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2. Introductory Summary

Renal cell carcinoma (RCC) is a kind of kidney tumor that is distinguished by its tendency to
stay undetected until late stages, resulting in a large rise in fatality rates. Immune checkpoint
inhibitors have demonstrated potential in treating advanced RCC, either replacing or
supplementing therapies with tyrosine kinase inhibitors (TKIls), with objective response rates
varying from 42% to 71% for each combination regimen [1]. Not all patients respond to these
therapies, only a few people with the median progression-free survival (PFS) varying from 11.6
to 15.4 months, followed by the therapy-resistance, which highlights the need for novel
treatment strategies [2].

Recent studies have focused on the function of cancer stem cells (CSCs) in the development
and progression of RCC, as these cells are thought to be resistant to traditional cancer
therapies and contribute to tumor relapse. CSCs are a small subset of cells seen within
malignancies that possess self-renewal and differentiation capabilities and are successful of
initiating and sustaining tumor growth. CSCs have been recognized in more than a few cancers,
together with RCC, and are related with in favorable outcomes. Therefore, figuring out CSC-
specific biomarkers and growing treatments focused on these cells is necessary for enhancing
affected person outcomes.

One possible method for concentrated on CSCs in RCC is via the use of phytochemicals
(PTCs), which are naturally happening compounds discovered in plants. PTCs have been
proven to have anti-cancer properties, and some have been proven to mainly target CSCs.
Therefore, there is developing amount of research in creating phytochemical-based treatment
strategies for RCC that especially target CSCs.

The goal of this thesis was to uncover new phytochemicals that originate from conventional
herbs that target RCC CSCs, and combination with other treatments such as immune
checkpoint inhibitor for enhancing the efficacy of present treatment strategies and creating new
remedies for RCC. Various techniques, including viability, proliferation, migration, invasion, and
apoptosis assays, have been utilized to identify promising candidate phytochemicals. Because
of its exceptional ability to efficiently suppress CSCs, shikonin was chosen as the most
promising and favorable partner for combination treatment with immune checkpoint inhibitors.
Then, potential mechanisms of shikonin and ipilimumab involved in regulating T cell
subpopulations and potential immunotherapeutic targets were investigated. Furthermore,
figuring out biomarkers such as VCMA1 that predict response to immune checkpoint inhibitor
remedy will permit for the improvement of personalized therapy plans for RCC patients.

2.1 Renal cell carcinoma (RCC)

Renal cell carcinoma (RCC) is the most common kidney cancer, with an approximately 79,000
new cases and 13,920 deaths in the United States in 2022 [3, 4]. In addition, the clinical
situation of patients with RCC can be challenging due to the asymptomatic nature of early-stage
RCC. Most cases are detected incidentally on imaging studies performed for other reasons,
such as abdominal pain or trauma. Patients with advanced disease have mostly symptoms such
as flank pain, hematuria, and weight loss. RCC patients diagnosed at early stages would have a
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more favorable prognosis compared to those presenting with advanced-stage RCC. The
classification of RCC is defined by the dimensions and specific site of the primary tumor as well
as the presence and extent of metastasis. In T1, the tumor is limited to the kidney and
measures 7 centimeters or smaller. Then, T2 indicates a tumor larger than 7 centimeters that is
still confined to the kidney. Moreover, in T3, cancer has migrated to neighboring lymph nodes,
the renal vein or vena cava, the fat encompassing the kidney, or the membrane of fatty tissue
around the tissues that collect urine. In some cases, the primary tumor can be of any size.
Finally, in T4, the cancer has expanded beyond the layer of fatty tissue around the kidney and
has entered neighboring tissues, indicating that it has evolved to an advanced and severe level.
This might include the adrenal glands, located above the kidney, as well as neighboring lymph
nodes. Furthermore, cancer cells have the ability to reach distant areas inside the body,
harming key organs such as bones, liver, lungs, and even the brain [4] (Figure 1A). Clear cell
renal cell carcinoma (ccRCC), the most prevalent subgroup of renal cell carcinoma (RCC),
accounts for 70-85% of cases and demonstrates a wide range of clinical characteristics. These
might range from sluggish and painless development to aggressive and widespread metastases.
Almost 30% of patients with ccRCC develop metastases during their follow-up period [5, 6].

2.1.1 RCC treatment strategy

The selection of a treatment strategy for advanced RCC takes into account diverse factors,
including the tumor's stage and molecular attributes, the patient's overall health, and the range
of available therapeutic options [7]. At the present, the preferred form of care for patients with
localized RCC is surgical resection, with partial nephrectomy being the preferred approach for
tumors measuring <4 cm, and radical nephrectomy for tumors >4 cm in size or tumors that
involve the renal sinus or perinephric fat [8]. Data from large retrospective studies indicate that
partial nephrectomy has been correlated with better overall survival than radical nephrectomy in
individuals with tumors <4 cm in size [9]. A comprehensive meta-analysis of data pooled from
14 independent studies, including a substantial cohort of 40,768 patients, has revealed that
partial nephrectomy was connected to lower risk of overall mortality and cardiovascular events
compared to radical nephrectomy, particularly in patients with pre—existing chronic kidney
disease or cardiovascular disease [10]. Furthermore, for patients with locally advanced or
metastatic RCC, systemic therapy is the preferred treatment approach. Traditionally, cytokine
therapy with interleukin 2 (IL-2) and interferon-gamma (IFN -y) was the mainstay of systemic
treatment for RCC. However, the development of targeted therapies that inhibit the vascular
endothelial growth factor (VEGF) pathway, a critical signaling cascade involved in angiogenesis
and tumor growth regulation, can be effectively achieved through the use of tyrosine kinase
inhibitors (TKIs) like sunitinib, pazopanib, and axitinib, and agents that inhibit the mammalian
target of rapamycin (mTOR) pathway, such as everolimus and temsirolimus. Furthermore,
immunotherapies have revolutionized the treatment of advanced RCC [11, 12] (Figure 1B).

However, the efficacy of these treatment modalities has been limited to advanced RCC, where
the disease is often refractory to standard therapy, resulting in a poor prognosis. For instance,
only 10-20% advanced RCC patients’ response to chemotherapy, and the median survival time
is about 6-9 months [13]. Similarly, the response rates to TKls such as sorafenib, range from
25% to 40% [14]. Moreover, the duration of response to these agents is limited, with most
patients experiencing disease progression within a year of treatment initiation [15]. The limited
efficacy of traditional treatments for advanced RCC has underscored the need for new
therapeutic approaches.
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Figure 1. RCC stage and treatment strategy. A. The RCC status during T1 and T2 has remained
confined within the kidney. Cancers in T3 have either infiltrated into surrounding major veins or nearby
lymph nodes. RCC in T4, often known as advanced or metastatic cancer, indicates that the illness has
progressed beyond the kidney and into other parts of the body. This might encompass distant lymph
nodes or other organs, indicating a more serious and extensive disease. B. RCC treatment strategy
including category of treatments and first to third line approved drugs for RCC (Figure created with
BioRender.com).

2.1.2 Immune checkpoint inhibitors (ICls) and RCC

The treatment landscape for metastatic renal cell carcinoma (RCC) has witnessed a notable
paradigm shift in recent years, attributed to the availability of immune checkpoint inhibitors (ICIs)
as therapeutic alternative. ICls have been shown to be effective either as monotherapy or in
combination with TKIs for the treatment of metastatic RCC [16]. Mechanistically, T cell priming
is a critical and complicated phase in the adaptive immune response to the malignancies. The
identification of processed tumor antigens, which are given to T cells by specialized antigen-
presenting cells (APCs) that consist of monocytes and dendritic cells. The interaction between
the T cell receptor (TCR) and a sophisticated assembly of major histocompatibility complex
(MHC) molecules as well as tumor-derived peptide antigens results in this recognition. The
recognition of these antigens by T cells in lymphoid tissues sets off a chain of events that
culminates in the activation of both CD4+ and CD8+ T cells. Both CD4+ and CD8+ T cells
require co-stimulation to become fully activated, which facilitates the interaction of CD28 on T
cells with CD80 or CD86 on APCs. Furthermore, cytotoxic T-lymphocyte—associated antigen 4
(CTLA-4) is a co-inhibitory receptor presented on T cells that governs the modulation of CD4+ T
cell initiation and provides assistance to CD8+ T cell initiation within lymphoid tissue. Within
hours to days of activation, T cells initiate the secretion of the co-inhibitory receptor known as
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programmed cell death 1 (PD-1), releasing it into their surrounding environment. In the tumor
microenvironment (TME), CD4+ T helper 1 cells as well as CD8+ T cells produce IFN-y, which
activates tumoricidal functions of macrophages and promotes antigen presentation by tumor
cells. However, IFN-y also causes tumor cells and macrophages to express the immunological
checkpoint protein programmed death ligand-1 (PD-L1), which binds to PD-1 on T cells as well
as inhibits their activity. Therefore, by blocking the immune checkpoints CTLA-4, PD-L1 and
PD-1, drugs can disrupt the immunosuppressive interactions between cancer cells and T cells,
thereby restoring the T cells' ability to eliminate cancer cells expressing the corresponding
antigen [17, 18]. For RCC, several ICls have been developed for its treatment, for example,
nivolumab and pembrolizumab which selectively target PD-1, as well as atezolizumab,
avelumab, and durvalumab, which are designed to inhibit PD-L1, have exhibited remarkable
and enduring responses, leading to significant improvements in progression-free survival (PFS)
as demonstrated in various clinical trials [19-21] (Figure 2).
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Figure 2. The mechanism of ICI inhibitors effect. Two signals control lymphocyte activation at the
immunological synapse between resting T cells and APC. The binding to the TCR mediates the first. The
second signal could be activation or inhibition in the instance of T cell-CD28 binding to co-stimulatory
CD80/CD86. The latter mechanism occurs through the engagement of T cells with CTLA-4, which interacts
with the same CD80/CD86 molecules found on APCs. CTLA-4 signaling regulates T cells by preventing
naive activation and clonal proliferation. Monoclonal antibodies that inhibit CTLA-4 function effectively
restore CD28-mediated pro-activatory signaling, leading to robust and powerful anti-tumor T cell
responses. Activated T cells in peripheral tissues can be deactivated by the binding of PD-L1 (or PD-L2,
not depicted) produced by tumor cells, organ cells, or other immune cells to PD-L1. Meanwhile, IFN-y
stands as the primary and widely recognized stimulus responsible for the induction of heightened
expression of both PD-L1 and PD-L2. The anti-PD-1 or anti-PD-L1 blocking by monoclonal antibodies also
could restore CD28 pro-activatory signaling and reinstates T lymphocyte responses that are beneficial
against tumors. Below part shows the FDA-approved classes of immune checkpoint inhibitors in RCC.
TCR, T-cell receptor; APC, Antigen Presenting Cells; MHC, Major Histocompatibility Complex; CTLA-4,
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Cytotoxic T-Lymphocyte Antigen 4; PD-1, Programmed cell death protein 1; PD-L1, Programmed cell
death-ligand 1; IFN-y, interferon-gamma (Figure created with BioRender.com).

2.2 Cancer stem cells (CSCs)

Cancer stem cells (CSCs), also known as tumor initiating cells (TICs), are a distinct population
of cells within a tumor that share features with normal stem cells and play an essential part in
tumor formation and progression. These cells possess the ability of self-renewal indefinitely,
differentiate into multiple lineages, and maintain their pluripotency, which contributes to the
heterogeneity of tumors [22] (Figure 3A). The role of CSCs was first proposed in the 1960s, and
breast cancer was the first solid tumor in which CSCs were discovered and later isolated. [23,
24]. The first 10 years of the twenty-first century saw a record-breaking rise in research
dedicated to identify CSCs across a wide range of prevalent cancer categories. This time period
witnessed an inflow of scientific research detailing the discovery of CSCs in a variety of
common cancer types, including leukemia [25-27], breast cancer [23], colorectal cancer [28,
29], brain cancer [30], prostate cancer [31] and also in RCC [32]. Currently, in accordance with
the CSC theory, the development of tumors inside malignancies is coordinated by relatively
modest populations of tumor stem cells that stay hidden. These cells are thought to have an
unusual ability to begin and sustain the formation of malignant tissues, and it can also
proliferate malignancies in transplantation experiments and mimic the phenotypic characteristics
of malignant cells in secondary tumors. It explains clinical facts such as tumor recurrence
complying with initial effective chemotherapy and/or radiation therapy, as well as tumor
dormancy and metastasis. The concept of CSCs has encouraged the development of innovative
treatment methods for many cancer types. These innovative treatments aim not just to reduce
tumor size but also to eradicate CSCs, the cell subpopulation responsible for long-term tumor
progression.

2.2.1 CSCs and drug resistance

CSCs are a type of cell within malignancies that has stem cell-like features, including self-
renewal, differentiation, and the ability to initiate and sustain tumor growth [33, 34]. The
presence of CSCs has been associated with the emergence of drug resistance across various
cancer types [35]. There are several mechanisms by which CSCs may contribute to drug
resistance. One contributing factor involves the upregulation of drug efflux pumps, such as ATP-
binding cassette (ABC) transporters, which pump drugs out of cells, reducing their efficacy and
sensitizing CSCs to chemotherapy [24, 36, 37]. Secondly, CSC-mediated drug resistance can
also be attributed to the activation of a unique cancer microenvironment or niche, in which
hypoxia is a significant feature that could promote drug resistance and enhances the
tumorigenicity of CSCs by enabling them to remain in a quiescent state within tissues, thus
avoiding the effects of chemotherapy [38]. Thirdly, CSCs can also develop drug resistance by
entering a quiescent state where they temporarily transfer into GO phase of the cell cycle and
remain dormant. As conventional cancer treatments are primarily designed to target rapidly
dividing cells, quiescent CSCs can evade these therapies and later resume proliferation,
contributing to disease recurrence and treatment failure. Moreover, when exposed to
unfavorable microenvironmental stimuli, altered signaling pathways in CSCs may trigger
quiescence, such as the transforming growth factor beta (TGF-B), Hedgehog pathway [39].
Fourthly, CSCs could contribute to drug resistance through their ability to undergo “plasticity”
wherein non-transformed differentiated cancer cells can shift to a tumorigenically transformed
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undifferentiated or CSC state through the process of epithelial-to-mesenchymal transition (EMT)
[40]. This phenomenon is critical for cancer growth and development of metastases. EMT is a
complicated sequence of molecular changes that give cancer cells the ability to infiltrate
surrounding tissues, move to distant places, and reject therapeutic treatments. As a result,
selectively targeting the EMT process appears to be a viable treatment strategy for increasing
the sensitivity of CSCs to chemotherapy [41] (Figure 3B).

Cancer stem cell (CSCs) model

Cancer

Self-
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\..

Unlimited Efflux pumps Quiescence
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Plasticity CSC niche
No tumor formation \ -

The related mechanisms of drug resistance in CSCs

Figure 3. The mechanism of CSCs in theoretical model and drug resistance. A. CSCs in
heterogeneous tumors promote tumor cell proliferation due to their capacity to self-renew. B. The
characteristics of CSCs contributing to drug resistance (Figure created with BioRender.com).

2.2.2 CSCs markers

As CSCs exert a profound impact on tumor aggressiveness, the identification of CSC markers—
representative of those predominantly expressed in CSCs—forms a pivotal element in
forecasting the progression and recurrence of cancer. In our study, we used gPCR and
NanoString analysis to test potential CSCs biomarkers and immunotherapeutic targets in RCC.
Then, the bioinformatic databases and methods were used to clarify the connection between
the potential biomarkers and clinical characteristics of RCC’s patients. The three potential
candidate biomarkers, namely EZH2, ABCG2, and VCAM1, were thoughtfully chosen to discuss
further in this chapter due to their ability of drug resistance, and because they are highly related
to RCC prognosis according to our study.

2221 EZH2

Enhancer of zeste homolog 2 (EZH2) as a typical CSC markers is an enzyme categorized as
histone methyltransferase, pivotal in orchestrating the regulation of gene expression by means
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of modifying the structural configuration of chromatin [42]. In general, there are three
mechanisms by which EZH2 contributes to drug resistance. First, EZH2 has the capability to
control the activity of ABC transporter proteins that are accountable for expelling drugs from
cancer cells, resulting in a decreased drug concentration inside the cells and ultimately
decreasing the efficacy of chemotherapy [43, 44]. Previous studies found that EZH2 could
regulate the ABC transporter ABCG2 (ATP binding cassette subfamily G member 2)
expression in CSCs and that the inhibition of EZH2 reduced the CSC population and sensitized
cancer cells to chemotherapy [45, 46]. Another study showed that EZH2 inhibition reduced the
expression of ABCG2 in non-small cell lung cancer cells, which increased the cells' sensitivity to
pharmacological treatments [47]. Second, EZH2 contributes to drug resistance through the
regulation of DNA repair pathways by key factors, including BRCA1, ATM, and RAD51. Several
studies have shown that EZH2 inhibition can sensitize cancer cells to DNA-damaging agents,
encompassing, but not confined to, radiation and chemotherapy, by reducing the expression of
DNA repair genes [48, 49]. Third, EZH2 has been shown to promote the development and
maintenance of CSCs, which are believed to be a major contributor to drug resistance in two
ways: a) EZH2 regulates the expression of key signaling pathways that contribute to the
ongoing maintenance of CSCs, including Wnt/B-catenin and Hedgehog. Meanwhile, the
inhibition of EZH2 reduces the CSC population and suppresses tumor growth in pancreatic and
esophageal cancer [50, 51]. b) EZH2 also regulates the expression of several key transcription
factors that are involved in the maintenance of CSCs, such as SOX2 and NANOG [52].
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Figure 4. The mechanisms of EZH2-related drug resistance. The factors, enhancement of efflux pumps,
elevated DNA damage repair and influence on CSCs through signaling pathways and transcription factors,
lead to drug resistance (Figure created with BioRender.com).

For RCC, EZH2 has a pivotal role in the advancement and development of RCC and the
acquisition of drug resistance [50, 53]. High EZH2 expression has been observed in CSCs
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isolated from RCC patients and is associated with increased self-renewal, invasion, and drug
resistance [54, 55]. Multiple studies have reported that inhibiting EZH2 expression or activity
results in heightened the sensitivity of RCC cells to chemotherapy and targeted therapies. For
example, Liu et al. demonstrated that downregulating EZH2 expression in RCC cells can
sensitize the cells to sunitinib treatment, a common targeted therapy for RCC [56]. In another
study, EZH2 inhibition with the small molecule inhibitor GSK126 sensitized RCC cells to the
chemotherapeutic drug cisplatin, resulting in decreased cell proliferation and increased
apoptosis [57]. These data clearly suggest that targeting EZH2 might be a potential therapeutic
method for overcoming drug resistance in RCC patients. In addition to its role in promoting drug
resistance in RCC, EZH2 has also been shown to promote tumor growth and angiogenesis in
this malignancy [58]. Previous studies found that EZH2 acts as an oncogenic driver by
regulating key genes including but not limited to cell proliferation, cell cycle progression, and
angiogenesis in RCC cells [59]. Furthermore, the treatment with GSK126 inhibits the expression
of genes involved in angiogenesis in RCC cells, which was associated with a reduction of tumor
growth and metastasis in a mouse model of RCC [60, 61]. Moreover, EZH2 expression was
found to be a prognostic marker for RCC, with high level EZH2 expression has been linked to
several clinical characteristics such as poor prognosis and decreased overall survival in patients
with this disease [62-64]. For example, in the research of 134 individuals with RCC, the
expression of EZH2 was significantly associated with larger tumors, higher tumor grades, and
advanced stages, indicating a more aggressive disease [56]. The underlying mechanism for the
upregulation of EZH2 in RCC is unknown, however it is assumed to be linked to deregulation of
several signaling pathways, including the phosphatidylinositol 3-kinase(PI3K)/AKT/mTOR and
the mitogen activated protein kinase/extracellular-signal-regulated kinase (MAPK/ERK)
pathways, which are frequently altered in RCC [65].

In our study, EZH2 was identified as the most promising candidate marker for RCC CSCs due
to its significantly elevated expression levels in tumor tissues and sphere cell lines, in contrast
to its lower expression in normal tissues and adherent cell lines, respectively. Meanwhile, it has
been discovered that EZH2 expression is substantially linked with a variety of clinical features.
Furthermore, studies have found a link between EZH2 expression and nine different kinds of
tumor-infiltrating immune cells (TICs) in RCC. Follicular helper T cells, regulatory T cells, CD8 T
cells, B cells, CD4 T memory resting cells, M2 macrophages, active dendritic cells, and resting
mast cells are all examples of TICs. Furthermore, studies have revealed strong correlations
between EZH2 expression and numerous immunological signaling pathways. Notably, these
pathways include essential components such as natural killer cell-mediated cytotoxicity, primary
immunodeficiency, and immunological signaling pathways including TCR, p53, and JAK-STAT.
Additionally, EZH2 expression has been linked to metabolic pathways such as pyruvate,
propanoate, and butanoate metabolism. These complicated relationships highlight EZH2's
varied involvement in RCC and its potential importance in modulating immunological responses,
signaling cascades, and metabolic activities. In addition, target genes interacting with EZH2
were predicted to be KIF11, MMP2, and VEGFA, which may play a role and should be
examined for potential co-expression in future studies [66].

2.2.2.2 ABCG2

ABCG2, also recognized as the breast cancer resistance protein, is a distinguished constituent
of the ABC transporter family [67]. It is a transmembrane protein that plays a crucial role in drug
efflux, thereby limiting drug accumulation within cancer cells and leading to drug resistance [68].
The fundamental process of the mechanism typically involves several sequential steps,
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including the binding of substrate and Mg+/adenosine triphosphate (ATP), dimerization of the
nucleotide-binding domain (NBD), conformational changes, characterized by the ABC domains
switching between outward/inward conformations (depending on the transport direction), ATP
hydrolysis, release of substrate, phosphate and adenosine diphosphate (ADP), and protein
regeneration to an initial state to set up for the next cycle. Although the order of these steps
varies from protein to protein, various experimental and physical data has shown the
occurrence of these steps at some point [69, 70] (Figure 5). In addition, ABCG2 binds to a wide
range of structurally diverse drugs, including TKIs and chemotherapeutic agents such as
mitoxantrone, topotecan, and doxorubicin. Once these drugs enter cancer cells, ABCG2 pumps
them out of the cells, leading to lower intracellular drug concentrations and reduced drug
efficacy [71, 72]. In addition, ABCG2-mediated drug resistance is regulated by several signalling
pathways, including the PI3K/Akt and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) pathways [73]. Inhibition of these pathways has been shown to downregulate
ABCG2 expression and increase the sensitivity of cancer cells to chemotherapeutic agents [74,
75].

For RCC, numerous investigations have documented that the overexpression of ABCG2 in RCC
is associated with drug resistance and cancer relapse [76-79]. In recent studies, ABCG2 was
discovered to be a marker of renal cancer stem cells, and its involvement in supporting their
survival and proliferation in vitro was discovered. Furthermore, inhibiting ABCG2 was found to
drastically diminish RCC cell resistance to sunitinib, demonstrating its crucial role in drug
resistance pathways in RCC [80, 81]. Ko143, a selective and potent inhibitor of ABCG2, has
been found to potentiate the antitumor efficacy of chemotherapy in preclinical in vivo models of
RCC, thus holding promise as a sensitizing agent in RCC therapy [82]. Moreover, numerous
clinical investigations have scrutinized the association between ABCG2 expression and drug
resistance in RCC patients. For example, several distinct studies revealed a significant increase
in ABCG2 expression in RCC patients who demonstrated resistance to sunitinib treatment, and
one of the studies reported that patients with elevated ABCG2 expression demonstrated a
diminished response to chemotherapy, and a shorter PFS compared to those with low ABCG2
expression [83-85].

In our preliminary study, the mRNA expression level of ABCG2 is considerably greater on RCC-
53 cell line CSCs compared to adherent cell lines, whereas it is not on SKRC-17 cell lines [66].
This differently expression level on the RCC CSCs highly motivated us to explore more potential
multifunction not only on RCC also in pan-cancer. Therefore, we performed a comprehensive
pan-cancer analysis to examine at ABCG2's possible therapeutic functions in 33 distinct
cancers. Our investigation revealed variable expression patterns of ABCG2 in tumors,
demonstrating diminished expression in individuals diagnosed with kidney chromophobe (KICH)
as well as kidney renal papillary cell carcinoma (KIRP). In contrast, a markedly elevated
expression was observed in patients afflicted with kidney renal clear cell carcinoma (KIRC).
Moreover, RNA stemness score correlated significantly negative with ABCG2 mRNA expression
in KIRC and KICH, as well as ESTIMATE scores correlated significantly positive with ABCG2
mRNA expression in KICH and KIRP. The opposite result was observed in the KIRC group.
These results implied the multifunction of ABCG2 among various renal cancer types. In addition,
within the TCGA database, OS analysis shows that a low expression level of ABCG2 is
associated with a poor prognosis for KIRC (p < 0.001). Finally, the level of ABCG2 mRNA
expression in several cancer cell lines (adherent, sphere and drug-resistant) was tested to
investigate the ABCG2-mediated drug resistance. Unexpectedly, we found that in both RCC-53
and SKRC-17, elevated ABCG2 expression was observed in sphere cell lines when compared



2 Introductory summary 20

to the adherent cell lines' cohort, which was not consistent with our preliminary results with the
SKRC-17 cells [86]. We assume that the different expression tendency caused because of the
different generation of the SKRC-17 cell lines. The gene expression may differ in sphere cell
lines that were generated from various adherent cell lines’ generations.
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Figure 5. ABCG2 characteristic mechanism diagram. The cytoplasmic NBDs' closure/dimerization
provides the energy required for the power-stroke that pushes the TMDs from their inward to outward
conformations. ATP hydrolysis reverses the conformation to an inward direction. NBD: nucleotide-binding
domain; TMD: transmembrane domain; ATP: adenosine triphosphate; ADP: adenosine diphosphate
(Figure created with BioRender.com).

2.2.2.3 VCAM1

Vascular cell adhesion molecule 1 (VCAM-1) has been identified as a transmembrane
glycoprotein found on activated endothelial cells, leukocytes, as well as some stromal cells. It
participates in diverse physiological and pathological phenomena, including immune cell
trafficking, angiogenesis, as well as vascular adhesion and transendothelial migration of
leukocytes associated with inflammation [87]. It is known that the pro-inflammatory cytokine
TNFa stimulates the expression of VCAM-1 that linked to the development of a number of
immunological diseases, including though not confined to, rheumatoid arthritis, asthma,
transplant rejection, and cancer [88] (Figure 6). For cancer, Yong-Bin et al. have observed that
gastric cancer tissue exhibiting positive VCAM-1 expression displays a greater abundance of
microvessels when compared to tissue that is VCAM-1 negative [89]. In another study, Byrne
and colleagues found a significant association between the serum concentrations of VCAM-1
and the microvessel density in breast cancer, suggesting that serum VCAM-1 may function as
an alternative marker for assessing angiogenesis in the context of breast cancer [90]. In
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addition, VCAM-1 expression has been linked to the induction of EMT, a procedure related to
the development of stem-like features and increased metastatic potential in cancer cells [91].

For RCC, recent research has revealed a curious finding: there is a significant increase in the
expression of VCAM-1 within RCC tumors when compared to levels seen in healthy kidney
tissues. This VCAM-1 overexpression has emerged as a critical component that contributes to
the persistent progression of RCC, the facilitation of metastatic distribution, and the challenging
development of resistance to treatment therapies [88, 92, 93]. For overcoming drug resistance
in RCC, inhibiting VCAM-1 expression with a small molecule inhibitor showed promising results
in reducing tumor growth and metastasis, and in enhancing the efficacy of the targeted therapy
drug sunitinib in preclinical models of RCC [11, 94, 95]. The mechanism underlying the role of
VCAM-1 in RCC pathogenesis and drug resistance is not fully understood. Nonetheless, there
is increasing evidence that several signaling pathways are involved in the control of VCAM-1
expression in RCC, including the NF-«xB as well as hypoxia-inducible factor-1 o (HIF-1a)
pathways [96-98].

In our study, VCAM1 was discovered to be a novel CSC marker that is strongly associated with
the combination therapy strategy of ipilimumab and shikonin. In addition, VCAM1 expression
was significantly greater in ccRCC tumor tissue than in normal tissue at both the mRNA and
protein levels. Furthermore, increased VCAM1 mRNA expression was associated with a
favorable prognosis in patients with ccRCC, as evidenced by statistically significant
improvements in overall survival (OS, p = 0.041) and disease-free survival (DFS, p = 0.035).
Then, we investigated the correlation between VCAM1 expression and the microenvironment in
ccRCC patients. The following results indicated that VCAM1 high tumors had a higher
prevalence of CD8+ T cells, follicular helper T cells, monocytes, M1 macrophages, eosinophils,
and resting dendritic cells compared to VCAM1 low tumors. In addition, a significant relationship
was found between VCAM1 expression and the infiltrating immune cells, as well as the
immunophenoscore (IPS), which anticipates the efficacy of therapies involving anti-CTLA-4 and
anti-PD-1 antibodies. The upregulation of VCAM1 exhibited a positive correlation with the MHC,
EC (effector cell), and IPS scores, while demonstrating a negative correlation with the SC
(suppressor cell) and CP (checkpoint) scores. Finally, the VCAM-1 related immune genes and
signaling pathways were explored. The findings revealed that VCAM1 expression correlated
positively with various immune checkpoint genes. For example, we found substantial
enrichment of numerous genes in the group with high VCAM1 expression, including CTLA-4,
IL10, CXCL9, CXCL10, and HAVCR2. Furthermore, functional network analysis indicated an
enrichment of pathways linked to T cell receptor signaling, B cell receptor signaling, natural
killer cell-mediated cytotoxicity, rig-l-like receptor signaling, autoimmune thyroid disease, and
toll-like receptor signaling. In contrast in the low VCAM1 expression group, we found
enrichment in several pathways, including the calcium signaling pathway, neuroactive ligand-
receptor interaction, heart muscle contraction, dilated cardiomyopathy, and hypertrophic
cardiomyopathy (HCM). These data highlight the intricate connection between VCAM1
expression and immune-related pathways in one group, whereas cardiovascular and
neurological pathways are implicated in the other group.
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Figure 6. Mechanism of VCAM-1-mediated leukocyte adhesion and migration across endothelial
cells. TNFa, which is largely released by leukocytes, has a stimulatory impact by increasing VCAM-1
expression on the surface of endothelial cells. This increased VCAM-1 presence on activated endothelial
cells acts as a critical site of contact, directly connecting with the integrin a41 receptors located on the
leukocyte surface. TNFa: tumor necrosis factor alpha (Figure created with BioRender.com).

2.3 Phytochemicals (PTCs)

PTCs are naturally occurring compounds found in plants that have been shown to have anti-
cancer properties [99]. These compounds have been the subject of many research projects in
the recent years, as they have the potential to provide a safer and more natural approach to
cancer prevention and treatment [100]. PTCs can be classified into different groups based on
their chemical structures and on the plants they are found in. Some of the most well-known
groups of PTCs include flavonoids, carotenoids, phenolic acids, and terpenoids. Each group of
phytochemicals has unique properties and mechanisms of action that make them effective in
preventing and treating various types of cancer [101]. Recently, the use of PTCs is expected to
be a promising therapeutic option for cancer eradication by eliminating CSCs [102]. This is a
significant step forward in cancer treatment because manufactured anticancer medications are
generally highly harmful to vital organs and compromising the integrity of the patient's immune
system.

For our project, we are firstly screening out 11 PTCs (apigenin, shikonin, wogonin, berbamine,
curcumin, resveratrol, piperine, honokiol, corilagin, silibinin and baicalein) to determine the most
promising PTC as partner for the ICls. Apigenin, shikonin and wogonin showed their higher
binding probability with therapeutic target proteins and more intersection genes with immune-
related genes of the RCC and were selected as PTCs candidates. Then, the selection of
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shikonin as the most promising combinatorial agent with ipilimumab for ccRCC patients among
11 potential therapeutic candidates is attributed to its significant inhibitory impact on CSC. In
addition, after deeply researching recent PTCs studies, we found that EGCG could have a high
potential for the inhibition of RCC CSCs. Therefore, we tested EGCG on the CSCs together with
shikonin, apigenin and wogonin to further clarify the combined potential of PTC together with
the first line therapy in RCC.

2.3.1 EGCG

In green tea, the active compound epigallocatechin-3-gallate (EGCG) demonstrates diverse
biological functions, including anti-oxidant, radical scavenging, anti-microbial, anti-inflammatory,
anti-carcinogenic, and anti-apoptotic properties [103]. In cancer, EGCG and other tea catechins
are capable of neutralizing reactive oxygen species (ROS) and modulating cell signaling [104,
105]. For antioxidant activity, the properties of green tea phenol contain phase Il antioxidant
enzymes, including superoxide dismutase, glutathione-S-transferase, glutathione peroxidase,
and glutathione reductase, which are linked to the removal of ROS. The nuclear factor erythroid
2-related factor 2 (Nrf2) has been demonstrated to play a distinctive role in regulating the
expression of phase Il enzymes, a phenomenon closely associated with both oncogenesis and
the development of resistance to chemotherapeutic agents in cancers [106]. In addition, EGCG
plays a starring role in the inhibition of inflammatory mediators contributing to metastasis and
carcinogenesis, including nitric oxide (NO), proinflammatory cytokines like the interleukins IL-12,
IL-1B, IL-6, and TNF-a. A prior study found that administration of with EGCG at 10 yuM and 50
MM levels suppressed NO, IL-6, IL-1, and TNF-a in lipopolysaccharide-induced RAW 264.7 cells
[107].

Due to its potential multi-function in cancer, EGCG has contributed to various ongoing clinical
trials, either alone or in combination, demonstrating its ability to boost the therapeutic effect of
traditional medications [108]. For RCC, in vitro investigations have demonstrated that EGCG
exhibits a dose-dependent inhibition of RCC cell proliferation and induces apoptosis by
suppressing the PI3K/Akt signaling pathway. This pathway, implicated in RCC tumorigenesis, is
known to play a crucial role [103]. Other studies showed that EGCG significantly decreased
RCC cell migration and invasion by decreasing the production of matrix metalloproteinase-2
(MMP-2), an enzyme involved in extracellular matrix degradation that plays an essential part in
tumor invasion and metastasis [109, 110]. In addition to its direct effects on RCC cells, EGCG
has also been found to enhance the anti-tumor immune response. In a mouse model of RCC, it
was found that EGCG could enhance the infiltration of CD8+ T cells into the TME, and that it
promoted the expression of pro-inflammatory cytokines, which are important for the activation of
the immune response [111, 112].

In our research, we evaluated the effects of four different PTCs on adherent and sphere cell
lines of RCC-53 and SKRC-17 in terms of migration, invasion, and apoptosis. The outcomes of
our study demonstrated that EGCG exhibited robust efficacy in inhibiting the migration and
invasion, while concurrently enhancing apoptosis in both adherent and CSC cell lines. We also
found that EGCG had the highest inhibitory effect on EZH2 expression, which is proven as a
CSC biomarker in RCC based in our study. Moreover, we executed the concurrent
administration of EGCG and sunitinib, a frontline therapeutic approach for RCC. The results
showed that when compared to the control group, this combination treatment significantly
reduced the frequency of CD4+, CD25+, CD127low, FOXP3+, Treg cells in the peripheral blood
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cells of ccRCC patients, providing new insights into potential therapies for ccRCC by targeting
CSCs [66].
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Figure 7. Main mechanisms of the inhibitory effect of EGCG in cancer. EGCG is extracted from green
tea. The 2D and 3D structure of EGCG is shown, and also the role of EGCG in the inhibition of
inflammation and oncogenesis. Arrow  represents induction and symbol L represents suppression of
effects (Figure created with BioRender.com).

2.3.2 Shikonin

Shikonin is a naturally occurring chemical extracted from the roots of the plant Lithospermum
erythrorhizon [113, 114]. It possesses anti-oxidant, anti-inflammatory, and anti-thrombotic
properties, and has been studied for its potential use in the management of specific kinds of
cancer [115, 116].

Based on previous studies, our group found that shikonin could attack prostate cancer cell lines
and their CSCs by inhibiting proliferation, migration and invasion and increasing the rate of
apoptosis, also by downregulating ABCG2 and ALDH3A1, shikonin was able to resensitize
cabazitaxel-resistant prostate cancer cells to cabazitaxel [31]. Another study in our lab found
that shikonin could effectively inhibit the formation of tumour spheres, enhancing the
proliferation and apoptosis-inducing effects of temozolomide on glioma cells and their CSCs
[117]. For RCC, the newest research in 2022 investigated the effect of shikonin on therapy-
sensitive and therapy-resistant RCC cells. The results showed that shikonin substantially
decreased parental and sunitinib-resistant RCC cell growth, proliferation, and clone formation
via G2/M phase arrest-mediated down-regulation of cell cycle activating proteins. In addition,
the induction of apoptosis and necroptosis by shikonin was mediated through the activation of
necrosome complex proteins as well as inhibited the activity of the AKT/mTOR signaling
pathway, which is known to play a role in RCC tumorigenesis [118]. Additionally, another study
found that shikonin treatment in the renal cancer cell lines Caki-1 and ACHN could enhance
autophagy. Knockdown of chain 3B (LC3B)-Il that bind to the autophagic membranes could
significantly restored cell viability when shikonin was present, indicating that autophagy was
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involved in shikonin-induced cell death. Meanwhile, shikonin treatment in Caki-1 and ACHN
cells led to elevated levels of ROS and mitochondrial dysfunction. In turn, pre-treatment with N-
acetyl cysteine, a ROS scavenger, effectively mitigated shikonin-induced cell death and ROS
generation [119]. These results indicate that shikonin could serve as a supplementary
therapeutic option for individuals diagnosed with advanced and treatment resistant RCC. In our
study, the results have demonstrated that shikonin can enhance apoptosis, and inhibit migration,
and invasion in both adherent cell lines and CSCs of RCC-53 and SKRC-17. Moreover,
shikonin showed strong ability to inhibit most of the CSC markers in SKRC-17. To further
improve the efficacy of shikonin treatment, we investigated a combination treatment strategy
using three potential ICls. We found that in combination with shikonin, ipilimumab was
particularly effective in suppressing the ccRCC patient's FoxP3+ Treg cells and enhancing
CD3+CD4+ T cells. Additionally, compared to the shikonin-only group, the combination of
ipilimumab and shikonin dramatically reduced the ccRCC patients' FoxP3+ Treg cells in RCC-
53 and increased the CD3+CD4+ T cells in both RCC-53 and SKRC-17.
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Figure 8. Main mechanisms of Shikonin in RCC. Shikonin is extracted from the root of Lithospermum
erythrorhizon. The 2D and 3D structure of shikonin is shown, and also the role of shikonin in the inhibition
of cell growth, the enhancement of cell death as well as in ROS generation. Arrow «* represents induction

and symbol L represents suppression of effects (Figure created with BioRender.com).

2.3.3 Apigenin

Apigenin is a flavonoid phytochemical that can be found in a variety of fruits and vegetables,
including parsley, celery, and chamomile. It has been shown to have anti-cancer properties,
including the activation of apoptosis or autophagy, cell cycle modulation, prevention of tumor
cell migration and invasion as well as stimulation of patients' immunological responses. Several
studies have investigated that apigenin has the potential to be used as a cancer therapy agent
[120, 121]. The various anti-cancer properties of apigenin are controlled by different signaling
pathways [122]. For example, apigenin triggered apoptosis via either the intrinsic pathway
involving mitochondria or the extrinsic pathway mediated by death receptors [123, 124].
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Moreover, Coombs et al. demonstrated that in both human and mouse mammary carcinoma
cells, apigenin can specifically target STAT1 (signal transducer and activator of transcription 1),
leading to the suppression of IFN-y-mediated PD-L1 expression, while simultaneously
enhancing the proliferation of PD1-expressing Jurkat T cells, the co-culture with MDA-MB-468
cells also promotes the synthesis of IL-2 [125]. Additionally, in human malignant melanoma cells,
the AKT/mTOR pathway was found to be significantly inhibited by 40 uM apigenin, leading to
reduced cell migration and invasion in both melanoma cell lines A375 and C8161. In the
colorectal cancer cell lines SW480 and DLD1, apigenin modulated the developmentally down-
regulated 9 (NEDD9)/Src/AKT cascade in neural precursor cells, thereby inhibiting cell
migration, invasion, and metastasis [126, 127]. In human prostate cancer cells, apigenin
promoted cell cycle arrest via regulating MAPK, PI3K/Akt, and cyclin D1-associated
retinoblastoma dephosphorylation [128].

For RCC, recent investigations have shown that apigenin exhibits a time- and dose-dependent
inhibition of the proliferation of three distinct renal cell carcinoma (RCC) cell lines. This effect is
attributed to G2/M phase cell cycle arrest, mediated by the modulation of the ATM signaling
pathway. Furthermore, the studies revealed apigenin-induced apoptosis was probably p53-
dependent and caused DNA damage in RCC cells, particularly at higher dosages. Meanwhile,
apigenin treatment dramatically decreased tumor development and volume in vivo utilizing an
ACHN cell xenograft mice model. Immunohistochemical staining validated apigenin's anti-
proliferative actions in vivo, as shown by reduced Ki-67 indices in tumors produced from
apigenin-treated mice [129, 130]. Consistently, a new derivative of apigenin-15e with improved
properties were synthesized, which exhibited strong anti-growth activity against various RCC
cell lines, as well as inhibited Caki-1 cell proliferation, migration and invasion. Mechanistically,
apigenin-15e is able to directly target the MET kinase domain-a driving factor in RCC,
meanwhile inhibiting the activity of mutant MET V1238I and Y1248H which had developed
resistance to approved MET inhibitors [131]. These results indicate that the compound apigenin
and its derivative have the capability to be explored as a therapeutic option for RCC, particularly
for drug-resistant MET mutations.

Our research has demonstrated that apigenin significantly decreased the transcript levels of
major CSC markers in RCC-53 CSCs as well as EZH2 mRNA expression level in RCC-53 and
SKRC-17 CSCs. To investigate the biological regulation of apigenin in the RCC-53 and SKRC-
17 cells as well as the associated CSCs, the cells were treated with apigenin at three distinct
concentrations (0.5x% IC50, 1x IC50, and 2x IC50). The results revealed that apigenin in the 2x
IC50 group greatly reduced cells invasion in adherent cell lines and associated CSCs. The
apoptosis rates were significantly increased in the 2x IC50 group both for the adherent and
sphere cell lines.
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Figure 9. Main mechanisms of apigenin in cancer. Apigenin is extracted from fruits and vegetables.
The 2D and 3D structure of apigenin is shown, and also the role of apigenin in suppressing cell cycle,
migration, and invasion as well as enhancing cell death and immune response. The carcinogenesis-related
signaling pathways involved are indicated. Arrow * represents induction and symbol L represents
suppression of effects (Figure created with BioRender.com).

2.3.4 Wogonin

Wogonin is a flavonoid phytochemical found in the roots of the Chinese plant Scutellaria
baicalensis, which is being proved to possess several properties, including anti-Inflammatory
effect, anti-cancer effect, and anti-oxidant activity [132, 133]. Wogonin differentially regulates
inflammation in several ways: 1) via inflammation-associated proteins: wogonin was effective in
reducing gene expression of cyclooxygenase-2 (COX-2) and TNF- a, while showing weak
effects on intercellular adhesion molecule 1 (ICAM-1) and IL-1B in 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced inflammation and in an acute-type model of arachidonic acid (AA)-
induced inflammation. 2) via signaling pathways: wogonin has been shown to attenuate the
production of endotoxin-Induced prostaglandin E2 and nitric oxide through the src- ERK1/2- NF-
KB pathway [134]. In addition, wogonin plays multi-functional roles in antioxidant activity. For
example, wogonin has the ability to inhibit the remodeling of action stimulated by H>O2 by
reducing phosphorylation of caveolin-1, which is associated with the suppression of the
stabilization of vascular endothelial cadherin and catenin [135]. Moreover, wogonin can also
inhibit several types of oxidative stress-induced neuronal damage by inhibiting excitotoxicity.
Furthermore, the antioxidant and radical scavenging activities could be contributing to the
neuroprotective benefits [136]. In cancers, several investigations have explored the potential of
wogonin as a therapeutic option by regulating cancer driving pathways and molecules [137-139].
For instance, wogonin treatment of murine sarcoma S180 cells resulted in upregulation of bax
and p53 mRNA expression and downregulation of bcl-2 mRNA expression, indicating its pro-
apoptotic effect [140]. This phenomenon was noted in both in vitro and in vivo environments,
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resulting in the suppression of neoplastic proliferation. Moreover, the leaf extract of Scutellaria
ocmulgee Small demonstrated potent anti-proliferative activity and contained solely wogonin,
indicating that this flavonoid may exhibit exceptional anti-cancer properties and could exhibit
synergistic effects with other phytochemicals at even low concentrations [141]. In addition,
another study documented that wogonin could inhibit Treg activity induced by transforming
growth factor B (TGF-B1) in malignant gliomas, indicating that the potential of wogonin to
alleviate tumor-induced immune suppression may be ascribed to its capacity to decrease TGF-
B1 production and TGF-1 response in T cells [142].

For RCC, the administration of wogonin demonstrated inhibitory effects on the proliferation,
migration, and invasion of the RCC cell lines 786-O and OS-RC-2, alongside with the induction
of significant cytotoxic effects. Moreover, wogonin transcriptionally down-regulated a crucial
component in DNA damage response-cell division cycle 6 (CDC6), disrupted DNA replication,
increased DNA damage, and death in RCC cells after blocking the cyclin-dependent kinase 4
(CDK4)/RB pathway. Meanwhile, the proficient restoration of sunitinib sensitivity by wogonin
through the inhibition of CDK4 suggests that the CDK4-RB pathway could contribute, at least
partially, to the development of resistance to sunitinib in RCC. Wogonin could play a potential
role of therapeutic implication via regulation the CDK4-RB pathway in the future management of
RCC [143].

To understand how wogonin is functionally regulated in RCC-53 and SKRC-17 cells, and
associated CSCs, we treated the cells with various concentrations of wogonin (0.5% IC50, 1x
IC50, and 2x IC50). In light of our research findings, it was revealed that the number of invaded
CSCs was significantly reduced in the group that received wogonin at a concentration of 2x
IC50. Additionally, the rates of apoptosis were significantly increased in both the adherent and
sphere cell lines in the group that received apigenin at a concentration of 2x 1C50.

[ Antioxidant Activity
‘ 0 i | * Radical scavenging activity
4 ! » Excitotoxicity

2D structure

— WOQOI‘II n— Anticancer effect

HDAC1/HDAC2 pathway
Myc/SKP2/Fbw7a pathway
anti-apoptosis, anti-proliferation
Immune suppression

Scutellaria baicalensis @&

S O p

Inflammation

d ‘0 « NF-kB pathway
* COX-2, IL-1B, TNF-a, ICAM-1

3D structure

Figure 10. Main mechanisms of wogonin in cancer. Wogonin is extracted from Scutellaria baicalensis,
and the structure of wogonin in two and three dimensions is shown. Wogonin plays a role in the inhibition
of inflammation as well as in the enhancement of anticancer effect and antioxidant activity. Molecular
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structure, signaling pathways and bioactivity are presented. Arrow »* represents induction, and symbol L
represents suppression of effects (Figure created with BioRender.com).
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Background: Management of clear cell renal cell carcinoma (ccRCC) has
changed rapidly in recent years with the advent of immune checkpoint
inhibitors (ICls), However, only a limited number of patients can sustainably
respond to immune checkpoint inhibitors and many patients develop resistance
to therapy, creating an additional need for therapeutic strategies to improve the
efficacy of systemic therapies.

Methods: Binding probability and target genes prediction using online databases,
invasion, migration, and apoptosis assays as well as the inhibition of cancer stem
cells (CSCs) markers in ccRCC cell lines were used to select the most promising
phytochemicals (PTCs). Mixed lymphocyte tumor cell culture (MLTC) system and
flow cytometry were performed to confirm the potential combination strategy.
The potential immunotherapeutic targets and novel CSC markers were identified
via the NanoString analysis. The mRNA and protein expression, immune
signatures as well as survival characteristics of the marker in ccRCC were
analyzed via bicinformation analysis.

Results: Shikonin was selected as the most promising beneficial combination
partner among 11 PTCs for ipilimumab for the treatment of ccRCC patients due
to its strong inhibitory effect on CSCs, the significant reduction of FoxP3" Treg
cells in peripheral blood mononuclear cells (PBMCs) of patients and activation of
the endogenous effector CD3*CD8" and CD3*CD4" T cells in response to the
recognition of tumor specific antigens. Based on NanoString analysis VCAML,
CXCL1 and IL8 were explored as potential immuncotherapeutic targets and novel
CSC markers in ccRCC. The expression of VCAM1 was higher in the tumor tissue
both at mRNA and protein levels in ccRCC compared with normal tissue, and was
significantly positively correlated with immune signatures and survival
characteristics in ccRCC patients.
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Conclusion: We propose that a combination of shikonin and ipilimumab could
be a promising treatment strategy and VCAML1 a novel immunotherapeutic target
for the treatment of ccRCC.

KEYWORDS

renal cell carcinoma, immune checkpoint inhibitor (ICl), phytochemical,
immunotherapy, cancer stem cells (CSCs), tumor microenvironment (TME), tumor
infiltrating immune cell (TIC)

1 Introduction

Renal cell carcinoma (RCC) is the most common type of renal
malignancy, of which clear cell renal cell carcinoma (ccRCC) or
kidney renal clear cell carcinoma (KIRC) accounts for about 70-85%
of cases ranging from an indolent evolution to a rapid and
widespread progression. More than 30% of ccRCC patients are
metastatic at the time of the diagnosis, and nearly 30% will
progress to metastasis during the course of follow-up (1, 2).
Recently, the management of metastatic ccRCC has been
revolutionized by the advent of immune checkpoint inhibitors
(ICIs) replacing or being added to treatments with tyrosine kinase
inhibitors (TKIs) alone, and each combination regimen is
considered highly effective, with objective response rates ranging
from 42% to 71% (3-6). Meanwhile, dual ICI treatment, combining
nivolumab and ipilimumab, has also shown a survival benefit and
reduced the risk of death by 32%. In 2018, this therapy was approved
for previously untreated RCC patients with intermediate and low
risk (7). Furthermore, in a recent phase 3 clinical trial
(NCT03937219), the combination of cabozantinib, nivolumab, and
ipilimumab demonstrated statistically significant improvements in
progression-free survival (PFS) among 428 participants. However, it
is worth noting that the treatment also resulted in a high rate of
grade 3/4 adverse events (AEs), with nearly 80% of participants
experiencing these severe AEs (8). Despite significant improvements
in systemic therapies for ccRCC, only a few patients have achieved a
durable clinical response, with the median PFS ranging from 11.6 to
154 months, even with first-line treatment (9) followed by the
therapy-resistance. Additional therapeutic strategies to improve the
efficacy of systemic therapies are therefore urgently needed,
especially in patients with limited disease burden.

Targeting cancer stem cells (CSCs), a small population of cancer
cells in the tumor microenvironment (TME), has been suggested as
the key to successful treatment against the increased relapse rate of
cancers toward current chemo- or radiotherapy (10). Emerging
evidence has indicated that renal tumorigenesis and RCC treatment
resistance may originate from renal CSCs with tumor-initiating
capacity (11, 12). So far, many studies have tried to establish unique
biomarkers to identify CSC populations in RCC. Consequently,
several markers were found to be specifically expressed in CSCs and
cancer stem-like cells derived from RCC such as CD105, ALDH]1,
OCT4, CD133, and CXCR4 which have the ability to play multiple
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functional roles in regulating stem cell function (13). For example,
CXCR4" cells derived from several RCC cell lines exhibit resistance
to therapy (TKIs) and enhanced capability to form spheres in vitro
and tumors in vivo compared to CXCR4 cells (14). Furthermore,
several CSC markers such as EZH2, OCT4 and NANOG could be
considered as novel independent prognostic predictors in patients
with renal cancer (15, 16). Therefore, the identification of a specific
CSC marker for RCC that either initiate or maintain tumorigenesis
is of most importance for understanding tumor biology and in the
development of novel therapies.

To target CSCs, phytochemicals have been proposed due to
their economical nature, less immunological response and relatively
low side effects (17, 18). Moreover, merging evidence showed that
several phytochemicals such as curcumin, piperine, berbamine,
shikonin, genistein as well as the whole extract of some plants are
able to kill CSCs (19, 20). For instance, epigallocatechin-3-gallate
(EGCG) as an active compound in green tea is involved in several
ongoing alone or combination clinical trials with cisplatin and
oxaliplatin, because of the potential to suppress cancer stemness
and tumorigenicity and its ability to improve the efficacy of
conventional drugs in several types of cancers including RCC
(21-23). The usage of phytochemicals is likely to be a potential
treatment strategy for eradicating cancer through the elimination of
CSCs. This is a milestone in the improvement of cancer treatment
because the synthetic anticancer drugs that are currently used are
often highly toxic to healthy organs and weaken the patient’s
immune system. Therefore, more clinical trials could be released
to improve the outcomes of these patients through the usage of a
combination therapy with phytochemicals and immunotherapy or
other more efficient systemic therapies.

2 Materials and methods

2.1 Prediction of binding probability and
intersection genes

The two-dimensional (2D) and three-dimensional (3D)
structure of phytochemicals was acquired from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/). The three-
dimensional structures of the target proteins were downloaded
from protein data bank (https://www.rcsb.org/) with the PDB ID:
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7KEZ (VEGF), 3HN4 (HGF), 3MJG (PDGF), 3FUB (GDNF) and
4DRH (mTOR) respectively. The binding probability based on the
predicted structures between target proteins and phytochemicals
was evaluated by the online platform Kdeep (https://
playmolecule.com/Kdeep/). Kdeep is a protein-ligand affinity
predictor based on Deep Convolutional Neural Networks
(DCNNs). The SDF file of the 3D structure was uploaded to the
PharmMapper database (http://www.lilab-ecust.cn/pharmmapper/)
for potential target gene prediction.

ccRCC (KIRC, n=539) immune-related genes were extracted
from The Cancer Genome Atlas database (TCGA) database
(https://portal.gdc.cancer.gov/). The intersection of ccRCC
immune genes and phytochemicals’ potential target genes were
obtained using a Venn diagram.

2.2 Cell culture

SKRC-17 (kind gift from J. Vissers, Nijmegen), and RCC-53
(derived from a patient with stage IV disease (pT2N1MxG2-3))
were grown in RPMI1640 supplemented with 10% fetal calf serum
(FCS “Gold Plus”, Bio & Sell GmbH, Feucht, Germany), 1%
minimal essential medium, 1 mM sodium pyruvate, and 2 mM L-
glutamine (Invitrogen, Life Technologies GmbH, Darmstadt,
Germany) under the condition at 37°C in a humidified incubator
with 5% CO,. The corresponding CSCs were generated using CSC
medium containing DMEM/F12 medium supplemented with 2% B-
27 (Invitrogen), 10 ng/ml epidermal growth factor (EGF, Sigma
Aldrich Chemie GmbH, Taufkirchen, Germany), and 10 ng/ml
basic fibroblast growth factor (bFGF, Sigma Aldrich).

TABLE 1 Primers used for RT-qPCR.

Transcript Primer
GAPDH GAPDH-F
GAPDH-R
ACTB ACTB-F
ACTB-R
ABCAI3 ABCA13-f
ABCAI13-r
ABCBI1 ABCBI-f
ABCB1-r
ABCG2 ABCG2-f
ABCG2-r
ALDHIAI ALDHIA1-f
ALDHIAlL-r
ALDHIA3 ALDHIA3-f
ALDHIA3-r

10.3389/fimmu.2023.1186388

2.3 Sphere formation assay

All the CSCs were generated by the sphere-forming assay in
CSC specific medium. Initially, SKRC-17 and RCC-53 were
harvested using 3-5 ml Accutase cell detach solution (Life
Technologies, Thermo Fisher Scientific, Waltham, MA, USA) and
incubated for 8-10 minutes at 37°C. Then, 3-10 x 10° cells were
seeded in 75 cm? ultra-low attachment flasks (Corning, New York,
NY, USA) and cultured with 10 ml CSC specific medium for 7 days.

2.4 Quantitative reverse transcription
PCR (RT-gPCR)

Total RNA was extracted from cells using the RNeasy Mini-Kit
(Qiagen, Hilden, Germany) based on the manufacturer’s instructions.
c¢DNA was synthesized according to the kit instructions (Reverse
Transcription System, Promega GmbH, Mannheim, Germany). The
real-time PCR procedure was performed using the LightCycler® 96
(Roche) and the DNA Green Master kit (Roche, Penzberg, Germany).
The reaction started with 95°C for 10 minutes, followed by 40 cycles of
denaturation at 95°C for 10 seconds, annealing at 56-62°C for 10
seconds, and extension at 72°C for 10 seconds. Data were analyzed by
the LightCycler® 96 software version 1.1. The relative expression
analysis was carried out by the 2% method. The transcription
level of GAPDH and ACTB was used as an internal control, and the
primers of VCAMI1 (GeneGlobe ID: PPH00623E-200), CXCLI
(GeneGlobe ID: PPH00696C-200) and IL8 (GeneGlobe ID:
PPHO00568A-200) were obtained from the RT> qPCR Primer Assays
(Qiagen, Hilden, Germany). The other primers were listed in Table 1.

Sequence (5'-3') product size (bp)

CATGGGTGTGAACCATGA 104
TGTCATGGATGACCTTGG |
CTGCCCTGAGGCACTC » 197
GTGCCAGGGCAGTGAT
AGGAGTGTGAGGCTCTTTGC . 207
TCAGGTGCTGTCCCTTGAAC
GGAGGCCAACATACATGCCT . 205
CAGGGCTTCTTGGACAACCT
CATCAACTTTCCGGGGGTGA | 266
CACTGGTTGGTCGTCAGGAA ‘
TGTTAGCTGATGCCGACTTG ' 154
TTCTTAGCCCGCTCAACACT
GAGGAGATTTTCGGGCCAGT 186

GAGGGCGTTGTAGCAGTTGA
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TABLE 1 Continued
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Transcript mer Sequence (5'-3") product size (bp)
ALDH3AI ALDHIA3-f GCAGACCTGCACAAGAATGA 186
ALDHIA3-r TGTAGAGCTCGTCCTGCTGA |
CD105 ENG-f TCACCACAGCGGAAAAAGGT v 141
ENG-r GGACACTCTGACCTGCACAA
CDI33 V PROMI-f TTGCGGTAAAACTGGCTAAG . 155
PROMI-r TGGGCTTGTCATAACAGGAT »
CXCR4 CXCR4-f TGGGTGGTTGTGTTCCAGTTT . 80
CXCR4-r ATGCAATAGCAGGACAGGATG |
DAB2IP ' DAB2IP-f TGTCGCCCTCACTCTTCAAC » 225
DAB2IP-r CGGCTGTATTGGAGAGGGTC v
DNMT1 V DNMTI1-f GGCAGACCATCAGGCATTCT . 220
v DNMTI-r ACCATGTCCTTGCAGGCTTT v
EZH2 hEZH2-f AGGACGGCTCCTCTAACCAT . 179
EZH2-r CTTGGTGTTGCACTGTGCTT ‘
KLF4 KLEF4-f TCCCATCTTTCTCCACGTTC | 239
KLF4-r GGTCTCTCTCCGAGGTAGGG
LIN28A LIN28A-f TTCGGCTTCCTGTCCATGAC ' 124
LIN28A-r CCACTGCCTCACCCTCCTT v
MTGRI MTGRI-f CCTCCTACCCTGAATGGTGC . 214
MTGRI-r GTGCAAGAACAAGAGTCCGC
NANOG NANOG-f TGTGTTCTCTTCCACCCAGC 205
NANOG-r CTTCTGCGTCACACCATTGC
POUSFI POUSF1-f CCCTGGGGGTTCTATTTGGG 231
POUSF1-r TCTCCAGGTTGCCTCTCACT
SALL4 V SALLA-f GCTCTGTTAGGTACGGACGG . 9%
SALLA-r CTGGTTCCACACAACAGGGT
sox2 SOX-2-f CATCACCCACAGCAAATGAC . 258
SOX-2-1 GCAAACTTCCTGCAAAGCTC »

2.5 Apoptosis assay

Apoptosis assay was executed by flow cytometry using Annexin V
and 7-aminoactinomycin D (both from BD Biosciences). A total of
4x10° cells were seeded in 25 cm? flasks and cultured with or without
phytochemicals. After five days cells were harvested and resuspended
in Annexin V binding buffer, stained with APC-conjugated Annexin V
and 7-aminoactinomycin D (7-AAD) and incubated for 15 minutes in
the dark at room temperature. Samples were measured within on hour
using the FACSCalibur (Becton Dickinson, San Jose, CA, USA). For
each sample, a minimum of 1x10" cells were recorded. Data acquisition
was done using BD CellQuest software (version 4.0.2) and analyzed
using FlowJo (version 9.9.5; Tree Star Inc., Ashland, OR, USA).
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2.6 Drug sensitivity assay

CellTiter Blue Cell Viability Assay (Promega, Madison, USA)
was used to determine IC50 of ICIs. 1-5 x 10” cells per well were
seeded in 96-well plates and incubated overnight at 37°C and 5%
CO,. Then, the culture medium was exchanged with or without ICIs
on the following day. After 48h, a volume of 20 pl CellTiter Blue
Solution was added to each well, and the plates were incubated for
two hours at 37°C and 5% CO,. Finally, the data were collected
using the FLUOstar OPTIMA microplate reader (BMG LABTECH,
Ortenberg, Germany) at 560 (20) nm excitation and 590 (10) nm
emission. The wells without cells were again used as background
controls, while the wells with cells but without treatment were the
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control group. The OPTIMA software version 2.0 was utilized to
collect and analyze the data, while the IC50 was calculated using the
logit regression model.

2.7 Mixed lymphocyte tumor cell
culture (MLTC)

After 7 days incubation CSCs were harvested, dissociated, treated
with or without shikonin, seeded into a 24-well plate with 5 x 10 cells
per well and incubated overnight with CTL Test medium (Cellular
Technology Ltd. Europe, Bonn, Germany). Next day, PBMCs were
thawed and washed in CTL wash supplemented medium (45 ml RPMI
1640 medium, 5 ml CTL Wash (Cellular Technology Ltd. Europe)) and
50 U/ml Benzonase (Novagen Merck Biosciences, Darmstadt,
Germany). PBMCs and ICIs were added and incubated for five days
together with the CSCs with addition of a final concentration of 50 U/
ml IL-2(Proleukin, Novartis, Basel, Switzerland) after 48 hours.

2.8 Flow cytometry

Tumor cells were diluted to 1-2x10° cells and incubated with
the LIVE/ DEAD™ Fixable Blue Dead Cell Stain (Molecular Probes,
Life Technologies, ThermoFisher Scientific, Waltham, MA, USA)
for 30 min at room temperature, then washed with PBS twice. To
stain with the directly labeled monoclonal antibodies, cells with
antibodies were incubated for 30 min at 4°C in the dark, then
washed with PBS twice. For intracellular staining with the FoxP3
antibody, the FoxP3/Transcription Factor Staining Buffer Set
(eBiosciences) was used, and staining was done for 60 min at 4°C
in the dark and washed with the Perm buffer twice.

For lymphocyte staining the following directly conjugated
mouse monoclonal antibodies were purchased from BD
Biosciences: CD3 (clone UCHT1, FITC), CD4 (clone SK3, PE-
Cy7), CD8 (clone RPA-T8, APC), CD25 (clone M-A251, PerCP-
Cy5.5), CDI127 (clone hIL-7R-M21, PE), respectively. For Treg
analysis, the monoclonal antibody FoxP3 (clone PCHI101,
eFluor450; eBiosciences, Frankfurt, Germany) was used.

All measurements were accomplished using the LSRII flow
cytometer (BD Biosciences). Data analyses were performed by
Flow]o software (version 9.9.0; Tree Star Inc., Ashland, OR, USA).

2.9 Migration assay

A scratch wound healing assay was performed with 24-well p-
plates containing small 2-well silicone inserts per well, which
included a cell-free gap of 500 pm as space for the cells to migrate
(ibidi GmbH, Martinsried, Germany). 70 pul of a cell suspension of 4 x
10° cells/ml culture medium were added to each well of the small
insert and incubated at 37°C and 5% CO, for at least 24 hours until a
confluent cell monolayer was achieved. Then the inserts were
removed and the cell layer was washed with PBS to remove cell
debris and non-attached cells. After addition of new culture medium
with or without the phytochemicals at different concentrations the
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plate was incubated for another 15 hours and pictures were taken at
several time points (0, 3, 6,9, 12,and 15 h). The percentage of covered
area of the gap was assessed and analyzed by the Automated Cellular
Analysis System (ACAS, MetaVi Labs, Bottrop, Germany) based on
the FastTrack Al image analysis algorithms.

2.10 Invasion assay

Invasion assay was performed using the Boyden Chamber
system with transwell inserts (8.0 ym pores; Falcon, Corning, New
York, NY, USA) in 24-well plates coated with growth factor
reduced Matrigel Basement Matrix (Corning; 30 pg/100 pl/
insert). 30,000 cells were seeded in 250 pl serum-free medium
with or without phytochemicals onto the Matrigel-coated insert,
and the lower chamber was filled with 750 pl DMEM with 10%
FCS. The cells were incubated at 37°C and 5% CO, for 48 hours.
Then, the upper surface of the transwell membrane was gently
wiped with a moistened cotton swab to remove Matrigel with not
migrated cells. Invaded cells were fixed with 4% paraformaldehyde
for 5 minutes, stained with 1% crystal violet for 1 minute, washed
twice with water, and dried on a paper towel at room temperature.
Finally, pictures were taken with a digital camera (three fields per
insert), and cells were counted using the Fiji Image ] software.

2.11 NanoString analysis

Gene expression analysis was performed using the human
nCounter® PanCancer-Immune-Profiling-Panel-(Human)
(NanoString Technologies, Seattle, WA, USA) according to the
manufacturer’s protocol with 100 ng of total RNA from
corresponding cells. Downstream analysis in terms of heatmaps
and volcano plot were performed using nSolver 4.0.

2.12 Target gene prediction

The three-dimensional (3D) structure of shikonin was acquired
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
The SDF file of the 3D structure was uploaded to the PharmMapper
database (http://www.lilab-ecust.cn/pharmmapper/) for potential
target gene prediction. Top 100 of CTLA-4-related genes based
on the ccRCC samples of the TCGA database were obtained from
GEPIA (http://gepia.cancer-pku.cn/index.html). Protein-protein
interaction (PPI) network was constructed by STRING database
with a confidence score > 0.4, followed by reconstruction with
Cytoscape version 3.6.1. Nodes with confidence of interactive
relationship larger than 0.95 were used for building the network.

2.13 Gene expression in tumor and
normal tissue

Transcriptome RNA-seq data of 611 ¢cRCC cases (KIRC,
normal samples: 72 cases; tumor samples: 539 cases) were
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downloaded from the TCGA database. Significantly differently
expressed genes in ¢ccRCC samples were displayed in a volcano
plot from R software’s package limma (https://www.R-project.org).

The UALCAN portal (http://ualcan.path.uab.edu/analysis-
prothtml) was used to conduct mRNA and protein expression
analysis of the CPTAC (Clinical Proteomic Tumor Analysis
Consortium) dataset [49]. Herein, we explored the expression
level of total protein of VCAMI between primary tumor and
normal tissues, respectively, by entering “VCAMI”.

We used the “Expression Analysis-Box Plots” module of the
GEPIA2 (Gene Expression Profiling Interactive Analysis, version 2)
web server (http://gepia2.cancer-pku.cn/#analysis) to obtain box
plots of the expression differences between these tumor tissues and
the corresponding normal tissues of the GTEx (Genotype-Tissue
Expression) database [48], upon the settings p-value cutoff = 0.01,
log2FC (fold change) cutoff =1, and “Match TCGA normal and
GTEx data”.

Immunohistochemistry pictures of VCAM1 were downloaded
from the human protein atlas (www.proteinatlas.org) to confirm the
protein expression.

2.14 Prognosis analysis

Survival analysis of ccRCC patients was obtained from the
website-GEPIA (http://gepia.cancer-pku.cn/index.html). Kaplan-
Meier method was used to calculate the cumulative event (death)
rate, according to the duration from the date of operation to the
date of death as the outcome variable. Survival curves stratified by
risk factors were operated by log-rank test, the p-values < 0.05 were
considered to show the statistical significance. The median group
cutoff was median survival times of the groups. Multivariable COX
regression was shown in the forest plot, which was conducted by the
R statistical software language with package survival and survminer.

2.15 Tumor immunological signatures

CIBERSORT computational method was applied for estimating
the profile of tumor-infiltrating cell (TIC) subtypes in ccRCC tumor
samples, followed by quality filtering resulting in 539 tumor
samples with p < 0.05 for display in a plot, which was conducted
by R software.

TIMER (https://cistrome.shinyapps.io/timer/) was used to
determine the correlation with the infiltration of the immune cells
(neutrophils, macrophages, dendritic cells, B cells, and CD4/CD8 T
cells) in the TME upon the module of somatic copy number
alteration (SCNA) module in ccRCC.

The data from UCSC database (https://xenabrowser.net/) was
used to perform the ESTIMATE score and immunophenoscore
(IPS) analysis. R package named ESTIMATE was operated to
conduct the stromal, immune, and ESTIMATE scores in ¢cRCC;
package-TOBR was utilized to value the MHC (Antigen processing),
CP (checkpoint), EC (effector cells), SC (suppressor cells), average
Z-score (AZ) and immunophenoscore (IPS) in ccRCC.
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2.16 VCAM1-related genes

The correlation between 60 genes for immune checkpoint genes
as well as 44 genes for RNA modifcations modulate genes and
VCAMI were studied based on the UCSC database (https://
xenabrowser.net/). The correlations were calculated by the
Pearson correlation coefficient.

GeneMANIA online database tool (http://www.genemania.org)
was applied for VCAMI-related gene analysis and its protein-
protein interaction (PPI) analysis, which includes physical
interaction, co-expression, co-localization, gene enrichment
analysis, genetic interaction and website prediction.

2.17 Gene Set Enrichment Analysis (GSEA)

KEGG gene sets (c2.cp.kegg.v7.0.symbols.gmt) were
downloaded from the Molecular Signatures Database (https://
www.gsea-msigdb.org/gsea/msigdb/genesets.jsp) as target sets with
which GSEA was performed by the software gsea-4.1. For analysis,
gene set permutations were done 1000 times to obtain a normalized
enrichment score, which was used for sorting pathway enrichment.
NOM p < 0.05 and false discovery rate (FDR) g < 0.06 were
considered as significant.

3 Results

3.1 Prediction of potential
RCC-targeting phytochemicals

Based on previous research, the RCC therapeutic target
proteins taken for the study were VEGF (vascular endothelial
growth factor), HGF (hepatocyte growth factor), PDGF (platelet-
derived growth factor), GDNF (glial cell derived neurotrophic
factor), and mTOR (mammalian target of rapamycin) (24-27).
Then the binding probability between 11 potential RCC-targeted
phytochemicals and five RCC therapeutic target proteins was
predicted, and only the binding probability value for each
protein target above 0.2 and the sum value for five target
proteins above 1.35 could be moved to the next selection.
Finally, taking the intersection of five phytochemicals’ potential
target genes and ccRCC immune-related genes, three
phytochemicals: shikonin, apigenin, and wogonin had more
than five of the intersection genes and were decided for further
testing in this study (Figure 1).

3.2 Shikonin, apigenin and wogonin
enhance the apoptosis rate and inhibit
migration and invasion of adherent cell
lines and CSCs

SKRC-17 and RCC-53 and the corresponding CSCs were
treated with increasing doses of the PTCs according to the IC50
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FIGURE 1

Scheme for selection of phytochemicals targeting RCC.

values tested in our former study (0.5 x IC50, IC50, and 2 x 1C50)
for 5 days, and the results demonstrate a dose-dependent effect of
the PTCs on the apoptosis (Figure 2A; Supplementary Figure S1)
(15). The data showed that SKRC-17 CSCs and RCC-53 CSCs were
much less sensitive to the phytochemicals than the corresponding
adherent cells in apigenin and wogonin groups. It supported the
point that cancer stem cells were a special cell population like drug-
resistant cells. Furthermore, since migration and invasion ability are
two important biological characteristics, we evaluated the effect of
phytochemicals on the migration and invasion of SKRC-17, RCC-
53 and their corresponding sphere cells. For the invasion assay, the
cells were treated again with different concentrations of the PTCs

Frontiers in Immunology

(0.5 x 1C50, 1 x IC50, and 2 x IC50) for 48 h. The number of
invaded cells was significantly decreased in the adherent cell lines
and even in the corresponding CSCs for the apigenin and shikonin
group (Figure 2B; Supplementary Figure S2). For the migration
assay the cells were treated with a dose of 0.5 x IC50. Pictures were
taken at different time points (0 h, 3h, 6 h, 9 h, 12 h and 15 h). The
percentage of covered area of the gap was assessed and analyzed by
the Automated Cellular Analysis System based on the FastTrack Al
image analysis algorithms (Figure 2C; Supplementary Figure $3).
Shikonin had the highest potential and was able to inhibit both the
migration and invasion remarkably in the cell’s lines and
corresponding CSCs.
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FIGURE 2

Selection of the three potential PTCs targeting RCC cell lines

(A) Apoptosis analysis, SKRC-17 and RCC-53 cell lines were treated with different concentrations of shikonin, apigenin and wogonin (0.5 x IC50, 1 x
I1C50, and 2 x IC50) stained with APC-conjugated Annexin V and 7-AAD and measured by flow cytometry. (B) For invasion, the Boyden chamber
assay was used. Cells were again treated with PTCs (0.5 x IC50, 1 x IC50, 2 x IC50) for 48 (h) The cells were counted via Fiji Imaged software. (C)
Migration was examined using the wound healing assay. The cells were treated with PTCs (0.5 x IC50) and pictures were taken at the time points
0h,3h,6h,9h, 12 h, and 15 (h) The data were analyzed with the web-based Automated Cellular Analysis System using FastTrack Al image analysis
algorithms. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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3.3 Phytochemicals regulate the expression
of CSC biomarkers

To further determine the therapeutic strategies against CSC, 19
potential RCC CSC markers were selected. The CSCs of RCC-53
and SKCR-17 were treated with apigenin, wogonin, and shikonin in
a concentration of 0.5 x IC50, 1 x IC50, and 2 x IC50. The mRNA
expression was tested by RT-qPCR. Based on the results, apigenin
showed downregulation of most of the markers in RCC-53 CSCs.
Shikonin showed downregulation of most of the markers in SKRC-
17 CSCs (Figure 3).

CSC markers

10.3389/fimmu.2023.1186388

3.4 The impact of the combination ICI and
shikonin on T cell subpopulations co-
cultured with treated RCC adherent cells
or CSCs

Three ICIs (nivolumab, atezolizumab and ipilimumab) were
selected to analyze the phenotype of PBMC in healthy donors co-
cultured with RCC adherent cells or CSCs after treatment with or
without shikonin. To guide the selection of treatment
concentrations for ICIs, the cell viability was performed to
determine the respective 1C50 values of ICIs as shown in
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Figure 4B. The co-culture system is shown in Figure 4A and the
gating strategy for the T cell subpopulations is shown in Figure 4C.
The CD4*, CD25*, CD127"°%, FOXP3" T cell subpopulation
corresponds to the effector Treg cells. Based on the results, the
percentage of the FoxP3" Treg subpopulation was significantly
decreased in the ICI group as compared to the group without
treatment. Ipilimumab in SKRC-17 CSCs and RCC-53,
atezolizumab in RCC-53 and RCC-53 CSCs as well as nivolumab
in RCC-53 CSCs. After combination with shikonin, the percentage

2 days
+Shikonin

Cancer stem cells

. RCCS3CSC
(1C50 = 4.48 M)

. SKRCA7CSC
(1650 = 3.25 M)

AL F TS

10.3389/fimmu.2023.1186388

of the FoxP3" Treg subpopulation was significantly decreased
compared to the group without treatment in following groups:
ipilimumab in SKRC-17 adherent cells and RCC-53 CSC,
atezolizumab in SKRC-17 adherent cells, SKRC-17 CSCs, and
RCC-53 CSCs, nivolumab in RCC-53 adherent cells, RCC-53
CSCs as well as in SKRC-17 CSCs (Figure 5A).

Moreover, ipilimumab significantly enhanced the CD3*CD4" T
cells in adherent cell lines of SKRC-17 and RCC-53 as well as in
RCC-53 CSCs. Also the CD3*'CD8" T cells in RCC-53 adherent

. Recs3Cse
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FIGURE 4

o 10? 10° 10* 10°
Blue-A: foxp3

Workflow and gating strategy for T cell subpopulations in peripheral blood. (A) Workflow of the MLTC system. (B) The estimation of the half-maximal
inhibitory concentration (IC50) of ICls was performed using the CellTiter-Blue Cell Viability Assay and calculated by the logit regression model.
(C) Representative plots showing the gating strategy for Treg analysis. Percentages of FoxP3*CD25*CD127'°*/~ lymphocytes among the CD4*T cells
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The impact of the combination treatment ICls with or without shikonin on T cell subpopulations in PBMC co-cultured with RCC adherent cells or

CSCs. The CD4* CD25* CD127"°%

FOXP3™ T cell subpopulations correspond to the effector Treg cells. (A) The phenotype of PBMCs of healthy

donors after co-culture with treated RCC adherent cells or CSCs (nivolumab, atezolizumab, ipilimumab with or without shikonin, n = 3). (B) The
phenotype of PBMCs from RCC patients co-cultured with CSCs after treatment with atezolizumab or ipilimumab with or without shikonin (n = 6, * p

< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001)

cells and RCC-53 CSCs were enhanced. In combination with
shikonin, ipilimumab significantly enhanced CD3°CD4" T cells
in adherent cell lines of SKRC-17 and RCC-53, atezolizumab
significantly elevated the CD3"CD4" T cells population in SKRC-
17 adherent cells and its CSCs as well as in RCC-53 CSCs. The
CD3*CD8" T cell population was enhanced by atezolizumab in
SKRC-17 CSCs, and by nivolumab in SKRC-17 CSCs (Figure 6A).
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Although the results in other groups may not exhibit

consistent trends, the focus on the CSCs group provides
valuable insights for determining the next steps in the study and
guiding further experiments. So, atezolizumab and ipilimumab
were selected in combination with shikonin for further testing in
MLTCs with PBMC from RCC patients and CSCs from SKRC-17
and RCC-53. Ipilimumab again suppressed the FoxP3" Treg
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The impact of the combination treatment ICls with or without shikonin on T-cell subpopulations in PBMC co-cultured with RCC adherent cells or
CSCs. The CD3"CD4* and CD3*CD8* T cell subpopulations correspond to the helper T cells and cytotoxic T cells, respectively. (A) The phenotype
of PBMCs of healthy donors after co-culture with treated RCC adherent cells or CSCs (nivolumab, atezolizumab, ipilimumab with or without
shikonin, n = 3). (B) The phenotype of PBMCs from RCC patients co-cultured with CSCs after treatment with atezolizumab or ipilimumab with or

without shikonin (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)

subpopulation and enhanced the CD3"CD4" T cells. Furthermore,
compared with the single shikonin treatment group, ipilimumab
combined with shikonin significantly decreased the FoxP3" Treg
subpopulation in RCC-53 and enhanced the CD3"CD4" T cells
population in SKRC-17 and RCC-53 (Figures 5B, 6B). Based on
this result, the selection of ipilimumab guided the subsequent
steps of our study.
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3.5 Identification of potential
immunotherapeutic targets

To further understand the relative immunotherapeutic targets and
novel potential CSC markers in RCC, a NanoString analysis was done
using the adherent cell lines and their corresponding CSCs without
treatment, with treatment with shikonin alone as well as with shikonin
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combined with ipilimumab.Three common new CSC markers (IL-8,
CXCLI1 and VCAM]) were identified as promising immunotherapeutic
targets due to the fact, that they were significantly higher expressed in
each treatment group (Figure 7A). RT-qPCR analysis confirmed the
higher expression of these three markers in RCC-53 CSCs and SKRC-17
CSCs compared to the adherent cell lines (Figure 7B). Furthermore, the
combined treatment with shikonin and ipilimumab significantly inhibits

A
SKRC-17 CSC vs adh
v v
' ! cas
# i —
i oo Ve«
| 1
H HE
s | foor cra” ¢
i - T R Lochogaal |
3 1
= H H
< 10 H H
) | '
0 | i
05 H H
: |
H H
H H
| 1
00 H H
- + " ' . .
-4 2 o 2 4 6
log,(Fold Change)
B
SKRC-17
3 13 SKRC-17 adherent
H SKRC-17 CSC
£ CSC+Shikonin
£ CSC+Shikonin+Ipilimumab
2 05
E
3
5 0.0
+siCXCL1
SKRC-17
18 X . SKRC-17 adherent
| = SKRC-17CSC
10 = CSC+Shikonin
== CSC+Shikonin+Ipilimumab

05

VCAM1 mRNA expression level

+siVCAM1

SKRC-17
g u SKRC-17 adherent
3 SKRC-17 CSC
1. CSC+Shikonin
g CSC+Shikonin+Ipilimumab
g
3
é 0.5
E
; 0.0

FIGURE 7

10.3389/fimmu.2023.1186388

the mRNA expression of IL-8, CXCL1, and VCAM], verified by siRNA
technology (Figure 7B). Moreover, the potential signaling pathways
regulated by the different treatments groups were also analyzed using the
NanoString analysis system: immune-related signaling pathway, cell
cycle, macrophage functions and senescence pathways in RCC-53 CSC

cell lines; NK cell functions, B-cell functions, interleukin pathways in
SKRC-17 CSC cell lines (Supplementary Figure S4).
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Identification of the potential immunotherapeutic targets for the combination treatment ipilimumab and shikonin. (A) Nanostring analysis was used
to find differently expressed genes in CSCs versus adherent cell lines. (B) The expression of three potential immunotherapeutic targets was identified
by RT-gPCR and siRNA transfection in adherent and CSC cell lines following treatment with ipilimumab +/-shikonin. (*p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001)
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3.6 Network of potential target genes
between combination treatment and IL-8,
CXCL1 and VCAM1

To further uncover the potential pharmacological mechanisms
of various treatments, IL-8, CXCLI and VCAM1 as well as predicted
target genes of ipilimumab and shikonin were analyzed in networks.
A total of 38 genes were predicted to be direct targets of shikonin
and 55 genes were predicted to be targets of ipilimumab, of which
19 genes were found that directly target shikonin and have a
connection with ipilimumab’s target genes. Interactions between
the potential target genes and IL-8, CXCLI and VCAMI are shown
in Figure 8. IL-8, CXCLI, and VCAMI are connected with each
other, IL-8 is connected with ipilimumab and shikonin potential
target genes, and CXCLI and VCAMI are connected with shikonin
potential target genes.

3.7 VCAM1 expression in ccRCC patients

After identifying VCAMI1 as a promising immunotherapeutic
target in RCC through NanoString analysis, further detailed
analyses were performed to investigate its potential in the
treatment of RCC. All significantly differently expressed genes in
ccRCC are shown in Figure 9A, of which VCAMI is highly
expressed in the ccRCC data set. Significant expression differences
of VCAMI on the mRNA (Figure 9B) and protein level (Figure 9D)

FIGURE 8

10.3389/fimmu.2023.1186388

between tumor and normal tissues were found in ccRCC patients.
Because not enough normal tissue samples were available in the
TCGA database, normal tissues from the GTEx data set were used
as control in Figure 9C. Moreover, the VCAMI protein expression
between normal samples and kidney cancer samples was further
validated using The Human Protein Atlas. An example is shown
in Figure 9E.

3.8 Correlation of VCAML1 expression with
the survival and clinical characteristics of
ccRCC patients

The clinical characteristics of ccRCC patients including stage,
grade and TNM classification, gender and age were grouped into
VCAM1I high and low expression according to the median
expression level. Multivariable Cox regression analysis showed
that several clinical characteristics including age, grade, stage and
N classification could be an independent prognostic factor to assess
outcomes for ccRCC patients (Figure 10A). Based on the log-rank
test in GEPIA, high mRNA expression of VCAMI (p =0.041) was
significantly associated with a better prognosis in ccRCC patients, as
shown for overall survival (Figure 10B). In addition, after
normalization by the CTLA-4 (cytotoxic T-lymphocyte-associated
Protein 4) gene expression (= ipilimumab target protein), lower
expression of VCAMI mRNA was significantly associated with
better prognosis in ccRCC patients (p= 0.012). For disease free
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The interaction network based on the potential targets of ipilimumab and shikonin as well as VCAM1, CXCL1 and IL8.
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The expression pattern of VCAM1 in RCC. (A) The volcano plot of differently expressed genes in ccRCC patients’ samples. (B) Comparison of the
mRNA expression of VCAM1 between tumor tissue (red) and normal tissue (blue) in RCC (***p <0.001) from The Cancer Genome Atlas (TCGA)
project. (C) The normal tissue data from the Genotype-Tissue Expression (GTEx) database as controls compared with the corresponding data from
the TCGA project. The results are presented as a box plot (*p < 0.05). Tumor samples in red and normal samples in black. (D) The comparison of
VCAML1 protein expression between tumor tissue (red) and normal tissue (blue) in RCC (***p < 0.001). (E) VCAML1 protein expression was shown in
immunohistological sections of normal and tumor renal tissue, obtained from the Human Protein Atlas database.

survival, high expression of VCAMI mRNA) was significantly
associated with better prognosis of ccRCC patients (p =0.035).
After normalization by the CTLA-4 gene expression, low VCAMI
mRNA expression was significantly associated with better prognosis
in ccRCC patients (p = 0.008) (Figure 10B).

3.9 Correlation of VCAM1 expression with
immune signatures in ccRCC patients

To explore a potential correlation between VCAM1I expression
and the ccRCC tumor microenvironment (TME), the proportion of
tumor-infiltrating immune cell (TIC) subsets was determined, and
eight types of TICs had different frequencies in VCAMI high versus
low tumors. Follicular helper T cells, monocytes, CD8 T cells, M1
macrophages, eosinophils, and resting dendritic cells were more
prevalent in VCAM1 high tumors than in VCAMI low tumors,
while MO macrophages and resting NK cells were more abundant in
VCAMI low tumors (Figure 11). Particularly, the copy number
variants (CNV) of VCAM1 CNV showed significant correlations
with the infiltrating of B cells, CD8" T cells, CD4" T cells,

Frontiers in Immunology

macrophages, neutrophils, and dendritic cells (Figure 12A).
Moreover, based on the TCGA plus GTEx database, significant
correlations were found between VCAMI expression and the
StromalScore, ESTIMATEScore, and ImmuneScore (Figure 12B).
In 2017, Charoentong et al. developed an algorithm named
immunophenoscore (IPS), which can predict the efficiency of
anti- CTLA-4 and anti-PD-1 antibody therapies including MHC
(Antigen processing), CP (checkpoint), EC (effector cells), and SC
(suppressor cells) (28). We evaluated the differences in MHC, EC,
SC, CP, ICS and average Z-score (AZ) with VCAMI expression.
VCAMI expression was significantly positively correlated with the
MHC, EC, and immunophenoscore (IPS), and negatively correlated
with the SC and CP scores (Figure 12C).

3.10 Correlation of VCAM1 expression with
associated genes and pathways

The relationship between VCAMI gene expression and a total

of 60 immune checkpoint genes (inhibitory (24) and stimulatory
(29)) and 44 RNA modifications modulate genes (NI-
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The prognostic value of VCAM1 in RCC. (A) The multivariate cox regression analysis of the risk score, age, gender, grade, and TNM stage was used to
evaluate the independent prognostic value of VCAM1. *p < 0.05, ***p < 0.001. (B) Correlation between VCAM1 or VCAM1/CTLA-4 gene expression,

overall survival, and disease-free survival in ccRCC.

methyladenosine (m1A) (10), 5-methylcytosine (m5C) (13) and N
6-methyladenosine (m6A) (21) in ccRCC patients was analyzed
(Figures 13A, B). We found that VCAMI expression showed a
positive correlation with several immune checkpoint genes, for
example CTLA4, HAVCR2, IL10, CXCL9 and CXCLI0. Thirty-
four RNA modifications modulate genes were significantly
correlated with VCAMI expression. Furthermore, the top 20
VCAMI-related genes from the GeneMANIA online tool were
analyzed by the protein-protein interaction (PPI) network in
Figure 14A. Finally, we used GSEA that included related genes in
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human to find general enrichment trends and to identify KEGG
enrichment of different expression levels of VCAMI in ¢ccRCC
patients (Figure 14B). Autoimmune thyroid disease, B cell
receptor signaling pathway, natural killer cell mediated
cytotoxicity, rig I like receptor signaling pathway, T cell receptor
signaling pathway, toll-like receptor signaling pathway were
enriched in the high VCAM1I expression group. Calcium signaling
pathway, cardiac muscle contraction, dilated cardiomyopathy,
hypertrophic cardiomyopathy (HCM), and neuroactive ligand-
receptor interaction were enriched in the low expression group.

frontiersin.org



3 Paper |

46

Lyu et al 10.3389/fimmu.2023.1186388
R=0.18, p=0.00041 *| R=0.28, p=1.20-08
g o
s
2
-]
= s
S
= =
©
8
-
VCAM1L
o a
& s
=.. g
2 %
i ase
@ =
o o
O, S
o .
s
7 5 = = 3 o £ &
VCAML
| R=0.41,p=0.042 R =019, p = 0.00015
-]
. ” Eau
@ 4
2 2
£ 8
% 3 s
g | $
. < .
c .
VCAM1 expression
R=-0.4p<22e-16 =017 p = 0.00092
o @,
= * - ..
] @
o g
-.:h'p N i
S 8
2 X oo
8 z o
Som 5
o 3 .
7 e £ 3 % = =
VCAM1 expression
FIGURE 11

Correlation of eight TIC subpopulations with the VCAM1 expression. The blue lin

n each plot shows the fitted linear model indicating the

proportion tropism of the immune cell along with the VCAM1 expression, and the Pearson coefficient was used for the correlation test

4 Discussion

Over 30% of ccRCC patients already have distant metastases
at the time of initial diagnosis and most of them are not sensitive
to chemotherapy and radiation therapy. Currently, angiogenesis
inhibition with TKIs combined with the immune checkpoint
inhibitor has revolutionized the treatment landscape of ccRCC
patients with metastases. However, higher objective response rate
and survival rates were seen in immune checkpoint positive
patients and those in the intermediate-poor risk subgroups of
the International mRCC Database Consortium (IMDC). Thus,
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additional therapies or promising additives to the current
therapeutic strategies for those non-responders are urgently
needed (1, 2). The presence of CSCs was discussed to be one of
the causes for resistance to standard treatment strategy due to its
strong abilities of self-renewal and differentiation (10, 13).
Moreover, to target CSCs, some phytochemicals had a high
potential to uncover the molecular mechanisms of metastatic
initiation and dynamics of RCC CSCs. Thus, the combination
therapy strategy between phytochemicals and ICIs was came up
to improve the therapy management of RCC in this study. The
key findings can be summarized as follows: (1) Shikonin,
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wogonin, and apigenin were promising phytochemicals for
targeting the RCC CSCs among 11 phytochemicals tested,
which showed a substantially higher binding probability
prediction score and more intersection genes with ccRCC
immune-related genes, respectively. (2) Shikonin was the most
promising PTC, which can significantly inhibit the ability of
migration and invasion as well as increasing apoptosis of CSCs.
(3) Among the three ICIs tested, the combination treatment of
shikonin with ipilimumab confirmed a significantly decrease of

Frontiers in Immunology

the frequency of CD4" CD25" CD127'°" FOXP3* Treg in PBMC
of ccRCC patients as well as an enhancement of the CD3'CD4" T
cells, compared to the group without treatment. (4) VCAMI,
CXCL1 and IL8 were identified as novel CSC markers that are
strongly related to the combination therapy strategy. (5) The
expression of VCAM1 was statistically higher both at the mRNA
and protein level, and was significantly correlated with the
clinical characteristics and several immune-related signatures in
ccRCC patients.
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Based on our previous research, the influence of shikonin
depends on the RCC cell line being investigated. For example,
shikonin was proven to significantly trigger necrosis and apoptosis
as well as enhances autophagy via the elevation of ROS (reactive
oxygen species) level and p38 activity in different RCC cell lines like
Caki-1 and ACHN cells in proportion to its concentration (29).
Consistently, recent research in 2022 showed that shikonin has a
strong ability to induce apoptosis and necroptosis of parental and
sunitinib-resistant RCC cell lines (30). These findings suggested that
shikonin may be an additional option for the treatment of patients
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with advanced and therapy resistant RCC. More recently, a new
study conducted in 2023 showed that shikonin significantly reduces
PD-L1 expression specifically on macrophages, without affecting
PD-1 expression on T cells, both in vivo and in vitro. Furthermore,
the study revealed that shikonin’s mechanism of action involves
the attenuation of PD-L1 expression on macrophages by
downregulating phosphorylation and nuclear import of PKM2
(pyruvate kinase M2), which was found to bind to the PD-LI
promoter, thereby influencing its expression (31). Unfortunately, so
far not so many combination treatment studies between shikonin
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and immune therapy were explored. In 2019, Huang et al. found
that the synergistic combination of shikonin and the suppressor of
PD-L1 (JQ1) as well as the treatment potency of the PD-L1
checkpoint blockage mannosylated lactoferrin nanoparticulate
system could reprogram the tumor immune microenvironment
and metabolism via tumor-associated macrophages and glucose
metabolism (32). This result revealed that the poly-pharmacological

Frontiers in Immunology

activities of shikonin were ideal for a combined immunotherapeutic
application. Particularly, the suppressive effect of glucose
metabolism by shikonin leveraged a positive regulation of the
cancer-immunity circle. More and more combination strategies
with phytochemicals and immune checkpoint inhibitors were
investigated and demonstrated an effective strategy for cancer
immunotherapy to date (33). For example, the combination of
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curcumin and anti-CTLA-4 therapy enhanced the anti-tumor
effects via inhibition of PD-L1 and COP9 signalosome 5
compared to the single treatment group (34). Icaritin plus anti-
PD-1/CTLA-4 treatment reduced the growth of melanoma cell line
in C57BL/6 mice by 65% compared to anti-PD-1/CTLA-4
treatment alone (34.2%) (35). Collectively, phytochemicals
showing anti-tumor effects in combination with immune
checkpoint inhibitors are a promising therapeutic option for
clinical trials in the future.

Immune recognition of therapeutic targets is essential for the
immune response against tumors, also avoiding severe adverse
effects. VCAMI, IL8 and CXCL1 were identified in ipilimumab
and shikonin treatment as potential immunotherapeutic targets and
as novel RCC CSC markers in this study. Similarly, the
concentration of these factors were altered via ipilimumab plus
bevacizumab treatment in patients with metastatic melanoma (36),
which confirms the function as immunotherapeutic targets in ICI
combination therapy. VCAMI as one of adhesion molecules
contributes to critical physiologic functional roles in cancer
metastasis and therapy resistance (37), and is the only one
showing a significantly higher expression level in RCC tissues
than in normal tissues both at protein and mRNA level.
Currently, the specific functional role of VCAMI in RCC is less
explored, with data pointing towards its overexpression involving in
RCC tumor immune evasion (38). In 2022, a novel specific cell
surface expression pattern in RCC represented by the NCI-60
tumor cell panel was identified and confirmed that VCAMI is a
promising novel immunotherapeutic target for the treatment of
renal cancer particularly (39). Moreover, our results are consistent
with the previous report that VCAMI plays a protective role in RCC
as a prognostic biomarker (40). However, this tendency of
prognostic result is reversed following normalization by the
CTLA-4 genes expression (Figure 10B), implying that the
combination therapy strategy may have multiple factors that
could influence the prognostic progress.

In this study, we hypothesize that shikonin may be a beneficial
combination partner for ipilimumab for the treatment of ccRCC
patients due to its strong inhibitory effect on cancer stem cells, the
significant reduction of FoxP3" Treg cells in PBMC of patients and
the activation of the endogenous effector CD3"CD8" and
CD3"CD4” T cells in response to the recognition of tumor
specific antigens. Despite the numerous limitations encountered
in this study, such as the unavailability of PBMC samples for testing
certain therapeutic settings and the assessment of off-target effects
in cell cytotoxicity about PTCs, it is important to note that this
study represents one of the pioneering efforts in the field. In future
studies, efforts will be made to overcome these limitations by
expanding sample availability and incorporating a wider range of
therapeutic settings, allowing for a more comprehensive
understanding of the topic. In summary, we propose that a
combination of shikonin and ipilimumab could be a promising
treatment strategy.
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Supplementary Figure S1. Apoptosis assay. SKRC-17 adherent cell, SKRC-17 CSCs, RCC-53
adherent cells and RCC-53 CSCs were treated with apigenin, wogonin, and shikonin.
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Supplementary Figure S2. Invasion assay. Photos were taken at the magnification of 40x and the
cells were counted (three fields per insert; Fiji ImagelJ software).
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Simple Summary: Cancer stem cells (CSCs) refer to a group of undifferentiated heterogeneous
tumor cells, defined as capable of self-renewal, differentiation, and may be linked to therapeutic
resistance and tumor relapse. The development of novel therapeutic strategies to target CSCs and the
identification of typical CSC markers are essential to improve therapy efficacy and prevent tumor
relapse. Our study identifies CSC markers in renal cell carcinoma (RCC) and explores a potential
treatment strategy and the underlying pharmacological mechanisms.

Abstract: The aim of the study was to develop a new therapeutic strategy to target cancer stem cells
(CSCs) in clear cell renal cell carcinoma (ccRCC) and to identify typical CSC markers to improve
therapy effectiveness. It was found that the corrected-mRNA expression-based stemness index was
upregulated in kidney renal clear cell carcinoma (KIRC) tissues compared to non-tumor tissue and
increased with higher tumor stage and grade. EZH2 was identified as a CSC marker and prognosis
factor for KIRC patients. The expression of EZH2 was associated with several activated tumor-
infiltrating immune cells. High expression of EZH2 was enriched in immune-related pathways, low
expression was related to several metabolic pathways. Epigallocatechin-3-gallate (EGCG) was identi-
fied as the most potent suppressor of EZH2, was able to inhibit viability, migration, and invasion, and
to increase the apoptosis rate of ccRCC CSCs. KIF11, VEGF, and MMP2 were identified as predictive
EGCG target genes, suggesting a potential mechanism of how EZH2 might regulate invasiveness and
migration. The percentages of FoxP3+ Treg cells in the peripheral blood mononuclear cells of ccRCC
patients decreased significantly when cultured with spheres pretreated with EGCG plus sunitinib
compared to spheres without treatment. Our findings provide new insights into the treatment options
of ccRCC based on targeting CSCs.

Keywords: cancer stem cells; kidney renal clear cell carcinoma; prognosis; tumor microenvironment;
phytochemicals

1. Introduction

Renal cell carcinoma (RCC) has become one of the most common genitourinary tumors,
of which clear cell renal cell carcinoma (ccRCC) is involved in approximately 70-85% of
cases. Over 30% of ccRCC patients face metastasis at the time of initial diagnosis and
most of them are not sensitive to chemotherapy and radiation therapy [1-3]. At present,
cancer stem cells (CSCs) are acknowledged to play an essential role in the metastasis,
recurrence, and therapeutic resistance of the tumor through the abilities of self-renewal
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and differentiation [4-6]. It is known that CSCs represent phenotypically and functionally
heterogeneous cell populations [7]. The identification of CSC markers as a surrogate for
tumor development can indicate tumor metastasis spread and progression.

Enhancer of Zeste Homolog 2 (EZH2), as one of the classical CSC markers, is the key
transcriptional regulator involved in histone H3 lysine 27 trimethylation [8]. Previous stud-
ies have reported that inhibiting expression can eradicate ovarian CSCs in vitro, blocks dis-
ease recurrence, and decreases chemotherapy resistance in acute myeloid leukemia [9-11]
as well as results in a reduction in the CSC properties and invasion in a number of can-
cers [12-15]. In ccRCC, high EZH?2 expression was significantly linked to several prognosis
values such as shortened overall (p < 0.0027) and recurrence free survival (p < 0.0001) [16].
More and more CSC markers have been identified, and they play a role in clinical diagnosis
and prognosis [17-19]. A deeper understanding of the mechanism by which CSC markers
mediate and accelerate ccRCC metastasis may help in the development of more efficient
treatment strategies. Based on the molecular profiles of normal cells with varying degrees
of stemness-associated mRNA expression, a computational algorithm has been developed
that calculates a stemness index (MRNAsi) [20], which can be used to describe the similarity
between tumor cells and cancer stem cells after controlling the intra-tumor heterogeneity.
A higher mRNAsi index was found to be associated with active biological processes in
CSCs and greater tumor dedifferentiation, as described by histopathological grades [20-22].
So far, a mRNAsi index has not been established for ccRCC.

The tumor microenvironment (TME), as a collaborative interaction between tumor
cells and their supporting cells, plays a crucial role in the initiation and progression in
ccRCC [23,24]. Tumor-infiltrating immune cells (TICs) in the TME can serve as indicators
for the therapeutic effects of immune therapies such as checkpoint inhibition. Moreover,
TICs have been found to interact with CSCs to maintain their stemness [25]. Previous
studies have found a positive correlation between the CSC markers ALDH and CD3*/CD8*
cytotoxic T cells and helper T cells in non-small cell lung cancer (NSCLC) [26]. However,
no correlation was observed between CD8* TILs (tumor infiltrating lymphocytes) and the
CSC marker CD133 in 172 resected NSCLC samples [27]. For the ccRCC patients, several
types of TILs were significantly correlated with unfavorable tumor characteristics and a
higher rate of recurrence [28,29], but there is less evidence connecting CSC biomarkers with
ccRCC TME.

Phytochemicals (PTCs) have obtained attention because of their good safety profile and
the ability to target heterogeneous populations of cancer cells as well as CSCs [30,31]. PTCs
were found to regulate CSC markers, thereby influencing the biological characteristics
of CSCs and several key signaling pathways. For example, epigallocatechin-3-gallate
(EGCG), which is an active compound in green tea, shows potential in suppressing cancer
stemness and tumorigenicity in several types of cancers [32-36]. Other PTCs showed similar
inhibitory effects: wogonin abolished the CSC traits of cutaneous squamous cell carcinoma
through downregulating the expression of CSC markers as well as reducing the percentage
of CD133" cells; apigenin was found to inhibit the stemness features of triple-negative
breast cancer cells by decreasing YAP/TAZ activity [37]. Meanwhile, combining PTCs
with other treatment options was observed to further enhance anti-CSC activities [35,38].
Qur group found that shikonin, derived from the roots of lithospermum erythrorhizon,
combined with cabazitaxel enhanced the anti-tumor effect in prostate CSCs and reversed
cabazitaxel resistance by inhibiting the CSC markers ABCG2 and ALDH3A1 [39]. Thus, it
is promising to identify typical ccRCC CSC markers and find novel treatment strategies to
reverse therapy resistance in cancer patients.

In this study, the effect of EGCG on the expression of the CSC marker EZH2 and the
corresponding biological functions were studied using ccRCC lines. Furthermore, the TIC
composition was analyzed using the TCGA dataset and deconvolution algorithms and set
in relation to the EZH2 expression. Results showed that the expression of EZH2 can be
inhibited by EGCG and potentially regulates and affects the prognosis of ccRCC patients as
well as TIC composition. Furthermore, the combination of EGCG and sunitinib caused a
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significant reduction in the FoxP3* Treg cells in the PBMC of patients, indicating potential
new treatment options for ccRCC.

2. Materials and Methods
2.1. Cell Culture

SKRC-17 (kind gift from J. Vissers, Nijmegen), RCC-53 (derived from a patient with
stage IV disease (pT2N1MxG2-3) [19], and RCC-26 (derived from a patient with stage I
disease (pTINOMO0G2)) [19,40] cell lines were cultured in RPMI 1640 medium supplemented
with 10% fetal calf serum (FCS “Gold Plus”, Bio & Sell GmbH, Feucht, Germany), 2 mM
L-glutamine, 1 mM sodium pyruvate, and 1% minimal essential medium (Invitrogen, Life
Technologies GmbH, Darmstadt, Germany) at 37 °C in a humidified incubator with 5%
CO,. CSCs were cultured in DMEM /F12 culture medium, containing 2% B-27 (Invitrogen),
10 ng/mL human recombinant basic fibroblast growth factor (bFGF, Sigma Aldrich Chemie
GmbH, Taufkirchen, Germany), and 10 ng/mL epidermal growth factor (EGF, Sigma
Aldrich), named as the CSC medium.

2.2. Sphere Formation Assay

The SKRC-17, RCC-26, and RCC-53 cells were harvested by StemPro® Accutase®
(Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). Then, cells were filtered
through a cell strainer with 40 uM nylon mesh (BD Biosciences, Heidelberg, Germany),
and seeded in 75 cm? ultra-low attachment flasks (Corning, New York, NY, USA) with the
10 mL CSC medium. After seven days, photos were taken and the spheres were harvested
into a 15 mL tube, centrifuged at 500 < ¢ for 4 min at room temperature, and dissociated
by Accutase for 10 min at 37 °C. After centrifugation, cells were collected and used for the
subsequent assays.

2.3. Quantitative Reverse Transcription PCR (RT-gPCR)

The total RNA was extracted from cells using a RNeasy Mini-Kit (Qiagen, Hilden,
Germany) based on the manufacturer’s instructions. cDNA was synthesized according
to the instructions in the kit (Reverse Transcription System, Promega GmbH, Walldorf,
Germany). mRNA amplification was performed using the FastStart Essential DNA Green
Master kit (Roche, Penzberg, Germany) and LightCycler® 96 (Roche, Basel, Switzerland).
The reaction started with 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C
for 10 s, annealing at 60 “C for 10 s, and extension at 72 °C for 10 s. Then, a melting process
at95°C for 10's, 65 °C for 60 s, and 97 °C for 1 s was performed. Data were analyzed by
the LightCycler® 96 software (1.1 version). The relative expression analysis was carried
out by the 248t method. The transcription level of GAPDH and ACTB was used as an
internal control and all primers are listed in Table 1.

2.4. KIRC Data Download

Transcriptome RNA-Seq data of 611 KIRC cases (normal samples, 72 cases; tumor sam-
ples, 539 cases) and the corresponding clinical data and stemness indices were downloaded
from the TCGA database (https://portal.gdc.cancer.gov/, (accessed on 4 March 2021)).

2.5. Survival and Clinical Characteristics Analysis

The R language loaded with package survival and survminer was applied for the
survival analysis. A total of 539 tumor samples out of 510 cases had a detailed survival time
record, with a time span from 0 to 10 years, which were used for the survival analysis. The
Kaplan-Meier method was used to plot the survival curve, and log rank as the statistical
significance test; p < 0.05 was considered as significant. The analysis of clinical characteris-
tics was performed by R language, the Wilcoxon rank sum or Kruskal-Wallis rank sum test
as the significance test, depending on the number of clinical stages for comparison.
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Table 1. The primers used for RT-gPCR.

Transcript Primer Sequence (5'-3') Product Size (bp)
GAPDH-F CATGGGTGTGAACCATGA
GAPDH 104
GAPDH-R TGTCATGGATGACCTTGG
ACTB-F CTGCCCTGAGGCACTC
ACTB 197
ACTB-R GTGCCAGGGCAGTGAT
ABCA13-f AGGAGTGTGAGGCTCTTTGC
ABCA13 207
ABCA13-r TCAGGTGCTGTCCCTTGAAC
ABCBI1-f GGAGGCCAACATACATGCCT
ABCB1 205
ABCBI1-r CAGGGCTTCTTGGACAACCT
ABCG2-f CATCAACTTTCCGGGGGTGA
ABCG2 266
ABCG2-r CACTGGTTGGTCGTCAGGAA
ALDHI1A1-f TGTTAGCTGATGCCGACTTG
ALDHI1A1 154
ALDH1Al-r TTCTTAGCCCGCTCAACACT
ALDH1A3-f GAGGAGATTTTCGGGCCAGT
1
ALDH1A3 ALDH1A3-r GAGGGCCTTGTAGCAGTTGA 86
ALDH1A3-f GCAGACCTGCACAAGAATGA
ALDH3AL ALDH1A3-r TGTAGAGCTCGTCCTGCTGA 186
ENG-f TCACCACAGCGGAAAAAGGT
CD105 141
ENG-r GGACACTCTGACCTGCACAA
PROM1-f TTGCGGTAAAACTGGCTAAG
CD133 155
PROM1-r TGGGCTTGTCATAACAGGAT
CXCR4-f TGGGTGGTTGTGTTCCAGTTT
CXCR4 80
CXCR4-r ATGCAATAGCAGGACAGGATG
DAB2IP-f TGTCGCCCTCACTCTTCAAC
bAB2IP DAB2IP-r CGGCTCTATTGGAGAGGGTC =
DNMT1-f GGCAGACCATCAGGCATTCT
DNMTI1 220
DNMT1-r ACCATGTCCTTGCAGGCTTT
hEZH2-F AGGACGGCTCCTCTAACCAT
EZH2 179
EZH2-R CTTGGTGTTGCACTGTGCTT
KLF4-f TCCCATCTTTCTCCACGTTC
KLF4 239
KLF4-r GGTCTCTCTCCGAGGTAGGG
LIN28A-f TTCGGCTTCCTGTCCATGAC
LIN28A LIN28A-r CCACTGCCTCACCCTCCTT 124
MTGR1-f CCTCCTACCCTGAATGGTGC
MTGR1 214
MTGRI1-r GTGCAAGAACAAGAGTCCGC
NANOG-f TGTGTTCTCTTCCACCCAGC
NANOG 205
NANOG-r CTTCTGCGTCACACCATTGC
POUSF1-f CCCTGGGGGTTCTATTTGGG
POUSF1 231
POUS5F1-r TCTCCAGGTTGCCTCTCACT
SALL4-f GCTCTGTTAGGTACGGACGG
SALLY SALL4-r CTGGTTCCACACAACAGGGT %
SOX-2-f CATCACCCACAGCAAATGAC
50X2 258

SOX-2-r GCAAACTTCCTGCAAAGCTC
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2.6. Gene Expression in Tumor and Normal Tissue

The mRNA expression level difference and correlation analysis shown in the box
plot, heatmap, and the corheatmap were performed by R language software (version 3.6.3,
download from https://www.cran.r-project.org (accessed on 17 April 2021)) through the
package ggpubr and pheatmap. Immunohistochemistry pictures of potential CSC markers
were downloaded from the Human Protein Atlas (www.proteinatlas.org, (accessed on 17
April 2021)) to confirm the protein expression.

2.7. Mixed Lymphocyte Tumor Cell Culture (MLTC)

Healthy human donors and patients gave their written informed consent before
the experiments were conducted and approved by the Ethics Committee of the Ludwig
Maximilians University Munich. Human serum samples were produced from the blood
of healthy male donors, which were also approved by the Ethics Committee (Project
No. 003/02, Project No. 214/04). Tumor cells were harvested and diluted to 5 x 10* per
well with the CTL test medium (Cellular Technology Ltd. Europe, Bonn, Germany) in a
24-well plate. The plate was placed in a sterile tin box in a 37 °C incubator overnight. The
next day, the PBMCs were thawed and washed in CTL wash supplemented medium (45 mL
RPMI 1640 medium, 5 mL CTL Wash (Cellular Technology Ltd. Europe)) and 50 U/mL
benzonase (Novagen Merck Biosciences, Darmstadt, Germany). The PBMC and drugs were
added to the tumor cells into a final volume of 1.5 mL per well and incubated for 48 h.
Finally, IL-2 in a final concentration of 50 U/mL (Proleukin, Novartis, Basel, Switzerland)
was added and the cells were incubated for an additional three days. The workflow for
MLTC was conducted by Bio-render (https://biorender.com/, (accessed on 16 May 2022)).

2.8. Flow Cytometry

Spheres and adherent tumor cell lines were harvested and stained with the following
mouse monoclonal antibodies: EZH2 (clone 11/EZH2 Alexa Fluor® 647, BD Biosciences,
Heidelberg, Germany), ALDH1A3 (clone OTI4E8, ORIGENE, Rockville, MD, USA), SALL4
(clone 6E3, Abcam, Cambridge, UK), and ABCG2 (clone 5D3/CD338, APC, BD Biosciences),
respectively. As a secondary antibody for the detection of ALDH1A3 and SALL4, a goat
F(ab’)2 anti-mouse IgG + IgM (H + L)-FITC antibody (Dianova GmbH, Hamburg, Germany)
was used. For intracellular staining, the Cytofix/Cytoperm™ Fixation/Permeabilization
Kit from BD Biosciences was used according to the manufacturer’s protocol.

For lymphocyte staining, the following directly conjugated mouse monoclonal anti-
bodies were purchased from BD Biosciences: CD3 (clone UCHT1, FITC), CD4 (clone SK3,
PE-Cy7), CD8 (clone RPA-T8, APC), CD25 (clone M-A251, PerCP-Cy5.5), and CD127 (clone
hIL-7R-M21, PE), respectively. For Treg analysis, the monoclonal antibody FoxP3 (clone
PCH101, eFluor450; eBiosciences, Frankfurt, Germany) was used. Operating steps were as
follows: 1-2 x 10° cells were counted and incubated with the LIVE/DEAD™ Fixable Blue
Dead Cell Stain (Molecular Probes, Life Technologies, ThermoFisher Scientific, Waltham,
MA, USA) for 30 min at room temperature (RT) to stain the dead cells, washed with PBS
twice, then stained with the directly labeled monoclonal antibodies for 30 min at 4 °C in
the dark, and washed with PBS twice. For intracellular staining with the FoxP3 antibody,
the FoxP3/Transcription Factor Staining Buffer Set (eBiosciences) was used and staining
was conducted for 60 min at 4 °C in the dark and washed with the Perm buffer twice.

All measurements were accomplished using the LSRII flow cytometer (BD Biosciences).
Data analyses were performed by Flow]o software (version 9.9.0; Tree Star Inc., Ashland,
OR, USA).

2.9. COX Regression Analysis

R language loaded with package survival and survminer were used for univariate and
multivariable COX regression. Nine OS-related genes were selected with p value < 0.05 by
univariate COX regression analysis and eight typical factors of prognosis were analyzed
using multivariable COX regression shown in the forest plot.
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2.10. TICs Profile

The CIBERSORT computational method was applied to estimate the abundance profile
of 22 TIC subtypes in the KIRC tumor samples, followed by quality filtering resulting in
539 tumor samples with p < 0.05 for display in a bar plot and corheatmap.

2.11. Gene Set Enrichment Analysis

KEGG gene sets (c2.cp.kegg.v7.0.symbols.gmt) were downloaded from the Molecular
Signatures Database (https://www.gsea-msigdb.org/gsea/msigdb/genesets jsp, (accessed
on 28 January 2021)) as target sets with which GSEA was performed using the software
gsea-4.1 downloaded from the Broad Institute. For analysis, gene set permutations were
performed 1000 times to obtain a normalized enrichment score, which was used for sorting
pathway enrichment, and a NOM p < 0.05 and false discovery rate (FDR) of q < 0.06 were
considered as significant.

2.12. Cell Viability Assay

Cell viability was performed using the CellTiter-Blue Cell Viability Assay (Promega,
Mannheim, Germany) according to the manufacturer’s protocol. Cells were seeded into a
96-well microtiter plate (1500 cells/well) and treated with different concentrations of the
PTCs EGCG, wogonin, apigenin, and shikonin (all from Selleckchem, Houston, TX, USA).
After 24 h and 48 h, the measurement of fluorescence was conducted at a 560(20) excita-
tion/590(10) emission using the FLUOstar OPTIMA microplate reader (BMG LABTECH,
Ortenberg, Germany) and the OPTIMA software version 2.0. The half-maximal inhibitory
concentration (ICsy) was assessed by the logit regression model using SPSS version 25.0
(IBM, Armonk, NY, USA).

2.13. Apoptosis Assay

The apoptotic assay was assessed by flow cytometry using Annexin V and
7-aminoactinomycin D (both from BD Biosciences). Cells were seeded in a 25 em? flask
at a density of 4 x 10° cells and treated with or without EGCG for five days. Then, the
cells were harvested and resuspended in 100 pul. Annexin V Binding Buffer with 5 uL.
APC-Annexin V and 5 pL 7-aminoactinomycin D. After co-incubation for 15 min in the
dark at room temperature, 100 uL. Annexin V Binding Buffer was added and the cells were
measured using a FACSCalibur (Becton Dickinson, San Jose, CA, USA). Data acquisition
was conducted using BD CellQuest software (version 4.0.2) and analyzed using Flow]Jo
software (version 9.9.5; Tree Star Inc., Ashland, OR, USA).

2.14. Migration Assay

For cell migration, 24-well culture plates with two small silicone inserts per well were
used to establish a cell-free gap of 500 um (ibidi GmbH, Martinsried, Germany). Cells
were seeded into each culture insert at a concentration of 4 x 10° cells/mL in a volume
of 70 uL. and incubated at 37 °C until a confluent cell monolayer was achieved. Then, the
inserts were removed with sterile tweezers and a medium with or without EGCG was
added. Pictures were taken under a microscope at different time points (0, 3, 6, 9, 12, 15,
and 18 h). The proportion of gap covered by cells at each time was analyzed with the
web-based Automated Cellular Analysis System (ACAS, MetaVi Labs, Bottrop, Germany)
using FastTrack Al image analysis algorithms.

2.15. Invasion Assay

The cell invasion assay was conducted using the Boyden Chamber system. The Transwell
inserts (8.0 um pores; Falcon, Corning, New York, NY, USA) in 24-well plates were coated
with growth factor reduced Matrigel Basement Matrix (Corning; 30 ug/100 pL/insert) and
incubated at 37 °C for at least 4 h until Matrigel solidification. Then, 30,000 cells were seeded
in 250 pL serum-free DMEM medium with and without EGCG onto the Matrigel and the
lower chamber was filled with 750 uL. DMEM with 10% FCS. After 48 h, the upper surface of
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the Transwell membrane was gently wiped with a moistened cotton swab to remove Matrigel
with the not migrated cells. A total of 4% paraformaldehyde was used to fix the lower surface
of the membrane for 5 min and then stained with 1% crystal violet for 1 min. After drying,
pictures were taken and cells were counted (three fields per insert, Fiji Image] software,
download from: https:/ /imagej,net/software/fiji/ (accessed on 18 November 2020)) [41].

2.16. Prediction of EGCG Target Genes and Construction of Network

The two-dimensional (2D) and three-dimensional (3D) structure of EGCG was acquired
from the PubChem database (https:/ /pubchem.ncbinlm.nih.gov/, (accessed on 18 November
2020)). The SDF file of the 3D structure was uploaded to the PharmMapper database (http:
/ /www.lilab-ecust.cn/pharmmapper/, (accessed on 28 November 2020)) for potential target
gene prediction. The protein—protein interaction (PPI) network was constructed by the
STRING database with a confidence score >0.4, followed by the reconstruction with Cytoscape
of version 3.6.1 (download from: https://cytoscape.org) [42]. Nodes with a confidence of
interactive relationship larger than 0.95 were used to build the network.

3. Results

The analysis workflow of our study is shown in Figure 1. A total of 611 KIRC patients
from the TCGA database were used to dissect the gene expression profiles, clinicopatho-
logical characteristics, and immune-associated molecular classification. Then, the CSC
biomarker EZH2 was identified and validated using the KIRC patient data and ccRCC cell
lines. The correlation analysis between EZH2 expression and the clinical characteristics, the
composition of TICs in KIRC patients, and the signaling pathway analysis were performed.
The anti-tumor effect of EGCG against the ccRCC cell lines was evaluated and the potential
target genes of EGCG were predicted. The combination therapy of sunitinib with EGCG
was tested using coculture experiments and flow cytometry to provide new insights into a
new therapeutic option for ccRCC patients.

3.1. Corrected-mRNAsi for KIRC

The mRNAsi of ccRCC was downloaded from the TCGA database (KIRC mRNAsi).
The mRNAsi expresses the degree of dedifferentiation and similarity between tumor
cells and stem cells, which can be considered as a surrogate of CSCs. The mRNAsi as
a stemness comprehensive score is derived from the molecular profiles of normal cells
with different degrees of stemness based on the OCLR algorithm [20]. Using the mRNAsi,
no difference was seen between the normal and tumor tissue, and among the tumor
tissues, only high grade tumors had higher mRNAsi (Figure 2A). Previous studies have
suggested that tumor “impurities” such as stromal and immune cell types can influence
the mRNAsi factor [43,44]. A corrected-mRNAsi was calculated using the ESTIMATE score
from previous transcriptomic studies [45]. After correcting by tumor purity, the tumor
tissues had a significantly higher stemness index compared to the normal tissue (Figure 2B).
The corrected-mRNAsi did significantly increase with the tumor differentiation grade, but
also did not correlate to the tumor stage.

3.2. Expression Analysis of 19 Potential CSC Marker Genes

Nineteen potential CSC markers for ccRCC based on previous studies were selected [46—48].
The mRNA expression values of the tumor and normal tissues of sixteen genes were successfully
extracted from the TCGA datasets and are presented as a box plot and heat map (Figure 2C,D).
Some of the genes such as ABCA13, CXCR4, ABCG2, EZH2, SALL4, and ALDH1A3 were
significantly differentially expressed between the ccRCC tissues and normal tissues and showed
a higher expression level in sphere cells than in the adherent cells (see later in Figure 3B). The
pairs EZH2 and DNMT1 (r = 0.57, p < 0.0001), NANOG and ABCA13 (r = 0.67, p < 0.0001) had
the highest correlation among all the pairwise correlations of the sixteen genes, suggesting that
they may share some common features or functions (Figure 2E). Univariate COX regression
analysis for the survival of ccRCC patients was performed among the markers, determining that
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seven of them (ABCG2, ALDH1A3, ABCB1, CD105, DAB2IP, EZH2, SALL4) had the potential to
be a prognosis factor for ccRCC patients (Figure 2F).
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p value Hazard ratio :
1
ALDH1A1 0.014 0.998(0.997-1.000) *
1
ABCG2 <0.001 0.875(0.828-0.926) = :
1
KLF4 0.001 0.955(0.929-0.981) »
1

SALL4 <0.001 1.395(1.194-1.631) : ——
1

EZH2 <0.001 1.373(1.226-1.539) s
1
ABCB1 <0.001 0.946(0.917-0.977) [
1
1
DAB2IP <0.001 0.920(0.892-0.949) U
1
1
CD105 0.003 0.996(0.993-0.998) o
1
1
ALDH1A3 0.024 1.045(1.006-1.085) -
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Figure 2. The expression analysis of potential CSC markers in the KIRC tissue and associated
normal tissue and univariate COX regression analysis: (A) mRNAsi and (B) corrected-mRNAsi
and association with clinical characteristics in KIRC patients; (C) mRNA expression of 19 potential
CSC markers, blue indicates normal tissue, and red indicates KIRC tumor tissue; (D) heatmap of
the expression level of potential CSC markers; (E) correlation plot among the expression levels of
potential CSC markers based on the Pearson correlation test (p < 0.05 indicates statistical significance);
(F) univariate COX regression analysis with OS-related CSC markers, significant markers with
p <0.005 are listed.
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Figure 3. The sphere formation ability of the RCC cell lines and the expression of potential CSC mark-
ers on the mRNA and protein levels. (A) Sphere formation: SKRC-17 and RCC-53 formed spheres
around day 7, RCC-26 did not. Photos were taken by a microscope digital camera at the magnification
of 100x (Bresser GmbH DE-46414 Rhede Germany). (B) mRNA expression of 19 potential CSC
markers in SKRC-17, RCC-53, and their corresponding CSCs analyzed by RT-qPCR analysis (p < 0.05
indicates statistical significance), the expression level observed in spheres was normalized to the
corresponding adherent line. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001. (C) Representative
images of IHC staining for the EZH2, ABCG2, ALDH1A3, and SALL4 expression in the KIRC and
normal tissue, photos derived from the Human Protein Atlas database. (D) Measurement of the
protein expression in the adherent and sphere cell lines by flow cytometry (1 = 3, adherent cell value
was setas 1).
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3.3. Validation of Potential CSC Markers on mRNA and Protein Level

First, we tested the ability of the SKRC-17, RCC-53, and RCC-26 cell lines to generate
CSCs using a sphere formation assay over 2-3 passages. Using ultra-low attachment
flasks with serum-free medium, CSCs formed non-adherent free-floating spheres, while
the differentiated adherent renal cancer cells shrank and died [19,49]. Only SKRC-17 and
RCC-53 were capable of generating spheres, as shown in Figure 3A, after 7 days. Next, the
mRNA expression levels were analyzed in the SKRC-17 and RCC-53 adherent and sphere
cell lines by RT-qPCR (Figure 3B). Four typical CSC markers (EZH2, ABCG2, ALDH1A3,
and SALL4) were selected to verify the protein expression. Inmunohistochemical images
were collected from the Human Protein Atlas (Figure 3C). Flow cytometry was performed
to determine the protein expression of the four markers between the adherent and sphere
cell lines (Figure 3D). Among them, EZH2 was selected as the most potential ccRCC
CSC marker, which was significantly higher expressed in the sphere cell lines than in the
adherent cell lines on the mRNA level as well as on the protein level, with the ability to be
an OS-related prognostic factor.

3.4. Correlation of EZH2 Expression with the Survival and Clinical Characteristics of KIRC Patients

The clinical characteristics of the KIRC patients including survival, stage, grade, and
TNM classification were grouped into EZH2 high and low expression according to the
median expression level. There was a statistically significant negative correlation between
the expression of EZH2 and the prognosis of KIRC patients. The low expression group
showed a longer survival than the high expression group (Figure 4A) The expression
of EZH2 increased significantly, along with the progression of stage, grade, and TNM
stages (Figure 4B). Multivariable Cox regression analysis showed that EZH2 could be an
independent prognostic factor to assess the outcomes for KIRC patients (Figure 4C).

3.5. Correlation of EZH2 with the Composition of TICs

To explore a potential correlation between CSC features and the KIRC TME, the pro-
portion of tumor-infiltrating immune subsets was determined via CIBERSORT algorithm
and correlated to the expression of EZH2. Of the 22 types of immune cell profiles in KIRC
samples (Figure 5), nine types of TICs had different frequencies in high versus low expres-
sion of EZH2 (Figure 6A-C): follicular helper T cells, regulatory T cells (Tregs), and CD8 T
cells were more prevalent in EZH2 high tumors than in the EZH2 low tumors, while B cells,
CD4 T memory resting, and M2 macrophages activated dendritic cells as well as resting
mast cells were more abundant in EZH2 low tumors.

3.6. Functional Enrichment Analysis of EZH2

To further explore the potential association between the immune activity and EZH2,
GSEA analysis was implemented for the high expression group compared to the low
expression group. As shown in Figure 6D, in the high expression group, immune-related
activities such as natural killer cell-mediated cytotoxicity, primary immunodeficiency,
and immune signaling pathways such as T cell receptor, p53, and JAK-STAT were mainly
enriched. In the low expression group, the genes were enriched, which correlated with the
metabolic pathways including pyruvate, propanoate, and butanoate metabolisms.

3.7. Influence of Four Different Phytochemicals on EZH2 mRNA Expression

Four phytochemicals (EGCG, shikonin, apigenin, and wogonin) were selected based
on the results of previous studies. The SKRC-17 and RCC-53 cell lines were treated with
different concentrations of apigenin, EGCG, wogonin, and shikonin, as indicated in the
figures, for 24 h and 48 h (Figure 7A). All PTCs inhibited the cell viability in a dose-
dependent manner. The half-maximal inhibitory concentration (IC50) was calculated. Then,
we treated the SKRC-17 and RCC-53 spheres with different concentrations (0.5 x IC50,
1 x IC50, and 2 x IC50) based on the results from the 48 h treatment to identify the
influence on the mRNA expression level of EZH2 by RT-qPCR (Figure 7B). Transcript levels
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of EZH?2 in SKRC-17 and RCC-53 CSCs were significantly decreased by shikonin, EGCG,
and apigenin, but not significantly by wogonin. EGCG showed the best inhibitory effect of

all of the tested PTCs.
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Figure 4. The correlation of EZH2 expression with clinicopathological characteristics: (A) Kaplan-Meier
survival analysis for the KIRC patients grouped into high or low score in EZH2 expression determined
by the comparison with the median, p < 0.001 by log-rank test. (B) Distribution of EZH2 expression
concerning the stage, grade, and T classification, the p-values p = 0.003, 0.022, and 0.002, respectively,
were calculated by the Kruskal-Wallis rank sum test, distribution of scores in M and N classification,
the p-values p = 0.001 and 0.0015, respectively, were calculated by the Wilcoxon rank sum test. (C) The
multivariate Cox regression analysis of the risk score, age, gender, grade, and TNM stage was used to
evaluate the independent prognostic value of EZH2. * p < 0.05, ** p < 0.01, ** p <0.001.
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Figure 5. The TIC profile in the KIRC tumor samples and correlation analysis. (A) The barplot shows
the proportion of 22 types of TICs in the KIRC tumor samples, columns are the 611 KIRC case samples
and the different colors are types of TICs. (B) The heatmap shows the correlation between 22 TIC
populations and the numbers in each tiny box indicate the p value of the correlation between two cell
populations, the shade of each tiny color box represents the corresponding correlation value between
two cell types, and the Pearson coefficient was used for the significance test.
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Figure 6. The correlation of the TIC composition and signaling pathway with EZH2 expression.
(A) Correlation of the TIC population with EZH2 expression, the Violin diagram shows the relation-
ship between the different 22 TIC subpopulations and the KIRC tumor samples with low (green)
or high (red) EZH2 expression, relative to the median of the EZH2 expression level, the Wilcoxon
rank sum was used for the significance test. (B) The scatter plot shows the correlation of 12 TIC
subpopulations to the EZH2 expression (p < 0.05), the blue line in each plot shows the fitted linear
model indicating the proportion tropism of the immune cell along with the EZH2 expression, and the
Pearson coefficient was used for the correlation test. (C) The Venn plot displays nine TIC subpopula-
tions correlated with the EZH2 expression codetermined by difference and correlation tests displayed
in violin and scatter plots, respectively. (D) The gene set enrichment analysis for the enriched gene
sets with high and low EZH2 expression in the KEGG collection, each line represents one particular
gene set with a unique color, upregulated gene sets are located on the left near at the origin of the
coordinates, in contrast, the downregulated gene sets are on the right of the x-axis. Only gene sets
with NOM p < 0.05 and FDR q < 0.06 were considered as significant and only some of the leading
pathways are displayed in the plot.

3.8. EGCG Inhibits Cell Viability and Induces Apoptosis in RCC-53 and SKRC-17 Cell Lines

To further investigate the anti-tumor effect of EGCG, we performed cell viability and
apoptosis assays with the RCC-53 and SKRC-17 adherent cell lines and spheres. The results
showed a dose-dependent tendency for inhibiting the viability and enhancing apoptosis
among the different concentration groups (0.5 x IC50, 1 x IC50, and 2 x IC50) (Figure 8).
The SKRC-17 sphere and RCC-53 sphere groups were less sensitive to EGCG than the
adherent SKRC-17 and RCC-53 cells.
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Figure 7. EGCG inhibited the expression of EZH2 in ccRCC CSCs. (A) CellTiter-Blue Cell Viability
Assay: EGCG, wogonin, apigenin, and shikonin inhibited the viability of SKRC-17, RCC-53 in a
dose-dependent manner, shown after 24 and 48 h. The half-maximal inhibitory concentration (IC50)
was calculated by the logit regression model. (B) RT-qPCR analysis: EGCG, wogonin, apigenin,
and shikonin reduced the expression of EZH2 in the sphere cells, normalized expression levels are
displayed (n = 3, * p < 0.05, **** p < 0.0001).
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Figure 8. EGCG mediated the anti-tumor effect against SKRC-17, RCC-53, and their corresponding
CSCs. (A) CellTiter-Blue Cell Viability Assay: EGCG suppressed the cell viability (shown for 48 h).
(B) EGCG induced apoptosis, the apoptosis rate was calculated by Annexin V and 7-AAD positive
staining using flow cytometry (n = 3, * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001).

3.9. EGCG Inhibits Migration and Invasion of RCC-53 and SKRC-17 Cell Lines

Migration and invasion are two essential biological characteristics for the metastatic
process. Therefore, we evaluated the effect of EGCG on the migration and invasion of SKRC-
17, the RCC-53 adherent cell lines, and their corresponding sphere cells. The invasion ability
was determined using the Boyden chamber system and cells were treated with different
concentrations of EGCG (0.5 x IC50, 1 x IC50, and 2 x IC50) for 48 h. The numbers of
invaded cells decreased significantly in the adherent SKRC-17 and RCC-53 cell lines as well
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as the corresponding spheres in the 2 x IC50 group (Figure 9A). Migration was evaluated
using the scratch wound healing assay. After treatment with different concentrations of
EGCG (0.25 x IC50, 0.5 x IC50, and 1 x IC50), images were taken at six time points every
three hours apart. EGCG in the 1 x IC50 group inhibited the migration of both the adherent
cells and sphere cells to the center of the gap, as shown in Figure 9B.

RCC-53 SKRC-17

Figure 9. EGCG inhibited invasion and migration of the ccRCC cell lines and their corresponding
CSCs. (A) For the invasion assay, the Boyden Chamber system was used with Transwell inserts in
24-well plates (8.0 um pores), coated with growth factor reduced Matrigel Basement Matrix, from
every insert a photo was taken at the magnification of 40x and the cells were counted (three fields
per insert; Fiji Image] software). * p < 0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001. (B) For the
scratch wound healing, assay plates with a cell-free gap of 500 um were used (ibidi GmbH), photos
were taken under the microscope at different time points at the magnification of 40x (Bresser GmbH
DE-46414 Rhede Germany). EGCG in the 1 x IC50 group is shown, and the data were analyzed with
the web-based Automated Cellular Analysis System (ACAS, MetaVi Labs) using FastTrack Al image
analysis algorithms.
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3.10. Network of EGCG Target Genes and EZH?2

To further uncover the potential pharmacological mechanisms of EGCG inhibiting
CSC associated proteins, target genes of EGCG were analyzed in networks. A total of
71 genes were predicted to be direct targets of EGCG, and networks were constructed
via the PPI network based on the STRING database. Interactions between the potential
71 target genes and EZH2 are shown in Figure 10A. Subsequently, a network for EGCG,
EZH?2 target genes, and EZH2 was built using the String database and Cytoscape software.
As shown in Figure 10B, EZH2 is connected with the three EGCG potential target genes
VEGFA, KIF11, and MMP2.

Figure 10. The interaction network based on the potential targets of EGCG. (A) The PPI network of
potential target genes of EGCG and EZH2; the edges represent the predicted functional associations,
green line: the neighborhood evidence, blue line: co-occurrence evidence, purple line: experimental
evidence, yellow line: text mining evidence, black line: co-expression evidence, dotted lines: the
potential target genes of EGCG and EZH2. (B) The network of EGCG, EZH2 target genes, and
EZH2, green lines represent the interaction between EGCG and its target genes, red lines represent
interaction between EZH2 and target genes, black lines represent interaction among target genes.
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3.11. The Effect of EGCG Combined with Sunitinib on Immune Cells

To determine whether EGCG combined with the first line treatment agent sunitinib
had an effect on immune cells, an immunophenotyping assay for the ccRCC patients’
peripheral blood cells (PBMC) was conducted. For this, a co-culture system of CSCs and
PBMC was established to study the influence of drug-treated CSCs on different PBMC
subpopulations (Figure 11A). The main effect was observed in the Treg cell population.
The gating strategy for the Treg cell population is shown in Figure 11B. The CD4*, CD25",
CD127'°%, FOXP3* T cell subpopulation corresponded to the effector Treg cells. As shown
in Figure 11C, the percentage of the FoxP3* Treg subpopulation was significantly decreased
in the combination group compared to the group without treatment, the EGCG group, or
sunitinib group.

A
. 2days
5 7-10 days 2 days +PMBC
e +EGCG

+Sunitinib
Cancer cells

Cancer stem cells

RCC-53 sphere+PBMC epa— SKRC-17 sphere+PBMC p—
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I
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Figure 11. The Treg cells were significantly decreased by the combination treatment EGCG plus
sunitinib in co-culture with CSCs. (A) Workflow of the MLTC system. (B) Representative plots
showing the gating strategy for Treg analysis. (C) Percentages of FoxP3*CD25*CD127'% lymphocytes
among the CD4* T cells (* p < 0.05, ** p < 0.01).
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4. Discussion

CSCs can evade cell death and can initiate metastasis of the tumor by possessing the
capacity of self-renewal and multiple differentiation [50]. Studies have shown that 25-30%
of ccRCC patients already had distant metastases at the time of initial diagnosis [51]. So far,
angiogenesis inhibition with tyrosine kinase inhibitors (TKIs) combined with the inhibition
of immune checkpoint proteins such as PD-1/PDL-1 and CTLA-4 have revolutionized the
treatment landscape of ccRCC patients with metastases [52,53]. However, the responses
are limited to a subgroup of patients and only approximately 5 to 30% of patients will
primarily progress [54]. Therefore, additional therapies or promising additives to the cur-
rent therapeutic landscape to those non-responders are needed. Recently, it was proposed
that renal CSCs isolated from renal cell carcinomas can mediate tumor growth and be
the cause for resistance to standard chemo- and radiotherapies, and even tyrosine kinase
receptor inhibitors, mTOR inhibitors, VEGF antibodies, cytokines, checkpoint inhibitors,
etc. [55-57]. Uncovering the molecular mechanisms of metastatic initiation and dynamics
of ccRCC CSCs hold promise in improving the management of ccRCC. The key findings of
this study can be summarized as follows. (1) a corrected-mRNAsi describing the stemness
index of KIRC tumors of the TCGA atlas was significantly high in the KIRC tissue samples
compared with normal tissue and positively correlated with the clinical stage and grade.
(2) EZH2 was selected as the most promising CSC marker, which was expressed signifi-
cantly higher in the tumor tissue and cell spheres of the cell lines than in the normal tissue
or adherent cell lines, respectively. (3) The expression of EZH2 was statistically correlated
with the clinical characteristics, nine types of TICs, immune-related signaling pathways
as well as metabolic pathways. (4) Among the four tested PTCs, EGCG suppressed cell
viability, migration and invasion, and enhanced apoptosis in adherent and sphere cell lines
significantly and showed the highest inhibition of EZH2 expression. KIF11, MMP2, and
VEGFA were predicted as target genes interacting with EZH2, and they may play a role
and should be tested in future for co-expression. (5) The combination treatment of EGCG
with sunitinib significantly decreased the frequency of CD4*, CD25%, CD127°%, FOXP3*,
Treg in the PBMC of the ccRCC patients compared to the group without treatment

Previously, in a pan-cancer stemness index study, the mRNAsi in the KIRC samples
was shown to range between 0.2 and 0.5, indicating lower stemness ability than most other
tumors such as chromophobe renal cell carcinoma, lymphoma, and uterine sarcoma. After
correcting for tumor purity, the corrected-mRNAsi showed a strong prognostic value in
KIRC tumors. Not all of the tested ccRCC cell lines possessed stemness capacity (see RCC-
26 in Figure 3A), as also described in Gassenmaier et al. [19], and indicates that different
ccRCC cells contain various amounts and types of CSC populations. A previous pan-cancer
stemness index study identified high expression of EZH2 in ccRCC CSCs [20]. The high
prognostic value of EZH2 expression and its association with immune related characteristics
observed in this study confirms results from a previous study in which a correlation of high
EZH2 expression with poor overall survival was identified in 373 RCC patients, especially
in those with advanced disease [58]. The overexpression of EZH2 in RCC associated with
lymphocytic infiltration and high CD8" density could navigate immune evasion and the
poor patient outcome [16], supporting a treatment strategy aimed at downregulating EZH2.
Modulating EZH2 expression or activity has been reported to suppress the phosphorylation
of certain receptor tyrosine kinase inhibitors and restore the antitumor effects of sunitinib
in models of acquired or intrinsically resistant ccRCC [59]. The proposed mechanism is
that downregulated EZH2 expression unleashes pro-inflammatory functions in tumor-
infiltrating Tregs cells, which promotes anti-cancer immunity as well as tumor elimination,
boosts the recruitment and function of CD8" and CD4* effector T cells, and thus remodels
the tumor microenvironment [60].

Several EZH2 inhibitors have been developed in recent years, for example, the 2-
pyridone compounds GSK126, EPZ005687, and EI1 [61]. The studies have mostly addressed
the EZH2-targeted treatments of lymphoma and melanoma or of tumor cell lines. Moreover,
other drugs and compounds such as curcumin, omega-3 polyunsaturated fatty acids as
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well as sorafenib have been reported to be able to downregulate EZH2 and this was critical
for their anti-cancer activity, as shown for hepatoma cells, pancreatic tumor cells, and
breast cancer cells, respectively [62-65]. Curcumin, which is another potential anti-tumor
phytochemical, was also tested in our group using RCC spheres. An inhibiting effect on
spheres was observed with only a slight downregulation of EZH2 (unpublished data). In
addition, the inhibition of EZH2 also sensitizes cancer cells to various other anti-cancer
drugs such as HDAC inhibitors, imatinib, gemcitabine, paclitaxel, and cisplatin [66-74].
In 2020, the Food and Drug Administration (FDA) approved the first EZH2 inhibitor
tazemetostat (EPZ-6438) for the treatment of metastatic or locally advanced epithelioid
sarcoma [75]. In the kidney, EZH2 plays a major role in maintaining normal kidney
function. The overexpression of EZH2 has been demonstrated to be related to acute
kidney injury (AKI). It can be speculated that the inhibition of EZH2 overexpression might
help prevent the development of pathologies after acute kidney injury. In this regard,
the substance zld1039, one of the EZH2 inhibitors, holds promise for the treatment of
AKI [76]. Moreover, antibodies against other CSC markers (e.g., CXCR4 antibody, CD105
(endoglin) antibody) have been used in RCC clinical trials (NCT01391130: CXCR4 inhibitor
plus sunitinib, NCT01727089: endoglin monoclonal antibody plus bevacizumab, and
NCTO01806064: endoglin monoclonal antibody plus axitinib). However, all trials failed to
improve PFS when combined with TKI agents [77-79].

In this study, we hypothesize that EGCG may be a beneficial combination partner for
sunitinib for the treatment of ccRCC patients due to its strong inhibitory effect on cancer
stem cells (Figure 12). EGCG has been used in in vivo models of various cancers with
promising therapeutic effects such as suppressing xenograft tumor growth and invasion,
reducing tumor volume and size, inhibiting tumor angiogenesis, and increasing tumor
cell apoptosis [31,34]. Our study confirms that EGCG combined with sunitinib showed a
significant reduction in FoxP3* Treg cells in the PBMC of patients. Less Treg cells might
allow, at least in part, an activation of the endogenous effector CD3*CD8" and CD3*CD4"
T cells in response to the recognition of tumor specific antigens. We propose that the
combination of EGCG and sunitinib could be a promising treatment strategy.
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Figure 12. The proposed model for the correlation among EZH2, cancer stem cells, and EGCG for the
KIRC patients.
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This study aimed to identify a C5C marker in ccRCC that could be a potential prognos-
tic marker modulating the microenvironment. Furthermore, we analyzed the mechanisms
of the potential phytochemicals’ network pharmacology using bioinformatics, cell bio-
logical, and immunological methods. We studied the potential mechanisms of a novel
combination treatment strategy for ccRCC patients targeting cancer stem cells and the
tumor microenvironment. These findings can help to optimize therapeutic strategies in
the future.

5. Conclusions

We identified the CSC marker EZH?2, which has the potential to be a prognostic and
microenvironment-associated factor in ccRCC. Moreover, the novel treatment strategy—
EGCG in combination with sunitinib—provides new insights into the treatment options of
ccRCC based on targeting CSCs, and the related pharmacological mechanism was further
explored in this study.
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Abstract: Emerging evidence from research or clinical studies reported that ABCG2 (ATP-binding
cassette sub-family G member 2) interrelates with multidrug resistance (MDR) development in can-
cers. However, no comprehensive pan-cancer analysis is available at present. Therefore, we explore
multiple databases, such as TCGA to investigate the potential therapeutic roles of ABCG2 across
33 different tumors. ABCG2 is expressed on a lower level in most cancers and shows a protective
effect. For example, a lower expression level of ABCG2 was detrimental to the survival of adrenocor-
tical carcinoma (TCGA-ACC), glioblastoma multiforme (GBM), and kidney renal clear cell carcinoma
(KIRC) patients. Distinct associations exist between ABCG2 expression and stemness scores, mi-
croenvironmental scores, microsatellite instability (MSI), and tumor mutational burden (TMB) of
tumor patients. We observed a significant positive correlation between the ABCG2 mutation site
and prognosis in uterine corpus endometrial carcinoma (UCEC) patients. Moreover, transmembrane
transporter activity and hormone biosynthetic-associated functions were found to be involved in
the functionality of ABCG2 and its related genes. The cDNAs of cancer cell lines were collected to
detect exon mutation sequences and to analyze ABCG2 mRNA expression. The mRNA expression
level of ABCG2 showed a significant difference among spheres and drug-resistant cancer cell lines
compared with their corresponding adherent cancer cell lines in six types of cancer. This pan-cancer
study provides, for the first time, a comprehensive understanding of the multifunctionality of ABCG2
and unveils further details of the potential therapeutic role of ABCG2 in pan-cancer.

Keywords: ABCG2; pan-cancer; prognosis; cancer stem cell; genetic alteration

1. Introduction

ABCG2, known as breast cancer resistance protein (BCRP), was described as the
second member of the G subfamily and a subfamily in the ATP-binding cassette (ABC)
family proteins, which are expressed in many tissues, such as intestine, liver, kidney,
and cancerous tissue [1]. Several studies have revealed that ABCG2 as a biomarker of
cancer stem-like cell (CSC) populations can limit the efficacy of chemotherapy and is a
target for clinical interventions during the period of tumor relapse [2,3]. In cancer therapy,
inhibition of ABCG2 has emerged as a new treatment strategy that is believed to increase
chemotherapeutic drug bioavailability and to overcome drug resistance [4].

The structural feature of ABCG2 helps us to further understand drug efflux indepen-
dent contributions of ABCG2 concerning polydrug recognition and transport.

ABCG2 domain structure is a dimer of two protein chains each consisting of a catalytic
nucleotide binding domain (NBD) and a transmembrane domain with at least six membrane
spanning a-helices (TMD) [5]. TMD carries the substrate binding site and represents the
translocation pathway for substrate, while NBD is responsible for ATP binding and ATP
hydrolysis [6]. If a physiological substrate, for example, the molecule estrone-3-sulfate
(E1S), is bound in the cavity of the TMD, NBDs can face away from each other and help
to identify key residues contributing to substrate recognition. Then, two ATP molecules
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bind and induce a conformational change of the dimerization of the NBDs that stimulates
the sign to close the cavity, thereby leaving no space for other substrate binding. On the
extracellular side, the extracellular loop has rotated away from TMD, opening up a smaller
cavity so that endogenous substrates can be transported. When the second molecule
of ATP is hydrolyzed, the conformational change will be reset, and substrate and ATP
can bind again allowing the process to repeat [6]. Moreover, ABCG2 can also remove
exogenous substrates, such as a variety of xenobiotics and pharmaceuticals, to limit drug
delivery to the brain, thereby strongly influencing drug resistance and chemotherapeutic
intervention [7]. Binding of drugs can induce a conformational switch of the transporter,
which is observed for several anticancer drugs (imatinib, mitoxantrone, or SN38) with
different effects [8].

While the role of ABCG2 in multidrug resistance is widely recognized, the dysfunction
of ABCG2 gene can be induced by other factors, such as genetic polymorphisms, which have
been proven in several diseases, such as hyperuricemia and hypertension in humans [9].
For example, the common ABCG2 variant-Q141K impairs the stability of NBD, which
may affect the pharmacokinetic profile of several drugs in the clinic [10,11]. Several other
variants (G406R, F431L, S441N, P480L, F489L, M515R, L525R, A528T, and T542A) located
within the transmembrane region of ABCG2 have been shown to affect the activity of the
protein in vitro [12]. For non-small cell lung cancer (NSCLC), variant genotypes of ABCG2
153114020 were found to be associated with a significantly increased risk of death (p < 0.001),
and the rs1871744 genotype was significantly associated with poor response, suggesting
that ABCG2 mutation patterns can be an independent risk factor for the prognosis of
NSCLC [13]. However, it remains unclear, which of the ABCG2 mutation sites are found
in different types of cancers and how it might influence the drug-ABCG2 interactions.
Therefore, a detailed understanding of the mechanism and genetic polymorphisms of
ABCG2 could drive the development of the bioavailability of the desired drug, minimize
multidrug resistance, and promote more effective therapeutic strategies.

Qur study carried out, for the first time, a pan-cancer analysis of ABCG2 based on The
Cancer Genome Atlas (TCGA) (https:/ /www.cancer.gov/tcga) to explore the multifunc-
tional role of ABCG2 in different types of cancer. We also investigated gene expression,
genetic alteration, stemness scores, microenvironmental scores, relevant immune check-
point genes, and cellular function of ABCG2 to reveal the potential molecular pathogenesis
of multiple cancers, challenging the pathogenic role of ABCG2 as a reference gene for
cancers and presenting a potential prognosis biomarker and immunotherapeutic target.

2. Results
2.1. ABCG2 Expression in Human Cancers

To determine the effects of ABCG2 on cancer in humans, we used TIMER2.0 to explore
ABCG2 expression in various types of cancer from the TCGA database. As demonstrated
in (Figure 1A), expression differences of ABCG2 between tumor and normal tissues were
found in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervi-
cal squamous cell carcinoma and endocervical adenocarcinoma (CESC), cholangiocarci-
noma (CHOL), colon adenocarcinoma (COAD), kidney chromophobe (KICH), kidney renal
clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), liver hepato-
cellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), skin cutaneous
melanoma (SKCM), stomach adenocarcinoma (STAD), and uterine corpus endometrial
carcinoma (UCEC) (p < 0.05). The expression analysis via TIMER2.0 indicates that different
cancers and specific cancer subtypes affect the ABCG2 gene expression status. For some
tumors, not enough normal tissue sample was available in the TCGA database (those
tumors are shown with a white background in Figure 1A). Then, GTEx dataset was used as
control for the normal tissues, and we evaluated the ABCG2 expression differences between
tumor and normal tissues of CESC, CHOL, brain lower grade glioma (LGG), ovarian serous
cystadenocarcinoma (OV), UCEC, and uterine carcinosarcoma (UCS) (p < 0.05, Figure 1B).
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The Clinical Proteomic Tumor Analysis Consortium (CPTAC) integrates genomic and

proteomic data to identify and describe all proteins within tumor and normal tissues and

explores candidate proteins that can be used as tumor biomarkers. Available data from the
CPTAC dataset indicate that ABCG2 protein expression was lower in UCEC and LUAD

than in normal tissues; Figure 1C and the opposite was shown in RCC.

The ABCG2 protein expression level between normal samples and breast, lung, testis,
and prostate cancer samples was validated using The Human Protein Atlas. The results

indicate that the expression level of ABCG2 was markedly increased in normal prostate

tissue compared with other normal tissues. For testis, tumor tissue revealed a higher

ABCG2 expression compared to the normal tissue (Figure 2).

TCGA database

A

100

Hax wrn

S kAR Akk Akk REE Aax Eee
-
i

Arx Ak AEk

K ek Axw

{08 = u) JownL'WAN

{2G = u) Jowny'sON

(g€ = u) lewsoN'D30N
(56 = u) Jown'030N
{021 = U) JoWNLWAHL
{6 = ) [BULION'VOHL
{108 = u) JownL YOHL
(0s} = u) jown| 1091

{6 = u) Jown, Qvd
{€ = U) [eULION'DdOd
(621 = u) JownL'9d0d
{ = u) lPULION QVVd
(821 = u) Jown| Qvvd
{€0€ = u) JownL:AQ
(48 = u) Jown"OS3N
(15 = u) lewsoN'OSMT

(918 = u) Jown'997
{€£1 = u) JownL TNV

(z€ = u) lewoN" A

(062 = u) JownL' I

{24 = u) 1lewION DHIN

(g€S = u) Jown"OHIN

{52 = u) IBWLON HOIM

(99 = ) JownL"HOIN

{12y = u) Jown ' ~AdH-OSNH
{26 = u) JownL "+ AdH-OSNH
BULION'OSNH
JownL"OSNH

{81 = u) Jown 'vOS3

(8% = u) Jown1 0810

(19 = u) jewioN'QYOD

{28v = u) Jown'G¥0D

(6 = U) [EULONTOHO

(9¢ = u) JownL IOHO

(€ = U) JewON'0S30

{p0g = u) JownL 0830

(212 = u) Jown)‘gun1-yOug
{9 = U) Jown "ywn-youg
(z8 = u) Jowny ZieH-¥OuE
{061 = u) Jown eseg-youg
(211 = u) JewsoN vOuE
F{(£601 = u) Jown] 'YONE

{61 = u) leuON'YO8

{80y = u) Jown| '¥O1g

{6 = u) Jown"OOV

(WdL zbo)) [9re7 uoissaidx3 z908Y

TCGA+GTEx database

T T T T T T T T

& ° S v € z ‘ 0
(T+Ad1)z801 [9Aa7 uoIssa1dx3 Z90av

ucs
54; N

UCEC
174;N

CHOL LGG ov
518;N a26; N

36;N

CESC

=78)

(T=

=91)

(=

88)

(T=

=207)

(T=

=9)

(t=

306; N=13)

(1=

Cont.

Figure 1.



5 Paper il

87

Int. J. Mol. Sci. 2022, 23, 15955

4of 24

C: CPTAC database i

Lung adenocarcinoma

* %k %

Z-Value
it

2
Normal Tumor
(n=111) (n=111)
UCEC
Ca * %k

|
|

Z-Value
°
1

Normal Tumor
(n=31) (n =100)
RCC
3=
% %k ¥ .

Z-Value
& =
PR

-3
Normal Tumor
(n=84) (n=110)

Figure 1. The ABCG2 expression data were obtained from various databases: (A) Data collected
from TCGA database and analyzed by the TIMER2.0 database. Samples with gray backgrounds
represent both tumor (red) and normal tissue (blue) samples and one metastasis (purple), which can
be compared statistically. Samples with white backgrounds represent only tumor samples, which
cannot be compared statistically because other types of tissue samples were not available (* p < 0.05;
** p < 0.01; ** p <0.001). (B) We used normal tissue data from the Genotype-Tissue Expression
(GTEXx) database as controls for comparisons with the corresponding data from The Cancer Genome
Atlas (TCGA) project. The results are presented as a box plot (* p < 0.05). Tumor samples in red
and normal samples in black. (C) Expression levels of ABCG2 protein were also compared between
tumor tissue (red) and normal tissue (blue) in LUAD (lung adenocarcinoma), UCEC (uterine corpus
endometrial carcinoma), and RCC (clear cell renal cell carcinoma (RCC)) based on the CPTAC dataset
(*** p <0.001).
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Figure 2. ABCG2 protein expression was shown in immunohistological sections of breast
(T: HPA054719 antibody; N: HPA054719 antibody), lung (T: HPA054719 antibody; N: HPA054719
antibody), testis (T: HPA054719 antibody; N: HPA054719 antibody), and prostate (T: HPA054719
antibody; N: HPA054719 antibody), obtained from the Human Protein Atlas database.
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2.2. ABCG2 as a Prognostic Factor in Human Cancers

We divided the cancer types into high-expression and low-expression groups accord-
ing to the expression levels of ABCG2 and investigated the correlation of ABCG2 expression
with the prognosis of patients within different tumors. As shown in Figure 3A, analysis of
overall survival (OS) demonstrates that a low expression level of ABCG2 was linked to poor
prognosis for the cancer types of adrenocortical carcinoma (ACC) (p = 0.030), glioblastoma
multiforme (GBM) (p = 0.048), and KIRC (p < 0.001) within the TCGA project. Analysis of
disease-free survival (DFS) (Figure 3B) shows a correlation between low ABCG2 expression
and poor prognosis for CESC (p = 0.029), LUAED (p = 0.010), sarcoma (SARC) (p = 0.047),

and thyroid carcinoma (THCA) (p = 0.009).
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Figure 3. Correlation between ABCG2 gene expression, overall survival, and disease-free survival
for different cancer types: (A,B) The pan-cancer survival maps with significant results are given. For
the Kaplan-Meier survival analysis, patients were grouped into high and low ABCG2 expression
scores determined by the comparison with the median by log-rank test.
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Moreover, significant correlations between pathological stages, age, gender, and
ABCG2 expression are shown in Figures 4 and 5A,B. For the pathological stage, significant
correlations emerge among KICH, KIRC, testicular germ cell tumors (TGCT), and THCA
(Figure 4), of which KIRC, THCA, and KICH show ascending tendency with increasing
expression of ABCG2, and TGCT shows the opposite trend. Higher expression of ABCG2
was observed in the patient group < 65 years for LUSC, SARC, SKCM, and BLCA, whereas
for thymoma (THYM), KIRP, and LIHC in the group > 65 years (Figure 5A). There are also
clear differences between the gender groups. For KIRC and SARC, female patients show
higher ABCG2 expression, in contrast to mesothelioma (MESO) and LIHC, where male

patients show higher ABCG2 expression (Figure 5B).
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Figure 4. Correlation between ABCG2 gene expression and the pathological stages of different cancer
types. The pathological stages (stages I to IV) with significant results are shown.
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Figure 5. Correlation between ABCG2 gene expression and the clinicopathological characteristics
of different cancer types: (A) age (<65 and >65) and (B) gender (female and male) with significant
results are shown.
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2.3. The Corielation between ABCG2 Expression and RNAss, DNAss, ImmuiteScore,
and StromalScore

ABCG2 correlates with drug resistance in several types of cancer possibly due to its
expression in CSCs. Tumor stemness can be measured using the RNA stemness score
(RNAss) based on mRNA expression and using the DNA stemness score (DNAss) based
on DNA methylation pattern. The correlation between ABCG2 expression and tumor
stemness measured by RNAss and DNAss was investigated. Interestingly, the results
show that ABCG2 is negatively correlated to most types of cancer concerning RNAss and
DNAss. Notably, ABCG2 expression shows positive correlation with DNAss but a negative
correlation with RNAss in THYM, KIRC, and SKCM, and the opposite tendency is shown
in TGCT (Figure 6A). These contradictory results suggest that RNAss and DNAss may
identify distinct cancerous cell populations characterized by different features or degrees of
stemness in different cancers. ImmuneScore and StromalScore represent newly developed
algorithms that take advantage of the unique properties of the transcriptional profiles of
cancerous tissues to infer tumor cellularity as well as the various infiltrating normal cells.
For this, the ESTIMATE scores can be applied to predict tumor purity, which was calculated
by the StromalScore and the ImmuneScore [14]. Specific gene expression signatures of
stromal and immune cells can be used to develop a prognosis stratification in cancer. In
this study, ABCG2 expression shows a positive correlation with the ImmuneScore and the
StromalScore in most types of cancer (Figure 6B). For TGCT, THCA, and THYM, a stronger
negative correlation was observed for the expression of ABCG2 and the ImmuneScore and
StromalScore (p < 0.001). For KIRC patients, ABCG2 expression shows an opposite trend
between the ImmuneScore and the StromalScore (p < 0.001), of which a positive correlation
is observed with the StromalScore and a negative correlation with the ImmuneScore. These
results confirm the important role of ABCG2 in the microenvironmental processes.

2.4. The Correlation between ABCG2 Expression and TMB, MSI, Genetic Alteration Analysis

TMB (tumor mutational burden) and MSI (microsatellite instability) are important
biomarkers for immunotherapy and are of clinical practical value, which can evaluate
the efficacy of immune checkpoint inhibition therapy in diverse types of cancer [15-17].
Therefore, we analyzed the correlation between ABCG2 expression and TMB/MSI across all
tumors of the TCGA database using Spearman rank correlation test. As shown in Figure 7C,
the expression of ABCG2 in 19 different cancers is significantly correlated with TMB, of
which ABCG2 gene expression is positively correlated with a high mutation status in LIHC,
LAML, and HNSC, and with a low mutation status in lymphoid neoplasm diffuse large
B-cell lymphoma (DLBC), KICH, LUAD, pancreatic adenocarcinoma (PAAD), pheochro-
mocytoma and paraganglioma (PCPG), PRAD, READ, ACC, uveal melanoma (UVM),
UCEC, THCA, STAD, SKCM, SARC, BRCA, and CESC. In addition, there are significant
correlations between the expression of ABCG2 with MSI in 10 cancer types, including
esophageal carcinoma (ESCA), UCEC, THCA, STAD, SARC, LUSC, LUAD, KIRP, DLBC,
and BRCA, of which ESCA patients are positively correlated to the expression of ABCG2,
and the other cancer types show the opposite trend. Furthermore, we investigated the
genetic alteration status of ABCG2 in the different tumor samples of the TCGA cohorts. The
types, sites, and case numbers of the ABCG2 genetic alterations are presented in Figure 7A.
We found that a missense mutation of ABCG2 was the main type of genetic alteration.
For example, the K653E/Y6541fs*21/K653Nfs*11 alteration in the exon 16 domain was
detected in one case of COAD and four cases of UCEC and is displayed in the 3D structure
of the ABCG2 protein (Figure 7B). Additionally, we analyzed the potential association
between ABCG2 genetic alteration and the clinical survival prognosis in UCEC patients.
The data of Figure 8 indicate that UCEC patients with altered ABCG2 show a better prog-
nosis in overall (p = 2.452 x 1073), disease-specific survival (p = 0.0481), progression-free
survival (p = 0.0283), and disease-free survival (p = 0.0703) compared with patients without
ABCG2 alteration.
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Figure 6. Correlation between ABCG2 gene expression, stemness scores, and microenvironmental
scores based on the TCGA database: (A) Correlation of ABCG2 expression with the RNA and
DNA stemness scores; (B) the ESTIMATE score map was analyzed and the StromalScore and the
ImmuneScore for COAD, KIRC, LUSC, and UCEC with p < 0.001 are shown * p < 0.05, ** p < 0.01,
*** p < 0.001. Blue box (downregulation), red box (upregulation).
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Figure 7. Mutation features of ABCG2 in different tumors: (A,B) The mutation features of ABCG2
for the TCGA tumors were analyzed using the cBioPortal tool. The alterated mutation sites, the
mutation site with the highest frequency (K653E/Y6541fs*21/K653Nfs*11) (four cases for UCEC and
one case for COAD), and the 3D structure of ABCG2 are displayed. (C) The radar charts illustrated
the association between TMB or MSI and ABCG2 gene expression in different cancers. The red and
blue curve represent the correlation coefficient, and the blue and green value represent the range.
*p < 0.05,% p < 0.01,** p < 0.001.
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Figure 8. The potential correlation between the mutation site and the survival patterns. The potential
correlation between this mutation site and progression-free survival (PFS) (n = 528), overall survival
(OS) (n = 1602), disease-specific survival (DSS) (n = 526), and disease-free survival (DFS) (n = 1346) of
UCEC is shown.

2.5. Analysis of ABCG2-Related Genes and the Correlation between ABCG2 Expression, GSEA,
and Checkpoint Gene Expression

The relationship between ABCG2 gene expression and a total of 47 immune check-
point genes in tumor immune responses was further analyzed. We found that ABCG2
expression shows a close link with T lymphocyte-related immune genes (CD28), T fol-
licular helper cell associated immune genes (CD200 and CD200R1), and cancer-related
genes, such as neuropilin-1 (NRP1), tumor necrosis factor receptor superfamily member
25 (TNFRSF25), and galectin-9 (LGALS9), in several different cancer types. Additionally,
ABCG2 is significantly co-expressed along with more than 20 immune checkpoint genes
in BRCA, CESC, COAD, HNSC, KIRC, KIRF, LAML, LIHC, LUAD, LUSC, PAAD, PRAD,
SKCM, TGCT, THCA, THYM, UCEC, and UVM (Figure 9A). These results suggest that the
positive association between the expression of ABCG2 and the immune checkpoint genes
in various tumors have a function in regulating tumor immune responses.

The corresponding heatmap data among pan-cancer show a positive correlation be-
tween ABCG2 and EPAS], and GCLC in most cancer types (Figure 9B). The top
20 ABCG2-related genes from the GeneMANIA online tool were analyzed by the protein—
protein interaction (PPI) network in Figure 10A. Based on the genes set provided by the
GeneMANIA online tool, the ontology (GO) enrichment analysis was used to gather the
corresponding pathways among ABCG2 and its 20 related genes, which are vascular trans-
port, primary active transmembrane transporter activity, ATPase-coupled transmembrane
transporter activity, transport across the blood-brain barrier, and hormone biosynthetic
process (Figure 10B). Furthermore, based on the normalized enrichment scores, we used
gene set enrichment analysis (GSEA) that included related genes in humans to find general
enrichment trends and to identify GO functional enrichment of different expression levels
of ABCG2 among pan-cancer. The most significantly enriched signal transduction path-
ways were selected, and six types of cancers show the strongest potential connection with
the ABCG2 gene expression. The mRNA binding pathway was differentially enriched in
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BLCA and LUAD with low ABCG2 expression and in LIHC with high ABCG2 expression.
Moreover, for high ABCG2 expression, the gene silencing pathway was enriched in UCEC,
BLCA, and LUAD, and for low ABCG2 expression, ABCG2 plays an essential role in kera-
tinization progress and epidermis-associated development in KIRC and activation of innate
immune response and receptor-mediated signaling pathway in THCA (Figure 11).
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Figure 9. Network of ABCG2-related genes and gene enrichment analysis: (A) Co-expression
analysis between 47 immune-related genes and ABCG2 gene in the different pan-cancer cohorts of
the TCGA database. Upper left corner represents the p-value, and the lower right corner represents
the correlation coefficient (* p < 0.05; ** p < 0.01; *** p < 0.001). (B) The heatmap shows the expression
correlation between ABCG2 and the top 20 ABCG2-related genes analyzed by the TIMER2 approach.
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Figure 10. ABCG2-related genes enrichment analysis: (A) Protein—protein interaction (PPI) network
for the top 20 ABCG2-related proteins based on the GeneMANIA online tool. Different colors of
the network edges indicate the bioinformatic methods applied: physical interaction, co-expression,
predicted, colocalization, pathway, genetic interaction, and shared protein domains. (B) ABCG2 gene
and its top 20 related genes were associated to some biological process pathways in GO analysis
using Cytoscape. Functionally correlated groups partially overlap and are arbitrarily colored. The
node size represents the pathway enrichment significance.

2.6. ABCG2 mRNA Expression anong Six Types of Cancer in Cancer Cells, Cancer Stem Cells,
and Corresponding Drug Resistant Cells

The observed correlation between ABCG2 gene alteration and clinical prognosis in this
study and multi-drug resistance function of cancer stem cells inspired us to perform exon
sequencing and to analyze the mRNA expression level of ABCG2 among different cancer
cells, cancer stem cells, and corresponding drug resistant cells. The cancer cell lines were se-
lected as follows. First, adherent normal cell line, derived sphere-forming cancer stem cells,
and sunitinib-resistant cell lines were from the RCC cell lines SKRC-17 and RCC-53 [18].
Sunitinib is the widely used first-line treatment medication for RCC. Second, the prostate
cancer cell line-derived spheres [19] and cabacitaxel-resistant cell line are from DU-145 [20].
Cabacitaxel is the second-line treatment option for metastatic castration-resistant prostate
cancer. Third, the glioblastoma cell line-derived spheres and temozolomide-resistant cell
line are from U87-MG. Temozolomide is the first-line chemotherapeutic drug for glioblas-
toma. Fourth, adherent and sphere forming cells from the two UCEC cell lines EN (pri-
mary endometrial carcinoma, stage 11IC) [21] and MFE-319 (established from the primary
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adenosquamous endomefrium carcinoma, grading G1-G2) were used [22] (Figure 12A).
Unfortunately, we could not find any ABCG2 mutations in the exons. For the RT-qPCR
analyses (Figure 12B), we used the sphere and drug-resistant cell lines in comparison to the
corresponding adherent cell lines. Spheres of all cell lines except MTE-319 express higher
levels of ABCG2 mRNA than the adherent cell lines. Drug-resistant cell lines of SKRC-17,
DU145, and U87 showed a significantly lower expression level. Only the sunitinib-resistant
cell line of RCC-53 showed a significantly higher expression level in comparison to the
corresponding sphere and adherent cell lines.
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Figure 11. GSEA analysis in six types of cancers. GO functional annotation of the ABCG2 gene in
different cancers were displayed. Differently colored curves indicate that the ABCG2 gene regulates
different functions or pathways in different cancers. Peaks of curves upward indicate positive

regulation and peaks of curves downward represents negative regulation.
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Figure 12. The detection of ABCG2 gene in cancer cells, cancer stem cells, and corresponding drug
resistant cells: (A) Workflow of cell line preparation and exon sequencing of the ABCG2 gene;
(B) RT-qPCR analysis representing relative mRNA expression levels of ABCG2 in various cancer cell
lines and their corresponding sphere and drug-resistant cell lines. * p < 0.05, ** p < 0.01, *** p < 0.001,

% < 0.0001.

3. Discussion

It has been reported that ABCG2 plays multifunctional roles in human diseases,
such as inducing multidrug resistance in cancer treatment, contributing to the risk for
hyperuricemia and gout, and overexpressing in resistant acute myeloid leukemia phe-
notype [23-28]. Emerging publications have reported a functional link between ABCG2
as well as its genetic alterations and the clinical relevance in tumors [29,30]. Whether
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ABCG?2 participates in the pathogenesis or pharmacokinetics in all types of cancer through
certain common molecular mechanisms remains to be clarified. A literature search failed to
retrieve any publication with a pan-cancer analysis for ABCG2. Thus, we comprehensively
examined the ABCG2 gene expression in a total of 33 different tumors based on the TCGA,
CPTAC, and GEO databases and analyzed the molecular features of gene expression, prog-
nosis, tumor microenvironment, tumor stemness, and genetic alteration to further explore
the multifunctional role of ABCG2 gene in different cancer types.

Based on the results, ABCG2 was differentially expressed in tumors, of which a
lower expression was found in most cancer types but a significantly higher expression
in KIRC and LGG patients, which illustrated the flexible function of ABCG2 among pan-
cancer. For normal healthy tissue expression groups, the ABCG2 can be regarded as an
essential protector from xenobiotics as an oral bioavailability regulator, part of component
of the blood-brain barrier, the blood-testis barrier, and the maternal-fetal barrier [31]. In
contrast, in ABCG2 high expressing cancer tissues, ABCG2 contributes to drug resistance
in cancer treatments. Moreover, previous research showed that two SNPs in ABCG2 have
a significant correlation with mRNA expression in c¢cRCC tissues in univariate analyses
(mRNA: rs76212402, rs2231164), but no significant association was found for BCRP/ABCG2
protein expression [32]. Thus, the potential of ABCG2 as therapeutic target to overcome
multi-drug resistance strategies by ABC drug transporter inhibitors to increase the efficiency
of chemotherapy should be further discussed.

ABCG2 is considered as a biomarker of cancer stem-like cells (CSCs), which can arise
from various sources, including long-lived stem or progenitor cells or via dedifferentiation
from non-stem cancer cells. The capacity for self-renewal and invasion of CSCs can promote
cancer progression, which is the main cause for treatment-induced drug resistance [33-35].
In the present study, we investigated the association of ABCG2 with stem cell-like features
using the RNAss and DNAss scores [36]. Unexpectedly, we found that ABCG2 expression
was negatively associated with cancer stem-like features, RNAss among most types of
cancers. We assume that the reason for this trend could be related to the tumor purity
among pan-cancer samples. Apart from the tumor cells, the tumor tissues in the TCGA
database also consist of other cell types, such as stromal and immune cells, which means
that tumor purity could be a potential influencing factor on ABCG2 expression and the
stemness scores. By contrast, we can see from the results of evaluating the stromal and
immune scores in KIRC samples, ABCG2 expression significantly shows an opposite
tendency, suggesting that ABCG2 plays a role in the KIRC tumor microenvironment and
can be used as a therapeutic target to aid drug sensitivity.

Several studies have reported a role of ABCG2 in the progression or prognosis of renal
cell carcinoma [13,32,37]. In 2017, Wang et al. reported that stronger ABCG2 expression
correlates with poorer overall survival. The median overall survival was 93.2, 85.8, and
17.0 months in ABCG2(—), (+), and (++) subgroups, respectively, and the five-year survival
rate was 95%, 77%, and 27% in ABCG2(—), (+), and (++) subgroups, respectively [13].
However, we found that low expression of ABCG2 was associated with poorer overall
survival and higher grades of RCC. The reason for this discrepancy is as follows: First,
it should be noted that no more than 60 cases of RCC patients were included in either
ABCG2(-), (+), and (++) subgroups in Wang’s study; thus, the different sample sizes
perhaps are warranted for verification of the above conclusion. Second, the significant
associations for ccRCC patients with survival were found for the ABCG2 SNPs rs2622621
and rs3109823 in univariate analyses [32], so that the additional patients’ features should
be fully considered as well. Third, 101 patients without metastasis were treated for one
year with interferon-alpha in Wang's study, and 19 patients with metastatic RCC received
Sorafenib or Sunitinib. However, because of the tremendous data of the pan-cancer study,
we did not include the treatment features of patients yet; thus, more clinical details of the
patients should be considered in the following investigations for RCC.

In addition, more interesting results were found for the correlation between ABCG2
gene alteration and prognosis in this study. First, we discovered a significant difference
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between ABCG2 gene alterations and ABCG2 wild type regarding OS, PFS, and DSS in
UCEC patients. As we mentioned before, ABCG2 mutations can also alter the survival
progress in renal cell carcinoma patients [32]. Moreover, investigations of the correlation
of ABCG2 gene mutations with ABCG2 transport activities and further clinical pharmaco-
genetic studies have also been carried out in various types of cancer [38—42]. One of the
main reasons for the association between gene alteration and clinical features may lie in the
nature of the substrate transport process. ABCG2 is a symmetrical homodimer consisting of
two proteins, each with a nucleotide binding domain (NBD) and a transmembrane domain
(TMD) building the substrate binding site. When a substrate binds to the binding pocket,
NBDs face away from each other and ATP binds, thus inducing a conformational change.
The substrate is released from the protein. When the second ATP molecule is hydrolyzed,
the conformation is reset and substrate and ATP can rebind, allowing the process to repeat.
The study from Manolaridis et al. found that the human ABCG2 gene with the mutation
E211Q can drastically reduce the catalytic activity for ATP hydrolysis within the NBD. This
mutation was helpful to trap the protein conformation in the respective state [43]. Thus, the
mutations can change the transport efficiency and, therefore, the pharmacokinetics, which
may be reflected in the patient’s clinic. The development of an endometrial carcinoma starts
with preinvasive intraepithelial lesions and estrogen stimulation and then penetrates into
the myometrium to reach lymphatic capillaries and the regional lymph nodes from where
metastases reach other organs through vascular channels [44]. Using the GO enrichment
analysis (Figure 10B), we know which of the ABCG2-related genes are associated with the
“vascular transport” and “hormone biosynthetic process”. Thus, we can speculate that the
ABCG2 gene plays an essential role in the pathogenesis and the pharmacokinetics in UCEC
patients. More in-depth molecular experiments are needed to verify these results.

The observed correlation between ABCG2 gene alteration and clinical prognosis in
this study and the emerging publications of the resulting multi-drug resistance inspired us
to analyze the correlation of ABCG2 gene alteration and mRNA expression level among
different cancer cells, cancer stem cells, and corresponding drug resistant cells. Based on
the sequencing results, we could not find any ABCG2 mutations in the exons. Further
experiments, such as intron sequencing and protein structure analysis, will follow in
order to be able to analyze correlations between ABCG2 gene mutations and therapy
resistance. For the qPCR result, sphere groups had a higher expression level of ABCG2
compared to the adherent group in DU145 cell lines, which were similar to the results
from the former research’s results [20]. The significantly different expression levels of
the ABCG2 gene between drug-resistance groups and the adherent groups were explored
in this article for the first time, which implied that ABCG2 acts multi-functionally in
the different types of drug-resistant cancer cells, Moreover, the higher expression of
ABCG2 in spheres and sunitinib-resistant cell lines of RCC-53 compared to the adherent cell
line, showed that further in-depth research, such as analyzing tumorigenicity of different
ABCG2 expressing sub-phenotypes in RCC-53 cell lines, can be organized in the future.
Furthermore, endometrial carcinoma cell lines were selected in this part of the experiments
not only because of impressive results observed in our study but also because ABCG2,
as one of ATP-binding cassette genes, is involved in estrogen transport; meanwhile the
increased estrogen action is closely associated with endometrial carcinoma [45]. Based
on our result, the different expression levels observed between adherent and sphere cell
lines from endometrial carcinoma can be the result of the category of cancer type. MTE-
319 is established from primary adenosquamous endometrial carcinoma containing both
malignant glandular and malignant squamous components [46], and EN is established
from stage ITIC of primary endometrium carcinoma, showing that ABCG2 gene expression
probably displays various stemness capacity in different types of endometrial carcinoma.

In this study, for the first time, a pan-cancer analysis of ABCG2 expression and
its correlation with clinical prognosis, stemness score, tumor microenvironmental score,
TMB, and MSI was performed, aiming to understand the role of ABCG2 in tumorigenesis.
Furthermore, the results from the correlation between ABCG2 mutations and clinical
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prognosis helps to realize personalized medicine. More clinically relevant mutations in
membrane proteins on tumor cells should be analyzed in the future.

4. Materials and Methods
4.1. Gene Expression Analysis

We loaded ABCG2 into the “Gene_DE” module of TIMER2.0 (tumor immune estima-
tion resource, version 2; (http://timer.cistrome.org/) (accessed on 19 June 2022), which
can provide four modules for investigating the correlations between immune infiltrates
and genetic or clinical features and four modules for exploring cancer-related associations
in the TCGA cohorts [47] and analyze the expression patterns of ABCG2 between tumor
and adjacent normal tissues for the different tumors or specific tumor subtypes of the
TCGA project.

For certain tumors without normal or with highly limited normal tissues, we used the
“expression analysis-box plots” module of the GEPIA2 (Gene Expression Profiling Inter-
active Analysis, version 2) web server (http:/ /gepia2.cancer-pku.cn/#analysis) (accessed
on 19 June 2022) to obtain box plots of the expression difference between these tumor
tissues and the corresponding normal tissues of the GTEx (Genotype-Tissue Expression)
database [48], under the settings p-value cutoff = 0.01, log2FC (fold change) cutoff = 1, and
“Match TCGA normal and GTEx data”.

The UALCAN portal (http:/ /ualcan.path.uab.edu/analysis-prot.html), an interactive
web resource for analyzing cancer omics data, allowed us to conduct protein expression
analysis of the CPTAC (clinical proteomic tumor analysis consortium) dataset [49] (accessed
on 19 June 2022). Herein, we explored the expression level of the total protein of ABCG2
between primary tumor and normal tissues, respectively, by entering “ABCG2". The avail-
able datasets of three tumors were selected, namely, clear cell RCC (renal cell carcinoma),
UCEC (uterine corpus endometrial carcinoma), and LUAD (lung adenocarcinoma).

Immunohistochemistry (IHC)-based protein expression images of ABCG2 protein
expression in clinical specimens of cancer patients were obtained from the Human Protein
Atlas database (https:/ /www.proteinatlas.org/) (accessed on 6 September 2022) [50].

4.2. Prognosis Analysis

To investigate the prognostic value of ABCG2 in pan-cancer, we extracted patient data,
including OS (overall survival), DFS (disease-free survival), and other clinical features with
detailed follow-up and survival information from the TCGA database. The data were first
analyzed by “survival” R package (https:/ /www.r-project.org/) (accessed on 17 May 2021),
and then the survival maps were displayed in GraphPad Prism 7.0. The Kaplan—-Meier
curve of ABCG2 in the different cancers were plotted using the “ggplot2” package, where
p < 0.05 was shown. Moreover, the correlation between patient stage, age, gender, and
ABCG?2 expression among the different cancer types were analyzed by the R packages
“ggpubr” and “limma”.

4.3. Tumor Stemmess Indices and Tumor Microenvironment Scores

According to the transcriptome and to the epigenetic characteristics of TCGA tumor
samples, the stem cell-like features of tumor cells were detected. The correlation of cancer
stemness with ABCG2 expression was evaluated using Spearman correlation test. Further-
more, the degree of infiltration of immune and stromal cells in the distinct tumor tissues was
analyzed based on the RNA-seq data from the TCGA database (accessed on 18 March 2021)

in the “estimate” and “limma” R package and displayed in “ggplot2”, “ggpubr”, and
“ggExtra”R packages. The score maps were performed using GraphPad Prism 7.0.

4.4. Genetic Alteration Analysis

Tumor mutational burden (TMB) was evaluated based on Perl scripts, and this value
was corrected by dividing by the exon length. Microsatellite instability (MSI) scores
were extracted using TCGA (accessed on 3 May 2021). The correlation between ABCG2
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expression and either TMB or MSI was analyzed using the “cor.test” command based
on Spearman’s method. The two metrics were visualized using radar plots, which were
generated using the R package “fmsb”.

The cBioPortal web (https:/ /www.cbioportal.org/) (accessed on 10 January 2022) was
used to analyze the ABCG2 gene alteration analysis, The results of the alteration frequency
across all TCGA tumors were analyzed in the “Cancer Types Summary” module in the
“TCGA Pan-Cancer Atlas Studies”. The schematic diagram of the protein structure and
the mutated sites in the 3D (three-dimensional) structure of ABCG2 can be operated via
the “Mutations” module. Then, we selected the three studies: Uterine Corpus Endometrial
Carcinoma (TCGA, Firehose Legacy) (549 samples), (TCGA, Nature 2013) (373 samples),
and (TCGA, Pan-cancer Atlas) (529 samples) to generate the clinical data. The “Comparison”
module was used to obtain the data for overall survival (OS), progression-free survival
(PFS), disease-free survival (DFS), and disease-specific survival (DSS) differences with or
without ABCG2 genetic alterations, and Kaplan-Meier plots with log-rank p-values were
generated as well.

4.5. Co-Expression of ABCG2 with Immune-Related Genes, ABCG2-Related Genes, and Pathways
in Tumors

”ou

The R packages “limma”, “reshape2”, and “RColorBrewer” were used for analyzing
the co-expression with immune-related genes.

GeneMANIA online database tool (http://www.genemania.org) (accessed on 10 Jan-
uary 2022) was applied for ABCG2-related gene analysis and its protein—protein interaction
(PPI) analysis, which includes physical interaction, co-expression, co-localization, gene
enrichment analysis, genetic interaction, and website prediction [51].

The software Cytoscape (version 3.8.2) (https://cytoscape.org/) (accessed on 17 April
2022) and its plug-in ClueGO were used to perform the ABCG2-related genes’ pathway
enrichment analysis in gene ontology (GO)-biological process. p < 0.05 and minimum gene
numbers, which must be more than four, were set up [52,53].

The “Gene_Corr” module of TIMER2.0 (accessed on 10 January 2022) was used to
supply the heatmap data of the selected genes, which contains the partial correlation (cor)
and p-value in the purity-adjusted Spearman’s rank correlation test.

Gene ontology (GO) gene sets were obtained from the Gene Set Enrichment Anal-
ysis website (GSEA, https:/ /www.gsea-msigdb.org/gsea/downloads.jsp) (accessed on
1 April 2020). GO functional annotations and enriched pathways associated with ABCG2
expression were analyzed using the R packages “limma”, “org. Hs.eg.db”, “clusterProfiler”,
and “enrichplot”.

4.6. Cell Culture

SKRC-17 (kind gift from J. Vissers, Nijmegen), RCC-53 (derived from a patient with
stage 1V disease (pT2N1MxG2-3)), sunitinib-resistant SKRC-17 and RCC-53 [18], DU145,
cabacitaxel-resistant DU-145 [19,20], U87-MG (from European Collection of Authenticated
Cell Cultures), temozolomide-resistant U87-MG, and MFE-319 (established from the pri-
mary adenosquamous endometrium carcinoma, grading G1-G2) [22] were cultured in
RPMI 1640 medium, and EN (primary endometrial carcinoma, stage TTIC) [21] was cul-
tured in DMEM GlutaMAX medium, both supplemented with 10% fetal calf serum (FCS
“Gold Plus”, Bio & Sell GmbH, Feucht, Germany), 2 mM L-glutamine, 1 mM sodium
pyruvate, and 1% minimal essential medium (Invitrogen, Life Technologies GmbH, Darm-
stadt, Germany) at 37 °C in humidified incubator with 5% CO,. CSCs were cultured in
DMEM/F12 culture medium, containing 2% B-27 (Invitrogen, Life Technologies, Darm-
stadt, Germany) 10 ng/mL human recombinant basic fibroblast growth factor (bFGF, Sigma
Aldrich Chemie GmbH, Taufkirchen, Germany), and 10 ng/mL epidermal growth factor
(EGF, Sigma Aldrich).
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4.7. Sphere Formation Assay

SKRC-17, RCC-53, DU145, U87-MG, EN, and MFE-319 adherent cell lines were col-
lected by StemPro® Accutase® (Life Technologies, Thermo Fisher Scientific, Waltham, MA,
USA). Then, harvested adherent cells were filtered through a cell strainer with 40 uM nylon
mesh (BD Biosciences, Heidelberg, Germany) and seeded in 75 cm? ultra-low attachment
flasks (Corning, New York, NY, USA) with 10 mL serum-free CSC medium. After seven
days, the spheres were harvested and dissociated by Accutase for 10 min at 37 °C. After
being centrifuged at 500 ¢ for 4 min at room temperature, cells were collected and used
for the following assays.

4.8. RNA Extraction, Reverse Transcription, and Sequencing

Total RNA was extracted from cells using the RNeasy Mini-Kit (Qiagen, Hilden,
Germany) based on the manufacturer’s instructions. The cDNA was synthesized according
to kit instructions (GoScript™ Reverse Transcriptase System, Promega GmbH, Walldorf,
Germany). ABCG2 mRNA sequencing was performed by the company Eurofins Genomics
(Ebersberg, Germany).

4.9. Quantitative Reverse Transcription PCR (RT-gPCR)

RT-qPCR was performed using the FastStart Essential DNA Green Master kit (Roche,
Penzberg, Germany) and the LightCycler® 96 (Roche). Data were analyzed by the LightCycler®
96 software version 1.1. The relative expression analysis was carried out by the 2785¢t
method. The annealing temperature was 60 °C for all primers, listed in Table 1, and the
transcription level of GAPDH and ACTB was used as an internal control.

Table 1. Primers used for RT-qPCR.

Transcript Primer Sequence (5'-3') Product Size (bp)
GAPDH-F CATGGGTGTGAACCATGA
GAPDH 104
GAPDH-R TGTCATGGATGACCTTGG
ACTB-F CTGCCCTGAGGCACTC
ACTB 197
ACTB-R GTGCCAGGGCAGTGAT
ABCG2-f CATCAACTTTCCGGGGGTGA .
ABCG2 - 266
ABCG2r CACTGGTTGGTCGTCAGGAA
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