entering tumor cells and the PDANPs
were the transport carrier; the system also demonstrated that pH-smart,
responsive drug release is possible in the acidic tumor microenvironment
(TEM) (Figure 1). The combination of carrier and drug can achieve the
effects of synergistic antitumor by delivering CT and PTT. Pep-1@PDA-
TMZ NPs with good biodegradability, pH-responsive drug release, and
synergistic therapy are promising approach for optimizing the therapeutic
efficacy of GBM (Zhang et al., 2015) (Figure 2).

2 Material and methods

2.1 Materials

Dopamine hydrochloride, Temozolomide,Temozolomide acid,
Coumarin-6 and 2.5% Isoflurane were purchased from Sigma-Aldrich
(St.Louis, United States). NH2-PEG-NH2 Amine, Tris-HCl,N,N-
dimethylformamide (DMF), N,N′-dicyclohexylcar-bodiimide, 4-
dimethylaminopyridine and Pep-1 were purchased from Nanjing
Peptide Biotech Co., Ltd. All chemicals in cell experiments were
purchased from Keygen Biotech Co., Ltd. (Nanjing, China).

2.2 Instruments and characterization

Ultraviolet and Visible Spectroscopy (UV-Vis) was conducted
using a UV-3600 spectrophotometer (Shimadzu, Japan). Fourier-
transform infrared spectroscopy (FT-IR) was performed and
recorded on a Shimadzu IR Prestige-21 spectrometer by dispersing
the sample in a KBr press. An EVO18 Scanning electron microscope
(SEM) was utilized to obtain images, and the size of NPs was tested by
using a Zeta PALS. The confocal laser scanning microscope (CLSM)
images were attained using an FV1000 (Olympus, Japan). A Fotric
225 photothermal camera was utilized to record the temperature and
capture images.

2.3 Cell lines and animals information

2.3.1 Cell lines information
U87 cells were purchased from Nanjing Key gen Co., Ltd. The

complete medium was 90%DMEMwith 10% FBS; they were grown in
an incubator at 37°C and 5% CO2 with saturated humidity. U87 cells
were incubated for 24 h, followed by replacing the old culture with a
medium containing different concentrations of the PDA NPs, PDA-
TMZNPs, Pep-1@PDANPs, and Pep-1@PDA-TMZNPs (200 μg/mL
each) for a further 6 h incubation.
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2.3.2 Animal information
BALB/c nude mice were purchased from Shanghai Experimental

Animal Co., Ltd. The Laboratory Animal Use License was SYXK (Su)
2017-0040. Mice were 4 weeks old and male, and five animals were
assigned to each group. Eight groups were formed, requiring a total of
40 animals.

2.3.3 Ethics statement
Studies involving animal participants were reviewed and approved

by the Experimental Animal Welfare Ethics Committee of Nanjing
Ramda Pharmaceutical Co., Ltd. (No. IACUC-20220502).

2.4 Methods

2.4.1 Synthesis of PDA NPs
DA (2 mg) was mixed in Tris-HCI (10 ml, 10 mM, pH 8.5) and

stirred at room temperature using a magnetic stirring apparatus
(500 rpm) for 8 h. Subsequently, the mixture was centrifuged at
12,000 rpm for 20 min using a centrifugal machine, washed several
times with deionized water, then centrifuged at 12,000 rpm for 20 min,
finally removed from the supernatant liquid, and the PDA NPs were
collected.

2.4.2 PDA-TMZ NPs synthesis
Because the metabolite of TMZ is Temozolomide acid in vivo, they

have the identical cytotoxicity and antitumor effects. We selected
Temozolomide acid to replace TMZ. Temozolomide acid (3 mg),NH2-
PEG-NH2 Amine, (10 mg), and N,N′-dicyclohexylcar-bodiimide
(2 mg) were mixed in anhydrous N,N-dimethylformamide (DMF,

1 mL).4-dimethylaminopyridine (2 mg) was then added, the
mixture was reacted in an N2 atmosphere, and was stirred for 24 h
at room temperature, and TMZ-PEG-NH2 was obtained. Next, TMZ-
PEG-NH2 (3 mg) and PDA NPs (10 mg) were dissolved into the
aqueous solution with vigorous stirring at room temperature. The
mixture was then emulsified by ultrasonication for 10 min.
Subsequently, the mixture was centrifuged at 14,000 rpm for
20 min and was washed thrice with water then continued to
centrifuged at 14,000 rpm for 20 min to remove supernatant liquid
and collect the PDA-TMZ NPs.

2.4.3 Pep-1@PDA NPs synthesis
By adopting the above mentioned methods,Pep-1 (3 mg) was

reacted with PDANPs (10 mg) at 26°C to collect the Pep-1@PDANPs.

2.4.4 Pep-1@PDA-TMZ NPs synthesis
By adopting the above mentioned methods,Pep-1 (3 mg) and the

PDA-TMZ NPs (10 mg) were mixed with an aqueous solution with
vigorous stirring at 26°C to collect the Pep-1@PDA-TMZ NPs.
Thereafter, FT-IR and UV-Vis were used for analyzing and
characterizing.

2.4.5 LR and EE of Pep-1@PDA-TMZ NPs
The loading rates (LR) and encapsulation efficiency (EE) of

Pep-1@PDA-TMZ NPs were calculated by using UV-Vis. The
different concentrations of TMZ (4,6,8,10, and 16 μg/mL) were
prepared, and the standard curve of TMZ was drawn with DMF
as the control to obtain the linear regression equation. The LR
and EE were calculated using the following formula (Liu et al.,
2013).

FIGURE 1
Graphical demonstration to display the synthesis of the Pep-1@PDA-TMZ NPs and the chemotherapy and photothermal therapy of Pep-1@PDA-TMZ
NPs for glioblastoma.
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LR %( ) � W0 −Wf
W0

× 100%

EE %( ) � W0 −Wf
Ws

× 100%

whereW0 represents the weight of the original TMZ,Wf represents the
free TMZ, and Ws represents the weight of the complex after
lyophilization.

2.4.6 Biostability of NPs
To evaluate the stability of PDANPs,PDA-TMZNPs,Pep-1@PDA

NPs, and Pep-1@PDA-TMZ NPs, we measured the potential of PDA
NPs and Pep-1@PDA NPs by DLS. Meanwhile, water and 100% FBS
were used to dissolve PDA NPs and Pep-1@PDA NPs. After 7 days,
the transparency and clarification of PDA NPs and Pep-1@PDA NPs
were verified respectively.

2.4.7 pH-dependent release of TMZ
We added PDA-TMZ NPs and Pep-1@PDA-TMZ NPs in

pH 5.0,4.0, and 7.4 PBS and then in succession shook at 25 °C
respectively. The old PBS solution was replaced with a fresh one
every 2 h, and the bulk volume of the solution remained unchanged.
The supernatant liquid was tested by using UV-Vis. The typical
absorption values of TMZ were utilized to draw the cumulative
release graph of TMZ. The following formula was utilized to
calculate the cumulative release rate (CRR) (Mei et al., 2020):

CRR %( ) � Total release mass of TMZ
Total mass TMZ loaded in Pep − 1@PDA − TMZNPs PDA − TMZNPs( ) × 100%

2.4.8 Analysis of PTT conversion rate
To study the photothermal conversion efficiency of PDA NPs,

PDA-TMZ NPs, Pep-1@PDA NPs, and Pep-1@PDA-TMZ NPs, the

temperature variations of PDA NPs, PDA-TMZ NPs, Pep-1@PDA
NPs, and Pep-1@PDA-TMZ NPs at different concentrations (set as
50, 100, 150, 200, and 250 μg/mL) were recorded under with 808 nm
laser irritation. Furthermore, the temperature was recorded at
different time points (set as 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 min)
via infrared thermography, for which water was set as the control
group. The photothermal conversion efficiency (η) of the
nanoparticles were calculated, according to reported method
(Zhang et al., 2017).

2.4.9 Endocytosis analysis of NPs
Human malignant glioma U87 cell lines were used to observe the

cellular uptake of PDA-TMZ NPs and Pep-1@PDA-TMZ NPs using
CLSM. The U87 cells were seeded into a 96-well plate at a density of
5 × 104 cells per well, after 24 h incubation, U87 cells were incubated
with PDA NPs, PDA-TMZ NPs, Pep-1@PDA NPs, and Pep-1@PDA-
TMZNPs at identical concentrations at 37°C for 1 h. To investigate the
influences of incubation at different time points on U87 cellar uptake,
U87 cells were incubated with the PDA-TMZ NPs and Pep-1@PDA-
TMZ NPs (200 μg/mL) for 0.5, 1, 2, 4, 6, 8, 10, and 12 h at 37°C,
respectively. The 96-well plates were stained with CCK-8 for 6 h.
Finally, the cellular uptake dynamic behavior and outcome of PDA
NPs, PDA-TMZ NPs, Pep-1@PDA NPs, and Pep-1@PDA-TMZ NPs
were surveyed via CLSM.

2.4.10 Cytotoxicity evaluation of NPs
U87 cells plated in a 96-well plates with a density of 1 × 104 cells

per well were incubated with the different concentrations (50, 100,
150, 200, and 250 μg/mL) of PDA NPs, PDA-TMZ NPs, Pep-1@PDA
NPs, and Pep-1@PDA-TMZ NPs for 24 h. Subsequently, the
experimental group was irradiated with the 808 nm laser (1 W/
cm2) for 10 min, and the control group without irradiation. Then

FIGURE 2
The features of the different NPs.
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use CCK-8 to incubate for 6 h and then test cell viability. Optical
density values were measured using a microplate reader to obtain cell
viability data. For cytotoxicity experiments by CLSM U87 cells
were seeded in confocal dishes and incubated for 24 h, and the
control group without irradiation, followed by replacing the old
culture with a medium containing different concentrations of
PDA NPs, PDA-TMZ NPs, Pep-1@PDA NPs, and Pep-1@PDA-
TMZ NPs (250 μg/mL each) for a further 6 h incubation. After
808 nm (1 W/cm2) laser irradiation for 10 min, staining was
performed using 10 μL PI (1 mg/mL) and 10 µL of Calcein-AM
(20 μg/mL) for 20 min. The CLSM images were obtained via
Hoechst 33342.

2.4.11 In vivo evaluation of live anticancer
performance in mice
2.4.11.1 Construction of the tumor nude mouse model

U87 cell were collected at 5 × 107/mL density. By subcutaneous
inoculation, 0.1 ml was implanted in the right axilla of each mouse,
and the experiments were performed when the tumor volume of all
mice were grown for 3 weeks.

2.4.11.2 Anesthesia time and method
When the tumor volume of all mice grew to approximately

80 mm3, the anesthesia method was inhalation, and the narcotic
drug was 2.5% isoflurane.

2.4.11.3 Therapeutic schedule
When the tumor volume in each of the 40 mice grew to

approximately 80 mm3, the tumor-bearing nude mice were freely
divided into eight groups, and each had five tumor-bearing nude
mice, then respectively injected via the caudal vein with 150 μl of
saline, Pep-1@PDA NPs, PDA-TMZ NPs, and Pep-1@PDA-TMZ
NPs 12 h later, the tumor site of corresponding groups were
exposed to 808 nm laser for 10 min (1 W/cm2). The
concentration of coumarin-6, TMZ, PDA, and Pep-1 were
200 200, 200, and 100 μg/mL, respectively.When all trials were
completed, the nude mice were killed by euthanasia with carbon
dioxide. The tumor slices of mice treated with saline, Pep-1@PDA
NPs, PDA-TMZ NPs, and Pep-1@PDA-TMZ NPs at 24 h after
irradiation were stained with hematoxylin and eosin (H&E),
moreover, the H&E images of major organs were obtained after
14 days of treatment.

2.4.11.4 Observational indicators
To collect the experimental data, the day of drug injection was

recorded as day 0. The body weight and tumor volume (TV) of each
mouse were measured every second day. TV was calculated using the
following equation.

TV � × a × b2

where a and b represent the long and short diameters (in
mm),respectively.

The relative tumor volume (RTV) were calculated using the
following formula:

RTV � Vt/V0

where V0 is the TV, as calculated by separate-cage administration, and
Vt is the TV, as calculated at each measurement.

The tumor growth inhibition rate was calculated as follows:

Inhibition rate %( ) � Mean tumor weight of the control group −Mean tumor weight of the treatment group
Meant tumor weight of the control group

× 100%

Pathological sections of tumor tissue, H&E staining, and routine
blood examination were utilized to verify the safety of NPs.

2.4.11.5 Statistical analysis
All experimental results were expressed as mean ± standard deviation

and one-way ANOVA was conducted using GraphPad Prism software
(version 6.0; GraphPad, San Diego, CA, United States), and statistical
significance was considered at a p-value <0.05.

3 Results

3.1 Morphological characterization of NPs

The shape of PDA NPs, PDA-TMZ NPs, Pep-1@PDA NPs, and
Pep-1@PDA-TMZ NPs were regular and spherical, and the
characterization analysis of DLS and SEM indicated that the
dimensions of the above NPs were approximately 120, 125, 135,
and 140 nm, respectively, with well-proportioned dimensions and
smooth surfaces that could be lightly traverse and could attach to
the tumor location via the enhanced permeability and retention (EPR)
effect (Zheng et al., 2020). The Pep-1@PDA-TMZ NPs dimensions
gradually increased, indicating that TMZ and Pep-1 were successfully
loaded (Figure 3).

3.2 Assembly analysis of Pep-1@
PDA-TMZ NPs

The chemical composition of the Pep-1@PDA-TMZ NPs was
analyzed by UV-Vis and FT-IR. The FT-IR of Pep-1@PDA-TMZ NPs
possessed new peak value at 1626, 3421, and 2,912 cm−1, which
conformed to Pep-1 and TMZ. Above relatively typical peaks value
indicated that Pep-1 and TMZ had been successfully conjugated to the
PDA NPs (Supplementary Figure S1A). Moreover, the peak value of
TMZ (1,699 cm−1) and that of Pep-1 (1,683 cm−1) merged into a single
peak at 1,626 cm−1, signifying the formation of the Sbb (C = N).
Furthermore, the UV-Vis spectrum verified the typical peak value of
TMZ at 329 nm, Pep-1 at 229 nm, and PDA at 285 nm. Meanwhile,
Pep-1@PDA-TMZNPs demonstrated relatively broader absorption at
329 nm (Supplementary Figure S1B). Therefore, the assembly of the
carbonyl group of Pep-1and TMZ with the PDA amino group formed
Sbb (C=N). Therefore, we speculated that the SBR have formed.

3.3 Stability of the Pep-1@PDA NPs

The stability of NPs are of significance for antitumor treatment. The
zeta potential of PDANPs,PDA-TMZNPs, Pep-1@PDANPs and Pep-1@
PDA-TMZ NPs was approximately −22.4, −34.6, −32.7, and −25mV,
respectively (Figure 4), which can ensure these PDANPs, PDA-TMZ NPs,
Pep-1@PDA NPs, and Pep-1@PDA-TMZ NPs should not be eliminated
easily in the body circulation. Afterwards, PDANPs and Pep-1@PDANPs
were dissolved in water and FBS to carefully observe their dissolution. After
7 days, the solutions maintained a homogeneous brightness. Thereby, the
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results proved that the solubility and stability of PDANPs and Pep-1@PDA
NPs were relatively good (Supplementary Figure S2).

3.4 Encapsulation and release of TMZ

To calculate the LR and EE of PDA-TMZ NPs and Pep-1@PDA-TMZ
NPs, TMZ (10 μg/mL) was dissolved to DMF and analyzed by UV-Vis
spectroscopy,whichdenoted that the standard absorptionpeak value ofTMZ
occurred at approximately 329 nm (Supplementary Figure S3A), and this
peak value can be utilized to calculate the content of TMZ. Supplementary
Figure S3Bpresented the absorbance of different concentrations of TMZ.The
EE and LR of PDA-TMZ NPs and Pep-1@PDA-TMZ NPs were
approximately 48.5% and 10.3%, 50%, and 10.40%, respectively.

The trials verified that the Sbb C = N of PDA-TMZ NPs and Pep-
1@PDA-TMZ NPs can be break, to cause the release of TMZ in certain
acidic environments. To prove pH-dependent respond release of PDA-
TMZ NPs and Pep-1@PDA-TMZ NPs loaded with TMZ, pH = 7.4, 5.0,
and 4.0 were utilized to simulate the normal physiological condition and
acidic TME. When pH = 7.4, the total cumulative release rate (CRR) of
TMZ of PDA-TMZ NPs and Pep-1@PDA-TMZ NPs over 24 h was
approximately 25.5% and 32%, and when pH = 5.0, CRR was
approximately 52.4% and 56.1%. However, interestingly, when pH =
4.0, CRR reached approximately 57% and 57.3% (Figure 5A). Therefore,
PDA-TMZ NPs and Pep-1@PDA-TMZ NPs can cause more Sbb C=N
breakage under the acidic TME. PDA-TMZ NPs and Pep-1@PDA-TMZ
NPs have lower adverse effects on normal cells and are safe, trustworthy,
and efficient in antitumor activity.

To investigate whether PTT therapy in the acidic environment has
a good impact on TMZ release from PDA-TMZ NPs and Pep-1@
PDA-TMZNPs.The results proved that the release rate of TMZ can be
enhanced considerably to about 65.9% and 66.1% via 808 nm laser
irradiation (Figure 5B). Hence, the, PTT effect of PDA-TMZ NPs and
Pep-1@PDA-TMZNPs could cause the dissociation of more Sbb C=N
and accelerate the release of TMZ The PDA-TMZ NPs and Pep-1@
PDA-TMZ NPs can serve as nano-drug delivery systems against GBM
and should be good pH-responsive drug-release nanocarriers.

3.5 PTT conversion rate of NPs

After 10 min of 808 nm laser irradiation, the PTTwas assessed, and the
temperature variation at different the PDA-TMZ NPs and Pep-1@PDA-
TMZ NPs concentrations were tested using thermography. The
temperature of the PDA-TMZ NPs and Pep-1@PDA-TMZ NPs
solution rose from 33.7°C to 73.8°C, and 33°C–72.6°C (Figure 6). But,
regrettably, the temperature of the PDA-TMZNPs and Pep-1@PDA-TMZ

FIGURE 3
The Characterization of different NPs: (A–D) SEM (E–H); The size and distribution of different NPs.

FIGURE 4
The zeta potential of the different NPs.
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NPs almost did not change without laser irradiation, and almost close to
room temperature (Figure 7). Therefore, the PDA-TMZ NPs and Pep-1@
PDA-TMZ NPs exhibited relatively better PTT effects. The photothermal
conversion efficiency of the Pep-1@PDA NPs was further calculated to be
49.2%, according to previous reported method (Supplementary Figure S4)
(Zhang et al., 2017).

3.6 Endocytosis analysis

The endocytosis of PDA-TMZ NPs and Pep-1@PDA-TMZ NPs
was explored. PDA-TMZ NPs and Pep-1@PDA-TMZ NPs in
U87 cells were evaluated by using CLSM (Figure 8). The cells were
stained and showed blue fluorescence. The drug-loaded NPs displayed
green fluorescence after entering U87 cells. After co-incubation for 6 h

with U87 cells, Pep-1@PDA-TMZ NPs were successfully endocytosed
into the nucleus of U87 cells. However, the PDA-TMZ NPs failed to
endocytose into nucleus of U87 cells, but they only stayed around the
cytoplasm. Thus, the PDA-based NPs modified with Pep-1 had a
strong affinity and penetrating power in U87 cells and could enhance
the effectiveness of antitumor therapy by carrying chemotherapy
drugs. Therefore, the Pep-1@PDA-TMZ NPs have wide potential
for tumor-targeted therapy.

3.7 Cytotoxicity evaluation

After incubation for 6 h, CCK-8 was used for analyzying NPs
activity in cells. The associated cytotoxicity of PDA NPs, PDA-TMZ
NPs, Pep-1@PDA NPs, and Pep-1@PDA-TMZ NPs to U87 cells were

FIGURE 5
(A) TMZ release curve of the PDA-TMZNPs in different pH values of PBS. (B) TMZ release curve of the Pep-1@PDA-TMZNPs with 808 nm laser irradiation
in different pH values of PBS.

FIGURE 6
(A) The temperature variation of the PDA-TMZ NPs (different concentrations). (B) The temperature variation of PDA-TMZ NPs (different concentrations
with laser).
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tested. As revealed in Supplementary Figure S5, the PDA NPs and
Pep-1@PDA NPs had slight impact on the activity of U87 cells.
Above results further indicated that the particles possessed good
biocompatibility and had no obvious toxicities or adverse effects.
U87 cells with at different concentrations of PDA-TMZ NPs and
Pep-1@PDA-TMZ NPs were incubated for 6 h. The
experimental group was irradiated with an 808 nm laser for
10 min, while the control group was not irradiated. Post
treatment, the result proved that the inhibition rate of the
experimental groups were more prominent than the control
groups, hence proving the associated antitumor effect of CT

and PTT. Furthermore, cytotoxicity to cancer cells was
obviously augmented with increasing the dosage of TMZ,
which demonstrated dosage positive correlation. When the dosage of
the PDA-TMZ NPs and Pep-1@PDA-TMZ NPs were increased to
300 μg/mL and were associated with PTT therapy, the inhibition rates
in U87 cells were approximately 80% and 94%, respectively (Figures 9A, B).
The therapeutic effects of the Pep-1@PDA-TMZ NPs were relatively better
than those of the PDA-TMZNPs after co-incubationwithU87 cells for 6 h.
Thus, the PDA-TMZ NPs conjugated by Pep-1 were more prominent
against malignant GBM cells and could further promote the effect and
activity of antitumor.

FIGURE 7
(A) The temperature of the Pep-1@PDA-TMZ NPs (different concentrations). (B) The temperature of the Pep-1@PDA-TMZ NPs (different concentrations
with laser).

FIGURE 8
(A) The PDA-TMZ NPs gathered in the cytoplasm of U87 cells. (B) The Pep-1@PDA-TMZ NPs were endocytosed by the nucleus of U87 cells (green
fluorescence).
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To further inspect the antitumor activity of Pep-1@PDA-TMZ
NPs in vitro, the viability of U87 cells (staining of live dead cells) was
assessed using CLSM (Figure 10). After U87 cells incubated with the
different dosage of the Pep-1@PDA-TMZNPs combined with 808 nm
laser irradiation indicated the survival rates of U87 cells markedly
reduced than without irradiation. Thus, the Pep-1@PDA-TMZ NPs
presented stronger CT and PTT, which offer more confidences and
evidences to us in the subsequent in vivo trials.

3.8 In vivo anticancer effect of Pep-1@
PDA-TMZ NPs

In consideration of the antitumor therapeutic effect of Pep-1@PDA-
TMZ NPs was relatively satisfying in vitro, the antitumor effect of an
integration therapy of CT and PTT of the Pep-1@PDA-TMZ NPs was
verified utilizing U87 cells in tumor-bearing nude mice in vivo. When the
mice TV increased to approximately 80 mm3, Pep-1@PDA-TMZ NPs

FIGURE 9
(A) The inhibition rate of the different NPs (without Laser). (B) The inhibition rate of the different NPs (with laser).

FIGURE 10
The CLSM images of U87 cells stained with Calcein-AM/PI to visualize cell viabilities treated by the PDA-TMZ NPs and Pep-1@PDA-TMZ NPs with or
without 808 nm laser (Green:live; Red:death).
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(200 μg/mL, 150 μL) were injected into the nude mice via the caudal vein.
The PDA-TMZNPs and Pep-1@PDANPswere set as the control groups.
The temperatures at the tumor site of nudemice injected with the Pep-1@
PDA-TMZ NPs were promptly increased to approximately 60°C within
7 min (Figure 11). The antitumor therapeutic effect of nude mice denoted
that the growth of tumors treated with Pep-1@PDA NPs was slightly

inhibited without laser irradiation. In comparison, the growth of tumors
treated with PDA-TMZ NPs and Pep-1@PDA-TMZ NPs with laser
irradiation was considerably inhibited due to the association of CT and
PTT, but Pep-1@PDA-TMZ NPs was relatively superior. In addition, the
safety of Pep-1@PDA-TMZ NPs was evaluated via with an in vivo
antitumor activity analysis. Finally, the volume of tumors and RTV of

FIGURE 11
(A) The thermal images and (B) temperature rise curves of tumor sites in tumor-bearing nude mice within 10 min post laser irradiation.

FIGURE 12
(A) The tumor volume change of tumor-bearing mice after different treatments denoted. (B) Relative tumor volume of tumor-bearing mice after
different treatments denoted.
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FIGURE 13
(A) The body weight of the tumor-bearing mice after different treatments. (B) Tumor weight of the tumor-bearing mice after different treatments.

FIGURE 14
(A) In vivo PTT combined with CT efficacy of the NPs. (B) The tumor inhibition by different groups of drugs. *p < 0.05,**p < 0.01; (C) The H&E images of
tumor treated with the Saline, Pep-1@PDA NPs, Pep-1@PDA-TMZ NPs, and PDA-TMZ NPs at 24 h post irradiation (808 nm, 1 W/cm2, and 10 min).
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nude mice in each group was monitored (Figures 12A, B). During the
experiment, the body and tumor weight of mice in all groups increased
(Figures 13A, B), thereby validating the good biocompatibility of the Pep-
1@PDA-TMZ NPs.

In conclusion, compared with the other groups,Pep-1@PDA-TMZ
NPs with Laser had the best antitumor performance (Figures 14A,
B).Figure 14C presented the H&E staining of tumor site. The images
depicted that no obvious apoptosis occurred in the Pep-1@PDA NPs
and Pep-1@PDANPs + Laser groups or in the PDA-TMZNPs groups,
whereas PDA-TMZ NPs + Laser and Pep-1@PDA-TMZ NPs groups
indicated partial apoptosis. The Pep-1@PDA-TMZ NPs + Laser
denoted evident apoptosis and rupture.

To systematically investigate the toxicity of Pep-1@PDA-TMZ
NPs toward major organs in nude mice, the H&E stained assay of each
organ was conducted. There was no visible damage to the heart (no
cardiac muscle fibers disorder), liver (no significant vacuolization),
spleen (no obvious irregular shape of white pulp), lung (no obvious
lymphocyte infifiltration), or kidney tissues (no obvious
nephrotoxicity) in nude mice of Pep-1@PDA-TMZ NPs
(Figure 15) and no significantly alter white blood cells,
lymphocytes, neutrophils, platelet count, or hemoglobin level.
Supplementary Figure S6 displayed blood routine examination of
post-treatment nude mice. These results indicated the safety and
biocompatibility of Pep-1@PDA-TMZ NPs for GBM treatment.
Nevertheless, further investigation should be conducted to ensure
the in vivo safety and biocompatibility of Pep-1@PDA-TMZ NPs.

4 Discussion

In clinical practice, the traits of GBM include high mortality and
low postoperative survival. The standard of the treatment is surgery
combined with RT and CT. But the overall therapeutic effects are

extremely frustrating, meanwhile, side-effects associated with
therapies were severe (Thaci et al., 2014).

Photothermal therapy (PTT) is an emerging physicochemical
treatment method with high selectivity and minimal invasiveness, in
which light energy is converted to thermal energy via near-infrared light
irradiation from an external auxiliary light source. The rapidly
increasing temperature is used to conquer targeted tumor cells
through photothermal effects. PDA can be used as a photothermal
therapeutic agent, the research shown that PDA had no significant
damage to the surrounding normal tissues and with reduced side effects.
This study demonstrated the superior photothermal effects of PDA.We
found the prepared stable and well-dispersed PDA-based NPs with an
advanced photothermal conversion rate of 49.2%. The dispersion
temperature of these PDA-based NPs was rapidly increased by
73.8°C via 808 nm laser irradiation (1 W/cm2) for 10 min at a
concentration of 200 μg/mL in U87 cells. PDA-based NPs are an
appropriate drug delivery system for high-efficiency loading of
antitumor drugs with improved side effect (Milletti, 2012; Guidotti
et al., 2017; Farokhi et al., 2019; Dai et al., 2021). PDA contains amino
groups and catechol that can encapsulate other materials, including
TMZ, Doxorubicin (DOX), and paclitaxel (PTX) (Guidotti et al., 2017).
Additionally, its advantages include excellent adhesion capabilities, PTT
effects, PDT effects, good the photothermal conversion efficiency
(compare with some reported PDA nanoparticles, such as PSBTBT@
PDA NPs,PDA-PEG/DOX (Wang et al., 2016))) and pH-responsive
drug-release properties (Liu et al., 2014; Shao et al., 2020). The
photothermal therapy of PDA can be combined with photodynamic
therapy to treat tumors. In photodynamic therapy, photosensitizers can
convert molecular oxygen (O2) into cytotoxic reactive oxygen species
(ROS), especially singlet oxygen (1O2), which can kill tumor cells.
However, up to now, only a few studies have reported the
combination of photothermal therapy of polydopamine-based and
photodynamic therapy for tumor treatment. Hence, PDA can

FIGURE 15
H&E staining of the major organs in nude mice. After treatment of Saline, Pep-1@PDA NPs, Pep-1@PDA-TMZ NPs, and PDA-TMZ NPs Heart: The
myocardial fibers are aligned (red circle); liver: No significant vacuolization (green circle), spleen: No obvious irregular shape of white pulp (yellow circle); lung:
No obvious lymphocyte infifiltration (purple circle) and kidney: No obvious nephrotoxicity (bule circle).
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become a potential nanocarrier for antitumor therapy (Liu et al., 2014),
but the PDA-based NPs are inefficient for active tumor targeting.

The current study has confirmed that almost all GBM highly express
the IL-13 receptor. IL-13Rα2, a monomer of IL-13, is a highly affinity
receptor encoded by the X chromosome and consists of 380 amino acids,
17 amino acid domains and 26 amino acid signal sequences. However, IL-
13Rα2 was rarely expressed in normal brain cells but highly expressed in
GBM.This specificitymakes it an ideal target for therapeutic inGBM. Some
studies also confirmed that Pep-1 is a peptide ligand capable of highly
specific binding to IL-13Rα2 and has the highest affinity. Furthermore, the
expression of the IL-13Rα2 receptor has also been shown to harbor in
tumor-infiltrating cells, tumor-initiating cells, or GSCs and
neovascularization (Knudson et al., 2022). Research of Wang indicated
that Pep-1 can invade glioma tumor cell nuclei via IL-13Rα2-mediated
endocytosis (Wang et al., 2019). Lin also demonstrated that IL-13Rα2 was
over-expressed in GBM and that a nano-delivery system constructed
utilizing Pep-1 was efficient at impeding tumor proliferation via the
regulation of the JNK signaling pathway (Lin et al., 2021). In our
work,Pep-1carried NPs could permeate U87 cells and enter the cell
nucleus via transmembrane mechanisms (Pandya et al., 2012; Wang
et al., 2015; Jiang et al., 2016; Lv et al., 2016; Jiang et al., 2017; Jiao
et al., 2017;Wang et al., 2017; Guo et al., 2019;Wang et al., 2020; Choi et al.,
2021) According to cell experiments, we tracked the endocytosis of PDA-
TMZNPs and Pep-1@PDA-TMZNPs by coumarin-6 labeling. The results
showed that Pep-1@PDA-TMZNPswere successfully endocytosed into the
nucleus of U87 cells. However, the PDA-TMZ NPs failed to endocytose
into nucleus of U87 cells, but they only stayed around the cytoplasm. We
speculate that the Pep-1@PDA-TMZNPs could be targeted toGBM via IL-
13Rα2-mediated endocytosis, However, the specific transmembrane
mechanisms of Pep-1 carried NPs need to be further explored in the
future research, including the involvement of other signaling pathways.

In conclusion, Pep-1 was conjugated andmodified to the PDA@TMZ
NPs, which can not only afford an integration treatment of CT and PTT
therapy against GBM, but can also enhance the velocity and accuracy of
targeted entry into tumor location, indicating that the Pep-1@PDA-TMZ
NPs combinedwith PTT therapy aremore effective than single CT or PTT
treatment at gradually wiping out tumor tissues, suggesting that Pep-1@
PDA-TMZ NPs could be a promising approach as novel, targeted,nano-
delivery systems for GBM therapy and further offer some evidence and
data for clinical transformation and so that gradually conquer GBM.
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Feiyiliu Mixture sensitizes
EGFRDel19/T790M/C797S mutant
non-small cell lung cancer to
osimertinib by attenuating the
PRC1/Wnt/EGFR pathway
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Hospital of Shandong University of Traditional Chinese Medicine, Jinan, China

Introduction: Osimertinib is a potent epidermal growth factor receptor tyrosine
kinase inhibitor (EGFR-TKI) for the treatment of patients with EGFR-mutant non-
small cell lung cancer (NSCLC). However, the emergence of acquired resistance due
to the EGFR-Del19/T790M/C797S mutation limits the clinical application of
osimertinib. Feiyiliu Mixture (FYLM), a clinical experience formula of Chinese
medicine, was used to treat lung cancer with good clinical efficacy. In this study,
we aimed to investigate the mechanism by which Feiyiliu Mixture delays osimertinib
resistance in EGFR-mutant cell lines and EGFR-mutant cell tumor-bearing mice.

Methods: The osimertinib-resistant cell models were established in mouse Lewis
lung carcinoma (LLC) cells transfected with EGFR-Del19/T790M/C797S mutant
lentivirus. In cell experiments, after 48 h of treatment with Feiyiliu Mixture-
containing serum, MTT assay was used to detect the relative cell viability, and
western blotting was used to detect EGFR protein phosphorylation expression. In
animal experiments, C57BL/6J mice were subcutaneously injected with Lewis lung
carcinoma cells stably expressing EGFR-Del19/T790M/C797S mutations to
construct a xenograft model. After 2 weeks of Feiyiliu Mixture and/or osimertinib
treatment, the expression of proliferation-related, apoptosis-related and PRC1/Wnt/
EGFR pathway markers was detected by real-time qPCR, western blotting and
immunohistochemistry.

Results: The results showed that when combined with osimertinib, Feiyiliu Mixture
synergistically reduces proliferation and increases apoptosis to improve drug
resistance. In vitro, Feiyiliu Mixture-containing serum reduced the EGFR
phosphorylation. In vivo, Feiyiliu Mixture downregulated the expression of cyclin
B1 and Bcl-2 while upregulating the level of cleaved Caspase-3 protein, indicating that
Feiyiliu Mixture promotes apoptosis. Furthermore, Feiyiliu Mixture reduced the expression
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of p-EGFR, p-Akt, PRC1 and Wnt pathway-related proteins such as β-catenin, c-Myc and
c-Jun.

Conclusion: The present study identified that Feiyiliu Mixture inhibited PRC1/Wnt/
EGFR pathway activation, reduced proliferation, and promoted apoptosis, thereby
increasing the sensitivity of EGFR-mutant non-small cell lung cancer to osimertinib.
Our study provided a new idea for Chinese medicine to play a role in enhancing
efficacy and reducing toxicity in the treatment of non-small cell lung cancer.

KEYWORDS

Feiyiliu Mixture, osimertinib, acquired resistance, PRC1/Wnt/EGFR pathway, non-small cell
lung cancer

1 Introduction

Lung cancer is the most common malignancy and the leading
cause of cancer-related deaths, causing a huge social burden in the
world (Sung et al., 2021; Siegel et al., 2022). In 2020, there are
about 2.2 million new cancer cases (11.4%) and 1.8 million cancer
deaths (18%) of lung cancer worldwide (Sung et al., 2021). Non-
small cell lung cancer (NSCLC) made up about 85 percent of all
lung cancer cases (Molina et al., 2008; Testa et al., 2018). Among
them, lung adenocarcinoma is the main histological phenotype of
NSCLC, accounting for approximately 55%. Patients with lung
cancer are not easily detected at an early stage, and the majority of
them are at an advanced stage by the time of clinical diagnosis,
losing the opportunity for surgical resection. Current treatments
for advanced NSCLC include cytotoxic chemotherapy,
radiotherapy, targeted therapy, immunotherapy, and various
combination therapies (Miller and Hanna, 2021; Gesthalter
et al., 2022; Higgins et al., 2022). With the development of
molecular biology research, targeted therapy guided by
oncogenic drivers is considered to be an effective means to
improve the overall survival and prolong progression-free
survival of patients with lung adenocarcinoma (Ramalingam
et al., 2020; Ettinger et al., 2022). Epidermal growth factor
receptor (EGFR) is considered to be one of the most common
driver oncogenes in NSCLC (Harrison et al., 2020; Russo et al.,
2020; Cooper et al., 2022). Approximately 50% of Asian patients
with lung adenocarcinoma have EGFR-activating mutations,
mainly including exon 19 base deletions (Del19) and point
mutation in exon 21 (L858R) (Sharma et al., 2007). Moreover,
EGFR gene mutation is a biomarker for predicting the
effectiveness of targeted therapy. Therefore, genetically mutated
EGFR is an important target for targeted therapy in lung
adenocarcinoma.

According to the National Comprehensive Cancer Network
(NCCN) guidelines for NSCLC (Ettinger et al., 2022), tyrosine
kinase inhibitors (TKIs) are recommended as first-line therapy for
patients with EGFR-mutant advanced NSCLC. The first and second-
generation EGFR-TKIs (gefitinib, erlotinib and afatinib) targeting
EGFR tyrosine kinase domain achieved marked clinical efficacy,
but unfortunately, acquired resistance occurs 9–14 months later
(Park et al., 2016; Hsu et al., 2018). The mechanisms of acquired
resistance to EGFR-TKIs involve the second-site mutations of EGFR
(such as T790M gatekeeper mutation), activation of the bypass
signaling pathways, epithelial-mesenchymal transition (EMT), the
transformation of NSCLC to small cell lung cancer tissue, etc.
(Westover et al., 2018; Wu and Shih, 2018). Among them, T790M

mutation occurs in at least 50% of the patients (Remon et al., 2018).
Osimertinib, a third-generation irreversible EGFR-TKI, selectivity
targeted against both activating mutations and T790M resistance
mutations. However, after 9–13 months of treatment, there was
only a transient benefit followed by osimertinib resistance due to
the C797S mutation (Thress et al., 2015; Du et al., 2021). Currently,
there is no effective therapeutic strategy to overcome the triple
mutation (Del19/T790M/C797S)-mediated drug resistance problem.
Clearly, exploring the resistance mechanism and searching for new
therapeutic targets to delay and reverse EGFR-TKIs resistance
in lung adenocarcinoma is an urgent problem to be solved in
tumor-targeted therapy and it is also essential for the treatment of
NSCLC.

Research has shown that the protein regulator of cytokinesis 1
(PRC1) is associated with the mitotic process of tumor cells and is
highly expressed in various carcinomas (Li et al., 2018). As well as,
PRC1 promotes lung adenocarcinoma cells proliferation, metastasis
and tumorigenesis by activating the Wnt/β-catenin signaling pathway
(Zhan et al., 2017). Besides, the activation of EGFR and its downstream
signaling pathways by the Wnt/β-catenin pathway is an important
molecular mechanism for the development of EGFR-TKI resistance
(Arasada et al., 2018). Hence, inhibition of the PRC1/β-catenin/EGFR
pathway may be an important molecular pathway for overcoming
EGFR-TKI resistance.

Traditional Chinese Medicine (TCM) has certain advantages in
the treatment of chronic diseases and diseases with complex factors,
especially in anti-tumor (Shao et al., 2021). In addition, TCM and
molecular targeted drugs have synergistic anti-cancer effects on lung
cancer patients with EGFR-TKI resistance (Li et al., 2019; Wang
et al., 2021b). Feiyiliu Mixture (FYLM), a clinical experience formula
of Chinese medicine, is composed of Huangqi, Banzhilian, Baizhu,
Baihuasheshecao, Renshen, Fuling, Zhebeimu, Shancigu, Yiyiren and
Gancao. Our previous studies have demonstrated that compared
with erlotinib alone, FYLM combined with erlotinib not only inhibits
tumor growth and improves symptoms but also effectively alleviates
side effects in patients with advanced lung adenocarcinoma (Li,
2010). In addition, FYLM can reduce the mRNA expression of
EGFR and regulate the PI3K/Akt pathway downstream of EGFR
(Cao et al., 2016; Peng et al., 2019). Therefore, we speculated that
FYLM may be involved in the process of EGFR-TKI resistance and
may complement targeted drugs. However, the underlying molecular
mechanism remains unknown.

In the present study, we aimed to investigate whether FYLM
could delay osimertinib resistance by regulating the PRC1/Wnt/
EGFR pathway in EGFR triple-mutant LLC cells in vitro and an
EGFR triple-mutant xenograft mouse model in vivo.
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2 Materials and methods

2.1 Preparation of FYLM decoction

FYLM consists of ten Chinese herbal medicines, including
18 g of Huangqi [Astragalus membranaceus (Fisch.) Bge.], 24 g of
Banzhilian (Scutellaria barbata D. Don), 12 g of Baizhu
(Atractylodes macrocephala Koidz.), 20 g of Baihuasheshecao
[Oldenlandia diffusa (Willd.) Roxb.], 9 g of Renshen (Panax
ginseng C. A. Mey.), 15 g of Fuling [Poria cocos (Schw.) Wolf],
15 g of Zhebeimu (Fritillaria thunbergii Miq.), 20 g of Shancigu
[Cremastra appendiculata (D. Don) Makino], 20 g of Yiyiren
[Coix lacryma—jobi L. var. ma—yuen (Roman.) Stapf] and 6 g
of Gancao (Glycyrrhiza uralensis Fisch.). All the Chinese
medicine pieces were provided by Bozhou Huqiao
Pharmaceutical Co., Ltd (Bozhou, China) and authenticated by
Prof. Feng Li of Shandong University of Traditional Chinese
Medicine. For in vivo animal studies, all herbs (159 g in total)
were soaked in ten times cold distilled water for 1 h and then
decocted for 40 min. After filtering the solution, the dregs of
decoction were decocted again in eight times distilled water for
30 min. After combining two filtrates, the FYLM decoction was
concentrated to 66 ml under a rotary evaporator (N-1300,
Shanghai Ailang Instrument Co., Ltd, Shanghai, China). At
last, 2.4 g (crude drug)/ml FYLM decoction was prepared and
stored at −20°C.

2.2 UPLC-Q-Orbitrap-MS analysis

The composition analysis of FYLM decoction was detected
using a chromatograph (instrument model: UltiMate 3000 RS)
and a Q Exactive high-resolution mass spectrometer [Thermo
Fisher Scientific (China) Co. Ltd.]. 1 ml of 80% methanol was
mixed with 200 µl of FYLM solution and vortexed for 10 min.
After centrifugation at 20,000 g for 10 min at 4°C, the supernatant
was filtered for subsequent studies. Chromatographic analysis
was performed on an AQ-C18 column (150 mm × 2.1 mm,
1.8 µm, Welch) at 35°C with an injection volume of 5 µl. The
chromatographic gradient elution procedure: 98% aqueous phase,
2% organic phase at 1 min; 80% aqueous phase, 20% organic
phase at 5 min; 50% aqueous phase, 50% organic phase at 10 min;
20% aqueous phase, 80% organic phase at 15 min; 5% aqueous
phase, 95% organic phase at 20 min; 5% aqueous phase, 95%
organic phase at 27 min; 98% aqueous phase, 2% organic phase at
28 min; 98% aqueous phase, 2% organic phase at 30 min. The
mass spectrometry analysis was performed using a full mass/dd-
MS2 detection method with a positive and negative ion switching
scan. Data collected from the high-resolution liquid mass were
initially analyzed by CD2.1 (Thermo Fisher) and then compared
to a database (mzCloud).

2.3 Preparation of FYLM-containing serum

Twenty male Sprague-Dawley rats (weighting 180 ± 10 g)
were purchased from Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) [animal License number:
SCXK (Jing) 2016-0006]. Animals were housed in a 12/12 h light/

dark cycle at 23°C ± 2°C with 50%–60% relative humidity and free
of the specific pathogens [Laboratory use of animal license
number: SYXK(Lu)2017-0022], with free access to food and
water (Geng et al., 2021).

After 1 week of adaptive feeding, the animals were randomly
divided into two groups, the control group and the FYLM
administration group. The clinical dose of FYLM in adults is
159 g/60 kg and the gavage dose for rats is 6.3 times the clinical
dose based on body surface area. The rats of FYLM administration
group were given FYLM at the dose of 16.7 g/kg by gavage. While
rats in the control group were given saline gavage (1.5 ml/100 g
body weight). After 6 days of continuous gavage, rats were
anesthetized with 3% pentobarbital sodium (45 mg/kg,
intraperitoneal injection) (Sun et al., 2004), and blood was
collected from the abdominal aorta. After resting for 1 h at
room temperature, the serum was obtained by centrifugation at
3,000 rpm for 15 min at 4°C. Subsequently, it was inactivated in a
water bath at 57°C for 30 min. After that, the bacteria were
removed by filtration through a 0.22 µm microporous
membrane and stored in a refrigerator at −80°C for in vitro
experiments.

2.4 Cell culture

Mouse Lewis lung carcinoma (LLC) cell line and human
NSCLC cell line (H1975) were purchased from the Cell bank,
Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China). LLC cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, Beijing, China)
containing 10% fetal bovine serum (FBS, ExCell Bio,
Shanghai, China) and 1% Penicillin Streptomycin solution (Yu
et al., 2020a). H1975 cells were cultured in RPMI 1640 Medium
(Invitrogen, 11875-093) with 10% FBS, 1% Glutamax
(Invitrogen, 35050061), and 1% Sodium Pyruvate 100 mM
Solution (Invitrogen, 11360070) (Jiang et al., 2021). All
cells were cultured in a humidified incubator at 37°C and
5% CO2.

2.5 Lentivirus transfection of LLC cells

EGFR triple-mutant cells were generated by transfection with
lentiviruses harboring the gene sequence encoding
EGFRDel19/T790M/C797S mutations in LLC cells. Construction of the
overexpression lentiviral vector and concentration of viruses was
performed by Shanghai Genechem Co., Ltd. (Shanghai, China).
Based on the results of the pre-experiment, the optimal multiplicity
of infection (MOI) for EGFRDel19/T790M/C797S overexpression and empty
vector lentivirus infection of LLC cells was 100. Before infection, LLC
cells were plated in 6-well plates at 3 × 105 cells per well overnight, and
then the supernatant was replaced with 1 ml complete medium
supplemented with lentivirus. After 14 h of infection, the lentivirus-
containing medium was discarded and replaced with 2 ml fresh
complete medium. After 72 h of infection, the stably transfected
cell lines were selected by 2 μg/ml puromycin. The transfection
efficiency was assessed by observing fluorescence intensity, and the
EGFRDel19/T790M/C797S overexpression levels were identified by real-time
qPCR and western blotting.
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2.6 Cell viability assays

LLC triple-mutant cells and H1975 cells were seeded at 1 × 104

cells per well in 96-well plates for 24 h. Then, cells were treated
with different concentrations of FYLM-containing serum. After
48 h of intervention, 100 µl medium containing 20% MTT (5 mg/
ml, Solarbio, Beijing, China) was added to each well. After
incubation at 37°C for 4 h, 150 µl dimethylsulfoxide (DMSO)
was added to each well and shaken on a shaker at low speed
for 10 min to dissolve the formazan crystals. In the end, the
absorbance values of each well were measured at 490 nm (Lin
et al., 2015) using a full-wavelength microplate reader (BioTek,
United States).

2.7 Real-time quantitative PCR

Total RNA was extracted from cells or tumor tissues by Trizol
reagent (Invitrogen, Thermo Fisher Scientific, United States). A
reverse transcription reaction was performed using a 5x All-In-
One RT MasterMix kit (Abm, Canada) to synthesize cDNA
from total RNA. qPCR assays were detected by the SYBR Green
PCR Master Mix kit (DBI Bioscience, Germany) in accordance
with the manufacturer’s instructions on a real-time fluorescence
quantitative PCR instrument (Roche LightCycler 480II,
Mannheim, Germany). The relative expression of genes was
measured using the 2−△△CT method (Michaelidou et al., 2013),
and GAPDH was used as a normalization control. Each sample
was tested three times in duplicate. The primer sequences are
shown in Table 1.

2.8 Western bolting

After treatments, cells or tumor tissues were lysed for 20 min on ice in
RIPA lysis buffer (Solarbio, Beijing, China) supplemented with protease
inhibitor (PMSF) and phosphatase inhibitor (APExBIO, MA,
United States). And then the supernatant-containing proteins were
collected by centrifugation at 12,000 rpm for 20 min at 4°C. Protein
concentration measurements were performed using a BCA protein assay
kit (Beyotime, Shanghai, China). Protein samples of 40 µg were isolated
on 8% or 12% SDS-polyacrylamide gels and transferred onto the
polyvinylidene fluoride (PVDF) membranes (0.45 µm, Millipore,
Billerica, MA, United States). After blocking with 5% skim milk in
TBST at room temperature for 2 h, membranes were incubated
separately with the specific primary antibodies at 4°C overnight. The
primary antibodies were as follows: EGFR (#4267, Cell Signaling
Technology, 1:1000), p-EGFR (#3777s, Cell Signaling Technology, 1:
1000), Cyclin B1 (#4138, Cell Signaling Technology, 1:1000), Bcl-2
(#3498, Cell Signaling Technology, 1:1000), Cleaved Caspase-3 (#9661,
Cell Signaling Technology, 1:1000), PRC1 (BM3910, BOSTER, Wuhan,
China, 1:1000), β-catenin (BA0426, BOSTER, Wuhan, China, 1:1000),
c-Myc (PB9092, BOSTER, Wuhan, China, 1:1000), c-Jun (#9165, Cell
Signaling Technology, 1:1000), Akt (ab179463, Abcam, 1:10000), p-Akt
(ab192623, Abcam, 1:1000), β-actin (BA2305, BOSTER, Wuhan, China,
1:5000), GAPDH (A00227-1, BOSTER, Wuhan, China, 1:1000). After
washing 3 times with TBST for 5 min each time, the membranes were
incubated with secondary antibodies conjugated to horseradish
peroxidase (BOSTER, Wuhan, China, 1:5000) for 1 h at room

temperature. Finally, the bands were detected by an automated
chemiluminescence gel imaging system (GE Amersham Imager600,
United States), and the grayscale value was measured by ImageJ
software (NIH, Bethesda, MD).

2.9 Triple-mutant EGFR xenograft-bearing
mouse model

6-week-old male C57BL/6J mice, weighing 18–20 g, were purchased
from Jinan Pengyue experimental Animal Breeding Co., Ltd. (Jinan,
China) [animal License number: SCXK(Lu)2019-0003]. LLC cells
stably transfected with EGFRDel19/T790M/C797S-mutant or empty vector
lentivirus were harvested and washed 2 times with PBS. Then, 1 × 106

cells were suspended in 100 µl PBS and injected subcutaneously into the
right side of the flank region of C57BL/6J mice. The equivalent dose was
converted from human and mouse body surface area (9.1 times), and the
dose administered tomice was 24 g/kg. Body weight and tumor volume of
mice were recorded every 3 days, and tumor volume was represented by
0.5 × length × width2 (mm3) (Chen et al., 2021). When the tumor volume
reached about 200 mm3 (7 days after tumor inoculation) (Uchibori et al.,
2017), the mice were randomly divided into seven groups (n = 5), empty
vector control group (0.5% CMC-Na, Selleckchem, Houston, TX,
United States, catalog number: S6703), overexpression control group
(0.5% CMC-Na, Selleckchem, Houston, TX, United States, catalog
number: S6703), 24 g/kg FYLM group, 48 g/kg FYLM group,
osimertinib group (50 mg/kg, AZD9291, Selleckchem, Houston, TX,
United States, catalog number: S7279), osimertinib +24 g/kg FYLM
group (50 mg/kg osimertinib plus 24 g/kg FYLM) and osimertinib
+48 g/kg FYLM group (50 mg/kg osimertinib plus 48 g/kg FYLM).
After 2 weeks of continuous gavage, the tumor tissue was obtained
and stored at −80°C or fixed with paraformaldehyde for further
experiments.

2.10 H&E staining

The tumor tissues were dehydrated and embedded in paraffin, and
then cut into 5 µm sections. Sections were stained with hematoxylin
and eosin and then observed using an optical microscope.

2.11 Serum analysis

Blood samples were collected from the mouse retro-orbital venous
plexus. After resting at room temperature, the blood samples were

TABLE 1 The primer sequences used for real-time quantitative PCR.

Gene Sequence (5′ to 3′)

EGFR Forward primer GCGATTCAGCAACAACC

Reverse primer CATTGGGACAGCTTGGA

Akt Forward primer TAACGGACTTCGGGCTGT

Reverse primer TTCTCGTGGTCCTGGTTGT

GAPDH Forward primer TGTTTCCTCGTCCCGTAGA

Reverse primer ATCTCCACTTTGCCACTGC
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centrifuged at 1,500 g for 30 min to obtain the supernatant. According
to the manufacturer’s instructions, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (ALP),

creatinine (CRE), blood urea nitrogen (BUN) levels in serum
samples were determined using the kit from Nanjing Jiancheng
(Nanjing, China).

TABLE 2 Chemical composition information in FYLM.

NO. Name Formula Reference ion RT [min] Calc. MW mzCloud best match Corresponding herbs

1 L-Histidine C6 H9 N3 O2 [M-H]-1 1.293 155.0683 97.8 Baizhu

2 DL-Arginine C6 H14 N4 O2 [M+H]+1 1.388 174.1114 85.8 Baizhu

3 Choline C5 H13 N O [M+H]+1 1.392 103.1001 93.5 Huangqi

4 L-Glutamic acid C5 H9 N O4 [M+H]+1 1.408 147.0529 95.3 Baizhu

5 Betaine C5 H11 N O2 [M+H]+1 1.44 117.0791 93.2 Huangqi

6 Isocitric acid C6 H8 O7 [M-H]-1 1.617 192.026 70.8 Renshen

7 Nicotinic acid C6 H5 N O2 [M+H]+1 2.131 123.0322 99.8 Huangqi

8 L-Isoleucine C6 H13 N O2 [M+H]+1 2.602 131.0946 99.8 Baizhu

9 Succinic acid C4 H6 O4 [M-H]-1 3.116 118.0252 36.1 Shancigu

10 Uridine C9 H12 N2 O6 [M-H]-1 3.626 244.0693 81.8 Baizhu

11 Geniposidic acid C16 H22 O10 [M-H]-1 7.838 374.1209 86.5 Baihuasheshecao

12 Dimethyl phthalate C10 H10 O4 [M+H]+1 8.249 194.0579 60.4 Gancao

13 Coumarin C9 H6 O2 [M+H]+1 8.675 146.0367 60.1 Huangqi

14 Chlorogenic acid C16 H18 O9 [M+H]+1 9.804 354.0947 99.7 Huangqi

15 4-Hydroxybenzaldehyde C7 H6 O2 [M+H]+1 9.817 122.037 97.2 Banzhilian

16 Caffeic acid C9 H8 O4 [M-H]-1 10.256 180.0416 99.1 Huangqi

17 Vanillin C8 H8 O3 [M+H]+1 10.656 152.0473 94.4 Yiyiren

18 L-Tyrosine C9 H11 N O3 [M+H]+1 11.388 181.0739 69.9 Baizhu

19 4-Methoxycinnamic acid C10 H10 O3 [M+H]+1 11.439 178.0626 66.4 Baihuasheshecao

20 Phenylacetaldehyde C8 H8 O [M-H]-1 11.561 120.0561 99.6 Banzhilian

21 Quercetin C15 H10 O7 [M+H]+1 11.706 302.0422 95.7 Banzhilian

22 Isoliquiritigenin C15 H12 O4 [M+H]+1 11.96 256.0729 99.3 Gancao

23 Rutin C27 H30 O16 [M-H]-1 12.965 610.1525 99.7 Baihuasheshecao

24 Apigenin C15 H10 O5 [M+H]+1 13.291 270.0521 99.3 Banzhilian

25 Scutellarin C21 H18 O12 [M+H]+1 13.371 462.079 98.2 Banzhilian

26 Ononin C22 H22 O9 [M+H]+1 13.502 430.1256 98.5 Huangqi

27 Eriodictyol C15 H12 O6 [M-H]-1 13.699 288.0634 69.9 Banzhilian

28 Baicalin C21 H18 O11 [M+H]+1 14.594 446.0842 97.1 Banzhilian

29 Formononetin C16 H12 O4 [M-H]-1 14.732 268.0734 99.5 Gancao

30 Daidzein C15 H10 O4 [M-H]-1 17.534 254.0576 98.3 Huangqi

31 Soyasaponin I C48 H78 O18 [M+H]+1 19.215 942.5178 75.5 Huangqi

32 Hispidulin C16 H12 O6 [M-H]-1 19.444 300.0631 88.9 Banzhilian

33 Oleanolic acid C30 H48 O3 [M-H]-1 22.062 456.3603 99.2 Gancao

34 Linoleic acid C18 H32 O2 [M-H]-1 22.291 280.2401 100 Huangqi

35 Palmitic acid C16 H32 O2 [M-H]-1 22.808 256.2399 100 Fuling

36 Stearic acid C18 H36 O2 [M-H]-1 24.168 284.2715 99.5 Yiyiren
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2.12 Immunohistochemistry staining

The tumor sections were dewaxed, antigen repaired in a
microwave oven, and incubated with 3% H2O2 for 20 min at room
temperature. The sections were incubated overnight at 4°C with an
anti-Ki67 antibody (GB111499, Servicebio, 1:500) and an anti-β-
catenin antibody (GB11015, Servicebio, 1:1000). Finally, the protein
expression of Ki67 and β-catenin was observed under the optical
microscope.

2.13 TUNEL staining

TUNEL staining of tumor sections was performed to detect
apoptosis using the TUNEL assay kit (G1507, Servicebio, Wuhan,
China) according to the manufacturer’s instructions. The paraffin
sections were dewaxed, rehydrated, and incubated with
proteinase K working solution for 20 min at 37°C. After
incubation with 3% H2O2 at room temperature for 20 min, the
sections were blocked with TUNEL reaction at 37°C for 1 h in a flat
wet box. Positive expression was observed under an optical
microscope.

2.14 Statistical analysis

The data were analyzed using SPSS 23.0 software (SPSS, Inc.,
Chicago, IL, United States). Mean ± standard deviation (SD) was used
to reveal data. One-way ANOVA analysis followed by Fisher’s least-
significant difference (LSD) was used to compare multiple-group
statistical differences. A value of p < 0.05 was considered
statistically significant.

3 Results

3.1 Identification of the chemical composition
of FYLM decoction

To analyze the main components of FYLM, we used combination
of Ultra-Performance Liquid Chromatography and Quadrupole-
Orbitrap mass spectrometry (UPLC-Q-Orbitrap-MS) method.
Chinese medicine samples matched 710 compounds in mzCloud.
As shown in Table 2, 36 kinds of compounds were identified by
screening with the Traditional Chinese Medicine Systems
Pharmacology Database and Analysis Platform (TCMSP, https://
old.tcmsp-e.com/tcmsp.php). We found that the main components
of huangqi include Choline, Betaine, Nicotinic acid, Coumarin,
Chlorogenic acid, Caffeic acid, Ononin, Daidzein, Soyasaponin I,
Linoleic acid. The main components of banzhilian include 4-
Hydroxybenzaldehyde, Phenylacetaldehyde, Quercetin, Apigenin,
Scutellarin, Eriodictyol, Baicalin, Hispidulin. The main components
of baizhu include L-Histidine, DL-Arginine, L-Glutamic acid,
L-Isoleucine, Uridine, L-Tyrosine. And the main components of
baihuasheshecao include Geniposidic acid, 4-Methoxycinnamic
acid, Rutin. The total ion chromatograms of FYLM were shown in
Figure 1A (negative ion mode) and Figure 1B (positive ion mode).
Figure 1Cmanifested the chemical structure formula corresponding to
the typical peaks.

3.2 FYLM-containing serum inhibits the
proliferation of EGFR mutant cells and
reduces EGFR phosphorylation

To determine whether EGFRDel19/T790M/C797S is stably expressed
in LLC cells, we analyzed fluorescence intensity, mRNA and
protein levels of EGFR. By fluorescence microscopy, both
overexpression and empty vector lentiviruses-transfected LLC
cells exhibited enhanced fluorescence signals, indicating normal
expression of fluorescent marker genes and successful transfection
(Figure 2A). Based on the real-time qPCR results (Figure 2C), the
EGFR gene expression in the overexpression group was 37-fold
higher than that in the empty vector group. Similarly, the protein
levels of EGFR were significantly higher in the overexpression
group (Figures 2B, D). The above results suggested that LLC cells
were successfully transfected with EGFRDel19/T790M/C797S expressing
lentivirus. Next, cell viability was measured by treating with
various concentrations of FYLM-containing serum for 48 h in
EGFRDel19/T790M/C797S-mutated and EGFRL858R/T790M-mutated cells.
As shown in Figure 2E, FYLM-containing serum dose-
dependently inhibited the proliferation of LLC-triple mutant
cells (IC50 = 14.27%). In addition, FYLM-containing serum can
inhibit the proliferation of H1975-L858R/T790M cells (Figure 2F,
IC50 = 17.72%). In order to further verify the effect of FYLM-
containing serum on LLC-triple mutant cells, we detected the
protein expression of p-EGFR by western blotting. The results
suggested that low and high doses of FYLM-containing serum can
reduce EGFR phosphorylation compared with the control
group. In addition, the combination of FYLM-containing
serum and osimertinib had a more significant inhibitory effect
compared with the osimertinib alone group. However, there was
no significant differences between high and low doses
(Figures 2G–I).

3.3 The combination of FYLM and osimertinib
inhibits tumor growth in triple-mutant EGFR
xenograft mouse model

To explore the inhibitory effect of FYLM on tumor progression
in vivo, we first constructed a xenograft mouse model harboring
EGFR-Del19/T790M/C797S-mutant via subcutaneously
inoculating LLC-triple mutant cells into C57BL/6J mice.
Tumor-bearing mice were continuously orally gavage for
2 weeks with 0.5% CMC-Na, FYLM (24 g/kg/d), FYLM
(48 g/kg/d), osimertinib (50 g/kg/d), a combination treatment of
osimertinib (50 g/kg/d) and FYLM (24 g/kg/d), or a combination
treatment of osimertinib (50 g/kg/d) and FYLM (48 g/kg/d). As a
result, the body weight of mice in each group steadily increased
without significant differences, and no obvious toxicity was
observed compared to the control treatment group (Figures 3B,
G). The tumor weight and tumor volume of the empty vector
group were slightly smaller than those of the overexpression
group, but the differences were not statistically significant
(Figures 3C–E). FYLM or osimertinib inhibited tumor
progression compared with the control group. Among them,
the combination of FYLM (48 g/kg/d) and osimertinib had the
most significant inhibitory effect (Figures 3H–J). Furthermore, to
evaluate the safety of combination treatment with FYLM and
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osimertinib, we measured spleen weight and biochemical analysis
of liver function [alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP)] and
kidney function [creatinine, blood urea nitrogen (BUN)]. The
results showed no significant differences among the groups.
Therefore, the combination of FYLM and osimertinib has no
significant toxicity (Figures 4A–F).

3.4 The combination of FYLM and osimertinib
inhibits cell proliferation, regulates cell cycle
and promotes apoptosis in triple-mutant
EGFR xenograft mouse model

HE staining revealed a decrease in nuclear density, lighter
staining and lower nucleoplasm ratio in the combined treatment

FIGURE 1
Analysis of the main chemical components of Feiyiliu Mixture (FYLM) by UPLC-Q-Orbitrap-MS in (A) negative ion mode and (B) positive ion mode. (C)
Typical chemical structure formulas of components.
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group (Figure 5A). To investigate the effect of FYLM on tumor
growth, we detected the levels of cell proliferation, cell cycle, and
apoptosis-related protein Ki-67, cyclin B1, Bcl-2 and cleaved
Caspase-3 in xenograft mouse tumor tissues by western blot
and immunohistochemistry. Consistent with the results of
phenotypic experiments, the combination of FYLM and

osimertinib reduced the positive expression of Ki-67 protein in
a dose-dependent manner in the immunohistochemistry assay
(Figure 5B). The western blot results showed that the
combination of FYLM and osimertinib downregulated the
protein expression level of cyclin B1 (Figures 5C, D).
Furthermore, TUNEL staining results illustrated that

FIGURE 2
FYLM-containing serum inhibited cell proliferation and reduced EGFR phosphorylation in vitro. The (A) fluorescence intensity, (B) western blot and (C)
real-time qPCR results were used to identify the transfection effect of the empty vector and EGFRDel19/T790M/C797S mutant lentivirus in LLC cells. (D)Quantitative
analysis of EGFR protein levels. (E,F) MTT assays determined relative cell viability in LLC-EGFR-Del19/T790M/C797S cells and H1975-EGFR-L858R/T790M
cells treated with FYLM-containing serum for 48 h (G) LLC-EGFR-Del19/T790M/C797S cells were treated with low and high doses of FYLM-containing
serum and Osi alone or in combination. p-EGFR and EGFR protein were detected by western blotting. (H,I)Quantitative analysis of p-EGFR and EGFR protein
levels. &&&p < 0.001 vs. vector; **p < 0.01 vs. Control; #p < 0.05 vs. Osi. Osi, osimertinib. All data are shown as mean ± SD.
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combination of osimertinib and FYLM (24 and 48 g/kg) increased
apoptosis (Figure 6A). Moreover, western blot assays revealed that
combination treatment of osimertinib and FYLM (24 and 48 g/kg)
inhibited Bcl-2 expression compared with osimertinib or FYLM
alone. However, cleaved Caspase-3 protein expression were
upregulated in combination treatment of osimertinib and
FYLM (24 g/kg) group and the combination treatment of
osimertinib and FYLM (48 g/kg) group compared with the
osimertinib alone group (Figures 6B–D).

3.5 The combination of FYLM and osimertinib
inhibits PRC1/Wnt/EGFR pathway in triple-
mutant EGFR xenograft mouse model

To clarify the mechanism synergistic anti-cancer effect of FYLM,
we investigated the protein expression of PRC1, Wnt pathway-related
protein (β-catenin, c-Myc, c-Jun) and EGFR pathway-related protein
(p-EGFR, EGFR, p-Akt and Akt) in xenograft tumor tissues by
western blot and immunohistochemistry. Immunohistochemistry

FIGURE 3
FYLM combined with osimertinib inhibited tumor progression in EGFR-Del19/T790M/C797S LLC tumor-bearing mice in vivo. (A,F) Flowchart of animal
experiments. (B,G) Body weights of mice in each group were measured every 3 days. (C,H) Photograph of tumor tissues from xenograft mouse. (D,I) Tumor
weight and (E,J) tumor volumes ofmicewere treated by FYLM and/or osimertinib for 2 weeks. *p <0.05 and **p <0.01 vs. Control. Osi, osimertinib. All data are
shown as mean ± SD.
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assays showed a decrease of β-catenin protein in both the combination
treatment of osimertinib and FYLM (24 g/kg) group and the
combination treatment of osimertinib and FYLM (48 g/kg) group
(Figure 7A). Western blot assays revealed that combination treatment
of osimertinib and FYLM (24 and 48 g/kg) suppress PRC1, β-catenin,
c-Myc and c-Jun expression relative to the treatment with osimertinib
or FYLM alone (Figures 7B–G). The Wnt pathway and the EGFR
pathway are key pathways related to drug resistance, and they
crosstalk each other. Inhibition of Wnt pathway and EGFR
pathway can delay drug resistance. No significant changes in EGFR
and Akt expression in the combination treatment group compared to
other individual treatment groups in terms of real-time qPCR and
immunoblotting of mouse tumor tissues (Figures 8A, B, E, G).
However, the combination of osimertinib and FYLM (24 and
48 g/kg) reduced the expression of p-EGFR/EGFR and p-Akt/Akt
ratios (Figures 8C, D, F). These results suggest that the combination of
FYLM and osimertinib inhibits the PRC1/Wnt/EGFR pathway, which
may be the mechanism of FYLM alleviating TKI resistance.

4 Discussion

Based on the basic treatment method of strengthening healthy qi
to eliminate pathogens, FYLM consists of two types of herbs:
Huangqi, Baizhu, Renshen and Gancao to replenish healthy qi;

and Banzhilian, Baihuasheshecao, Fuling, Zhebeimu, Shancigu,
Yiyiren to eliminate unhealthy trends. Studies have shown that
during the treatment of lung cancer, whether it is surgery,
radiotherapy, chemotherapy or targeted therapy, the healthy qi is
obviously damaged, manifested as fatigue, gastrointestinal reactions,
rashes and other side effects (Krzyzanowska et al., 2021; Mössner,
2022). In addition, Chinese medicine compounds have shown a
multitude of advantages in the treatment of lung cancer, such as
synergistic inhibition of tumor growth, sensitivity to targeted
therapy, and reduction of toxicity (Li et al., 2016; Shao et al.,
2021). Hence, the Chinese medicine compound combined with
targeted drugs is a promising treatment option for the treatment
of TKI-resistant NSCLC. Clinically, FYLM has a good effect on the
treatment of lung cancer and can reduce the adverse reactions of
patients. In this study, we analyzed the major components of FYLM
using UPLC-Q-Orbitrap-MS and identified 36 chemical
constituents. Among them, it has been reported that quercetin,
scutellarin, oleanolic acid, apigenin and formononetin can
overcome acquired resistance to EGFR-TKIs by inhibiting
proliferation, promoting apoptosis and inducing autophagy
in vitro and in vivo (Chen et al., 2019a; Chen et al., 2019b; Yu
et al., 2020b; Huang et al., 2021; Sun et al., 2021). For example,
quercetin reduced the growth of EGFR-C797S mutated NSCLC cells
via inhibiting ALX and promoting apoptosis. Similarly, the current
study confirmed the role of FYLM in overcoming EGFR-TKI

FIGURE 4
FYLM combined with osimertinib has no obvious toxicity to EGFR-Del19/T790M/C797S LLC tumor-bearing mice. (A) Spleen weight. (B) Alanine
aminotransferase (ALT), (C) aspartate aminotransferase (AST), (D) alkaline phosphatase (ALP), (E) creatinine and (F) blood urea nitrogen (BUN) levels were
measured after 2 weeks of drugs treatment. Osi, osimertinib. All data are shown as mean ± SD.
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resistance in EGFR-mutated NSCLC. Specifically, we discovered that
serum-containing FYLM inhibited cell growth both in triple-mutant
cells and T790M-mutant cells. Animal experiments showed that the
combination of FYLM and osimertinib suppressed tumor growth in
LLC triple-mutant EGFR xenograft mice. In addition, the
pathological changes of the tumor were observed by HE staining,
and it was found that FYLM improved the malignancy of the tumor
tissue in the xenograft model, decreased the density of nuclear, and
decreased the nuclear-cytoplasmic ratio. Moreover,
immunohistochemical results showed that FYLM also reduced the
level of Ki-67 protein, and the effect of FYLM combined with
osimertinib was more obvious. Ki-67 is mainly used to mark
tumor cells in the proliferative cycle, and elevated Ki67 has a
poor prognosis (Uxa et al., 2021). This suggests that the

combination of FYLM and osimertinib has a synergistic effect in
inhibiting the proliferation of EGFR-mutant NSCLC in vitro and
in vivo.

Interestingly, we investigated the cyclin B1 (a cell cycle regulator)
expression in mouse tumor tissues and found that the combination of
FYLM and osimertinib downregulated the protein expression level of
cyclin B1. Decreased expression of cyclinB1 causes G2 arrest, which is
implicated in the mechanism of action of certain anticancer drugs (Lv
et al., 2020). A previous report showed that the proliferation inhibition
of NSCLC cells by sulforaphane was associated with cell cycle arrest
caused by decreased cyclin B1 expression (Żuryń et al., 2019). It is well
known that the most common hallmarks of cancer cells include
sustained proliferation and attenuated apoptosis (Hanahan and
Weinberg, 2011). Lately, research has shown that

FIGURE 5
FYLM combined with osimertinib regulates cell proliferation and cell cycle in EGFR-Del19/T790M/C797S LLC tumor-bearing mice. (A) HE staining of
tumor tissues. (B) Detection of Ki67 expression in tumor tissues by immunohistochemistry. (C) Cyclin B1 proteins were detected by western blotting. (D)
Quantitative analysis of Cyclin B1 protein levels. *p < 0.05 and **p < 0.01 vs. Control; #p < 0.05 and ##p < 0.01 vs. Osi. Osi, osimertinib. All data are shown as
mean ± SD.
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deoxypodophyllotoxin plays an important role in acquired resistance
to gefitinib by inducing apoptosis in NSCLC cells (Kim et al., 2021).
Consistent with the results, in our study, FYLM downregulated the
expression of the apoptosis-related protein Bcl-2 while upregulating
the cleaved caspase-3 in a mouse xenograft model. Furthermore, we
investigated ALT, AST, ALP, CRE and BUN levels in the serum of
xenograft-bearing mice and demonstrated that FYLM had no
significant hepato-nephrotoxic side effects. In short, considering
safety and efficacy, FYLM may be a natural, safe and promising
adjunctive drug for the treatment of NSCLC harboring EGFR
mutations. Overall, the above results suggest that FYLM reduces
proliferation and arrests the cell cycle while increasing apoptosis to
delay osimertinib resistance.

EGFR is a transmembrane receptor with tyrosine kinase activity
that activates downstream signaling pathways via ligand-mediated
autophosphorylation of intracellular tyrosine kinase domains (da
Cunha Santos et al., 2011). Typically, EGFR downstream pathways
are implicated in cell proliferation signaling, apoptosis, invasion,
metastasis and angiogenesis (Levantini et al., 2022). Somatic
mutations in the EGFR gene lead to ligand-independent
activation of EGFR growth factor signaling (Harrison et al.,
2020). Osimertinib, a potent EGFR inhibitor, competitively binds
to the ATP site of the tyrosine kinase domain of EGFR, inhibits
EGFR autophosphorylation, blocks the cell cycle and promotes

apoptosis of tumor cells (Leonetti et al., 2019). Unfortunately,
resistance mutations reduce osimertinib binding to EGFR, i.e., the
development of acquired resistance, marking the agent’s less effective
inhibition of this pathway (Du et al., 2021). To date, no drug has been
used to treat the EGFRDel19/T790M/C797S mutation caused by
osimertinib. In our research, we chose a mouse Lewis lung
carcinoma cell line harboring the Del19/T790M/C797S mutation
generated by lentiviral transfection as a model of osimertinib
resistance. Moreover, the H1975 cell line carrying the L858R/
T790M mutation as control cells was sensitive to osimertinib. The
triple mutant LLC cells were then injected subcutaneously into
C57BL/6 mice to create an animal xenograft model. In addition,
mouse Lewis lung cancer has been widely used as an experimental
model for tumor research, especially in anti-tumor drug screening
(Xu et al., 2018; Wang et al., 2021a). In in vitro study, we
demonstrated that serum-containing FYLM downregulated the
expression of p-EGFR protein in a dose-dependent manner, and
the effect of the combination with osimertinib and FYLM was more
obvious in triple-mutant cells. Similarly, FYLM synergizes with
osimertinib to reduce the protein levels of p-EGFR and p-Akt in
LLC triple-mutant tumor-bearing mice. The data show that
combined treatment with FYLM and osimertinib inhibits the
phosphorylation of EGFR in drug-resistant cells and triple-
mutant xenografts.

FIGURE 6
FYLM combinedwith osimertinib regulates apoptosis in EGFR-Del19/T790M/C797S LLC tumor-bearingmice. (A)Detection of apoptosis in tumor tissues
by TUNEL staining. Arrows indicate brown-yellow apoptotic cells. (B) Bcl-2 and cleaved Caspase-3 proteins were detected by western blotting. (C,D)
Quantitative analysis of Bcl-2 and cleaved Caspase-3 protein levels. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. Control; #p < 0.05 and ###p < 0.001 vs. Osi; △p <
0.05 vs. Osi + FYLM (24 g/kg). Osi, osimertinib. All data are shown as mean ± SD.
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Moreover, studies have shown that PRC1 is associated with
poor prognosis in lung adenocarcinoma, and thus inhibition of
PRC1 may be a promising therapeutic target for lung
adenocarcinoma (Chen et al., 2016). More importantly, gene
silencing of PRC1 could reduce the expression of β-catenin,
cyclin D2, c-Myc and c-Jun in Wnt/β-catenin pathway in
NSCLC cell lines (Zhan et al., 2017). In addition, the Wnt/β-

catenin pathway mainly regulates important cellular functions
such as cell proliferation, differentiation and apoptosis, and is
involved in tumorigenesis and drug resistance of NSCLC (Stewart,
2014). In erlotinib-resistant HCC827/ER cells, suppressing the
activation of the Wnt/β-catenin signaling can inhibit erlotinib
resistance and cell migration (Wang et al., 2020). At the same
time, EGFR mutations lead to nuclear accumulation of β-catenin,

FIGURE 7
FYLM combined with osimertinib regulated PRC1/Wnt pathway in EGFR-Del19/T790M/C797S LLC tumor-bearing mice. (A) Detection of β-catenin
expression in tumor tissues by immunohistochemistry. (B,D) PRC1, β-catenin, c-Myc and c-Jun proteins were detected by western blotting. (C,E–G)
Quantitative analysis of PRC1, β-catenin, c-Myc and c-Jun protein levels. **p < 0.01 and ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. Osi;
△p < 0.05 and △△△p < 0.001 vs. Osi + FYLM (24 g/kg). Osi, osimertinib. All data are shown as mean ± SD.
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which activates the conduction of the Wnt pathway. The Wnt
signaling pathway interacts with the EGFR signaling pathway to
jointly regulate EGFR-TKI resistance. In our study, we discovered
that FYLM not only decreased the PRC1 protein levels but also β-
catenin, c-Myc and c-Jun protein levels in xenograft models. All
of these results suggest that FYLM is associated with
downregulation of PRC1 and Wnt/β-catenin pathway
expression, reduced proliferation and increased apoptosis,

thereby delaying resistance to osimertinib in drug-resistant
cells and triple-mutant xenografts. Notably, FYLM can
sensitize resistance-mutant NSCLC to osimertinib by affecting
the PRC1/Wnt/EGFR pathway. However, this pathway may be
regulated by multiple factors, and our current research did not
carry out a retrospective experiment. In the next phase of
research, pathway inhibitors should be applied for further
validation. Another limitation of this study is that we only

FIGURE 8
FYLM combined with osimertinib regulated EGFR pathway in EGFR-Del19/T790M/C797S LLC tumor-bearing mice. (A,B) mRNA levels of EGFR and Akt
detected by real-time qPCR. (C) p-EGFR, EGFR, p-Akt and Akt proteins were detected bywestern blotting. (D–G)Quantitative analysis of p-EGFR/EGFR, EGFR,
p-Akt/Akt and Akt protein levels. *p < 0.05 vs. Control; #p < 0.05, ##p < 0.01 vs. Osi. Osi, osimertinib. All data are shown as mean ± SD.
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evaluated the safety of liver function and kidney function in
tumor-bearing mice, and further toxicity tests of FYLM still
need to be conducted.

5 Conclusion

In summary, our study confirmed that FYLM synergistically
reduces proliferation and increases apoptosis in EGFR mutant
NSCLC cells. The mechanism of FYLM alleviating drug resistance
may be related to reducing the expression of PRC1 and reducing the
expression ofWnt pathway-related proteins. Furthermore, FYLMmay
be a promising adjunctive drug for patients with EGFR-mutant
advanced NSCLC (Figure 9). The disadvantage of this study is that
it only studied the research of FYLM in the treatment of lung cancer,
and did not involve the research of FYLM in the treatment of other
types of cancer. In order to better develop the medicinal value of
FYLM, further research needs to be done.
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A small molecule inhibitor of
Notch1 modulates stemness and
suppresses breast cancer cell
growth
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Although breast cancer stem cells (BCSCs) are well characterized, molecularly
targeting and eradicating this sub-population remains a challenge in the clinic.
Recent studies have explored several signaling pathways that govern stem cell
activation: We and others established that the Notch1 signaling plays a significant
role in the proliferation, survival, and differentiation of BCSCs. Earlier, we reported
that a newly developed small molecule, ASR490, binds to the negative regulatory
region (NRR: The activation switch of the Notch receptor) of Notch1. In vitro
results demonstrated that ASR490 significantly inhibited BCSCs (ALDH+ and
CD44+/CD24–) and breast cancer (BC) growth at nM concentrations, and
subsequently inhibited the colony- and mammosphere-forming abilities of
BCSCs and BCs. ASR490 downregulated the expressions of
Notch1 intracellular domain (NICD: The active form of Notch1) and its
downstream effectors Hey1 and HES1. Inhibition of Notch1-NICD facilitated
autophagy-mediated growth inhibition by triggering the fusion of
autophagosome and autolysosome in BCSCs. ASR490 was found to be non-
toxic to healthy cells as compared to existing Notch1 inhibitors. Moreover, oral
administration of ASR490 abrogated BCSC and BC tumor growth in the in vivo
xenograft models. Together our results indicate that ASR490 is a potential
therapeutic agent that inhibits BC tumor growth by targeting and abolishing
Notch1 signaling in BCSCs and BC cells.

KEYWORDS

breast cancer, breast cancer stem cell (BCSC), ASR490, autophagy, NOTCH1

Introduction

Breast cancer stem cells (BCSCs) are a small population of cancer cells within breast
tumors that are characterized by their self-renewal ability and relative resistance to current
therapeutics (Al-Hajj et al., 2003). Furthermore, evidence suggests that BCSCs are not
eliminated during cancer treatment (Shafee et al., 2008; Abravanel et al., 2015), consequently
contributing to the development of therapeutic resistance and tumor recurrence in breast
cancer (BC) patients (Dandawate et al., 2016; Bai et al., 2018). Hence, despite advances in
early diagnosis and therapy (Harbeck et al., 2019), resistance and relapse of BC remain as
significant challenges, resulting in this malignancy being the most prevalent cause of cancer-
related deaths among women. Therefore, there is an urgent need to develop novel
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therapeutic strategies to target the signaling pathways responsible
for BCSCs and eradicate this subpopulation in BC patients.

The aberrant activation of Notch signaling has been shown to
play a significant role in BC progression by maintaining cancer stem
cells (Majumder et al., 2021; Ranganathan et al., 2011; D’Angelo
et al., 2015). Notch1 is predominantly active in BCSCs, and its
aberrant activation has been reported to enhance BCSCs metastatic
phenotype by promoting invasiveness and chemoresistance (Reedijk
et al., 2005; Phillips et al., 2006; Dickson et al., 2007; Sajithlal et al.,
2010; Zang et al., 2010; Krop et al., 2012; Bolos et al., 2013; Suman
et al., 2013; Kim et al., 2015; Li et al., 2015). Overexpression of
Notch1 has been correlated with a poor prognosis (Yuan et al., 2015)
and decreased overall recurrence-free survival (Abravanel et al.,
2015) in BC patients. Hence, Notch1 is an attractive target for
eradicating BCSCs, and several preclinical studies have confirmed its
potential role as a therapeutic target in cancer treatment.

Several strategies can target Notch1, including
Notch1 monoclonal antibodies, siRNA, natural products, γ-
secretase inhibitors, pan-Notch inhibitors, etc. (Sorrentino et al.,
2019). We and others have shown that inhibition of Notch1 in vitro
using either genetic or pharmacological approaches enhanced the
antitumor efficacy of chemotherapy agents by suppressing BCSCs
(Qiu et al., 2013; Suman et al., 2013; Cao et al., 2015; Zhou et al.,
2017). These studies suggest that targeting Notch1 signaling of
BCSCs could be an effective therapeutic strategy for eradicating
and preventing metastatic disease. However, to date, Notch1-
targeted therapies for BC have not advanced to clinical trials due
to their toxicity and anticancer efficiency. Therefore, it is imperative
to develop effective and safer Notch1-targeted treatments for BC
that selectively inhibit in a way distinct from currently known Notch
inhibitors to circumvent toxicity issues. Earlier, we reported the
potency of a non-toxic small molecule Notch1 inhibitor, ASR490, a
pyridine-2-carboxylic acid prodrug analog of Withaferin-A
developed in our laboratories based on structure-activity
relationship (SAR) studies on compounds generated by the
modifications of Withaferin A core structure, in downregulating
Notch1 expression and abrogating the growth of colon cancer cells
(Tyagi et al., 2020).

Here, we explored whether ASR490 inhibited BCSC growth in the
in vitro and in vivomodels and dissected its mechanism of action. Our
results suggested that ASR490 eradicated BCSCs and inhibited BC
growth in preclinical models. Furthermore, molecular studies revealed
that ASR490’s inhibition of Notch1 facilitated the induction of
autophagy signaling resulting in the suppression of BCSCs.

Materials and methods

Cell culture and reagents

Human mammary immortalized cells (MCF10A), and the
TNBC cell line MDA-MB-231 were purchased from American
Type Culture Collection. MCF10A cells were grown in a 1:
1 mixture of Dulbecco’s modified Eagle’s medium (DMEM) and
Ham’s F12 medium with 20 ng mL−1 human epidermal
growth factor, 100 ng mL−1 cholera toxin, 0.01 mg mL−1

bovine insulin, 500 ng mL−1 hydrocortisone, and 5% horse serum.
MDA-MB-231 cells were grown in DMEM containing L-glutamine

and sodium pyruvate, supplemented with 10% fetal bovine serum
and 1% antibiotic and antimycotic solution in a humidified
atmosphere of 5% CO2 at 37°C in an incubator. Human BCSC
cells: ALDH+ and CD44+/CD24−, and BC cells: ALDH- were
purchased from Celprogen (San Pedro, CA, United States) and
maintained in human BCSC expansion and undifferentiation media.
DAPT (γ-secretase), cycloheximide (CHX), chloroquine (CQ), and
MG132 were purchased from Sigma (St. Louis, MO).

Synthesis of ASR490
ASR490 was synthesized in our laboratory as reported

previously (Tyagi et al., 2020).

Cell viability assays
ALDH−, ALDH+, and CD44+/CD24− cells were first treated with

vehicle control (DMSO) or treatment (ASR490, DAPT, MG132, or
CQ) for prescribed doses and time points. Cell viability assays:
Alamar blue (Life Technologies Corporation Eugene, OR) and EdU
Cell Proliferation (using the EdU-Click 488 kit, cat# BCK-EdU488-
1, Sigma), were then performed per the manufacturer’s instructions.

Soft agar colony formation assay
Colony formation assays were performed to monitor anchorage-

independent growth using the CytoSelect 96-well in vitro Tumor
Sensitivity Assay kit (Cell Biolabs Inc., San Diego, CA,
United States). The assay was performed as described previously
(Suman et al., 2014).

Invasion assay
Invasion assays were performed and evaluated using Boyden

chambers equipped with polyethylene terephthalate membranes
with 8-mm pores (BD Biosciences, San Jose, CA, United States)
as described previously (Das et al., 2014).

Wound healing migration assay
Control and ASR490-treated ALDH−, ALDH+, and CD44+/

CD24− cells were cultured in six-well plates and subjected to
wound healing migration assays as described previously
(Chandrasekaran et al., 2017).

Mammosphere formation assay
The mammosphere formation ability of ALDH−, ALDH+, and

CD44+/CD24− cells was determined by culturing the cells with
MammoCult basal medium (StemCell Technologies) in ultra-low
attachment plates (Corning, Acton, MA, United States). The cells
were treated with either vehicle or ASR490 and allowed to form
spheroids for 2–3 weeks. After the first-generation mammospheres
were counted, the vehicle and ASR490 treated mammospheres were
resuspended as single-cell suspensions, measured, and re-cultured
without treatment to determine their second-generation
mammosphere formation ability. The spheres formed after
3 weeks were counted, resuspended, and cultured for a third
generation without treatment to determine their third generation
mammosphere formation ability.

Immunofluorescence and microscopy
Immunofluorescence assays were performed to determine the

Notch1 expression of the vehicle and ASR490-treated first, second,
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and third-generation spheres as per the protocol described earlier
(Suman et al., 2014). The spheres were imaged using a KEYENCE
fluorescence microscope (BZ-X800/BZ-X810).

Apoptosis assay
Quantification of apoptosis was performed using the Annexin

V-FITC apoptosis kit (BD Pharmingen, San Diego, CA,
United States). After treatment with vehicle or ASR490 for
24 and 48 h, the ALDH−, ALDH+, and CD44+/CD24− cells were
suspended in 500 µL of binding buffer and stained with 5 mL of
FITC-Annexin-V and 5 mL of propidium iodide for 15 min in the
dark at room-temperature before being analyzed using a flow
cytometer (Pal et al., 2018).

Transfection
ALDH+ cells were transfected as per the protocol described

elsewhere (Banks et al., 1985) with 20 nM of scrambled (SCR) or
siRNA (siNOTCH1) obtained from OriGene Technologies Inc. (cat#:
SR321124). Transfected cells were harvested after 48 h and used for cell
proliferation, colony formation, and mammosphere assays following
treatment with vehicle or ASR490. ALDH− cells were transfected with
500 ng plasmid concentration of pCMV6-NOTCH1 and vector
pCMV6-Entry [NOTCH1 (NM_017617) Human ORF Clone]
obtained from OriGene Technologies Inc. The cells were then
harvested following treatment with vehicle or ASR490. Whole-cell
lysates of transfected ALDH+ and ALDH− were also prepared for
Western blot analysis following treatment with vehicle or ASR490.

Proteasome activity
The proteasome activity of vehicle and ASR490-treated ALDH+

cells wasmeasured using a proteasome activity assay kit (BioVision) per
the manufacturer’s protocol. MG132 was used as the positive control.

RNA isolation, cDNA library construction, and RNA
sequencing

Total RNA was isolated from ALDH+ and ALDH− cells treated
for 6 and 12 h with either vehicle or ASR490 using TRIzol (Thermo
Fisher Scientific, Waltham, MA, United States). The quantity and
quality of RNA were assessed using a NanoDrop™
spectrophotometer (Fisher Scientific). The cDNA library was
prepared according to the manufacturer’s instructions using
Novogene Bioinformatics Technologies (Beijing, China) and a
NEBNext Ultra TM RNA library kit for Illumina (New England
Biolabs, Ipswich, MA, United States) by Novogene Bioinformatics
Technologies Co. Ltd. The amplified cDNA library was then purified
using the AMPure XP system (Beckman Coulter, Brea, CA,
United States). The library quality was evaluated using the
Agilent bioanalyzer 2,100 system. Finally, the enriched product
was sequenced using the Illumina HiSeq 2,000/2,500 platform,
and paired ends were generated. The raw data was analyzed and
differential expression analysis was performed using the previously
described method (Shukla et al., 2022).

Functional enrichment analysis
Gene set enrichment analysis (GSEA) was performed using

GSEA software version 4.2.2 (16199517). Volcano plots were
generated by SRplot (https://www.bioinformatics.com.cn/en), a
free online platform for data analysis and visualization while

ShinyGO was used to predict Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways (Ge et al., 2020). Gene ontology (GO)
analysis was performed by PANTHER (Mi et al., 2019).

Western blotting and immunoprecipitation (IP)
Cell lysates of ALDH−, ALDH+, and CD44+/CD24− cells

following treatment with vehicle and treatment (ASR490, DAPT,
MG132, CHX, or CQ) for prescribed doses and time points, were
prepared with RIPA buffer (Thermo Scientific, Rockford, IL,
United States) per the manufacturer’s protocol. Western blotting
was performed using specific antibodies against Notch1 (CST,
#3608), HES1 (Sigma, #SAB2108472), Hey1 (Proteintech,
#19929-1-AP), NFκB p65 (CST, #8242), Bcl-2 (CST, #15071),
Bcl-xL (CST, #2764), Vimentin (CST, #46173), Slug (CST,
#9585), E-Cadherin (CST, #3195), β-catenin (CST, #8480),
Ubiquitin (CST, #3933), Cleaved-PARP (CST, #5625), Cleaved-
caspase-9 (CST, #20750), BAX (CST, #41162), Notch2 (CST,
#D76A6), Lamp1 (CST, #9091), and LC3B (Proteintech, #14600-
1-AP). β-Actin (CST, #4970) was used as the loading control.
Protein bands were visualized using the Bio-Rad ChemiDocTM
imaging system. For IP experiments, protein samples were
immunoprecipitated with Notch1 antibody as per the protocol
described elsewhere (Chandrasekaran et al., 2020), and Western
blots were performed with ubiquitin antibody.

Xenograft studies
The in vivo efficiency of ASR490 in abrogating ALDH+ and

ALDH− tumorigenesis was evaluated by subcutaneously injecting
each cell type (ALDH+: 0.5 × 106 cells and ALDH−: 0.8 × 106 cells)
into female athymic mice (The Jackson Laboratory). ASR490 was
dissolved in DMSO and then diluted in PBS by sonication to create a
0.1% solution. Once the tumors were approximately ~50 mm3, the
mice bearing ALDH+ and ALDH− tumors were randomized into the
vehicle (0.1% DMSO in PBS) and treatment (25 mg/kg, ASR490)
groups (n = 6). ASR490 was administered orally for 7 days over
4 weeks. The mice were monitored daily, and tumor volumes and
body weight were measured weekly. After 4 weeks of treatment, all
mice were euthanized by CO2 asphyxiation, and the xenograft
tumors were collected for immunohistochemical analyses. All
experimental animals were approved by the University of
Louisville’s ethical committee and maintained by the Institutional
Animal Care and Use Committee-approved protocols.

Immunohistochemistry (IHC) analysis
Tumor specimens from the vehicle and ASR490-treated ALDH+

and ALDH− xenografts were fixed in 10% formalin and processed for
IHC analysis per the protocol previously described (Chandrasekaran
et al., 2020). IHC analyses were performed for Notch1, HES1, and
Ki67 expression, and images (40x) were captured using an Olympus
BX43 microscope (Olympus America, Center Valley, PA).

Statistical analysis
Statistical analyses were performed using GraphPad Prism

8.0 software (GraphPad Software Inc., La Jolla, CA,
United States). Values were presented as mean ± SD. One-way or
two-way ANOVA and unpaired two-tailed Student’s t-tests were
performed to determine the significance between groups. A p-value
of < 0.05 was considered statistically significant.
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Results

ASR490 inhibits the growth of BCSCs and BC

ALDH+ and CD44+/CD24− are reported to be the top two
markers enriched in BCSC populations (Douville et al., 2009;
Charafe-Jauffret et al., 2010) which exhibit elevated
Notch1 activity, and consequently, higher tumorigenic
capability (D’Angelo et al., 2015; Ginestier et al., 2007). To
determine ASR490’s inhibitory function, we performed two
cell proliferation assays on the ALDH−, ALDH+, and CD44+/
CD24− cells. Cell viability assays demonstrated that
ASR490 effectively inhibited the viability of all three cell types,
though its effects on Notch1-positive BCSCs (ALDH+: IC50:
770 nM at 24 h, and 443 nM at 48 h; and CD44+/CD24−: IC50:
800 nM at 24 h, and 541 nM at 48 h) was more profound than its

effect on ALDH− BC cells (IC50: 1.6 μM at 24 h and 836 nM at
48 h) (Figures 1A, B). Similar results were confirmed by EdU-
proliferation analyses on all three cell types (Figure 1C). Next, we
determined if ASR490 could inhibit the anchorage-independent
growth of ALDH−, ALDH+, and CD44+/CD24− cells. As seen in
Figure 1D, vehicle-treated ALDH+ and CD44+/CD24− cells
showed a higher number of <0.2, >0.2, and 1.2 micron-sized
colonies compared to vehicle-treated ALDH− cells; however,
treatment with ASR490 significantly suppressed the colony-
formation ability of ALDH+ and CD44+/CD24− cells as
compared to their respective vehicle-treated controls. Similar
results were seen in ALDH− BC cells.

Next, we performed transcriptomic analysis to determine the
possible mechanistic action of ASR490 on the stem cells. GSEA of
vehicle control treated ALDH+ and ALDH− cells revealed a
significant enrichment of genes involved in the mammary stem

FIGURE 1
ASR490 suppresses the growth of ALDH−, ALDH+, and CD44+/CD24− (A, B). MTT cell viability assays performed on ALDH−, ALDH+, and CD44+/
CD24− cells following treatment with various concentrations of ASR490 (0, 0.250, 0.500, 0.750, 1, 2, and 4 µM) for 24 (A) and 48 h (B) (n = 6). (C)
Representative images of EdU cell proliferation assay performed on vehicle and ASR490-treated ALDH−, ALDH+, and CD44+/CD24− cells. Data were
quantified by counting the cells demonstrating EdU (5-ethynyl-2′-deoxyuridine) expression per treatment group for each cell type using Image J
software (n = 4, *** p < 0.001 and **** p < 0.0001). p values are based on two-way ANOVA with the post hoc Sidak test. (D) Colony-forming assay of the
vehicle and ASR490-treated ALDH−, ALDH+, and CD44+/CD24− cells (n = 6; *** p < 0.006 and **** p < 0.0001). p values are based on one-way ANOVA
with a post hoc LSD test. (E) GSEA analyses of RNAseq data showing enrichment of genes in stem cell, EMT, metastasis signaling pathways in ALDH+ vs.
ALDH− cells (n = 4).
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cells and their related signaling pathways (epithelial-
mesenchymal transition (EMT) and migration) in the ALDH+

cells compared to the ALDH− cells. (Figure 1E). In contrast,
ASR490-treated ALDH+ cells showed significant downregulation
of stem cell signaling compared to their ALDH− counterparts
(Figure 1E). We also performed a volcano plot-based filtering
analysis to identify genes with significantly differential expression
among these groups (Supplementary Figure S1). Further, KEGG
analysis revealed that ASR490 inhibited Notch-mediated
proliferation and EMT signaling in ALDH+ cells
(Supplementary Figure S2).

ASR490 specifically inhibits Notch1-NICD
signaling in ALDH+ and CD44+/CD24− cells

Based on the GSEA analyses, we first validated the
Notch1 targets in ASR490-treated ALDH−, ALDH+, and CD44+/
CD24− cells. Figures 2A–F show a dose and time-dependent
downregulation of Notch1-NICD (the active form of Notch1)
and its downstream effectors HES1 and Hey1 in all three cell
types. Interestingly, the basal expression of Notch-1 in ALDH+

and CD44+/CD24− BCSCs was significantly higher when
compared to the ALDH− BC cells. As one of stem cell

FIGURE 2
ASR490 mediates its effect by specifically inhibiting Notch1-NICD signaling and self-renewal capacity. (A–F) Western blots for Notch1-NICD (the
active form of Notch1), HES1, and Hey1 expression to assess the dose- (A–C) and time-dependent (D–F) effects of ASR490 on ALDH−, ALDH+, and
CD44+/CD24− cells. (G) Representative brightfield and immunofluorescent images of Notch1-NICD (active form of Notch1) expression in vehicle and
ASR490-treated first-generation mammospheres of ALDH−, ALDH+ and CD44+/CD24− cells. The number of spheroids per group and cell type were
quantified and presented graphically (n = 4, * p < 0.02 and **** p < 0.0001). (H) Immunofluorescent images of Notch1-NICD expression and number of
spheroids quantified for second generation of serially passaged first-generation vehicle and ASR490-treated ALDH−, ALDH+, and CD44+/CD24−

mammospheres (n = 4, ** p < 0.007 and **** p < 0.0001), (I) Third generation of serially passaged second-generation spheroids. (n = 4, *, p < 0.02 and
****, p < 0.0001). Second and third-generation cells were not subjected to ASR490 treatment. p values are based on one-way ANOVA with post hoc
Dunnett’s test.
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characteristics is the formation of mammospheres, we next
determined whether inhibition of Notch1 affected the self-
renewal properties of the BCSCs. Both vehicle-treated ALDH+

and CD44+/CD24− cells significantly developed more prominent
and numerous spheroids than their ALDH− counterparts
(Figure 2G). As expected, ASR490 treatment resulted in a
dramatic decrease in the number and size of spheroids in all
three cell types, albeit its effect was significantly more profound

in the ALDH+ and CD44+/CD24− cells. We then performed
immunofluorescence for Notch1 expression in vehicle and
ASR490-treated spheres to determine whether ASR490’s
inhibitory effects were mediated via its suppression of
Notch1 expression in these cells. As expected, vehicle treated
BCSCs (ALDH+ and CD44+/CD24−) were found to express
significantly higher Notch1 expression as compared to ALDH−

BC cells, and the significantly decreased size and number of

FIGURE 3
Pharmacological and genetic approaches to inhibit Notch1 signaling in BCSCs. (A)MTT cell viability assay performed on ALDH+ and CD44+/CD24−

cells following treatment with various concentrations of DAPT (0, 0.500, 1, 10, 100, and 300 µM) for 24 h (n = 6). (B)Colony-forming assay of vehicle and
DAPT-treated ALDH+ and CD44+/CD24− cells (n = 6; **** p < 0.0001). (C, D) Western blots for Notch1-NICD (the active form of Notch1), HES1 and
Hey1 and Notch2 of vehicle, ASR490 and DAPT-treated ALDH+ (C) and CD44+/CD24− (D) cells. (E) Mammosphere assay performed for vehicle,
ASR490, and DAPT-treated ALDH+ and CD44+/CD24− cells (n = 4, * p < 0.02 and *** p < 0.007). p values are based on one-way ANOVA with a post hoc
LSD test. (F) MTT cell viability assay performed on MCF10A cells following treatment with various concentrations (0, 0.500, 0.750, 1, 10, 50, 100, and
300 µM) of ASR490 and DAPT for 24 h (n = 6). (G) Cell viability and (H) colony forming assays for vehicle and ASR490 treated non-transfected, SCR-
siRNA, and Notch1-siRNA transfected ALDH+ cells for 24 h (n = 6; * p < 0.01, ** p < 0.008, and **** p < 0.0001). p values are based on one-way ANOVA
with a post hoc LSD test. (I)Western blots for Notch-NICD and HES-1 expressionwere performed on vehicle or ASR490 treated SCR-siRNA, and Notch1-
siRNA transfected ALDH+ cells. (J) Mammospheres assay performed for vehicle and ASR490 treated SCR-siRNA, and Notch1-siRNA transfected ALDH+

cells (n = 6; *** p < 0.001). p values are based on one-way ANOVA with a post hoc LSD test.
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spheroids in the treatment group was found to be directly correlated
with ASR490’s inhibition of Notch1 in all three cell types
(Figure 2G).

To evaluate the potency of ASR490, these first-generation
mammospheres were passaged for two more consecutive
generations, though the second and third-generation
spheroids were not exposed to ASR490 treatment. Analyses of
the second and third-generation mammospheres revealed that
ASR490 seemed to exert a prolonged effect on these cells,
i.e., despite the two latter generations not being subjected to
additional ASR490 treatment, the spheroids formed by the
treatment groups continued to express significantly lower
levels of Notch1, and consequently, formed smaller spheroids
than their predecessors (Figures 2H, I; Supplementary Figure
S3). This was in complete contrast to the vehicle-treated
cells, which showed elevated Notch1 expression and larger
spheroids.

To confirm ASR490’s specificity in targeting Notch1, we
compared its efficacy with a known pharmacological Notch
inhibitor, DAPT (a γ-secretase), and by genetic inhibition (using
siRNA for Notch1). Cell viability assays demonstrated that DAPT
inhibited the growth of ALDH+ and CD44+/CD24− in the μM range
(IC50: ALDH

+: 81 µM and CD44+/CD24−:135 µM), underscoring the
higher comparative potency of ASR490 in nM concentrations
against Notch1-dependent cell growth (Figure 3A). DAPT was
also found to inhibit the colony-forming abilities of ALDH+ and
CD44+/CD24− cells (Figure 3B). Subsequent immunoblotting
analyses revealed that in contrast to DAPT, ASR490 specifically
only inhibited Notch1 and its downstream effector, HES-1, and did
not affect the expression of Notch2 in ALDH+ and CD44+/CD24−

(Figures 3C, D). Further, head-to-head comparison of ASR490 and
DAPT in mammospheres assays demonstrated that ASR490 was
more effective than DAPT at curtailing the self-renewal capacity of
the BCSCs (Figure 3E).

FIGURE 4
Molecular signaling responsible for NICD downregulation in ASR490 treated in ALDH− and ALDH+ cells. (A, B)Western blots performed for Notch1-
NICD expression in ALDH− and ALDH+ cells treated with ASR490, CHX (50 µM), or combinations at the indicated time points. (C) Proteasome activity
measured for ALDH+ cells treated with ASR490 at the indicated time points. (D, E)Western blots showing Notch1-NICD expression in ALDH− and ALDH+

cells treatedwith ASR490, MG132 (10 µM), or combinations at the indicated time points. (F)MTT cell viability assays performed on ALDH− and ALDH+

following treatment with ASR490, MG132, or combinations (n = 6; **** p < 0.0001). p values are based on one-way ANOVA with a post hoc LSD test. (G,
H)Western blots for ubiquitin protein expression performed for ASR490-treated ALDH− and ALDH+ cells. MG132 was used as a positive control. (I) GSEA
of RNA-seq data demonstrating alterations in ubiquitin signaling in ASR490-treated ALDH+ and ALDH− cells.
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Finally, the IC50 concentration at which DAPT mediated its
inhibitory effect on BCSCs was found to be toxic to healthy breast
epithelial cells (MCF10A) as compared with ASR490 (Figure 3F).

Similar approaches were executed using SCR and
Notch1 siRNA transfected ALDH+ to examine their cell
viability, Notch1(NICD) and HES1 protein expressions, as
well as colony- and mammosphere formation abilities
following treatment with vehicle or ASR490. Results
demonstrated that siNOTCH1-transfected cells showed
significantly reduced cell viability and colony-forming

abilities as compared to SCR-siRNA transfected ALDH+ cells.
Interestingly, treatment with ASR490 further inhibited the
growth of the siNOTCH1-transfected ALDH+ cells (Figures
3G, H). Similarly, while siNOTCH1-transfected ALDH+ cells
demonstrated decreased Notch1-NICD and HES1 expression
levels compared to SCR-siRNA-transfected cells (Figure 3I),
ASR490 treatment further inhibited Notch1 signaling in these
cells. Finally, mammosphere assays demonstrated that the
spheroids formed by siNOTCH1-transfected cells were
smaller than those of scrambled transfected cells (Figure 3J),

FIGURE 5
ASR490 abrogates both breast cancer and BCSC growth by activating autophagy pathways. (A, B) Western blots for Notch1-NICD expression in
ALDH− and ALDH+ cells treated with ASR490, CQ (50 µM), or combinations at the indicated time points. (C)MTT cell viability assays performed on ALDH−

and ALDH+ following treatment with ASR490, CQ, or combinations. (n = 6; **** p < 0.0001). p values are based on one-way ANOVA with the post hoc
Tukey test. (D) GSEA of RNA-seq data demonstrating downregulation in autophagy-regulated genes in ASR490-treated ALDH+ and ALDH− cells.
(E–J). Western blots showing time- (E–G) and dose-dependent (H–J) effects of ASR490 treatment on autophagy markers Lamp1 and LC3B in ALDH−,
ALDH+, and CD44+/CD24− cells.
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suggesting that Notch1 is an essential target for inhibiting BCSC
growth.

Inhibition of Notch1 facilitates autophagy-
mediated cell death in ASR490-treated
BCSCs

Interestingly, in this study, no significant changes in
Notch1 expression was observed from our transcriptomic analysis
of ASR490-treated BCSCs (data not shown). So, we postulated that
ASR490 might post-translationally regulate Notch1 in BCSCs. To
corroborate this, ALDH+ and ALDH− cells were treated with protein
synthesis inhibitor CHX in the presence and absence of ASR490.
While reduced Notch-NICD expression was observed in both
ALDH+ and ALDH− cells at 24 h in the CHX-alone treated
group, the combination of ASR490 + CHX resulted in
significantly greater suppression of Notch-NICD levels in both
cell types (Figures 4A, B), suggesting that ASR490 may mediate
its inhibitory effects through Notch1-NICD degradation.

As several studies have reported that Notch1 degradation can
occur either via the ubiquitin-proteasome or lysosome pathways
(Jehn et al., 2002; McGill and McGlade, 2003; Ahn et al., 2016; Wu
et al., 2016). We first analyzed the possibility of ASR490 being

another proteasome inhibitor like MG132 by measuring proteasome
activity using a chymotrypsin-like compound with a 7-amido-4-
methyl coumarin (AMC)-tagged peptide substrate induction of
proteasome activity in ALDH+ cells. Commercially available
positive and negative controls were used for these experiments.
Induction of proteasome activity was measured at different time
points, and no significant changes were noted until 12 h in ASR490-
treated ALDH+ cells (Figure 4C). This suggests that ASR490 was not
a proteasomal inhibitor. To further verify whether
ASR490 mediates its effects via the proteasomal pathway, we
performed cell viability and immunoblot analyses of vehicle and
ASR490 treated ALDH+ and ALDH− in the presence and absence
of MG132 (10 µM). Results demonstrated that MG132 could not
rescue ASR490-mediated inhibition of Notch1-NICD expression
in both cell types (Figures 4D–F). Further, we analyzed the
ubiquitin expression in ASR490-treated cells and found no
significant induction of ubiquitin in either cell type following
12 and 24 h of treatment with ASR490 (Figures 4G, H). GSEA
analysis of ASR490-treated cells demonstrated that
ASR490 downregulated ubiquitin signaling in ALDH− cells but
not in ALDH+ cells (Figure 4I; Supplementary Figure S4).

In contrast, Western blots for Notch1-NICD and viability
assays demonstrated that treatment with lysosome inhibitor (CQ)
rescued NICD expression in ASR490 treated ALDH+ and ALDH−

FIGURE 6
Notch-1 regulates autophagy in BCSC and BC cells. (A) Representative images of immunofluorescence analyses for LC3B punctae in vehicle and
ASR490 treated ALDH−, ALDH+, and CD44+/CD24− cells. (B, C)Western blots for Lamp1 and LC3B expression in vehicle and ASR490-treated pCMV- and
Notch1-transfected ALDH− cells (B) and SCR-siRNA, and Notch1-siRNA transfected ALDH+ cells (C). (D,E)Western blots analysis of Notch1-NICD, Lamp-
1, and LC3B for vehicle, ASR490, and DAPT-treated ALDH+ and CD44+/CD24− cells.
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cells, signifying the possible involvement of lysosome signaling in
ASR490-mediated NICD degradation (Figures 5A–C). GSEA
analysis suggested significant enrichment of autophagy
regulatory genes in ASR490-treated ALDH+ and ALDH− cells
(Figure 5D). This was further corroborated by Western blots that
demonstrated a significant time- and dose-dependent
upregulation of autophagy markers Lamp1 and LC3B in
ASR490-treated BCSCs and BC cells (Figures 5E–J).
Immunofluorescence analysis showed a significant
accumulation of LC3B puncta, indicative of autophagy
involvement, in ASR490 treated BCSCs and BC cells
(Figure 6A). To demonstrate that Notch1 mediates autophagy
signaling, we first overexpressed Notch1 in ALDH− cells,
inhibiting endogenous and ASR490-induced LAMP1 and LC3B
expressions (Figure 6B), suggesting that Notch1 activation
impairs autophagy signaling in BC cells. Next, to confirm that
Notch1 regulates autophagy signaling, we silenced
Notch1 expression using siRNA Notch1 in ALDH+ cells and

showed that inhibition of Notch1 reverts both LAMP1 and
LC3B expression (Figure 6C). Inhibition of Notch1 using
pharmacological Notch1 inhibitors also facilitated the
induction of autophagy markers in BCSCs (Figures 6D, E),
confirming the molecular interaction between Notch1 and
autophagy signaling in BCSCs.

ASR490 inhibits the proliferation, invasive
and migratory abilities of BCSCs and BC

Invasion and wound healingmigration assays demonstrated that
treatment with ASR490 significantly inhibited the invasive and
migratory potential of both BCSCs and BC cells (Figures 7A, B),
albeit ASR490’s effect was more profound on the BCSCs (ALDH+

and CD44+/CD22− than the BC (ALDH−) cells. In addition,
assessment of the expressions of essential EMT genes
demonstrated a time-dependent increase of epithelial marker

FIGURE 7
ASR490 inhibits the invasive and migratory abilities of BC and BCSCs. (A) Boyden chamber invasion assay was used to assess the time-dependent
effects of ASR490 on the invasive ability of ALDH−, ALDH+, and CD44+/CD24− cells (n = 3, **** p < 0.0001). (B) Time-dependent effects of ASR490 on the
migratory abilities of ALDH−, ALDH+ and CD44+/CD24− cells were assessed using a scratch wound assay (n = 3, * p < 0.03, ** p < 0.007 and **** p <
0.0001). p values are based on one-way ANOVA with post hoc Tukey’s test. (C–E) Western blots showing time-dependent effects of
ASR490 treatment on EMT markers (E-Cadherin, β-Catenin, Slug, and Vimentin) in ALDH−, ALDH+, and CD44+/CD24− cells. (F) GSEA of RNA-seq data
demonstrating downregulation of EMT-regulated genes in ASR490-treated ALDH− and ALDH+ cells.
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E-cadherin and decrease of mesenchymal markers β-catenin, Slug,
and Vimentin in ASR490 treated BCSCs and BC cells (Figures
7C–E). This was further corroborated by GSEA results which
demonstrated a significant decline in EMT-enriched genes in
ASR490-treated cells compared to the enrichment of EMT and
metastasis genes in control cells (Figure 7F).

GSEA analyses also revealed that treatmentwithASR490 also curbed
the proliferative ability of both BCSCs and BC cells as evident by the
decreased enrichment of proliferation genes in treated cells vs. control
cells (Figure 8A). This was also confirmed by Western blots
demonstrating a time-dependent downregulation of pro-survival
genes (NFκB [p65], Bcl2, and BCL-xL) in ASR490-treated BCSCs
and BC cells (Figures 8B–D). While both GSEA analysis (Figure 8E)
and Western blots (Figures 8F–H) for apoptotic markers (Cleaved

Caspase-9, cleaved-PARP, and BAX) demonstrated a time-dependent
upregulation of apoptosis in ASR490 treated cells. Subsequent FACS
analysis revealed that this induction was not significant (Figure 8I).

ASR490 abrogates in vivo growth of both
ALDH+ and ALDH− tumors

Next, the anticancer effect of ASR490 was evaluated in vivo using
ALDH+ and ALDH− xenografted mice. Oral administration of
ASR490 significantly reduced the tumor burden of both ALDH+ and
ALDH− xenografted mice (Figure 9), although its effect was more
profound in the ALDH+ group (Figure 9A). The weight of ASR490-
treated tumors was also lower than that of the vehicle-treated tumors

FIGURE 8
ASR490 inhibits the pro-survival signaling of BCSCs. (A) GSEA of RNA-seq data demonstrating alterations in proliferation signaling pathways in
ASR490-treated ALDH− and ALDH+ cells. (B–D)Western blots showing time-dependent effects of ASR490 treatment on pro-survival markers NFkB p65,
Bcl2, and Bcl-XL expression in ALDH−, ALDH+, and CD44+/CD24− cells. (E) GSEA of RNA-seq data demonstrating alterations in proapoptotic signaling in
ASR490-treated ALDH− and ALDH+. (F–H). Western blots showing time-dependent effects of ASR490 treatment on the proapoptotic markers
Cleaved-PARP, Cleaved-Caspase 9, and BAX in ALDH−, ALDH+, and CD44+/CD24− cells. (I) FACS analyses (Annexin V–FITC and PI staining) performed for
vehicle and ASR490-treated ALDH−, ALDH+, and CD44+/CD24− cells.
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(Figure 9B). Assessment of ASR490 treatment on Notch1 signaling in
tumor tissue lysates showed significantly decreased Notch1-NICD and
HES1 protein expression in the ASR490-treated groups compared to the
vehicle-treated groups (Figure 9C). This finding was corroborated by
IHC analyses, which showed significant downregulation of NICD, Hes1,
and Ki67 (proliferation marker) expressions in the ASR490-treated
tumors (Figure 9D).

Discussion

This study provides evidence that the newly developed potent
small molecule, ASR490, explicitly suppresses Notch1 expression in

BCSCs and BC by inhibiting cell proliferation and tumor growth in
both in vitro and in vivo models. For more than twodecades, there
has been a growing interest in targeting Notch1 signaling, resulting
in the development of several approaches to inhibit Notch1 signaling
in preclinical models. In fact, to date, almost all Notch1 inhibitors
have largely failed in their clinical management due to
gastrointestinal toxicities, non-selective Notch inhibition, and
effective therapeutic doses to curb tumor growth (Imbimbo,
2008; Wu et al., 2010).

Our newly developed molecule, ASR490, is a selective
Notch1 inhibitor that attenuates tumor growth in BCSC and BC
models. ASR490 differs from existing Notch1 inhibitors due to its
specificity towards NRR, oral bioavailability, and non-toxicity to

FIGURE 9
ASR490 reduces the tumor burden of xenotransplanted breast tumors. (A) Oral administration of ASR490 (25 mg/kg) significantly inhibited the
growth of ALDH− and ALDH+ xenotransplanted tumors (n= 6, *p < 0.01, ***p < 0.001). (B) Tumorweight of vehicle and ASR490 treated ALDH− and ALDH+

tumors. (C) Western blots performed for Notch1-NICD and HES1 on vehicle and ASR490-treated ALDH− and ALDH+ tumors. (D) IHC analyses was
performed on vehicle and ASR490-treated ALDH− and ALDH+ tumors to evaluate the expressions of Notch1-NICD, HES1, and Ki67 (proliferation
marker). p values were calculated using a two-sided Student’s t-test.

Frontiers in Pharmacology frontiersin.org12

Saran et al. 10.3389/fphar.2023.1150774

171

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1150774


normal breast cells. Our dose and time-dependent analyses
demonstrated that ASR490 inhibited Notch1 activity in both
BCSCs (ALDH+ and CD44+/CD24−) and BC (ALDH−) cells. In
addition, we observed that ASR490’s effects were more prominent in
cells expressing higher levels of Notch1 (i.e., ALDH+ and
CD44+CD24−) than in lower-Notch1-expressing ALDH− cells. We
also demonstrated that this inhibitor specifically inhibited
Notch1 expression without affecting the expression of Notch2, in
contrast to the pan-Notch inhibitor DAPT and minimal or no
toxicity was observed following treatment with ASR490 in both
in vitro and in vivomodels. Remarkably, serial passaging of ASR490-
treated BCSCs and BC cells demonstrated that ASR490 has long-
term effects on these cells, as evidenced by the diminished spheroid
forming ability that was carried over for at least two successive
generations.

The presence of both ALDH+ and CD44+CD24− populations
have been previously correlated with a poor prognosis of BC patients
(Ginestier et al., 2007; Ohi et al., 2011) and were showed to be able to
induce lungmetastasis (Sheridan et al., 2006). Moreover, others have
shown that chemotherapy can enrich ALDH + populations within
tumors, making them more resistant (Tanei et al., 2009).
Interestingly, recent studies have suggested a role for Notch1 in
drug-resistant BCSCs where exposure to chemo- and anti-hormonal
therapies result in the enrichment of drug-resistant ALDH+ BCSCs
(Osipo et al., 2008; Suman et al., 2013; Baker et al., 2018). These
results along with the well-established oncogenic role of Notch1 in
BC (Reedijk et al., 2005; Hu et al., 2006; Mohammadi-Yeganeh et al.,
2015), where its increased expression has been shown to enhance
metastatic phenotype (Zang et al., 2010; Li et al., 2015), suggests that
inhibition of Notch1 could eliminate BCSCs and increase drug
sensitivity. Our results indicate that ASR490 is a potent
compound that can overcome Notch1 mediated BCSCs
accumulation and resistance in BC.

In our studies, ASR490’s inhibition of Notch1 facilitated
autophagy-mediated cell death in both BCSC and BC cells.
The autophagy function is highly context-dependent (Chavez-
Dominguez et al., 2020). For example, inhibition of Notch1 in
glioblastoma cell lines induced the oncogenic function of
autophagy; however, in combination with γ-secretase inhibitor
RO4929097 (GSI) and a natural compound, Resveratrol, resulted
in the accumulation of autophagosomes and subsequent growth
inhibition by inducing apoptosis (Giordano et al., 2021). Whereas
in lung cancer models, the induction of autophagy resulted in the
downregulation of NICD expression and the eventual inhibition
of EMT signaling (Zada et al., 2022). Our results suggest that
Notch1 regulates the pro-apoptotic function of autophagy.
Silencing of Notch1 in ALDH+ cells induced autophagy
signaling, while in contrast overexpression of Notch1 blocked
ASR490-mediated autophagy, suggesting that Notch1 regulates
autophagy function in BCSC cells.

Moreover, autophagy has been implicated to play a critical role
specifically in BCSCs populations. For example, the impairment of
autophagy has been shown to affect the maintenance of BCSCs by
limiting EMT and the CD44+/CD24− phenotype (Cufi et al., 2011).
Analysis of the mechanism of action revealed that ASR490mediated its
effects by suppressing Notch1-induced EMT signaling in BCSCs and
BC cells. The loss of E-cadherin and the upregulation of β-catenin
expression is a classical molecular switch for EMT that initiates the loss

of apical polarity by altering cytoskeleton organization and leads to
spindle-shaped morphologic features (Leong et al., 2007;
Gangopadhyay et al., 2013). We found that induction of E-cadherin
and inhibition of β-catenin expression in ASR490-treated BCSCs and
BC cells suggest the abrogation of this EMT phenomenon by ASR490.
Activation of the pro-survival transcription factor NFκB (p65) is
involved in EMT induction (Thiery et al., 2009) and is a crucial
activator of BCSCs (Liu et al., 2010). Our results showed that
ASR490 inhibited p65 expression as well as the expression its
downstream targets Bcl-2 and BCL-xL in both BCSCs and BC cells.

ASR490 is an orally available potent inhibitor of Notch1-mediated
activation that significantly abrogates the growth of BCSC and BC
tumors. Moreover, the maximum tolerated dose of ASR490 was
found to be 500 mg/kg (data not shown), which is approximately
20 times more than the dose used in our current study, indicative of
ASR490’s high therapeutic index. Therefore, with its potent activity and
lack of apparent toxicity, ASR490 provides the necessary selectivity and
therapeutic window for cancer therapeutics targeting the
Notch1 pathway and selectively inhibiting BCSC populations within
tumors.

In conclusion, our results demonstrate a novel therapeutic
strategy for BCSCs specifically for TNBC, by inhibiting
Notch1 signaling, which curtails self-renewal and tumorigenicity.
Also, the inhibition of Notch1 facilitates autophagy signaling, which
resulted in the inhibition of EMT, and survival signaling to eradicate
tumor growth. Hence, our small molecule ASR490 is a promising
therapeutic agent, and the inhibition of Notch1 is an ideal strategy
for BCSC and BC.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was reviewed and approved by the
University of Louisville’s Ethical Committee and maintained
by the Institutional Animal Care and Use Committee-
approved protocols.

Author contributions

Conceptualization, CD and AKS; methodology, CD, AKS, US,
BC, VS, and AT; formal analysis, US, BC, VS, and AT; investigation,
US, BC, AT, and AS; resources, CD and AKS, and writing—original
draft, US, BC, AT, and CD; supervision, CD and AKS.

Conflict of interest

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

Frontiers in Pharmacology frontiersin.org13

Saran et al. 10.3389/fphar.2023.1150774

172

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1150774


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1150774/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Volcano plot analyses of differentially expressed genes between ALDH−

treatment vs control, ALDH+ treatment vs. control, and ALDH+ vs. ALDH− is

plotted on the X axis, and the False Discovery Rate (FDR) significance is
plotted on the Y axis (−log10 scale). The grey dots represent no significant
change, red dots represent logFC of >1.5 and FDR < 0.05 and blue represent
logFC < −1.5 and FDR <0.05.

SUPPLEMENTARY FIGURE S2
KEGG pathway for differential expressed genes based on RNA-seq data for
ALDH− treatment vs. control, ALDH+ treatment vs. control and ALDH+

against ALDH−. Each bubble’s color and size correspond to the amount of
differentially expressed mRNAs that are enriched in a certain GO keyword or
KEGG pathway, respectively. The cutoff utilized to choose KEGG keywords
was p<0.05.

SUPPLEMENTARY FIGURE S3
Representative brightfield and immunofluorescent images of Notch1-NICD
(active form of Notch1) expression in vehicle and ASR490-treated second
and third generation mammospheres of ALDH−, ALDH+ and CD44+/CD24−

cells.

SUPPLEMENTARY FIGURE S4
Gene Ontology analysis for differential expressed genes based on RNA-seq
data for ALDH− treatment vs. control, and ALDH+ treatment vs. control.
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Urolithin A analog inhibits
castration-resistant prostate
cancer by targeting the androgen
receptor and its variant, androgen
receptor-variant 7
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We investigated the efficacy of a small molecule ASR-600, an analog of Urolithin A
(Uro A), on blocking androgen receptor (AR) and its splice variant AR-variant 7 (AR-
V7) signaling in castration-resistant prostate cancer (CRPC). ASR-600 effectively
suppressed the growth of AR+ CRPC cells by inhibiting AR and AR-V7 expressions;
no effect was seen in AR− CRPC and normal prostate epithelial cells. Biomolecular
interaction assays revealed ASR-600 binds to the N-terminal domain of AR, which
was further confirmed by immunoblot and subcellular localization studies.
Molecular studies suggested that ASR-600 promotes the ubiquitination of AR
and AR-V7 resulting in the inhibition of AR signaling. Microsomal and plasma
stability studies suggest that ASR-600 is stable, and its oral administration inhibits
tumor growth in CRPC xenografted castrated and non-castrated mice. In
conclusion, our data suggest that ASR-600 enhances AR ubiquitination in both
AR+ and AR-V7 CRPC cells and inhibits their growth in vitro and in vivo models.

KEYWORDS

CRPC, Androgen Receptor, AR-Splice Variants, N-terminal domain, small molecule,
growth inhibition

Introduction

Androgen receptor (AR) signaling plays a key role in prostate cancer (CaP) pathogenesis
(Schmidt and Tindall, 2013; Tan et al., 2015). Androgen deprivation therapy (ADT) that
either represses androgen synthesis (van Poppel and Nilsson, 2008) or inhibits AR function
(Tran et al., 2009) is the initial treatment for both localized and advanced CaP (Loblaw et al.,
2007). Structurally, full-length AR (AR-FL) comprises three domains: The N-terminal
activation domain (NTD), DNA-binding domain (DBD), and ligand binding domain
(LBD) (Shafi et al., 2013). Current ADTs block the AR LBD directly with anti-
androgens or indirectly with androgen biosynthesis inhibitors (Lu et al., 2015; Imamura
and Sadar, 2016). Second-generation ADT agents such as abiraterone and enzalutamide are
often recommended as first-line therapeutics for castration-resistant prostate cancer (CRPC)

OPEN ACCESS

EDITED BY

Eswar Shankar,
The Ohio State University, United States

REVIEWED BY

Prem P. Kushwaha,
Case Western Reserve University,
United States
Yong Li,
Baylor College of Medicine, United States
Jayadev Joshi,
Cleveland Clinic, United States
Vinata Lokeshwar,
Augusta University, United States

*CORRESPONDENCE

Chendil Damodaran,
chendamodar@tamu.edu

†These authors have contributed equally
to this work and share first authorship

SPECIALTY SECTION

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

RECEIVED 04 January 2023
ACCEPTED 08 February 2023
PUBLISHED 03 March 2023

CITATION

Chandrasekaran B, Tyagi A, Saran U,
Kolluru V, Baby BV, Chirasani VR,
Dokholyan NV, Lin JM, Singh A,
Sharma AK, AnkemMK and Damodaran C
(2023), Urolithin A analog inhibits
castration-resistant prostate cancer by
targeting the androgen receptor and its
variant, androgen receptor-variant 7.
Front. Pharmacol. 14:1137783.
doi: 10.3389/fphar.2023.1137783

COPYRIGHT

© 2023 Chandrasekaran, Tyagi, Saran,
Kolluru, Baby, Chirasani, Dokholyan, Lin,
Singh, Sharma, Ankem and Damodaran.
This is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 03 March 2023
DOI 10.3389/fphar.2023.1137783

175

https://www.frontiersin.org/articles/10.3389/fphar.2023.1137783/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1137783/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1137783/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1137783/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1137783/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1137783&domain=pdf&date_stamp=2023-03-03
mailto:chendamodar@tamu.edu
mailto:chendamodar@tamu.edu
https://doi.org/10.3389/fphar.2023.1137783
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1137783


FIGURE 1
ASR-600 inhibits the AR and AR-V7 expression and abolishes the growth of AR+ CaP cells. (A). The molecular structure of ASR-600. (B). MTT cell
viability assays performed on AR+ (C4-2B, LNCaP, EnZ-C4-2B, VCaP, and 22Rv1), AR- (PC-3 and DU-145) CaP, and normal prostate epithelial cell line
(RWPE-1) with vehicle (DMSO) or different concentrations of ASR600. (C, D). MTT cell viability assays were performed on AR+ C4-2B and 22Rv1, as well as
AR- (PC-3) cells treatedwith vehicle (DMSO) or different concentrations of ARCC4 and Enzalutamide. (E–G, I, J) immunoblots for AR, AR-V7and PSA
expressions following treated with vehicle (DMSO) or ASR-600 for 24, 48, and 72 h (H). Immunoblots for AR and PSA expressions following treatment
with vehicle (DMSO), ASR-600 (at indicated concentrations).
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(Beer et al., 2014). While patients are initially responsive toward
ADT, tumor relapse often occurs, leading to the development of
CRPC (de Bono et al., 2011). A characteristic feature of CRPC is its
continued reliance on AR signaling; however, the mechanisms
underlying AR reactivation remain unclear.

The truncated AR protein encoded by AR splice variants (AR-
Vs) lacks the LBD domain while retaining the transactivating NTD
domain. This results in ligand-independent activation and resistance
to ADTs (Moon et al., 2018). The AR variant 7 (AR-V7) is the most
commonly expressed variant identified to date and contains an
intact AR NTD and DBD, as well as a unique C-terminal of 16-
amino acids in place of the LBD (Antonarakis et al., 2016). This
variant, unlike the AR-FL, is continuously localized to the nucleus
(Hu et al., 2009) and has been reported to play a key role in
promoting CRPC progression and metastasis, as well as
developing resistance to ADT and anti-androgens (Guo et al.,
2009; Li et al., 2013; Antonarakis et al., 2014). Moreover,
heterogeneity among AR-driven CRPC is extensive, and AR-Vs is
known to heterodimerize with the AR-FL (Brady et al., 1999; O’Neill
et al., 2015). Thus, combining existing therapeutics with an AR-Vs-
targeting agent may be a viable approach to overcome the acquired
resistance of CRPC.

Recently, more attention was paid to post-translational
regulation of AR activation, either by ubiquitination or lysosome
degradation. Currently, three ubiquitination sites have been
identified: K845 and K847 at the ligand-binding C-terminal (Xu
et al., 2009; Linn et al., 2012) and another site K311 in the NTD
(McClurg et al., 2017). Similarly, several preclinical studies suggest
that induction of the lysosome pathway (autophagy) promotes CaP
progression, and inhibition of lysosomal signaling abrogates the CaP
growth (Finkbeiner, 2020; Machado et al., 2021). It has been
reported that the AR activation is modulated by post-
translational modifications, including ubiquitination (van der
Steen et al., 2013).

Urolithin (UroA), a dietary gut microbiota-derived metabolite
of ellagic acid, has been shown to exert anti-cancer effects on many
cancer types (Sanchez-Gonzalez et al., 2016; Gonzalez-Sarrias et al.,
2017; Dahiya et al., 2018; Komatsu et al., 2018; Zhao et al., 2018;
Totiger et al., 2019). Interestingly, UroA has been shown to inhibit
the proliferation of both androgen-dependent (LNCaP) and
-independent (DU-145) CaP cells (Komatsu et al., 2018). In our
prior study, our group demonstrated that UroA effectively inhibits
AR+ CRPC growth in both in vitro and in vivo models compared to
AR− CRPC growth (Dahiya et al., 2018). UroA was also found to
inhibit AR signaling in the AR+ CRPC cells, Moreover, the
reintroduction of AR expression in AR-null PC-3 cells sensitized
them to subsequent UroA treatment. Based on these results, we
hypothesized that UroA might be a promising lead compound for
developing potent and target-specific small UroA analogs to treat
CRPC by directly targeting AR and AR-Vs.

We synthesized several O-methylated amino acids (tryptophan)
and sulfonamide-/sulfoxide-conjugated analogs of UroA and tested
their therapeutic effect on CRPC cell lines. Through structure-
activity relationship (SAR) studies, we identified ASR-600 (an
N-Boc-protected tryptophan analog, Figure 1A) as the most
potent analog that effectively targeted both AR-FL and AR-V7
and suppressed the growth of AR+ CaP and enzalutamide
resistant cells in both in vitro and in vivo models.

Methods

Cell lines and reagents

Human CaP (LNCaP, PC-3, DU-145, VCaP, and 22Rv1),
normal prostate epithelial (RWPE-1), and HEK-293T cell lines
were purchased from the American Type Culture Collection
(Manassas, VA, USA). C4-2B cells were obtained from
ViroMed Laboratories (Minneapolis, MN, USA). The cells
were grown on a specified medium, as described previously
(Dahiya et al., 2018; Chandrasekaran et al., 2020).
Dihydrotestosterone (DHT), cycloheximide (CHX),
chloroquine (CQ), and MG132 were purchased from Sigma
(St. Louis, MO). MG132 (10 µM) was used as the working
concentration for experiments.

Synthesis of ASR-600 (8-Hydroxy-6-oxo-
6H-benzo [c]chromen-3-yl (tert
butoxycarbonyl)tryptophanate)

ASR-600 was synthesized from Urolithin A according to a
synthetic strategy recently developed in our laboratory. Briefly,
Urolithin A (1.0 g, 4.38 mmol) was reacted with Nα-Boc-
tryptophan (1.38 g, 4.38 mmol) in the presence of coupling
agents 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
hydrochloride (0.67 g, 4.38 mmol), hydroxy benzotriazole (0.59 g,
4.48 mmol), and triethylamine (0.88 g, 8.76 mmol) in acetonitrile at
room temperature to afford ASR-600 as the major product. The
compound was purified by silica gel column chromatography to
yield ASR-600 as an off-white solid and characterized by proton
nuclear magnetic resonance (1H NMR, Bruker Avance 500 MHz))
and mass spectrometry (MS, Expression-S Compact Mass
Spectrometer) and its purity (≥98%) was determined by high-
performance liquid chromatography (HPLC). 1H NMR
(500 MHz, DMSO-d6), 1.40 (s, 9H, 3 x CH3), 3.17–3.29 (m, 2H,
CH2), 4.45–4.49 (m, 1H, CH), 6.77–6.85 (m, 1H, Ar-H), 6.85–6.87
(m, 1H, Ar-H), 7.01 (t, J = 10 Hz, 1H, Ar-H), 7.10 (t, J = 7.5 Hz, 1H,
Ar-H), 7.37–7.41 (m, 1H, Ar-H), 7.57–7.61 (m, 2H, Ar-H),
7.75–7.76 (m, 1H, Ar-H), 8.15 (d, J = 9.0 Hz, 1H, Ar-H), 8.26 (d,
J = 9.0 Hz, 1H, Ar-H), 8.30 (d, J = 8.5 Hz, 1H, Ar-H), 10.38 (s, 1H,
OH), 10.93 (s, 1H, NH). MS m/z 457.92 [M+ (514.17) - t-butyl].
Melting point, 200°C–202°C.

Cell viability assays

RWPE-1 and CaP cell lines were treated with vehicle control
(DMSO) or different ASR-600 concentrations (200 nM–30 µM) for
24 h and then subjected to cell viability (MTT) assays as described
before (Dahiya et al., 2018).

Immunoblot and immunoprecipitation

Cell lysates (vehicle, ASR-600, DHT, DHT + ASR-600, AR
transfected cells + ASR-600, empty vector-transfected cells +
ASR-600) of CaP cells were prepared following treatment for
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24 h in a 6-well plate. Immunoblots were performed as described
previously (Dahiya et al., 2018) for the following antibodies: AR-V7
(abcam #ab198394), PSA (abcam#53774), PTEN (abcam# 31392),
AR-FL (CST #5153), AKT (CST#4691), pAKTser473 (CST #4060),
pmTORSer2481(CST #5536), mTOR (CST #2972), ERα (CST#8644),
PR (CST#3176), Ubiquitin (CST#3933), and Lamin A. β-Actin was
used as the loading control (more details are given in Supplementary
File S1). For immunoprecipitation (IP) experiments, protein
samples were immunoprecipitated with the AR antibody per the
protocol described before (Chandrasekaran et al., 2020). Briefly, in
immunoprecipitation experiments, protein samples (40 µg) were
extracted from cells using radioimmunoprecipitation assay (RIPA)
buffer, then immunoprecipitated with AR antibody at 4°C under
agitation overnight. The immunoprecipitated protein was pulled
down using protein A-agarose beads (Thermo Fisher Scientific,
Rockford, IL) at 4°C under rotary agitation for 3 h. Subsequently,
centrifugation was followed by resuspension of the pellets in sample
buffer, which was then heated for 5 min at 95°C for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immunoblot analysis
for ubiquitin expression. All uncropped immunoblot images are
presented as Supplementary File S3.

Transfection

PC-3 and HEK-29 cells were seeded on 6-well plates in a
respective medium supplemented with 10%FBS and were allowed
to attach overnight. They were then transfected with either a control
vector or AF-FL plasmid, using Lipofectamine-2000 reagent in Opti-
MEM medium. After 24 h, these cells were treated with ASR-600 at
different time points. Finally, the cells were lysed, protein was
extracted, and AR expression was assessed using immunoblot
and IP. Briefly, the transfected cells were treated with IC50

concentrations of ASR-600 and AR expression was assessed using
immunoblots and IP.

Real-time quantitative PCR

RNA was extracted from control and ASR600-treated cells
using the RNAeasy Mini Kit (Qiagen, Hilden, Germany). This
was followed by reverse transcription using the iScript DNA
Synthesis Kit (Bio-Rad, Hercules, CA). RT-PCR using SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA)
with specific AR and PSA primers as per the protocol described
previously (Dahiya et al., 2018). β-actin was used as the internal
control.

Immunofluorescence and
immunohistochemistry analysis

Immunofluorescence analysis for AR and AR-V7 was performed
on control, ASR-600, DHT or ASR-600 + DHT, MG132 or
MG132+ASR-600 treated cells as described previously (Dahiya
et al., 2018). Immunohistochemical analyses were performed for
Ki-67, AR and PSA expression on vehicle control and ASR-600
treated xenograft tumors (22RV1 and C2-4B).

Proteasome activity

Proteasomal activity of control and ASR-600 treated C4-2B cells
was measured using a Proteasome activity assay kit (BioVision) per
the manufacturer’s protocol. MG132 was used as the positive
control.

Molecular docking

Molecular docking of ASR-600 to AR-NTD was conducted
using MedusaDock 30, 32, 37, a docking program that
incorporates structural flexibility during simultaneous sampling
of conformational states of protein and ligand (Wang and
Dokholyan, 2019). Due to the presence of low-complexity
regions, the structural conformation of NTD is unknown.
Therefore, we performed ab initio modeling to decipher its 3D
structure. We submitted the FASTA sequence of NTD to the
I-TASSER (Iterative Threading ASSEmbly Refinement) server
(Yang et al., 2015), which utilizes a hierarchical approach to
predict the structure of the query protein. Steric clashes were
most prevalent in modeled and redesigned structures.
Subsequently, we performed discrete molecular dynamics (DMD)
simulations (Dokholyan et al., 1998; Lazaridis and Karplus, 2000;
Shirvanyants et al., 2012; Ding and Dokholyan, 2013) for 6 × 106-
time steps to remove steric clashes and to optimize the energy of the
modeled structure. The structures were clustered using Gromacs
tools (Cherinka et al., 2018), and the optimal representative
structure of NTD was extracted for subsequent docking studies
with ASR-600. The optimized structure of ASR-600 was built using a
Marvin sketch workspace (Cherinka et al., 2018).

Nuclear magnetic resonance (NMR)

The proton NMR experiment was carried out with Bruker
Avance 600 MHz NEO NMR equipped with the TCI cyroprobe.
The purified NTD protein (5 μM/L) was mixed with ASR-600
(500 μM/L; dissolved in DMSO-d6) in 500 µL of 20 mM
phosphate buffer made up of 100% deuterium oxide. The NMR
saturation transfer difference (STD) experiment was carried out
with a standard pulse program from the Bruker pulse library. Two
parallel experiments: the reference (A, without saturation, blue
spectra; with decoupler set at δ= −30 ppm) and one with
selective saturation on the AR protein (B, red spectra; decoupler
set at δ= 0.8 ppm) were executed. The peak intensity differences are
shown by spectra C (green spectrum). The binding affinity was
measured based on the peak intensity by the different spectra.

Xenograft studies

The in vivo effect of ASR-600 was evaluated by subcutaneously
injecting castrated and non-castrated 6–8 weeks old BALB/c male
athymic nude mice (nu/nu), purchased from the Jackson Laboratory
(Bar Harbor, ME, USA), with either 22Rv1 or C4-2B cells. ASR-600
first dissolved in DMSO was diluted in PBS to make a 0.1% solution.
Mice bearing 22Rv1 and C4-2B xenografts were then randomized
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into control (placebo) and treatment (20 mg/kg, ASR-600) groups.
All mice were euthanized via CO2 asphyxiation after 4 weeks of
treatment, and the xenograft tumors were removed and fixed in 10%
formalin for histopathological studies. All experimental animals
were approved by the University of Louisville’s ethical committee
and maintained following Institutional Animal Care and Use
Committee approved-protocols.

Microsomal incubation and sample
preparation for liquid
chromatography–mass spectrometry
(LC-MS)

Pooled mouse liver microsomes were procured from BioIVT
(USA). The ASR-600 metabolic stability was analyzed using
previously established protocol (Attwa et al., 2020). A detailed
procedure is given in the Supplementary Material. Briefly, 7.5 µL
compound working solution was incubated with 592.5 μL
microsomal/S9 mixture/vial and the metabolic reactions were
initiated using NADPH (1 mM) for a specific time. Reactions
were stopped at 14, 28, and 42 min by adding acetonitrile (ACN)
containing 100 ng/mL tolbutamide. From the generated data after
sample analysis, ASR-600 metabolic stability curve was established,
and the in vitro intrinsic clearance was calculated (detailed
procedure was given in Supplementary File S2).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
8.0a software (GraphPad Software, Inc., La Jolla, CA). Unpaired
two-tailed Student’s t-tests and one-way ANOVA analysis were
performed for two-group and multiple group comparisons,
respectively. p-values<0.05 were considered statistically
significant and values were presented as either mean ± SD.

Results

ASR-600 inhibits the growth of CaP cells

To develop more potent and target-specific compounds based
on the lead UroA structure, a series of UroA analogs such as
O-methylated and amino acid- and sulfonamide-/sulfoxide-
conjugated analogs were synthesized. SAR studies based on
cytotoxicity towards CaP cells led to the identification of ASR-
600 (Figure 1A), an N-Boc-protected tryptophan analog, as the most
potent compound. The inhibitory effect of ASR-600 on CaP cell
growth in well-characterized human CaP cell lines (AR+: LNCaP,
C4-2B; AR-Variant: 22Rv1, VCaP; AR-null: PC-3 and DU-145) and
normal prostate epithelial cells (RWPE1) was assessed by MTT
assay. ASR-600 treatment inhibited the viability of C4-2B (IC50:
824 nM), LnCaP (811 nM), 22Rv1 (IC50: 919 nM) and VCaP (IC50:
923 nM) cells in a concentration-dependent manner at 24 h.
Similarly, treatment with ASR-600 for 24 h also
significantly inhibited the viability of enzalutamide resistant
C4-2B cells (IC50: 815 nM). However, IC50 of AR-null CaP cell

lines PC-3 (18 µM) and DU-145 (19.5 µM) are higher than AR-null
CRPC cells. Interestingly, the RWPE1 cells remained unaffected
(IC50: 37 µM) with ASR-600 treatment (Figure 1B). We used AR
inhibitors/degraders, such as enzalutamide and ARCC4, as controls
for our experiments. The inhibitory effect of ASR-600 was
significantly higher as compared to enzalutamide. ARCC4 was
effective in 22RV1 (AR-FL/AR-V7) cells compared to ASR-600
(Figures 1C, D). These results suggested that AR+ CaP cell lines
are sensitive to ASR-600 compared to AR-null CaP or the
RWPE1 cells.

ASR-600 targets AR and AR-V7 expression in
CaP cell lines

Because the AR+ CaP cell lines were found to be sensitive to
ASR-600 treatment, we next sought to determine whether ASR-600
mediated its effects via targeting AR signaling. A time-dependent
downregulation of AR expression as well as a concomitant decrease
of AR downstream target prostate-specific antigen (PSA), was seen
in a panel of CaP (C4-2B, LNCaP, EnZ-C4-2B, VCaP and 22Rv1)
cell lines after treatment with their respective IC50 concentrations of
ASR-600 (Figures 1E-G, I, J). A dose-dependent decline in AR
expression was also observed in C4-2B cells (Figure 1H). We also
noted that ASR-600 decreased the expression of AR-V7 in 22Rv1
and VCaP cells, suggesting that ASR-600 targets not only the AR-FL
but also AR-Vs, which is associated with aggressive CaP phenotypes.
We next explored the effects of ASR-600 on DHT-induced AR
signaling in C4-2B and 22Rv1 cells. Results indicated that ASR-600
treatment abolished DHT-induced AR signaling in both cell lines, as
confirmed by the decreased expressions of AR and PSA (Figures 2A,
B). Next, to understand whether the inhibitory activity of ASR-600 is
specifically through AR signaling, we overexpressed AR in 293T and
prostate-specific AR-null PC-3 cells. ASR-600 suppressed the
expression of AR-FL in both cell lines (Figures 2C, D). Together
these data confirm AR could be a target for ASR-600. Subsequent
immunofluorescence analysis reconfirmed that ASR-600 treatment
resulted in the overall loss of AR in DHT-treated 22Rv1 and VCaP
cells (Figures 3A, B) and inhibiting proteasomal activity by MG132
(10 µM) inhibited loss of AR in ASR-600 treated 22Rv1 cells
(Figure 3C).

ASR-600 inhibits AR-V7 expression in CaP
cells

We examined the cytosolic and nuclear expression of AR-V7 in
ASR-600 treated 22Rv1 cells. Results demonstrate that ASR-600
decreases both cytoplasmic and nuclear AR-V7 in a time-dependent
manner (Figure 4A). Subsequent, immunofluorescence analysis
revealed a significant reduction in nuclear expression of AR-V7
in ASR-600 treated 22Rv1 and VCaP cells when compared to
vehicle-treated cells (Figures 4B, C). As a proof of principle, we
overexpressed AR-V7 in PC-3 and 293T cells and observed that
ASR-600 completely abolished AR-V7 expression in both cell lines
(Figures 4D, E). These results confirm that ASR-600 inhibits AR-V7
expression in CaP cell lines. Next, we analyzed the effect of ASR-600
on the transcriptional levels of AR and PSA in CaP cells.
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Surprisingly, no significant reduction of AR mRNA levels was
observed. However, a significant reduction of PSA levels was seen
in the CaP cells suggesting that AR inhibition by ASR-600 may be
post-transcriptionally regulated (Figures 4F, G).

Downregulation of AR by ASR-600 may
involve ubiquitin signaling

As ASR-600 seems to have an inconsistent inhibitory effect on
AR mRNA, as compared to AR protein levels, we investigated ASR-
600 post-translational regulation of AR. We found that treatment
with protein synthesis inhibitor CHX alone and in combination with
ASR-600 resulted in a time-dependent decrease of AR expression in
C4-2B cells (Figures 5A–C), suggesting the possible involvement of
AR degradation signaling in ASR-600 mediated effects. To further
explore these results, we examined degradation pathways that may
be involved in the ASR-600-regulated decrease of AR. As the
ubiquitin-proteasome or lysosome pathways are the predominant
mechanisms for AR degradation, C4-2B cells were treated with ASR-
600 in the presence or absence of a proteasome (MG132) and
lysosome (CQ) inhibitor for 9 h. While the decrease in AR levels
upon ASR-600 treatment was significantly rescued when MG132

was used to inhibit proteasomes, the same was not observed when
cells were treated with the lysosomal inhibitor (Figures 5D-E). These
results suggest that AR degradation is caused by proteasome
activation.

Next, we examined ubiquitination-associated AR degradation
in ASR-600 treated CaP cells. Increased ubiquitin expressions were
seen in ASR-600 treated C4-2B and 22Rv1 cells (Figures 5F, G).
MG132 treatment which inhibits proteasome mediated degradation
of proteins causes polyubiquitination. Hence, we have used MG-
132 as a positive control in these experiments. To confirm that ASR-
600 specifically ubiquitinates AR, we analyzed ubiquitin expression
in ASR-600 treated AR-null PC-3 and 293T cells. No change in
ubiquitin expression was observed (Figures 5J, K). These results
further confirm that ASR-600 treatment specifically ubiquitinates
AR. However, when we overexpressed AR in AR-null PC-3 cells
and treated them with ASR-600, we observed an increased
expression of ubiquitin compared to the vehicle which suggests
that ASR-600 specifically targets AR in CRPC cells (Figure 5L). We
also examined ubiquitination-associated AR degradation by
immunoprecipitation (IP) with AR and immunoblot for
ubiquitin antibody on CaP cell lysates treated with MG-132,
ASR-600 and combinations. ASR-600 induced AR ubiquitination
in both C4-2B and 22Rv1 cells.

FIGURE 2
ASR-600 inhibits DHT-induced AR/AR-V7 expression. (A, B). Immunoblots for AR, AR-V7and PSA expressions following treated with vehicle (DMSO)
or ASR-600, DHT or DHT+ASR600 for 24 and 48 h in 22Rv1 and C4-2B cells. (C, D) Immunoblots for AR-expression in empty vector or AR transfected
PC-3 or 293T cells following ASR-600 treatment for 24, 48, and 72 h.
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Moreover, MG-132 increased AR ubiquitination which was
further increased in both cell lines on treatment with a
combination of MG-132 and ASR-600 (Figures 5H, I). To
determine whether ASR-600 could be a proteasome inhibitor, we
measured proteasomal activity using a chymotrypsin-like
compound with a 7-amido-4-methylcoumarin (AMC)-tagged
peptide substrate. An induction of proteasome activity was
measured at 15 and 30 min and no significant changes were
noted until 12 h in ASR-600-treated CaP cells (Figure 5M). We
used commercially available positive and negative controls for these
experiments. These results suggest that ASR-600 is not a proteasome
inhibitor. Together, these results indicate that ASR-600 is a potent
ubiquitination agent for AR in CaP cells.

ASR-600 specifically targets AR signaling

To confirm whether ASR-600 affects other pro-survival
signaling pathways apart from AR in CRPC, we examined AKT,
mTOR, Estrogen receptor (ER), and Progesterone receptor (PR)
expressions in prostate and breast cancer cell lines. No significant
changes in the expressions pAKTser243 were observed in the ASR-
600 treated PC-3 cells (Figure 6A). Similarly, we confirmed that
ASR-600 did not alter the expression of pmTORSer2481, and
pAKTser243 in DU-145 cells (Figure 6B). Moreover, assessment of
ASR-600 effect on other closely related receptors in T47D cells,
revealed that ASR-600 did not affect ER and PR levels. Moreover, no

changes in the PTEN levels were seen in the ASR-600 treated cells
(Figure 6C). As expected, ASR-600 failed to inhibit the growth of
breast cancer cells (Figure 6D), which supports the notion that ASR-
600 specifically targets AR in CaP cells.

ASR-600 binds to NTD of AR

We performed ab initio modeling to decipher the 3D structure
of AR-NTD and used molecular docking studies to assess the
binding affinity of ASR-600 to the NTD domain of AR. Visual
inspection of the NTD-ASR-600 docked structures revealed
compact binding between the ligand and NTD (Figure 7A). The
interaction energy of ASR-600 with NTD displayed a moderate
(−29.71 kcal/mol) binding energy. Next, we confirmed that ASR-600
binds to NTD by using a commercially available kit which works on
a different principle (differential scanning fluorimetry). The first
derivate of the fluorescence curve (-dF/dT) was plotted against
temperature to calculate Tm (the temperature at which 50% of
the double-stranded DNA dissociates into single strands)
(lowest–dF/dT value). The purified NTD protein alone had a
melt temperature of approx. 35.0°C and ASR-600 treatment
shifted the melt temperature (ΔTm) by 12°C–15°C (median of
13.5°C) in a distribution that appeared normal (Figure 7B).

Finally, we utilized NMR spectroscopic studies to confirm the
binding of ASR-600 to AR-NTD. The principle of this experiment is
that in the bound state, the most abundant molecule governs the

FIGURE 3
Nuclear accumulation of AR abolished by ASR-600. (A, B). Immunofluorescence analysis of cyto-nuclear localization of AR expression in ASR-600,
DHT, or ASR 600 + DHT treated 22RV1 and VCaP cells. (C). Immunofluorescence analysis of cyto-nuclear localization of AR expression in ASR-600,
MG132 (10 µM), or ASR 600 + MG132 treated 22RV1 cells.
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hydrodynamic properties of both ligand and receptor. Thus, the
magnetization transfer in the on-resonance experiment leads to a
significant reduction in signal intensities for the ligand, which is
recorded in the spectra. The off-resonance irradiation experiment
will not affect the spectra intensities of the ligand because there is no
transfer of magnetization from protein to ligand, which serves as the
reference spectra. Subtraction of the on-resonance spectra from off-
resonance spectra indicates the binding interaction between ligand
and protein (Figure 7C). In contrast, subtraction of the no-binding
ligands will result in a flat line spectrum because no magnetization
transfer takes place during both on- and off-resonance irradiation
(This distinction provides the basis for NMR screening experiments.
The STD effects observed were 30–18%, indicating a significant
binding to NTD (Figure 7C).

In vitro metabolic stability

In vitro systems, such as human liver microsomes (HLM) and
human hepatocytes, are the best models to predict a drug’s hepatic
clearance (Gajula et al., 2021). At a concentration of 0.5 µM, the

elimination rate constant k) of ASR-600 in mice liver microsome
metabolism was >0.48 min−1 (control: Midazolam, k = 0.250 min−1)
with a half-life (t½) of <1.4 min (Midazolam, t½ = 2.773 min)
(Figures 8A, B, Table 1).

ASR-600 intrinsic clearance (CLint) was also calculated based on
the in vitro t½ (Baranczewski et al., 2006) so the CLint of ASR-600
was 47.9 mL/min/g (Midazolam, 24.0 mL/min/g). ASR-600 was
highly stable in the mouse plasma in vitro, 93.7% remaining after
2 h incubation time as compared to 25% in control i.e., Eucatropine
(Figure 8D, E, Table 2). The high stability of ASR-600 in the mouse
plasma suggests that ASR-600 is not subject to cleavage of any
significant levels by the enzymes resided in the systemic circulation
after it is intravenously administered to the animals.

ASR-600 inhibits the growth of CRPC
tumors in castrated and non-castrated
xenograft mouse models

The anti-cancer effect of ASR-600 was also evaluated in vivo
using castrated and non-castrated CRPC xenograft mouse

FIGURE 4
ASR-600 inhibited AR-V7 expression in CaP cells. (A) Immunoblots demonstrating subcellular fractionation in 22RV1 cells treated with ASR-600 for
6, 12, and 24 h. Lamin A and ß-actin were used as the internal controls. (B, C) Immunofluorescence analysis of cyto-nuclear localization of AR-V7
expression in ASR-600 treated 22Rv1 and VCaP cells. (D, E) Immunoblots for AR-V7 expression in PC-3 or 293T cells transfected with AR V7 or empty
vector and treated with ASR-600 for 24, 48 and 72 h. (F, G) AR and PSA mRNA expression of ASR-600 treated C4-2B and 22Rv1 cells.
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models. ASR-600 treatment was highly effective in reducing
tumor volumes of both 22Rv1 and C4-2B xenograft models
(Figures 9A, C). The weights of tumors from ASR-600 treated
mice were also lower than that of the vehicle-treated group
(Figures 9B, D). IHC analysis revealed that ASR-600 decreased
AR and PSA expression in treated tissues. This confirms that
ASR-600 effectively decreases AR levels and downregulates AR
signaling. ASR-600 treated tumors also showed low Ki67 +
nuclei, which confirms the growth inhibitor effect of ASR-600
in CRPC xenograft models (Figures 9E, F). Examination of the

body weight of the treated mice revealed that ASR-600 had no
toxic pathological effect on their growth during the treatment
period (data not shown). These results suggest that the 20 mg/kg
dose of ASR-600 used did not induce any significant toxicity in
the mice.

Next, we evaluated the ability of ASR-600 to inhibit the
growth of 22RV1 tumors in castrated mice. 22RV1 cells were
injected into the right dorsal flank of castrated male nude mice.
ASR-600 (20 mg/kg) was administered by oral gavage
throughout the experiment period. ASR-600 significantly

FIGURE 5
Ubiquitination of AR in ASR-600 treated CaP cells. (A–C) Immunoblots of AR expression in C4-2B cells treated with ASR-600, CHX (50 µM) or
combinations at the indicated time points. (D,E) Immunoblots of AR expression in C4-2B cells treated with ASR-600, MG-132(10 µM) or CQ (50 µM), or
combinations. (F,G) Immunoblots for ubiquitin protein expression in C4-2B and 22Rv1 cells were treated with MG-132, ASR-600, veh, or combinations
for 6, 12, and 24 h (H,I). Cell lysates were IP with AR antibody and subjected to WB with ubiquitin antibody. The input cell lysates were WB with AR.
(J,K) Immunoblots of ubiquitin expression in PC-3 and 293T cells were treated with ASR-600 at the indicated time points. (L) PC-3 cells transfected with
AR and treated with Veh or ASR600 for 0, 24, and 48 h. (M) The proteasomal activity was measured in C4-2B cells treated with ASR-600 at the indicated
time points.
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FIGURE 6
ASR-600 specifically targets AR in CaP cells: (A–C). Immunoblots of indicated antibodies in vehicle or ASR-600 treated PC-3, DU-145, and T47D cell lines.
(D). Cell viability assay results of vehicle or ASR-600 treated ER-positive and ER-negative breast cancer (MCF-7, T47D, and MDA-231) cell lines.

FIGURE 7
Physical interaction between ASR 600 and AR- NTD: (A). AR-NTD residues participating in potential electrostatic and steric interactions with ASR-
600 are depicted in yellow stick representation. The AR-NTD backbone is shown as a cartoon in gray, and ASR-600 is represented as an orange stick
representation. (B). GloMelt™ thermal shift assay was performed on NTD (5 µg) in the presence of ASR-600. The binding stabilized the protein, as
indicated by the shift in the melting curves. (C). NMR STD experiment results of ASR-600 with AR-NTD; the STD effect varied from 18 to 30%. The
figure shows the aromatic region as proton peaks of ASR-600: the blue spectrum-without saturation; the red - with saturation; and the green depicts the
difference in the spectrum observed.
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FIGURE 8
Microsomal and plasma stability ASR-600. Mouse microsomes were thawed and mixed with ASR-600 or control (Midazolam) (A). ASR-600 and
microsomes were incubated with or without cofactor (+NADPH) for indicated time points and plotted against area ratio. (B). The area ratio was plotted
against indicated time points for Midazolam (Table:1)Mouse microsomal stability. The elimination rate constant, half-life and intrinsic clearance of ASR-
600 and control: Midazolam. Mouse plasma was mixed with ASR-600 or control (Eucatropine) (C). ASR-600 and mouse plasma were incubated for
indicated time points and analyzed with LC-MS/MS. (D). The area ratio was plotted against indicated time points for Midazolam (Table:2) Plasma stability.
Stability and rate constant of ASR-600 and control: Eucatropine.
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inhibited the growth of 22RV1 tumors and decreased the tumor
weights of treated mice (Figures 10A, B). IHC analysis of the
xenograft tumors revealed that ASR-600 decreased AR and PSA
expression in treated tissues (Figure 10C). This confirms that
ASR-600 effectively decreases AR levels and downregulates AR
signaling. ASR-600 treated tumors also showed low Ki67 +
nuclei, which confirms the growth inhibitory effect of ASR-
600 in CRPC castrated xenograft models. Our results indicate
that ASR-600 may be a useful treatment for CRPC.

Discussion

We show here that ASR-600, an analog of UroA, is more
potent than its parent compound and that it specifically targets
and causes AR-FL and AR-V7 degradation in CRPC and
enzalutamide resistant CaP cells via ubiquitin-mediated
pathway. NMR and ITC studies revealed that ASR-600 binds
to the AR-NTD domain and enhances ubiquitin-mediated
degradation of both AR-FL and AR-V7 without inhibiting
proteasome activity.

Upregulation or reactivation of AR signaling is a hallmark of
CaP progression to CRPC (Chen et al., 2004; Schmidt and Tindall,
2013; Tan et al., 2015; Cato et al., 2019), which resulted in the
development of anti-AR drugs (abiraterone and enzalutamide)

targeting the AR axis (de Bono et al., 2011; Beer et al., 2014).
Abiraterone reduces androgen production by blocking cytochrome
P450 17 alpha-hydroxylase (CYP17) (Attard et al., 2009);
enzalutamide has a three-fold effect it competitively inhibits
androgen binding to AR, prevents AR translocation to the
nucleus, and inhibits AR binding to androgen response elements
in the nucleus (Tran et al., 2009;Watson et al., 2010). Although these
modalities block AR signaling, they do not target AR (e.g.,
degradation of AR), which may continue to function through
other stimuli (e.g., growth factors), resulting in disease relapse
and progression. Moreover, the emergence of constitutively active
AR-Vs that lack the LBD has contributed to the development of
resistance in CRPC patients (Guo et al., 2009; Hu et al., 2009; Li et al.,
2013; Scher et al., 2016;Welti et al., 2016). Hence, targeting both AR-
FL and AR-Vs may not only disrupt these interactions but also curb
the growth of CRPC.

Recently, a phase-1 clinical trial on the AR-NTD inhibitor
(EP1-506) was terminated because it achieved a minor decline
in serum PSA levels (a surrogate marker of disease progression)
(4–29%), and only 3 out of 21 patients with metastatic CRPC
(Ronan Le Moigne et al., 2019). Another agent (ARV-110), a
PROTAC® drug that uses an E3 ligase to tag and degrades
“clinically relevant mutated AR proteins”, has been introduced
in a limited Phase-I dose escalation for patients with metastatic
CRPC. Hence, as of now, enzalutamide, abiraterone, and

FIGURE 9
The therapeutic effect of ASR-600 on Xenotransplanted prostate tumors. (A, C) Oral administration of ASR-600 (20 mg/kg) inhibited the
xenotransplanted tumors from 22Rv1 & C4-2B tumors. Tumor volumes were measured once per week for 4 weeks, and a line graph was plotted to
compare tumor growth volume (mm3). (B, D) Tumor weight for vehicle and ASR 600-treated 22Rv1 and C4-2B tumors. (E, F) Immunohistochemistry
analyses of tumor samples were performed to evaluate the expression of Ki67, AR and PSA in 22Rv1 and C4-2B xenografted tumors.
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apalutamide are the US FDA-approved agents for treating
CRPC. Considering that CRPC is the leading cause of
30,000 CaP-related mortalities every year in the US
(American Cancer Society, 2019), there is an unmet clinical
need for developing orally bioavailable and minimally toxic
drug-like small molecules to effectively treat CRPC.

Previously, we reported that the anti-cancer properties of UroA
occurred when the compound was administered in micromolar (IC50:

35 µM) concentrations (Dahiya et al., 2018). However, in the present
study, we found that novel UroA analog ASR-600 inhibited the growth
of AR+ CRPC, including enzalutamide resistant cells, at nanomolar
concentrations, a dose that is 40-times lower than that of UroA (Boakye
et al., 2018). Moreover, ASR-600 was found to be non-toxic to normal
prostate epithelial cells. Our results also revealed that ASR-600
specifically targets AR. It is well known that UroA inhibits
AKT and mTOR while upregulating PTEN in many cancer
types (Zhou et al., 2016; Liberal et al., 2017; Boakye et al.,
2018). These target genes are also expressed by AR null PC-3
and DU-145 CaP cells, and ASR-600 failed to inhibit pAKT and
mTOR in AR-null CaP cells. This compound did not affect on
PTEN levels as well as the ER and PR receptors in T47D cells.
Similarly, although both DU-145 and PC-3 cells express the
glucocorticoid receptor (Guo et al., 2018), ASR-600 still failed
to inhibit the growth of both cell lines. Recently, Sharp et al.
(2019) reported that while AR-V7 is rarely expressed in primary
CaP, it is predominantly expressed in CRPC and frequently
detected in CaP cases following ADT treatment and further

increased following treatment with abiraterone or
enzalutamide. We observed that ASR-600 decreased the
expression of AR-V7 in 22Rv1 and VCaP cells and
ectopically overexpressed AR-V7 293T cells. These results
suggest that ASR-600 can target both AR-FL and AR-V7.

The ubiquitin-proteasome pathway is the predominant
mechanism for AR degradation. Liu et al. (2018) discovered that
the ubiquitin-mediated proteolysis pathway and proteasome activity
are suppressed in enzalutamide and abiraterone-resistant CaP cells,
which may trigger the over-expression of oncoproteins such as the
AR-Vs. They noted that the half-life of AR-V7 is significantly
extended in enzalutamide-resistant CaP cells suggesting that the
treatment may alter the CaP ubiquitin-proteolysis system and
stabilize the AR-V7 protein. Similarly, our results show that
co-treatment of ASR-600 and CHX, a protein synthesis
inhibitor, induced a ~90% decrease in AR protein levels,
suggesting that ASR-600 mediated AR degradation may
occur either by ubiquitin or lysosome pathways (Dikic,
2017). It is interesting to consider that AR downregulation in
C4-2B cells was reversed by treatment with MG-132, a
proteasome inhibitor (Steinhilb et al., 2001), but not with
CQ, a lysosomal inhibitor. Thus, our mechanistic studies
revealed that ASR-600 causes AR and AR-Vs degradation in
CRPC and enzalutamide-resistant CRPC cells through a
ubiquitin-mediated pathway. Biophysical analysis based on
NMR and ITC studies indicated that ASR-600 binds to NTD
and enhances ubiquitin-mediated degradation of both AR and

FIGURE 10
Oral administration of ASR-600 inhibits the growth of 22Rv1 xenograft tumors in castrated mice. 22Rv1 cells were inoculated into castrated nude
mice. When the tumors reached ~50 mm3, the mice were treated with 20 mg/kg ASR-600 through oral gavage. (A). Mean tumor volumes. (B), Individual
tumor weight was measured. (C). Immunohistochemistry analyses of tumor samples were performed to evaluate the expression of Ki67, AR and PSA in
22Rv1 xenografted tumors.
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AR-Vs without inhibiting proteasome activity. Our ongoing
experiments may suggest the possible ASR-490 ubiquitin
binding sites at NTD of AR. We believe that if we
ubiquitinate AR, regardless of whether or how much
androgen or other stimuli of AR signaling are present in
CRPC, it would be a novel approach to eradicate the deadly
disease.

Results assessing ASR-600 in vivo efficacy using castrated and
non-castrated xenograft mice models showed that ASR-600
exhibited a high therapeutic index in that it was able to
significantly inhibit tumor growth at just 20 mg/kg [<4% of the
maximum tolerated dose (MTD)]. Considering that the MTD of the
oral dose of ASR-600 in mice was >500 mg/kg of body weight, it is
safe to assume that oral dose can be increased without any concerns
of ASR-600 being systemically toxic.

In conclusion, despite progress in this field, many second-
generation anti-androgens have limited clinical success owing to
their inability to block AR-V7 signaling in CRPC. Thus, to develop
more efficient and target-specific treatments, a greater understanding of
the regulatory mechanisms of AR-V7, its upstream and downstream
effectors, and target genes is essential. Our findings highlight the
importance of targeting AR-Vs, particularly AR-V7 in CRPC, and
provides mechanistic insight into howUroA analog ASR-600 can target
both AR-FL and AR-V7 in CRPC.
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