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ISG20L2, a Novel Vertebrate Nucleolar
Exoribonuclease Involved in Ribosome
Biogenesis*□
S

Yohann Couté‡§¶, Karine Kindbeiter储, Stéphane Belin§**, Régis Dieckmann‡ ‡‡,
Laurent Duret§§, Laurent Bezin¶¶, Jean-Charles Sanchez‡, and Jean-Jacques Diaz§储储
Proteomics analyses of human nucleoli provided molecular bases for an understanding of the multiple functions
fulfilled by these nuclear domains. However, the biological
roles of about 100 of the identified proteins are unpredictable. The present study describes the functional characterization of one of these proteins, ISG20L2. We demonstrate that ISG20L2 is a 3ⴕ to 5ⴕ exoribonuclease involved
in ribosome biogenesis at the level of 5.8 S rRNA maturation, more specifically in the processing of the 12 S precursor rRNA. The use of truncated forms of ISG20L2 demonstrated that its N-terminal half promotes the nucleolar
localization and suggested that its C-terminal half bears
the exoribonuclease activity. Identification of the binding
partners of ISG20L2 confirmed its involvement in the biogenesis of the large ribosomal subunit. These results
strongly support the notion that, in human, as it was
demonstrated in yeast, 5.8 S rRNA maturation requires
several proteins in addition to the exosome complex. Furthermore this observation greatly sustains the idea that
the extremely conserved need for correctly processed
rRNAs in vertebrates and yeast is achieved by close but
different mechanisms. Molecular & Cellular Proteomics
7:546 –559, 2008.

Nuclei of eukaryotic cells are highly organized organelles in
which more than 30 different kinds of transient structures,
called nuclear domains or nuclear bodies, support the nuclear
functions (1). Since the 1960s, it has been known that nucleoli,
the most prominent of the nuclear domains, are the sites of
ribosome biogenesis. This function gives rise to their characteristic ultrastructural organization in three main compartFrom the ‡Biomedical Proteomics Research Group, Département
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ments, the fibrillar center and the dense fibrillar and granular
components (2).
Ribosome biogenesis is a very complex process that involves the synthesis of ribosomal RNAs (rRNAs)1 coupled with
their extensive processing, the assembly of these rRNAs with
ribosomal proteins, and the export of the resulting preribosomal subunits from nuclei to cytoplasm where the final maturation occurs (3). rRNA processing mainly consists of base
modifications and cleavages (4). Precursor rRNAs (pre-rRNAs)
contain external and internal sequences that are not present
within mature rRNAs. Removal of these sequences is
achieved through sequential endonucleolytic and exonucleolytic cleavages, producing mature 18 S, 5.8 S, and 28 S
rRNAs. Studies in yeast have identified several factors responsible for such cleavages: the ribonucleoprotein complex
RNase MRP and Ngl2p catalyzing endoribonucleolytic processing, Xrn1p and Rat1p that are 5⬘ to 3⬘ exonucleases,
Rex1p and Rex2p that are 3⬘ to 5⬘ exonucleases, and a
protein complex named exosome composed of 3⬘ to 5⬘ exoribonucleases and putative RNA-binding proteins (5–9).
However, the list of the catalytic factors required for the
complete processing of pre-rRNAs into mature species is still
incomplete.
Correct rRNA maturation that provides finely folded and
packaged mature rRNAs is crucial because it is highly probable that eukaryotic ribosomes are, as it has clearly been
demonstrated for prokaryote ribosomes, ribozymes (10, 11).
In yeast, incorrectly maturated rRNAs lead to translational
infidelity of ribosomes (12). In mammals, defects in pre-rRNA
processing are therefore likely to entail the development of
severe pathologies. Indeed results on DKC1, the gene altered
in dyskeratosis congenita, indicated that altered rRNA processing plays a direct role in tumorigenesis (13). Recently
Gleizes and co-workers (14) showed that ribosome biogenesis and notably pre-rRNA processing were altered in skin

1
The abbreviations used are: rRNA, ribosomal RNA; pre-rRNA,
precursor rRNA; ISG20L2, interferon-stimulated 20-kDa exonuclease-like 2; DAPI, 4⬘,6-diamidino-2-phenylindole; co-IP, co-immunoprecipitation; siRNA, small interfering RNA; aa, amino acids; EGFP,
enhanced green fluorescent protein; mRNA, messenger RNA; hnRNP,
heterogeneous nuclear ribonucleoprotein; PARN, poly(A)-specific
ribonuclease.
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TABLE I
Sequences of the primers used for plasmid constructions
Primer
Q9H9L3up247
Q9H9L3lo1383
Q9H9L3Up3
Q9H9L3Low3
Q9H9L3MidLow
Q9H9L3MidUp
Q9H9L3MidLow2
Q9H9L3Low1

Sequence
5⬘-TACGAATTCGCCTTCCATTGTCCCTATGTC-3⬘
5⬘-GAGGGATCCGAGCTGTCCATTGGTCCACT-3⬘
5⬘-TGTAAGCTTTAGGATCCATGTCTACTTTACTGCTCAATCTG-3⬘
5⬘-AGTGAATTCGAGCTGTCCATTGTCCAC-3⬘
5⬘-GGTGAATTCCTATGGCAACTTCTGGGATGCTC-3⬘
5⬘-AGTAAGCTTTAGGATCCTTGCCACGGAAGATGGTGGCA-3⬘
5⬘-GGTGGATCCCTATGGCAACTTCTGGGATGCTC-3⬘
5⬘-GGCAGATCTTCTAGATCCGGTGGATCCGA-3⬘

fibroblasts from patients suffering from Diamond-Blackfan
anemia. More generally, defects in the biogenesis of ribosome
components might play a major role in cancer (15, 16).
Ribosome biogenesis requires the contribution of more
than 150 accessory factors that are not part of the ribosome
itself (17, 18). In yeast, functional genomics and proteomics
analyses allowed grouping these factors together into functional complexes that associate and dissociate sequentially
from the preribosomal subunits during their maturation (19 –
21). In higher eukaryotes, however, most of the equivalent
ortholog complexes remain to be characterized (22). Furthermore several specific factors regulating ribosome biogenesis
in higher eukaryotes have yet to be identified. Knowledge of
such proteins is of major interest to decipher the molecular
mechanisms underlying ribosome biogenesis in higher eukaryotes and their subsequent functions in gene expression
regulation. Recently several proteomics analyses of human
nucleoli led to the identification of more than 700 different
proteins (23–26). Extensive bibliographic and bioinformatics
analyses allowed the classification of the identified proteins
into functional groups. Notably a role in ribosome biogenesis
was proposed for about 170 of these proteins (22). However,
from all these studies, it remains that no biological function
could be accurately assigned to more than 100 proteins.
The present report describes the characterization of one of
these latter proteins, named interferon-stimulated 20-kDa exonuclease-like 2 (ISG20L2; UniProt Knowledgebase accession number Q9H9L3). We show that ISG20L2 is a member of
a vertebrate exonucleases family composed of four proteins,
co-orthologs of yeast Rex4p. ISG20L2 accumulates within
nucleoli of HeLa cells and exerts an exoribonucleolytic activity
on RNAs from their 3⬘- to their 5⬘-end. ISG20L2 is composed
of at least two functional domains, one at its N-terminal half
allowing intracellular localization and association with the
binding partners and the other at its C-terminal half bearing
the 3⬘ to 5⬘ exoribonuclease activity. Overexpression of
ISG20L2 induces a specific decrease of the level of the 12 S
pre-rRNA, whereas silencing of ISG20L2 induces an accumulation of this intermediate. The identification of the proteins
associated with ISG20L2 confirmed that this protein is involved in ribosome biogenesis and most probably in the biogenesis of the large ribosomal subunit. ISG20L2 is therefore a

novel human exonuclease involved in ribosome biogenesis,
participating in the removal of the internal transcribed spacer
2 of pre-rRNAs.
EXPERIMENTAL PROCEDURES

Phylogenetic Tree of the REX4 Gene Family—Homologs of the
yeast Rex4 protein were searched (with BLASTP) in UniProt (Release
8) and in Ensembl (Release 34). We retained all homologs having a
similarity score higher than or equal to the score of the yeast Rex1
paralog. Sequences were aligned with MUSCLE (27).
The phylogenetic tree was inferred from protein sequence alignments by maximum likelihood. We used Phyml (28, 29) under the
Jones-Taylor-Thornton model of protein evolution (30) with site-tosite rate variation modeled on a discrete ␥ distribution (four categories, shape parameter ␣, and proportion of invariable sites estimated
from the data). The robustness of the phylogenetic inference was
estimated by bootstrap (100 replicates). The tree was rooted by using
Rex1 proteins as an outgroup.
Plasmid Constructions—To generate pEGFP-ISG20L2, an ISG20L2
cDNA was generated by RT-PCR (OneStep RT-PCR kit, Qiagen) using
total RNAs extracted from HeLa cells (RNeasy kit, Qiagen) and specific primers (Q9H9L3up247 and Q9H9L3lo1383, Genome Express).
The obtained cDNA was inserted into pEGFP-C1 (Clontech) after
EcoRI/BamHI digestion. The p3XFLAG-ISG20L2 plasmid was generated by inserting the same EcoRI/BamHI fragment into p3XFLAGCMV-10 (Sigma). To generate pGST-ISG20L2, amplified ISG20L2
cDNA (primers Q9H9L3Up3 and Q9H9L3Low3) was inserted into
pGEX-4T-1 (GE Healthcare) after BamHI/EcoRI digestion.
To generate deletion mutants of ISG20L2, cDNA fragments were
amplified by PCR from pEGFP-ISG20L2 using the following primers: Q9H9L3Up3 and Q9H9L3MidLow for ISG20L2-N-ter and
Q9H9L3MidUp and Q9H9L3Low3 for ISG20L2-C-ter. The obtained
fragments were inserted into pEGFP-C1 after HindIII/EcoRI) digestion. The p3XFLAG-ISG20L2 plasmid was generated by inserting
the same EcoRI/BamHI fragment into p3XFLAG-CMV-10 (Sigma).
p3XFLAG-ISG20L2-N-ter and p3XFLAG-ISG20L2-C-ter were generated by inserting amplified cDNA fragments (primers Q9H9L3Up3
and Q9H9L3MidLow2 for ISG20L2-N-ter and Q9H9L3MidUp and
Q9H9L3Low1 for ISG20L2-C-ter) into p3XFLAG-CMV-10 after BamHI
digestion. To generate pGST-ISG20L2-N-ter, an amplified cDNA fragment (primers Q9H9L3Up3 and Q9H9L3MidLow) was inserted into
pGEX-4T-1 after BamHI/EcoRI digestion. The sequences of the primers used are listed in Table I.
Culture Conditions and Transfection of HeLa Cells—HeLa cells
were grown in Petri dishes in minimum essential medium supplemented with 5% fetal calf serum at 37 °C with 5% CO2. Cells were
transfected with plasmids using the Lipofectamine reagent (Invitrogen) according to the manufacturer’s instructions.
Immunofluorescence Analyses—Cells were grown on glass cover-
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slips and fixed with 4% paraformaldehyde in PBS before permeabilization with 1% Triton X-100 in PBS. B23 and coilin were localized
using mouse monoclonal antibodies (B0556 and C1862, respectively;
Sigma) and a FluoProbes 546 anti-mouse secondary antibody (Interchim). Coverslips were mounted using Vectashield mounting medium
with DAPI (Vector Laboratories). Fluorescent fusion proteins, Texas
Red-labeled antibody, and DAPI were visualized at room temperature
by confocal microscopy using a Plan Apochromat 63⫻ oil immersion
lens (numerical aperture, 1.4) on an LSM 510 Meta upright microscope from Zeiss. Digital images were captured using an AxioCam
HR camera and acquired using the LSM software (Zeiss). Images
were processed using the AxioVision LE software (Zeiss).
In Vitro Exoribonuclease Assays—Recombinant GST fusion proteins were produced in JM109 bacteria (Promega) and purified from
bacterial lysates by affinity chromatography on glutathione-Sepharose 4B beads (GE Healthcare) (31). Solutions of purified proteins
were dialyzed against 10 mM Tris-HCl, pH 7.2.
End-labeled RNA substrates were prepared as described previously (9) from a RNA synthesized in vitro by T7 polymerase transcription of the pBS(SK⫹) plasmid (Stratagene) linearized with EcoRI.
32
P-labeled RNA substrates were incubated with proteins of interest
(ratio of one molecule of RNA/five molecules of protein) at 37 °C in 10
mM Tris-HCl, pH 7.6, 50 mM KCl, 5 mM MgCl2, 10 mM DTT, 0.8 units/l
RNasin (Promega), and 0.01% BSA. Reactions were stopped by the
addition of 1 volume of formamide followed by incubation at 70 °C for
5 min. Samples were resolved by PAGE in 11% polyacrylamide gels,
and the reaction products were visualized by autoradiography.
Immunoprecipitation Experiments—Cells were harvested 48 h after
transfection. Cells in PBS were scraped off while on ice. From this
stage, all experiments were performed at 4 °C. Cells were pelleted by
centrifugation and resuspended in the lysis buffer (25 mM Tris-HCl, pH
8, 200 mM NaCl, 1% Triton X-100, 0.5% CHAPS, 0.3% Nonidet P-40,
0.2% SDS, 1 mM DTT, and antiproteases). After a 90-min incubation,
lysates were submitted to 30-min centrifugation at 20,000 ⫻ g. Supernatants were then incubated overnight with the M2 anti-FLAG
antibody (Sigma). Immunocomplexes were immobilized on Protein
A-Sepharose beads (GE Healthcare) by a 30-min incubation. Beads
were collected and washed five times with the lysis buffer. When
necessary, RNase A was incubated with the sample during 10 min at
37 °C at a final concentration of 5 g/ml of lysis buffer after the
second wash and before the third wash. Protein complexes were
directly eluted by adding Laemmli buffer and heating at 95 °C for 10
min. Proteins were resolved by SDS-PAGE and revealed by silver
nitrate or colloidal Coomassie Blue (Bio-Rad) stainings.
In-gel Digestion and Protein Identification by Tandem Mass Spectrometry—In-gel digestion was performed as described by Scherl et
al. (24). LC-MS/MS analysis with the LCQ ion trap (Thermo Finnigan,
San Jose, CA) was performed as described by Burgess et al. (32).
Peak lists were generated using Bioworks 3.1 software (Thermo Finnigan). The resulting .dta files from each analysis were automatically
combined into a single text file. The resulting peak lists were searched
against the UniProt Knowledgebase Swiss-Prot/TrEMBL database
(version 9.4, restricted to Mammalia, 251,818 entries) for co-immunoprecipitation (co-IP) experiment analyses and against the UniProt
Swiss-Prot database (version 51.4, 309,349 entries) for GST fusion
protein analyses using Phenyx (version 2.3, Genebio, Geneva, Switzerland) and Mascot operating on a local server (version 2.1, Matrix
Science, London, UK). With Phenyx, ion trap was selected as the
instrument type, and LCQ was selected for the algorithm. Two search
rounds were used, both with trypsin selected as the enzyme and
oxidized methionine and carbamidomethylated cysteine selected as
variable modifications. In the first round one missed cleavage was
allowed, and the normal cleavage mode was used. This round was
selected in “turbo” search mode. In the second round three missed
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cleavages were allowed, and the cleavage mode was set to halfcleaved. The minimum peptide length allowed was 6 amino acids, and
the parent ion tolerance was 2.0 Da in both search rounds. The
acceptance criteria were slightly lowered in the second round search
(round 1: AC score, 7.0; peptide Z-score, 7.0, peptide p value, 1e⫺7;
round 2: AC score, 7.0; peptide Z-score, 6.0; peptide p value, 1e⫺6).
Mascot was used with average mass selected, a precursor mass error
of 2.0 Da, and a peptide mass error of 1.0 Da. Trypsin was selected
as the enzyme with three potential missed cleavages. ESI ion trap was
selected as the instrument type, and oxidized methionine and carbamidomethylated cysteine were selected as variable modifications.
Only proteins that were identified with one or more high scoring
peptides from both Mascot and Phenyx were considered to be true
matches. “High scoring peptides” corresponded to peptides that
were above the threshold in Mascot (expect value ⬍0.05) and Phenyx
(p value ⬎1e⫺7) searches. Spectra of unique peptide matching proteins are provided (see the supplemental data). All identified human
proteins were checked manually to contain at least one specific and
non-redundant peptide. When possible, to avoid redundancy, human
proteins of the Swiss-Prot database were preferred. If identified peptides were not able to single out a protein of a multiprotein family (as is
the case for one protein in this work) all the entries matching with the
same set of peptides are indicated (see the supplemental table). Identified keratins, immunoglobulins, and trypsin have not been included.
ISG20L2 Silencing Using Small interfering RNA (siRNA)—An siRNA
duplex oligoribonucleotide against ISG20L2, synthesized by Proligo,
was used for ISG20L2 silencing. Its sequences were as follows:
sense, 5⬘-CUCCACAUGUUGGACAGUAdTdT-3⬘; antisense, 5⬘-UACUGUCCAACAUGUGGAGdTdT-3⬘. The BLOCK-iT fluorescent oligo
(Invitrogen) that is not homologous to any known genes was used as
a transfection efficiency detector and a negative control to ensure
against induction of nonspecific cellular events caused by introduction of the siRNA into cells. This oligonucleotide is a double-stranded
RNA exhibiting a sequence that is not homologous to any known
gene and coupled to FITC. HeLa Cells were transfected with siRNAs
using Lipofectamine 2000 in serum-free Opti-MEM (Invitrogen) according to the manufacturer’s instructions. Cells were harvested 48 h
after transfection.
The efficiency of ISG20L2 silencing was measured using quantitative RT-PCR. For this, 1 g of total RNA free of genomic DNA
contamination was reverse transcribed in the presence of 200 units of
Moloney murine leukemia virus reverse transcriptase, RNase H⫺ (Promega), a 0.5 mM concentration of each dNTP (Promega), 1 g of
oligo(dT)15, and finally 107 copies of synthetic messenger RNA, an
external and non-competitive synthetic poly(A) RNA. The cDNAs of
interest were amplified by real time PCR performed on the LightCycler姞 1.2 System (Roche Diagnostics) using the QuantiTect SYBR姞
Green PCR kit (Qiagen). The copy number of each cDNA of interest
present in the PCR mixture before amplification was determined using
a standard curve ranging from 10 to 108 copies of the amplified
sequence. Primer sets were designed using the “Universal Probe
Library” software (Roche Diagnostics). The amplification of the cDNA
of the synthetic messenger RNA (so-called ScDNA) was used to
normalize the RT between samples; this patented method avoids
making reference to a housekeeping gene, the level of which is
believed to be invariant (76).
Northern Blot Analyses—Sequences of the probes (Invitrogen)
used for Northern blot analyses are as follows: 18 S, 5⬘-ATCGGCCCGAGGTTATCTAGAGTCACCAAA-3⬘; 28 S, 5⬘-CCTCTTCGGGGGACGCGCGCGTGGCCCCGA-3⬘; 5.8 S, 5⬘-TCAGACAGGCGTAGCCCCGGGAGGAACCCG-3⬘. For labeling, 50 pmol of each probe were
incubated with 50 pmol of [␥-32P]ATP and T4 polynucleotide kinase
(Promega) during 30 min at 37 °C.
Northern hybridizations were performed as described previously
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(33). For each experimental condition, the radioactivity contained in
every band corresponding to known rRNA species was quantified
using PhosphorImager (Typhoon, GE Healthcare) scanning. Statistical analysis (paired t test) from results obtained in independent experiments was performed using Prism 4 software (GraphPad
Software).
RESULTS

In Silico Prediction of Potential Functional Domains of
ISG20L2 and Phylogenetic Tree of the REX4 Gene Family—
Proteomics analyses of nucleoli purified from human cells
have led to the identification of more than 700 different proteins (23–26). Despite extensive bibliographic and bioinformatics analyses, the biological role of about 16% of these
proteins was still unpredictable (22). ISG20L2 was one of
these proteins.
Human ISG20L2 is the product of a gene localized on the
minus strand of chromosome 1 at position 1q21.3 (GeneID
81875 in Entrez Gene). ISG20L2 is a protein composed of 353
amino acids (aa) with a theoretical molecular mass and an
isoelectric point of 39 kDa and 9.9, respectively (ExPASy).
Searches of potential functional domains of ISG20L2 using
the InterPro database allowed pinpointing a potential exonuclease domain localized between aa 178 and 344 of the
protein (Fig. 1A). This potential exonuclease domain contains
the conserved motifs and important residues characteristic of
the DEDDh group of the DEDD superfamily of exonucleases
(34) (Fig. 1A).
A phylogenetic study showed that ISG20L2 belongs to the
REX4 gene family. The biological functions of the vast majority
of the proteins contained in this family are not known except
for the Saccharomyces cerevisiae protein Rex4 involved in
ribosome biogenesis (35, 36), for a human nuclease, ISG20,
involved in antiviral response (37, 38), and for another human
protein, Rex4 (also called XPMC2H), shown to regulate quinone reductase gene transcriptional activity (39). To further
analyze the REX4 gene family, we searched sequence databases (and notably complete genome databases) for homologs of the yeast Rex4 protein. We retained all homologs
having a similarity score higher than or equal to the score of
the yeast Rex1 paralog. The phylogenetic tree (rooted with
Rex1) indicates that the REX4 gene is single copy in most
eukaryotic taxa (fungi, alveolates, invertebrates, and Mycetozoa) (Fig. 1B). The only exceptions are plants and vertebrates
that contain, respectively, three and four members of the
Rex4 family. The four vertebrate genes are REX4, ISG20,
ISG20L1, and ISG20L2 (respectively, Q9GZR2, Q96AZ6,
Q9BSA5, and Q9H9L3 entries in UniProt Knowledgebase).
The four encoded proteins contain a highly similar version of
the exonuclease domain (Fig. 1C). Because of weak bootstrap
values, this phylogenetic tree does not allow a precise dating
of the duplications that led to the four vertebrate genes.
However, the fact that we found a single REX4 gene in the
complete genome of the urochordate Ciona intestinalis (the
closest sister group of vertebrates) as well as in other inver-

tebrates (nematodes and insects) strongly suggests that
these duplications occurred in the last common ancestor of
vertebrates after their divergence from other chordates. In
other words, vertebrate Rex4, ISG20, ISG20L1, and ISG20L2
appear to be co-orthologs of the yeast Rex4 protein. The fact
that ISG20, ISG20L1, and ISG20L2 appear in the phylogenetic
tree to be more distant from Rex4 is likely due to a higher rate
of evolution.
ISG20L2 Accumulates within Nucleoli of HeLa Cells—Proteomics analyses of nucleoli purified from human cells suggested that ISG20L2 was present in nucleoli (24 –26). To
confirm this observation and because no antibody directed
against ISG20L2 was available, the intracellular distribution of
ISG20L2 was investigated by detection of a fusion EGFPISG20L2 protein in HeLa cells. Localization studies using
confocal fluorescence microscopy showed that EGFPISG20L2 was concentrated within the same nuclear domains
as B23, a major nucleolar protein, and does not seem to
accumulate in other cell compartments (Fig. 2A), notably Cajal
bodies (Fig. 2B), contrary to ISG20 (40). These observations
confirm that ISG20L2 is a nucleolar protein.
The N-terminal Half of ISG20L2 Is Sufficient for Its Nucleolar
Localization—To determine which part of ISG20L2 is involved
in its nucleolar localization, two different hybrid proteins containing parts of ISG20L2 fused to EGFP were expressed in
HeLa cells. Fluorescence microscopy observations showed
that the hybrid protein containing the N-terminal half (aa
1–176) was concentrated within nucleoli like endogenous B23
(Fig. 2C). The hybrid protein containing the C-terminal half (aa
175–353) was distributed throughout the entire nucleus (Fig.
2D). These results indicate that the N-terminal half of ISG20L2
is sufficient for the nucleolar accumulation of the entire protein, whereas the C-terminal half is not required for this event.
ISG20L2 Is a 3⬘ to 5⬘ Exoribonuclease—To determine experimentally whether ISG20L2 carries an exoribonuclease activity, GST-ISG20L2 and GST-ISG20L2-N-ter fusion proteins
were produced in bacteria and purified by affinity chromatography (Fig. 3A). The purity of the isolated proteins was
checked by SDS-PAGE, and their identities were confirmed
using MS/MS (see the supplemental table). Unfortunately the
production of a GST-ISG20L2-C-ter fusion protein has failed
despite numerous trials (data not shown).
The purified proteins were then assayed for in vitro ribonuclease activity. For this, GST-ISG20L2 was incubated for different periods of time with an in vitro synthesized RNA labeled
at its 5⬘-end with 32P. As shown in Fig. 3B, this incubation
induced a progressive and sequential appearance of RNA
fragments visible as soon as 5 min after the beginning of the
incubation. Thirty minutes after the beginning of the incubation with GST-ISG20L2, the original substrate was no more
detectable. On the contrary, its incubation with GST alone or
with GST-ISG20L2-N-ter did not lead to its fragmentation or
its disappearance even after 60 min of incubation. These
results demonstrate that ISG20L2 possesses a 3⬘ to 5⬘ exori-
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FIG. 1. Bioinformatics analyses of ISG20L2 primary sequence and of the REX4 gene family. A, amino acid sequence of ISG20L2. The
in silico predicted exonuclease domain is presented in a black box (amino acids 178 –344); conserved motifs and important residues
characteristic of the DEDDh exonuclease class are marked, respectively, by white arrowheads and asterisks. B, homologs of the yeast Rex4
protein were searched (with BLASTP) in UniProt and in Ensembl complete metazoan genomes. The tree is based on the multiple alignment of
the conserved region (223 sites). The tree was rooted by using Rex1 as an outgroup. Bootstrap values higher than 50% are indicated.
Vertebrate species are indicated in red; plant species are in green. UniProt or Ensembl accession numbers are as follows: 1, Q22S54; 2,
Q5MAV6; 3, Q8S3S6; 4, Q700D3; 5, Q9FTM4; 6, Q8LE91; 7, Q7F186; 8, Q8LAA0; 9, Q91560; 10, Q2TAR2; 11, ENSDARG00000044805; 12,
Q4SXK5; 13, ENSCAFG00000019767; 14, Q6PAQ4; 15, ENSRNOG00000027867; 16, Q9GZR2; 17, Q7PQ12; 18, Q2M084; 19, Q9VUC3; 20,
Q9XXI3; 21, Q60S67; 22, Q6BIK6; 23, Q08237; 24, O94375; 25, Q4WHF8; 26, Q54U94; 27, Q8BKA9; 28, ENSRNOG00000030338; 29,
Q9H9L3; 30, ENSCAFG00000016753; 31, Q2YDK1; 32, Q4V7K3; 33, Q3B8G1; 34, ENSDARG00000021179; 35, Q4S474; 36, ENSGALG00000006736; 37, ENSCAFG00000011521; 38, ENSRNOG00000018421; 39, Q9CZI9; 40, Q9BSA5; 41, Q63ZS9; 42, ENSXETG00000007588; 43, ENSCING00000004431; 44, ENSDARG00000045806; 45, Q4SE83; 46, ENSBTAG00000014762; 47, ENSCAFG00000011525; 48, Q96AZ6; 49, Q66UW5; 50, Q5RJP5; 51, Q3UW00; 52, Q6BJX1; 53, P53331; 54, Q4X025. C, human proteins
containing an exonuclease domain highly similar to that of ISG20L2 are schematically represented. The position of the exonuclease domain
is represented in each protein by a gray box, containing the percentage of identity between this domain and that of ISG20L2.
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FIG. 2. Intracellular localization of
ISG20L2 and of ISG20L2 mutants.
EGFP-ISG20L2, EGFP-ISG20L2-N-ter
(amino acids 1–176 of ISG20L2), and
EGFP-ISG20L2-C-ter (amino acids 175–
353 of ISG20L2) were transiently expressed in HeLa cells. Their intracellular
localization was visualized by confocal
microscopy on fixed cells. A, EGFPISG20L2 (green, left panel), endogenous
B23 (red, middle panel), and merged signals (right panel); B, EGFP-ISG20L2
(green, left panel), endogenous coilin
(red, middle panel), and merged signals
(right panel); C, EGFP-ISG20L2-N-ter
(green, left panel), endogenous B23 (red,
middle panel), and merged signals (right
panel); D, EGFP-ISG20L2-C-ter (green,
left panel), endogenous B23 (red, middle
panel), and merged signals (right panel).

bonuclease activity and that this activity is due to the exonuclease domain present in the C-terminal half of the protein.
To characterize the exoribonuclease activity more precisely, the fusion proteins were incubated with the same RNA
but labeled with 32P at its 3⬘-end instead of its 5⬘-end (Fig. 3,
C and D). When the 3⬘ 32P-labeled RNA was carrying a 3⬘hydroxyl group, its incubation with GST-ISG20L2 led very
rapidly to a dramatic decrease of the signal with no appearance of intermediates, whereas its incubation with GST and

GST-ISG20L2-N-ter did not lead to this phenomenon (Fig.
3C). This confirms that ISG20L2 is a 3⬘ to 5⬘ exoribonuclease
and suggests that it carries neither a 5⬘ to 3⬘ exoribonucleolytic nor an endoribonucleolytic activity. The fragmentation of
the RNA induced by GST-ISG20L2 was prevented by the
addition of a phosphate group at the 3⬘-end of the RNA (Fig.
3D). GST as well as GST-ISG20L2-N-ter did not degrade this
type of RNA either (Fig. 3D). These results clearly demonstrate
that ISG20L2 possesses a 3⬘ to 5⬘ exoribonuclease activity
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FIG. 3. Assays of GST, GSTISG20L2, and GST-ISG20L2-N-ter for
exoribonuclease activity. A, separation
by SDS-PAGE and Coomassie Blue
staining of 2.5 g of affinity-purified
GST, GST-ISG20L2, and GST-ISG20L2N-ter. Arrows indicate the position of the
respective proteins according to their
identifications by Western blotting (data
not shown) and MS/MS (supplemental
table). B, C, and D, GST, GST-ISG20L2,
and GST-ISG20L2-N-ter were assayed
for exoribonuclease activity using in vitro
synthesized RNAs in time course experiments. The RNA substrate was labeled
with 32P either at its 5⬘- (B) or 3⬘-end (C
and D). The 3⬘-end of the substrate carried a hydroxyl group (B and C) or a
phosphate group (D). The position of the
radioactive label and the presence of terminal hydroxide or phosphate groups in
each substrate are schematized under
the corresponding panel. The substrate
was incubated during 1 h in the assay
buffer alone (lane 1) or with RNase T1
(lane 2) or during 0, 5, 10, 15, 30, and 60
min (B, lanes 3–20) or 0, 15, 30, and 60
min (C and D, lanes 3–14) with GST,
GST-ISG20L2, or GST-ISG20L2-N-ter.
The reaction products were separated
by PAGE and visualized after autoradiography. Dotted lines indicate separate gels.

that displays a strong specificity for a 3⬘-end containing a free
hydroxyl group.
ISG20L2 Associates with Ribosomal Proteins and Proteins
Involved in Ribosome Biogenesis—To explore further the biological function of ISG20L2, the identification of its binding
partners was achieved using 3XFLAG-tagged proteins. These
fusion proteins exhibited the same localization patterns as the
corresponding EGFP fusion proteins (Fig. 4, A, B, and C). The
complexes containing 3XFLAG-ISG20L2 were purified by analytical co-IP using an anti-FLAG monoclonal antibody. To
point out the proteins associated specifically with ISG20L2,
immunoprecipitates obtained from cells expressing 3XFLAGISG20L2 were compared with those obtained from cells transfected with the plasmid coding only for the 3XFLAG peptide.
For this, proteins contained within both immunoprecipitates
were resolved by SDS-PAGE. About 20 different proteins
were detected in both lanes after silver nitrate staining (Fig.
4D, lanes 1 and 2) and thus cannot be considered as specifically associated with ISG20L2. On the contrary, 20 other
proteins were co-immunoprecipitated only in cells expressing
3XFLAG-ISG20L2 and can thus be considered as specific
partners of ISG20L2. In addition RNase A treatment of the
immunoprecipitated complexes showed that some of the interactions were RNA-dependent (supplemental Fig. 1). To
identify the proteins associated with ISG20L2, a preparative
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co-IP was performed using approximately 100 times more
cells than for the analytical co-IP. The immunoprecipitates
were analyzed by SDS-PAGE, and the proteins were detected
by colloidal Coomassie Blue staining (Fig. 4E, lane 1). The
pattern of ISG20L2-binding proteins was very similar whether
they were obtained from analytical or preparative co-IPs (Fig.
4, compare D, lane 2 with E, lane 2), indicating that ISG20L2
is associated with the same proteins in both conditions. Proteins contained in each band were identified using MS/MS
(supplemental table). This allowed the unambiguous identification of 18 different proteins associated with 3XFLAGISG20L2: three proteins involved in ribosome biogenesis
(nucleolin, nucleolar RNA helicase II, and B23), 11 ribosomal
proteins of the 60 S subunit, and four ribosomal proteins of
the 40 S subunit (Fig. 4E, lane 2, and the supplemental table).
ISG20L2 and Its N-terminal Half Associate with the Same
Proteins—EGFP-ISG20L2 and EGFP-ISG20L2-N-ter localized within nucleoli, whereas EGFP-ISG20L2-C-ter did not
accumulate within these nuclear domains. It is now admitted
that the precise intranuclear localization of a protein is not
governed by specific sequences such as those allowing its
nuclear import but is dependent on interactions with binding
partners within the nucleus (41). Therefore the proteins specifically associated with ISG20L2, ISG20L2-N-ter, and
ISG20L2-C-ter were compared. For this, analytical co-IP ex-
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FIG. 4. Co-immunoprecipitation and
identification of the binding partners
of ISG20L2. 3XFLAG-ISG20L2 (A, green),
3XFLAG-ISG20L2-N-ter (B, green), and
3XFLAG-ISG20L2-C-ter (C, green) were
transiently expressed in HeLa cells, and
their intracellular localization was visualized by confocal microscopy on fixed
cells; DAPI (blue) was used to stain the
nucleus. D, analytical co-immunoprecipitation experiments. Proteins of the
3XFLAG-ISG20L2-, 3XFLAG-ISG20L2N-ter-, and 3XFLAG-ISG20L2-C-tercontaining macromolecular complexes
were separated by SDS-PAGE and revealed by silver nitrate staining (lanes 2,
3, and 4). A parallel experiment was performed as a control using cells expressing only the 3XFLAG peptide (lane 1). E,
preparative co-immunoprecipitation experiments. Proteins co-immunoprecipitated specifically with 3XFLAG-ISG20L2
(lane 2) and 3XFLAG-ISG20L2-N-ter
(lane 3) were identified using MS/MS.
Names of the proteins identified as partner of ISG20L2 or ISG20L2-N-ter are indicated at the right sides of the lanes.
Protein names in bold indicate that the
corresponding proteins were identified
as associated with ISG20L2 and
ISG20L2-N-ter. Two bands (*) from control lane 1 were subjected to in-gel digestion and MS/MS analyses, leading to
the identification of immunoglobulin and
trypsin (supplemental table).

periments were undertaken using an anti-FLAG antibody on
lysates of HeLa cells transiently expressing 3XFLAG alone,
3XFLAG-ISG20L2, 3XFLAG-ISG20L2-N-ter, and 3XFLAGISG20L2-C-ter. The immunoprecipitates were separated by
SDS-PAGE, and proteins were revealed by silver nitrate stain-

ing (Fig. 4D). The patterns of proteins specifically associated
with ISG20L2 and with ISG20L2-N-ter were very similar,
whereas no specific binding partners of 3XFLAG-ISG20L2-Cter were observed. These results indicate that the N-terminal
half of ISG20L2 probably interacts with the same partners as
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the entire protein. As for ISG20L2, the interaction of ISG20L2N-ter with some of its partners appeared to be dependent on
RNA (supplemental Fig. 1). To further compare the proteins
associated with ISG20L2 and ISG20L2-N-ter, a preparative
co-IP of ISG20L2-N-ter and its partners was performed (Fig.
4E, lane 3). MS/MS analyses allowed the identification of 30
different proteins associated with 3XFLAG-ISG20L2-N-ter (six
proteins involved or potentially involved in ribosomal biogenesis (nucleolin, nucleolar RNA helicase II, B23, DNA topoisomerase I, DDX27, and KIAA0179), 14 ribosomal proteins of
the 60 S subunit, four ribosomal proteins of the 40 S subunit,
five proteins involved in messenger RNA (mRNA) metabolism
(hnRNP A1, hnRNP A2/B1, ASF/SF2, SRp20, and Tra2␤), and
histone H2B (Fig. 4E, lane 3, and the supplemental table).
These results show that ISG20L2-N-ter is associated with the
same partners as the entire protein and that it is able to reveal
additional binding partners, notably proteins involved in
mRNA metabolism.
Overexpression of ISG20L2 Induces a Specific Decrease of
the 12 S Precursor rRNA, whereas ISG20L2 Silencing Induces
a Specific Increase of the 12 S Precursor rRNA—With the aim
of determining whether ISG20L2 could interfere with the rRNA
synthesis pathway, the profiles of rRNA precursors as well as
those of mature rRNAs were analyzed by Northern blots after
overexpression of a recombinant form of ISG20L2 or after
ISG20L2 silencing in HeLa cells. For this, on the one hand,
HeLa cells were transfected with expression vectors coding
for either EGFP or EGFP-ISG20L2, and, on the other hand,
HeLa cells were transfected with either a control siRNA or an
ISG20L2-specific siRNA (siISG20L2). Quantitative RT-PCR allowed us to demonstrate that, as expected, transfection of
HeLa cells with siISG20L2 induced a specific decrease of the
level of ISG20L2 mRNA of about 67% without affecting the
levels of ISG20 and Rex4 mRNAs (ISG20L1 mRNA was not
detectable; data not shown). Nuclear RNAs of cells over- and
underexpressing ISG20L2 and of control cells were then purified and analyzed by Northern blot using a set of different
radioactive probes allowing the detection of mature 5.8 S, 18
S, and 28 S rRNAs and of all their precursors that have been
clearly identified in HeLa cells in previous studies (Fig. 5A and
Ref. 42). Two of the Northern blot analyses performed with the
5.8 S probe are presented in Fig. 5, B and C. The data
obtained from cells expressing EGFP-ISG20L2 or transfected
with siISG20L2 were standardized in percentages to that of
the corresponding control cells. The mean of these percentages as well as the corresponding S.D. were calculated from
four (overexpression) and three (silencing) independent experiments (Fig. 5, B and C). The only statistically significant
variations in correlation with the expression of EGFP-ISG20L2
or with ISG20L2 silencing were that observed for the 12 S
rRNA precursor (p ⫽ 0.0002 and p ⫽ 0.0168, respectively). In
cells expressing EGFP-ISG20L2, the amount of the 12 S
pre-rRNA decreased by about 25% compared with that of
cells expressing only EGFP, whereas the amount of the other
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precursors (45 S⬘, 41 S, and 32 S) and that of the 5.8 S rRNA
was almost equivalent in both types of cells (Fig. 5B). In cells
overexpressing ISG20L2, a precursor slightly longer than 5.8
S rRNA accumulated (Fig. 5B, black arrowhead). On the contrary, ISG20L2 silencing induced an increase of about 34% of
the amount of the 12 S pre-rRNA compared with that measured in the control cells (Fig. 5C). Silencing of ISG20L2 did not
modify significantly the amount of other pre-rRNAs or rRNAs,
although we observed an important increase of the 45 S⬘
pre-rRNA amount. However, this increase was variable from
one experiment to another and therefore was not considered
statistically significant (p ⬎ 0.05).
DISCUSSION

ISG20L2 Is a Nucleolar 3⬘ to 5⬘ Exoribonuclease, a Member
of a Family of Vertebrate Nucleolar Exonucleases—Proteomics analyses identified ISG20L2 as a component of nucleoli
purified from human cells (24 –26). The present work presents
evidences that ISG20L2 is a 3⬘ to 5⬘ exoribonuclease found
concentrated within nucleoli. As our attempts to produce an
anti-ISG20L2 antibody were unsuccessful until now (data not
shown), localization studies were performed using tagged
proteins. Analyses of the localization of the fusion proteins
EGFP-ISG20L2 as well as 3XFLAG-ISG20L2 using confocal
microscopy revealed that ISG20L2 accumulates within nucleoli of HeLa cells. Furthermore a truncated form of ISG20L2
lacking its C-terminal half was still able to accumulate within
nucleoli as did the entire protein. These results suggest that
the N-terminal half of ISG20L2 probably promotes the nucleolar localization of the entire protein.
Bioinformatics studies revealed that, in its C-terminal half,
ISG20L2 contains an exonuclease domain conserved in the
DEDDh group of the DEDD superfamily of exonucleases. This
group contains several RNases such as RNase T, oligoribonuclease, Rex proteins, the poly(A)-specific ribonuclease
(PARN), and the poly(A) ribonuclease PAN2 as well as DNases
such as DNA polymerase III that share a common catalytic
mechanism characterized by the involvement of two metal
ions (34, 43). The RNases of the DEDDh group are involved in
various biological functions: RNase T is involved in the end
turnover of tRNA and 3⬘ maturation of tRNAs, 5 S and 23 S
rRNAs, and other small stable RNAs in Escherichia coli (44 –
48); oligoribonuclease is specific for small oligoribonucleotides and is involved in the mRNA decay pathway (49, 50); the
Rex proteins Rex1p, Rex2p, and Rex3p operate in the 3⬘-end
processing of rRNAs, transfer RNAs, MRP RNA, RNase P
RNA, and small nuclear RNAs (8); and PARN and PAN2 are
involved in mRNA turnover by degrading mRNA poly(A) tails
(51, 52). Despite all these RNases belonging to the same
group of exonucleases, they differ in their mode of action.
Indeed oligoribonuclease and PARN were described as processive enzymes, whereas RNase T and PAN2 were shown to
be non-processive enzymes (49, 53–55). Biochemical evidence demonstrates here that ISG20L2 is also an exoribo-
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FIG. 5. Effects of overexpression
and silencing of ISG20L2 on the 5. 8 S
rRNA maturation pathway. A, schematic representation of rRNA processing
in HeLa cells according to Ref. 42. Two
alternative pathways are presented. B
and C, Northern blot analysis of nuclear
RNAs extracted from HeLa cells. Nuclear RNAs extracted from cells expressing EGFP or EGFP-ISG20L2 (B)
and cells transfected with control siRNA
or siISG20L2 (C) were detected by hybridization with a 5.8 S probe. Average
intensities measured for rRNAs extracted from cells expressing EGFPISG20L2 (four independent experiments)
and transfected with siISG20L2 (three independent experiments) are expressed
as percentages of the intensities obtained with control cells. Standard deviations are given after the ⫾ symbol.
siCtrl, BLOCK-iT fluorescent oligo.

nuclease that processes RNAs from their 3⬘-end to their 5⬘end. Processing of RNAs by ISG20L2 is characteristic of a
distributive mode of hydrolysis because its incubation with a
5⬘-end-labeled RNA substrate generated fragments that were
progressively shortened from its 3⬘-end. Furthermore our experiments indicated that ISG20L2 exhibits a strong preference for a 3⬘-hydroxyl group at the 3⬘-end of its substrate to
achieve its exoribonuclease activity as it was described for
RNase T and PARN (51, 56).
Phylogenetic studies indicated that ISG20L2 is a member of
the Rex4 family in the Rex subgroup of DEDDh exonucleases.
The Rex4 family is composed of three other members in

vertebrates (Rex4, ISG20, and ISG20L1), probably after duplications of the REX4 gene in the last common ancestor of
vertebrates. These four proteins contain a very similar version
of the exonuclease domain. ISG20 was characterized as a
divalent processive cation-dependent 3⬘ to 5⬘ exonuclease
with a strong preference for single-stranded RNA substrates
accumulating in nucleoli but also in Cajal bodies (40, 57). Rex4
probably accumulates within nucleoli because it was identified in all proteomics analyses of nucleoli purified from human
cells (23–26). A transiently expressed EGFP-ISG20L1 fusion
protein accumulated also within nucleoli of HeLa cells (data
not shown). In conclusion, ISG20, ISG20L1, ISG20L2, and
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Rex4 are four vertebrate exonucleases of the same family that
accumulate within nucleoli; the precise biological role of each
member of the family in this nuclear domain remains to be
specified.
ISG20L2 interacts with Ribosomal Proteins and Proteins
Involved in Ribosome Biogenesis—To gain insights into the
biological role of ISG20L2, identification of its binding partners was undertaken. Eighteen different proteins with which it
associates were identified after co-IP experiments and
MS/MS analyses. As it was described for other nucleolar
proteins, the interaction of ISG20L2 with some of its partners
appears to be dependent on RNA integrity, although the interactions between each member of the ISG20L2 complex,
either RNA or proteins, remains to be finely deciphered (58 –
60). All the identified partners of ISG20L2 (except RS26) have
been identified as localized within nucleoli of HeLa cells (22).
Three of them are trans-acting factors involved in ribosome
biogenesis: nucleolin, B23, and nucleolar RNA helicase II.
Although the role of nucleolin in ribosome biogenesis is not
fully understood, it is implicated in multiple steps during this
pathway (61). B23 is a multifunctional nucleolar protein that
may essentially act as an assembly factor of ribosomal subunits (62). Nucleolar RNA helicase II is involved in 18 S and 28
S rRNA production in mammals (63). Fifteen of the proteins
identified as partners of ISG20L2 are ribosomal proteins, and
notably 11 of them are part of the large ribosomal subunit.
These findings and the fact that ISG20L2 localized within
nucleoli of HeLa cells strongly suggest that ISG20L2 could be
involved in ribosome biogenesis and most likely in the processing and assembly of the large ribosomal subunit.
The co-IP experiments revealed that ISG20L2 and its Nterminal half associate with the same binding partners, mainly
proteins involved in ribosome biogenesis and ribosomal proteins. Indeed 30 different proteins were identified as associated with the N-terminal half of ISG20L2. Six of them are
involved in ribosome biogenesis: nucleolin, B23, nucleolar
RNA helicase II, DNA topoisomerase I, KIAA0179, and DDX27.
DNA topoisomerase I is involved in pre-rRNA synthesis (64).
The biological roles of KIAA0179 and DDX27 are still unknown. However, they are, respectively, homologous to the
yeast proteins Rrp1p and Drs1p involved in the biogenesis of
the large ribosomal subunit (65, 66). Eighteen of the proteins
identified as associated with ISG20L2-N-ter are ribosomal
proteins, and 14 of them belong to the large ribosomal subunit. These data further support the notion that ISG20L2 is
involved in the biogenesis of the large ribosomal subunit.
Therefore, it can be postulated that ISG20L2 is composed of
two main functional domains, one in the N-terminal half of the
protein promoting its intracellular localization via the association with its partners and the other in the C-terminal half of
the protein bearing the biochemical activity of ISG20L2.
Besides ribosomal proteins and proteins involved in ribosome biogenesis, five unexpected proteins were identified as
partners of ISG20L2-N-ter. They are all involved in mRNA
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metabolism. Four of these proteins, hnRNP A1, hnRNP A2/
B1, SRp20, and ASF/SF2, are plurifunctional factors involved
in splicing and nucleocytoplasmic export or trafficking of
mRNAs (67). Tra2␤ is involved in mRNA splicing (68). This
result suggests that ISG20L2 might be involved in several
biological processes as it has been demonstrated for other
exonucleases of the DEDDh group of the DEDD superfamily of
exonucleases. It is then conceivable that ISG20L2, apart from
an involvement in ribosome biogenesis, may play an additional role in mRNA metabolism.
ISG20L2 Is Involved in the Maturation of the 5.8 S rRNA—
Identification of the binding partners of ISG20L2 strongly suggested that this protein is involved in the biogenesis of the
large ribosomal subunit. In addition, a role for ISG20L2 in
ribosome biogenesis is supported by the finding that it leaves
nucleoli after actinomycin D treatment (25). We provide evidence that ISG20L2 participates in the processing of internal
transcribed spacer 2 because its overexpression induced a
decrease in the amount of the 12 S pre-rRNA, whereas its
silencing induced an increase in the quantity of this well
identified precursor of the 5.8 S rRNA. In yeast, the maturation
step from the counterpart of the 12 S rRNA precursor (7 S
pre-rRNA) to the 5.8 S rRNA is performed through sequential
steps achieved by different factors. Indeed the exosome is
thought to provide the 5.8 S ⫹ 30 precursor from the 12 S
pre-rRNA. This precursor is shortened to the 6 S (5.8 S ⫹ 8)
pre-rRNA by Rrp6p and to the 5.8 S ⫹ 5 precursor by Rex1p
and/or Rex2p. Finally the last few nucleotides are removed by
Ngl2p, providing the mature 5.8 S rRNA (6). In humans, the
maturation of the 5.8 S rRNA is still not well defined even if a
human exosome complex has been characterized (69). This
complex contains proteins similar to those found in the yeast
complex. However, its exonuclease activity is conferred by the
hydrolytic activity of the Rrp41-Rrp45 dimer, which exhibits no
activity in yeast, indicating that the activity and regulation of the
exosome might have diverged between yeasts and humans,
notably concerning the maturation of the 5.8 S rRNA (70, 71). It
was suggested that, as is the case in yeast, the exosome is
required but not sufficient for a complete 3⬘-end maturation of
the human 5.8 S rRNA (72). ISG20L2 is probably one of the
factors involved in the processing of the 12 S pre-rRNA. The fact
that overexpression of ISG20L2 induced a decrease in amount
of the 12 S pre-rRNA and the appearance of a band above the
5.8 S rRNA that might correspond to the yeast 6 S rRNA
strongly support this hypothesis. However, the molecular mechanisms by which this occurs remain to be determined. For
example extensive characterization of an RNA species that
accumulates above the 5.8 S rRNA after overexpression of
ISG20L2 should help to determine whether the processing of
the 12 S rRNA is reminiscent of that of its yeast counterpart.
Because the available exosome composition does not include ISG20L2 and none of the binding partners of ISG20L2
identified in this study are part of the exosome, ISG20L2 is
probably not part of the exosome per se. ISG20L2 may then
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be considered as a novel protein involved in the maturation of
the 5.8 S rRNA in a step specific to vertebrates. At the mechanistic level, ISG20L2 might cleave directly through its exoribonuclease activity or indirectly the 12 S pre-rRNA just before
or just after the action of the exosome. Alternatively ISG20L2
might be a positive regulator of the exosome, explaining the
decrease in amount of the 12 S pre-rRNA when ISG20L2 was
overexpressed and its decrease in amount when ISG20L2
was underexpressed. Because ISG20L2 is specific to vertebrates, this demonstrates that the machinery required for 5.8
S maturation is probably more complex in higher eukaryotes
than in yeast and requires several proteins in addition to the
exosome complex as it has been described with the characterization of MPP6, a human cofactor of the exosome (72).
Interestingly we observed an increase, although variable
and not statistically significant, in the amount of 45 S⬘ prerRNA after underexpression of ISG20L2. A similar phenomena
is frequently observed in yeast when the processing of the 60 S
subunit is altered (18, 73, 74). The mechanisms by which this
occurs is not yet elucidated, but altogether these observations
strongly support the notion that in mammals, like in yeast, there
is some form of negative feedback on the processing machinery
when the ribosome biogenesis is altered (75).
It appears more and more that rRNAs are crucial players for
a good quality of the cell translational activity (12). Our results
indicate that probably many proteins involved in the processing and in the quality control of rRNAs remain to be identified
and characterized. Furthermore these results confirm that the
extremely conserved need for rRNAs in vertebrates and yeast
is achieved by close but distinct mechanisms, opening the
exciting possibility to discover modes of regulations that are
unique to higher eukaryotic systems.
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