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Approximately 10% to 15% of human cancers lack de-
tectable telomerase activity, and a subset of these main-
tain telomere lengths by the telomerase-independent
telomere maintenance mechanism termed alternative
lengthening of telomeres (ALT). The ALT phenotype,
relatively common in subtypes of sarcomas and astro-
cytomas, has rarely been reported in epithelial malig-
nancies. However, the prevalence of ALT has not been
thoroughly assessed across all cancer types. We there-
fore comprehensively surveyed the ALT phenotype in a
broad range of human cancers. In total, two independent
sets comprising 6110 primary tumors from 94 different
cancer subtypes, 541 benign neoplasms, and 264 normal
tissue samples were assessed by combined telomere-spe-
cific fluorescence in situ hybridization and immunofluo-
rescence labeling for PML protein. Overall, ALT was ob-
served in 3.73% (228/6110) of all tumor specimens, but
was not observed in benign neoplasms or normal tissues.
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This is the first report of ALT in carcinomas arising from
the bladder, cervix, endometrium, esophagus, gallbladder,
kidney, liver, and lung. Additionally, this is the first report
of ALT in medulloblastomas, oligodendrogliomas, menin-
giomas, schwannomas, and pediatric glioblastoma multi-
formes. Previous studies have shown associations be-
tween ALT status and prognosis in some tumor types;
thus, further studies are warranted to assess the potential
prognostic significance and unique biology of ALT-posi-
tive tumors. These findings may have therapeutic conse-
quences, because ALT-positive cancers are predicted to be
resistant to anti-telomerase therapies. (4m J Pathol 2011,
179:1608-1615; DOI: 10.1016/j.ajpath.2011.06.018)

Telomeres are the nucleoprotein complexes located at
the extreme ends of eukaryotic chromosomes; they con-
sist of 5 to 10 kb of the repeating hexanucleotide DNA
sequence TTAGGG."? The shelterin complex, a core set
of six proteins integral for telomere function, associates
with these repetitive DNA regions.®* Telomeres function
primarily to mask double-strand break DNA damage sig-
nals at chromosomal termini, inhibit terminal exonucleo-
lytic degradation, and prevent chromosomal fusions.>®
In normal somatic cells, telomeres shorten with each cell
division, and significant telomere shortening leads to
p53-dependent senescence or apoptosis.” As a result,
there is a limited number of population doublings that a
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somatic cell lineage may undergo, at which point further
proliferative expansion is blocked. During malignant
transformation, these cell cycle checkpoints are abro-
gated (eg, through mutations in tumor suppressor pro-
teins). If cellular proliferation continues unchecked, then
genomic instability may ensue via chromosomal break-
age-fusion-bridge cycles caused by eroded, dysfunc-
tional telomeres.® In 85% to 90% of human cancers, telo-
mere dysfunction is attenuated and telomere length
appears to be maintained, or increased, through up-regu-
lation of the enzyme telomerase, a reverse transcriptase
with the ability to synthesize new telomere DNA using an
internal RNA template.® However, telomere loss may also
be compensated in some cancers by the telomerase-inde-
pendent telomere maintenance mechanism termed alterna-
tive lengthening of telomeres (ALT), which is thought to be
dependent on homologous recombination. '©

The ALT phenotype is identified at the cellular level by
the presence of ALT-associated promyelocytic leukemia
(PML) protein nuclear bodies (APBs) that contain large
amounts of telomeric DNA, in addition to PML protein and
other proteins involved in telomere binding, DNA replica-
tion, and recombination.”"'? ALT-positive cells are char-
acterized by striking telomere length heterogeneity, as
well as increased chromosomal instability. APBs are can-
cer-specific and, in fixed tissues, can be visualized by
combined telomere-specific fluorescence in situ hybrid-
ization (FISH) and immunofluorescence labeling for PML
protein.’'* This method has been extensively validated
and allows for straightforward identification of ALT-posi-
tive cancers in fixed human tissue specimens.’®

The ALT phenotype is common among certain sarco-
mas (eg, osteosarcomas and liposarcomas), as well as in
subsets of central nervous system tumors, including as-
trocytomas'®: however, the prevalence of ALT varies
widely among these different tumor types. Our laboratory
recently reported the presence of ALT in a small subset of
breast carcinomas,'” but the ALT phenotype has rarely
been reported in other epithelial malignancies.'®

We have comprehensively surveyed the ALT pheno-
type in two independent sets of fixed specimens, com-
prising a total of 6110 primary tumors from a broad range
of human cancer subtypes. Overall, the prevalence of the
ALT phenotype is 3.73%; however, the prevalence varies
drastically between different subtypes. Here, we de-
scribe the results of this extensive survey, including the
novel finding of the ALT phenotype in carcinomas arising
from the bladder, cervix, endometrium, esophagus, gall-
bladder, kidney, liver, and lung. In addition, this is the first
report of the ALT phenotype in several tumor types of
nonepithelial origin, including medulloblastomas, pediat-
ric glioblastomas multiformes (GBMs), oligodendroglio-
mas, meningiomas, and schwannomas.

Materials and Methods

Sources of Tissue

Two independent sets of primary tumor tissues were
used in the present study. Set 1 consisted of 4001 tumors
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from 68 different cancer subtypes. The vast majority of
these cases were resected and processed at the Johns
Hopkins Hospital and were arrayed in tissue microarray
(TMA) format. This set consisted of 165 TMAs containing
multiple cores of each tumor specimen and, in most
instances, adjacent normal tissue. In addition to these
TMAs from our institution, seven TMAs containing 195
cases (three cores per case from cancer and one core
from matched normal intestinal mucosa) of primary small
intestinal adenocarcinoma from 20 institutions of the Ko-
rean Small Intestinal Cancer Study Group were included.
Moreover, 56 invasive breast carcinoma tissue sections
from the Johns Hopkins Hospital and 29 neuroblastic
tumor tissue sections from the University of Texas South-
western Medical Center were also obtained. To validate
and expand on the findings in this first set, a second set
of multitumor arrays was obtained (set 2)."® TMAs in set
2 contained 2109 primary tumors from 61 cancer sub-
types. In this set of tumors, each case was represented
on the array by a single tissue core. In addition to the
malignant tumors, 541 benign neoplasms (see Supple-
mental Table S1 at http://ajp.amjpathol.org) and 264 nor-
mal tissue samples (see Supplemental Table S2 at http.//
ajp.amjpathol.org) were also obtained. The study was
approved by the Johns Hopkins University School of
Medicine institutional review board.

Telomere-Specific Immunostaining FISH

Combined telomere-specific FISH and immunofluores-
cence labeling of PML protein was performed as de-
scribed previously.'®' Briefly, deparaffinized slides
were hydrated, steamed for 25 minutes in citrate buffer
(Vector Laboratories, Burlingame, CA), dehydrated, and
hybridized with a Cy3-labeled peptide nucleic acid (PNA)
probe complementary to the mammalian telomere repeat
sequence [(N-terminus to C-terminus) 5'-CCCTAACCC-
TAACCCTAA-3’]. As a positive control for hybridization
efficiency, an Invitrogen (Carlsbad, CA) Alexa Fluor 610-
labeled PNA probe having specificity for human centro-
meric DNA repeats (5'-ATTCGTTGGAAACGGGA-3',
CENP-B binding sequence) was included in the hybridiza-
tion solution.™ After posthybridization washes, an anti-PML
antibody (1:100 dilution; catalog no. PG-M3; Dako, Carpin-
teria, CA) was incubated for 45 minutes at room tempera-
ture, followed by incubation of anti-mouse Alexa Fluor 488
fluorescent secondary antibody (catalog no. A-11001; Mo-
lecular Probes, Eugene, OR) and counterstaining with
DAPI. Slides were imaged with a Nikon 50i epifluorescence
microscope equipped with X-Cite series 120 illuminator
(EXFO Photonics Solutions, Mississauga, ON, Canada)
and appropriate fluorescence excitation/emission fil-
ters. Grayscale images were captured using Nikon
NIS-Elements software version 2.30 and an attached
Photometrics (Tucson, AZ) CoolSNAP EZ digital cam-
era, pseudo-colored, and merged.

ALT Assessment

All cases were assessed for the presence of the ALT
phenotype. ALT-positive cases were identified by large,
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very bright intranuclear foci of telomere FISH signals
marking ALT-associated telomeric foci throughout the tu-
mor cells. Although telomere FISH signals from these indi-
vidual bright foci often colocalized with PML protein, heter-
ogeneity in this trait was observed, even within the same
tumor. Given several instances in the literature of ALT-pos-
itive cell lines lacking telomere/PML colocalization,?° 22 co-
localization was not considered an absolute requirement for
classifying a case as ALT-positive. Thus, cases were clas-
sified as ALT-positive if they met the following criteria: first,
the presence of ultra-bright intranuclear foci of telomere
FISH signals (ALT-associated telomeric foci), with inte-
grated total signal intensities for individual foci being >10-
fold that of the per cell mean integrated signal intensities for
all telomeric signals in individual benign stromal cells within
the same case; second, =1% of tumor cells displaying
these ALT-associated telomeric foci. Cases lacking ALT-
associated telomeric foci in which at least 500 cells were
assessed were considered ALT-negative. Areas exhibiting
necrosis were excluded from consideration.

Statistical Analysis

When appropriate, different tumor subtypes were com-
pared with a two-sided Fisher’'s exact test using SAS
version 9.2 statistical packages (SAS Institute, Cary, NC).
P values of <0.05 were considered to be significant.

Results

Determination of the ALT Telomere Maintenance
Mechanism in Human Cancer Subtypes

We identified the presence of the ALT phenotype by
using telomere-specific FISH to visualize telomeric DNA
in interphase nuclei of fixed tissue specimens. ALT-pos-
itive tumors are readily distinguishable by large ultra-
bright telomere FISH signals, which are a nearly universal
feature of ALT-positive cell populations.?® In Figure 1, we
present for comparison an ALT-negative invasive urothelial
carcinoma case (Figure 1A) and an ALT-positive invasive
urothelial carcinoma case (Figure 1B). The ALT-negative
case displays robust telomere signals in the tumor cells and
adjacent stromal cells; in the ALT-positive case, distinctive
large, very bright intranuclear foci of telomere FISH signals
mark ALT-associated telomeric foci throughout the tumor
cells. Other representative ALT-positive cases shown in-
clude a renal sarcomatoid carcinoma (Figure 1C) and an
anaplastic medulloblastoma (Figure 1D), neither of which
has been previously identified as using the ALT pathway. In
ALT-positive tumors, the percentage of cells containing
ALT-associated telomeric foci varied by tumor type, ranging
from 1% to >95% of tumor cells. This trait also varied
among different tumors from the same cancer subtype.
Finally, in Figure 1 we present two additional ALT-positive
cases, an oligodendroglioma (Figure 1E) and an angiosar-
coma (Figure 1F). In both of these cases, PML protein
colocalizes to most of the ALT-associated telomere foci. The
inset for each case highlights a typical APB, displaying a

Figure 1. Representative examples of ALT-negative and ALT-positive tu-
mors. A and B: Representative invasive urothelial carcinomas. In the ALT-
negative case (A), robust telomere signals are present in tumor cells and
adjacent stromal cells (asterisks). In the ALT-positive case (B), distinctive
large, very bright intranuclear foci of telomere FISH signals mark ALT-
associated telomeric foci throughout the tumor cells (arrows). Note the
marked heterogeneity in the telomere signals, where visible, in the cancer
cells. C-F: Representative ALT-positive cases of renal sarcomatoid carcinoma
(©), anaplastic medulloblastoma (D), oligodendroglioma (E), and angiosar-
coma (F). In all images (A=F), the DNA is stained with DAPI (blue) and
telomere DNA is stained with the Cy3-labeled telomere-specific PNA probe
(red). Two cases (E and F) are shown with costaining of PML protein (green),
to demonstrate colocalization to most of the ALT-associated telomeric foci
(arrows). The inset for each case highlights a typical APB that contains a
targetoid appearance of telomere signal with a peripheral rim of PML protein.
Original magnification: X400 (A-F); X1000 (inset).

targetoid appearance of telomere DNA signal with a periph-
eral rim of PML protein.

Prevalence of the ALT Telomere Maintenance
Mechanism in Human Cancer Subtypes

To determine the prevalence of the ALT phenotype in
human cancers, we assessed two independent sets of
malignant tissues comprising 6110 primary tumors from
94 different cancer subtypes. Set 1 consisted of 4001
specimens encompassing a broad range of malignant
tumors, including tumors arising from the adrenal gland,
biliary tract, breast, central nervous system, colon,
esophagus, gallbladder, kidney, liver, lung, ovary, pan-
creas, prostate, salivary gland, skin, small intestine, soft



tissue, stomach, urinary bladder, and uterus (Table 1). A
total of 141 tumors were identified as ALT-positive in set
1, yielding a prevalence of 3.52%. To confirm and ex-
pand on these findings, we further assessed the ALT
phenotype in a second set of multitumor TMAs (set 2),
which had previously been used to validate other molec-
ular markers."® This set of tumors consisted of 2109
primary tumor specimens from 61 different cancer sub-
types. Set 2 included types similar to the first set, but
also included hematopoietic and neuroendocrine neo-
plasms, as well as tumors arising from the oral cavity,
pleura, tendon sheath, testis, and thyroid (Table 1). A
total of 87 tumors were identified as ALT-positive in set
2, representing a prevalence of 4.13%. With cases
from both sets combined, a total of 228 ALT-positive
tumors were identified, representing an overall preva-
lence of the ALT phenotype in human cancers of 3.73%
(Table 1).

First Description of the ALT Telomere
Maintenance Mechanism in Numerous
Cancer Subtypes

Although we recently described the presence of the ALT
phenotype in a small subset of breast carcinomas,'” the
ALT phenotype has rarely been reported in other epithelial
malignancies.® Here, we report the presence of the ALT
phenotype in numerous epithelial malignancies. The ALT
phenotype was present in 8/121 (7%) cases of hepato-
cellular carcinoma, 3/41 (7%) cases of serous endome-
trial carcinoma, 3/152 (2%) cases of squamous cervical
carcinoma, 1/60 (2%) case of gallbladder adenocarci-
noma, and 1/106 (1%) case of esophageal adenocarci-
noma. In renal carcinoma, the ALT phenotype was ob-
served in 4/47 (9%) cases of chromophobe carcinoma,
2/27 (7%) cases of sarcomatoid carcinoma, 1/117 (1%)
case of clear cell carcinoma, and 1/86 (1%) case of
papillary carcinoma. In urinary bladder carcinomas, we
observed the presence of ALT in 3/13 (7%) cases of small
cell bladder carcinoma and 2/150 (1%) cases of invasive
urothelial carcinoma. Although ALT was not observed in
most lung carcinoma subtypes, we did observe a single
case each of large cell [1/35 (3%)] and small cell [1/63
(2%)] carcinomas that exhibited the ALT phenotype.

In addition to the novel findings in epithelial malignan-
cies, we present here the first report of ALT in several
tumor types of nonepithelial origin, including medullo-
blastomas, pediatric GBMs, oligodendrogliomas, menin-
giomas, and schwannomas. In medulloblastomas, the
prevalence of ALT-positive tumors varied across sub-
types: 18% in anaplastic medulloblastomas and 3% in
nonanaplastic medulloblastomas. The prevalence of the
ALT phenotype in adult GBM cases was 11%. We also
assessed 32 cases of pediatric GBM and observed a
statistically significant increase in the prevalence of the
ALT phenotype in the pediatric cases (44%), compared
with the adult cases (P = 0.0002). In other central ner-
vous system tumors, the prevalence of ALT was 20% in
oligodendrogliomas, 2% in meningiomas, and 2% in
schwannomas.
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The ALT Telomere Maintenance Mechanism Is
Not Observed in Numerous Cancer Subtypes

There appear to be several cancer subtypes that rarely, if
ever, use the ALT telomere maintenance mechanism. In
particular, we did not observe the ALT phenotype in
adenocarcinomas arising from the prostate (N = 1152),
pancreas (N = 448), small intestine (N = 215), stomach
(N = 155), or colon (N = 126). Although the numbers of
cases were smaller, we also did not observe the ALT
phenotype in cholangiocarcinomas, laryngeal squamous
cell carcinomas, oral squamous cell carcinomas, salivary
gland carcinomas, follicular and papillary thyroid carci-
nomas, giant cell tumors of the tendon sheath, or hema-
topoietic neoplasms. Although malignancies arising from
certain organs (eg, prostate cancer) rarely, if ever, de-
velop ALT, there are malignancies from other organ sites
that are capable of developing the ALT phenotype, but
apparently only in particular cancer subtypes. Notably, in
lung carcinoma, the ALT phenotype was observed only in
a small subset of carcinomas originating from neuroen-
docrine cells; it was not observed in any other subtype.
Other specific subtypes in which we did not observe the
ALT phenotype include ovarian serous carcinoma, endo-
metrioid carcinoma of the endometrium, seminoma, and
basal cell and squamous cell carcinoma of the skin.
Although the ALT phenotype is highly prevalent in certain
types of sarcomas, we did not find evidence of the ALT
phenotype in gastrointestinal stromal tumors, Kaposi's
sarcomas, or Ewing’s sarcomas/primitive neuroectoder-
mal tumors.

The ALT Telomere Maintenance Mechanism Is
Not Observed in Normal Tissue Samples or
Benign Neoplasms

Next, we assessed a set of 264 normal tissues encom-
passing a wide range of tissue types. The ALT phenotype
was not observed in these non-neoplastic tissue samples
(see Supplemental Table S1 at http://ajp.amjpathol.org).
In accord with this observation, we did not observe the
ALT phenotype in non-neoplastic tissue entrapped in or
adjacent to any of the tumors assessed. We also as-
sessed a set of 541 benign neoplasms arising from a range
of different tissues. The ALT phenotype was not observed in
these benign neoplasms (see Supplemental Table S1 at
http.//ajp.amjpathol.org). Although we did not specifically
assess intraepithelial neoplasms, we did observe the ALT
phenotype in two individual cases: a melanoma in situ and
a case of cervical intraepithelial neoplasia (grade 3). For
representative images demonstrating the presence of ALT-
associated telomeric foci in these cases (see Supplemental
Figure S1 at http://ajp.amjpathol.org).

Discussion

In the present study, we comprehensively surveyed the
ALT telomere maintenance mechanism in a broad range
of human cancer subtypes. We used telomere-specific


http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org

1612 Heaphy et al
AJP October 2011, Vol. 179, No. 4

Table 1. Prevalence of the ALT Phenotype in Human Cancer Subtypes

ALT™", set 1 ALT™", set 2 ALT™", overall
Location/Tumor type n/N % n/N % n/N %

Adrenal gland/peripheral nervous system

Pheochromocytoma 1/39 3 1/28 4 2/67 3

Neuroblastoma 2/22 9 — — 2/22 9

Ganglioneuroblastoma 1/7 14 — — 1/7 14
Biliary

Cholangiocarcinoma, extrahepatic 0/23 0 — — 0/23 0

Cholangiocarcinoma, intrahepatic 0/10 0 — — 0/10 0
Breast

Ductal carcinoma’ 5/217 2 0/34 0 5/251 2

Ductal carcinoma with lobular features 0/20 0 — — 0/20 0

Lobular carcinoma 1/14 7 0/13 0 1/27 4

Mucinous carcinoma — — 0/15 0 0/15 0

Tubular carcinoma — — 0/9 0 0/9 0

Medullary carcinoma o/ 0 1/54 2 1/55 2
Central nervous system

Pilocytic astrocytoma (grade 1) 2/55 4 0/3 0 2/58 3

Diffuse astrocytoma (grade 2) 14/19 74 3/8 38 17/27 63

Anaplastic astrocytoma (grade 3) 17/19 89 2/11 18 19/30 63

Glioblastoma multiforme (grade 4; adult) 9/65 14 3/40 8 12/105 11

Glioblastoma multiforme (grade 4; pediatric) 14/32 44 — — 14/32 44

Oligodendroglioma 6/20 30 2/20 10 8/40 20

Medulloblastoma, anaplastic 3/17 18 — — 3/17 18

Medulloblastoma, nonanaplastic 1/38 3 — — 1/38 3

Other embryonal tumors 1/10 10 — — 1/10 10

Meningioma — — 1/46 2 1/46 2

Schwannoma — — 1/44 2 1/44 2
Colon

Adenocarcinoma 0/77 0 0/49 0 0/126 0
Esophagus

Adenocarcinoma 0/97 0 1/9 11 1/106 1

Squamous cell carcinoma — — 0/29 0 0/29 0

Small cell carcinoma — — 01 0 01 0
Gallbladder

Adenocarcinoma 1/27 4 0/33 0 1/60 2
Hematopoietic neoplasms

non-Hodgkin’s lymphoma, other subtypes — — 0/54 0 0/54 0

non-Hodgkin's lymphoma, diffuse large B-cell — — 0/10 0 0/10 0

Hodgkin’s lymphoma, nodular sclerosis — — 0/23 0 0/23 0

Hodgkin’s lymphoma, mixed cellularity — — o117 0 0/17 0

Thymoma — — 0/37 0 0/37 0
Kidney

Clear cell carcinoma 1/69 1 0/48 0 1117 1

Papillary carcinoma 0/54 0 1/32 3 1/86 1

Chromophobe carcinoma 3/37 8 110 10 4147 9

Sarcomatoid carcinoma 2/27 7 — — 2/27 7
Larynx

Squamous cell carcinoma — — 0/29 0 0/29 0
Liver

Hepatocellular carcinoma 7/91 8 1/30 3 8/121 7
Lung

Adenocarcinoma 0/64 0 0/89 0 0/153 0

Squamous cell carcinoma 0/55 0 0/45 0 0/100 0

Papillary carcinoma 0/45 0 — — 0/45 0

Bronchioloalveolar carcinoma 0/40 0 — — 0/40 0

Small cell carcinoma 0/16 0 1/47 2 1/63 2

Large cell carcinoma 0/10 0 1/25 4 1/35 3

Carcinoma, other subtypes 0/15 0 — — 0/15 0

Carcinoid tumor 0/3 0 — — 0/3 0
Neuroendocrine neoplasms

Carcinoid tumor — — 2/32 6 2/32 6

Paraganglioma — — 1/8 13 1/8 13
Oral cavity

Squamous cell carcinoma — — 0/41 0 0/41 0
Ovary

Serous carcinoma 0/163 0 0/42 0 0/205 0

Clear cell carcinoma 2/56 4 — — 2/56 4

(table continues)
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Table 1. Continued
ALT*, set 1 ALT*, set 2 ALT*, overall
Location/Tumor type n/N % n/N % n/N %

Endometrioid carcinoma 0/32 0 1/40 3 1/72 1

Mucinous carcinoma — — 0/21 0 0/21 0
Pancreas

Adenocarcinoma 0/420 0 0/28 0 0/448 0
Pleura

Malignant mesothelioma — — 1/28 4 1/28 4
Prostate

Adenocarcinoma 0/1071 0 0/81 0 0/1152 0

Small cell carcinoma 0/24 0 — — 0/24 0
Salivary gland

Carcinoma 0/98 0 — — 0/98 0
Skin

Malignant melanoma 2/47 4 5/59 8 7/106 7

Basal cell carcinoma — — 0/57 0 0/57 0

Squamous cell carcinoma — — 0/56 0 0/56 0
Small intestine

Adenocarcinoma 0/195 0 0/20 0 0/215 0
Soft tissues

Gastrointestinal stromal tumor 0/34 0 — — 0/34 0

Kaposi's sarcoma 0/33 0 0/22 0 0/55 0

Ewing’s sarcoma/primitive neuroectodermal tumor 0/23 0 — — 0/23 0

Undifferentiated pleomorphic sarcoma* 15/22 68 18/30 60 33/52 63

Fibrosarcoma and variants 3/21 14 — — 3/21 14

Leiomyosarcoma 11/13 85 20/46 43 31/59 53

Liposarcoma 3/10 30 6/28 21 9/38 24

Angiosarcoma 1/9 11 — — 1/9 11

Epithelioid sarcoma 2/6 33 — — 2/6 33

Clear cell sarcoma 0/5 0 — 0/5 0

Malignant peripheral nerve sheath tumor 0/4 0 — — 0/4 0

Rhabdomyosarcoma 0/4 0 — — 0/4 0

Chondrosarcoma 2/2 100 — — 2/2 100

Neurofibroma — — 4/37 11 4/37 11
Stomach

Adenocarcinoma 0/80 0 0/75 0 0/155 0
Tendon sheath

Giant cell tumor — — 0/22 0 0/22 0
Testis

Seminoma — — 0/48 0 0/48 0

Nonseminomatous germ cell tumor — — 7146 15 7146 15
Thyroid

Follicular carcinoma — — 0/52 0 0/52 0

Papillary carcinoma — — 0/30 0 0/30 0
Urinary bladder

Invasive urothelial carcinoma 2/75 3 0/75 0 2/150 1

Non-invasive urothelial carcinoma — — 0/38 0 0/38 0

Small cell carcinoma 3/13 23 — — 3/13 23

Non-invasive papillary urothelial carcinoma 0/5 0 — — 0/5 0

Squamous carcinoma 0/2 0 — — 0/2 0

Sarcomatoid carcinoma 0/1 0 — — 0/1 0
Uterus

Cervix, squamous carcinoma 3/127 2 0/25 0 3/152 2

Cervix, adenocarcinoma 0/19 0 — — 0/19 0

Endometrium, endometrioid carcinoma 0/16 0 0/48 0 0/64 0

Endometrium, serous carcinoma 1/9 11 2/32 6 3/41 7

Endometrium, mixed mesodermal tumor 0/4 0 — — 0/4 0

Endometrium, clear cell carcinoma 0/3 0 — — 0/3 0

*Subtype not included in this set.
TIncludes data from samples previously published."”
*Includes cases classified as malignant fibrous histiocytoma.

FISH and immunofluorescence labeling for PML protein
to assess the ALT status in fixed tissue specimens of
6110 primary tumors from 94 different cancer subtypes.
Across all cancer subtypes, the prevalence of the ALT
phenotype was 3.73%; however, the prevalence varied

widely between different cancer subtypes. The results
obtained in sets 1 and 2 are similar, except in leiomyo-
sarcomas, for which there was a statistically significant
difference in the prevalence between the two indepen-
dent sets (85% versus 43%; P = 0.012).
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Through this intensive characterization of the ALT phe-
notype in human cancer, we describe for the first time
ALT-positive carcinomas arising from the bladder, cervix,
endometrium, esophagus, gallbladder, kidney, liver, and
lung. Although in some of these epithelial malignancies
we observed only single ALT-positive cases, other carci-
noma subtypes displayed considerable frequencies of
ALT-positivity. For example, 7% of hepatocellular carci-
nomas were ALT-positive; within carcinomas of the kid-
ney, 9% of chromophobe carcinomas and 7% of sarco-
matoid carcinomas were ALT-positive. Of note, in some
tissues, it appears that the ALT phenotype is more prev-
alent in tumors arising from neuroendocrine cells. For
example, the prevalence of ALT in small cell bladder
cases was 23%, compared with only 1% in invasive
urothelial carcinoma. Similarly, individual cases of small
cell and large cell lung carcinomas were observed; ALT
was not present in any other lung carcinoma subtype.

In contrast to a previous study by Au et al,>* wherein
ALT was not observed in malignant pleural mesothelio-
mas (N = 43), in the present study we observed a single
ALT-positive case of this cancer (N = 28). Two additional
cancer types that had previously been determined to
contain a small subset of ALT-positive tumors were con-
firmed and extended. Previously, Bryan et al'® observed
abnormally long telomeres (by Southern blotting) in 1/9
malignant melanomas and 2/15 ovarian carcinomas. In
the present study, we found a prevalence of 7% in ma-
lignant melanomas, 4% in ovarian clear cell carcinomas,
and 1% in endometrioid carcinomas of the ovary.

This is the first report of the ALT telomere maintenance
mechanism in pediatric GBMs, medulloblastomas, oligo-
dendrogliomas, meningiomas, and schwannomas. The
presence of the ALT phenotype in GBM has been de-
scribed previously, '>2°727 put all cases assessed were in
adults. The prevalence of the ALT phenotype in adult
GBM cases in the present study (11%) is similar to that in
a recently published large retrospective series using the
same assay (15%).%” Previous studies on smaller sets of
adult GBM reported prevalence at 22% (7/32)"'° and 25%
(19/77).%% Notably, Henson et al'® observed an inverse
relationship between ALT-positivity and patient age, and
this observation was confirmed by McDonald et al*” in a
retrospective cohort. Here, we report a significantly in-
creased prevalence in pediatric GBM (44%), compared
with adult GBM (11%). In adult GBM, recent results have
shown a significantly longer overall survival in patients
with mutations of the isocitrate dehydrogenase 1 gene
(IDH1) in the presence of ALT.?” It would be worthwhile to
examine the prognostic associations of ALT in pediatric
GBM, although these tumors almost never show muta-
tions in IDH1T.

We identified many tumor types that apparently may
not use the ALT pathway for telomere maintenance. In
particular, we assessed hundreds of cases of adenocar-
cinomas arising from the prostate, colon, pancreas, and
small intestine and did not observe a single ALT-positive
tumor. These results suggest that particular tumor types
preferentially use telomerase activation for stabilization of
telomeres and emphasize the previous findings that the
ALT phenotype is more common in tumors with mesen-

chymal and neuroepithelial cell origins.’®'® The ability of
epithelial cells to up-regulate telomerase more easily than
mesenchymal cells may account for these differences.

In sarcomas, the ALT phenotype has been described
previously in specific subtypes.’® In agreement with
these reports, '¢28 we found the ALT phenotype in 24% of
liposarcomas, 53% of leiomyosarcomas, and 63% of un-
differentiated pleomorphic sarcomas (which includes
malignant fibrous histiocytomas). In contrast to GBM, in
liposarcomas the presence of the ALT phenotype confers
a poor prognosis.?®2° Other genetic changes associated
with the ALT phenotype presumably play important roles
in determining the prognostic significance within a given
tumor type. Although the ALT phenotype is extremely
prevalent in certain sarcomas, we did not observe ALT in
Ewing’s sarcomas/primitive neuroectodermal tumors,
gastrointestinal stromal tumors, or Kaposi's sarcomas.
These findings are consistent with previous investigations
showing that sarcomas characterized by specific chro-
mosomal translocations tend to maintain telomeres via
telomerase activation, whereas sarcomas with complex
karyotypes are capable of using the ALT pathway.*°

As outlined above, the results presented in the current
study are in broad agreement with previous reports on
ALT in human cancers.'® However, there is a major dif-
ference in one previously assessed cancer subtype: we
did not observe the ALT phenotype in gastric carcinomas
(n = 155). This is in contrast to findings of Omori et al,®"
who recently reported a 38% overall ALT prevalence in
gastric carcinomas, with an even higher prevalence re-
ported in gastric carcinomas with microsatellite instabil-
ity. One potential explanation for these discrepant results
is that the previous study included an amplification pro-
tocol to intensify the telomere FISH signals, whereas in
the current study we assessed telomere signals directly,
without the use of amplification. Thus, it is possible that
signal amplification in the prior study may have resulted
in overly bright telomere FISH intensities, causing them to
be mistaken for ALT-associated telomeric foci.

Despite the large number of cases and cancer sub-
types assessed, the present study has limitations. Be-
cause of the TMA sampling methodology, prevalence
estimates may underestimate the true prevalence of the
ALT phenotype in some cancer subtypes. In addition,
estimates of the prevalence of the ALT phenotype in
certain subtypes may be too high or too low, particularly
if the absolute numbers of cases examined are small.
However, the present findings may help guide future
studies to determine the actual prevalence of ALT within
a given cancer subtype. All of the cases assessed in this
survey were primary tumors; therefore, future studies are
needed to assess the prevalence of ALT in metastatic
lesions. Similarly, we assessed only a small number of
premalignant lesions, and the role of the ALT phenotype
in cancer progression is not yet elucidated. Although the
present study comprehensively covered many cancer
subtypes, some subtypes were not assessed; in partic-
ular, no leukemia cases were assessed. Finally, although
several telomerase antibodies are available, none have
been adequately validated for use in formalin-fixed, par-
affin-embedded tissues. Thus, the use of such fixed



specimens in the present study precluded additional
analyses that would have required either fresh or frozen
tissue samples, such as assessment of telomerase enzy-
matic activity.

The ALT telomere maintenance mechanism provides
prognostic information in some cancers.'® Further stud-
ies are needed to assess the prognostic significance and
unique biology of tumors that express ALT. The present
study offers a springboard to guide future investigations
in large cohorts that specifically focus on the tumor types
exhibiting ALT to determine the true prevalence and po-
tential prognostic value of this phenotype. Finally, these
results may have therapeutic consequences, given that
cancers using the ALT pathway are predicted to be re-
sistant to anti-telomerase therapies, some of which have
entered phase I/Il clinical trials. Further understanding of
the molecular mechanisms of ALT will be paramount in
designing novel anti-cancer therapeutics targeting the
ALT pathway.
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