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Abstract
The nucleolus is a multifunctional nuclear domain primarily dedicated to ribosome biogenesis. Certain viruses developed 
strategies to manipulate host nucleolar proteins to facilitate their replication by modulating ribosomal RNA (rRNA) pro-
cessing. This association interferes with nucleolar functions resulting in overactivation or arrest of ribosome biogenesis, 
induction or inhibition of apoptosis, and affecting stress response. The nucleolar protein fibrillarin (FBL) is an important 
target of some plant and animal viruses. FBL is an essential and highly conserved S-adenosyl methionine (SAM) depend-
ent methyltransferase, capable of rRNA degradation by its intrinsically disordered region (IDR), the glycine/arginine-rich 
(GAR) domain. It forms a ribonucleoprotein complex that directs 2′-O-methylations in more than 100 sites of pre-rRNAs. 
It is involved in multiple cellular processes, including initiation of transcription, oncogenesis, and apoptosis, among others. 
The interaction with animal viruses, including human viruses, triggered its redistribution to the nucleoplasm and cytoplasm, 
interfering with its role in pre-rRNA processing. Viral-encoded proteins with IDRs as nucleocapsids, matrix, Tat protein, 
and even a viral snoRNA, can associate with FBL, forcing the nucleolar protein to undergo atypical functions. Here we 
review the molecular mechanisms employed by animal and human viruses to usurp FBL functions and the effect on cellular 
processes, particularly in ribosome biogenesis.
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Introduction

The nucleolus is the most extensive membrane-less nuclear 
body. Although separated from the nuclear space, it is acces-
sible for dynamic exchange. Mammalian cell nucleoli, which 
are the best studied, contain three phase-separated sub-
compartments: the fibrillar center (FC), the dense fibrillar 
component (DFC), and the granular component (GC). The 
FC and DFC form functional units distributed in multiple 
copies throughout a single GC [1]. In addition, the nucleo-
lus is often surrounded by a ring of condensed chromatin, 
also known as perinucleolar chromatin, enriched in specific 
genes to react to the environment and other stimuli [2]. The 

nucleolus´ primary role is the initial steps of ribosomal bio-
genesis, including RNA polymerase I (Pol I)-driven tran-
scription, processing and modification of ribosomal RNA 
(rRNA) and the assembly of rRNA containing complexes 
[3]. Then precursor subunits move from the nucleolus to 
the nucleoplasm and ultimately to the cytoplasm for further 
maturation, and resulting in functional ribosomal subunits 
ready to participate in mRNA translation into protein. These 
initial steps are proposed to be coordinated by liquid-liquid 
phase separation (LLPS) (reviewed in [4, 5]), since there 
is strong evidence that the multilayered architecture of the 
nucleolus arises from multiphase liquid immiscibility [6]. 
The nascent transcripts are synthesized in FC and directed 
to DFC by the interaction of the 5′end of 47 S pre-rRNA and 
the methyl transferase domain (MD) of fibrillarin (FBL). 
Then, the FBL-RNA complexes translocate to the DFC by 
the glycine- and arginine-rich (GAR) domain of FBL, self-
association. FBL self-association through its GAR domain, 
an intrinsically disordered region (IDR), strongly correlates 
with such pre-rRNA sorting, and is required for pre-rRNA 
processing. The methylation activity of FBL is not required 
for rRNA sorting [5].
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The presence of different domains along the sequence 
determines the structure and function of a protein. These 
domains favor the formation of diverse structures and pack-
aging, which confers the enzymatic properties and inter-
actions with nucleic acids and proteins. The amino acid 
sequence of a protein motif will define; function and speci-
ficity. Arginine is one of the most frequently repeated amino 
acids in protein motifs, which is known to be regulated 
during post-transcriptional modifications [7]. Multivalent 
interactions between repetitive protein-protein or protein-
RNA interaction domains/motifs are the key determinants 
of liquid-liquid phase separation [8, 9]. Multivalent contacts 
can be achieved with tandem repeats of folded domains [10], 
by low complexity, intrinsically disordered regions (IDRs) 
or both [11]. Arginine-serine (RS)-rich repeats have been 
reported to be associated with proteins in nuclear smears 
and in splicing processes. These domains are regulated by 
phosphorylation and play an important role in the condensa-
tion of disordered regions, the charge mixture of the domains 
present in a protein, and the localization in nuclear spots 
[12, 13].

Diverse studies show that regions rich in RGG/RG are 
intrinsically disordered sequences, a feature that gives the 
protein greater conformational plasticity and adaptability, 
binding more easily to different targets [14]. In some cases, 
these motifs have been mostly identified in proteins that have 
RNA-binding domains [15, 16]. These RGG motifs are usu-
ally followed by RG repeats and are represented as RGG/RG 
motifs, which can be divided into tri-RGG, di-RGG, tri-RG, 
and di-RG [15]. The lack of a rigid structure of intrinsi-
cally disordered proteins (IDPs), gives the ability to perform 
various interactions with several partners [17]. This feature 
explains the high disorder content of viral proteomes, since 
viruses need to hijack and manipulate host cellular processes 
by interacting with multiple host components [18].

 Most nucleolar proteins contain IDRs [19], and many 
IDRs undergo LLPS in vitro, while IDR containing-pro-
teins have been implicated in numerous condensates [20, 

21]. Disordered proteins increase the interaction valency, 
since they can establish protein-protein and RNA-protein 
interactions, which are key for phase separation [22]. LLPS 
are condensates that allow control over the molecular envi-
ronment and promote rapid exchange between elements. 
In addition to protein composition (IDRs), concentration 
plays a critical role to establishing LLPS [23]. For instance, 
FBL saturation concentration depends on the presence of 
RNA, so nearly actively transcribing rDNA, FBL preferen-
tial condensation arises from the high RNA concentration 
there [24]. This is particularly important in nucleolar stress, 
where nucleolar proteins are redistributed, decreasing their 
concentration and affecting the LLPS in nucleolar processes. 
An analysis of the sequences of human and animal viruses-
encoded proteins known to associate with FBL, described in 
Table 1, evidence one or more IDRs, an SR, and RGG-rich 
regions. Can be expected since viral proteomes are charac-
terized by the dominance of short disordered segments [18], 
as illustrated in Fig. 1. Interestingly, IDPs can bind to globu-
lar proteins but also with other IDPs, since the GAR domain 
(an IDR) tend to be the binding region of viral proteins [17].

FBL is an essential protein that has been conserved in 
sequence and function throughout evolution [33–35]. Dur-
ing the interphase of HeLa cells, it localizes at the transi-
tion zone of FC and DFC in the Cajal Bodies (CBs). CBs 
are small nuclear organelles observed in plant and animal 
nuclei. CBs can be localized to the nucleolar periphery or 
within [36, 37]. Primarily, they are involved in processing 
small nuclear RNAs and small nuclear ribonucleoproteins 
(RNPs) [36]. CBs disappear from prophase nuclei and reap-
pear in late G1 [38]. Thus, during prophase, FBL is directed 
to the chromosomal periphery until anaphase [39, 40]. Then, 
during telophase, FBL is significantly accumulated in prenu-
clear bodies, which indicates its role in nucleolar assembly 
[41]. In early G1 phase, FBL localizes in condensed chroma-
tin of nuclei. Depletion of FBL by siRNA (with a reduction 
of > 70%expression levels) in HeLa cells showed nuclear 
morphology defects. Nucleolin depletion, another abundant 

Table 1  Animal and human virus-encoded proteins and snoRNA described to associate with FBL

Virus name Genome Virus-encoded protein Putative function References

Infectious bronchitis virus (+)ssRNA Nucleocapsid Undetermined [25]
Porcine reproductive and respira-

tory syndrome virus
(+)ssRNA Nucleocapsid Undetermined [26]

Mouse hepatitis virus (+)ssRNA Nucleocapsid Transcription and/or translation of viral mRNAs [25, 27]
White spot syndrome virus dsDNA Nucleocapsid (VP15) Undetermined [28]
Influenza A H3N2 (-)ssRNA non-structural protein 1 (NS1) Impairment of pre-rRNA proccesing [29]
Human immunodeficiency virus (+)ssRNA Tat protein Impairment of pre-rRNA proccesing [30]
Epstein-Barr virus dsDNA v-snoRNA1 Impairment of pre-rRNA proccesing [31]
Hendra virus (-)ssRNA Matrix Viral replication and IRES-dependent translation 

of viral mRNAs
[32]
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nucleolar protein, did not affect nuclear morphology. Also, 
FBL depletion in HeLa cells showed decreased cell growth. 
This reduction is thought to arise due to a delay at the G2-M 
transition of the cell cycle, rather than a direct defect in DNA 
synthesis [42]. Thus, FBL is involved in nuclear mainte-
nance and cell growth in HeLa cells.

FBL catalyzes the 2′-O-methylation (2′-O-Me) of pre-
rRNA[43] and regulates rRNA transcription by methylating 
histone H2A [44, 45]. In eukaryotes, FBL forms an RNP 
complex with Nop56, Nop58, and 15.5 ka proteins, which 
is guided by one of several C/D box small nucleolar RNAs 
(snoRNA). Depending on the organism, this complex is 
responsible for more than 100 sites of methylations in pre-
rRNA [46].

In eukaryotes, the FBL N-terminal domain consists of 
the GAR domain, an IDR, and a spacer region. A novel 
ribonuclease activity for rRNA was described within the 
GAR domain of human FBL 1 and Arabidopsis thaliana 
FBL 2 (AtFib2) [47, 48]. Its ribonuclease activity is affected 
by phosphoinositides and phosphatidic acid. The GAR 
domain contains a nucleolar localization signal (NoLS) 
and is responsible for interacting with multiple cellular and 
viral proteins [35, 49]. The binding of phosphoinositides 
and FBL may facilitate phase separation necessary for pre-
rRNA processing and DFC formation. This ribonuclease 
activity is blocked when U3 is bound [47]. The most abun-
dant snoRNA, U3, despite to complex with FBL, does not 
methylates pre-rRNA, but aids in its cleavage [50, 51]. On 

the other hand, the FBL C-terminal end has an RNA-binding 
motif[52] and a conserved structure of �-sheets and �-heli-
cal domains, which constitute the AdoMet-dependent MT 
domain [53]. The alpha-helix domain interacts with Nop56 
protein, which is indispensable for the association with the 
C/D box snoRNPs [54].

 FBL is a target for distinct types of stresses. FBL is 
implicated in human prostatic intraepithelial neoplasia 
that can progress to prostate cancer [55] and in human 
adenocarcinoma [56]. In breast cancer, tumors express high 
levels of FBL [57]. However, a low level of FBL has also 
been found [58]. p53 decreases the expression and protein 
level of FBL by interacting with FBL intron one sequence 
that contains a p53 regulatory site. Reduced levels of p53 
in breast cancer cells result in an increased level of FBL, 
which promotes abnormal//atypical methylations in rRNA 
that affects translational fidelity, and an increased internal 
ribosomal entry sites (IRES) of key cancer genes [57]. Fur-
thermore, FBL has been a target of plant viruses and animal 
viruses. In certain plant viruses, FBL has been reported to 
participate in cell-to-cell and long-distance movement and 
has a putative role in virus-mediated suppression of RNA 
silencing (for a review, see reference [49]). The viral pro-
teins known to associate with FBL from animal and human 
viruses (Table 1) differ in function. However, their coding 
sequences have common features, for example, IDR, RNA-
binding domains (RBDs), nuclear and nucleolar localization 
signals (NLS/NoLS). Such motifs may be crucial for the 

Fig. 1  IDR prediction, SR 
boxes, and RGG sequences 
of animal and human viruses-
encoded proteins known to 
associate with FBL. Disorder 
percentage is indicated
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association with FBL (Fig. 2). Here, we review the molecu-
lar mechanisms of human and animal viruses to manipulate 
FBL and the implications over the host-cell processes, such 
as ribosome biogenesis.

Nucleocapsid proteins tend to redistribute FBL

 FBL has been shown to co-localize with the nucleocap-
sid of different mammalian viruses, including white spot 
syndrome virus (WSSV), infectious bronchitis virus (IBV), 
mouse hepatitis virus (MHV), porcine reproductive and 
respiratory syndrome virus (PRRSV) and severe acute 

respiratory syndrome coronavirus (SARS-CoV) [25, 26, 
28, 65, 66]. The infection of these viruses and the expres-
sion of the nucleocapsid without its respective virus results 
in a redistribution of FBL to the perinuclear region, where 
transcription and RNA metabolism takes place in the host 
cell. Such redistribution of FBL may affect the early steps of 
pre-rRNA processing since the nascent transcripts emerge in 
the FC-DFC interface where they are bound to the RBD of 
FBL to finally be sorted (as a complex) to the DFC to initi-
ate the pre-rRNA processing (Fig. 3a) [22]. Interestingly, 
just SARS-Cov N protein has been reported to relocalize a 
fraction of FBL to the cytoplasm (Fig. 3b) [66]. Compared 

Fig. 2  Domains of viral proteins that are associated with FBL. 
WSSV (white spot syndrome virus) Nucleocapsid protein VP15 
[59]; PRRSV (porcine reproductive and respiratory syndrome virus) 
Nucleocapsid domains: N-N, N protein-N protein interactive domain 
[26]; NLS, nuclear localization signal [60]; β-strand conserved 
among arteriviruses [61]; IBV (infectious bronchitis virus) and MHV 
(mouse hepatitis virus) Nucleocapsid domains: NTD, predicted 
intrinsically disordered N-terminal domain; RBD, RNA-binding 
domain; LINK, predicted disordered central linker; DD, dimerization 
domain; CTD, predicted disordered C-terminal domain [62]; HIV-1 
(human immunodeficiency virus-1) Tat protein: transactivation site ( 

Proline and Cystein rich acidic site; CORE), arginine rich basic site 
(functions as a RNA-binding domain (RBD), a protein transduction 
domain (PTD) and nuclear localization signal (NLS), glutamine-rich 
region [63]; Influenza A H3N2-NS1 protein domains: RBD, RNA 
binding domain; NLS, nuclear localization signal; Effector domain: 
NES, nuclear export signal; NLS2, nuclear localization signal; 
CPSF4, factor subunit 4; PABPN1, polyadenine binding protein 1 
[12]; HeV (Hendra virus) Met, methyl transferase; X and Y domains, 
PCP, a papain-like cysteine protease; HVR, proline-rich hypervari-
able region, Hel, RNA helicase; RdRp, RNA-dependent RNA poly-
merase [64]
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to adjacent uninfected cells or mock-infected cells, FBL 
forms its classic “Christmas tree-like” structure [52].Chen 
et al. (2002) reported that after 20 fields of view in duplicate 
experiments, the Christmas tree-like structure was inexistent 
in observed IBV-infected cells. The localization of nucle-
ocapsid proteins was primarily cytoplasmic and nuclear 
but showed a speckled pattern. In virology, these speckled 
structures are formed within the nucleus, commonly func-
tioning as a viral assembly matrix or an RNA transcription 
site [67]. However, it seems that the subcellular localization 
of nucleocapsid protein depends on the infection stage.Yoo 
et al. (2003) tracked the subcellular distribution of PRRSV 
N protein through infection time. From 6 to 20 h p.i., the 
localization was mainly nuclear and nucleolar, whereas by 
the time of 30 to 48 h p.i., it turns exclusively cytoplasmic 
[61]. It is important to highlight that these findings were 
carried out in different cell lines, such as Vero or HeLa cells. 
The observations were similar, indicating that the redistribu-
tion of FBL is a potential common feature and not unique 
for a particular cell line.

Just the N protein of PRRSV is known, to our knowl-
edge, to form a physical association with FBL [26]. The 
in vivo interaction of PRRSV N- FBL complex was con-
firmed by the mammalian two hybrid assay in HeLa cells. 
This result was corroborated in vitro by the GST-pull down 
assay. Furthermore, by a series of deletion mutants from 

both PRRSV N protein and FBL, the authors identified the 
GAR domain from FBL and eight (30IAQQNQSR37) amino 
acids of PRRSV N protein, are the interactive domains [26]. 
Unfortunately, interaction assays between the nucleocapsids 
mentioned above and FBL are pending to be done. Alterna-
tively, PRRSV N is known to bind not just viral genomic 
RNA but also with rRNA.Yoo et al. (2003) investigated if 
the association with rRNA was involved with the FBL inter-
action. The addition of RNase A to an immobilized GST- 
FBL fusion protein on glutathione sepharose beads and 
incubated with radiolabeled PRRSV N protein inhibited the 
interaction. In contrast, the absence of RNase A enables the 
physical association. Thus, it is hypothesized that the rRNA 
binding makes a conformational change in N to establish a 
stable interaction with FBL. This might be the case since the 
co-localization between both proteins did not occur in CBs, 
where traces of FBL exist at this sub-nuclear compartment 
but not rRNA. On the contrary,Chen et al. (2002) spotted the 
co-localization in a speckled pattern in the nucleus of Vero 
cells but expressing (distinct cell lines) the MHV and IBV N 
proteins, at what appears to be CBs. The co-localization at 
CBs varies from one virus to another; even so, what remains 
constant is their distribution between the DFC and the FC 
within the nucleolus.

According to the findings of each N protein described in 
this section, the viral protein behaves similarly with FBL. 

Fig. 3  Comparison of FBL 
redistribution by SARS CoV 
and IBV N proteins. a FBL 
nucleolar organization during 
nascent pre-rRNA sorting. 
Nascent transcripts synthesized 
in FC are pulled to the FC/DFC 
interface by the RBD of FBL. 
FBL diffuses to the DFC, where 
self-associates through its GAR 
domain. The IDR of the GAR 
domain establishes the DFC 
phase, where nascent transcripts 
move for initial pre-rRNA 
processing. See text for details. 
b Although SARS CoV and 
IBV bind FBL with the same 
viral protein (N), different redis-
tribution of FBL occurs. While 
SARS CoV N (grey circles) 
co-localizes with FBL (blue 
circles) in the nucleolus and 
cytoplasm, IBV N (yellow cir-
cles) redistributes a fraction of 
FBL to the nucleus. Nu nucleus; 
Cy cytoplasm



4636 Molecular Biology Reports (2023) 50:4631–4643

1 3

Further studies should be done to elucidate this association’s 
precise role. Another coronavirus possibly interacting with 
FBL is the severe acute respiratory syndrome-2 (SARS 
CoV-2). SARS CoV-2 RNA interacts in the nucleolus with 
snoRNA U27 and is 2′-O-methylated, while 2′-O-Me levels 
in host RNAs decrease after SARS CoV-2 infection [68]. 
snoRNA U27 is responsible for 18 S rRNA methylation and 
is associated with FBL, NOP56, NOP58 and NHP2L1 [69]. 
These data may suggest that FBL is hijacked by the strong 
association between SARS CoV-2 RNA and U27 snoRNA, 
where U27 guide FBL to perform 2′-O-Me over SARS 
CoV-2 RNA. This idea corroborates the decrease 2′-O-Me 
levels in host RNAs since significant amounts of FBL may 
be away from pre-rRNA processing. Unfortunately, there is 
no report for an interaction. However, it´s most abundant 
protein, N, localizes in the cytoplasm and nucleolus [70], 
just as SARS CoV N [66], suggests it is a possible inter-
actor. Nonetheless, the redistribution of FBL might affect 
ribosomal biogenesis and, consequently, the host translation 
machinery. Host cell translation is decreased under MHV 
infection, while viral mRNAs are unaffected or upregulated 
[27]. Therefore, N proteins might hijack FBL to disrupt their 
normal functions and for replication, transcription, and/or 
translation of viral RNAs.

Human immunodeficiency virus‑1 Tat protein 
hijacks FBL to impair pre‑rRNA processing

The human immunodeficiency virus-1 (HIV-1) encodes for 
two proteins imported to the nucleolus, Rev and Tat pro-
tein. NPM1 is reported to import both viral proteins to the 
nucleus, which are then retained in the nucleolus through 
interaction with nucleolar components [70, 71]. Unlike the 
HIV-1 Rev protein, Tat protein localization depends on its 
expression level and function [72].

The HIV-1Tat protein regulates viral gene transcription 
and manipulates diverse cellular processes, mainly nuclear, 
through interaction with nuclear components [73–75]. 
HIV-1 Tat is classified as an intrinsically disordered protein 
(IDP) [76], which may explain the ability to associate with 
several cellular components since IDPs have a greater sur-
face area, giving the ability to bind multiple partners [77]. In 
fact, through genome-wide occupancy of Tat protein on host 
cell chromatin in HIV-1-infected T-cells, 568 genes were 
identified to bind significantly to Tat protein. So, they might 
be acting as a transcriptional regulator, since Tat protein 
locates at the promoter of 66% of the reported genes. This 
is the case for c-Rel, downregulated by the interaction of 
Tat with kappa B nuclear factor (NFκ B) binding sites on 
the promoter [78].

 Tat protein localization might depend on its cellular con-
centration. In HIV-1 infected Jurkat cells, when the expres-
sion levels of Tat were high, the localization was nucleolar. 

Conversely, when the levels were low, it was nucleoplasmic 
[79]. The same pattern occurred in stable transfected HeLa 
cells expressing Tat-GFP [80]. Meanwhile, Tat transgenic 
Drosophila melanogaster cells, localize in both regions, 
although the concentration difference wasn’t studied [81]. 
In addition, since Tat protein is secreted by infected cells and 
internalized by neighboring cells, its intranuclear concentra-
tion is lower than in infected cells. Therefore the distribution 
is mainly nuclear, while in HIV-infected cells is nucleolar. 
Tat can indirectly modify host gene expression or directly 
interact with the gene promoters [78, 82, 83]. According to 
the expression profiles of deregulated genes, a distinct subset 
of genes are regulated depending on their intranuclear con-
centration and localization. In Tat stable transfected Jurkat 
T cells (nucleoplasmic localization), deregulated genes are 
linked to viral carcinogenesis, stem cell pluripotency, B cell 
receptor signaling and cancers. Alternatively, nucleolar Tat 
in HIV-infected T cells, deregulate genes involved mainly 
with ribosomal biogenesis [72]. This is the case for Dros-
ophila nurse cells expressing Tat protein, where the levels 
of 80 S ribosome particles are reduced. Ponti et al. (2008), 
found that Tat affects at least cleavage site 1, impairing pre-
rRNA maturation of Drosophila Tat expressing-cells. Tat 
protein immunoprecipitates with FBL and with U3 snoRNA. 
Thus, the inhibition of pre-rRNA processing by Tat might 
be induced through the interaction with these key nucleo-
lar components for the early steps of pre-rRNA processing, 
preventing them from functioning in ribosomal biogenesis 
(Fig. 4). Therefore, Tat protein might interfere with FBL 
binding to the 5´end of nascent 47 S pre-rRNA. In concord-
ance with this, FBL knockdown in HeLa cells showed aber-
rant accumulation of 47 S and 34 S pre-rRNAs, accompa-
nied by reduced 28 S and 18 S rRNAs [5].Ponti et al. (2008) 
reported a co-localization of Tat protein and FBL at the 
nucleoplasm and nucleolus, indicating a redistribution of 
FBL, since during interphase, FBL localizes in the transi-
tion zone between FC and DFC, which is transcriptionally 
active [5, 35].

Hendra virus orchestrates FBL 2´‑O‑Me to influence 
proviral host genes and viral proteins synthesis

Hendra virus (HeV) and Nipa virus (NiV), both highly path-
ogenic viruses transmitted from bats to animals and humans, 
belong to the Henipavirus genus classified in the Paramyxo-
viridae family [84]. Both viruses require an overlapping sub-
set of host genes for infection. A genome-wide analysis of 
host genes required for henipavirus infection identified mul-
tiple genes involved in ribosomal biogenesis, nuclear export/
import, and transcriptional regulation. From the 585 proviral 
genes identified, FBL exhibited the highest impact on heni-
pavirus infection. HeV and NiV infection was inhibited by 
more than 99.9% when FBL was knockdown. Deffrasnes 
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et al. (2016) tested the dependency on FBL of cytoplasmic 
replicating viruses belonging to different genera in the same 
subfamily: measles virus (MeV, genus Morbilivirus), mumps 
virus (MuV, genus Rubulavirus), respiratory syncytial virus 
(RSV, genus Pneumovirus), and a nuclear replicating virus: 
influenza A/WSN/33. Interestingly, the cytoplasmic replicat-
ing virus showed a significant reduction in titer cells trans-
fected with siFBL, except for the nuclear replicating virus. 
In general, FBL is a key factor for paramyxovirus infection.

 The link between FBL and paramyxoviruses, prompted 
Deffrascnes et al. (2016) to elucidate the precise role across 
the viral cycle. HeV-infected HeLa cells transfected with 
siFBL resulted in significantly reduced levels of viral RNA. 
The same pattern occurred to HeV gene expression levels 
since P and N (the most abundant viral proteins) synthe-
sis was barely detected in HeV-infected cells treated with 
siFBL. (+)ssRNA viruses do not contain 5′ cap, so its viral 
protein synthesis is initiated through IRESs translation ini-
tiation. IRES-dependent translation is influenced over CAP-
dependent translation by rRNA 2′-O-Me [85]. In breast can-
cer cells, changes in FBL expression were correlated with 
alterations of rRNA 2′-O-Me levels, with efficient transla-
tional initiation of mRNAs containing IRES elements [57]. 
Another host gene required for Henipavirus infection was 
L13a, a protein necessary for rRNA methylation and IRES-
mediated translation [86]. Co-immunoprecipitation and 
co-localization assays demonstrate that FBL complex with 
L13A and U15 snoRNA [87]. Therefore, it is conceivable 
that HeV orchestrates FBL methylation to influence proviral 

host genes and viral protein synthesis (Fig. 5) since these 
viruses are known to target host translation factors to shut 
down translation and/or boost viral translation [88].

The requirement of the methylation activity of FBL for 
henipavirus infection was studied through a rescue experi-
ment. HeLa cells were transfected with siFBL-2 to knock 
down endogenous FBL expression, then transfected with a 
plasmid encoding a yeast FBL (NOP1) E191A mutant. This 
mutation impaired the methylation activity in vitro, followed 
by infection with HeV. The E191A mutant was unable to 
rescue HeV infection, compared to control cells. Thus, sug-
gesting that the methylation activity of FBL is required for 
HeV infection. Furthermore, to corroborate if the methyla-
tion of pre-ribosomes by FBL is precisely the target of heni-
paviruses, Deffrasnes et al. (2016) reduced the expression 
of NOP56 and NOP58 by SMART pool siRNAs and tested 
the impact on HeV infection. Depletion of either NOP56 or 
NOP58 impaired HeV infection, as measured by TCID50 
assays and immunofluorescence. In summary, these findings 
support the idea that henipavirus infection exploits the role 
of FBL in pre-rRNA processing.

In addition, by confocal microscopy and reciprocal co-
immunoprecipitation studies, the HeV matrix (M) was 
shown to colocalize with FBL in the nucleolus and, to a 
lesser extent, in the nucleoplasm, and to associate directly 
or indirectly, respectively [32]. However, the interaction still 
needs to be determined. Since FBL is well documented to 
localize in nucleoli during interphase, HeV infection might 
redistribute a small fraction of FBL to the nucleoplasm.

Fig. 4  Association of HIV Tat with FBL and U3 snoRNA impairs 
pre-rRNA processing. In HIV-infected cells, nucleolar Tat protein 
inhibits the processing of the pre-rRNA by subtracting (red dotted 
arrow indicates movement) FBL and U3 snoRNA from the initial 

cleavage of ETS-18 S pre-rRNA. The Tat-mediated FBL redistribu-
tion to the nucleoplasm, as well, affects pre-rRNA processing and a 
reduced 80  S ribosome particles levels. No  nucleolus, Nu  nucleus, 
Cy cytoplasm



4638 Molecular Biology Reports (2023) 50:4631–4643

1 3

Epstain‑Barr virus v‑snoRNA1 assemble with FBL 
and NOP56/58

The snoRNAs are the regulatory elements responsible for 
posttranscriptional rRNA maturation of two different modi-
fications, the C/D box snoRNAs and H/ACA box snoRNAs, 
which catalyzes 2′-O-Me and pseudouridylations, respec-
tively [89]. Mainly, C/D box snoRNAs are typically 70–90 
nt long and serve as the scaffold for the assembly of snoRNP, 
including FBL [90]. Of note, several known C/D box snoR-
NAs do not have a predicted rRNA target, so they are clas-
sified as “orphan”. Alternatively, some C/D box snoRNAs 
have been found to associate with proteins other than FBL, 
NOP56/58, and 15.5. They indicated that C/D box snoRNAs 
could associate with complexes lacking a methylase.

Evidence indicates that snoRNAs are crucial for viral 
infectivity [50]. Although most viruses do not encode 
snoRNAs, and mainly RNA viruses use C/D box snoR-
NAs, Epstein-Barr virus (EBV) (dsDNA genome) is the 
exception. EBV belongs to the �-subfamily of herpesvi-
rus and infects approximately 95% of the world’s popu-
lation [70]. EBV encodes a viral-specific v-snoRNA1. 
v-snoRNA1 is conserved within various EBV strains and 
among evolution. Therefore, the v-snoRNA1 serves in 

both the latent and lytic mode of infection, but with differ-
ent functions [31]. Interestingly, v-snoRNA1 was shown to 
co-localize and assembled in the nucleolus with NOP56/58 
and FBL, while U3 snoRNA, co-localized in the nucleo-
lus with v-snoRNA1 as well. FBL is present in the U3 
complex; however, U3 does not methylate pre-rRNA, but 
aids in its cleavage [51]. In vitro studies determined that 
human FBL has a ribonuclease activity for rRNA, and 
this second activity is blocked when U3 is bound [47]. 
Hence, v-snoRNA1 might compete for FBL and NOP56/58 
against U3 snoRNA, affecting pre-rRNA maturation and 
affecting efficient protein synthesis.Hutzinger et al. (2009) 
classified v-snoRNA1 as an “orphan” snoRNA, since nei-
ther ribosomal or spliceosomal RNA were determined as 
targets. Also, by comparing a null mutant of v-snoRNA1 
against its wild-type version, it was concluded that the �
v-snoRNA1 mutant remained indistinguishable from its 
wild-type counterparts in terms of lytic replication, infec-
tion and B cell transformation. However, the increment 
up to 30-fold expression levels upon induction of the lytic 
replication cycle, undoubtedly assures the relevance of 
v-snoRNA1, particularly at this stage of infection. Stud-
ies may be conducted to establish the precise role of EVB 
v-snoRNA1.

Fig. 5  HeV infections orchestrate FBL 2′-O-Me to influence proviral 
host genes and viral proteins synthesis by IRES-dependent transla-
tion. During HeV infection, viral M proteins (by an unknown mecha-
nism) alter pre-rRNA 2′-O-Me by physically interacting with FBL, 

U15 snoRNA and protein L13a in the nucleolus. HeV M manipulates 
FBL 2′-O-Me to induce IRES-dependent translation of proviral host 
genes (containing IRES elements) and HeV proteins. No  nucleolus, 
Nu nucleus, Cy cytoplasm
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Influenza a H3N2 NS1 arrests rRNA transcription 
by the interaction with nucleolin, B23, and FBL

Influenza virus A (IAV) is a (−)ssRNA virus capable of 
translating viral mRNAs while attenuating host protein 
synthesis [91]. IAV has evolved a mechanism where the 
5′-m7G cap is excised from host mRNAs and snoRNAs, 
which serves as a primer to synthesize the viral (+)-sense 
mRNA, and ultimately the synthesis of a 3′ poly(A) tail from 
a poly(U) stretch. Once the viral mRNAs are exported to the 
cytoplasm, the translation mechanism remains elusive. As 
in poliovirus and encephalomyocarditis virus infection, IAV 
is proposed to induce mTOR pathway and activate the 4E 
binding proteins (4EBP). 4EBP sequester eIF4E prevents 
interaction with eIF4G, inhibiting canonical cap-dependent 
translation initiation therefore the translation of the viral 
mRNA might be independent of 5´cap recognition by eIF4E.

The genome of IAV is segmented into eight RNAs that 
encode for 12 viral structural and nonstructural proteins 
[92]. Among those viral proteins, the non-structural protein 
1 (NS1), is one of the major virulence factors. IAV NS1 is a 
multi-functional protein, with a N-terminal dsRNA-binding 
domain and a C-terminal effector domain. It plays essential 
roles to counteract immune responses of the infected hosts 
[93–97]. All types of NS1 have an N-terminal nuclear locali-
zation signal 1 (NLS1), but particularly the H3N2 NS1 has 
an additional NLS2 within the C-terminal domain, which 
also functions as a NoLS. Thus, only the NS1 protein of 
IAV H3N2 subtype virus is characterized to distribute inside 
the nucleolus [29, 98]. Interestingly, the NS1 protein of the 
human H3N2 virus interacts through the NLS2/NoLS and in 
a minor extent the NLS1 with the main nucleolar proteins: 
nucleolin, B23 and FBL. Moreover, confocal laser micros-
copy revealed that the NS1 protein co-localizes with nucleo-
lin in the nucleolus and nucleoplasm, while with B23 and 
FBL only in the nucleolus of IAV/Udorn/72 virus-infected 
A549 cells [29, 99]. B23/nucleophosmin is a nucleolar phos-
phoprotein involved in 28 S rRNA processing and ribosome 
assembly that localized in the GC. Knocking down B23 
inhibits the processing of pre-rRNA leading to cell death. 
On the contrary, the overexpression promotes S-phase entry 
in cells lacking p53 [100]. Nucleolin, a multifactorial pro-
tein involved in several cellular processes, is also implicated 
in the transcription and maturation of rRNA, and ribosome 
assembly and transport [101]. Nucleolin inactivation induces 
nucleolar disruption, which leads to apoptosis [102]. H3N2 
NS1 protein represses RNA Pol I-dependent transcription 
through nucleolin interaction, by hyper-methylation in the 
UCE of rRNA gene promoter. In NS1 expressed cells, an 
increased association of ribosomal proteins with MDM2, 
and p53 accumulation, suggests an induced nucleolar 
stress that would promote apoptosis [103]. These findings 
imply that H3N2 NS1 mediate depletion of rRNA which 

in turn triggers nucleolar stress, resulting in p53-dependent 
apoptosis.

 The Pol I repressor, p53, also represses the expression of 
FBL. FBL expression is inversely associated with p53 activ-
ity in human breast cancer cells [57]. Ribosome biogenesis 
is overactivated in p53-inactivated cancer cells [104]. In the 
context of IAV H3N2 infection both the accumulation of 
p53 might regulate FBL expression, and the interaction with 
NS1 may prevent it to establish its physiological processes. 
In general, the role of H3N2 NS1 by targeting nucleolin, 
B23 and FBL strongly suggests the impairment of ribosomal 
biogenesis and its above-mentioned consequences (Fig. 6).

Conclusions and future directions

The nucleolus is the largest nuclear compartment. It contains 
more than 4500 proteins, which functions are distributed 
in controlling the cell cycle; DNA replication and repair-
ing; pre-rRNA processing; assembling signal recognition 
particles; detecting and responding to different kinds of 
stress stimuli; and more [105, 106]. Thus, the nucleolus as a 
multifunctional compartment, serves as an interface for the 
interaction between pathogens and the host cell. Viruses as 
obligate intracellular parasites, often encode viral proteins 
that target to the nucleolus to take over host-cell functions, 
and hijack nucleolar proteins to facilitate an effective infec-
tion process [107–109].

In plant viruses, FBL is involved in long-distance move-
ment (LDM) and cell-to-cell movement, and has been 
involved in virus-mediated suppression of RNA silencing. 
The redistribution of FBL is a constant phenomenon in plant 
and animal viruses. Regardless, cytoplasmic FBL redistribu-
tion has been reported only in plants virus infections. This 
supports the idea that particularly animal viruses targets 
FBL for its nucleolar functions in rRNA processing [110, 
111]. In summary, at least from the described viruses in 
this review, comply with the following: (1) FBL knockdown 
impairs viral infection; (2) ribosomal biogenesis is blocked 
by different mechanisms; and (3) viral proteins with FBL 
interaction possesses in their sequence IDRs, RBDs and 
NLS/NoLS.

Most of the viruses described here, reported a co-local-
ization with FBL, but just a few were explored to forma 
physical interaction. It is important to establish whether 
there is an interaction or not. Since the FBL GAR domain 
has been reported to be the binding site for viral proteins 
from plant[49] and animal viruses, and this domain has a 
ribonuclease activity[47, 48] and an important role in the 
early steps of pre-rRNA processing [22], it is possible that 
these viral interactions may affect these particular roles of 
FBL. Thus, do these interactions affect the methyl trans-
ferase and/or the ribonuclease activity of FBL? Can disrupt 
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the ability of FBL to form RNPs complexes? The viral 
protein-mediated redistribution of FBL affects the nascent 
pre-rRNA sorting via phase separation? Answers of these 
questions may contribute to a more detailed understanding 
of the precise role of FBL in virology, consequently facilitat-
ing the design of novel anti-viral therapies.
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