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Approximately 10% of cancers overall use alternative lengthening of telomeres (ALT) instead of telomerase
to prevent telomere shortening, and ALT is especially common in astrocytomas and various types of sarcomas.
The hallmarks of ALT in telomerase-negative cancer cells include a unique pattern of telomere length
heterogeneity, rapid changes in individual telomere lengths, and the presence of ALT-associated promyelocytic
leukemia bodies (APBs) containing telomeric DNA and proteins involved in telomere binding, DNA replication,
and recombination. The ALT mechanism appears to involve recombination-mediated DNA replication, but the
molecular details are largely unknown. In telomerase-null Saccharomyces cerevisiae, an analogous survivor
mechanism is dependent on the RAD50 gene. We demonstrate here that overexpression of Sp100, a constituent
of promyelocytic leukemia nuclear bodies, sequestered the MRE11, RAD50, and NBS1 recombination proteins
away from APBs. This resulted in repression of the ALT mechanism, as evidenced by progressive telomere
shortening at 121 bp per population doubling, a rate within the range found in telomerase-negative normal
cells, suppression of rapid telomere length changes, and suppression of APB formation. Spontaneously
generated C-terminally truncated Sp100 that did not sequester the MRE11, RAD50, and NBS1 proteins failed
to inhibit ALT. These findings identify for the first time proteins that are required for the ALT mechanism.

The telomeres of human cells contain a linear tandem array
of TTAGGG repeats that are bound by telomere-associated
proteins and are essential for chromosome stability and
genomic integrity (6). The progressive erosion of telomeres
that occurs during the proliferation of normal cells leads even-
tually to the state of replicative senescence, features of which
include permanent withdrawal from the cell cycle. Telomere
shortening and senescence appear to be a potent tumor sup-
pressor mechanism (14). Most cancer cells escape from the
limitation on proliferation that normal telomere shortening
imposes by activating a telomere maintenance mechanism, ei-
ther telomerase (10) or alternative lengthening of telomeres
(ALT) (4). Telomerase is active in approximately 85% of can-
cers (36), and an ALT mechanism is active in many telomer-
ase-negative tumors (3), especially sarcomas and astrocytomas
(13, 45). Some tumors utilize more than one telomere main-
tenance mechanism (3, 13, 45).

Although the detailed molecular mechanisms of ALT are
largely unknown, telomerase-null Saccharomyces cerevisiae sur-
vivors are dependent on the RAD52 gene (20), which encodes
a protein involved in DNA recombination, and there is evi-
dence that ALT in human cells also involves recombination (8,
25). The hallmarks of ALT in all human cell lines examined to
date include a unique pattern of telomere length heterogene-
ity, with telomeres that range from very short to greater than

50 kb long (4). This heterogeneity is generated by a combina-
tion of steady telomere attrition at the rate seen in normal
telomerase-negative cells and rapid lengthening and shorten-
ing events (25, 33).

An additional hallmark of ALT is the presence of promyelo-
cytic leukemia (PML) nuclear bodies containing (TTAGGG)n

DNA and telomere-specific binding proteins. PML bodies are
found in most cells. They are dynamic structures that respond to
cellular stresses, and they have been implicated in a wide variety
of cellular functions, including DNA repair, apoptosis, senes-
cence, transcriptional regulation, proteasome degradation, tumor
suppression, and response to viruses (reviewed in references 7, 30,
and 53). They have variously been proposed to serve as depots for
storage of nuclear factors, as sites where proteins are posttrans-
lationally modified, and as macromolecular platforms on which
specific nuclear events such as DNA transcription, replication, or
repair take place.

PML bodies containing (TTAGGG)n DNA and telomere-
specific binding proteins such as TRF1 and TRF2 have only
been found in ALT cells, not in mortal cells or telomerase-
positive cell lines, so PML bodies with these contents are
referred to as ALT-associated PML bodies (APBs) (52). In
addition to constitutive components of PML bodies such as
PML and Sp100, APBs contain other proteins involved in
DNA replication, recombination, and repair including RAD51,
RAD52, and RPA (52), RAD51D (41), BLM (38, 51), WRN
(15), human RAP1 and BRCA1 (49), MRE11, RAD50, and
NBS1 (50, 55), ERCC1 and XPF (54), and human RAD1,
RAD9, RAD17, and HUS1 (26). The formation of APBs re-
quires NBS1, which recruits MRE11, RAD50, and BRCA1
into these structures (49).

APBs are found in a minority of cells (approximately 5%)
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within asynchronously dividing ALT cell populations (52),
which has led to the conclusion that they form in a cell cycle-
dependent manner (11, 50). The possibility has been consid-
ered that APBs act as storage depots of macromolecules in-
volved in the ALT mechanism or that they have a role in
processing by-products of this mechanism (52). It has also been
suggested that APBs have an integral role in the ALT mech-
anism (11, 22, 49, 50, 52), and, consistent with this suggestion,
inhibition of ALT in some somatic cell hybrids formed by
fusion of ALT and telomerase-positive cell lines resulted in a
major decrease in APBs (33). Imaging of live cells has revealed
a dynamic relationship between telomeres and APBs: an indi-
vidual telomere may move into and out of contact with an APB
(22).

As a step towards understanding the function of APBs, we
attempted live cell imaging of PML bodies in ALT cells by
transfecting them with an expression plasmid encoding a
fusion protein consisting of yellow fluorescent protein
(YFP) and Sp100, a core member of PML bodies. Sp100 is
a protein of 480 amino acids, a calculated mass of 53 kDa,
and an electrophoretic mobility of 100 kDa (with the anom-
alous mobility being accounted for mainly by its acidic re-
gion). It was originally identified as an antigen which reacts
with autoantibodies from patients with primary biliary cir-
rhosis, forming nuclear speckles (40) (hence Sp100, for
speckle protein of 100 kDa). Like PML, Sp100 is a dynamic
component of PML bodies (48). Sp100 is also found in
nuclear foci that do not contain PML; time-lapse fluores-
cence microscopy showed that these foci are more mobile
than PML bodies, which exhibit little movement (48). The
region of Sp100 that is responsible for its localization to
PML bodies has been mapped to its N terminus (39). Sp100
is thought to have transcription-modulatory activity, primar-
ily through association with factors such as HIPK2, HP1,
and ETS-1 (19, 23, 35, 47). Sp100 has also been shown to
bind to the DNA recombination and repair protein NBS1
(27).

We found that formation of APBs was suppressed in cells
that expressed high levels of Sp100 or the YFP-Sp100 fusion
protein. Stable expression of the fusion protein also resulted in
progressive telomere shortening for many population dou-
blings, and inhibition of the telomere length fluctuation that is
characteristic of ALT cells. Analysis of clones expressing mu-
tant transgenes containing C-terminal truncations of Sp100
demonstrated that suppression of ALT occurred when NBS1,
MRE11, and RAD50 were sequestered by the full-length pro-
tein. In addition to identifying a protein that can inhibit ALT
and demonstrating the close correlation between the presence
of APBs and the ALT mechanism, these data identify for the
first time proteins that are required for ALT.

MATERIALS AND METHODS

Cells, plasmids, and transfections. The spontaneously immortalized Li-Frau-
meni syndrome fibroblast line IIICF/c (34) and the osteosarcoma cell line Saos-2
(American Type Culture Collection), both of which are ALT� (3, 4) were
cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum and 50 �g of gentamicin per ml in a 5% CO2 humidified atmosphere at
37°C. Cells were growth arrested by withdrawal of methionine for 4 days; me-
thionine-deficient medium was reconstituted from methionine- and cystine-de-
ficient Dulbecco’s modified Eagle’s medium (Gibco) by adding L-cystine (Gibco).

IIICF/c cells were transfected with the YFP-Sp100 expression plasmid (24)

(see Fig. 2C) with Fugene 6 (Roche), 5 �g of DNA per 10-cm dish, and selected
with G418 (Roche). From pooled G418-resistant cells that had been cultured for
approximately 20 population doublings, individual colonies were isolated by
limiting dilution and passaged continuously in medium containing G418 (430
�g/ml). IIICF/c and Saos-2 cells were transfected with plasmid pSG5-Sp100 (39)
with Fugene 6 and 0.5 �g of DNA per well in four-well glass slides (Nunc).

Mutation analysis by PCR. To determine the integrity of the YFP-Sp100
construct in transfected IIICF/c clones, genomic DNA was subjected to PCR
with primers A1463 (5�-TCACATGGTCCTGCTGGAGTTC), and A1464 (5�-
AGGTTCAGGGGGAGGTGTGG), which flanked the Sp100 open reading
frame (Fig. 2C). Clones IIICF-9, IIICF-10, and IIICF-17 yielded 1.6-kb DNA
products that were purified and subjected to automated DNA sequencing. The C
terminus of IIICF-16 was determined with primer walking, and a product was
ultimately obtained with primers A1471 (5�-GAGGTCTGGCCTCCAACTAA
GTC) and A1490 (5�-AATCTGGGGTCGTGAGCAAGTGG). Primer A1490
corresponds to Sp100 amino acid residues 372 to 378 (40).

Antibodies. The following antibodies were used in this study: mouse anti-
NBS1, anti-MRE11, and anti-RAD50 (BD Biosciences); mouse and rabbit anti-
green fluorescent protein (GFP) (BD Biosciences); rabbit anti-NBS1 (Ab-1) and
anti-MRE11 (Ab-1) (Oncogene Research Products); goat anti-NBS1 (Nibrin,
C-19), goat anti-PML (N-19), and mouse anti-PML (Santa Cruz Biotechnology);
mouse anti-TRF2 and anti-HP1� (Upstate Biotechnology); rabbit anti-Sp100
(Chemicon); and another rabbit anti-Sp100 antibody (anti-SpGH) described
previously (39). Polyclonal anti-TRF1 rabbit serum was raised against a TRF1
peptide, residues 13 to 35.

Immunostaining and fluorescence microscopy. Cells grown in four-well or
two-well chamber slides were fixed for 15 min in 2% paraformaldehyde at room
temperature and then permeated with methanol-acetone (1:1) at �20°C for 15
min. In order to clearly visualize NBS1/MRE11/RAD50 foci and other nuclear
foci, cells were sometimes treated with a nuclear extraction procedure as de-
scribed previously (55). Cells were incubated with primary antibodies either for
1 h at room temperature or overnight at 4°C and then incubated with fluores-
cently conjugated secondary antibodies at room temperature for 30 to 40 min. In
some cases, 4�,6�-diamidino-2-phenylindole (DAPI) (Sigma) was included in the
secondary incubation to visualize DNA. Finally, the preparations were mounted
in antifading medium containing Dabco (Sigma). The secondary antibodies used
were as follows: 7-amino-3-methylcoumarin acetic acid (AMCA)-, fluorescein
isothiocyanate-, or Texas Red-conjugated goat anti-mouse immunoglobulin,
AMCA-, fluorescein isothiocyanate-, or Texas Red-conjugated goat anti-rabbit
immunoglobulin, AMCA-conjugated donkey anti-mouse immunoglobulin, fluo-
rescein isothiocyanate-conjugated donkey anti-rabbit immunoglobulin, and
Texas Red-conjugated donkey anti-goat immunoglobulin (Jackson ImmunoRe-
search).

The samples were examined on a Leica DMLB fluorescence microscope.
Images were recorded with a Spot cooled charge-coupled device camera
(SPOT2; Diagnostic Instruments) and analyzed with Adobe PhotoShop 6.0.

Immunoblotting and coimmunoprecipitation. For immunoblotting analyses,
cell lysates were prepared, electrophoretically separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, and electrotransferred to a nylon mem-
brane as described previously (44). Immunoblotting procedures were as recom-
mended by the antibody suppliers. Horseradish peroxidase-conjugated goat anti-
mouse or swine anti-rabbit immunoglobulin G (Dako) were used as secondary
antibodies.

For coimmunoprecipitation, an equal number of cells for each clone were
lysed in Triton X-100 lysis buffer (1% Triton X-100, 25 mM Tris-HCl, [pH 8],
200 mM NaCl, 2 mM EDTA, [pH 8], 1.5 mM MgCl2, 10% glycerol, 0.2 mM
dithiothreitol supplemented with Roche complete protease inhibitor and leupep-
tin). Precleared whole-cell extracts were incubated with the primary antibody-bound
protein G-agarose beads (Roche) for 2 h at 4°C. The bound protein complexes were
eluted from the beads by boiling with sodium dodecyl sulfate sample buffer and then
immunoblotted. For the input control, 10% of whole-cell extracts were used.
SYPRO Ruby (Molecular Probes) was used to stain proteins in polyacrylamide gels.

Terminal restriction fragment analysis and telomere repeat amplification
protocol analysis. Telomere length was determined by pulsed-field gel electro-
phoresis as previously described (4) with 1.5 �g/well of genomic DNA that had
been digested with restriction enzymes HinfI and RsaI (Roche) to generate
terminal restriction fragments. The gel was exposed to a phosphor screen and
scanned with a Storm 860 optical scanner with ImageQuant software (Molecular
Dynamics). The molecular weights of telomeric bands were determined by con-
structing a standard curve from high-molecular-weight DNA markers (Invitro-
gen) electrophoresed on the same gel. Telomerase activity was assayed with the
telomere repeat amplification protocol (16) with the modifications previously
described (33).
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Telomere fluorescence in situ hybridization analysis and quantitative fluores-
cence histogram analysis. Mitotic chromosome preparations were obtained ac-
cording to standard cytogenetic protocols. Fluorescence in situ hybridization
with a Cy3-conjugated telomere-specific peptide nucleic acid probe (PE Biosys-
tems) was performed essentially as described previously (33). Metaphases were
evaluated on a Leica DMLB fluorescence microscope with appropriate filter sets,
and DAPI and Cy3 images were captured separately as monochromatic 12-bit
images with the cooled charge-coupled device camera, merged and pseudo-
colored, and further processed for illustrative purposes with Adobe Photoshop
6.0 software.

Fluorescence intensity was measured as described previously (33) with the
following modifications. Quantitative histogram analysis was performed with
ImagePro Plus 4.0 software (MediaCybernetics) on the unmodified, nonmerged
12-bit monochromatic images captured with exposure times between 0.5 and 2 s
with no gamma adjustment. Image bitmap pixel values ranged from 0 (empty
scale � black) to 4,095 (full scale � white) following a linear function of a
measured intensity with increasing exposure time. Typically, values for the max-
imum intensities of the short (p) and the long (q) arms of a consistently present
and identifiable marker chromosome with an interstitial telomere signal (see Fig.
5A) were recorded for 20 randomly selected metaphase spreads. The maximal
values (�4,095) for p- and q-arm telomere fluorescence in situ hybridization
intensities of this marker chromosome were corrected for average intensity
values of background fluorescence, and the ratios of p-arm to q-arm fluorescence
intensities were normalized by the median and plotted in a bar chart (Fig. 5B).
The pairwise comparison of statistical significance was made by F test on the
variances of normalized ratios.

RNA interference. Small interfering RNAs (siRNAs) were designed and syn-
thesized for the target sequence of NBS1 cDNA: 5�-AAGAAGCAGCCTCCA
CAAATT-3� (NBS1-si2), and target sequences of Sp100 cDNA: 5�-CAGGAA
ATTATGATAAACTCA-3� (Sp100-1) and 5�-AACCATGGAATCCAAATTA
AT-3� (Sp100-2; Qiagen). The nonsilencing control siRNA was purchased from
Qiagen. IIICF/c and Saos-2 cells were transfected with siRNA with RNAiFect
(Qiagen). For Western analysis, 400 pmol of siRNA was used for each well of a
six-well plate; 48 h after transfection, cells were harvested for protein isolation.
For immunofluorescence studies, 80 or 160 pmol of siRNA was used for each
well of a four- or two-well chamber slide, respectively. Cells were growth arrested
48 h after transfection and fixed and immunostained 4 days later.

RESULTS

APBs are suppressed by overexpression of Sp100 in ALT
cells. As is characteristic of human cell lines that maintain their
telomeres with the ALT mechanism, the IIICF/c spontane-
ously immortalized Li-Fraumeni syndrome fibroblast line has
telomeres of very heterogeneous lengths (34) and forms APBs
(Fig. 1A). In this study, APBs were mostly detected by visual-
izing TRF1 or TRF2 within a PML body, i.e., by double im-
munostaining to detect colocalization of PML protein with one
or the other of these telomere binding proteins in a bright
nuclear focus of characteristic morphology. Immunostaining
for TRF1 or TRF2 to detect APBs produced equivalent results
(TRF1 foci completely colocalized with TRF2 foci in �99% of
cells under the conditions used in these experiments; data not
shown), so antibodies against these two proteins were func-
tionally interchangeable, with the choice being determined by
the species of origin of the other antibodies used in colocal-
ization analyses. For example, rabbit anti-TRF1 antibody was
used in combination with mouse anti-PML, and mouse anti-
TRF2 was used together with rabbit anti-Sp100 (Fig. 1).

APBs are typically somewhat larger than the PML bodies
seen in APB-negative cells, and the quantity of telomere bind-
ing proteins (and of telomeric DNA) that they contain is often
greater than the amount present at a telomere, so with appro-
priate microscope settings, APBs may often be seen as large,
bright TRF1 or TRF2 foci when individual telomeres are not
bright enough to be visualized. To facilitate observation of

APBs, the cells were subjected to growth arrest by withdrawal
of methionine from the medium, which increased the propor-
tion of cells containing APBs to 50 to 60%, in contrast to 	5%
in exponentially dividing populations.

IIICF/c cells were transfected transiently with expression
plasmids encoding either YFP-Sp100 fusion protein or
Sp100, and it was observed that there was an inverse corre-
lation between the presence of APBs and expression of
these proteins. PML bodies in general were unaffected, but
APBs were essentially absent from IIICF/c cells expressing
high levels of YFP-Sp100 and present in cells expressing
either low levels of or no YFP-Sp100 (Fig. 1B). Similarly,
when IIICF/c cells were transfected with a plasmid encoding
full-length Sp100 without the YFP tag, APBs were not de-
tected in cells expressing high levels of Sp100 (Fig. 1C),
showing that Sp100 has the same effect as YFP-Sp100 and
therefore that the fusion protein does not suppress APBs in
a dominant negative manner. Similar results were obtained
with a second ALT cell line, Saos-2, indicating that the
inverse correlation between APB formation and overexpres-
sion of Sp100 is not unique to IIICF/c cells (Fig. 1D).

Spontaneous mutations of the YFP-Sp100 transgene. To
determine whether suppression of APB formation correlated
with inhibition of ALT-mediated telomere length mainte-
nance, stable clones of YFP-Sp100-transfected cells were gen-
erated by limiting dilution of the pooled G418-selected culture.
Although the cells were maintained continuously on G418
selection, the yield of YFP-positive clones was low (�10% of
total clones). This suggested that overexpression of the YFP-
Sp100 transgene was disadvantageous for the proliferation or
survival of these cells. Of a total of 13 YFP-positive clones,
only two (designated IIICF-10 and IIICF-17) exhibited repres-
sion of APB formation.

A panel of six clones (IIICF-4, -9, -10, -11, -16, and -17) were
chosen for more detailed analysis. All clones were negative for
telomerase activity, as assessed by the telomere repeat amplifica-
tion protocol assay (data not shown). Western blotting with anti-
GFP antibodies (which detect YFP also) showed that only two of
the clones, IIICF-10 and -17, expressed high levels of full-length
YFP-Sp100 (Fig. 2A and B). IIICF-9 expressed lower levels of
full-length YFP-Sp100, while no YFP-Sp100 was detected in II-
ICF-4. IIICF-11 expressed a band of 	35 kDa that was detected
by the anti-GFP but not anti-Sp100 antibodies, whereas IIICF-16
expressed a fusion protein of reduced size (Fig. 2A and B). Two
other clones that were not included in the panel expressed fusion
proteins that were very similar in size to the fusion protein in
IIICF-16 (data not shown).

Analysis of the integrated transgene by genomic PCR (Fig.
2C) showed that the YFP-Sp100 coding sequence was intact in
each of the clones (IIICF-9, -10, and -17) which expressed the
full-length fusion protein. Also consistent with the Western
data, IIICF-16 had undergone a deletion of the C terminus of
the Sp100 sequence. No point mutations were detected by
sequencing the transgenes of IIICF-9, -10, and -17 (data not
shown). Fluorescence microscopy (Fig. 3) showed that IIICF-4
had no detectable expression of YFP-Sp100 (consistent with
the absence of a detectable protein by Western blotting).
IIICF-11 had diffuse low-level nuclear fluorescence; taken to-
gether with the Western and PCR analyses, this indicates that
the transgenic fusion protein in this clone consisted mostly of
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FIG. 1. Suppression of ALT-associated PML bodies (APBs) by overexpression of Sp100. APBs were visualized in growth-arrested cells with
antibodies against PML and either TRF1 or TRF2. Sp100 was detected by fluorescence (YFP-Sp100) or immunostaining (Sp100). (A) Most
untransfected control IIICF/c cells exhibited APBs, visualized here as prominent TRF1 foci within PML bodies. (B) APB formation was inhibited
in transfected IIICF/c cells overexpressing YFP-Sp100 but not in cells with undetectable levels of transgene expression. Similarly, APB formation
was suppressed by overexpression of Sp100 in both IIICF/c (C) and Saos-2 cells (D).
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YFP together with a nuclear localization signal and a small
portion of the Sp100 N terminus. The remaining four clones
expressed abundant nuclear foci of YFP-Sp100.

Correlation between status of the YFP-Sp100 transgene and
repression of APB formation. Immunostaining for PML
showed that essentially all of the cells in each of the IIICF/c
clones contained PML bodies and that most of the YFP-Sp100
in IIICF-9 was contained within PML bodies. In the clones that
expressed high levels of YFP-Sp100, however, some of the
YFP-Sp100 foci did not contain detectable amounts of PML
protein (Fig. 3), in agreement with a previous report indicating
that overexpression of Sp100 results in nuclear aggregates that
are separate from PML bodies (29).

Double immunostaining for PML and TRF1 showed that
APBs formed normally in clones IIICF-4, -9, -11, and -16,
whereas there was almost complete suppression of APBs in
IIICF-10 and -17, which expressed high levels of full-length
YFP-Sp100 (Fig. 3). Under the conditions used here, approx-
imately 50% of the cells in the clones that expressed either no

fusion protein or a truncated protein contained APBs, whereas
only 2 to 3% of the cells in clones IIICF-10 and -17 formed
APBs (Table 1). The effect of YFP-Sp100 on APB formation
was not due to a generalized disruption of TRF1 or TRF2
localization or stability; Western blotting showed that the total
levels of TRF1 and TRF2 were similar in the six clones, and
immunostaining of cytospun metaphase chromosomes and of
interphase nuclei for these proteins showed no difference be-
tween IIICF-16 (APB�) and IIICF-17 (APB�) apart from lack
of APBs in IIICF-17 (data not shown), indicating that associ-
ation of these proteins with the telomere was not disrupted.
The results for the panel of clones are therefore consistent with
the results of the transient transfection analyses and indicate
that overexpression of full-length YFP-Sp100 is associated with
suppression of APB formation.

Inactivation of the ALT mechanism in cells with suppressed
formation of APBs. To determine whether YFP-Sp100–in-
duced suppression of APB formation was accompanied by
inactivation of the ALT mechanism, we analyzed terminal re-

FIG. 2. Expression levels and mutation profiles of YFP-Sp100 in transfected IIICF/c clones. Clones IIICF-4, -9,-10, -11, -16, and -17 were all
analyzed at population doubling 38 to 41. Western blot analyses of YFP-Sp100 (A) and Sp100 (B) with anti-GFP and anti-Sp100 antibodies,
respectively, are shown. (C) Schematic representation of YFP-Sp100 and genomic PCR analysis of the integrated YFP-Sp100 plasmid. IIICF-11
and -16 had undergone C-terminal truncations of YFP-Sp100, and no YFP-Sp100 sequence was retained in IIICF-4. NLS, nuclear localization
signal; HSR, homogeneous staining region; HP1, heterochromatin protein 1 binding domain; Trans, transactivation domain.
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FIG. 3. Suppression of APB formation in IIICF/c clones overexpressing full-length YFP-Sp100. YFP fluorescence and double immunostaining
of growth-arrested IIICF-4, -9, -10, -11, -16, and -17 cells (population doubling 30 to 33) with anti-TRF1 and anti-PML antibodies are shown. APB
formation was suppressed in IIICF-10 and -17, which express high levels of YFP-Sp100, whereas they formed normally in cells that had no residual
expression of the transgene (IIICF-4), expressed a C-terminally truncated transgene (IIICF-11 and -16), or expressed full-length YFP-Sp100 at a
lower level (IIICF-9).
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striction fragment lengths in these six clones (Fig. 4) over a
period of at least 70 to 90 population doublings from the
earliest time points possible (population doubling 28 to 29,
where population doubling 0 was defined as the point at which
the pooled selected population was subcloned by limiting di-
lution). Densitometric analysis of the invariant bands, which
correspond to interstitial (TTAGGG)n DNA sequences, con-
firmed equal sample loading (variation among lanes was �
30%). In each of the APB-positive clones (IIICF-4, -9, -11, and
-16), faint higher-molecular-weight telomeric bands were visi-
ble at early population doublings, which reduced in size and
then disappeared into the terminal restriction fragment smear
pattern (Fig. 4). Analyses of G418-selected clones (i.e., ex-
pressing no transgene other than that for neomycin resistance)
revealed the same pattern of terminal restriction fragment
dynamics (data not shown). This effect in clonally derived
populations of IIICF/c cells presumably results from the brief
persistence of terminal restriction fragment bands correspond-
ing to individual telomeres, which undergo steady attrition as
in other telomerase-negative cells as well as stochastic length-
ening and shortening events in cells within the population (25),
resulting in relatively rapid dispersal of the bands.

In contrast, clones IIICF-10 and -17, in which APBs were
suppressed, had much more distinct higher-molecular -weight
bands at early population doublings that underwent progres-
sive shortening with further cellular proliferation and re-
mained visible until population doublings 60 and 80. The rate
of shortening of individual bands was calculated for IIICF-17
by reference to the molecular weight markers and was found to
be very similar for each of the bands (see Fig. S1 in the
supplemental material). The mean rate of shortening was 121
nucleotides per population doubling, which is within the range
reported for normal telomerase-negative human cells (37) and
for somatic cell hybrids in which ALT has been repressed (33).
The persistence for so many population doublings of distinct,
albeit shortening, terminal restriction fragment bands corre-
sponding to individual telomeres in the clonally derived
IIICF-10 and -17 cultures indicates that the stochastic telo-
mere lengthening and shortening events characteristic of ALT
were substantially reduced or abolished in these cells.

When the terminal restriction fragment bands became blurred
(approximately population doubling a 60 and 80 in IIICF-10 and
-17, respectively; Fig. 4), small patches of revertant cells contain-
ing APBs started to appear in the cultures. From the reversion
points onwards, the total YFP-Sp100 protein levels decreased

gradually (see Fig. S2A in the supplemental material), accompa-
nied by the gradual reappearance of APBs (Fig. S2B in the sup-
plemental material). There was thus a close correlation between
telomere shortening and repression of APB formation.

To confirm that the ALT mechanism had been repressed, we
performed quantitative telomere fluorescence in situ hybrid-
ization analysis to determine whether the fluctuations in telo-
mere length characteristic of ALT cells (33) had been inhib-
ited. We measured the ratio of the telomere signals on the p
and q arms of a marker chromosome that is present in both
IIICF-16 and -17 cells. The marker chromosome was unam-
biguously identifiable by its size and characteristic DAPI stain-
ing pattern and also by the presence of an interstitial telomere
signal (Fig. 5A). We note here that IIICF-17 cells, like
IIICF-16 and all other ALT cell lines examined to date, have
some chromosome ends with no detectable telomeric signal
(Fig. 5A). It is thus very unlikely that this clone was selected by
the experimental conditions for its ability to survive prolonged
repression of ALT due to a preexisting lack of short telomeres.
The marker chromosome p-arm:q-arm telomere fluorescence
in situ hybridization intensity ratios showed relatively low vari-
ation from metaphase to metaphase in the IIICF-17 cell pop-
ulation, whereas they showed a high level of fluctuation in
IIICF-16 cells; this difference was highly significant (F test, P �
0.0001 [Fig. 5B]). These results indicate that ALT activity was
suppressed in IIICF-17 cells expressing full-length YFP-Sp100
but not in IIICF-16 cells harboring mutant YFP-Sp100, which
is consistent with the results of the terminal restriction frag-
ment length and APB analyses.

Sequestration of NBS1 together with MRE11 and RAD50 by
YFP-Sp100. Although the heterochromatin protein family, HP
1�, -
, and -�, are Sp100-binding proteins, it seemed unlikely
that their binding to overexpressed Sp100 or YFP-Sp100 ac-
counted for inhibition of ALT, because the C-terminally trun-
cated YFP-Sp100 expressed by IIICF-16 retained the whole
HP1 binding domain (Fig. 2C), and ALT remained fully active
in these cells. In confirmation of the mutational analysis, im-
munostaining showed that HP1� colocalized with both full-
length YFP-Sp100 in IIICF-17 and truncated YFP-Sp100 in
IIICF-16 cells (see Fig. S3 in the supplemental material).

It has been reported that NBS1 physically interacts with
Sp100 (27). Immunostaining of IIICF-16 and -17 cells revealed
a differential pattern of NBS1 distribution. NBS1 colocalized
with the aggregates of full-length YFP-Sp100 in IIICF-17 cells
and colocalized to a much lesser extent with the aggregates of

TABLE 1. Proportion of APB-positive cells in YFP-Sp100-transfected IIICF/c cell lines

Cell line YFP-Sp100 statusa No. of APB� cells/no.
examined (% positive)b

Telomere
shorteningc

IIICF-4 Loss 62/133 (46.6) No
IIICF-9 Full length (low level) 53/137 (38.7) No
IIICF-10 Full length (high level) 4/134 (3.0) Yes
IIICF-11 YFP retained with small Sp100 N-terminus 74/143 (51.7) No
IIICF-16 C-terminal truncation 68/140 (48.6) No
IIICF-17 Full length (high level) 3/152 (2.0) Yes

a As assessed by Western blotting and analysis of the integrated YFP-Sp100 transgene (Fig. 2).
b APBs were detected by immunostaining of cells (all at doubling 30 to 33) for TRF1 and PML after 4 days of growth arrest. Examples are shown in Fig. 3.
c As assessed by Southern analysis of Terminal Restriction Fragments (Fig. 4).
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truncated YFP-Sp100 in IIICF-16 cells (Fig. 6A). Visualization
of YFP-Sp100, NBS1, and TRF2 within the same cells showed
that NBS1 colocalized with TRF2 in APBs but was largely
excluded from the aggregates of truncated YFP-Sp100 in the

IIICF-16 cells. In contrast, NBS1 colocalized with the aggre-
gates of full-length YFP-Sp100 in IIICF-17 cells, in which
APBs were repressed (Fig. 6B).

This finding was confirmed by coimmunoprecipitation anal-

FIG. 4. Progressive telomere shortening in clones overexpressing YFP-Sp100. Terminal restriction fragment length was analyzed by Southern
blotting of genomic DNA from parental IIICF/c cells and IIICF-4, -9,-10, -11, -16, and -17 cells at the population doubling (PD) indicated. The
asterisk indicates the population doubling levels at which small patches of revertant cells appeared within the cultures.
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yses of protein extracts from growth-arrested cells with anti-
GFP antibodies. There were clear differences between IIICF-
16 and -17 in the intensities of the three bands corresponding
to NBS1, MRE11, and RAD50 (Fig. 6C). Analysis by densi-
tometry showed that NBS1 and MRE11 binding in IIICF-16
cells was reduced by 4.4- and 3.5-fold, respectively, compared
to IIICF-17; the decrease in RAD50 binding was greater and
not accurately quantifiable. These proteins were coimmuno-
precipitated more strongly by full-length YFP-Sp100 than by
the C-terminally truncated version. Similar results were ob-
tained with exponentially growing cell cultures (Fig. 6D). Im-
munostaining of cytospun metaphase chromosomes revealed
no difference between the localization of NBS1 to the telo-
meres of IIICF-16 and -17 cells (data not shown). The results
indicate that inactivation of NBS1 (rather than its removal

from telomeres) by binding to YFP-Sp100 is associated with
inhibition of the ALT mechanism.

Depletion of NBS1 (but not Sp100) by small interfering
RNA prevents the formation of APBs. To determine the effect
of disrupting NBS1 or Sp100 function on the formation of
APBs, we used 21-nucleotide siRNAs for silencing NBS1
(NBS1-si2 siRNA) and Sp100 (Sp100-1 or Sp100-2 siRNA).
Forty-eight hours after transfection with siRNAs, the level
of NBS1 or Sp100 in IIICF/c cells was dramatically reduced
compared to the nonsilencing control (Fig. 7A and B). Dou-
ble immunostaining of the NBS1-si2-transfected IIICF/c
cells for NBS1 and TRF2 showed that APB formation was
reduced by more than 90% in cells where NBS1 expression
was undetectable (Fig. 7C; Table 2), indicating that NBS1 is

FIG. 5. Inhibition of telomere length fluctuation in IIICF/c cells overexpressing full-length YFP-Sp100. (A) Telomere fluorescence in situ
hybridization analysis, with a peptide nucleic acid telomere probe, on individual metaphase nuclei from clones IIICF-16 and -17 at population
doubling 27. The insets show the marker chromosome (with an interstitial telomere signal) that was used for the quantitative analysis. (B) Ratios
of p-arm to q-arm telomere fluorescence in situ hybridization signals on the marker chromosome from 20 metaphase spreads for each clone were
measured as described in the text. Each bar represents the ratio for an individual chromosome, normalized by the median. The standard deviation
of the ratios for IIICF-17 (0.55) was significantly lower than that for IIICF-16 (1.45; F test, P � 0.0001).
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FIG. 6. Sequestration of NBS1 by YFP-Sp100 in cells with suppression of ALT activity. (A) NBS1 (detected by immunostaining) colocalized
with YFP-Sp100 (detected by YFP fluorescence) in IIICF-17 cells but to a much lesser extent with the truncated YFP-Sp100 in IIICF-16 cells.
(B) NBS1 colocalized much more extensively with APBs (visualized as foci of TRF2 immunostaining) than with the truncated YFP-Sp100
aggregates in IIICF-16 cells (population doubling 40). In contrast, in IIICF-17 cells (population doubling 39), NBS1 was sequestered in aggregates
of full-length YFP-Sp100 and APBs were suppressed. (C) Coimmunoprecipitation analyses showed decreased association of the MRE11/RAD50/
NBS1 complex with C-terminally truncated YFP-Sp100. Anti-GFP antibody was used to immunoprecipitate (IP) proteins from the total protein
extracts of growth-arrested IIICF-16 and -17 cells (population doubling 33). Proteins separated by gel electrophoresis were either stained with
SYPRO Ruby (left panel) or probed with the indicated antibodies (right panel). The arrows (left panel) indicate the bands corresponding to
RAD50, NBS1, and MRE11 (detected by immunoblotting in the right panel). The arrowheads indicate the YFP-Sp100 bands. (D) Coimmuno-
precipitation of NBS1 and MRE11 was performed as in panel C except that the protein was extracted from cells that were growing asynchronously
(population doubling 39). For panels C and D, equal numbers of cells were used from each clone, and 10% of the lysate was used for the input
lanes (I). For panels A and B, cells were subjected to nuclear extraction before fixation. Fluorescent images of each channel were acquired and
processed in an identical manner for pairwise comparisons in panels A and B.
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required for the the formation of APBs. Similar results were
obtained by immunostaining NBS1-depeleted cells for
TRF1 or detecting telomeric DNA with a fluorescently la-
beled peptide nucleic acid probe (Table 2). However, APB

formation was not inhibited by depletion of Sp100 by either
of the Sp100 siRNAs (Fig. 7D and E). TRF2 foci colocalized
with PML bodies as well as NBS1 foci in Sp100-depleted
cells, suggesting that Sp100 is dispensable for the formation

FIG. 7. APB formation requires NBS1 but not Sp100. (A) The NBS1 protein level was downregulated in IIICF/c cells 48 h after NBS1 siRNA
(NBS1-si2) transfection. NBS1 and 
-actin were detected by immunoblotting. (B) Sp100 siRNAs (Sp100-1 and Sp100-2) downregulated Sp100
expression in IIICF/c cells 48 h after transfection. The blot was probed with the indicated antibodies. (C) APB formation was suppressed in cells
that lack NBS1, whereas cells lacking Sp100 formed APBs normally, as demonstrated by colocalization of TRF2 with NBS1 (D) and PML (E). The
arrows indicate cells lacking NBS1 in panel C or Sp100 in panels D and E. For panels C to E, IIICF/c cells were growth arrested 48 h after siRNA
transfection. The Sp100-1 and Sp100-2 siRNAs were used in panels D and E, respectively.
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of APBs. Similar results were obtained with another ALT
cell line, Saos-2 (data not shown).

DISCUSSION

We have shown that increased expression of either Sp100 or
YFP-Sp100 is able to inhibit the formation of APBs. The
YFP-tagged protein therefore has wild-type function in this
regard and does not exhibit dominant negative activity. Con-
sistent with this conclusion, knockdown of Sp100 expression by
siRNA did not prevent APB formation. Suppression of APBs
was accompanied by other evidence that ALT was inhibited,
including progressive telomere shortening and significant
dampening of the telomere length fluctuation that is charac-
teristic of ALT cells. This is the first time any protein or gene
that consistently produces a sustained inhibition of ALT has
been identified.

Inhibition of ALT has been obtained previously by somatic
cell hybridization approaches only. Fusion of ALT cells with
normal cells or with single chromosomes from normal cells
resulted in repression of ALT, indicating that ALT is activated
by loss of one or more repressor genes (17, 28, 32). When ALT
cells were fused with telomerase-positive cells, in some cases
ALT was repressed, and this was manifested by a rapid reduc-
tion in mean telomere length over the first 20 population
doublings, followed by a prolonged period in which the telo-
meres shortened at a rate similar to that in telomerase-nega-
tive normal cells before the telomere length stabilized due to
telomerase activity (33). Inhibition of ALT in these hybrid cells
was presumably due to the same unidentified repressor(s)
present in telomerase-negative normal cells and was not the
result of telomerase activity because, except in rare cases, ALT
and telomerase activity can coexist within the same cells (5, 9,
12, 33).

YFP-Sp100 was able to cause a sustained inhibition of ALT
for up to 80 population doublings, during which time the cells
proliferated at about 80% of the rate of untransfected cells
(data not shown) and underwent progressive telomere short-
ening at the rate of 121 bp/population doubling. This is re-
markable, given that ALT cells characteristically contain some
chromosomes that already have ends with so little telomeric
sequence that it is undetectable by fluorescence in situ hybrid-
ization. IIICF-10 and -17 are no exception in this regard (see

Fig. 5), which indicates that their prolonged survival did not
result from selection of clones that happened to have sufficient
telomeric sequence on all chromosome ends. It has been
shown that recombination-mediated telomere maintenance
acts preferentially on the shortest telomeres of the yeasts Sac-
charomyces cerevisiae (42) and Kluyveromyces lactis (21). Inter-
estingly, although the proportion of APB-containing cells was
reduced by more than 90%, the suppression of APBs was not
complete. It seems possible, therefore, that ALT activity was
not completely repressed in the cells expressing YFP-Sp100
and that this residual activity was sufficient to maintain the
shortest telomeres.

There are several lines of evidence indicating that YFP-
Sp100 inhibits ALT by sequestering NBS1. The full-length
protein that caused inhibition of ALT-mediated telomere
maintenance and inhibited APB formation was found to se-
quester NBS1 into YFP-Sp100 aggregates, whereas the trun-
cation mutant that did not inhibit ALT was ineffective in this
regard. We showed by knockdown of NBS1 expression that
NBS1 is essential for formation of APBs, in agreement with
previous results (49). Furthermore, the three bands that were
differentially coimmunoprecipitated with the full-length and
truncated YFP-Sp100 proteins were identified by Western
blotting as NBS1 and the other two members of the MRN
complex, MRE11 and RAD50.

We found that formation of APBs was not impeded by
siRNA-mediated knockdown of Sp100 expression. In other
cells, it has previously been observed that Sp100 is required for
recruiting NBS1 into PML bodies (27); this result was obtained
in NT2 cells (non-ALT) that do not usually express detectable
levels of either PML or Sp100, which possibly accounts for the
different findings.

While there is an excellent correlation between the presence
of APBs and ALT, in the absence of data regarding function,
it has previously been difficult to determine whether APBs are
necessary for ALT. The ALT mechanism appears to involve
recombination-mediated DNA replication (8). APBs are a
hallmark of ALT cells, contain telomeric DNA and proteins
involved in recombination and DNA repair (15, 26, 38, 41,
49–52, 54, 55), and are sites of DNA synthesis (26, 49, 50).
Imaging of live cells has revealed that individual telomeres are
dynamically associated with APBs (22). Our demonstration
here that YFP-Sp100 represses both APBs and ALT-mediated
telomere maintenance supports the notion that there is a func-
tional link between APBs and ALT.

In addition to being present in APBs, the MRE11/RAD50/
NBS1 complex has been shown to be associated with telomeres
(55). Although we could find no effect of YFP-Sp100 overex-
pression on localization of NBS1 to the telomere, we cannot
definitively exclude the possibility that YFP-Sp100 overexpres-
sion may inhibit ALT by interfering with the function of these
proteins at the telomere. RAD50 and MRE11 are present in
TRF2 immunocomplexes and located at telomeres throughout
interphase, and they are joined by NBS1 in S phase (55). NBS1
has also been reported to bind to TRF1 (50).

The MRE11/RAD50/NBS1 complex may have nonhomolo-
gous end-joining activity and is thought to have a major role in
homologous recombination in mammalian cells. It has been
suggested that MRE11 and RAD50 may be required to stabi-
lize telomere loop formation (which is essentially a recombi-

TABLE 2. Proportion of APB-positive IIICF/c cells after
siRNA treatment

siRNA
treatmenta

Total no.
of cells

examinedb

No. of cells
APB� (%)

APB detection
methodc

NBS1-si2 113 4 (3.5) PNA, PML
NBS1-si2 110 3 (2.7) TRF1, PML
NBS1-si2 121 5 (4.1) TRF1, TRF2
Sp100-1 127 75 (59.1) TRF2, PML
No siRNA 144 78 (54.2) TRF2, PML

a Cells were treated with siRNA (sequence specified in Materials and Meth-
ods) for 2 days and then subjected to growth arrest for 4 days.

b Only cells that were negative by immunostaining for the knocked-down
protein (NBS1 or Sp100) were examined for APBs.

c APBs were detected by colocalization of the specified proteins as assessed by
dual immunostaining or colocalization of PML protein with (TTAGGG)n DNA
visualized by hybridization with a labeled peptide nucleic acid (PNA) probe.
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national event) throughout most of the cell cycle and that the
transient recruitment of NBS1 in S phase may be required for
access of the DNA replication machinery (55). The analogous
complex in S. cerevisiae (MRE11/RAD50/XRS2) has a key role
in telomere maintenance and recombinational DNA repair (1,
2, 31, 46). There is genetic evidence that RAD50 is part of a
pathway that is involved in survival of telomerase-null S. cer-
evisiae (18). Moreover, of the two types of telomerase-null
yeast survivor mechanisms, type II most closely resembles hu-
man ALT and is dependent on the RAD50 gene (42, 43).

Identification of the essential role of the MRE11/RAD50/
NBS1 proteins in the ALT mechanism suggests possible targets
for the development of ALT inhibitors, although our finding
that cells in which ALT is repressed can continue to proliferate
for up to 80 population doublings indicates that ALT inhibitors
may be ineffective as anticancer agents unless combined with
other therapies.
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