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Abstract 

Proteins that have many interacting partners also subsequently perform a variety of functions. 

WASH1 protein enables branching of the actin network by activating the Arp2/3 complex on 

the endosomal membrane. In addition to its cytoskeletal function, WASH1 plays a significant 

role in regulating gene expression, autophagy, and maintaining genome integrity. This thesis 

provides a summary of the major WASH1 interaction partners not only within the WASH 

complex but also in its non-canonical functions. 

Keywords 

WASH1, actin polymerization, cytoskeleton, Arp2/3, NPF, interactions, gene expression 

 

 

Abstrakt 

Proteiny, které mají mnoho interakčních partnerů, také následně plní celou řadu funkcí. Protein 

WASH1 umožňuje větvení aktinové sítě prostřednictvím aktivace Arp2/3 komplexu na 

endozomální membráně. Kromě cytoskeletální funkce hraje WASH1 významnou roli při 

regulaci genové exprese, autofagie a udržování integrity genomu. Tato práce poskytuje přehled 

hlavních interakčních partnerů WASH1 nejen v rámci WASH komplexu, ale také v jeho 

nekanonických funkcích. 
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1 Introduction 

WASH1 (Wiskott-Aldrich Syndrome Protein and SCAR [Suppressor of cAMP Receptor] Homolog 

1) is primarily recognized as a core component of the pentameric WASH complex, which 

comprises WASH1, FAM21 (Family with Sequence Similarity 21), SWIP (Strumpellin and WASH-

Interacting Protein), CCDC53 (Coiled-Coil Domain-Containing Protein 53), and Strumpellin. This 

complex plays a critical role in actin nucleation on endosomal vesicles, thereby facilitating the 

proper sorting and trafficking of transmembrane proteins and their ligands, often referred to 

as “cargo”. WASH1 is evolutionarily conserved from Entamoeba to humans and is ubiquitously 

transcribed across most tissues (Linardopoulou et al., 2007; Su et al., 2004). 

WASH1 was identified in 2007 as a novel member of the WASP (Wiskott-Aldrich Syndrome 

Protein) family of nucleation-promoting factors (NPFs). These NPFs play a critical role in the 

activation of Arp2/3, the complex responsible for the nucleation of branched actin filaments  

(Fokin and Gautreau, 2021; Linardopoulou et al., 2007). WASH1 name derives from the 

Wiskott-Aldrich syndrome, a genetic disorder caused by mutations in the WAS (Wiskott-Aldrich 

Syndrome) gene located on the X chromosome (Marchand et al., 2001). This gene encodes 

WASP, another NPF family member with key roles in actin cytoskeleton regulation. 

Despite its moderate molecular size (~50 kDa), WASH1 interacts with a broad array of cellular 

partners. While several of these partners are subunits of the WASH complex, emerging 

evidence suggests that WASH1 also engages with additional, non-canonical binding partners. 

Through these interactions, WASH1 contributes to diverse cellular processes, including the 

regulation of autophagy (Xia et al., 2014a, 2013), transcriptional control, and the maintenance 

of genome integrity (Hong et al., 2022; Wang et al., 2022; Xia et al., 2017, 2014b). 

This thesis aims to summarize the currently known direct interaction partners of WASH1 and 

to evaluate the functional relevance of these interactions in sustaining cellular homeostasis 

and viability. The thesis begins with a brief overview of the structural features and subcellular 

localization of WASH1, followed by a comprehensive examination of both its canonical and 

non-canonical interactions. 
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2 Structure and important domains of WASH1 

WASH1 protein contains three essential segments: an N-terminal segment with two WASH 

homology domains (WHD1 and WHD2), a proline-rich region, and a C-terminal VCA (verprolin, 

cofilin, acidic) domain (see Fig. 1). 

 

 

Figure 1 – Important domains of WASH1 protein and their interaction partners. The WHD1 domain interacts with 

FAM21, holding the WASH1 protein in the WASH complex and targeting it to the endosomal membrane. WHD2 

interacts with α-tubulin, indicating an association with microtubules. Interaction of WASH1 with the Rho GTPase 

has been shown in Drosophila, but there is no evidence of this interaction in mammalian cells (represented in the 

figure with a query). The VCA domain interacts with the Arp2/3 complex and G-actin monomers. (adapted from 

Rottner et al., 2010) 

 

2.1 WHD1 and WHD2 domains 

The WASH homology domains, also referred to as WAHD domains, mediate specific 

interactions with various WASH1-binding partners and contain conserved residues that serve 

as sites for post-translational modifications (PTMs) (Linardopoulou et al., 2007). 

WHD1 is critical for the interaction between WASH1 and FAM21, a key component of the 

WASH complex. FAM21 plays an essential role in anchoring the complex to the endosomal 

membrane through its interaction with retromer, another complex involved in endosomal 
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protein sorting. The WASH1 WHD1 domain is therefore important for the localization of 

WASH1 to the endosomal membrane (Gomez and Billadeau, 2009). Moreover, this domain 

undergoes phosphorylation on conserved tyrosine residues, particularly Tyr141, which has 

been identified as a crucial step in the activation of the WASH complex (Huang et al., 2016). 

WHD2, also known as the tubulin-binding region (TBR), has been shown to directly interact 

with α-tubulin, which enables WASH1 association with microtubules (Gomez and Billadeau, 

2009). Similar to WHD1, WHD2 contains conserved tyrosine residues, the phosphorylation of 

which contributes to WASH complex activation. In Drosophila, this phosphorylation occurs at 

Tyr273 (Tsarouhas et al., 2019). However, this specific tyrosine is absent in the human WASH1 

protein sequence, and the precise residues in human WHD2 responsible for this regulatory 

modification have not yet been identified. 

 

2.2 Proline-rich region (PRR) 

The proline-rich region (PRR), also referred to as the polyproline region (PPR), is situated 

between WHD2 and the VCA domain. The roles of WASH1 PRR are not fully understood, but 

there is some evidence of its functions in other WASP family members. For example, in WASP 

and SCAR, the PRR has been shown to interact with proteins containing Src homology 3 (SH3) 

domains (Bompard and Caron, 2004; Machesky and Insall, 1998). Given that proline-rich 

sequences are known to mediate binding to SH3 domains (Li, 2005), it is plausible that the PRR 

in WASH1 similarly facilitates such interactions.  

 

2.3 VCA domain 

The VCA domain, also referred to as the WCA domain, is a highly conserved motif present in 

all members of the WASP family of NPFs. It enables WASH1 to exert its function in activating 

the Arp2/3 complex.  

As an NPF, WASH1 facilitates actin polymerization by simultaneously binding to 

monomeric G-actin and the Arp2/3 complex. This dual binding promotes the spatial proximity 

of these two components, thereby inducing a conformational change in the Arp2 (Actin-
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Related Protein subunit 2) and Arp3 (Actin-Related Protein subunit 3) subunits from globular-

like to filamentous-like conformation. In the filamentous-like conformation, Arp2 and Arp3 

mimic the minus end of a nascent daughter actin filament, anchored to the pre-existing 

mother filament (see Fig. 2), and allow the attachment of additional G-actin subunits from the 

cytoplasm to the nascent filament (Rotty et al., 2013). 

 

 

Figure 2 – Arp2/3 complex undergoes conformational changes and binds to the mother actin filament after 

activation by WASH1. A) Inactive Arp2/3 complex, Arp2 and Arp3 subunits in globular conformation.                              

B) Approximation of the Arp2 and Arp3 subunits and their conformational change from globular to filamentous, 

mimicking the first two subunits of the daughter filament. Binding of Arp2/3 and the G-actin monomer by the 

WASH1 VCA domain (represented in the figure with yellow arrows). (adapted from Rouiller et al., 2008) 

 

The VCA domain consists of three motifs: the V motif (verprolin-homology, also known as WH2 

- WASP homology), the C motif (cofilin-homology, also known as central), and the A motif 

(acidic domain).  

The V motif has been found in numerous actin cytoskeleton regulators. It is required for 

binding of the monomeric G-actin, which is essential for the initiation of actin branching. 

Structural studies of the V motif have identified several critical residues involved in actin 

binding, four of which (Met7, Ile10, Leu18, and Lys19) are conserved across all WASP family 

members (Paunola et al., 2002; Van Troys et al., 1996). 

The CA region of the VCA domain, encompassing both the C and A motifs, mediates binding to 

the Arp2/3 complex, specifically interacting with the Arp2 and Arp3 subunits. This function is 
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evolutionarily conserved among WASH1 homologs across species (Linardopoulou et al., 2007). 

The A motif is required for binding to the Arp3 subunit of the Arp2/3 complex (Machesky and 

Insall, 1998), while the interaction of the C motif with Arp2/3 triggers the conformational 

changes of Arp2/3 that are necessary to stimulate actin nucleation. The C motif contribution 

to Arp2/3 conformational changes, however, has not been described in detail for the WASH1 

protein. Panchal et al. estimate that the C motif role within the NPFs WASP and N-WASP 

consists of the creation of an amphipathic helix, which binds to an extended hydrophobic 

surface on Arp2/3. The interaction energy, according to Panchal et al., „could be used to drive 

an activating conformational change“ (Panchal et al., 2003). 
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3 wash gene 

The wash gene is located in subtelomeric chromosomal areas. These regions are poorly 

conserved, showing great variability even within a single species. This variability can contribute 

to intraspecific phenotypic differences (Gomez and Billadeau, 2009; Linardopoulou et al., 

2007). Subtelomeric regions are known to be hotspots for DNA breaks and repair, a feature 

that underlies their genomic instability and dynamic nature (Rudd et al., 2007). Frequent 

duplication events in these regions have played a significant role in the primate evolution of 

the wash gene (Cerdán-Vélez and Tress, 2024; Linardopoulou et al., 2007). 

The wash gene was first identified in 2002 as part of the Mammalian Gene Collection project 

and was assigned the name MGC52000. Due to its subtelomeric location and resulting 

sequence variability, the gene has been studied in various species and reading frames, and 

given different names (Ciccodicola, 2000; Gianfrancesco et al., 2001; Hansen et al., 2005). 

However, its function remained unclear until 2007, when Linardopoulou et al. proposed that 

the MGC52000 gene encodes a new member of the WASP family, and they named it wash. 

The number of wash gene copies among species is not conserved. While Drosophila and 

mouse, the two common model organisms, possess just one active copy, 13 paralogs of the 

wash gene have been identified in humans so far (Fig. 3) (Cerdán-Vélez and Tress, 2024). 

However, only three of them are situated so that the entire gene is expressed and a functional 

WASH1 protein is produced. The products of the other copies are truncated, either due to 

frame-shifts or because they contain in-frame stop codons. Alternatively, other wash gene 

copies are missing terminal stop codons (Cerdán-Vélez and Tress, 2024; Kollmar et al., 2012; 

Linardopoulou et al., 2007). 

Given the multiple duplications and resulting paralogs of the wash gene, the identification of 

the ancestral or original gene copy has been a subject of investigation. Recent studies by 

Cerdán-Vélez et al. suggest that the gene WASH8P, located on chromosome 12p (see Fig. 3), 

represents the most likely original copy of wash (Cerdán-Vélez and Tress, 2024; Linardopoulou 

et al., 2007). 
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Figure 3 – 13 human paralogs of the wash gene. Individual paralogs are depicted by red, purple, and blue arrows. 

Blue arrows represent active genes. The box represents the original wash gene. chr = chromosome (adapted from 

Cerdán-Vélez and Tress, 2024) 
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4 Subcellular localization of WASH1 protein 

In contrast to other WASP family NPFs, which predominantly localize to the cell cortex, WASH1 

is primarily associated with the endosomal membrane, facilitating its tubulation and formation 

of cargo-containing vesicles. 

WASH1 is distributed along most of the endolysosomal pathway. It exhibits partial 

colocalization with the early/sorting endosome marker Rab5 (Ras-related protein), as well as 

with the recycling endosome markers Rab4 and Rab11 (Derivery et al., 2009). In contrast, its 

colocalization with the late endosomal and lysosomal marker Rab7 is weak, indicating that 

WASH1 localization to lysosomes is rather occasional (Derivery et al., 2009). It was shown that 

WASH1 plays a functional role in both the recycling and degradative pathways, with an 

emphasis on the recycling pathway (see Fig. 4) (Seaman et al., 2013). Additionally, WASH1 is 

not uniformly distributed across the entire limiting membrane. It localizes to discrete, dynamic 

subdomains that vary in position and composition over time. This dynamic distribution is likely 

influenced by interactions of the WASH complex with specific membrane lipids (Derivery et al., 

2009). 

 

Figure 4 – WASH1 localization in the endolysosomal pathway. Different colours represent different membrane 

compositions. (adapted from Derivery et al., 2009) 
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WASH1 localization to the endosomal membrane is dependent on its interaction partners. The 

association can be mediated by FAM21, which directly interacts with the Vps35 (Vacuolar 

protein sorting-associated protein 35), a core component of the retromer complex. This 

interaction facilitates the recruitment of the entire WASH complex to the endosomal 

membrane (Harbour et al., 2012). The WASH complex recruitment is further supported by 

binding of the SWIP subunit to membrane phospholipids (Dostál et al., 2023) (see Fig. 5). 

In addition to endosomal membranes, WASH1 localizes to centrosomes, where it interacts 

with γ-tubulin (to be specified in the chapter Tubulins) (Monfregola et al., 2010). The 

pericentriolar matrix is the place of WASH complex assembly (Visweshwaran et al., 2018), and 

WASH1 also performs its function in initiating actin branching there, possibly influencing 

centrosome architecture and function (Farina et al., 2016; Obino et al., 2016). 

WASH1 is also present in the nucleus (Hochheimer et al., 2002; Linardopoulou et al., 2007). 

The presence of WASH1 in the nucleus is supported by the fact that it contains an NLS (nuclear 

localization signal) (Linardopoulou et al., 2007). Moreover, the NLS motifs found in other WASH 

complex components—except CCDC53, which lacks an NLS—may also facilitate the nuclear 

import of WASH1 (Verboon et al., 2015). WASH1 nuclear functions are not well understood, 

but several studies suggest its roles in gene expression (Xia et al., 2017, 2014b), replication 

initiation (Hong et al., 2022), and maintenance of chromosomal stability (Hong et al., 2022).  
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5 WASH1 in the context of the WASH complex – canonical 

interactions of WASH1 

In cells, WASH1 canonically exists as part of the pentameric WASH complex, which comprises 

FAM21, CCDC53, SWIP, and Strumpellin (Hong et al., 2022) (see Fig. 5). These subunits perform 

essential regulatory and structural functions that significantly enhance WASH1's efficiency as 

an NPF. 

To avoid overactivation of Arp2/3 and excessive actin network branching, WASH1 activity must 

be regulated within the complex. The results of experiments investigating the role of the WASH 

complex in regulating the actin-polymerizing function of WASH1 have been inconsistent. 

Derivery et al. reported that the WASH complex purified from 3T3 cells is constitutively active 

in promoting Arp2/3-dependent actin nucleation (Derivery et al., 2009). In contrast, in vitro 

experiments by Jia et al. using a human WASH complex purified from insect cells suggest that 

the complex maintains WASH1 in an inactive state by sequestering its VCA domain (Jia et al., 

2010). This discrepancy may stem from methodological differences. Importantly, WASH1 itself 

does not possess intrinsic autoinhibitory activity. Therefore, the findings by Jia et al., indicating 

that the WASH complex is necessary to keep WASH1 inactive and prevent excessive actin 

filament branching, appear more plausible. 

 

5.1 WASH1 interacting partners within the WASH complex  

As previously noted, the WASH complex comprises five subunits. However, to date, only two 

of these subunits—FAM21 and CCDC53—have been demonstrated to directly interact with 

WASH1 (Fokin and Gautreau, 2021). Both interactions are mediated through the WHD1 

domain of the WASH1 protein (Rottner et al., 2010). 

 

5.1.1 FAM21 

FAM21 is one of the subunits responsible for the recruitment of WASH1 to the endosomal 

membrane (Jia et al., 2010). This recruitment is mediated through the interaction between 

FAM21 and the Vps35 subunit of the retromer complex (Harbour et al., 2012) (see Fig. 5). 
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Gomez et al. demonstrated a direct interaction between FAM21 and WASH1. Using co-

immunoprecipitation assays, they showed that WASH1 could co-precipitate FAM21, 

suggesting a physical association between the two proteins. This was further supported by 

immunostaining, which revealed their colocalization. However, this method did not confirm 

direct binding. To identify the interaction domains, the authors generated a series of WASH1 

mutants, each lacking specific regions of the protein. They identified a 51-amino-acid 

N-terminal segment within the WHD1 domain of WASH1 as essential for binding FAM21. 

A WASH1 mutant lacking this segment failed to co-precipitate FAM21 (Gomez and Billadeau, 

2009). Conversely, a 356-amino-acid N-terminal region of FAM21 was found to be necessary 

for interaction with WASH1. Deletion of this region abolished WASH1 binding (Gomez and 

Billadeau, 2009; Jia et al., 2010).  

In addition to its role in recruitment, FAM21 may contribute to the stabilization of WASH1. 

Depletion of FAM21 led to a marked decrease in WASH1 protein levels (Gomez and Billadeau, 

2009). This stabilizing effect appears to extend beyond FAM21, as the abundance of individual 

WASH complex components is influenced by the presence or absence of other subunits (Dostál 

et al., 2023; Fokin and Gautreau, 2021; Visweshwaran et al., 2018). 

 

5.1.2 CCDC53 

CCDC53 plays a crucial role in the early stages of WASH complex assembly, which takes 

place in the pericentriolar matrix—a region enriched in the assembly factor HSBP1 (Heat 

Shock Factor Binding Protein 1). CCDC53 interacts with HSBP1 to form a heterotrimer 

composed of two HSBP1 molecules and one CCDC53 molecule. This heterotrimer is 

stabilized by two salt bridges, formed between the CCDC53 and the two strands of HSBP1 

(Visweshwaran et al., 2018). 

In the absence of HSBP1, CCDC53 exists as a homotrimer within the pericentriolar 

matrix. The assembly factor HSBP1 is thus required for the dissociation of CCDC53 from the 

homotrimeric complex, so it can interact with other WASH complex subunits.  

Within the HSBP1-CCDC53 complex, CCDC53 interacts with WASH1 and FAM21 via its coiled-

coil domain, and together these proteins form a so-called ternary complex (CCDC53, WASH1, 

and FAM21) (Visweshwaran et al., 2018). This ternary complex subsequently associates with 



17 
 

the remaining WASH complex subunits—SWIP and Strumpellin—to assemble the functional 

pentameric WASH complex (Visweshwaran et al., 2018). The precise molecular mechanisms 

driving the transition from the ternary complex to the complete pentamer remain unclear and 

are currently the subject of ongoing research. However, this lies beyond the scope of this work. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 – Schematic model of the WASH complex and its interaction with the endosomal membrane. WASH1 

directly associates with CCDC53 and FAM21. The WASH complex-endosomal membrane association is mediated 

by FAM21, which interacts with a retromer subunit Vps35, and further supported by binding of SWIP to 

membrane phospholipids. (adapted from Dostál et al., 2023) 

 

5.2 Activation of the pentameric WASH complex 

The trimeric ternary complex, composed of WASH1, CCDC53, and FAM21, is functionally active 

immediately upon its assembly. In contrast, activation of the fully assembled pentameric 

WASH complex requires a series of post-translational modifications (PTMs) (Fokin and 

Gautreau, 2021). These modifications include phosphorylation events on conserved tyrosine 

residues located within the WHD1 and WHD2 domains of the WASH1 protein, as well as 
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K63-linked ubiquitination at lysine 220 (Lys220). These PTMs are essential for enabling the 

WASH complex to carry out its cellular functions effectively. 

 

5.2.1 Post-translational modifications 

Phosphorylation of WASH1 is mediated by Src family protein kinases. One critical 

phosphorylation site is tyrosine 141 (Tyr141), located within the WHD1 domain of the WASH1 

protein. In human natural killer (NK) cells, the lymphocyte-specific Src family kinase Lck was 

shown to phosphorylate this residue. This kinase directly interacts with WASH1, as 

demonstrated by yeast two-hybrid assays, and the phosphorylation event was found to 

regulate NK cell cytotoxicity. Additionally, other members of the Src family kinases were also 

shown to phosphorylate WASH1 (Huang et al., 2016). 

Another kinase contributing to WASH1 activation is Btk29A (Bruton's tyrosine kinase 29A). In 

Drosophila, Btk29A phosphorylates tyrosine 273 (Tyr273), which is located in the WHD2 

domain of the WASH1 protein (Tsarouhas et al., 2019). 

In addition to phosphorylation, K63-linked ubiquitination also contributes to the activation of 

the WASH complex. This modification occurs at Lys220, the only lysine residue in WASH1 

known to be ubiquitinated (Kim et al., 2011). The ubiquitination is performed by the MAGE-

L2-TRIM27 complex, where TRIM27 (Tripartite motif-containing protein 27) is the E3 RING 

ubiquitin ligase and MAGE-L2 (Melanoma-associated antigen family member L2) acts as its 

enhancer (Hao et al., 2013). This ubiquitination induces a conformational change that releases 

the WASH complex from its autoinhibited state (Hao et al., 2013; Jia et al., 2010).  

USP7 (ubiquitin-specific protease 7) plays a dual role in regulating WASH1 activity. It prevents 

TRIM27 from proteasomal degradation, thereby promoting WASH1 ubiquitination, while also 

preventing WASH1 overactivation by its direct deubiquitination. In USP7 knockdown cells, a 

significantly increased pool of ubiquitinated WASH1 was observed compared to wild-type 

cells, along with elevated levels of Arp2/3 and F-actin on endosomes (Hao et al., 2015). These 

findings demonstrate that USP7 fine-tunes WASH1 activity and thereby regulates the extent 

of branched actin formation on endosomes. 
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5.2.2 Rho GTPase 

Many cellular processes and signaling pathways are regulated by the activity of small GTPases. 

Among them, Rho (Ras-like GTP-binding protein) family GTPases are well-known regulators of 

actin dynamics and are reported to interact with several WASP family NPFs (Antón et al., 2020; 

Lane et al., 2014). 

Until 2009, Rho GTPase was only known in connection with nucleators of linear actin filaments, 

such as formins (Kühn and Geyer, 2014). However, Liu et al. (2009) demonstrated that Rho 

GTPases can also influence branched actin networks through direct interaction with WASH1. 

Specifically, in Drosophila, the Rho1 GTPase was shown to bind directly to WASH1, 

predominantly in its GTP (Guanosine-5'-triphosphate)-bound (active) state. Despite this 

interaction, Rho1 does not enhance WASH1-mediated activation of the Arp2/3 complex or 

branched actin nucleation, leaving the functional implications of this interaction unclear (Liu 

et al., 2009).  

In contrast to the Drosophila findings (Liu et al., 2009), a regulatory role of Rho GTPases in 

WASH1 activation has not been observed in mammalian cells. Studies by Hao et al. and Jia et 

al. reported that Rho GTPases do not directly activate human WASH1 in vitro (Hao et al., 2013; 

Jia et al., 2010). Despite ongoing research efforts, no evidence has yet confirmed a role for Rho 

GTPases in regulating WASH1 activity in mammalian cells. (Fig. 1) 
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6 WASH1 non-canonical interactions 

In addition to its canonical role in activating the Arp2/3 complex and initiating actin filament 

branching on endosomal membranes, WASH1 also performs several non-canonical functions 

that are essential for diverse cellular processes. WASH1 is localized to the nucleus, where it 

contributes to transcriptional regulation and the maintenance of genome integrity. 

Furthermore, it plays a role in the regulation of autophagy, cell survival, and centrosome 

function. While many of these non-canonical activities involve WASH1-mediated, 

Arp2/3-dependent actin polymerization, there are also WASH1 functions that are independent 

of actin dynamics. 

 

6.1 Tubulins 

WASH1 has been reported to directly interact with α-tubulin, a functional unit of microtubules, 

via its WHD2 domain (Gomez and Billadeau, 2009). This interaction was demonstrated by a 

GST (Glutathione S-Transferase) pull-down assay, where α-tubulin could coprecipitate WASH1 

and vice versa, suggesting a potential direct binding relationship. However, while the authors 

interpreted these findings as evidence of a direct interaction, it is important to note that GST 

pull-down assays do not unambiguously demonstrate direct domain-specific binding. Given 

that the WHD domains of WASH1 are known to engage with multiple binding partners, it is 

plausible that the observed association with α-tubulin may be mediated indirectly through 

other interacting proteins. Additionally, the potential involvement of other WASH complex 

subunits in facilitating this interaction cannot be excluded. To rigorously confirm a direct 

interaction between the WHD2 domain of WASH1 and α-tubulin, alternative methods such as 

the yeast two-hybrid system could be employed, which allow for more precise mapping of 

binary protein–protein interactions. 

The functional significance of WASH1-α-tubulin interaction may relate to microtubule-

dependent endosomal tubulation. In cells depleted of WASH1, elongated tubules are 

frequently observed protruding from endosomes. These structures likely represent nascent 

vesicles that cannot undergo proper membrane scission. Such phenotypes are absent in WT 

cells, suggesting a role for WASH1 in the regulation of endosomal tubulation and vesicle 
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scission. This hypothesis is further supported by the reported interaction between WASH1 and 

dynamin, a GTPase essential for vesicle scission, as demonstrated by co-immunoprecipitation 

experiments (Derivery et al., 2009). 

Moreover, WASH1 interacts with γ-tubulin in centrosomes (Monfregola et al., 2010), indicating 

the role of WASH1 in microtubule organisation centres. 

 

6.2 Rbbp4 

WASH1 is involved in transcriptional regulation, where it plays a pivotal role in recruiting 

chromatin-remodeling complexes to chromatin. Among these, its interaction with the 

nucleosome remodeling factor (NURF) complex has been the most thoroughly investigated. 

The NURF complex, a member of the ISWI (Imitation SWItch) subfamily of chromatin-

remodeling complexes, comprises three subunits in mammals: BPTF (bromodomain and PHD 

finger-containing transcription factor), Rbbp4 (Retinoblastoma-binding protein 4, also known 

as RBAP46/48), and SNF2L (Nucleosome-remodeling factor subunit SNF2L) (Alkhatib and 

Landry, 2011). Of these, Rbbp4 directly associates with WASH1 (Xia et al., 2014b). 

 

WASH1 knockout (KO) in adult mice led to an accumulation of long-term hematopoietic stem 

cells, herein referred to as hematopoietic stem cells. This increase was not due to increased 

proliferation, but rather to the inability of these cells to differentiate (Xia et al., 2014b). After 

the addition of differentiation factors to WASH1 KO and control WT hematopoietic stem cells, 

subsequent differentiation was observed only in control cells, which demonstrates an essential 

role of WASH1 in hematopoietic stem cells differentiation. 

The phenotype of WASH1-deficient hematopoietic stem cells resembled that of c-Myc (cellular 

Myelocytomatosis oncogene)-deficient mice (Kalkat et al., 2017; Wilson et al., 2004). 

Quantitative real-time PCR analysis confirmed that c-Myc and its downstream target genes 

were significantly downregulated in WASH1 KO hematopoietic stem cells (Xia et al., 2014b).  

Chromatin immunoprecipitation (ChIP) assays revealed that both WASH1 and the NURF 

complex associate with the c-Myc promoter. Notably, the recruitment of NURF to the promoter 

was dependent on WASH1. Furthermore, Xia et al. identified the exact region on the promoter 

that WASH1 binds to. It is a section 750-550 bp upstream from the transcription start site. 
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Moreover, the interaction between WASH1, NURF, and the c-Myc promoter increased 

significantly during differentiation in WT hematopoietic stem cells. These results indicate that 

WASH1 mediates the interaction between NURF and the c-Myc promoter, and this interaction 

is involved in cell differentiation (Xia et al., 2014b). 

At the molecular level, immunoprecipitation experiments showed that anti-WASH1 antibodies 

co-immunoprecipitate all three subunits of the NURF complex. However, only the Rbbp4 

subunit was confirmed by yeast two-hybrid assay to directly interact with WASH1, indicating 

that Rbbp4 mediates the WASH1–NURF complex association with the c-Myc promoter. 

They further focused on whether the ability of WASH1 to recruit the NURF complex to the 

c-Myc promoter is related to the WASH1 actin-polymerizing function. They showed that 

WASH1 can initiate actin polymerization in the nuclear extract as well as in the cytosol. This 

nuclear actin polymerization was shown to be VCA-domain dependent, as only WASH1 

variants with an intact VCA domain retained polymerizing activity in the nuclear extract. 

Furthermore, immunoprecipitation assays indicated that Rbbp4 associates with actin in WT 

but not in WASH1 KO cells, suggesting that WASH1 facilitates the connection between actin 

filaments and the NURF complex (Xia et al., 2014b). 

The actin polymerizing nature of WASH1's function in this process was also demonstrated by 

changes in by the changes in DNA accessibility. As a chromatin remodelling complex, NURF can 

change the structure of chromatin so it is more or less accessible for enzymes to perform gene 

expression (Hamiche et al., 1999). DNA accessibility of the c-Myc promoter was significantly 

reduced after application of cytochalasin D, an inhibitor of actin polymerization. Moreover, the 

DNA accessibility of the c-Myc promoter was reduced in WASH1 KO cells compared to WT cells 

(Xia et al., 2014b). Together, these observations suggest that actin polymerization initiated by 

WASH1 is necessary for the NURF complex recruitment on the chromatin. 

All together, these findings suggest that WASH1 induces actin polymerization on Rbbp4, 

thereby allowing the NURF complex to remodel chromatin, so the c-Myc transcription factor 

could be expressed and allow cell differentiation. The interaction of WASH1 with NURF has 

also been previously confirmed in Drosophila (Hochheimer et al., 2002), indicating that the 

interaction of the WASH1 protein with chromatin remodelling complexes is evolutionarily 

conserved. 
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Although many aspects of the nuclear NURF-associated functions of WASH1 have already been 

described, much still remain elusive and need to be further investigated. For example, 

cytoplasmic WASH1 is known to be intrinsically inactive and needs several PTMs, including 

phosphorylation and ubiquitination, to become activated (Hao et al., 2013). Whether nuclear 

WASH1 also requires some PTMs to be able to perform its actin-nucleating function has not 

been investigated so far. The function of WASH1 in actin polymerization in the nucleus had not 

been previously demonstrated and has not been confirmed by any other study to date. 

Furthermore, while Xia et al. suggest that WASH1 links actin filaments to Rbbp4, the precise 

molecular mechanism remains unclear, and no similar function has been reported for WASH1 

previously. Previous studies have only shown the relationship of WASH1 to actin 

polymerization as the initiation of branching in the Arp2/3 dependent manner. There is also 

no evidence of WASH1 working alone in mediating the NURF complex attachment to the c-Myc 

promoter. The interaction surely is mediated by WASH1 protein, but there are no experiments 

proving that it has no other interaction partners (e.g., from the WASH complex), that are 

required for this interaction.  

 

6.3 Arid1a 

In addition to c-Myc, WASH1 affects the expression of other genes as well. These include, for 

example, transcription factor AHR (Aryl Hydrocarbon Receptor), whose expression is required 

for the maintenance of NKp46 (Natural killer cell p46-related protein)-positive ILC3s (group 3 

innate lymphoid cells). In these cells, WASH1 facilitates AHR transcription by recruiting Arid1a 

(AT-rich interactive domain-containing protein 1A), a key subunit of the BAF (BRG1-associated 

factor) chromatin remodeling complex (Wilson and Roberts, 2011), to the AHR promoter (Xia 

et al., 2017).  

The direct interaction between WASH1 and Arid1a was demonstrated using a yeast two-hybrid 

assay. Furthermore, both proteins were found to bind to the same region of the AHR promoter, 

and two specific regions within the Arid1a protein (amino acids 968–1,484 and 1,935–2,283) 

were identified as responsible for binding WASH1. Additional components of the BAF complex 

were also observed at the AHR promoter, and in WASH1 knockout cells, the BAF complex failed 

to associate with this promoter. These findings strongly suggest that WASH1 is required for 

BAF complex recruitment to the AHR promoter (Xia et al., 2017). 
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Importantly, WASH1's role in promoting AHR expression is dependent on its ability to activate 

the Arp2/3 complex via its VCA domain, thereby initiating actin polymerization. WASH1 

variants lacking the VCA domain were unable to induce AHR transcription, in contrast to the 

full-length protein. Similarly, treatment with cytochalasin D, an inhibitor of actin nucleation, 

resulted in the suppression of AHR expression (Xia et al., 2017). These data confirm the 

importance of actin polymerization in the process of activating AHR expression. 

 

6.4 MCM2-7 

One of the non-canonical functions of WASH1 is maintaining chromosomal stability and 

playing a role in replication initiation through interaction with MCM2-7. MCM 

(minichromosome maintenance protein complex) is a DNA helicase that is important for 

unwinding DNA strands during replication. It consists of six subunits (MCM2-MCM7) forming 

a heterohexamer that encircles the DNA strand. It is part of the pre-replication and 

pre-initiation complexes, required for licensing (in late M phase and early G1 phase) and firing 

(in S phase) of replication origins (Tye, 1999). 

Hong et al. discovered that WASH1 interacts with the subunits of MCM2-7 helicase in the HeLa 

(Henrietta Lacks) cell line. Their experiments demonstrated that WASH1 and FAM21 co-

precipitated with MCM helicase components, suggesting their interaction. However, WASH1 

silencing did not affect the interaction of MCM with FAM21, suggesting that the interaction 

between WASH1 and MCM is mediated by FAM21. This is consistent with the fact that WASH1 

does not affect the G1/S cell cycle progression in HeLa cells under standard conditions (Hong 

et al., 2022). 

While WASH1 is not required for S-phase progression under unstressed conditions, its role 

becomes critical during replication stress. Upon hydroxyurea treatment—a replication 

inhibitor that depletes dNTP pools—WASH1 knockdown cells exhibited reduced proliferation 

and colony formation, suggesting impaired replication (Hong et al., 2022). 

Although WASH1 is not essential for S phase progression and initiation of DNA replication in 

cells under unperturbed conditions, its importance becomes apparent after application of a 

replication inhibitor. In this assay, hydroxyurea, an inhibitor of ribonucleotide reductase, was 

used, which led to a decrease in the pool of dNTPs (deoxynucleotide triphosphates) and thus 
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the inability to form a new DNA strand. WASH1 knockdown cells showed reduced proliferation 

and colony formation after application of hydroxyurea (Hong et al., 2022), which may have 

been caused by impaired replication.  

WASH1 depletion also leads to increased chromosomal instability. Hong et al. observed an 

increased percentage of micronuclei in WASH1 knockdown HeLa and 3T3 cell lines. The 

formation of micronuclei can be caused by several factors. The main one is chromosomal 

instability caused by impaired replication. Moreover, when a rescue experiment was 

performed and WASH1 was re-expressed in WASH1 KO cells, it led to the regained 

chromosomal stability. Hong et al., therefore, conclude that loss of WASH1 induces 

chromosomal instability in response to replication stress (Hong et al., 2022). 

It is generally known that only a fraction of licensed replication origins will undergo firing and 

become full-fledged origins in which replication is initiated. On the contrary, most of them, up 

to 90% (McIntosh and Blow, 2012), are dormant and become active only when the originally 

active origins are inhibited. The most common reason for the inhibition of these origins is 

replication stress. When cells are under replication stress (here achieved by hydroxyurea 

application), origin licensing is ensured by an excess of MCM2-7 (Ibarra et al., 2008; Woodward 

et al., 2006).  

WASH1 has been shown to co-localize with MCM subunits at replication origins. Furthermore, 

WASH1 knockdown caused a reduction in the amount of MCM7 subunit associated with 

replication origins, suggesting that WASH1 is important for MCM recruitment to replication 

origins (Hong et al., 2022). 

In conclusion, WASH1 is suggested to be important for loading excess MCM to replication 

origins in cells under replication stress, providing chromosomal stability and survival of these 

cells. WASH1 is thought to constitutively interact with MCM components, which was proved 

using the PLA (proximity ligation assay) for WASH1, FAM21, and MCM7. However, the exact 

nature of interaction remains unclear. 

As WASH1 has been shown to interact with chromatin remodeling complexes, Hong et al. 

hypothesized that interactions with these complexes could be involved in WASH1-dependent 

loading of excess MCM on origins. However, there is no direct evidence for this hypothesis, 

and much remains to be investigated in this field. For example, the question of whether 
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WASH1-dependent MCM loading on replication origins is dependent on the VCA domain and 

WASH1-dependent actin polymerization may be the subject of further research. 

 

6.5 Ku 

The WASH1-dependent loading of excess MCM on replication origins is not the only WASH1 

interaction that contributes to maintaining genome integrity and cell survival. WASH1 is also 

involved in DNA DSB (double-strand break) repair via NHEJ (non-homologous end joining). It 

is recruited to the sites of DSBs by the Ku protein, its nuclear-specific interaction partner. The 

Ku protein is involved in the initial phases of the NHEJ. It is needed for the DSB recognition and 

recruitment of other NHEJ factors to the DNA damage site (Downs and Jackson, 2004). Once 

recruited to the DSB, WASH1 contributes to the phosphorylation of histone H2AX (H2A histone 

family member X) via activation of DNA-PKcs (DNA-dependent protein kinase catalytic 

subunit), which consequently promotes chromatin relaxation (Wang et al., 2022). 

WASH1 and Ku both localize to DNA damage sites. Immunoblotting experiments demonstrated 

that Ku is required for WASH1 recruitment to double-strand breaks (DSBs), whereas WASH1 is 

not necessary for Ku localization. This suggests that Ku mediates the recruitment of WASH1 to 

the sites of DSBs. Furthermore, WASH1 KO cells exhibit increased sensitivity to etoposide 

(topoisomerase II inhibitor that induces DSBs) compared to WT cells, supporting a role for 

WASH1 in DSB repair (Wang et al., 2022). 

WASH1 KO cells showed more phosphorylated histone H2AX foci, which are considered a 

biomarker of DSBs. H2AX phosphorylation is required for chromatin relaxation (Lu et al., 2019; 

Nakamura et al., 2010; Ziv et al., 2006), which enables other proteins of the NHEJ machinery 

to access the DNA damage site. It is provided by DNA-PKcs, which was less activated in WASH1 

KO cells compared to WT. This suggests that WASH regulates the phosphorylation of H2AX 

through DNA-PKcs activation (Wang et al., 2022). 

Notably, the VCA domain of WASH1 is essential for its role in DSB repair. Cells expressing 

WASH1 lacking the VCA domain exhibited fewer phosphorylated H2AX foci, leading to reduced 

chromatin relaxation at damage sites. Furthermore, treatment with CK666, an Arp2/3 complex 

inhibitor, confirmed the importance of Arp2/3-mediated actin polymerization in DSB repair, as 

CK666-treated cells displayed a higher number of phosphorylated H2AX foci that persisted 
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even in the presence of fully functional WASH1. Together, these findings indicate that the role 

of WASH1 in DSB repair lies in the VCA-dependent activation of the Arp2/3 complex (Wang et 

al., 2022). 

While the basic properties of WASH1 in DSB repair have been identified, the details of its 

protein interactions remain poorly understood and require further investigation. The 

interaction between WASH1 and Ku was detected through co-immunoprecipitation assays. 

However, a direct interaction has not yet been confirmed. Notably, this interaction is not 

mediated by DNA, as the addition of ethidium bromide, which disrupts nearly all DNA-protein 

interactions (Lai and Herr, 1992), did not affect the co-immunoprecipitation results. This 

finding suggests that WASH1 and Ku either interact directly or are connected via an 

unidentified intermediary protein, the presence of which cannot be distinguished by co-

immunoprecipitation.  

Moreover, the precise mechanism by which DNA-PKcs is activated during DSB repair remains 

unclear, and WASH1’s involvement in this process requires further investigation. Another open 

question concerns the role of WASH1’s VCA domain. While VCA-dependent activation of the 

Arp2/3 complex has been shown to be necessary for efficient DSB repair, it remains uncertain 

whether this function is related specifically to actin nucleation or if alternative mechanisms 

are involved. 

 

6.6 BLOS2 and pallidin 

Another interaction partner of WASH1 is BLOS2 (Biogenesis of Lysosome-related Organelles 

Complex 1 Subunit 2), a centrosomal protein that acts as a scaffold during the biogenesis of 

lysosome-related endosomal compartments and forms part of the BLOC-1 (Biogenesis of 

Lysosome-related Organelles Complex 1) complex (Lee et al., 2012). 

The direct interaction between WASH1 and BLOS2 was confirmed by yeast two-hybrid assay, 

and further analysis showed that WASH1 binds BLOS2 through its N-terminal region 

(Monfregola et al., 2010). In addition to their cytoplasmic distribution, WASH1 and BLOS2 also 

colocalized in centrosomes, suggesting that, in addition to WASH complex assembly, WASH1 

may have other functions in centrosomes. 
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Besides BLOS2, WASH1 also partially colocalizes with another BLOC-1 subunit, pallidin, which 

is responsible for linking the BLOC-1 complex to actin filaments (Starcevic and Dell’Angelica, 

2004). Based on these findings, Monfregola et al. proposed that WASH1 could represent a 

novel subunit of the BLOC-1 complex, potentially contributing to its actin filament binding 

(Monfregola et al., 2010). However, a direct interaction between WASH1 and pallidin has not 

yet been confirmed. 

Additionally, Monfregola et al. demonstrated that the interaction of WASH1 with BLOS2 leads 

to WASH1 activation in neuronal cells, suggesting that BLOS2 overexpression can trigger 

WASH1-mediated Arp2/3 activation and branched actin polymerization (Monfregola et al., 

2010). 

 

6.7 Autophagy 

Another non-canonical function of WASH1 is the regulation of autophagy. Autophagy is a 

cellular process in which intracellular proteins and organelles are degraded within an 

autophagosome—a double-membrane structure that encapsulates material destined for 

degradation and subsequently fuses with a lysosome. This fusion forms an autolysosome, 

where the material is degraded (Klionsky, 2005; Lee et al., 2010). WASH1 has been found to 

inhibit autophagy induction through direct interaction with Beclin1 and RNF2 (RING finger 

protein 2) (Xia et al., 2014a, 2013). 

In WASH1 KO mouse embryos, an increased presence of autophagic structures was observed 

compared to WT embryos, as detected using electron microscopy. Similarly, numerous 

autophagosome-like structures were observed in WASH1 KO mouse fibroblasts under 

starvation conditions (Fig. 6), indicating that WASH1 deficiency enhances autophagy induction. 

Furthermore, Xia et al. demonstrated that WASH1 localizes to closing and recently closed 

autophagosomes, but not to autolysosomes, suggesting that WASH1 is involved in the 

regulation of autophagosome formation (Xia et al., 2013). 
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Figure 6 – WT and WASH1 KO mouse fibroblasts after 1h starvation, containing autophagosome-like structures 

(represented in the picture by black arrowheads). Visualisation by immuno-electron microscopy (antibody against 

LC3). Scale bar, 500 nm. (adapted from Xia et al., 2013) 

 

Xia et al. screened a human spleen cDNA (complementary DNA) library using WASH1 as bait 

and identified Beclin1 and RNF2 as new WASH1-interacting partners. The direct nature of 

these interactions was confirmed using a yeast two-hybrid assay, and further validated by pull-

down assays for RNF2 and co-immunoprecipitation experiments for Beclin1 (Xia et al., 2014a, 

2013). 

Beclin1 significantly influences the autophagy induction. In cells exhibiting autophagy, Beclin1 

associates with Vps34, a member of PI3K, to form the Beclin1-Vps34 complex (Kihara et al., 

2001). Associated with Beclin1, Vps34 becomes activated and phosphorylates PIP 

(Phosphatidylinositol phosphate) to form PI3P (Phosphatidylinositol (3,4,5)-trisphosphate), 

which leads to autophagosome formation (Pattingre et al., 2005; Weidberg et al., 2011). 

WASH1 inhibits Vps34 activation by suppressing Lys437 ubiquitination of Beclin1, thus 

preventing Beclin1 from binding to Vps34. This is evidenced by a significantly higher level of 

Beclin1–Vps34 coprecipitation observed in WASH1 KO cells compared to WT (Xia et al., 2013). 

To further confirm the direct interaction between WASH1 and Beclin1, Xia et al. identified the 

specific region within the WASH1 protein responsible for binding Beclin1. This region spans 

amino acids 121 to 221 of the WASH protein. A mutant cell line lacking this region exhibited 

the same phenotype as WASH1 KO cells. Additionally, a corresponding region in the Beclin1 

WASH1 WT WASH1 KO 
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structure, between amino acids 200 and 238, was found to be critical for the interaction with 

WASH1 (Xia et al., 2013). 

The role of WASH1 in autophagy inhibition is independent of its function in Arp2/3-dependent 

actin polymerization. Silencing of p16-Arc (Actin-related protein 2/3 complex subunit 5), a 

component of the Arp2/3 complex, did not affect autophagy induction, nor did silencing of 

FAM21, a WASH complex subunit essential for its attachment to the endosomal membrane. 

Moreover, WASH1 lacking the VCA domain was able to restore the inhibition of excessive 

autophagy in WASH1 KO cells, and since the VCA domain is responsible for Arp2/3 dependent 

actin polymerization, this is direct evidence that the canonical function of WASH1 is not related 

to the inhibition of autophagy (Xia et al., 2013). 

 

In addition to preventing Beclin1 ubiquitination, WASH1 also directly interacts with RNF2, as 

mentioned earlier. RNF2 is indirectly linked to Beclin1 ubiquitination through the E3 ligase 

AMBRA1 (Activating Molecule in BECN1-Regulated Autophagy Protein 1). In the absence of 

RNF2, AMBRA1 ubiquitinates Beclin1, thereby promoting autophagy. WASH1 interacts with 

RNF2 and mediates its association with AMBRA1 (Xia et al., 2014a, 2013). This interaction was 

confirmed by immunoprecipitation experiments, where anti-RNF2 antibody failed to 

immunoprecipitate AMBRA1 in WASH1-depleted cells, while in the WT cells the precipitation 

was well pronounced (Xia et al., 2014a). Moreover, even greater AMBRA1 precipitation by 

RNF2 was detected under autophagy, which stands for the fact that WASH1 enhances the 

association of RNF2 and AMBRA1. Finally, Xia et al. showed that RNF2 ubiquitinates AMBRA1 

via K48-linked ubiquitination, targeting it for proteasomal degradation, which consequently 

leads to the suppression of autophagy (Xia et al., 2014a). 

As the association between AMBRA1 and Beclin1 was dramatically disrupted in WASH1 

overexpressed cells, Xia et al. concluded that WASH1 and AMBRA1 compete for the binding 

site on Beclin1, while AMBRA1 ubiquitinates it, and the competitive binding of WASH1, on the 

other hand, prevents ubiquitination (Xia et al., 2013). 

In conclusion, during autophagy induction, AMBRA1 ubiquitinates Beclin1 via K63-linkage, 

enabling Beclin1 to bind and activate the Vps34 kinase, which subsequently drives 

autophagosome formation. WASH1 functions as a negative regulator of autophagy by 

recruiting the E3 ligase RNF2 to AMBRA1. RNF2 ubiquitinates AMBRA1 via K48-linkage, 
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targeting it to proteasomal degradation. As a result, Beclin1 is not ubiquitinated and therefore 

cannot activate Vps34, leading to autophagy suppression. The balance between WASH1 and 

AMBRA1, which may compete for binding to Beclin1, appears to regulate the extent of Beclin1 

ubiquitination and thus the induction of autophagy. Through these mechanisms, WASH1 

suppresses autophagy via both RNF2- and Beclin1-dependent pathways. 
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7 Discussion and conclusion 

WASH1 is an interaction hub involved in numerous cellular processes. Its canonical function is 

to activate the Arp2/3 complex on endosomes, which is essential for initiating branched actin 

network formation on vesicular membranes. Such activation is exerted by the WASH1 VCA 

domain. WASH1 performs its canonical function as a part of the pentameric WASH complex. 

The interactions of the complex members with retromer and membrane phospholipids enable 

WASH1 to localize to the membrane of endosomal vesicles, the main site of WASH1-

dependent actin network formation.  

WASH1 also exhibits non-canonical functions beyond its established role in the WASH complex. 

Specifically, WASH1 is implicated in gene transcription regulation, maintenance of genome 

integrity, and suppression of excessive autophagy. Current studies describing such non-

canonical functions do not mention WASH1 interactions with other WASH complex subunits, 

suggesting that WASH1 may perform these roles independently of the complex 

partners. However, direct evidence for the absence of other WASH complex subunits during 

these non-canonical interactions is lacking. 

Most non-canonical WASH1 interactions have been identified using yeast two-hybrid assays, 

which demonstrate direct binding between WASH1 and its partners. Nevertheless, these 

studies have not rigorously excluded the possibility that WASH1 remains associated with other 

WASH complex subunits while playing non-canonical roles. This is particularly relevant given 

that the stability of WASH1 is compromised when other WASH complex components are 

depleted, indicating strong interdependence among subunits. Thus, it remains unresolved 

whether WASH1 exists as two distinct subpopulations: one integrated within the WASH 

complex and another functioning independently to mediate non-canonical activities. While 

current data support the hypothesis that WASH1 can fulfill non-canonical functions without 

other WASH complex subunits, definitive proof is still lacking. 

Further research is also needed in the field of WASH1 nuclear roles and its dependency on 

actin polymerization. It was proved that actin polymerization is needed for WASH1-dependent 

loading of the NURF chromatin remodelling complex on chromatin. Authors of the same study 

suggested that WASH1 attaches an actin filament to the NURF complex subunit. However, this 
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function of WASH1 has not been proven so far, and it remains largely elusive how this 

attachment could be performed. 

In conclusion, in recent years, many WASH1 interactions (summarized in Table 1) have been 

identified that have contributed to the overall understanding of the role of WASH1 in 

organisms. However, these are probably only a small fraction of what WASH1 performs in cells, 

and much remains to be elucidated. 
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Protein Cellular function of the interaction References 

G-actin Branched actin nucleation (Rotty et al., 2013) 

Arp2 Branched actin nucleation (Rotty et al., 2013) 

Arp3 Branched actin nucleation (Rotty et al., 2013) 

FAM21 
WASH1 localization on the endosomal 
membrane 

(Jia et al., 2010) 

CCDC53 WASH complex assembly (Visweshwaran et al., 2018) 

Lck 
WASH complex activation (WASH1 
phosphorylation) 

(Huang et al., 2016) 

TRIM27 
WASH complex activation (WASH1 
ubiquitination) 

(Hao et al., 2013) 

USP7 
Preventing WASH1 overactivation (WASH1 
deubiquitination) 

(Hao et al., 2015) 

α-tubulin WASH1 association with microtubules (Gomez and Billadeau, 2009) 

γ-tubulin WASH1 association with microtubules (Monfregola et al., 2010) 

Rbbp4 Transcriptional regulation (Xia et al., 2014b) 

Arid1a Transcriptional regulation (Xia et al., 2017) 

MCM2-7 
Replicational regulation and maintenance of 
chromosomal stability 

(Hong et al., 2022) 

Ku NHEJ DSB repair (Wang et al., 2022) 

BLOS2 Centrosomal function (Monfregola et al., 2010) 

Pallidin Centrosomal function (Monfregola et al., 2010) 

Beclin1 Autophagy regulation (Xia et al., 2013) 

RNF2 Autophagy regulation (Xia et al., 2014a) 

 

Table 1 – Summary of WASH1 direct interaction partners and the cellular functions of these interactions 

 

 

 

 

 



35 
 

8 References 

Alkhatib, S.G., Landry, J.W., 2011. The Nucleosome Remodeling Factor. FEBS Lett. 585, 
3197–3207. https://doi.org/10.1016/j.febslet.2011.09.003 

Antón, I.M., Gómez-Oro, C., Rivas, S., Wandosell, F., 2020. Crosstalk between WIP and 
Rho family GTPases. Small GTPases 11, 160–166. 
https://doi.org/10.1080/21541248.2017.1390522*1 

Bompard, G., Caron, E., 2004. Regulation of WASP/WAVE proteins. J. Cell Biol. 166, 957–
962. https://doi.org/10.1083/jcb.200403127* 

Cerdán-Vélez, D., Tress, M.L., 2024. The T2T-CHM13 reference assembly uncovers 
essential WASH1 and GPRIN2 paralogues. Bioinforma. Adv. 4, vbae029. 
https://doi.org/10.1093/bioadv/vbae029 

Ciccodicola, A., 2000. Differentially regulated and evolved genes in the fully sequenced 
Xq/Yq pseudoautosomal region. Hum. Mol. Genet. 9, 395–401. 
https://doi.org/10.1093/hmg/9.3.395 

Derivery, E., Sousa, C., Gautier, J.J., Lombard, B., Loew, D., Gautreau, A., 2009. The 
Arp2/3 Activator WASH Controls the Fission of Endosomes through a Large 
Multiprotein Complex. Dev. Cell 17, 712–723. 
https://doi.org/10.1016/j.devcel.2009.09.010 

Dostál, V., Humhalová, T., Beránková, P., Pácalt, O., Libusová, L., 2023. SWIP mediates 
retromer-independent membrane recruitment of the WASH complex. Traffic Cph. 
Den. 24, 216–230. https://doi.org/10.1111/tra.12884 

Downs, J.A., Jackson, S.P., 2004. A means to a DNA end: the many roles of Ku. Nat. Rev. 
Mol. Cell Biol. 5, 367–378. https://doi.org/10.1038/nrm1367* 

Farina, F., Gaillard, J., Guérin, C., Couté, Y., Sillibourne, J., Blanchoin, L., Théry, M., 2016. 
The centrosome is an actin-organizing centre. Nat. Cell Biol. 18, 65–75. 
https://doi.org/10.1038/ncb3285 

Fokin, A.I., Gautreau, A.M., 2021. Assembly and Activity of the WASH Molecular 
Machine: Distinctive Features at the Crossroads of the Actin and Microtubule 
Cytoskeletons. Front. Cell Dev. Biol. 9, 658865. 
https://doi.org/10.3389/fcell.2021.658865* 

Gianfrancesco, F., Falco, G., Esposito, T., Rocchi, M., D’Urso, M., 2001. Characterization 
of the murine orthologue of a novel human subtelomeric multigene family. 
Cytogenet. Genome Res. 94, 98–100. https://doi.org/10.1159/000048796 

Gomez, T.S., Billadeau, D.D., 2009. A FAM21-Containing WASH Complex Regulates 
Retromer-Dependent Sorting. Dev. Cell 17, 699–711. 
https://doi.org/10.1016/j.devcel.2009.09.009 

Hamiche, A., Sandaltzopoulos, R., Gdula, D.A., Wu, C., 1999. ATP-Dependent Histone 
Octamer Sliding Mediated by the Chromatin Remodeling Complex NURF. Cell 97, 
833–842. https://doi.org/10.1016/S0092-8674(00)80796-5 

Hansen, M., Hsu, A.-L., Dillin, A., Kenyon, C., 2005. New Genes Tied to Endocrine, 
Metabolic, and Dietary Regulation of Lifespan from a Caenorhabditis elegans 
Genomic RNAi Screen. PLoS Genet. 1, e17. 
https://doi.org/10.1371/journal.pgen.0010017 

Hao, Y.-H., Doyle, J.M., Ramanathan, S., Gomez, T.S., Jia, D., Xu, M., Chen, Z.J., 
Billadeau, D.D., Rosen, M.K., Potts, P.R., 2013. Regulation of WASH-Dependent 

 
1 * review article 



36 
 

Actin Polymerization and Protein Trafficking by Ubiquitination. Cell 152, 1051–
1064. https://doi.org/10.1016/j.cell.2013.01.051 

Hao, Y.-H., Fountain, M.D., Fon Tacer, K., Xia, F., Bi, W., Kang, S.-H.L., Patel, A., 
Rosenfeld, J.A., Le Caignec, C., Isidor, B., Krantz, I.D., Noon, S.E., Pfotenhauer, 
J.P., Morgan, T.M., Moran, R., Pedersen, R.C., Saenz, M.S., Schaaf, C.P., Potts, 
P.R., 2015. USP7 Acts as a Molecular Rheostat to Promote WASH-Dependent 
Endosomal Protein Recycling and Is Mutated in a Human Neurodevelopmental 
Disorder. Mol. Cell 59, 956–969. https://doi.org/10.1016/j.molcel.2015.07.033 

Harbour, M.E., Breusegem, S.Y., Seaman, M.N.J., 2012. Recruitment of the endosomal 
WASH complex is mediated by the extended ‘tail’ of Fam21 binding to the 
retromer protein Vps35. Biochem. J. 442, 209–220. 
https://doi.org/10.1042/BJ20111761 

Hochheimer, A., Zhou, S., Zheng, S., Holmes, M.C., Tjian, R., 2002. TRF2 associates with 
DREF and directs promoter-selective gene expression in Drosophila. Nature 420, 
439–445. https://doi.org/10.1038/nature01167 

Hong, Y., Sun, H., Hong, X., Yang, C.-P., Billadeau, D.D., Wang, T., Deng, Z.-H., 2022. 
WASHC1 interacts with MCM2-7 complex to promote cell survival under 
replication stress. Mol. Biol. Rep. 49, 8349–8357. https://doi.org/10.1007/s11033-
022-07650-4 

Huang, L., Zhu, P., Xia, P., Fan, Z., 2016. WASH has a critical role in NK cell cytotoxicity 
through Lck-mediated phosphorylation. Cell Death Dis. 7, e2301–e2301. 
https://doi.org/10.1038/cddis.2016.212 

Ibarra, A., Schwob, E., Méndez, J., 2008. Excess MCM proteins protect human cells from 
replicative stress by licensing backup origins of replication. Proc. Natl. Acad. Sci. 
105, 8956–8961. https://doi.org/10.1073/pnas.0803978105 

Jia, D., Gomez, T.S., Metlagel, Z., Umetani, J., Otwinowski, Z., Rosen, M.K., Billadeau, 
D.D., 2010. WASH and WAVE actin regulators of the Wiskott–Aldrich syndrome 
protein (WASP) family are controlled by analogous structurally related 
complexes. Proc. Natl. Acad. Sci. 107, 10442–10447. 
https://doi.org/10.1073/pnas.0913293107 

Kalkat, M., De Melo, J., Hickman, K.A., Lourenco, C., Redel, C., Resetca, D., Tamachi, A., 
Tu, W.B., Penn, L.Z., 2017. MYC Deregulation in Primary Human Cancers. Genes 
8, 151. https://doi.org/10.3390/genes8060151 

Kihara, A., Kabeya, Y., Ohsumi, Y., Yoshimori, T., 2001. Beclin–phosphatidylinositol 3‐
kinase complex functions at the trans ‐Golgi network. EMBO Rep. 2, 330–335. 
https://doi.org/10.1093/embo-reports/kve061 

Kim, W., Bennett, E.J., Huttlin, E.L., Guo, A., Li, J., Possemato, A., Sowa, M.E., Rad, R., 
Rush, J., Comb, M.J., Harper, J.W., Gygi, S.P., 2011. Systematic and Quantitative 
Assessment of the Ubiquitin-Modified Proteome. Mol. Cell 44, 325–340. 
https://doi.org/10.1016/j.molcel.2011.08.025 

Klionsky, D.J., 2005. The molecular machinery of autophagy: unanswered questions. J. 
Cell Sci. 118, 7–18. https://doi.org/10.1242/jcs.01620 

Kollmar, M., Lbik, D., Enge, S., 2012. Evolution of the eukaryotic ARP2/3 activators of the 
WASP family: WASP, WAVE, WASH, and WHAMM, and the proposed new family 
members WAWH and WAML. BMC Res. Notes 5, 88. 
https://doi.org/10.1186/1756-0500-5-88 



37 
 

Kühn, S., Geyer, M., 2014. Formins as effector proteins of Rho GTPases. Small GTPases 
5, e983876. https://doi.org/10.4161/sgtp.29513 

Lai, J.S., Herr, W., 1992. Ethidium bromide provides a simple tool for identifying genuine 
DNA-independent protein associations. Proc. Natl. Acad. Sci. U. S. A. 89, 6958–
6962. https://doi.org/10.1073/pnas.89.15.6958 

Lane, J., Martin, T., Weeks, H.P., Jiang, W.G., 2014. Structure and role of WASP and WAVE 
in Rho GTPase signalling in cancer. Cancer Genomics Proteomics 11, 155–165.* 

Lee, H.H., Nemecek, D., Schindler, C., Smith, W.J., Ghirlando, R., Steven, A.C., 
Bonifacino, J.S., Hurley, J.H., 2012. Assembly and Architecture of Biogenesis of 
Lysosome-related Organelles Complex-1 (BLOC-1). J. Biol. Chem. 287, 5882–
5890. https://doi.org/10.1074/jbc.M111.325746 

Lee, J.-H., Yu, W.H., Kumar, A., Lee, S., Mohan, P.S., Peterhoff, C.M., Wolfe, D.M., 
Martinez-Vicente, M., Massey, A.C., Sovak, G., Uchiyama, Y., Westaway, D., 
Cuervo, A.M., Nixon, R.A., 2010. Lysosomal Proteolysis and Autophagy Require 
Presenilin 1 and Are Disrupted by Alzheimer-Related PS1 Mutations. Cell 141, 
1146–1158. https://doi.org/10.1016/j.cell.2010.05.008 

Li, S.S.-C., 2005. Specificity and versatility of SH3 and other proline-recognition 
domains: structural basis and implications for cellular signal transduction. 
Biochem. J. 390, 641–653. https://doi.org/10.1042/BJ20050411 

Linardopoulou, E.V., Parghi, S.S., Friedman, C., Osborn, G.E., Parkhurst, S.M., Trask, B.J., 
2007. Human Subtelomeric WASH Genes Encode a New Subclass of the WASP 
Family. PLoS Genet. 3, e237. https://doi.org/10.1371/journal.pgen.0030237 

Liu, R., Abreu-Blanco, M.T., Barry, K.C., Linardopoulou, E.V., Osborn, G.E., Parkhurst, 
S.M., 2009. Wash functions downstream of Rho and links linear and branched 
actin nucleation factors. Development 136, 2849–2860. 
https://doi.org/10.1242/dev.035246 

Lu, H., Saha, J., Beckmann, P.J., Hendrickson, E.A., Davis, A.J., 2019. DNA-PKcs 
promotes chromatin decondensation to facilitate initiation of the DNA damage 
response. Nucleic Acids Res. 47, 9467–9479. https://doi.org/10.1093/nar/gkz694 

Machesky, L.M., Insall, R.H., 1998. Scar1 and the related Wiskott–Aldrich syndrome 
protein, WASP, regulate the actin cytoskeleton through the Arp2/3 complex. Curr. 
Biol. 8, 1347–1356. https://doi.org/10.1016/S0960-9822(98)00015-3* 

Marchand, J.-B., Kaiser, D.A., Pollard, T.D., Higgs, H.N., 2001. Interaction of WASP/Scar 
proteins with actin and vertebrate Arp2/3 complex. Nat. Cell Biol. 3, 76–82. 
https://doi.org/10.1038/35050590 

McIntosh, D., Blow, J.J., 2012. Dormant Origins, the Licensing Checkpoint, and the 
Response to Replicative Stresses. Cold Spring Harb. Perspect. Biol. 4, a012955–
a012955. https://doi.org/10.1101/cshperspect.a012955 

Monfregola, J., Napolitano, G., D’Urso, M., Lappalainen, P., Ursini, M.V., 2010. Functional 
Characterization of Wiskott-Aldrich Syndrome Protein and Scar Homolog 
(WASH), a Bi-modular Nucleation-promoting Factor Able to Interact with 
Biogenesis of Lysosome-related Organelle Subunit 2 (BLOS2) and γ-Tubulin. J. 
Biol. Chem. 285, 16951–16957. https://doi.org/10.1074/jbc.M109.078501 

Nakamura, A.J., Rao, V.A., Pommier, Y., Bonner, W.M., 2010. The complexity of 
phosphorylated H2AX foci formation and DNA repair assembly at DNA double-
strand breaks. Cell Cycle 9, 389–397. https://doi.org/10.4161/cc.9.2.10475 



38 
 

Obino, D., Farina, F., Malbec, O., Sáez, P.J., Maurin, M., Gaillard, J., Dingli, F., Loew, D., 
Gautreau, A., Yuseff, M.-I., Blanchoin, L., Théry, M., Lennon-Duménil, A.-M., 
2016. Actin nucleation at the centrosome controls lymphocyte polarity. Nat. 
Commun. 7, 10969. https://doi.org/10.1038/ncomms10969 

Panchal, S.C., Kaiser, D.A., Torres, E., Pollard, T.D., Rosen, M.K., 2003. A conserved 
amphipathic helix in WASP/Scar proteins is essential for activation of Arp2/3 
complex. Nat. Struct. Mol. Biol. 10, 591–598. https://doi.org/10.1038/nsb952 

Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X.H., Mizushima, N., Packer, M., 
Schneider, M.D., Levine, B., 2005. Bcl-2 Antiapoptotic Proteins Inhibit Beclin 1-
Dependent Autophagy. Cell 122, 927–939. 
https://doi.org/10.1016/j.cell.2005.07.002 

Paunola, E., Mattila, P.K., Lappalainen, P., 2002. WH2 domain: a small, versatile adapter 
for actin monomers. FEBS Lett. 513, 92–97. https://doi.org/10.1016/S0014-
5793(01)03242-2* 

Rottner, K., Hänisch, J., Campellone, K.G., 2010. WASH, WHAMM and JMY: regulation of 
Arp2/3 complex and beyond. Trends Cell Biol. 20, 650–661. 
https://doi.org/10.1016/j.tcb.2010.08.014* 

Rotty, J.D., Wu, C., Bear, J.E., 2013. New insights into the regulation and cellular 
functions of the ARP2/3 complex. Nat. Rev. Mol. Cell Biol. 14, 7–12. 
https://doi.org/10.1038/nrm3492 

Rouiller, I., Xu, X.-P., Amann, K.J., Egile, C., Nickell, S., Nicastro, D., Li, R., Pollard, T.D., 
Volkmann, N., Hanein, D., 2008. The structural basis of actin filament branching 
by the Arp2/3 complex. J. Cell Biol. 180, 887–895. 
https://doi.org/10.1083/jcb.200709092 

Rudd, M.K., Friedman, C., Parghi, S.S., Linardopoulou, E.V., Hsu, L., Trask, B.J., 2007. 
Elevated Rates of Sister Chromatid Exchange at Chromosome Ends. PLoS Genet. 
3, e32. https://doi.org/10.1371/journal.pgen.0030032 

Seaman, M.N.J., Gautreau, A., Billadeau, D.D., 2013. Retromer-mediated endosomal 
protein sorting: all WASHed up! Trends Cell Biol. 23, 522–528. 
https://doi.org/10.1016/j.tcb.2013.04.010* 

Starcevic, M., Dell’Angelica, E.C., 2004. Identification of Snapin and Three Novel 
Proteins (BLOS1, BLOS2, and BLOS3/Reduced Pigmentation) as Subunits of 
Biogenesis of Lysosome-related Organelles Complex-1 (BLOC-1). J. Biol. Chem. 
279, 28393–28401. https://doi.org/10.1074/jbc.M402513200 

Su, A.I., Wiltshire, T., Batalov, S., Lapp, H., Ching, K.A., Block, D., Zhang, J., Soden, R., 
Hayakawa, M., Kreiman, G., Cooke, M.P., Walker, J.R., Hogenesch, J.B., 2004. A 
gene atlas of the mouse and human protein-encoding transcriptomes. Proc. Natl. 
Acad. Sci. 101, 6062–6067. https://doi.org/10.1073/pnas.0400782101 

Tsarouhas, V., Liu, D., Tsikala, G., Fedoseienko, A., Zinn, K., Matsuda, R., Billadeau, D.D., 
Samakovlis, C., 2019. WASH phosphorylation balances endosomal versus 
cortical actin network integrities during epithelial morphogenesis. Nat. Commun. 
10, 2193. https://doi.org/10.1038/s41467-019-10229-6 

Tye, B.K., 1999. MCM Proteins in DNA Replication. Annu. Rev. Biochem. 68, 649–686. 
https://doi.org/10.1146/annurev.biochem.68.1.649 

Van Troys, M., Dewitte, D., Goethals, M., Carlier, M.F., Vandekerckhove, J., Ampe, C., 
1996. The actin binding site of thymosin beta 4 mapped by mutational analysis. 
EMBO J. 15, 201–210. 



39 
 

Verboon, J.M., Sugumar, B., Parkhurst, S.M., 2015. Wiskott-Aldrich syndrome proteins in 
the nucleus: aWASH with possibilities. Nucleus 6, 349–359. 
https://doi.org/10.1080/19491034.2015.1086051 

Visweshwaran, S.P., Thomason, P.A., Guerois, R., Vacher, S., Denisov, E.V., Tashireva, 
L.A., Lomakina, M.E., Lazennec‐Schurdevin, C., Lakisic, G., Lilla, S., Molinie, N., 
Henriot, V., Mechulam, Y., Alexandrova, A.Y., Cherdyntseva, N.V., Bièche, I., 
Schmitt, E., Insall, R.H., Gautreau, A., 2018. The trimeric coiled‐coil HSBP 1 
protein promotes WASH complex assembly at centrosomes. EMBO J. 37, e97706. 
https://doi.org/10.15252/embj.201797706 

Wang, T., Du, X.-H., Hong, Y., Hong, X., Fan, L., Zhou, J.-W., Sun, H., Ge, J., Billadeau, 
D.D., Deng, Z.-H., 2022. WASH interacts with Ku to regulate DNA double-
stranded break repair. iScience 25, 103676. 
https://doi.org/10.1016/j.isci.2021.103676 

Weidberg, H., Shvets, E., Elazar, Z., 2011. Biogenesis and Cargo Selectivity of 
Autophagosomes. Annu. Rev. Biochem. 80, 125–156. 
https://doi.org/10.1146/annurev-biochem-052709-094552* 

Wilson, A., Murphy, M.J., Oskarsson, T., Kaloulis, K., Bettess, M.D., Oser, G.M., Pasche, 
A.-C., Knabenhans, C., MacDonald, H.R., Trumpp, A., 2004. c-Myc controls the 
balance between hematopoietic stem cell self-renewal and differentiation. 
Genes Dev. 18, 2747–2763. https://doi.org/10.1101/gad.313104 

Wilson, B.G., Roberts, C.W.M., 2011. SWI/SNF nucleosome remodellers and cancer. 
Nat. Rev. Cancer 11, 481–492. https://doi.org/10.1038/nrc3068* 

Woodward, A.M., Göhler, T., Luciani, M.G., Oehlmann, M., Ge, X., Gartner, A., Jackson, 
D.A., Blow, J.J., 2006. Excess Mcm2–7 license dormant origins of replication that 
can be used under conditions of replicative stress. J. Cell Biol. 173, 673–683. 
https://doi.org/10.1083/jcb.200602108 

Xia, P., Liu, J., Wang, S., Ye, B., Du, Y., Xiong, Z., Han, Z.-G., Tong, L., Fan, Z., 2017. WASH 
maintains NKp46+ ILC3 cells by promoting AHR expression. Nat. Commun. 8, 
15685. https://doi.org/10.1038/ncomms15685 

Xia, P., Wang, S., Du, Y., Zhao, Z., Shi, L., Sun, L., Huang, G., Ye, B., Li, C., Dai, Z., Hou, N., 
Cheng, X., Sun, Q., Li, L., Yang, X., Fan, Z., 2013. WASH inhibits autophagy 
through suppression of Beclin 1 ubiquitination. EMBO J. 32, 2685–2696. 
https://doi.org/10.1038/emboj.2013.189 

Xia, P., Wang, S., Huang, G., Du, Y., Zhu, P., Li, M., Fan, Z., 2014a. RNF2 is recruited by 
WASH to ubiquitinate AMBRA1 leading to downregulation of autophagy. Cell Res. 
24, 943–958. https://doi.org/10.1038/cr.2014.85 

Xia, P., Wang, S., Huang, G., Zhu, P., Li, M., Ye, B., Du, Y., Fan, Z., 2014b. WASH is 
required for the differentiation commitment of hematopoietic stem cells in a c-
Myc–dependent manner. J. Exp. Med. 211, 2119–2134. 
https://doi.org/10.1084/jem.20140169 

Ziv, Y., Bielopolski, D., Galanty, Y., Lukas, C., Taya, Y., Schultz, D.C., Lukas, J., Bekker-
Jensen, S., Bartek, J., Shiloh, Y., 2006. Chromatin relaxation in response to DNA 
double-strand breaks is modulated by a novel ATM- and KAP-1 dependent 
pathway. Nat. Cell Biol. 8, 870–876. https://doi.org/10.1038/ncb1446 

 


