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Abstract 

Selective protein degradation by the ubiquitin-proteasome system is essential for cellular homeostasis 

and the regulation of diverse biological processes. The selectivity of this system is imparted by hun-

dreds of ubiquitin ligases that specifically recognise substrates and catalyse their ubiquitination, 

thereby targeting them for degradation. Among ubiquitin ligases, multisubunit cullin-RING ubiquitin 

ligases constitute the largest group. However, despite significant advances in understanding their as-

sembly, regulation, and molecular architecture, the substrates and functions of most of them remain 

unknown. This thesis focuses on two ubiquitin ligases from the cullin-RING ubiquitin ligase 4 (CRL4) 

subfamily: CRL4DCAF4 and CRL4DCAF12. To identify their candidate substrates and to address their biolog-

ical roles, several different approaches have been employed. First, proteomic screening revealed a 

wide range of candidate substrates. Next, detailed characterisation of the identified interactions and 

exploration of the condition under which candidate substrates undergo degradation was performed. 

Finally, knockout human cell lines and mice with a targeted disruption of genes encoding DCAF4 and 

DCAF12 were generated to explore the physiological roles of CRL4DCAF4 and CRL4DCAF12. In summary, the 

herein presented identification and validation of novel substrates of CRL4DCAF4 and CRL4DCAF12 followed 

by the exploration of their biological roles provides an important insight into the function of these two 

understudied ubiquitin ligases. 
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Abstrakt 

Selektivní degradace proteinů ubikvitin-proteazomovým systémem je nezbytná pro udržování bu-

něčné homeostázy a regulaci celé řady biologických procesů. Selektivita tohoto systému je dána stov-

kami ubikvitin ligáz, které specificky rozeznávají proteiny určené k degradaci (tzv. substráty) a kataly-

zují jejich ubikvitinaci, čímž je označují pro následnou degradaci. Největší skupinu ubikvitin ligáz tvoří 

vícepodjednotkové cullin-RING ubikvitin ligázy. Navzdory významnému pokroku v pochopení jejich mo-

lekulární architektury, sestavení a regulace zůstávají substráty a funkce většiny z nich neznámé. Tato 

práce se zabývá dvěma ubikvitin ligázami z podrodiny cullin-RING ubikvitin ligáz 4 (CRL4) - CRL4DCAF4 a 

CRL4DCAF12. Za účelem identifikace jejich potenciálních substrátů a určení jejich biologických rolí bylo 

použito několik odlišných přístupů. S využitím proteomického přístupu jsme identifikovali širokou škálu 

potenciálních substrátů. Následně byla provedena podrobná charakterizace identifikovaných interakcí 

a testování podmínek, za kterých potenciální substráty podléhají degradaci. Nakonec byly za účelem 

odhalení fyziologické role CRL4DCAF4 a CRL4DCAF12 připraveny lidské buněčné linie a myší modely s vyřa-

zeným genem pro DCAF4 a DCAF12. Zde prezentovaná identifikace a validace nových substrátů 

CRL4DCAF4 a CRL4DCAF12 a navazující ověření jejich biologických rolí poskytuje důležitý vhled do fungování 

těchto dvou nedostatečně prostudovaných ubiquitin ligáz.  
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HDV hepatitis delta virus 
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1. Introduction 

Selective protein degradation by the ubiquitin-proteasome system (UPS) has essential func-

tions in diverse biological processes. Selectivity of the UPS is determined by ubiquitin ligases, which 

specifically recognise substrates and catalyse their ubiquitination, thus marking them for degradation 

by the 26S proteasome. Among ubiquitin ligases, cullin-RING ubiquitin ligases (CRLs) constitute the 

largest group. Because their substrates and functions are largely understudied or unknown, they rep-

resent a large reservoir for novel biological discoveries. Here, we focused on two ubiquitin ligases from 

the cullin-RING ubiquitin ligase 4 (CRL4) subfamily: CRL4DCAF4 and CRL4DCAF12. The main objective of this 

thesis was to identify and validate their candidate substrates and address the biological functions of 

the interactions between the ligase-substrate pairs. The first theoretical part reviews the relevant lit-

erature on CRL4DCAF4 and CRL4DCAF12 and their candidate substrates. Then, the experimental part de-

scribes the original results dealing with the identification and validation of the candidate substrates of 

CRL4DCAF4 and CRL4DCAF12 and the exploration of their biological roles. Finally, the biological relevance 

of the herein presented ligase-substrate pairs is discussed, and the main discoveries are summarised 

in the conclusion. 

 

1.1. Ubiquitin-proteasome system 

The UPS is the principal intracellular protein degradation pathway responsible for cellular ho-

meostasis and regulation of diverse cellular processes. In this system, proteins are selectively targeted 

for proteasomal degradation by a covalent attachment of ubiquitin, a highly conserved small protein 

consisting of 76 amino acid residues. This posttranslational modification is termed ubiquitination (Fig-

ure 1a) and typically serves as a signal for protein degradation by the 26S proteasome (Figure 1b). 

Dysregulation of this system has been implicated in the pathogenesis of many human disorders, par-

ticularly neurodegenerative disorders and cancer, highlighting the relevance of the UPS in health and 

diseases [1]. 

Ubiquitination is carried out by a sequential action of three enzymes [2]. In the first step, ubiq-

uitin is activated by a ubiquitin-activating enzyme (E1). This ATP-dependent step involves adenylation 

of the ubiquitin C-terminal Gly residue followed by thioester bond formation between the ubiquitin C-

terminal Gly residue and the E1 active site Cys residue. Next, activated ubiquitin is transferred in a 

transesterification reaction to an active site Cys residue of a ubiquitin-conjugating enzyme (E2). In the 

last step, a ubiquitin ligase (E3) mediates ubiquitin transfer from the E2 to a substrate protein. The 

attachment of ubiquitin to the substrate protein typically occurs through an isopeptide bond, which is 

formed between the C-terminus of ubiquitin and the ε-amino group of a substrate Lys residue [2]. The 

isopeptide bond can be cleaved by deubiquitinating enzymes (DUBs). Their enzymatic action reverses 
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protein ubiquitination, which significantly contributes to the regulation of protein degradation [3]. An 

enormous number of genes dedicated to ubiquitination and deubiquitination underscores the im-

portance of the UPS for cellular functions. For example, the human genome encodes 2 E1s, ~40 E2s, 

>600 E3s, and ~90 DUBs, representing ~4% of protein-coding genes [4–6].  

 

 

Figure 1. Ubiquitin-proteasome system. Ubiquitination-dependent protein degradation constitutes a 

principal mechanism of protein degradation in cells. Ubiquitination (a) is carried out by a sequential 

action of three enzymes: ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and 

ubiquitin ligase (E3). Through this enzymatic cascade, substrate proteins are modified by ubiquitin 

molecules (Ub) and targeted for degradation (b) by the 26S proteasome. The selectivity of this system 

is provided by ubiquitin ligases (c). They are classified into four families based on the presence of the 

conserved catalytic domain and the mechanism of ubiquitin transfer. Really interesting new gene 

(RING) ubiquitin ligases catalyse direct ubiquitin transfer from E2 to a substrate. Homologous to E6-AP 

carboxyl terminus (HECT), RING-in-between-RING (RBR), and RING-Cys-relay (RCR) ubiquitin ligases 

first accept ubiquitin from E2 and then transfer it to a substrate. Adapted from “Ubiquitin Proteasome 

System”, by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates. 

 

Ubiquitin ligases (E3) are critical components of the UPS that specifically recognise substrates 

and thus impart selectivity to the protein ubiquitination and degradation. In addition to the substrate 

binding, they simultaneously associate with the E2 linked to ubiquitin via a thioester bond (E2~Ub) and 

mediate ubiquitin transfer to a substrate. Not surprisingly, the activity of ubiquitin ligases and sub-

strate recruitment are thoroughly regulated through various mechanisms, including posttranslational 

modifications or protein-protein interactions [7,8]. Based on the presence of the conserved catalytic 

domain and the mechanism of ubiquitin transfer to the substrate, ubiquitin ligases are classified into 

four families (Figure 1c): really interesting new gene (RING), homologous to E6-AP carboxyl terminus 

(HECT), RING-in-between-RING (RBR), and RING-Cys-relay (RCR) [7–9].  
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Most ubiquitin ligases belong to the RING family characterised by the catalytic RING finger or 

the structurally related U-box domain [7,8]. The RING finger coordinates two zinc atoms, whereas the 

U-box adopts a similar structure without coordinating any metal ions. The function of the RING and U-

box domain is to recruit the E2~Ub and to configure the E2~Ub for ubiquitin transfer. RING ubiquitin 

ligases catalyse the direct ubiquitin transfer from the E2~Ub to a substrate. Substrates are recruited to 

the binding site that resides either in the same polypeptide as the catalytic domain or in a separate 

subunit in the case of multicomponent E3 complexes such as CRLs or the related anaphase-promoting 

complex/cyclosome (APC/C) [7,8]. 

The remaining three E3 families catalyse ubiquitin transfer through a reaction in which ubiqui-

tin is first transferred from E2 to an active-site Cys residue of E3 and then from E3 to a substrate. HECT 

ubiquitin ligases (~28 members in the human genome) are characterised by the C-terminal catalytic 

HECT domain composed of two lobes. The N-terminal lobe interacts with E2~Ub, whereas the C-termi-

nal lobe harbours an active-site Cys residue [7,10]. RBR ubiquitin ligases (~14 members in the human 

genome) contain two RING finger domains (RING1 and RING2) separated by an in-between-RING do-

main. RING1 recruits E2~Ub and transfers ubiquitin to an active-site Cys in the RING2 domain before 

attaching it to a substrate Lys residue [7,11]. The emerging RCR ubiquitin ligases contain the RING 

finger domain that recruits E2~Ub but employs a unique ‘ubiquitin relay’ catalytic step. Ubiquitin is 

first transferred from E2~Ub to an upstream active-site Cys and subsequently transferred to a down-

stream active-site Cys in an intramolecular transesterification reaction, termed ubiquitin relay, before 

it is attached to a substrate Thr residue [9]. 

Proteins can be modified by either a single ubiquitin attached to one/multiple sites (monoubiq-

uitination/multimonoubiquitination, respectively) or a chain of ubiquitin molecules (polyubiquitina-

tion) [12]. Polyubiquitin chains are primarily built on substrates by sequential transfers of single ubiq-

uitin molecules [13]. Ubiquitin contains seven Lys residues and an N-terminus, all of which can be 

linked to the C-terminus of another ubiquitin monomer through an isopeptide or peptide bond, re-

spectively. By using eight different linkages (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63, and Met1), 

ubiquitin can form structurally distinct types of polyubiquitin chains [12,14]. The polyubiquitin chains 

are homotypic if the ubiquitin molecules are linked uniformly through the same Lys or Met residues. 

Alternatively, different types of linkages alternate, which results in heterotypic polyubiquitin chains. 

Heterotypic chains are further categorised as either mixed or branched, depending on whether they 

contain ubiquitin molecules modified on only a single or multiple Lys or Met residues [12,14].  

The ubiquitin code is interpreted by proteins bearing ubiquitin-binding domains (UBDs), which 

are specific for different types of ubiquitin modifications and determine the functional outcome of 

protein ubiquitination [12]. Thus, ubiquitination can have various possible functions. In addition to 

targeting protein for degradation, ubiquitination can alter protein interactions, localisation, and 
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activity. A well-known example of the nondegradative function of ubiquitination is the role of Met1- 

and Lys63-linked homotypic polyubiquitin chains in inflammation [15,16]. On the contrary, Lys48-

linked homotypic polyubiquitin chains, which are the most abundant, are the pivotal signals for pro-

teasomal degradation. Several other ubiquitin modifications might target protein for degradation as 

well, including monoubiquitination, multimonoubiquitination, multiple short ubiquitin chains (Lys11, 

Lys48, and Lys68), and branched ubiquitin chains (Lys11/Lys48, and Lys48/Lys68) [17].  

The 26S proteasome typically executes the selective degradation of the ubiquitinated proteins. 

The 26S proteasome is a large (∼2.5 MDa), ATP-dependent proteolytic machinery consisting of a 20S 

core particle capped by one or two 19S regulatory particles [18,19]. The core particle comprises four 

stacked heptameric rings (two outer α- and two inner β-rings) that create a barrel-shaped structure 

with an interior proteolytic chamber. The two outer α-rings function as a gate, whereas the inner β-

rings contain proteolytic sites with multiple specificities. The regulatory particle can be divided into 

two subcomplexes, the base and the lid. The base comprises ATPase subunits and ubiquitin-binding 

sites, while the lid harbours primarily structural subunits except for one with deubiquitinating activity 

[18,19]. Ubiquitinated proteins are recognised either directly by the 19S regulatory particle or by mul-

tiple shuttle factors associated with the proteasome. Following recognition, the substrate is unfolded, 

deubiquitinated, and translocated to the proteolytic chamber. While the substrate is degraded inside 

the proteolytic chamber into short peptides, ubiquitin molecules are released for another cycle of 

ubiquitination [18,19].  

 

1.2. Cullin-RING ubiquitin ligases 

Multisubunit CRLs constitute the largest family of ubiquitin ligases. They employ different cul-

lins as molecular scaffolds, which organise other CRL subunits to bring E2 and substrate together. CRLs 

share a common molecular architecture consisting of two modules—the catalytic core and the inter-

changeable substrate-targeting module (Figure 2). The catalytic core comprises RING protein (RING-

box protein 1 (RBX1) or RING-box protein 2 (RBX2)) and cullin. In humans, eight members of the cullin 

protein family (CUL1, 2, 3, 4A, 4B, 5, 7, and CUL9) assemble distinct CRL subfamilies [20]. While the C-

terminal domain of cullin binds RING protein that recruits E2, the N-terminal part binds various sub-

strate receptor subunits, typically linked to the catalytic core through an adaptor protein. Each sub-

strate receptor recognises specific substrate(s), thereby conferring selectivity to ubiquitination. This 

modular architecture enables the assembly of over 200 distinct CRLs by combining different substrate 

targeting modules with the same catalytic core [20]. Since the thesis concerns cullin 4-based ubiquitin 

ligases, the ensuing description of the CRL molecular architecture and biological roles mainly focuses 

on the CRL4 subfamily.  
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Figure 2. Cullin-RING ubiquitin ligases. Multisubunit cullin-RING ubiquitin ligase (CRL) complexes are 

composed of the catalytic core and the interchangeable substrate-targeting module. The catalytic core 

is composed of a RING protein (RBX1 or RBX2) and a cullin protein. In humans, eight members of the 

cullin protein family (CUL1, 2, 3, 4A, 4B, 5, 7, and CUL9) assemble distinct CRL subfamilies that employ 

distinct substrate-targeting modules to recognise substrates and bring them to the catalytic core. An-

aphase-promoting complex/cyclosome (APC/C) is distantly related to CRL complexes. Reprinted from 

ref. [21], copyright 2013, with permission from Springer Nature. 

 

1.2.1. Molecular architecture 

CRL4s are composed of the catalytic core containing either cullin-4A (CUL4A) or cullin-4B 

(CUL4B) bound to RING protein RBX1 and an interchangeable adaptor-substrate receptor module. 

CUL4A and CUL4B are closely related paralogs exhibiting extensive sequence homology (over 80% se-

quence identity) and substantial functional redundancy [22]. The main difference between these two 

cullins lies in their spatiotemporal expression patterns and subcellular localisation. CUL4B contains a 

unique N-terminal extension harbouring nuclear localisation signal (NLS) and localises predominantly 

to the cell nucleus, whereas CUL4A exhibits nucleocytoplasmic localisation [22,23]. CUL4A and CUL4B 

are structurally indistinguishable, both of them adopting an elongated shape with a long helical N-

terminal domain and a globular C-terminal domain [24,25]. The C-terminal domain of CUL4A/B binds 

to RBX1, while the N-terminal domain tethers an interchangeable adaptor-substrate receptor module 

to the catalytic core.  

CUL4A/B utilises DNA damage-binding protein 1 (DDB1) as an adaptor to engage multiple 

DDB1- and CUL4-associated factors (DCAFs) that act as substrate receptors [24,26–28]. DDB1 is a large 
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protein containing three seven-bladed beta-propellers: beta-propeller A (BPA), beta-propeller B (BPB), 

and beta-propeller C (BPC) [29]. DDB1 devotes the entire BPB for CUL4A/B binding and use its two 

other beta-propellers (BPA and BPC) to accommodate distinct DCAFs into the CRL4 complex [24,25]. 

DCAFs typically consist of a WD-repeat domain responsible for substrate recognition and docking to 

the DDB1 [24,26–28]. Additionally, several DCAFs, including DCAF4 and DCAF12, also use an α-helical 

H-box motif outside the WD-repeat domain for docking to the DDB1 [30].  

 

1.2.2. Assembly and regulation 

The activity and assembly of CRLs are dynamically regulated by cycles of cullin neddylation and 

substrate receptor exchange mediated by cullin-associated NEDD8-dissociated protein 1/2 (CAND1/2). 

Neddylation is a protein post-translation modification by the ubiquitin-like protein NEDD8. It is catalysed 

by a sequential action of three enzymes, in a similar way to ubiquitination. First, NEDD8 is activated by a 

NEDD8 activating enzyme (NAE), then transferred to a NEDD8-conjugating enzyme, and finally attached to 

a target substrate by a NEDD8 ligase. The best-characterised substrates of neddylation are cullin family 

members [31]. NEDD8 is covalently attached to a single conserved lysine residue on the cullin C-terminal 

domain, inducing conformational rearrangement in the catalytic core and activating CRL [32,33]. NEDD8-

induced rearrangement positions the E2~Ub in proximity to the substrate and prevents the substrate re-

ceptor exchange factors CAND1/2 from accessing the cullin [32,33]. Of note, neddylation can be inhibited 

by a potent, selective NAE inhibitor MLN4924, which represents a valuable research tool as it renders CRLs 

inactive [34,35]. Proteolytic removal of NEDD8 from cullin (cullin deneddylation), and thus CRL deactivation, 

is catalysed by an eight-subunit COP9 signalosome (CSN) complex. Substrate binding to the CRL inhibits 

cullin deneddylation as the bound substrate sterically hinders the access of CSN to the CRL, thereby pre-

venting cullin deneddylation and CRL deactivation [36,37]. On the contrary, NEDD8 is rapidly cleaved from 

cullin when a substrate is not present, paving the way for CAND1/2-mediated substrate receptor exchange.  

CAND1/2 acts as an exchange factor, which binds to deneddylated cullins and dislodges adaptor-

substrate receptor modules from the CRL catalytic cores [38–40]. There are limited amounts of the CRL 

catalytic cores in cells, and the great majority of adaptor-substrate receptor modules are not assembled 

into CRLs. For example, 90% of cellular DDB1-DCAF modules are not bound to CUL4A/B at a given time. 

CAND1/2 activity continuously remodels the cellular CRL repertoire by facilitating CRL assembly and disas-

sembly [41–44]. The exchange cycle is temporarily stopped by substrate binding, which inhibits CSN-medi-

ated deneddylation and thus CAND1/2-mediated substrate receptor exchange. In this way,  adaptive dise-

quilibrium is created, favouring CRL complexes with available substrates [41–44]. The cycles of cullin ned-

dylation and CAND1/2-mediated substrate receptor exchange maintain the plasticity of the cellular CRL 

repertoire, thereby ensuring the accumulation of specific CRL complexes for which cognate substrates be-

come available.  
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1.2.3. Substrate recognition 

The mechanisms of substrate recognition by CRLs are incredibly diverse and reflect a wide range 

of functions performed by the UPS [45]. Substrate receptor subunits of the CRLs specifically recognise 

their cognate substrate through degradation signals termed degrons. The canonical degron is a minimal 

element within a substrate sufficient for recognition and degradation by a proteolytic apparatus. 

Degrons are often short linear motives, either recognised in their native form or modified by posttrans-

lational modifications, such as phosphorylation. However, structural motives (e.g., globular domains, 

specific conformational and assembly states) and binding to small molecules (e.g., secondary metabo-

lites, hormones) also frequently mediate the interaction and degradation. While aberrant proteins (e.g., 

the product of erroneous protein synthesis or misfolded proteins) tend to be constitutively recognised 

once they emerge, regulatory proteins are only recognised in response to (or absence of) specific stim-

uli. Therefore, the interaction between the CRL substrate receptor subunit and its cognate substrate is 

often subjected to tight regulation to achieve spatially and temporally specific degradation [45].  

Canonical degrons might reside anywhere within a protein sequence but are particularly en-

riched at the extreme N-termini (N-degrons) and C-termini (C-degrons) [46,47]. Apart from being con-

stitutively present in full-length proteins, they can be exposed following proteolytic cleavage, gener-

ated by a posttranslational modification of terminal residues, or present in truncated proteins. Proteins 

bearing these degrons are degraded by multiple N-degron (formerly N-end rule) and C-degron path-

ways, which regulate amber biological processes and are often involved in monitoring various aspects 

of protein quality control [46,47]. While N-degrons were the first degrons to be discovered in short-

lived proteins, the diversity of C-degrons has only recently emerged. C-degron motives are broadly 

underrepresented in eukaryotic proteomes and are often recognised by tandem repeat domains of 

the CRL substrate receptor subunits [46,48]. Among the C-degron pathways, those targeting proteins 

ending in the C-terminal glycine residues (C-terminal Gly degron) are best-characterised [48–52]. C-

terminal Gly degrons are recognised by the Kelch domain-containing proteins, which are substrate 

receptor subunits of the cullin 2-based ubiquitin ligases. These C-terminal glycine degron pathways 

regulate the stability of multiple full-length proteins. Additionally, they eliminate mislocalised proteins, 

cleavage products of deubiquitinating enzymes, and truncated selenoproteins generated by failed UGA 

to Sec decoding [48–52]. C-terminal degrons are also known to be targeted by two CRL4 complexes: 

CRL4TRPC4AP recognising proteins bearing an arginine residue at -3 position (C-terminal -Rxx degron) and 

CRL4DCAF12 regulating the stability of proteins ending in a twin-glutamic acid degron (C-terminal -EE 

degron) [48]. The physiological roles of these pathways are yet to be determined. 
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1.2.4. Physiological functions and clinical relevance 

CRL4s orchestrate and regulate various cellular processes, including cell cycle progression and 

maintenance of genomic integrity. However, despite massive progress in uncovering the diversity of 

CRL4s, the substrates and functions of most of them remain unknown or insufficiently characterised. 

Arguably, the most extensively studied CRL4s are those that utilise the Cdc10-dependent transcript 2 

(CDT2), the DNA damage-binding protein 2 (DDB2) and the Cockayne-syndrome protein A (CSA) as a 

substrate receptor. The following sections thus focus on these three well-known examples. Finally, the 

phenotypic abnormalities in CRL4-deficient mice and CRL4 clinical relevance are discussed. 

CRL4CDT2 has emerged as a master regulator of cell cycle progression and genome stability that 

targets numerous proteins for degradation during the S phase and after DNA damage [53]. CRL4CDT2 

recognises its substrates only when bound to the proliferating cell nuclear antigen (PCNA) loaded on 

DNA. Many substrates of CRL4CDT2 are key cell cycle regulators, such as DNA replication factor CDT1, 

histone methyltransferase SETD8, and cell cycle inhibitor p21. Their timely degradation prevents re-

replication, genomic instability, ensures timely cell cycle progression and accurate DNA repair [53]. 

CRL4DDB2 and CRL4CSA function in the nucleotide excision repair (NER) pathway that eliminates 

a wide range of helix-distorting DNA lesions, including ultraviolet light (UV)-induced pyrimidine dimers 

and bulky adducts caused by various chemicals [54]. Two distinct NER subpathways differing in the 

mode of DNA lesion recognition exist: the global-genome NER (GG-NER) surveying the whole genome 

and the transcription-coupled NER (TC-NER; also referred to as transcription-coupled repair) operating 

on the transcribed strand of active genes. Both sub-pathways ultimately converge at the point of tran-

scription factor IIH (TFIIH) recruitment followed by the excision of DNA lesion containing oligonucleo-

tides, gap-filling DNA repair synthesis and nick ligation [54]. 

The GG-NER employs DNA damage sensor XPC (xeroderma pigmentosum group C) to recognise 

helix-distorting DNA lesions and recruit TFIIH [55]. DNA damage recognition by XPC is facilitated by the 

DDB1-DDB2 complex (also known as the UV-DDB complex), which directly recognises UV-induced cy-

clobutane pyrimidine dimers (CPDs) and (6-4) pyrimidine-pyrimidine photoproducts (6-4PPs) [25,56]. 

In addition to being required for efficient recruitment of XPC to UV-induced lesions, DDB1-DDB2 as-

sembles into active CRL4DDB2 on UV-damaged chromatin [57] and mediates ubiquitination of nearby 

histones [58,59], XPC [60], and DDB2 itself [61,62]. Of these, ubiquitination of DDB2 is particularly crit-

ical. It leads to eviction of DDB2 from chromatin and its degradation in the proteasome, which is es-

sential for timely DNA damage handover from DDB2 to XPC and efficient repair [63,64]. The im-

portance of CRL4DDB2 in the repair of UV-induced DNA damage is highlighted by mutations in the DDB2 

gene, which give rise to xeroderma pigmentosum group E (XPE) disorder characterised by cutaneous 

sensitivity to sunlight exposure and predisposition to skin cancer [65]. 
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The TC-NER is initiated when elongating RNA polymerase II (RNAPII) stalls at a DNA lesion. DNA 

damage-stalled RNAPII associates with Cockayne-syndrome protein B (CSB), which in turn sequentially 

recruits DDB1-CSA, UV-stimulated protein A (UVSSA), and TFIIH to initiate DNA repair [66]. CRL4CSA 

complex assembled on stalled RNAPII contributes to UV-induced ubiquitination of K1268 in the largest 

subunit of RNAPII (RPB1). This ubiquitination has emerged as the most critical regulatory event in TC-

NER, promoting TFIIH recruitment and DNA repair but leading to RNAPII degradation when repair fails 

[67–70]. Additionally, CRL4CSA targets CSB and activating transcription factor 3 (ATF3) for proteasomal 

degradation in response to UV irradiation, which is also supposed to facilitate transcription recovery 

after DNA repair [70–72]. Supporting the essential role of  CRL4CSA in transcription-coupled repair, mu-

tations in the CSA gene abrogate this repair pathway and cause Cockayne syndrome (CS), a develop-

mental and neurological disorder characterised by developmental delay, progressive growth failure 

and progressive microcephaly [73]. 

The importance of CRL4 function is underscored by complex phenotypic abnormalities ob-

served in Ddb1, Cul4a, Cul4b knockout (KO) mice and the clinical presentation of CRL4-deficiency in 

humans. The germ-line deletion of Ddb1, the sole CRL4 adaptor, causes early embryonic lethality [74]. 

Conditional inactivation of this gene in the epidermis or the brain and lens leads to genomic instability 

and apoptosis of the proliferating cell. As a result, nearly complete loss of epidermis or neuronal and 

lens degeneration, respectively, is observed along with neonatal death [74,75]. The genetic ablation of 

Ddb1 in other tissues also causes severe defects, including abrogation of haematopoiesis [76], skeleton 

development [77] or oocyte meiosis [78–80]. CUL4A and CUL4B, the CRL4 scaffold proteins, overlap 

substantially in their functions and largely compensate for each other. Despite this, they have distinct 

roles in some biological processes, supposedly due to the difference in their expression and localisation 

[22]. While Cul4a is dispensable for embryonic development [81], germline deletion of Cul4b causes 

embryonic lethality resulting from attenuated growth and increased apoptosis in extra-embryonic tis-

sue [82–84]. Germline deletion of Cul4a and epiblast specific deletion of Cul4b, which prevents embry-

onic lethality, generate viable mice with no gross abnormalities except for male infertility [81,82,84–

88]. Both Cul4a and Cul4b are essential for male reproduction due to their distinct roles during sper-

matogenesis [85–88]. Additionally, Cul4b-deficient mice exhibit many phenotypic abnormalities, such 

as cognitive impairment [83] or a defect in the inflammatory response [89]. In human patients, multi-

ple mutations in the CUL4B gene are causal for X-linked mental retardation [90–92]. CUL4B-deficient 

patients display numerous clinical symptoms, such as mental retardation, aggressive outbursts, 

tremor, macrocephaly, obesity, small testes, gynecomastia, high arch, and abnormal toes [90–92]. No 

specific syndromes associated with mutations in CUL4A or DDB1 genes have been reported. Neverthe-

less, aberrant expression of numerous CRL4 components (CUL4A/B, DDB1, and various DCAFs) has 

been associated with tumorigenesis, highlighting the clinical significance of CRL4s in cancer [93].  
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1.3. CRL4DCAF4 and its potential substrates  

1.3.1. DCAF4 

DDB1- and CUL4-associated factor 4 (DCAF4) is a CRL4 substrate receptor subunit. DCAF4  was 

initially identified as a gene associated with leucocyte telomere length [94]. A single-nucleotide poly-

morphism rs2535913 lying within the DCAF4 gene is associated with a decline in DCAF4 expression and 

shortened leukocyte telomere length [94]. Recently, DCAF4 was suggested to target suppression of 

tumorigenicity 7 (ST7) for degradation [95] and to mediate the ubiquitination of optineurin [96]. How-

ever, the conclusions drawn in these recent studies are insufficiently supported by experimental evi-

dence. The bona fide substrates and function of DCAF4 thus remain elusive. In addition to DCAF4, the 

human genome encodes its two paralogs with unknown function—DDB1- and CUL4-associated factor 

4-like protein 1 (DCAF4L1) and DDB1- and CUL4-associated factor 4-like protein 2 (DCAF4L2).  

 

1.3.2. Box H/ACA ribonucleoproteins 

Box H/ACA ribonucleoproteins (RNPs) consist of box H/ACA RNAs and four core box H/ACA 

proteins. The core proteins are dyskerin (DKC1; CBF5 in yeast and archaea), NHP2 (L7Ae in archaea), 

NOP10, and GAR1. Box H/ACA RNPs serve several vital functions in cells. Most importantly, they cata-

lyse site-specific isomerisation of uridine to pseudouridine—RNA pseudouridylation. Box H/ACA RNPs 

utilise the base-pairing between box H/ACA RNAs and substrate RNAs to specify the target uridines 

and the box H/ACA proteins to catalyse the modification itself. The most abundant substrates of box 

H/ACA RNPs are ribosomal RNAs (rRNAs) and spliceosomal small nuclear RNAs (snRNAs), which are 

integral components of the ribosome and spliceosome, respectively [97]. Apart from pseudouridyla-

tion, box H/ACA RNPs are essential for the stability of box H/ACA RNAs, including vertebrate telomer-

ase RNA component (TERC) [98]. Box H/ACA RNPs are thus crucial for the correct function of the ribo-

some and spliceosome and telomere maintenance. In addition to these well-described roles, box 

H/ACA RNPs act as OCT4/SOX2 coactivators, regulating the expression of essential pluripotency genes 

critical for self-renewal in embryonic stem cells [99]. Underscoring the importance of box H/ACA RNPs 

for cellular functions, the central box H/ACA protein CBF5 is essential for viability in yeasts and disrup-

tion of the gene encoding its ortholog DKC1 in mice causes embryonic lethality [100,101]. In humans, 

germline mutations impairing DKC1 function give rise to dyskeratosis congenita, a rare telomere biol-

ogy disorder [102].  

 

1.3.2.1. Composition, structure, and biogenesis of box H/ACA RNPs 

Box H/CA RNPs, composed of one box H/ACA RNA and four core proteins, are evolutionarily 

conserved across archaeans and eukaryotes. Box H/ACA RNAs are characterised by common sequence 
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motives and secondary structures (Figure 3a). Most eukaryotic H/ACA RNAs consist of two hairpins 

connected by a single-stranded hinge region containing consensus AnAnnA sequence (the H box) and 

followed by a short 3’ tail possessing an ACA triplet (the ACA box) [103,104]. In contrast, their archaeal 

counterparts contain one to three hairpins, followed by the ACA box [105]. Each hairpin comprises a 

lower stem, an internal loop termed the pseudouridylation pocket, an upper stem, and an apical loop. 

Functional pseudouridylation pockets are complementary to the sequence flanking the unpaired tar-

get uridine in substrate RNA (Figure 3b), hence specifying uridines that are to be converted into pseu-

douridines [106,107]. 

 

 

Figure 3. Structure of box H/ACA RNAs. (a) Schematic representation of canonical archaeal and eu-

karyotic box H/ACA RNAs. The conserved H, ACA, and CAB boxes, kink-turn, and pseudouridylation 

pocket ( pocket) with guide sequences are depicted. (b) Selection of target uridine by base-pairing 

between guide sequences in the  pocket and substrate (target) RNA. (c) Schematic representation of 

human telomerase RNA component (TERC) with the box H/ACA domain at its 3´end. The functionally 

essential sequence elements and telomerase reverse transcriptase (TERT) are depicted. TERC contains 

a sequence serving as a template for telomeric repeat synthesis, critical for telomere length mainte-

nance. Adapted from ref. [108], copyright 2010, with permission from Elsevier.  

 

In higher eukaryotes, two important classes of box H/ACA RNAs that function as guide RNAs in 

site-specific pseudouridylation are small nucleolar RNAs (snoRNAs) and small Cajal body-specific RNAs 

(scaRNAs) directing rRNA and snRNA pseudouridylation, respectively [103,104,106,107,109,110]. 

While snoRNAs accumulate and operate in the nucleolus, scaRNAs are confined to the Cajal bodies 

[109]. The Cajal body-specific accumulation of box H/ACA scaRNAs requires an additional sequence 

motif (consensus UGAG) called the Cajal body box (CAB box), which is located in each apical loop of 

their hairpins [111]. The trans-acting factor that recognises the CAB box and is responsible for the Cajal 

body-specific accumulation of box H/ACA scaRNAs is the WD repeat-containing protein 79 (WDR79; 

also referred to as telomerase Cajal body protein 1 (TCAB1)) [112,113]. Another prominent member 
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of box H/ACA RNAs is vertebrate TERC (Figure 3c) that contains a box H/ACA domain required for its 

accumulation and telomerase enzymatic activity [98,114]. Within the box H/ACA domain of TERC, the 

conserved terminal stem-loop region (called CR7) of the 3´ hairpin contains a biogenesis-promoting 

box (BIO box) and a CAB box, the latter being responsible for TERC targeting to Cajal bodies [115–119]. 

In addition to these box H/ACA RNAs with well-described roles, human cells also express hundreds of 

low-abundant AluACA snRNAs derived from intronic Alu elements with unknown functions [120,121].  

The common core proteins associated with H/ACA RNAs are DKC1 (CBF5 in yeast and archaea), 

NHP2 (L7Ae in Archaea), NOP10, and GAR1 [122–125]. The catalytic subunit of box H/ACA RNPs is 

DKC1/CBF5 that belongs to the TruB family of pseudouridine synthases characterised by a central cat-

alytic TruB domain followed by an RNA-binding pseudouridine synthase and archaeosine transglyco-

sylase (PUA) domain [126,127]. Although CBF5 provides the actual catalytic activity, the remaining 

three core proteins and the guide RNA are also necessary for efficient substrate RNA pseudouridylation 

catalysed by box H/ACA RNPs [128–131]. 

Most of our understanding of molecular architecture and catalytic mechanism of box H/ACA 

RNPs is derived from studies on archaeal H/ACA RNP complexes (Figure 4a) [132–137]. A single hairpin 

archaeal H/ACA RNA is draped over the CBF5-NOP10-L7Ae core trimer and makes no direct contact with 

GAR1. The upper stem of the hairpin contains a conserved kink-turn (K-turn) motif bound by L7Ae and 

interacts with NOP10 and CBF5 as well. The pseudouridylation pocket is located in the vicinity of the 

active site of CBF5, whereas the lower stem of the hairpin and the ACA box is bound to the PUA domain 

of CBF5 [134–137]. L7Ae binds the K-turn of H/ACA RNA and anchors the upper stem. This anchoring is 

critical for positioning the pseudouridylation pocket of H/ACA RNA and substrate RNA in the vicinity of 

the CBF5 active site. CBF5 is composed of the catalytic domain and PUA domain anchoring the lower 

stem and the ACA box. The N-terminus of CBF5 contributes an additional β strand to the β sheet of the 

C-terminal PUA domain. The catalytic domain of CBF5 directly and separately binds NOP10 and GAR1. 

NOP10 adopts an extended structure and tightly associates with the catalytic domain of CBF5 to stabilise 

the catalytic centre [132–137]. GAR1, which forms a six-stranded β-barrel structure and makes no con-

tact with H/ACA RNA nor substrate RNA, also interacts with the catalytic domain of CBF5 and is critical 

for substrate turnover by engaging with a thumb loop of CBF5. This RNA-binding loop, located between 

strands β7 and β10, oscillates between the substrate-free (open) and the substrate-bound (close) con-

formations. In the open conformation, the thumb loop binds GAR1, allowing loading and release of sub-

strate RNA. The binding of substrate RNA induces a conformation switch of the thumb loop from open 

to close conformation, in which the thumb loop locks substrate RNA in the active site of CBF5 to enable 

the catalysis [133–137]. While the pseudouridylation pocket of internal H/ACA RNA mediates the se-

quence-specific recognition of substrate RNA, the box H/ACA proteins are responsible for placing the 

target uridine into the active site of CBF5, the pseudouridylation itself, and substrate turnover. 
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Figure 4. Structure of box H/ACA ribonucleoproteins. (a) Schematic representation of archaeal box 
H/ACA RNPs. A single hairpin archaeal H/ACA RNA with all core box H/ACA proteins is depicted. 
Adapted from ref. [108], copyright 2010, with permission from Elsevier. (b) Partial crystal structure of 
the yeast CBF5-NOP10-GAR1 complex. NOP10, the central catalytic (CAT) and PUA domain of CBF5, 
and the central core domain of GAR1 were used for crystallisation and structure determination. 
Adapted from ref. [130], under the CC-BY-NC license. (c) Schematic representation of cryogenic elec-
tron microscopy structure of the human telomerase holoenzyme. Adapted from ref. [138], copyright 
2018, with permission from Springer Nature. 
 

Eukaryotic H/ACA RNPs display several notable structural differences as revealed by a partial 

crystal structure of the yeast H/ACA RNP (Figure 4b) [130] and a cryo-electron microscopy structure of 

the human telomerase holoenzyme (Figure 4c) [138,139]. Firstly, eukaryotic H/ACA RNAs lack the K-turn 

motif. NHP2, a homolog of archaeal L7Ae, binds RNA non-specifically and is instead more tightly bound 

to NOP10. Nevertheless, NHP2 occupies a similar position as L7Ae in H/ACA RNPs and performs the same 

role in anchoring the top region of H/ACA RNA [131]. Secondly, eukaryotic CBF5 possesses an N- and C-

terminal extension (NTE and CTE), flanking the central catalytic and PUA domains, and a long C-terminal 

Lys-rich tail. Notably, the NTE of CBF5 forms an extra structural layer on the PUA domain, whereas the 

CTE was not observed in the crystal at all [130]. Thirdly, the conserved core domain of eukaryotic GAR1 

also possesses an NTE and CTE. The CTE of GAR1 contains a novel eukaryote-specific helix α1 that con-

tacts the base of the CBF5 thumb loop and participates in the regulation of substrate turnover. Moreover, 

the central core domain of GAR1 is flanked by glycine- and arginine-rich (GAR) domains in eukaryotes 

[130]. Finally, cryogenic electron microscopy (cryo-EM) structures of human telomerase holoenzyme of-

fered the first glimpse of the overall organisation of eukaryotic box H/ACA RNPs. Box H/ACA domain of 

TERC adopts the hairpin-hinge-hairpin-tail structure and is bound by two sets of H/ACA core proteins. 

Furthermore, the CAB box in the 3´hairpin is bound by TCAB1 that also directly interacts with DKC1 and 

GAR1. Interestingly, the N-terminal region and PUA domain of DKC1, which combine in tertiary structure, 

mediate the interaction with the box H/ACA RNA and dimerisation of DKC1 molecules [138,139]. Despite 
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these differences between archaeal and eukaryotic box H/ACA RNPs, their general structure and catalytic 

mechanism seem to be evolutionary well-conserved.  

Biogenesis of eukaryotic box H/ACA RNPs requires several assembly factors, including two box 

H/ACA RNP-specific factors SHG1 and NAF1 and the general chaperone complex R2TP [140–142]. In 

lower eukaryotes (e.g., Saccharomyces cerevisiae), box H/ACA RNAs are typically found in independent 

mono- or polycistronic transcription units. In contrast, mammalian box H/ACA RNAs, except for TERC, 

are processed from introns of precursor messenger RNA (pre-mRNA) transcripts [110,143]. CBF5 ini-

tially interacts with assembly factor SHQ1 that protects CBF5 from aggregation and prevents non-spe-

cific RNA binding [144–146]. Specifically, SHG1 acts as an RNA mimic, interacting with the PUA domain 

and CTE of CBF5 similarly to RNA [144,145]. The subsequent replacement of SHQ1 by box H/ACA RNA 

requires dissociation of SHQ1 from CBF5 catalysed by the R2TP complex containing two closely related 

AAA+ ATPases, pontin and reptin [147]. The core box H/ACA proteins CBF5, NOP10, and NHP2, are co-

transcriptionally recruited along with assembly factor NAF1 to the box H/ACA RNA transcription sites 

and assembled with box H/ACA RNA to form immature box H/ACA RNPs containing NAF1 instead of 

GAR1 [148–151]. NAF1 possesses a domain structurally homologous to the core domain of GAR1 and 

binds to CBF5 in a mutually exclusive manner with GAR1 [130,150,152]. Despite occupying the same 

sites of CBF5 as GAR1, NAF1 is incapable of substrate turnover, thereby keeping the box H/ACA RNP 

inactive until NAF1 replace GAR1 during the final steps of the box H/ACA RNP maturation 

[130,150,152]. Mature box H/ACA RNPs accumulate in the nucleoli and Cajal bodies, the sites of rRNA 

and snRNAs processing and modification [109].   

 

1.3.2.2. Role of box H/ACA RNPs in RNA pseudouridylation 

Pseudouridine (Ψ), a C5-glycoside isomer of uridine, is the most abundant RNA post-transcrip-

tional modification that fine-tunes RNA functions. Its formation involves breakage of the nitrogen-car-

bon glycosidic bond between uracil and ribose, 180° rotation of detached uracil, and reattachment of 

uracil to the ribose through a carbon-carbon glycosidic bond. In comparison with uridine, pseudouri-

dine has distinct chemical properties. It possesses the carbon-carbon glycosidic group between uracil 

and ribose and an imino group in the base acting as an additional hydrogen bond donor [97]. Conse-

quently, the presence of pseudouridine within the RNA sequence stabilises the local RNA structure. 

Although pseudouridines differ subtly from uridines, they are often clustered in evolutionarily con-

served and functionally essential regions of non-coding RNAs and have important biological functions 

[97]. Pseudouridylation is catalysed by phylogenetically related pseudouridine synthases. They operate 

either as a stand-alone enzyme (e.g., transfer RNA (tRNA) pseudouridine synthases) or rely on an in-

ternal guide RNA to direct site-specific conversion of uridine into pseudouridine [127]. 
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Box H/ACA RNPs, the sole presentative of RNA-guided pseudouridine synthases, mainly cata-

lyse pseudouridylation of rRNAs and snRNAs, the fundamental components of the ribosome and 

spliceosome, respectively. Additionally, transcriptome-wide approaches identified many CBF5/DKC1-

dependent pseudouridylation sites in snoRNAs, TERC, and messenger RNAs  (mRNAs), yet the biologi-

cal relevance of these sites remains unclear [153–155]. In yeasts, strains expressing catalytically inac-

tive CBF5 are viable, but display abolished pseudouridylation of rRNAs and a severe growth defect 

[156]. Likewise, mouse cells defective in rRNA pseudouridylation due to the expression of catalytically 

inactive DKC1 display a growth defect and have altered rRNA processing and unstable mature rRNA 

[157]. Furthermore, in yeasts, it was also demonstrated that the deletion of box H/ACA snoRNAs guid-

ing the pseudouridylation in functionally important regions of rRNA (such as the ribosomal peptidyl 

transferase centre, the intersubunit bridge, and the decoding centre) impairs the growth and transla-

tion [158–161]. In yeast and human cells, the defects in rRNA pseudouridylation lower the affinity of 

ribosomes for tRNA and internal ribosome entry site (IRES) elements. These defects manifested as 

decreased translation fidelity and decreased initiation of IRES-dependent translation [162]. In hypo-

morphic DKC1 mutant mice and cells derived from patients with mutations in DKC1, IRES-mediated 

translation is particularly impaired, including that of the tumour suppressors p27 and p53 and the anti-

apoptotic factors such as Bcl-xL [163–166]. Beyond rRNAs, spliceosomal snRNAs are also extensively 

pseudouridylated, particularly U2 snRNA. In vertebrates, it was shown that the box H/ACA RNP‑cata-

lysed pseudouridylations in and near the U2 branch site recognition region is necessary for snRNP for-

mation and efficient pre-mRNA splicing [167–169]. Collectively, box H/ACA RNPs are crucial for the 

correct function of the ribosome and spliceosome, thereby fine-tuning translation and splicing.  

 

1.3.2.3. Role of box H/ACA RNPs in telomere maintenance  

Telomeres are structures at the ends of eukaryotic chromosomes comprised of telomeric re-

peat sequences (TTAGGG in vertebrates) and associated proteins. Due to the inherent end-replication 

problem, telomeres shorten with every round of DNA replication, eventually reaching a critical length 

and triggering replicative senescence [170]. Telomeric repeats can be extended by telomerase to coun-

teract telomere shortening. Telomerase is a large RNP complex specialised in the synthesis of telomeric 

DNA repeats at the 3′ ends of linear chromosomes. The catalytic core of telomerase consists of te-

lomerase reverse transcriptase (TERT) and TERC, which serves as a template for the telomeric repeat 

synthesis. While TERC is broadly expressed, the expression of TERT is usually restricted to highly pro-

liferative cells, thereby providing them with telomerase activity and thus the ability to elongate telo-

meres. Because telomere length maintenance is the major determinant of replicative lifespan, it is 

tightly controlled. Not surprisingly, defects in telomerase regulation have dire consequences. 
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Telomerase reactivation is associated with most cancers, whereas pathological telomere shortening 

due to defects in the telomerase function is linked to a wide range of disorders, such as dyskeratosis 

congenita [170].  

TERC acquired a box H/ACA domain at its 3´end in vertebrates [98] and thereby hijacked the 

box H/ACA RNP maturation pathway for its biogenesis and stabilisation. The box H/ACA domain of 

TERC is bound by two sets of the core box H/ACA proteins and TCAB1; all of them are part of active 

telomerase holoenzyme [138,139]. A notable difference between conventional box H/ACA RNAs 

(snoRNAs and scaRNAs) and TERC is the presence of the BIO box in the 3´ hairpin of its box H/ACA 

domain that enhances box H/ACA RNP assembly [119]. The same 3´ hairpin also contains the CAB box 

recognised by TCAB1 responsible for TERC concentration in Cajal bodies [111–113,117]. Importantly, 

the box H/ACA domain of TERC and box H/ACA proteins (except for GAR1) are essential for TERC accu-

mulation, telomerase activity, and telomere length maintenance [98,114,171–174]. Thus, being re-

quired for the biogenesis and stabilisation of TERC RNPs, box H/ACA RNPs are essential for telomerase 

activity and telomere maintenance.  

 

1.3.2.3. Dyskeratosis congenita 

Dyskeratosis congenita is a rare heterogeneous disorder characterised by bone marrow failure 

and the triad of abnormal skin pigmentation, nail dystrophy and mucosal leukoplakia [175]. Addition-

ally, patients suffering from this disorder have a predisposition to cancer. Although sporadic cases fre-

quently occur, dyskeratosis congenita is typically inherited. The pattern of inheritance might be X-

linked (often caused by mutations in DKC1), autosomal recessive (e.g., caused by mutations in NHP2, 

NOP10, or TCAB1), or autosomal dominant (e.g., caused by mutations in TERC or TERT). Collectively, 

genes found to be mutated in patients with dyskeratosis congenita encode proteins required for telo-

mere maintenance. Accordingly, short telomeres are a hallmark of dyskeratosis congenita, which is 

therefore considered a telomere biology disorder [176]. The most common X-linked dyskeratosis con-

genita is caused by mutations in the DKC1 gene [102]. Most of these mutations are clustered in two 

regions outside the catalytic domain of DKC1 and are thought to selectively impair the assembly of box 

H/ACA proteins with TERC [139,177]. As a result, patients with X-linked dyskeratosis congenita have 

decreased levels of TERC but not conventional box H/ACA RNAs, reduced telomerase activity, and 

shorter telomeres [171,172]. Although the defect in telomerase maintenance and definitive haemato-

poiesis is well-established and characterised, the connection between telomere dysfunction and the 

pathophysiology of dyskeratosis congenita remains poorly understood [172,178].  
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1.4. CRL4DCAF12 and its potential substrates 

1.4.1. DCAF12 

DDB1- and CUL4-associated factor 12 (DCAF12) is a CRL4 substrate receptor subunit initially 

identified as a regulator of tissue growth and apoptosis in Drosophila melanogaster [179]. DCAF12 is 

essential for completing Drosophila metamorphosis as its loss is lethal at the pupal stage. During de-

velopment, DCAF12 limits tissue growth and is required for developmental apoptosis. Notably, mis-

regulation of death-associated inhibitor of apoptosis 1 (DIAP1) during the developmental apoptosis 

was observed in these flies. Moreover, the DCAF12 role in facilitating apoptosis and limiting abnormal 

growth seems to be also critical for tissue homeostasis in adults [179]. The same group also discovered 

that is DCAF12 is involved in innate immunity as its loss caused a strong suppression in antimicrobial 

peptide expression after infection of larvae with bacteria [180]. At the molecular level, they observed 

deregulation of death-associated inhibitor of apoptosis 2 (DIAP2) [180]. DIAP2 is an essential compo-

nent of the immune deficiency (Imd) signalling pathway, which deals with infections with gram-nega-

tive bacteria and induces the expression of antimicrobial peptides [181]. Recently, DCAF12 was impli-

cated in regulating the Hippo pathway by targeting Yki/Yap/Taz for ubiquitination and degradation 

[182]. In the nucleus, Yki/Yap/Taz is phosphorylated and stabilised by CDK7. In the absence of CDK7-

mediated phosphorylation, Yki/Yap/Taz was shown to be degraded by DCAF12, which led to down-

regulation of the Hippo-dependent gene expression (including expression of DIAP1), reduced organ 

size, and diminished tumour growth [182]. Additionally, DCAF12 is essential for normal synaptic func-

tion and plasticity, and its depletion impairs Drosophila larval locomotion [183]. In fly larvae, DCAF12 

is expressed in glia, neurons, and muscles. At larval neuromuscular junctions, DCAF12 is primarily 

found presynaptically in axons, synaptic boutons, and nuclei of motor neurons. Postsynaptically, 

DCAF12 localises to muscle nuclei. Presynaptic DCAF12 is required for neurotransmitter release and 

synaptic homeostatic potentiation, while postsynaptic DCAF12 negatively controls the synaptic levels 

of the glutamate receptor subunits [183].  

DCAF12 has two close paralogs (protein sequence similarity ~70%) in placental mammals—

DDB1- and CUL4-associated factor 12-like protein 1 (DCAF12L1) and DDB1- and CUL4-associated factor 

12-like protein 2 (DCAF12L2) [184]. DCAF12L2 probably emerged by retrotransposition in the placental 

mammal ancestor. In contrast, the appearance of DCAF12L1 seems to be a result of tandem duplica-

tion, and DCAF12L1 is present only in Euarchontoglires (a clade that includes rodents and primates) 

[185]. The expression pattern of DCAF12 paralogs differs from DCAF12 and whether they assemble 

into functional CRL4 is unknown. In human cells, DCAF12 regulates the stability of proteins ending in a 

twin-glutamic acid degron (C-terminal -EE degron) [48]. So far, only the regulation of the melanoma 

antigen gene (MAGE) family members by DCAF12 was studied [186]. Expression of MAGEs is usually 
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restricted to male germ cells. However, MAGEs are often aberrantly reactivated in various cancers, in 

which they drive tumorigenesis. In cancer cells, DCAF12 targets MAGE-A3 and MAGE-A6 for degrada-

tion in response to starvation and this degradation was shown to facilitate autophagy induction [186]. 

However, the physiological function of DCAF12 in vertebrates remains unknown.  

 

1.4.2. XIAP and SMAC 

X-linked inhibitor of apoptosis protein (XIAP) belongs to the inhibitors of apoptosis protein 

(IAP) family characterised by the presence of at least one baculoviral IAP repeat (BIR) domain. This 

zinc-coordinating domain resembles the classical zinc finger and mediates protein-protein interac-

tions. Members of the IAP family have evolutionarily conserved roles in cell death pathways, inflam-

mation, and innate immunity. Their negative regulators are collectively termed as IAP antagonists, a 

loosely defined group of proteins binding to the BIR domains of IAPs and thus antagonising their (anti-

apoptotic) functions. They typically contain an N-terminal IAP-binding motif (IBM), which they insert 

into the hydrophobic IBM binding groove on BIR domains. One of these IAP antagonists is the second 

mitochondria-derived activator of caspase (SMAC; also known as direct IAP-binding protein with low 

pI—DIABLO), a potent endogenous inhibitor of the XIAP anti-apoptotic activity [187]. 

The Drosophila genome encodes four IAPs. Of these, DIAP1 prevents apoptosis by binding to 

and inhibiting apoptotic proteases called caspases, thereby being essential for cell survival [188–190]. 

Additionally, DIAP1 inhibits the assembly of the death-inducing platform called apoptosome [191]. In 

contrast, the main function of DIAP2, being an essential component of the Imd pathway, lies in innate 

immunity. Imd signalling pathway resembles the mammalian tumour necrosis factor receptor (TNFR) 

signalling, but its role in flies is to sense and combat gram-negative bacterial infections [181,192,193]. 

The activities of the Drosophila IAPs are antagonised by several IBM-containing proteins such as 

reaper, hid, grim, sickle, jafrac2, and dOMI, which induce apoptosis in response to different apoptotic 

stimuli [194–199].  

In humans, there are eight members of the IAP family, cellular IAP1 and 2 (cIAP1 and cIAP2) 

being the two closest XIAP paralogs. XIAP and cIAPs harbour three BIR domains (BIR1 to BIR3), a ubiq-

uitin-associated (UBA) domain and a C-terminal RING domain. BIR domains mediate protein-protein 

interactions, UBA enables binding to polyubiquitin chains, and the RING domain provides an E3 ubiq-

uitin ligase activity and mediates homodimerisation of IAPs [187]. In addition, cIAPs also possess a 

caspase activation and recruitment domain (CARD) that mediates autoinhibition of their E3 ubiquitin 

ligase activity under steady-state conditions [200]. XIAP is the only IAP family member that potently 

suppresses apoptosis by directly binding to caspases and inhibiting their activity [201]. Additionally, 

XIAP and cIAPs regulate inflammatory and innate immune responses. They participate in ubiquitin sig-

nalling downstream of various pattern recognition receptors (PRRs) and TNFR superfamily members 
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and mediate activation of nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) 

signalling pathways. While XIAP is crucial for signalling downstream of nucleotide-binding oligomeri-

sation domain 2 (NOD2) receptor, cIAPs are involved in Toll-like receptor (TLR) and TNFR pathways 

[202]. Moreover, XIAP, together with cIAPs, inhibits the assembly of the death-inducing platform called 

ripoptosome. Besides these well-described roles, XIAP was implicated in a broad range of other cellular 

activities such as positive regulation of the Wnt signalling pathway [203], a negative regulation of au-

tophagy [204], and regulation of copper homeostasis [205–207].  

SMAC is dominantly a mitochondrial protein with a well-described pro-apoptotic role. Upon 

apoptotic stimuli, it is released from the mitochondrial intermembrane space into the cytosol, where 

it interacts with IAPs and promotes caspase activation by reliving XIAP-imposed caspases inhibition 

[208,209]. The SMAC precursor contains the N-terminal pre-sequence responsible for its transport to 

the mitochondria, where SMAC undergoes two-step processing by mitochondrial processing peptidase 

(MPP) and inner membrane protease PARL [210]. The cleavage generates the mature form of SMAC 

with the N-terminal IBM sequence (AVPI), which binds to the BIR2 and BIR3 domains of XIAP [211–

214]. Similarly, SMAC also binds to BIR3 domains of cIAPs [215] and the BIR domain of Livin  [216]. 

SMAC binding induces the degradation of cIAP1 and cIAP2 but does not of XIAP and Livin [217]. Of 

note, there are several SMAC isoforms (β, γ, δ) differing in the N-terminal parts and the subcellular 

localisation, which might have functions non-related to apoptosis [218]. Importantly, SMAC might also 

have immunomodulatory functions due to its ability to antagonise various IAPs. It was indeed shown 

that the mitochondrial release of SMAC dampens the XIAP inflammatory functions [219]. Moreover, 

the mitochondrial outer membrane permeabilisation (MOMP) followed by the SMAC release is no 

longer considered a point of no return in apoptosis execution. Indeed, various pro-inflammatory ef-

fects of MOMP are now being recognised [220,221]. Therefore, uncovering the potential roles of SMAC 

in the regulation of innate immune responses might represent a novel, exciting area of research. 

 

1.4.2.1. Role of XIAP and SMAC in apoptosis  

Apoptosis is a form of programmed cell death essential in the development and homeostasis 

of multicellular organisms [222]. Moreover, it constitutes an efficient strategy of host defence against 

viral infection [223]. Apoptosis is characterised by distinct morphological features, such as cell shrink-

age, nucleus condensation and fragmentation, membrane blebbing, and the formation of apoptotic 

bodies that are rapidly cleared by phagocytic cells [222,223].  

The core components of the apoptotic pathway are well-conserved in evolution and centre 

around a family of cysteine-aspartic proteases called caspases [224,225]. Caspases are synthesised as 

inactive precursors (procaspases), which are proteolytically activated in response to specific stimuli. 
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Activation involves the removal of an N-terminal pro-domain and cleavage into a large and a small 

subunit. Mature caspases are composed of two heterodimers, each formed by the large and small 

subunits. Upon activation, caspases cleave their substrates after aspartate, glutamate or even phos-

phoserine residues, thereby orchestrating diverse biological processes [224–226]. Beyond apoptosis, 

they play crucial roles in inflammation and cell differentiation. Caspases involved in apoptosis are di-

vided based on their function and domain architecture into two groups: initiator and executioner. The 

initiator caspases contain a long N-terminal pro-domain, which mediates their dimerisation and re-

cruitment into multiprotein complexes essential for their activation. The pro-domains comprise either 

a CARD domain (caspases-2, -9) or tandem of death-effector domains (DED; caspases-8, -10). On the 

contrary, the executioner caspases-3, -6 and -7 possess a short N-terminal pro-domain and are acti-

vated following their initial cleavage by initiator caspases [224,225]. 

The initiator caspases are activated in response to external or internal stimuli through extrinsic 

or intrinsic apoptotic pathways (Figure 5), respectively. Both pathways eventually converge at proteo-

lytic activation of the executioner caspases-3, -6 and -7, which cleave their substrates and execute the 

cell death [224,225]. The extrinsic (also known as death receptor-mediated) apoptotic pathway is ini-

tiated through the engagement of cell surface death receptors of the TNFR superfamily, such as tu-

mour necrosis factor (TNF), TNF-related apoptosis-inducing ligand (TRAIL), and Fas receptors with their 

cognate ligands [227]. This signalling leads to the assembly of the death-inducing signalling complex 

(DISC) that recruits and activates caspase-8 and -10. Caspase-8 also cleaves BH3-only protein BID to 

generate its truncated form (tBID), thereby amplifying the apoptotic response by engaging the intrinsic 

apoptotic pathway [227]. The amplification is required for apoptosis in so-called “type 1” cells, such as 

hepatocytes, but not in “type 2” cells, such as thymocytes. XIAP is the crucial discriminator between 

type 1 and type 2 Fas-induced apoptosis [228]. While the XIAP loss does not affect apoptosis in thymo-

cytes, it renders hepatocytes independent of BID in Fas-induced apoptosis [228].  

The intrinsic (also known as mitochondrial or Bcl-2-regulated) apoptotic pathway senses the cel-

lular stress (e.g., DNA damage, growth factor or cytokine deprivation) and activates caspase-9 [229]. The 

initiation of this pathway is controlled by members of the Bcl-2 protein family that either promote or 

inhibit apoptosis. The interplay of three subgroups of this family (BH3-only proteins, pro-survival Bcl-2 

proteins, and the pro-apoptotic effector proteins BAX and BAK) is crucial for maintaining the balance 

between pro- and anti-apoptotic signals, thus setting the apoptotic threshold. The stress signal is con-

veyed by BH3-only proteins that inhibit the pro-survival Bcl-2-like proteins, enabling the activation of the 

pro-apoptotic effector proteins BAX and BAK [229]. The effector proteins permeabilise the mitochondrial 

outer membrane, which leads to the release of pro-apoptotic factors such as cytochrome c, SMAC, and 

serine protease HTRA2/OMI [208,209,230,231]. In the cytoplasm, cytochrome c associates with apop-

totic protease‑activating factor 1 (APAF1), which triggers the assembly of a multimeric caspase-9-
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activating complex called apoptosome [232]. SMAC contributes to the activation of apoptosis by binding 

to caspase inhibitor XIAP, thereby relieving XIAP-imposed caspase inhibition [187].  

 

 

Figure 5. Extrinsic and intrinsic apoptotic pathways. The extrinsic apoptotic pathway is activated by 

the engagement of death receptors with their cognate ligands, which leads to the activation of the 

initiator caspase-8 and -10. Activated initiator caspases proteolytically activate executioner caspase-3 

and -7, ultimately triggering apoptosis. Caspase-8 also cleaves BH3-only protein BID to generate its 

truncated form (tBID), amplifying the apoptotic response by engaging the intrinsic apoptotic pathway. 

Stress signals activate the intrinsic apoptotic pathway. The activation is controlled by the interplay of 

the Bcl-2 family members (BH3-only proteins, pro-survival Bcl-2 proteins, and the pro-apoptotic effec-

tor proteins BAX and BAK). Activated BAX and BAK induce mitochondrial outer membrane permeabili-

sation (MOMP), releasing mitochondrial pro-apoptotic factors such as cytochrome c and SMAC. In the 

cytosol, cytochrome c associates with APAF1 and triggers the assembly of the apoptosome, which ac-

tivates the initiator caspase-9. Activated caspase-9 subsequently proteolytically activates effector 

caspases, ultimately triggering apoptosis. SMAC contributes to caspase activation by binding to XIAP, 

thereby relieving the XIAP-mediated inhibition of caspases-3, -7 and -9. Adapted from “Apoptosis Ex-

trinsic and Intrinsic Pathways”, by BioRender.com (2021). Retrieved from https://app.bioren-

der.com/biorender-templates. 
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XIAP inhibits caspases-3, -7 and -9 by distinct mechanisms. Caspases-3 and -7 are directly in-

hibited by a linker region preceding the BIR2 domain of XIAP in cooperation with the BIR2 domain 

itself. Specifically, the linker occupies and blocks the active sites of caspases-3 and -7 [233–236]. BIR2 

domain contributes to the inhibition by strengthening the XIAP-caspase interaction and is required for 

relieving caspases-3 and -7 inhibition by SMAC [234–236]. In contrast, caspase-9 is inhibited by the 

BIR3 domain of XIAP [214,237]. The N-terminus of the small subunit of caspase-9 harbours an IBM, 

which binds to the BIR3 domain of XIAP [214]. This interaction traps caspase-9 in a monomeric state 

and thus inhibits its activity [238].  

The XIAP-mediated inhibition of caspases-3,-7, and -9 is relieved by SMAC and other IBM-con-

taining proteins during apoptosis. SMAC dimerises and acts as a tetramer, which binds through its four 

N-terminal IBMs to the BIR2 and BIR3 domains of dimeric XIAP [211–214,239]. Consequently, caspases 

and SMAC compete for binding to XIAP, which makes their interaction with XIAP mutually exclusive. In 

addition to SMAC, several other mitochondrial proteins harbouring N-terminal IBM were identified to 

be released from mitochondria to the cytoplasm during apoptosis and interact with XIAP [240]. Among 

them, serine protease HTRA2/OMI also potently potentiates caspase activation and apoptosis 

[230,231,241]. Not only does serine protease HTRA2/OMI directly antagonises the interaction be-

tween XIAP and caspases, but it is also able to proteolytically cleave and thus inactivates XIAP to pro-

mote apoptosis [242–244].  

Apoptosis-related protein in the TGF-beta signalling pathway (ARTS), a splice variant of the SEP-

TIN4 gene, also antagonises the anti-apoptotic activities of XIAP. In response to the apoptotic signal, ARTS 

rapidly translocates from the mitochondrial outer membrane to the cytosol, where it binds XIAP and 

mediates XIAP degradation [245–247]. Unlike SMAC and serine protease HTRA2/OMI, ARTS does not 

contain an IBM sequence and binds to the distinct binding pocket in the BIR3 domain of XIAP [248–250]. 

The XIAP-ARTS interaction triggers the XIAP self-ubiquitination and degradation. Additionally, it bridges 

XIAP and ARTS-interacting E3 ubiquitin-protein ligase SIAH1, which also targets XIAP for degradation 

[251]. Moreover, ARTS acts as a scaffold bringing XIAP and Bcl-2 into a ternary complex to promote XIAP-

mediated ubiquitination and degradation of Bcl-2 in response to apoptotic stimuli [252]. Importantly, 

ARTS acts upstream of the MOMP and releases pro-apoptotic factors from mitochondria [245–247]. As 

an initial burst of caspase activity is required for the MOMP and timely release of cytochrome c and 

SMAC, it is believed that ARTS promotes apoptosis by this initial derepression of caspases [247].  

Degradation of XIAP during apoptosis ultimately overcomes its caspase-inhibitory function. 

SMAC and XIAP are both degraded after induction of apoptosis, though the exact mechanisms under-

lying their degradations are still controversial and might be cell-type specific [253–255]. ARTS is re-

sponsible for early XIAP degradation preceding MOMP [245,247,251], while serine protease 

HTRA2/OMI might contribute to XIAP degradation following MOMP [242–244]. The binding of SMAC 
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to XIAP does not seem to induce XIAP self-ubiquitination and subsequent degradation as it does in the 

case of cIAPs [217]. Once caspases are activated, caspase-3 cleaves XIAP, leading to subsequent XIAP 

degradation and sensitising cells to apoptosis [256,257]. Additionally, XIAP E3 ubiquitin ligase activity 

is itself a determinant of XIAP stability [255]. XIAP ubiquitinates various substrates, including SMAC, 

serine protease HTRA2/OMI, caspases and itself [258]. Because XIAP-mediated ubiquitination often 

has a function other than targeting modified protein for degradation, much remains to be learned 

about the precise roles of these ubiquitination events. Consistently, targeted deletion of the XIAP RING 

domain revealed stabilisation of truncated XIAP and reduced caspase-3 polyubiquitination accompa-

nied by elevated caspase-3 activity under certain apoptotic condition [255]. The latter indicates that 

XIAP-mediated non-degradative polyubiquitination of caspases contributes to their inhibition. Im-

portantly, SMAC and XIAP were still degraded following apoptotic induction in cells lacking the XIAP 

RING domain [255] suggesting that the XIAP and SMAC are degraded during apoptosis independently 

of the XIAP ubiquitin ligase activity.  

Taken together, XIAP is a crucial inhibitor of caspases antagonised by several IAP antagonists 

upon apoptotic stimuli, including SMAC, and tightly regulated by the UPS. Furthermore, being an E3 

ubiquitin ligase itself, XIAP exercises its E3 activity to ubiquitinate its counterparts, thereby adding 

another layer of complexity to the multilayer crosstalk of various regulatory circuits centred around 

XIAP and caspase. Consequently, the factors involved in XIAP regulation are critical determinants of 

the cellular decision between cell death and survival.  

 

1.4.2.2. Targeting XIAP by SMAC and ARTS mimetics 

Overexpression of IAPs, including XIAP, frequently occurs in various human cancers, enabling 

them to evade apoptosis and impeding cancer therapy. Therefore, targeting IAPs by small compounds 

mimicking the action of endogenous IAP antagonists has become an attractive approach for therapeu-

tic intervention in cancer [259]. Peptides derived from N-terminal IBM of mature SMAC can solely re-

move the inhibition of caspase-9 and are sufficient to sensitise cells for apoptosis [211–213,260]. Re-

lieving the XIAP-imposed inhibition on caspases-3 and -7 requires a dimeric SMAC N-terminal peptide 

[261]. These properties of SMAC-derived peptides and the detailed knowledge of the topology of the 

IBM binding groove on the BIR domains of XIAP paved the way for the development of SMAC mimetics.  

SMAC mimetics are small compounds mimicking the SMAC-derived peptides with improved 

pharmacological properties. There are two types of SMAC mimetics: monovalent and bivalent (di-

meric). Monovalent SMAC mimetics (e.g., LCL161) consist of one SMAC-mimicking element, while bi-

valent SMAC mimetics (e.g., birinapant) utilise two SMAC-mimicking moieties connected with a chem-

ical linker. Bivalent SMAC mimetics concurrently bind both the BIR2 and BIR3 domain of XIAP and 
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generally display higher binding affinities than monovalent SMAC mimetics [262]. Up to now, five mon-

ovalent and three bivalent compounds have completed or are involved in ongoing phases 1 and 2 clin-

ical trials, in which their therapeutic potential in the treatment of various cancers is evaluated. These 

compounds are generally well-tolerated by patients but have limited clinical benefits as single agents. 

Therefore, their administration combined with other therapeutic interventions to enhance their clini-

cal potential is now being explored  [263,264].  

SMAC mimetics were initially designed to have broad specificity and target several IAP proteins 

containing BIR domains with IBM binding grooves (XIAP, cIAPs, Livin). They usually bind to cIAPS with 

high affinity and to XIAP with lower affinity. In addition to preventing the interaction between XIAP 

and caspases, SMAC mimetics induce rapid autoubiquitylation and proteasomal degradation of c-IAPs 

but not XIAP [265,266]. Autoubiquitylation of cIAPs is caused by conformational rearrangements in-

duced by the SMAC/SMAC mimetics binding to the BIR3 domains of cIAPs, which enables the dimeri-

zation of their RING domain and the formation of the active E3 ligase [267].  Consequently, loss of 

cIAPs promotes tumour necrosis factor-alpha (TNF-α)-induced apoptosis of sensitive cancer cells 

[265,266]. In more detail, cIAPs meditate constitutive ubiquitylation and proteasomal degradation of 

NF-kappa-B-inducing kinase (NIK), thereby acting as negative regulators of non-canonical NF-κB signal-

ling. Accordingly, loss of cIAPs results in NIK accumulation and activation of the noncanonical NF-kB 

pathway [265,266]. The activation of NF-kB signalling induces the expression of numerous pro-inflam-

matory genes, including TNF-α that engages tumour necrosis factor receptor 1 (TNFR1) in an autocrine 

or paracrine manner and thus induces apoptosis in responsive cells [265,266]. The binding of TNF-α to 

TNFR1 triggers the formation of a membrane-associated TNFR1 signalling complex, in which cIAPs me-

diate non-degradative polyubiquitination of receptor-interacting serine/threonine-protein kinase 1 

(RIPK1). This polyubiquitination creates a pro-survival signalling platform for signalling events that 

eventually activate canonical NF-κB signalling. Accordingly, loss of cIAPs abrogates RIPK1 ubiquitina-

tion and enables RIPK1 to form caspase-8-activating complex, thereby switching the pro-survival TNF-

α signalling into the cell death-inducing [268,269]. SMAC mimetics thus also inhibits anti-apoptotic 

functions of cIAPs. In addition to suppressing cell death, IAPs are also crucial regulators of many in-

flammatory pathways (TNFR, TLR, and NOD2 signalling) and dysregulation of these pathway might also 

contribute to the clinical effect of SMAC mimetics. Consistently, both the adverse effects caused by 

inflammation (such as cytokine release syndrome and Bell's palsy) and the suppression of inflamma-

tory signalling were reported [263]. The future direction for SMAC mimetics thus might be in their use 

as therapeutic for chronic inflammatory diseases.  

To selectively target XIAP, a novel small compound mimicking the action of ARTS has recently 

been developed. ARTS mimetic A4 binds specifically to the unique binding groove on the BIR3 domain 

of XIAP but not cIAP1. A4 promotes XIAP and Bcl-2 degradation, caspase-9 and -3 activation, leading 
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subsequently to apoptosis [250]. These unique features of their action make ARTS mimetics a promis-

ing candidate for developing a new class of specific XIAP-antagonists used for therapeutic intervention 

in cancer.  

 

1.4.2.3. Role of XIAP in innate immunity and inflammation 

 Innate immunity is the first line of defence against invading pathogens. Innate immune re-

sponses are initiated upon microbial PAMPs (pathogen-associated molecular patterns) or injured tis-

sue-released DAMPs (danger/damage-associated molecular patterns) recognition by PRRs. These re-

ceptors are either intracellular or present on the cell surface. Their ligation usually activates MAPK and 

NF-κB signalling pathways to induce the expression of inflammatory mediators, such as pro-inflamma-

tory cytokines and chemokines. Some PRRs, instead of triggering transcriptional programs, assemble 

multiprotein complexes called inflammasomes. Inflammasome activates caspase-1, which proteolyti-

cally cleaves inactive precursors of pro-inflammatory interleukin-1 beta (IL-1β) and interleukin-18 (IL-

18) as well as the pyroptotic cell death effector gasdermin D to generate their mature active forms 

[270]. The initial inflammation is essential for controlling infection, eliminating tissue injury, and or-

chestrating the adaptive immune response. XIAP plays several roles in these innate immunity path-

ways. In particular, XIAP is critically involved in NOD2 signalling [271–275] and negative regulation of 

inflammation [276–279]. 

XIAP is crucial for NOD2-mediated inflammatory signalling. NOD2 is an intracellular PRR that 

senses a conserved bacterial cell wall peptidoglycan component, muramyl dipeptide (MDP), and trig-

gers pro-inflammatory responses [280]. Upon MDP recognition, NOD2 undergoes oligomerization and 

recruitment of the receptor-interacting serine/threonine-protein kinase 2 (RIPK2). RIPK2 interacts with 

XIAP, which builds polyubiquitin chains on RIPK2. These chains are necessary for the recruitment of 

the linear-chain ubiquitin assembly complex (LUBAC) to the NOD2 signalling complex. LUBAC gener-

ates Met1-linked polyubiquitin chains, and the resulting polyubiquitin-based signalling platform re-

cruits and activates the inhibitor of nuclear factor kappa-B kinase (IKK) and TGF-beta-activated kinase 

1 (TAK1). These events eventually lead to the activation of MAPK and NF-kB signalling pathways, which 

activate transcription of pro-inflammatory genes, including cytokines [272–275]. Notably, XIAP binds 

RIP2 through its BIR2 domain. This interaction can be abolished by the XIAP selective antagonists pref-

erentially binding the BIR2 domain of XIAP, which thereby impairs NOD2-mediated inflammatory sig-

nalling [274].  

XIAP, in cooperation with cIAPs, has been shown to restrict spontaneous receptor-interacting 

serine/threonine-protein kinase 3 (RIPK3)- and caspase-8-driven NACHT, LRR and PYD domains-contain-

ing protein 3 (NLRP3) inflammasome activation, IL-1β maturation and secretion, and RIPK3-dependent 
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cell death [276–279]. In myeloid cells, TLR and TNFR1 stimulation (e.g., with lipopolysaccharide (LPS) and 

TNF, respectively) or IAPs loss (e.g., upon genotoxic stress or induced by SMAC mimetics) leads to the 

formation of a large complex termed ripoptosome. The core components of this complex are RIPK1, FAS-

associated death domain protein (FADD), caspase-8, and additional proteins such as RIPK3 and cellular 

FLICE-like inhibitory protein (cFLIP) isoforms [281,282]. Ripoptosome determines whether the cell sur-

vives, undergoes RIPK3-dependent necroptosis or caspase-8-mediated apoptosis. Additionally, ripopto-

some-associated RIPK3 signalling promotes caspase-8 ubiquitination, activation and induces the for-

mation of NLRP3 inflammasome. These events lead to proteolytic processing and maturation of IL-1β, 

which is mediated by both the active caspases-8 and NLRP3 inflammasome-associated caspase-1 [276–

279]. However, how IAPs inhibit ripoptosome formation and how ripoptosome drives the activation of 

the NLRP3 inflammasome remains an outstanding question in the field.  

 

1.4.2.4. Xiap and Smac deficiency in mice 

Xiap and Smac are ubiquitously expressed in mice. The first studies dealing with Xiap- and 

Smac-deficient mice focused on their role in apoptosis. Surprisingly, they showed no obvious pheno-

type, and cells derived from these animals exhibited no defects in apoptosis induced by a variety of 

stimuli [283,284]. However, the subsequent studies revealed that loss of Xiap sensitises certain cell 

types such as intestinal stem cells and hair follicle stem cells for apoptosis [285,286]. Furthermore, 

Xiap-deficient mice are immunocompromised and fail to clear some pathogens [219,287–289]. Xiap 

deficiency causes a reduction in MAPK and NF-kB activation and early proinflammatory cytokine pro-

duction following infection with certain pathogens [219,287–289]. Moreover, Xiap-deficient mice fre-

quently develop hyperinflammation upon infection, accompanied by excessive secretion of pro-inflam-

matory cytokines (especially IL-1β) and increased RIPK3-dependent cell death of myeloid cells 

[279,287,290]. Apart from the innate immune responses, loss of Xiap affects the adaptive responses 

as well. No abnormalities in apoptosis of Xiap-deficient thymocytes and splenocytes were observed 

[283]. However,  XIAP and cIAP1 are both required for survival of activated CD8+ T cells and effective 

anti-viral adaptive immunity [291]. Additionally, Xiap-deficient regulatory T cells (Tregs) are impaired 

in their suppressive function [292]. Altogether, Xiap-deficient mice exhibit dysregulation of various 

immune processes highlighting the crucial role of XIAP and its regulation in the immune system.  

 

1.4.2.5. X-linked lymphoproliferative syndrome type-2 

In humans, mutations in the XIAP gene are associated with a rare primary immunodeficiency 

known as X-linked lymphoproliferative syndrome type-2 (XLP-2). A triad of the most frequent clinical 

manifestations of XLP-2 consists of hemophagocytic lymphohistiocytosis (HLH) frequently triggered by 
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Epstein-Barr virus (EBV) infection, recurrent splenomegaly, and inflammatory bowel disease (IBD) with 

the features of Crohn’s disease [293–296]. HLH is a condition of severe hyperinflammation caused by 

uncontrolled proliferation and activation of lymphocytes and macrophages, which produce high 

amounts of inflammatory cytokines, such as IL-1β, interleukin-6 (IL-6), IL- 18, TNF-α, and interferon 

gamma (IFNγ). HLH is often triggered by infectious pathogens, particularly viruses, and leads to tissue 

damage and multiorgan failure [293–296]. Recurrent splenomegaly also frequently occurs in XLP-2 pa-

tients without systemic HLH, and it is often associated with cytopenia and fever [295]. Another typical 

clinical manifestation of XLP-2 is the early-onset IBD with Crohn’s disease features, such as focal in-

flammatory lesions, crypt abscesses, granulomas, and polymorphic cellular infiltrates [293]. Although 

significant progress in the identification of the molecular mechanisms underlying XLP-2 aetiology has 

been made (e.g., defects in NOD2 signalling and negative regulation of inflammation, enhanced apop-

tosis of activated T cells), it is still unclear how they contribute to XLP-2 development and what other 

XIAP actions are involved. 

 

1.4.3. MOV10 

Moloney leukemia virus 10 protein (MOV10) is a highly conserved RNA helicase belonging to 

the UPF1-like group of the helicase superfamily 1 [297,298]. MOV10 homologs have been found in 

plants (SDE3 in Arabidopsis thaliana [299]), nematodes (ERI-6/7 in Caenorhabditis elegans [300,301]), 

and insects (Armi in Drosophila melanogaster [302,303]). The vertebrate genome also encodes MOV10 

paralog MOV10-like protein 1 (MOV10L1), which arose by gene duplication [304,305]. MOV10 and its 

homologs have evolutionary conserved but enigmatic roles in post-transcriptional gene silencing (RNA 

interference; RNAi) and silencing transposons, viruses, and recently duplicated genes [299,301–308].  

Retrotransposons restricting and antiviral activities of MOV10 are a crucial part of the host 

defence system across diverse species. In human cells, MOV10 binds retrotransposon RNAs and is a 

potent inhibitor of retrotransposition [309–312]. Specifically, MOV10 was shown to post-transcription-

ally reduce levels of retrotransposon transcripts [312] and inhibit reverse transcription [311]. However, 

the exact mechanism of retrotransposon restriction remains unclear [313,314]. Regarding its antiviral 

activities, overexpression of MOV10 inhibits replication and reduces infectivity of a wide range of ex-

ogenous retroviruses, including human immunodeficiency virus type-1 (HIV-1) [309,315–318]. Con-

trary, endogenous MOV10 has no effect or is even required as a co-factor for HIV-1 infection 

[309,315,317,319]. Furthermore, MOV10 is an interferon-stimulated gene (ISG) [320,321] that exhibits 

broad antiviral activity against various RNA viruses, such as vesicular stomatitis virus (VSV) [322], hep-

atitis C virus (HCV) [320,323], influenza A virus [324,325], and bunyavirus [326]. Interestingly, this func-

tion of MOV10 is independent of its helicase activity [322,323,325,326]. As with HIV-1, HCV replication 

is inhibited by the excess of MOV10 but promoted by endogenous MOV10. Similarly, MOV10 facilitates 
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replication of the hepatitis delta virus (HDV) [327]. In addition, MOV10 restricts hepatitis B virus (HBV) 

replication [328,329]. Although HBV is a DNA virus, it uses reverse transcription to replicate, which is 

the stage of the HBV life cycle blocked by MOV10 [328,329]. 

MOV10 has an important role in post-transcriptional gene regulation, especially in the mi-

croRNA (miRNA) pathway [330–333]). Human MOV10 localises to cytoplasmic processing bodies (P-

bodies) when overexpressed, associates with RNA-induced silencing complex (RISC), and participates 

in its functions [330,331,334]. MOV10 predominantly binds to G-rich secondary structures (RNA G-

quadruplexes) in the close proximity to miRNA recognition element (MRE) in the 3’ UTR and has an 

ATP-dependent 5’ to 3’ RNA unwinding activity [333,335]. Such MOV10 unwinding activity is supposed 

to expose formerly inaccessible MRE for subsequent association with argonaute2 (AGO2), resulting in 

miRNA-mediated translational suppression. Additionally, a subset of MOV10-bound mRNAs is regu-

lated by the functional association of MOV10 with the fragile X mental retardation protein (FMRP), 

which has a dual function in regulating translation. FMRP facilitates miRNA-mediated translational sup-

pression by recruiting MOV10 and AGO2 to some mRNAs. However, the proximal binding of FMRP and 

MOV10 blocks AGO2 association with MRE in other mRNAs and enables their translation [333]. MOV10 

also directly interacts with UPF1 and is believed to facilitate nonsense-mediated mRNA decay [335]. 

Furthermore, MOV10 was also implicated in polycomb-mediated transcriptional silencing of the INK4a 

locus [336].  

The physiological function of MOV10 has been explored in the murine brain and testes 

[337,338]. Mov10 is expressed ubiquitously across all tissues. However, its protein level is particularly 

elevated in the postnatal murine brain, where MOV10 localises to the cell nucleus and cytoplasm. Two-

thirds of MOV10-bound RNA in the postnatal murine brain represent retrotransposon RNAs, while the 

remaining one-third are mRNAs encoding proteins involved predominantly in neuronal projection and 

cytoskeleton [337]. A subset of MOV10-bound mRNAs in the murine brain is also bound to FMRP and 

AGO2. This subset is enriched for neuronal genes and likely regulated by the miRNA pathway in the 

same manner as in human cells [333,337]. Since the loss of both Mov10 alleles is embryonic lethal, 

heterozygous Mov10 KO mice were used to study the MOV10 function in the murine brain. These 

animals have reduced protein levels of MOV10 and exhibit neuronal and behavioural alterations. Spe-

cifically, this reduction of MOV10 in the murine brain results in increased retrotransposition, defects 

in neuronal morphology, and behavioural changes [337]. Interestingly, MOV10 in mice and its homolog 

Armi in Drosophila melanogaster localise to synapses, where they are degraded in response to neu-

ronal stimuli [339,340]. This degradation releases a set of mRNAs, including CaMKII, from translational 

suppression, thereby regulating localised protein synthesis during synaptic plasticity [339,340].  

In murine testes, Mov10 is mainly expressed in spermatogonia and exhibits nucleocytoplasmic 

localisation [338]. Most MOV10-bound RNAs in testes mapped to genic regions and were significantly 
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enriched in GC-rich repeat sequences. Knockdown of Mov10 in spermatogonial progenitor cells (SPCs) 

cultured in vitro caused profound changes in their transcriptome and negatively impacted their prolif-

eration and in vivo repopulation capacity. Importantly, MOV10 was shown to regulate the miRNA bio-

genesis and implicated in the splicing control [338]. Testes also express a germ-cell-specific paralog of 

Mov10—Mov10l1. Contrary to Mov10, expression of Mov10l1 is restricted to germ cells and peaks 

with the rise of pachytene spermatocytes [304,305]. MOV10L1 associates with Piwi proteins and is 

essential for biogenesis of the pre-pachytene and pachytene Piwi-interacting RNAs (piRNAs) 

[304,305,341]. The piRNA pathway protects the germline genome from transposable elements and is 

necessary for fertility. Consistently with the crucial role of MOV10L1 in the piRNA pathway, loss of 

Mov10l1 leads to depletion of piRNA, de-repression of retrotransposons, early meiotic arrest and ste-

rility [304,305]. These findings suggest the divergent evolution of MOV10 and MOV10L1 after gene 

duplication—MOV10 specialized in the miRNA pathway, whereas MOV10L1 in the piRNA pathway.  
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2. Objectives 

Ubiquitin ligases play essential roles in multiple biological processes. However, the substrates 

and functions of most of them remain unknown. Therefore, our prime objective was to identify and 

validate novel substrates of pre-selected ubiquitin ligases from the CRL4 subfamily and address the 

biological roles of the ligase-substrate interactions. As ubiquitin ligases typically execute their functions 

through substrate ubiquitination (and degradation), substrate identification is a crucial step in uncov-

ering the biological roles of ubiquitin ligases. Subsequently, the impact of substate ubiquitination and 

degradation can be investigated, which often broadens our understanding of already described cellular 

pathways or even uncovers entirely novel biological processes. 

Here, we employed the “bottom-up” approach to reveal the biological functions of CRL4DCAF4 

and CRL4DCAF12. After identifying and validating their candidate substrates, we proceeded with the pre-

diction and experimental investigation of their biological roles. The specific aims were: 

• to identify proteins recognised by CRL4DCAF4 and CRL4DCAF12, 

• to select and validate candidate substrates of CRL4DCAF4 and CRL4DCAF12 by examining 

their proteasome-dependent degradation and characterising the ligase-substrate in-

teraction, 

• to explore conditions and molecular mechanisms triggering the degradations, 

• to uncover the outcome of such degradations to reveal the biological function of 

CRL4DCAF4 and CRL4DCAF12. 
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3. Materials and methods 

3.1. DNA constructs 

DNA sequences for human DKC1, GAR1, XIAP, MOV10, GART, CUL4A were amplified by poly-

merase chain reaction (PCR) from a cancer cell line-derived cDNA library and inserted into modified 

pcDNA3.1 expression vectors containing N-terminal hemagglutinin (HA) tag sequence (pcDNA3.1-HA). 

Similarly obtained sequence for human SMAC was inserted into empty pcDNA3.1, and sequences for 

substrate receptor subunits of CRLs, including DCAF4, DCAF4L1, DCAF4L2, DCAF12, DCAF12L1, and 

DCAF12L2, were inserted into modified pcDNA3.1 expression vectors containing the previously de-

scribed [342] N-terminal Twin-Strep-FLAG (SF) tag sequence (pcDNA3.1-SF). Truncation mutants were 

prepared likewise using corresponding pcDNA3.1 constructs as templates. Desired substitutions of 

amino-acid residues were created by Phusion site-directed mutagenesis. Ubiquitin-SMAC was pre-

pared by in-frame fusion of the sequences encoding ubiquitin and the mature form of SMAC. Domi-

nant-negative CUL4A was prepared by inserting the N-terminal part (aa 1–337) of CUL4A into the 

pcDNA3.1-FLAG-HA backbone. 

Lentiviral pTRIPZ-SF-DCAF4 and pTRIPZ-SF-DCAF12 vectors were constructed by PCR amplifi-

cation of cDNA from the corresponding pcDNA3-SF-DCAF4 and pcDNA3-SF-DCAF12 plasmids and clon-

ing it into the pTRIPZ backbone (Dharmacon, Lafayette, CO, USA) using AgeI-XhoI/SalI restriction sites. 

Retroviral pBABE-SMAC vectors were prepared similarly by PCR amplification of the SMAC sequence 

and its insertion into pBABE-puro (Addgene plasmid #1764) using PdeI-XhoI/SalI restriction sites. For 

the Sleeping Beauty system, pSBtet-Pur-SF-DCAF12 and pSBtet-Pur-HA-MOV10 vectors were con-

structed by subcloning the SF-DCAF12 or HA-MOV10 sequence into pSBtet-Pur (Addgene plasmid # 

60507) using SfiI sites. Single guide RNAs (sgRNAs) targeting sequences were designed and cloned into 

lentiCRISPR plasmid pXPR001 (Addgene plasmid #49535) as described previously [343]. For stable cell 

lines generation or primary cell immortalization, the following plasmids were used: pCMV-VSV-G 

(Addgene plasmid #8454), pCMV-dR8.2 (Addgene plasmid #8455), pUMVC-gag-pol (Addgene plasmid 

#8449), pSB100X (Addgene plasmid #34879), and pLenti CMV/TO SV40 Small and Large T antigen 

(w612-1) (Addgene plasmid #22298).  

All plasmids were verified by sequencing. Primers are outlined in Table 1, and the restricting 

enzymes used for DNA cloning are indicated in the primer names.  

 

Table 1. List of primers used for DNA cloning.  

Application Primer name  Sequence (5′ to 3′) 

Cloning of 
DKC1 into 
pcDNA3.1-HA 

DKC1_BglII_f GGGAGATCTGCGGATGCGGAAGTAAT 

DKC1_XhoI_r GGGCTCGAGCTACTCAGAAACCAATTCTACC 
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Application Primer name  Sequence (5′ to 3′) 

DKC1_22_BglII_f GGGAGATCTTTGCCAGAAGAAGATGTAGC 

DCK1_48_BglII_f GGGAGATCTGACACGTCTCAGTGGCCCCT 

DCK1_81_BglII_f GGGAGATCTAGAGAGATTGGGGACTATAT 

DCK1_377_XhoI_r GGGCTCGAGCTAAGGGTAAGTGTCTCTCTCCAT 

DCK1_426_XhoI_r GGGCTCGAGCTACTCTTTTTTGGCAGACTCACT 

Site-directed 
mutagenesis of 
DKC1 

DKC1_R183A_P184A_P185A_f CTGACAGGTGCCTTATTCCAGGCGGCCGCACTTATTGCTGCAGTAAAGA 

DKC1_R183A_P184A_P185A_r TCTTTACTGCAGCAATAAGTGCGGCCGCCTGGAATAAGGCACCTGTCAG 

DKC1_R183A_f TGACAGGTGCCTTATTCCAGGCACCCCCACTTATTGCTG 

DKC1_R183A_r CAGCAATAAGTGGGGGTGCCTGGAATAAGGCACCTGTCA 

DKC1_R183D_f CTGACAGGTGCCTTATTCCAGGATCCCCCACTTATTGCTGCAG 

DKC1_R183D_r CTGCAGCAATAAGTGGGGGATCCTGGAATAAGGCACCTGTCAG 

DKC1_T224A_Y225A_f TGGGTGAGTTGTGAGGCTGGCGCCGCCATTCGGACATTATGTGTGCA 

DKC1_T224A_Y225A_r TGCACACATAATGTCCGAATGGCGGCGCCAGCCTCACAACTCACCCA 

DKC1_T224E_Y225D_f TTTGGGTGAGTTGTGAGGCTGGCGAGGACATTCGGACATTATGTGTGCAC 

DKC1_T224E_Y225D_r GTGCACACATAATGTCCGAATGTCCTCGCCAGCCTCACAACTCACCCAAA 

DKC1_T224A_f GTGAGTTGTGAGGCTGGCGCCTACATTCGGACATTAT 

DKC1_T224A_r ATAATGTCCGAATGTAGGCGCCAGCCTCACAACTCAC 

DKC1_T224E_f TTGGGTGAGTTGTGAGGCTGGCGAGTACATTCGGACATTATGTGTGC 

DKC1_T224E_r GCACACATAATGTCCGAATGTACTCGCCAGCCTCACAACTCACCCAA 

DKC1_Y225F_f AGTTGTGAGGCTGGCACCTTCATTCGGACATTATGTGTG 

DKC1_Y225F_r CACACATAATGTCCGAATGAAGGTGCCAGCCTCACAACT 

DKC1_Y225D_f GAGTTGTGAGGCTGGCACCGACATTCGGACATTATGTGT 

DKC1_Y225D_r ACACATAATGTCCGAATGTCGGTGCCAGCCTCACAACTC 

Cloning of 
GAR1 into 
pcDNA3.1-HA 

GAR1_BamHI_f GGGGGATCCTCTTTTCGAGGCGGAGGTC 

GAR1_XhoI_r GGGCTCGAGTTAATGTCCTCTCCCTCTGA 

Site-directed 
mutagenesis of 
GAR1  

GAR1_E115A_I116A_F117A_f ACTTAGAAAACAAAGAACAAATTGGAAAAGTGGATGCGGCCGCTGGACAACTCAGAGA-
TTTTTATTTTTCAGTTAAGTTG 

GAR1_E115A_I116A_F117A_r CAACTTAACTGAAAAATAAAAATCTCTGAGTTGTCCAGCGGCCGCAT-
CCACTTTTCCAATTTGTTCTTTGTTTTCTAAGT 

GAR1_E115A_f AAAGAACAAATTGGAAAAGTGGATGCAATATTTGGACAACTCAGAGATTTT 

GAR1_E115A_r AAAATCTCTGAGTTGTCCAAATATTGCATCCACTTTTCCAATTTGTTCTTT 

GAR1_E115K_f AACAAAGAACAAATTGGAAAAGTGGATAAAATATTTGGACAACTCAGAGATTTTT 

GAR1_E115K_r AAAAATCTCTGAGTTGTCCAAATATTTTATCCACTTTTCCAATTTGTTCTTTGTT 

Cloning of 
SMAC into 
pcDNA3.1 

SMAC_HindIII_f GGAAGCTTACCATGGCGGCTCTGAAGAGTTGG 

SMAC_XhoI_r GGGCTCGAGTCAATCCTCACGCAGGTAGGCCTC 

SMAC_E238X_XhoI_r GGCTCGAGCTAACGCAGGTAGGCCTCCTGCTCC 

Ubiquitin_HindIII_f GGGAAGCTTACCATGCAGATCTTCGTGAAGACTCT 

Ubiquitin_KasI_r GCACGGCGCCACCTCTGAGACGGAGCAC 

SMAC_KasI_f GGACGGCGCCGTTCCTATTGCACAGAAATC 

Cloning of XIAP 
into pcDNA3.1-
HA 

XIAP_BamHI_f GGGGATCCACTTTTAACAGTTTTGAAGGAT 

XIAP_XhoI_r GGCTCGAGTTAAGACATAAAAATTTTTTGCT 

XIAP_103_BamHI_f GGGGGATCCACGCAGTCTACAAATTCTGG 

XIAP_243_BamHI_f GGGGGATCCGCTGTGAGTTCTGATAGGAA 

XIAP_254_BamHI_f GGGGGATCCAGAACTACTGAGAAAACACC 

XIAP_438_BamHI_f GGGGGATCCGAAGAGCAGCTAAGGCGCCT 
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Application Primer name  Sequence (5′ to 3′) 

XIAP_102_XhoI_r GGGCTCGAGTTAGGCACTATTTTCAAGATAAA 

XIAP_242_XhoI_r GGGCTCGAGTTAATCAGATTCACTTCGAATAT 

XIAP_353_XhoI_r GGGCTCGAGTTATACCAGACACTCCTCAAGTG 

XIAP_437_XhoI_r GGGCTCGAGTTAAGTACTAATCTCTTTCTGTA 

XIAP_E219R_H223V_f CAAAGAAGCAATTAGGAAAGACTCGCCTGTGTCTTGACCAGGCACGATCACAAG 

XIAP_E219R_H223V_r CTTGTGATCGTGCCTGGTCAAGACACAGGCGAGTCTTTCCTAATTGCTTCTTTG 

XIAP_E314A_f TTGTTCCCAAGGGTCTGCACTGGGCTTCCAATC 

XIAP_E314A_r GATTGGAAGCCCAGTGCAGACCCTTGGGAACAA 

Cloning of 
MOV10 into 
pcDNA3.1-HA 

MOV10_BamHI_f GGGGGATCCCCCAGTAAGTTCAGCTGCCG 

MOV10_XhoI_r GGGCTCGAGTCAGAGCTCATTCCTCCACTCT 

MOV10_E1002X_XhoI_r GGCTCGAGTCAATTCCTCCACTCTGGCTCCACTTG 

Cloning of 
GART into 
pcDNA3.1-HA 

GART_BclI_f GGGTGATCAGCAGCCCGAGTACTTATAATTGG 

GART_XhoI_r GGGCTCGAGTCATTCCTCTTTAACCCAACAGATCT 

GART_E1009X_XhoI_r GGGCTCGAGTCATTTAACCCAACAGATCTTGCCATT 

Cloning of 
CUL4A into 
pcDNA3.1-HA 

CUL4A_BamHI_f GGGGGATCCGCGGACGAGGCCCCGCGGAAGGGCAGCTTCT 

CUL4A_NotI_r GGGGCGGCCGCTCAGGCCACGTAGTGGTACTGA 

Cloning of 
DCAFs into 
pcDNA3.1-SF 

DCAF4_NheI_f CGAGAAAGGAGCTAGCAATAAAAGTCGCTGGCAGAGTAGA 

DCAF4_NheI_r AATCCTCTCCGCTAGCTTAGCTGTAGGAGTAACAGTAAAG 

DCAF4L1_NheI_f GGGGCTAGCGAGGCTGAAAGGCTGCGACTC 

DCAF4L1_SalI_r GGGGTCGACCCACCTGCAGAATTAGCTGA 

DCAF4L2_NHEI_f GGGGCTAGCGAGAGCAAAAGACCGCGACTG 

DCAF4L2_SalI_r GGGGTCGACCATCCTGAAGAATTAACCGT 

DCAF12_XbaI_f GGGTCTAGAGCCCGGAAAGTAGTTAGCAGGAA 

DCAF12_SalI_r GGGGTCGACTTAACTCCAGAGCCCAGCATAG 

DCAF12L_NheI_f GGGGCTAGCGCCCAGCAGCAAACAGGTAG 

DCAF12L1_SalI_r GGGGTCGACTTAGCTCCAGAGGCCTGCAT 

DCAF12L2_SalI_r GGGGTCGACTTAACTCCAGAGGCCTGCGT 

DCAF12L2new_SalI_r GGGGTCGACACAAATGCAGCATGAAGAAGGAA 

DCAF12_∆1-11_SpeI_f GGGACTAGTGCGCCCGCCTCGCCGGGAGC 

DCAF12_∆1-38_SpeI_f GGGACTAGTCTTCCTCCTGTGAAGAGATC 

Subcloning into 
pTRIPZ 

NSF_AgeI_f GGGACCGGTGCCACCATGGATTATAAAGAT 

NSF_XhoI_SalI_r GGGTCGACTCGAGAGGTGACACTATAGAATAGGGCCC 

Subcloning into 
pSBtet-Pur 

NSF_SfiI_f AAAGGCCTCTGAGGCCACCATGGATTATAAAGATGATGATGATAAAG 

NSF_SfiI_r CTTGGCCTGACAGGCCATAGGGCCCTCTAGATGCATGCTCG 

HA_SfiI_f AAAGGCCTCTGAGGCCACCATGGCGTACCCCTACGACGTGCCCGACTA 

Oligos en-
coding the 
sgRNA targe-
ting 
sequences clo-
ned into 
pXPR001 

DCAF4_target 1_f CACCGGGAAGGCTGAGACCCGTTCC 

DCAF4_target 1_r AAACGGAACGGGTCTCAGCCTTCCC 

DCAF4_target 2_f CACCGCAGGATTCCCACCCCGCAAG 

DCAF4_target 2_r AAACCTTGCGGGGTGGGAATCCTGC 

DCAF4_target 3_f CACCGGTGTCGCAGGGGCATCTAAT 

DCAF4_target 3_r AAACATTAGATGCCCCTGCGACACC 

DCAF4_target 4_f CACCGGTGCCTCTGCTAAGTGTCGC 

DCAF4_target 4_r AAACGCGACACTTAGCAGAGGCACC 

DCAF12_target 1_f CACCGAAGCCCTCTTTGGCGTCTGT 
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Application Primer name  Sequence (5′ to 3′) 

DCAF12_target 1_r AAACACAGACGCCAAAGAGGGCTTC 

DCAF12_target 2_f CACCGAAATCCCACAGACGCCAAAG 

DCAF12_target 2_r AAACCTTTGGCGTCTGTGGGATTTC 

DCAF12_target 3_f CACCGAAGCAAGAGGAATACACGTC 

DCAF12_target 3_r AAACGACGTGTATTCCTCTTGCTTC 

DCAF12_target 4_f CACCGTACTGCAGACACCAATTGAA 

DCAF12_target 4_r AAACTTCAATTGGTGTCTGCAGTAC 

Verification of 
oligo insertions 
into pXPR001 

pXPR001-ver_f TTGCATATACGATACAAGGCTGTT 

pXPR001-ver_r CGGTGCCACTTTTTCAAGTT 

Verification of 
the deletion of 
DCAF4 exon 4 

hDCAF4_del-ver_f GAGTCTCCGTCAACCTCGTC 

hDCAF4_del_ver_r CTGTCAGGGAAAAGCTAGGG 

Verification of 
the deletion of 
DCAF12 exon 5 

hDCAF12_del_ver_f GAGGATGATGCACAAACAGC 

hDCAF12_del_ver_r CCAGAATACAGCACCTGCAA 

Verification of 
the deletion of 
Dcaf12 exon 4 

mDcaf12_del_ver_f ACTGCCAGGCGTATTGTACC 

mDcaf12_del_ver_r GCACAGGCAGGTGGATCTAT 

 

3.2 Mice 

Dcaf12 KO mice (∆exon 4) were generated in a C57BL/6N background using the CRISPR/Cas9 

genome-editing system by the Czech Center for Phenogenomics in Vestec, Institute of Molecular Ge-

netics of the Czech Academy of Sciences, Czech Republic. For this purpose, the Cas9 protein and gene-

specific sgRNAs (Integrated DNA Technologies, Coralville, IA, USA) were used for zygote electro-

poration as described previously [344]. Single guide RNA sequences with the protospacer adjacent 

motif (PAM) in bold (at 3′end) were as follows: 

 sgRNA target 1: ATAGGGCATGCATACGCTGACGG 

 sgRNA target 2: GAGGCCGAGGATGCAAGTTCTGG 

The genome editing was confirmed by PCR amplification in the founder mouse with the pri-

mers listed in Table 1. The mutant allele was backcrossed for two generations to C57BL/6N mice. Ani-

mals were maintained in a controlled, specific pathogen-free environment.  

 

3.3. Cell lines and primary cells 

All cell lines and primary cells were cultured at 37 °C in a humidified atmosphere containing 

5% CO2. HEK293T, HCT116, U2OS, HeLa, RAW 264.7 (all obtained from American Type Culture Collec-

tion (ATCC), Manassas, VA, USA), mouse embryonic fibroblasts (MEFs), and mouse peritoneal macro-

phages were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) 

supplemented with 10% fetal bovine serum (FBS; Biosera, Nuaille, France), 100 IU/ml penicillin, 100 

µg/ml streptomycin, and 40 µg/ml gentamicin. BJAB (ATCC, Manassas, VA, USA), mouse bone marrow-

derived macrophages (BMDMs)/bone marrow-derived dendritic cells (BMDCs), and mouse primary 
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splenocytes were grown in RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with FBS and 

antibiotics as described above. 

DCAF4 KO and DCAF12 KO cell lines were generated using the CRISPR/Cas9 genome editing 

system as described previously [343]. Briefly, sgRNAs were designed to target introns flanking the exon 

4 of the DCAF4 gene and the exon 5 of the DCAF12 gene. A mixture of lentiCRISPR plasmids (pXPR001) 

encoding these sgRNAs and Cas9 was transfected into cells. After a short selection with puromycin 

(1 µg/ml), single-cell clones were generated, and the exon deletions were confirmed by PCR. XIAP KO 

and SMAC KO HCT116 cells were kindly provided by Dr Bert Vogelstein (Johns Hopkins University, Bal-

timore, MA, USA).  

Stable cell lines expressing SF-DCAF4 and SF-DCAF12 under the control of doxycycline (DOX)-

inducible promoter were generated using the lentiviral system as described previously [345]. Briefly, 

lentiviral particles were produced in HEK293T cells by co-transfecting one of the pTRIPZ vectors encod-

ing DOX-inducible SF-DCAF4, SF-DCAF12, SF-DCAF12∆1–11, or SF-DCAF12∆1–38 (Tet-On system) with the 

pCMV-VSV-G envelope vector and the pCMV-dR8.2 packaging vector. Forty-eight hours after transfec-

tion, the viral supernatant was collected, filtered, and added to target cells at a 1:1 ratio in the pres-

ence of 10 μg/ml Polybrene (Sigma-Aldrich, St. Louis, MO, USA). The following day, the cell media was 

changed, and cells were subjected to puromycin (1 µg/ml) selection. Stable HCT116 cell lines express-

ing SMAC and SMACE238X were generated likewise using the retroviral system. To generate retrovirus 

particles, one of the pBABE-puro vectors (pBABE-empty, pBABE-SMAC, or pBABE-SMACE238X) was co-

transfected into HEK293T cells with the pUMVC-gag-pol packaging vector and the pCMV-VSV-G enve-

lope vector. Forty-eight hours after transfection, retrovirus-containing supernatant was processed as 

described above and added to SMAC KO HCT116 cells, which were subsequently subjected to puromy-

cin (1 µg/ml) selection. Stable HEK293 and HCT116 cell lines expressing HA-tagged MOV10  or its 

E1002X mutant were prepared using the Sleeping Beauty transposable system as described previously 

[346]. Briefly, cells were co-transfected with pSB100X and pSBtet-Pur-MOV10WT or pSBtet-Pur-

MOV10E1002X vectors. Twenty-four hours after transfection, cells were subjected to puromycin selec-

tion (1 µg/ml). 

MEFs were derived from embryonic day 13.5 Dcaf12 KO and WT mouse embryos using the 

previously described protocol [347] and immortalized by two different approaches. Primary MEFs were 

transduced as described above with pLenti CMV/TO SV40 Small and Large T antigen (w612-1). Alter-

natively, primary MEFs were immortalized by the loss of p19ARF [348]. To inactivate p19ARF, the 

CRISPR-Cas9 genome-editing technology and px330-Cas9-p19Arf sgRNA vectors (kindly provided by 

Prof. Tomas Stopka) were used. Immortalized MEFs were co-transfected with pSB100X and pSBtet-

Pur-DCAF12 as described above to generate stable cell lines expressing SF-DCAF12 under the control 

of DOX-inducible promoter. Puromycin used for selection was at a concentration of 5 µg/ml. 
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Mouse peritoneal macrophages and BMDMs/BMDCs were derived from 6- to 8-week-old 

Dcaf12 KO and WT mice using the previously described protocol [349]. Briefly, peritoneal exudate cells 

obtained from peritoneal lavage were cultured for 2 h to allow macrophages to adhere to tissue culture 

plastic. After culturing for 2 h, non-adherent cells were removed by gently washing three times with 

warm phosphate-buffered saline (PBS; pH 7.4), and the remaining cells (mainly macrophages) were 

treated as indicated. Bone-marrow cells were flushed from the tibia and femur and cultured in a me-

dium supplemented with granulocyte-macrophage colony-stimulating factor (GM-CSF; 5 ng/ml). The 

culture medium was replenished on cultivation days 3 and 5. After seven days, BMDMs/BMDCs were 

seeded and treated as indicated.  

Single-cell splenocyte suspensions were prepared by mechanical dissociation of spleen tissue 

and filtered through 70 μm cell strainers. Red blood cells were depleted by ammonium-chloride-po-

tassium (ACK) lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA; pH 7.2–7.4).  

 

3.4. Cell treatments and transfections 

Cells were treated with the following compounds: 1 µM MLN4924 (Santa Cruz Biotechnology, 

Dallas, TX, USA), 10 µM MG132 (MedChem Express, Monmouth Junction, NJ, USA), 1 µg/ml doxycycline 

(Sigma-Aldrich, St. Louis, MO, USA), 100 µg/ml cycloheximide (Sigma-Aldrich, St. Louis, MO, USA), 1 

µM AZD5582 (MedChem Express, Monmouth Junction, NJ, USA), 10 µM birinapant (MedChem Express, 

Monmouth Junction, NJ, USA), 10 µM embelin (MedChem Express, Monmouth Junction, NJ, USA), 10 

µM LCL161 (MedChem Express, Monmouth Junction, NJ, USA), 0.1–1 µM staurosporine (Santa Cruz 

Biotechnology, Dallas, TX, USA), 10–100 ng/ml TRAIL (Apronex, Vestec, Czech Republic), 10 µM  Z-VAD-

FMK (Santa Cruz Biotechnology, Dallas, TX, USA), 10 µM etoposide (MedChem Express, Monmouth 

Junction, NJ, USA), 2 µM doxorubicin (Sigma-Aldrich, St. Louis, MO, USA), 1 µM camptothecin (Med-

Chem Express, Monmouth Junction, NJ, USA), 0.5 µM thapsigargin (MedChem Express, Monmouth 

Junction, NJ, USA), 10 µM carbonyl cyanide 3-chlorophenylhydrazone (Sigma-Aldrich, St. Louis, MO, 

USA), 10 µg/ml poly(I:C) (Invivogen, San Diego, CA, USA), 10 µg/ml MDP (Invivogen, San Diego, CA, 

USA), and 50 ng/ml to 5 µg/ml LPS (Sigma-Aldrich, St. Louis, MO, USA).  

Plasmid transient transfections were carried out using the polyethylenimine (Linear, MW 

25000, Transfection Grade) transfection reagent (Polysciences, Valley Road, Warrington, PA, USA) as 

described previously [350]. To deliver small interfering RNAs (siRNAs) into cells, Lipofectamine 

RNAiMAX Transfection Reagent (Thermo Fisher Scientific, Waltham, MA, USA) was used according to 

the manufacturer’s instructions. siRNA duplexes were designed using the siDESIGN Center tool (Dhar-

macon, Lafayette, CO, USA). Sequences of siRNA duplexes are listed in Table 2.  
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Table 2. List of siRNAs used in this study.  

Name Target siRNA sequences: 
  Sense strand (5' to 3') Antisense strand (5' to 3') 

siDCAF4 DCAF4 AGGUGUUCAUGCACGAAAAUU UUUUCGUGCAUGAACACCU 

siDCAF12 #1 DCAF12 GCUGUUCUAUGACAUCCGAUU UCGGAUGUCAUAGAACAGC 

siDCAF12 #2 DCAF12 AGAAAUUACCACUGGGAAAUU UUUCCCAGUGGUAAUUUCUUU 

siDCAF12 (m) Dcaf12 CAGGAAAACCCUUGAGUUAUU UAACUCAAGGGUUUUCCUGUU 

siDKC1 DKC1 GGAUAUGGGUGGUGAAAGAUU UCUUUCACCACCCAUAUCCUU 

siNHP2 NHP2 AGGAGUACCAGGAGGCUUAUU UAAGCCUCCUGGUACUCCUUU 

siNOP10 NOP10 CCAUAAAGGGAACACAUUUUU AAAUGUGUUCCCUUUAUGGUU 

siGAR1 GAR1 GCAACGGAAUAGUGAAUUUUU AAAUUCACUAUUCCGUUGCUU 

siSHQ1 SHQ1 GGAAGUAGUUGACGAUGAAUU UUCAUCGUCAACUACUUCCUU 

siSMAC SMAC GAAGCGGUGUUUCUCAGAAUU UUCUGAGAAACACCGCUUCUU 

siCTRL #1 non-targeting  AUGAACGUGAAUUGCUCAA[dT][dT] UUGAGCAAUUCACGUUCAU[dT][dT] 

siCTRL #2 non-targeting  UAAGGCUAUGAAGAGAUAC[dT][dT] GUAUCUCUUCAUAGCCUUA[dT][dT] 

siCTRL #3 non-targeting  AUGUAUUGGCCUGUAUUAGUU CUAAUACAGGCCAAUACAUUU 

 

3.5. Cell lysis, immunoprecipitation, and affinity purification 

Cells were lysed in lysis buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA, 0.4% Triton-X, 

2 mM CaCl2, 2 mM MgCl2, 5 mM NaF) supplemented with 1 mM Na3VO4, protease inhibitors (10 µM 

TLCK, 10 µM TPCK, 0.8 mM PMSF), and 1 mM DTT (except for the lysates intended for immunoprecip-

itation). To digest nucleic acids, benzonase (Santa Cruz Biotechnology, Dallas, TX, USA) was added at a 

concentration of 125 U/ml. Where indicated, RNase A (Thermo Fisher Scientific, Waltham, MA, USA) 

was added to digest only RNA. For testes lysis, tunica was first mechanically removed, and the rest of 

the tissue was mixed with the lysis buffer and disrupted by TissueLyser (Qiagen, Hilden, Germany). 

After incubation on ice, native lysates were either processed for immunoblotting or cleared by centrif-

ugation and used for immunoprecipitation (IP) or affinity purification (AP). In addition to such prepared 

whole-cell lysates (WCL), the soluble and insoluble fractions were obtained by lysing cells without ben-

zonase, spinning down the lysates, and using only the supernatant (the soluble fraction) or the pellet 

(the insoluble fraction) for further analysis.  

For immunoblotting, lysates were mixed 1:1 with SDS (2%) in 50 mM Tris-HCl (pH 8), incubated 

at 95 °C for 5 min, and cleared by centrifugation. The protein concentration was determined using 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and Multiskan EX (Thermo 

Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Before immunob-

lotting, lysates were diluted to the same concentration, mixed with Bolt LDS Sample Buffer (Thermo 

Fisher Scientific, Waltham, MA, USA) supplemented with 2.5% β-mercaptoethanol, and incubated at 

95 °C for 5 min.  
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HA-tagged proteins were immunoprecipitated using anti-HA magnetic beads (Thermo Fisher 

Scientific, Waltham, MA, USA), whereas Twin-Strep-tag recombinant proteins were purified using 

Strep-TactinXT Superflow resin (IBA Lifesciences, Göttingen, Germany). Both isolations were per-

formed according to the manufacturer’s instructions. Immunoprecipitated proteins were eluted by 

Bolt LDS Sample Buffer (Thermo Fisher Scientific, Waltham, MA, USA). Purified proteins were eluted 

by BXT Buffer (IBA Lifesciences, Göttingen, Germany) and eluates mixed afterwards with Bolt LDS Sam-

ple Buffer (Thermo Fisher Scientific, Waltham, MA, USA). Finally, 2.5% β-mercaptoethanol was added 

to elutes, and they were subsequently incubated at 95 °C for 5 min.  

 

3.6. Immunoblotting 

Proteins were separated by SDS-PAGE using NuPAGE 4–12% Bis-Tris gels and NuPAGE MES SDS 

Running Buffer (Thermo Fisher Scientific, Waltham, MA, USA). Typically, 15-30 μg of total protein or 1-

2% of WCL used for IP/AP were loaded per well. After separation, proteins were transferred to Amersham 

Hybond P 0.45 μm PVDF membrane (GE Healthcare, Chicago, IL, USA). Membranes were blocked with 

5% milk (Santa Cruz Biotechnology, Dallas, TX, USA) in PBS supplemented with 0.1% Tween 20 (PBS-T) 

for 20 min and incubated with indicated primary antibodies diluted in 3% bovine serum albumin (BSA; 

Applichem, Darmstadt, Germany) in PBS-T at 4 °C overnight. The next day, membranes were incubated 

with appropriate HRP-conjugated secondary antibodies (Cell Signaling Technology, Danvers, MA, USA) 

diluted in 5% milk in PBS-T for 30 min and developed with either WesternBright ECL HRP substrate (Ad-

vansta, San Jose, CA, USA) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher 

Scientific, Waltham, MA, USA). Primary antibodies are listed in Table 3. 

 

Table 3. List of primary antibodies used for immunodetection.  

Primary antibodies Source/clonality Supplier Cat. No. 

ADAR1 rabbit/poly Antibodies-online ABIN2855100 

Cleaved caspase-3 (Asp175)  rabbit/poly Cell Signaling 9661 

Cleaved caspase-8 rabbit/mono Cell Signaling 9496 

Cleaved caspase-9 (Asp330) rabbit/poly Cell Signaling 9501 

Cleaved PARP (Asp214)  rabbit/poly Cell Signaling 9544 

CLUH rabbit/poly Novus Biologicals NB100-93306 

CP110 rabbit/poly Bethyl A301-343A 

CUL-4 mouse/mono Santa Cruz sc-377188 

CUL-4A rabbit/poly Abcam ab72548 

DCAF4 rabbit/poly Atlas Antibodies HPA047276 

DCAF7 rabbit/poly Novus Biologicals NBP1-92589 

DCAF12 rabbit/poly Novus Biologicals NBP1-56584 

DCAF12 rabbit/poly MyBiosource  MBS9140890 

DCAF12 rabbit/poly Atlas Antibodies HPA062279 
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DCAF12 rabbit/poly Proteintech 20478-1-AP 

DCAF12 rabbit Toronto RS AN09473 

DDB1 rabbit/poly Invitrogen 34-2300 

DDB1 mouse/mono Santa Cruz sc-376860 

DKC1 mouse/mono Santa Cruz sc-373956 

DKC1 rabbit/mono Cell Signaling 53234 

FBXO28 rabbit/poly Bethyl A302-377A 

FLAG  rabbit/mono Cell Signaling 14793 

FLAG® M2 mouse/mono Sigma F1804 

GAR1 rabbit/poly Proteintech 11711-1-AP 

GART mouse/mono Santa Cruz sc-73408 

HA rabbit/mono Cell Signaling 3724 

Histone γH2AX mouse/mono Millipore 05-636 

IKK-β mouse/mono Cell Signaling 8943 

IκBα mouse/mono Cell Signaling 4814 

MOV10 mouse/mono Santa Cruz sc-515722 

MOV10 rabbit/poly Bethyl A301-571A-T 

NHP2 mouse/mono Santa Cruz sc-398430 

NHP2 rabbit/poly Proteintech 15128-1-AP 

NOP10 mouse/mono Santa Cruz sc-517170 

p21 rabbit/poly Santa Cruz sc-397 

p27 mouse/mono BD Transduction L. 610242 

p53 rabbit/mono Cell Signaling 2527 

Phospho-IκBα (Ser32) rabbit/mono Cell Signaling 2859 
Phospho-β-catenin (Ser33/37) rabbit/poly Cell Signaling 2009 

PITX2 mouse/mono Santa Cruz sc-390457 

PLZF (ZBTB16) rabbit/poly Atlas Antibodies HPA001499 

RIP2 rabbit/mono Cell Signaling 4142 

SALL4 mouse/mono Santa Cruz sc-101147 

SCP3 mouse/mono Santa Cruz sc-74569 

SKP1 rabbit/poly Cell Signaling 2156 

SMAC rabbit/mono Cell Signaling 15108 

SMAC mouse/mono Santa Cruz sc-393118 

SMAC mouse/mono BD Transduction L. 612246 

Strep II Tag mouse/mono Novus Biologicals NBP2-43735 

Vimentin rabbit/mono Cell Signaling 5741 

Vinculin mouse/mono Millipore MAB3574 

WDR33 mouse/mono Santa Cruz sc-374466 

WDR5 mouse/mono Santa Cruz sc-393080 

WDR74 mouse/mono Santa Cruz sc-393822 

XIAP mouse/mono Santa Cruz sc-55551 

XIAP mouse/mono BD Transduction L. 610762 

α-tubulin mouse/mono Proteintech 66031 

β-actin mouse/mono Santa Cruz sc-69879 

β-catenin mouse/mono Cell Signaling 2698 
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3.7. Tandem affinity purification and mass spectrometry 

A tandem affinity purification protocol was adapted to isolate multisubunit CRLs and identify 

their interacting partners (substrate candidates) by mass spectrometry. HEK293T cells were co-trans-

fected with Twin-Strep-FLAG-tagged substrate receptor and respective HA-tagged cullin, grown for 48 

h, treated with MLN4924, harvested and lysed as described above. In the first step, SF-tagged substrate 

receptors were affinity purified using Strep-TactinXT Superflow resin (IBA Lifesciences, Göttingen, Ger-

many) and eluted by 1× BXT Buffer (IBA Lifesciences, Göttingen, Germany). In the second step, HA-

tagged cullins were immunoprecipitated using anti-HA magnetic beads (Thermo Fisher Scientific, Wal-

tham, MA, USA) and eluted by 3M NaSCN. Eluates from both steps were analysed by liquid chroma-

tography-tandem mass spectrometry (LC-MS/MS) at the Proteomics facility of Biotechnology and Bio-

medicine Center of the Academy of Sciences and Charles University (BIOCEV) in Vestec, the Czech Re-

public, according to their standardized pipeline. Label-free quantification (LFQ) was applied to com-

pare the samples and determine specific interacting partners for each isolated CRL.  

 

3.8. Immunofluorescence microscopy 

Cells were grown on glass coverslips, fixed with 4% paraformaldehyde in PBS for 20 min, per-

meabilised with 0.2% Triton-X-100 in PBS for 10 min, and blocked in 3% BSA in PBS with 0.1% Triton-

X-100 for 1 h. Coverslips were incubated with indicated primary antibodies for 2 h and corresponding 

anti-mouse or anti-rabbit Alexa Fluor488-, Fluor555-, Fluor647-conjugated secondary antibodies 

(Abcam, Cambridge, UK) for 1 h. Phalloidin-iFluor 488 Reagent (Abcam, Cambridge, UK) was used to 

stain F-actin. Nuclei were visualised by 4′,6-diamidino-2-phenylindole (DAPI). Slides were mounted 

with ProLong Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA). Image acquisi-

tion was performed using a Zeiss Axio Imager.Z2 microscope equipped with ZEN software (Zeiss, Ober-

kochen, Germany) or confocal microscope Leica TCS SP8 equipped with LAS X software (Leica, Wetzlar, 

Germany).  

 

3.9. RNA quantification 

Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany), and 

1000 ng of total RNA was reverse-transcribed using Maxima H Minus cDNA SynthesisMaster Mix 

(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Obtained 

cDNA was used as a template for quantitative real-time PCR (qPCR), performed using the LightCycler 

480 SYBR Green I Master Mix and the LightCycler 480 instrument (Roche, Basel, Switzerland). 

RPS13/Rps13 genes were used for normalisation. Primers were designed using Primer-BLAST (NCBI, 

Bethesda, MD, USA). Their sequences are listed in Table 4.  
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Table 4. List of primers used for qPCR. 

Gene Forward (5' to 3') Reverse (5' to 3') 

18S rRNA ATGTCTAAGTACGCACGGCC CAAGTGGGAGAGGAGCGAG 

28S rRNA CGACTTAGAACTGGTGCGGA GGCAGAAATCACATCGCGTC 

Aurka CAGAGAACAGCTACTTACATC GTCTGCAATCTTCAACTCTC 

Ccnd1 AACACTTCCTCTCCAAAATG GAACTTCACATCTGTGGC 

DCAF4 AGTTTGCTCTCATGGCTCCT CAAAGATTTCCCCAGAGCGG 

DCAF12 TGCAAAGTGATCCAGCCCTA GTGACACCAACTTCCCACAC 

Dcaf12 CTCCAAACTGTCCAGGCCTA GGTCGGGAGTGGAAGTAACA 

DCAF12 (ind.) CCCCAATGCTGTTTACACCC AATCCTCTCCGCTAGCTTAACTCCAGAGCCCAGCATAG 

DKC1 GAGCCTGGAGATGGGGAC GGCCTTCACTACTCAGAAACC 

Il1b GCCACCTTTTGACAGTGATGAG GACAGCCCAGGTCAAAGGTT 

Il2 GAAACTCCCCAGGATGCTCA CGCAGAGGTCCAAGTTCATCT 

Il6 CTGCAAGAGACTTCCATCCAGTT GAAGTAGGGAAGGCCGTGG 

Il18 GTTTACAAGCATCCAGGCACA GAACCACAGAGAACCCCCAC 

MOV10 CTGCAAGGTCTGAGCAAGC GAGGTAGTCATGGCTGTGGG 

Mov10 GTCCTCCGGGCTGTTTAGG CGCGGAAATGAAACCCGAG 

RPL19 TGGCAAGAAGAAGGTCTGGT TGATGAGCTTCCGGATCTGC 

RPS13 CAGTCGGCTTTACCCTATCG CCCTTCTTGGCCAGTTTGTA 

Rps13 ACTCCCTCCCAGATAGGTGTAA AGTCACAAAACGGACCTGGG 

SNORA24 (ACA24) ATCTTTGGGACCTGTCAGCC ATGCTCTTCCATGGCTAGGA 

SNORA36B (ACA36b) GTTCAGTTCAGGGTAGCTTCC CCCTAGCCAGTTTCAATGTTCC 

SNORA52 (ACA52) GTTCAGTTCAGGGTAGCTTCC CCCTAGCCAGTTTCAATGTTCC 

SNORA66 (U66) CTCGATCACTAGCTCTGCGT TTGCAAACCTGGTTCCCTTC 

SNORD3A (U3) GCGTGATGATTGGGTGTTCA CCCACGTCGTAACAAGGTTC 

TERC CCTAACTGAGAAGGGCGTAGG CTTTTCCGCCCGCTGAAA 

Tnf CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 

U5 snRNA CTGGTTTCTCTTCAGATCGCA GGGTTAAGACTCAGAGTTGTTCC 

 

3.10. Cytokine detection, immunophenotyping, T cell enrichment and activation 

 Mouse TNF and IL-1β in cell culture supernatants were measured using commercial ELISA kits 

(R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.  

Phenotypic immunological characterisation of immune cell populations in the spleen was per-

formed by the Immunology unit of the Czech Center for Phenogenomics in Vestec, Institute of Molec-

ular Genetics of the Czech Academy of Sciences, Czech Republic, according to the standard IMPC im-

munophenotyping protocol [351].  

T cells were enriched by negative selection using biotinylated anti-CD45R (B220) antibody (Bi-

oLegend, San Diego, CA, USA). In more detail, freshly isolated splenocytes were incubated for 1 h in a 

cell culture plate coated with the CD45R (B220) antibody. The medium with unattached cells (further 

referred to as a T cell-enriched population) was then removed and transferred to the second plate. 

The cells remaining in the first plate were considered a B cell-enriched population. B cell depletion was 
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confirmed using flow cytometry analysis. Where indicated, T cells were stimulated for indicated times 

with Dynabeads Mouse T-Activator CD3/CD28 (Thermo Fisher Scientific, Waltham, MA, USA) according 

to the manufacturer’s instructions. 

 

3.11. Sperm count and testis section staining  

To determine mouse sperm counts, both caudal epididymides of 16-week-old Dcaf12 WT and 

KO animals were collected into 1 ml of PBS and minced with forceps. After 10 min incubation, sperms 

were counted using the Bürker chamber. 

To prepare the testis section for staining, mouse testes were fixed in modified Davidson's fluid 

and processed as described previously [352] before being embedded in paraffin and cut into 4-6 μm 

thick testis sections. After deparaffinization and rehydration, testis sections were stained with stand-

ard hematoxylin-eosin using automated Ventana Symphony H&E slide stainer (Roche, Basel, Switzer-

land) and scanned using automated Axio Scan.Z1 slide scanner (Zeiss, Oberkochen, Germany). Alter-

natively, testis sections were processed for immunohistochemistry. They were subjected to antigen 

retrieval in 0.01 M citrate buffer (pH 6) and a steam bath for 18 min, permeabilised with 0.2% Triton 

X-100 in PBS for 10 min, blocked with 5% goat and 5% horse serum for 1 h, and incubated with primary 

antibodies at 4 °C overnight. The following antibodies and concentrations were used: anti-vimentin 

(Cell Signaling; 5741; dilution 1:400), anti-MOV10 (Santa Cruz; sc-515722; dilution 1:100), anti-PLZF 

(Atlas Antibodies; HPA001499; dilution 1:200), anti-SCP3 (Santa Cruz; sc-74569; dilution 1:400), anti-

γH2AX (Millipore; 05-636; dilution 1:1000). Alexa Fluor 555- and 647-conjugated anti-rabbit or mouse 

IgGs were used as secondary antibodies. Alexa Fluor 594-conjugated peanut agglutinin (PNA) was used 

to visualise acrosomes of spermatids, and nuclei were counterstained with DAPI. Slides were mounted 

with ProLong Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA). Image acquisi-

tion was performed using a Zeiss Axio Imager.Z2 microscope equipped with ZEN software (Zeiss, Ober-

kochen, Germany). 

 

3.12. Statistical analysis and data visualization 

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, San Diego, 

CA, USA). An unpaired two-tailed t-test was applied to evaluate differences between two groups, such 

as Dcaf12 WT and KO mice. A chi-square test was applied to assess the mouse offspring ratios. p-value 

< 0.05 was considered significant. Figures show individual data points and means. Illustrations were 

created with BioRender.com. 

http://biorender.com/
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4. Results 

4.1. Novel substrates of CRL4DCAF4 

4.1.1. DCAF4 interacts with box H/ACA ribonucleoproteins 

To identify interaction partners of CRL4DCAF4, we performed sequential AP of SF-DCAF4 fol-

lowed by IP of HA-CUL4A and analysed the co-isolated proteins by LC-MS/MS (Figure 6a). The sequen-

tial isolation protocol reduced non-specific background and led to efficient isolation of CRL4DCAF4 com-

plexes. The analysis of co-isolated proteins revealed that DCAF4 interacted with the box H/ACA RNPs. 

Specifically, all protein components (DKC1, GAR1, NOP10, NHP2) of the box H/ACA RNP particles were 

detected.  

To examine whether the interaction between DCAF4 and the box H/ACA RNPs is specific, we 

expressed a panel of substrate receptor subunits of CRLs in HEK293T cells and performed a small-scale 

AP (Figure 6b). As anticipated, F-box proteins, substrate receptors of the cullin-RING ubiquitin ligase 1 

(CRL1) subfamily, interacted with the CRL1 adaptor S-phase kinase-associated protein 1 (SKP1), while 

DCAF proteins, substrate receptors of the CRL4 subfamily, interacted with the CRL4 adaptor DDB1. 

Interaction between F-box only protein 1 (FBXO1; also known as cyclin-F) and its canonical substrate 

centrosomal protein of 110 kDa (CP110) was used as a positive control. DCAF4 was the only substrate 

receptor that interacted with endogenous DKC1 and NHP2. The interaction of DCAF4 with GAR1 and 

NOP10 was confirmed in subsequent experiments. Next, we performed a similar experiment with hu-

man paralogs of DCAF4 (Figure 6c). DCAF4L1 and DCAF4L2 interacted with the CRL4 adaptor DDB1 and 

cullin 4, showing that they assemble into CRL4. However, no interaction with the box H/ACA RNPs was 

detected, suggesting that the interaction with the box H/ACA RNPs is specific for DCAF4 and that the 

paralogs of DCAF4 perform different functions.  

Finally, we investigated whether DCAF4 interacts with the box H/ACA RNPs in different cell 

types (Figure 6d). To avoid cell transfection, we prepared several stable cell lines expressing SF-DCAF4 

under the control of the DOX-inducible promoter. NAE inhibitor MLN4924 was used to inhibit the en-

zymatic activity of CRLs. We found that DCAF4 specifically interacted with the box H/ACA RNPs in all 

tested cells (BJAB, HCT116, HEK293T, HeLa, and U2OS) and that the interaction was significantly in-

creased after CRL inhibition by MLN4924. Moreover, DCAF4 was elevated in cells treated with 

MLN4924, indicating that its protein level is tightly controlled in a CRL-dependent manner.  

Altogether, we identified the interaction between DCAF4 and box H/ACA RNPs and confirmed 

its specificity in several AP experiments. Based on these results, we considered the box H/ACA RNPs 

candidate substrates of DCAF4 and proceeded with further experimental validation. 
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Figure 6. DCAF4 interacts with box H/ACA ribonucleoproteins. (a) Twin-Strep-FLAG-tagged DCAF4 and 

HA-tagged CUL4A were co-expressed in HEK293T cells and subjected to affinity purification (AP) using 

Strep-TactinXT resin followed by immunoprecipitation (IP) using anti-HA magnetic beads. The compo-

sition of purified complexes from both steps was analysed by liquid chromatography-tandem mass 

spectrometry and compared to non-related ubiquitin ligase SCFFBXL6. Proteins associated specifically 

with CRL4DCAF4 are in the upper right quadrant. (b, c) HEK293T cells were transfected with an empty 

vector (EV) or the indicated Twin-Strep-FLAG-tagged substrate receptor subunits of the cullin-RING 

ubiquitin ligase (CRL). MLN4924 was added to cells 6 h before their collection. Forty-eight hours after 

transfection, cells were collected and lysed. Whole-cell lysates (WCL) were subjected to AP with Strep-

TactinXT resin. Both WCL and eluates were immunoblotted. (d) BJAB, HCT116, HEK293T, HeLa, and 

U2OS stable cell lines expressing Twin-Strep-FLAG-tagged DCAF4 under the control of the doxycycline 

(DOX)-inducible promote were treated with DOX (200 ng/ml) for 24 h and MLN4924 for 6 h where 

indicated. Cells were collected, lysed, and WCL were subjected to AP with Strep-TactinXT resin. Both 

WCL and eluates were immunoblotted. 



45 

4.1.2. DKC1 and GAR1 are required for box H/ACA RNPs interaction with DCAF4 

Box H/ACA RNPs are particles, each consisting of a box H/ACA RNA and four core proteins. To reveal the 

mechanism of the box H/ACA RNPs recognition by DCAF4, we initially examined the requirements of RNA and the 

core protein subunits for the interaction. To test the dependence on RNA, we overexpressed DCAF4 in HEK193T 

cells and lysed them in lysis buffer supplemented or not with benzonase or RNase A (Figure 7a). While RNase A 

cleaves single-stranded RNA, benzonase digests both RNA and DNA. In our AP/IP experiments, we routinely used 

benzonase for cell lysis to obtain chromatin-bound proteins and reduce nonspecific binding. The interaction be-

tween DCAF4 and the box H/ACA proteins was increased when cells were lysed in buffer containing benzonase or 

RNase A, especially in the latter case. Notably, Box H/ACA proteins were better solubilized when lysis buffer con-

tained RNase A, as evidenced by their increased amount in lysates. Therefore, we sought to compare the effect of 

benzonase or RNase A on the interaction between DCAF4 and box H/ACA proteins after the removal of the insolu-

ble pellet (Figure 7b). Post-lysis treatment with benzonase and especially RNase A increased the interaction, sug-

gesting that RNA has an inhibitory effect on the ability of DCAF4 to recognise box H/ACA RNPs. 

 

 

Figure 7. DKC1 and GAR1 are required for box H/ACA RNPs interaction with DCAF4. (a, b) HEK293T 

cells were transfected with an empty vector (EV), Twin-Strep-FLAG-tagged DCAF12 (abbreviated as D12 

in (b)) or Twin-Strep-FLAG-tagged DCAF4. MLN4924 was added to cells 6 h before their collection. 

Twenty-four hours after transfection, cells were collected and lysed in the lysis buffer supplemented or 
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not with benzonase (250 U/ml) or RNase A (10 μg/ml) as indicated. In (b), increasing concentration of 

benzonase (12.5 U/ml, 25 U/ml, 250 U/ml) or RNase A (0.5 μg/ml, 1 μg/ml, 10 μg/ml) was added to cell 

lysates post-lysis, after the insoluble pellet was discarded. Lysates prepared in this way were subjected 

to affinity purification (AP) with Strep-TactinXT resin, and both lysates and eluates were immunoblot-

ted. (c) HEK293T stable cell line expressing Twin-Strep-FLAG-tagged DCAF4 under the control of a 

doxycycline (DOX)-inducible promoter were transfected with control siRNA (siCTRL) or indicated specific 

siRNAs and treated with DOX (200 ng/ml) for 24 h. Cells were collected, lysed, and whole-cell lysates 

(WCL) were subjected to AP with Strep-TactinXT resin. Both WCL and eluates were immunoblotted. 

 

To test the differential requirements of the protein subunits for the interaction, we depleted 

individual core proteins of the box H/ACA RNPs and their assembly factor SHQ1 by siRNA in stable 

HEK293T cells expressing DCAF4 under the control of DOX-inducible promoter (Figure 7c). Consistently 

with the previously published results from U2OS cells [353], siRNA-mediated depletion of DKC1 re-

sulted in concurrent depletion of NOP2 and NHP2 but not GAR1. Depletion of GAR1 led to an increase 

in the protein level of DKC1, NHP2, and NOP10. Depletion of SHQ1 did not affect the protein level of 

individual core proteins, but decreased their association with DCAF4, probably reflecting the impaired 

assembly. Upon NHP2 depletion, DCAF4 still interacted with other core proteins of the box H/ACA RNP. 

Depletion of NOP2 abolished the interaction between DCAF4 and NHP2, reflecting the necessity of 

NOP10 for the association of NHP2 with the box H/ACA RNPs [354]. Depleting either DKC1 or GAR1 

diminished the interaction of box H/ACA RNPs with DCAF4 completely, indicating that DKC1 and GAR1 

but not NHP2 and NOP10 are essential for the interaction.  

Next, we mapped the DCAF4 binding region in DKC1 and GAR1 to delineate the DCAF4 degron. 

Human DKC1 contains a highly conserved central part consisting of the catalytic TruB domain, the dys-

keratosis congenita-like domain (DKCLD), and the PUA domain. Of them, the last two function together 

as a box H/ACA RNA interacting and DKC1 dimerization interface [130,138,139]. Outside the central part 

of DKC1, N-and C-terminal low-complexity and disordered regions have critical regulatory functions, 

such as regulating its nuclear and subnuclear (e.g., nucleolar) localisation. To narrow the DCAF4 binding 

region in DKC1, we prepared multiple DKC1 deletion mutants and tested their interaction with DCAF4 

(Figure 8a,b). The deletion of the N-terminal 1-47 amino acid residues slightly reduced the interaction. 

The removal of more N-terminal amino acid residues abolished the interaction entirely. However, it also 

caused the box H/ACA RNPs complex disintegration, as evidenced by DKC1 failure to co-immunoprecip-

itate other subunits of the complex. Similarly, deletion of the last 88 C-terminal amino acid residues did 

not affect the interaction with DCAF4 (not shown), whereas removing the last 133 C-terminal amino 

acid residues abolished the interaction of DKC1 with DCAF4 but also with other subunits of the complex. 

These experiments indicated that the integrity of the entire central region of DKC1 must be preserved. 

We thus had to employ a different, hypothesis-driven approach to delineate the DCAF4 degron. 
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Figure 8. Threonine 224 in DKC1 is required for interaction with DCAF4. (a) Schematic representation 

of DKC1 and its N- and C-terminally truncated mutants. (b) HEK293T cells were transfected with HA-

tagged XIAP, DKC1 and its N- and C-terminally truncated mutants. MLN4924 was added to cells 6 h 

before their collection. Twenty-four hours after transfection, cells were collected and lysed. Whole-

cell lysates (WCL) were subjected to immunoprecipitation (IP) using anti-HA magnetic beads and im-

munoblotted. (c) Crystal structures of the box H/ACA RNP from Pyrococcus furiosus (PDB: 3HAY) and 

Saccharomyces cerevisiae (PDB: 3U28). Only CBF5 (DKC1 ortholog) and GAR1 subunits are depicted. 

RPP motif in the movable thumb loop and nearby threonine 224 (T224) are highlighted in yellow. 

Adapted from [130,137]. (d) HEK293T cells were transfected with HA-tagged XIAP, DKC1, GAR1, and 

their indicated mutants. MLN4924 was added to cells 6 h before their collection. Twenty-four hours 

after transfection, cells were collected and lysed. WCL were subjected to IP using anti-HA magnetic 

beads and immunoblotted. 

 

To predict the candidate regions involved in the interaction with DCAF4, we carefully examined 

the already published crystal structures of the box H/ACA RNP complex from Pyrococcus furiosus and 

Saccharomyces cerevisiae [130,137] (Figure 8c). The complex structures are highly conserved, and we 

assumed that we could extrapolate the findings from these structures to human DKC1 and GAR1. GAR1 

regulates substrate turnover by controlling the conformation of the thumb loop of DKC1. The thump 

loop adopts a closed conformation in the presence of substrate RNA, while GAR1 induces an open 
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conformation to enable the release and loading of substrate RNA [130,137]. As both DKC1 and GAR1 

are required for the interaction with DCAF4, we hypothesized that DCAF4 could interact with the 

thumb loop or the nearby region. To test this hypothesis, we prepared a set of DKC1 and GAR1 mutants 

in which selected residues were mutated to alanines (Figure 8d). Mutational analysis of these regions 

revealed that Thr224 in DKC1 is essential for the interaction with DCAF4. The DKC1 mutant containing 

alanine substitution at Thr224 failed to co-immunoprecipitate DCAF4 while it retained the ability to 

interact with other protein subunits of the box H/ACA RNPs. This residue lies in the region close to the 

thumb and seems somewhat more accessible in the open conformation. No other contributing resi-

dues in the thumb loop and nearby regions of DKC1 (exemplified here by the RPP motif and TY motif) 

or in GAR1 were found to selectively lose the interaction with DCAF4 while not with other subunits of 

the box H/ACA RNPs. The identification of other residues contributing to the interaction was presum-

ably prevented by the sensitivity of these vital regions to amino acid substitutions, which often led to 

the disintegration of the entire complex. 

To summarise, we found that RNA has an inhibitory effect on the interaction between DCAF4 

and box H/ACA RNPs and that the interaction depends on DKC1 and GAR1. Moreover, we demon-

strated that Thr224 in DKC1, a residue lying in close proximity to the DKC1 thump loop, is selectively 

required for the interaction with DCAF4 but not for the interaction with other protein subunits of box 

H/ACA RNPs. 

 

4.1.3. DCAF4 controls abundance of box H/ACA RNPs  

To test whether DCAF4 controls the abundance of the box H/ACA RNPs, we prepared several 

cell lines in which we deleted the exon 4 of the DCAF4 gene using the CRISPR/Cas9 genome-editing 

system. The deletion was confirmed by PCR amplification of the region encompassing the exon 4 and 

DNA sequencing (not shown). Additionally, the loss of DCAF4 protein expression in these cells was 

confirmed by immunoblotting (Figure 9a). Finally, the specificity of the DCAF4 antibody was validated 

by the siRNA-mediated depletion of DCAF4 in parental cells.  

Having established DCAF4 KO cells, we initially used them to explore the effect of the DCAF4 

loss on the abundance of the protein subunits of the box H/ACA RNPs. DKC1 and other protein subunits 

of the box H/ACA complex were up-regulated in DCAF4 KO HeLa, U2OS, and HCT116 cells (Figure 9b). 

Subsequently, we re-introduced DOX-inducible DCAF4 into the genome of these cells (Figure 9c,d). 

Induction of DCAF4 restored or even down-regulated the abundance of the protein subunits of the box 

H/ACA RNPs. These experiments demonstrated that DCAF4 regulates the protein subunits of the box 

H/ACA RNP complex. 
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Figure 9. DCAF4 controls the abundance of protein subunits of box H/ACA RNPs. (a) The exon 4 of the 

DCAF4 gene was deleted using the CRISPR/Cas9 genome-editing system in U2OS, HCT116, HeLa cell 

lines. Parental and DCAF4 knockout (KO) single-cell clones were transfected with control siRNA (siCTRL) 

or siRNA targeting DCAF4 (siDCAF4) to validate the specificity of the DCAF4 antibody. Seventy-two hours 

later, cells were collected, lysed, and whole-cell lysates (WCL) were immunoblotted. (b) DCAF4 wild type 

(WT) and KO HeLa, U2OS, and HCT116 cells were collected, lysed, and WCL immunoblotted. (c) Illustra-

tion of the strategy used to generate DCAF4 KO cells with doxycycline (DOX)-inducible expression of 

Twin-Strep-FLAG-tagged DCAF14 (SF-DCAF4). DCAF4 KO cells, in which the deletion of the exon 4 dis-

rupted the DCAF4 gene, were transduced with a lentiviral vector expressing SF-DCAF4 under the control 

of DOX-inducible promotor, and stably transduced cells were selected. (d) DCAF4 WT and two different 

clones of DCAF4 KO U2OS cells with DOX-inducible expression of SF-DCAF4 were treated with DOX, 

lysed, and WCL were immunoblotted. (e) DCAF4 WT and DCAF4 KO HCT116 cells with DOX-inducible 

expression of SF-DCAF4 were treated with DOX (200 ng/ml) for 24 h where indicated. Cells were then 

treated with cycloheximide (CHX), collected at the indicated times and lysed. The soluble and insoluble 

fractions of the cell lysates were immunoblotted. (f,g) DCAF4 KO U2OS cells with DOX-inducible expres-

sion of SF-DCAF4 were treated with DOX (200 ng/ml) and fixed 24 h later (f), while DCAF4 WT and DCAF4 

KO HeLa cells were fixed untreated (g). DCAF4 and DKC1 were detected by immunofluorescence. Nuclei 

were visualized by 4′,6-diamidino-2-phenylindole (DAPI). Scale bar, 10 μm. 

 

Next, we tested the stability of DKC1, the main protein subunit of the box H/ACA RNPs, in DCAF4 

KO cells harbouring the DCAF4 expression construct under the control of DOX-inducible promotor. Con-

sistently with the previous results, DKC1 was up-regulated in DCAF4 KO HCT116 cells, and induction of 
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DCAF4 restored its protein level in the soluble fraction but not in the insoluble one (Figure 9e). To test 

the stability of DKC1, we employed the cycloheximide (CHX) chase assays. Administration of CHX inhib-

ited protein synthesis (the pulse phase). Reduction in the levels of studied proteins at specific time 

points (the chase phase) could then be examined by immunoblotting. As a control of the CHX treatment, 

we stained the canonical targets of CRL-dependent protein degradation—p27 and β-catenin. The CHX 

experiments revealed that DCAF4 is an unstable protein as its abundance declined following the inhibi-

tion of protein synthesis by CHX. Counterintuitively, the excessive soluble DKC1 in DCAF4 KO cells was 

unstable, suggesting the existence of an alternative pathway targeting this DKC1 for degradation. No 

effect on the DKC1 protein level in cells expressing inducible DCAF4 was observed, either due to the 

instability of DCAF4 itself or the absence of permissive conditions for DKC1 degradation. 

The observation that DCAF4 controls the DKC1 protein level only in the soluble fraction 

prompted us to investigate the subcellar localisation of DCAF4 (Figure 9f). DCAF4 was localised to the 

cell nucleus but was absent from the nucleoli, where the bulk of DKC1 was present. The localisation 

experiments suggested that DCAF4 controls DKC1 in the nucleoplasm. Consistently, DKC1 was in-

creased in the nucleoplasm of DCAF4 KO cells. In DCAF4 KO HeLa cells, DKC1 was also present in the 

cytoplasm and concentrated in distinct cytoplasmic foci (Figure 9g).  

Finally, we explore the effect of the DCAF4 loss on the abundance of the box H/ACA RNAs. The 

abundance of the box H/ACA RNAs was previously shown to depend on the availability of the protein 

subunits of the box H/ACA RNPs [353]. Consistently, the box H/ACA RNAs were down-regulated upon 

DKC1 depletion by siRNA (Figure 10). In DCAF4 KO cells, the box H/ACA RNAs were up-regulated, and 

this effect was rescued by DKC1 down-regulation. Notably, the relative RNA level of the box H/ACA-

containing TERC was also increased, indicating that DCAF4 could impact the telomere homeostasis by 

controlling the abundance of the TERC RNP. To obtain a broader picture of the changes in RNA expres-

sion in DCAF4 KO cells, we also prepared samples for RNA sequencing (RNA-seq). No statistically sig-

nificant differences in RNA expression were found in DCAF4 KO cancer cells (not shown). As the 

changes in gene expression and the telomere lengths are better addressed in mouse models than in 

immortal cancer cells, we established Dcaf4 KO mice to investigate the function of the DCAF4-medi-

ated control of the box H/ACA RNPs in vivo. Dcaf4 KO mice were viable, fertile, and displayed no gross 

physical abnormalities. Further investigation of the biological function of CRL4DCAF4 (e.g., changes in 

telomere lengths and gene expression) are to be continued and taken over by another student. 
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Figure 10. DCAF4 controls the abundance of box H/ACA RNAs. U2OS and HeLa DCAF4 wild type (WT) 

and knockout (KO) cells were transfected with control siRNA (siCTRL) or siRNA targeting DKC1 (siDKC1). 

Cells were collected 72 hours later, and cDNA was synthesized from isolated RNA. Relative RNA levels 

of indicated RNAs were determined by qPCR. 

 

In summary, we discovered that DCAF4 controls the abundance of the box H/ACA RNPs, sug-

gesting a role of DCAF4 in RNA biology and potentially in telomere homeostasis. Still, the biological 

relevance of the DCAF4-mediated regulation of the box H/ACA RNPs remains to be addressed. 

 

4.2. Novel substrates of CRL4DCAF12 

4.2.1. DCAF12 interacts with proteins containing C-terminal acidic motif  

To identify candidate substrates of multisubunit CRL4DCAF12, we performed a sequential AP of 

SF-DCAF12 followed by IP of HA-CUL4A (Figure 11a) and identified co-isolated proteins by LC-MS/MS, 

the same procedure applied for CRL4DCAF4 (chapter 4.1.1.). In general, we obtained identical hits from 

both isolation steps (Figure 11b,c), indicating that these DCAF12-interacting proteins were associated 

with fully assembled CRL4DCAF12. Functional classification of the DCAF12-associated proteins showed a 

substantial enrichment of proteins involved in immune and especially antiviral responses, such as 

MOV10, GART, ADAR, and XIAP [294,322,355,356]. As DCAF12 has been recently reported to recognise 

the C-terminal -EE degron [48,186],  we also analysed the C-terminal amino acid sequences of DCAF12-

associated proteins (Figure 11d). Consistently with previous reports, C-terminal twin glutamic acid res-

idues (-EE) were overrepresented. However, we also noticed a remarkable overrepresentation of pro-

teins with glutamic acid residue at penultimate (-2) position but different than glutamic acid residue at 

terminal (-1) position. Specifically, C-terminal glutamic acid-leucine residues (-EL) were particularly en-

riched, indicating a certain degree of flexibility regarding the specific residue at the C-terminal position.  
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Figure 11. Proteomic analysis of proteins interacting with CRL4DCAF12. (a) Schematic representation of 

the tandem affinity purification strategy. Twin-Strep-FLAG-tagged DCAF12 and HA-tagged CUL4A were 

co-expressed in HEK293T cells and subjected to affinity purification (AP) using Strep-TactinXT resin 

followed by immunoprecipitation (IP) using anti-HA magnetic beads. (b) Proteins interacting with 

CRL4DCAF12 were identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The 

composition of purified complexes from both steps was analysed by LC-MS/MS and compared to a 

non-related ubiquitin ligase SCFFBXL6. Proteins that specifically interacted with CRL4DCAF12 are in the up-

per right quadrant. (c) The top hits obtained from LC-MS/MS analysis of proteins interacting with 

CRL4DCAF12. Log2 (label-free quantitation (LFQ) intensities) from both purification steps and the last two 

C-terminal amino acids are shown. Components of CRL4DCAF12 are depicted in blue, putative substrates 

in red, other associated proteins in black. (d) Analysis of C-termini of DCAF12-associated proteins. The 

top 50 hits were included in the analysis. The heat map shows the count of specific amino acid combi-

nations at −2 (penultimate) and −1 (terminal) positions. 
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To investigate whether the interactions between DCAF12 and its potential substrates are spe-

cific, we expressed a panel of substrate receptor subunits of CRLs in HEK293T cells and performed a 

small-scale AP (Figure 12a). As anticipated, F-box proteins interacted with CRL adaptor SKP1, while 

DCAF proteins interacted with CRL adaptor DDB1. Interaction between CRL1β-TrCP1 and its canonical 

substrate phospho-β-catenin was used as a positive control. DCAF12 specifically interacted with mul-

tiple proteins containing the C-terminal acidic motif, such as SMAC, MOV10, and GART. We also con-

firmed the interaction with other proteins identified by LC-MS/MS, including XIAP and ADAR1. Next, 

we performed a similar experiment with mammalian paralogs of DCAF12 (Figure 12b,c). DCAF12L1 and 

DCAF12L2 were associated weakly with CUL4, and no interaction with potential substrates of DCAF12 

was detected, indicating that DCAF12 and its paralogs are not functionally redundant.  

 

  

Figure 12. DCAF12 specifically interacts with proteins containing C-terminal acidic motif. (a,c) 

HEK293T cells were transfected with an empty vector (EV) or the indicated Twin-Strep-FLAG-tagged 

substrate receptor subunits of the cullin-RING ubiquitin ligase (CRL). MLN4924 was added to cells 6 h 

before their collection. Forty-eight hours after transfection, cells were collected and lysed. Whole-cell 
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lysates (WCL) were subjected to affinity purification (AP) with Strep-TactinXT resin, and eluates were 

immunoblotted. (b) A simplified evolutionary scheme illustrating the emergence of DCAF12 and its 

paralogs in bilaterians. DCAF12 is present in vertebrates and insects, DCAF12L2 in all placental mam-

mals, and DCAF12L1 only in Euarchontoglires. 

 

Taken together, we identified multiple interaction partners of DCAF12 and confirmed the speci-

ficity of the interactions in our AP experiments. Based on the presence of glutamic acid residue at penul-

timate position (-2) in DCAF12-associated proteins, we compiled a list of the CRL4DCAF12 candidate sub-

strates, including XIAP-SMAC, MOV10, and GART, and proceeded with further experimental validation. 

 

4.2.2. Subcellular localisation of DCAF12 

The candidate substrates of DCAF12 localise to distinct subcellular compartments, e.g., to the mi-

tochondrial intermembrane space (SMAC), the mitochondrial outer membrane (USP30), and the cytosol 

(MOV10 and GART). On the contrary, DCAF12 possesses two putative nuclear localisation signals (NLSs), 

suggesting nuclear localisation. Hence, we employed immunofluorescence microscopy to detect DCAF12 

and its mutants lacking the putative NLSs to address the question of the DCAF12 subcellular localisation.  

To detect endogenous DCAF12, we tested several commercially available anti-DCAF12 anti-

bodies. Unfortunately, none of them was reliable, and therefore we had to switch to systems in which 

DCAF12 was artificially overexpressed. In addition to DCAF12WT, we explored the localisation of 

DCAF12 mutants lacking the putative NLSs. As both NLSs are located near the N-terminus of DCAF12, 

we prepared N-terminal truncations of DCAF12 (Figure 13a), lacking either the very N-terminal NLS 

(DCAF12∆1-11) or both NLSs (DCAF12∆1-38). Removing the N-terminal sequence, which precedes the H-

box motif and WD-repeats responsible for DDB1 and substrate binding, was not supposed to influence 

the assembly of DCAF12 into CRL and substrate recognition [30]. Indeed, these N-terminally truncated 

mutants of DCAF12 interacted with CRL adaptor DDB1 and potential substrates of DCAF12 (Figure 13b). 

Interestingly, their interaction with XIAP and SMAC was even increased. Finally, we examined their 

subcellular localisation (Figure 13c, the upper panel). DCAF12WT was localised to the nucleus, whereas 

DCAF12∆1-11 and DCAF12∆1-38 to the cytoplasm, confirming the functionality of the first NLS.  

The nuclear localisation of DCAF12WT was seemingly counterintuitive as DCAF12 predominantly 

interacted with cytoplasmic proteins. We thus hypothesised that the cytoplasmic localisation of DCAF12 

might be transient and sensitive to the degradation of its yet unknown cytoplasmic adaptor. To test this 

hypothesis, we treated cells with a proteasome inhibitor MG132 (Figure 13c, the lower panel). This 

treatment caused a cytoplasmic accumulation of DCAF12WT, indicating that the localisation of DCAF12 

could be subjected to regulation by the UPS. Taken together, DCAF12 predominantly localises to the 

nucleus in human cancer cell lines, and its nuclear localisation depends on the N-terminal NLSs. Addi-

tionally, an unstable factor seems to affect the localisation of DCAF12 to the cytoplasm.  
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Figure 13. Subcellular localisation of DCAF12. (a) Schematic representation of DCAF12 and its N-ter-

minally truncated mutants. Two predicted nuclear localisation signals (NLS) and H-box are highlighted. 

(b) HEK293T cells were transfected with the indicated Twin-Strep-FLAG-tagged DCAF12 constructs or 

Twin-Strep-FLAG-tagged DCAF12L1 as a control and treated with MLN4924 for 6 h before harvesting. 

Forty-eight hours after transfection, cells were harvested, lysed, and whole-cell lysates (WCL) were 

subjected to affinity purification (AP) with Strep-TactinXT resin. WCL and eluates were immunoblotted 

with indicated antibodies. (c) U2OS cells were transfected with an empty vector (EV) or the indicated 

Twin-Strep-FLAG-tagged DCAF12 constructs and fixed 36 h later. DCAF12 was detected with the anti-

Strep antibody. Phalloidin-iFluor 488 and 4′,6-diamidino-2-phenylindole (DAPI) were used to counter-

stain actin filaments and nuclei, respectively. Where indicated, cells were pre-treated for 6 h with 

MG132 before fixation. Scale bar, 30 μm. 

 

4.2.3. Cytoplasmic DCAF12 down-regulates MOV10 but not XIAP and SMAC 

Having established the subcellular localisation of DCAF12 and its interactions with several po-

tential substrates, we asked whether DCAF12 regulates their protein level under steady-state condi-

tions in cancer cell lines. To investigate the effects of the DCAF12 nuclear and cytoplasmic expression 

on its potential substrates, we prepared stable cell lines with DOX-inducible expression of predomi-

nantly nuclear DCAF12WT or cytoplasmic DCAF12∆1-11 and DCAF12∆1-38. In these HEK293T and HCT116 

cells, we first confirmed the interaction between inducible DCAF12 and its potential substrates (Figure 
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14a,b). Consistently with the results obtained from the overexpression system, the interaction be-

tween XIAP-SMAC and cytoplasmic mutants of DCAF12 was increased compared to DCAF12WT. At the 

same time, the interaction between cytoplasmic mutants of DCAF12 and MOV10 was decreased, which 

probably reflected down-regulation of MOV10 upon induction of cytoplasmic DCAF12. The abundance 

of XIAP and SMAC seemed to be unaffected by either nuclear or cytoplasmic expression of DCAF12. 

 

 

Figure 14. Cytoplasmic DCAF12 down-regulates MOV10 but not XIAP and SMAC. (a,b) HEK293T (a) 

and HCT116 (b) stable cell lines expressing doxycycline (DOX)-inducible Twin-Strep-FLAG-tagged 

DCAF12 constructs (iDCAF12wt, iDCAF12∆1–11, or iDCAF12∆1–38) were treated with DOX for 48 h where 

indicated. MLN4924 was added to cells 6 h before their collection. Cells were lysed and whole-cell 

lysates (WCL) subjected to affinity purification (AP) using Strep-TactinXT resin. Both WCL and eluates 

were immunoblotted. (c) Schematic diagram of targeted disruption of the DCAF12 gene using the 

CRISPR/Cas9 genome-editing system. Two single guide RNAs were designed to target introns flanking 

the exon 5 of the DCAF12 gene. Protospacer adjacent motif (PAM) is underlined. The clone used in (d) 

had a 281-nucleotide (nt) deletion encompassing the exon 5. (d) DCAF12 KO HCT116 cells with DOX-

inducible expression of Twin-Strep-FLAG-tagged DCAF12 constructs (iDCAF12wt, iDCAF12∆1–38) were 

treated with DOX for 48 h and cycloheximide (CHX) for the indicated times, collected, lysed, and WCL 

were immunoblotted. 

 

Next, we investigated the effect of the DCAF12 loss on its potential substrates using RNAi or the 

CRISPR/Cas9 genome-editing system. Although the DCAF12 mRNA level was effectively down-regulated 

in both systems, the tested potential substrates of DCAF12 (XIAP, SMAC, MOV10, and GART) were not 

up-regulated in our assays (not shown). Considering the previous localisation experiments, this could be 

possibly caused by the spatial-temporal separation of DCAF12 and its substrates in cancer cell lines under 
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steady-state conditions. However, as we could not detect endogenous DCAF12 by anti-DCAF12 antibod-

ies, an alternative explanation might be the absence of DCAF12 in cancer cell lines owing to its instability.  

Finally, we tested the stability of DCAF12 potential substrates in the CHX chase assays. We used 

several cancer cell lines, including HCT116 DCAF12 KO cells in which the exon 5 of the DCAF12 gene was 

deleted and DOX-inducible DCAF12 expression constructs reintroduced into the genome (Figure 14c,d). 

As a control of the CHX treatment, we stained an unstable ubiquitin ligase FBXO28, the abundance of 

which declines rapidly following the inhibition of protein synthesis by CHX [357]. Induction of cytoplasmic 

DCAF12 decreased the protein level of MOV10 (and GART). Nevertheless, this was not further influenced 

by the CHX administration. No apparent differences in protein stability of the DCAF12 potential sub-

strates (XIAP, SMAC, MOV10, and GART) were noticed in the CHX experiments under steady-state con-

ditions in HCT116 cells expressing either the nuclear DCAF12WT or its cytoplasmic mutants. DCAF12 itself 

proved unstable, especially the nuclear DCAF12WT, which disappeared rapidly after inhibiting protein syn-

thesis. Similar conclusions were drawn from different cancer cell lines (not shown).  

In short, the expression of cytoplasmic DCAF12 in cancer cell lines leads to a decrease in the 

protein levels of MOV10 and GART but not in the protein levels of XIAP and SMAC. To gain more insight 

into the DCAF12-dependent recognition of these candidate substrates, we next more closely examined 

the interactions between 1) DCAF12 and XIAP-SMAC, and 2) DCAF12 and MOV10 (and GART).  

 

4.2.4. SMAC C-terminal -ED motif and XIAP BIR2-BIR3 domains are required for XIAP-SMAC 

interaction with DCAF12 

XIAP and SMAC have been previously shown to interact directly with each other. Specifically, the 

N-terminal IBM motif of SMAC inserts into the IBM binding groove on the BIR2 and BIR3 domains of XIAP. 

As DCAF12 recognise proteins bearing negatively charged residues at their C-termini and SMAC poses 

such residues while XIAP does not, we hypothesised that DCAF12-XIAP interaction is SMAC-dependent. 

To test this hypothesis, we examined the interaction between DCAF12 and XIAP upon the loss of SMAC. 

Firstly, we down-regulated SMAC by siRNA in HEK293T cells. siRNA-mediated down-regulation of SMAC 

did not affect XIAP expression and resulted in a concurrent decrease in the interaction of DCAF12 with 

SMAC and XIAP, not affecting the interaction between DCAF12 and MOV10 (Figure 15a). Next, we tested 

these interactions in HCT116 XIAP and SMAC KO cells. DCAF12 did not interact with XIAP in SMAC KO 

cells (Figure 15b). Surprisingly, the interaction between DCAF12 and SMAC was also lost in the absence 

of XIAP in XIAP KO cells and rescued by the induction of XIAP (Figure 15b,c). Finally, we prepared a mutant 

form of SMAC (E228X) lacking the C-terminal negatively charged -ED residues (Figure 15d). The over-

expressed SMAC was not sufficiently processed into mature SMAC, and the unprocessed full-length 

SMAC interacted non-specifically with DCAF12 (not shown). Therefore, we employed a previously-
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described ubiquitin-SMAC expression system to express mature, biologically active SMAC in the cytosol 

[358]. Expression of SMACWT in HCT116 SMAC KO cells rescued the interaction between DCAF12 and 

XIAP, while SMACE228X did not interact with DCAF12 nor rescued the interaction between DCAF12 and 

XIAP (Figure 15e). Taken together, the interaction between DCAF12 and XIAP depends on the C-terminal 

-ED motif of SMAC. Intriguingly, the DCAF12-SMAC interaction also requires XIAP.  

 

 

Figure 15. SMAC C-terminal -ED motif is required for XIAP-SMAC interaction with DCAF12. (a) 

HEK293T cells were transfected with control siRNA (siCTRL) or siRNA targeting SMAC (siSMAC) and 

subsequently (24 h later) with Twin-Strep-FLAG-tagged substrate receptor subunits of cullin-RING 

ubiquitin ligase (CRL)—DCAF12 or DCAF12L1. Twenty-four hours after transfection, cells were col-

lected, lysed, and whole-cell lysates (WCL) were subjected to affinity purification (AP) using Strep-

TactinXT resin. Both WCL and eluates were immunoblotted. (b) HCT116 wild type (WT), HCT116 XIAP 

knockout (XIAP KO), and HCT116 SMAC knockout (SMAC KO) cells were transfected with Twin-Strep-

FLAG-tagged DCAF12 and treated with MLN4924 for 6 h. Forty-eight hours after transfection, cells 

were collected, lysed, and WCL were subjected to AP using Strep-TactinXT resin. Both WCL and eluates 

were immunoblotted. (c) HCT116 WT, HCT116 XIAP KO, and HCT116 XIAP KO with doxycycline (DOX)-

inducible expression of XIAP were transfected with an empty vector (EV), Twin-Strep-FLAG-tagged sub-

strate receptor subunits of cullin-RING ubiquitin ligase (CRL)—DCAF12 or DCAF4. Cells were treated 

with DOX for 24 h as indicated and with MLN4924 for 6 h. Forty-eight hours after transfection, cells 

were collected, lysed, and WCL were subjected to AP using Strep-TactinXT resin. Both WCL and eluates 

were immunoblotted. (d) Schematic representation of SMAC, SMAC mutant lacking the C-terminal -ED 
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motif (E238X), ubiquitin-SMAC, and ubiquitin-SMAC lacking the C-terminal -ED motif. (e) SMAC KO 

HCT116 cells were co-transfected with Twin-Strep-FLAG-tagged DCAF12 and an EV or indicated SMAC 

constructs, treated with MLN4924 for 6 h, and collected 48 h after transfection. WCL were subjected 

to AP using Strep-TactinXT resin. Both WCL and eluates were immunoblotted. 

 

Our observations that XIAP and SMAC are both needed for the interaction with DCAF12 sug-

gested that DCAF12 only recognises SMAC associated with XIAP. The requirement of XIAP prompted 

us to investigate which domains of XIAP are required for the interaction with DCAF12. Firstly, we pre-

pared a series of truncation mutants of XIAP and tested their interactions with DCAF12 (Figure 16a,b). 

Deletion of the BIR1 domain did not affect the interaction between XIAP and DCAF12, while concurrent 

deletion of the BIR1 and BIR2 domains abolished the interaction. C-terminal truncation mutants of 

XIAP were less expressed. Nevertheless, mutants of XIAP lacking RING and UBA domains still interacted 

with DCAF12. Only the concurrent deletion of the RING, UBA, and BIR3 domains abolished the inter-

action. The BIR2 and BIR3 domains of XIAP are thus both necessary for the interaction with DCAF12. A 

truncated mutant of XIAP consisting only of the BIR2 and BIR3 domains was sufficient for the interac-

tion yet interacted less effectively than full-length XIAP.  

Next, we mutated residues in the BIR2 and BIR3 domains of XIAP, which were previously de-

scribed as critical for the interaction with SMAC [261,359]. The E314A mutation in the BIR3 domain of 

XIAP completely abolished the interaction of XIAP with SMAC and DCAF12, demonstrating that the BIR3 

domain of XIAP is essential for the interaction (Figure 16c,d). Interestingly, the E219R, H223V double 

mutation in the BIR2 domain of XIAP had a minimal effect on the interaction of XIAP with SMAC while 

effectively reducing the interaction of XIAP with DCAF12, suggesting that the BIR2 domain of XIAP con-

tributes uniquely to the interaction. Finally, we prepared another series of N-terminal truncation mu-

tants more closely covering the linker region preceding the BIR2 domain and performed alanine scan-

ning mutagenesis of the BIR2 domain (not shown) to narrow further the minimal region of XIAP required 

for the interaction and to find essential residues. Interaction studies with these mutants revealed that 

the linker is not needed for the interaction with DCAF12 and that mutating the critical residues of the 

BIR2 domain reduces but not completely abolishes the interaction with DCAF12 in a way analogous to 

the E219R, H223V double mutation in the BIR2 domain of XIAP. Taken together, the BIR2 and BIR3 do-

mains of XIAP are necessary for the interaction of XIAP and SMAC with DCAF12. This observation sug-

gests that SMAC must be bound to the BIR2-BIR3 domains of XIAP to be recognised by DCAF12.  
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Figure 16. XIAP BIR2-BIR3 domains are required for XIAP-SMAC interaction with DCAF12. (a) Schematic 

representation of XIAP and its N- and C-terminally truncated mutants. The positions of the E219R, H223V, 

and E314A mutations in the BIR2 and BIR3 domains are shown. (b) HEK293T cells were co-transfected 

with HA-tagged XIAP or its indicated truncation mutants and Twin-Strep-FLAG-tagged substrate receptor 

subunits of the cullin-RING ubiquitin ligase (CRL)—DCAF12 or DCAF12L1. MLN4924 was added to cells 6 

h before cell collection. Forty-eight hours after transfection, cells were collected and lysed. Whole-cell 

lysates (WCL) were subjected to affinity purification (AP) using Strep-TactinXT resin. Both WCL and elu-

ates were immunoblotted. (c) HEK293T cells were transfected with the indicated HA-tagged XIAP mu-

tants and treated with MLN4924 for 6 h before cell collection. Forty-eight hours after transfection, cells 

were collected and lysed. Whole-cell lysates (WCL) were subjected to immunoprecipitation (IP) using 

anti-HA magnetic beads and immunoblotted. (d) HEK293T cells were co-transfected with the indicated 

HA-tagged XIAP mutants and Twin-Strep-FLAG-tagged substrate receptor subunits of the CRL—DCAF12 

or DCAF12L1. MLN4924 was added to cells 6 h before cell collection. Forty-eight hours after transfection, 

cells were collected and lysed. Whole-cell lysates (WCL) were subjected to affinity purification (AP) using 

Strep-TactinXT resin. Both WCL and eluates were immunoblotted. 

 

The BIR2 and BIR3 domains of XIAP can be targeted by SMAC mimetics, which binds to the IBM-

containing BIR domains of IAPs, including the XIAP BIR2 and BIR3 domains, and mimic the inhibitory ac-

tivity of endogenous SMAC. Since the interaction between DCAF12 and SMAC seemed to require SMAC 

binding to the BIR2-BIR3 domains of XIAP, we hypothesised that SMAC mimetics could disrupt it. To test 

this hypothesis, we firstly incubated purified DCAF12 complexes with SMAC mimetics for a short time in 
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vitro (Figure 17a). Indeed, the SMAC mimetics AZD5582 and LCL161, which have a high affinity to XIAP, 

completely disrupted the interaction between DCAF12 and the XIAP-SMAC complex. On the other hand, 

the SMAC mimetics birinapant and embelin, which have a lower affinity for XIAP, were consistently less 

effective in dissociating XIAP and SMAC from DCAF12. Next, we added these compounds to cells and 

tested the interaction between DCAF12 and the XIAP-SMAC complex (Figure 17b). All tested SMAC in-

hibitors (AZD5582 and birinapant are shown here) efficiently prevented XIAP and SMAC to interact with 

DCAF12. In addition to SMAC mimetics, we treated cells with staurosporine and TRAIL to induce apopto-

sis and release endogenous SMAC from mitochondria into the cytosol, which is where and when they are 

supposed to interact with each other. Surprisingly, induction of apoptosis correlated with the loss of the 

interaction between DCAF12 and the XIAP-SMAC complex, which was caspase-dependent as caspase 

inhibitor Z-VAD could have prevented it. In summary, SMAC mimetics disrupt the interaction between 

DCAF12 and the XIAP-SMAC complex. Additionally, apoptosis also ultimately disrupts this interaction, 

which probably reflects the degradation of XIAP during apoptosis. 

 

  

Figure 17. SMAC mimetics disrupt XIAP-SMAC interaction with DCAF12. (a) HEK293T cells were trans-

fected with Twin-Strep-FLAG-tagged substrate receptor subunits of the cullin-RING ubiquitin ligase 

(CRL), DCAF12 or DCAF12L1, and treated with MLN4924 for 6 h before cell collection. Forty-eight hours 

after transfection, cells were collected and lysed. Whole-cell lysates (WCL) were subjected to affinity 

purification (AP) using Strep-TactinXT resin. Purified DCAF12 complexes were incubated for 20 min 

with indicated SMAC mimetics (100 µM each) and subsequently washed, eluted, and immunoblotted. 

(b) HEK293T cells were transfected with Twin-Strep-FLAG-tagged substrate receptor subunits of the 

CRL), DCAF12 or DCAF12L1, and treated as indicated (not-treated (NT), 1 µM AZD558, 10 µM 

birinapant, 1 µM staurosporine, 100 ng/ml TRAIL, 10 µM Z-VAD-FMK). Forty-eight hours after trans-

fection, cells were collected and lysed. Whole-cell lysates (WCL) were subjected to affinity purification 

(AP) using Strep-TactinXT resin. Both WCL and eluates were immunoblotted.  



62 

4.2.5. Regulation of XIAP and SMAC by DCAF12 during apoptosis 

DCAF12 recognises SMAC bound to the BIR2 and BIR3 domains of XIAP. In cells, this interaction 

typically occurs during apoptosis following the MOMP and the subsequent release of SMAC from mi-

tochondria to cytosol, where SMAC binds XIAP. To investigate whether DCAF12 targets XIAP and SMAC 

for degradation during apoptosis, we established several experimental systems. We initially down-reg-

ulated DCAF12 in human cancer cell lines using RNAi and treated these cells with various apoptosis-

inducing stimuli (Figure 18a). DCAF12 siRNA 2 was more toxic to cells than DCAF12 siRNA 1 and 

therefore could not have been used to draw valid conclusions. In cells treated with DCAF12 siRNA 1, 

XIAP was elevated during TRAIL-induced apoptosis, which correlated with decreased apoptosis as de-

tected by several apoptotic markers, such as cleaved caspases and cleaved PARP.  

We further mainly focused on TRAIL-induced apoptosis as a model system as TRAIL-induced 

apoptosis requires mitochondrial release of SMAC to antagonise the anti-apoptotic activity of XIAP, 

and TRAIL receptors are expressed in epithelial cancer cells [360,361]. To monitor more precisely the 

effect of DCAF12 on apoptosis and the protein level of XIAP and SMAC, we established several DCAF12-

inducible or DCAF12 KO cancer cell lines (Figure 18b,c). As SMAC binds to XIAP in the cytoplasm during 

apoptosis, we also evaluated the effect of DCAF12 localisation on apoptosis and the protein levels of 

XIAP and SMAC. As anticipated, the cytoplasmic DCAF12∆1–38 (and the nuclear DCAF12WT) led to down-

regulation of MOV10 but not of XIAP and SMAC. During apoptosis, degradation of XIAP ultimately oc-

curred but was not enhanced by cytoplasmic DCAF12∆1–38. No degradation of SMAC was observed in 

our experimental systems. The sensitivity of different single-cell clones (DCAF12 WT and KO) to apop-

tosis varied significantly, and these differences seemed to be independent of DCAF12. As these sys-

tems could not distinguish the effect of all DCAF12-mediated actions from those mediated specifically 

by the interaction between DCAF12 and the XIAP-SMAC complex, we reintroduced SMACWT and 

SMACE238X into the SMAC KO HCT116 cell lines (Figure 18d). Unexpectedly, the reintroduction of 

SMACWT increased the XAIP protein level. However, no significant TRAIL dose-dependent differences 

in XIAP and SMAC protein levels were observed between cells expressing SMACWT and SMACE238X. As 

the protein level and localisation of endogenous DCAF12 could not be determined, the exogenous 

expression of DCAF12 and its cytoplasmic mutant in these cells will be vital to evaluate the effect of 

the interaction between DCAF12 and XIAP-SMAC on apoptosis. Taken together, DCAF12 seemed to 

promote apoptosis. Still, we could not gather sufficient evidence to answer whether DCAF12 targets 

XIAP and SMAC for degradation during apoptosis using the cell lines mentioned above. 
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Figure 18. Regulation of XIAP and SMAC by DCAF12 during apoptosis. (a) HCT116 cells were trans-

fected with control siRNA (siCTRL) or siRNAs targeting DCAF12 (siDCAF12). After 48 hours, cells were 

starved by culturing in Hanks' Balanced Salt Solution (HBSS) or treated overnight as indicated: non-

treated (NT), etoposide (ETO; 10 µM), doxorubicin (DOXO; 2 µM), camptothecin (CPT; 1 µM), thapsigar-

gin (THA; 0.5 µM), TRAIL (10ng/ml), carbonyl cyanide 3-chlorophenylhydrazone (CCCP; 10 µM). Cells 

were collected, lysed, and whole-cell lysates (WCL) immunoblotted. (b) HEK293T stable cell lines ex-

pressing doxycycline (DOX)-inducible Twin-Strep-FLAG-tagged DCAF12 constructs (iDCAF12WT, 

DCAF12∆1–11, or DCAF12∆1–38) were treated with DOX for 48 h and TRAIL (100 ng/ml) for 6 h where 

indicated. Cells were collected, lysed, and WCL were immunoblotted. (c) DCAF12 wild type (WT) and 

knockout (KO) HEK293T single-cell clones were transfected with an empty vector (EV), Twin-Strep-

FLAG-tagged DCAF12WT or DCAF12∆1–38. Forty-eight hours after transfection, cells were treated over-

night with TRAIL (50 ng/ml), collected, lysed, and WCL were immunoblotted. (d) SMAC WT and SMAC 

KO HCT116 cells stably expressing SMACWT or SMACE238X were treated overnight with increasing con-

centrations of TRAIL (10, 25, 50 ng/ml), collected, lysed, and WCL were immunoblotted.  

 

4.2.6. MOV10 C-terminal -EL motif is required for interaction with DCAF12 

MOV10 poses the C-terminal -EL motif. This motif, especially the glutamic acid residue at the 

penultimate position (-2), is evolutionary conserved and can be found in animals as divergent as oys-

ters, termites, and lampreys (Figure 19a). To examine whether this motif is necessary for the interac-

tion of MOV10 with DCAF12, we prepared a mutant form of MOV10 (E1002X) lacking the C-terminal -

EL amino acid residues (Figure 19b) and tested its ability to interact with DCAF12. Firstly, we co-
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expressed HA-tagged MOV10WT or MOV10E1002X with SF-DCAF12 in HEK293T cells and found that HA-

MOV10WT but not the MOV10E1002X mutant co-immunoprecipitated SF-DCAF12, endogenous CUL4A 

and DDB1. Moreover, none of the four additional WD-repeat domain proteins tested co-immunopre-

cipitated with HA-MOV10 (Figure 19c). Then, we prepared HEK293T and HCT116 cell lines expressing 

HA-MOV10 or its E1002X mutant under the control of the DOX-inducible promoter. DOX-inducible HA-

MOV10WT and HA-MOV10E1002X localised to the cytoplasm in human cancer cell lines (Figure 19d). SF-

DCAF12WT and SF-DCAF12∆1–38 interacted only with inducible HA-MOV10WT but not with HA-

MOV10E1002X (Figure 19e). Finally, we tested whether the C-terminal -EE motif of GART is required for 

its interaction with DCAF12. Deleting the last two amino acid residues of GART prevented its interac-

tion with SF-DCAF12, endogenous CUL4A and DDB1 (Figure 19f). Our findings thus provided substantial 

evidence that DCAF12 directly recognises various C-terminal acidic motives with glutamic acid residue 

at the penultimate position. For example, the C-terminal -EE motif (e.g., in GART), the C-terminal -ED 

motif (e.g., in SMAC), or C-terminal -EL motif (e.g., in MOV10).  

 

 

Figure 19. MOV10 C-terminal -EL motif is necessary for interaction with DCAF12. (a) Multiple se-

quence alignment of the C-termini of MOV10 from indicated species genera. Sequences were aligned 

using Kalign [66]. (b) Schematic representation of MOV10 and its E1002X mutant lacking the C-terminal 

-EL motif. (c) HEK293T cells were co-transfected with Twin-Strep-FLAG-tagged DCAF12 and either an 

empty vector (EV), HA-tagged MOV10WT, or HA-tagged MOV10E1002X. MLN4924 was added for the last 6 

h before harvesting. After lysis, whole-cell lysates (WCL) were subjected to anti-HA Immunoprecipi-
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tation (IP) and immunoblotted as indicated. (d) HCT116 stable cell lines expressing HA-tagged MOV10WT 

and MOV10E1002X under the control of doxycycline (DOX)-inducible promoter were treated with DOX for 

24 h, fixed, and stained with anti-HA antibody to detect MOV10. To counterstain nuclei, 4′,6-diamidino-

2-phenylindole (DAPI) was used. Scale bar, 100 μm. (e) Parental and stably transduced HEK293T cells 

with DOX-inducible HA-tagged MOV10WT and MOV10E1002X constructs were transfected with an EV, 

Twin-Strep-FLAG-tagged DCAF12WT or DCAF12∆1–38. Twenty-four hours after transfection, cells were 

treated with DOX (100 ng/ml) for another 24 h. MLN4924 was added for the last 6 h before harvesting. 

After cell lysis, WCL were subjected to affinity purification (AP) and immunoblotted as indicated. (f) 

HEK293T cells were co-transfected with Twin-Strep-FLAG-tagged DCAF12 and either an EV or HA-tagged 

MOV10W, MOV10E1002X, GARTWT, and GARTE1009X. MLN4924 was added for the last 6 h before harvesting. 

After lysis, WCL were subjected to anti-HA IP and immunoblotted as indicated. 

 

4.2.7. DCAF12 controls MOV10 protein level via its C-terminal degron 

We established that DCAF12 recognises the C-terminal -EL motif of MOV10 (chapter 4.2.6.). To 

answer whether this motif represents a DCAF12 degron, we next investigated whether it is necessary 

for the MOV10 degradation. In cancer cells harbouring DOX-inducible DCAF12 expression constructs, 

induction of DCAF12WT and especially its cytoplasmic mutants down-regulated MOV10 under the 

steady-state condition (chapter 4.2.3.). Firstly, we confirmed that no changes in the MOV10 mRNA 

level occurred in these cells upon induction of DCAF12 (Figure 20a). Next, we tested whether the de-

crease in MOV10 protein level is CRL-dependent by treating cells with neddylation inhibitor MLN4924 

(Figure 20b,c). This treatment rescued the reduction in MOV10 protein level upon induction of SF-

DCAF12∆1–38 (and SF-DCAF12WT in HEK293T cells). GART responded similarly to the induction of DCAF12 

and MLN4924 treatment, suggesting that both proteins are targeted by cytoplasmic DCAF12 for deg-

radation in cancer cells. As controls for MLN4924 treatment, cullin-dependent substrates FBXO28, p27, 

p21 were stained. Interestingly, DCAF12 was also stabilised by MLN4924 treatment, indicating that it 

also underwent CRL-dependent degradation. Finally, we expressed HA-MOV10WT and HA-MOV10E1002X 

in DCAF12 KO HCT116 cell lines with inducible expression of SF-DCAF12 to test whether the deletion 

of C-terminal-EL amino acid residues was sufficient to prevent MOV10 degradation (Figure 20d). The 

induction of SF-DCAF12∆1–38 eliminated endogenous GART and HA-MOV10WT, but not HA-MOV10E1002X. 

This elimination of HA-MOV10WT was abolished by MLN4924 (CRL inhibitor), MG132 (proteasome in-

hibitor), and co-expression of a dominant-negative form (amino acids 1–337) of CUL4, providing fur-

ther evidence that the CRL4-dependent pathway mediated HA-MOV10 degradation (Figure 20e). Alto-

gether, our biochemical studies demonstrated that DCAF12 mediates the CRL- and proteasome-de-

pendent degradation of MOV10 and that this degradation depends on the C-terminal residues of 

MOV10, which thus represent the DCAF12 degron. 
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Figure 20. DCAF12 controls MOV10 protein level via its C-terminal degron. (a) Relative expression 

levels of MOV10 mRNA in HEK293T and HCT116 DCAF12 knockout (KO) stable cell lines expressing 

Twin-Strep-FLAG-tagged DCAF12 constructs under the control of doxycycline (DOX)-inducible pro-

moter (iDCAF12WT and DCAF12∆1–38). Cells were treated with DOX for 48 h, and relative mRNA levels of 

MOV10 and iDCAF12 were determined by qPCR. Values are presented as means ± standard deviations. 

(b,c) HEK293T (b) and HCT116 DCAF12 knockout (KO) (c) stable cell lines expressing Twin-Strep-FLAG-

tagged DCAF12 constructs under the control of DOX-inducible promoter (iDCAF12WT and DCAF12∆1–38) 

were treated with DOX for 48 h and MLN4924 overnight, as indicated. Whole-cell lysates (WCL) were 

subjected to immunoblotting with indicated antibodies. (d,e) HCT116 DCAF12 KO stable cell lines ex-

pressing Twin-Strep-FLAG-tagged DCAF12 constructs controlled by DOX-inducible promoter (iD12WT 

and iD12∆1–38) were treated with DOX for 48 h and transiently transfected with either HA-tagged 

MOV10WT or MOV10E1002X 16 h before harvesting. Where indicated (e), cells were incubated with 

MLN4924 (overnight), MG132 (8 h), or co-transfected with a dominant-negative FLAG-tagged CUL4A 

construct. WCL were subjected to immunoblotting with indicated antibodies. 
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4.2.8. DCAF12 controls MOV10 protein level in mice 

To investigate the function of DCAF12 under physiological conditions, we generated mice with 

deletion of the Dcaf12 exon 4 (Figure 21a) and asked whether DCAF12 controls the protein level of 

MOV10 and other potential substrates in vivo. Available expression data indicated that the Dcaf12 

exon 4 is constitutively used, and its deletion inactivates Dcaf12 by creating a frameshift. Moreover, 

we observed a significant decrease in the Dcaf12 transcript abundance in Dcaf12 KO mice, presumably 

due to the nonsense-mediated decay pathway. Dcaf12 KO mice were born at expected Mendelian 

ratios and manifested no apparent physical abnormalities (Figure 21b,c). Next, we isolated Dcaf12 WT 

and KO MEFs and tested whether the potential substrates of DCAF12 accumulate in these mouse cells. 

MOV10 was elevated in Dcaf12 KO MEFs, and its physiological amount was restored upon reintroduc-

ing SF-DCAF12 (Figures 21d). DCAF12-dependent changes in the protein levels of XIAP and SMAC were 

observed neither under steady-state conditions nor during apoptosis (Figures 21e). We concluded that 

DCAF12 controlled the protein level of MOV10 in mouse cells and embarked on a search of specific 

physiological processes in which this regulation of MOV10 occurs in vivo.  

 

 

Figure 21. DCAF12 controls MOV10 protein level in mice. (a) Schematic diagram of targeted disruption 

of the Dcaf12 gene using the CRISPR/Cas9 genome-editing system in mice. Two single guide RNAs were 
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designed to target introns flanking the exon 4 of the Dcaf12 gene. The resulting deletion of the exon 4 

was 420-nucleotide (nt) long. Protospacer adjacent motif (PAM) motives are underlined; dashes indi-

cate deleted nucleotides. (b) Mice of all genotypes were born at expected Mendelian and gender ra-

tios. The ratios were analysed by chi-square test, p-value > 0.05. (c) Representative images of male 

mice of the indicated genotype. Mice did not display any apparent physical abnormalities. (d,e) Dcaf12 

wild type (WT) and Dcaf12 knockout (KO) mouse embryonic fibroblasts (MEFs) were immortalized ei-

ther by the CRISPR/Cas9-mediated inactivation of p19ARF (d) or by SV40 large T antigen (e). Subse-

quently, stable cell lines expressing Twin-Strep-FLAG-tagged DCAF12 under the doxycycline (DOX)-in-

ducible promoter were established. Where indicated, cells were treated with DOX for 48 h, poly(I:C) 

for 24 h, and doxorubicin (DOXO) for 24 h. Whole-cell lysates were immunoblotted. 

 

Dcaf12 is a ubiquitously expressed gene, the expression of which is not limited to any tissue or 

biological process. However, publicly available data and our measurements indicated especially strong 

expression in the male reproductive system and haematopoietic system. We noticed no significant 

changes in the fetal liver and postnatal bone marrow erythropoiesis (not shown) and therefore further 

directed our attention to spermatogenesis and immune cells. 

 

4.2.9. DCAF12 controls MOV10 protein level during spermatogenesis 

Analysis of publicly available data indicated that Dcaf12 is strongly expressed in the male re-

productive system (Figure 22a). In testes, Dcaf12 is highly expressed during late spermatogenesis from 

pachytene spermatocytes (Figure 22b). Contrary, Mov10 was mainly expressed in spermatogonia and 

certain subpopulations of pachytene spermatocytes. Consistently with the expression data, MOV10 

was previously shown to be abundant in spermatogonia but nearly absent in spermatocytes [338]. To 

determine whether DCAF12 targets MOV10 for degradation during spermatogenesis, we initially ana-

lysed the lysates from Dcaf12 WT and KO testes. We found that MOV10 was reproducibly increased in 

the testes of Dcaf12 KO animals (Figure 22c,d). Additionally, meiotic marker SCP3 (synaptonemal com-

plex protein 3) was slightly decreased while ɣH2AX (histone H2AX phosphorylated on serine 139) in-

creased, suggesting a slight defect during meiosis. At the same time, we detected no changes in sper-

matogonial marker PLZF (promyelocytic leukemia zinc finger) and spermatocyte marker PITX2 (pitui-

tary homeobox 2). Next, we asked whether loss of Dcaf12 affects sperm production or fertility. No 

differences in the testes weight were found, yet a moderate decline in sperm count was observed 

(Figure 22e,f). Still, Dcaf12 KO animals were fertile. To address at which stage of spermatogenesis the 

defect occurred, we examined the histological sections of Dcaf12 WT and KO testes (Figure 23a,b,c). 

Neither morphological abnormalities nor arrest of spermatogenesis was detected. We thus concluded 

that Dcaf12 deficiency causes only a subtle disruption of spermatogenesis. Altogether, DCAF12 con-

trols MOV10 protein level during spermatogenesis, which is slightly impaired by the loss of Dcaf12. 
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Figure 22. DCAF12 controls MOV10 protein level during spermatogenesis. (a) Dcaf12 expression pro-

jected on the t-distributed stochastic neighbour embedding (t-SNE) plot of single cells from publicly 

available mouse cell atlas (available at bis.zju.edu.cn/MCA; GEO accession number GSE108097) [362]. 

Testis cell and spermatid clusters are encircled. (b) Expression of Dcaf12 and Mov10 projected on t-

SNE plots of spermatogenic cells from publicly available spermatogenesis single-cell transcriptome da-

tasets [363]. Colours distinguish unbiased cell clusters according to the key. (c) Testis whole tissue 

lysates from 16-week-old Dcaf12 WT and KO mice (littermates, four animals). Testes without the tu-

nica albuginea were lysed and subjected to immunoblotting with indicated antibodies. (d) Testis (Tes.) 

and epididymis (Epi.) whole tissue lysates from 16-week-old Dcaf12 WT and KO mice. Testes without 

the tunica albuginea or epididymis were lysed and subjected to immunoblotting with indicated anti-

bodies. (e) Testes weight of 16-week-old Dcaf12 WT and KO animals. Individual data points and means 

are shown (n = 7 per group). Statistical significance was assessed by an unpaired two-tailed t-test. p-

value < 0.05 was considered significant; ns = not significant. (f) Sperm count of 16-week-old Dcaf12 WT 

and KO animals. Individual data points and means are shown (n = 3 per group).  
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Figure 23. No apparent morphological abnormalities in Dcaf12 KO testes. (a) A preview of high-reso-

lution cross-sections of Dcaf12 WT and KO testes. Testes from 5- to 7-week-old mice were sectioned 

and stained with haematoxylin and eosin. Raw data are available at the Mendeley data repository 

(http://dx.doi.org/10.17632/h4g7ctf2wc.1). (b) Immunohistological analysis of Dcaf12 WT and KO tes-

tes. Testes from 5- to 7-week-old animals were sectioned and stained with indicated antibodies or 

Alexa Fluor 594-conjugated peanut agglutinin (PNA). To counterstain nuclei, 4′,6-diamidino-2-phenyl-

indole (DAPI) was used. Scale bars are as indicated. 

 

4.2.10. Uncovering roles of DCAF12 in the immune system 

DCAF12 interacts with many proteins, which have well-established roles in the immune sys-

tem. Specifically, XIAP promotes NOD2 signalling [271–275] and restricts inflammation [276–279], 

while MOV10 manifest broad antiviral and retrotransposon restriction activities [307–327]. Moreover, 

Drosophila DCAF12 was implicated in the innate immune response to bacteria [180]. We thus hypoth-

esised that DCAF12 could target the XIAP-SMAC complex or MOV10 during innate immune responses 

and thus regulate their outcome. To test whether Dcaf12 deficiency causes a defect in the immune 

system, we employed several approaches. 

Initially, we focused on the responses to bacteria-derived PAMPs such as MDP and LPS. To 

reveal whether DCAF12 targets XIAP for degradation during the response to MDP, we treated murine 

http://dx.doi.org/10.17632/h4g7ctf2wc.1


71 

macrophage-like RAW 264.7 cells with MDP and examined the protein levels of XIAP, SMAC and 

MOV10. MDP treatment effectively activated the NF-κB pathway (Figure 24a) as determined by phos-

phorylation and degradation of NF-kappa-B inhibitor alpha (frequently referred to as I-kappa-B-alpha; 

IκBα). In addition, RIPK2, a component of the NOD2 signalling complex, was degraded, suggesting that 

at least some elements of the NOD2 signalling complex undergo degradation after stimulation with 

MDP, probably to attenuate the signalling. However, only limited degradation of XIAP was observed, 

and it seemed to be DCAF12-independent as it also occurred in cells in which DCAF12 was depleted by 

siRNA (Figure 24b). Up-regulation of MOV10 upon DCAF12 depletion suggested that the siRNA was 

effective and showed that DCAF12 controls the protein level of MOV10 in RAW 264.7 cells.  

 

 

Figure 24. Response of Dcaf12-deficient cells to MDP and LPS. (a, b) RAW 264.7 cells were transfected 

with control siRNA (siCTRL) or Dcaf12-targeting siRNA (siDCAF12 (m)), grown for 48 h, and treated with 

MDP (10 μg/ml) or LPS (5 μg/ml) for indicated times. Whole-cell lysates (WCL) were immunoblotted. 

(c) Peritoneal macrophages isolated from Dcaf12 wild type (WT) or Dcaf12 knockout (KO) mice were 

treated with LPS (50 ng/ml) or MDP (10 μg/ml) for indicated times. The concentration of released TNF 

in collected supernatants was analysed by ELISA. (d,e) Bone-marrow-derived macrophages 

(BMDMs)/Bone marrow-derived dendritic cells (BMDCs) were treated with LPS (50 ng/ml) or MDP (10 

μg/mL) for 4 h. Relative mRNA levels of indicated RNAs were determined by qPCR. 

 

Next, we isolated murine peritoneal macrophages from Dcaf12 WT and KO mice and treated 

them ex vivo with MDP and LPS. We observed neither defect in the induction of the pro-inflammatory 
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cytokine in response to stimulation as determined by qPCR or ELISA (Figure 24c) nor the spontaneous 

release of IL-1β following the LPS-treatment (not shown). As a limited number of peritoneal macro-

phages made this experimental system unsuitable for precise western blot analysis of changes in the 

protein abundance, we prepared Dcaf12-deficient BMDMs/BMDCs to obtain more cells. Afterwards, 

we treated them with different stimuli (such as LPS, MDP, poly(I:C), TNF) and measured inflammatory 

response by qPCR (Figure 24d,e) and ELISA. Nevertheless, this initial screening did not reveal any re-

markable differences between cells derived from Dcaf12 WT and KO mice. 

As an alternative approach to disclose a potential defect in the immune system, we performed 

immunophenotyping of immune cell populations in the spleen of Dcaf12 KO animals. This analysis re-

vealed alternations in the T cell populations (Figure 25). The percentage of CD4+ T cells was slightly but 

significantly reduced, and the proportion of Tregs was elevated within the CD4+ T cell population. Ad-

ditionally, Dcaf12 KO mice displayed a higher percentage of splenic natural killer T (NKT) cells. No sig-

nificant changes were observed in the percentages of B cells or cells of the myeloid lineage. These 

alternations in splenic immune cell populations collectively indicated that DCAF12 is required for the 

development or homeostasis of T cells.  

 

 
Figure 25. Dcaf12 deficiency leads to dysregulation of splenic immune cell populations. Quantifica-

tion of immune cell populations in the spleen of 16–20-week-old Dcaf12 wild type (WT) or knockout 
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(KO) female mice. The populations were analysed by flow cytometry, individual data points and group 

means are shown (n = 10–14 per group). Statistical significance was assessed by an unpaired two-

tailed t-test. p-value < 0.05 was considered significant; ns = not significant. NK, natural killer; NKT, nat-

ural killer T; cDC, conventional dendritic cells; pDC, plasmacytoid dendritic cells. 

 

4.2.11. DCAF12 controls MOV10 protein level during T cell activation 

Dysregulation of T cell populations in Dcaf12-deficient mice prompted us to explore the role 

of DCAF12 in T cells. A thorough analysis of publicly available RNA-seq data showed that the expression 

of DCAF12/Dcaf12 is up-regulated during T cell activation in both human and mouse T cells (Figure 

26a). Specifically, this up-regulation was observed in T cells activated by either CD3/CD28 receptor 

crosslinking or T cell receptor (TCR)-specific peptide. In contrast, the expression of MOV10/Mov10 was 

either not changed or down-regulated. 

To examine whether DCAF12 targets MOV10 for degradation during T cell activation, we stim-

ulated mouse splenocytes with anti-CD3 and anti-CD28 (anti-CD3/CD28) antibody-coupled beads (Fig-

ure 26b). The protein level of MOV10 was slightly but reproducibly increased in Dcaf12 KO splenocytes 

even without stimulation. However, the accumulation of MOV10 in Dcaf12 KO splenocytes became 

especially pronounced after stimulation with anti-CD3/CD28 beads. Concurrently, the stimulated 

Dcaf12 KO splenocytes displayed increased apoptosis as determined by cleaved poly(ADP-ribose) pol-

ymerase (PARP) and cleaved caspase-3. No increase in the protein level of SMAC or XIAP was observed. 

On the contrary, XIAP was strongly down-regulated in both Dcaf12 WT and KO splenocytes during their 

activation, which appeared to be independent of DCAF12. In our experimental setting, the Mov10 

mRNA levels were up-regulated (Figure 26c), which presumably reflected the transcriptional activation 

of other than T cell populations. Notably, the Mov10 mRNA up-regulation occurred similarly in both 

Dcaf12 KO and WT splenocytes. The differences in the protein level of MOV10 thus could be wholly 

attributed to post-transcriptional regulation.  

Next, we examined the MOV10 protein level in splenocytes treated with different stimuli. We 

observed a comparable up-regulation of MOV10 in both Dcaf12 KO and WT splenocytes stimulated 

with poly(I:C) or LPS (Figure 26d). Therefore, T cell activation with anti-CD3/CD28 beads might repre-

sent a specific condition in splenocytes under which DCAF12 targets MOV10 for degradation. Finally, 

we asked in which splenic cell populations was MOV10 up-regulated.  We found a pronounced increase 

of MOV10 in lysates enriched in T cells but not B cells (Figure 26e). Taken together, DCAF12 controls 

the MOV10 protein level and prevents apoptosis during T cell activation. 
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Figure 26. DCAF12 controls MOV10 protein level during T cell activation. (a) Expression of substrate 
receptors of the cullin-RING ubiquitin ligase 1 and 4 after T cell activation. Data from publicly available 
RNA sequencing datasets were analysed and visualized as a heat map showing mean log2 fold change 
(FC) of gene expression relative to the non-activated state. Left panel: Human naïve CD4+ T cells were 
activated with anti-CD3 and anti-CD28 (anti-CD3/CD28; the first three columns) or only anti-CD3 beads 
(the last three columns) for the indicated time (GEO accession number GSE116697) [364]. Middle 
panel: Human naïve CD4+ T cells obtained from four donors were activated with anti-CD3/CD28 beads 
for two days (GEO accession number GSE81810) [365]. Right panel: Mouse antigen-specific CD8+ T cells 
were activated for 48 h in the presence of high-affinity peptide N4 or low-affinity peptide V4 (right 
panel; GEO accession number GSE49929) [366]. Only substrate receptors appearing in all datasets are 
presented. Additionally, MOV10/Mov10, IL2, and Ccnb1 as controls are shown. DCAF12/Dcaf12 is high-
lighted in red, MOV10/Mov10 in blue. (b) Soluble fractions of lysates obtained from CD3/CD28-acti-
vated splenocytes. Dcaf12 WT and KO splenocytes were stimulated with anti-CD3/CD28 Dynabeads 
for indicated times, lysed, and the soluble fractions were immunoblotted with indicated antibodies. 
(c) Relative mRNA expression levels of indicated genes in CD3/CD28-activated splenocytes from (b) as 
determined by qPCR. The heat map shows log2 fold change (FC) of gene expression relative to the non-
activated state of Dcaf12 WT splenocytes. (d) Splenocyte whole-cell lysates obtained from poly(I:C)- 
and LPS-stimulated splenocytes. Freshly isolated splenocytes from Dcaf12 WT and KO mice were stim-
ulated with poly(I:C) and LPS (5μg/ml) for 24 h, lysed and immunoblotted with indicated antibodies. 
(e) Soluble fractions of Dcaf12 WT and KO splenocyte lysates. B and T cell-enriched populations were 
separated from freshly isolated splenocytes by negative selection using anti-CD45R (B220) antibody, 
lysed, and the soluble fractions were immunoblotted with indicated antibodies; Cl. PARP, cleaved form 
of poly (ADP-ribose) polymerase (PARP); Cl. Caspase-3, cleaved form of caspase-3. 
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5. Discussion 

5.1. CRL4DCAF4 

CRL4DCAF4 is a ubiquitin ligase with elusive substrates and functions. We demonstrated that 

DCAF4 directly recognises and regulates the abundance of box H/ACA RNPs, ribonucleoprotein parti-

cles consisting of box H/ACA RNAs and four core proteins. As all core box H/ACA proteins but not the 

box H/ACA RNP-specific assembly factors co-purified with DCAF4, we assume that DCAF4 recognises 

fully assembled mature particles containing internal box H/ACA RNA. Alternatively, DCAF4 could rec-

ognise core box H/ACA proteins-only complexes. However, the existence of such complexes in cells is 

questionable given that DKC1 interacts with a high affinity and in a mutually exclusive manner with 

RNA and RNA mimicking assembly factor SHQ1 [131,144,145,367]. Moreover, biogenesis of mature 

box H/ACA RNPs is a highly organised and stepwise process during which the presence of GAR1 is be-

lieved to signify that box H/ACA RNA had been loaded into the particle [150]. Once assembled, box 

H/ACA proteins bind box H/ACA RNA with extremely high affinity and no exchanges of RNA compo-

nents among the box H/ACA RNP particles were detected, suggesting that the formation of new parti-

cles requires de novo synthesis [131,354]. Therefore, based on the literature and our experimental 

findings, we propose that DCAF4 recognises mature box H/ACA RNP particles containing internal box 

H/ACA RNAs, a hypothesis that needs to be further experimentally validated.  

DCAF4 interacts with all four core box H/ACA proteins, and the interaction depends on protein 

subunits DKC1 and GAR1 but not on RNA. Crystal and cryo-EM structures of the box H/ACA RNPs show 

that GAR1 associates with the catalytic domain of DKC1 and seems to enable the loading and release 

of substrate RNA by stabilising the open state of the DKC1 thumb loop [130,137–139]. Our mutational 

analysis of the DKC1 thumb loop and the nearby region revealed that Thr224 is selectively required for 

the interaction of DKC1 with DCAF4 but not for the association of DKC1 with other core box H/ACA 

proteins. This result strongly suggests that DCAF4 interacts directly with DKC1. As DCAF4-DKC1 inter-

action also depended on GAR1, we speculate that DCAF4 might recognise either the structural degron 

composed of both DKC1 and GAR1 or the conformational state of DKC1 induced by GAR1. In the first 

case, DCAF4 could associate with box H/ACA RNPs in a similar way as another WD40 repeat protein—

TCAB1, which makes direct contact with both DKC1 and GAR1 [138]. This model predicts competition 

between TCAB1 and DCAF4 for binding to box H/ACA RNP. Alternatively, DCAF4 could directly recog-

nise only DKC1 in the open conformation of its thumb loop induced by GAR1. Because this is the con-

formation of substrate RNA-free box H/ACA RNPs, this model predicts the competition between sub-

strate RNA and DCAF4. In support of the latter model, RNA has an inhibitory effect on the interaction 

and Thr224 in DKC1 seems to be particularly accessible in an RNA-free conformational state. In our 

experiments, the inhibitory effect of RNA seemed to be dual. Firstly, the treatment with RNase A is 
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known to help solubilise certain insoluble nucleolar components [368]. Indeed, the addition of RNase 

A to the cell lysis buffer improved the solubility of the box H/ACA proteins, which led to a marked 

increase in their co-purification with DCAF4. Secondly, the amount of box H/ACA proteins co-purified 

with DCAF4 was also increased when digestion of RNA was carried out during AP (after removing the 

insoluble pellet). The latter suggested that the inhibitory effect of RNA might also result from steric 

clashes of substrate RNA with DCAF4 or from the substrate RNA-induced closed conformation of the 

DKC1 thumb loop [130,137], which might be incompatible with the interaction with DCAF4. Based on 

these findings, we propose that DCAF4 recognises mature box H/ACA RNPs in the absence of substrate 

RNA, presumably in the open conformation of the DKC1 thumb loop.  

Our biochemical and microscopy experiments provided an important insight into the regula-

tion of box H/ACA RNPs recognition by DCAF4 and their subsequent degradation. We observed mark-

edly increased co-purification of box H/ACA RNPs with DCAF4 after the RNase A treatment, indicating 

a ready-to-be-recognised cellular pool of box H/ACA RNPs secluded from DCAF4 by RNA, presumably 

in nucleoli and Cajal bodies. We also showed that GAR1 is necessary for the interaction between box 

H/ACA RNPs and DCAF4. Moreover, it was already noted that depletion of GAR1 increases the protein 

levels of DKC1, NOP10, NHP2 [353], suggesting that the stability of box H/ACA RNPs could be regulated 

by the association-dissociation of the DKC1-NOP10-NHP2 trimer and GAR1. Based on these observa-

tions, we speculated that all mature box H/ACA RNPs are potentially recognisable by DCAF4 as they 

contain GAR1 and that the recognition could be regulated through the control of subcellular localisa-

tion. Mature box H/ACA snoRNA and scaRNA RNPs concentrate in the nucleoli and Cajal bodies. In 

contrast, DCAF4 was excluded from these subnuclear compartments under normal conditions. This 

finding implied that DCAF4 could recognise mature box H/ACA RNPs in the nucleoplasm or on chroma-

tin. Consistently, in DCAF4 KO cells, the protein level of DKC1 was elevated in the nucleus (and even in 

the cytoplasm) but not in the subnuclear compartments. We hypothesise that mature box H/ACA 

snoRNA and scaRNA RNPs could be targeted by DCAF4 once they are excluded from nucleoli (or Cajal 

bodies). Such exclusion could be a part of the quality control mechanism that ensures that defective 

box H/ACA RNPs are removed from nucleoli and Cajal bodies and subsequently degraded by the UPS. 

Intriguingly, the nucleolus and Cajal bodies dissolve and reassemble during each passage through the 

mitosis, which could create a window of opportunity for DCAF4 to target box H/ACA snoRNA and 

scaRNA RNPs. However, only minor fluctuations in the DKC1 protein level were observed during the 

cell cycle progression despite the DKC1 redistribution from the nucleoli in mitosis [369], arguing against 

the cell-cycle dependent degradation of box H/ACA RNPs. In addition to snoRNA and scaRNA RNPs, 

numerous GAR1-containing box H/ACA RNPs, including those functioning as OCT4/SOX2 coactivators 

on chromatin [99] or AluACA snRNA RNPs with unknown functions [120], are not present in the sub-

nuclear compartments, and it remains to be addressed how they are protected from DCAF4-mediated 
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degradation. Therefore, despite the vital clues provided by our observations that GAR1 is necessary 

for the interaction and that the box H/ACA RNPs concentrated in subnuclear compartments are spa-

tially separated from DCAF4, how exactly the recognition of box H/ACA RNPs by DCAF4 is regulated 

remains to be elucidated. 

We demonstrated that DCAF4 controls the abundance of the box H/ACA RNPs. Specifically, we 

observed up-regulation of both the box H/ACA proteins and RNAs in DCAF4 KO cells. As discussed 

above, DCAF4 could target either the protein-only box H/ACA complexes or the mature box H/ACA 

RNP particles containing box H/ACA RNA. Either of these two scenarios could increase the box H/ACA 

proteins and RNAs in DCAF4 KO cells as it was already shown that the abundance of box H/ACA RNAs 

depends on the availability of the box H/ACA proteins [353]. By controlling the abundance of box 

H/ACA RNPs, DCAF4 might regulate multiple fundamental cellular processes, including ribosome bio-

genesis and telomere maintenance. Both the perturbation of ribosome biogenesis and the telomere 

shortening in the absence of fully active DKC1 (either because of its depletion or dyskeratosis congenita 

mutations) activate the p53 pathway and trigger senescence [172,178,370–374]. Conversely, the up-

regulation of DKC1 renders ribosomes more efficient, increases TERC levels, and promotes tumorigen-

esis [375]. Consistently, DKC1 is up-regulated in numerous cancers, and its high levels are associated 

with poor disease prognosis [376–379]. Therefore, the levels of DKC1 (and the entire box H/ACA RNP 

particles) must be tightly regulated, and we speculate that DCAF4 could target the box H/ACA RNPs 

for degradation to cease proliferation. Beyond that, box H/ACA RNPs are necessary for the self-renewal 

of stem cells [99,172]. In embryonic stem cells, they also function as OCT4/SOX2 coactivators and reg-

ulate the expression of key pluripotency genes critical for self-renewal [99]. As the levels of box H/ACA 

proteins rapidly decline during embryonic stem cell differentiation [99], it is tempting to speculate that 

DCAF4 could mediate their degradation to restrain the self-renewal capacity of embryonic and poten-

tially other stem and progenitor cells. Taken together, we propose that DCAF4 could control the abun-

dance of box H/ACA RNPs to cease proliferation under various conditions and to limit stem cell self-

renewal, thereby preventing tumorigenesis. 

Among box H/ACA RNAs up-regulated in DCAF4 KO cells, increased TERC levels are of particular 

interest. Both TERT and TERC are limiting factors for telomerase activity, and an increase in the TERC 

level augments the telomerase activity, which leads to telomere elongation [380–383]. Consistently, 

the up-regulation of DKC1 increases TERC levels and is in itself sufficient to boost the telomerase activity 

and promote telomere lengthening in certain cell types [366]. In DCAF4 KO cells, we observed the up-

regulation of TERC and therefore speculated that it could lead to telomere elongation and hyper-long 

telomeres. However, lower expression of DCAF4 and shorter leukocyte telomere length were associated 

with the rs2535913 polymorphism in the DCAF4 gene [94]. These contradictory observations require 

further experimental investigation. While progressive telomere shortening leads to severe defects in 
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highly proliferative tissues in later generations of Terc-deficient mice [384,385], mice with hyper-long 

telomeres manifest delayed metabolic ageing, longer lifespan, and surprisingly lower incidence of can-

cer [386]. Therefore, unravelling how DCAF4 affects telomere length in DCAF4 KO human cells and es-

pecially in Dcaf4 KO mice is of paramount importance as it could significantly impact our understanding 

of telomere maintenance mechanisms and the consequences of their dysregulation.  

 

5.2. CRL4DCAF12 

CRL4DCAF12 is a ubiquitin ligase that targets proteins bearing the C-terminal acidic degron for 

degradation, yet the physiological function of this pathway remains elusive. It has been recently es-

tablished that DCAF12 regulates the stability of proteins ending in the C-terminal -EE degron [48,186]. 

Here, we demonstrated that DCAF12 recognises a wide range of proteins containing glutamic acid at 

the penultimate position (-2) and that there is some degree of flexibility regarding the amino acid res-

idue at the terminal (-1) position. Specifically, we found that DCAF12 also mediates the degradation of 

proteins ending in the C-terminal -EL degron, such as MOV10. Among the potential substrates of 

DCAF12, proteins directed to mitochondria or the secretory pathway were significantly enriched. 

Therefore, we speculate that DCAF12 could contribute to the elimination of mislocalised proteins, the 

function that was already attributed to other ubiquitin ligases recognising C-terminal degrons [52]. 

Additionally, functional classification of DCAF12-associated proteins revealed that DCAF12 interacts 

with numerous proteins operating in the antiviral response, such as MOV10, GART, ADAR, or XIAP 

[294,322,355,356]. Their overrepresentation raises an intriguing possibility that DCAF12 could regulate 

immune responses, especially those against viruses. As DCAF12 might target a broad range of proteins 

and thus control diverse biological processes, a crucial question is how it is regulated.  

Our biochemical and microscopic experiments suggested that the regulation of the substrate 

recognition by DCAF12 is at least partly achieved through the control of DCAF12 subcellular localisa-

tion. DCAF12 recognises degrons constitutively present in proteins. Therefore, we speculate that 

DCAF12 might either target its substrates constitutively or be regulated through its expression or lo-

calisation. Under steady-state conditions in cancer cells, DCAF12 is ubiquitously expressed. However, 

neither overexpression nor depletion of DCAF12 affected the protein levels of its potential substrates. 

Under steady-state conditions in cancer cells, DCAF12 localised mainly to the nucleus, whereas the 

tested candidate substrates exhibited cytoplasmic localisation (MOV10, GAR1, XIAP) or mitochondrial 

localisation (SMAC). The nuclear localisation of DCAF12 depended on its N-terminal NLS and the ex-

pression of its cytoplasmic (NLS-lacking) mutants effectively down-regulated MOV10 and GAR1. Based 

on these findings, we hypothesise that DCAF12 might be sequestered to the nucleus and might only 

transiently localise to the cytoplasm, where it gains access to its cytoplasmic substrates. Our 
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observation of the DCAF12 accumulation in the cytoplasm after proteasome inhibition suggested that 

an unstable and yet unknown cytoplasmic factor might be responsible for the cytoplasmic retention 

of DCAF12 under certain conditions. Alternatively, the localisation of DCAF12 could be regulated by a 

posttranslational modification. Such candidate modification is phosphorylation of serine residues lo-

cated in the vicinity of the first NLS. Phosphorylation of serine 15 has been frequently reported, even 

in immune cells or after viral infection [387–389]. Adjacent serine 13 has been identified to be phos-

phorylated upon stimulation of serum-starved cells with insulin [390]. Interestingly, insulin stimulation 

was shown to rescue the DCAF12-dependent degradation of MAGE-A3/6 in serum-starved cells [186]. 

Therefore, it is tempting to speculate that immune signalling pathways or those operating downstream 

of the insulin receptor (e.g., the Akt signalling pathway) regulate the subcellular localisation of DCAF12 

and thus its function. In addition to the subcellular localisation, the DCAF12 pathway might be con-

trolled by the stability of DCAF12 itself. We repeatedly observed a rapid degradation of DCAF12 after 

inhibition of protein synthesis (cycloheximide treatment) and an increase in its protein level after inhi-

bition of CRL neddylation (MLN4924 treatment) or proteasome (MG132 treatment). The unavailability 

of DCAF12 substrates might cause the instability of DCAF12 under normal conditions, as the absence 

of CRL substrates often leads to CRL self-ubiquitination and degradation [357,391]. Alternatively, other 

E3 ubiquitin ligases might control the DCAF12 pathway, another common CRL regulation mechanism 

[392]. The substrate recognition by DCAF12 thus seems to be controlled by the subcellular localisation 

and stability of DCAF12 itself. 

DCAF12 interacts with XIAP and SMAC, the candidate substrates on which we initially focused. 

Specifically, we found that the interaction requires both the C-terminal -ED motif of SMAC and the 

BIR2-BIR3 domains of XIAP. SMAC is synthesised as a precursor. It is only after two-step processing in 

mitochondria that SMAC contains the N-terminal IBM sequence (AVPI), which binds to the BIR2 and 

BIR3 domains of XIAP [210–214]. The overall topology of the XIAP-SMAC complex is unknown, but the 

current model assumes that SMAC acts as a tetramer bound to the BIR2-BIR3 domains of dimeric XIAP 

[239]. We hypothesise that XIAP could be an accessory factor that either makes direct contact with 

DCAF12 to enhance the interaction with SMAC or is needed to position the C-terminus of SMAC so that 

it is accessible for DCAF12. Although we described the interaction in substantial detail, it remains to 

be answered whether XIAP, SMAC, or both are ubiquitinated by CRL4DCAF12, under which condition the 

ubiquitination occurs, and what are its consequences. As XIAP and SMAC are spatially separated under 

normal conditions, we speculate that the interaction between DCAF12 and SMAC-bound to XIAP nat-

urally occurs only following MOMP and a release of SMAC from mitochondria. This typically happens 

during apoptosis. Unexpectedly, the interaction was disrupted when apoptosis was induced. This coun-

terintuitive observation needs to be further evaluated as it implies that the interaction might occur 

only transiently during the decision-making process before cells commit apoptosis or could be relevant 
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under conditions other than apoptosis. Therefore, we explored several biologically relevant conditions 

to determine whether DCAF12 regulates the XIAP-SMAC complex and what function this regulation 

may have. 

To assess the effect of DCAF12 on apoptosis, we set up several experimental systems. Unfor-

tunately, neither of them was sufficient to answer whether DCAF12 targets XIAP and SMAC for degra-

dation during apoptosis. During cellular commitment to apoptosis, XIAP is extensively regulated and 

targeted for degradation by several distinct mechanisms and pathways [233–236,238,242,244–248]. 

In our experiments, it was difficult to distinguish the effects of DCAF12 on the protein level of XIAP 

(and SMAC) and apoptosis from those caused by other factors that regulate XIAP concurrently during 

apoptosis or promote apoptosis independently of XIAP. Although DCAF12 seemed to promote apop-

tosis, this effect might have been independent of the interaction with the XIAP-SMAC complex as any 

cellular stress ultimately indirectly promoted XIAP degradation and apoptosis. Therefore, it is vital to 

establish a proper experimental system to evaluate the specific effect of the interaction between 

DCAF12 and the XIAP-SMAC complex on apoptosis. We propose that reintroduction of SMACWT or 

SMACE238X into Smac KO cells together with DCAF12WT or DCAF12∆1-38 might be such a system. In this 

setup, the question of whether and how the DCAF12-XIAP-SMAC interaction affects XIAP/SMAC deg-

radation and apoptosis might be elegantly addressed. 

The interaction between DCAF12 and the XIAP-SMAC complex might also be relevant in other 

biological processes as MOMP has several functions beyond apoptosis, including induction of pro-in-

flammatory signalling [220,221]. For instance, MOMP leads to proteasomal degradation of IAPs, in-

cluding XIAP, which ultimately activates NIK and non-canonical NF-κB signalling [221]. In macrophages, 

MOMP-dependent depletion of IAPs triggers activation of caspase-8 and NLRP3 inflammasome, both 

of which promote the maturation and release of pro-inflammatory cytokine IL- 1β [393,394]. We thus 

hypothesise that DCAF12 could target the XIAP-SMAC complex during certain inflammatory responses 

following MOMP to promote inflammation and cell death, which are often inextricably linked. As XIAP 

has well-described roles in promoting MDP-activated NOD2 signalling and restricting LPS-induced in-

flammation [271–279], we focused on the cellular response to these two bacteria-derived PAMPs in 

Dcaf12-deficient immune cells. In our experiments, no significant changes in the inflammatory re-

sponse or XIAP and SMAC protein levels were observed. We speculate that MOMP was not triggered 

under our experimental conditions, and thus the interaction between DCAF12 and the XIAP-SMAC 

complex could not have occurred. Nevertheless, DCAF12 might target XIAP and SMAC under the 

harsher conditions of MDP- and LPS-induced cell death. Intriguingly, the loss of DCAF12 in Drosophila 

melanogaster leads to a deregulation of DIAP1/2 and causes a defect in apoptosis and the Imd pathway 

[179,180], an immune response to gram-negative bacterial infections [181]. Therefore, it is tempting 

to speculate that the regulation of cell death pathways, inflammation, and innate immunity might be 
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the evolutionarily conserved role of DCAF12. MOMP and the associated release of SMAC is a late ad-

dition to the ancestral repertoire of mechanisms regulating cell death pathways and inflammation. 

Therefore, an adequate vertebrate model system of the inflammatory response associated with the 

release of SMACWT and SMAC238X from mitochondria needs to be established to study the role of 

DCAF12 in regulating the XIAP-SMAC complex and inflammation.  

MOV10 was another candidate substrate of DCAF12. We demonstrated that DCAF12 controls 

the MOV10 protein level via its C-terminal -EL degron. In human cancer cells, MOV10 is predominantly 

cytoplasmic protein, whereas DCAF12 is localised to the nucleus. Nevertheless, the nuclear localisation 

of MOV10 was also reported in human primary fibroblasts [336]. We speculate that the different sub-

cellular localisation of DCAF12 and MOV10 in human cancer cells could explain why we could not reli-

ably observe an increase in the MOV10 protein level and stability after DCAF12 depletion using RNAi 

and the CRISPR/Cas9 genome-editing system. However, when DCAF12 and MOV10 were localised to 

the same compartment, MOV10 was effectively degraded in a CRL- and proteasome-dependent man-

ner. Likewise, cytoplasmic DCAF12∆1–38 controlled the protein level of GAR1, a cytoplasmic protein end-

ing in the C-terminal -EE degron. MOV10 localises to the cytosol and the nucleus in mice, depending 

on the cell type and developmental stage [337,338]. In Dcaf12 KO MEFS, MOV10 was up-regulated, 

which could be rescued by reintroduction of DCAF12. Moreover, Dcaf12 deficiency led to up-regulation 

of MOV10 in several mice tissues, demonstrating that MOV10 is a bona fide substrate of DCAF12 and 

that the degradation is biologically relevant.  

One of the biological processes in which DCAF12 controls the MOV10 protein level is spermat-

ogenesis. In murine testes, Mov10 is mainly expressed in spermatogonia, and its protein level sharply 

declines in pachytene spermatocytes [338]. In stark contrast, Dcaf12 is highly expressed from pachy-

tene spermatocytes onwards. These data suggest that DCAF12 could target MOV10 for degradation 

during late spermatogenesis. Intriguingly, spermatogenesis in Dcaf12-deficient mice was abnormal. 

Specifically, we observed a slight decline in the sperm count. Moreover, we detected a decrease in 

meiotic marker SCP3 and an increase in DNA damage marker ɣH2AX. This observation might indicate 

meiotic disturbances, which often reduce the number of mature sperms [395,396]. However, our his-

tological examination of tubular sections did not reveal apparent morphological abnormalities or ar-

rest in spermatogenesis. Therefore, further investigation is required to elucidate at which stage of 

spermatogenesis the defect occurred and whether it is caused solely by the up-regulation of MOV10. 

We speculate that up-regulation of MOV10 in the testes of Dcaf12-deficient mice could impact the 

miRNA pathway, which is essential for spermatogenesis [338,397–399] and somewhat regulated by 

MOV10 [338]. Additionally, up-regulation of MOV10 could affect the restriction of retrotransposons, 

an evolutionarily conserved function of MOV10 [299–308]. In the germline, retrotransposons are si-

lenced by the piRNA pathway, the essential biogenesis factor of which is MOV10L1 [304,305]. 
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However, the contribution of MOV10 to the restriction of retrotransposons during spermatogenesis is 

largely unknown. Notably, a specific subset of endogenous retroviruses is required to drive the tran-

scription of germline genes in late spermatogenesis [400]. As MOV10 was also implicated in transcrip-

tional silencing [336], excessive retrotransposon silencing by elevated MOV10 could be detrimental. 

Altogether, we propose that DCAF12-mediated degradation of MOV10 and possibly other substrates 

fine-tunes spermatogenesis, yet the underlying mechanism remains to be elucidated.  

We further discovered that DCAF12 controls the MOV10 protein level in T cells, especially after 

their activation. The reduced percentage of T cells in the spleen and their increased apoptosis upon 

stimulation were both reminiscent of the miRNA pathway-deficient T cells [401–403]. The miRNA path-

way, somewhat affected by MOV10, has a central role in regulating the development, homeostasis, 

and function of immune cells [404,405]. Intriguingly, MOV10- and miRNA pathway-associated protein 

AGO2 is degraded following T cell activation [406]. Moreover, T cell activation induces dramatic 

changes in the miRNA repertoire, which causes global post-transcriptional reprogramming and enables 

precise immune responses [406–408]. We thus speculate that DCAF12-mediated degradation of 

MOV10 could contribute to the changes in the miRNA repertoire in T cells.  

Beyond its role in the miRNA pathway, MOV10 restricts retrotransposons, including endoge-

nous retroviruses [301–313,329]. Most retrotransposons are silenced, but some are transcriptionally 

active and contribute to the normal regulation of gene expression in immune cells [409,410]. Addition-

ally, it was already demonstrated that exposure of immune cells to microbial products, e.g., LPS or 

poly(I:C), triggers the expression of distinct retrotransposons and endogenous retroviruses [411]. An-

alysing publicly available data, we noticed that this is often accompanied by increased expression of 

Mov10 and down-regulation of Dcaf12 mRNA. For example, this occurs after the stimulation of the 

immune cells with Toll-like receptor 2 (TLR2) agonists or LPS. Consistently, we observed the up-regu-

lation of MOV10 in the splenocytes treated with various TLR agonists, such as LPS or poly(I:C). This up-

regulation of MOV10 could protect cells from increased expression of retrotransposons and endoge-

nous retroviruses. Here, we showed that Dcaf12 is up-regulated and controls the MOV10 protein level 

when splenocytes are activated with anti-CD3/CD28 antibody-coupled beads. Therefore, we speculate 

that MOV10 could be dynamically regulated after exposure to different stimuli in immune cells. Inter-

estingly, CD3/CD28 receptor crosslinking, but not LPS stimulation, leads to reactivation of latent HIV-1 

in resting CD4+ T cells [412,413]. Based on these observations, we speculate that the down-regulation 

of the MOV10 protein level by DCAF12 in activated T cells could create a window of opportunity for 

HIV-1 to evade the host retrovirus surveillance pathways. Similarly, endogenous retroviruses and re-

trotransposons could be left unrestricted after TCR stimulation, thereby potentially pre-activating an-

tiviral innate immunity pathways in T cells, which could represent a novel cellular self-defence mech-

anism against viruses. Dcaf12 KO mice thus represent an elegant model to test this intriguing 
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hypothesis experimentally. Moreover, retrotransposons are immunogenic, and defects in their re-

striction trigger autoimmune diseases, such as Aicardi-Goutières syndrome [414,415]. Increased levels 

of MOV10 were shown to restrict retrotransposons more efficiently and thus reduce the expression of 

proinflammatory genes related to rheumatoid arthritis progression [313]. DCAF12 itself was associated 

with intestinal Behçet's disease, chronic inflammatory disorder [416]. Based on these observations, it 

is tempting to speculate that dysregulation of the DCAF12-mediated control of MOV10 could lead to 

autoimmune diseases. Taken together, DCAF12 could fine-tune the regulation of retrotransposons and 

retroviruses through the control of the MOV10 protein level, which might be particularly important in 

immune cells. 

DCAF12 was previously implicated in several immunological processes. For example, the de-

creased expression of DCAF12 (also known as WDR40A in clinical articles) precedes the onset of post-

transplantation organ rejection in the human peripheral blood [417,418]. Additionally, DCAF12 was 

associated with the development of intestinal Behçet's disease [416]. Our data suggest that Dcaf12 KO 

animals might be immunocompromised as they display dysregulation of various splenic T cell popula-

tions, and their T cells exhibit increased apoptosis upon activation. Considering the sheer number of 

immune processes in which distinct T cell subpopulations are involved, further examination of the im-

mune responses in the Dcaf12 KO animals might offer a fertile ground for unexpected discoveries, 

especially in the field of transplantation immunology and research of inflammatory disorders. Although 

the specific mechanisms by which DCAF12 affects immune responses remain unknown, the herein 

presented description of the DCAF12-mediated control of MOV10 and the DCAF12 association with 

the XIAP-SMAC complex might provide important clues for their unravelling.  
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6. Conclusions 

Selective protein degradation by the UPS is essential for cellular homeostasis and regulation 

of diverse biological processes. This system centres around ubiquitin ligases that recognise substrates 

and mark them with ubiquitin(s) for degradation. The human genome encodes hundreds of ubiquitin 

ligases, most of which have not yet been matched with their respective substrates and their function 

remained unknown. Herein, we presented a comprehensive identification and validation of candidate 

substrates of two ubiquitin ligases from the CRL4 subfamily, followed by an exploration of their bio-

logical roles.  

Regarding CRL4DCAF4, we demonstrated that DCAF4 specifically interacts with the box H/ACA 

RNPs and regulates their abundance. Characterisation of the interaction revealed that it depends on 

DKC1 and GAR1 but not on RNA. Biochemical and microscopic experiments indicated that DCAF4 rec-

ognises and regulates the box H/ACA RNPs in the nucleoplasm (and the cytosol). Box H/ACA RNPs cat-

alyse RNA pseudouridylation and stabilise the box H/ACA RNAs, including TERC. Therefore, fundamen-

tal cellular processes, such as ribosome biogenesis and telomere maintenance, could be impaired with-

out DCAF4-mediated degradation of the box H/ACA RNPs. Furthermore, by controlling the abundance 

of box H/ACA RNPs, DCAF4 might cease proliferation under various conditions and limit stem cell self-

renewal, thereby preventing tumorigenesis. 

As for CRL4DCAF12, we demonstrated that DCAF12 specifically interacts with numerous proteins 

containing the C-terminal acidic motif. Initially, we focused on the XIAP-SMAC complex and showed 

that its interaction with DCAF12 depends on the C-terminal -ED motif of SMAC and the BIR2-BIR3 do-

mains of XIAP. As no DCAF12-mediated degradation of the XIAP-SMAC complex during apoptosis and 

inflammation was observed under our experimental conditions, we moved our attention to other can-

didate substrates. Characterisation of the interaction with MOV10 revealed that DCAF12 mediates the 

degradation of MOV10 via its C-terminal -EL degron. Exploration of biological processes affected by 

the loss of Dcaf12 in mice uncovered that DCAF12 controls the MOV10 protein level during spermato-

genesis and after T cell activation. MOV10 is crucial for retrotransposon restriction and miRNA-medi-

ated post-transcriptional regulation of gene expression. Therefore, DCAF12 could regulate MOV10 to 

balance the control of retrotransposons and viruses on the one hand and the miRNA-regulated transi-

tions (e.g., from spermatogonia to pachytene spermatocytes and from resting to activated T cells) on 

the other. Finally, dysregulation of immune cell populations in Dcaf12 KO mice and increased apoptosis 

of activated T cells derived from Dcaf12 KO mice provided compelling evidence on the role of DCAF12 

in the immune system, highlighting the clinical relevance of the DCAF12 pathway. 
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