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Mutations in the DKC1 gene are responsible for
causing the bone marrow failure syndrome, dyskera-
tosis congenita (DKC; OMIM 305000). The majority of
mutations identified to date are missense mutations
and are clustered in exons 3, 4 and 11. It is predicted
that the corresponding protein dyskerin is a nucleolar
phosphoprotein which functions in both pseudo-
uridylation and cleavage of precursor rRNA. Dyskerin
contains multiple putative nuclear localization
signals (NLSs) at the N-terminus (KKHKKKKERKS)
and C-terminus [KRKR(X) 17KKEKKKSKKDKKAK(X) 17-
KKKKKKKKAKEVELVSE]. By fusing dyskerin with
the enhanced green fluorescent protein (EGFP) and by
following a time course of expression in mammalian
cell lines, we showed that full-length dyskerin initially
localizes to the nucleoplasm and subsequently accu-
mulates in the nucleoli. A co-localization to the coiled
bodies was observed in some cells where dyskerin–
EGFP had translocated to the nucleoli. Analysis of a
series of mutant constructs indicated that whereas
the most C-terminal lysine-rich clusters [KKEKKKS-
KKDKKAK(X) 17KKKKKKKKAKEVELVSE] influence the
rate of nucleoplasmic and nucleolar accumulation,
the KRKR sequence is primarily responsible for the
nuclear import. Nucleolar localization was main-
tained when either the N- or C-terminal motifs were
mutated, but not when all NLSs were removed. We
conclude that the intranuclear localization of
dyskerin is accomplished by the synergistic effect of
a number of NLSs and that the nucleolar localization
signals are contained within the NLSs. Further,
examination of dyskerin–EGFP fusions mimicking
mutations detected in patients indicated that the
intracellular mislocalization of dyskerin is unlikely to
cause DKC.

INTRODUCTION

X-linked recessive dyskeratosis congenita (DKC; OMIM
305000) is a congenital multisystem disorder characterized
nail dystrophy, mucosal leukoplakias and reticulate skin hyp
pigmentation (1). The severity of the disease is marked by
concomitant development of pancytopenia, and progressive b
marrow failure leads to death within the first or second deca
of life in 90% of cases (2). The patients also have an increas
predisposition towards developing a range of malignanci
The gene responsible for causing the X-linked recessive fo
of the disease,DKC1, lies in distal Xq28 in very close proximity
to theMPP1gene (3). The genomic sequence was determin
and has facilitated an efficient screening for mutations acro
the 15 exons including the exon–intron boundaries. So f
14 different missense mutations, a putative splice site mutatio
single amino acid deletion and a deletion of the last exon, exon
have been identified in DKC patients (3–5). As DKC affec
mainly the rapidly dividing cells of the epithelia and the haem
poietic system, and only the cells expressing the normal al
survive in DKC carrier females (6,7), it is expected that the prote
dyskerin functions in maintaining cell proliferation and/or surviva

Dyskerin reveals a high degree of evolutionary conservati
and is the orthologue of the yeast Cbf5p,DrosophilaNop60B
and rat NAP57 proteins (3,8–12). That dyskerin is a nucleo
protein and performs a role in rRNA biogenesis is supported
functional studies on the orthologous proteins. Precurs
rRNA transcripts undergo a number of post-transcription
modifications prior to packaging with ribosomal proteins. Th
includes the pseudouridylation of selected uridine residues,
site-specificity of which is guided by a class of small nucleol
RNAs (snoRNAs) called the box H + ACA snoRNAs (13). In
yeast, the box H + ACA snoRNAs form a complex with
number of nucleolar proteins including Cbf5p, Gar1p, Nhp2
and Nop10p, where Cbf5p is the core component (14,1
Yeast Cbf5p andDrosophilaNop60B stabilize both the RNA
and protein components of the box H + ACA complex. The
is also indirect evidence that they represent a new membe
the rRNA pseudouridine synthases (12,14). This agrees w
the presence of two conserved TruB motifs in dyskerin whi
are believed to represent the uridine-binding motifs (16). T
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potential involvement of dyskerin in the cleavage of pre-rRNA
derives from analyses on the Cbf5p and Nop60B mutants
which accumulate the large precursor rRNAs at the expense of
reduced levels of the cleaved 28S, 18S and 5.8S rRNA forms
(12,14). The mature rRNA transcripts are packaged with ribo-
somal proteins and are then exported into the cytoplasm. The
interacting protein of rat NAP57, Nopp140, shuttles between
the cytoplasm and the nucleus, and a chaperoning role for
NAP57 in the transport of ribosomal proteins was therefore
proposed (8,17). It is conceivable that dyskerin may also play
such a role.

The nucleus is a highly compartmentalized structure. In
addition to the nucleoli, it contains a variety of other small
subnuclear structures with a punctate distribution, such as the
coiled bodies. The coiled bodies share a number of protein
components which include p80coilin, Cbf5p/NAP57 and
Nopp140 (18,19). Although the exact function of the coiled
bodies is unknown, they are believed to play a role in the storage,
maturation and transport of proteins necessary for rRNA
processing, and are physically, dynamically and functionally
linked with the nucleoli (18–21).

Many nuclear proteins are actively transported from the cyto-
plasm into the nucleus across the nuclear pore complex (NPC).
This requires protein–protein interactions which are mediated by
short clusters of sequences termed nuclear localization signals
(NLSs). Most NLSs consist of basic amino acid residues,
especially lysine and arginine, although the spatial distribution
of acidic and neutral amino acids is also important (22–28).
Dyskerin harbours a number of putative NLSs at the N- and
C-termini. In particular, the C-terminal motif KRKR(X)17-
KKEKKKSKKDKKAK(X) 17KKKKKKKKAKEVELVSE is
reminiscent of overlapping bipartite NLS motifs that have been
described for a number of nuclear proteins (22).

The functional investigations on yeast Cbf5p,Drosophila
Nop60B and rat NAP57 viewed in conjunction with the predicte
motifs in dyskerin all converge to support its nucleolar function
However, to date, no functional analyses have been repor
To begin a functional characterization of dyskerin, we determin
the intracellular localization by expressing dyskerin fused
the enhanced green fluorescent protein (EGFP) in mamma
cell lines. We also aimed functionally to delineate moti
which are responsible for the nuclear/nucleolar localization
dyskerin and to determine whether mislocalization could
one mechanism to explain the pathogenesis of DKC.

RESULTS

Dyskerin localizes to the nucleoli and the coiled bodies

To determine the intracellular localization of dyskerin, the ful
length open reading frame was fused to EGFP at either the N
C-terminus and transfected into Vero, NIH-3T3 and HeLa ce
(dys1–514; Fig. 1). The expression was monitored at 24, 36,
and 72 h after transfection. At each time point, a heterogene
localization pattern of dyskerin–EGFP was evident. Basica
three types of localization were observed: (i) only nucle
plasmic; (ii) nucleoplasmic and nucleolar; and (iii) only nucle
olar. There was an increase in the proportion of cells exhibiti
only nucleolar localization with increasing time after transfectio
for both the N- and C-terminally tagged constructs. This indicat
that dyskerin initially localizes to the nucleoplasm and the
translocates to the nucleoli where it accumulates.

To demonstrate this effect over a more defined time cour
the constructs were microinjected into the nuclei of Vero a
NIH-3T3 cells. It was possible to microinject 200 cells pe
construct within 20 min. This provided a time interval of sufficien

Figure 1. Dyskerin–EGFP deletion andin vitro mutagenized constructs. The top bar represents full-length dyskerin: exons are numbered 1–15; exons containing
the NLSs are shown in shaded boxes; TruBI + TruBII indicates the putative pseudouridine synthase domains. The amino acid sequences of the N- andinal
NLSs are shown below for clarity, the lysine-rich clusters are shaded, numbers refer to amino acid positions. For the deletion constructs, the EGFP tag was placed
at either the N- or C-terminus. The amino acids modified byin vitro mutagenesis are shown in bold and underlined.
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length for detailed documentation and imaging of at least
50 cells for each construct at exactly 2, 4, 6, 8 and 24 h after

microinjection. After 2 h, dyskerin localized only to the nucleo
plasm (Fig. 2a, i) and then began to accumulate in the nucleo

Figure 2. (a) Representative cells showing the localization of full-length dyskerin (dys1–514) tagged to EGFP at the N- or C-terminus. (i) Nucleoplasmic loczation
observed in all cells 2 h after microinjection; (ii) nucleoplasmic and nucleolar localization observed in most cells 4, 6 and 8 h after microinjection, and in very few
cells 24 h after microinjection; (iii) mixed population of cells observed 4, 6 and 8 h after microinjection, sometimes 24 h after microinjection; (iv)sole nucleolar
localization observed in a few cells 4, 6 and 8 h after microinjection and representing the majority of cells after 24 h. (b) (i) Nucleolar localization of dys1–514;
(ii) indirect immunofluorescence of the same cells stained with the B23 (nucleophosmin) antibody verifying the nucleoli. (c) (i) Localization of dys1–514 to the
nucleoli and a coiled body; (ii) indirect immunofluorescence of the same cells stained with the p80coilin antibody verifying the position of the coiled body. Similar
results were obtained for the construct mimicking the exon 15 patient deletion (dys493∆514). Nu, nucleolus; CB, coiled body.
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between 4 and 8 h after microinjection (Fig. 2a, ii and iii).
Analogously to the transfections, the proportion of cells
showing nucleolar localization increased over time. A
complete translocation to the nucleoli occurred in the majority
of cells after 24 h, and a mixed localization pattern was
observed in only a few cells (Fig. 2a, iii and iv). This confirmed
that the destination of dyskerin–EGFP is the nucleolus.

The nucleolar localization was verified by staining the cells
with the B23 antibody specific for the nucleolar protein, nucleo-
phosmin (Fig. 2b). In addition to the nucleolar localization, a
few cells exhibited bright foci of fluorescence in the nucleoplasm.
To identify these extranucleolar structures, cells expressing
dyskerin–EGFP for 24 h were stained with the p80coilin anti-
body. This indicated that dyskerin co-localizes with the coiled
bodies (Fig. 2c). An association of the orthologous rat NAP57
protein with the coiled bodies has already been reported (8).
The localization of dyskerin is in agreement with the predicted
functions.

Mislocalization of dyskerin is unlikely to cause dyskeratosis
congenita

Short clusters of basic residues are necessary, and in some
cases sufficient, to direct a protein to the nucleus, although no
strict consensus sequence exists (22). The C-terminus of
dyskerin consists of lysine-rich clusters which contain a
number of putative overlapping NLSs (Fig. 1). The exon
15 deletion identified in one DKC patient removes the C-terminal
22 amino acids, and this includes the most C-terminal lysine-rich
cluster (Fig. 1; dys493∆514) (3,5). We therefore sought to
determine whether the sequence deleted in the patient is
required for targeting dyskerin to the nucleus and/or the
nucleoli and whether its removal causes dyskerin to mislocalize.
Construct dys493∆514 was transfected and microinjected into
the various cell lines and its localization compared with that of
the full-length construct at the same time intervals. No obvious
spacial or temporal difference in the nucleoplasmic/nucleolar
localization pattern was evident, and a co-localization to the
coiled bodies was also observed (Fig. 2).

With a few exceptions, DKC is caused predominantly by
missense mutations in theDKC1 gene (3,4). Although none of
the missense mutations identified so far lie directly within any
of the lysine-rich regions of dyskerin, it is conceivable that
they may alter the three-dimensional folding of the protein
and/or lead to a disruption of interacting binding sites, both of
which could influence the intracellular localization. As the
mutations are scattered throughout the gene, the likelihood that
these all alter the intracellular localization of dyskerin is small.
Nonetheless, we considered that because there are indications
that dyskerin is a multifunctional protein, there may be
multiple mechanisms that play a role in the aetiology of the
disease, one of which could be a mislocalization of the protein
or the presence of insufficient amounts of protein at the right
location. For these reasons, the missense mutations L37del,
T66A, A353V and G402E in exons 3, 4, 11 and 12, respec-
tively (3,4), were introduced into the full-length construct byin
vitro mutagenesis and investigated in parallel with the other
constructs; however, no differences were observed in the intra-
cellular localization when compared with the wild-type
construct. Together, these results indicate that mislocalization
of dyskerin is unlikely to be involved in the pathogenesis of DKC.

The N- and C-terminal lysine-rich sequences co-operatively
affect the nuclear and nucleolar localization of dyskerin

There are examples of proteins which require the synergis
effects of two or more bipartite NLS sequence motifs for the
nuclear targeting, accumulation and retention (22). Beca
removal of the most C-terminal lysine-rich cluster did no
visibly alter the intracellular localization of dyskerin, we decided
investigate to what extent the other putative NLS sequences ar
functional significance. To this end, a number of additional deleti
constructs and mutant constructs containing amino acid sub
tutions in the critical motifs were generated (Fig. 1).

In contrast to the full-length protein which was not detectable
the cytoplasm at any of the time points examined, deleti
construct dys467∆514 was expressed exclusively in the cyto
plasm 2 h after microinjection (Figs 1 and 3a, i). After 4 h
dys467∆514 was localizing to the cytoplasm and the nucleoplas
(Fig. 3a, ii). Unlike the full-length construct, an accumulation
the nucleoli was visible after only 6 and 8 h (Fig. 3a, iii). Similarl
to the full-length construct, a translocation to the nucleoli h
occurred in most cells after 24 h (Fig. 3a, vi), although cyt
plasmic and nucleoplasmic fluorescence was still visible in so
cells (Fig. 3a, iv and v). This indicated that the C-terminal lysin
rich clusters influence the rate of transport into the nucleu
Staining with the p80coilin antibody showed that dys467∆514
co-localizes with the coiled bodies in cells where nucleol
accumulation had occurred (Fig. 3b).

Deletion construct dys446∆514 localized only to the cytoplasm
after 2 h (Figs 1 and 4, i). At 4, 6, 8 and 24 h after microinjectio
proportionately large amounts of protein remained in the cy
plasm. In addition, an accumulation was occurring in th
nucleoli after 4 h, although a nucleoplasmic localization w
hardly visible at any of the investigated time points (Fig. 4, ii–iv
To determine whether this was the synergistic effect of t
entire C-terminal domain or merely the effect of the sequen
KRKR, these four amino acids were replaced by QAE
(dys446-QAEA-449; Fig. 1). Localization analysis of con
struct dys446-QAEA-449 rendered results identical to tho
with construct dys446∆514, indicating that the sequenc
KRKR is primarily responsible for the nuclear import o
dyskerin, but does not alone determine nucleolar localizatio
The seeming absence of fusion proteins dys446∆514 and
dys446-QAEA-449 from the nucleoplasm is unclear. O
interpretation is that the KRKR sequence contributes to
nucleoplasmic retention. Since a nucleolar localization w
maintained, this suggested that there are other sequences w
contribute to the nucleolar translocation of dyskerin.

The N-terminal end of dyskerin contains the sequen
KKHKKKKERKS (residues 11–21) (Fig. 1). Since complet
truncation of the C-terminal lysine-rich motifs (dys-446∆514)
and mutation of the C-terminal KRKR sequence (dys44
QAEA-449) did not abrogate a nucleolar localization, th
possibility arose that the N-terminal KKHKKKKERKS residue
could be responsible for this. To delineate this sequen
functionally, the deletion construct dys1∆21, and the
constructs dys11-NE-12, dys14-QEE-16 and dys17-QGAE-
were investigated (Fig. 1). Compared with full-lengt
dyskerin, neither the truncated protein nor the mutageniz
proteins exhibited an altered localization pattern (Fig. 1
Together, these results suggest that although the N-term
sequence KKHKKKKERKS influences the nucleolar localizatio
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there are additional nucleolar localization signals (NuLSs).
Deletion of both the N- and C-termini of dyskerin led to a
complete exclusion of the fusion protein from the nucleus at all
of the investigated time points (dys1∆21 + 446∆514; Fig. 1). Thus,

the sequences affecting the nuclear and nucleolar localization
dyskerin are contained within the N- and C-terminal lysin
rich clusters. We have shown that dyskerin harbours more th
one NLS and that the NuLSs are contained within the NLSs

Figure 3. (a) Representative cells showing the localization of dys467∆514 tagged to EGFP at the N- or C-terminus. (i) Cytoplasmic localization observed in
cells 2 h after microinjection; (ii) cytoplasmic and nucleoplasmic localization observed in all cells 4 h after microinjection; (iii) cytoplasmic and nucleoplasmic
localization with nucleolar accumulation initiating at 6 and 8 h after microinjection; (iv) cytoplasmic, nucleoplasmic and nucleolar localization observed in a proportio
cells 24 h after microinjection; (v) nucleoplasmic and nucleolar localization observed in a proportion of cells 24 h after microinjection; and (vi) sole nucleolar
localization observed in a proportion of cells 24 h after microinjection. (b) (i) Nucleoplasmic and nucleolar localization of dys467∆514, 24 h after microinjection
showing co-localization to a coiled body; (ii) indirect immunofluorescence of the same cells stained with the p80coilin antibody verifying the position of the coiled
body. CB, coiled body.
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DISCUSSION

Mutations in the highly conserved protein dyskerin are respon-
sible for causing the bone marrow failure syndrome, DKC (3).
Functional studies on the yeast, rat andDrosophila ortho-
logues allow the prediction that dyskerin is a core component of
the box H + ACA snoRNPs and that it functions in the pseudo-
uridylation and cleavage of precursor rRNA (12,14). This is
consistent with the present findings that dyskerin–EGFP local-
izes predominantly to the nucleoli when expressed in mamma-
lian cell lines. A localization to the coiled bodies was also
observed and is in agreement with the localization of rat NAP57
to both the nucleoli and the coiled bodies (8). By following a
time course of expression, it became apparent that newly
synthesized dyskerin initially localizes to the nucleoplasm,
followed by a sequential translocation to the nucleoli and the
coiled bodies. A co-localization to the coiled bodies occurred
only in those cells where dyskerin had already accumulated in
the nucleoli. Nucleolar transport kinetics have not been
demonstrated for NAP57, although a similar temporal lag in
the targeting to the nucleoli and coiled bodies was observed for
the interacting protein of NAP57, Nopp140 (19). This led to
the conclusion that the path of Nopp140 to the coiled bodies leads
through the nucleoli (19), and provides a feasible explanation for
our observations. There is evidence that Nopp140 shuttles on
curvilinear tracks between the cytoplasm and the nucleus (17),
as well as between the nucleoplasm, the nucleolus and the
coiled bodies, and that NAP57 is escorted along the same pathways
(19). As direct evidence is still lacking, it will be important to

determine whether dyskerin is dynamically associated w
these structures.

The primary sequence of dyskerin harbours lysine-ri
NLSs at the N- and C-termini. The C-terminal moti
KRKR(X)17KKEKKKSKKDKKAK(X) 17KKKKKKKKAKEV-
ELVSE in particular contains clusters of overlapping NLS
which most closely resemble the C-terminal motifs describ
for the Treacher Collins syndrome protein treacle (29
Treacle–GFP fusions lacking all or part of the C-termin
NLSs, respectively, fail to localize or localize inefficiently to th
nucleoli (30,31). In our study, deletion of the most C-termin
lysine-rich cluster which mimics the patient deletio
(dys493∆514; Fig. 1) did not alter discernibly the localization
of dyskerin to the nucleolus and the coiled bodies. Consider
that the endogenous expression of dyskerin is expected
differ quantitatively and qualitatively from the exogenou
expression of the EGFP fusions, this result should be conside
with caution. In the patient, the open reading frame is predict
to continue into the last intron, which results in a replaceme
of the lysine-rich cluster (DSDTTKKKKKKKKAKEVEL-
VSE) by 12 new amino acids (VCGNTFRFLGLA) (5) which
were not included in construct dys493∆514. Since the seven
extra amino acids (GPGSIAT) introduced by the multip
cloning site in C-terminally tagged dyskerin did not affec
localization, and no differences in localization were observ
between the N- and C-terminally tagged constructs, this indica
that the signals responsible for targeting dyskerin to t
nucleus override the effect of the foreign amino acids. In th
context, it is interesting that although dyskerin is highl

Figure 4. Representative cells showing the localization of the constructs dys446∆514 and dys446-QAEA-449. (i) Cytoplasmic localization in all cells 2 h aft
microinjection; (ii and iii) cytoplasmic and nucleolar localization observed in all cells 4, 6 and 8 h, and in a proportion of cells 24 h, after microinjection; and
(iv) faint cytoplasmic and mainly nucleolar localization observed in a few cells 24 h after microinjection.
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conserved between the species, the C-terminal motifs are least
well conserved (3). Further, a polymorphism leading to an
insertion of an additional lysine in the stretch of eight lysines is
tolerated (4). We conclude that the NLSs exert a dominant
effect over the foreign amino acids in targeting dyskerin to the
nucleus. It was not surprising, therefore, that none of the
missense mutations mimicking patient mutations showed an
altered localization pattern. Although our present results basically
rule out that DKC is caused by a mislocalization of dyskerin, it
would still be interesting to examine the expression and localization
of endogenous dyskerin with anti-dyskerin antibodies in DKC
patient cell lines. For this and other reasons, we are in the
process of characterizing monoclonal antibodies. There are
examples of diseases, such as spinal muscular atrophy (32,33)
and acute promyelocytic leukaemia (34,35), where mutations
do not cause the proteins to mislocalize, but rather cause a
disruption in the organization of the nucleus and the subnuclear
bodies. This should also be investigated in DKC patient cell
lines.

The transport of proteins into the nucleus is a complex
process requiring the co-operative effects of several factors
and signal sequences which regulate import, retention and
export. An extended analysis of the C-terminal NLS motifs in
dyskerin indicated that full nuclear accumulation is accom-
plished by the additive effects of the N- and C-terminal NLS
sequence clusters. Whereas deletion of the most C-terminal
lysine-rich cluster (dys493∆514) had no visible effect on the
intracellular localization of dyskerin, deletion of both lysine-
rich clusters (dys467∆514) unambiguously delayed nuclear
accumulation. This indicates that the most C-terminal lysine-
rich clusters affect the rate of nuclear transport. A role for
phosphorylation in increasing the rate of nuclear uptake was
documented originally for the SV40 large T antigen (36–38),
and was shown to regulate nuclear uptake of the transcription
factor Pho4 in yeast both positively and negatively (39). The
rate of nuclear localization of human parathyroid hormone-
related protein is controlled in a phosphorylation- and cell
cycle-dependent manner (40), and this has been proposed as a
common mechanism for regulating the interaction of nuclear
proteins with nuclear import and export factors (41). Since the
C-terminal region of dyskerin contains a number of putative
phosphorylation sites (3), it is possible that the domains
deleted in dys467∆514 are not themselves nuclear targeting
signals, but that they co-ordinate the rate of nuclear translocation
by providing phosphorylation sites. Similarly, the delayed
nuclear uptake of deletion constructs of the Fanconi anaemia
group A protein, FANCA, was attributed to the loss of phos-
phorylation sites and was proposed to cause the mixed pattern
of cytoplasmic and/or nuclear localization (42). Since in
dyskerin the putative phosphorylation sites are not confined to
the C-terminus, this could also be the reason why a mixed
localization pattern was observed for full-length dyskerin and
could explain why nucleolar accumulation occurred more
rapidly in some cells than in others. Conceivably, the extent to
which dyskerin is phosphorylated depends on the stage of the
cell cycle. It will be interesting to study the kinetics of nuclear
transport of dyskerin by using synchronized cells.

The cytoplasmic localization pattern of dys446∆514 and
dys446-QAEA-449 indicated that the C-terminal KRKR
sequence is primarily responsible for the nuclear uptake of
dyskerin. Simultaneously it seems to regulate nucleoplasmic

retention, while only secondarily influencing a translocatio
into the nucleoli. There appears to be an NuLS in the N-termi
sequence KKHKKKKERK. Since a nucleolar localization sti
occurred when the N-terminal sequence KKHKKKKERK wa
deleted or modified (dys11-DE-12, dys14-EE-16 and dys1
QGAE-20) and deletion of both the N- and C-terminal moti
completely abolished the nucleoplasmic and nucleolar ac
mulation of dyskerin (dys1∆21 + 446∆514), this shows that the
intranuclear transport of dyskerin is a complicated process wh
is affected additively by sequences in the N- and C-termini. Th
agrees with findings that although a large number of nucle
and nucleolar proteins in numerous species have be
characterized, no universal consensus for NLSs exists,
even less so for NuLSs. The nucleolar localization of nucleol
for example, requires RNA-binding domains and a C-termin
stretch of amino acids rich in glycine and arginine (24
Contrary to this, a C-terminal acidic domain and a DNA-bindin
region are necessary for the nucleolar localization of the tra
scription factor UBF (43). In the case of treacle, the C-termin
sequence KRKKDKEKKEKKKKAKK contributes to the
nucleolar localization (30,31). The results for dyskerin confir
and extend the notion that NuLSs are unique to speci
proteins and in some cases represent extended NLSs.

At present, it is not known how the various mutations affe
the functions of dyskerin to cause DKC. Even though th
DKC1 transcript is expressed ubiquitously (3) and dysker
localizes to the nucleolus which is a ubiquitous organelle, t
DKC phenotype shows specificity in that it is mainly th
rapidly dividing cells which are clinically affected in DKC
patients. It will be a difficult task to unravel the mechanism
that lead to the disease, especially since there is such a rang
mutations scattered across the gene. With the exception of
exon 15 deletion, a putative splice site mutation in intron 2 a
a single amino acid deletion in exon 3, DKC is caused
missense mutations in exons 1, 3, 4, 10, 11 and 12 of theDKC1
gene (3–5). The mutation hot spots in exons 3, 4 and
however, imply that they contain important functional residue
although they do not lie within the TruB and NLS domains o
the primary sequence. No whole gene deletions, frameshif
stop codon mutations have been identified so far, sugges
that these would be lethal. This is compatible with findings th
total loss-of-function mutations are non-viable both in yea
and inDrosophila(9,11,12) and underlines the essential functio
of dyskerin. The mutations detected in DKC patients can the
fore be expected to alter one of the many functions of dyske
more subtly.

Truncation of the C-terminal KKE/KKD repeat domain in
yeast Cbf5p leads to a delay at the G2/M phase of the cell cycle
(9). Cell lines from DKC patient skin fibroblasts and from
peripheral blood lymphocytes exhibit increased doubling tim
and fewer cell divisions. In many cases, this is accompanied
an increased chromosomal instability (1,44). The rapid senesce
of DKC cellsin vitro is reminiscent of a DNA damage-induced
cell cycle arrest. Although this may only be related indirect
to a dysfunction in programmed cell death, the apoptotic ce
observed in the ovaries and degenerating embryos ofDrosophila
mutants expressing reduced levels of Nop60B adds credibi
to such speculations (12). Further, there could be a connec
between the untimely cell death of DKC cell lines and finding
that human telomerase shows some homology to the box H
ACA snoRNAs (45) with which dyskerin is thought to interac
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In view of the links that have been made between the nucleolus,
cell cycle regulation, ageing and disease (46,47), it is intriguing
that DKC patients exhibit some features of premature ageing
(48). To address these functional issues more directly, we are
in the process of generating a murine model for the disease.

MATERIALS AND METHODS

Generation of dyskerin–EGFP fusion constructs

DKC1cDNA fragments were PCR amplified with forward and
reverse primers containingBglII and XmaI restriction sites,
respectively. To reduce the error rate, 15 cycles and an
Amplitaq:Pfu enzyme mix (8:1) were used. The following
primer combinations were used for amplification of inserts for
cloning into the pEGFP-C1 vector (Clontech, Heidelberg,
Germany):

construct dys1–514:
X101cBF3 (GGAAGATCTGCGGATGCGGAAGTA)
and X101cXR1 (TCCCCCCGGGCTACTCAGAAACC);
construct dys493∆514:
X101cBF3 (GGAAGATCTGCGGATGCGGAAGTA)
and X101cXR4 (TCCCCCCGGGCTACCCATCTCCAGG);
construct dys467∆514:
X101cBF3 (GGAAGATCTGCGGATGCGGAAGTA)
and X101cXR5 (TCCCCCCGGGCTAGATCAACTGAGG);
construct dys1∆21 + 446∆514:
X101cBF7 (GGAAGATCTTTGCCAGAAGAAGAT)
and X101cXR7 (TCCCCCCGGGCTACGCAGTTTTTGC).

The following primer combinations were used for amplification
of inserts for cloning into the pEGFP-N3 vector (Clontech):

construct dys1–514:
X101nBF3 (GGAAGATCTATGGCGGATGCGGAAGTA)
and X101nXR1 (TCCCCCCGGGCCCTCAGAAACCAATTC);
construct dys493∆514:
X101nBF3 (GGAAGATCTATGGCGGATGCGGAAGTA)
and X101nXR4 (TCCCCCCGGGCCCCCATCTCCAGG);
construct dys467∆514:
X101nBF3 (GGAAGATCTATGGCGGATGCGGAAGTA)
and X101nXR5 (TCCCCCCGGGCCGATCAACTGAGG);
construct dys1∆21 + 446∆514:
X101nBF7 (GGAAGATCTATGTTGCCAGAAGAAGAT)
and X101nXR7 (TCCCCCCGGGCCCGCAGTTTTTGC).

Constructs dys446∆514 and dys1∆21 were generated by
digesting clone dys1–514 withBglII, PstI and XcmI, and
religating the respective fragments into the EGFP-N3 vector.

Amino acid substitutions were introduced into N-terminally
tagged clone dys1–514 by using the QuikChange site-directed
mutagenesis kit (Stratagene, Amsterdam, The Netherlands).
The reactions were carried out according to the manufacturer’s
instructions. The following primers were used forin vitro
mutagenesis:

construct dys446-QAEA-449:
dys446-QAEA-449f (GCAGCAAAAACTGCGCAAGCGG-
AAGCGGAGAGTGAGAGTG)
and dys446-QAEA-449r (CACTCTCACTCTCCGCTTCCGCT-
TGCGCAGTTTTTGCTGC);
construct dys11-NE-12:
dys11-NE-12f (GTAATTATTTTGCCAAACGAACATAA-
GAAGAAAAAG)

and dys11-NE-12r (CTTTTTCTTCTTATGTTCGTTTGGC-
AAAATAATTAC);
construct dys14-QEE-16:
dys14-QEE-16f (GCCAAAGAAACATCAAGAAGAAAAG-
GAGCGGAAG)
and dys14-QEE-16r (CTTCCGCTCCTTTTCTTCTTGATG
TTTCTTTGGC);
construct dys17-QGAE-20:
dys17-QGAE-20f (GAAACATAAGAAGAAACAAGGAGC-
GGAGTCATTGCCAGAAGAAG)
and dys17-QGAE-20r (CTTCTTCTGGCAATGACTCCGCT
CCTTGTTTCTTC-TTATGTTTC).

The following primers were used for introducing patien
missense mutations:

L37del-f (CAACACGCTGAAGAATTTATCAAACCTGA-
ATCCAAAG)
and L37del-r (CTTTGGATTCAGGTTTGATAAATTCTTC-
AGCGTGTTG);
T66A-f (GCTGAATGTAAGGGCAACACACTATACAC)
and T66A-r (GTGTATAGTGTGTTGCCCTTACATTCAGC);
A353V-f (GCATTAATGACCACAGTGGTCATCTCTACC-
TGCG)
and A353V-r (CGCAGGTAGAGATGACCACTGTGGTCA-
TTAATGC);
G402R-f (CCTTCTGGACAAGCATAGGAAGCCCACAG-
ACAG)
and G402R-r (CTGTCTGTGGGCTTCCTATGCTTGTCCA
GAAGG).

All constructs were sequenced to confirm that the inse
were in-frame, to exclude unwanted mutations and to check
introduced mutations.

Cell culture and transfections

HeLa and NIH-3T3 cells were cultured in Dulbecco’s modifie
Eagle’s medium and Vero cells in minimal essential mediu
(MEM) supplemented with 10% fetal calf serum, 10 mM
L-glutamine, 100 U/ml penicillin and 100µg/ml streptomycin.
Cells were grown in a humidified incubator with 5% CO2 at
37°C. For the transfections, the cells were seeded out o
glass coverslips (1.5 cm diameter) at a density of 4× 105 per
well (3.5 cm diameter) and allowed to settle overnight. NIH-3T
and Vero cells were transfected with 15µl of Lipofectamine
(Gibco BRL, Karlsruhe, Germany) and 2.5µg of DNA. On
average, the transfection efficiencies were >25% for NIH-3T
cells and <25% for the Vero cells. HeLa cells were transfect
with 5 µl of Effectene transfection reagent (Qiagen, Hilde
Germany), 1.6µl of enhancer and 300 ng of DNA. Transfectio
efficiencies of up to 80% were achieved for HeLa cells.

Microinjections, fluorescence microscopy and imaging

Cells were grown overnight in 3.5 cm diameter glass botto
dishes (MatTek, Ashland, MA). Immediately prior to th
microinjections, the culture medium was replaced wi
medium containing bicarbonate (0.85 g/l) and 30 mM HEPE
to maintain the pH. The microinjection needles were pulle
from borosilicate glass capillaries GC 100F-10 (Clark Electr
medical Instruments, Pangbourne, UK) using a Flamin
Brown Micropipette Puller (Model P-97; Sutter Instrument
Novato, CA). The cells were injected with 10–20 ng of DNA
on a stage heated to 37°C using the Micromanipulator 5171
and Transjector 5246 (Eppendorf, Hamburg, Germany) (4
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After incubation in MEM at 37°C, the cells were imaged at the
indicated time points. Microscopy and imaging was performed
on a Leica DM IRBE with a 63× NA1.4 PL Apo objective
(Leica, Bensheim, Germany), a GFP filter set and a Hamamatsu
CCD camera C4742-95. The images were processed on Macintosh
computers using Openlab 2.0 and Adobe Photoshop 5.0.

Immunofluorescence

Transfected and microinjected cells were washed twice with
phosphate-buffered saline (PBS), fixed for 20 min with 3.7%
formaldehyde and permeabilized for 15 min with 0.25%
Triton-X. Cells were blocked in 3% bovine serum albumin
(BSA) (in PBS) for 1 h at room temperature. Primary anti-
bodies (diluted in 3% BSA) were incubated for 2 h at 37°C in
a humid chamber. The cells were then washed three times for
5 min in PBS, 0.01% Tween-20. Secondary antibodies (diluted
in 3% BSA, 0.01% 4′,6-diamidino-2-phenylindole) were incubated
for 1 h at room temperature. The cells were again washed three
times for 5 min in PBS, 0.01% Tween-20, air dried, sealed and
viewed with a Zeiss microscope. Primary antibodies used were
B23 (diluted 1:50; Santa Cruz Biotechnologies, Santa Cruz,
CA) and p80coilin (diluted 1:350; gift from Angus Lamond,
University of Dundee, UK). Secondary antibodies were the
anti-goat and anti-rabbit IgG Cy3 conjugates (diluted 1:300;
Sigma, Deisenhofen, Germany).
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