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Nucleoporins (NUPs) constitute integral nuclear pore protein (NPC) elements. Although traditional NUP functions have been extensively researched, evidence of additional vital non-NPC roles, referred to herein as non-classical NUP functions, is also emerging. Several NUPs localise at the ciliary base. Indeed, Nup188, Nup93 or Nup205 knockdown results in cilia loss, impacting cardiac left–right patterning in models and cell lines. Genetic variants of Nup205 and Nup188 have been identified in patients with congenital heart disease and situs inversus totalis or heterotaxy, a prevalent human ciliopathy. These findings link non-classical NUP functions to human diseases. This mini-review summarises pivotal NUP interactions with NIMA-related kinases or nephronophthisis proteins that regulate ciliary function and explores other NUPs potentially implicated in cilia-related disorders. Overall, elucidating the non-classical roles of NUPs will enhance comprehension of ciliopathy aetiology.
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INTRODUCTION
The nuclear pore complex (NPC) resides within the nuclear envelope, merging the inner and outer membranes to create a channel. The overall NPC structure remains evolutionarily conserved with eight-fold rotational symmetry, comprising about 30 diverse nuclear pore proteins called nucleoporins (NUPs) (Fernandez-Martinez and Rout, 2021; Zimmerli et al., 2021). Comprising four ring scaffolds—the cytoplasmic ring (CR), inner ring (IR), nuclear ring (NR) and luminal ring (Lin et al., 2016; Beck and Hurt, 2017; Huang et al., 2022a)—the vertebrate NPC exhibits structural stability. The CR and NR share NUP components (Huang et al., 2022a), with the IR bridging them (Lin et al., 2016; Huang et al., 2022a; Huang et al., 2022b), whereas the luminal ring is situated in the ring lumen (Lin et al., 2016). Peripheral elements, cytoplasmic filaments and the nuclear basket connect to the CR and NR (von Appen and Beck, 2016).
The NPC’s nomenclature varies across species based on molecular mass. Most NUPs form robust subcomplexes within the NPC, including Y-complexes (also called the Nup84 complex in yeast and NUP107 complex in humans), NUP214 complexes (known as the Nup159 or Nup82 complex in yeast), NUP62 complexes and IR complexes (alo known as NUP93 complexes in humans) (Beck and Hurt, 2017). Linear motifs in NUPs connect major NPC modules (Lin et al., 2016; Beck and Hurt, 2017; Huang et al., 2022a). The structure studies from Xenopus laevis show that the NR comprises 10-member Y-complexes stabilised by Nup93 and Nup205 (Huang et al., 2022a). Each NR Y-complex has a short arm (Nup85, Nup43, and Seh1), long arm (Nup160, Nup37 and ELYS) and stem (Sec13, Nup96, Nup107, and Nup133) (Huang et al., 2022a). The CR contains extra Nup93 and Nup205 (inner Nup205) molecules, as well as five Nup358 molecules, but lacks ELYS (Beck and Hurt, 2017; Huang et al., 2022a). The IR comprises 30 molecules of nine distinct NUPs, including four Nup93, six Nup155, four channel NUP heterotrimers (Nup62/Nup58/Nup54) and two each of Nup205, Nup188, NDC1 and ALADIN (Huang et al., 2022b; von Appen and Beck, 2016; Stuwe et al., 2015).
In NPCs, NUPs can be divided into scaffold NUPs and phenylalanine–glycine (FG)-NUPs (Beck and Hurt, 2017). Scaffold NUPs form the NPC structure, anchoring the Nup62 complex and other FG-NUPs, and contribute to cytoplasmic filaments and the nuclear basket (Beck and Hurt, 2017; Fernandez-Martinez and Rout, 2021). FG-NUPs with phenylalanine–glycine-rich disordered domains interact with nucleocytoplasmic transport mechanisms (Beck and Hurt, 2017; Fernandez-Martinez and Rout, 2021), creating a size-selective diffusion barrier for molecules >40 kDa. They also bind nuclear transport receptors (Karyopherin and import/export proteins), facilitating signal-carrying cargo transport through the NPC (Beck and Hurt, 2017).
Although NUPs are typically associated with NPC-related roles, they have been found in other subcellular components, including the kinetochore, centrosome, cilia base and chromatin (Kee et al., 2012; Mossaid and Fahrenkrog, 2015; Verhey and Yang, 2016). Notably, specific NUPs at cilia bases regulate transport between the cilia and cytoplasm (Kee et al., 2012; Takao et al., 2017). Moreover, mutations in some NUPs contribute to ciliopathies (Cardenas-Rodriguez and Badano, 2009; Del Viso et al., 2016). Certain NUPs, including NUP93, NUP188 and NUP205, play essential roles in cilia-related cardiac left–right (LR) patterning (Del Viso et al., 2016; Marquez et al., 2021). Inner and outer ring NUPs contribute differently to renal development, with dysfunction leading to nephrotic syndrome (Miyake et al., 2015; Braun et al., 2016) (Figure 1).
[image: Figure 1]FIGURE 1 | A comprehensive review of the emerging role of nucleoporins (NUPs) beyond their classical functions in nuclear pore complex assembly, with a particular focus on their involvement in ciliary processes and their interactions with NEK family in regulating cilium resorption, which link non-classical NUP functions to human ciliopathy.
MAIN TEXT
Roles of NUPs in cilia function
Cilia, conserved organelles extending from cell surfaces, crucially influence cell development and motor–sensory functions (Bisgrove and Yost, 2006; Berbari et al., 2009; Breslow et al., 2013). Distinct ciliary proteins regulate membrane–cytoplasmic transport at the ciliary gating zone (Breslow et al., 2013; Kee and Verhey, 2013; Diener et al., 2015). Cilia consist of a microtubule core, the axoneme, which extends from a modified centriole called the basal body. The axoneme is usually composed of microtubule doublets. However, each centriole is a cylinder of nine triplets of microtubules. (Bisgrove and Yost, 2006). The transition zone at the ciliary base, featuring a Y-shaped junction, serves as a gateway for proteins to enter and exit the ciliary compartment (Reiter et al., 2012; Diener et al., 2015). Cilia are categorised into motile and immotile/primary types based on movement and structure (Berbari et al., 2009). Regular motile cilia have a ring of nine peripheral microtubule doublets surrounding a central pair of single microtubules, i.e., a 9 + 2 microtubule arrangement, whereas primary or sensory cilia possess a 9 + 0 configuration and are immotile and present on most cell types (Kee and Verhey, 2013; Diener et al., 2015). Ciliary protein disruptions lead to ciliopathies, severe disorders affecting various organs (Bisgrove and Yost, 2006; Cardenas-Rodriguez and Badano, 2009). Ciliopathies result in diverse syndromes including situs abnormalities, respiratory infections, congenital heart disease (CHD), male infertility, nephronophthisis and neonatal cholestasis (Cardenas-Rodriguez and Badano, 2009; Chen et al., 2022a).
Interestingly, specific NUPs are suggested to localise to primary and motile cilia bases, with kinesin-2 motor KIF17 entry impeded by NPC transport inhibitors (Kee et al., 2012). Import to the ciliary compartment involves nuclear trafficking components, including importins, a Ran-guanosine triphosphate gradient and NUPs (Kee and Verhey, 2013). Transition zone proteins, including ciliopathy gene products, e.g., nephronophthisis (NPHP) and Meckel–Gruber syndrome (MKS) proteins, NUPs and septins, play gating roles (Takao et al., 2014; Yee et al., 2015). A ciliary pore complex (CPC) at the base, analogous to the NPC, has been hypothesised (Kee et al., 2012). Super-resolution imaging shows Nup188 clusters form two barrels at the cilium base (Del Viso et al., 2016). However, dimensions and organization of this barrel-like structure is incompatible with an NPC-like ring. Nanoscale NUP spatial organisation studies indicated that Nup93 and Nup188 lack the ∼100 nm diameter rings, suggesting these NUPs did not form the NPC-like rings at the cilium base. The clear difference between the organization of nups at the cilium base and that in the NPC argues against a proposed CPC model (Del Viso et al., 2016). Therefore, the CPC model remains controversial.
NUP mutations and ciliopathies
Cilia dysfunction contributes to various ciliopathies, including hydrocephalus, polycystic kidney disease, retinal dystrophy and CHD (Bisgrove and Yost, 2006; Cardenas-Rodriguez and Badano, 2009; Marquez et al., 2021). In vertebrates, cilia-driven LR asymmetry in the heart is crucial during gastrulation, initiated by the ciliated LR organiser (LRO) (Fakhro et al., 2011; Blum et al., 2014). Both motile and immotile cilia break symmetry, ensuring organelle placement and vascular network development (Koefoed et al., 2014). Nodal signalling triggered by motile cilia’s leftward extracellular fluid flow and subsequent gene expression cascade establish LR asymmetry (Blum et al., 2014; Koefoed et al., 2014). The establishment of LR asymmetry defects leads to visceral malformations, termed heterotaxy (Htx) (Shiraishi and Ichikawa, 2012; Boskovski et al., 2013), often accompanied by severe CHDs (Shiraishi and Ichikawa, 2012). Cilia dysfunction is implicated in cystic kidney disease (Cardenas-Rodriguez and Badano, 2009; Chen et al., 2022a) and steroid-resistant nephrotic syndrome (SRNS), a common cause of chronic kidney disease, necessitating dialysis or transplantation due to progressive end-stage renal disease (Braun et al., 2016). Over 50 monogenic genes contribute to podocyte dysfunction in SRNS, indicating the involvement of multiple pathogenic signalling pathways (Braun et al., 2018).
Human genomics have advanced ciliopathy gene identification, and NUPs have gained prominence (Fakhro et al., 2011; Braun et al., 2018). IR nucleoporins, e.g., NUP93 and NUP188, participate in right LR patterning through cilium roles crucial for the heart’s LR asymmetry (Del Viso et al., 2016). Bi-allelic NUP205 mutations, likely NUP188 paralogs, are associated with CHD (Chen et al., 2019). Recessive NUP205 and NUP93 variants are linked to SRNS (Braun et al., 2016). Additionally, collaborations between NUPs and other proteins contribute to ciliopathies. Inherited polycystic kidney diseases (PKDs), including ADPKD, ARPKD, and NPHP, are linked to ciliopathies (Bisgrove and Yost, 2006). NPHP, recessive cystic kidney disease and MKS, characterised by renal–hepatic cysts and central nervous system malformations, involve transition zone localisation and interactions with certain NUPs (Bisgrove and Yost, 2006; Takao et al., 2017; Blasius et al., 2019). Nek2 expression in Xenopus LRO and kidneys links it to ciliopathies, with Nup98 interaction affecting cilium resorption (Fakhro et al., 2011; Endicott et al., 2015). Multiple NUPs found at cilia bases and mutations in NUPs are associated with nephrotic syndrome (Kee et al., 2012; Braun et al., 2018). Given the established connection of NUPs with cilia, investigating other NUPs’ roles in ciliopathies remains important.
NUP205 and ciliary function
NUP205, a scaffold nucleoporin and NUP93 subcomplex member, resides in the IR of the NPC and is implicated in ciliary roles (Beck and Hurt, 2017; Huang et al., 2022b). Studies have highlighted NUP205’s potential significance in ciliary function (Chen et al., 2019; Marquez et al., 2021) (Table.1). Bi-allelic missense mutations (p.Thr1044Met and p. Pro1610Arg; NM_015135) in NUP205 were identified in a patient with situs inversus totalis (Chen et al., 2019). These mutations reduced protein interaction with NUP93 in patient-derived induced pluripotent stem cells (Chen et al., 2019). Nup205-silenced embryos showed disrupted cilia number and length in the retina, with around 30% displaying cardiac LR asymmetry defects (Chen et al., 2019). Subsequent research by Marquez et al. used morpholino oligos and CRISPR-based knockout in Xenopus, revealing abnormal cardiac LR patterning upon Nup205 depletion (Marquez et al., 2021). Morphants exhibited a 40% reduction in cilia number in the LRO, and two-cell stage embryos displayed cilia loss in multiciliate cells (MCCs) on the Nup205 MO-injected side compared with the control MO-injected side (Marquez et al., 2021). Additionally, GFP–NUP205 overexpression was localised in the cilium base in the Xenopus LRO (Marquez et al., 2021). Transmission electron microscopy confirmed mispositioned basal bodies in Nup205-depleted embryos (Marquez et al., 2021). Notably, NUP205 p. Pro1610Arg failed to rescue cilia loss, suggesting that it may be a loss-of-function allele (Marquez et al., 2021). Moreover, NUP205 p. Thr1044Met impacted protein stability, allowing overexpressed p. Thr1044Met to restore cilia levels (Chen et al., 2019; Marquez et al., 2021).
TABLE 1 | The key components of the IR, including Nup205, Nup188, and Nup93, have been investigated in relation to cilia.
[image: Table 1]Beyond cardiac involvement, NUP205 influences kidney development. A homozygous missense mutation (p.Phe1995Ser) in NUP205 was linked to early-onset SRNS (Braun et al., 2016). Depleted Nup205 in embryos caused dysfunctional pronephric development and cilia loss (Marquez et al., 2021). Collectively supported by genetic evidence (biallelic or homozygous mutations of NUP205), cilia-related phenotypes (LR asymmetry defects and SRNS), the role of ciliogenesis (disrupted cilia number and length upon NUP205 depletion) and subcellular localisation at the cilium base (Braun et al., 2016; Chen et al., 2019; Marquez et al., 2021), previous findings underscore NUP205’s role in cilia bases and human ciliopathy. Moreover, NUP205’s potential interactions with two memers of NIMA (never in mitosis A)-related kinases, NEK2 and NEK3, vital for cilia-related abnormal cardiac LR patterning (Chen et al., 2019; Zhang et al., 2020), warrant further exploration. Notably, numerous NIMA paralogs are associated with ciliary function.
NUP188 and ciliary function
The NUP93 subcomplex, comprising NUP93, NUP35, NUP188 and NUP205, forms a pivotal part of the inner ring of the NPC (Huang et al., 2022b). NUP188, likely a paralog of NUP205, establishes an exclusive direct interaction with NUP93. Initial insights into NUP188’s ciliary connection emerged from the study of Fakhro et al., who identified a NUP188 duplication in a ciliopathy patient with CHD and Htx (Fakhro et al., 2011). Depletion of Nup188 using morpholino oligos led to abnormal pitx2c expression, inducing cardiac looping defects akin to the Htx phenotype (Del Viso et al., 2016). Nup188 knockdown resulted in cilia loss in the LRO during embryonic development, although NPC function was largely preserved (Del Viso et al., 2016). Notably, overexpressing Xenopus or human NUP188 replicated a Htx-like phenotype in ∼15% of embryos, indicating that Nup188 overexpression mimics its loss of function (Del Viso et al., 2016). Endogenous Nup188 localisation at cilia bases reinforces their direct ciliary role. As mentioned earlier, contrary to the CPC hypothesis, super-resolution imaging exposed Nup188’s barrel-like structures at the cilium base, contrasting with NPC-like ring formation (Del Viso et al., 2016). Studies have positioned NUP188 below the transition zone as a constituent of pericentriolar material (PCM), directly interacting with CEP152, a PCM component (Del Viso et al., 2016; Vishnoi et al., 2020).
Prior research has highlighted the collaborative cilia-rescuing potential of Nup188 and Nup205, which may reciprocally restore cilia loss from Nup205 mutations or Nup188 morphants, implying their partially overlapped functions in MCC cilia (Marquez et al., 2021). Although NUP93 binds to either NUP205 or NUP188, they cannot be simultaneously bound, as shown in vitro reconstitution studies (Amlacher et al., 2011; Beck and Hurt, 2017). Nup188’s role in mitotic chromosome alignment has been documented (Itoh et al., 2013; Vishnoi et al., 2020). Importantly, patients harbouring recessive NUP205 and NUP188 mutations exhibited diverse clinical phenotypes. Bi-allelic truncating NUP188 variants manifested remarkably similar symptoms in six affected individuals, encompassing congenital cataracts, hypotonia, prenatal ventriculomegaly, white-matter anomalies, hypoplastic corpus callosum, CHDs and central hypoventilation (Muir et al., 2020). These individuals succumbed due to respiratory failure, with five not surviving their first year of life. Notably, CRISPR-mediated NUP188 knockout in Drosophila led to motor deficits and susceptibility to seizures (Muir et al., 2020), partially mirroring neurological symptoms observed in affected patients, suggesting that NUP188 and NUP205 may not be interchangeable in certain contexts.
Role of NUP93 in cilia
As a pivotal member of the NUP93 subcomplex, NUP93 orchestrates the assembly of the CR/IR/NR through direct interactions with numerous NUPs. The presence of Nup93 at the cilium base has been reported (Kee et al., 2012). Engineered Nup93 versions, aimed at assessing interactions with transiting ciliary proteins, exhibited engagement at the cilium’s base and tip with cytosolic proteins, yet failed to interact with axoneme-associated motor KIF17 or transmembrane protein SSTR3. This localisation pattern indicates that Nup93 occupies a central niche in the inner–outer axis of the ciliary gating zone (Takao et al., 2017). Similar to NUP205 and NUP188, Nup93 depletion leads to cilia loss in the LRO, precipitating aberrant cardiac LR patterning in Xenopus (Del Viso et al., 2016). In nup93 morphants, pitx2c expression and classical LR signalling markers, such as COCO (also known as DAND5 or CERL2), exhibited notably abnormal patterns compared with control embryos (Del Viso et al., 2016). Pitx2, a homeodomain transcription factor, is important in regulating LR asymmetry of the internal organs. COCO is a Nodal antagonist involved in the establishment of the LR body asymmetry (Del Viso et al., 2016). Although these outcomes strongly support the functional involvement of NUP93 in cilia, no direct evidence yet substantiates the connection between NUP93 variations and human ciliopathies. Bi-allelic NUP93 gene missense mutations have been identified in families with SRNS and congenital ataxia (Braun et al., 2016). These mutations decrease NUP205 levels in the NPC, disrupt NPC assembly and impair interaction with SMAD4 protein (a TGF-β signalling transcription factor) (Braun et al., 2016). However, the key cilia-related parameters, such as beating frequency and ultrastructure, in individuals bearing NUP93 mutations have not been investigated, despite nephrotic syndrome commonly being associated with ciliopathies.
Roles of NUP62 and NUP98 in cilia
The NUP62 complex comprises NUP62, NUP54 and NUP58, categorized as FG-NUPs (Beck and Hurt, 2017). Positioned at the central channel of the NPC, FG-NUPs establish a selective nucleocytoplasmic barrier alongside scaffold NUPs (Beck and Hurt, 2017; Huang et al., 2022b). NUP62–EGFP constructs indicate the presence of NUP62 at the cilium, as confirmed by specific antibody detection at the ciliary base of epithelial cells (Kee et al., 2012). Within the ciliary gating zone, certain NUPs, as well as NPHP and MKS proteins, serve as essential components, orchestrating specialised gating mechanisms to regulate protein transit between the cilium and cytoplasm (Takao et al., 2014; Takao et al., 2017). The involvement of the channel nucleoporin Nup62 in facilitating ciliary entry of the cytosolic kinesin-2 motor KIF17, which directly engages with doublet microtubules of the axoneme, has been reported (Takao et al., 2017). This interaction leads to KIF17 relocating Nup62 to the cilium tip, spatially positioning Nup62 within the inner region of the ciliary gating zone (Takao et al., 2017). Notably, forced NUP62 dimerisation disrupts ciliary entry of most cytosolic proteins, whereas membrane protein gating remains unaffected (Takao et al., 2014). The dynamic nature of Nup62 within the ciliary gating zone, as established through FRAP assays, mirrors its behaviour in the NPC, indicating the structural and compositional adaptability of both nuclear and ciliary barriers (Sakiyama et al., 2016; Takao et al., 2017).
Nup98 is distinguished by its multiple FG sequences. Localization of Nup98 at the ciliary base has been reported, where it participates in regulating cilia length (Endicott and Brueckner, 2018). Employing a fluorescence-based diffusion trap system, it was demonstrated that Nup98 curbs the diffusion of soluble molecules exceeding 70 kDa into the cilium in cultured mammalian cells, signifying its role in restricting the influx of soluble macromolecules (Endicott and Brueckner, 2018). Although Nup98 knockdown does not disrupt the overall architecture of the NPC or the transition zone, it accelerates the diffusion rate of molecules exceeding 100 kDa into the cilium, consequently leading to reduced cilia length, which becomes more responsive to alterations in cytoplasmic soluble tubulin levels (Endicott and Brueckner, 2018).
Despite an accumulation of evidence highlighting the roles of NUP62 and NUP98 in cilia, there are as yet no direct indications from human diseases or model organisms to establish a clear link between NUP62/98 and ciliopathies. Depleting representative components of the central transport channel (Nup62) has no discernible effect on cardiac looping in Xenopus (Marquez et al., 2021). Although mutations in NUP62 and NUP98 have been identified in patients with autosomal recessive infantile bilateral striatal necrosis and Rothmund–Thomson-like spectrum (olombo et al., 2023; Basel-Vanagaite et al., 2006), evidence of a cilia-related connection to these diseases has not been reported.
Potential roles of other NUPs in cilia
Apart from the aforementioned NUPs, NUP35 (an IR NUP), NUP37 and NUP133 (both outer ring NUPs) also exhibit localisation at the ciliary base (Kee et al., 2012). The presence of Nup85 is essential for the localisation of Nup98 at the ciliary base and for regulating cilia length (Endicott and Brueckner, 2018). Mutations in NUP107, NUP85, NUP133 and NUP160, encoding components of the outer ring subunits of the NPC, have been associated with SRNS, akin to Galloway–Mowat syndrome (Miyake et al., 2015; Rosti et al., 2017; Braun et al., 2018). However, despite nephrotic syndrome being a prevalent type of ciliopathy, the fundamental cilia-related parameters in affected patients remain unexamined.
Interaction of NUPs with NEKs in cilia
Among primary cilia-related signalling pathways, NIMA-related kinases (Nek1–Nek11), a family of serine–threonine kinases, are implicated in diverse cellular processes (Fry et al., 2012). Although the precise roles of mammalian Nek proteins remain largely unclear, their frequent association with cilia is conspicuous. Nek1, Nek3 and Nek8 have been linked to primary cilium formation (Shalom et al., 2008; Manning et al., 2013; Chen et al., 2019). Rare genomic copy number variations in NEK2 have been identified in patients with Htx (Fakhro et al., 2011). Notably, Nek2 functions as a pivotal switch governing cilia biogenesis, crucial for normal LR patterning (Endicott et al., 2015). Loss of Nek8 in homozygous null mice results in randomised LR asymmetry (Otto et al., 2008). Remarkably, our previous research underscores the potential involvement of protein interactions between NUP205 and NEKs in disease onset and progression (Chen et al., 2019; Zhang et al., 2020). Other studies have revealed the significance of the Nek2–Nup98 interaction in regulating cilium resorption (Endicott et al., 2015). Mechanistically, the phosphorylation of NUP98 by various kinases, mainly NEK2/6/7, is crucial for NPC disassembly upon mitotic entry (Laurell et al., 2011) (Figure 1). Nup53’s phosphorylation diminishes its interaction with partner NUPs (Linder et al., 2017). Initiation of NPC disassembly can be mimicked by a blend of mitotic kinases, including NIMA, suggesting that phosphorylation-triggered nucleoporin dissociation is a key concept underpinning mitotic nuclear envelope permeabilisation (Linder et al., 2017). The activity of Nup205 is regulated through self-phosphorylation under normal physiological circumstances (Lu et al., 2014). Given the numerous potential phosphorylation sites on Nup205, its dynamics may be modulated by signalling- or cell cycle-dependent kinases, possibly including NEKs. Previously, we found that NUP205 (p.Thr1044Met) influences its own protein stability (Chen et al., 2019), prompting a deeper exploration into possible Nup205 phosphorylation and its implications for the regulation of cilia-related functions (Figure 1). Besides NEKs, NPHP proteins interact with NUPs at the base of primary cilia (Blasius et al., 2019). Disruption of NPHP genes impairs the anchoring of transition zone structures to the ciliary membrane and results in abnormal ciliary protein composition (Williams et al., 2011; Kee et al., 2012). Interaction analyses have revealed that Nup62 and the C-termini of NPHP4 and NPHP5 interact with the axoneme-associated kinesin-2 motor KIF17, while the N-termini of NPHP4 and NPHP5 interact with the transmembrane protein SSTR3 (Takao et al., 2017). Therefore, elucidating the potential effects of these interactions on protein activities that contribute to disease aetiology could be a promising strategy for achieving a deeper mechanistic understanding.
DISCUSSION
In this mini-review, we have summarised the latest research progress on the non-classical functions of NUPs that extend beyond their role in NPC assembly. In comparison to NUPs constituting other vital NPC components, such as the Y-complex, nuclear basket, cytoplasm and central channel, the key components of the IR, including Nup205, Nup188 and Nup93, have been extensively investigated in relation to cilia. Their subcellular localisation, contributions to ciliogenesis in model organisms and genetic evidence from population studies have provided insights into their involvement. Although direct evidence is lacking, certain components of the outer rings of the NPC, including NUP133 and NUP37, have been implicated in ciliary processes. However, not all NUPs localise to the ciliary base, e.g., NUP153 and NUP210. Thus, generating a high-resolution architecture of the cilium base in humans could effectively address debates surrounding the CPC model and provide insights into the specificity of NUPs in ciliary function.
Although ciliopathies can impact various organ systems, NUP-related diseases seem to preferentially affect cardiology and renal systems (Miyake et al., 2015; Braun et al., 2016; Braun et al., 2018; Chen et al., 2019; Burdine et al., 2020). Unlike many recessive loss-of-function mutations identified in classical cilia-related genes, e.g., DNAH and NKE family members, most pathogenic NUP mutations (excluding NUP188) in patients with SRNS or CHD are missense mutations (Miyake et al., 2015; Braun et al., 2016; Braun et al., 2018; Chen et al., 2019; Muir et al., 2020; Chen et al., 2022b). Nevertheless, five out of six affected individuals carrying NUP188 mutations died within their first year of life due to respiratory failure (Muir et al., 2020). This may be attributed to the crucial roles that most NUPs play in maintaining fundamental life activities, making them susceptible to loss-of-function mutations. We generated a Nup205 knockout mouse model and found that blocking Nup205 function resulted in severe developmental defects. Through external fertilisation, all homozygous Nup205 KO embryos arrested at the blastocyst stage, providing insight into why patient-identified NUP205 mutations are primarily missense (Braun et al., 2016; Chen et al., 2019). This observation is corroborated by loss intolerance probability (pLI) scores in the GnomAD database (Karczewski et al., 2020), where pLI signifies the probability of a gene belonging to the haploinsufficient class, with pLI >0.9 indicating extreme loss-of-function intolerance. NUP205 and NUP188 both exhibit haploinsufficiency with pLI scores of 1.00 and 0.95, respectively, whereas NUP93, NUP133 and NUP107 are fully tolerant to loss-of-function variants with pLI scores of 0. This finding indicates that NUP205 and NUP188 possess more pivotal biological functions from an evolutionary perspective compared with other NUPs.
Ultimately, the identification and characterisation of NUPs at the ciliary base will provide novel insights into the precise mechanisms underlying cardiac and renal pathologies. Establishing the causal relationship between NUP variants and cilia-related disorders represents a crucial step toward developing advanced therapeutic strategies that enhance patient longevity and quality of life. In summary, this mini-review reinforces not only the role of NUPs in the context of cilia but also the importance of these functions in human diseases.
AUTHOR CONTRIBUTIONS
YC: Writing–original draft. YZ: Writing–review and editing. XZ: Funding acquisition, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The authors declare financial support was received for the research, authorship, and/or publication of this article. We acknowledge support from the National Natural Science Foundation of China (82171845, 81870285), National Key Research and Development Project (2018YFA0801300), and Shanghai Rising-Star Program (18QA1403500).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Amlacher, S., Sarges, P., Flemming, D., van Noort, V., Kunze, R., Devos, D. P., et al. (2011). Insight into structure and assembly of the nuclear pore complex by utilizing the genome of a eukaryotic thermophile. Cell 146 (2), 277–289. doi:10.1016/j.cell.2011.06.039
 Basel-Vanagaite, L., Muncher, L., Straussberg, R., Pasmanik-Chor, M., Yahav, M., Rainshtein, L., et al. (2006). Mutated nup62 causes autosomal recessive infantile bilateral striatal necrosis. Ann. Neurol. 60 (2), 214–222. doi:10.1002/ana.20902
 Beck, M., and Hurt, E. (2017). The nuclear pore complex: understanding its function through structural insight. Nat. Rev. Mol. Cell Biol. 18 (2), 73–89. doi:10.1038/nrm.2016.147
 Berbari, N. F., O'Connor, A. K., Haycraft, C. J., and Yoder, B. K. (2009). The primary cilium as a complex signaling center. Curr. Biol. 19 (13), R526–R535. doi:10.1016/j.cub.2009.05.025
 Bisgrove, B. W., and Yost, H. J. (2006). The roles of cilia in developmental disorders and disease. Development 133 (21), 4131–4143. doi:10.1242/dev.02595
 Blasius, T. L., Takao, D., and Verhey, K. J. (2019). NPHP proteins are binding partners of nucleoporins at the base of the primary cilium. PLoS One 14 (9), e0222924. Published 2019 Sep 25. doi:10.1371/journal.pone.0222924
 Blum, M., Schweickert, A., Vick, P., Wright, C. V., and Danilchik, M. V. (2014). Symmetry breakage in the vertebrate embryo: when does it happen and how does it work?Dev. Biol. 393 (1), 109–123. doi:10.1016/j.ydbio.2014.06.014
 Boskovski, M. T., Yuan, S., Pedersen, N. B., Goth, C. K., Makova, S., Clausen, H., et al. (2013). The heterotaxy gene GALNT11 glycosylates Notch to orchestrate cilia type and laterality. Nature 504 (7480), 456–459. doi:10.1038/nature12723
 Braun, D. A., Lovric, S., Schapiro, D., Schneider, R., Marquez, J., Asif, M., et al. (2018). Mutations in multiple components of the nuclear pore complex cause nephrotic syndrome. J. Clin. Invest. 128 (10), 4313–4328. doi:10.1172/JCI98688
 Braun, D. A., Sadowski, C. E., Kohl, S., Lovric, S., Astrinidis, S. A., Pabst, W. L., et al. (2016). Mutations in nuclear pore genes NUP93, NUP205 and XPO5 cause steroid-resistant nephrotic syndrome. Nat. Genet. 48 (4), 457–465. doi:10.1038/ng.3512
 Breslow, D. K., Koslover, E. F., Seydel, F., Spakowitz, A. J., and Nachury, M. V. (2013). An in vitro assay for entry into cilia reveals unique properties of the soluble diffusion barrier. J. Cell Biol. 203 (1), 129–147. doi:10.1083/jcb.201212024
 Burdine, R. D., Preston, C. C., Leonard, R. J., Bradley, T. A., and Faustino, R. S. (2020). Nucleoporins in cardiovascular disease. J. Mol. Cell Cardiol. 141, 43–52. doi:10.1016/j.yjmcc.2020.02.010
 Cardenas-Rodriguez, M., and Badano, J. L. (2009). Ciliary biology: understanding the cellular and genetic basis of human ciliopathies. Am. J. Med. Genet. C Semin. Med. Genet. 151C (4), 263–280. doi:10.1002/ajmg.c.30227
 Chen, W., Wang, F., Zeng, W., Zhang, X., Shen, L., Zhang, Y., et al. (2022a). Biallelic mutations of TTC12 and TTC21B were identified in Chinese patients with multisystem ciliopathy syndromes. Hum. Genomics 16 (1), 48. doi:10.1186/s40246-022-00421-z
 Chen, W., Zhang, Y., Shen, L., Zhu, J., Cai, K., Lu, Z., et al. (2022b). Biallelic DNAH9 mutations are identified in Chinese patients with defective left-right patterning and cilia-related complex congenital heart disease. Hum. Genet. 141 (8), 1339–1353. doi:10.1007/s00439-021-02426-5
 Chen, W., Zhang, Y., Yang, S., Shi, Z., Zeng, W., Lu, Z., et al. (2019). Bi-allelic mutations in NUP205 and NUP210 are associated with abnormal cardiac left-right patterning. Circ. Genom Precis. Med. 12 (7), e002492. doi:10.1161/CIRCGEN.119.002492
 Del Viso, F., Huang, F., Myers, J., Chalfant, M., Zhang, Y., Reza, N., et al. (2016). Congenital heart disease genetics uncovers context-dependent organization and function of nucleoporins at cilia. Dev. Cell 38 (5), 478–492. doi:10.1016/j.devcel.2016.08.002
 Diener, D. R., Lupetti, P., and Rosenbaum, J. L. (2015). Proteomic analysis of isolated ciliary transition zones reveals the presence of ESCRT proteins. Curr. Biol. 25 (3), 379–384. doi:10.1016/j.cub.2014.11.066
 Endicott, S. J., Basu, B., Khokha, M., and Brueckner, M. (2015). The NIMA-like kinase Nek2 is a key switch balancing cilia biogenesis and resorption in the development of left-right asymmetry. Development 142 (23), 4068–4079. doi:10.1242/dev.126953
 Endicott, S. J., and Brueckner, M. (2018). NUP98 sets the size-exclusion diffusion limit through the ciliary base. Curr. Biol. 28 (10), 1643–1650. doi:10.1016/j.cub.2018.04.014
 Fakhro, K. A., Choi, M., Ware, S. M., Belmont, J. W., Towbin, J. A., Lifton, R. P., et al. (2011). Rare copy number variations in congenital heart disease patients identify unique genes in left-right patterning. Proc. Natl. Acad. Sci. U. S. A. 108 (7), 2915–2920. doi:10.1073/pnas.1019645108
 Fernandez-Martinez, J., and Rout, M. P. (2021). One ring to rule them all? Structural and functional diversity in the nuclear pore complex. Trends Biochem. Sci. 46 (7), 595–607. doi:10.1016/j.tibs.2021.01.003
 Fry, A. M., O'Regan, L., Sabir, S. R., and Bayliss, R. (2012). Cell cycle regulation by the NEK family of protein kinases. J. Cell Sci. 125 (19), 4423–4433. doi:10.1242/jcs.111195
 Huang, G., Zhan, X., Zeng, C., Liang, K., Zhu, X., Zhao, Y., et al. (2022b). Cryo-EM structure of the inner ring from the Xenopus laevis nuclear pore complex. Cell Res. 32 (5), 451–460. doi:10.1038/s41422-022-00633-x
 Huang, G., Zhan, X., Zeng, C., Zhu, X., Liang, K., Zhao, Y., et al. (2022a). Cryo-EM structure of the nuclear ring from Xenopus laevis nuclear pore complex. Cell Res. 32 (4), 349–358. doi:10.1038/s41422-021-00610-w
 Itoh, G., Sugino, S., Ikeda, M., Mizuguchi, M., Kanno, S. i., Amin, M. A., et al. (2013). Nucleoporin Nup188 is required for chromosome alignment in mitosis. Cancer Sci. 104 (7), 871–879. doi:10.1111/cas.12159
 Karczewski, K. J., Francioli, L. C., Tiao, G., Cummings, B. B., Alföldi, J., Wang, Q., et al. (2020). The mutational constraint spectrum quantified from variation in 141,456 humans. Nature 581 (7809), 434–443. Epub. doi:10.1038/s41586-020-2308-7
 Kee, H. L., Dishinger, J. F., Blasius, T. L., Liu, C. J., Margolis, B., and Verhey, K. J. (2012). A size-exclusion permeability barrier and nucleoporins characterize a ciliary pore complex that regulates transport into cilia. Nat. Cell Biol. 14 (4), 431–437. Published 2012 Mar 4. doi:10.1038/ncb2450
 Kee, H. L., and Verhey, K. J. (2013). Molecular connections between nuclear and ciliary import processes. Cilia 2 (1), 11. Published 2013 Aug 28. doi:10.1186/2046-2530-2-11
 Koefoed, K., Veland, I. R., Pedersen, L. B., Larsen, L. A., and Christensen, S. T. (2014). Cilia and coordination of signaling networks during heart development. Organogenesis 10 (1), 108–125. doi:10.4161/org.27483
 Laurell, E., Beck, K., Krupina, K., Theerthagiri, G., Bodenmiller, B., Horvath, P., et al. (2011). Phosphorylation of Nup98 by multiple kinases is crucial for NPC disassembly during mitotic entry. Cell 144 (4), 539–550. doi:10.1016/j.cell.2011.01.012
 Lin, D. H., Stuwe, T., Schilbach, S., Rundlet, E. J., Perriches, T., Mobbs, G., et al. (2016). Architecture of the symmetric core of the nuclear pore. Science 352 (6283), aaf1015. doi:10.1126/science.aaf1015
 Linder, M. I., Köhler, M., Boersema, P., Weberruss, M., Wandke, C., Marino, J., et al. (2017). Mitotic disassembly of nuclear pore complexes involves CDK1- and PLK1-mediated phosphorylation of key interconnecting nucleoporins. Dev. Cell 43 (2), 141–156. doi:10.1016/j.devcel.2017.08.020
 Lu, Y., Kucharski, T. J., Gamache, I., Blanchette, P., Branton, P. E., and Teodoro, J. G. (2014). Interaction of adenovirus type 5 E4orf4 with the nuclear pore subunit Nup205 is required for proper viral gene expression. J. Virol. 88 (22), 13249–13259. doi:10.1128/JVI.00933-14
 Manning, D. K., Sergeev, M., van Heesbeen, R. G., Wong, M. D., Oh, J. H., Liu, Y., et al. (2013). Loss of the ciliary kinase Nek8 causes left-right asymmetry defects. J. Am. Soc. Nephrol. 24 (1), 100–112. doi:10.1681/ASN.2012050490
 Marquez, J., Bhattacharya, D., Lusk, C. P., and Khokha, M. K. (2021). Nucleoporin NUP205 plays a critical role in cilia and congenital disease. Dev. Biol. 469, 46–53. doi:10.1016/j.ydbio.2020.10.001
 Miyake, N., Tsukaguchi, H., Koshimizu, E., Shono, A., Matsunaga, S., Shiina, M., et al. (2015). Biallelic mutations in nuclear pore complex subunit NUP107 cause early-childhood-onset steroid-resistant nephrotic syndrome. Am. J. Hum. Genet. 97 (4), 555–566. doi:10.1016/j.ajhg.2015.08.013
 Mossaid, I., and Fahrenkrog, B. (2015). Complex commingling: nucleoporins and the spindle assembly checkpoint. Cells 4 (4), 706–725. Published 2015 Nov 3. doi:10.3390/cells4040706
 Muir, A. M., Cohen, J. L., Sheppard, S. E., Guttipatti, P., Lo, T. Y., Weed, N., et al. (2020). Bi-Allelic loss-of-function variants in NUP188 cause a recognizable syndrome characterized by neurologic, ocular, and cardiac abnormalities. Am. J. Hum. Genet. 106 (5), 623–631. doi:10.1016/j.ajhg.2020.03.009
 olombo, E. A., Valiante, M., Uggeri, M., Orro, A., Majore, S., Grammatico, P., et al. (2023). Germline NUP98 variants in two siblings with a rothmund-thomson-like spectrum: protein functional changes predicted by molecular modeling. Int. J. Mol. Sci. 24 (4), 4028. doi:10.3390/ijms24044028
 Otto, E. A., Trapp, M. L., Schultheiss, U. T., Helou, J., Quarmby, L. M., and Hildebrandt, F. (2008). NEK8 mutations affect ciliary and centrosomal localization and may cause nephronophthisis. J. Am. Soc. Nephrol. 19 (3), 587–592. doi:10.1681/ASN.2007040490
 Reiter, J. F., Blacque, O. E., and Leroux, M. R. (2012). The base of the cilium: roles for transition fibres and the transition zone in ciliary formation, maintenance and compartmentalization. EMBO Rep. 13 (7), 608–618. Published 2012 Jun 29. doi:10.1038/embor.2012.73
 Rosti, R. O., Sotak, B. N., Bielas, S. L., Bhat, G., Silhavy, J. L., Aslanger, A. D., et al. (2017). Homozygous mutation in NUP107 leads to microcephaly with steroid-resistant nephrotic condition similar to Galloway-Mowat syndrome. J. Med. Genet. 54 (6), 399–403. doi:10.1136/jmedgenet-2016-104237
 Sakiyama, Y., Mazur, A., Kapinos, L. E., and Lim, R. Y. (2016). Spatiotemporal dynamics of the nuclear pore complex transport barrier resolved by high-speed atomic force microscopy. Nat. Nanotechnol. 11 (8), 719–723. doi:10.1038/nnano.2016.62
 Shalom, O., Shalva, N., Altschuler, Y., and Motro, B. (2008). The mammalian Nek1 kinase is involved in primary cilium formation. FEBS Lett. 582 (10), 1465–1470. doi:10.1016/j.febslet.2008.03.036
 Shiraishi, I., and Ichikawa, H. (2012). Human heterotaxy syndrome – from molecular genetics to clinical features, management, and prognosis. Circ. J. 76 (9), 2066–2075. doi:10.1253/circj.cj-12-0957
 Stuwe, T., Bley, C. J., Thierbach, K., Petrovic, S., Schilbach, S., Mayo, D. J., et al. (2015). Architecture of the fungal nuclear pore inner ring complex. Science 350 (6256), 56–64. doi:10.1126/science.aac9176
 Takao, D., Dishinger, J. F., Kee, H. L., Pinskey, J. M., Allen, B. L., and Verhey, K. J. (2014). An assay for clogging the ciliary pore complex distinguishes mechanisms of cytosolic and membrane protein entry. Curr. Biol. 24 (19), 2288–2294. doi:10.1016/j.cub.2014.08.012
 Takao, D., Wang, L., Boss, A., and Verhey, K. J. (2017). Protein interaction analysis provides a map of the spatial and temporal organization of the ciliary gating zone. Curr. Biol. 27 (15), 2296–2306. doi:10.1016/j.cub.2017.06.044
 Verhey, K. J., and Yang, W. (2016). Permeability barriers for generating a unique ciliary protein and lipid composition. Curr. Opin. Cell Biol. 41, 109–116. doi:10.1016/j.ceb.2016.05.004
 Vishnoi, N., Dhanasekeran, K., Chalfant, M., Surovstev, I., Khokha, M. K., and Lusk, C. P. (2020). Differential turnover of Nup188 controls its levels at centrosomes and role in centriole duplication. J. Cell Biol. 219 (3), e201906031. doi:10.1083/jcb.201906031
 von Appen, A., and Beck, M. (2016). Structure determination of the nuclear pore complex with three-dimensional cryo electron microscopy. J. Mol. Biol. 428 (10), 2001–2010. doi:10.1016/j.jmb.2016.01.004
 Williams, C. L., Li, C., Kida, K., Inglis, P. N., Mohan, S., Semenec, L., et al. (2011). MKS and NPHP modules cooperate to establish basal body/transition zone membrane associations and ciliary gate function during ciliogenesis. J. Cell Biol. 192 (6), 1023–1041. doi:10.1083/jcb.201012116
 Yee, L. E., Garcia-Gonzalo, F. R., Bowie, R. V., Kennedy, J. K., Ashrafi, K., Blacque, O. E., et al. (2015). Conserved genetic interactions between ciliopathy complexes cooperatively support ciliogenesis and ciliary signaling. PLoS Genet. 11 (11), e1005627. Published 2015 Nov 5. doi:10.1371/journal.pgen.1005627
 Zhang, Y., Chen, W., Zeng, W., Lu, Z., and Zhou, X. (2020). Biallelic loss of function NEK3 mutations deacetylate α-tubulin and downregulate NUP205 that predispose individuals to cilia-related abnormal cardiac left-right patterning. Cell Death Dis. 11 (11), 1005. Published 2020 Nov 23. doi:10.1038/s41419-020-03214-1
 Zimmerli, C. E., Allegretti, M., Rantos, V., Goetz, S. K., Obarska-Kosinska, A., Zagoriy, I., et al. (2021). Nuclear pores dilate and constrict in cellulo. Science 374 (6573), eabd9776. doi:10.1126/science.abd9776
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Chen, Zhang and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Non-classical functions of nuclear pore proteins in ciliopathy		Introduction

		Main text		Roles of NUPs in cilia function

		NUP mutations and ciliopathies

		NUP205 and ciliary function

		NUP188 and ciliary function

		Role of NUP93 in cilia

		Roles of NUP62 and NUP98 in cilia

		Potential roles of other NUPs in cilia

		Interaction of NUPs with NEKs in cilia





		Discussion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-10-1278976-g001.gif





OPS/images/fmolb-10-1278976-t001.jpg
NUP205

NUP188

NUP93,

NUP35

IR

R

IR

IR

Localization in cilium

Base Marquez et al. (2021)

Base Del Viso et al. (2016)

Base Kee et al. (2012); Del Viso et al.
(2016); Takao et al. (2017)

Base Kee et al. (2012)

Genetic evidence from human
diseases

Bi-allelic missense mutations (Thr1044Met and
Prol610Arg) in situs inversus Chen et al. (2019)

Homozygous missense mutation (Phel995Ser) in
SRNS Braun et al. (2016)

Rare copy number variations (gain of copy) in Htx
Fakhro et al. (2011)

Bi-allelic LoF variants in patients with neurologic,
ocular, and cardiac abnormalities Muir et al.
(2020)

Homozygous missense mutations (Glys91Val and
Tyr629Cys) in SRNS Braun et al. (2016)

Cilia-related phenotypes after knockdown

Defects in LR asymmetry and heart-looping formation in
zebrafish Chen et al. (2019); Reduced cilia length in human

© RPE cells Chen et al. (2019); Abnormal LR patterning and

Dysfunctional pronephric development in Xenopus Marquez
etal. (2021; Loss of cilia number in the LRO, epidermis, and
pronephros in Xenopus Marquez et al. (2021)

Abnormal LR cardiac morphologies in Xenopus Del Viso
etal. (2016); Loss of cilia in mammalian cell lines and the
LRO of Xenopus Del Viso et al. (2016)

Reductions in both cilia density and length in Xenopus Del
Viso et al. (2016); The loss of cilia in mammalian cell lines
and the LRO of Xenopus Del Viso et al. (2016); Significantly
altered cardiac looping in Xenopus Del Viso et al. (2016)










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





