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Colocalization within the Nucleolus of Two Highly Related IFN-Induced
Human Nuclear Phosphoproteins with Nucleolin

G. I. Welsh, S. Kadereit,1 E. M. Coccia,2 A. G. Hovanessian, and E. F. Meurs3

Unité de Virologie et d’Immunologie Cellulaire, Institut Pasteur, 75724 Paris cedex 15, France
cDNAs [2]. These cDNAs, referred to as 41 (1044 bp) and
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We have previously reported the identification of
wo interferon (IFN)-induced cDNAs which code for
wo proteins, named 41 and 75, which have homology
o a number of proteins involved in regulating gene
xpression. Here we establish that these cDNAs corre-
pond to in vivo synthesized mRNAs. Expression of the
1 and 75 cDNAs, both in vitro and in vivo, generated
roteins of 30 and 68 kDa, respectively. In a variety of
ammalian cells, 41 and 75 were found to be located in

he nucleus, with 41 being localized to the nucleolus,
hereas 75, although it is mainly concentrated at the
eriphery of the nucleolus, is also found throughout
he nucleoplasm. Treatment with interferon results in
translocation of 41 to the periphery of the nucleolus

nd it is in this region that the two proteins colocalize.
1 and 75 were found to colocalize with nucleolin but
ot with B23 or fibrillarin, three nucleolar proteins

nvolved in ribosome synthesis. This colocalization
as not affected by low concentrations of actinomycin
. In view of this and since 41 and 75 have homology to
roteins involved in regulating gene expression, we
uggest that, in association with nucleolin, they play a
ole in ribosome biogenesis.

INTRODUCTION

Protein kinase R (PKR) is a serine/threonine kinase,
hich is induced by interferon and which is regulated by the

oncentration of double-stranded RNA in cells. It is known
o play an important role in the antiviral and antiprolif-
rative actions of interferon [1]. During the cloning of
KR from a lgt11 library expressing IFN-induced oli-
o(dT)-primed cDNAs using PKR-specific polyclonal an-
ibodies, an additional cDNA corresponding to a novel
RNA induced by both a- and g-interferon was isolated.
urther library screening selected two highly related

1 Present address: Department of Hematology/Oncology, Case
estern Reserve University, Cleveland, Ohio 44106.
2 Present address: Laboratory di Virologia, Instituto Superiore de

anita, 00161 Rome, Italy.
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5 (1540 bp) are highly homologous, displaying perfect
omology over 612 bp but differing at both ends. In ad-
ition cDNA 75 contains an insertion of 150 bp which is
ighly homologous (66% homology between the two se-
uences at the amino acid level) to a region common to
oth proteins. The sequence of the 41 cDNA contains an
pen reading frame of 744 bp corresponding to a polypep-
ide of 248 amino acids, while that of the 75 cDNA con-
ains an open reading frame of 1224 bp corresponding to
polypeptide of 408 amino acids [2, and see Results].
Sequence analysis of the 41 and 75 proteins revealed

hat they are very hydrophilic and rich in basic amino
cids and contain two nuclear localization motifs. They
lso contain several potential phosphorylation sites for
ifferent serine/threonine protein kinases [2]. Data-
ase searches using the 41 and 75 amino acid se-
uences showed that they contain regions which have
artial homology with helix-loop-helix motifs of a fam-
ly of minor groove DNA binding proteins [2]. New
atabase searches have revealed that the C-terminal
egions of 41 and 75 are very homologous to those of
P100B, LYSP100B, and SP140, members of the
P100 family of nuclear proteins, the role of which is
nclear. The SP100 family of proteins colocalize in the
ucleus with the promeolytic leukemia protein (PML)

n structures known as nuclear bodies [3, 4].
Both 41 and 75 contain a single LXXLL motif, which

as been identified as a signature sequence that medi-
tes protein interaction with nuclear receptors and a
DWK or SAND domain, which is thought likely to be
DNA binding domain [5–7]. The KDWK or SAND

omain is found in a number of nuclear proteins, in-
luding the Drosophilia transcriptional activator pro-
ein DEAF-1, a DEAF-1-related protein, NUDR, previ-
usly referred to as suppressin and which has been
mplicated in the negative regulation of immune cell
ctivation, and the APECED polyglandular autoim-
une protein AIRE-1, which is thought to be a tran-

cription factor [6–9]. In contrast to 41, 75 also con-
ains a C4HC3 zinc finger domain near its C-terminus.
nterestingly, a similar domain is found in a number of
uclear proteins involved in the regulation of gene
xpression [10, 11]. Although the precise role of this

http://www.elsevier.com/wps/find/journaldescription.cws_home/622826/description#description
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-123358
http://kops.ub.uni-konstanz.de/volltexte/2010/12335
http://www.elsevier.com/wps/find/journaldescription.cws_home/622826/description#description


domain is not clear, it may represent a protein/protein
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nteraction domain as for the related LIM domain [12].
lternatively, it has been suggested that this domain is

nvolved in interactions with chromatin [10].
It should be mentioned here that 41 and 75 have

een referred to as human nuclear phosphoprotein 1
nd 2 (HNPP1 and HNPP2) by others [4, 6]. However,
e will name these proteins by their original screen
umbers [2], until a functional definition can be found.
The homology of 41 and 75 to a number of nuclear

roteins involved in the regulation of gene expression
uggests that they may play a role in this process. Here
e provide evidence for their expression in human cells
nd confirm their specific localization in the nucleus.

MATERIALS AND METHODS

Materials. The monoclonal antibody against HA (12AC5) was
urchased from Boehringer Mannheim (Meylan, France), while the
abbit polyclonal anti-HA antibody was obtained from Santa Cruz
iotechnologies (Santa Cruz, CA). pcDNA 3.1/Myc-His- and
cDNA3.1/V5-His-tagged expression vectors and monoclonal anti-
odies against V5 and Myc epitopes were obtained from Invitrogen
NV Leek, The Netherlands). Anti-mouse, anti-rabbit, anti-goat, and
nti-human polyclonal antibodies conjugated to either FITC or Texas
ed were obtained from Caltag (San Francisco, CA). Rabbit anti-
erum raised against a purified preparation of human nucleolin was
enerously provided by Drs. M. Erard and C. Faucher, Centre de
echerche de Biochimie et de Génétique Cellulaire du CNRS, Tou-

ouse, France. A mouse monoclonal antibody directed against human
ucleolin was a kind gift from Dr. R. Foisner, Institute of Biochem-

stry and Molecular Cell Biology, University of Vienna, Vienna,
ustria. The human autoantibody directed against fibrillarin was
indly provided by Dr. D. Hernandez-Verdun, Institut Jacques
onod, Université Paris VII, Paris, France [13]. Actinomycin D was

btained from P-L Biochemicals Inc. (Milwaukee, WI).
Construction of tagged 41 and 75 expression vectors. 41 and 75

DNA were excised from pcDNA1/neo [2] by HindIII and XhoI diges-
ion and subcloned into pcDNA1/amp between the HindIII and XhoI
ites of the polylinker.
HA-tagged 41 was prepared as follows. The HA tag from pAS1-
YH2 (Clontech) was excised by EcoRI and BamHI digestion and
ubcloned into the plasmid pSG5 (Stratagene) between the EcoRI
nd BamHI sites of the polylinker. The 41 cDNA was copied from
cDNA1/amp/41 by PCR using a 59 sense primer (GGGGGACATG-
CGAGCAGCGGAGTC), corresponding to the start of the 41 coding

egion, with the addition of nucleotides to reconstruct a Sma site, at
he 59 end, and a 39 antisense primer (ACCCTCTCAGTCACCAT-
TT), corresponding to the 39 end of the 41 cDNA coding region. This
CR product was subcloned into the pSG5HA plasmid described
bove in the Sma site to give pSG5/HA-41.
To prepare pcDNA 3.1/41/Myc-His and pcDNA 3.1/41/V5-His, the

1 cDNA was copied from pcDNA1/amp/41 by PCR using the 59 sense
rimer (GGATGAATTCTTCTTCTCCAATGTC) and the 39 antisense
rimer (ACCGCGGGCCCTCCTTGCTATTTAA). The first 10 nucle-
tides of the 59 primer correspond to the sequence surrounding the
coRI site in pcDNA 3.1/Myc-His and pcDNA 3.1/V5-His (Clontech)
nd the other 15 correspond to the MboII site (nucleotides 74–88) of
he 41 cDNA. The first 13 nucleotides of the 39 antisense primer
orrespond to the sequence surrounding the ApaI in pcDNA 3.1/Myc-
is and pcDNA 3.1/V5-His and the rest corresponds to the region of

he 41 cDNA just prior to the stop codon (nucleotides 943–954). The
CR product was digested with EcoRI and ApaI and subcloned into

he Myc-His and V5-His expressing pcDNA plasmids between the
o that the 41 cDNA was in phase with the tag.
To prepare pcDNA 3.1/75/Myc-His and pcDNA 3.1/75/V5-His, two

rimers, which correspond to the sense and antisense sequences at the
9 end of 75 immediately prior to the stop codon (nucleotides 1356–
393), plus an XhoI site were synthesized: (ATGCAGCCTCAGGAC-
AGCTGAATGTGAGTTCCTCCTCTGGCCGCTCGAGT and ACTC-
AGCGGCCAGAGGAGGAACTCACATTCAGCTGGTCCTGAGGC-
GCAT). Thirty micrograms of each of the two primers was annealed in
final volume of 50 ml containing 10 mM Tris–HCl, pH 7.5, 0.5 mM
gCl2, and 50 mM NaCl by heating at 90°C for 5 min and then cooling

lowly to ambient temperature. The annealed primers were then di-
ested with Bsu36I and XhoI and subcloned into pcDNA1/amp/75
hich had also been digested with these enzymes. This results in a 75

DNA which lacks a stop codon at its 39 untranslated region. This cDNA
as then excised by HindIII and XhoI digestion and subcloned into
cDNA 3.1/Myc-His and pcDNA/V5-His version B between the HindIII
nd XhoI sites of the polylinker so that the 75 cDNA was in phase with
he tag. The 75 construct as such corresponded to a truncated form of 75
acking the first 37 amino acids (see Results). To restore the full coding
equence of 75, the 59 end of the original cloned insert was excised by
amHI from the Bluescript vector [2] and inserted at the BamHI site in
cDNA 3.1/Myc-His and pcDNA 3.1/V5-His.
In vitro translation. Transcription/translation reactions were

arried out using the TNT T7 Quick Coupled Transcription/
ranslation System (Promega) as described in the manufacturer’s

nstructions.
Polysomal RNA analysis. U937 cells were treated for 24 h with

00 U/ml of human a-interferon (lymphoblastoid IFN; Hayashibara
iochemicals Lab, Japan). Polysomal RNA was prepared and ana-

yzed as described [14]. Probes specific for cDNA 41 and 75 were
btained by restriction digest from their nonhomologous 39 end with
tyI–EcoRI (166 bp) and PstI–EcoRI (236 bp), respectively. Probes
pecific for actin or 6-16 were prepared as described [14].
RT–PCR. Total cytoplasmic RNA was prepared from IFNg-

reated HeLa cells with the acid guanidinium isothiocyanate/phenol
hloroform method [15] using RNA-PLUS (Bioprobe). The RNA was
reated for 30 min at 42°C with an excess of RNase-free DNase before
he DNase was inactivated by heating at 70°C for 10 min. Oligo(dT)-
rimed first-strand synthesis was carried out as described [16]. A
ixth of the first-strand synthesis reaction was submitted to PCR
mplification using primers specific for the full-length 41 or 75 (41,
ense 59-GCGAGCAGCGGAGTCAAG-39, antisense 59-CTTGCTAT-
AACTCTCTCT-39; 75, sense 59-GCCCCACTCTCCCTTGGGCT-39,
ntisense 59-GAGGAGGAACTCACATTCAG-39). In addition, in the
ase of 75, one PCR reaction was carried out using a 59 primer
orresponding to a sequence in its insertion region (59-GTAACTC-
ACGGTAGAGACAA-39) chosen to diverge the most from the 68%
omologous downstream region. The products from the PCR reaction
ere analyzed by agarose gel electrophoresis. Since products from

he reaction were not visible, the agarose gels were Southern blotted
sing 41 and 75 cDNA as probes [16].
Transfection. For transfection experiments HeLa or COS cells
ere seeded at 104 cells/cm2 in appropriate tissue culture dishes.
fter 24 h the cells were transfected by a calcium phosphate precip-

tation technique followed by glycerol shock [17].
Cell extraction. Cytoplasmic and nuclear cell extracts were pre-

ared 48 h after transfection of 10-cm-diameter tissue culture dishes by
xtracting the cells with a buffer containing 10 mM Tris–HCl, pH 7.6,
.1 M NaCl, 1 mM EDTA, 100 U/ml aprotinin, 0.1 mM PMSF, and
.05% (v/v) NP-40. The extracts were centrifuged at 400g, 4°C, to pellet
he nuclei. The cytoplasmic fraction was removed and centrifuged at
2,000g to remove cell debris. The nuclear pellet was extracted with a
uffer containing 20 mM Tris–HCl, pH 7.6, 50 mM KCl, 400 mM NaCl,
mM EDTA, 1% Triton X-100, 20% glycerol, 5 mM mercaptoethanol,

00 U/ml aprotinin, and 0.2 mM PMSF and centrifuged at 12,000g, 4°C
o remove debris. The extracts were analyzed on SDS–PAGE followed
y Western blotting with appropriate antibodies.
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eriments, HeLa or COS cells were transfected in 8-well chamber
lides (Labtek). At 24 h after transfection the cells were fixed with
araformaldehyde and lysed with 0.5% Triton X-100 in order to keep
he integrity of the cellular structures. They were then stained with
ppropriate antibodies as described previously [18]. Primary anti-
odies were diluted 1/100 prior to use. Anti-mouse antibodies linked
o FITC or Texas red and anti-rabbit antibodies also linked to either
ITC or Texas red (Caltag) were also diluted 1/100 prior to use.
here appropriate, HeLa cells were treated with 500 units/ml a-or

-interferon for 24 h (added 4 h prior to transfection). For treatment
ith actinomycin D, either 0.05 or 5 mg/ml was added for 30 min. The
ctinomycin was then removed and the cells were washed and then
eft in fresh medium for 8 h prior to fixation and lysis. The localiza-
ion of 41 and 75 was analyzed using laser scanning confocal micros-
opy (Leica TCS4D machine). Green and red fluorescence were col-
ected simultaneously and then separated digitally. Colocalization of
roteins results in a merging of red and green fluorescence to pro-
uce a yellow image.

RESULTS

he 41 and 75 cDNAs Correspond to in Vivo
Synthesized mRNAs

Expression of proteins from the cloned 41 and 75
DNAs either in baculovirus-infected insect cells or in

FIG. 1. Polysomal profiles of the mRNAs corresponding to cDNA
1 and 75. Extracts from control (2IFN) and IFNa-treated (1IFN)
937 cells were fractionated on sucrose gradients and the different

ractions containing the ribosomal and polysomal mRNAs were
ransferred by the slot blot technique onto a nitrocellulose mem-
rane and hybridized with specific radiolabeled probes for cDNA 41,
5, b-actin, and the interferon-induced 6-16 gene. Polysomal RNA
ere found in fractions 4–10, the smallest polysomes being associ-
ted with fraction 4. Samples 1–3 contain monosomes and ribosomal
ubunits. Sample T contains the total cytoplasmic RNAs.
scherichia coli from GST fusion proteins resulted in
ighly insoluble products (data not shown). For this
eason, we could not purify these proteins to raise
pecific antibodies. Furthermore, the attempt to use
ntipeptide antibodies raised against regions located
n the nonhomologous C-terminal ends of 41 and 75 has
lso so far been unsuccessful. In a previous study, we
ave shown by run-on analysis, using a cDNA probe
orresponding to a sequence common to both 41 and 75,
hat they were rapidly induced by interferon at the
ranscriptional level and that this transcription was
ot dependent on continuous protein synthesis [2]. In
rder to verify that these proteins are produced in
ntact cells under physiological conditions, we investi-
ated the expression of the mRNA of 41 and 75 and
heir association with polysomes. The polysomal distri-
ution pattern of mRNAs may help to differentiate
etween translated and untranslated species since as-
ociation of mRNA with high-molecular-weight poly-
omes is considered to reflect the translational activity
f a given mRNA [14]. Gradient fractions of polysomal
NA from control and IFN-treated human U937 cells
ere transferred onto membrane and hybridized with
robes specific for the nonhomologous 39 end of cDNA
1 or 75. As shown in Fig. 1, in the absence of IFN
reatment the majority of the mRNAs corresponding to
DNA 41 and 75 are found in the subpolysomal/mono-
omal fractions (fractions 1–4). Following IFN treat-
ent, a shift in the distribution of both mRNAs was

FIG. 2. RT–PCR analysis of in vivo expressed endogenous 41 and
5 mRNAs. RNA extracted from IFNg-treated HeLa cells was ana-
yzed by RT–PCR for the presence of 41 and 75 mRNAs. A and C
epresent PCR controls performed on 41 and 75 cDNAs from pcDNA/
mp vectors. B and D represent RT–PCR for 41 and 75, respectively.
represents RT–PCR for 75 using a 59-end primer starting in the 75

nsert domain. The PCR products were separated on 1.2% agarose
els and a Southern blot of the gel is presented.



o
w
4
4
f
r
i
h
g
i
t
t
d
a
i
t
a
s
a
r
s
m
p
t
n
o
a
d
f

c
i
I

and 75. As shown in Fig. 2, RT–PCR-generated DNA
p
t
m
i
r
7
f
d
s
d
d
s
m
r
u
5
g
b
E
i
t
g
o
k
w
i
t
w
t

F
w
v
p
m
(
S

n
(
f
m
f
E
w
t

65
bserved. They were now also found to be associated
ith the polysomes of high molecular weight (fractions
–10). Identical patterns of polysomal distribution for
1 and 75 were observed with polysome preparations
rom HeLa and CEM cells (data not shown). These
esults establish that 41 and 75 cDNAs correspond to
n vivo synthesized mRNAs that can be associated with
igh-molecular-weight polysomal complexes, thus sug-
esting that both mRNA species become translated
nto proteins in vivo. In addition, these results confirm
hat both 41 and 75 are induced by interferon, consis-
ent with our previous data [2]. Interestingly, some
ifferences between the polysomal distribution of 41
nd 75 mRNAs compared to that of b-actin or the
nterferon-induced 6-16 mRNAs used as controls in
his experiment are observed (Fig. 1). Whereas both
ctin and 6-16 are progressively charged on the ribo-
ome, a fraction of 41 and 75 mRNAs remains associ-
ted with low-molecular-weight polysomes. This may
epresent a mechanism of translational regulation,
imilar to that of ribosomal proteins, in which a pool of
RNAs is kept associated with low-molecular-weight

olysomes in order to be immediately available for
ranslation following stimulation [19]. It should be
oted here, however, that the true identity (preexisting
r newly synthesized) of the 41 and 75 mRNAs associ-
ted with low-molecular-weight polysomes could not be
etermined in this assay and would therefore require
urther analysis.

We have next confirmed that the 41 and 75 cDNAs
orrespond to in vivo synthesized mRNAs by carry-
ng out RT–PCR analysis on RNA extracted from
FN-treated HeLa cells using primers specific for 41

FIG. 3. In vitro expression of the tagged 41 and 75 constructs.
orty microliters of rabbit reticulocyte lysates (TNT kit; Promega)
as incubated as such (control), with 4 mg of a luciferase expressing
ector (provided with the kit), or with pcDNA/Amp-HA-41 or
cDNA3.1-75-V5. The transcription/reaction was carried out for 90
in at 30°C in the presence of 5 mCi of [35S]methionine/cysteine

Promix; Amersham). The 35S-labeled proteins were analyzed by
DS–PAGE on 12.5% acrylamide gels.
roducts migrating at the expected sizes were ob-
ained for both 41 and 75 (Fig. 2, lanes B and D). As
entioned previously the cDNA of 75 contains an

nsertion of 150 bp which is highly homologous to a
egion common to both 41 and 75. The nature of the
5 insert is somewhat intriguing. This insert, coding
or 50 amino acids, resembles a duplication of a
omain present downstream on the 75 sequence but
haring only 68% homology with this region. This
iscrepancy might indicate that, during evolution, a
ivergence had occurred between two motifs of the
ame protein. In order to determine that the two
otifs are indeed present on the same protein and to

ule out any possible artifact, we performed a PCR
sing a 59 primer specific to this insert, instead of the
9 terminal primer. The resulting PCR product mi-
rated in the gel as a band of the expected size (851
p compared with 1111 bp for 75; Fig. 2, lanes D and
). Therefore, the 50-amino-acid insert of 75 protein

s indeed an intrinsic part of the protein. Whether
he sequence divergence between this insert and re-
ion A corresponds to a Darwinian positive selection
r to an accumulation of random mutations is not
nown [20]. However, in favor of the first possibility,
e had previously noted that the differences appear-

ng in the 50-amino-acid insert allowed the genera-
ion of an additional potential phosphorylation motif,
hich may be of functional importance for the pro-

ein [2].

FIG. 4. Association of transfected tagged 41 and 75 with the
uclear fraction. COS cells were mock transfected (1) or transfected
2) with pcDNA/Amp-HA-41 (A) or with pcDNA3.1-75-V5 (B). Trans-
ection was performed by the calcium phosphate technique using 20
g of plasmid/100-mm petri dish. Cytoplasmic (C) and nuclear (N)

ractions were prepared as described under Materials and Methods.
xpression of HA-41 and 75-V5 was detected by immunoblotting
ith the use of anti-HA and anti-V5 antibodies after separation of

he proteins by SDS–PAGE on 12.5% acrylamide gels.
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In Vitro and in Vivo Expression of 41 and 75 Proteins
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from Tagged Constructs

In order to characterize the expression of these pro-
eins in cells, the 41 and the 75 proteins were tagged
ither N-terminally with HA or C-terminally with the
YC or V5 epitope. It should be noted here that during

he preparation of the tagged constructs, the original
5 full-length cDNA obtained by screening [2] was
esequenced and found to contain an additional C at
osition 201 which had been previously missed during
anual sequencing at the time of the cloning. This

auses an apparent frameshift and in fact, the coding
equence of 75 is longer by 37 amino acids than previ-
usly described (methionine start at nucleotide 171
nstead of 281; for correction, see Accession No. L22343
n GenBank). Therefore, the pcDNA/Amp/75-V5 was
ngineered to contain the full 59 end of 75. The tran-
cription/translation of the tagged constructs using the
NT T7 Quick Coupled Transcription/Translation Sys-
em (Promega) revealed a size of about 30 kDa for 41,
s previously described [2], and around 68 kDa for 75
Fig. 3). The latter size corresponds now to the size for
5 observed after expression in insect cells from a
aculovirus-derived vector since this construction was
ade using the original 75 insert, whereas a size of 50

Da was observed when in vitro translation was per-
ormed from a pcDNA/Neo (75) construct which was
runcated from its first 229 nucleotides [2]. Initial at-
empts to analyze in vitro translated tagged 41 or 75
sing immunoprecipitation or Western blotting were

FIG. 5. Localization of 41 and 75 in transiently transfected HeLa
ells: effect of interferon. Laser scanning confocal microscopy was
arried out on untreated (Cont) or interferon-treated (IFN) HeLa
ells transiently transfected with either 41V5 (A) or 75V5 (B) or with
A41 and 75V5 (C). The cells were fixed in paraformaldehyde and

ysed with 0.5% Triton X-100 in order to keep the integrity of the
ellular structures [18]. The cells were then stained with mouse
nti-V5 (A and B) or rabbit anti-HA and mouse anti-V5 (C) followed
y anti-mouse IgG coupled to FITC (green fluorescence) (A and B) or
nti-mouse IgG coupled to FITC (green fluorescence) and anti-rabbit
gG coupled to Texas red (red fluorescence) (C). For A and B phase-
ontrast pictures are shown. For C red fluorescence (HA41) and
reen (75V5) were collected simultaneously and then separated dig-
tally. Colocalization of proteins results in a merging of red and green
uorescence to produce a yellow image.
FIG. 6. Comparison of the localization of 41/75 and with fibril-

arin and B23/nucleoplasmin in transiently transfected HeLa cells.
aser scanning confocal microscopy was carried out on untreated

Cont) or interferon-treated (IFN) HeLa cells which had been tran-
iently transfected with HA41 (A and C) or 75V5 (B or D). For A and

the cells were stained with human anti-fibrillarin and with either
ouse anti-HA antibody (A) or mouse anti-V5 antibody (B). This was

ollowed by anti-human IgG coupled to FITC (green fluorescence)
nd anti-mouse IgG coupled to Texas red (red fluorescence). For C
nd D the cells were stained with goat anti-B23 antibody and with
ither mouse anti-HA antibody (C) or mouse anti-V5 antibody (D). In
ach case red fluorescence (HA41 or 75V5) and green (fibrillarin or
23) were collected simultaneously and then separated digitally.
olocalization of proteins results in a merging of red and green

uorescence to produce a yellow image. The pictures show whole
ells but in each case only the nucleolus or nucleus of the cell is
tained.
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icular, this did not allow us to investigate the in vitro
nteraction between 41 and 75 or other possible inter-
ctions, for instance with RNA or DNA (data not
hown). For the same reason, the analysis of their
hosphorylation by different kinases was also not pos-
ible. Therefore, the tagged 41 and 75 constructs were
ransfected into eukaryotic cells in order to determine
hether they could be analyzed after expression in
ivo. Western blot analysis of cytoplasmic and nuclear
ractions from COS cells transfected with these con-
tructs demonstrated that both proteins are associated
ith the nuclear fraction and the size of these proteins

30 and 68 kDa for 41 and 75, respectively) corre-
ponded to that obtained after in vitro translation (Fig.
). A similar result was obtained from transfection
tudies in HeLa cells (data not shown). The extra mi-
or bands most probably correspond to truncated prod-
cts of the tagged 41 and 75 proteins. These observa-
ions therefore are in agreement with the sequence
ata which point out the presence of nuclear localiza-
ion motifs in both proteins [2]. The availability of the
agged proteins allowed us to carry out immunofluo-
escence studies to determine the location of 41 and 75
ithin both untreated and IFN-treated transiently

ransfected HeLa cells.

ocalization of 41 and 75: Effect of Interferon

Analysis of the localization of 41 tagged with V5 by
mmunofluorescence in transiently transfected HeLa
ells revealed that 41 localizes to the nucleolus (Fig.
A). Identical results were obtained in transiently
ransfected human 293 cells, in COS cells, and by using
ither the C-terminally Myc-tagged or the N-termi-
ally HA-tagged 41 construct (data not shown). Treat-
ent of the cells with IFNa or IFNg for 24 h resulted in
translocation of 41 to the periphery of the nucleolus

Fig. 5A).
75 mainly concentrates at the periphery of the nu-

leolus although, in contrast to 41, it is also found in
he nucleoplasm and there is little change in its loca-
ion in response to IFN treatment (Fig. 5B). Cotrans-
ection of 41 and 75 results in strong colocalization of
1 and 75 in the periphery of the nucleolus and appear-
nce of a proportion of the 41 in the nucleoplasm (Fig.
C). It is striking to note here that, when observed
lone, the localizations of 41 and 75 (left and middle
arts of Fig. 5C, respectively), resemble those observed
hen each of them was transfected separately in IFN-

reated cells, with 41 being found at the periphery of
he nucleolus (Figs. 5A and 5B). This strongly suggests
hat first the presence of 75 (as would be the case in
nterferon-treated cells) results in the translocation of
1 to the periphery of the nucleolus and that second, in
pite of their forced overexpression, the transfected 41
ocalization as the endogenous 41 and 75 proteins.
The 41 cDNA was initially isolated from a lgt11

xpression library during a screen for PKR using PKR-
pecific polyclonal antibodies. Therefore we cotrans-
ected HeLa cells with HA-tagged PKR and 41 or 75 to
etermine if these proteins colocalize with PKR. A
agged PKR construct was transfected into the cells
nstead of using anti-PKR antibodies against the IFN-
nduced endogenous protein to obtain a stronger sig-
al. The majority of PKR was found, as expected, to

ocalize to the cytoplasm and we found no evidence of
olocalization of PKR with 41 or 75 (data not shown).

1 and 75 Colocalize with Nucleolin but Not with
Fibrillarin or B23/Nucleophosmin

Since 41 and 75 concentrate in the nucleolus, we de-
ermined the location of these two proteins in relation to
brillarin, B23/numatrin/nucleoplasmin, and nucleolin,
hich are abundant nucleolar proteins known to play

mportant roles in ribosome biosynthesis.
As can be seen (Fig. 6) and as already reported [13],

brillarin localizes to discrete spots within the nucleo-
us which correspond to the sites of rRNA synthesis. In
ontrast, as described above, in untreated cells 41 lo-
alizes throughout the nucleolus (Fig. 6A). Upon treat-
ent with interferon 41 translocates to the periphery

f the nucleolus, where it surrounds the fibrillarin (Fig.
A). Similarly 75, in both untreated and interferon-
reated cells, is found mainly at the periphery of the
ucleolus where it, like 41, surrounds the fibrillarin
Fig. 6B). Thus 41/75 and fibrillarin do not colocalize.

A comparison of the localization of 41/75 and B23
ives a similar result. Both in untreated and in inter-
eron-treated cells B23 is found throughout the nucle-
lus (Figs. 6C and 6D). Although 41 and B23 have a
imilar location in untreated cells, upon treatment
ith interferon 41 translocates to the periphery of the
ucleolus, where it surrounds the B23 and since 41 is

nduced by interferon it is likely that this is the local-
zation which occurs naturally (Fig. 6C). In both un-
reated and interferon-treated cells, 75 is found mainly
t the periphery of the nucleolus where it, like 41,
urrounds the B23 (Fig. 6D). Thus, as in the case of
brillarin, it is unlikely that 41/75 colocalize with B23.
The localization of 41 and 75 was then compared
ith that of nucleolin. In untreated HeLa cells, 41 is

ound in the center of the nucleolus, with a ring of
ucleolin surrounding it. On treatment with IFN, 41
ranslocates to this outer ring, and as a result 41 and
ucleolin colocalize (Fig. 7A). The same experiment
as also carried out in untreated or interferon-treated

ells transfected with 75, and similarly 75 was found to
olocalize with nucleolin in the outer ring of the nucle-
lus (Fig. 7B). Cotransfection of 41 and 75 in both
ntreated and interferon-treated cells also results in
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ucleolus (Fig. 7C).

ffect of Actinomycin D on the Colocalization of 41/75
with Nucleolin

In order to gain more information on the relationship
mong 41, 75, and other nucleolar proteins, we have
tudied the effect of actinomycin D on their localiza-
ion. Treatment of cells with actinomycin D is known to
nhibit RNA synthesis, with high doses (5 mg/ml) block-
ng the transcription of all RNA species, while low
oses (0.05 mg/ml) preferentially block rRNA synthesis.
hus actinomycin treatment disrupts the function of
he nucleolus but does not lead to its disappearance
21, 22]. We first observed that both low (0.05 mg/ml)
nd high (5 mg/ml) concentrations of actinomycin D
aused a dramatic redistribution of fibrillarin and B23
rom the nucleoli to the nucleoplasm (Figs. 8A and 8B).

similar redistribution in Hela cells with low concen-
rations of actinomycin D has been previously reported
or B23 [21]. In contrast low concentrations (0.05 mg/
l) of actinomycin D have little effect on the localiza-

ion of 41/75 and nucleolin (Figs. 8C and 8D)—compare
ith Fig. 6 for localization without actinomycin D),
hereas high concentrations (5 mg/ml) cause the redis-

ribution of 41/75 and nucleolin throughout the nucle-
plasm (Figs. 8C and 8D). Therefore, these data
trengthen the previous results showing that 41 and 75
olocalize with nucleolin.

DISCUSSION

In this study we have further characterized the two
ighly related IFN-induced nuclear phosphoproteins
1 and 75 that we have previously isolated. The 41 and
5 proteins are not homologous to any protein of known
unction. However, an interesting feature of these pro-
eins is that their C-terminal regions have significant
equence homology to those of SP100B, LYSP100, and
P140, members of the SP100 family of proteins (Fig.
A). Furthermore, like 41 and 75, at least two members
f this family, SP100 and SP140, are induced by IFN
3, 4]. The 41 and the 75 proteins also have homology
ith the KDWK or SAND domain in NUDR, previously

eported as suppressin (Fig. 9B). This domain is found
n a number of proteins, including the SP100 family,
EAF-1, and the APECED polyglandular autoimmune
rotein AIRE-1 [6–9]. Furthermore, the 75 protein con-
ains a C4HC3 zinc finger domain near its C-terminus
Fig. 9A). This domain, which has been named TTC
trithorax consensus) or PHD finger can be represented
s C-X(1-2)-C-X(8–42)-C-X(2–4)-C-X(4)-H-X(2)-C-X(11–
6)-C-X(2)-C, where X is any amino acid and the num-
er in parentheses indicates the number of amino acids
etween the cysteines or histidine. Apart from the cys-
eines and histidines, a number of hydrophobic/
his domain [10, 11]. Similar domains are found in a
umber of nuclear proteins involved in the regulation
f gene expression.
As the 41 and 75 proteins were found to be highly

nsoluble when expressed either in baculovirus or in E.
oli as GST fusion proteins, we have been unable as yet
o obtain purified preparations of the recombinant pro-
eins for the purpose of generating specific antisera,
hich are necessary for the detection of these proteins

n IFN-treated cells. The attempt to use antipeptide
ntibodies raised against regions located in the nonho-
ologous C-terminal ends of 41 and 75 has also so far

een unsuccessful. Those antibodies recognized mainly
ytoplasmic proteins in Western blots and could nei-
her detect in vitro translated 41 and 75 in immuno-
lots or by immunoprecipitation, nor detect overex-
ressed 41 and 75 proteins in immunofluorescence
nalysis (data not shown). This suggests that the re-
ions of 41 and 75 chosen for preparation of antipeptide
ntibodies have low immunogenicity or that the sites
re hidden under the conditions tested. As a result of
his 41 and 75 were epitope tagged, which allowed us to
tudy their cellular localization using confocal immu-
ofluorescence.
The results from the confocal microscopy experi-
ents demonstrate that as expected, since both 41 and

5 contain nuclear localization signals, both proteins
re found in the nucleus. This is in agreement with
nalysis of cell extracts analyzed by Western blotting.
The 41 and 75 proteins both localize in the nucleoli.
nlike 41, 75 was also found throughout the nucleo-
lasm. On treatment with IFN, there is a translocation
f 41 to the periphery of the nucleolus, while there is
ittle change in the localization of 75, which stays con-
entrated at the periphery of the nucleolus.
Cotransfection of 41 and 75 leads to a strong colocal-

zation of both proteins in the periphery of the nucleo-
us and with the appearance of 41 in the nucleoplasm.
he physiological significance of the colocalization of
1 and 75 to the outer ring of the nucleolus is not clear.
owever, since it occurs when the two proteins are

imultaneously expressed in cells after cotransfection,
t is also likely to occur when 41 and 75 are both
nduced after IFN treatment. We can therefore hypoth-
size that IFN treatment allows 41 and 75 to colocalize
t the outer ring of the nucleolus, which is their phys-
ological site of action. Since 41 and 75 localize to the
ucleolus, which is the site for ribosome synthesis, and
ince they have homology to nucleic acid binding pro-
eins and to proteins involved in the regulation of gene
xpression, it is plausible to suggest that 41 and 75
ay play a role in ribosome biogenesis.
Apart from the microscopy results, which show that

1 and 75 colocalize, we have no evidence as yet that
he two proteins interact directly with one another.
ttempts to show direct interaction either by coimmu-
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noprecipitation or by using the yeast two-hybrid sys-
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em have so far been unsuccessful (data not shown).
his may be due to technical problems, such as the

nsolubility of these proteins or their poor expression in
east. However, it is also possible that 41 and 75 do not
nteract directly but that their colocalization is due to
nteraction with some other protein or structure, yet to
e determined, within the nucleolus.
It should be noted that the nucleolar localization of

1 and 75 differs from that of the SP100 family of
roteins, with which they share sequence homology
nd which are localized within nuclear bodies in the
ucleoplasm [3, 4]. The function of the nuclear bodies is
nknown but since they contain several IFN-induced
roteins it suggests that they may have a role in the
nterferon response. It has been shown that one of
hese IFN-induced nuclear body proteins, PML, can
ontrol cell proliferation and tumorigenesis and that it
an confer resistance to infection by some types of
iruses, suggesting that PML may have an important
ole in the antiviral and antiproliferative effects of
nterferon [23–25]. Roles for the other components of
he nuclear body have yet to be established, although
here is some evidence that SP100 may participate in
ctivation of transcription of specific regions of the
enome [26].
Nucleoli are structures which form around repetitive

locks of ribosomal DNA on chromosomal loci referred to
s nucleolar organizers. This is where the ribosomal
NAs are transcribed, processed, and assembled from a
7S precursor leading to the 28S, 18S, and 5.8S [27].
ucleoli are also thought to have other roles, which in-

lude the processing and export of certain mRNAs and
he processing of some tRNA precursors [28]. Although
hey assemble and disassemble during the cell cycle, nu-

FIG. 7. Comparison of the localization of 41/75 and nucleolin in
ransiently transfected HeLa cells. Laser scanning confocal micros-
opy was carried out on untreated (Cont) or interferon-treated (IFN)
eLa cells which had been transiently transfected with HA41(A) or
5V5 (B) or HA41 and 75V5 (C). The cells were stained with the
ouse anti-nucleolin monoclonal antibody (A) or the rabbit poly-

lonal nucleolin antibody (B and C) and with rabbit anti-HA antibody
A), mouse anti-V5 antibody (B), or mouse anti-HA and anti-V5
ntibody (C). This was followed by either anti-mouse IgG coupled to
ITC (green fluorescence) and anti-rabbit IgG coupled to Texas red

red fluorescence) (A) or anti-rabbit IgG coupled to FITC (green
uorescence) and anti-mouse IgG coupled to Texas red (red fluores-
ence) (B and C). In each case red fluorescence (HA41/75V5) and
reen (nucleolin) were collected simultaneously and then separated
igitally. Colocalization of proteins results in a merging of red and
reen fluorescence to produce a yellow image. The pictures show
hole cells but in each case only the nucleolus or nucleus of the cell

s stained.
FIG. 8. Effect of actinomycin D on the colocalization of 41/75
ith nucleolin. Laser scanning confocal microscopy was carried out
n HeLa cells which had been either mock transfected (A and B) or
ransiently transfected with HA41 (C) or 75V5 (D). The cells were
hen either left untreated (Cont) or treated with either 0.05 mg/ml
low) or 5 mg/ml (high) actinomycin D as described under Materials
nd Methods. (A) In A and B the cells were stained with human
nti-fibrillarin antibody followed by anti-human FITC (A) or with
oat anti-B23 followed by anti-goat FITC (B). C and D show cells
tained with the mouse anti-nucleolin monoclonal antibody (C) or the
abbit anti-nucleolin polyclonal antibody (D) and with either rabbit
nti-HA antibody (C) or mouse anti-V5 antibody (D). This was fol-
owed by either anti-mouse IgG coupled to FITC (green fluorescence)
nd anti-rabbit IgG coupled to Texas red (red fluorescence) (C) or
nti-rabbit IgG coupled to FITC (green fluorescence) and anti-mouse
gG coupled to Texas red (red fluorescence) (D). In each case red
uorescence (HA41 or 75V5) and green (nucleolin) were collected
imultaneously and then separated digitally. Colocalization of pro-
eins results in a merging of red and green fluorescence to produce a
ellow image. The pictures show whole cells but in each case only the
ucleolus or nucleus of the cell is stained.
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leoli have an organized proteinaceous architecture. The
haracterization of the nuclear proteins which are part of
his architecture is important in understanding the role

FIG. 9. (A) Alignment of the amino acid sequences of the 41 a
P100B, and SP140. This alignment starts at residue 137 for 41 an

s their last codon. Residues common to all sequences are underlin
onsensus sequence found in the C-terminal part of 75 and which is a
mong 41, 75, and the SP100 family. No PHD finger was found in 41.
as been previously reported [4, 10]. (B) Alignment of the amino acid
0 residues for each protein (aa 159 to 239 for 41 and aa 220 to 290
f the nucleolus. Among the nucleolar proteins which
ave been identified so far are the fibrillarin, the nucleo-

in, the nucleophosmin/B23/numatrin, the topoisomerase

75 proteins with three members of the SP100 family: LYSP100B,
sidue 198 for 75. The last residue shown for each of these proteins
and the resulting consensus sequence is shown. The PHD finger
found in LYSP100B and SP140 is represented below the consensus

ignment of 75, referred to as HNPP1, with LYSP100-B and SP100B,
quences of 41 and 75 with NUDR. This alignment takes place along

75). Identical residues are underlined and a consensus is shown.
nd
d re
ed
lso
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he Surfeit locus [29]. The interferon-induced phospho-
roteins 41 and 75 can now be included in the family of
ucleolar proteins, with both proteins being in strong
ssociation, although 75 is also found in the nucleoplasm.
o date only one other interferon-induced protein, the
9–59 oligoadenylate synthase-related protein p56, has
een reported to be associated with the nucleolus [30].
owever, it should be noted here that nucleolar nucleo-
hosmin/B23/numatrin, which is also a phosphoprotein,
as been found to interact with IRF-1, an activator of

nterferon genes and interferon-induced genes, and to
nhibit its DNA binding and transactivation ([31]; see
eview [32]).

Since the nucleolus is a highly ordered structure, it
eems likely that comparison of the localization of
1/75 with other nucleolar proteins could give us an
dea of their function. For this reason, we have com-
ared their localization with the nucleolar proteins
brillarin, B23/numatrin/nucleophosmin, and nucleo-

in. 41/75 do not colocalize with either fibrillarin, which
s involved in all major posttranscriptional events in
ibosome synthesis, or with B23/numatrin/nucleophos-
in, which is involved in preribosomal particle assem-

ly and as a shuttle receptor for the nucleoplasmic
ransport of ribosomal components [13, 31]. However,
1 and 75 do colocalize with nucleolin, one of the major
NA binding proteins of the nucleolus. This colocaliza-

ion is not affected by low concentrations of actinomy-
in, which inhibits rRNA transcription and results in
he redistribution of both fibrillarin and B23/numatrin/
ucleophosmin to the nucleoplasm.
Nucleolin has recently been shown to be involved in

he first step of ribosomal RNA processing and is
hought to have a role in the control of cell growth and
o play a role in the regulation of rRNA gene transcrip-
ion and the assembly of ribosomes [33–35]. It has been
uggested that nucleolin plays an important role in
oordinating rRNA processing and transcription so
hat the cell can efficiently regulate the production of
ibosomes [35]. Therefore, our results suggest that 41
nd 75 may function with nucleolin in the biosynthesis
f ribosomes at a different stage than that of fibrillarin
nd B23 and we may hypothesize that 41 and 75 could
lay a role in the action of interferon, by regulating
ibosomal RNA synthesis. This could be either a neg-
tive role, by inhibiting rRNA synthesis, or a positive
ole, by provoking rRNA synthesis, which would be
onvenient in allowing cell recovery. In addition,
ucleolin or nucleolin containing complexes have re-
ently been shown to be involved in poliovirus gene
xpression [36]. It would be of interest to determine the
ffect of the presence of 41 and 75 on this process as
art of the antiviral actions of interferon.
At present there does not seem to be a link among 41,

5, and PKR even though these proteins were initially
solated from a lgt11 expression library during a
hough extreme care was taken in preparing antibodies
ighly specific for PKR [17], the fact that a fragment of
he 41 and 75 proteins could be recognized by these
ntibodies in the lgt11 screen indicates that either 41
as tightly bound to PKR during the preparation of
KR protein to make antibodies, and thus the PKR
ntibody is contaminated with one against 41, or that
KR and 41 present a common epitope. The first pos-
ibility could be ruled out when we performed cotrans-
ection studies of PKR and 41 to see if they colocalize.
s mentioned under Results no such colocalization was
bserved, suggesting that 41 and PKR do not directly
nteract. In support of the second possibility, 41, 75,
nd PKR do share a short common sequence of six
mino acids, which could account for the cross-
eactivity with the anti-PKR antibody [2]. Since both
1 and 75 present the characteristics of phosphopro-
eins, they might serve as substrates for PKR or lie
ownstream of the signaling pathways involving PKR
nd thus interactions between them would not be ap-
arent using the laser scanning confocal microscopy
echnique. It is interesting to note that a proportion of
ellular PKR has been reported to be in the nucleolus
37] and thus may interact in some way with 41/75.
tudies to address the role of 41 and 75 in relation to
KR and to the antiviral and antiproliferative effects
f interferon are ongoing.
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e Cancer (ARC). We are very grateful to Emmanuelle Perret for help
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