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Abstract 

RANBP2/Nup358 (Ran Binding Protein 2) is a nucleoporin and a key component of the nuclear pore 
complex. Through its mul�ple func�ons (e.g. SUMOyla�on, regula�on of nucleocytoplasmic transport) 
and subcellular localiza�ons (e.g. at the nuclear envelope, kinetochores, annulate lamellae), it is 
involved in many cellular processes. RANBP2 dysregula�on or muta�on leads to the development of 
human pathologies, such as Acute Necro�zing Encephalopathy 1 (ANE1), cancer, neurodegenera�ve 
diseases and it is also involved in viral infec�ons. The chromosomal region containing the RANBP2 gene 
is highly dynamic, with high structural varia�on and recombina�on events that led to the appearance 
of a gene family called RGPD (RANBP2 and GCC2 Protein Domains), with mul�ple gene loss/duplica�on 
events during ape evolu�on. Although RGPD homoplasy and maintenance during evolu�on suggest 
they might confer an advantage to their hosts, their func�ons are s�ll unknown and understudied. In 
this review, we discuss the appearance and importance of RANBP2 in metazoans and its func�on-
related pathologies, caused by an altera�on of its expression levels (through promotor ac�vity, post-
transcrip�onal or post-transla�onal modifica�ons), its localiza�on or gene�c muta�ons. 
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Abbrevia�ons 
 
AGO: Argonaute  
AI: Ar�ficial intelligence 
AL : annulate lamellae 
ANE1/ANE: Acute Necro�zing Encephalopathy 
BBB: Blood-brain barrier 
CCDC138: Coiled-Coil Domain Containing 138 
CNS: central nervous system 
COX11: Cytochrome C oxydase 
CRM1: Chromosomal Maintenance 1 
CSF: Cerebro-spinal fluid 
EM: electron microscopy 
FG-repeats: Phenylalanine-Glycine repeats 
GCC2: GRIP and coiled-coil domain containing 2 
HIV-1: Human Immunodeficiency virus type 1 
HK1: Hexokinase 1 
HP1: Heterochroma�n protein 1 
HSV-1: Herpes-simplex virus 1 
IAV: Influenza virus type A 
INCENP: Inner centromere protein 
KBD: Kinesin-binding domain 
LIMS1: LIM zinc finger domain containing 1 
mRNA: messenger RNA 
miRNA: micro-RNA 
mRNP: messenger ribonucleoprotein 
NPHP1: Nephronophthisis 1 
NES: Nuclear export signal 
NLS: Nuclear localiza�on signal 
NPC: Nuclear pore complex 
NTD: N-terminal domain 
NTR: nuclear transport receptor 
Nup: Nucleoporin 
NXF1: Nuclear RNA export factor 1 
OE: Oligomeriza�on element 
P-bodies: Processing-bodies 
RANBP2: Ran Binding protein 2 
RANBP2NTD: RANBP2 N-terminal domain 
RanGEF: Ran guanine nucleo�de exchange factor 
RanGAP: RanGTPase ac�va�ng protein 
RanGTP: Guanosine triphosphate Ran 
RBD: Ran binding domain 
RGPD: RANBP2 and GCC2 Protein Domains 
RNP: Ribonucleoprotein 
SARS-CoV-2: Severe Acute Respiratory Syndrome-Coronavirus 2 
SSCR: Signal sequence coding region 
TPR: Tetratricopep�de  
TREX: Transcrip�on-export complex 
UsnRNA: U small nuclear RNA 
ZF: Zinc-finger 
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In eukaryo�c cells, nuclear pore complexes (NPCs) are transport channels embedded in the nuclear 
envelope that regulate the selec�ve transport of molecules between the nucleus and the cytoplasm. 
These giant macromolecular structures – ranging from ~60 MDa in yeast and ~110 MDa in humans – 
are composed of approximately 30 different proteins called nucleoporins (Nups) present in mul�ple 
copies and arranged in an eight-fold symmetrical structure [1,2]. Nups serve as building blocks for NPCs 
and regulate nucleo-cytoplasmic trafficking of macromolecules. In par�cular, Nups containing 
unstructured phenylalanine-glycine (FG) repeats interact with nuclear transport receptors (NTRs; [3]) 
and form a barrier to passive diffusion of macromolecules [1,4,5].  

Nup358, also called RANBP2 (Ran Binding Protein 2), is an FG-containing Nup that is localized on the 
cytoplasmic face of NPCs. It is the largest Nup (358 kDa), the main cons�tuent of NPC cytoplasmic 
fibrils and appears to have mul�ple func�ons, some of which are s�ll debated. While the majority of 
Nups and the central structures of NPCs are highly conserved across eukaryotes [6,7], some have 
evolved specifically in metazoans or even vertebrates. RANBP2 is one such example since it is only 
found in metazoans.  

In this review, we examine the structure and reported func�ons of mammalian RANBP2 both as a 
component of NPCs and away from the nuclear envelope. We then discuss the evolu�on of RANBP2 in 
vertebrates and structural varia�ons of primate RANBP2 that gave rise to RGPD (RANBP2 and GCC2 
Protein Domains). Lastly, we consider how altera�ons in the func�ons or expression levels of RANBP2, 
or muta�ons in the gene RANBP2 can lead to human disease. Given the many cellular func�ons of 
RANBP2, including many that are unrelated to the regula�on of nucleo-cytoplasmic transport, RANBP2 
has been linked to a range of pathologies, such as Acute Necro�zing Encephalopathy 1 (ANE1), cancer, 
neurodegenera�ve diseases and viral infec�on.  

 

1. RANBP2, A KEY COMPONENT OF THE NUCLEAR PORE COMPLEX 

1.1. The nuclear pore complex structure, composi�on and localiza�on 

The first observa�ons of NPCs were performed by electron microscopy (EM) in the 1950s on nuclear 
membranes isolated from amphibian oocytes [8]. Further observa�ons revealed that pore complexes 
are cylindrical assemblies presen�ng with different architectures on the nuclear and cytoplasmic sides 
[9] and appear as octagonal structures in surface views [10]. Pores from different species appeared to 
have the same shape and approximately the same size, poin�ng to an evolu�onary conserved 
structural organiza�on. However, recent works revealed key structural differences between species [1] 
and considerable structural plas�city in the inner ring of the pore complexes, resul�ng in a range of 
transport channel diameters between constricted and dilated [11–13]. 

In humans, the NPC has an outer diameter of ~120 nm and an inner transport channel of ~40-60 nm. 
Its overall architecture is divided into three main components: a symmetric core, cytoplasmic filaments 
and a nuclear basket. The symmetric core, or central ring, surrounds the central transport channel and 
serves as a scaffold for the filaments and the basket, on the cytoplasmic and nuclear faces of the pore, 
respec�vely (please refer to [1] for an in-depth review). The spokes that radiate out of the symmetric 
core into the cytoplasm were first observed by transmission and scanning EM [14,15]. Each pore 
contains eight cytoplasmic fibrils of 35-50 nm in length and is composed of cytoplasmic Nups, the main 
component being RANBP2 [16–18]. In recent years, the structure of human NPCs has been extensively 
characterized and the crystal and cryogenic-EM structures of NPC domains and components have been 
resolved (reviewed in: [4,19–21]).  

The overall structure of the NPC is dynamic, par�cularly in prolifera�ng cells, where NPCs undergo 
mito�c disassembly, post-mito�c reassembly and interphase assembly [22,23]. Moreover, the 
structure of NPCs varies between cell types and �ssues and their composi�on and localiza�on can 
change in response to different cellular signals [24]. Nups may also be found at other subcellular 
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loca�ons other than the nuclear envelope, for instance in annulate lamellae, at stress granules and 
processing bodies (P-bodies) [25,26] (Figure 1).  

Annulate lamellae (AL) are a membrane-bound subcompartment of the endoplasmic re�culum (ER) 
that were first iden�fied in 1955 [27]. They appear as stacks of ER-derived membranes that contain 
Nups, or even fragments of NPCs, and are present in a variety of cell types. Since they are most 
abundant in rapidly dividing cells, AL are thought to play a role as storage units for NPC building blocks 
during post-mito�c assembly [25]. Addi�onally, AL are induced by viral infec�on and may be usurped 
by viruses for their replica�on or serve as viral factories [25,28,29]. Stress granules and P-bodies are 
RNA-containing biomolecular condensates that share some similari�es in terms of structure and 
composi�on and are both induced by cellular stress.  

1.2. RANBP2 structure and protein domains 

The human RANBP2 protein was iden�fied for the first �me in 1995 by two independent groups [16,17]. 
It is an unusually large protein, the largest Nup, composed of 3,224 amino acid residues with a 
predicted molecular weight of 358 kDa. It contains mul�ple domains, including an N-terminal domain 
(RANBP2NTD), four Ran binding domains (RBD), eight zinc finger (ZF) domains of the Cys2-Cys2 type, 
numerous FG and XFXFG repeats (9 and 13 respec�vely), a cyclophilin A homologous domain, and a 
recently iden�fied E3 SUMO1-ligase domain [30] (Figure 2). 

The RANBP2NTD is a ~900 residue α-helical region that has been biochemically and structurally 
characterized [18,31]. It contains a leucine-rich region of 700 amino acids necessary for nuclear 
envelope recruitment [32], and tetratricopep�de repeats (TPRs) and an oligomeriza�on element (OE) 
(residues 802-832) that mediate oligomeriza�on [18,31,33]. The four RBDs mediate binding to the 
small GTPase Ran, while the E3 domain allows RanGAP binding and SUMOyla�on [34]. The C-terminal 
domain of RANBP2 adopts a cyclophilin-like fold and has a weak prolyl-isomerase ac�vity [35] (Figure 
2). 

Advanced structure determina�on and ar�ficial intelligence (AI) modeling revealed that RANBP2 
proteins assemble as pentamers on each cytoplasmic filament, anchored in the Y complexes of the 
cytoplasmic ring [12,18,33,36,37]. Time lapse microscopy further revealed that while core NPC 
components assemble within one minute post-mitosis, the addi�on of the large RANBP2 proteins 
cons�tutes the last step of assembly a�er 1 hour or longer [23].  

 

2. RANBP2 FUNCTIONS 

RANBP2 has mul�ple and diverse func�ons, notably resul�ng from the combina�on of the intrinsic 
proper�es of the individual protein domains (e.g. SUMO modifica�on) and of the various subcellular 
localiza�ons of RANBP2 (e.g. NPCs, AL, kinetochores etc) (Figure 3).  

2.1. RANBP2 and protein import 

While metabolites and small molecules (< 40kDa) diffuse freely through the NPC, larger molecules need 
an ac�ve transport to enter the nucleus [38]. Their Nuclear Localiza�on Signal (NLS) sequences or 
folded domains are recognized by NTRs called karyopherins, and the cargo-NTR complex is then 
translocated across the NPC through sequen�al interac�ons with FG-repeats of different Nups and 
released in the nucleus [39]. Interac�ons between cargoes and NTRs are orchestrated by the nucleo�de 
state of Ran, which is regulated by the nuclear-localized Ran guanine nucleo�de exchange factor 
(RanGEF) and the cytoplasmic-localized RanGTPase ac�va�ng protein (RanGAP) [38].  

Although RANBP2 contains FG repeats, it has been suggested that it is not strictly necessary for nuclear 
import since occlusion or depletion of RANBP2 does not impede the import of small cargoes [40,41], 
and yeast cells do not encode RANBP2 homologs. However, its knockdown in human cells reduces the 
efficient transport of proteins by both the importin α/β and the transportin pathways [42–44]. 
Additionally, RANBP2 serves as a docking site for SUMOylated RanGAP, contains four binding sites for 
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the guanosine triphosphate Ran (RanGTP) and SUMOylates the GTPase Ran [16,34,45–47], suggesting 
that RANBP2 may facilitate nuclear import by increasing the recycling rate of import receptors and 
stimulating the hydrolysis of RanGTP by Ran. 

2.2. RANBP2 and mRNA export 

Messenger RNA (mRNA) molecules exit the nucleus in complex with mul�ple RNA-binding proteins and 
associated proteins. These mRNA protein complexes (mRNPs) dock at the nuclear basket, are exported 
through NPCs and released in the cytoplasm. The principal mRNP export factor is NXF1-NXT1, which, 
like karyopherins, interacts with FG-containing Nups but transports mRNPs in a RanGTP-independent 
manner [48,49]. The NXF1-NXT1 heterodimer operates with adaptor RNA binding proteins such as the 
transcrip�on-export complex (TREX) or SR proteins [49]. The protein export receptor CRM1 does not 
have a major role in mRNA export.  

RANBP2 may impact mRNA export in a number of ways. One study reported that knockdown of 
RANBP2 in HeLa cells causes the cytoplasmic accumula�on of phosphorylated SR proteins, which 
deregulated the alterna�ve splicing of pre-mRNAs [50]. This may be an indirect effect since knockdown 
of RANBP2 also caused the cytoplasmic accumula�on of the karyopherin TNPO3, which is required for 
the nuclear import of SR proteins [50]. Another study showed that RANBP2 provides a major binding 
site for NXF1-NXT1, preven�ng its dispersion in the cytoplasm a�er mRNP export, which presumably 
would op�mize it recycling back to the nucleus [51]. In Drosophila and mouse models, RANBP2 
deple�on results in an altered mRNA export from the nucleus [44,51]. However, in human cell lines 
(HeLa and U2OS), litle or no impact of RANBP2 deple�on was observed on mRNA export [18,42,52]. 
These differences could be due to species-specific differences in the NPC machinery between the 
different cell models used in each study. Alterna�vely, RANBP2 might play a regulatory role for some 
specific transcripts, for example by regula�ng the export of mRNAs by the eukaryo�c transla�on 
ini�a�on factor eIF4E [53]. 

2.3. RANBP2 and SUMOyla�on 

SUMO-1 is a small ubiqui�n-like protein that is covalently linked to lysine residues of target proteins 
through isopep�de bonds. SUMOyla�on of target proteins involves an enzyma�c cascade mediated by 
an E1 ac�va�ng enzyme, an E2 conjuga�ng enzyme (Ubc9) and an E3 protein ligase [54]. RANBP2 
contains a small E3 SUMO ligase domain that enables it to atach SUMO-1 pep�des on target proteins 
[30].  

RANBP2 is able to SUMOylate a variety of substrates in vitro, such as Sp100 or Mdm2 [30,55]. In 
mammalian cells, RANBP2 was also shown to SUMOylate the GTPase Ran [34], the mitosis-specific 
SUMO substrates Topoisomerase IIα and Borealin [56,57], Argonaute proteins [58], and the restric�on 
factor TRIM5α [59].  

The main effect of SUMOyla�on by RANBP2 is to impact the localiza�on of their target proteins. The 
localiza�on of RANBP2 or its SUMOyla�on substrates to microtubules or kinetochores is especially 
compelling [32,60]. RANBP2 also binds to microtubule motors and adaptors such as kinesin-1 or 
Bicaudal D2, sugges�ng it may par�cipate in the anterograde transport of cargoes or in the posi�oning 
of organelles such as mitochondria or the nucleus [61–65]. 

The variety of substrates targeted by RANBP2 likely accounts for the many cellular processes RANBP2 
has been linked with, such as nuclear transport, gene expression, chromosome segrega�on during 
mitosis, chroma�n regula�on or even an�viral ac�vity. The effect of RANBP2 on transla�onal 
repression is par�cularly intriguing. RANBP2 binds to [66,67] and SUMOylates AGO [58], enhancing 
miRNA-mediated silencing. RANBP2 also binds to another miRISC complex component, GW182 
[67,68]. While the SUMOyla�on of mRNP-associated AGO proteins increases their stability, RANBP2 
may also be involved in connec�ng the target mRNA with miRISC [67]. It is interes�ng to speculate that 
these events can occur in AL, since AL were seen to dynamically associate with mRNP granules, P-
bodies or stress granules [67], where mRNA silencing by miRNAs is believed to occur [69,70].  
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3. EVOLUTION OF RANBP2 

3.1. RANBP2 homologs in metazoan and evolu�on in vertebrates 

The human RANBP2 is encoded in the chromosome 2, by a long gene of more than 66,000 base pairs 
containing 29 exons (Figure 2). Although a total of 20 transcript variants are predicted, only four are 
confirmed and encode for protein isoforms of 3,224 to 3,251 aa – the predicted ones ranging from 875-
3,259 aa total. At present, very litle is known about these isoforms and whether they may account for 
the different subcellular localiza�ons and func�ons reported for RANBP2. 

In vertebrates, RANBP2 is conserved in a genomic locus flanked by GCC2 (GRIP and coiled-coil domain 
containing 2) and LIMS1 (LIM zinc finger domain containing 1) on one side, and CCDC138 (Coiled-Coil 
Domain Containing 138) on the other (Ensembl and NCBI). Orthologs of RANBP2 are found in most 
vertebrate species genome currently available. The encoded proteins have similar architecture, with 
highly conserved domains and residues through vertebrate evolu�on. Zebrafish and human RANBP2 
share 48% amino acid iden�ty. Outside of vertebrates, a very distant RANBP2/Nup358 homolog has 
been described in Drosophila [71] and it plays key func�onal roles in the nuclear pore complex. 
However, although there are some func�onal domains in common, the overall architecture is different, 
and human and Drosophila RANBP2 only share 27% amino acid iden�ty. The presence and the 
evolu�on of RANBP2 homologs in other non-vertebrate species remain largely to be characterized. 
Very diverse species, including plants, zebrafish and nematodes, encode for proteins with RanBP2-type 
ZFs that bind RNAs, but these proteins have dis�nct func�ons and evolu�onary history, and only have 
these ZF domains in common with human RANBP2 [72,73]. Determining the evolu�onary origin of 
RANBP2 is therefore an important objec�ve of future research to understand its ancient evolu�onary 
history and the acquisi�on of such fundamental cellular protein. 

3.2. Extreme structural varia�ons of primate RANBP2 during ape divergence, leading to the birth of 
RGPDs 

The region containing the RANBP2 gene on human chromosome 2 is extremely dynamic and a hotspot 
for recombina�on [74,75]. Evidence suggests that RANBP2 underwent recent duplica�on, in the last 
several million years of ape evolu�on, giving rise to a gene family called RGPD (RANBP2 and GCC2 
Protein Domains) [75,76]. 

RGPD genes arose from par�al duplica�on, fusion and genomic rearrangement of sequences derived 
from RANBP2 and GCC2. It is thought that the fusion of RANBP2 and GCC2, which involved the dele�ons 
of some RANBP2 exons (part of exons 20 and 21, and all of exons 22-29), generated a progenitor locus 
that then underwent further duplica�on and gene conversion events during ape divergence [76,77]. 

Although gene duplica�ons occur at high frequency in eukaryotes [78], the duplica�on of RANBP2 is 
rather striking in that it is an ape-specific intrachromosomal duplica�on of a gene that presently 
appears as a single copy in other sequenced metazoan genomes. 

Besides humans, only gibbons, orangutans, gorillas, bonobos and chimpanzees encode for RGPDs. 
There is no evidence of RGPD-like genes in any other primate or mammal [77]. Each ape species 
encodes for a different set of RGPD genes: one copy in gibbons, three in orangutans, four in gorillas, six 
in chimpanzees and seven in humans (i.e. RGPD1-8 without any RGPD7). Strikingly, a recent study 
revealed that the mul�ple copies of RGPD arose mostly independently in the five different ape lineages, 
which cons�tutes an extreme example of homoplasy [77]. Only RGPD2 in African great apes (gorillas, 
chimpanzees and humans) appears syntenic and orthologous. Human RGPD5, RGPD6 and RGPD8 are 
closely related and RGPD6 is a human-specific gene copy that has arisen from RGPD5 as the most recent 
duplica�on event (~5.2kya [77]). Remarkably, the high nucleo�de iden�ty between RGPD5 and RGPD6 
has led to predisposi�on of inversion and microdele�on between these two genes. Because the interval 
between these RGPDs encodes for the nephronophthisis (NPHP1) gene, these dele�on events are 
drama�cally associated with Joubert syndrome [77,79]. 
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3.3. Possible func�ons of RGPD 

Gene duplica�ons may be maintained during evolu�on if they are advantageous, for instance by 
bringing more favorable gene dosage, or an en�rely new gene func�on (i.e. neofunc�onaliza�on), or 
subfunc�onaliza�on of the copies. In the case of RGPDs, there is experimental evidence that all seven 
RGPDs are expressed in human cells [76]. However, we s�ll do not know their func�on and how they 
compare to RANBP2. RGPD proteins lack many RANBP2 domains, such as the whole ZF region, two 
RBDs, the E3 SUMO ligase and cyclophilin-homology domains. Moreover, since RGPD is a fusion of 
RANBP2 to the trans-Golgi component GCC2 [76], one might expect RGPD proteins to localize to the 
trans-Golgi and that this localiza�on might confer new gene func�ons to RGPDs compared with 
RANBP2.  

Other possible func�ons of RGPDs have been proposed. First, it was originally iden�fied as a testes-
specific Nup, named BS-63 and localizing to the cytoplasmic side of NPC, and as a binding partner for 
both Ran and Transpor�n-1 (karyopherin beta 2) [80], which might suggest that it plays a role in 
nucleocytoplasmic transport, or could point to the cross-reac�ng detec�on of RANBP2 in these 
experiments because of high homology between an�gens. In subsequent protein interac�on landscape 
studies, RGPD proteins were iden�fied as part of a mito�c complex including RANBP2 and RanGAP1 
among others [81], sugges�ng it might be involved in chroma�n segrega�on. Addi�onally, RGPDs may 
play an important role in the post-transla�onal modifica�on of proteins since it was iden�fied in an 
interac�on screen in associa�on with cytoplasmic deubiqui�na�ng enzymes USP14 and USP20 [82]. 

The genomic and gene�c diversifica�on of the RGPD gene family could also result from gene�c conflicts 
with pathogens resul�ng from past epidemics during ape evolu�on. Tes�ng the ape RGPDs against a 
wide range of viruses would be an exci�ng next step to determine if they have an�viral func�ons. 

 

4. HUMAN DISEASES LINKED TO RANBP2 

As RANBP2 plays a major role in many cell func�ons, its muta�on or dysregula�on is associated with 
the development of diseases. Molecular causes for disease development can either involve its 
expression levels (through promotor ac�vity, post-transcrip�onal or post-transla�onal modifica�ons), 
its localiza�on or gene�c muta�ons. 

4.1. Acute Necro�zing Encephalopathy (ANE) 

Muta�ons in RANBP2NTD are associated with a high suscep�bility to Acute Necro�zing Encephalopathy 
1 (ANE1, also known as ADANE and IIAE3) [83–85]. Episodes are frequently triggered by a febrile 
infec�on, typically by Influenza A Virus (IAV) and more recently Severe Acute Respiratory Syndrome-
Coronavirus 2 (SARS-CoV-2) [86,87]). In ANE1 pa�ents, high fever can lead to seizures and loss of 
consciousness, rapidly progressing into encephalopathy and coma. Brain imaging is characterized by 
mul�ple and symmetrical hemorrhagic lesions of the deep grey mater of the brain. While non-RANBP2 
ANE cases are predominant, these tend to be sporadic, non-recurrent, and occur at all ages. In contrast, 
pa�ents with autosomal dominant missense muta�ons in RANBP2NTD develop recurrent rapid-onset 
episodes with poorer prognosis almost exclusively in children, leading to severe cogni�ve impairment 
or death [83,88,89].  

Most ANE1 affected family members are obligate carriers of a c.1880C/T; pThr585Met muta�on in 
RANBP2. The T585 residue is highly conserved in all mammalian RANBP2 proteins and the T585M 
muta�on was never observed in control individuals [83]. Interes�ngly, however, although the T585M 
muta�on is not present in RANBP2 of healthy individuals, four of the seven human RGPDs carry the 
muta�on. Other de novo missense muta�ons have also been reported in ANE1 individuals, T653I, 
I656V, W681C [83,90]. Compellingly, all the reported ANE1-associated muta�ons are located in the 
same domain, the RANBP2NTD, highligh�ng a poten�ally cri�cal role of this region of RANBP2 in the 
pathology. While none of these muta�ons have been shown to affect the structure of the NTD, a 
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reduced thermosolubility of RANBP2 mutants was observed, poin�ng to a possible mechanis�c link to 
the fever-induced nature of the pathology [18]. 

Unlike encephali�s, ANE1 is not associated with the infiltra�on of peripheral immune cells, an�bodies 
or pathogens in the brain or cerebrospinal fluid (CSF) [83,91]. Therefore, central nervous system (CNS) 
injury is thought to be the result of an indirect ac�va�on of cells resident in the brain that perform key 
immunity, metabolic, or neuroprotec�ve tasks (e.g. microglia and astrocytes) [92]. Moreover, the 
incomplete penetrance of RANBP2 muta�ons suggests that they induce encephalopathy only in certain 
circumstances.  Although the mechanisms responsible for this ac�va�on are s�ll unknown, several 
hypotheses, related to the RANBP2 func�ons, have been suggested [93].  

4.1.1 Metabolic dysfunc�on 

It has been proposed that the CNS lesions observed in ANE1 are reminiscent of neuropathologic 
findings in mitochondrial disorders such as Leigh syndrome and Wernicke encephalopathy, sugges�ng 
the involvement of energy metabolism in the pathology [83,94]. Although no func�onal deficiencies 
could be detected in isolated mitochondria, it was noted that oxygen consump�on remained high in 
the absence of ADP, sugges�ng a loose coupling of oxida�ve phosphoryla�on that may favor severe 
uncoupling during fever [94]. Addi�onally, muscle biopsies from some pa�ents, but not others, showed 
evidence of mitochondrial stress [94,95].  

These clinical observa�ons are supported by mechanis�c studies linking RANBP2 to mitochondrial 
transport and func�on. First, RANBP2 determines mitochondrial posi�oning through its interac�on 
with KIF5B/C, and ectopic expression of the kinesin-binding domain of RANBP2 leads to the perinuclear 
clustering of mitochondria and a deficit in mitochondrial membrane poten�al in rodent cells [62]. 
Second, the RANBP2NTD associates with cytochrome C oxydase COX11 and hexokinase 1, thus indirectly 
regula�ng hexokinase 1 levels in brain [96]. Concordantly, mice haploinsufficient for RANBP2 present 
metabolic deficiencies such as hexokinase 1 insufficiency in the brain [96], and it is interes�ng to note 
that the predominant mutated version of RANBP2 (T585M) presents a reduced interac�on with COX11 
[97]. These observa�ons suggest that RANBP2 muta�ons could predispose to energy failure in the 
brain during fever or an inflammatory state, thereby causing ANE [97].  

A recent study reported elevated levels in the neuroinflammatory metabolites neopterin and 
quinolinic acid in several infec�on-triggered encephalopathy syndromes [92]. These findings are 
important because they are the first descrip�on of poten�al biomarkers for ANE1 and other 
encephalopathies. Moreover, since quinolinic acid is a neurotoxin, they illustrate how metabolites 
could cause CNS damage in ANE1. 

4.1.2 Excessive inflammatory response 

Clinically, hospitalized ANE1 pa�ents do not have obvious signs of massive and uncontrolled systemic 
release of interferon and pro-inflammatory cytokines that might be indica�ve of a cytokine storm [98]. 
However, some abnormal biomarkers have been reported, such as elevated inflammatory cytokines 
and pleocytosis of inflammatory cells in the CSF of ANE1 pa�ents, as well as elevated IL1-β and IL-6 
serum levels [91,99]. This suggests that the inflammatory response to infec�on might be responsible 
for the brain lesions. In accordance with this, several pro-inflammatory cytokines have been shown to 
destabilize the blood-brain barrier (BBB) permeability [85], as has been reported for instance following 
IL-6 overexpression in mice [100]. 

Several molecular mechanisms have been inves�gated to explain how mutated RANBP2 might 
exacerbate the inflammatory response. As RANBP2 is involved in mRNA export and transla�on, these 
func�ons could be impacted by ANE1 muta�ons and could explain the increase of pro-inflammatory 
cytokines in pa�ents. First, RANBP2 was shown to be necessary for the transla�on of mRNAs encoding 
secretory proteins using shRNA-based knockdown [52], although subsequent work using rapid auxin-
targeted degrada�on indicated this transla�onal defect is not limited to secretory proteins [18], 
sugges�ng a more general role for RANBP2 in the remodeling of mRNPs as they emerge from the 
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nuclear pore. Second, evidence suggests that RANBP2 contributes to the miRNA silencing of IL6 mRNA 
through interac�on with miRISC complex components and SUMOyla�on of AGO during mRNA export, 
leading to its stabiliza�on on the target mRNA [58]. Addi�onally, RANBP2 directly interacts with 
another miRISC complex component, GW182, and evidence suggests that the mutated form of 
RANBP2 (T585M) shows a reduced interac�on with GW182 [68]. Further work will be necessary to 
determine whether the effect of RANBP2 on mRNA stability is specific to some cytokines or has a more 
general effect. 

4.2. Cancer 

Through its E3 SUMO ligase func�on, RANBP2 is involved in controlling gene expression [101], 
chromosome decatena�on [56], cell cycle and cell prolifera�on [102]. Contradic�ng roles have been 
reported for RANBP2 in cancer, as both a tumor suppressor and an oncogenic role have been 
described. RANBP2 has been reported to be up-regulated in cervical cancer cells [103], and to promote 
cancer progression by regula�ng gene expression [104,105] and nucleo-cytoplasmic transloca�on 
[102]. Addi�onally, RANBP2 has a tumor-suppressor role by SUMOyla�ng proteins such as 
Topoisomerase IIα [56], PML-IV [106] and the transcrip�onal repressor Small Heterodimer Partner 
[101]. Improper SUMOyla�on can thus lead to oncogenesis, as it has been observed by Satow et al. 
who showed that ß-catenin sequesters PML-IV in cancer cells and inhibits its SUMOyla�on by RANBP2. 
This prevents the proper PML body assembly and results in oncogenesis [106]. 

Overall, RANBP2 plays a cri�cal role in various cellular processes and its dysfunc�on has been linked 
to oncogenesis, although the mechanis�c details seem to be complex. 

4.3. Neurodegenera�ve diseases 

Parkinson’s disease is a neurodegenera�ve disorder that affects neurons in the substan�a nigra area 
of the brain. Some familial cases of Parkinson’s disease present muta�ons in the parkin gene, which 
encodes an E3 ubiqui�n-ligase [107]. Parkin was reported to selec�vely bind to RANBP2 and 
ubiqui�nate it, leading to its degrada�on by the proteasome [108]. It has been suggested that RANBP2 
and parkin could share some mechanis�c similari�es that are cri�cal to the survival or func�on of 
dopaminergic neurons [109]. Among other loca�ons in the cell, RANBP2 and parkin can both localize 
at the mitochondria, where parkin has a neuroprotec�ve effect that has been linked to the regula�on 
of mitophagy [62,97,110]. 

Alzheimer’s disease is a progressive neurodegenera�ve disease impairing cogni�ve abili�es. Several 
studies have suggested that the nucleo-cytoplasmic transport pathway may be altered [111,112] and 
nuclear irregulari�es were observed in the neurons of Alzheimer’s pa�ents [113]. Nucleo-cytoplasmic 
transport impairment in Alzheimer’s pa�ents is puta�vely associated with the interac�on of the Tau 
protein with Nup98 and consequent mislocaliza�on of Nup98 [111,112,114,115]. In fact, dysfunc�onal 
nucleocytoplasmic trafficking appears to be a common feature of tauopathies [116]. Although RANBP2 
has not been directly linked to Alzheimer’s disease, one study reported a reduced expression of RAN 
in the brain of Alzheimer’s disease pa�ents, which could indirectly impact RANBP2 [116].  

4.4. Viral infec�ons 

Mul�ple studies have highlighted prominent roles for RANBP2 in virus infec�on [84]. First, viruses can 
differen�ally regulate the expression of RANBP2 or change its compartmentaliza�on to establish a 
favorable environment for their replica�on. For instance, RANBP2 is upregulated during Hepa��s C 
virus infec�on, both at the mRNA and protein levels [117]. Moreover, RANBP2 is targeted by Vaccinia 
virus to the viral factories, where it is thought to impact transla�on by recrui�ng Nup62 and the 
transla�on ini�a�on factor eIF4E [118]. RANBP2 is also involved in the biogenesis of AL in the 
cytoplasm [119], and these are thought to be beneficial to viral replica�on [25]. A re-localiza�on of 
RANBP2 to the cytoplasm has also been described for Human Immunodeficiency virus type 1 (HIV-1) 
[64]. Interes�ngly, the re-localiza�on of nuclear components to the cytoplasm can be a strategy 
employed by cytoplasmic viruses such as human rhinovirus, to exploit nuclear func�ons [120].  
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Second, RANBP2 can directly assist nuclear viruses to either enter or exit the nucleus, as reported for 
Adenovirus, Herpes Simplex Virus type 1 (HSV-1), and HIV-1. For Adenovirus, RANBP2 par�cipates in 
nuclear import of viral genomes in concert with transpor�n 1 [121]. For HSV-1, changes in the structure 
of the nuclear envelope and in post-transla�onal modifica�ons on RANBP2 have been observed [122–
125], which may favor viral exit. Addi�onally, the viral tegument protein VP1/2 interacts with RANBP2, 
thus favoring capsid atachment to the nuclear envelope [126]. For HIV-1, capsid docking at the NPC is 
also dependent on RANBP2 [127,128]. Evidence suggests that HIV-1 infec�on causes RANBP2 to 
relocate from the NPC towards cytosolic HIV-1 capsids by the kinesin motor KIF5B, that RANBP2 binds 
to capsids via its C-terminal domain and facilitates HIV-1 nuclear entry [35,64,127,129,130]. 
Addi�onally, RANBP2 has also been shown to facilitate the uncoa�ng of some viruses, which may 
contribute to improved nuclear targe�ng. For instance, RANBP2 binds to KIF5C during Adenovirus 
infec�on, indirectly linking the viral capsid to the molecular motor and this leads to the disassembly of 
the viral capsid and disrup�on of the NPCs [131]. 

Third, RANBP2 can also par�cipate in cellular counter defense mechanisms to inhibit virus replica�on. 
For instance, viruses have been shown to disrupt stress granule assembly to facilitate their replica�on 
[132] and for the Cricket paralysis virus, this involves the deple�on of RANBP2 [26]. RANBP2 deple�on 
has also been shown to increase infec�on by Japanese encephali�s virus indica�ng that it par�cipates 
in the host response to viral infec�on [133]. Through its E3 SUMO ligase ac�vity, RANBP2 was also 
shown to modify the restric�on factor TRIM5α, and thereby modulate the innate immune response to 
infec�ons by retroviruses [59,134,135]. 

Conclusion 

Despite almost 30 years since the discovery of RANBP2 and many landmark papers, further work will 
be required to beter understand, for instance, why RANBP2 evolved specifically in metazoans, why its 
duplica�on in primates underwent posi�ve selec�on, what are the func�ons of non-mammalian 
RANBP2 proteins, and the precise mechanisms that link RANBP2 to human disease.  
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Figure legends 
 
Figure 1: Cellular localiza�on of RANBP2. During the interphase, RANBP2 is located at the nuclear pores 
in the nuclear pore complex (NPC), in annulate lamellae (AL) at the endoplasmic re�culum (ER) and in 
RNA-rich condensates such as processing bodies (P-bodies) or stress granules and at ER-mitochondria 
contact sites. During mitosis, RANBP2 is targeted to chromosome kinetochores. Schema�c 
representa�on of organelles is not to scale. 
 
Figure 2: Gene and protein organiza�on of RANBP2. In the human genome, the RANBP2 gene is located 
on chromosome 2 at the posi�on q13 (chromosome representa�on obtained from the UCSC Genome 
Browser database) and contains 29 exons (green squares, gene representa�on obtained from NCBI 
website). The RANBP2 protein is composed of the following domains: an N-terminal domain (NTD) 
containing tetratricopep�de repeats (TPR), an oligomeriza�on element (OE), four Ran-binding domains 
(RBD1 to RBD4), eight zinc finger mo�fs, a kinesin-binding domain (KBD), an E3 SUMO-ligase domain 
and a C-terminal cyclophilin-like domain. 
 
Figure 3: At the nuclear pores, RANBP2 is involved in protein import, RanGTP hydrolysis (yellow circles), 
protein SUMOyla�on as well as mRNA export and remodeling (which mostly occurs through mRNA 
interac�on with the NXF1-NXT1 export receptor). In the cytoplasm, RANBP2 is involved in mRNA 
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silencing in annulate lamellae and/or in P-bodies/stress granules, as well as in cargo transport by the 
kinesin-1 on microtubules. During mitosis, RANBP2 is targeted to kinetochores where it indirectly 
allows sister chroma�d decatena�on. 
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