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human cell lines, through the upregulation of telomerase (19,
37). However, in the remaining 30 to 40% of immortalized and
5 to 10% of cancerous human cells, this occurs through a less
understood mechanism termed alternative lengthening of telomeres (ALT) (5, 6, 16).
A human ALT cell is characterized as a cell possessing an
indefinite replication capacity that maintains telomere length
in the absence of telomerase. Physical markers of ALT cells
include long and heterogeneous telomeres, ranging from 2 to
greater than 20 kb within an individual cell, and ALT-associated promyelocytic leukemia bodies (APBs) (5, 6, 47). APBs
are nuclear bodies present in approximately 5% of ALT cells
that stain with antibodies to several DNA metabolic and telomere binding proteins (16, 47). Extrachromosomal telomeric
repeat (ECTR) DNA molecules are also present in ALT cells,
though little is known about the ECTR molecules other than
that they are commonly, but not exclusively, associated with
the APBs (32, 41, 47).
The exact mechanism by which ALT cells maintain their
telomere length is unknown, though several lines of evidence
suggest that homologous recombination plays a significant
role. In Saccharomyces cerevisiae two distinct classes of survivors (the equivalents of mammalian ALT) have been identified
(21, 40). Type I survivors have short telomeres but exhibit
amplification within the subtelomeric regions, whereas type II
survivors exhibit significant telomere lengthening and heterogeneity similar to that of the human ALT condition. Both
classes are dependent on Rad52, implicating homologous recombination as a requirement for telomere maintenance. Survivors from the yeast species Kluyveromyces lactis are also dependent on Rad52 and resemble type II S. cerevisiae survivors
with long heterogeneous telomeres (25). Genetic data from K.
lactis further suggests that maintenance of telomeric DNA in
survivors from this species is mediated by a roll-and-spread
mechanism, where small ECTR circles are utilized as a tem-

Telomeres are the protein-DNA structures at chromosome
termini in eukaryotic cells that protect chromosomes from
end-to-end fusion and likely function as a trigger for proliferative arrest in mammalian cells. In mammals, telomeric DNA
consists of a tandem array of the 6-nucleotide (nt) repeat
5⬘TTAGGG3⬘/3⬘CCCTAA5⬘ (26), approximately 4 to 14 kb
long in humans (10), terminating in a 150- to 200-nt 3⬘ singlestrand DNA overhang of the G-rich strand (23, 46). A structural solution to chromosome end protection is provided by
sequestering the 3⬘ telomeric overhang in a displacement loop
within the intratelomeric duplex DNA. We identified this
structure, termed a telomere loop (t-loop), following electron
microscopic (EM) examination of telomeric DNA isolated
from in situ photo-cross-linked genomic DNA from human
and mouse nuclei (13). t-loops have also been observed in
plant (7), avian (31), and multiple protist species (27, 28),
suggesting that t-loops are a common mechanism for chromosome protection among eukaryotes.
Due to the end replication problem (33, 45), oxidative damage (44), and possible nucleolytic processing (23), telomeres in
human cells erode by approximately 100 bp with each cell
division (14). In human somatic tissue, little or no telomerase
activity is present, resulting in telomere-induced cellular senescence after many population doublings (14, 15, 24). If senescence is bypassed by mutations or expression of viral oncogenes, the cell will continue to divide until crisis and eventual
cell death (12). However, human cells can stave off induction
of senescence or escape crisis by regenerating the telomeric
DNA (4, 9, 17). This occurs most commonly, in approximately
90 to 95% of human cancers and 60 to 70% of immortalized
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A prerequisite for cellular immortalization in human cells is the elongation of telomeres through the
upregulation of telomerase or by the alternative lengthening of telomeres (ALT) pathway. In this study,
telomere structure in multiple ALT cell lines was examined by electron microscopy. Nuclei were isolated from
GM847, GM847-Tert, and WI-38 VA13 ALT cells, psoralen photo-cross-linked in situ, and the telomere
restriction fragments were purified by gel filtration chromatography. Examination of telomere-enriched fractions revealed frequent extrachromosomal circles, ranging from 0.7 to 56.8 kb. t-loops were also observed, with
the loop portion ranging from 0.5 to 70.2 kb. The total length of the loop plus tail of the t-loops corresponded
to the telomere restriction fragment length from the ALT cell lines as determined by pulsed-field gel electrophoresis. The presence of extrachromosomal circles containing telomeric DNA was confirmed by two-dimensional pulsed-field gel electrophoresis. These results show that extrachromosomal telomeric DNA circles are
present in ALT nuclei and suggest a roll-and-spread mechanism of telomere elongation similar to that seen in
previous observations of multiple yeast species. Results presented here also indicate that expression of
telomerase in GM847 cells does not affect t-loop or extrachromosomal circle formation.
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MATERIALS AND METHODS
Cell culture. GM847, GM847-Tert, and WI-38 VA13 cell lines were a gift from
Shelia Stewart and Robert Weinberg at the Massachusetts Institute of Technol-

ogy (Cambridge, Mass.). Tissue used to generate the primary foreskin fibroblast
line (FSK) was from a healthy young donor. HeLa, FSK, and ALT cell lines were
cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco, Carlsbad,
Calif.) supplemented with 10% fetal bovine serum (FBS) (Sigma, St. Louis, Mo.)
and 50 g of gentamicin (Sigma)/ml. 293 cells were grown in MEM with Earle
salts (Gibco), supplemented with 10% FBS, 100 nM nonessential amino acids
(Gibco), 50 g of gentamicin/ml, and 0.15% sodium bicarbonate.
TRAP assay. Telomere repeat amplification protocol (TRAP) assays were
done with the Serologicals (Norcross, Ga.) TRAPeze kit using the manufacturer’s suggestions with the following modifications: 100 cell equivalents of extract
were used per reaction, negative controls were treated with 200 ng of RNaseA/l
for 5 min at room temperature (RT) before addition of the radiolabeled oligonucleotide, and Taq polymerase was added at the first 95°C step in PCR amplification.
TRF isolation and Hirt precipitation for gel electrophoresis. To generate
TRFs, five 100-mm plates of cells at approximately 85% confluence were washed
with 1⫻ PBS (Gibco), trypsinized (Sigma), washed a second time with 1⫻ PBS,
and centrifuged at 180 ⫻ g in a Sorval RT7 Plus centrifuge for 5 min. The cell
pellet was resuspended in 3 ml of 1⫻ TNE (10 mM Tris [pH 7.6], 10 mM EDTA,
100 mM NaCl), lysed by addition of 3 ml of 1⫻ TNES (1⫻ TNE plus 1.0%
sodium dodecyl sulfate), and incubated overnight with 250 g of proteinase K/ml
at 55°C. Genomic material was phenol-chloroform extracted, ethanol precipitated, resuspended in 10 mM Tris (pH 7.6), and digested with HinfI and HaeIII
(New England Biolabs, Beverly, Mass.) at 3 U/g of DNA and 200 ng of RNase
A/l for 6 h at 37°C. The material was ethanol precipitated and the DNA was
resuspended in 10 mM Tris (pH 7.6). For Hirt precipitation, 107 cells were
collected, washed twice in 1⫻ PBS, resuspended in 5 ml of buffer containing 10
mM Tris (pH 7.6), 10 mM EDTA, and 0.6% sodium dodecyl sulfate, and
incubated at RT for 15 min. NaCl (2 ml at 5 M) was added, and the solution was
mixed gently and incubated overnight at 4°C. Chromosomal material was pelleted at 4°C in a Sorval SS-34 rotor at 17,000 ⫻ g for 40 min. The supernatant was
collected, treated with 50 g of RNase A/ml at 37°C for 1 h, and then treated
with 250 g of proteinase K/ml for 1 h at 55°C, followed by phenol-chloroform
extraction and ethanol precipitation. DNA was collected by centrifugation in a
Sorvall HB-6 rotor at 4°C at 13,200 ⫻ g for 4 h and resuspended in 10 mM Tris
(pH 7.6).
Standard and 2D PFGE. TRFs were separated by standard pulsed-field gel
electrophoresis (PFGE) using a Bio-Rad CHEF DR-III apparatus (Bio-Rad,
Hercules, Calif.) as described previously (7) with the run duration shortened to
9 h. For two-dimensional (2D) PFGE, DNA was separated in the first dimension
on the same apparatus at RT in a 0.5% pulsed-field agarose gel (Bio-Rad) in
0.5⫻ TBE (44.5 mM Tris base, 44.5 mM boric acid, 1 mM EDTA) with the
following settings: 1- to 6-s switch time, 1 V/cm, 120° included angle, 25.5 h
duration. The gel was stained with ethidium bromide in 0.5⫻ TBE, destained in
0.5⫻ TBE, and visualized by UV light. The appropriate lanes were then excised.
A 1.1% pulsed-field agarose gel in 0.5⫻ TBE containing 300 ng of ethidium
bromide/ml was poured around the excised slab, and the second-dimension
electrophoresis was carried out in the same apparatus at 4°C in 0.5⫻ TBE
containing 300 ng of ethidium bromide/ml with the following conditions: 1- to 6-s
switch time, 6 V/cm, 120° included angle for 8.5 h. The gel was visualized using
UV light. In-gel hybridization of both standard and 2D PFGE with a [␥-32P]
(CCCTAA)6 oligonucleotide was done as described previously (7), and the signal
was visualized using a Storm 840 PhosphorImager (Molecular Dynamics, Piscataway, N.J.).
DNA preparation for EM analysis. Nuclei from 2 ⫻ 108 cells were collected
and psoralen cross-linked as described previously (13), with the following modifications. The nuclei were resuspended in homogenization buffer (10 mM TrisHCl [pH 7.5], 15 mM NaCl, 60 mM KCl, 1 mM EDTA, 0.1 mM EGTA, 0.15 mM
spermine, 0.5 mM spermidine, 0.2% NP-40, 5% sucrose) supplemented with 200
g of AMT (4⬘-aminomethyl trioxsalen; Sigma)/ml for cross-linking. Restriction
digestion with MboI and AluI (New England Biolabs) was done with enzyme
concentrations of 3 U/g of DNA. The DNA was fractionated using a Pharmacia
(Piscataway, N.J.) Gradifrac system with a C16/70 column (Amersham, Piscataway, N.J.) packed with Bio-Gel A15m matrix (Bio-Rad) as described previously
(7).
Slot blot analysis of chromatographic fractions for telomeric DNA. DNA (50
ng) from samples for slot blot analysis was applied to a nylon membrane using a
slot blot manifold and was probed using a [␥-32P](CCCTAA)6 oligonucleotide as
previously described (7). The membrane was visualized using a Storm 840 PhosphorImager and quantitated using ImageQuant software (Molecular Dynamics).
EM. Samples were prepared for EM by surface spreading on a denatured
protein film as described previously (13) and were analyzed using a Philips CM12
instrument. Images were captured on sheet film and a Gatan multiscan 794
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plate for rolling circle replication (rcr) (29, 30). This results in
the generation of long tracts of telomeric DNA that can be
incorporated into the genomic telomeres via homologous recombination, thus increasing their length. A similar mechanism utilizing rcr on small telomeric repeat circles is also believed to maintain mitochondrial telomeres in the yeast species
Candida parapsilosis, which has a linear mitochondrial genome
but lacks a mitochondria telomere-specific telomerase (42, 43).
Evidence supporting the roll-and-spread mechanism includes
the observation by EM of small ECTR circles and DNA molecules resembling rcr intermediates from K. lactis genomic (C.
Groff-Vindman, S. Natarajan, S. Iyer, A. J. Cesare, J. D. Griffith, and M. McEachern, unpublished data) and C. parapsilosis
mitochondrial DNA preparations (J. Nosek, A. Rycovska,
A. M. Makhov, J. D. Griffith, and L. Tomaska, submitted for
publication).
In human ALT cells, intertelomeric recombination was observed directly by inserting a unique sequence tag within an
individual telomere in the GM847 cell line and observing its
amplification and movement to other telomeres (11). Telomere sister chromatid exchange has also been observed in
multiple human ALT cell lines, though it is extremely rare in
both telomerase-positive and -negative non-ALT human cells
(3, 20). Though recombination between telomeres in ALT cells
is robust, no increase in genomic recombination has been observed, suggesting that the defect is telomere specific and does
not affect the general recombination machinery (1, 2). One
possibility that would allow intertelomeric recombination to
occur in human ALT cells would be the improper maintenance
of telomere structure. Many laboratory-derived ALT cell lines
have been created by immortalization with the simian virus 40
(SV40) large T antigen, eliminating the p53 and Rb pathways
shown previously to be vital in the cellular response to telomere uncapping (38). The lack of p53 and Rb function in ALT
cells may therefore allow the normal constraints on telomere
structure to be relaxed, increasing the probability of intertelomeric recombination.
To gain further understanding into the mechanisms of telomere maintenance in ALT cells, we investigated the physical
structure of genomic and extrachromosomal telomeric DNA
from multiple ALT cell lines. The telomeric DNA in nuclei
isolated from GM847, GM847-Tert, and WI-38 VA13 (VA13)
ALT cell lines were photo-cross-linked in situ, reduced to
telomere restriction fragments (TRFs), isolated, and examined
by EM. Our data show that t-loops are present in ALT cells,
though loop size is generally small compared to total telomere
length. ECTR circles were observed in all the ALT cell lines
examined but not in a telomerase-positive HeLa cervical carcinoma or a telomerase-negative primary fibroblast cell line,
suggesting that ECTR circles are unique to ALT cells. Lastly,
exogenous expression of the telomerase catalytic subunit in the
GM847 ALT cell line had no apparent effect on t-loop or
ECTR circle formation. These data suggest that human ALT
cells may maintain telomeric DNA through a roll-and-spread
mechanism, similar to that of K. lactis survivors and the mitochondrial telomeres in C. parapsilosis.
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digital camera (Pleasanton, Calif.). Molecule dimensions were determined using
Gatan Digital Micrograph software. Images for publication were captured by
ACT-1 software (Nikon, Tokyo, Japan) utilizing a Nikon SMZ1000 stereoscope.
Image contrast was adjusted by Adobe Photoshop (San Jose, Calif.).

RESULTS
Telomere length and telomerase activity. For this investigation we selected the GM847 and VA13 cell lines due to their
extensive use in ALT studies. GM847 and VA13 are human
skin and lung fibroblast cell lines, respectively, each transformed with the SV40 large T antigen and immortalized by a
spontaneous development of the ALT phenotype. A derivative
of the GM847 cell line exogenously expressing the protein
subunit of telomerase (GM847-Tert) was also used (39). Telomere lengths from the ALT cells were compared to those of
primary human foreskin fibroblast (FSK) and HeLa cervical
carcinoma S3 subclone cell lines (Fig. 1A). TRFs were generated by digestion of genomic DNA with HinfI and HaeIII,
separated by PFGE, and subjected to in-gel hybridization using
a telomere-specific probe. Telomeres from the HeLa S3 and
FSK cell lines had mean telomere lengths of less than 15 kb,
with telomeres shortening concordant with increasing population doublings in the FSK cell line. In the ALT cell lines,
telomere lengths were long and heterogeneous, ranging from 6
to 90 kb with the majority between 10 and 50 kb. There was
little observable difference in telomere lengths between the
GM847 and GM847-Tert cell lines. A sizeable amount of telomeric signal remained in the wells in the GM847, GM847-

Tert, and VA13 lanes, likely due to entanglement of some
portion of the long telomeric DNA (see EM observations below). Lack of telomerase activity in the ALT cell lines was
confirmed by the TRAP assay, which detects the presence of
an active telomerase enzyme in cell extracts (Fig. 1B). As
expected, the FSK, GM847, and VA13 cell lines lacked telomerase activity, whereas the GM847-Tert cell line exhibited a
robust telomerase activity similar to that of the human telomerase-positive 293 kidney cell line.
Telomere isolation by gel exclusion chromatography. To
preserve the folded architecture of telomeric DNA for observation by EM, we utilized a method developed previously in
which nuclear DNA is psoralen photo-cross-linked in situ (13).
After cross-linking, the genomic DNA was digested with MboI
and AluI to reduce the nuclear DNA to small fragments while
leaving the telomeric DNA undigested. The high-molecularweight TRFs were separated from the smaller genomic fragments by gel filtration chromatography using Bio-Gel A-15m
(Fig. 1C). The earliest eluting fractions containing high-molecular-weight DNA from the cross-linked preparations from
GM847 cells were enriched for telomeric content (Fig. 1C and
D). The elution profile and slot blot analysis for non-crosslinked preparations from GM847 and both the cross-linked
and non-cross-linked preparations from the GM847-tert and
VA13 cell lines were similar to the data shown in Fig. 1C and
D (data not shown).
Visualization of TRFs. DNA from the high-molecularweight, telomere-enriched fractions prepared from ALT cells
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FIG. 1. Telomere measurement, telomerase activity, and telomere isolation in GM847, GM847-Tert, and VA13 cells. (A) Total DNA (10 g)
was digested with HinfI/HaeIII and separated by PFGE, and the telomeric material was detected by in-gel hybridization with a [␥-32P](CCCTAA)6
probe. The signal was detected using a PhosphorImager. (B) Telomerase activity as determined by TRAP assay. IC refers to the internal PCR
control. (C) Total DNA content and relative telomeric DNA abundance in GM847 psoralen photo-cross-linked fractions following genomic DNA
digestion with MboI/AluI and fractionation over an A-15m Bio-Gel column. DNA content (solid line, scale on left) as determined by optical density
at 260 nm (OD 260). Telomeric signal intensity (dotted line, scale on right) determined by quantitation of slot blot shown in panel D. (D) Slot blot
analysis of selected fractions from the column elution shown in panel C. DNA (50 ng) was applied to a nylon membrane, probed with [␥-32P](CCC
TAA)6, and detected by PhosphorImager. Controls included buffer alone (TE), the pRST5 plasmid containing 96 (TTAGGG) repeats, Bluescript
(pBS) cloning vector lacking telomeric repeats, undigested GM847 genomic DNA, and MboI/AluI-digested GM847 genomic DNA.
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TABLE 1. Summary of EM observations of the telomere-enriched
fractions from GM847 and GM847-Tert cells

was examined by surface-spreading EM. Only the initial 4 to 6
fractions containing a strong telomeric signal (fractions 48 to
53 in Fig. 1D) from each preparation were scored. Later fractions contained a majority of molecules of less than 10 kb in
length and likely contained a high percentage of nontelomeric
DNA. DNA molecules in the initial telomere-enriched fractions commonly ranged from 20 to 100 kb, consistent with
telomere lengths measured by PFGE (Fig. 1A). Large tangled
masses of DNA were also observed, likely representative of the
material that remained in the wells in PFGE (Fig. 1A). In
preliminary experiments, EM results were similar in the
GM847 and VA13 cell lines and, therefore, experiments were
not repeated for quantitation using the VA13 cell line.
Extrachromosomal telomeric repeat circles. Previous examination of telomere-enriched, high-molecular-weight fragments isolated from human, mouse, and garden pea cells
yielded two major structural species, long linear duplex DNA
and t-loops, defined as a duplex DNA loop and connected
duplex tail (7, 13). The most striking observation in the telomere-enriched fractions from ALT cells is that they also
contain a major species of extrachromosomal circular DNA
molecules that are not present in non-ALT cells (Fig. 2). In the

n

t-loops
(%)

Circles
(%)

Y molecules
(%)

GM847
Cross-linked
Non-cross-linked

423
820

39 (9.2)
19 (2.3)

19 (4.5)
39 (4.8)

15 (3.5)
5 (0.6)

GM847-Tert
Cross-linked
Non-cross-linked

303
974

21 (6.9)
13 (1.3)

12 (4.0)
17 (1.7)

8 (2.6)
5 (0.5)

high-molecular-weight fractions of cross-linked DNA preparations from GM847 cells, 4.5% of the total molecules scored
were circles (Table 1) with a size range of 0.8 to 56.8 kb. The
size distribution was skewed towards smaller circles, with 25%
of circles being ⱕ2 kb and 58% of circles being ⱕ6 kb in total
length (Fig. 3A). In non-cross-linked preparations from
GM847, extrachromosomal circles represented 4.8% of the
molecules scored, indicating that the circular form was not an
artifact of psoralen cross-linking (Table 1). The extrachromosomal circles from the non-cross-linked preparations ranged
from 0.4 to 6.1 kb. Circular molecules were also present in
GM847-Tert cells with properties similar to those of the
GM847 cell line (Table 1). In the cross-linked preparations
from GM847-Tert, the circles ranged from 0.7 to 47.8 kb,
whereas in the non-cross-linked preparations circles ranged
from 0.7 to 32.7 kb. However, there was a difference in the
abundance of circular molecules observed in the cross-linked
(4.0%) and non-cross-linked (1.7%) preparations from
GM847-Tert cells (Table 1). Extrachromosomal circles have
not been observed previously above a background level of 0.2
to 0.5% in any of our preparations from primary human foreskin fibroblasts (N. Quinney and J. Griffith, unpublished data),
primary human blood lymphocytes (13), or telomerase-positive
HeLa cervical carcinoma subclones 1.2.11 and S3 (13). Extrachromosomal circles were also not present in preparations
from mouse liver or Pisum sativum (common garden pea) root
and shoot cells (7, 13).
To determine if the extrachromosomal circles observed here
by EM contained telomeric repeats, we employed 2D PFGE to
resolve the very large circular molecules. For these experiments, TRFs of non-cross-linked DNA prepared from ALT,
FSK, and HeLa cervical carcinoma subclone 1.2.11 (telomerasepositive cell line with telomeres up to 40 kb) were separated by
neutral-neutral 2D PFGE and the telomeric content was detected by in-gel hybridization with a telomere-specific probe
(Fig. 4). In the ALT and non-ALT cells, a smear of telomeric
signal with a migration pattern typical of linear DNA was
observed, consistent with telomere lengths measured by onedimensional PFGE (compare Fig. 4 and 1). However, in the
ALT cell lines (GM847, GM847-Tert, and VA13) a second
prominent arc of telomeric material with a pattern characteristic of circular DNA was present. The circular arc was heterogeneous in size, consistent with the size of the extrachromosomal circles observed by EM (Fig. 3A and B). To demonstrate
that the circular telomeric DNA observed was extrachromosomal in origin, we utilized the Hirt protocol to precipitate the
large chromosomal material in lysates from ALT and non-ALT
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FIG. 2. Extrachromosomal DNA circles from GM847 and GM847Tert cells. EMs of circular DNA molecules observed in the telomereenriched fractions from GM847 and GM847-Tert cells. DNA was
prepared for EM by surface spreading with cytochrome c and rotary
shadowcasting. Images are shown in negative contrast. Circle lengths
are 22.1, 8.9, 6.2, 3.9, 3.0, 1.6, and 0.8 kb for A through G, respectively.
Bar is equivalent to 1 kb.

Cell type
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cells (18). Material from the supernatant was then electrophoretically separated utilizing the same 2D PFGE protocol (Fig. 5). In
both ALT and non-ALT cells, some chromosomal DNA remains
unprecipitated, as seen by the smear of telomeric signal running
consistent with linear DNA. In addition, arcs of telomeric DNA
with a mobility consistent with supercoiled and open circular
forms were present. However, as described above, they were only
observed in the ALT cells. Similar to the TRF 2D PFGE experiment, the ECTR circle lengths were heterogeneous, with sizes
spanning the same broad size range as seen by EM (Fig. 3A and
B). To establish consistency in nomenclature (42), we will refer to
the ECTR circles as t-circles.
Telomere loops. One possible explanation for the increased
intertelomeric recombination observed in ALT cells is an improper maintenance of telomere capping, increasing the likelihood of recombination between telomeres. We therefore examined the high-molecular-weight DNA fractions from ALT
cells for the presence of t-loops and recombination intermediates. t-loops were observed in the GM847 and GM847-Tert
cells with similar characteristics (Fig. 6 and Table 1). In the
GM847 cross-linked preparations, 9.2% of the total molecules
scored were arranged into a t-loop structure (Table 1), with the
earliest fractions (1 to 2 after the initial telomeric signal) con-

taining a higher percentage of looped molecules (16%) than
the later fractions (4 to 6 after the initial telomeric signal,
8.1%). Fifty-three t-loops were measured from GM847 crosslinked preparations, with the loop portion of the t-loop ranging
from 0.5 to 70.2 kb. The loop portion of t-loops from GM847
cells was generally small, with 76% of the molecules possessing
a loop portion of ⱕ5 kb, with a median loop size of 2.4 kb (Fig.
3C). Total length (loop plus tail) of t-loops observed in GM847
cells ranged from 0.9 to 78.6 kb (Fig. 3D), consistent with
telomere lengths measured by PFGE (Fig. 1). In non-photocross-linked preparations from GM847 cells, 2.3% of the molecules were arranged into t-loops (Table 1), suggesting that
psoralen cross-linking is required to efficiently maintain loop
structure, as observed previously (7, 13).
Similar results were obtained in experiments using GM847Tert cells. In the cross-linked preparations, 6.9% of the molecules were observed arranged into a t-loop structure, with the
loop portion ranging from 0.9 to 29.8 kb and a median size of
2.6 kb (Table 1). The loop portion of the t-loops observed in
GM847-Tert cells was also generally small, with 74% of measured loops being ⱕ5 kb in length. The distribution of total
t-loop lengths (loop plus tail) in the GM847-Tert cross-linked
preparations ranged from 2.0 to 90.3 kb (Fig. 3D), consistent
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FIG. 3. Summary of extrachromosomal circle (t-circles) and t-loop observations by EM. (A and B) Distribution of extrachromosomal DNA
circle size as a percentage of scored molecules observed in the telomere-enriched fractions from GM847 (A) and GM847-Tert (B) cells. (C and
D) Distribution of the loop portion (C) and total t-loop length (D) as a percentage of scored molecules from the psoralen cross-linked,
telomere-enriched fractions from GM847 and GM847-Tert cells.

VOL. 24, 2004

TELOMERIC DNA IN ALT CELLS

9953

with the telomere measurement by PFGE (Fig. 1). In noncross-linked preparations from GM847-Tert cells, only 1.3% of
the molecules were arranged into t-loops, reflecting the dependence on psoralen cross-linking for structural preservation
(Table 1).
Other DNA forms were also present in the ALT telomeric
preparations. Y-shaped molecules were observed at frequencies of 3.5 and 2.6% of the total molecules scored in crosslinked preparations from GM847 and GM847-Tert, respectively. In the absence of cross-linking, the corresponding values
fell to 0.6 and 0.4%, respectively (Table 1). In both cell lines
these DNA structures were large, with the total amount of
DNA composing the three arms in Y molecules from GM847
cells ranging from 16 to 99 kb, suggesting that they are derived
from the long telomeric DNA in ALT cells. While these molecules could be recombination or break-induced replication
intermediates, we suspect they are most likely t-loops that have
broken within the loop portion of the molecule. This conclusion is supported by the requirement of psoralen cross-linking
to maintain both t-loop and Y-molecule structure. We also
observed a small percentage (⬍1%) of molecules resembling
Holliday Junctions (data not shown).
DISCUSSION
We report here that nuclei of human ALT cells frequently
contain free DNA circles comprised of telomeric repeats sim-

ilar to what has been seen in a K. lactis telomerase mutant and
C. parapsilosis mitochondria. Further, we observed that telomeres in ALT cells are commonly arranged into t-loops,
though on average the loop portion is small, similar to measurements observed in non-ALT cell lines. Together, these
observations support the possibility of a roll-and-spread mechanism of telomere maintenance in human ALT cells.
Several lines of evidence suggest that the t-loops and tcircles described in this study are composed of telomeric DNA.
First, there is a close correlation between the size distribution
of t-loops observed by EM and telomere measurement by
PFGE. Second, the high-molecular-weight DNA observed by
EM in the excluded fractions that hybridized with a telomeric
probe reached sizes of over 100 kb, and the majority of molecules were greater than 10 kb in length. In previous telomere
preparations from HeLa S3 and FSK cells, very few molecules
of lengths greater than 20 kb were observed. Thus, it is unlikely
that very long satellite repeat DNA is present as a major
contaminant in the excluded fractions following the extensive
digestion of the genomic DNA. Third, the t-loops observed are
consistent with previous descriptions of the telomere structure
by EM (7, 13, 27, 28, 31). Finally, 2D PFGE confirmed the
presence of telomeric repeats in the extrachromosomal circular material.
In our examination of TRFs from ALT cells, linear DNA
molecules were the most commonly observed DNA form. We
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FIG. 4. 2D PFGE of TRFs from ALT and non-ALT cells. Total DNA (20 g) was digested with HinfI/HaeIII and then separated by 2D PFGE.
Telomeric material was detected by in-gel hybridization with a [␥-32P](CCCTAA)6 probe and was visualized using a PhosphorImager. The black
and white arrows indicate linear- and circular-form DNA, respectively.
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believe that the percentage of telomeres maintained in a t-loop
structure through extensive preparation is a function of crosslinking efficiency, which is low, and therefore expect the bulk of
telomeres to lose their looped form during enrichment (7, 13).
The percentage of looped molecules observed in this study was
lower than what was reported previously for HeLa cells (13).
Several reasons may contribute to this. The long telomeric
DNA in ALT cells is likely more prone to shearing, reducing
the number of observed t-loops. This is supported by the relatively high percentage of Y molecules observed in these experiments. Portions of very long molecules were also commonly hidden from view by extension into the bar portion of
the EM mounting grid and were not counted. Therefore, the
number of large looped molecules is likely misrepresented. In
previous experiments using HeLa cells (13), the telomeres
were more homogenous in length and were present in a
smaller number of elution fractions. Therefore, only the fraction(s) containing the highest percentage of t-loops were reported. In this study, the heterogeneous telomere sizes in ALT
cells required that we score a greater number of fractions and
present an average of these data. Although some early fractions did contain almost 20% t-loops, averaging several fractions lowered the percentage of total observed looped molecules.
The observation of t-loops in this study indicates that ALT
cells are able to form and maintain t-loops on at least some

portion of their chromosome ends. Although we initially expected to see large loop portions in the t-loops from ALT cells
due to the long telomeres, the majority of the loop portions
measured in both GM847 and GM847-Tert cells were small,
similar to previous observations from non-ALT cells (13). In
non-ALT human cells, telomere length is commonly less than
10 kb, with the majority of the telomeric DNA present in the
loop portion of the t-loop (13). Although the telomeres are
elongated in ALT cells, the machinery that generates the loop
portion of the t-loop likely remains unchanged and therefore
loop size would presumably remain at wild-type length. Within
the cell, the t-loop may serve to anchor a higher order chromatin structure at the telomere. When the majority of the
telomere is encompassed in the loop portion of the t-loop, the
telomere would be highly protected within the higher ordered
structure. However, in ALT cells where a large majority of the
telomere is commonly not encompassed within the loop portion of the t-loop, a greater length of telomeric DNA would be
excluded from a higher order structure and would remain
relatively exposed, increasing the likelihood of recombination.
Therefore, the small loop size observed relative to the total
telomere length may predispose ALT telomeres to homologous recombination.
The observation of t-circles in this study is consistent with
the presence of ECTR within the nuclei of ALT cells (32, 41,
47) and indicates that at least some fraction of these molecules
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FIG. 5. 2D PFGE of Hirt supernatant from ALT and non-ALT cells. An equal number of cells (107) were Hirt precipitated, and the supernatant
was separated by 2D PFGE. Telomeric material was detected by in-gel hybridization with a [␥-32P](CCCTAA)6 probe and was visualized by
PhosphorImager. The black and white arrows indicate supercoiled- and open-circular-form DNA, respectively.
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is in a circular structure. This is consistent with the roll-andspread mechanism of telomere expansion in K. lactis survivors
and C. parapsilosis mitochondria. Although it is known that
some ECTR DNA molecules reside in the nuclear APBs of
ALT cells, we cannot determine if the t-circles we observed by
EM and 2D PFGE originate from within the APBs. However,
given the large number of circles observed and the small fraction of ALT cells containing APBs, it is likely that the circles
are present regardless of APB presence within the cell.
Results from these experiments indicated that there was
little difference in the abundance of t-loops and t-circles between GM847 and GM847-Tert cells (Table 1). The distribution of circle sizes observed by EM in both GM847 and
GM847-Tert cells are skewed towards smaller circles, with a
limited number of large circles observed in both cell types (Fig.
3A and B). In GM847-Tert, the distribution of circle size
measured by EM differs slightly from the same measurements
in GM847 (Fig. 3A and B). However, data from the 2D PFGE
experiments suggests that there is little difference in the size
distribution and abundance of t-circles from the two cell lines
(Fig. 4 and 5). Therefore, differences observed by EM are
likely due to the limitations of sample size in the microscopy
experiments. Very little difference in the loop portion of tloops was observed between GM847 and GM847-Tert cells. In
GM847-Tert preparations there were fewer small t-loops (loop
plus tail size of ⬍5 kb) than in the GM847 preparations (Fig.
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3D). This likely reflects the ability of telomerase to elongate
the shortest telomeres in the GM847-Tert cell line, therefore
reducing the number of short telomeres (35). Together these
results suggest that the presence of the catalytic subunit of
telomerase affects neither the generation of t-circles nor the
ability to maintain t-loops in the GM847 cell line. This is
consistent with previous results indicating that expression of
Tert in the GM847 cell lines does not affect the ALT phenotype (35).
How the t-circles are generated in ALT cells was not determined in this study, though possibilities include an intratelomeric recombination event or the improper resolution of the
t-loop at the loop junction (22, 42). Expected products of both
events include the release of a free DNA circle and are consistent with data from ALT somatic cell hybrids that display
rapid telomere shortening after inhibition of the ALT phenotype (34, 35). This would be expected if mutations that facilitate the development of the ALT phenotype alter the t-loop
from being resistant to recombination to being permissive of
recombination. Extrachromosomal circles containing telomeric repeats have also been observed previously in human
cells exhibiting genomic instability and may suggest that some
level of instability is required for t-circle generation (36). Another possibility is that linear ECTR molecules are ligated in
the nucleus to form circles, as repetitive linear DNA would be
expected to easily circularize due to the complementary ends.
t-circles may also be present at the early stages of development, as seen in the amphibian Xenopus laevis (8), and their
presence in ALT cells could reflect the improper upregulation
of a developmental pathway. t-circles may also function to
elongate telomeres directly via homologous recombination.
For example, incorporation of a 50-kb circle would result in the
immediate elongation of a telomere to the very large size
observed in ALT cells.
Initiation of rcr on t-circles would be greatly facilitated by
the presence of a nick or small gap exposing a 3⬘ hydroxyl
group. Inefficient ligation following any of the above mechanisms of circle formation will allow a nick or small gap to occur.
The observation by 2D PFGE (Fig. 5) of a substantial portion
of the t-circles in an open circular form indicates that they are
capable of serving as an rcr template. However, in the absence
of a nick or gap, strand invasion, possibly from a telomeric 3⬘
overhang, could also facilitate the initiation of rcr on a t-circle
template. Although rcr intermediates have been observed by
EM in DNA preparations from a K. lactis telomerase mutant
and C. parapsilosis mitochondria, in this study we were unable
to distinguish t-loops from rcr intermediates due to their similar structure.
While the data presented here do not refute other postulated ALT mechanisms, the presence of t-circles in human
ALT cells provides a possible explanation for how nascent
telomeric DNA is synthesized in ALT cells. Following an initial
rcr event, the newly synthesized telomeric DNA could insert
into the chromosomal telomeres by homologous recombination. Once a small number of telomeres are elongated, intertelomeric recombination or break-induced replication would
facilitate elongation of the short telomeres within the ALT cell.
The newly synthesized telomeric DNA following rcr could also
be processed into smaller linear telomeric DNA molecules,
each capable of circularizing for subsequent use as an rcr
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FIG. 6. t-loops from GM847 and GM847-Tert cells. EMs of t-loop
molecules observed in the telomere-enriched fractions of GM847 and
GM847-Tert DNA. DNA was prepared for EM as described for Fig. 2
and is shown in negative contrast. Loop and tail sizes are 19.0 and 8.4,
4.8 and 9.6, and 7.2 and 9.5 kb for panels A through C, respectively.
Bar, 2 kb.
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template. Thus, the roll-and-spread mechanism may also function to constantly propagate t-circle formation in ALT cells.
The results presented here suggest that the mechanism of
telomere maintenance in human ALT cells may parallel observations of K. lactis survivors and C. parapsilosis mitochondria (30, 42, 43). In the future, it will be important to determine
what mutations allow t-circles to be generated and maintained
in ALT cells as well as the exact mechanistic roles t-circles
serve in the ALT phenotype. It will also be important to compare laboratory- versus cancer-derived ALT cell lines to determine if the naturally occurring ALT phenotype mimics the
laboratory-derived state.
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ADDENDUM IN PROOF
Following completion of this work, similar results on the
appearance of t-circles were communicated to us by Titia de
Lange (Rockefeller University, New York, N.Y.) (R. Wang, A.
Smogorzewska, and T. de Lange, Cell, in press).
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