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The kidney is an essential organ responsible for maintaining the homeostatic balance 

of fluids and solutes in the body, eliminating waste products from the bloodstream and 

secreting essential hormones. Structurally, the kidney consists of two main components: 

the parenchyma and the collecting system. The parenchyma, composed of the outer cortex 

and inner medulla, primarily comprises nephrons, which are functional units responsible for 

filtering blood through glomeruli and tubules (Figure 1A, left panel). The other main 

component is the central region of the kidney, consisting of the renal pelvis surrounded by 

calyces, which collects the urine.  

 

 

Adult kidney cancers that arise in the renal parenchyma are classified as 

adenocarcinomas, also known as renal cell carcinomas (RCCs). In contrast, kidney cancers 

originating from the collecting system are mainly transitional cell carcinomas. RCCs account 

for more than 90% of adult kidney carcinomas (Chow et al., 2010).  

RCC has emerged as one of the top 10 most common cancers, with a significant rise 

in incidence observed in recent years, as approximately 400,000 individuals were 

diagnosed with RCC worldwide in 2018 (Chowdhury, Drake, 2020). Most RCCs occur 

sporadically; however, numerous studies (Chow et al., 2000; van Dijk et al., 2006) have 

identified specific risk factors associated with RCC development, including age (mean age 

at diagnosis is 65 year [Ljungberg et al., 2011]) obesity, smoking and hypertension. 
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Furthermore, there is a modest link between chronic kidney disease and polycystic kidney 

disease, albeit with a weaker association (Hancock, Georgiades, 2016). 

Characterized by diverse clinical manifestations and a lack of early warning signs, RCC 

has long been challenging to diagnose. However, with the widespread use of cross-

sectional imaging, most renal tumors (75%) are indeed detected incidentally at stage I 

(Figure 1B; Hancock, Georgiades, 2016). This early detection comes with a significant 

advantage, as approximately 70% of these cases have a high probability of being cured at 

the time of presentation (Hancock, Georgiades, 2016). The prognosis of patients with RCC 

is mostly influenced by the stage of the disease at the time of diagnosis. The stages of RCC 

reflect the tumor size, extent of invasion beyond the kidney, involvement of lymph nodes 

and metastasis (Figure 1A, right panel). For instance, patients diagnosed with stage I 

tumors, which are smaller than 7 cm, confined to the organ and without vascular invasion, 

have a 5-year survival rate of approximately 93% (SEER Cancer Statistics Review, 1975–

2012, National Cancer Institute. Bethesda, MD, 2015). Stage II tumors are larger or show 

minimal invasion beyond the kidney, while stage III tumors involve nearby lymph nodes or 

extend into major blood vessels. In stage IV, the cancer has already spread to distant sites 

and the 5-year survival rate drops to only 12% (SEER Cancer Statistics Review, 1975–

2012, National Cancer Institute. Bethesda, MD, 2015). Patients with advanced or metastatic 

RCC (mRCC) face universally poor outcomes, mainly due to the lack of effective systemic 

chemotherapy. Furthermore, mRCC remains one of the most treatment-resistant 

malignancies, with response rates for treated patients ranging from 15-25% and an overall 

median survival of less than one year (Linehan, Zbar, 2004; Mickisch, 2002; Motzer et al., 

2015)

The need for improved therapies, especially targeting metastasizing RCCs, and early 

detection methods remains a great challenge to enhance the prognosis and survival of RCC 

patients. 

 

RCC is not a single entity but rather a diverse collection of several distinct subtypes, 

each originating from different parts of the nephron. The subtypes exhibit unique genetic 

characteristics, histological features and clinical phenotypes resulting in varied prognosis 

and treatment options.  

The most common subtype is the clear cell RCC (ccRCC), accounting for 

approximately 75% of all cases (Low et al., 2016). Its name is derived from the clear 

appearance of the cytoplasm, resulting from the dissolution of the high lipid content during 

histological preparation (Figure 1C). CcRCC is often associated with the deletion of the 

short arm of chromosome 3 (3p loss), as found in up to 95% of ccRCC cases, and somatic 

inactivating mutations of the von Hippel-Lindau (VHL) gene (Kovacs, Frisch, 1989).  
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Papillary RCC (papRCC) constitutes around 10-15% of all kidney cancers and is further 

subclassified into type 1 and a more aggressive type 2 variant based on histopathologic 

features (Antonelli et al., 2010). PapRCC is characterized by malignant epithelial cells 

forming papillae and tubules (Figure 1C). Genetic abnormalities associated with the 

papillary subtype include trisomies of chromosomes 3, 7, 12, 16, 17 and 20, c-MET 

mutations and loss of the Y chromosome (Hsieh et al., 2017; Padala et al., 2020).  

The chromophobe subtype is a rare variant, accounting for 3-5% of kidney cancers. 

Histopathologically, it is composed of large polygonal cells with cloudy cytoplasm and 

prominent cell membranes (Figure 1C; Amin et al., 2008). The nuclei can be irregular in 

shape and surrounded by perinuclear halos (Rini et al., 2009). Binuclear features are 

frequently observed (Nagashima, 2000). Cytogenetic abnormalities associated with 

chrRCC include loss of multiple chromosomes such as 1, 2, 6, 10, 13, 17 and 21 (Hsieh et 

al., 2017). In contrast to ccRCC, the vascular density is low in chrRCC, and TP53 gene 

mutations are frequently reported (Nagashima, 2000). 

In terms of clinical outcomes, the clear cell subtype generally shows a less favorable 

prognosis compared to the papillary and chromophobe subtypes. Clear cell tumors are 

more likely to be symptomatic, present at an advanced stage and have a higher propensity 

to metastasize (Kammerer-Jacquet et al., 2017). The 5-year survival rate is 44-69% for clear 

cell tumors, 82-92% for papillary tumors and 78-92% for chromophobe tumors (Lee-Felker 

et al., 2014). Furthermore, clear cell tumors account for 94% of metastases derived from 

RCC tumors (Lee-Felker et al., 2014). 

 

As mentioned above, ccRCC is genetically frequently initialized by the loss of 

chromosome 3p. This region harbors the tumor suppressor gene VHL. The absence of 

heterozygosity for VHL is a common occurrence in approximately 75-95% of non-inherited 

(sporadic) ccRCC cases (Kovacs, Frisch, 1989; Sari Khaleel et al., 2022). The malignant 

transformation of ccRCC is further driven by biallelic inactivation of VHL, which can result 

from point mutations in about 70-80% or through gene silencing via methylation in 5-10% 

of clear cell tumors (Sari Khaleel et al., 2022).  

encodes the von Hippel-Lindau protein (pVHL), a crucial component of an E3 

ubiquitin ligase complex. Under normal conditions (normoxia; Figure 2, left panel), this 

complex targets the hypoxia-inducible factor (HIF), a transcription factor involved in critical 

oncogenic pathways, for ubiquitination and proteasome-mediated degradation (Zhang, 

Zhang, 2018). Consequently, the absence of functional pVHL results in the accumulation 

and activation of HIF (Figure 2, right panel). HIF activation also occurs under hypoxic 

conditions, which are common in RCCs and other solid tumors (Fouad, Aanei, 2017), 

enhancing the malignant effect. Activated HIF, composed of the inducible alpha (HIF-1³) 
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and the constitutively expressed beta subunit (HIF-1³), translocates into the nucleus, 

causing increased expression of various target genes, including VEGF, PDGF and TGFA. 

These genes promote processes like angiogenesis, proliferation and migration, which 

contribute to ccRCC tumorigenesis (Linehan et al., 2010; Shen, Kaelin, 2013). 

Besides VHL, other tumor suppressor genes on chromosome 3, such as PBRM1, BAP1 

and SETD2, are frequently mutated in ccRCC (Sari Khaleel et al., 2022). These alterations 

influence chromatin remodeling, DNA accessibility, DNA double-strand break repair and 

DNA methylation, further contributing to the oncogenic transformation in ccRCC (Hsieh et 

al., 2018; Sari Khaleel et al., 2022). Other typically tumor-related genes like TP53, mTOR 

or PTEN are less frequently altered in ccRCC (Turajlic et al., 2015; Wang et al., 2018a).

α
α 

α
α

β. Upon nuclear transloc

 

One distinctive hallmark of ccRCC is its unique immune landscape, characterized by a 

rich tumor immune microenvironment containing diverse immune cell populations, including 

T-cells, myeloid cells, natural killer cells and B-cells (Chevrier et al., 2017; Şenbabaoğlu et 

al., 2016). Notably, RCC has been identified as the most T-cell-inflamed cancer across 31 

solid tumor types based on the expression of T-cell inflammation genes (Luke et al., 2019). 

While immune infiltration is generally considered a favorable prognostic factor in various 

cancer types (Becht et al., 2016; Fridman et al., 2017; Luke et al., 2019), as it indicates the 

potential for a strong immune response against the tumor as part of multiple 

immunotherapies, RCC exhibits a distinctive immunological behavior. The high density of 
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tumor-infiltrating CD8+ T-cells in ccRCC has been associated with poor prognosis (Giraldo 

et al., 2017; Murakami et al., 2021), providing evidence that immune cells and inflammatory 

pathways can also contribute to tumor growth (Vivar Chevez et al., 2014). This apparent 

contradiction may be attributed to the complex interplay between the tumor and the immune 

system. In addition to immune cell infiltration, ccRCC demonstrates the expression of tumor-

associated antigens, sensitivity to immunotherapy and spontaneous regression, classifying 

it as an immunogenic tumor (Kim et al., 2021; Oliver et al., 1989; Vivar Chevez et al., 2014).  

Tumors, including ccRCC, have developed mechanisms to evade destruction by the 

immune system. One such mechanism of immune escape involves the activation of 

protective pathways, including immune checkpoints like PD-1 (Programmed death 1; Tang, 

Heng, 2013). Upon T-cell activation, PD-1 is expressed and can bind to its ligands, PD-L1 

or PD-L2, resulting in suppressed T-cell function facilitating immune evasion. Approximately 

56% of RCC tumors show infiltration of PD-1+ T-cells, which, along with the expression of 

the ligand PD-L1, is associated with poor prognosis in renal tumors (Thompson et al., 2006; 

Thompson et al., 2007). 

Overall, the complex and distinct immunogenic landscape of RCC contributes to its 

atypical behavior in response to therapies and prognosis compared to other cancer types. 

Understanding these immunological characteristics is important for developing effective 

treatments and improving outcomes for patients with RCC.  

 

RCC is frequently diagnosed at stage I, enabling a high rate of cure 

(approximately 70%; Hancock, Georgiades, 2016) through surgical intervention, which 

remains the primary and most effective treatment for localized RCC without metastases 

(Campbell et al., 2017; Ljungberg et al., 2022; Walther et al., 1999). The surgical 

approaches include partial nephrectomy for tumors up to 7cm or total nephrectomy for more 

extensive cases. Nevertheless, prognosis becomes poor for the 25-30% of patients who 

present with regional or distant metastases (Sánchez-Gastaldoa et al., 2017). Furthermore, 

it is noteworthy that approximately 30% of patients initially diagnosed with localized ccRCC 

eventually develop metastases, which are associated with high mortality rates (Osawa et 

al., 2019; Sánchez-Gastaldoa et al., 2017). 

In the context of advanced RCC, conventional chemotherapy have demonstrated poor 

efficacy, with response rates as low as 5-6% in clinical trials involving over 4,000 cases and 

numerous agents (Motzer, Russo, 2000; Yagoda et al., 1995). Additionally, 

chemotherapeutic drugs face significant barriers due to their poor selectivity, strong side 

effects and the development of drug resistance (Makhov et al., 2018). Historically, 

therapeutic strategies for patients with mRCC relied on immunotherapy, specifically the use 

of several cytokines, as the pivotal role of immune mechanisms in RCC is well-established 
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(Raman, Vaena, 2015). Cytokines, such as interferon-alpha (IFN-³) and interleukin-2 (IL-2) 

are immunomodulatory signaling molecules aimed at activating the anti-tumor immune 

response. However, these treatments yielded limited efficacies, with response rates in the 

range of 10-15% and a median overall survival of 10–12 months (Coppin et al., 2005; 

Sánchez-Gastaldoa et al., 2017).  

As a result, targeted therapy has emerged as a more promising option for advanced 

RCC patients since 2006. The significant advancements in understanding RCC's molecular 

biology in recent decades have led to the development of several targeted agents. These 

agents aim to block tumor growth, proliferation and survival by specifically targeting key 

signaling molecules. The majority of these innovative targeted therapies approved for 

advanced ccRCC focuses on the unique HIF-related molecular biology of kidney cancer, 

particularly the increased expression of VEGF and PDGF contributing to the highly vascular 

nature of ccRCC (Slaton et al., 2001). Targeted therapies include tyrosine kinase inhibitors 

(TKI), such as sorafenib, sunitinib, pazopanib and cabozantinib, which inhibit the VEGF 

receptor family (Choueiri et al., 2017; Escudier et al., 2009; Motzer et al., 2009; Sternberg 

et al., 2010). Additionally, a monoclonal anti-VEGF antibody, bevacizumab, effectively 

blocks the ligand itself (Escudier et al., 2010). Nowadays, these treatments are widely used 

and have remarkably improved patient outcomes (Motzer et al., 2009; Shuch et al., 2008), 

as they have demonstrated disease stabilization or regression, leading to prolonged survival 

in up to 30% of mRCC patients (Piao et al., 2023).

Numerous ongoing studies are investigating combination therapies that involve anti-

VEGF agents along with a new generation of immunotherapy agents known as T-cell 

immune checkpoint inhibitors (ICI). These ICIs include antibodies against PD-L1, like 

avelumab (Motzer et al., 2019), and antibodies against PD-1, such as nivolumab (Hammers 

et al., 2016). Their goal is to restore and enhance the immune activity by blocking the PD-

1/PD-L1 axis, which is involved in inhibiting immune responses and promoting self-

tolerance through modulating the activity of T-cells. ICI-based doublet combination 

therapies have demonstrated improved progression-free survival and overall survival 

compared to sunitinib alone in the treatment of mRCC (Bedke et al., 2021). 

Despite the progress, TKIs and ICIs are only partially effective in treating mRCC and 

resistance to targeted therapy remains a significant challenge (Makhov et al., 2018; Rini et 

al., 2016). This resistance is presumably caused by the heterogeneous nature of RCC. 

Among RCC subtypes, the sporadic clear cell subtype, in particular, exhibits relatively high 

levels of intra-tumor heterogeneity compared to other tumor types (Gerlinger et al., 2012; 

Tabata et al., 2023). Intra-tumor heterogeneity refers to the genetic diversity and variability 

within a single tumor mass. Different regions within the tumor may possess distinct genetic 

alterations, leading to variable responses to therapies or the emergence of resistant 

subclones (Beksac et al., 2017). For instance, it has been reported that low intra-tumor 
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heterogeneity in ccRCC is associated with better survival and clinical benefit from anti-PD-

1 immunotherapy (Ran et al., 2020). 

In conclusion, RCC patients diagnosed at an early-stage benefit from surgical 

interventions with a high cure rate. However, for those with advanced or metastatic RCC, 

conventional chemotherapy and radiation have limited efficacy, while targeted therapies 

show partial effectiveness. Immunotherapeutic approaches hold promise, but further 

research is needed to enhance response rates and overcome resistance. Continued 

advancements in understanding the molecular pathways and tumor heterogeneity of RCC 

are essential in driving the development of novel therapeutic strategies. 

 κ

As previously mentioned, one of the hallmarks of ccRCC is the biallelic inactivation of 

VHL. Several studies (Djordjević et al., 2008; Matuban-Ilijab et al., 2011; Meteoglu et al., 

2008; Oya et al., 2003b; Sourbier et al., 2007) have provided evidence that pVHL acts as a 

negative regulator of the transcription factor family NF-»B (Nuclear Factor kappa-light-

chain-enhancer of activated B-cells). In the absence of a functional pVHL, for instance in 

RCC-derived cell models, NF-»B expression and activity are significantly enhanced 

compared to RCC-derived cells with intact pVHL (Qi, Ohh, 2003). Furthermore, a direct 

correlation between tumor grade, invasion and metastasis of RCC and the expression and 

activation of NF-»B was suggested (Oya et al., 2003b).  

NF-»B is a collective term for transcription factors belonging to the reticuloendotheliosis 

(Rel) family, which recognize a common 10 base pair DNA sequence motif called the »B-

binding site, which can be highly variable (59-GGGRNWYYCC-39; R = A or G; N = A, C, G, 

or T; W = A or T; Y = C or T (Lenardo, Baltimore, 1989). Originally described as a B-cell 

factor binding to the immunoglobulin » light chain gene enhancer region (Sen, Baltimore, 

1986), NF-»B is now known to be a ubiquitous transcription factor found in almost all cell 

types (Morais et al., 2011). It regulates the expression of more than 400 different genes 

including enzymes (e.g., COX-2 and iNOS), cytokines (e.g., TNF, IL-1, IL-6, IL-8), adhesion 

molecules (e.g., ICAM1, E-selectin), cell cycle regulators (e.g., cyclin D1, D2, D3 and E, c-

myc), angiogenic factors (e.g., VEGF), factors involved in invasion (e.g., matrix 

metalloproteases) and multidrug resistance factors (e.g., P-glycoprotein; Dolcet et al., 2005; 

Meteoglu et al., 2008). Thus, NF-»B plays a crucial role in critical aspects of RCC biology 

that pose challenges to conventional therapy. Considering the increased activity of NF-»B 

in RCC, inhibiting this transcription factor has become a promising treatment strategy and 

the subject of intense research using chemotherapeutic approaches (Du Shi et al., 2021; 

Tafani et al., 2013). 
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The NF-»B family of transcription factors comprises two distinct subfamilies: the 8Rel9 

proteins and the 8NF-»B9 proteins. All of these proteins share a highly conserved N-terminal 

Rel homology domain (RHD), which mediates dimerization, sequence-specific DNA-binding 

and interaction with specific inhibitors (Gilmore, 1990); Figure 3A, right panel). The RHD 

contains a nuclear localization sequence (NLS) towards the carboxyl end. 

The 8Rel9 subfamily includes RelA (p65), RelB and c-Rel, all synthesized in their mature 

forms containing C-terminal transactivation domains (TAD) responsible for the 

transcriptional activity (Hoffmann et al., 2006). Among the 8Rel9 proteins, RelB stands out 

with an additional leucine zipper (LZ) motif in its N-terminus, potentially influencing 

transcriptional regulation (Hayden, Ghosh, 2008), though its functional specificity and 

interaction partners require further research. 

 
κ κ

κ
κ

κ

 

On the other hand, the 8NF-»B9 subfamily includes NF-»B1 and NF-»B2, which are 

initially synthesized in a precursor form, p105 and p100, respectively. These precursors 

contain a long C-terminal domain with ankyrin repeats that interact preferentially with their 

corresponding N-terminal part acting as inhibitors (Dolcet et al., 2005). It has also been 

shown that these ankyrin repeats interact and thereby inhibit c-Rel and RelA by retaining 

Rel/NF-»B proteins in the cytoplasm (Naumann et al., 1993). Maturation of the precursors 

occurs through ubiquitin-dependent proteolytic cleavage, removing the C-terminal domain 

and generating the active forms (p105 to p50 and p100 to p52; Karin, 1999; Morais et al., 

2011; Figure 3A, left panel). Both p50 and p52 contain the DNA-binding domain but 
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generally do not serve as transcriptional activators unless they form dimers with members 

of the 8Rel9 subfamily (Dolcet et al., 2005). 

NF-»B subunits assemble into a dynamic array of homo- and heterodimers (Figure 3B) 

due to their inherent instability as monomers. This process is tightly regulated and different 

cell types express distinct NF-»B monomers, resulting in a plethora of NF-»B dimers during 

cell differentiation and development (Mitchell et al., 2016). Evidence suggests that the 15 

potential NF-»B dimers have dramatically different dimerization affinities (Mitchell et al., 

2016). For example, RelB prefers to heterodimerize with p100 (Dobrzanski et al., 1995) and 

its processed form p52 (Senftleben et al., 2001), whereas RelA and c-Rel predominantly 

heterodimerize with p50 (Karin, Ben-Neriah, 2000). Among the 15 putative dimers, three 

dimers (RelB:RelB, RelB:RelA and RelB:cRel; Figure 3B) are unable to bind DNA (Huang 

et al., 2005) due to their low affinity for the »B element. This leaves 12 NF-»B dimers capable 

of binding DNA. Out of these, nine contain at least one of the activator proteins, RelA, cRel, 

or RelB, with RelA being the most potent and RelB the least potent subunit, and generally 

function as transcriptional activators (Mitchell et al., 2016).  

The diverse NF-»B dimer combinations regulate distinct, yet overlapping, gene sets for 

three reasons: (I) unique DNA-binding specificities enable interaction with different gene 

regulatory regions; (II) diverse protein-protein interactions at target promoters influence 

transcriptional activity and gene regulation; (III) the gene activation profile of different dimers 

varies under specific physiological conditions, providing a fine-tuned response to various 

cellular stimuli (Gilmore, 2006). 

The DNA-binding capacity and transcriptional activity of NF-»B are further modulated 

by post-translational modifications at different parts of the molecules, including 

phosphorylations and acetylations (Vallabhapurapu, Karin, 2009). Various phosphorylation 

events (mapped in Figure 3A) have been reported to regulate not only selective NF-»B 

activity but also to influence stability, degradation and interactions with other factors 

(reviewed in Christian et al., 2016). These phosphorylation events result from signaling via 

upstream components of the NF-»B pathway or from factors involved in other signaling 

pathways, establishing crosstalk nodes within the broader cellular signaling network.

 κB 

The NF-»B activation is mediated by two main signaling pathways: the canonical 

(classical) and the non-canonical (alternative) pathways. Both pathways are triggered by 

various extracellular stimuli, leading to a phosphorylation cascade that releases NF-»B 

homo- and heterodimers from their inhibitors or process them into their mature forms 

(reviewed in Bonizzi, Karin, 2004; Mitchell et al., 2016; Vallabhapurapu, Karin, 2009). 

Consequently, translocation to the nucleus is enabled and transcription of NF-»B target 

genes initiated
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The canonical pathway is induced by activation of numerous receptors, including pro-

inflammatory cytokine receptors (e.g., TNFR1, IL-1R), B-cell and T-cell antigen receptors 

(BCR or TCR), Toll-like receptors (TLR; e.g., TLR3, TLR4, TLR7) and growth factor 

receptors (e.g., EGFR family members; Pires et al., 2018; Sun, Ley, 2008; Figure 4, left 

panel). These receptors engage different adaptor molecules and signaling complexes, 

converging on the trimeric I»B kinase (IKK or IKBK) complex, consisting of the catalytic 

subunits IKBKA (also called IKK³ or CHUK) and IKBKB (also called IKK³) as well as the 

regulatory/scaffold subunit IKBKG (also called IKK´ or NEMO). The IKK complex activation 

through phosphorylation leads to subsequent phosphorylation of serine residues (Ser32 

and Ser36) on the inhibitor of NF-»B (I»B), which retains NF-»B subunits in the cytoplasm. 

Phosphorylation triggers I»B ubiquitination and its proteosomal degradation, thereby 

exposing the NLS of bound NF-»B subunits and inducing nuclear translocation (Karin, Ben-

Neriah, 2000). Predominantly, the NF-»B dimers p50:RelA and p50:c-Rel are released via 

the canonical pathway, which induces rapid but transient transcriptional responses 

(Schreuder et al., 2017).  

In contrast, the non-canonical NF-»B signaling results in a more delayed and sustained 

transcriptional response (Schreuder et al., 2017). This pathway is based on processing of 

the NF-»B2 precursor protein p100. As p100 preferentially interacts with RelB, its 

processing generates p52:RelB dimers (Dejardin, 2006). Non-canonical NF-»B signaling is 

regulated by the NF-»B-inducing kinase (NIK). Normally, NIK is degraded in resting cells by 

an E3 ligase complex consisting of TRAF2/TRAF3 adaptor proteins and the E3 ligases 

BIRC2/3. Activation of a specific subset of TNFR family members, like CD40, B-cell–

activating factor receptor (BAFFR), lymphotoxin ³ receptor (LT³R) or receptor activator of 

NF-»B (RANK; Vallabhapurapu, Karin, 2009; Figure 4, right panel), leads to the stabilization 

of NIK via inactivation of the TRAF/BIRC complex. Increased NIK protein levels promote 

phosphorylation of the homodimer IKBKA/IKBKA, which transfers the phosphate group to 

specific serine residues within the p100 C-terminal ankyrin repeat domain (Liang et al., 

2006). This phosphorylation results in the polyubiquitination of p100; however, because of 

the presence of a specific STOP signal located between the p52 N-terminal part and the 

p100 C-terminal ankyrin repeat domain, p100 is only partially degraded by the proteasome 

(Vallabhapurapu, Karin, 2009). The N-terminal p52 fragment bound to RelB is released and 

ultimately, RelB:p52 dimers are translocated to the nucleus inducing target gene expression 

(Pires et al., 2018)
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The canonical and non-canonical pathways were initially considered distinct, with 

separate physiological functions, as the classical NF-»B pathway was associated with 

inflammatory responses, whereas the alternative pathway was linked to developmental 

cues (Shih et al., 2011). However, recent studies have revealed extensive interconnections 

and crosstalk between these pathways (reviewed in Mitchell et al., 2016; Oeckinghaus et 

al., 2011; Shih et al., 2011; Vallabhapurapu, Karin, 2009). This crosstalk involves the 

expression control of NF-»B monomers by other NF-»B subunits, interdependent proteolytic 

processing events of precursors and the activity of I»B·, which is unprocessed p100 forming 

higher-molecular-weight complexes by binding to NF-»B subunits, acting as an inhibitor 

(Basak et al., 2007). Consequently, NF-»B2 serves as the primary signaling node at which 

canonical and non-canonical signals interact. For instance, the classical IKK signaling 

pathway feeds into the alternative pathway through upregulation of NF-»B2 expression, as 

the NF-κB2 gene contains »B-binding sites in its promoter region and its expression 
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depends on RelA (Liptay et al., 1994; Vallabhapurapu, Karin, 2009). Additionally, I»B· can 

trap NF-»B dimers, reducing their association with canonical I»Bs and thereby regulating 

the nuclear localization of RelA (Basak et al., 2007). The IKK complex itself also acts as a 

crosstalk node, with key serine residues in the IKK complex being phosphorylated by 

various kinases (e.g., MAPKs, NIK, NAK, TAK1, MEKK1, MEKK3, PKC-θ, PKC-ζ and PKC-

¼; Oeckinghaus et al., 2011) activated by non-NF-»B pathways, such as MAPKs, Akt and 

p38. Moreover, stabilization of NIK can also induce classical NF-»B signaling by activating 

IKBKB (Zarnegar et al., 2008), providing another example of crosstalk. 

In summary, NF-»B transcription factors play critical roles in immunity, stress 

responses, apoptosis and differentiation, with two main signaling pathways mediating their 

activation in response to a variety of stimuli. NF-»B-dependent transcription is subjected to 

tight control through a network of positive and negative regulatory mechanisms. Moreover, 

it is intricately interconnected and closely coordinated with various other signaling 

pathways, enhancing adaptability and allowing for cell type-specific responses in different 

contexts.  

 κ

The NF-»B transcription factors, found ubiquitously in cells, play an important role in 

immune, inflammatory and stress responses. Orchestrating the expression of over 400 

target genes, NF-»B influences cell cycle progression, apoptosis, adhesion, angiogenesis 

and metastasis (Meteoglu et al., 2008; Serasanambati, Chilakapati, 2016). Dysregulated 

NF-»B activity significantly contributes to inflammation-related diseases and various cancer 

types (review in Ben-Neriah, Karin, 2011; DiDonato et al., 2012; Dolcet et al., 2005; Perkins, 

2012), particularly those derived from epithelial cells (Bassères, Baldwin, 2006; Baud, Karin, 

2009). Elevated NF-»B activity is observed in a range of solid tumors, including breast, 

prostate, ovarian, lung, colon, liver, pancreatic, thyroid, bladder and renal cancers 

(Bassères, Baldwin, 2006; Baud, Karin, 2009). 

Though rare, oncogenic activating mutations in NF-»B genes were identified in some 

lymphoid malignancies (DiDonato et al., 2012). However, most mutations activating NF-»B-

mediated transcription occur in upstream signaling components that feed into the NF-»B 

pathway. For instance, genomic deletions in TRAF3, which negatively regulates the NF-»B 

pathway by mediating NIK degradation (Liao et al., 2004), result in low mRNA and protein 

levels, ultimately enhancing NF-»B activity (Annunziata et al., 2007). Furthermore, NF-»B 

can be activated by various carcinogens (Guan et al., 2022) or by inflammatory cytokines 

within the tumor microenvironment (Ben-Neriah, Karin, 2011).  

In RCC, heightened NF-»B activity is observed in both cell lines (Morais et al., 2006; 

Oya et al., 2001; Sourbier et al., 2007) and ccRCC tumors (Djordjević et al., 2008; Matuban-

Ilijab et al., 2011; Meteoglu et al., 2008; Ng et al., 2018; Peri et al., 2013). This heightened 
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activity is partly due to deficient pVHL, indirectly driving NF-»B activation by HIF-1³-induced 

expression of genes involved in NF-»B regulation (An, Rettig, 2005), and the inflammatory 

tumor microenvironment (DiDonato et al., 2012). Constitutively active NF-»B, a common 

feature of ccRCC, is characterized by a disproportionate elevation of NF-»B regulators and 

target genes compared to normal renal tissue (Peri et al., 2013), underscoring NF-»B as a 

putative target in the treatment of RCC (Morais et al., 2011).  

These target genes, including pro-angiogenic factors like VEGF, IL-6 and IL-8 (Morais 

et al., 2011), anti-apoptotic factors like BCL2 (Reed, 1994) and proliferative factors such as 

EGFR (Meteoglu et al., 2008), play crucial roles in RCC progression. High VEGF expression 

results in increased microvascular density, linked to poor prognosis in advanced RCCs 

(Zhang et al., 2002). The intracellular membrane protein BCL2, known for its anti-apoptotic 

role in several cancer types, likely contributes to increased resistance to chemotherapy in 

advanced RCCs (Huang et al., 1999). Additionally, EGFR overexpression in RCC has been 

associated with tumor development and progression, frequently linked to high-grade tumors 

(An, Rettig, 2007).  

A distinctive feature of advanced RCC is the resistance to conventional anti-cancer 

therapies. Generally, tumors with constitutive NF-»B activation tend to be resistant to 

chemotherapy and radiotherapy (Wang et al., 1999), as these therapies primarily induce 

apoptosis in proliferating cells (Guan et al., 2022). Consequently, inhibiting NF-»B activation 

has emerged as a promising option to enhance RCC treatment efficacy (Baud, Karin, 2009; 

Morais et al., 2011). Encouragingly, initial studies demonstrate that blocking NF-»B with 

small-molecule inhibitors, like the proteasome inhibitor bortezomib, sensitizes drug-

resistant ccRCC-derived cells to EGFR inhibitors (An, Rettig, 2007) and to TRAIL (tumor 

necrosis factor-related apoptosis-inducing ligand)-mediated apoptosis (Brooks et al., 2010). 

Thus, small-molecule inhibitors targeting the NF-»B pathway hold potential as components 

of combination therapies for advanced ccRCC (Peri et al., 2013).  

In conclusion, the NF-»B pathway plays a critical role in cancer initiation and 

progression by orchestrating gene expression affecting cell proliferation, survival, 

metastasis, angiogenesis and resistance to anti-cancer therapies In ccRCC, NF-»B is 

associated with key prognostic indicators and specific target genes, highlighting its 

promising therapeutic potential, particularly in chemotherapy-resistant cases. This 

approach offers the possibility of selectively inhibiting NF-»B9s pro-tumorigenic functions 

without the broader side effects of upstream NF-»B blockade.

 

After transcription initiation by transcription factors, the synthesized RNA is subjected 

to various processing events, predominantly mediated by RNA-binding proteins (RBPs; 
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Keene, 2007), as part of post-transcriptional gene regulation. The RBPs orchestrate 

processes like splicing, cleavage, polyadenylation, subcellular localization, degradation and 

translation of RNA (Kang et al., 2020). RBPs interact with diverse RNA classes such as 

ribosomal RNAs, mRNAs, small nuclear RNAs (snRNA), small nucleolar RNAs (snoRNA), 

tRNAs and other non-coding RNAs. Interactions with mRNAs occur particularly in the 3' and 

5' untranslated regions (UTR) due to the presence of RNA-binding domains in these 

segments (Kang et al., 2020; Mignone et al., 2002; Zhang, Chen, 2008). With more than 

1 500 RBPs identified to date (Gerstberger et al., 2014; Wang et al., 2018b), the generated 

ribonucleoprotein (RNP) complexes are intricate and dynamic based on the specific RNA 

processing events that modulate the fate of target RNAs.  

Besides well-studied transcription factors, RBPs have emerged as fundamental players 

in tumorigenesis. As master regulators of mRNA processing, dysregulation in cancer results 

in aberrant maturation of target RNAs encoding oncogenes and tumor suppressor genes 

involved in cancer hallmarks such as proliferation, angiogenesis, apoptosis, invasion and 

metastasis (reviewed in (Kang et al., 2020; Mohibi et al., 2019; Wurth, 2012). Numerous 

investigations have demonstrated that RBPs are predominantly upregulated across various 

cancers (Kechavarzi, Janga, 2014; Zhang et al., 2020). Dysregulation of RBP expression 

in cancer may derive from a variety of events. Although somatic copy number alterations 

are frequently reported in cancer genomes (Beroukhim et al., 2010; Zack et al., 2013), they 

appear to play a minor role in aberrant RBP expression in cancer (Wang et al., 2018b). 

Instead, epigenetic events and microRNA (miRNA)-dependent control of gene expression 

seem to be the primary drivers of dysregulated RBP expression (Wurth, 2012). Additionally, 

perturbed signaling pathways in malignancies can induce the upregulation of RBP 

expression through specific transcription factors and modulate post-translational 

modifications of RBPs, such as acetylation, phosphorylation, methylation, ubiquitination and 

N6-methyladenosine modification (m6A; Kim et al., 2008; Qin et al., 2020; Wurth, 2012; Xu 

et al., 2019). These processes can alter the subcellular localization, abundance and activity 

of RBPs. 

Dysregulated RBP expression affects every step of tumorigenesis and cancer 

progression. For instance, IGF2BP1 is considered an oncogene due to its high expression 

in a wide array of tumors, including breast, ovarian, colon, lung and liver cancer (Gu et al., 

2009; Gutschner et al., 2014; Hamilton et al., 2015; Ioannidis et al., 2003; Köbel et al., 2007; 

Vainer et al., 2008). This elevated expression leads to the dysregulation of key oncogenic 

factors like MYC and KRAS (Müller et al., 2018; Weidensdorfer et al., 2009). IGF2BP1 

exerts its function by binding to specific recognition elements on target mRNAs. This binding 

stabilizes transcripts like PTEN, CD44 and CTNNB1, effectively preventing endonuclease 

cleavage and miRNA-mediated degradation (Gu et al., 2008; Stöhr et al., 2012; Vikesaa et 

al., 2006). The resulting mRNA stabilization eventually contributes to enhanced cell 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ribonucleoprotein


15 
 

migration and invasion. Furthermore, IGF2BP1 controls the subcellular localization of 

mRNAs encoding proteins involved in cell motility and focal adhesions, such as ³-actin, E-

cadherin and ³-actinin (Gu et al., 2012). Thus, this multifaceted impact on gene expression 

ultimately promotes proliferation, differentiation and cell migration, thereby enhancing 

metastasis and worsening prognosis (Bell et al., 2013). It is worth noting that studies 

suggest IGF2BP1 associates with up to 1 000 target mRNAs (Jønson et al., 2007; Patel et 

al., 2012), explaining the severe impact IGF2BP1 has on cell fate and carcinogenesis. 

Moreover, RBPs play crucial roles in mRNA translation. One such RBP is eIF4E, a 

component of the translation initiation complex, which binds to the 5′-terminal m7G cap of 

mRNAs, initiating mRNA translation (Kang et al., 2020). In cancer, eIF4E is often 

overexpressed and exerts oncogenic potential by regulating the translation of mRNAs 

associated with key processes such as proliferation (c-MYC, CDK2 and Cyclin D1), 

metastasis (MMP9), inhibition of apoptosis (BCL2 and BIRC5) and angiogenesis (VEGF; 

Hsieh, Ruggero, 2010). Other RBPs involved in translation regulation belong to the Pumilio 

(PUM) family. PUM1 and PUM2 are critical players in translation control, mRNA repression 

and degradation. These RBPs induce de-adenylation, often followed by degradation, or they 

promote miRNA-induced repression (Smialek et al., 2021). For instance, by binding to the 

39 UTR of CDKNB1 mRNA, PUM1/2 induce local conformational changes, making the 

miRNA complementary site accessible for miRNA hybridization, enabling the repression of 

CDKN1B translation (Kedde et al., 2010). Furthermore, PUM1 has been demonstrated to 

regulate cell proliferation, migration and invasion in ovarian cancer by modulating levels 

of STAT3, BCL2, MMP2 and VEGFA (Guan et al., 2018).  

Collectively, these examples demonstrate that a single RBP often interacts with a 

variety of different RNAs (Bell et al., 2013; Kim et al., 2009; Porter et al., 2021; Smialek et 

al., 2021). In collaboration with cofactors, RBPs maintain the stability of thousands of 

potential target mRNAs, impede miRNA-induced RNA decay and enhance the expression 

of oncogenes, collectively contributing to a carcinogenic effect.

However, the biological significance of RBPs in ccRCC has only recently begun to 

receive attention. Two studies revealed differential expression of 115 (Hua et al., 2021) and 

200 RBPs (Zhu et al., 2020) with predominantly upregulated expression in ccRCC tumor 

tissues compared to normal tissues. Enrichment analyses linked these RBPs to critical 

processes such as transcriptional regulation, metabolism and RNA transport (Zhu et al., 

2020). Furthermore, these altered RBPs correlate with the malignancy of ccRCC, as they 

have been linked to oncogenic pathways like epithelial-mesenchymal transition, G2M 

checkpoint regulation, KRAS signaling and IL6 JAK STAT3 signaling pathway (Hua et al., 

2021). Another study, conducted by (Wu et al., 2020), identified 40 differentially expressed 

RBPs in ccRCC, comprising 10 downregulated and 30 upregulated RBPs. This study not 

only highlights the molecular relevance of these RBPs but also underscores their clinical 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-proliferation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/stat3
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/matrix-metalloproteinase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/vascular-endothelial-growth-factor-a
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mesenchymal-epithelial-transition
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/kras
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/stat3
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significance. Certain RBPs, including eIF4A1, IGF2BP3, APOBEC3D and APOBEC3G, 

were identified as potential biomarkers due to their correlation with overall survival and 

disease-free survival in ccRCC patients (Wu et al., 2020; Zhu et al., 2021).

Despite the progress in understanding RBPs in ccRCC, one intriguing group of RBPs, 

the APOBEC family, remains largely unexplored. The APOBEC family has been recognized 

as RBPs since the close of the last century, following the identification of the first member, 

APOBEC1 (Chen et al., 1990; Navaratnam et al., 1993; Powell et al., 1987). Additionally, 

various studies have suggested their involvement in different cancers (Chen et al., 2019; 

Navaratnam, Sarwar, 2006; Roberts et al., 2013; Saraconi et al., 2014; Swanton et al., 

2015). However, their specific role in ccRCC remains to be elusive. Further research is 

essential to elucidate the function of the APOBEC family in the context of ccRCC.

 

Activation-induced deaminase (AID) and apolipoprotein B mRNA-editing catalytic 

polypeptide-like (APOBEC) proteins form a family of zinc-dependent deaminases. These 

enzymes share the ability to catalyze cytidine to uridine (C-to-U; Figure 5C) deamination in 

single-stranded DNA (ssDNA) or RNA (Conticello, 2008; Harris et al., 2002; Knisbacher et 

al., 2016; Silvas, Schiffer, 2019; Smith et al., 2012). Despite their high pairwise sequence 

identity, ranging from 30% to more than 80% within the APOBEC3 family, and conserved 

regions (Shandilya et al., 2014), each member within this RBP family displays unique target 

sequence specificities, molecular functions, interaction networks and subcellular 

localizations (Salter et al., 2016).  

The AID/APOBEC family is found across vertebrates including bony fish, birds, 

amphibians and mammals (Conticello et al., 2005). Due to the rapid expansion of the 

APOBEC3 gene locus in primates through a complex history of gene duplications and 

fusions, 11 members have emerged: AID, APOBEC1 (A1), APOBEC2 (A2), APOBEC3 (A3) 

with seven subfamily members (A3A, A3B, A3C, A3D, A3F, A3G and A3H; Figure 5A) and 

APOBEC4 (A4; Conticello et al., 2005; Jarmuz et al., 2002). As previously mentioned, A1 

was first identified and characterized for its role in editing C6666 in an AU-rich regions of the 

apolipoprotein B (ApoB) pre-mRNA (Navaratnam et al., 1993).  

In general, AID/APOBEC proteins play essential roles in cellular innate and adaptive 

immune responses. AID contributes to antigen-driven antibody diversification processes, 

while A3 proteins participate in the innate defense against viruses and retroelements. The 

functions of A2 and A4 proteins in humans remain elusive. Given their ability to mutate DNA, 

a role for the AID/APOBEC family in tumorigenesis has been proposed. 
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All members of the A3 family share a conserved zinc-coordinating cytidine deaminase 

(CD) domain characterized by the amino acid sequence motif H-X-E-X23-28-P-C-X2-4-C (X 

represents any amino acid; Wedekind et al., 2003). Within the A3 family, A3A, A3C and 

A3H feature a single CD domain, whereas A3B, A3D, A3F and A3G comprise two zinc-

coordinating domains in tandem (Kitamura et al., 2011). However, only the C-terminal 

deaminase domain is catalytically active (Navarro et al., 2005; Prohaska et al., 2014). The 

core structure of all AID/APOBEC cytidine deaminases domains consists of five ³-strands 

and six ³-helices (Holden et al., 2008; Figure 5B). The ³-strands form a hydrophobic ³-

sheet, while the ³-helices stabilize the histidine and the cysteine residues that coordinate 

the zinc ion and thus generate the catalytic pocket (Conticello, 2008). The cytidine molecule 

bound within this pocket is deaminated through a nucleophilic attack by an activated water 

molecule (coordinated by the zinc ion) and a neighboring glutamic acid, serving as a proton 

donor.  

 

 

A3 proteins possess the ability to assemble into oligomers through both direct protein– 

protein interactions and indirect nucleic acid-dependent interactions (Li et al., 2014; Salter 

et al., 2016). The oligomeric state of A3 proteins affects the catalytic function, nucleic acid 

binding and cellular distribution, mainly by influencing the orientation of loop regions. 

Studies demonstrated that the A3 protein members A3A and A3C, bearing a single 

deaminase domain, exist as monomers. In contrast, members with dual deaminase 

domains are predominantly multimeric (Li et al., 2014). Furthermore, dual deaminase 
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domain A3 proteins mainly bind RNA via their non-catalytic N-terminal CD domain, resulting 

in impaired catalytic activity on ssDNA (Friew et al., 2009; Xiao et al., 2017). In the case of 

A3G, the C-terminal segment is required for ssDNA-binding and deaminase activity, while 

the N-terminal domain is involved in RNA-binding, RNA-dependent A3G multimerization 

(Prohaska et al., 2014) and putatively also in RNA-editing (Sharma et al., 2016). Thus, A3G 

is present in two distinct cytoplasmic forms: low molecular mass (LMM) and high molecular 

mass (HMM) complexes, where the latter is RNA-dependent (Chiu et al., 2006; Chiu, 

Greene, 2008; Smith, 2011). 

 While APOBEC proteins share structural similarities, their nucleic acid binding partners 

are diverse, encompassing ssDNA and viral or cellular RNA, revealing both specific and 

non-specific modes of binding. Unlike other enzymes, members of the AID/APOBEC family 

lack a universal RNA or DNA substrate for cytidine/deoxycytidine deamination (Salter et al., 

2016). Instead, A3 proteins have been found to promiscuously interact with diverse RNA 

classes, such as 7SL RNA, Alu RNA, human Y RNAs or mRNA, and with ssDNA from 

various sources, including genomic DNA, retroelements and viruses (Apolonia et al., 2015; 

Bach et al., 2008; Salter, Smith, 2018; Smith, 2016). Their substrate preferences vary based 

on specific sequence motifs and the secondary structures within the nucleic acid sequence 

(Conticello, 2008; McDaniel et al., 2020; Prohaska et al., 2014). In vitro studies revealed 

that all A3 enzymes show detectable deamination activity on ssDNA (Ito et al., 2017), 

primarily within di-nucleotide motifs of 59-CC-39 or 59-TC-39 (McDaniel et al., 2020; Salter et 

al., 2016; Silvas, Schiffer, 2019), as well as in tri-nucleotide motifs of 59-TCA-39 or 59-TCT-

39 (Ebrahimi et al., 2014; Ito et al., 2017). However, it is important to note that not all putative 

editing sites are equally deaminated, underscoring the significance of both the sequence 

context and secondary structure in substrate recognition (McDaniel et al., 2020). Notably, 

the ability to target specific RNAs for C-to-U editing has only been reported for A3A in 

monocytes (Sharma et al., 2015) and for A3G upon transient expression in HEK293T cells 

(Sharma et al., 2016), in addition to the well-known mRNA-editing activity of A1. This 

highlights the multifaceted nature of RNA-binding by A3 proteins, raising questions about 

additional functions in RNA-related processes. Indeed, it has been proposed that A3 binding 

to both coding and non-coding RNA may serve deamination-independent roles, potentially 

involving the redistribution or sequestration of RNAs in cellular compartments like 

processing bodies (P-bodies) and stress granules, facilitating further processing in 

response to environmental changes (Hakata, Miyazawa, 2020; Smith, 2016). Further 

research is required to unravel the full extent of these intriguing functions. 

Because of the similar overall fold of A3 active domains, differences in sequence 

preference cannot be attributed to major structural features. Instead, variations in the length, 

composition and spatial location of loop regions play a pivotal role in substrate recognition, 

binding affinity and overall function among A3 family members (Salter et al., 2016; Silvas, 
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Schiffer, 2019). Moreover, considering that A3 proteins bind non-selectively to cellular and 

viral RNAs, interactions with cofactors are crucial for sequence specificity. For example, A1 

associates with A1CF, enabling site-specific editing of ApoB mRNA, compensating for its 

genuinely low RNA-binding sequence specificity (Lellek et al., 2000; Salter et al., 2016; 

Smith et al., 2012). Unlike RNA-editing, ssDNA-editing does not require interaction with 

cofactors (Smith et al., 2012). 

In summary, A3 proteins feature conserved cytidine deaminase domains responsible 

for catalyzing the conversion of cytidines within nucleic acids. Interestingly, research 

indicates that not all predicted cytidine deaminase domains are catalytically active nor are 

all putative editing sites subjected to deamination, suggesting the existence of functions 

independent of the deamination activity. A3 proteins bind promiscuously to both ssDNA and 

RNA. Intriguingly, each member of the A3 family demonstrates unique preferences for 

target sequences and distinct subcellular localization patterns. These features, together 

with their ability to form multimers and to interact with cofactors, underscore the diverse and 

essential role of A3 proteins in human health and disease.  

 

Proteins of the APOBEC/AID family are key players in the complex landscape of the 

human immune system (Figure 6). As part of the adaptive immune system, the cytidine 

activity of AID, highly expressed in activated B-cells, induces point mutations and double-

strand breaks within the genomic immunoglobulin (Ig) loci (Moris et al., 2014; Muramatsu 

et al., 2000). This process facilitates antibody diversification through class switch 

recombination and somatic hypermutation, ultimately resulting in B-cell maturation (Hwang 

et al., 2015).  

Complementary to the basal function of AID in adaptive immunity, A3 proteins play a 

critical role in innate immunity by restricting both exogenous viruses and endogenous 

retroelements (Figure 6). A3G, most extensively studied within the protein family in this 

regard, was the first cytidine deaminase shown to restrict HIV-1 infection (Harris et al., 2003; 

Sheehy et al., 2002). Briefly, A3G is incorporated into budding virions, followed by the 

deamination of cytidines within viral cDNA during reverse transcription upon infection of 

susceptible cells. The generated uracils then act as templates for adenine incorporation, 

leading to distinctive G-to-A hypermutations in the proviral DNA plus strand, which severely 

impairs viral viability (Harris et al., 2003; Mangeat et al., 2003; Zhang et al., 2003).  
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Notably, all seven human A3 proteins exhibit, to varying degrees, viral restriction 

potential (Knisbacher et al., 2016; Sheehy, Erthal, 2012), differing in their target specificity 

and restriction efficacy (Bishop et al., 2006; Hultquist et al., 2011). A3C, for instance, while 

detectable in HIV-1 virions, exhibits only a weak activity against this virus and induces less 

cytidine deaminations in HIV-1 DNA compared to A3G (Langlois et al., 2005; Yu et al., 

2004). Furthermore, the antiviral activity of A3 proteins extends beyond retroviruses, 

effectively targeting a wide range of viruses, including herpes simplex virus-1 (Suspène et 

al., 2011), hepatitis viruses (Peng et al., 2011; Turelli et al., 2004), parvoviruses (Narvaiza 

et al., 2009) and papillomaviruses (Vartanian et al., 2008; reviewed in Harris, Dudley, 2015; 

Koito, Ikeda, 2012; Moris et al., 2014).  

 

In addition to the deaminase-dependent mechanism of viral restriction, catalytic activity-

independent restriction strategies were proposed (Harris, Dudley, 2015). These 

mechanisms encompass genomic RNA-binding, interference with reverse transcription 

initiation or direct interaction with reverse transcriptase (Hakata, Miyazawa, 2020; Holmes 

et al., 2007a; Holmes et al., 2007b; Newman et al., 2005). The predominant model suggests 

that genomic RNA-binding induces a steric impediment to reverse transcription. 

The original A3 targets may have been endogenous genetic transposable elements 

(Arias et al., 2012; Schumann, 2007), as invasion of transposable elements coincided with 

the emergence of the A3 genes, which occurred approximately 33 million years ago (Uriu 

et al., 2021). These elements, known as retrotransposons, replicate via RNA intermediates 

followed by reverse transcription, dsDNA synthesis and integration at new genomic 

locations (Feng et al., 2017). Retrotransposons comprise two groups based on the 
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presence or absence of long terminal repeats (LTR). Non-LTR retrotransposons include 

LINE (long interspersed nuclear element) such as LINE-1 and SINE (short interspersed 

nuclear element) such as Alu elements. Across eukaryotic genomes, retrotransposons 

constitute a substantial portion, contributing to approximately 45% of the human genome 

(Arias et al., 2012; Koito, Ikeda, 2012). Insertions of retrotransposons into random locations 

within the genome lead to genomic instability, causing genetic diseases such as hemophilia 

A (Arias et al., 2012; Kazazian et al., 1988). To counteract these deleterious effects, 

mammals have developed intrinsic immunity mechanisms, involving A3 proteins, that 

provide resistance against retrotransposition (Modenini et al., 2022). Experimental assays 

have demonstrated that all human A3 proteins are able to inhibit various classes of 

retroelements, including LINE-1 and Alu elements, albeit at varying rates (Arias et al., 2012; 

Kinomoto et al., 2007).  

In parallel to virus restriction, several mechanisms have been proposed to inhibit 

retrotransposition. A deamination-dependent mechanism to restrict LINE-1 

retrotransposition has been reported for A3A, as transiently exposed single-stranded LINE-

1 cDNA is subjected to A3A-mediated C-to-U deamination (Richardson et al., 2014). Uracils 

in DNA trigger cDNA degradation through the host base excision repair pathway, generating 

abasic sites and nicks, or result in transition mutations using uracil as a template, leaving 

functionally inactive LINE-1 (Feng et al., 2017). Deamination-independent mechanisms 

include blocking reverse transcriptase DNA polymerization or the transport of LINE-1 RNA 

into the nucleus and sequestering retrotransposon RNPs in high molecular weight 

cytoplasmic complexes such as stress granules and P-bodies for potential degradation by 

RNA interference (Chiu et al., 2006; Feng et al., 2017; Gallois-Montbrun et al., 2007; Lu et 

al., 2011). For instance, A3C has been shown to restrict LINE-1 retrotransposons in a 

deamination-independent manner by forming RNA-dependent RNPs, resulting in co-

localization with stress granules and interference with reverse transcriptase (Horn et al., 

2014). This suggests that A3C may prevent the entry of LINE-1 RNPs into the nucleus by 

sequestering them through A3C-mediated interactions.  

In conclusion, A3 proteins, with their mutation-inducing potential, can be seen as 

double-edged swords in cellular biology. On the one edge, they serve as an intrinsic immune 

defense system against viruses and maintain genomic integrity. However, on the other 

edge, their potent enzymatic activity can catalyze 8off-target9 cytidine deaminations in 

genomic ssDNA intermediates when not tightly regulated, potentially resulting in 

carcinogenesis (Figure 6; Henderson, Fenton, 2015; Rebhandl et al., 2015).  

 

Cancer is characterized by uncontrolled cell growth, driven by somatic mutations in 

oncogenes and tumor suppressor genes. Mutations can be random events induced by DNA 
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replication errors or by DNA damaging agents (Granadillo Rodríguez et al., 2020). 

Approximately a decade ago, distinct mutation signatures were identified in multiple human 

cancers by genome sequencing (Alexandrov et al., 2013; Burns et al., 2013b; Nik-Zainal et 

al., 2012; Roberts et al., 2013). These unique signatures have been attributed to the 

AID/APOBEC family of deaminases, specifically due to the enrichment of C-to-T 

substitutions within the 59-TCW-39 substrate motif. The deamination activity of AID/APOBEC 

proteins in ssDNA leads to C>T transitions and C>G or C>A transversion (Rebhandl et al., 

2015). These induced point mutations contribute to genomic variations, ultimately affecting 

critical cellular processes such as sustained proliferative signaling, evasion of growth 

suppressors and genome instability (Granadillo Rodríguez et al., 2020; Guo et al., 2022; 

Shilova et al., 2022; Swanton et al., 2015). 

The initial evidence of APOBEC-induced mutation clusters was observed in somatic 

mutations at TpC dinucleotides within regions of chromosomal rearrangements in breast 

cancer (Nik-Zainal et al., 2012). Subsequent studies have reinforced the prevalence of the 

APOBEC mutation signature, ranking it second after age-related signatures characterized 

by C-to-T substitutions at NpCpG trinucleotides (Alexandrov et al., 2013). Moreover, pan-

cancer screens have identified the APOBEC mutation signature in over 50% of human 

cancer types with breast, head/neck, lung, bladder and cervical cancers exhibiting the 

highest APOBEC-induced mutation burdens (Burns et al., 2013b; Roberts et al., 2013). 

Interestingly, these studies also revealed that some cancer types, including ccRCC, lack 

this specific APOBEC mutation signature. 

While all members of the A3 family possess ssDNA deamination activity, A3A and A3B 

have emerged as key contributors to the APOBEC mutation signature (Burns et al., 2013a; 

Chen et al., 2019; Guo et al., 2022). Consequently, these members have gained significant 

attention in cancer research. Their involvement in somatic mutagenesis relies on their ability 

to localize to the nucleus, for instance by harboring a NLS as present in A3B (Salamango 

et al., 2018). In the nucleus, they catalyze the deamination of transiently accessible ssDNA 

occurring during processes like transcription, replication or double-strand break repair, 

driving somatic mutations within preferred A3 motifs (Hoopes et al., 2016; Lackey et al., 

2013; Rebhandl et al., 2015). 

Furthermore, increasing evidence supports the notion that A3 genes, especially A3B, 

are often deregulated in various cancer types. This deregulation can occur through 

mechanisms such as increased transcription, alternative splicing of mRNAs, localization 

changes, post-translational modifications, turnover modulation, copy number alterations 

and interactions with other proteins or RNAs (Henderson, Fenton, 2015; Rebhandl et al., 

2015; Salter et al., 2016). Consequently, overexpression of A3B has been observed in 

several malignancies and is closely associated with the initiation and progression of cancer 

(Guo et al., 2022; Luo et al., 2021). In breast cancer, A3B mRNA is upregulated in 90% of 
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cell lines and 65% of primary tissue samples (Burns et al., 2013a), correlating with higher 

mutation rates, including TP53 mutations (Olson et al., 2018). Moreover, A3A is elevated in 

various cancers, including ovarian, breast and pancreatic cancer, leading to distinct 

mutation signatures and cancer progression (Cortez et al., 2019; Wörmann et al., 2021; Xu 

et al., 2021). A3A, in particular, seems to be the more potent mutator due to its proficiency 

in generating DNA breaks, which can induce the formation of single-stranded hypermutation 

substrates (Chan et al., 2015; Cortez et al., 2019; Jalili et al., 2020).  

In addition to A3A and A3B, other A3 proteins have also been implicated in cancer (Guo 

et al., 2022; Nowarski, Kotler, 2013). A3G, highly expressed in lymphoma cells, acts as a 

pro-survival factor (Nowarski et al., 2012; Nowarski, Kotler, 2013). In colorectal tumors, A3G 

has been shown to promote metastasis by a mechanism that involves inhibition of miR-29-

mediated suppression of MMP2, a well-known metastasis activator (Ding et al., 2011). It 

has been suggested that A3G counteracts the miRNA-mediated inhibition of protein 

synthesis by releasing target mRNA from bound miRNA in P-bodies, thereby enhancing the 

expression level of miRNA-targeted mRNA (Huang et al., 2007; Zhang, 2010).  

Furthermore, A3G expression has been linked to unfavorable prognosis and increased 

immune infiltration in ccRCC (Peng et al., 2022). This study further revealed significantly 

higher mRNA levels of A3C/D/G/H in ccRCC tumor tissue compared to normal tissue, and 

high expression levels of A3B/C/D/G/H were predictive of poor prognosis (Peng et al., 

2022). However, the specific molecular mechanisms resulting in tumor progression remain 

to be elucidated.  

Recent research has highlighted the crucial role of the A3 family in driving genomic 

instability, intra-tumor heterogeneity and branched evolution in cancer cells, contributing to 

subclonal mutations (Bruin et al., 2014; Guo et al., 2022; Rosenthal et al., 2016; Venkatesan 

et al., 2022). A strong correlation exists between A3 mutation signatures and the overall 

number of subclonal mutations (Jamal-Hanjani et al., 2017). Genomic intra-tumor 

heterogeneity is clinically relevant as it is associated with immune evasion, anti-cancer 

treatment resistance and disease progression (Venkatesan et al., 2022). Understanding the 

underlying mechanisms that fuel cancer diversity is an essential step in developing 

strategies to attenuate tumor evolution and adaptation. Targeting A3 family members may 

be a promising approach to impair tumor diversity and subclonal evolution. 

However, despite the observed increased expression or altered localization of A3 family 

members, including A3C, in various cancer tissues, including ccRCC, their precise roles in 

oncogenesis remain uncertain. Notably, ccRCC lacks an APOBEC-mediated mutation 

signature, raising questions about the specific functions of A3 proteins like A3C in this 

cancer type. Thus, further research is desperately needed to unravel the great significance 

that A3 proteins may play in tumor development and progression across diverse cancers, 

ultimately leading to improved patient outcomes.



24 
 

 

Clear cell renal cell carcinoma (ccRCC), the predominant RCC subtype, presents 

unique challenges, as it is resistant to traditional chemotherapy and radiation therapy. While 

novel immunotherapies have become the standard treatment for ccRCC, the existence of 

non-responsive and progressing patients emphasize the need for innovative therapeutic 

strategies targeting advanced ccRCC.  

The AID/APOBEC protein family, a family of cytidine deaminases, has been reported 

to be overexpressed in various cancer types, including ccRCC, correlating with poor 

outcomes, treatment resistance and metastasis. While A3A and A3B have been extensively 

studied in the context of cancer-related APOBEC-mediated mutagenesis, other family 

members like A3G and A3F have primarily been investigated for their antiviral immune 

activity. Despite extensive research on the AID/APOBEC protein family, the specific 

molecular functions of other family members, especially A3C, remain largely unclear.  

A3C stands out as the most abundantly expressed family member across various 

tissues and cancer cell lines (Jarmuz et al., 2002). However, in ccRCC, where the 

characteristic APOBEC-induced mutation signature is absent, the functions of A3 proteins, 

particularly A3C, remain elusive. Further research is needed considering that some studies 

have suggested the existence of deamination-independent roles for these proteins. This 

study aims to address these gaps in knowledge. 

 

Specifically, this study has four objectives: 

(I) To explore the molecular mechanisms responsible for the upregulation of A3C 
in ccRCC. This will entail analyzing the A3C gene structure, including the 
deletion of the 39 UTR region containing regulatory elements.  
 

(II) To investigate the oncogenic role of A3C in ccRCC, including its impact on cell 
survival, cancer progression and stress response. This will be achieved through 
transcriptome analyses in ccRCC-derived cell lines upon modulation of A3C 
expression. Additionally, cell-based phenotypic assays and xenograft studies 
will be conducted to confirm the oncogenic potential of A3C in vivo.  
 

(III) To identify novel mRNAs directly associating with A3C. This will involve RNA 
co-Immunoprecipitation studies, also with a focus on investigating the C-to-T 
editing activity of A3C. Reporter analyses, RNA decay and signaling pathway 
investigations via Western blotting will be used to characterize A3C-dependent 
control of RNA fate.  
 

(IV) To assess the therapeutic target potential of A3C in ccRCC treatment. Initial 
testing will involve the use of small-molecule inhibitors in ccRCC-derived cell 
models to evaluate their efficacy in dependence on A3C levels.  
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All chemicals used in this study were obtained from Thermo Fisher Scientific, Carl Roth, 

Sigma Aldrich, Promega and Jena Bioscience. Cell culture dishes were received from 

Techno Plastic Products and Corning. Cell culture medium, Opti-MEM and Trypsin were 

supplied by Thermo Fisher Scientific. Fetal bovine serum (FBS) provided by Pan Biotech 

was used. Transfection reagents were obtained from Thermo Fisher Scientific or Horizon. 

Restriction enzymes, corresponding reaction buffers, DNA markers, protein ladders, cloning 

kits and ligase enzyme were purchased from New England Biolabs and Promega. Master 

mix for qRT-PCR was received from High Qu GmbH. 

 

Unless otherwise stated, all standard systems and kits were used according to the 

manufacturers9 instructions.  

Table 1: Commercial kits  

Kit company Cat. No.  

Agarose Gel Extraction Kit Jena Bioscience PP-202 

Caspase-Glo® 3/7 Assay System Promega G8090 

CellTiter-Glo® Luminescent Cell Viability 
Assay 

Promega G7570 

Click-iT® Nascent RNA Capture Kit Thermo Fisher Scientific C10365 

DC Protein Assay Bio-Rad 5000111 

Dual-Glo® Luciferase Assay System Promega E2920 

ORATM qPCR Green ROX L Mix  HighQu QPD0101 

Phusion® High-Fidelity PCR Kit New England Biolabs E0553 

Plasmid Mini-Prep Kit Jena Bioscience PP-204 

PureLink™ HiPure Plasmid Midiprep Kit Thermo Fisher Scientific K210004 

PureLink™ Genomic DNA Mini Kit Thermo Fisher Scientific K182001 

SuperScript® VILO™ cDNA synthesis kit Thermo Fisher Scientific 11754-050 

Zero Blunt® PCR Cloning Kit Thermo Fisher Scientific K27002 
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Table 2: Composition of standard buffers  

Name Recipe 

2x FASB 93.65% (v/v) Formamide 
0.025% (w/v) SDS 
18 mM EDTA 
0.25% (w/v) Bromphenol blue 

Fractionation buffer 10 mM Hepes-KOH (pH 7.2) 
150 mM KCl 
5 mM MgCl2 

Digitonin (concentration depends on cell line) 

Gradient lysis buffer 10 mM HEPES-KOH (pH 7.2) 
150 mM KCl  
5 mM MgCl2  
0.5% (v/v) NP-40 

MES buffer 50 mM MES 
50 mM Tris 
1 mM EDTA 
0.1% (w/v) SDS 

NuPAGE blotting buffer 50 mM Tris 
40 mM glycerin 
0.04% (w/v) SDS 
10% (v/v) methanol 

PBS (phosphate buffered 
saline; 0.01 M) 

137 mM NaCl 
2.7 mM KCl 
10 mM Na2HPO4 
2 mM KH2PO4 

PBS-T (phosphate buffered 
saline-Tween) 

0.01 M PBS 
1% (v/v) Tween-20 

Ponceau-S 0.1% (w/v) Ponceau S 
5% (v/v) acetic acid 

RIP buffer 10 mM Hepes-KOH (pH 7.2) 
300 M KCl 
5 mM MgCl2 
0.5% (v/v) NP-40 

TAE (Tris/Acetate/EDTA) 40 mM Tris 
20 mM acetic acid  
1 mM EDTA 

TBE (Tris/Borate/EDTA) 45 mM Tris 
45 Mm borate  
1 mM EDTA 

Total lysis buffer  50 mM Tris (pH 7.4) 
50 mM NaCl  
1% (w/v) SDS 
2 mM MgCl2 

0.2% (v/v) Turbo Nuclease 
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Name Recipe 

TRIzol 0.8 M guanidinium thiocyanate 
0.4 M ammonium thiocyanate 
0.1 M sodium acetate (pH 0.5) 
5% (v/v) Glycerin 
48% (v/v) Roti®Aqua Phenol 

Trypsin-EDTA 0.05% (v/v) Trypsin  
0.4 mM EDTA  
sterile PBS 

 

Table 3: Primary antibodies 

Primary antibodies Species Company Cat. No. 

A3C rabbit Genetex GTX102164 

AGO2 mouse Abcam ab57113 

BCL2 rabbit Cell signaling #2872 

BIRC3 rabbit Abcam ab32059 

BIRC5 rabbit Novus nb500-201 

C3 rabbit Genetex GTX101316 

CDK6 mouse Cell signaling #3136 

DCP1A rabbit Bethyl A303-592A 

EEF2 mouse Santa Cruz sc-166409 

ERK1/2 rabbit Cell signaling #4695 

FLAG mouse Sigma Aldrich F3165 

GFP (for IP) mouse Roche 11814460001 

GFP (for WB) rabbit Cell signaling #2956S 

HUR mouse Santa Cruz sc-5261 

IGF2BP1 mouse BSBS AB facility Stohr et al., 2012 

IKBKA mouse Cell signaling #11930 

IKBKB rabbit Cell signaling #8943 

I»B³ mouse Cell signaling #4814 

NF-»B1 rabbit Cell signaling #3035 

NF-»B2 rabbit Cell signaling #4882 

p38 rabbit Cell signaling #9212 

PABP mouse Santa Cruz sc-32318 

p-p38 (Thr180/Tyr182) mouse Cell signaling #9216 

p-ERK1/2 
(Thr202/Tyr204) 

mouse Cell signaling #9106 

p-I»B³ (Ser32/Ser36) rabbit Cell signaling #2859 

p-RelA (Ser536) rabbit Cell signaling #3033 
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Primary antibodies Species Company Cat. No. 

PTB mouse Antibody Facility, 
Braunschweig, 
Germany 

 

RelA rabbit Cell signaling #8242 

RelB rabbit Cell signaling #4922 

Ro60 mouse Santa Cruz sc-100844 

RPL5 rabbit Bethyl A303-933A 

RPL7 rabbit Bethyl A300-741A 

STAT1 mouse Cell signaling #9176 

VCL mouse Sigma Aldrich V9131 

YB1 rabbit Abcam ab12148 

 

Table 4: Secondary antibodies 

Secondary antibodies for Western blotting Company Cat. No. 

IRDye 680RD Donkey anti-Mouse IgG  Li-COR 926-68072 

IRDye 680RD Donkey anti-Rabbit IgG  Li-COR 926-68073 

IRDye 800CW Donkey anti-Mouse IgG Li-COR 926-32212 

IRDye 800CW Donkey anti-Rabbit IgG Li-COR 926-32213 

Secondary antibodies for immunofluorescence 
imaging 

Antigen Company 

anti-mouse Cy5  mouse IgG Dianova 

anti-rabbit Cy3  rabbit IgG Dianova 

 

Transformation of plasmids was performed in the bacteria strain Escherichia coli 

TOP10 (genotype: F-mcrA Δ(mrr-hsdRMS-mcrBC) §80lacZΔM15 ΔlacX74 recA1 deoR 

araD139 Δ(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG) Bacteria were cultivated 

in lysogeny broth (LB) culture medium (1% (w/v) Trypton; 0.5% (w/v) yeast extract; 1% (w/v) 

NaCl). To selectively propagate recombinant bacterial populations, the LB culture medium 

was supplemented with antibiotics (30 µg/mL Kanamycin or 150 µg/mL Ampicillin). 

Additionally, 1.5% (w/v) Agar was added to the liquid medium to culture bacteria on LB 

dishes. 

 

In this study, various plasmids (as listed in Table 5) served as cloning vectors for 

modifying protein expression or as reporter vectors. 
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Table 5: Commercial and generated plasmids 

Plasmids Company Cat. No.  

pCR®-blunt Thermo Fisher Scientific K270020 

pcDNA3.1 Addgene 128047 

pcDNA3.1-Cas9-T2A-GFP Prof. Hüttelmaier   

pEGFP-C2 Clontech 632481 

pEGFP-C2-A3C this study  

pLVX  Clontech 632164 

pLVX-SBP-FLAG-RFP-A3C this study  

pLVX-SBP-FLAG-RFP-A3C this study  

pLVX-Puro-shRNA3 Prof. Hüttelmaier  

pLVX-Puro-shRNA3-shA3C this study  

pmirGLO Dual luciferase Promega E1330 

pmirGLO-long (A3C) 39 UTR this study  

pmirGLO-flipped Alu this study  

pmirGLO-ΔAlu this study  

pmirGLO-ΔAlu F1 + F2 this study  

pmirGLO-ΔAlu F1 + F3 this study  

pmirGLO-ΔAlu F2 + F3 this study  

pmirGLO-mir17 as Prof. Hüttelmaier  

pmirGLO-CDK6 3' UTR_2 this study  

pmirGLO-CDK6 3' UTR 3 this study  

pmirGLO-IKBKA 3' UTR_1 this study  

pmirGLO- IKBKA 3' UTR_2 this study  

pmirGLO- IKBKA 3' UTR_3 this study  

pmirGLO-MAP3K7 3' UTR this study  

pmirGLO-MTPN 3' UTR this study  

pmirGLO-TAB3 3' UTR this study  

pmirGLO-1st kb of CDK6 3' UTR this study  

pmirGLO-2 BS in CDK6 3' UTR this study  

pmirGLO-500 bp of IKBKA 3' UTR this study  

pmirGLO-Promo+Stopp*HindIII-EV Prof. Hüttelmaier  

pmirGLO-Promo+Stopp*HindIII-NF-»B this study  

pSG-leer-RFP + BbsI-GFP -EV- Prof. Hüttelmaier  

pSG-sgRNA3-A3C#1-RFP this study  

pSG-sgRNA3-A3C#3-RFP this study  

pSG-sgRNA3-39UTR_A3C_start-RFP this study  

pSG-sgRNA3-39UTR_A3C_end-RFP this study  
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Unless stated otherwise, cell lines were purchased from ATCC.  

Table 6: Parental cell lines 

Cell line Origin Cat. No. Publication 

769-P Kidney, 
adenocarcinoma 

CRL-1933 (Dobashi et al., 
2009) 

786-O Kidney, 
adenocarcinoma 

CRL-1932 (Dobashi et al., 
2009); 
(Blankenship et 
al., 1999) 

A-704 Kidney, 
adenocarcinoma 

HTB-45 (Bernard et al., 
2001) 

ACHN Kidney, 
adenocarcinoma 

CRL-1611 (Rohde et al., 
1998) 

HCT116 Large intestine, 
colon 

kindly provided by Prof. Gutschner  

HEK293T Human embryonic 
kidney 

CRL-11268 (DuBridge et al., 
1987; Graham et 
al., 1977) 
 

RPTEC/T
ERT1 

Kidney, proximal 
tubule 

CRL-4031 (Jennings et al., 
2012) 

 

Table 7: Cell clones generated by the CRISPR/Cas9 system  

Cell clone Parental cell line Reference 

786-O A3C knockout 786-O this study 

786-O A3C 39 UTR deletion 786-O this study 

769-P A3C knockout 769-P this study 

HCT116 DICER knockout HCT116 Prof. Gutschner 

 

In this study, the immunodeficient athymic nude mouse strain Crl:NU(NCr)-Foxn1nu 

was used. Mouse strain was purchased from Charles River Laboratories (Wilmington, MA, 

US). 

 

The RCC cohort is composed of 38 patient tissue samples (Table 8). The normal tissue 

samples originated from tumor adjacent tissue in five cases from ccRCC patients, in one 
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case from a collecting duct carcinoma patient, in one case from a chromophobe renal cell 

carcinoma patient and in one case from an oncocytoma patient.  

Table 8: Patient tissue samples 

Sequenced samples E/CCC number Tissue type 

NH2 2016-89.02 ccRCC 

NH3 2016-89.03 normal tissue 

NH4 2016-89.04 ccRCC 

NH6 2016-89.06 Bellini duct carcinoma 

NH7 2016-89.07 papRCC Type 2 

NH9 2016-89.09 papRCC Type 1 

NH11 2016-89.11 papRCC Type 2 

NH12 2016-89.12 normal tissue 

NH13 2016-89.13 papRCC Type 2 

NH14 2016-89.14 normal tissue 

NH15 2016-89.15 ccRCC 

NH16 2016-89.16 chrRCC 

NH17 2016-89.17 normal tissue 

NH18 2016-89.18 chrRCC 

NH19 2016-89.19 papRCC Type 1 

NH20 2016-89.20 papRCC Type 1 

NH21 2016-89.21 chrRCC 

NH22 2016-89.22 oncocytoma 

NH23 2016-89.23 normal tissue 

NH26 2016-89.26 oncocytoma 

NH27 2016-89.27 normal tissue 

NH28 2016-89.28 Bellini duct carcinoma 

NH29 2016-89.29 normal tissue 

NH30 2016-89.30 ccRCC 

NH31 2016-89.31 ccRCC 

NH32 2016-89.32 normal tissue 

NH33 2016-89.33 normal tissue 

NH34 2016-89.34 ccRCC 

NH35 2016-89.35 normal tissue 

NH36 2016-89.36 ccRCC 

NH37 2016-89.37 normal tissue 

NH38 2016-89.38 ccRCC 



32 
 

 

All oligonucleotides, siRNAs and sgRNAs were purchased from Eurofins Genomics 

GmbH. Oligonucleotides for cloning were used to generate diverse plasmids (listed in Table 

9) either for gene expression manipulation or for reporter vectors. 

Table 9: Oligonucleotides for molecular cloning 

Name Sequence sense (58 − 38) Restriction 
site 

A3C fwd GGGAATTCATGAATCCACAGATCAGAAACCCGATGAAG EcoRI 
A3C rev GGCTCGAGTCACTGGAGACTCTCCCGTAGCCTTCTTTT XhoI 
A3G fwd GGGAATTCATGAAGCCTCACTTCAGAAACACAGTGGAG EcoRI 
A3G rev GGCTCGAGTCAGTTTTCCTGATTCTGGAGAATGGCCCG XhoI 
A3C 39 UTR fwd GGGCTAGCGGGGTCTCCCTGGGCCTCATGGTCTGTC NheI 
A3C 39 UTR rev GGCTCGAGTCTTGTTAAGGGTGACAGCCTGCAAGGT XhoI 
revAlu1 for GGCCTAGGTTATTTTCAGGCAGGGTCTCTATCTGTTGC AvrII 
revAlu1 rev CCATCGATTGGGCATGGTGACTCACGCCTGTAATCCC ClaI 
A3C ΔAlu F1 rev CCCTCGAGTTACCGCGGTTAGAATTCTAGGATGAGTTTA

GTAAGATTTGGT 
EcoRI 

A3C ΔAlu F2 fwd GGGAATTCGATAAATAAACTCAACCTAAACAGG EcoRI 
A3C ΔAlu F2 rev GGCCGCGGGATGATATTTGGAGGCAGAGAGATC SacII 
A3C ΔAlu F3 fwd GGCCGCGGGGGATCATATGTTCCACACATGTTT SacII 
NF-»B fwd TGAATTCGGGAATTTCCGGGGACTTTC EcoRI 
NF-»B rev TGGATCCGGTGGCTTTACCAACAGTAC BamHI 
CDK6 3' UTR_2 
fwd 

CTAGCTAAAACAAATCCCAGCAGTAATACATTTCTTAAA
CCTCACAGTGCATGATATATCTTTTG 

NheI 

CDK6 3' UTR_2 
rev 

TCGACAAAAGATATATCATGCACTGTGAGGTTTAAGAAA
TGTATTACTGCTGGGATTTGTTTTAG 

XhoI 

CDK6 3' UTR_3 
fwd 

CTAGCATAAAAGGGATTTTAACAACCAACAATTCCCAAC
ACCTCAAAAGCTTGTTGCATTTTTTGG 

NheI 

CDK6 3' UTR_3 
rev 

TCGACCAAAAAATGCAACAAGCTTTTGAGGTGTTGGGA
ATTGTTGGTTGTTAAAATCCCTTTTATG 

XhoI 

IKBKA 3' UTR_1 
fwd 

CTAGCTAAGACCAAATGTAGTTTTGTATACAGAGAAGAA
AACCTCAAGTAATAGGCATTTTAAGTAG 

NheI 

IKBKA 3' UTR_1 
rev 

TCGACTACTTAAAATGCCTATTACTTGAGGTTTTCTTCTC
TGTATACAAAACTACATTTGGTCTTAG 

XhoI 

IKBKA 3' UTR_2 
fwd 

CTAGCCAAGTTCTATTTCTTGAAGAATAAATTCTACCTCC
TTGTGTTGCACTGAACAGGG 

NheI 

IKBKA 3' UTR_2 
rev 

TCGACCCTGTTCAGTGCAACACAAGGAGGTAGAATTTAT
TCTTCAAGAAATAGAACTTGG 

XhoI 

IKBKA 3' UTR_3 
fwd 

CTAGCTCAGGAGAAGTTCGGTTTAGTAGCCATTTACCTC
AACCAAATAGCCTTTGTAGTTG 

NheI 

IKBKA 3' UTR_3 
rev 

TCGACAACTACAAAGGCTATTTGGTTGAGGTAAATGGCT
ACTAAACCGAACTTCTCCTGAG 

XhoI 

MAP3K7 3' UTR 
fwd 

CTAGCTCCATTTTTTCATATTAGAGGTGGAACCTCAAGA
ATGACTTTATTCTTGTAG 

NheI 

MAP3K7 3' UTR 
rev 

TCGACTACAAGAATAAAGTCATTCTTGAGGTTCCACCTC
TAATATGAAAAAATGGAG 

XhoI 

MTPN 3' UTR 
fwd 

CTAGCTGCTAAAAATATTAAGACCAAGTCATGCAATAAT
TGAATGTACCTCAAATTTTTAGGGGAGGGTGGGG 

NheI 

MTPN 3' UTR 
rev 

TCGACCCCACCCTCCCCTAAAAATTTGAGGTACATTCAA
TTATTGCATGACTTGGTCTTAATATTTTTAGCAG 

XhoI 

TAB3 3' UTR fwd CTAGCGAACGAACAGAACAGAAGTGCAGCTACTCCTCC NheI 
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Name Sequence sense (58 − 38) Restriction 
site 

TTCACAACCACCTCAACAGCCATCTTCCATGCAAAG 
TAB3 3' UTR rev TCGACTTTGCATGGAAGATGGCTGTTGAGGTGGTTGTG

AAGGAGGAGTAGCTGCACTTCTGTTCTGTTCGTTCG 
XhoI 

1st kb of CDK6 
3' UTR fwd 

GGTCTAGAGGCCTCAGCAGCCGCCTTAAGC XbaI 

1st kb of CDK6 
3' UTR rev 

GGCTCGAGGTTAGAGAGAACTACTCTCCAAACCAAAAC XhoI 

2 BS in CDK6 
3' UTR fwd 

GGGCTAGCAATATTTCTGTGATCACCAAC NheI 

2 BS in CDK6 3' 
UTR rev 

GGCTCGAGCTGCTCTTCTATACCAAACACTTG XhoI 

500 bp of IKBKA 
3' UTR fwd 

GGGCTAGCAGCCTCTAAACAGACAGGAATTTAG NheI 

500 bp of IKBKA 
3' UTR rev 

GGCTCGAGACAGGCATCTTCTCTTTGATATTATTAAATG XhoI 

 

Table 10: Oligonucleotides for qRT-PCR 

Gene Sequence sense (58 − 38) Sequence antisense (58− 38) 
A3C GGGAAGCCAACGATCGGAA CAGTATGTCGTCGCAGAACCA 

ACTB AGAAAATCTGGCACCACACC AGAGGCGTACAGGGATAGCA 

BCL2 ACTGAGTACCTGAACCGGCA AGAAATCAAACAGAGGCCGCA 

BCL3 CCGGAGGCGCTTTACTACC TGGGGTATAGGGGTGTAGGC 

BIRC2 AGAAGAAAATGCTGACCCACCA AGCCCATTTCCAAGGCAGATT 

BIRC3 GCTTGCAAGTGCGGGTTTT AACTGGCTTGAACTTGACGGA 

BIRC4 TCACTTGAGGTTCTGGTTGCAG CGCCTTAGCTGCTCTTCAGT 

BIRC5 CGGTTGCGCTTTCCTTTCTG CGCACTTTCTCCGCAGTTTC 

C3 TGGCGAACAGAGGATTTCCC CTGGTAGGGAGAGGTCACGA 

CDK6 TGTGCACAGTGTCACGAACA AGATCGCGATGCACTACTCG 

CSF1 CCCTCCCACGACATGGCT CCACTCCCAATCATGTGGCT 

CSF2 TCATCTCAGAAATGTTTGACCTCCA TAATCTGGGTTGCACAGGAAGTTT 

EDA2R CAGGACCAAGAGTGCATCCC CAACAAGTGTGGCCTCCTGA 

EEF2 GGAGTCGGGAGAGCATATCA GGGTCAGATTTCTTGATGGG 

GNG5 GCCGGACTCAACCGCGTA GGAACAGACTTTCTGGGGTCTGA 

ICAM1 ACCCCGTTGCCTAAAAAGGAG CCAGTTCCACCCGTTCTGGA 

IDS TGGATGGACATCAGGCAACG TGTTGGCCAGCTGAAGATCG 

IKBKA CGGTCCCTTGTAGGATCCAGT GCTTAAATGGCCAAGGCAGTTC 

IKBKE AAGAGCCGGGATCAGGTACA ACCTGCAGGAGTCTTTTGGC 

IRF1 CGCATGAGACCCTGGCTAGA CATGGCACAGCGAAAGTTGG 

MAP3K7 TGGTGCTGAACCATTGCCATA CCCCTGCAACCAGCAGTAAG 

MAP3K8 CGCTCAGCCTATCCCTCCTA GGGTTCAGGGCCTCATGTTT 

MTPN GCAGATTGTGGGCAGCTTGA TCAAAGGCGGTCAGTCCATC 

MYC AGCGACTCTGAGGAGGAA CGTAGTTGTGCTGATGTGTG 

NF-»B2 CACCTTTGCGGGAAACACAC CGCTATCAGAGGTAGGGGGT 

PDGFB CTACCTGCGTCTGGTCAGC CAGCAGGCGTTGGAGATCAT 

RelB GCTCTACTTGCTCTGCGACA CGGCGTCTTGAACACAATGG 

RIPK2 GGCCATTGAGATTTCGCATCC TCGTGACTGTGAGAGGGACA 

TAB2 GCACCTCACGGACCCTACAT GTTCCATTCTGGCCTTCTGGT 

TAB3 GAGGAAACTTTGATCCAAAAGCCAT TCTCAATTGTGCAGGGGTCTG 

TNFAIP3 TCAGTACATGTGGGGCGTTC TGAAGTCCACTTCGGGCCAT 
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Gene Sequence sense (58 − 38) Sequence antisense (58− 38) 
TNFRSF9 AGGACACTCTCCGCAGATCAT GCAGCTACAGCCATCTTCCTCT 

TRAF3 CACGTGGAGAAGGCGTGTAA TTCGAAGCATTTCCTTTTGTCTCTC 

TRAF6 GACCAGAACTGTCCTTTGGCA TTCTCTTGTAGGTGGCGTGC 

TRAM1 CGGACATCGTCTCCTGTGTG GTTGCTGGGAGGGTGACATT 

TRAM2 GCCAGGAGTTCGTCATCCAC GTGCACGGTCTCACTGTCTG 

TRIM62 ATCGAGCAGAAAGTCCAGCG ACTTGGAGGTCGGGAAGTCT 

VEGFA TCTTCAAGCCATCCTGTGTGC CTTGCTCTATCTTTCTTTGGTCTGC 

VIM AGAGGAAGCCGAAAACACCC AGGTCAGGCTTGGAAACATCC 

ZFP36 GGATCTGACTGCCATCTACGAG GGAGTCGGAGGGGCTCA 

 

Table 11: Oligonucleotides for editing targets 

Gene Sequence sense (58 − 38) Sequence antisense (58− 38) 
AGPAT3_editing ACTGGTTGATCTCTTGGTGGTTT GAGACGTCCAGGAGGTAGGG 

AMIGO2_editing TGCGTGGCCAGTATCGTTTT TTCTGCCCTGCTGCAGTATC 

ANKLE2_editing CCCCCGCCTCAGGTGAAA AATCCTTTGTGGGTCCTGGC 

ANKLE2_genomic TGGATGCTCTGTTGGCTCG CTCCTTAGACGCAGTCGCTC 

B4GALNT1_ 
editing 

CTATCTCATGCCCTTCGGCAA TGCCGATAAGTGGTGGCAAA 

B4GALNT1_ 
genomic 

ACCTCTGTGGGGATCTGCATT CTGTGGCCTTAGCCTGTTCAAG 

DDIT3_editing TCCTGCAGATGTGCTTTTCCA AGCCAGAGAAGCAGGGTCAA 

EVA1B_editng CCCCTCAACGTCAACGTCTT AAGGTGTGGGGTAGCTCTGA 

FAM129A_editing CATAGGACCTGGCATGCGTC CTGCCCCTTGGACTTTGGAC 

GCN1_editing TGTGCTTGAGCTCTGGTTTGA CAAACCTATACCCCTCCCCAGA 

GLTP_editing TCTCCTTGGAATTTCACGACAGC CCCAGCCATCATGTGCTTATTTTT 

HSPG2_editing CCTCCTGATGGCACTGGC CCGAGGTAGAGCCCACTCC 

HSPG2_genomic CCTCCTGATGGCACTGGC GCAGGACAGACCGATGTAGCC 

MOV10_editing CTTCCCTGCCAAACTGGACC TTCCTCCACTCTGGCTCCAC 

PANX2_editing GGACGTGGGGGACCTCATC CCAGGCCACACGACACAG 

PLAU_editing AGAAGAGACTGGGAAGATAGGCT TTGAGTCAGGACCACCCCT 

PPIL2_editing CAAGGAGTTCAAAGGGGACGAG CAAACTGGTAGCGCAGCACA 

PPP6R2_editing CATGAGACGTGGGAACATGGG CTCACTTGAGGAGTGAAGGTGG 

PXN_editing CTGTGGCATCCTGAGTGCTT TGAGCTGCTTGAGGCAGAAG 

PXN_genomic CATGGGAAACGCCTAGCAAGT GCACCTAGCAGAAGAGCTTGA 

RER1_editing CATGGTTTGCGCGGGTCTTT AACCTGCGCCAGAGAGTTCA 

RNF220_editing AAATGGGACAACTCCTCGCC CAGGAGAGAGAGAGGCAGGT 

SBF1_editing GCACCTGGAAAACCCACAGG GCTTGTCTTTCCACCACGGTT 

TNS1_editing CCAGAGTATGGCAAAGTGGAGT GTTGTCGTAGGAGTCCCAGC  

TRRAP_editing TCCACTTCGGATTCAGTGGGT GGAACAGAAAGACTAAAGCTAGC
GA 

TSPAN9_editing TCGGACTTCTCAGTGGGTGG GGGGACAAAGTGTCAGTGTGA 

TWF1_editing TGCTGTCACAATCTTCCCCTG TCTCGAGAAATGGGAAATGCTAC
TC 

TWF1_genomic ACAAAATGCTAGCAGGACCGT ACTACCAAAAAGAGCAGCCACT 

UBE4B_editing GCAGATTCAGGCGTGGATGA TGGGGTTGGTTTGCCACATT 

WDR4_editing CCCAGCTCCGCGTGTATTTA AGTGAGATCCTCCCAGATGGC 
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Table 12: Oligonucleotides for PCR/Sanger sequencing/semiquantitative RT-PCR 

PCR/Sanger 
sequencing 

Sequence sense (58 − 38) Sequence antisense (58− 38) 

A3C KO GCGGGGGTCTCTGCATTGGGG GCACACAGGAGAGCCCACG 

A3C 39 UTR deletion GGGGTCTCCCTGGGCCTCATG
GTCTGT 

TCTTGTTAAGGGTGACAGCCT
GCAAGGT 

Semiquantitative RT-
PCR  

Sequence sense (58 − 38) Sequence antisense (58− 38) 

A3C CDS GGGAAGCCAACGATCGGAA CAGTATGTCGTCGCAGAACCA 

A3C 38 UTR TTGCCATCTCTTTGCTCTCTCAA GGCCACAGCATGAAAGGGTC 

ACTB AGAAAATCTGGCACCACACC AGAGGCGTACAGGGATAGCA 

 

Table 13: sgRNAs for establishing CRISPR/Cas9-mediated cell clones 

sgRNA Sequence sense (58 − 38) Sequence sense (58 − 38) 

sgA3C #1 CACCGCCAACGATCGGAACGAAACT AAACAGTTTCGTTCCGATCGTTGGC 

sgA3C#3 CACCGGCGGCGCTTTATACCTTCCA AAACTGGAAGGTATAAAGCGCCGCC 

sg39UTR_
A3C_start 

CACCGCACGGGCCTCCCCTCCACCC AAACGGGTGGAGGGGAGGCCCGTGC 

sg39UTR_
A3C_end 

CACCGAACACCAGAGACAGACATTT AAACAAATGTCTGTCTCTGGTGTTC 

 

Table 14: shRNAs for shRNA-mediated inhibition of gene expression 

shRNA Sequence sense (58 − 38) Sequence antisense (58− 38) 

shC GATCCCCTTGTACTACACATAAGT
ACTGTTCAAGAGACAGTACTTATG
TGTAGTACAATTTTTG 

TCGACAAAAATTGTACTACACATAA
GTACTGTCTCTTGAACAGTACTTAT
GTGTAGTACAAGGG 

shA3C GATCCCCGCACATTCTACTTCCAA
TTTACAAGATAAATTGGAAGTAGA
ATGTGCTTTTTG 

AATTCAAAAAGCACATTCTACTTCC
AATTTATCTTGTAAATTGGAAGTAG
AATGTGCGGG 

 

Table 15: siRNAs for siRNA-mediated gene knockdown  

siRNA Sequence (58 − 38) 

control siRNA (siC) UUGUACUACACAAAAGUACUG 

A3C siRNA pool GCCAACGAUCGGAACGAAA 
CGGAACGAAACUUGGCUGU 

BIRC3 siRNA pool AGUCAAUGAUCUUGUGUUA 
CCUAGCAACUGGAGAGAAU 

CDK6 siRNA pool GAAGACUGGCCUAGAGAUG 
UCAAGACUUGACCACUUAC 
AAGACCUACUUCUGAAGUG 

eIF4G2 siRNA pool GGACAAAGCCCTAGAAGAG 
GCTCCTTGATGTTAAGTAA 
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siRNA Sequence (58 − 38) 

FAM120A siRNA pool TGCCATAGCTAAAGATGTT 
GGATATTATTCAGCGACTA 

IGF2BP1 siRNA pool CCGGGAGCAGACCAGGCAA 
UGAAUGGCCACCAGUUGGA 
CCAGGCAAGCCAUCAUGAAGCUGAA 
GGCUGCUCCCUAUAGCUCCUUUAUG 
GGGAAGAGCUGGAGGCCUA 
CCAUCCGCAACAUCACAAA 
AAGCTGAATGGCCACCAGTTG 
AACACCTGACTCCAAAGTTCG 
GTATGGTACAGTAGAGAAC 
CCUGAAGAAGGUAGAGCAA 
GUUCGUAUGGUUAUCAUCA 
GUGAACACCGAGAGUGAGA 

NF-»B2 siRNA pool GGACGAGAACGGAGACACA 
AGACGAGUGUGGUGAGCUU 

PCBP2 siRNA pool GATTGAAGGTGGATTAAAT 
GAGAATCAGTTAAGAAGAT 

PUM1 siRNA pool GGAGAUUGCUGGACAUAUA 
CAGCAAAGAUGGACCAAAA 

PUM2 siRNA pool GCACTAATCTGCAATCTAA 
ACTAATAGCTCCCAGAGTA 

RelB siRNA pool GAGCAAACGGCGGAAGAAA 
CUGCGGAUUUGCCGAAUUA 

STAU1 siRNA pool GAAAATGGGACTAGTAATA 
CCTCTGAGCAACTGGACTA 

UPF1 siRNA pool AAGAUGCAGUUCCGCUCCA 
CTGCGAACGTGGAGAAGAT 

All hybridization probes were ordered from Eurofins Genomics GmbH and are labelled 

with fluorescence dyes (IRDye®). 

Table 16: Hybridization probes for Northern blot 

Probe Sequence (59 − 39) Label 

Y3 CTGTAACTGGTTGTGATCAATTAGT 682 

Y1 ATAACTCACTACCTTCGGACCAGCC 682 

Y5 AGCTAGTCAAGCGCGGTTGTGGGGG 682 

Y4 GTTAATAAGTTCTGATAACCCACTA 782 

5S AAGTACTAACCAGGCCCGAC 782 

7SL GGCATAGCGCACTACAGCCCAGAACTCCTG 682 
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Table 17: Devices used in this study 

Application Device (Company) 

Microscopy SP5X (Leica) 
Sartorius Incucyte S3® (Essen Bioscience) 
TS-100 (Nikon) 

FACS FACS Melody (BD) 

Luminescence GloMax® Discover 96 well Microplate Reader (Promega) 

Spectroscopy Infinite® 200 PRO, 96 well Microplate und Nanodrop (Tecan) 

SDS-PAGE NuPAGE® MOPS Electrophoresis System (Life Technologies) 

Western blot XCell IITM Mini-Cell Blot Module (Thermo Fisher Scientific) 

Infrared scanner Odyssey Infrared Scanner (Li-COR) 

qRT-PCR LightCycler® 480 II (Roche) 

Thermocycler Mastercycler Nexus II (Eppendorf) 

Agarose gel 
electrophoresis 

Mini-Sub® Cell GT Cell (Bio-Rad) 

UV Cross-linker Biostep® Cross-linker 254nm 

Centrifuges Biofuge Stratos (Heraeus) 
Biofuge fresco (Heraeus) 
miniSpin (Eppendorf) 

Cell counter T-20 (Bio-Rad) 

 

 

To generate plasmids two standardized cloning strategies were executed. For cloning 

vectors for A3C depletion (pLVX-Puro-shRNA or pSG-sgRNA3) and luciferase plasmids 

(pmirGLO) containing fragments of 39 UTRs of diverse targets or NF-»B-binding sites, 

annealed oligonucleotides were directly inserted into linearized target vectors. For 

overexpression, A3C recovery or insertion of longer sequences into the pmirGLO vector, 

the respective sequence was amplified from cDNA of 786-O cells and inserted into a cloning 

vector. Subsequently, the sequence was subcloned into the respective target vector. All 

information about plasmids, cloning oligonucleotids, restriction sites and oligonucleotides 

for annealing are summarized in Tables 5, 9, 13 and 14. All cloned constructs were validated 

by Sanger sequencing performed by Eurofins Genomics GmbH. 

 

The target sequence was amplified by polymerase chain reaction (PCR) using 0.5 µg 

genomic DNA or cDNA as template, 10 µM oligonucleotides and the Phusion® High-Fidelity 
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DNA Polymerase (NEB, #M0530) or the Q5® Hot Start High-Fidelity DNA Polymerase 

(NEB, #M0493), according to the manufacturer9s instructions. For amplification, the 

following protocol was used: 

Table 18: Procedure of a PCR 

Step Temperature  Time  

Initial denaturation 98 °C 5 min  

Denaturation 98 °C 15 sec  

Primer annealing 57-65 °C 15 sec 35 cycles 

Elongation 72 °C 20-60 sec  

Final elongation 72 °C 3 min  

 

Amplified products were size separated by agarose gel electrophoresis (2.2.1.3) and 

purified (2.2.1.4). Purified PCR products were inserted into the pCR®-blunt vector using the 

Zero Blunt® PCR Cloning Kit (Thermo Fisher Scientific) following the manufacturer9s 

protocol. The verified cloning vector was digested using the indicated restriction sites to cut 

out the inserted fragment, which was subcloned into the target vector.  

 

For annealing of oligonucleotides, 5 µl sense, 5 µl antisense oligonucleotides (100 µM 

each; Table 9, 13 and 14) and 10 µl nuclease-free water was mixed. The mixture was 

incubated at 95 °C for 4 minutes, followed by 37 °C waterbath for 15 minutes for 

hybridization. Annealed oligonucleotides were ligated into linearized vectors. 

 

For restriction cloning, 2 µg vector DNA (Table 5) was digested with 1 µl of the 

restriction enzyme (NEB), as listed in Table 9, and the respective buffer (NEB) for 30 

minutes at 37 °C. Cut vectors were separated by agarose gel electrophoresis. 

 

For separation of nucleic acids, gel electrophoresis was performed on a 1% TAE 

agarose gel (peqGOLD Universal Agarose, peqlab) containing ethidium bromide. The DNA 

samples were mixed with 6x DNA loading dye (NEB). The Quick-Load® 2-Log DNA Ladder 

(NEB) was used as size marker. Separated DNA fragments were detected with an UV light 

imager. 

 

Gel piece containing the cut vector or amplified target sequence was removed from the 

agarose gel. DNA isolation from agarose gel was performed with the Agarose Gel Extraction 

Kit (Jena Bioscience), according to the manufacturer9s instructions.  
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Subsequently, linearized DNA fragments and vectors were ligated using the following 

reaction mix: 

10x T4 DNA Ligase Reaction Buffer (NEB, #B0202S) 3 µl 

T4 Ligase (NEB) 1 µl 

Insert / Vector 4 / 1 mol. ratio 

Nuclease-free water  ad. to 30 µl 

 

The reaction mix was incubated at room temperature for 15 minutes. 

 

For the transformation of ligated plasmids, chemo-competent E. coli TOP10 bacteria 

were thawed on ice for 10 minutes. Subsequently, the ligation reaction mix was added to 

the reaction tube and incubated for 30 minutes on ice. Afterward, the bacteria were heat 

shocked at 42 °C for 60 sec and incubated on ice for three minutes. 500 µl LB medium was 

added and bacteria were incubated at 37 °C for 60 minutes. Subsequently, the bacteria 

were plated on LB-agar plates containing the respective antibiotic (100 mg/ml Ampicillin or 

50 mg/ml Kanamycin) and grown overnight at 37 °C for the selection of positive colonies. 

 

Positive clones were verified by PCR using the oligonucleotides provided in the kit and 

OneTaq® 2X Master Mix (NEB, #M0483). Positive clones were cultivated in liquid LB 

medium containing the respective antibiotic (30 µg/ml Kanamycin or 150 µg/ml Ampicillin) 

overnight at 37 °C under constant shaking in an incubator. Extraction of DNA was performed 

by using either the Plasmid Mini-Prep Kit (Jena Bioscience) or the PureLink™ HiPure 

Plasmid Midiprep Kit (Thermo Fisher Scientific), according to manufacturers9 instructions. 

For confirmation of correct insertion, generated plasmids were sequenced by Eurofins 

Genomics GmbH. 

 

Genomic DNA (gDNA) was extracted from cell pellets using the PureLink™ Genomic 

DNA Mini Kit (Thermo Fisher Scientific) according to the manufacturer9s instructions. 

Concentration was measured by nanodrop system with the Infinite® 200 PRO spectrometer 

(Tecan). Isolated gDNA was analyzed by semiquantitative RT-PCR (2.2.3) followed by 

agarose gel electrophoresis (2.2.1.4) or by Sanger sequencing. The gDNA was stored 

at -20°C. 

For analyzing putative editing events, gDNA and cDNA derived from 786-O cells with 

modulated A3C expression levels were used to amplify the region harboring the editing site 

(see Table 11 for oligonucleotides), followed by agarose gel electrophoresis (2.2.1.3), DNA 

gel extraction (2.2.1.4) and Sanger sequencing. DNA sequences were analyzed using 
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Mutation Surveyor software (V5.1.2). 

 

To estimate the relative amount of RNA populations, a semiquantitative reverse 

transcriptase PCR (semiquantitative RT-PCR) was performed using 5 µl of cDNA and the 

OneTaq® 2X Master Mix (NEB, M0482) containing OneTaq® DNA Polymerase. The PCR 

reaction was executed as described in 2.2.1.1, however, only 30 cycles were completed. 

Expression levels were normalized to the housekeeping gene ACTB. Oligonucleotides are 

listed in Table 12. 

 

Total RNA was extracted either from cells or primary tissue that was mechanically 

disrupted in TRIzol (Table 2) prior to RNA isolation. In detail, cells were lysed in 1 ml TRIzol 

and transferred to an RNase-free 1.5 ml reaction tube. 200 µl chloroform was added and 

samples were mixed well. The phases were separated by centrifugation for 15 minutes at 

13,000x g and 4 °C. The RNA-containing aqueous phase was transferred to a new 1.5 ml 

reaction tube. 700 µl isopropanol was added and samples were mixed well for RNA 

precipitation. Subsequently, the RNA was pelletized by centrifugation at 13,000x g and 4 °C 

for 30 minutes. RNA pellet was washed twice in 80% ethanol, dried and resuspended in 

30 µl nuclease-free water. RNA quality and concentration were determined by Infinite® 200 

PRO spectrometer (Tecan). Isolated RNA served for reverse transcription combined with 

qRT-PCR (2.2.5) or Northern blot (2.2.7). 

 

For the synthesis of complementary DNA (cDNA) a reverse transcription reaction, as 

listed below, was performed using equal amounts of total RNA as templates.  

2 µg RNA 13.25 µl 

5x RT buffer (Promega) 4 µl 

10 mM dNTPs 1 µl 

M-MLV Reverse Transcriptase (Promega, # M1701) 0.5 µl 

RNasin® Ribonuclease Inhibitor (Promega, #N2511) 0.25 µl 

5 µM random-hexamer (R6) oligonucleotides 1 µl 

 

In case of analyzing FFL mRNA, the FFL DNA introduced by transfecting cells with 

pmirGlo plasmids, as described in 2.3.2, was degraded by using DNasI (Thermo 

Scientific™, #EN0521). Additionally, a control reverse transcription reaction, which did not 

contain reverse transcriptase, was performed. 

The reverse transcription reaction was performed at 42 °C for two hours, followed by 
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transcriptase inactivation at 75 °C for 15 minutes using a Thermocycler (Eppendorf). 

Changes in RNA abundance of several targets were determined by quantitative real-

time polymerase chain reaction (qRT-PCR) with SYBRgreen technology on a LightCycler® 

480 II (Roche)using a 384-well plate. Equal amounts of ORATM qPCR Green ROX L Mix 

(HighQu) with 0.2 µM of each oligonucleotide were mixed with 1:10 diluted cDNA in a total 

volume of 5 µl. Oligonucleotides (Table 10) were designed with Primer-BLAST from NCBI 

(National Center for Biotechnology Information) to amplify the gene of interest spanning 

exon-exon borders. The following PCR reaction was used: 

Table 19: Procedure of a qRT-PCR 

Step Temperature  Time  

DNA polymerase activation 95 °C 5 min  

Denaturation 95 °C 10 sec  

Primer annealing 60 °C 10 sec 40 cycles 

Elongation 72 °C 20 sec  

Melting curve 55 °C-95 °C 1 µl  

Cycle threshold (CT)-values were used for the calculation of RNA abundance. 

Differential expression was calculated based on the ∆∆CT method (Livak, Schmittgen, 

2001) and relative to the expression of house-keeping genes (ACTB, EEF2, VCL, PPIA, 

RL) and control populations or input or no treatment, as indicated at the corresponding 

graph. 

 

With RNA co-immunoprecipitations (RIP) analyses, associations between a target 

protein and the bound RNAs can be investigated. 5×106 786-O A3C Rec cells per condition 

were lysed using RIP buffer (Table 2). The supernatants were incubated with 5 µg anti-GFP 

antibody (Roche; Table 3) or anti-FLAG antibody (Sigma Aldrich; Table 3) as an IgG control 

and pre-washed magnetic Dynabeads™ Protein G (Thermo Fisher Scientific, #10004D) for 

60 minutes at room temperature on a spinning-wheel. The respective cell lysate served as 

input control for normalization. After three washing steps with RIP buffer, protein–RNA 

complexes were eluted by incubation in RIP buffer supplemented with 1% SDS at 65 °C for 

10 minutes. Protein enrichment was analyzed by Western blotting (WB; 2.4.1). Co-purified 

RNAs were extracted using TRIzol (2.2.4) and analyzed by qRT-PCR (2.2.5) and Next 

Generation Sequencing (NGS, 2.7.1). 

https://www.thermofisher.com/order/catalog/product/10004D
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For Northern blotting (NB), 2.5 µg of total RNA was diluted in 2x FASB (Table 2) and 

size separated on a 15% denaturing Urea-TBE-gel. RNA was subsequently blotted onto 

nylon membranes (Roche) using TBE and the Mini Gel Tank Blotting system (Thermo 

Fisher Scientific). The membranes were UV-cross-linked (Stratalinker 2400) at 120 J and 

pre-hybridized with PerfectHyb™ Plus (Sigma Aldrich, #H7033). Northern probes 

(Table 16) were diluted to 100 ng/µl in PerfectHyb™ Plus and hybridized for one hour at 

room temperature. Prior to detection with Odyssey Infrared Scanner (Li-COR), membranes 

were washed twice with 2x SSC, 0.1% SDS. 

 

To investigate the association of A3C and A3G with complexes of different size, the 

sucrose gradient approach was performed. 1.2x106 HEK293T cells stably overexpressing 

A3C or A3G were harvested in Gradient Lysis Buffer (GLB; Table 2) containing 0.5% NP-

40 and pelletized. Pellets were dissolved in 1 ml GLB, from which 100 µl was saved as input 

and 900 µl were loaded onto linear 15-45% (w/v) sucrose gradients prepared with Gradient 

buffer lacking NP-40. Samples were centrifuged in a Beckman SW 40 Ti swinging-bucket 

rotor at 40,000 rpm for two hours. Gradients were fractionated into 11 fractions and total 

protein was isolated by TCA precipitation. Distributions of target proteins in each fraction 

were analyzed by SDS-PAGE and subsequently by WB analyses, as described in 2.4.1. 

 

In order to investigate RNA stability, transcription is blocked by actinomycin D (ActD; 

Sigma Aldrich, #A4262), which intercalates into DNA, or by ³-amanitin (Sigma Aldrich, 

#A2263), which blocks the enzymatic activity of RNA polymerase II by binding to it. 24 h 

prior to the ActD or ³-amanitin treatment, 2x105 786-O cells were seeded in 6-wells plates. 

5 µM ActD or 10 µM ³-amanitin were added, the same volume DMSO was added to the 

control cells. Cells were harvested at indicated time points and RNA was immediately 

isolated as described in 2.2.4. RNA abundance was analyzed by qRT-PCR (2.2.5). In case 

of analyzing FFL mRNA, the FFL DNA was degraded by using DNasI.  

 

To investigate changes in the transcriptome upon depletion of A3C, the Click-iT® 

Nascent RNA Capture Kit (Thermo Fisher Scientific, #C10365) was used. This approach 

facilitates the division of newly synthesized RNA transcripts from the already existing RNA.  

Thus, 4x105 786-O C and A3C KO cells were seeded in 6-well plates 24 h prior to the 

experiment, which was performed according to the manufacturer9s protocol. In short, cells 

https://www.sigmaaldrich.com/DE/de/product/sigma/a4262
https://www.sigmaaldrich.com/DE/de/product/sigma/a4262
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were incubated with 0.5 mM of an analog of uridine, 5-ethynyl uridine (EU) for one hour at 

37 °C. RNA was isolated as described in 2.2.4. 5 µg of isolated RNA was used for a copper 

catalyzed click reaction with 0.5 mM azide-modified biotin, followed by RNA precipitation. 

Subsequently, 1 µg of biotinylated total RNA was captured using 50 ½l of Dynabeads® 

MyOne™ Streptavidin T1 magnetic beads (Thermo Fisher Scientific, #65604D). RNA 

captured on the beads was immediately used as a template for cDNA synthesis with the 

SuperScript® VILO™ cDNA synthesis kit (Thermo Fisher Scientific, #11754-050) in 

accordance with the manufacturer9s protocol. Finally, cDNA was used for qRT-PCR as 

described in 2.2.5. 

 

 

Human renal cell carcinoma cells (786-O, 769-P, A-704, ACHN) and immortalized 

normal kidney cells (HEK293T, RPTEC/TERT1) were obtained from the American Type 

Culture Collection (ATCC; Table 6). These cell lines were regularly checked for 

mycoplasma contamination by PCR. 786-O and 769-P cells were maintained in RPMI 1640 

medium (Thermo Fisher Scientific) supplemented with 10% FBS (Pan Biotech, #P303031). 

A-704, ACHN, HEK293T and HCT116 cells were maintained in high-glucose (4.5 g/L) 

DMEM (Thermo Fisher Scientific) supplemented with 1% GlutaMAX (L-Alanyl-L-glutamin) 

supplement (Thermo Fisher Scientific) and 10% FBS. RPTEC/TERT1 cells were cultured 

in DMEM supplemented with hTERT Immortalized RPTEC Growth Kit (ATCC). All cells 

were incubated in a humidified atmosphere at 37 °C and 5% CO2. For cell cultivation, cell 

assays or transfections, cells were washed with PBS, removed from the culture dishes using 

Trypsin-EDTA (Table 2) and resuspended in the corresponding medium. 

 

One day prior to transfection, 1.5x105 cells for 786-O, 2x105 cells for 769-P, 3x105 cells 

for A-704 and ACHN or 5x105 cells for HEK293T were seeded in a 6-well plates (TPP, 

#92006). For siRNA-mediated gene silencing, cells were transfected with 50 pmol of the 

indicated siRNA pool (Table 15) using Lipofectamine RNAiMAX (Thermo Fisher Scientific) 

according to the manufacturer9s protocol. Plasmid transfection was performed with 2 µg and 

4 µg plasmid DNA (Table 5) using Lipofectamine 3000 (Thermo Fisher Scientific) or 

DharmaFECT kb DNA transfection reagent (Horizon Discovery), respectively, in 

accordance with the instructions provided by the manufacturers. In case of reporter plasmid 

transfections with pmirGLO, cells were seeded into 12-well plates (TPP, #92012) and 1 µg 

vector DNA was transfected using DharmaFECT kb DNA transfection reagent. One day 

after transfection, the medium was changed or harvested to determine reporter activity (see 

https://www.thermofisher.com/order/catalog/product/65605D
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2.4.4). If a double transfection was performed, 48 h post siRNA transfection reporter 

plasmids were transfected as described above. Unless stated otherwise, cells were 

harvested for further analyses 72 h post transfection.  

 

For CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9-

mediated genomic deletion in the A3C locus either of the coding sequence (CDS) or the 39 

UTR, initially, sgRNAs were designed, including a PAM motif (NGG) and 20 nucleotides 

complementary to a genomic region downstream and upstream of the target sequence. 

After annealing, sgRNAs were cloned into the pSG-leer-RFP + BbsI-GFP vector via BbsI. 

786-O and 769-P cells were co-transfected with two CRISPR sgRNA-encoding plasmids 

(pSG-sgRNA3-A3C#1-RFP and pSG-sgRNA3-A3C#3-RFP or pSG-sgRNA3-

39UTR_A3C_start-RFP and pSG-sgRNA3-39UTR_A3C_end-RFP) and a Cas9 nuclease-

encoding plasmid (pcDNA3.1-Cas9-GFP; Table 5) as described above in 2.3.2. 

Transfection efficiency was determined by fluorescence microscopy. 24 h post-transfection, 

cell populations were diluted until single-cell level in 24-well plates (TPP, #92024) or GFP- 

and RFP-double positive cells were sorted with the flow cytometer BD FACS Melody at 

either single-cell level (786-O) or cell population level (769-P). Since 769-P cells do not 

grow at single-cell level, a cell population harboring CRISPR/Cas9-mediated knockout (KO) 

of A3C was generated. To avoid cell contamination of cell clones, RPMI growth medium 

was supplemented with 1% penicillin-streptomycin (Thermo Fisher Scientific, #15140-122). 

Cells were cultured to verify A3C KO by WB analyses and Sanger sequencing. Deletion of 

A3C 39 UTR was determined by PCR of genomic DNA from single-cells with the Q5® High-

Fidelity 2X Master Mix (NEB). In order to generate a stable A3C recovery clone, 786-O A3C 

KO cells were transfected with pEGFP-(C2)-A3C (Table 5), sorted for GFP-positive cells 

using the flow cytometer BD FACS Melody, selected with 500 µg/ml geneticin (Sigma 

Aldrich, #G8168) one day after sorting, and cultured under constant geneticin selection 

pressure (50 µg/ml). 

 

For stable A3C knockdown (KD) clones, 786-O and 769-P cells were transfected with 

pLVX-shRNA3-shA3C and pLVX-shRNA3-shC (Table 5) as described above (2.3.2). For 

selection, transfected cells were treated with 4 µg/ml puromycin (Sigma Aldrich, #P9620) 

one day after transfection. Cells were cultured under constant selection pressure by 

applying 2 µg/ml puromycin to the medium. 

https://www.sigmaaldrich.com/DE/de/product/sigma/g8168
https://www.sigmaaldrich.com/DE/de/product/sigma/p9620
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To generate stable A3C and A3G overexpressing (OE) cells, HEK293T cells were 

transfected with pLVX-SBP-FLAG-RFP, pLVX-SBP-FLAG-RFP-A3C and pLVX-SBP-

FLAG-RFP-A3G (Table 5) as described in 2.3.2. Cells were selected for four weeks by 

applying 400 µg/ml Zeocin (Thermo Fisher Scientific, #R25001) to the medium. Protein 

overexpression (OE) was determined by WB analyses and subsequent incubation with an 

anti-FLAG antibody.

 

Proliferation of stable cell clones was monitored under 2D and 3D growth conditions. 

For 2D cell growth, 5x103 cells were seeded into 12-well plates. For 3D spheroid growth, 

1x103 cells were seeded in 100 µl growth medium into round bottom ultra-low attachment 

96-well plates (Corning; #7007), centrifuged for three minutes at 300x g and cultured 

overnight to induce spheroid formation. Proliferation was continually monitored for five days 

using an Incucyte S3 device. Cell number of 2D growth conditions and object area of the 

spheroids were analyzed by the Incucyte software. Images of the first time point served as 

normalization control. 

 

In order to assess cell viability under diverse stress conditions, 1x103 cells were seeded 

either into flat bottom ultra-low attachment 96-well plates (Corning; #3474) or into high 

attachment 96-well plates (TPP, #Z707902) in RPMI medium either supplemented with 1% 

FBS or 10% FBS. When indicated, siRNA-mediated KD (see 2.3.2) was transfected 24 h 

prior to seeding, otherwise stabile cell lines were used. Initial cell viability used as input 

control as well as cell viability after five days of culturing were determined by CellTiter-Glo 

according to manufacturer9s protocol.  

In order to analyze A3C expression upon density stress, 2x105 786-O and 769-P WT 

cells, referring to low density (LD), and 5x105 786-O and 769-P WT cells, referring to high 

density (HD), were seeded onto a 6 cm cell culture dish (TPP; #93060). Cells were 

harvested to determine A3C expression at RNA and protein level by qRT-PCR (2.2.5) or 

WB (2.4.1), respectively, 24 h after seeding.  

 

To measure apoptosis, the relative Caspase3/7 activity was determined by using the 

Caspase-Glo3/7 assay (Promega) according to the manufacturer9s instructions. Prior to the 

apoptosis assay, protein expression was either transiently modulated in 786-O and 769-P 

cells as described in 2.3.2 or 1x105 786-O and 769-P A3C KO cells were seeded into 12-
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well plates. Cells were harvested in medium from the well 48 h post-transfection or upon 

starvation (1% FBS) for 48 h. Caspase3/7 activity was measured with a Luminometer 

(Promega). Luminescent signal was normalized to cell number determined by CellTiter-Glo 

(Promega). 

 

In order to assess cell viability in response to APOBEC inhibitor and drugs used in the 

treatment of RCC, 786-O C, A3C KO and A3C Rec cells were incubated with different 

compounds. Prior to cell treatment, compounds were added to 786-O WT cells at diverse 

concentrations to determine EC50-value. EC50-values were calculated using GraphPad 

Prism software (V9.0). For inhibitor studies, 5x104 786-O C, A3C KO and A3C Rec cells 

were seeded into 6-well plates and incubated with 100 µM Aurothioglucose (AuTG;  

Sigma Aldrich, #A0606) for five days. For drug treatment, 1x105 786-O C and A3C KO cells 

were seeded into 6-well plates and incubated with 3.5 µM Sorafenib (Sigma Aldrich, 

#SML2653), 15 µM Pazopanib (Sigma Aldrich #SML3076) or 6 µM Sunitinib (Sigma Aldrich, 

#PZ0012) for 48 h. Cells were harvested and cell viability was determined using CellTiter-

Glo according to the manufacturer9s protocol. 

 

 

For total protein extraction, cell pellets or pestled primary tissue samples were 

incubated in total lysis buffer (Table 2) for five minutes and pelletized by centrifugation at 

12,000 rpm for two minutes with the miniSpin (Eppendorf). For phosphorylation analyses, 

a protease/phosphatase inhibitor (Cell Signaling, #5872) was added to the lysis buffer. 

Protein concentration was determined with the colorimetric DC Protein Assay (BioRad) 

according to manufacturer9s protocol. Absorbance at 650 nm was measured with the 

GloMax® Discover 96 well Microplate Reader (Promega). Equal amounts of total protein 

(40 µg) were diluted with 4x NuPAGE® LDS sample buffer (Thermo Fisher Scientific) 

containing 0.1 M DTT and denatured at 95 °C for five minutes. Proteins were size separated 

by NuPAGE® Novex 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific) and the 

corresponding NuPAGE® MOPS SDS running buffer (Thermo Fisher Scientific). After SDS-

PAGE, proteins were transferred onto a nitrocellulose membrane (Amersham, GE 

Healthcare) by using the Mini Gel Tank Blotting system (Thermo Fisher Scientific) and 

NuPAGE® blotting buffer (Table 2) with 10% methanol. After blocking with 5% BSA (w/v) in 

PBS for one hour at room temperature, protein abundance was detected using respective 

primary antibodies and fluorescence-labelled secondary antibodies (Table 3, Table 4). 

Fluorescence intensities were visualized at 680 nm or 800 nm with the Odyssey Infrared 

https://www.sigmaaldrich.com/DE/de/product/sigma/a0606
https://www.sigmaaldrich.com/DE/de/product/sigma/sml2653
https://www.sigmaaldrich.com/DE/de/product/sigma/sml3076
https://www.sigmaaldrich.com/DE/de/product/sigma/pz0012
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Scanner (Li-COR) and quantified via the Image Studio™ software (Li-COR V3.1.4) with 

respect to the loading control and control sample. 

 

Localization of different proteins was investigated by immunofluorescence staining of 

fixated cells and visualization by microscopy. Therefore, 786-O A3C Rec cells were cultured 

for 48 h on coverslips, which were previously incubated in 40% (v/v) ethanol and 60% (v/v) 

hydrochloric acid. Cells were fixed with 4% (v/v) formaldehyde in PBS for 20 minutes and 

permeabilized with 0.5% (v/v) Triton X-100 in PBS for three minutes. Unspecific binding 

was blocked with 2% (w/v) BSA in PBS for 30 min. Cells were incubated with primary 

antibodies (Table 3) 1:500 in blocking solution. After washing with PBS, Cy3- or Cy5-

fluorescently labeled secondary antibodies (1:500 in blocking solution; Table 4) were added. 

Nuclei were stained by incubating cells in DAPI (Sigma Aldrich; 1:1,000 in PBS) for three 

minutes. Stained cells were washed several times with PBS, two times with distilled water 

and subsequently dehydrated by adding >99% ethanol. Afterward, coverslips were mounted 

with ProLong™ Diamond Antifade Mountant (Thermo Fisher Scientific, # P36970). Imaging 

was performed with the Leica SP5X confocal microscope. 

 

To investigate RNAs and proteins associated with A3C and A3G, HEK293T cells stably 

expressing either SBP-FLAG-RFP-A3C or SBP-FLAG-RFP-A3G (see 2.3.5) were used for 

a pull-down (PD) with Dynabeads™ MyOne™ Streptavidin (Thermo Fisher Scientific, 

#65604D). Therefore, 3x106 cells per condition were harvested, washed with PBS, 

pelletized and resuspended in 300 µl GLB (Table 2). After incubation at room temperature 

for five minutes, cells were centrifuged at 12,000 rpm for five minutes. Input samples were 

transferred to new tubes. Upon washing of Dynabeads™ Streptavidin with GLB, 25 µl of 

Dynabeads™ Streptavidin were added to each sample lysate, mixed well and incubated at 

room temperature for 30 minutes under constant rotation. Samples were washed with GLB 

using a DynaMag™-2 Magnet (Thermo Fisher Scientific, #12321D). Elution of captured 

complexes containing proteins was realized by incubating beads in 1x NuPAGE® LDS 

sample buffer at 95 °C for five minutes, followed by SDS-PAGE and WB as described in 

2.4.1. To analyze RNAs associated with the target protein, beads were incubated in GLB 

containing 1% SDS at 65 °C for five minutes, followed by RNA isolation described in 2.2.4 

and Northern blot described in 2.2.7. 

 

In order to investigate regulatory elements in the 39 UTR of A3C or of modulators of the 

NF-»B signaling pathway, and additionally the transcriptional activity of NF-»B subunits in 

https://www.thermofisher.com/order/catalog/product/65605D
https://www.thermofisher.com/order/catalog/product/65605D
https://www.thermofisher.com/order/catalog/product/65605D
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promoter regions of target genes, the Dual-Glo® Luciferase Assay System (Promega) was 

used. Diverse pmirGLO reporter plasmids (Table 5) containing putative regulatory elements 

in the 39 UTR or the 59 UTR, respectively, of the Firefly luciferase were generated, as 

described in 2.2. Renilla luciferase on the same plasmid served as the normalization control. 

Cells were transfected with the respective plasmids as described in 2.3.2. The activities of 

Firefly and Renilla luciferases were determined 48 h post transfection by Dual-Glo® 

(Promega) in accordance with the manufacturer9s protocol and the GloMax® 96-well 

microplate (Promega) device.  

 

For fractionation, 1.5x106 cells per condition were harvested in fractionation buffer 

(Table 2) supplemented with 130 µg/ml digitonin (Sigma Aldrich) for 786-O and 200 µg/ml 

for 769-P. Subcellular fractions were separated by centrifugation at 1000x g for two minutes. 

Supernatant containing the cytoplasmic fraction was transferred to a new tube. The 

remaining pellet was washed with fractionation buffer supplemented with digitonin and 

centrifuged at 1000x g for two minutes. Pellets containing the nuclear fraction were lysed in 

total lysis buffer. Further analyses were performed by WB as described above (2.4.1). 

Subcellular fractionation was confirmed by detecting EEF2 in the cytoplasmic and PTB in 

the nuclear fraction. 

 

Nude mice (FOXN1nu/nu) were used for xenograft studies. All animals were handled in 

accordance with European Directive (2010/63/EU) and local guidelines of the Martin Luther 

University Halle/Wittenberg.  

For subcutaneous xenograft assays, 6x105 786-O C, A3C KO and A3C Rec cells were 

harvested in media supplemented with 50% (v/v) matrigel (Sigma Aldrich) and injected into 

both flanks of six-week old female mice (16 mice in total). Subcutaneous tumor growth was 

measured in two diameters with calibers to allow calculation of tumor volume. The volume 

was calculated using the formula V = [ � 6⁄ × (� + � + ℎ)]. Mice were sacrificed after 

eight weeks, as C and A3C Rec derived tumors reached termination criteria. 

 

All procedures concerning the patient tissue samples were performed in accordance 

with the ethical standards established in the 1964 Declaration of Helsinki and its later 

amendments. All patients gave informed consent. The study was based on the approval of 

the Ethics Commissions of the University Hospital Erlangen, Germany (No. 4607).  
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The snap-frozen tissue samples were obtained from the Comprehensive Cancer 

Center (CCC) tissue biobank of the University Hospital Erlangen, Germany. The tumor 

histology was reviewed by experienced uropathologists, as previously described in (Wach 

et al., 2019). 

 

 

For total RNA-sequencing (RNA-seq) 300 ng RNA of primary tissue samples, of stable 

786-O CRISPR/Cas9-mediated A3C KO and A3C Rec clones and of 786-O A3C Rec RIP-

samples were used. Novogene (Hong Kong) performed the library preparation and 

sequencing on an Illumina HiSeq platform. First, low quality read ends as well as remaining 

parts of sequencing adapters were clipped using Cutadapt (V 1.4; 2.8). Subsequently, reads 

were aligned to the human genome (UCSC GRCh38/hg38) using HiSat2 (V2.1.0; Kim et 

al., 2015). FeatureCounts (v 1.5.3; 2.0; Liao et al., 2014) was used for summarizing gene-

mapped reads. Ensembl (GRCh38.89; GRCh38.102; Yates et al., 2020) was used for 

annotations. Differential gene expression (DE) was determined by the R package edgeR 

(v3.28.0; 3.34; Robinson et al., 2010) using TMM normalization on raw count data. RNA 

expression values were obtained as FPKM (fragments per kilobase million mapped reads) 

values.  

 

For Gene set enrichment analyses (GSEA), either RNA-seq data of 786-O C, A3C KO, 

A3C Rec cells or the publicly available dataset of the TCGA-KIRC RNA-seq obtained from 

the GDC portal (https://portal.gdc.cancer.gov/) were used. GSEA were performed on pre-

ranked lists using the GSEA software (V3.0; Subramanian et al., 2005) selecting 

HALLMARK gene sets from MSigDB (v 6.1; Liberzon et al., 2015). All protein-coding genes 

were ranked according to the fold changes (FC) in 786-O C to A3C KO, A3C KO to A3C 

Rec or normal tissue (NT) to ccRCC. A permutation number of 1000 was applied, and 

classical enrichment statistics were elected.  

 

For patient survival analyses, overall survival data of RCC patients was obtained from 

TCGA (Weinstein et al., 2013) datasets for ccRCC (KIRC), papRCC (KIRP) and chrRCC 

(KICH) patients with median group cutoff. For overall survival based on the expression 

status of A3C, the GraphPad Prism software (V9.0) was used to calculate Kaplan-Meier 

plot and Hazard ratio (HR) by using the log-rank (Mantel-Cox) test. For survival analyses 

https://portal.gdc.cancer.gov/
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based on the expression status of other indicated genes, Kaplan-Meier plots and HR were 

determined using GEPIA 2 (http://gepia2.cancer-pku.cn/#survival).  

 

Publicly available data of enriched CLIP hits for the protein A3C were obtained from 

ENCODE (http://www.encodeproject.org/; identifiers: ENCFF921RKR, ENCFF571IFM). 

eCLIP-seq was performed in K562 cells by Gene Yeo, UCSD, 2018. Additionally, CLIP hits 

in the 39 UTR of A3C were analyzed by Dr. Danny Misiak with publicly available data in 

K652 and HepG2 cells (van Nostrand et al., 2020b).  

 

All experiments were performed in at least three independent, biological replicates, 

unless stated otherwise. Statistical analyses were executed by using GraphPad Prism 

software (V9.0). Statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001) 

was tested by unpaired, two-tailed Student9s t-test on equally distributed data, by two-way 

ANOVA if the mean of several groups was compared, by one-way ANOVA with Tukey9s 

multiple comparisons test or aídák's multiple comparisons test, as indicated in the figures9 

legends. WB quantifications are shown as mean ± standard deviation (SD). The box and 

whiskers plots depict the 5-95 percentiles. Bar plots depict mean ± standard error of the 

mean (SEM). All outliers are shown. 

 

Licenses to use the BioRender content have been granted for all graphics in this thesis.  

Table 20: Licenses for graphics created with BioRender 

Graphics License number 

Figure 1 UE267G9RTN 

Figure 2 WK267GBNIR 

Figure 3 JJ267GCE3Y 

Figure 4 CT267GA4JI 

Figure 5 TV267GCLTN 

Figure 25 UA267GHTG8 

Figure 26 FW267GF43C 

Figure 28 IS267GGYW8 

Figure 30 IE267GGQF3 

Figure 31 IK267GIPBO 

http://gepia2.cancer-pku.cn/#survival
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Prior to exploring the molecular function of A3C in the context of ccRCC, detailed 

information on selected properties of the A3 family members, especially A3C, are provided. 

Due to previous studies identifying A3G as a promising prognostic factor for ccRCC (Ji et 

al., 2022; Mei et al., 2017; Wu et al., 2020), this member of the A3 family was included in 

comparative analyses. As mentioned above, although all A3 genes originated from A1 

through gene duplication (Jarmuz et al., 2002), their distinct expression profiles (Koning et 

al., 2009; Middlebrooks et al., 2016; Ng et al., 2019), cellular localization (Kinomoto et al., 

2007; Lackey et al., 2013) and varying antiviral activity (Haché et al., 2006; Liddament et 

al., 2004; Marin et al., 2008; Zhang et al., 2010) indicate diversified functions within this 

family of RBPs.  

 

A3C differs from A3G not only in the number of cytidine deaminase domains but also 

in its association with different molecular complexes, as demonstrated by a sucrose density 

gradient assay (Figure 7A). A3C was found in less dense fractions (fractions one to three) 

of a 15-45% sucrose gradient, while A3G showed a more widespread distribution 

throughout the gradient, excluding fraction one. The upper fractions of the sucrose gradient 

are known to contain soluble proteins, cytoplasmic proteins and nucleic acids (McConkey, 

1967). Together with A3C, Ro60 and the mRNA-decapping enzyme 1A (DCP1A) were 

detected in the top fractions of the gradient (Figure 7A, Supplemental Figure 1). Ro60 binds 

medium-sized Y RNAs (Slobbe et al., 1992) and associates with small nuclear RNA-protein 

complexes (Wahren et al., 1996). DCP1A forms the mRNA decapping complex along with 

other proteins to initiate mRNA degradation (Tritschler et al., 2009). This suggests a 

potential molecular role of A3C in connection with Y RNAs and P-bodies, considering that 

DCP1A is a P-body marker (Sheth, Parker, 2003). In contrast, A3G demonstrated 

enrichment in the intermediate and bottom fractions, indicating its association with high 

molecular weight complexes, as previously reported (Chiu et al., 2006).  

As a side note, it is worth mentioning that these analyses were conducted prior to the 

application of a functional A3C antibody. Thus, recombinant FLAG-tagged A3C/A3G protein 

expression was utilized for WB detection with an anti-FLAG antibody, with awareness that 

this approach may entail artifacts. The results regarding A3C accumulation in the top 

fractions of a sucrose gradient were subsequently validated by using an A3C antibody and 

ccRCC-derived cell lines expressing endogenous A3C (Supplemental Figure 1).  
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To expand the understanding of A3C9s interactions and diversified functions within the 

A3 family, a streptavidin pull-down assay was conducted using HEK293T cells expressing 

SBP-FLAG-tagged A3C and A3G. This approach facilitates capturing and analyzing co-

precipitated proteins and RNAs (Figure 7, B and C). As interaction studies for A3C are 

currently unavailable, the BioGRID database (https://thebiogrid.org/) was used as a 

reference for putative interactions partners. The database search revealed potential 

interactions of A3C with well-known RBPs, such as ELAVL1 and HNRNPK, as well as with 

subunits of the ribosome, such as RPL7, RPL28 and RPS13. The pull-down experiment 

showed that both A3 proteins, A3C and A3G, interacted with AGO2 and Ro60 to varying 

extent (Figure 7B). Additionally, A3C exclusively associated with RPL5 and DCP1A. 

Furthermore, both proteins demonstrated efficient interactions with Y1, Y3 and 7SL RNAs, 

while a robust association of A3C with Y4 and Y5 could not be detected (Figure 7C).  

  
 

These findings suggest that A3 proteins may play a role in post-transcriptional gene 

silencing, translation regulation and stress response, as their interaction partners have been 

reported to fulfill these biological functions (Boccitto, Wolin, 2019; Kohn et al., 2013; Liu et 

https://thebiogrid.org/
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al., 2005). Furthermore, the comparative analyses of the RNA and protein association 

profiles of A3C and A3G highlight functional differences within this group of RBPs. While 

the binding of 7SL and Y RNAs by A3G has been previously reported (Bach et al., 2008; 

Gallois-Montbrun et al., 2008), information regarding the binding capacity of A3C is limited, 

underscoring the need for further research. 

 

To confirm the previously reported cellular localization of A3C (Bogerd et al., 2006; 

Kinomoto et al., 2007), subcellular fractionation analyses were conducted and 

immunofluorescence microscopy was performed using the ccRCC-derived cell line 786-O 

with modulated A3C expression levels (Figure 8). Based on the size of A3C (~23 kDa), 

which is below the exclusion size of approximately 40 kDa for passive diffusion through the 

nuclear pore complex (Görlich, Kutay, 1999), it is reasonable to suggest that A3C localizes 

to both the nucleus and the cytoplasm. However, in the cell system employed in this study, 

A3C predominantly localized to the cytoplasm, as demonstrated in the WB of subcellular 

fractionation (Figure 8A).  

 

 

Furthermore, A3C was enriched in P-bodies, as it co-localized with the P-body marker 

AGO2 (Sen, Blau, 2005; Figure 8B). The co-purification of the P-body markers AGO2 and 

DCP1A in the pull-down analysis with A3C (Figure 7B) previously suggested the potential 

involvement of A3C in post-transcriptional gene regulation. This includes functions like 

mRNA degradation or translational suppression, which are reported activities associated 
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with P-bodies (Eulalio et al., 2007). Additionally, A3C co-localized with the stress granule 

marker YB1 under arsenate stress conditions (Figure 8B), suggesting the involvement of 

A3C in stress response mechanisms. Stress granules are dynamic cytoplasmic messenger 

RNP (mRNP) granules that aggregate when translation initiation is inhibited during stressful 

conditions (Kedersha et al., 1999).  

In summary, these findings confirm that A3C is primarily localized in the cytoplasm, 

suggesting a potential involvement in post-transcriptional gene regulation under stress 

conditions, as evidenced by its accumulation in P-bodies and stress granules.  

 

Belonging to the family of cytidine deaminases, A3C has the potential to edit the 

sequence of bound transcripts. However, its mainly cytoplasmic localization (Figure 8) 

raises doubts about its enzymatic activity. Before the RNA-editing function of A3C is 

discussed, the binding preference for repeated RNA sequences was investigated. Notably, 

endogenous A3C from 786-O cells exhibited a strong affinity for U-rich sequences 

(Figure 9A). This finding aligns with previous studies on A1, which is known for binding AU-

rich elements (Anant et al., 1995; Blanc, Davidson, 2010). These AU-rich elements, typically 

located in the 39 UTR of many mRNAs exhibiting rapid turnover, act as destabilizing 

elements (Chen, Shyu, 1995). A1 has been reported to bind the 39 UTR of c-myc, TNF-³ 

and IL-2, enhancing mRNA stability, suggesting a function independent of its cytidine 

deaminase activity (Anant, Davidson, 2000). 

To assess the RNA-editing activity of A3C, RNA-sequencing (RNA-seq) data from 786-

O control cells (C), CRISPR/Cas9-mediated A3C knockout cells (A3C KO) and A3C KO 

cells with re-inserted GFP-A3C (A3C Rec) were analyzed. For these analyses, conducted 

by Dr. Danny Misiak in the group of Prof. Hüttelmaier, specific criteria were employed to 

identify putative editing sites: 

• C-to-U nucleotide change on the plus strand; G-to-A on the minus strand  
• Sufficient read coverage at the nucleotide of interest (g 20 reads in the mean 

of 786-O C) 
• Minimum change rate (g 20% change rate in one sample; g 5% change rate in 

the mean of 786-O C) 

Initially, hundreds of C-to-U editing events were identified. However, after applying 

more stringent criteria, such as focusing on mRNA or considering change rates in 786-O 

A3C KO vs. C, the list of potential editing candidates was narrowed down to 71 

(Supplemental Table 1). In-depth analyses revealed that most putative editing sites were 

either not recoverable in 786-O A3C Rec cells (Figure 9C) or were located in the wobble 

position of a codon, resulting in no amino acid alteration in the final protein. Furthermore, 

putative editing sites were often found in the 39 UTR of transcripts, potentially influencing 

mRNA degradation rates. However, as indicated in Figure 9B, these putative editing events 
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resulted in altered gene expression levels in only a few cases (e.g., TNS1, RHOF, HSPG2 

and GAS6).  

 

 

g f

 

To confirm editing for selected targets, the respective regions harboring potential 

editing sites were amplified from cDNA derived from 786-O C, A3C KO and A3C Rec cells, 

followed by Sanger sequencing. The majority of putative editing sites indeed exhibited C-

to-T modifications at the respective site to a lesser extent in A3C KO cells compared to 

control cells (Figure 9, D and E). However, contrary to the expected editing activity of A3C, 

not all editing events were recovered in A3C Rec cells (Figure 9D). Furthermore, to 

discriminate RNA-editing sites from genome-encoded single-nucleotide polymorphisms 

(SNPs), it is critical to compare sequence differences with matched genomic DNA from the 
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same sample. Missing DNA sequencing data from the same sample may lead to read-

mapping errors or artifacts being mistakenly interpreted as RNA-editing sites.  

Genomic datasets from the Cancer Cell Line Encyclopedia (CCLE; 

http://portals.broadinstitute.org/ccle) were used to analyze somatic mutation frequencies for 

the putative A3C editing targets. This analysis revealed that the queried genes were altered 

in 79% of all studied cell lines, with the primary mutation event being the C-to-T alteration 

(Supplemental Figure 2). Monitoring the somatic mutation status for some genes encoding 

the putative A3C editing targets by sequencing genomic DNA of 786-O C cells revealed 

that many of these targets showed nucleotide exchanges at the genomic level (Figure 9D). 

This suggests that the mutation event may occur independently of A3C, especially 

considering its predominant cytoplasmic localization and reported exclusion from DNA 

damage sites (Constantin et al., 2022).  

In conclusion, these findings suggest that A3C may facilitate RNA-editing; however, 

they also raise questions regarding its functional significance. Despite belonging to the 

cytidine deaminase family and showing affinity for U-rich sequences, the predominantly 

cytoplasmic localization of A3C challenges its enzymatic activity. The analysis of RNA-seq 

data from 786-O C, A3C KO and A3C Rec cells identified potential editing sites. However, 

many putative editing sites were either unrecoverable in A3C Rec cells, resulted in no amino 

acid alterations or did not alter the expression levels of potentially edited transcripts. These 

findings suggest that A3C may have functions independent of its cytidine deaminase activity 

in ccRCC-derived cells. Further research is needed to fully elucidate the role of A3C in RNA-

editing and its broader implications in cellular processes. 

 A3C 3’ UTR

As part of the investigation of the less-understood member of the A3 family, the gene 

structure of A3C was examined. Based on the human genome assembly GRCh37.p13, the 

annotated 39 UTR of A3C spanned approximately 430 bp (indicated by a blue arrow in 

Figure 10A, lower panel). However, upon analyzing the gene structure of A3C using RNA-

seq data from 786-O cells and the Integrative Genomics Viewer (IGV) software, reads 

extending beyond the annotated 39 end were detected (Figure 10A, middle panel). The read 

coverage substantially decreased upstream of an endogenous poly(A)-stretch, explaining 

the annotated 39 end in GRCh37.p13 human genome assembly. 

Interestingly, RNA-seq reads spanned a region of approximately 2 kb downstream of 

the end of the A3C coding sequence (CDS) until a poly(A)-signal, suggesting that the 

39 UTR of A3C is approximately five times longer than annotated. To validate the expression 

of the longer A3C 39 UTR, semiquantitative RT-PCR using oligonucleotides that bind 

downstream of the reported 39 end was performed, and the results confirmed expression 

http://portals.broadinstitute.org/ccle
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levels comparable to the A3C CDS (Figure 10C). As a side note, the GRCh38.p14 human 

genome assembly includes the A3C gene structure with the longer 39 UTR.  

 
The 3‘ untranslated region (UTR) of A3C contains 

structure with exons (blue) and the 38 UTR (purple) as well as read coverages of three RNA
wer panel highlights the A3C 38

the previously reported A3C 38

the A3C 38 UTR is predicted. Folding prediction was generated with the 

(CDS) and the 38 UTR of A3C in 786

either the 38 UTR of A3C (long 38 UTR) encoded 38 UTR (EV

 

In-depth analyses of the gene structure of A3C revealed a pair of inverted Alu elements 

within its 39 UTR (sense Alu and antisense Alu, depicted by yellow arrows in Figure 10A). 

Alu elements are conserved, approximately 300 nucleotide-long repetitive sequences 

belonging to the SINE family of retrotransposons. They are highly abundant in the human 

genome, comprising approximately 10% of the whole genome mass (Lander et al., 2001). 

Alu elements tend to be concentrated in gene-rich regions, particularly within non-coding 

portions of genes including introns and untranslated regions (Versteeg et al., 2003). 
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Although the functional significance of Alu elements is not fully understood, they are 

involved in human genome evolution by affecting gene structure through insertions, gene 

conversion and recombination (Häsler, Strub, 2006). Pairs of inverted Alu repeats in RNA 

transcribed from Alu elements can form intramolecular long RNA duplex structures (Chen 

et al., 2008). Accordingly, folding prediction analysis using the A3C 39 UTR sequence 

revealed the formation of robust secondary structures (Figure 10B). Additionally, A-to-I 

RNA-editing sites were identified (indicated by A-to-G substitutions in RNA-seq data; 

depicted by red arrows in Figure 10A, lower panel), which are known to occur within Alu 

sequences (Athanasiadis et al., 2004; Kim et al., 2004; Levanon et al., 2004). While the 

precise role of A-to-I RNA-editing is not yet fully defined, it is speculated that it may affect 

gene expression at various steps, such as RNA stability, splicing or premature translational 

termination (Häsler, Strub, 2006). 

To assess potential effects of the inverted Alu sequences within A3C 39 UTR on gene 

expression, a reporter gene construct was generated using the 2 kb A3C 39 UTR as the 

39 UTR of a Firefly luciferase (FFL) reporter gene (depicted in Figure 10D). Luciferase 

signals were examined in HEK293T and 786-O cells, demonstrating a significant reduction 

in Firefly luciferase activity by 50% (HEK293T) or 80% (786-O) when harboring the A3C 

39 UTR (Figure 10D), indicating that the 39 UTR contains repressive elements. Furthermore, 

transfecting the same reporter gene construct into cells with modulated A3C expression 

levels, either A3C overexpression (OE) in HEK293T or A3C KO in 786-O cells (indicated in 

Figure 10E), led to comparable reduction in the Firefly luciferase signal as observed in cells 

with endogenous A3C levels (Figure 10D). This suggests that the repressive regulation of 

gene expression potentially mediated by inverted Alu elements within the 39 UTR of A3C is 

independent of A3C itself.  

In conclusion, these findings indicate that the 39 UTR of A3C is longer than previously 

annotated and contains inverted Alu elements that may be involved in gene regulation, as 

demonstrated by reduced luciferase activity in reporter gene assays. However, these 

regulatory elements are likely not subject to autoregulatory mechanisms. 

 

By initially analyzing the expression of A3 family members in the kidney renal clear cell 

carcinoma (KIRC cohort) dataset obtained from the TCGA PanCancer Atlas 

(https://www.cancer.gov/tcga), a significant upregulation of A3C (p < 0.0001), A3D 

(p < 0.05), and A3G (p < 0.0001) was discovered. Notably, A3C exhibited the highest 

upregulation among this group of proteins in primary ccRCC, as shown in Figure 11A. 

Furthermore, the levels of A3C expression in other subtypes of RCC were investigated 

https://www.cancer.gov/tcga


59 
 

(Figure 11B). The papillary subtype demonstrated elevated A3C levels similar to ccRCC, 

while the chromophobe subtype did not show increased A3C levels compared to normal 

tissue (NT). 

Moreover, the expression levels of A3C in different stages of renal cancer were 

explored using data from the TCGA database. The results demonstrated a significant 

increase in mean A3C expression in stage III (p=0.0014) and stage IV (p=0.0004) ccRCC 

samples compared to stage I (Figure 11C), indicating a correlation between high A3C 

expression and renal cancer progression.  

 

by Tukey9s 
tailed Student9s t

 

Additionally, to assess the putative prognostic value of A3C expression, the overall 

survival data from the TCGA was used. The samples were divided into two equal groups 

based on A3C expression levels, revealing that RCC patients with higher A3C levels 

exhibited poorer overall survival (p=0.0001) and a higher likelihood of succumbing to the 
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disease (HR=1.67; Figure 11D). Collectively, these results indicate that A3C serves as a 

valuable prognostic marker in RCC. 

To confirm the observed elevated expression levels of A3C in ccRCC samples from 

publicly available datasets, a separate, smaller RCC cohort (Table 8) was examined. Except 

for A3A, all A3 family members displayed significantly increased expression in ccRCC 

samples (Figure 12A). Among these family members, A3C exhibited the highest 

upregulation compared to NT. Consistent with the publicly available datasets, the separate 

RCC cohort revealed elevated A3C mRNA levels in papRCC (type 1 or 2), while A3C levels 

remained unchanged in chrRCC (Figure 12B). Furthermore, a significant increase in A3C 

at protein level was confirmed in ccRCC patient samples compared to NT samples using 

WB analyses (Figure 12C). 

 

tailed Student9s t way ANOVA with Tukey9s multiple comparisons test (

 

For reasons of reproducibility, availability and culture consistency, cell models were 

employed for further analyses. These models include cell lines derived from ccRCC, such 

as 786-O, 769-P and A-704, as well as the papRCC-derived cell line ACHN (Sinha et al., 

2017). Additionally, control cell models originating from normal renal epithelium (HEK293 
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and RPTEC/TERT1) were utilized. To validate the similarity between RCC cell lines and 

primary tumor tissues regarding A3C abundance, initially, the expression levels of A3C were 

assessed using publicly available datasets provided by the CCLE (Figure 12D), followed by 

analyses of cell lines utilized in the laboratory (Figure 12E). Overall, ccRCC-derived cells 

exhibited elevated A3C expression levels compared to NT-derived cells, while papRCC-

derived cells displayed even greater upregulation. Consistent with mRNA levels, A3C also 

showed higher expression at the protein level in RCC-derived cells compared to control 

cells (Figure 12F).  

In conclusion, these findings suggest that the A3 protein family is significantly 

upregulated in RCC. A3C emerged as the most significantly upregulated member and its 

increased expression was associated with advanced cancer progression and poorer overall 

survival. 

 

Subsequently, the cause of A3C upregulation in RCC was investigated by exploring 

different methods to understand the underlying cellular mechanism.  

 3’ UTR 

To investigate the regulatory function of the pair of inverted Alu elements identified in 

the 39 UTR of A3C (see 3.2), a series of luciferase reporter constructs containing different 

sections of the 39 UTR of A3C (depicted in Figure 13A) were generated and transfected into 

786-O WT cells. Initially, the Firefly luciferase signal was repeatedly significantly reduced 

with the reporter construct comprising the endogenous A3C 39 UTR (long 39 UTR; 

Figure 13B). Interestingly, a comparable reduction in Firefly activity was observed with the 

reporter construct containing a flipped sense Alu element (flipped Alu; Figure 13B), implying 

that the RNA duplex structure formed by inverted Alu repeats is not necessary for restricting 

gene expression. Furthermore, the deletion of the entire Alu elements still resulted in a 60% 

reduction in Firefly luciferase activity (ΔAlu; Figure 13B), suggesting the presence of 

regulatory elements outside the Alu sequences in the A3C 39 UTR. Subsequently, the ΔAlu 

sequence of the 39 UTR was divided into three fragments (F1, F2 and F3; depicted in 

Figure 13E, lower panel) to confine the localization of regulatory elements. The luciferase 

assay indicates that the inhibitory regulatory elements may be primarily located upstream 

and downstream of the antisense Alu element, as the reporter construct ΔAlu F2 + F3 

exhibited the most reduced Firefly luciferase activity.  
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Next, the role of miRNA in gene regulation mediated by the 39 UTR of A3C was 

investigated. Analyses of the luciferase reporters were conducted in HCT116 cells with 

CRISPR/Cas9-mediated KO of DICER, a key enzyme involved in miRNA maturation. Upon 

transfection of reporter constructs containing the native A3C 39 UTR (long 39 UTR; 

Figure 13C), the Firefly luciferase activity in Dicer KO cells, which have depleted levels of 

miRNAs, was reduced to levels similar to those observed in HCT116 WT cells. This result 

suggests that gene silencing facilitated by the A3C 39 UTR appears to be independent of 

miRNA regulation. Notably, the presence of a specific sequence, F1, within the 39 UTR of 

the luciferase construct led to a significant increase in Firefly luciferase activity in DICER 

KO cell, similar to the positive control (mir17 as), indicating that F1 may contain regulatory 

elements that respond to miRNA-mediated gene silencing. However, the depletion of 

miRNAs did not significantly affect the endogenous A3C 3' UTR, suggesting that A3C gene 

expression may be independent of miRNA regulation overall.  

Subsequently, to assess if RBPs are involved in regulating A3C expression via its 

39 UTR, publicly available CLIP studies in HepG2 and K562 cells (van Nostrand et al., 2016) 

were utilized to identify RBPs associated with the 39 UTR of A3C (analyses performed by 

Dr. Danny Misiak). Out of 101 RBPs identified in the 39 UTR, 89 RBPs were determined as 

putative candidates for regulating A3C gene expression based on their expression levels in 

786-O cells (mean FPKM in 786-O C >2; Figure 13D, left panel). Functional characterization 

of these RBPs using a systematic study (van Nostrand et al., 2020a) revealed that most of 

the RBPs are essential and cytoplasmic proteins (Figure 13D, right panel). Several RBPs 

were selected for further analyses based on their molecular functions related to RNA 

stability and translation regulation (PCBP2, PUM2, STAU1; Figure 13D, right panel) as well 

as their correlation with favorable prognosis in renal cancer combined with downregulated 

expression in RCC (eIF4G2, FAM120A, PUM1, UPF1; data not shown).  

CLIP peak profiles of these selected RBPs showed distinct binding patterns in the A3C 

39 UTR, such as F2 for FAM120A or F1 and F3 for PCBP2 (Figure 13E). Interestingly, the 

selected RPBs shared common CLIP peaks at the start of the sense and antisense Alu 

elements, although of this group of RBPs, only STAU1 contains double-stranded RNA-

binding domains. Unfortunately, the CLIP profile of STAU1 was not available. Next, selected 

RBPs were transiently knocked down in 786-O and 769-P cells, followed by investigating 

A3C expression at protein level (Figure 13F). Overall, the KD of RBPs resulted in a 10% to 

40% reduction in A3C expression in 786-O, while the effects in 769-P cells were contrary. 

The KD of UPF1 resulted in substantial downregulation of A3C in both cell lines, whereas 

the KD of eIF4G2 and FAM120A showed opposing effects (Figure 13F).  

In summary, given that several of these candidate RBPs have been identified as 

favorable prognostic markers for RCC, the downregulation of these RBPs would likely have 

a positive impact on RCC progression, meaning that A3C expression should be 



64 
 

upregulated. Thus, the selected RBPs are likely not the explanation for dysregulated A3C 

levels in RCC. 

Furthermore, mRNA decay analyses of luciferase reporters containing either a minimal 

vector-encoded 3′ UTR (EV) or the endogenous A3C 39 UTR demonstrated comparably 

robust FFL mRNA abundances over a three-hour period (Figure 13G). This suggests that 

the A3C 39 UTR does not contain very strong destabilizing elements. Supporting the 

hypothesis of slow A3C mRNA turnover, RNA decay analyses of A3C transcripts across 

diverse cell lines revealed relatively stable mRNA over a time span of at least two hours 

(Supplemental Figure 3). The stability of A3C mRNA may result from secondary structures 

mediated by Alu elements with the 39 UTR, which have been reported to extend mRNA half-

life (Mauger et al., 2019). However, the regulation of A3C gene expression remains elusive. 

To investigate the role of the 39 UTR regarding A3C gene expression under native 

conditions, 786-O cells harboring a CRISPR/Cas9-mediated deletion of the A3C 39 UTR 

were generated (Figure 14A). Analyses of A3C protein levels in 3' UTR KO cells showed a 

40% reduction in A3C expression compared to 786-O WT cells (Figure 14B), with sufficient 

A3C levels still remaining. These findings suggest that the 39 UTR of A3C may contain 

regulatory elements influencing translation, yet it appears that the 39 UTR is not a critical 

determinant of A3C expression. Importantly, 786-O cells lacking the A3C 39 UTR exhibited 

similar viability to 786-O WT cells (Figure 14C .  

3C upon deletion of its 3‘ UTR
deletion of the 39 UTR of A3C were generated. Schematic on top illustrates localization of sgRNAs used for 39 UTR 

39 
UTR (WT) and deleted 39 UTR (KO). Sizes of 
A3C protein levels in dependence on the presence (WT) or deletion (KO) of the 39 UTR of A3C. Levels were 

O WT or A3C 39 UTR KO cells 

 
 

In conclusion, the analyses of the role of the 39 UTR in A3C expression revealed that 

although the 39 UTR features cis-acting (such as Alu sequences) and trans-acting regulatory 

elements (such as miRNA or RBPs), their contribution to the overall regulation of A3C 

expression appears to be minor. This is supported by the mRNA decay analyses 

(Figure 13G, Supplemental Figure 3) and the fact that CRISPR/Cas9-mediated deletion of 
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the A3C 3' UTR did not significantly affect A3C expression (Figure 14B), hinting at a 

regulation of A3C expression predominantly at the transcriptional level. 

 α

To investigate the transcriptional regulation of A3C in 786-O cells, initially, mRNA levels 

of luciferase reporters containing the endogenous 39 UTR of A3C were assessed using qRT-

PCR. Comparative analyses presented in Figure 15A demonstrate a significant repression 

of FFL mRNA levels, consistent with the decreased FFL activity observed in the reporter 

construct containing the endogenous A3C 39 UTR (Figure 15A, left panel). As mentioned 

earlier, A3C transcripts appear to be relatively stable, suggesting transcriptional regulation 

of A3C expression. 

 
α does not induce 

reporters containing the 38 UTR of A3C in 
α α

α
α α

α
α Luciferase ratios of reporters containing either the 38 

ong 38 encoded 38 UTR (EV) were investigated in 786 α
tailed Student9s t

with Tukey9s multiple comparisons tests (

 

Previous studies have reported that members of the A3 protein family, such as A3A, 

A3B, A3F and A3G, are transcriptionally induced upon IFN-³ stimulation (Chen et al., 2010; 

Peng et al., 2006). IFN-³ is an important component of the immune response against viral 

infections and activates the expression of genes associated with antiviral defense, immune 

activation and inflammation via the JAK-STAT signaling pathway (Liu et al., 2012b). Since 

A3 proteins are involved in the innate antiviral defense, their IFN-³-inducible expression is 

expected. However, this study reveals that A3C behaves differently from the A3 protein 

family in terms of IFN-³ inducibility. Despite successful IFN-³ treatment, as evidenced by 

the upregulation of STAT1 and A3G at mRNA level (Figure 15B) and protein level 
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(Figure 15C), no significant induction of A3C expression was observed. This result suggests 

that transcription of A3C is not stimulated by IFN-³. 

Furthermore, the role of the 3' UTR of A3C in IFN-³ responsiveness was examined. 

Luciferase reporter assays with the endogenous A3C 3' UTR showed no substantial 

increase in luciferase activity upon IFN-³ treatment, indicating that the 3' UTR of A3C is not 

responsive to IFN-³ stimulation (Figure 15D). 

These findings emphasize on the one hand that A3C expression is regulated at the 

transcriptional level and on the other hand that gene expression of A3 family members is 

differentially regulated. While several members are known to be inducible by IFN-³, this 

study shows that A3C and its 3' UTR are not responsive to IFN-³ signaling. 

 

A growing tumor encounters a range of stress factors as it develops and expands, such 

as nutrient deprivation, hypoxia, high cellular density or cell detachment as cancer cells 

invade nearby tissues (Hockel, 2001; Kimmelman, White, 2017; Weiss, Ward, 1983). In 

response to these stressors, adaptive mechanisms aimed at enhancing survival and tumor 

progression are activated, such as angiogenesis or metabolic reprogramming (Wek, 

Staschke, 2010). These adaptations are mediated by signaling pathways that induce the 

activation of transcription factors, leading subsequently to differential gene expression 

(Izuishi et al., 2000; Keith, Simon, 2007; Reuter et al., 2010).  

To investigate if A3C is part of the stress-induced transcriptional response, A3C 

expression was assessed under conditions that mimic cellular stress in a growing tumor. 

786-O and 769-P WT cells were cultured under diverse stress conditions, including high 

density (HD), low attachment (LA) or serum deprivation (1% FBS). Analyses of A3C 

expression on both the mRNA (Figure 16, A and B) and protein levels (Figure 16, C and D) 

revealed upregulation of A3C in response to high cellular density, cell detachment and 

serum deprivation compared to control conditions.  

These findings suggest that A3C expression is probably transcriptionally induced in 

response to various stress factors encountered by growing tumors. The activation of stress-

induced pathways involving A3C may contribute to the adaptive survival mechanisms of 

RCC cancer cells under adverse conditions. 
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After investigating the structural characterization of the A3C transcript and analyzing 

the regulation of A3C gene expression, the focus shifts to exploring the molecular function 

of A3C in the context of ccRCC, which was the primary objective of this study. 

 κB signaling pathway

To elucidate the potential oncogenic role of A3C, the spectrum of target genes 

regulated by A3C was explored using global gene expression profiles of 786-O C, A3C KO 

and A3C Rec cell populations. By comparing transcript levels between 786-O C and A3C 

KO cells, 644 significantly downregulated and 656 significantly upregulated transcripts were 

identified (up: log2 FC g 1; down: log2 FC f -1; FDR f 0.01 considered significant; 

Figure 17B). Additionally, RNA-seq analysis revealed that the expression of 340 genes was 

significantly downregulated in A3C KO cells and simultaneously upregulated in A3C Rec 

cells (FDR g 0.01), identifying high-confidence targets regulated by A3C. To validate the 

recovery analyses, transcript levels of A3C KO cells were compared with A3C Rec cells (no 

FC restriction; FDR < 0.001; Figure 17C). It was observed that over 60% of the down- or 
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upregulated transcripts in A3C KO cells were significantly recovered, confirming the validity 

of the recovery model. 

Interestingly, a substantial downregulation of A3C mRNA itself in A3C KO cell 

populations was identified. This phenomenon is frequently observed for CRISPR/Cas9-

mediated KO cells, indicating a degradation of A3C mRNA by nonsense-mediated decay 

(NMD; Popp, Maquat, 2016).  

To gain insight into the functional significance of the differentially expressed genes 

between 786-O C and A3C KO cells, gene set enrichment analyses (GSEA) using 

HALLMARK pathways were performed (Figure 17D, left panel). The HALLMARK pathway 

8TNFA SIGNALING VIA NF»B9 was the most significantly altered pathway upon A3C 

deletion (Figure 17E, upper panel). Furthermore, other immunological cancer signatures 

associated with the NF-»B signaling pathway, such as 8INFLAMMATORY RESPONSE9, 

8KRAS SIGNALING9 (Pak, Miyamoto, 2013), 8INTERFERON GAMMA RESPONSE9, 8IL6 

JAK STAT3 SIGNALING9 (Brasier, 2010) and 8COMPLEMET9 (Sugihara et al., 2010), were 

significantly altered. Notably, GSEA using differentially expressed genes between A3C KO 

and A3C Rec cells revealed the same HALLMARK pathways as significantly positively 

enriched upon A3C re-expression (Figure 17D, right panel), with 8TNFA SIGNALING VIA 

NF»B9 being the most significantly altered pathway (Figure 17E, lower panel). Additionally, 

the transcript levels of a variety of chemokines and cytokines were altered upon A3C 

modulation (Supplemental Figure 4). This includes well-known activators of the NF-»B 

pathway like TGF-³, IL18, CCL2, CCL20, CXCL5 (Jia et al., 2021; Kaplanski, 2018; Ma et 

al., 2021; Tang, Tsai, 2012; Zeng et al., 2014).  

The NF-»B signaling pathway has previously been described as a crucial factor in RCC 

progression, regulating important aspects of RCC biology, such as resistance to apoptosis, 

angiogenesis and multidrug resistance (Du et al., 2014; Morais et al., 2011; Oya et al., 

2003a; Pei et al., 2015). By investigating the separate, smaller RCC cohort, upregulation of 

NF-»B subunits (NF-»B2, RelA and RelB) in ccRCC samples compared to NT was observed 

(Figure 17F). Likewise, high levels of these NF-»B subunits are associated with reduced 

overall survival rates of RCC patients (Figure 17H), suggesting a prognostic potential of the 

NF-»B signaling pathway for RCC patients. Additionally, a positive correlation between A3C 

expression and the expression of NF-»B2, RelA and RelB was identified (Figure 17I). 

Furthermore, GSEA using differentially expressed genes from the RCC cohort revealed a 

significant positive enrichment of a plethora of HALLMARK pathways associated with the 

NF-»B signaling pathway in ccRCC samples compared to NT (Figure 17G). 
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In summary, these findings strongly suggest that A3C appears to regulate the NF-»B 

signaling pathway, establishing a novel connection between A3C and the NF-»B signaling 

pathway. Furthermore, the NF-»B signaling pathway plays a crucial role in RCC 

development.  

 κB 

To investigate the impact of A3C modification on NF-»B activity, a luciferase reporter 

construct containing NF-»B binding motifs in the minimal promoter region of a Firefly 

luciferase gene was generated (Figure 18A).  

 
κ

κ

κ

κ
tailed Student9s 

 

Initially, the luciferase reporter was transfected into 786-O cells with transiently 

depleted NF-»B2 to assess the responsiveness of the reporter to modified NF-»B subunit 

levels. As indicated in Figure 18B, there was a mild effect on Firefly activity under these 

conditions. Notably, transient KD of A3C resulted in a greater reduction of NF-»B activity 

(Figure 18B), suggesting a potentially global impact of A3C on NF-»B signaling. It is 

important to note that the consensus sequence recognized by NF-»B can exhibit significant 

variability, particularly in the central portion (Mulero et al., 2019). Thus, the used reporter 

construct may not encompass all putative »B-binding sites. Given the limited variation of 
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»B-binding sites in the reporter vector and the KD of a single NF-»B subunit, a modest effect 

on NF-»B activity was expected.  

To further support the involvement of A3C in regulating NF-»B activity, the luciferase 

reporter was transfected into 786-O and 769-P cells with stably depleted A3C levels (either 

stable shA3C KD or A3C KO). The Firefly luciferase activity was significantly reduced 

(Figure 18C), indicating an impaired NF-»B pathway, possibly due to less active NF-»B 

subunits. This finding strengthens the hypothesis that A3C plays a role in NF-»B pathway 

regulation. Consistently, restored luciferase activity was observed in HEK293T and 786-O 

cells with stable A3C OE (Figure 18D).  

Collectively, these results indicate that A3C depletion negatively affects the NF-»B 

signaling pathway in different cell lines, and overexpression of A3C compensates for this 

effect, suggesting a regulatory function of A3C in NF-»B activity.  

 κB 

The diminished activity of the NF-»B transcription factor is anticipated to impair the 

transcription of target genes containing »B-binding sites in their promoter or enhancer 

regions. Initially, a list of genes containing validated »B-binding sites in their promoter 

regions was compiled using resources such as https://bioinfo.lifl.fr/NF-KB/ and 

www.bu.edu/nf-kb/gene-resources/target-genes/. After excluding genes with negligible 

expression in 786-O cells (FPKM < 0.1; p < 0.01), in-depth analyses of the RNA-seq data 

revealed that a substantial fraction of NF-»B-inducible genes (~25%) exhibited reduced 

expression in 786-O A3C KO cells compared to C, and this expression was concurrently 

restored upon A3C re-expression (Figure 19A).  

To validate these findings, WB analyses of four randomly selected NF-»B target genes 

(C3, BIRC3, BIRC5 and BCL2) were performed, confirming aberrant expression in 786-O 

A3C KO cells and recovery upon A3C re-expression (Figure 19B). Similarly, stable KD of 

A3C in 786-O and 769-P cell populations resulted in reduced protein levels of C3, BIRC3, 

BIRC5 and BCL2 (Figure 19C). Furthermore, using qRT-PCR on additional NF-»B-inducible 

genes in stable A3C KD cells confirmed their decreased expression levels, including genes 

such as CSF2, TNFRSF9, TNFAIP3, VEGFA and BIRC4 (Figure 19D).  

Supporting these observations, RNA-seq analyses of the separate ccRCC cohort 

revealed elevated expression levels of the NF-»B target genes C3, BIRC3 and BIRC5 

(Figure 19E) as a consequence of elevated NF-»B activity in RCC. Additionally, these NF-

»B target genes were associated with decreased overall survival rates of RCC patients 

(Figure 19F).  

 

https://bioinfo.lifl.fr/NF-KB/
http://www.bu.edu/nf-kb/gene-resources/target-genes/
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In conclusion, these findings provide compelling evidence that A3C has a significant 

impact on NF-»B activity in ccRCC-derived cells, resulting in the suppression of NF-»B-

inducible gene expression. 

https://bioinfo.lifl.fr/NF-KB/
http://www.bu.edu/nf-kb/gene-resources/target-genes/
http://www.bu.edu/nf-kb/gene-resources/target-genes/
http://gepia2.cancer-pku.cn/
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 κB 

Following the discovery of the impact of A3C depletion on the expression of NF-»B 

target genes, this effect was explored in various RCC-derived cell lines. A3C levels were 

transiently reduced using siRNAs. Subsequently, the expression of two high-confidence NF-

»B target genes, C3 and BIRC3, was assessed by qRT-PCR and WB analyses. Figure 20A 

and B demonstrate that A3C depletion affected the expression of C3 and BIRC3 in A-704 

and ACHN cells, highlighting that the suppression of NF-»B target gene expression upon 

A3C depletion is a conserved phenomenon in RCC cell lines.  

Furthermore, intriguing differences in the responsiveness of NF-»B target genes to the 

transient depletion of NF-»B2 and RelB were discovered, as demonstrated in Figure 20C. 

These observations suggest the presence of distinct »B-binding sites in the promoter 

regions of NF-»B-inducible genes. Specifically, C3 expression was strongly downregulated 

upon NF-»B2 KD, whereas the transient KD of RelB only mildly affected its expression. In 

contrast, both NF-»B2 and RelB KD equally impaired the expression of BIRC3. These 

results indicate that NF-»B target genes respond to different combinations of NF-»B homo- 

and heterodimer formation and harbor unique »B-binding sites. Furthermore, it was 

discovered that A3C showed a mild reduction in expression upon NF-»B2 and RelB KD 

(Figure 20C), suggesting that A3C may be a target of NF-»B transcription factors. 

To further support the hypothesis that A3C indirectly regulates NF-»B target gene 

expression due to impaired NF-»B activity, RNA decay and a nascent RNA capturing assay 

were conducted, with C3 serving as a representative NF-»B target gene. Figure 20D 

indicates that C3 mRNA remained stable upon A3C depletion compared to endogenous 

A3C expression, suggesting that reduced transcript levels shown in Figure 20A are not a 

result of mRNA destabilization due to the absence of A3C. Additionally, a nascent RNA 

capture kit, which facilitates the separation of newly synthesized RNA transcripts from 

existing RNA, was utilized to measure the transcription rate of C3. This assay revealed 

reduced transcription of C3 upon A3C KO (Figure 20E), indicating that NF-»B target genes 

are indirectly regulated by A3C at transcriptional level.  

In conclusion, these findings highlight that the reduced expression levels of NF-»B 

target genes observed in various RCC-derived cell lines result from impaired transcription 

induction indirectly mediated by A3C via NF-»B activity, rather than mRNA degradation. 
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As an interim conclusion, it can be noted that A3C plays a role in regulating the NF-»B 

signaling pathway, as evidenced by the observed reduction of NF-»B activity and target 

gene expression. Notably, this regulatory function of A3C has not been previously reported, 

thus the underlying molecular mechanism remains elusive. The complexity of the NF-»B 

signaling network presents a challenge in unraveling this process.  

The NF-»B signaling network is highly intricate and interconnected, involving multiple 

pathways, regulatory factors and feedback loops. This complexity is evident from the 

extensive annotations related to the 8positive regulation of NF-kappaB transcription factor 

activity9 gene ontology term, which lists a total of 230 annotations for Homo sapiens 

(https://amigo.geneontology.org/amigo/term/GO:0051092). Additionally, the interaction 

https://amigo.geneontology.org/amigo/term/GO:0051092
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database IntAct identified 306 binary interactions alone with the NF-»B member RelA 

(Hoesel, Schmid, 2013). To provide a partial illustration of this complex network, the 

STRING database (http://string-db.org/) was utilized to visualize the physical and functional 

interactions between NF-»B subunits and other proteins (Figure 21). 

 
κ

κ
 

To gain further insight into the regulatory function of A3C within this network, RNA co-

immunoprecipitations (RIP) analyses were conducted to identify RNAs directly bound by 

A3C. For immunoprecipitation of RNP complexes, 786-O A3C Rec cells were used, and 

GFP-A3C was efficiently purified with anti-GFP-coated magnetic beads confirmed by WB 

analysis (Figure 22A). As previously reported in this study, A3C interacts with subunits of 

the ribosome (Figure 7B) and with Y RNAs (Figure 7C). Therefore, RPL7 served as a 

positive control in WB analyses (Figure 22A), indicating association of A3C with 

components of RNPs, thus validating the RIP analyses. RNAs purified from A3C-IP samples 

were sequenced (RIP-seq), followed by analyzing the four human Y RNA loci, confirming 

robust association of A3C with Y1 and Y3 RNAs (Figure 22B).  

RIP-seq analyses identified more than 5 300 protein-coding and non-coding transcripts 

enriched in the A3C-IP (FC compared to input g 2; mean FPKM in input > 0.1). To gain 

insight into the functional annotation of the putative protein-coding binding partners of A3C 

(n=2 770), the RIP-seq data was interpreted using DAVID, with a focus on the 

REACTOME_PATHWAY category. 

http://string-db.org/
http://string-db.ordg/
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Notably, many of the identified pathways were associated with the NF-»B signaling 

pathway (Figure 22C; bold letters), including TLR or MAPK cascades, which trigger 

signaling pathways activating NF-»B transcription factors downstream. Furthermore, 

comparison of the significantly enriched protein-coding genes from the A3C-IP (FC g 2; 

p < 0.05; mean FPKM in input > 0.1) with reported NF-»B signaling pathway regulators 

(gene sets obtained from www.gsea-msigdb.org/gsea/msigdb/; Supplemental Table 2) 

identified 232 putative mRNA-binding partners of A3C involved in regulating the NF-»B 

http://www.gsea-msigdb.org/gsea/msigdb/
http://www.gsea-msigdb.org/gsea/msigdb/
http://www.gsea-msigdb.org/gsea/msigdb/
http://www.gsea-msigdb.org/gsea/msigdb/
http://www.gsea-msigdb.org/gsea/msigdb/
http://www.gsea-msigdb.org/gsea/msigdb/
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signaling pathway (Figure 22, D and E; Supplemental Table 3). However, it was also 

observed that a variety of potential A3C target RNAs belong to pathways not significantly 

affected by A3C modulation, which implies a broad A3C target spectrum (Supplemental 

Figure 5).  

To validate the results of the RIP-seq analyses, separate A3C-IPs from 786-O A3C 

Rec cell populations were performed, and transcript levels were quantified by qRT-PCR. 

The RIP-seq suggested enrichment of mRNAs encoding IDS, GNG5, ZFP36 and NF-»B 

signaling pathway regulators, and these targets were largely recapitulated by qRT-PCR 

(Figure 22, F and G). Importantly, this validation process revealed several high-confidence 

binding partners of A3C, including MTPN, CDK6, TRAM1, TAB3, TRAM2, EDA2R, 

MAP3K7, TRIM62, IKBKA and MAP3K8. Intriguingly, all these factors positively regulate 

the NF-»B signaling pathway, indicating that modulation of A3C levels may affect their 

regulatory function, consequently influencing NF-»B activity. 

As previously discussed in this study (see 3.1.3), despite belonging to a family of 

cytidine deaminases, A3C may perform a function independent of its enzymatic activity. 

Indeed, by comparing the identified putative editing candidates of A3C (Supplemental 

Table 1) with putative A3C binding targets, seven target transcripts were identified that 

appeared in both datasets, including GLTP, PANX2, PXN, SBF1, TWF1, UBE4B and 

WDR4. Interestingly, none of these editing candidates are considered NF-»B regulators.  

Overall, these findings strongly suggest that A3C could efficiently affect the NF-»B 

signaling pathway by modulating its regulators by a mechanism independent of its cytidine 

deaminase function. 

 κ

RBPs play a crucial role in regulating the stability and degradation of RNA molecules 

by selectively binding to RNA sequences. To investigate the impact of A3C on the stability 

of transcripts involved in the NF-»B signaling pathway, initially, the expression levels of the 

identified potential binding targets were determined in 786-O and 769-P shA3C cells. 

Notably, a reduction in the expression of transcripts involved in NF-»B regulation was 

observed upon A3C depletion (Figure 23, A and B). In contrast, the expression of non-NF-

»B-regulating factors, such as IDS and GNG5 mRNAs, remained largely unaffected. 

Furthermore, the decrease in expression upon A3C KD was validated at the protein level 

for CDK6 and IKBKA (Figure 23, C and D).  

To understand how A3C modulates the stability of bound transcripts, the hypothesis of 

A3C protecting these transcripts from miRNA-mediated degradation by blocking RISC 

(RNA-induced silencing complex) association was explored. The let-7a miRNA was 

identified as the most abundant miRNA in 786-O cells, according to CCLE data. 

Consequently, transcripts bound by A3C were examined for potential let-7a binding sites 
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(BS), revealing validated let-7a BS in MTPN, CDK6, TAB3, TRAM2, TAB2, MAP3K7 and 

IKBKA, primarily located in their 39 UTRs (analyses performed by Dr. Markus Glaß; Figure 

24A).  
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Furthermore, publicly available A3C-CLIP studies conducted in K562 cells (van 

Nostrand et al., 2020a) indicated the presence of A3C-CLIP peaks in various transcripts, 

particularly in 39 UTRs (e.g., MTPN and CDK6). However, it is worth noting that not all 

identified let-7a BS overlapped with A3C-CLIP peaks, as exemplified by BS#2 for IKBKA 

(Figure 24A).  

To assess the functional impact of let-7a BS on target transcripts, luciferase reporter 

constructs harboring the let-7a responsive element of MTPN, CDK6, TAB3, MAP3K7 and 

IKBKA in the 39 UTR of the Firefly luciferase gene were generated. The Firefly luciferase 

activity was determined in stable 786-O and 769-P shA3C cells. As shown in Figure 24B, 

the luciferase activity was unaffected (TAB3) or mildly decreased, with a maximum 

reduction of 20% observed for MTPN, CDK6 let-7a BS#2, IKBKA BS#1 and IKBKA BS#2.  
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Considering that the cloned sequences may not contain the complete A3C binding site, 

longer fragments of the CDK6 and IKBKA 39 UTRs were incorporated into luciferase 

reporters to better capture the potential influence of A3C (schematically depicted in 

Figure 24D). Notably, the luciferase activity of reporters containing CDK6 39 UTR fragments 

was significantly reduced upon A3C KD in 786-O cells, while the IKBKA 39 UTR fragment 

affected luciferase activity in 769-P cells (Figure 24C). These findings suggest that although 

A3C9s overall effect on reducing NF-»B activity is consistent among ccRCC-derived cell 

lines, the specific response of luciferase reporters to A3C KD varies depending on cellular 

context. Furthermore, these findings indicate that A3C may contribute to maintain the 

stability and expression of transcripts for factors involved in the NF-»B pathway, thereby 

influencing the activity of NF-»B.  

To further investigate whether A3C stabilizes bound transcripts, RNA decay assays 

were performed to assess the degradation of transcripts upon A3C depletion. Two different 

approaches of RNA decay assays were employed using ActD or ³-amanitin to block 

transcription in 786-O shC and shA3C cells. As indicated in Figure 24E, RNA decay 

analyses with ActD revealed that CDK6 transcripts remained relatively stable over a period 

of 180 minutes and were significantly more stable in the presence of A3C. However, the 

second approach used for RNA decay analyses revealed no significant difference in CDK6 

transcript levels after 24 hours of blocked transcription (Figure 24F). Nevertheless, as 

shown in Figure 24F, among the transcripts investigated in the luciferase reporter studies, 

IKBKA showed significantly reduced transcript levels upon A3C depletion. Additionally, 

other putative A3C binding partners were explored in RNA decay analyses (Figure 24G), 

and the transcript of IKBKE, another subunit of I»B kinases, was significantly affected, 

suggesting a potential stabilization effect by A3C. 

In conclusion, these findings indicate that although the individual effects observed in 

luciferase reporter studies and RNA decay analyses may be mild for single regulatory 

factors, the cumulative impact of multiple subtle effects could explain the overall greater 

effect on NF-»B activity. Thus, A3C may play a stabilizing role for many transcripts of NF-

»B regulators, which in turn has a significant impact on overall NF-»B activity.  

 κB 

While previous studies have reported dysregulated NF-»B activity in ccRCC (Oya et al., 

2003b; Peri et al., 2013), the impact of A3C on NF-»B regulation presents a novel and 

unexplored factor in the context of RCC. Particularly, NF-»B dysregulation in RCC has been 

associated with dominant RelA-containing complexes that exhibit enhanced nuclear 

localization compared to normal tissue (Ng et al., 2018; Peri et al., 2013). Consequently, 

understanding the role of A3C in NF-»B subunit translocation is crucial in shedding light on 

this complex molecular mechanism.  
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To investigate this, initially, the total protein levels of NF-»B1, NF-»B2, RelA and RelB 

were assessed upon A3C depletion. In 786-O cells, protein levels of these subunits 

remained unchanged, while in 769-P cells, a slight increase in RelA and a decrease in RelB 

and processed NF-»B2 p52 were observed (Figure 25A). However, the most striking impact 

of A3C depletion was observed on the active forms of NF-»B subunits. Notably, a significant 

60% reduction in the phosphorylation of RelA at Ser536 was determined in 786-O shA3C 

cells compared to shC. Phosphorylation of Ser536 is known to facilitate the nuclear 

translocation of RelA and subsequent target gene expression (Mattioli et al., 2004; Sasaki 

et al., 2005). Additionally, processing of NF-»B2 to the active form p52 was impaired upon 

A3C depletion, as p52 levels diminished in shA3C cells compared to shC (Figure 25B). 

To gain insight into the cellular distribution of the NF-»B subunits RelA and NF-»B2, 

subcellular fractionation analyses were performed in 786-O and 769-P shC and shA3C cells 

(Figure 25, D-H). In 786-O cells, the cytoplasmic levels of unprocessed NF-»B2 p100 and 

RelA increased by 30% and 40%, respectively, compared to shC (Figure 25, D and E), 

indicating impaired processing and translocation to the nucleus. Similarly, in 769-P cells, 

A3C depletion resulted in a 40% and 50% accumulation of NF-»B2 p100 and RelA, 

respectively, in the cytoplasm (Figure 25, F-H), further supporting the disrupted 

translocation of NF-»B subunits upon loss of A3C.  

Consistent with previous reports (Buss et al., 2012; Handschick et al., 2014), CDK6 is 

likely involved in RelA phosphorylation, as demonstrated by the substantial reduction in 

Ser536 phosphorylation upon transient CDK6 KD in 786-O cells (Figure 25C). Moreover, 

transient A3C depletion in 786-O cells resulted in reduced RelA phosphorylation. However, 

in 769-P cells, A3C KD led to increased RelA phosphorylation, emphasizing the cell line-

dependent role of A3C in NF-»B regulation.  

The complexity of the NF-»B regulatory network becomes apparent when considering 

the diverse kinases involved in the phosphorylation of NF-»B regulators and subunits. 

Figure 26A provides an overview of these kinases, although it is not exhaustive. For 

instance, the I»B kinases, such as IKBKA/B/E, have been implicated in the phosphorylation 

of I»B³, NF-»B2 and RelA (Christian et al., 2016; Sakurai et al., 1999; Zandi et al., 1997). 

On the other hand, kinases such as ERK1/2 and p38 exhibit specific phosphorylation of 

I»B³, indirectly influencing NF-»B components (Korus et al., 2002; Schulze-Osthoff et al., 

1997; Ulivi et al., 2008; Vanden Berghe et al., 1998). Direct phosphorylation of NF-»B 

subunits is attributed to cyclin-dependent kinases (CDKs; Buss et al., 2012; Henry et al., 

2018; Nowak et al., 2008; Perkins et al., 1997; Figure 25C) and Glycogen synthase kinases 

(GSK3³; Arabi et al., 2012; Buss et al., 2004a). RelA, in particular, attracts several kinases 

that phosphorylate various residues, including protein kinases (Zhong et al., 1998), RSK1 

(Bohuslav et al., 2004) and TBK1 (Buss et al., 2004b), exemplifying the complexity of the 

NF-»B regulatory network. 
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Despite this complexity, the expression levels of selected kinases were investigated 

upon A3C depletion. In 769-P cells with stable A3C KD, the I»B kinase subunits (IKBKA/B) 

showed decreased levels, resulting in a mild decrease in the phosphorylation of I»B and 

subsequent mild accumulation as I»B is degraded upon phosphorylation (Figure 26B). 

Conversely, A3C depletion in 786-O cells did not affect I»B kinases but significantly reduced 
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p38 phosphorylation without altering its total protein levels (Figure 26C), suggesting an 

A3C-mediated p38/CDK6 axis for NF-»B activation independent of I»B.  
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Collectively, these findings highlight the multifaceted impact of A3C on NF-»B 

regulation in ccRCC-derived cell lines. A3C may stabilize various transcripts of NF-»B 

regulators, including kinases. The protective mechanism facilitated by A3C may involve 

shielding transcripts from miRNA-mediated degradation. The kinases subsequently 

phosphorylate NF-»B subunits or other regulators of NF-»B, enhancing the translocation of 

NF-»B complexes, which results in increased NF-»B activity and target gene expression 

(schematically illustrated in Figure 25I). Further research is required to unravel the full 

complexity and determine the precise mechanisms involved in the interplay between A3C 

and NF-»B regulation. 

 

In addition to its molecular function in ccRCC, this study aimed to explore the 

phenotypic consequences of elevated A3C levels. As previously demonstrated in Figure 16, 

A3C is upregulated in response to various stress factors occurring in growing tumors, such 

as high density, serum deprivation and detachment, suggesting its involvement in stress 

responses activated in cancer cells. Interestingly, the NF-»B pathway is known to be 
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activated by various stresses, including anoikis (Paoli et al., 2013), hypoxia stress (Schreck 

et al., 1992) and anti-cancer drug treatments (Morais et al., 2011), reinforcing the novel 

connection between A3C and the NF-»B pathway. Activation of the NF-»B pathway leads 

to the upregulation of anti-apoptotic, pro-angiogenic and multidrug resistance pathways, 

making NF-»B a pro-survival factor in oncogenesis (Morais et al., 2011).  

To examine the cellular consequences of altered A3C levels in response to stress, 786-

O and 769-P cells with depleted levels of A3C (KO and KD) as well as 786-O cells with A3C 

re-expression were subjected to adhesion and starvation stress. The results demonstrated 

that A3C-depleted cells exhibited impaired cell viability under stress conditions compared 

to control cells (Figure 27, A and B), indicating that A3C plays a beneficial role in cell 

proliferation under stress and enhances resistance to anoikis. Notably, A3C re-expression 

significantly rescued cell viability, further supporting the role of A3C in promoting survival 

under stress conditions. Importantly, these effects regarding cell viability were specific to 

stress conditions, as no significant differences were observed when A3C levels were 

modulated under non-stress conditions (high attachment, 10% FBS).  

To determine if the observed stress response is NF-»B-dependent, NF-»B subunits 

were transiently depleted, followed by stress application. KD of NF-»B2 and RelB resulted 

in a significant decrease in cell viability upon exposure to stress (Figure 27, C and D), 

suggesting that A3C9s survival function may be mediated by the NF-»B signaling pathway. 

Notably, the KD of NF-»B2 showed the strongest effect on cell survival. Additionally, 

reducing only NF-»B2 or RelB was sufficient to drastically decrease cell viability even under 

non-stress growth conditions, confirming the essential role of NF-»B in cell survival.  

Furthermore, consistent with previous reports (Aggarwal, 2000; Baldwin, 2001), NF-»B 

activation inhibits apoptosis by transcriptionally upregulating various anti-apoptotic genes, 

including BIRC3 (Figure 20C; Silke, Vucic, 2014; Simon et al., 2007). BIRC3, a member of 

the inhibitor of apoptosis (IAP) protein family, functions as an E3 ubiquitin ligase, binding 

and inhibiting active caspases (Silke, Vucic, 2014), particularly Caspase3 and Caspase7. 

By blocking caspase activity, BIRC3 prevents the cleavage of various cellular substrates, 

such as focal adhesion kinases or polymerases for DNA repair, thus inhibiting apoptosis 

and promoting cell survival (Luo et al., 2022; Wang et al., 2012; Wang et al., 2019).  

Caspase activity assays were conducted to assess the impact of A3C on the inhibition 

of apoptosis. Depletion of A3C in 769-P cells resulted in a significant upregulation of 

caspase activity (Figure 27E), suggesting that inhibited apoptosis occurring in RCC is 

mediated by A3C, possibly due to increased NF-»B activity resulting in elevated BIRC3 

levels. Interestingly, the effects on caspase activity differed in 786-O and 769-P cells, 

highlighting the heterogeneity of the ccRCC-derived cell lines. Additionally, the role of 

BIRC3 in inhibiting apoptosis and promoting cell survival was confirmed, as caspase activity 

increased upon BIRC3 depletion and decreased with BIRC3 overexpression (Figure 27F). 
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In addition to 2D cell culture models, 3D spheroid cell cultures were employed to mimic 

the microenvironment of growing tumors in vitro, including gradients of oxygen and nutrients 

as well as phenotypic heterogeneity. Monitoring the spheroid area demonstrated that A3C 

KO significantly reduced spheroid growth (Figure 28B), highlighting the importance of A3C 

as a survival factor under stress conditions encountered in a growing tumor. In contrast, 

A3C KO had no significant effect on cell number under 2D culture conditions (Figure 28A). 

These results of significantly reduced spheroid sizes were reproducible using 786-O and 

769-P cells with stable A3C KD (Figure 28, C and D).  

To investigate the role of A3C in vivo, ccRCC-derived cells with modulated A3C levels 

were analyzed in xenograft mouse models. Tumor development and vascularization were 

robust in 786-O C and A3C Rec cells, while barely any tumor formation was observed with 
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A3C KO cells (Figure 28, E and F). These findings indicate that A3C is required for tumor 

growth of ccRCC-derived cells in vivo.  

 

tailed Student9s t

 

In conclusion, A3C serves as an important survival factor in ccRCC by promoting cell 

viability and resistance to stress potentially through the regulation of the oncogenic NF-»B 

pathway (schematic in Figure 28G). This activation leads to the upregulation of anti-

apoptotic and pro-survival factors such as BIRC3. Consequently, A3C enhances the 

survival of ccRCC-derived cells. Overall, this study highlights the multifaceted role of A3C 

in regulating cellular responses to stress and its implications in tumor progression and 

survival. 
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Given the constitutive activation of the NF-»B pathway in ccRCC and its association 

with cell survival, pro-inflammatory responses and poor patient prognosis, targeting this 

pathway is considered a promising approach for treating advanced ccRCC (Morais et al., 

2011; Peri et al., 2013). The NF-»B pathway involves a network of phosphorylation 

cascades mediated by kinases. Therefore, drugs that block these kinases and, thus, inhibit 

the activation of oncogenic factors have been developed for RCC treatment.  

In this study, three FDA-approved small-molecule inhibitors, namely Sorafenib, 

Pazopanib and Sunitinib were investigated. These inhibitors target multiple tyrosine protein 

kinases and receptor tyrosine kinases, including platelet-derived growth factor receptors 

(PDGFRs) and vascular endothelial growth factor receptors (VEGFRs), which play critical 

roles in RCC tumor cell proliferation and angiogenesis. By simultaneously inhibiting target 

kinases, these compounds reduce tumor vascularization, trigger cancer cell apoptosis and 

promote tumor shrinkage (Atkins et al., 2006; Kane et al., 2006; Keisner, Shah, 2011; 

Motzer et al., 2006; Pick, Nystrom, 2012; White, Cohen, 2015).

Šídák's multiple comparisons test 

 

To assess the impact of A3C on the efficacy of these drugs, EC50 values were 

determined for each molecule in 786-O cells (Figure 29A). Subsequently, cell viability was 

evaluated upon A3C depletion and drug treatment. As demonstrated in Figure 29B, cells 

with depleted levels of A3C exhibited significantly reduced cell viability when treated with 

Pazopanib or Sunitinib, suggesting that ccRCC-derived cells become more susceptible to 

drug treatment with tyrosine kinase inhibitors upon depletion of A3C. These results indicate 

that targeting A3C in combination with these compounds may present a potential 

therapeutic strategy for treating ccRCC effectively. Further research in this area is 

reasonable to explore the potential benefits of this combination therapy. 

https://en.wikipedia.org/wiki/Platelet-derived_growth_factor
https://en.wikipedia.org/wiki/PDGF-R
https://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor
https://en.wikipedia.org/wiki/VEGFRs
https://en.wikipedia.org/wiki/Angiogenesis
https://en.wikipedia.org/wiki/Apoptosis
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The AID/APOBEC protein family has been extensively studied due to its crucial role in 

innate and adaptive immune responses. However, while the functions of A3A and A3B, 

which induce genomic mutations enhancing tumorigenesis, as well as the antiviral activity 

of A3G and A3F are well understood, other members of this protein family have received 

little attention. Information about A3C, for instance, remains limited, despite its ubiquitous 

expression in various tissues and overexpression in different solid tumors, including ccRCC 

(Guo et al., 2022; Jarmuz et al., 2002). Furthermore, previously unanticipated functions of 

A3 proteins beyond cytidine deamination have been proposed (Holmes et al., 2007b), such 

as their involvement in inhibiting miRNA-mediated gene silencing (Huang et al., 2007; Liu 

et al., 2012a; Rhoads, 2010).  

CcRCC, the most aggressive subtype of RCC, is especially challenging as it is resistant 

to conventional chemotherapy and radiation (Makhov et al., 2018). Thus, novel therapeutic 

approaches are urgently needed, particularly for advanced ccRCC exhibiting a 5-year 

survival rate of only 12% (SEER Cancer Statistics Review, 1975–2012, National Cancer 

Institute. Bethesda, MD, 2015). Furthermore, ccRCC lacks the distinct genomic mutation 

signature associated with A3 activity despite increased expression (Alexandrov et al., 

2013), suggesting that members of the A3 protein family, such as A3C, may have alternative 

functions independent of cytidine deamination contributing to cancer progression. 

This study unveils a novel molecular role for A3C in promoting ccRCC tumor 

development. Using RNA-seq analyses and cell-based assays in ccRCC-derived cells, A3C 

was found to be associated with increased NF-»B activity, playing a crucial role in cell 

survival under stress conditions and tumor growth in vivo. A3C interacts with and putatively 

stabilizes previously unrecognized mRNA targets that encode factors regulating the NF‐»B 

signaling pathway. Consequently, A3C enhances NF‐»B activity, resulting in elevated 

expression of NF‐»B target genes, ultimately driving tumor growth. Depletion of A3C leads 

to the retention of NF‐»B subunits in the cytoplasm, impairing NF‐»B activity.  

These findings suggest that A3C promotes ccRCC tumor development via positive 

regulation of the NF-»B signaling pathway. This discovery provides a strong rationale for 

considering A3C inhibitors as part of combination therapy for advanced ccRCC patients, 

underscoring the importance of further investigating the molecular role of A3C in 

tumorigenesis.  
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Despite sharing structural similarities arising from a common evolutionary origin, A3 

proteins exhibit significant diversity. Approximately 33 million years ago, the A3 protein 

family diverged, coinciding with the peak of LINE-1 retrotransposon and Alu element 

invasions (Sawyer et al., 2004; Uriu et al., 2021). Over time, the A3 protein family has 

diversified its functions due to co-evolutionary processes and adaptations. The emergence 

of different A3 genes enabled interactions with diverse target molecules, including viral 

genomes and cellular RNAs, as well as various cofactors and regulatory proteins. 

Consequently, these proteins expanded their functions, subcellular localizations and 

biological activities playing essential roles in antiviral defense, endogenous retroelement 

regulation and potentially other cellular processes.  

A3G, for instances, is effectively sequestered within the cytoplasm due to a cytoplasmic 

retention signal and remains excluded from chromosomes during mitosis (Smith et al., 

2012). In contrast, A3B harbors a NLS (Bogerd et al., 2006), which expands the range of 

potential functions. Regarding A3C, as demonstrated in Figure 8, it primarily localizes to the 

cytoplasm. Due to the relatively small size (approximately 23 kDa), A3C has the potential 

for a cell-wide distribution, including nuclear entry through passive diffusion. Indeed, studies 

have reported that A3C localizes to the nucleus and accumulates in nucleoli (Constantin et 

al., 2022; Niewiadomska et al., 2007). However, it is essential to highlight that A3C has 

been shown to be excluded from DNA breaks (Constantin et al., 2022) and, additionally, 

from DNA during early mitosis (Lackey et al., 2013). This indicates that A3C does not 

interact with DNA, distinguishing it from A3B, which exhibits genomic deamination activity 

during interphase and mitosis (Lackey et al., 2013). This raises questions about the specific 

functions of A3C and underscores that functions ascribed to A3B, particularly those related 

to genomic mutations inducing carcinogenesis, might not apply to A3C.  

Further evidence of the diverse characteristics within the A3 protein family can be 

observed in sucrose gradient profiles and pull-down analyses. As previously described 

(Chiu et al., 2006), A3G is widely distributed across the sucrose gradient, whereas A3C 

primarily localized to the upper fractions (Figure 7A). The uniform distribution of A3G 

confirms its presence in two distinct cytoplasmic forms, LMM and HMM complexes. These 

two RNP complexes are considered to regulate A3G9s function. Formation of LMM 

complexes, consisting of homomultimers, is required for efficient deaminase activity on 

ssDNA substrates (McDougall et al., 2011). Following RNA binding, A3G forms HMM 

complexes, inhibiting the ssDNA deaminase activity allosterically or competitively (Chiu et 

al., 2005; Smith et al., 2012). HMM complexes comprise various types of cellular RNP 

complexes, including Staufen-containing RNA-transporting granules, Ro RNPs and 

components of prespliceosomes, along with RNAs such as Alu retroelements and Y RNAs 
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(Chiu et al., 2006; Figure 7, B and C). Previous studies suggest that A3G sequesters Alu 

RNAs in cytoplasmic HMM complexes, effectively isolating them from the nuclear LINE-1 

enzymatic machinery and thereby inhibiting the retrotransposition of Alu elements 

efficiently, independently of cytidine deamination (Chiu et al., 2006). In contrast, A3C 

restricts Alu retrotransposition by only 50-70% (Horn et al., 2014), leaving its specific roles 

in cellular processes unclear.  

HMM formation is not a common feature among all A3 proteins (Niewiadomska et al., 

2007). A3A, for instance, does not require treatment with RNase to activate its deaminase 

activity, suggesting that it is not inhibited by RNA in HMM complexes (Niewiadomska et al., 

2007; Thielen et al., 2010). As demonstrated in Figure 7, A3C was found in low molecular 

weight fractions of the sucrose gradient and associated with AGO2, DCP1A and Y RNAs. 

Furthermore, A3C concentrated in foci determined to be P-bodies and stress granules 

(Figure 8B), albeit, as reported, to a lesser extent compared to A3D and A3G 

(Niewiadomska et al., 2007). This difference may be explained by the fact that A3D and 

A3G comprise two cytidine deamination domains, thus, interacting more strongly with 

cellular RNAs, potentially directing them to P-bodies (Niewiadomska et al., 2007).  

P-bodies are cytoplasmic aggregates consisting of various cellular RNAs and their 

associated proteins, serving as centers for RNA and ribonucleoprotein degradation and 

recycling (Smith et al., 2012). A3G has been suggested to promote the dissociation of 

miRNA-targeted mRNA from P-bodies, thereby facilitating the translation of these mRNAs 

(Huang et al., 2007). Given that A3C localizes in P-bodies and associates with AGO2, it is 

possible that it functions in a similar mode like A3G as an RNA-induced gene silencing 

regulator. 

Moreover, considerable variation exists in the antiviral activity among the seven human 

A3 proteins. A3G strongly inhibits Vif-deficient HIV-1, whereas A3D, A3F and A3H exhibit 

lower inhibitory potential (Chaipan et al., 2013; Hultquist et al., 2011). In contrast, A3A and 

A3B do not potently block HIV infection of T-cells, the primary target of HIV (Hultquist et al., 

2011). When referring to A3C, there are contradictory findings regarding its viral packaging 

and cytidine deamination activity (Bourara et al., 2007, 2007; Chaipan et al., 2013; Jaguva 

Vasudevan et al., 2020; Langlois et al., 2005; Marin et al., 2008). However, the restrictive 

activity of A3C on both retroviruses and endogenous retroelements appears to be weak

(Hultquist et al., 2011; Kinomoto et al., 2007; Wittkopp et al., 2016), making A3C a unique 

member of the A3 protein family. Interestingly, a SNP in A3C, widely distributed in African 

populations, enhances its antiviral activity against HIV-1 by increasing its enzymatic activity 

(Wittkopp et al., 2016).  

In summary, the A3 protein family is a diverse group of proteins, with A3C standing out 

for its unique properties, making A3C an intriguing focus for further research in 

understanding its specific roles in cellular processes and potential applications. 
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Various studies have highlighted unique expression patterns for A3 proteins, with A3C 

typically showing high expression in healthy tissues and heterogeneous expression 

alterations in various cancer types (Guo et al., 2022; Luo et al., 2021; Ng et al., 2019; Zhang 

et al., 2023). Although the expression profiles of the A3 protein family are closely associated 

with tumor occurrence and progression, the reasons behind the upregulation of A3 gene 

expression and the molecular consequences of elevated A3 levels in tumors with low 

mutational burdens, as observed in kidney cancer (Jarvis et al., 2018; Zhang et al., 2023), 

have been widely neglected. 

Initially, light is shed on the regulation of A3C expression before the molecular function 

is discussed below. Once again, A3B stands out as the most extensively studied A3 family 

member regarding its expression. A3B has been implicated in linking viral infections to 

cancer, such as HPV-induced cervical cancer, due to elements in the promoter responding 

to the viral oncoprotein E6, stimulating A3B expression (Mori et al., 2015). Additionally, NF-

»B-binding sites within the A3B promoter region have been identified, facilitating A3B gene 

expression via the NF-»B signaling pathway in multiple cancer cell lines and tumors 

(Fanourakis et al., 2023; Leonard et al., 2015; Periyasamy et al., 2021; Yamazaki et al., 

2016). 

In contrast, ccRCC has not been linked to virus-related malignancies (Bersanelli et al., 

2022), leaving the mechanism behind A3 upregulation in non-viral malignancies elusive. 

However, in silico analysis of the A3C promoter region identified three putative NF-»B-

binding sites (5′-GGRRNNYYCC-3′) approximately 1 kb upstream of the A3C transcriptional 

start site, suggesting a potential role of the NF-»B transcription factor in A3C expression. 

Notably, elevated NF-»B activity, as evidenced by upregulated expression of NF-»B 

regulators and target genes, has been observed in ccRCC (Peri et al., 2013), hinting at 

potential NF-»B-mediated upregulation of A3C in this malignancy.  

However, siRNA-mediated KD of NF-»B2 and RelB resulted in only a mild reduction in 

A3C mRNA levels (Figure 20C), questioning A3C as a direct NF-»B target gene. This 

modest impact may be attributed to the potential preference of distinct NF-»B dimers for 

specific variations of »B-binding sites (Wan, Lenardo, 2009). The »B-binding sites within the 

A3C promoter region may be preferentially recognized by NF-»B dimers other than NF-»B2 

or RelB. Supportively, analyzing well-established NF-»B target genes like C3 and BIRC3, 

which have two and three putative »B-binding sites in their promoter regions, respectively 

(Hong et al., 2000; Lian et al., 2015), revealed that the »B-binding sites exhibit unique 

responsiveness to the NF-»B transcription factors. While BIRC3 mRNA levels were similarly 

reduced upon NF-»B2 and RelB KD, the silencing of NF-»B2 resulted in a more pronounced 
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decrease in C3 expression compared to RelB KD (Figure 20C). Thus, the mild reduction in 

A3C mRNA levels upon silencing individual NF-»B subunits suggests the involvement of 

other NF-»B dimers in regulating A3C expression.

Additionally, NF-»B subunits demonstrate tumor type-specific upregulation 

(Kaltschmidt et al., 2018), emphasizing a particular transcriptional activity in different cancer 

types. In ccRCC, the expression pattern of NF-»B subunits appears to be heterogeneous, 

with NF-»B1 and c-Rel not showing significant upregulation at the mRNA level (Figure 17F). 

This leaves RelA, along with NF-»B2 and RelB, potentially facilitating A3C expression. This 

may account as well for the modest impact on A3C gene expression observed when 

silencing individual NF-»B subunits in a ccRCC-derived cell line. Therefore, the possibility 

remains that A3C is a direct target gene of NF-»B. To potentially achieve a stronger 

reduction of A3C transcript levels, a combined KD of all NF-»B subunits should be 

considered.  

Another factor contributing to the mild effect may be the lack of induction of the NF-»B 

signaling pathway by cytokines or cellular stress conditions in this particular setting. The 

nature of the NF-»B system is rather dynamic than static, characterized by various activation 

states, including a constitutively active state in specific cell types such as B-cells, a 8high-

ON9 state induced by pro-inflammatory triggers and a 8low-ON9 state mediated by 

malfunctioning autoregulatory negative feedback loops (Meier-Soelch et al., 2021). The 

later state often occurs in the tumor microenvironment, resulting in low but continuous NF-

»B activation (Ben-Neriah, Karin, 2011; O'Dea et al., 2007). Moreover, the expression of 

NF-»B target genes can vary significantly based on the stimulus or the physiological context 

(Meier-Soelch et al., 2021), influenced additionally by other pathways like p38, JNK and 

JAK kinase pathways, which cooperate with the NF-»B system at multiple levels (Gaestel 

et al., 2009).  

Therefore, considering that the experiments were performed in ccRCC-derived cells, 

A3C might only be transcribed at basic levels under the control of low-grade NF-»B 

activation, additionally influenced by other stress pathways, resulting in a mild effect when 

individual NF-»B subunits were silenced. Stimulation of the NF-»B signaling pathway could 

potentially enhance NF-»B-dependent gene expression of A3C, providing evidence of A3C 

being a direct NF-»B target gene. Accordingly, BIRC3 and C3 are inducible by TNF-³ or IL-

1, conferred by the consensus NF-»B-binding sites in their promoter regions (Hong et al., 

2000; Lian et al., 2015). Similarly, A3A, A3F and A3G respond to IFN-³, IFN-´, IL-2, IL-15 

and TNF-³ with increased expression in different cell types (Bonvin et al., 2006; Koning et 

al., 2009; Peng et al., 2006; Refsland et al., 2010). However, it is worth noting that A3C 

expression does not respond to IFN-³ treatment (Figure 15). Nevertheless, the effect of 

other pro-inflammatory cytokines such as TNF-³ and IL-1 or other factors activating the NF-
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»B pathway and potentially the effect on A3C expression should be investigated in the 

future. 

The NF-»B pathway mediates responses to a variety of cellular stressors (Hayden, 

Ghosh, 2008), including nutrient deprivation and glucose starvation. Key regulators of the 

NF-»B pathway, such as kinases (e.g., the IKK multiprotein complex) and phosphatases, 

are activated by a great variety of stimuli and different mechanisms, including 

phosphorylation, thereby detecting low nutrient levels, ER stress or reactive oxygen species 

(Reid, Kong, 2013; Tam et al., 2012). The manifold activation mechanisms ensure that 

diverse stress conditions induce the catalytic activity of IKK complexes, resulting in 

adjustments of NF-»B transcription factor levels, which ultimately leads to the 

reprogramming of cellular functions and the promotion of survival by altering the gene 

expression profile (Criollo et al., 2012; Hoesel, Schmid, 2013). Consequently, A3C, as a 

putative NF-»B target gene, may be transcriptionally upregulated in response to various 

stress conditions. Indeed, A3C showed upregulation both at protein and transcript levels 

when ccRCC-derived cells were exposed to serum deprivation, detachment or cell density-

induced stress (Figure 16). This suggests that A3C may function in a NF-»B-dependent 

manner, serving as a stress-responsive factor beneficial for ccRCC-derived cells to endure 

challenging conditions (Figure 30).  

Nevertheless, the status of A3C as a direct NF-»B target gene remains to be confirmed. 

Several arguments support this hypothesis, including the increase in A3C at transcript level 

in primary RCC tissues and RCC cell lines exhibiting enhanced NF-»B activity (Figure 12, 

A, B, D and E), the positive correlation between A3C expression and expression of NF-»B 

subunits in ccRCC (Figure 17I), the identification of putative NF-»B-binding sites in the A3C 

promoter region, and the observed elevated A3C transcript levels in response to various 

stress conditions (Figure 16, A and B). Despite these indicators, additional evidence is 

required to support NF-»B-mediated transcription. Chromatin immunoprecipitation (ChIP) 

using antibodies for NF-»B subunits can be employed to investigate if the »B-binding sites 

in the A3C promoter region are accessible to NF-»B transcription factors. As previously 

reported, NF-»B signaling is also regulated by nuclear activation processes involving the 

»B-surrounding chromatin environment, such as cofactors, chromatin accessibility and 

histone modifications, determining the gene-specific occupancy of DNA by NF-»B (Meier-

Soelch et al., 2021; Natoli et al., 2005). ChIP-Seq in ccRCC-derived cells upon NF-»B 

pathway induction would provide valuable insight. Furthermore, the application of NF-»B 

inhibitors, such as BAY 11-7082, known for its broad inhibition of several factors involved 

in the NF-»B pathway (Lee et al., 2012), or MG132, a proteasome inhibitor that prevents 

degradation of I»B and processing of p100 (Nakajima et al., 2011), could be considered to 

reduce A3C expression. This would provide additional evidence supporting the hypothesis 

that A3C is a direct NF-»B target gene. 
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 Repressive regulatory elements in the 3’ U

In addition to the transcriptional regulation of A3C in response to stress-induced 

signaling pathways, various alternative mechanisms contribute to regulate gene 

expression, including epigenetic modifications, autoregulation, feedback loops, RNA 

processing, RNA stability and translation. Primarily, the untranslated regions of a transcript 

are involved in these mechanisms.  

This study demonstrated that the 39 UTR of the A3C transcripts harbors robust 

secondary structures and regulatory elements (Figure 10). Secondary structures in the 

39 UTR can influence mRNA turnover; for instance, hairpins in transcripts can result in 

increased stability (Georgakopoulos-Soares et al., 2022; Mignone et al., 2002). Analysis of 

A3C transcripts across diverse cell lines revealed relatively stable mRNA over a time span 

of at least two hours (Supplemental Figure 3). Additionally, destabilizing processes 

mediated by miRNA via the 39 UTR were not observed (Figure 13C). However, using 

reporter constructs containing the native 39 UTR of A3C resulted in a significant reduction 

in the activity of the reporter gene (Figure 13B), indicating that the A3C 39 UTR exerts a 

repressive effect. The reduction in reporter gene activity remained consistent regardless of 

A3C protein levels, as reporter gene activity decreased similarly with both A3C OE as well 

as A3C KO (Figure 10D). This finding suggests that autoregulatory feedback loops may not 

play a significant role in A3C gene expression.  

Secondary structures have the potential to modulate rates and amounts of translation, 

as they affect the accessibility for RBPs, which are critical trans-acting factors controlling 

translation (Jacobs et al., 2012; Mazumder et al., 2003; Szostak, Gebauer, 2013). 

Furthermore, the identified inverted Alu elements in the A3C 39 UTR have been found to act 

as translation inhibitors (Chen, Yang, 2017; Häsler, Strub, 2006; Stuart et al., 2000), 

potentially explaining the restrictive effects of the A3C 39 UTR. This regulatory strategy may 

serve to control A3C protein levels, particularly considering the damaging potential of the 

putative mutagenic activity on genomic DNA when localized in the nucleus. 

In conclusion, the regulation of A3C expression involves a complex interplay of factors 

affecting transcription, post-transcriptional processes and translation regulation and has 

further to be categorized into two conditions: basic A3C expression and stress-induced 

expression, as seen in ccRCC (Figure 30). Under steady-state conditions, A3C mRNA 

levels appear to remain relatively high, primarily attributed to a low mRNA degradation rate, 

explaining the generally high transcript levels of A3C in healthy tissue. Repressive elements 

and secondary structures within the 39 UTR of A3C, likely regulating translation, may 

counteract these high transcript levels. Furthermore, since previous reports have shown 

that pVHL as a ubiquitin ligase induces the degradation of all members of the A3 protein 
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family (Scholtes et al., 2021), pVHL is involved in controlling A3C protein levels in healthy 

tissue. 

 

However, under stress conditions, transcription is induced by altered activity of 

transcription factors, such as NF-»B transcription factors, as part of stress-responsive 

signaling pathways. Coupled with a low mRNA degradation rate and robust protein levels 

due to inactivated VHL, which is a common feature of ccRCC, elevated A3C protein levels 

arise in ccRCC. 

The role of the 39 UTR of A3C under stress conditions was not addressed in this study. 

Investigating the behavior of the reporter construct containing the native A3C 39 UTR under 

specific stress conditions, such as starvation or cell detachment, could reveal regulatory 

mechanisms. To gain a comprehensive understanding of A3C gene expression regulation, 

further experiments should be considered. Using nascent RNA capture to analyze newly 

synthesized A3C transcripts under stress conditions would offer insights into the 

transcription rate. Moreover, performing ribosome profiling to investigate the translation rate 

under distinct conditions could also provide valuable information.  
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κ

In the following, this study delves into the intricate interplay between A3C, an identified 

unfavorable prognostic marker in ccRCC, and NF-»B, a promising therapeutic target in 

cancer, shedding light on their interconnected roles in ccRCC progression. Previous 

studies, with a particular focus on kidney cancer (Guo et al., 2022; Wu et al., 2020; Zhu et 

al., 2021), have highlighted the significant roles of A3 family members in ccRCC, suggesting 

their potential as biomarkers. The analysis of a small, separate RCC cohort in this study 

aligns with the observed pattern of increased expression of A3 family members, especially 

A3C (Figure 12). Combined with worse prognosis of patients with elevated A3C levels 

(Figure 11D), the prognostic value of A3C in RCC was confirmed.  

Furthermore, previous reports have indicated elevated expression of NF-»B subunits 

in RCC (Morais et al., 2011; Oya et al., 2003b; Sourbier et al., 2007) and a constitutively 

activated NF-»B pathway in a high percentage of patient-derived ccRCC samples, resulting 

in an 8NF-»B signature9 in ccRCC (Peri et al., 2013). Moreover, investigations highlight the 

NF-»B signaling pathway as prominently overexpressed in metastatic ccRCC tumor tissue 

(Ghatalia et al., 2016). Additionally, studies have revealed a correlation between NF-»B 

expression and tumor grade, suggesting an independent prognostic value for specific NF-

»B subunits in RCC (Djordjević et al., 2008; Meteoglu et al., 2008; Ng et al., 2018; Oya et 

al., 2003b).  

For the first time, this study provides a connection between A3C and NF-»B in ccRCC. 

It not only suggests that A3C is a direct target gene of NF-»B, explaining elevated A3C 

expression levels in ccRCC, but also proposes that A3C promotes ccRCC progression by 

enhancing the NF-»B pathway.  

Upon depletion of A3C, either by CRISPR/Cas9-mediated KO in 786-O cells or by 

shRNA-induced gene silencing in 786-O and 769-P cells, a substantial fraction of NF-»B 

target genes showed decreased expression (Figure 19, A-D). Furthermore, re-expression 

of NF-»B target genes in 786-O A3C Rec cells supports the hypothesis of an A3C-

dependent 8NF-»B signature9 in ccRCC-derived cells. This is further validated by GSEA 

performed with differentially expressed genes between 786-O C and A3C KO cells and the 

HALLMARK gene sets (Figure 17, D and E). GSEA, a tool for interpreting gene expression 

data, integrates expression information from the transcriptome with whole sets of 

functionally related groups of genes (Subramanian et al., 2005). Notably, not only is the 

pathway 8TNFA SIGNALING VIA NF»B9 the most significantly altered pathway upon A3C 

modulation, but also pathways associated with the NF-»B signaling pathway, including 

8INFLAMMATORY RESPONSE9, 8INTERFERON GAMMA RESPONSE9, 8IL6 JAK STAT3 

SIGNALING9 and 8COMPLEMET9, are significantly altered and, additionally, positively 

enriched upon A3C re-expression. Moreover, the effect of decreased NF-»B target gene 
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expression upon depleted A3C expression was observed across RCC cell lines (Figure 20, 

A and B). Using C3 as an exemplary NF-»B target gene, decreased transcript levels upon 

A3C depletion are indeed a consequence of deficient transcription and not of destabilizing 

effects, as indicated in Figure 20D and E, showing stable C3 transcript levels in RNA decay 

analyses and reduced nascent C3 mRNA levels, respectively. This suggests that A3C 

sufficiently affects NF-»B transcriptional activity.  

Furthermore, the NF-»B activity was investigated using reporter gene constructs 

controlled by NF-»B responsive elements. The minimal promoter of the Firefly luciferase 

reporter gene was extended to encompass five »B-binding sites (59-GGGAATTTCC 

GGGGACTTTCC GGGAATTTCC GGGGACTTTCC GGGAATTTCC-39) that align with the 

10 bp defined consensus sequence recognized by NF-»B (5′-GGGNNNNNCC-3′; N = A, C, 

G or T; Chen, Ghosh, 1999). However, limitations exist regarding the experimental 

application of this NF-»B activity reporter. »B-binding sites can exhibit significant variability, 

particularly in the central portion (Mulero et al., 2019), resulting in approximately 1.4x104 

potential »B-binding sites in the human genome (Wan, Lenardo, 2009). Therefore, the used 

reporter construct is not capable of including all putative »B-binding sites. Moreover, 

different NF-»B homo- and heterodimers have differential preferences and affinities for 

variations of the DNA-binding site, inducing differential target gene expression (Chen, 

Ghosh, 1999; Hoesel, Schmid, 2013). Therefore, the reporter construct may not capture all 

NF-»B binding interactions, potentially leading to an incomplete understanding of the overall 

NF-»B activity in this context. 

Given the limited variation of »B-binding sites in the reporter vector and the KD of an 

individual NF-»B subunit to validate responsiveness of the reporter construct used in this 

study, a modest effect on NF-»B activity can be expected. As depicted in Figure 18B, a 

transient KD of NF-»B2 indeed resulted in a modest 20% reduction of NF-»B activity. 

Notably, a transient KD of A3C showed a greater reduction of NF-»B activity (Figure 18B), 

indicating a potentially global impact of A3C on NF-»B signaling. Additionally, stable 

depletion of A3C enhances the effect of reduced NF-»B activity, particularly in the ccRCC-

derived cell line 769-P (Figure 18C), suggesting that the A3C effect depends on long-term 

adaptations and the cell-specific context. In conditions of elevated A3C levels, representing 

the tumor microenvironment of ccRCC, NF-»B activity is increased (Figure 18D). To 

enhance the sensitivity of the NF-»B activity reporter and achieve more robust results, it is 

recommended to incorporate a wider range of »B-binding sites into the reporter vector. 

Additionally, the induction of the NF-»B signaling pathway by diverse stimuli could rapidly 

activate the NF-»B system, potentially yielding stronger outcomes using this reporter vector. 

Nevertheless, this study convincingly demonstrates that elevated A3C expression is 

associated with increased NF-»B activity in ccRCC-derived cells. Although previous reports 

indicated that members of the A3 family, such as A3D and A3G, can serve as unfavorable 
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prognostic markers in ccRCC (Wu et al., 2020; Zhu et al., 2021), a potential cellular function 

has not yet been described. This study provides novel insights into a putative regulatory 

mechanism of A3C affecting NF-»B activity and ccRCC disease progression. 

 κ

κ

One major focus of this study was to elucidate the molecular function of A3C and 

examine the biological consequences of its upregulation in malignancies. While it has been 

observed that A3C modulates the NF-»B pathway, the precise mechanism by which A3C 

regulates NF-»B activity remains elusive. 

As previously described, the NF-»B pathway is a highly complex network that integrates 

various stimuli, signaling pathways, post-translational modifications, feedback circuits and 

protein-protein interactions, generating an intricate regulatory network (Hoesel, Schmid, 

2013; Tieri et al., 2012). Unlike traditional representations of signaling pathways as linear 

cascades, screens suggest the participation of hundreds of components in the NF-»B 

pathway, indicating a network with intricate interdependencies and feedback loops (Fraser, 

Germain, 2009). Important crosstalk nodes are the NF-»B subunits containing sites for 

phosphorylations and other post-translational modifications as well as kinases, such as the 

I»B kinase, integrating other signaling pathways into the NF-»B network (Ghosh, Dass, 

2016; Oeckinghaus et al., 2011). Additionally, several kinases, including GSK3-³, a 

serine/threonine kinase, and various members of the MAP kinase family (e.g., p38, ERK1/2 

and JNK), have well-documented interactions and cooperative roles with the NF-»B 

pathway, fine-tuning biological functions and cellular responses (Ghosh, Dass, 2016; 

Schulze-Osthoff et al., 1997). This intricate crosstalk is essential for shaping the activation 

of such a pleiotropic transcription factor family. However, it is important to note that the 

effect of a signaling molecule on NF-»B is cell type- and context-specific, as evidenced by 

variations in NF-»B subunit levels (Figure 25A and Supplemental Figure 6) and differing 

levels of (activated) kinases (Figure 26, B and C) among different cell lines. Consequently, 

identifying the primary factor affected by A3C in this complex NF-»B network remains 

challenging.  

 κB signaling pathway regulators

Given that global A3C interaction studies are currently not available, RIP-seq analyses 

were conducted to identify transcripts associated with A3C. Considering the previously 

reported promiscuous binding of A3 proteins to various classes of RNAs, such as mRNAs, 
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Y RNAs or 7SL RNAs (Apolonia et al., 2015; Kozak et al., 2006; Smith, 2016), it was 

expected that A3C would associate with a high number of RNAs. Indeed, the RIP analyses 

revealed the co-purification of over 5 300 protein-coding and non-coding transcripts with 

A3C (FC compared to input g 2; mean FPKM in input > 0.1). Using DAVID for systematic 

analysis of the putative protein-coding binding partners of A3C (n=2 770), multiple pathways 

were identified that are associated with the NF-»B signaling pathway, including TLR 

cascades, IL-17 signaling and TRAF6-mediated induction of NF-»B (Figure 22C). 

Furthermore, comparison of significantly enriched protein-coding genes from the A3C-IP 

(FC g 2; p < 0.05; mean FPKM in input > 0.1) with reported NF-»B signaling pathway 

regulators identified 232 putative mRNA binding partners of A3C described to be linked to 

the NF-»B signaling pathway (Figure 22E; Supplemental Table 3). Among these transcripts 

are kinases like CDK6, MAP3K7, IKBKA or RIPK2, transmembrane proteins like EDA2R 

and associated adaptors like TAB3 or TRAF6 (Figure 22, F and G). This highlights the 

potential for A3C to significantly influence the NF-»B signaling pathway by modulating its 

regulators.  

However, it is important to note that a hypergeometric test was conducted to assess if 

the number of transcripts pulled by A3C classified as 8NF-»B regulator9 was significantly 

higher than expected, revealing that NF-»B regulators were not significantly 

overrepresented in the RIP-seq results. As shown in Supplemental Figure 5, transcripts of 

factors belonging to pathways that were not considered enriched in the GSEA of A3C C vs. 

A3C KO, such as HEME_METABOLISM, MITOTIC_SPINDLE or SPERMATOGENESIS, 

showed an overlapping distribution in the A3C RIP-seq with transcripts of factors belonging 

to the HALLMARK pathway TNFA_SIGNALING_VIA_NFKB. Considering the non-selective 

association of A3 proteins with RNAs, this result was expected, especially since the 

hypergeometric test neglects biological dependencies such as RNA abundance and 

availability in the cell. This suggests that although an association of RNAs with A3C may 

not be statistically significant for distinct pathways, it may be biologically relevant for the 

cellular functions especially in the context of malignancies.  

The cellular function of A3 proteins is frequently linked to their cytidine deaminase 

activity on RNA and ssDNA, albeit with varying deamination activities and specificities 

(Hultquist et al., 2011; Ito et al., 2017; McDougall et al., 2011; Silvas, Schiffer, 2019; 

Stenglein et al., 2010). In vitro studies have demonstrated detectable deaminase activity on 

cytidine of ssDNA for all A3 proteins, exhibiting varying selectivity despite their evolutionary 

conserved core structure (Ito et al., 2017). However, these studies often overlook potential 

post-translational modifications, co-factor binding and subcellular localization occurring in 

vivo. Notably, C-to-U editing on specific RNAs has only been reported for A3A in monocytes 

(Sharma et al., 2015) and for A3G upon transient expression in HEK293T cells (Sharma et 

al., 2016), in addition to the well-known mRNA-editing activity of A1. 
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In this study, putative editing candidates of A3C (Supplemental Table 1) were identified 

by analyzing RNA-seq data from 786-O control, A3C KO and A3C Rec cell populations. 

Subsequently, these candidates were compared with putative A3C binding targets, 

revealing seven targets, including GLTP, PANX2, PXN, SBF1, TWF1, UBE4B and WDR4. 

Interestingly, none of these editing candidates are considered NF-»B regulators or 

prognostic markers in ccRCC. Moreover, C-to-T alterations identified in the RNA-seq data 

occurred simultaneously in many putative editing targets on the genomic level 

(Supplemental Figure 2), with ccRCC exhibiting a particularly high number of SNPs 

identified in whole-genome datasets compared to other cancer types (Roberts et al., 2013). 

As A3C mainly localizes to the cytoplasm (Figure 8), mutation events likely occur 

independently of A3C. RNA-editing contributes to transcriptome diversification and the 

regulation of gene expression by several complementary mechanisms, including the 

insertion of premature stop codons, nuclear retention of hyper-edited transcripts, 

modulation miRNA sequences or alteration of dsRNA structure and stability (Levanon et al., 

2004; Tang et al., 2012). However, RNA expression data in 786-O cells did not show overall 

alterations in the expression levels of potentially edited transcripts (Figure 9B). 

In conclusion, these findings suggest that A3C binds to a vast array of transcripts, 

revealing a promiscuous binding behavior. Among the associated RNAs are transcripts 

encoding regulators of the NF-»B signaling pathway, highlighting the potential of A3C to 

modulate NF-»B activity. Overall, these findings strongly suggest that A3C could efficiently 

affect the NF-»B signaling pathway by modulating its regulators by a mechanism 

independent of its cytidine deaminase function. 

 

Current studies offer only preliminary insights into the broader molecular roles of 

proteins within the APOBEC family. For instance, A1 has been identified to exhibit functions 

beyond its established role as an ApoB RNA-specific cytidine deaminase, suggesting a 

spectrum of deamination-independent activities. Mouse Apobec1 has been observed to 

bind AU-rich sequence elements embedded in the 39 UTR of RNAs with rapid turnover, 

thereby identifying novel RNA targets in animal models, including c-myc, TNF-³ and IL-2, 

(Anant, Davidson, 2000). These consensus motifs act as destabilizing elements, suggesting 

that Apobec1 has the capacity to modulate RNA stability (Blanc, Davidson, 2010; Anant et 

al., 2004). Notably, dysregulation of Apobec1 expression has been implicated in 

carcinogenesis, as evidenced by liver-specific overexpression in transgenic animals 

resulting in hepatocellular carcinoma (Blanc, Davidson, 2010; Yamanaka et al., 1995). 

Similarly, human A3 proteins have been found to fulfill functions beyond cytidine 

deamination, including their involvement in inhibiting miRNA-mediated gene silencing 
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(Holmes et al., 2007b; Huang et al., 2007; Liu et al., 2012a; Rhoads, 2010). Members of 

the A3 protein family can counteract the inhibitory effects of several miRNAs, such as miR-

10b, miR-16, miR-25, miR-29 and let-7a, on protein synthesis (Ding et al., 2011; Huang et 

al., 2007; Zhang, 2010). For instance, in colorectal tumors, A3G is involved in inhibiting 

miR-29-mediated suppression of MMP2, promoting metastasis (Ding et al., 2011). Although 

the precise mechanism remains elusive, it has been proposed that A3G prevents the decay 

of miRNA-targeted mRNA in P-bodies and instead promotes the association of mRNA with 

polysomes (Huang et al., 2007; Liu et al., 2012a). Interestingly, A3G is located in both P-

bodies and stress granules (Gallois-Montbrun et al., 2007; Wichroski et al., 2006). Since 

A3C is located in P-bodies and associated with AGO2 (Figure 8B), it is possible that it 

functions in a similar mode like A3G as a regulator of RNA-induced gene silencing.  

In ccRCC, an inverse correlation between immune-associated genes and the 

expression of multiple miRNAs was identified, such as miR-149 and miR-508, suggesting 

miRNAs to be key regulators of dysregulated expression of immune-related genes (Saad 

et al., 2022). Furthermore, signatures of dysregulated miRNA are associated with ccRCC 

stage, grade and progression, potentially targeting pathways crucial in carcinogenesis and 

cancer progression, including signaling pathways (Gowrishankar et al., 2014). The let-7 

miRNA family, known as tumor suppressors, is consistently downregulated in various 

cancers compared to normal tissue, including ccRCC (Gowrishankar et al., 2014; 

Kalantzakos et al., 2022; Liu et al., 2012c; Peng et al., 2015; Su et al., 2014). Moreover, 

expression levels of members of the let-7 family are decreased in highly aggressive primary 

metastatic tumors compared to non-metastatic ccRCC (Heinzelmann et al., 2011). 

Interestingly, several positive regulators of the NF-»B signaling pathway, identified as 

binding partners of A3C, such as MTPN, CDK6, TAB3, TRAM2, TAB2, MAP3K7 and 

IKBKA, harbor putative let-7 binding sites in their coding sequences or 39 UTRs (Figure 

24A). This may hint towards a protective function of A3C of NF-»B regulator transcripts 

against let-7-mediated degradation, facilitating mRNA stability and subsequently NF-»B 

activity. Indeed, depletion of A3C results in reduced expression levels of these putative 

binding partners (Figure 23).  

To evaluate the functional implications of the predicted let-7 target sites and to 

investigate whether A3C mediates a potential protective role via binding to let-7 

complementary sites on target mRNAs, luciferase reporters harboring the let-7 target 

sequence in the 39 UTR were generated (Figure 24). The impact of post-transcriptional 

regulation mediated by A3C appears to be modest, albeit significant in certain instances, 

such as for MTPN, CDK6 and IKBKA (Figure 24B). The cloned fragments of the 39 UTRs, 

spanning approximately 50 nucleotides, may not cover the entire A3C binding site or lack 

essential adjacent structural elements. This could impede effective A3C recognition and 

reduce its protective function. Another possibility for the modest effect is that in A3C-
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depleted cell populations, additional factors, such as other members of the APOBEC family, 

may bind NF-»B regulator transcripts, compensating for the absent stabilizing factor. 

Accordingly, cloning a longer sequence of 39 UTRs of putative A3C binding partners 

into the luciferase reporter gene led to a mild, though cell-type specific, impact of A3C on 

reporter gene expression (Figure 24C). It should be noted that these fragments might 

contain multiple target sites for other miRNAs or other regulatory factors, thereby affecting 

the reporter mRNA stability and luciferase expression at various levels. Furthermore, given 

that A3C is a stress-responsive factor, its effects on target gene expression may only 

manifest upon induction of stress-responsive pathways. Investigating additional miRNAs 

that are relevant in ccRCC, such as miRNA-21, miRNA-9, miRNA-149 and miRNA-30b 

(Braga et al., 2019; Xie et al., 2018), and a potential protective function of A3C on these 

miRNA target transcripts, should be assessed. 

Interpreting these results is challenging and further analyses should be considered. 

Antagomirs, synthetic antagonists of miRNAs that silence the endogenous miRNAs 

(Krützfeldt et al., 2005), could be used to ascertain whether let-7 is a biologically significant 

miRNA destabilizing putative A3C binding partners. Additionally, CLIP-seq could be 

employed to precisely identify the RNA sequence bound by A3C at nucleotide resolution. 

In this study, RNA stability assays were performed using either actinomycin D or ³-amanitin 

to assess the stability of putative A3C binding partners upon A3C depletion (Figure 24, 

E - G). Again, the effects of A3C on RNA stability appear to be modest for the investigated 

targets and time span. However, it is noteworthy that transcripts of kinases, including CDK6, 

IKBKA, IKBKE or RIPK2, show increased degradation upon A3C depletion. This suggests 

that A3C facilitates mRNA stability of NF-»B pathway regulators, potentially leading to 

alterations in the phosphorylation status of downstream targets, ultimately affecting NF-»B 

activity. Despite the seemingly minor impact of A3C on the stability of individual NF-»B 

pathway regulators, its cumulative effect on NF-»B activity may be substantial, achieved by 

adjusting the expression levels of numerous positive regulators across different levels of 

the complex regulatory network. 

 κ κ

While the majority of tumors, lymphoid or solid, exhibit augmented NF-»B activity 

(DiDonato et al., 2012; Karin et al., 2002), previous studies have indicated that activating 

oncogenic mutations in NF-»B subunits are rare, mainly occurring in lymphoid malignancies 

(Gilmore, 2003; Staudt, 2010). Instead, it is hypothesized that upstream components within 

the signaling system are activated, mediating post-translational modifications such as 

phosphorylation and acetylation. These modifications, in turn, regulate NF-»B activation by 
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either controlling NF-»B DNA binding activity or modulating the association of NF-»B 

complexes with either I»Bs or »B-binding sites (Wan, Lenardo, 2009). 

A novel factor potentially influencing multiple positive regulators within the complex 

regulatory NF-»B network synergistically is A3C. It could influence various positive 

regulators by affecting the stability of their transcripts. These regulators include kinases (like 

CDK6, IKBKA, IKBKE, RIPK2 and MAP3K7), adaptor proteins (such as TAB2 and TAB3) 

facilitating the formation of kinase complexes, receptor-associated factors (like TRAF6) 

mediating signal transduction of pro-inflammatory cytokines and transmembrane proteins 

(such as EDA2R). A3C may control the accumulation levels and post-translational 

modifications of downstream targets regulated by these factors. 

Focusing on kinases influenced by A3C, the complexity of the NF-»B regulatory 

network becomes apparent. Several kinases are involved in phosphorylating NF-»B 

subunits or key regulatory complexes like I»B³ (exemplary illustrated in Figure 26A; 

Christian et al., 2016; Oeckinghaus, Ghosh, 2009). For instance, I»B kinases (IKBKA/B/E) 

as well as CDKs (e.g., CDK6) are implicated in phosphorylating I»B³, NF-»B2 and RelA 

(Buss et al., 2012; Christian et al., 2016; Handschick et al., 2014; Oeckinghaus, Ghosh, 

2009; Sakurai et al., 1999). The upregulation of kinase genes such as IKBKE or MAP3K8 

in metastatic ccRCC underscores their potential as disease drivers (Ghatalia et al., 2016). 

Upon depletion of A3C, levels of CDK6, IKBKA and IKBKB are reduced (Figure 23, C and 

D; Figure 25C; Figure 26B), suggesting a subsequent impairment in the phosphorylation of 

downstream targets like RelA (Figure 25A). Additionally, while total levels of NF-»B subunits 

remain unaffected, there is a shift in the ratio of processed to unprocessed NF-»B2 towards 

less active subunits (Figure 25B).  

Moreover, the p38 MAP kinase has been reported to be associated with the activation 

of the NF-»B pathway, regulating NF-»B-dependent gene expression (Campbell et al., 2004; 

Carter et al., 1999; Koul et al., 2013; Sakai et al., 2002; Schulze-Osthoff et al., 1997). 

Depletion of A3C significantly reduces p38 phosphorylation without affecting its total protein 

levels (Figure 26C), indicating multifaceted control of various kinases.  

Consequently, dimers containing activated RelA and NF-»B2 p52 are translocated to 

the nucleus in a cell type-specific and A3C-dependent manner, while unprocessed subunits 

accumulate in the cytoplasm (Figure 25, D, F and G). Binding to specific chromatin loci 

across the genome, transcription of NF-»B target genes crucial for cell survival, proliferation 

and invasion is induced, thereby promoting tumor progression (schematically depicted in 

Figure 25I; DiDonato et al., 2012). In ccRCC, these target genes such as IAP proteins (e.g., 

BIRC3 and BIRC5) were previously reported to correlate with advanced stages and more 

aggressive ccRCCs, thus serving as unfavorable prognostic markers (Figure 19F; Li et al., 

2021; Tsujimoto, 2002; Xiong et al., 2016). 
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In summary (Figure 31), in ccRCC, upregulated A3C affects transcript levels of NF-»B 

pathway regulators, subsequent signal transduction and subunit translocation to the 

nucleus. Induced expression of NF-»B target genes, including A3C, enhances ccRCC 

progression in a positive feedback loop, resulting in persistent NF-»B activation with 

oncogenic potential. 

 

CcRCC presents a challenging clinical scenario characterized by resistance to 

traditional chemotherapy and radiation therapies, leading to poor patient outcomes (Makhov 

et al., 2018; Motzer, Russo, 2000). Particularly, the demand for innovative therapeutic 

strategies targeting advanced ccRCC is high, given its low 5-year survival rate of only 12% 

(SEER Cancer Statistics Review, 1975–2012, National Cancer Institute. Bethesda, MD, 

2015). One potential avenue for improving outcomes in ccRCC therapy involves targeting 

the NF-»B pathway (Morais et al., 2011; Ng et al., 2018; Peri et al., 2013; Sourbier et al., 

2007), a crucial player in cancer initiation and progression, due to its orchestration of gene 

expression affecting cell proliferation, survival, metastasis, angiogenesis and resistance to 

anti-cancer therapies (Dolcet et al., 2005; Meteoglu et al., 2008).  

Despite the promising potential of small-molecule inhibitors and synthetic compounds 

to inhibit NF-»B activation (An, Rettig, 2007; Castro Barbosa et al., 2017; Sourbier et al., 

2007; Thapa et al., 2013), targeting NF-»B therapeutically is challenging due to its complex 

biological functions, intrinsic pathway complexity, crosstalk with other pathways, lack of 

biomarkers, poor drug specificity and drug resistance (Baud, Karin, 2009; DiDonato et al., 

2012; Erstad, Cusack, 2013; Morais et al., 2011). Moreover, the variable expression and 

activity levels of different NF-»B subunits, along with poorly understood regulation, add to 
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the challenges of this therapeutic approach, highlighting the need for novel approaches in 

targeting NF-»B for ccRCC therapy. 

A promising new avenue in ccRCC therapy involves A3C as this RBP regulates NF-»B 

activity synergistically. In this study, three different multiple tyrosine kinase inhibitors (TKI; 

Sorafenib, Pazopanib and Sunitinib) were tested. These small-molecule inhibitors have 

been approved for the treatment of patients with metastatic ccRCC due to their reported 

abilities to reduce tumor vascularization, trigger cancer cell apoptosis and, thus, promote 

tumor shrinkage (Kane et al., 2006; Keisner, Shah, 2011; Motzer et al., 2006; Rini et al., 

2016). As these compounds target multiple receptor tyrosine protein kinases such as 

VEGFR and PDGFR that transduce signals via the Ras/MAPK and the PI3K/AKT pathway, 

promoting cell proliferation, survival, migration and angiogenesis, NF-»B activation is 

indirectly affected (Lai et al., 2018, 2018; Welsh, Fife, 2015).  

Initial investigations to assess the impact of A3C on the efficacy of these TKIs were 

performed. Viability was significantly reduced in A3C-depleted cells when treated with 

Pazopanib or Sunitinib (Figure 29B), suggesting that targeting A3C in combination with 

small-molecule TKIs may offer a promising strategy to effectively treat ccRCC.  

Additionally, in this study it was determined that high A3C levels are essential for the 

viability of ccRCC-derived cells under stress conditions (Figure 27, A-C) as well as for the 

survival of 3D spheroids (Figure 28, A-D). Under non-stress conditions, cell survival was 

not affected upon modulation of A3C levels. Accordingly, the single Apobec3 gene encoded 

in the mouse genome is non-essential for mouse development, survival or fertility (Mikl et 

al., 2005). Furthermore, ccRCC-derived cells with high A3C levels showed robust tumor 

development in xenograft analyses, in contrast to negligible tumor formation observed with 

A3C KO cells (Figure 28, E and F). This highlights the essential role of A3C in facilitating 

786-O tumor growth in vivo. Consequently, inhibition of A3C could be a novel strategy for 

developing treatment options in ccRCC. Indeed, ongoing studies focus on the use of nucleic 

acid-based inhibitors (Barzak et al., 2019; Kvach et al., 2019), substrate-mimics (Serrano 

et al., 2022) or small molecule inhibitors (Olson et al., 2015) to counteract A3 activity.  

In this study, Aurothioglucose (AuTG) was employed to assess the inhibitory potential 

against A3C. AuTG, a gold derivative of glucose (Karabulut, Leszczynski, 2015; Figure 

32A), is used as effective anti-inflammatory drug to treat rheumatoid arthritis (van Riel et 

al., 1984). Studies have indicated that AuTG inhibits A3G catalytic activity by affecting A3G-

ssDNA complex formation (Li et al., 2012). Initial investigations using AuTG in ccRCC-

derived cells showed reduced cell viability (Figure 32B). However, depletion of A3C did not 

alter cell viability compared to 786-O C cells (Figure 32D).  

https://en.wikipedia.org/wiki/Apoptosis
https://www.abcam.com/pathways/vegf-signaling-interactive-pathway
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Interestingly, AuTG has been reported to impair NF-»B-dependent gene expression as 

gold ions inhibit NF-»B DNA-binding via a redox mechanism in vitro (Traber et al., 1999; 

Yang et al., 1995; Yoshida et al., 1999). Furthermore, AuTG has demonstrated the ability 

to suppress IKK activity in vitro (Jeon et al., 2000) and PKC, thus blocking growth and 

metastasis of pancreatic and non-small-cell lung cancer both in vitro and in mice (Mucke, 

2016). As shown in Figure 32C, expression of NF-»B subunits and the NF-»B target gene 

C3 are impaired upon AuTG treatment, suggesting its potential use in the treatment of 

ccRCC. However, the effect appears to be independent of A3C.  

In conclusion, this study highlights the importance of exploring novel therapeutic 

avenues targeting ccRCC. While challenges such as drug resistance and complex pathway 

interactions persist, targeting the NF-»B pathway through strategies like A3C's impact on 

NF-»B regulation may provide a promising strategy. This targeted approach offers the 

potential to inhibit NF-»B's pro-tumorigenic functions without the broad side effects of 

upstream NF-»B blockade, thus presenting a more precise and effective treatment option 

for patients with advanced ccRCC. The potential of targeting A3C opens avenues for further 

investigation into combination therapies that could significantly enhance patient prognosis 

and survival outcomes in advanced ccRCC cases. 
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Clear cell renal cell carcinoma (ccRCC), the most prevalent type of kidney cancer, 

presents significant challenges in clinical management, particularly the need for efficient 

therapies targeting metastatic ccRCC. Understanding the molecular mechanisms driving 

ccRCC progression is crucial for developing effective therapeutic strategies. This study 

investigates the role of the RNA-binding protein APOBEC3C (A3C) in ccRCC, revealing its 

substantial upregulation in ccRCC tissue and ccRCC-derived cell lines, particularly in 

advanced stages, correlating with diminished overall survival. 

Functional analyses employing RNA-sequencing and cell-based assays in ccRCC-

derived cell lines with modulated A3C levels elucidate the impact of A3C on gene 

expression, specifically its involvement in the NF-»B signaling pathway. Upon A3C 

depletion, subunits of the NF‐»B family are abnormally restrained in the cytoplasm leading 

to deregulation of NF‐»B target gene expression. A3C binds and potentially stabilizes a 

plethora of transcripts encoding positive regulators of the NF-»B pathway, thereby 

promoting NF-»B activity and facilitating ccRCC tumor growth. Notably, A3C's influence on 

NF-»B activity appears to be independent of its cytidine deamination function, indicating a 

novel regulatory mechanism. Moreover, A3C's stress-responsive nature and its role in 

ccRCC cell viability under adverse conditions underscore its pivotal role in tumor survival 

mechanisms.  

The study suggests A3C as a potential therapeutic target in ccRCC, shedding light on 

its regulatory role in NF-»B signaling and tumor growth. Further investigations aim to unravel 

the precise mechanisms underlying A3C-mediated modulation of NF-»B activity, providing 

a basis for understanding its role in ccRCC pathogenesis, potentially leading to the 

development of targeted therapeutic interventions. 

In conclusion, this study advances the understanding of the molecular mechanisms 

underlying ccRCC progression and identifies A3C as a pivotal player in promoting ccRCC 

tumor growth through the positive regulation of the NF-»B pathway. The findings highlight 

the potential of targeting A3C as a novel therapeutic approach for ccRCC, offering 

promising prospects for improving patient outcomes in this challenging malignancy.
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VI 

κB pathway. 
κB regulators

 

Hallmark gene set Gene ontology biological process gene sets 

HALLMARK_TNFA_SIGNALING_VIA
_NFKB 

NFKBIA_TARGET_GENES 

 NFRKB_TARGET_GENES 

 GOBP_REGULATION_OF_NIK_NF_KAPPAB_SIGNALING 

 GOBP_I_KAPPAB_KINASE_NF_KAPPAB_SIGNALING 

 GOBP_NEGATIVE_REGULATION_OF_I_KAPPAB_KINASE_NF_KAPPAB_S
IGNALING 

 GOBP_NEGATIVE_REGULATION_OF_NF_KAPPAB_TRANSCRIPTION_FA
CTOR_ACTIVITY 

 GOBP_NEGATIVE_REGULATION_OF_NIK_NF_KAPPAB_SIGNALING 

 GOBP_NIK_NF_KAPPAB_SIGNALING 

 GOBP_I_KAPPAB_KINASE_NF_KAPPAB_SIGNALING 

 GOBP_POSITIVE_REGULATION_OF_I_KAPPAB_KINASE_NF_KAPPAB_SI
GNALING 

 GOBP_POSITIVE_REGULATION_OF_NF_KAPPAB_TRANSCRIPTION_FAC
TOR_ACTIVITY 

 GOBP_POSITIVE_REGULATION_OF_NIK_NF_KAPPAB_SIGNALING 

 

  

https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/HALLMARK_TNFA_SIGNALING_VIA_NFKB.html
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/HALLMARK_TNFA_SIGNALING_VIA_NFKB.html


VII 

κ
IP (FC g

κ

Putative mRNA-binding partners of A3C involved in regulating the  

NF-κB pathway 

ACKR3 CLOCK GCNT2 MBP PPP1R3B TFDP2 

ADAM12 CLPTM1 GEM MBTPS1 PPP2R5C TFG 

ADAMTS12 COPS8 GID4 MFHAS1 PRDX3 TGFA 

ADCY7 CPNE2 GLCCI1 MID2 PRKCE TICAM2 

ADGRG1 CRMP1 GLI2 MKRN2 PSMF1 TIFA 

ADIPOR1 CSAD GLIS3 MN1 PTGER4 TIPARP 

AGAP1 CTH GNAS MSRB3 PTGFR TIRAP 

AGO3 CYLD GPR89A MTDH PTPRD TLR3 

ALG9 CYP1B1 GTF3C2 MTPN PTPRE TLR6 

ALMS1 CYP4F11 HACD3 MXD1 RAPH1 TMEM106A 

AMPD3 DAP HNRNPH3 MYC RASSF2 TMEM178B 

ANKH DCK ID2 MYD88 RC3H2 TNFAIP8 

ARHGAP42 DICER1 IL15RA NDFIP1 RELA TNFRSF11A 

ARHGEF12 DSCC1 IL18R1 NDFIP2 RIOK3 TNFRSF19 

ATP2C1 DSE IL1RAP NEK6 RIPK2 TRAF3 

AZI2 DUSP22 IL6ST NFAT5 ROR1 TRAF3IP2 

B4GALT1 EDA2R IRAK4 NFE2L2 RWDD3 TRAF5 

B4GALT5 EFR3A IRS2 NFIB SERPINB8 TRAF6 

BACE1 EGFR KALRN NIPAL3 SH3BGRL3 TRAM1 

BCL3 EGR1 KCTD10 NKIRAS1 SIDT2 TRAM2 

BCL6 EIF2AK2 KCTD6 NKIRAS2 SIRPA TRIB1 

BHLHE40 EIF4G2 KLF10 NPAT SLC16A6 TRIM14 

BIRC2 ENAH KLF4 NR1D1 SLC20A1 TRIM59 

BIRC3 ENY2 KLF6 NRAS SLC30A7 TRIM6 

BIVM F2R KLF9 NRXN3 SLC35G1 TRIM62 

BLCAP FAM104A LHFPL2 NSD1 SLC38A1 UBE2V1 

BMP2 FAM217B LIMD1 OTULIN SLC44A2 USP10 

BRPF3 FANCD2OS LIMS1 PANX1 SLC51A USP38 

BTBD11 FARP1 LITAF PCNX1 SLC7A6 VAPA 

BTRC FER LPAR1 PDLIM5 SLC9A1 VEPH1 

CAV1 FOS LRCH3 PDPK1 SMAD9 WDSUB1 

CCL2 FOSL1 LURAP1L PELI1 ST7 WIPF1 

CD164 FOXN3 MAN1A2 PFKFB2 STPG1 WNT5A 

CD44 FOXP2 MAN2A2 PHLDA2 TAB2 ZDHHC17 

CDK6 FRS2 MAP3K7 PIK3R1 TAB3 ZDHHC3 

CHP1 G0S2 MAPK10 PKP4 TAF4 ZEB2 

CHUK G3BP2 MAPK8 PNRC1 TBC1D8 ZNF675 

CIZ1 GADD45A MATR3 PPM1A TCAIM 

CLCF1 GALNT10 MAVS PPM1H TCF4 
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α

κ

κ

The 38 untranslated region (UTR) of A3C contains regulatory elements

etion of its 38 UTR 

α does not induce expression of A3C

κ

κ

κB target genes is reduced upon A3C depletion

κ

κ

κ

κ

κ

κ
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κ

κB subunits in diverse cell lines
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XI 

Dulbecco9s modified eagle9s medium

https://en.wikipedia.org/wiki/Food_and_Drug_Administration


XII 

IκB κB
IκB kinases

κB

κB
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κB 

https://doi.org/10.1002/1878-0261.13721
https://doi.org/10.1002%2F2211-5463.13608
https://doi.org/10.3390/cancers12010064
https://doi.org/10.1093/nar/gky737
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