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ABSTRACT

The human telomerase ribonucleoprotein particle (RNP) shares with box H/ACA small Cajal body (sca)RNPs and small
nucleolar (sno)RNPs the proteins dyskerin, hGar1, hNhp2, and hNop10. How dyskerin, hGar1, hNhp2, and hNop10 assemble
with box H/ACA scaRNAs, snoRNAs, and the RNA component of telomerase (hTR) in vivo remains unknown. In yeast, Naf1p
interacts with H/ACA snoRNP proteins and may promote assembly of Cbf5p (the yeast ortholog of dyskerin) with nascent pre-
snoRNAs. Here we show that the human HsQ96HR8 protein, thereafter termed hNaf1, can functionally replace endogenous
Naf1p in yeast. HeLa hNaf1 associates with dyskerin and hNop10 as well as box H/ACA scaRNAs, snoRNAs, and hTR. Reduction
of hNaf1 steady-state levels by RNAi significantly lowers accumulation of these components of box H/ACA scaRNP, snoRNP,
and telomerase. hNaf1 is found predominantly in numerous discrete foci in the nucleoplasm and fails to accumulate within
Cajal bodies or nucleoli. Altogether, these results suggest that hNaf1 intervenes in early assembly steps of human box H/ACA
RNPs, including telomerase.
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INTRODUCTION

The telomerase holoenzyme catalyzes the addition of
simple repeat sequences at telomeres, the ends of chromo-
somes. In all organisms in which it has been characterized,
telomerase is a ribonucleoprotein particle (RNP), consti-
tuted of an RNA component associated with several
proteins, some of which are species-specific (Cech 2004).
The catalytic core of telomerase comprises a protein reverse
transcriptase, termed hTERT in humans, and the so-called
template sequence of telomerase RNA. This sequence is
reverse-transcribed by the telomerase reverse transcriptase
using telomere 39 protruding ends as primers. In addition,
the telomerase holoenzyme contains a domain organized
around the 39 terminal part its RNA moiety, which is
implicated in the formation, trafficking, and stability of the
holoenzyme (Chen and Greider 2004). In human telome-
rase, this domain is highly related to box H/ACA small

RNPs (Mitchell et al. 1999a; Chen et al. 2000; Chen and
Greider 2004; Jády et al. 2004). These RNPs function in
RNA modification. The first box H/ACA RNPs to be
discovered, the box H/ACA small nucleolar (sno)RNPs,
accumulate in the nucleolus and are involved in modifica-
tion of rRNAs and spliceosomal U6 snRNA (Kiss 2002).
The box H/ACA small-Cajal-body specific (sca)RNPs, on
the other hand, accumulate within Cajal bodies and are
involved in nucleotide modification of spliceosomal
snRNAs transcribed by RNA polymerase II (Darzacq
et al. 2002). Box H/ACA snoRNPs and scaRNPs share four
conserved proteins, dyskerin (also called Cbf5p in yeast and
Nap57 in rodents), hGar1, hNhp2, and hNop10; and their
RNA components contain two conserved box elements,
termed the H-box and the ACA-box (Meier 2005). In
addition, the RNA components of scaRNPs, scaRNAs,
contain the so-called CAB-box that functions in the re-
tention of scaRNPs within Cajal bodies (Richard et al.
2003). The human telomerase holoenzyme also possesses
the proteins dyskerin, hGar1, hNhp2, and hNop10 (Cong
et al. 2002; Chen and Greider 2004); and its RNA com-
ponent (called hTR) features the conserved H-, ACA-, and
CAB-boxes at its 39-end (Mitchell et al. 1999a; Chen et al.
2000; Jády et al. 2004). Integrity of the H-box or ACA-box
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is necessary for normal processing and accumulation of
hTR (Mitchell et al. 1999a). Likewise, modifications of
dyskerin that cause dyskeratosis congenita induce a drastic
drop in hTR levels (Mitchell et al. 1999b). Consistent with
it possessing a CAB-box, hTR accumulates within Cajal
bodies (Jády et al. 2004, 2006; Tomlinson et al. 2006). Thus
human telomerase contains a bona fide box H/ACA RNP
domain that is critical for the accumulation and localiza-
tion of the holoenzyme.

How eukaryotic box H/ACA small RNPs and telomerase
are assembled in vivo still remains little understood,
although it has recently been shown that a Nap57/Nop10/
Nhp2 complex could specifically bind to in vitro synthesized
box H/ACA snoRNAs and hTR (Wang and Meier 2004) and
that yeast Nop10p may directly contact RNA (Khanna et al.
2006). It has also been recently demonstrated that archaeal
aCbf5 can directly and specifically bind in vitro to archaeal
box H/ACA small RNAs (Baker et al. 2005; Charpentier
et al. 2005). Moreover, recombinant archaeal H/ACA RNP
proteins aCbf5, aGar1, L7Ae, and aNop10 can assemble
onto the H/ACA domain of telomerase RNA (Hamma et al.
2005). Thus, it is tempting to speculate that dyskerin/Cbf5p
also plays a pivotal role in the assembly of eukaryotic box
H/ACA snoRNPs, scaRNPs, and telomerase. In yeast, the
Naf1p protein might intervene in early steps of yeast box
H/ACA snoRNP assembly. Yeast Naf1p is a nucleoplasmic
protein that associates with RNA and protein components
of box H/ACA snoRNPs (Dez et al. 2002; Fatica et al.
2002; Yang et al. 2002). Yeast Naf1p also interacts with the
C-terminal domain of the large subunit of RNA polymerase
II (Fatica et al. 2002). Moreover, both Naf1p and Cbf5p are
found in close proximity to genes encoding snoRNAs, and
such proximity depends on ongoing transcription (Ballarino
et al. 2005; Yang et al. 2005). Thus, it is envisaged that
Cbf5p is cotranscriptionally delivered by Naf1p to nascent
box H/ACA pre-snoRNAs to initiate box H/ACA snoRNP
assembly. We wondered whether human cells possess an
ortholog of Naf1p and if so, whether it would be required
for the accumulation of all RNPs containing a box H/ACA
domain, including telomerase. We report here the charac-
terization of human Naf1, hNaf1, and demonstrate that it
is, indeed, required for accumulation of all types of box
H/ACA RNPs, including telomerase.

RESULTS AND DISCUSSION

HsQ96HR8 is the human ortholog of yeast Naf1p

The hypothetical protein HsQ96HR8 was predicted by
Fatica and colleagues (Fatica et al. 2002) to be the ortholog
of yeast Naf1p. To check whether HsQ96HR8 could
partially fulfill the functions of endogenous Naf1p, the
gene encoding HsQ96HR8 was expressed constitutively
from a plasmid in a yeast strain in which the NAF1 gene
is transcribed from the GAL1-10 promoter (Dez et al.

2002); hence, in this strain, Naf1p expression can be turned
off by switching cells from a medium containing galactose
to one containing glucose as carbon source. As controls, the
same strain was transformed with an empty plasmid, or the
same plasmid containing the yeast NAF1 gene transcribed
from the GAR1 promoter. Expression of HsQ96HR8
corrected to a significant degree the growth defect caused
by depletion of endogenous Naf1p (Fig. 1A). Naf1p de-
pletion leads to a drop in the steady-state levels of Cbf5p,
Gar1p, Nop10p, and H/ACA snoRNAs (Fig. 1B,C, lanes 1–4;
Dez et al. 2002). Expression of HsQ96HR8 significantly
reduced the drop in the levels of these proteins and RNAs
following depletion of endogenous Naf1p (Fig. 1B, lanes 5–8;
Fig. 1C, lanes 9–12), and these effects were correlated with
the ability of HsQ96HR8 to interact with yeast H/ACA
snoRNP proteins (Fig. 1D). Finally, we showed by plasmid
shuffling that haploid yeast cells devoid of the NAF1 gene
are viable when they express human HsQ96HR8 from
a plasmid (data not shown) and that steady-state levels of
H/ACA snoRNAs in these cells range from z30% to 85%
of wild-type levels (Fig. 1E). From these data, we conclude
that HsQ96HR8 is, indeed, the ortholog of yeast Naf1p and
is hence thereafter referred to as hNaf1.

hNaf1 interacts with protein and RNA components of
HeLa box H/ACA snoRNPs, scaRNPs, and telomerase

The human family of box H/ACA RNPs includes not only
snoRNPs that accumulate in the nucleolus as in Saccharo-
myces cerevisiae, but also scaRNPs, which accumulate in
Cajal bodies, and telomerase. We wondered whether hNaf1
does interact with protein and RNA components of all
types of box H/ACA RNPs. Such hypothetical interactions
were evaluated by precipitation experiments carried out using
purified anti-hNaf1 antibodies (raised in rabbit against hNaf1
peptides) and HeLa cell extracts. hNaf1 interacts with dyskerin
and hNop10 but not with fibrillarin (Fig. 2A), consistent
with results obtained with yeast cells. Interaction with
hGar1 and hNhp2 could not be evaluated for lack of suit-
able antibodies able to detect these proteins in the Western
blot procedure. In addition, not only box H/ACA snoRNAs,
but also box H/ACA scaRNAs and hTR were precipitated
with anti-hNaf1 antibodies from total HeLa cell extracts
(Fig. 2B). In contrast, we could not detect an interaction
between hNaf1 and box C/D U3 snoRNA or spliceosomal
U6 snRNA (Fig. 2B). We conclude that hNaf1 is specifically
associated with protein and RNA components of box
H/ACA snoRNPs, scaRNPs, and telomerase in HeLa cells.

hNaf1 is required to maintain normal cellular levels of
box H/ACA RNP and human telomerase components

We next sought to determine if hNaf1 is required to
maintain normal levels of the box H/ACA RNP and
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telomerase components with which it interacts. To address
this question, we reduced the levels of hNaf1, dyskerin, or
fibrillarin as control, by inducing turn-over of the corre-
sponding mRNAs using specific siRNAs (Fig. 3A,B). Re-
duction of the quantities of hNaf1 induced a mild drop in
the levels of dyskerin and hNop10, while levels of fibrillarin
remained unchanged (Fig. 3A). Conversely, treatment with
siRNAs targeting dyskerin mRNAs reduced the levels of
hNaf1 (Fig. 3A,B). In addition, reduction of the quantities
of hNaf1 or dyskerin was correlated with a decrease in the
steady-state levels of box H/ACA snoRNAs, scaRNAs, and
hTR (Fig. 3C). In contrast, levels of box C/D snoRNAs U3

and U13 were unaffected by a reduction in the amounts of
hNaf1.

hNaf1 is located in numerous discrete nucleoplasmic
foci and fails to accumulate in nucleoli or
Cajal bodies

To investigate where hNaf1 might function in the cell, its
intracellular distribution was assessed by fluorescence in
situ immunodetection using purified anti-hNaf1 antibodies
(Fig. 4). hNaf1 is detected primarily in a large number of
discrete foci throughout the nucleoplasm that often coincide

FIGURE 1. (Legend on next page)
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with, but are less numerous than, nucleoplasmic foci
containing the large subunit of RNA polymerase II. Faint
diffuse labeling of the cytoplasm with anti-hNaf1 anti-
bodies can also be observed. The same distribution is
observed in mammary tumor cells (MCF7), osteocarci-
noma cells (U2OS), and in mouse cells (NIH3T3) (data not
shown). We failed to detect any hNaf1 within nucleoli, here

labeled with anti-fibrillarin antibodies. Likewise, although
hNaf1-containing foci are sometimes juxtaposed to Cajal
bodies, most of these seem devoid of hNaf1. HA-tagged
hNaf1 transiently expressed in transfected HeLa cells is also
predominantly detected in the nucleoplasm and seems
absent from nucleoli (data not shown). These data dem-
onstrate that hNaf1 is not part of mature box H/ACA
snoRNPs and scaRNPs and suggest that it intervenes in
early steps of assembly of these particles, as has been
proposed for yeast Naf1p (Fatica et al. 2002; Ballarino et al.
2005; Yang et al. 2005).

Conclusions and perspectives

Our results establish that hNaf1 is the human ortholog of
yeast Naf1p and is required for the accumulation of several
box H/ACA snoRNP, scaRNP, and telomerase components
with which it physically, directly or indirectly, interacts.
The finding that hNaf1 can salvage growth of a yeast strain
lacking an NAF1 gene is remarkable given the moderate
overall identity between yeast and human Naf1 (28%
identity, 59% similarity). This emphasizes the notion that
not only the composition and function of mature box
H/ACA RNPs have been conserved between lower and higher
eukaryotes (Pogači"c et al. 2000; Yang et al. 2000), but also
at least some aspects of the biogenesis of these particles.
Our data also provide further evidence for a kinship
between box H/ACA RNPs and telomerase.

Dyskerin has recently been found associated with an
unspliced pre-mRNA hosting a box H/ACA snoRNA
(Richard et al. 2006). Thus, assembly of human box
H/ACA snoRNPs is initiated very early, either immediately
following or during transcription of pre-mRNAs hosting
box H/ACA snoRNAs. The fact that endogenous hNaf1 is

FIGURE 2. hNaf1 interacts with components of box H/ACA
snoRNPs, box H/ACA scaRNPs, and telomerase. Immunoprecipita-
tions were carried out using purified anti-hNaf1 antibodies (ahNaf1)
or non-immune serum (NIS) and HeLa cell extracts. (A) Western
analysis of hNaf1-associated proteins. After precipitation and wash-
ing, protein A-agarose beads were resuspended in protein denaturing
buffer. Aliquots of the resulting supernatants (lanes 2,3) or 3% of the
corresponding input extract (Input, lane 1) were submitted to SDS-
PAGE and Western analysis as described in Figure 1B. The strong
bands labeled ‘‘IgG’’ correspond to immunoglobulins detached from
the beads during pellet resuspension after the precipitation. (B)
Detection of small RNAs associated with hNaf1. RNAs extracted from
the pellets obtained following precipitation (lanes 2,3) or from an
amount of input extract (Input) corresponding to 3% of that used for
precipitations were analyzed by Northern blot (to detect snRNAs,
snoRNAs, and scaRNAs) as described in the legend of Figure 1C, or
RNase protection to detect hTR.

FIGURE 1. HsQ96HR8 (hNaf1) is the human ortholog of yeast Naf1p. (A) Expression of HsQ96HR8 improves growth of yeast following Naf1p
depletion. Yeast strain GAL::naf1, in which the NAF1 gene is transcribed from the GAL1-10 promoter, was transformed with an empty expression
vector (line empty vector) or derivatives thereof containing wild-type yeast NAF1 (line scNaf1p) or the human HsQ96HR8 gene (line hNaf1)
transcribed from the GAR1 promoter and tagged with the ZZ sequence encoding two IgG-binding domains. The resulting transformed strains
were grown in galactose-containing medium, washed, and grown for a further 24 h in glucose-containing medium. Serial dilutions of samples
from galactose- or glucose-grown cultures were plated on galactose- or glucose-containing plates, respectively. (B) Expression of HsQ96HR8
increases steady-state levels of yeast H/ACA proteins Cbf5p, Gar1p, and Nop10p or (C) steady-state levels of yeast H/ACA snoRNAs, following
depletion of endogenous yeast Naf1p. The transformed GAL::naf1 strains described in A were grown in galactose-containing medium, washed,
and transferred to glucose-containing medium to repress transcription of chromosomal NAF1. Samples from galactose-grown cultures (GAL,
lanes 1,5,9) or from cultures grown for 24 h (lanes 2,6,10), 48 h (lanes 3,7,11), or 72 h (lanes 4,8,12) were collected, from which total proteins (B)
or RNAs (C) were extracted. In panel B, total proteins were subjected to SDS-polyacrylamide gel electrophoresis and transferred to a cellulose
membrane. Specific proteins were detected by enhanced chemiluminescence using antibodies listed in the ‘‘Materials and Methods’’ section. In
panel C, total RNAs were separated by denaturing acrylamide gel electrophoresis and transferred to nylon membranes. Specific RNAs were
detected by hybridization with antisense oligonucleotide probes. Signal intensities were measured by PhosphorImager scanning. Values (indicated
below each lane) are expressed as percentages of the intensities obtained in the case of galactose-grown samples. (D) HsQ96HR8 interacts with
yeast box H/ACA snoRNP proteins. Transformed GAL::naf1 strains expressing the ZZ tag alone (lanes 1,2), tagged yeast Naf1p (lanes 3,4), or
tagged human HsQ96HR8 expressed from the TDH3 promoter (lanes 5,6) were grown in galactose-containing medium, washed, and transferred
to glucose-containing medium for 24 h. Total extracts were prepared and immunoprecipitation experiments were carried out using IgG-
Sepharose beads. After precipitation and washing, beads were resuspended in protein denaturing buffer. Aliquots of the resulting supernatants
(IP, lanes 2,4,6) and 1/20th of the corresponding input extract (Input, lanes 1,3,5) were submitted to SDS-PAGE and Western analysis as
described in B. The upper band detected in lane 4, anti-Nhp2p Western, probably corresponds to a breakdown product of ZZ-tagged yeast Naf1p.
(E) H/ACA snoRNA levels in naf1D cells expressing wild-type yeast Naf1p (lane 1) or human HsQ96HR8 (lane 2) from a plasmid. RNAs were
analyzed as described for panel C.
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predominantly found in discrete nucleoplasmic foci is
consistent with the idea that hNaf1, as was proposed for
yeast Naf1p, is involved in early assembly steps of box
H/ACA RNPs. Whether hNaf1 acts while box H/ACA RNAs
are being transcribed remains an open question: our
attempts to assess by chromatin immunoprecipitation
assays whether hNaf1, like yeast Naf1p (Ballarino et al.
2005; Yang et al. 2005), is present in the immediate vicinity
of box H/ACA snoRNA genes have repeatedly failed,

perhaps for trivial technical reasons. The immunoprecipi-
tation experiments presented in Figure 2 demonstrate that
hNaf1 interacts with box H/ACA snoRNAs and scaRNAs
that have been trimmed to their mature or nearly mature
size, as judged from their mobility on acrylamide gels.
Hence, we surmise that hNaf1 remains associated with box
H/ACA RNAs during most processing steps. At what stage
hNaf1 dissociates from maturing particles remains unclear.
Box H/ACA scaRNAs and hTR accumulate in Cajal bodies

FIGURE 3. hNaf1 is required for normal accumulation of box H/ACA RNP and telomerase components. (A) Western analysis of the
consequences of the reduction of fibrillarin, hNaf1, or dyskerin levels obtained by RNA interference. HeLa cells were mock-transfected (No
siRNA) or transfected with double-stranded siRNAs targeting fibrillarin, hNaf1, or dyskerin mRNAs and grown for 60 h. Total proteins were then
extracted, separated, and analyzed by the Western blot procedure as described in the legend of Figure 1. (B) Fluorescence in situ immunodetection
of hNaf1 (red) and fibrillarin (green) in HeLa cells mock-transfected (No siRNA) or transfected with double-stranded siRNAs targeting hNaf1 or
dyskerin mRNAs. Bar, 10 mm. (C) Analysis of small RNA levels following siRNA treatment. HeLa cells were transfected with siRNAs as described
in A. After 60 h of incubation, total RNAs were extracted. U17, U19, U92, U3, and U6 (acting as an internal control) were then separated and
analyzed by Northern blot, while U13 and hTR were analyzed by RNase protection. U17, U19, and U3, on the one hand, and U92, on the other,
were analyzed on different blots. For both procedures, equal amounts of total RNA were used for all samples. Signal intensities were measured by
PhosphorImager scanning. Values (indicated below each lane) are expressed as percentages of the intensities obtained in the case of mock-
transfected samples (No siRNA).
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(Darzacq et al. 2002; Jády et al. 2004), and some canonical
box H/ACA snoRNAs may transit through Cajal bodies on
their way to the nucleolus (Richard et al. 2003). It is
possible that hNaf1 dissociates from the particles before

they enter Cajal bodies, since we failed to obtain any
convincing evidence for the presence of hNaf1 in these
nucleoplasmic entities. However, the presence of hNaf1
within Cajal bodies may be too transient to be clearly

FIGURE 4. hNaf1 is located in numerous discrete nucleoplasmic foci. Subcellular localization of hNaf1 in HeLa cells. Bar, 10 mm.
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detectable under our experimental conditions. In that
respect, it is interesting to note that only traces of the
endogenous PHAX protein, which is required for routing
box C/D snoRNPs to Cajal bodies, can be detected in these
and only when the box C/D U3 snoRNA is overexpressed
does PHAX become concentrated in Cajal bodies (Boulon
et al. 2004). hNaf1 could not be seen in nucleoli either. In
this case again, we are reluctant to conclude that hNaf1 is
totally excluded from nucleoli, given that some yeast Naf1p
could be detected in the nucleolus by electron microscopy
(Dez et al. 2002). In any case, the observation that hNaf1
fails to accumulate within Cajal bodies or nucleoli is a
strong indication that it is not a permanent component of
mature box H/ACA scaRNPs and snoRNPs.

The biogenesis of human box H/ACA RNPs and telo-
merase is likely to be complex, as has recently been shown
for the mammalian box C/D U3 snoRNP (Boulon et al.
2004; Watkins et al. 2004). In addition to hNaf1, the
Nopp140 protein, which shuttles between cytoplasm, Cajal
bodies, and nucleoli, has been shown to transiently interact
with box H/ACA RNP components (Meier and Blobel
1992; Isaac et al. 1998; Yang et al. 2000). Moreover, the
SMN protein, required for assembly of spliceosomal
snRNPs (Yong et al. 2004) and probably box C/D snoRNPs
also (Watkins et al. 2004) interacts with hGar1 (Pellizzoni
et al. 2001; Whitehead et al. 2002) and with the human
telomerase RNP (Bachand et al. 2002). Surprisingly, a recent
report has shown that the transport adaptor PHAX
interacts with hTR (Boulon et al. 2004). Finally, the Rvb2p
and Shq1p proteins are required for box H/ACA snoRNA
accumulation in yeast (King et al. 2001; Yang et al. 2002),
and both proteins have likely orthologs in human cells. All
of these factors are most probably involved in the assembly
and/or trafficking of human box H/ACA RNPs and
telomerase. Deciphering their roles and determining how
hNaf1 fits in the overall picture is the next challenge in the
field.

MATERIALS AND METHODS

Strains, media, plasmids, and siRNAs

To assess the ability of hNaf1 to complement growth of a yeast
strain depleted of endogenous yeast Naf1p, the GAL::naf1 strain
(Dez et al. 2002) was transformed with plasmids pCH32 (Lebaron
et al. 2005), pCH31, or pCH32-hNaf1, which constitutively
express from the GAR1 promoter the ZZ tag alone or S. cerevisiae
Naf1p or hNaf1, respectively. To obtain pCH31, the S. cerevisiae
NAF1 open reading frame was PCR-amplified using oligonucleo-
tides NterNaf1p (59-CCCCCCAGATCTTATGAGCGATGACTTG
TTTTCTAAG-39) and CterNaf1p (59-CCCCCCAGATCTGCGGT
TCTTGGATCTTGCTGATGCTGA-39). The PCR product was
digested with BglII and inserted into BamHI-cut pCH32, creating
pCH31. pCH32-hNaf1 was obtained as follows: The open reading
frame of hNaf1 was PCR-amplified from the 3,447,276 IMAGE

clone (purchased from the Mammalian Gene Collection) using
oligonucleotides 59hNaf1pHA113 (59-CCCCCCGGATCCTATGG
AGGTAGTGGAGGCCG-39) and 39hNaf1pHA113 (59-CCCCCCG
GATCCGCATAGTAAGGTCCAAAATGA-39). The PCR product
was digested with BamHI and inserted into BamHI-cut pCH32,
creating pCH32-hNaf1. To assess whether hNaf1 can interact with
yeast snoRNP proteins, the GAL::naf1 strain was transformed with
plasmid pFH144, which directs expression of the open reading
frame of hNaf1 from the strong TDH3 promoter. pFH144 was
produced in two steps as follows. The GAR1 promoter in pCH32
was removed by BamHI/EcoRI digestion and replaced by the
TDH3 promoter, digested by the same enzymes, that was obtained
by PCR amplification performed with plasmid pBS2585 (a
generous gift of B. Séraphin) and oligonucleotides 59TDH3pr1
(59-GGGGGGAATTCAGATTCCTTGATTACGTAAGGGAGTTA
GAATC-39) and 39TDH3pr (59-GGGGGGGATCCTTTGTTTGTT
TATGTGTGTTTATTCGAAACTAAG-39). This procedure gener-
ated plasmid pFH143. In a second step, the open reading frame of
hNaf1, obtained as described above, was digested with BamHI and
inserted into pFH143 digested with the same enzyme, generating
pFH144. To assess whether hNaf1 could salvage growth of a yeast
strain totally devoid of endogenous yeast Naf1p, we proceeded as
follows. An naf1::kanMX4 strain possessing a centromeric plasmid
containing a URA3 marker gene and the wild-type S. cerevisiae
NAF1 gene was transformed with TRP1-containing plasmids
pCH9 or pFH146, directing expression of ZZ-tagged S. cerevisiae
Naf1p or hNaf1, respectively. pCH9 was produced by amplifying
the S. cerevisiae NAF1 open reading frame as described above and
cloning the BglII-digested PCR product into the BamHI site of
pHA113 (Henras et al. 2001). To produce pFH146, the TRP1-
containing 1977-bp HindIII/PciI fragment from pHA113 was
ligated to the 5732-bp HindIII/PciI fragment from pFH144. To
select cells able to survive in the absence of the URA3-containing
plasmid, the transformed naf1::kanMX4 strains were streaked on
minimal medium containing fluoroorotic acid.

S. cerevisiae strains were grown either in YP medium (1% yeast
extract, 1% peptone) supplemented with either 2% galactose and
2% sucrose or 2% glucose as carbon sources. G418 was added
when required at 0.2 mg/mL final concentration. Fluoroorotate-
resistant clones were selected on supplemented yeast nitrogen base
proline medium containing 0.6 g/L fluoroorotic acid (McCusker
and Davis 1991). HeLa cells were grown in DMEM supplemented
with antibiotics, 1% sodium pyruvate, and 10% FCS (all from
Invitrogen). Transfection of double-stranded siRNAs was per-
formed by electroporation as described in Rouquette et al. (2005).
The sequences of the siRNAs (manufactured by Eurogentec) used
to target hNaf1 or dyskerin mRNAs are the following: SiRNA-
hNaf1-1, 59-GGAAAGAUAUUCGAGAUAU-39; SiRNA-hNaf1-2,
59-UGAACUGCCUUCUGUUGAA-39; SiRNA-hNaf1-3, 59-ACA
GAUUCAGAUAGUUCAA-39; SiRNA-Dyskerin-1, 59-GGACAG
GUUUCAUUAAUCU-39; SiRNA-Dyskerin-2, 59-CCACAAGGAU
GAGAGUUAC-39; SiRNA-Dyskerin-3, 59-UCAAACCUGAAUC
CAAAGU-39. The siRNA used to target fibrillarin mRNA was
described in Watkins et al. (2004).

Immunoprecipitations

Immunoprecipitations of ZZ-tagged proteins from yeast extracts
were performed as described in Lebaron et al. (2005), except for
the following modifications: After precipitation, immunoglobulin
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G (IgG)-Sepharose beads (Amersham Pharmacia Biotech) and
associated complexes were washed five times with 1 mL of 20 mM
Tris-HCl (pH 8), 5 mM MgAc, 0.2% Triton X-100, 200 mM KCl,
and 1 mM dithiothreitol (DTT) and then twice with 1 mL of 20 mM
Tris-HCl (pH 8), 5 mM MgAc, 0.2% Triton X-100, 200 mM
NaCl, and 1 mM DTT. After washing, the beads were resuspended
in 50 mL of 100 mM Tris-HCl (pH 8), 4% SDS, 20% glycerol,
0.04% bromophenol blue, and 200 mM DTT. Immunoprecipita-
tion of human proteins was performed as follows: About 202 3
2106 HeLa cells previously washed twice with ice-cold PBS were
sonicated in 50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 0.05%
Nonidet P-40 (NET-2 buffer) containing 0.5 unit/mL RNasin
(Promega), and protease inhibitors (Roche). The extract was then
clarified by centrifugation at 10,000g for 10 min. The supernatant
was incubated for 2 h with protein A agarose beads (Sigma) or IP
beads (Rabbit TrueBlot Set from eBioscience) previously saturated
for 2 h with anti-hNaf1 antibodies or non-immune serum. After
immunoprecipitation, the beads were washed seven times with
20 volumes of NET-2 buffer. For protein analysis, beads were
resuspended in an appropriate volume of 100 mM Tris-HCl (pH 8),
4% SDS, 20% glycerol, 0.04% bromophenol blue, and 200 mM
DTT. For RNA analysis, beads were resuspended in 50 mL of 300 mM
NaCl, 40 mM Tris-HCl (pH 8), and 1.7% SDS containing 60 mg of
proteinase K (Promega). After 30 min at 37°C, RNAs were extracted
with phenol/chloroform and precipitated.

Western analysis

Proteins from total extracts or extracted from immunoprecipi-
tated fractions were separated on 8% or 13% polyacrylamide/SDS
gels and transferred to Hybond-C extra membranes (Amersham
Pharmacia Biotech). Yeast Gar1p, Nhp2p, Nop10p, Nop1p,
ZZ-tagged proteins, and hNop10 were detected as described in
Bousquet-Antonelli et al. (2000), Henras et al. (2001), and Dez
et al. (2002). Yeast Cbf5p was detected using purified antibodies,
diluted 500-fold, raised in rabbits (by Eurogentec) against the
recombinant protein lacking the C-terminal KKE repeats. hNaf1
was detected using purified antibodies diluted 1000-fold that had
been raised in rabbits (by Eurogentec) against the following hNaf1
peptides: H2N-REFTRGFSRARYPRSC-CONH2 and H2N-CPPSS
GDSNSHFGPYY-CONH2. Dyskerin was detected using purified
antibodies diluted 1000-fold that had been raised in rabbits
(by Eurogentec) against the following dyskerin peptide: H2N-
CERDTYPRKWGLGPKASQ-COOH. Fibrillarin was detected
using rabbit polyclonal antibodies raised against the protein from
Xenopus laevis diluted 200-fold, actin using a mouse monoclonal
antibody (Chemicon) diluted 10,000-fold, and CTD Pol II
using the CTD4H8 mouse monoclonal antibody (Upstate) diluted
500-fold.

RNA extractions, Northern hybridizations, and RNase
protection assay

RNA extractions from yeast cells were performed as described by
Tollervey and Mattaj (1987). RNA fractionations by polyacryl-
amide gel electrophoresis were performed as described by Henras
et al. (1998). Small RNAs, except hTR and U13, were analyzed by
Northern hybridization using 32P-labeled oligodeoxynucleotide
probes. Sequences of antisense oligonucleotides used to detect
yeast small RNAs have been reported in Henras et al. (1998, 2001)

and Dez et al. (2002) and to detect human small RNAs in Kiss et al.
(2002) and Jády et al. (2004). Blots were hybridized with 59-end-
labeled oligodeoxynucleotide probes and washed as described by
Henras et al. (1998). hTR and U13 were detected by RNase A/T1
protection assay as described in Goodall et al. (1990).

Fluorescence in situ immunodetection

Cells grown on coverslips were fixed for 15 min at 4°C with 4%
paraformaldehyde in PBS, washed with PBS, and permeabilized
with 0.4% Triton X-100 in PBS. After two washes with PBS, cells
were incubated for 1 h with 1% BSA in PBS, then for 1 h with
primary antibodies in PBS containing 1% BSA. Fibrillarin was
detected using 72B9 mouse monoclonal antibody diluted 200-fold
(provided by J. Steitz), human p80-coilin using a polyclonal rabbit
anti-coilin antibody diluted 400-fold (provided by A. Lamond),
and hNaf1 and CTD Pol II were detected using the antibodies
listed in the ‘‘Western Analysis’’ section above. After three washes
with PBS, cells were incubated for 1 h with anti-rabbit IgG TRITC
conjugates diluted 2000-fold and anti-mouse IgG FITC conjugates
diluted 1000-fold (Sigma). The coverslips were then washed three
times with 13 PBS and then mounted in mowiol/DAPI (0.1 mg/mL).
Images were captured with a 12-bit CoolSnap ES camera (Roper
Scientifics) mounted on a DMRB microscope (Leica) using the
Metavue software (Universal Imaging).

ACKNOWLEDGMENTS

We thank S. Aveilla and A. Hochkoeppler for constant support
and T. Meier for communicating results prior to publication.
We are grateful to A. Lamond, B. Séraphin, and J. Steitz for re-
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Pogači"c, V., Dragon, F., and Filipowicz, W. 2000. Human H/ACA
small nucleolar RNPs and telomerase share evolutionarily con-
served proteins NHP2 and NOP10. Mol. Cell. Biol. 20: 9028–9040.

Richard, P., Darzacq, X., Bertrand, E., Jády, B.E., Verheggen, C., and
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