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X-linked dyskeratosis congenita is a rare inherited
disorder mainly characterized by progressive changes
in proliferating epidermal, mucosal, and bone
marrow tissues that commonly emerge after 10 y of
life. It is caused by mutations of the DKC1 gene,
which codes for dyskerin, a protein that may play a
role in ribosomal biogenesis. In order to verify
whether the defects of proliferating tissues observed
in dyskeratosis congenita are due to an altered ribo-
some synthesis, we studied ribosomal biogenesis in
relation to cell proliferation in two lymphoblastoid
cell lines from dyskeratosis congenita patients and in
one control line. We observed that in the dyskera-
tosis congenita cell lines the rRNA transcription and
maturation and proliferative capability remained
unimpaired. Increasing the number of cell cycles,

however, leads to a steep rise in the apoptotic frac-
tion of dyskeratosis congenita cells, which is not
observed in controls. These findings demonstrate
that whereas dyskeratosis congenita cell lines do not
display proliferation defects, they do show progres-
sively increasing levels of apoptosis in relation to the
number of cell divisions. This concept is consistent
with (i) the delayed onset of dyskeratosis congenita
proliferating-tissue defects, which do not emerge
during embrional development as would be expected
with ribosomal biogenesis alterations, and (ii) with
the increasing severity of the proliferating-tissue
defects over time. Key words: apoptosis/cell nucleolus/
tibosomal RNA/Zinsser—Cole—Engman syndrome. J Invest
Dermatol 118:193—-198, 2002

-linked dyskeratosis congenita (DKC, OMIM#

305000) is a rare inherited disorder, characterized

by the triad of reticulate skin pigmentation, nail

dystrophy, and mucosal leucoplakia (Zinesser, 1906;

Engmann, 1926; Cole et al, 1930). The main
noncutaneous abnormality is a progressive bone marrow failure
that occurs in over 80% of patients and represents the major cause
of premature death (Dokal, 1996; Knight et al, 1998). Considering
these clinical features, it is clear that tissues that need continual
renewal are most affected by the genetic lesion underlying the
disorder.

DKC is caused by mutations of the DKC1 gene (Heiss et al,
1998; Knight et al, 1999), which codes for a protein localized in the
nucleolus called dyskerin (Heiss et al, 1999). Dyskerin is homolog
to two eukaryotic proteins: the rat Nap57 and the Cbf5p of
Saccaromyces cerevisiae (Knight et al, 1999). Nap57 is associated with
the nucleolar peptide Nopp140, and this complex contributes to
the maturation of rRNA and allows the shuttling of the newly
synthesized ribosomal proteins and intermediate precursors of the
ribosomal subunits (Meier and Blobel, 1992; Meier and Blobel,
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nucleolar organizer regions.

1994). Cbf5p is a phosphoprotein that during interphase localizes
within the nucleolus and contributes to ribosomal biogenesis
(Cadwell et al, 1997). Dyskerin also interacts with the H/ACA
domain present at the 3’ end of the RNA of telomerase. In DKC
lymphoblasts and fibroblasts, the telomerase activity is lower and
the telomeres are shorter than in nonaffected cells (Mitchell et al,
1999). The proliferative alterations observed in DKC could thus be
ascribed either to a defect in ribosomal biogenesis or to an altered
activity of telomerase.

We set out to investigate whether the proliferative alterations of
DKC are indeed caused by a defect in rRINA transcription and
maturation. For this purpose, we employed three lymphoblastoid
cell lines: two derived from two brothers affected by DKC, and a
control cell line derived from a nonaffected individual. As
parameters of ribosomal biogenesis rRINA synthesis and maturation
were measured by [*HJuridine incorporation and nuclear rRNA
fractionating. The ultrastructural features of the nucleolus and the
nucleolar size after silver staining were also evaluated. The
proliferation rate was measured in the three cell lines by evaluating
the population doubling time (DT) and by [*H]thymidine
incorporation. Surprisingly, the DKC cells showed greater
ribosomal biogenesis, with normal maturation processes, larger
nucleoli, and higher DNA synthesis than the control cell line. In
contrast, and in agreement with previous data (Dokal et al, 1992),
the population DT of DKC cell lines was longer than that of
control cells. To investigate whether the longer DT of DKC cells
might be caused by a greater cell mortality we evaluated the
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percentage of dead cells both by Trypan blue exclusion test and by
flow cytometry. We found that in both DKC cell lines the
mortality rate progressively increased over time (up to 3-fold). By
contrast, in the control line the mortality rate remained quite
constant. Our findings therefore indicate that the reduced growth
rate of DKC cell lines is not due to an impaired ribosomal
biogenesis but to a progressive increase in cell death.

MATERIALS AND METHODS

Cell cultures Three cell lines (GM3193, GM3194, GM130c) of
lymphocytes immortalized by Epstein—Barr virus, from Coriell Cell
Repositories (Coriell Institute for Medical Research, Camden, NJ), were
used. The GM3193 and GM3194 cell lines derive from two brothers
affected by DKC and harbor an A—G missense mutation in the DKC1
gene in position 196 (T66A) (Knight et al, 1999). The control GM130c¢
cell line derives from a nonaffected individual.

The cells were grown as a suspension culture in RPMI 1640, 20%
heat-inactivated fetal bovine serum, 0.5% nonessential amino acids,
100 U per ml penicillin, 100 pg per ml streptomycin, and 1% L-
glutamine. The cells were incubated at 37°C in a humidified atmosphere
of 5% CO,-95% air. The population DTs were obtained by growing
inocula of 5 X 10* cells in 24-multiwell plate wells, and counting the
cells at 24 h intervals in triplicate, according to the method of Patterson
(1979).

For the weekly evaluations, an aliquot of each cell line, which was
frozen soon after its arrival, was thawed and cultured as described above.
Each week, the cells needed for mortality and proliferation rate
evaluations were taken from each culture.

Evaluation of nucleolar size by silver staining of nucleolar
organizer region (NOR) associated proteins Cells were collected
from each cell line by centrifugation. Pellets were treated with 0.075 M
KCI at 37°C for 1 h and fixed in 70% ethanol for 30 min at 4°C. After
several changes of the same solution, the cells were dropped onto clean
glass slides, postfixed for 30 min in 70% ethanol, rehydrated, and stained
with silver. AgNOR protein staining was carried out according to
Ploton et al (1986), using a solution of 1 vol of 2% gelatine and 1%
formic acid and 2 vol of 50% silver nitrate for 13 min at 37°C. After
washings, the slides were dehydrated and mounted in a synthetic
medium. For each sample, the AgNOR protein area within 100 nuclei
was measured using a specific program (Image-Pro Plus 3.02, Media
Cybernetics, Silver Spring, MD) of a computer-assisted image analysis
system. The system consisted of a 3 CCD color video camera (KY
F55B, JVC) mounted on a Leitz light microscope and connected with a
Pentium II PC (Pana Sync S70, Panasonic). The mean value and the
standard deviation in square microns were automatically obtained for
each case.

Transmission electron microscopy analysis Cells were collected
from each cell line and fixed in paraformaldehyde, postfixed in osmium
tetroxide, dehydrated in ethanol, and embedded in Araldite. Thin
sections, double stained with uranyl acetate and lead citrate, were
examined with a Philips 410T.

RNA and DNA synthesis evaluation [*H]uridine (2.5 UCi per ml)
was added for the last 30 min of culture. Thereafter, unlabeled uridine
(I mM in culture medium) was added and cells were harvested by
centrifugation at 1200¢ for 5 min. Nuclei were extracted in TKM buffer
(10 mM Tris—=HCI pH 7.4, 10 mM KCI, 3 mM MgCl) containing 0.1%
Triton-X 100 and washed with 0.25 M sucrose in TKM buffer at 4°C.
Nuclei were then suspended in Tris-acetate 0.1 M pH 5.2, and the
samples were used for total RNA determination and stepwise extraction
with phenol at 4°C and 50°C. Each extraction step was repeated twice,
and the samples obtained were joined before radioactivity assessment.
The two nuclear fractions, 4°C and 50°C, corresponded to mature and
precursor rRNA, respectively (Dabeva et al, 1978; Derenzini et al, 1987).
RNA synthesis was measured considering the ratio between the
radioactivity and the 260 nm absorbance for each fraction. To obtain a
qualitative and quantitative control, the extracted 4°C and 50°C rRNA
fractions were size separated on a 1% agarose gel and stained with
ethidium bromide. An amount of RNA corresponding to a radioactivity
of 2000 DPM and 6000 DPM was loaded for the 4°C and 50°C
fraction, respectively.

[SHJthymidine (1 uCi per ml) was added to the cells for the last hour
of culture; cells were counted in triplicate after Trypan blue staining and
collected, and DNA was extracted at 70°C in 7% perchloric acid
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Figure 1. Nuclear RNA fractionating. 4°C and 50°C extracted
rRINA fractions size separated on a 1% agarose gel and ethidium bromide
stained. M, human 28S and 18S rRINA. Lanes 1, 2, 3: 4°C extracted
RNA corresponding to a radioactivity of 2000 DPM from GM130c
(control), GM3193 (DKC) and GM3194 (DKC), respectively. Lanes 4,
5, 6: 50°C extracted RNA corresponding to a radioactivity of 6000
DPM from GM130c¢ (control), GM3193 (DKC), and GM3194 (DKC),
respectively.

(Derenzini et al, 1987). Radioactivity of samples was measured and
expressed as a function of the number of alive cells.

Cytofluorimetric analysis For flow cytometry analysis, cells were
collected by centrifugation, fixed in 70% ethanol, and stained using the
DNA-PREP  Stain Kit (Coulter, Miami, FL) following the
manufacturer’s instructions. The analysis was performed using a Coulter
Epics XL (Coulter). Apoptotic cells were identified and measured on the
propidium iodide fluorescence histogram as a hypodiploid peak as
described previously (Nicoletti et al, 1991).

Statistical analysis Differences between groups were evaluated by
Student’s f test. A p-value < 0.05 was considered significant.

RESULTS

The lymphoblastoid cell lines GM130c, GM3193, and GM3194
were cultivated for 3 d immediately after arrival from the Coriell
Cell Repository. Then, for each line, several aliquots of cells were
stored in liquid nitrogen; other cells were grown in order to
evaluate their ribosomal biogenesis, the size and morphology of
nucleoli, and proliferative activity.

The rRNA synthesis in the three cell lines was evaluated by
measuring the radioactivity of the RINA extracted from nuclei after
30 min of [*H]uridine incorporation. In this method, the nuclear
rRINA is extracted first at 4°C, isolating the nucleoplasmic, mature
rRNA, and then at 50°C, isolating the nucleolar precursor rRINA
(Dabeva et al, 1978; Derenzini et al, 1987). The quality of the
extracted RNA was confirmed by agarose gel electrophoresis and
ethidium bromide staining. Figure 1 shows that 4°C fractions
(lanes 1, 2, 3) are constituted mainly by 28S and 18S rRINA mature
subunits, whereas the 50°C fractions (lanes 4, 5, 6) contain lower
quantities of 28S and 18S rRNA and are enriched with higher
molecular weight precursor rRNA. The radioactivity of the 50°C
fraction loaded in the gel was three times greater than that of the
4°C fraction because the lower quantity was not sufficient to clearly
detect IRNA by ethidium staining. The intensity of the 28S and
18S bands in the 50°C fractions was lower (by approximately one-
half) than in the 4°C fractions. These results are in line with those
described by Dabeva and coworkers who originally described the
extraction method and demonstrate that incorporated radioactivity
in the 50°C fraction has to be mainly ascribed to precursor
molecules. The data obtained give information both on rRINA
maturation and rRNA transcription. In the 4°C fraction and
especially in the 50°C fraction the radioactivity of the DKC cell
lines was clearly greater than in the control line (p <0.05 and p
<0.01, respectively; Table I). The percentage of radioactivity
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Table I. Cell proliferation and nucleolar function in the studied cell lines

[ H]uridine 1ncorporat10n and RNA fractionating
(DPM per pg RNA)®

Nucleolar area  [*H]thymidine incorporation

DT (h)* (um?)* (DPM per alive cell X 107" 4°C 50°C Percentage of alive cells”
GM130c 23 £ 6 6.2 =27 2.3 * 0.1 5579 = 46.7 1365.1 = 215.8 91 £ 6.4%
(29%) (71%)
GM3193 75 = 12* 10.8 = 5.8* 4.7 £ 0.3* 698.6 = 65.4% 2695.8 £ 184.1 68 £ 11.2%*
(20.6%) (79.4%)
GM3194 70 = 4% 9.8 £ 5.8* 4.4+ 0.2% 746.9 * 56.2% 2515.5 *£ 267.6 70 * 8.6%*
(22.9%) (77.1%)

“Data are expressed as mean & SD.
"The percentage of radioactivity incorporated is reported in parentheses.
*Significant difference (p <0.05) versus control cell line (GM130c).

incorporated in the rRINA newly synthesized molecules found in
the 4°C fraction was slightly lower in the DKC cell lines (20.6%
and 22.9% for GM3193 and GM3194, respectively) than in the
control line (29%).

Concerning the nucleolar size of the DKC and control cell lines,
it was evaluated on silver-stained cytologic preparations by
computer-assisted morphometric analysis. The mean nucleolar
areas of the DKC GM3193 (10.8 * 5.8 um?® mean = SD) and
GM3194 (9.8 + 5.8 um” mean * SD) cell lines were found to be
significantly greater than that of the control cell line (6.2 + 2.7 pm?
mean * SD; p <0.01; Fig 2, Table I).

Regarding the nucleolar morphology, the ultrastructural distri-
bution of nucleolar components was evaluated on thin sections
stained with uranyl acetate and lead citrate. The ribonucleoprotein
components of the nucleoli of the three cell lines were organized in
a very similar manner. In the two DKC cell lines, hypertrophied
nucleoli with many fibrillar centers, surrounded by an evident
dense fibrillar component, were present more frequently than in
the control cell line (Fig 3).

Cell proliferation was initially evaluated as population DT,
measured by counting the growing cells at 24 h intervals. The
DKC cell lines were characterized by a DT of 75 * 12 h (mean
*£8SD) for GM3193 and 70 = 4 h (mean * SD) for GM3194,
whereas that of the GM130c¢ control cell line was 23 = 6 h (mean
*SD). As the morphology and size of the nucleoli and their
functional activity were in clear contrast with the data on the DT of
the three cell lines (the nucleolar size and the function are normal]y
inversely related to cell DT) (Derenzini et al, 1998; 2000),
analyzed DNA synthesis standardlzed to an equal number of ahve
cells. The incorporation of [? H]thymldme was significantly higher
in the two DKC cell lines (4.7 X 107> DPM per cell for GM3193
and 4.4 X 1072 DPM per cell for GM3194) than in the control line
(2.3 X 1072 DPM per cell; p <0.01), indicating that the DKC cell
lines have higher proliferative activity than the control.

This initial group of experiments had demonstrated that the
slower expansion of the DKC cell lines was not due to a reduction
of ribosomal biogenesis or to reduced proliferative activity. To try
to explain the lower DT of the DKC cell lines, in a successive
group of experiments we evaluated the entity of cell death over a
period of 4 wk. For this purpose, an aliquot of each cell line
originally stored in liquid nitrogen was thawed and cultivated to
evaluate the weekly variations of the following parameters: (i)
percentage of vital cells after Trypan blue staining and light
microscopy; (ii) percentage of dead cells as evaluated by
cytofluorimetric analysis of the hyzpodlplmd peak after propidium
iodide staining; (iii) the entity of ["H]thymidine incorporation and
the population DT.

The percentage of nonvital cells evaluated by Trypan blue
exclusion test increased considerably in the DKC GM3193 and
GM3194 cell lines during the 4 wk, reaching values of 69% and
95%, respectively, at the end of the fourth week (Table II),
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Figure 2. Evaluation of AgNOR area. Cytologic preparations from
GM130c¢ (control) (a) and GM3193 (DKC) (b) cell lines stained with
silver for the selective visualization of AgNOR' proteins. A higher
amount of stained structures in the DKC line (mean area
10.8 £ 5.8 umz) than in control line (mean area 6.2 * 2.7 umz) is
evident. Bar: 50 wm.

compared with 28% in the GM130c cell line (p <0.01). These data
were confirmed by cytofluorimetric evaluation, which showed a
progressive increase of the hypodiploid peak in the DKC cell lines
but a quite constant peak in the control line (Fig 4). The
incorporation of [*H]thymidine standardized for an equal number
of alive cells was always higher in the DKC cell lines than in the
control line, and the ratio between the incorporated radioactivity
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Figure 3. Ultrastructural features of
nucleolus in a DKC cell line. Thin section of a
GM3193  cell. Numerous fibrillar  centers
surrounded by dense fibrillar component are
evident in the enlarged nucleolus. These features
are characteristic of an intense rRNA synthesis.
Uranium and lead staining; bar: 1 pm.

Table II. Cell death and proliferation in the studied lines during 4 wk

First week Second week  Third week Fourth week
Dead cell (%): mean = SD GM130c 19 =7 22 5 26 = 11 28 = 11
GM3193 20 * 4 46 = 4% 60 = 12% 69 = 5%*
GM3194 22 *5 16 £ 6 52 £ 9% 95 *+ 9**
Cytofluorimetric hypodiploid peak (%) GM130c 1255 7.6 13.3 16.2
GM3193 6.9 18.8 20.2 48.7
GM3194 9.2 20.7 29 65.4
[’H]thymidine incorporation (DPM X 107 per alive cell): mean +SD  GM130c 4.1 * 0.9 45 %08 24+03 38 +1
GM3193 73 %2 7.4 £ 1.1% 6 * 0.2%* 8.6 = 2.5%
GM3194 9.6 £ 0.3%* 94 £33 39 £ 1.8 6.2 £ 0.2%

*p <0.05 and **p <0.01 statistically significant difference versus control cell line (GM130c¢).

values of the DKC and the control cells remained constant during
the 4 wk (Table II). In contrast, the DT markedly increased in
DKC cell lines, reaching a value of 416 h in GM3193 at the end of
the fourth week; at this time in GM3194, the DT could not be
evaluated due to the death of almost all the cells. In the control line,
the DT at the end of the fourth week was 20 h.

DISCUSSION

This study demonstrates that the increased DT, which characterizes
DKC cell lines, is not related to an alteration of ribosomal
biogenesis but to an increase in the cell mortality rate.

The DT was much greater in the DKC cell lines (75 h and 70 h
for GM3193 and GM3194, respectively) than in the control line
(23 h). This finding is in keeping with previous reports by other
authors regarding the slower growth of cells deriving from patients
with DKC (Dokal ef al, 1992).

Our data on ribosomal biogenesis were obtained by [*H]uridine
incorporation into nuclear rRNA fractions. The fractions extracted
at 50°C and 4°C, respectively, are composed of precursor and
mature rRNA molecules. Thus, the technique provides informa-
tion on the entity of both transcription and maturation of rRNA
(Dabeva et al, 1978; Derenzini et al, 1987). We found that the
synthesis of precursor rRINA was greater in DKC cells than in
controls. Furthermore, no impairment of the maturation process
was evident, as the absolute values of [*H]uridine-labeled mature
rRINA were greater in DKC cells than in controls. In addition, the

finding that the percentage of [*H]uridine-labeled newly synthe-
sized rRINA molecules in the 4°C fraction was lower in DKC than
in controls excludes the possibility of accumulation of ribosomal
subunits in the nucleus due to a defect in the transport of mature
ribosomal subunits. This set of results was confirmed by
morphologic observations showing that nucleolar size is greater
in DKC cells than in controls, as evaluated after silver staining, and
that the organization of the nucleolar components is typical of
highly active nucleoli (very numerous fibrillar centers surrounded
by an evident dense fibrillar component) (Derenzini et al, 1990).

This demonstration that in DKC cell lines a greater ribosomal
biogenesis is associated with a longer DT contrasts with reports
indicating that the activity of the nucleolus correlates with cell
proliferation rate (Derenzini et al, 1998, 2000). This discrepancy
was clarified by evaluating the incorporation of [*H]thymidine in
the cell lines, standardized for an equal number of alive cells. The
results obtained clearly indicated that DKC cells were characterized
by a higher proliferative activity than control cells.

In order to explain the slower population DT of DKC cell lines,
we considered the possibility that DKC cell lines might be
characterized by a greater rate of cell death than control cells.
Therefore, we measured the mortality rate of the two DKC cell
lines and of the control line over a period of 4 wk both by the
Trypan blue exclusion method and by flow cytometric quantifi-
cation of apoptotic cells. Our results demonstrated that in DKC
GM3193 and GM3194 cell lines the mortality rate progressively
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Figure 4. Evaluation of apoptosis over time
by flow cytometry. Cytofluorimetric analysis of
GM130c  (control), GM3193 (DKC), and
GM3194 (DKC) cell lines after the first and the
fourth week of culture, stained with propidium
iodide. In the DKC lines the hypodiploid peak
rises remarkably indicating an increase in the
number of apoptotic cells.
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increased from the first to the fourth week, reaching values of 69%
and 95%, respectively, as evaluated by the Trypan blue exclusion
test and of 48.7% and 65.4%, respectively, as evaluated by flow
cytometry. By contrast, the mortality rate in the control cell line at
the fourth week was only 28% as evaluated by Trypan blue staining
or 16.2% according to flow cytometry. The discrepancy between
Trypan blue staining and flow cytometry values can be explained
by the fact that Trypan blue stains all the cells with a damaged
membrane, including those without the DNA degradation detected
by flow cytometry. Taken together with the finding that
["H]thymidine incorporation was always greater in DKC than in
control cells, these data demonstrate that rather than depending on
proliferative capacity the longer DT of the DKC cell lines is
actually caused by their high mortality rate, which increases
progressively as the number of cell cycles increases.

The marked nature of the apoptotic process and its progressive
increase over time may be explained by previous observations
demonstrating that DKC cells (including the same cell types utilized
in this study) are characterized by a lower telomerase activity and
shorter telomeres with respect to cells from nonaffected individuals
(Mitchell et al, 1999). Indeed, as dyskerin is related to the
telomerase complex, its alteration in DKC could cause a functional
defect and progressive telomere shortening. There is evidence that
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progressive telomere shortening over successive cell cycles may lead
to intense cell death by apoptosis (Herbert ef al, 1999; Zhang ef al,
1999).

Our demonstration that, whereas ribosomal biogenesis in DKC
is normal, cell growth is curtailed by a dramatic rise in apoptosis
related to the number of duplicative cycles can effectively explain
the clinical features of DKC. In practice, a constitutive defect in
ribosomal biogenesis would impair cell proliferation from the early
phases of embryonic development, whereas the alterations of
epidermis, mucosae, and bone marrow observed in DKC actually
emerge much later (usually after 10 y of age) (Dokal, 1996; Knight
et al, 1998). By contrast, the severity of the proliferating-tissue
defects observed in DKC over time is consistent with our finding
that cell death rate increases progressively in relation to the number
of cell divisions.
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