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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 (TKIs), 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 -ɣ) 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 TKIs 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 (ICIs) 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. ICIs 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-ɣ, which
activates tumoricidal functions of macrophages and promotes antigen presentation by tumor
cells. However, IFN-ɣ 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 ICIs 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).

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
naïve 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-ɣ
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-γ, 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 G0 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-β), 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).

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 qPCR 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.

2.2.2.1 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/β-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].

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-κB) 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
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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.

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
TNFα 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- κ B as well as hypoxia-inducible factor-1 α (HIF-1 α )
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-I-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. TNFα, 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 α4β1 receptors located on the
leukocyte surface. TNFα: 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 ICIs. 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 II 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 II 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-1β, IL-6, and TNF-α. A prior study found that administration of with EGCG at 10 µM and 50
µM levels suppressed NO, IL-6, IL-1, and TNF-α 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].

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 ⊥ 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)-II 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 ICIs. 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.

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 ⊥ 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-ɣ-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 µM 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 (0.5× IC50, 1× IC50, and 2× IC50). The results revealed that apigenin in the 2×
IC50 group greatly reduced cells invasion in adherent cell lines and associated CSCs. The
apoptosis rates were significantly increased in the 2× 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 ⊥ 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- α, while showing weak
effects on intercellular adhesion molecule 1 (ICAM-1) and IL-1β 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-
κB 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 H2O2 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 β (TGF-β1) in malignant gliomas, indicating that the potential of wogonin to
alleviate tumor-induced immune suppression may be ascribed to its capacity to decrease TGF-
β1 production and TGF-β1 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, 1×
IC50, and 2× 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 2×
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 2× IC50.

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 ⊥

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



3 Paper I 30 

3. Paper I 

 



3 Paper I 31 



3 Paper I 32 



3 Paper I 33 



3 Paper I 34 



3 Paper I 35 



3 Paper I 36 



3 Paper I 37 



3 Paper I 38 



3 Paper I 39 



3 Paper I 40 



3 Paper I 41 



3 Paper I 42 



3 Paper I 43 



3 Paper I 44 



3 Paper I 45 



3 Paper I 46 



3 Paper I 47 



3 Paper I 48 



3 Paper I 49 



3 Paper I 50 



3 Paper I 51 

 

 

 

 

 

 



3 Paper I 52 

 

 

 

 

 

 

 

 



3 Paper I 53 

 

 

 

 

 

 

 

 



3 Paper I 54 

 

 

 

 

 

 

 

 



3 Paper I 55 

 

 

 

 

 

 

 

 



3 Paper I 56 

 



4 Paper II 57 

4. Paper II 

 

 

 



4 Paper II 58 

 

 

 

 

 

 



4 Paper II 59 

 

 

 

 

 

 



4 Paper II 60 

 

 

 

 

 

 



4 Paper II 61 

 

 

 

 

 

 



4 Paper II 62 

 

 

 

 

 

 



4 Paper II 63 

 

 

 

 

 

 



4 Paper II 64 

 

 

 

 

 

 



4 Paper II 65 

 

 

 

 

 

 



4 Paper II 66 

 

 

 

 

 

 



4 Paper II 67 

 

 

 

 

 

 



4 Paper II 68 

 

 

 

 

 

 



4 Paper II 69 

 

 

 

 

 

 



4 Paper II 70 

 

 

 

 

 

 



4 Paper II 71 

 

 

 

 

 

 



4 Paper II 72 

 

 

 

 

 

 



4 Paper II 73 

 

 

 

 

 

 



4 Paper II 74 

 

 

 

 

 

 



4 Paper II 75 

 

 

 

 

 



4 Paper II 76 

 

 

 

 

 

 



4 Paper II 77 

 

 

 

 

 

 



4 Paper II 78 

 

 

 

 

 

 



4 Paper II 79 

 

 

 

 

 

 



4 Paper II 80 

 

 

 

 

 

 



4 Paper II 81 

 

 

 

 

 

 



4 Paper II 82 

 

 

 

 

 

 



4 Paper II 83 

 

 

 

 

 

 



5 Paper III 84 

5. Paper III 

 

 



5 Paper III 85 



5 Paper III 86 

 

 

 

 

 

 



5 Paper III 87 



5 Paper III 88 



5 Paper III 89 



5 Paper III 90 



5 Paper III 91 



5 Paper III 92 



5 Paper III 93 



5 Paper III 94 



5 Paper III 95 



5 Paper III 96 



5 Paper III 97 



5 Paper III 98 



5 Paper III 99 



5 Paper III 100 



5 Paper III 101 



5 Paper III 102 



5 Paper III 103 



5 Paper III 104 



5 Paper III 105 



5 Paper III 106 



5 Paper III 107 

 

 

 



References 108 

References 

 

1. Vento JA, Rini BI. Treatment of refractory metastatic renal cell carcinoma. Cancers. 
2022;14(20):5005. 

2. Le Guevelou J, Sargos P, Siva S, Ploussard G, Ost P, Gillessen S, et al. The emerging role 
of extracranial stereotactic ablative radiotherapy for metastatic renal cell carcinoma: a systematic 
review. European Urology Focus. 2023;9(1):114-24. 

3. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 
2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 
countries. CA: a cancer journal for clinicians. 2018;68(6):394-424. 

4. PeaceHealth M, a Bill P, Go G. Renal Cell Cancer Treatment (PDQ®): Treatment-Health 
Professional Information [NCI]. 

5. Escudier B, Porta C, Schmidinger M, Algaba F, Patard J, Khoo V, et al. Renal cell carcinoma: 
ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Annals of oncology. 
2014;25:iii49-iii56. 

6. Kwan JT, Marsh FP. Bilateral Nephrocalcinosis. New England Journal of Medicine. 
1996;334(17):1105-. 

7. Ljungberg B, Albiges L, Abu-Ghanem Y, Bedke J, Capitanio U, Dabestani S, et al. European 
Association of Urology guidelines on renal cell carcinoma: the 2022 update. European urology. 
2022. 

8. Campbell S, Uzzo RG, Allaf ME, Bass EB, Cadeddu JA, Chang A, et al. Renal mass and 
localized renal cancer: AUA guideline. The Journal of urology. 2017;198(3):520-9. 

9. Kim SP, Thompson RH, Boorjian SA, Weight CJ, Han LC, Murad MH, et al. Comparative 
effectiveness for survival and renal function of partial and radical nephrectomy for localized renal 
tumors: a systematic review and meta-analysis. The Journal of urology. 2012;188(1):51-7. 

10. Kaushik D, Kim SP, Childs MA, Lohse CM, Costello BA, Cheville JC, et al. Overall survival 
and development of stage IV chronic kidney disease in patients undergoing partial and radical 
nephrectomy for benign renal tumors. European urology. 2013;64(4):600-6. 

11. Rini BI. Vascular endothelial growth factor–targeted therapy in renal cell carcinoma: current 
status and future directions. Clinical Cancer Research. 2007;13(4):1098-106. 

12. Jonasch E, Walker CL, Rathmell WK. Clear cell renal cell carcinoma ontogeny and 
mechanisms of lethality. Nature Reviews Nephrology. 2021;17(4):245-61. 

13. Ravaud A, Gross-Goupil M. Overcoming resistance to tyrosine kinase inhibitors in renal cell 
carcinoma. Cancer treatment reviews. 2012;38(8):996-1003. 

14. Motzer RJ, Hutson TE, Tomczak P, Michaelson MD, Bukowski RM, Rixe O, et al. Sunitinib 
versus interferon alfa in metastatic renal-cell carcinoma. New England Journal of Medicine. 
2007;356(2):115-24. 

15. Hudes G, Carducci M, Tomczak P, Dutcher J, Figlin R, Kapoor A, et al. Temsirolimus, 
interferon alfa, or both for advanced renal-cell carcinoma. New England Journal of Medicine. 
2007;356(22):2271-81. 

16. Motzer RJ, Jonasch E, Michaelson MD, Nandagopal L, Gore JL, George S, et al. NCCN 
guidelines insights: kidney cancer, version 2.2020: featured updates to the NCCN guidelines. 
Journal of the National Comprehensive Cancer Network. 2019;17(11):1278-85. 

17. Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al. Nivolumab versus 
docetaxel in advanced nonsquamous non–small-cell lung cancer. New England Journal of 
Medicine. 2015;373(17):1627-39. 

18. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science. 
2018;359(6382):1350-5. 



References 109 

19. Motzer RJ, Rini BI, McDermott DF, Redman BG, Kuzel TM, Harrison MR, et al. Nivolumab 
for metastatic renal cell carcinoma: results of a randomized phase II trial. Journal of clinical 
oncology. 2015;33(13):1430. 

20. Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C, et al. MPDL3280A (anti-PD-L1) 
treatment leads to clinical activity in metastatic bladder cancer. Nature Reviews Nephrology. 
2014;515(7528):558-62. 

21. Kaufman HL, Russell J, Hamid O, Bhatia S, Terheyden P, D'Angelo SP, et al. Avelumab in 
patients with chemotherapy-refractory metastatic Merkel cell carcinoma: a multicentre, single-
group, open-label, phase 2 trial. The lancet oncology. 2016;17(10):1374-85. 

22. Hadjimichael C, Chanoumidou K, Papadopoulou N, Arampatzi P, Papamatheakis J, 
Kretsovali A. Common stemness regulators of embryonic and cancer stem cells. World journal of 
stem cells. 2015;7(9):1150. 

23. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF. Prospective identification 
of tumorigenic breast cancer cells. Proceedings of the National Academy of Sciences. 
2003;100(7):3983-8. 

24. Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH, Jones DL, et al. Cancer stem cells—
perspectives on current status and future directions: AACR Workshop on cancer stem cells. 
Cancer research. 2006;66(19):9339-44. 

25. Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, Caceres-Cortes J, et al. A cell initiating 
human acute myeloid leukaemia after transplantation into SCID mice. Nature Reviews 
Nephrology. 1994;367(6464):645-8. 

26. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy that originates 
from a primitive hematopoietic cell. Nature medicine. 1997;3(7):730-7. 

27. Hope KJ, Jin L, Dick JE. Acute myeloid leukemia originates from a hierarchy of leukemic stem 
cell classes that differ in self-renewal capacity. Nature immunology. 2004;5(7):738-43. 

28. O’Brien CA, Pollett A, Gallinger S, Dick JE. A human colon cancer cell capable of initiating 
tumour growth in immunodeficient mice. Nature immunology. 2007;445(7123):106-10. 

29. Bellam N, Pasche B. TGF-β signaling alterations and colon cancer. Cancer genetics. 
2010:85-103. 

30. Núñez FJ, Mendez FM, Kadiyala P, Alghamri MS, Savelieff MG, Garcia-Fabiani MB, et al. 
IDH1-R132H acts as a tumor suppressor in glioma via epigenetic up-regulation of the DNA 
damage response. Science translational medicine. 2019;11(479):eaaq1427. 

31. Wang L, Stadlbauer B, Lyu C, Buchner A, Pohla H. Shikonin enhances the antitumor effect 
of cabazitaxel in prostate cancer stem cells and reverses cabazitaxel resistance by inhibiting 
ABCG2 and ALDH3A1. American journal of cancer research. 2020;10(11):3784. 

32. Gassenmaier M, Chen D, Buchner A, Henkel L, Schiemann M, Mack B, et al. CXC chemokine 
receptor 4 is essential for maintenance of renal cell carcinoma-initiating cells and predicts 
metastasis. Stem Cells. 2013;31(8):1467-76. 

33. Clevers H. The cancer stem cell: premises, promises and challenges. Nature medicine. 
2011;17(3):313-9. 

34. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem cells. 
nature immunology. 2001;414(6859):105-11. 

35. Bao B, Ahmad A, Azmi AS, Ali S, Sarkar FH. Overview of cancer stem cells (CSCs) and 
mechanisms of their regulation: implications for cancer therapy. Current protocols in 
pharmacology. 2013;61(1):14.25. 1-14.25. 14. 

36. Gottesman MM. Mechanisms of cancer drug resistance. Annual review of medicine. 
2002;53(1):615-27. 

37. Wu C-P, Calcagno AM, Ambudkar SV. Reversal of ABC drug transporter-mediated multidrug 
resistance in cancer cells: evaluation of current strategies. Current molecular pharmacology. 
2008;1(2):93-105. 

38. Di C, Zhao Y. Multiple drug resistance due to resistance to stem cells and stem cell treatment 
progress in cancer. Experimental therapeutic medicine. 2015;9(2):289-93. 



References 110 

39. Paul R, Dorsey JF, Fan Y. Cell plasticity, senescence, and quiescence in cancer stem cells: 
biological and therapeutic implications. Pharmacology therapeutics. 2022;231:107985. 

40. Tang DG. Understanding cancer stem cell heterogeneity and plasticity. Cell research. 
2012;22(3):457-72. 

41. Zhou C, Yi C, Yi Y, Qin W, Yan Y, Dong X, et al. LncRNA PVT1 promotes gemcitabine 
resistance of pancreatic cancer via activating Wnt/β-catenin and autophagy pathway through 
modulating the miR-619-5p/Pygo2 and miR-619-5p/ATG14 axes. Molecular cancer. 2020;19:1-
24. 

42. Simon JA, Lange CA. Roles of the EZH2 histone methyltransferase in cancer epigenetics. 
Mutation Research/Fundamental Molecular Mechanisms of Mutagenesis. 2008;647(1-2):21-9. 

43. Kathawala RJ, Gupta P, Ashby Jr CR, Chen Z-S. The modulation of ABC transporter-
mediated multidrug resistance in cancer: a review of the past decade. Drug resistance updates. 
2015;18:1-17. 

44. Chen ZS, Tiwari AK. Multidrug resistance proteins (MRPs/ABCCs) in cancer chemotherapy 
and genetic diseases. The FEBS journal. 2011;278(18):3226-45. 

45. Bao B, Ahmad A, Li Y, Azmi AS, Ali S, Banerjee S, et al. Targeting CSCs within the tumor 
microenvironment for cancer therapy: a potential role of mesenchymal stem cells. Expert Opinion 
on Therapeutic Targets. 2012;16(10):1041-54. 

46. Kang YW, Lee JE, Jung KH, Son MK, Shin S-M, Kim SJ, et al. KRAS targeting antibody 
synergizes anti-cancer activity of gemcitabine against pancreatic cancer. Cancer letters. 
2018;438:174-86. 

47. Singh A, Settleman J. EMT, cancer stem cells and drug resistance: an emerging axis of evil 
in the war on cancer. Oncogene. 2010;29(34):4741-51. 

48. Lu C, Han HD, Mangala LS, Ali-Fehmi R, Newton CS, Ozbun L, et al. Regulation of tumor 
angiogenesis by EZH2. Cancer cell. 2010;18(2):185-97. 

49. Alves IR, Lima-Noronha MA, Silva LG, Fernández-Silva FS, Freitas ALD, Marques MV, et al. 
Effect of SOS-induced levels of imuABC on spontaneous and damage-induced mutagenesis in 
Caulobacter crescentus. DNA repair. 2017;59:20-6. 

50. Xu K WZ, Groner AC. EZH2 oncogenic activity in castration-resistant prostate cancer cells is 
Polycomb-independent. science. 2012;1227604(1465):338. 

51. Edmund L, Rotker KL, Lakis NS, Brito III JM, Lepe M, Lombardo KA, et al. Upgrading and 
upstaging at radical prostatectomy in the post–prostate-specific antigen screening era: an effect 
of delayed diagnosis or a shift in patient selection? Human pathology. 2017;59:87-93. 

52. Huang X, Wang Z, Hou S, Yue C, Li Z, Hu W, et al. Long non-coding RNA DSCAM-AS1 
promotes pancreatic cancer progression via regulating the miR-136-5p/PBX3 axis. 
Bioengineered. 2022;13(2):4153-65. 

53. Kreso A, Dick JE. Evolution of the cancer stem cell model. Cell stem cell. 2014;14(3):275-91. 

54. Li K, Liu C, Zhou B, Bi L, Huang H, Lin T, et al. Role of EZH2 in the growth of prostate cancer 
stem cells isolated from LNCaP cells. International journal of molecular sciences. 
2013;14(6):11981-93. 

55. Li J, Hart RP, Mallimo EM, Swerdel MR, Kusnecov AW, Herrup K. EZH2-mediated H3K27 
trimethylation mediates neurodegeneration in ataxia-telangiectasia. Nature neuroscience. 
2013;16(12):1745-53. 

56. Liu L, Xu Z, Zhong L, Wang H, Jiang S, Long Q, et al. Enhancer of zeste homolog 2 (EZH2) 
promotes tumour cell migration and invasion via epigenetic repression of E‐cadherin in renal cell 
carcinoma. BJU international. 2016;117(2):351-62. 

57. Chen S, Pu J, Bai J, Yin Y, Wu K, Wang J, et al. EZH2 promotes hepatocellular carcinoma 
progression through modulating miR-22/galectin-9 axis. Journal of Experimental Clinical Cancer 
Research. 2018;37(1):1-12. 



References 111 

58. Guo J, Cai J, Yu L, Tang H, Chen C, Wang Z. EZH2 regulates expression of p57 and 
contributes to progression of ovarian cancer in vitro and in vivo. Cancer science. 2011;102(3):530-
9. 

59. Chang C-J, Yang J-Y, Xia W, Chen C-T, Xie X, Chao C-H, et al. EZH2 promotes expansion 
of breast tumor initiating cells through activation of RAF1-β-catenin signaling. Cancer cell. 
2011;19(1):86-100. 

60. Adelaiye-Ogala RM, Chintala S, Shen L, Orillion A, Ciamporcero E, Elbanna M, et al. 
Inhibition of EZH2 overcomes resistance to sunitinib in clear cell renal cell carcinoma models. 
Cancer Research. 2015;75(15_Supplement):3508-. 

61. Wei D, Ricketts CJ, Schmidt LS, Yang Y, Vocke CD, Linehan WMJCR. Investigating the role 
of EZH2 as a therapeutic target in clear cell renal cell carcinoma (ccRCC). 
2016;76(14_Supplement):4707-. 

62. Wagener N, Macher-Goeppinger S, Pritsch M, Hüsing J, Hoppe-Seyler K, Schirmacher P, et 
al. Enhancer of zeste homolog 2 (EZH2) expression is an independent prognostic factor in renal 
cell carcinoma. BMC cancer. 2010;10:1-10. 

63. Lee HW, Choe M. Expression of EZH2 in renal cell carcinoma as a novel prognostic marker. 
Pathology international. 2012;62(11):735-41. 

64. Hinz S, Weikert S, Magheli A, Hoffmann M, Engers R, Miller K, et al. Expression profile of the 
polycomb group protein enhancer of Zeste homologue 2 and its prognostic relevance in renal cell 
carcinoma. The Journal of urology. 2009;182(6):2920-5. 

65. Banumathy G, Cairns P. Signaling pathways in renal cell carcinoma. Cancer biology therapy. 
2010;10(7):658-64. 

66. Lyu C, Wang L, Stadlbauer B, Noessner E, Buchner A, Pohla H. Identification of EZH2 as 
Cancer Stem Cell Marker in Clear Cell Renal Cell Carcinoma and the Anti-Tumor Effect of 
Epigallocatechin-3-Gallate (EGCG). Cancers. 2022;14(17):4200. 

67. Krishnamurthy P, Schuetz J. Role of ABCG2/BCRP in biology and medicine. Annu Rev 
Pharmacol Toxicol. 2006;46:381-410. 

68. Reustle A, Fisel P, Renner O, Büttner F, Winter S, Rausch S, et al. Characterization of the 
breast cancer resistance protein (BCRP/ABCG2) in clear cell renal cell carcinoma. International 
Journal of Cancer. 2018;143(12):3181-93. 

69. Khunweeraphong N, Stockner T, Kuchler K. The structure of the human ABC transporter 
ABCG2 reveals a novel mechanism for drug extrusion. Scientific reports. 2017;7(1):13767. 

70. Rasouli A, Yu Q, Dehghani-Ghahnaviyeh S, Wen P-C, Kowal J, Locher KP, et al. Differential 
dynamics and direct interaction of bound ligands with lipids in multidrug transporter ABCG2. 
Proceedings of the National Academy of Sciences. 2023;120(1):e2213437120. 

71. Robey RW, To KK, Polgar O, Dohse M, Fetsch P, Dean M, et al. ABCG2: a perspective. 
Advanced drug delivery reviews. 2009;61(1):3-13. 

72. Polgar O, Robey RW, Bates SE. ABCG2: structure, function and role in drug response. Expert 
opinion on drug metabolism toxicology. 2008;4(1):1-15. 

73. Sui H, Zhou LH, Zhang YL, Huang JP, Liu X, Ji Q, et al. Evodiamine suppresses ABCG2 
mediated drug resistance by inhibiting p50/p65 NF‐κB pathway in colorectal cancer. Journal of 
cellular biochemistry. 2016;117(6):1471-81. 

74. An G, Gallegos J, Morris ME. The bioflavonoid kaempferol is an Abcg2 substrate and inhibits 
Abcg2-mediated quercetin efflux. Drug metabolism disposition. 2011;39(3):426-32. 

75. Miyata H, Takada T, Toyoda Y, Matsuo H, Ichida K, Suzuki H. Identification of febuxostat as 
a new strong ABCG2 inhibitor: potential applications and risks in clinical situations. Frontiers in 
pharmacology. 2016;7:518. 

76. Ding X-w, Wu J-h, Jiang C-p. ABCG2: a potential marker of stem cells and novel target in 
stem cell and cancer therapy. Life sciences. 2010;86(17-18):631-7. 



References 112 

77. Arrigoni E, Galimberti S, Petrini M, Danesi R, Di Paolo A. ATP-binding cassette 
transmembrane transporters and their epigenetic control in cancer: an overview. Expert opinion 
on drug metabolism toxicology. 2016;12(12):1419-32. 

78. Huang B, Huang YJ, Yao ZJ, Chen X, Guo SJ, Mao XP, et al. Cancer stem cell-like side 
population cells in clear cell renal cell carcinoma cell line 769P. PloS one. 2013;8(7):e68293. 

79. Khan MI, Czarnecka AM, Helbrecht I, Bartnik E, Lian F, Szczylik C, et al. Current approaches 
in identification and isolation of human renal cell carcinoma cancer stem cells. Stem cell research. 
2015;6(1):1-11. 

80. Mowla M, Hashemi A. Functional roles of exosomal miRNAs in multi-drug resistance in cancer 
chemotherapeutics. Experimental Molecular Pathology. 2021;118:104592. 

81. Moitra K, Lou H, Dean M. Multidrug efflux pumps and cancer stem cells: insights into 
multidrug resistance and therapeutic development. Clinical Pharmacology Therapeutics. 
2011;89(4):491-502. 

82. Howley R, Mansi M, Shinde J, Restrepo J, Chen B. Evaluation of aminolevulinic acid-
mediated protoporphyrin IX fluorescence and enhancement by ABCG2 inhibitors in renal cell 
carcinoma cells. Journal of Photochemistry Photobiology B: Biology. 2020;211:112017. 

83. Hu J, Li J, Yue X, Wang J, Liu J, Sun L, et al. Expression of the cancer stem cell markers 
ABCG2 and OCT-4 in right-sided colon cancer predicts recurrence and poor outcomes. 
Oncotarget. 2017;8(17):28463. 

84. Mizuno T, Fukudo M, Fukuda T, Terada T, Dong M, Kamba T, et al. The effect of ABCG2 
genotype on the population pharmacokinetics of sunitinib in patients with renal cell carcinoma. 
Therapeutic drug monitoring. 2014;36(3):310-6. 

85. Wang H, Luo F, Zhu Z, Xu Z, Huang X, Ma R, et al. ABCG2 is a potential prognostic marker 
of overall survival in patients with clear cell renal cell carcinoma. BMC cancer. 2017;17:1-7. 

86. Lyu C, Wang L, Stadlbauer B, Buchner A, Pohla H. A Pan-Cancer Landscape of ABCG2 
across Human Cancers: Friend or Foe? International Journal of Molecular Sciences. 
2022;23(24):15955. 

87. Cybulsky MI, Iiyama K, Li H, Zhu S, Chen M, Iiyama M, et al. A major role for VCAM-1, but 
not ICAM-1, in early atherosclerosis. The Journal of clinical investigation. 2001;107(10):1255-62. 

88. Kong D-H, Kim YK, Kim MR, Jang JH, Lee S. Emerging roles of vascular cell adhesion 
molecule-1 (VCAM-1) in immunological disorders and cancer. International journal of molecular 
sciences. 2018;19(4):1057. 

89. Ding Y-B, Chen G-Y, Xia J-G, Zang X-W, Yang H-Y, Yang L. Association of VCAM-1 
overexpression with oncogenesis, tumor angiogenesis and metastasis of gastric carcinoma. 
World journal of gastroenterology: WJG. 2003;9(7):1409. 

90. Byrne GJ, Ghellal A, Iddon J, Blann AD, Venizelos V, Kumar S, et al. Serum soluble vascular 
cell adhesion molecule-1: role as a surrogate marker of angiogenesis. Journal of the national 
cancer institute. 2000;92(16):1329-36. 

91. Chuang MJ, Sun KH, Tang SJ, Deng MW, Wu YH, Sung JS, et al. Tumor‐derived tumor 

necrosis factor‐alpha promotes progression and epithelial‐mesenchymal transition in renal cell 
carcinoma cells. Cancer science. 2008;99(5):905-13. 

92. Schlesinger M, Bendas G. Vascular cell adhesion molecule‐1 (VCAM‐1)—an increasing 
insight into its role in tumorigenicity and metastasis. International journal of cancer. 
2015;136(11):2504-14. 

93. Wu TC. The role of vascular cell adhesion molecule-1 in tumor immune evasion. Cancer 
research. 2007;67(13):6003-6. 

94. De Wolf K, Vermaelen K, De Meerleer G, Lambrecht BN, Ost P. The potential of radiotherapy 
to enhance the efficacy of renal cell carcinoma therapy. Oncoimmunology. 2015;4(10):e1042198. 

95. Wuthrich RP. Intercellular adhesion molecules and vascular cell adhesion molecule-1 and the 
kidney. Journal of the American Society of Nephrology. 1992;3(6):1201-11. 



References 113 

96. Zhong L, Simard MJ, Huot J. Endothelial microRNAs regulating the NF‐κB pathway and cell 
adhesion molecules during inflammation. The FASEB Journal. 2018;32(8):4070-84. 

97. Zhao S, Liang M, Wang Y, Hu J, Zhong Y, Li J, et al. Chrysin suppresses vascular endothelial 
inflammation via inhibiting the NF-κB signaling pathway. Journal of Cardiovascular Pharmacology 
Therapeutics. 2019;24(3):278-87. 

98. Angelo LS, Kurzrock R. Vascular endothelial growth factor and its relationship to inflammatory 
mediators. Clinical cancer research. 2007;13(10):2825-30. 

99. Zeng X, Li H, Jiang W, Li Q, Xi Y, Wang X, et al. Phytochemical compositions, health-
promoting properties and food applications of crabapples: A review. Food Chemistry. 
2022:132789. 

100. Mohapatra P, Singh P, Singh D, Sahoo S, Sahoo SK. Phytochemical based 
nanomedicine: a panacea for cancer treatment, present status and future prospective. 
OpenNano. 2022:100055. 

101. Zheng Z, Zhang L, Hou X. Potential roles and molecular mechanisms of phytochemicals 
against cancer. Food Function. 2022;13(18):9208-25. 

102. Prajapati KS, Gupta S, Kumar S. Targeting breast cancer-derived stem cells by dietary 
phytochemicals: a strategy for cancer prevention and treatment. Cancers. 2022;14(12):2864. 

103. Almatroodi SA, Almatroudi A, Khan AA, Alhumaydhi FA, Alsahli MA, Rahmani AH. 
Potential therapeutic targets of epigallocatechin gallate (EGCG), the most abundant catechin in 
green tea, and its role in the therapy of various types of cancer. Molecules. 2020;25(14):3146. 

104. Zhou H, Chen JX, Yang CS, Yang MQ, Deng Y, Wang H. Gene regulation mediated by 
microRNAs in response to green tea polyphenol EGCG in mouse lung cancer. BMC genomics. 
2014;15:1-10. 

105. Manohar M, Fatima I, Saxena R, Chandra V, Sankhwar PL, Dwivedi A. (−)-
Epigallocatechin-3-gallate induces apoptosis in human endometrial adenocarcinoma cells via 
ROS generation and p38 MAP kinase activation. The Journal of nutritional biochemistry. 
2013;24(6):940-7. 

106. Na H-K, Surh Y-J. Modulation of Nrf2-mediated antioxidant and detoxifying enzyme 
induction by the green tea polyphenol EGCG. Food Chemical Toxicology. 2008;46(4):1271-8. 

107. Novilla A, Djamhuri DS, Nurhayati B, Rihibiha DD, Afifah E, Widowati W. Anti-
inflammatory properties of oolong tea (Camellia sinensis) ethanol extract and epigallocatechin 
gallate in LPS-induced RAW 264.7 cells. Asian pacific journal of tropical biomedicine. 
2017;7(11):1005-9. 

108. Alam M, Ali S, Ashraf GM, Bilgrami AL, Yadav DK, Hassan MI. Epigallocatechin 3-gallate: 
From green tea to cancer therapeutics. Food Chemistry. 2022:132135. 

109. Chen SJ, Yao XD, Peng B, Xu YF, Wang GC, Huang J, et al. Epigallocatechin-3-gallate 
inhibits migration and invasion of human renal carcinoma cells by downregulating matrix 
metalloproteinase-2 and matrix metalloproteinase-9. Experimental therapeutic medicine. 
2016;11(4):1243-8. 

110. Carvalho M, Jerónimo C, Valentão P, Andrade PB, Silva BM. Green tea: A promising 
anticancer agent for renal cell carcinoma. Food Chemistry. 2010;122(1):49-54. 

111. Kang TH, Lee JH, Song CK, Han HD, Shin BC, Pai SI, et al. Epigallocatechin-3-gallate 
enhances CD8+ T cell–mediated antitumor immunity induced by DNA vaccination. Cancer 
research. 2007;67(2):802-11. 

112. Yongvongsoontorn N, Chung JE, Gao SJ, Bae KH, Yamashita A, Tan M-H, et al. Carrier-
enhanced anticancer efficacy of sunitinib-loaded green tea-based micellar nanocomplex beyond 
tumor-targeted delivery. Acs Nano. 2019;13(7):7591-602. 

113. Andújar I, Ríos JL, Giner RM, Recio MC. Pharmacological properties of shikonin–a review 
of literature since 2002. Planta medica. 2013;79(18):1685-97. 

114. Boulos JC, Rahama M, Hegazy M-EF, Efferth T. Shikonin derivatives for cancer 
prevention and therapy. Cancer letters. 2019;459:248-67. 



References 114 

115. Shilnikova K, Piao MJ, Kang KA, Fernando PDSM, Herath HMUL, Cho SJ, et al. Natural 
compound Shikonin induces apoptosis and attenuates epithelial to mesenchymal transition in 
radiation-resistant human colon cancer cells. Biomolecules Therapeutics. 2022;30(2):137. 

116. Zhang Z, Shen C, Zhou F, Zhang Y. Shikonin potentiates therapeutic efficacy of 
oxaliplatin through reactive oxygen species ‐mediated intrinsic apoptosis and endoplasmic 

reticulum stress in oxaliplatin‐resistant colorectal cancer cells. Drug Development Research. 
2023. 

117. Werner M, Lyu C, Stadlbauer B, Schrader I, Buchner A, Stepp H, et al. The role of 
Shikonin in improving 5-aminolevulinic acid-based photodynamic therapy and chemotherapy on 
glioblastoma stem cells. Photodiagnosis Photodynamic Therapy. 2022;39:102987. 

118. Markowitsch SD, Vakhrusheva O, Schupp P, Akele Y, Kitanovic J, Slade KS, et al. 
Shikonin inhibits cell growth of sunitinib-resistant renal cell carcinoma by activating the 
necrosome complex and inhibiting the AKT/mTOR signaling pathway. Cancers. 2022;14(5):1114. 

119. Tsai M-F, Chen S-M, Ong A-Z, Chung Y-H, Chen P-N, Hsieh Y-H, et al. Shikonin induced 
program cell death through generation of reactive oxygen species in renal cancer cells. 
Antioxidants. 2021;10(11):1831. 

120. Salehi B, Venditti A, Sharifi-Rad M, Kręgiel D, Sharifi-Rad J, Durazzo A, et al. The 
therapeutic potential of apigenin. International journal of molecular sciences. 2019;20(6):1305. 

121. Shukla S, Gupta S. Apigenin: a promising molecule for cancer prevention. 
Pharmaceutical research. 2010;27:962-78. 

122. Yan X, Qi M, Li P, Zhan Y, Shao H. Apigenin in cancer therapy: Anti-cancer effects and 
mechanisms of action. Cell bioscience reports. 2017;7(1):1-16. 

123. Shukla S, Fu P, Gupta S. Apigenin induces apoptosis by targeting inhibitor of apoptosis 
proteins and Ku70–Bax interaction in prostate cancer. Apoptosis. 2014;19:883-94. 

124. Seo H-S, Jo JK, Ku JM, Choi H-S, Choi YK, Woo J-K, et al. Induction of caspase-
dependent extrinsic apoptosis by apigenin through inhibition of signal transducer and activator of 
transcription 3 (STAT3) signalling in HER2-overexpressing BT-474 breast cancer cells. 
Bioscience reports. 2015;35(6):e00276. 

125. Coombs MRP, Harrison ME, Hoskin DW. Apigenin inhibits the inducible expression of 
programmed death ligand 1 by human and mouse mammary carcinoma cells. Cancer letters. 
2016;380(2):424-33. 

126. Lee Y-M, Lee G, Oh T-I, Kim BM, Shim D-W, Lee K-H, et al. Inhibition of glutamine 
utilization sensitizes lung cancer cells to apigenin-induced apoptosis resulting from metabolic and 
oxidative stress. International journal of oncology. 2016;48(1):399-408. 

127. Dai J, Van Wie PG, Fai LY, Kim D, Wang L, Poyil P, et al. Downregulation of NEDD9 by 
apigenin suppresses migration, invasion, and metastasis of colorectal cancer cells. Toxicology 
applied pharmacology. 2016;311:106-12. 

128. Shukla S, Gupta S. Apigenin-induced cell cycle arrest is mediated by modulation of 
MAPK, PI3K-Akt, and loss of cyclin D1 associated retinoblastoma dephosphorylation in human 
prostate cancer cells. Cell cycle. 2007;6(9):1102-14. 

129. Meng S, Zhu Y, Li J-F, Wang X, Liang Z, Li S-Q, et al. Apigenin inhibits renal cell 
carcinoma cell proliferation. Oncotarget. 2017;8(12):19834. 

130. Bao Y, Wu X, Jin X, Kanematsu A, Nojima M, Kakehi Y, et al. Apigenin inhibits renal cell 
carcinoma cell proliferation through G2/M phase cell cycle arrest. Oncology Reports. 
2022;47(3):1-7. 

131. Li J, Tan G, Cai Y, Liu R, Xiong X, Gu B, et al. A novel Apigenin derivative suppresses 
renal cell carcinoma via directly inhibiting wild-type and mutant MET. Biochemical Pharmacology. 
2021;190:114620. 

132. Tai MC, Tsang SY, Chang LY, Xue H. Therapeutic potential of wogonin: a naturally 
occurring flavonoid. CNS drug reviews. 2005;11(2):141-50. 



References 115 

133. Gharari Z, Bagheri K, Khodaeiaminjan M, Sharafi A. Potential therapeutic effects and 
bioavailability of wogonin, the flavone of Baikal skullcap. J Nutri Med Diet Care. 2019;5(039). 

134. Yeh CH, Yang ML, Lee CY, Yang CP, Li YC, Chen CJ, et al. Wogonin attenuates 
endotoxin‐induced prostaglandin E2 and nitric oxide production via Src‐ERK1/2‐NFκB pathway 

in BV‐2 microglial cells. Environmental toxicology. 2014;29(10):1162-70. 

135. Lim BO. Effects of wogonin, wogonoside, and 3, 5, 7, 2′, 6′-pentahydroxyflavone on 
chemical mediator production in peritoneal exduate cells and immunoglobulin E of rat mesenteric 
lymph node lymphocytes. Journal of ethnopharmacology. 2003;84(1):23-9. 

136. Gao Z, Huang K, Yang X, Xu H. Free radical scavenging and antioxidant activities of 
flavonoids extracted from the radix of Scutellaria baicalensis Georgi. Biochimica et Biophysica 
Acta -General Subjects. 1999;1472(3):643-50. 

137. Feng Q, Wang H, Pang J, Ji L, Han J, Wang Y, et al. Prevention of wogonin on colorectal 
cancer tumorigenesis by regulating p53 nuclear translocation. Frontiers in pharmacology. 
2018;9:1356. 

138. Huang K, Huang Y, Diao Y. Wogonin induces apoptosis and down-regulates survivin in 
human breast cancer MCF-7 cells by modulating PI3K–AKT pathway. International 
immunopharmacology. 2012;12(2):334-41. 

139. Yu JS, Kim AK. Wogonin induces apoptosis by activation of ERK and p38 MAPKs 
signaling pathways and generation of reactive oxygen species in human breast cancer cells. 
Molecules cells. 2011;31:327-35. 

140. Wang W, Guo Q-L, You Q-D, Zhang K, Yang Y, Yu J, et al. The anticancer activities of 
wogonin in murine sarcoma S180 both in vitro and in vivo. Biological Pharmaceutical Bulletin. 
2006;29(6):1132-7. 

141. Parajuli P, Joshee N, Rimando AM, Mittal S, Yadav AK. In vitro antitumor mechanisms of 
various Scutellaria extracts and constituent flavonoids. Planta medica. 2009;75(01):41-8. 

142. Dandawate S, Williams L, Joshee N, Rimando AM, Mittal S, Thakur A, et al. Scutellaria 
extract and wogonin inhibit tumor-mediated induction of T reg cells via inhibition of TGF-β1 
activity. Cancer Immunology, Immunotherapy. 2012;61:701-11. 

143. Wang Y, Chen S, Sun S, Liu G, Chen L, Xia Y, et al. Wogonin induces apoptosis and 
reverses sunitinib resistance of renal cell carcinoma cells via inhibiting CDK4-RB pathway. 
Frontiers in Pharmacology. 2020;11:1152. 

 

 



Acknowledgements 116 

Acknowledgements 

I would like to take this opportunity to express my heartfelt gratitude to the individuals who have 
contributed to the successful completion of my doctoral study and thesis.  

First and foremost, I am immensely grateful to PD Dr. Heike Pohla, my supervisor, for offering me 
the opportunity to work in her lab. She did not only provide me with valuable academic guidance 
and research experience, but also extended her support in my personal life. The friendly atmos-
phere in our group made my time in the lab enjoyable and comfortable. Her patience and metic-
ulousness in reviewing my papers, reports, and other documents were deeply appreciated. Then, 
I would also like to thank Prof. Dr. Alexander Buchner, my co-supervisor, for his exceptional sup-
port and guidance throughout my research work, particularly in the field of statistics. His patience 
and kindness in assisting me with daily life issues and computer problems were greatly appreci-
ated. Moreover, I would like to extend my gratitude to Prof. Dr. Elfriede Nössner, one of my TAC 
members, for granting me the opportunity to complete my doctoral degree. Lastly, I am grateful 
to Birgit Stadlbauer for her kindness and assistance during my work. She taught me a lot about 
my research and served as an excellent role model in both life and work. Her impeccable exper-
iment records were truly inspiring, and I deeply respect her work ethic. 

Furthermore, I would like to thank my teammate - Lili Wang. Working with you has been an in-
credible experience, and I will miss our teamwork dearly. Also, I appreciate the help of the other 
members in our institute: Sarah Hubschneider, Isabel Schrader, Maxim Werner, Linglin Zhang, 
Lei Shi, Yuhan Liu, Bingsheng Li, Ru Huang, Sheng Hu, Siwei Qian, Maximilian Christian Aumil-
ler, Christian Heckl, Max Eisel, Prof. Dr. Ronald Sroka, Prof. em. Wolfgang Zimmermann and 
everyone who helped me during my stay in Munich. Their kindness and support meant a lot to 
me, and I am grateful to have had the opportunity to work with such amazing people. 

During my study in Munich, I have had the opportunity to live through many unique experiences. 
I have witnessed ER doctors rushing to me late at night and cannot forget the warmth of blankets 
to prepare for in sight. So, I want to express my gratitude to the people, who help me through 
these experiences:  Wenyue Li, Qingyan Wu, and PD Dr. Kong Bo. Most importantly, a huge 
thank you to Dr. Dingyi Yang. Without your accompany, I am not sure I would have made it 
through those challenging moments. 

Finally, I would like to express my heartfelt appreciation to my parents for their unwavering support 
and understanding of my academic pursuits. I am also grateful to the China Scholarship Council 
(CSC) for their financial support, which has enabled me to pursue my studies, work at the Ludwig-
Maximilians-Universität (LMU), and explore the world. 


	Affidavit
	Confirmation of congruency
	Table of content
	 List of abbreviations
	List of publications
	Your contribution to the publications
	1.1Contribution to paper I
	1.2Contribution to paper II
	1.3Contribution to paper III 

	2.Introductory Summary 
	2.1Renal cell carcinoma (RCC)
	2.1.1RCC treatment strategy
	2.1.2Immune checkpoint inhibitors (ICIs) and RCC

	2.2Cancer stem cells (CSCs)
	2.2.1CSCs and drug resistance
	2.2.2CSCs markers 
	2.2.2.1EZH2
	2.2.2.2ABCG2
	2.2.2.3VCAM1


	2.3Phytochemicals (PTCs)
	2.3.1EGCG
	2.3.2Shikonin
	2.3.3Apigenin
	2.3.4Wogonin



