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Limitless reproductive potential is one of the hallmarks of cancer cells. This ability is due to the maintenance of telomeres, ero-
sion of which causes cellular senescence or death. While most cancer cells activate telomerase, a telomere-elongating enzyme, it
remains elusive as to why cancer cells often maintain shorter telomeres than the cells in the surrounding normal tissues. Here,
we show that forced telomere elongation in cancer cells promotes their differentiation in vivo. We elongated the telomeres of
human prostate cancer cells that possess short telomeres by enhancing their telomerase activity. The resulting cells had long
telomeres and retained the ability to form tumors in nude mice. Strikingly, these tumors exhibited many duct-like structures
and reduced N-cadherin expression, reminiscent of well-differentiated adenocarcinoma. These changes were caused by telomere
elongation and not by enhanced telomerase activity. Gene expression profiling revealed that tumor formation was accompanied
by the expression of innate immune system-related genes, which have been implicated in maintaining tumor cells in an undiffer-
entiated state and poor-prognosis cancers. In tumors derived from the telomere-elongated cells, upregulation of such gene sets is
not observed. Our observations suggest a functional contribution of short telomeres to tumor malignancy by regulation of can-
cer cell differentiation.

Telomeres are specialized structures that protect the ends of
eukaryotic linear chromosomes. Because of the end replica-

tion problem regarding linear chromosomal DNA, telomeres
shorten with each cell division. Eventually, critically shortened
telomeres fail to protect the chromosome ends against the DNA
damage response, resulting in cellular senescence or apoptosis (1).
Accordingly, telomeres have been referred to as “a mitotic clock,”
and indeed, rodents that retain very long telomeres rarely undergo
telomere-dependent replicative senescence (2).

In humans, most cancer cells (�80 to 90%) activate telomerase
and elongate their telomeres to overcome the end replication
problem (1, 3). In this respect, longer telomeres would be more
advantageous for conferring immortality to cancer cells. How-
ever, even after telomerase reactivation solves the end replication
problem, cancer cells often maintain shortened telomeres (4–6).

Human telomeric DNA is associated with specific protein
complexes called shelterin (7). Shelterin consists of six proteins
and regulates the length and integrity of telomeres (7). In general,
telomere length in telomerase-positive cells is regulated by the
“protein-counting” mechanism, in which longer telomeres con-
tain higher levels of shelterin and therefore block the access of
telomerase more intensely (8). This means that the telomere
length of telomerase-positive cells is stabilized by the balance be-
tween telomerase-mediated telomere extension and its blockade
by shelterin.

While telomere shortening suppresses cancer formation (9–
12), it sometimes promotes genomic instability and enhances car-
cinogenesis and the development of malignancy (13). This onco-
genic effect of telomere shortening would be derived from
enhanced clonal evolution under catastrophic conditions of
genomic instability. The telomere position effect influences chro-
matin status and gene expression (14), suggesting that differences
in telomere length may directly affect the behavior of cancer cells.

In the present study, we investigated whether telomere length
is more important than previously thought with regard to cancer,
in addition to the promotion of cellular immortality.

MATERIALS AND METHODS
Cell culture and plasmids. Cells were maintained in Dulbecco modified
Eagle medium (DMEM) with 10% heat-inactivated fetal bovine serum.
DAT-hTERT (N125A�T126A) was generated using PCR-based site-di-
rected mutagenesis. LhTERTL was created by PCR amplification using
primers that contain an overhanging loxP sequence (5=-ATAACTTCGTA
TAGCATACATTATACGAAGTTAT-3=) and was cloned into the XhoI
and NcoI sites of pLNCX2 (BD Biosciences, Franklin Lakes, NJ).

Retroviral transduction and viral infection. Retroviral infection was
performed essentially as previously described (15) with a slight modifica-
tion. Briefly, retroviral supernatants were prepared by transient transfec-
tion of GP2-293 cells with control pLNCX2 or a series of human telome-
rase reverse transcriptase (hTERT) vectors with a pVSV-G packaging
vector encoding the viral envelope protein. Cancer cells were infected with
the retroviral supernatant in the presence of 8 �g/ml Polybrene. Infected
cells were selected with 400 �g/ml of G418. To excise the exogenous
hTERT, PC-3/mock and PC-3/LhTERTL cells (at population doubling
[PD] 40) were infected with a recombinant adenovirus, AxCANCre
(TaKaRa, Kyoto, Japan) (16), at a multiplicity of infection (MOI) of 40.
After viral adsorption for 60 min, cells were extensively washed with
DMEM containing 10% fetal bovine serum. At 7 to 10 days postinfection,
excision of the exogenous hTERT was verified using Western blot analysis
and the telomeric repeat amplification protocol (TRAP) assay as detailed
below.

Western blot analysis. Protein extraction from tumor xenografts was
performed using radioimmunoprecipitation assay (RIPA) buffer and
TissueLyser (Qiagen) according to the manufacturer’s protocol. Cell ly-
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sates were prepared, and Western blot analysis was performed as previ-
ously described (15) with the following primary antibodies: rabbit anti-
hTERT (1531-1, 1:1,000; Epitomics, Inc.), mouse monoclonal anti-
human N-cadherin (M3613, 1:1,000; Dako), rabbit anti-phospho-histone
H2A.X (9718S, 1:500; Cell Signaling Technology, Inc.), or mouse anti-
GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase) (10R-G109a,
1.0 �g/ml; Fitzgerald Industries).

Telomere Southern blot analysis and telomerase assay. Terminal re-
striction fragments were detected using Southern blot analysis with a 32P-
labeled (CCCTAA)n probe, as previously described (15). Telomerase ac-
tivity was detected using the TRAP assay (3). The telomeric products were
separated using Tris-borate-EDTA (TBE)-PAGE and visualized by means
of staining with SYBR green (TaKaRa).

Combined telomere FISH and immunofluorescence staining. Cells
were fixed with 2% paraformaldehyde–phosphate-buffered saline (PBS)
for 10 min and permeabilized with 0.5% Nonidet P-40 –PBS. Immuno-
fluorescence staining with the primary antibody rabbit anti-hTERT
(1531-1, 1:100) and fluorescence in situ hybridization (FISH) analysis
with a Cy3-labeled telomere-specific (CCCTAA)3 peptide nucleic acid
probe (Greiner Bio-One) were performed essentially as previously de-
scribed (17).

Generation of subcutaneous xenografts in nude mice. Animal exper-
iments were approved by the Japanese Foundation for Cancer Research,
Institutional Animal Care and Use Committee and conducted in accor-
dance with institutional guidelines. Cells were mechanically dissociated to
obtain single-cell suspensions and were diluted in Hanks’ balanced salt
solution (Gibco). Then, 1 � 106 cells were subcutaneously injected into
5-week-old female nude mice with a BALB/c genetic background. When
the tumor reached at least 5 mm in diameter, mice were euthanized and
tumor tissue was collected.

Cytochemistry and immunohistochemistry. Tumor samples were
fixed in Mildform10N (133-10311; Wako Pure Chemical Industries,
Ltd.). All tissues were embedded in paraffin and cut at 4 to 5 �m. The
sections were deparaffinized through xylene and a graduated alcohol se-
ries to water and incubated for 5 min in aqueous 3% hydrogen peroxide to
block endogenous peroxidase. Histological sections were stained with he-
matoxylin and eosin (H&E) or periodic acid-Schiff (PAS) stain. Immu-
nohistochemical studies were performed on formalin-fixed, paraffin-em-
bedded sections. After deparaffinization and appropriate epitope
retrieval, the sections were incubated with mouse monoclonal anti-hu-
man N-cadherin (M3613, 1:500; Dako), rabbit anti-hTERT (1531-1,
1:100; Epitomics, Inc.), rabbit antivimentin (sc-5565, 1:50; Santa Cruz),
mouse anti-cytokeratin 18 antibody (ab668, 1:50; Abcam), rabbit anti-
DDX58 antibody (ab65588, 1:100; Abcam), rabbit anti-IRF7 antibody
(ab115352, 1:100; Abcam), rabbit anti-IRF9 antibody (ab118189, 1:100;
Abcam), rabbit anti-ISG15 antibody (ab14374, 1:100; Abcam), rabbit an-
ti-OAS3 antibody (ab64163, 1:100; Abcam), rabbit anti-STAT1 antibody
(ab118638, 1:100; Abcam), rabbit anti-MyD88 antibody (ab94527, 1:100;
Abcam), or mouse monoclonal anti-phospho-histone H2A.X antibody
(05-636, 1:400; Upstate). The sections were further incubated with bio-
tinylated goat anti-mouse or anti-rabbit antibodies. The specific signals
were then detected with streptavidin-conjugated horseradish peroxidase
and with the use of diaminobenzidine as the chromogen.

Microarray and bioinformatic analyses. RNA extraction from tumor
xenografts was performed using the RNeasy kit and TissueLyser (Qiagen)
according to the manufacturer’s protocol. Total RNA was quantified us-
ing the Agilent 2100 Bioanalyzer (Agilent Technologies Inc.). Extracted
RNA was labeled and hybridized onto the GeneChip Human Genome
U133 Plus 2.0 array (Affymetrix Inc.). Data normalization, statistical anal-
ysis, Gene Ontology analysis, and genome browsing were performed using
GeneSpring GX software (Agilent Technologies).

Quantitative real-time PCR. Transcripts of immune response-related
genes were detected by real-time PCR with a LightCycler 480 real-time
PCR system by monitoring amplification with the Universal ProbeLibrary

probes, which were labeled with fluorescein (FAM), as described in the
manufacturer’s protocol (Roche Applied Science).

Microarray data accession numbers. The data reported in this paper
have been deposited in the Gene Expression Omnibus (GEO) database
(www.ncbi.nlm.nih.gov/geo) under accession numbers GSE36649 and
GSE41559.

RESULTS
hTERT overexpression in PC-3 cells induces duct-like struc-
tures in PC-3 tumors. If short telomeres are advantageous to can-
cer cells, enforced elongation of telomeres will negatively affect
cancer cell behavior. Because such an effect would be apparent in
cancer cells with very short telomeres, we used PC-3 prostate can-
cer cells, which retain rather short telomeres (average telomere
restriction fragment length � 3.95 kb) (18). First, we enhanced
telomerase activity and telomere elongation in PC-3 cells. Human
telomerase is a ribonucleoprotein that consists of two essential
components, namely, human telomerase reverse transcriptase
(hTERT) and human telomerase RNA (hTR or hTERC) (19). The
expression of hTR is ubiquitous in human cells, and regulation of
telomerase activity is controlled at the level of hTERT transcrip-
tion (19). Therefore, we established a PC-3 subline that overex-
pressed exogenous hTERT (PC-3/hTERT). Upregulation of telo-
merase activity (Fig. 1A) and substantial telomere elongation
(Fig. 1B) in PC-3/hTERT cells, compared with control cells (PC-
3/mock), were confirmed.

We expected that long telomeres may exert a negative effect on
cancer cell behavior in vitro and/or in vivo. Under normal growth
conditions in culture dishes, no difference was found in the
growth rates of PC-3/hTERT and control cells (see Fig. S1A in the
supplemental material). Moreover, long telomeres in PC-3/
hTERT cells were maintained through at least 100 population dou-
blings (PDs) (over �3 months) (Fig. 1B). Thus, we next examined
whether the role of the elongated telomeres emerges under tumor
microenvironmental conditions. To investigate the behavior of PC-3
cells with long telomeres in vivo, we subcutaneously injected these
cells into nude mice and monitored subsequent tumor formation.
Between the cell lines, there was no considerable difference in
tumor formation (see Fig. S1C in the supplemental material). In-
terestingly, the histology of the xenograft tumors revealed that
PC-3/hTERT cells clearly formed duct-like structures but that
control cells did not (Fig. 1C). Similar results were obtained with
HBC4 human breast cancer cells (see Fig. S2 in the supplemental
material). These results suggest that long telomeres induce a phe-
notypic change in PC-3 cells, which is reminiscent of glandular
differentiation in vivo.

Telomere elongation and not enhanced hTERT expression
induces the duct-like structures in PC-3 tumors. Next, we exam-
ined whether the formation of the duct-like structures resulted
from telomere elongation and not from increased levels of hTERT
protein. hTERT has a nontelomeric function through a mecha-
nism that is independent of telomerase activity (20, 21). To dis-
tinguish the effect of elongated telomeres from that of hTERT
overexpression, we further employed two constructs for exoge-
nous hTERT. N125A�T126A-hTERT is catalytically active in
vitro but fails to elongate telomeres in intact cells (22). The
N125A�T126A mutations are located in the so-called “dissociates
activities of telomerase” (DAT) region, which is necessary for telo-
mere elongation (22). We established a PC-3/DAT-hTERT cell
line which overexpressed this hTERT mutant and had enhanced
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telomerase activity (Fig. 2A). As expected, these cells did not elon-
gate their telomeres even after prolonged cultivation (Fig. 2B).
The second strategy was the removal of the hTERT transgene after
telomere elongation using the Cre/loxP system (23). We added the
loxP sequence at both the 5= and 3= ends of the wild-type hTERT
cDNA and established the stable PC-3/LhTERTL (loxP-hTERT-
loxP) cell line. After confirming telomere elongation in the cells,
we then excluded exogenous hTERT by the introduction of Cre
recombinase at PD 40 using an adenovirus. In these cell lines,
hTERT overexpression and telomere elongation were further con-
firmed by immunofluorescence staining and telomere fluores-
cence in situ hybridization (FISH), respectively (Fig. 2C). No dif-
ference was found in the growth rates of these cell lines in culture
dishes (see Fig. S1B in the supplemental material). The resulting
PC-3/LhTERTL/cre� cells maintained long telomeres through at
least 40 PDs (PDs 40 to 80, �1 month) (Fig. 2B). We estimated
that this time period is long enough to maintain elongated telo-
meres during tumor development in nude mice.

We transplanted these cell lines into nude mice by subcutane-
ous injection. Again, PC-3/LhTERTL tumors, which retained long
telomeres and exogenous hTERT expression, exhibited duct-like
structures (Fig. 3A, lower center panel). Strikingly, similar results
were obtained using PC-3/LhTERTL/cre� tumors, in which the
hTERT transgene had been excluded but the telomeres remained
elongated (Fig. 3A, lower right panel). In contrast, PC-3/DAT-
hTERT cells, in which telomerase activity was upregulated but the
telomeres were short, scarcely exhibited duct-like structures
(Fig. 3A, lower left panel), as did the parental, mock and mock/
cre� cell lines (Fig. 3A, upper three panels). Quantification of the
number of duct-like structures indicated that this morphological
alteration is associated with elongated telomeres rather than
forced expression of hTERT (Fig. 3B). Immunohistochemical
staining demonstrated that most of the cells in the tumors derived
from hTERT-overexpressing cells retained hTERT overexpres-

sion, irrespective of ductal structure formation (see Fig. S3, lower
left and center panels, in the supplemental material). Meanwhile,
duct-like structures in PC-3/LhTERTL/cre� tumors were not de-
rived from the residual cells that had escaped from Cre-mediated
shutdown of hTERT overexpression (see Fig. S3, lower right
panel, in the supplemental material). We further found that tu-
mors with elongated telomeres expressed less N-cadherin, which
is a marker of mesenchymal cell lineage and undifferentiated car-
cinoma (24) (Fig. 3C). N-cadherin expression of two telomere-
elongated PC-3 cells was also reduced in culture dishes before
subcutaneous injection (Fig. 3D). Collectively, while the PC-3
cells with elongated telomeres maintained an ability to form tu-
mors in vivo, they formed the ductal structures and reduced the
expression of an undifferentiated/malignant marker protein, rem-
iniscent of normal glandular epithelial cells. These observations
indicate that telomere length influences cancer cell differentiation
in a tumor microenvironment.

Transcriptional upregulation of innate immune/cellular de-
fense systems is lost in PC-3 xenograft cells with elongated telo-
meres. It is known that cell differentiation is often accompanied
by dynamic changes in genome-wide transcriptional changes. To
elucidate the molecular mechanism for the above-described phe-
notypic changes due to telomere elongation, we employed a mi-
croarray approach to monitor gene expression profiling that
might be important for the differentiation of PC-3 cells in vivo. We
subcutaneously injected four PC-3 cell lines, namely, mock,
LhTERTL, mock/cre�, and LhTERTL/cre�, into nude mice and
collected the resultant xenograft tumors. Formation of the duct-
like structures was reproducibly observed only in PC-3 cells with
elongated telomeres; significant differences (two-tailed t test)
were found between each combination of control xenograft tu-
mors and xenograft tumors with elongated telomeres in terms of
the rate of duct-like structures per unit area (see Fig. S4A in the
supplemental material). Immunohistochemistry for cytokeratin

FIG 1 Induction of duct-like structures in tumors as a result of hTERT overexpression. (A) Retroviral overexpression of hTERT (upper and middle panels) and
upregulation of telomerase activity (bottom panel) in PC-3 cells at PD 10. Size markers are indicated on the left. (B) Telomere elongation in PC-3/hTERT cells
demonstrated using Southern blot analysis. (C) Hematoxylin and eosin staining of tissue sections of PC-3/mock and PC-3/hTERT cells in tumor xenografts.
Duct-like structures were frequently observed in PC-3/hTERT tumors. Original magnification, �400.
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18 (an epithelial marker) and vimentin (a mesenchymal marker)
was also carried out on these four PC-3 xenograft tumors (see Fig.
S4B in the supplemental material). The results showed that in-
creased cytokeratin 18 expression and decreased vimentin expres-
sion of telomere-elongated xenograft tumors compared to that of
control tumors. These observations support that telomere-elon-
gated PC-3 tumors resemble normal epithelial tissues more than
control tumors. We also confirmed the maintenance of long telo-
meres in PC-3/LhTERTL and PC-3/LhTERTL/cre� xenograft tu-
mors by FISH analysis (see Fig. S4C in the supplemental material).

We extracted RNA from four independent xenograft tumors
per original cell line and compared the gene expression profiles of
control and telomere-elongated cells, in both the presence and
absence of the exogenous hTERT protein. We identified 70 signif-
icantly upregulated probes (61 genes) (P � 0.05 by the two-tailed
t test) and 120 significantly downregulated probes (90 genes) with
changes in expression of �2.0-fold (Fig. 4A, shaded elements; see
Data set S1 in the supplemental material). Gene ontology analysis
of these 190 up- and downregulated probes (151 genes) revealed
that the immune responses and cellular defenses against pathogen
categories were significantly enriched (a total of 54,675 probe sets;
P � 0.01 by Fisher’s exact test) among the various biological func-

tions and events (see Fig. S5A in the supplemental material). Ex-
pression of most genes that were classified into these categories
was very low and was not affected by hTERT overexpression or
telomere elongation in culture dishes (see below). However, dur-
ing tumor formation in vivo, these genes were highly upregulated
if the tumors were derived from mock or mock/cre� cells. In
contrast, the tumors derived from the PC-3 cells with elongated
telomeres substantially lost such transcriptional responses (see
Fig. S5B in the supplemental material). These observations sug-
gest that PC-3 cells with short telomeres activate immune re-
sponse-related genes in the tumor microenvironment, which may
repress the formation of the duct-like structures. Suppression of
the 10 genes for STAT1, ISG15, OAS3, DDX58, IRF7, IRF9, IFI44,
IFITM2, MyD88, and XAF1 was confirmed using quantitative
real-time PCR (Fig. 4B; see Fig. S6A in the supplemental material).
We also confirmed suppression of protein expression in seven of
these genes by means of immunohistochemistry (Fig. 4C; see Fig.
S6B in the supplemental material). Similar results were obtained
with HBC4 human breast cancer cells (see Fig. S6C and D in the
supplemental material). Gene expression profiles of the four PC-3
cell lines in culture dishes revealed that the immune response and
cellular defense mechanisms against pathogen categories were not

FIG 2 Telomere-elongated PC-3 cells without hTERT overexpression. (A) Western blot analysis (upper panel) and TRAP assay (bottom panel) at population
doubling (PD) 50. DAT-hTERT and wild-type hTERT with loxP (LhTERTL) elevated telomerase activity. After the introduction of Cre at PD 40, only
endogenous hTERT and telomerase activities were detected in PC-3/LhTERTL/cre� cells. (B) Telomere Southern blot analysis. PC-3/DAT-hTERT cells did not
have elongate telomeres despite enhanced telomerase activity. PC-3/LhTERTL cells had elongated telomeres, which were maintained even after shutdown of the
transgene until at least PD 80. (C) Combined immunofluorescence and FISH at PD 50, just before subcutaneous injection. Most cells showed the expected
patterns of hTERT and telomere signal intensities.
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enriched by gene ontology (GO) analysis (see Fig. S5A in the sup-
plemental material).

According to the Oncomine database (www.oncomine.org),
most of the genes that were upregulated in control xenograft tu-
mors, but not in PC-3 xenograft tumors with elongated telomeres,
exhibited overexpression in the various tumors but not in the
respective normal tissues (Fig. 4D; see Fig. S5C in the supplemen-
tal material). This observation suggests that the short telomeres in
cancer cells retain their malignancy in vivo by means of the tran-
scriptional activation of innate immune/cellular defense related-
genes in some way.

In yeast and even in human cancer cells, long telomeres have
the so-called “telomere position effect” (TPE), which results in
reversible silencing of genes near telomeres (14). Accordingly, one
may speculate that telomere elongation in PC-3 cells preferentially
causes transcriptional repression of the genes that are located near
telomeres. However, in the present study, the chromosomal loci of
the immune response-related genes affected by telomere elonga-
tion were randomly distributed along chromosome arms, and
there was no preference to the distal ends of the chromosomes (see
Fig. S7A in the supplemental material). Thus, TPE does not seem
to account for the transcriptional repression of these genes.

The PC-3 cells used in our study retained rather short telo-

meres. Therefore, one may speculate that the DNA damage re-
sponse elicited by the short telomeres induced senescence or crisis
in the xenograft tumors and modulated the tumor behavior. We
counted the number of cells positive for �H2AX, a hallmark indi-
cator of DNA damage, per unit area in each tumor (n � 5). No
significant differences (P � 0.05, two-tailed t test) were found
between each combination of control xenograft tumors and those
with elongated telomeres. Meanwhile, Western blot analysis dem-
onstrated that �H2AX accumulation was slightly reduced in te-
lomere-elongated xenografts (see Fig. S7B in the supplemental
material). Indeed, while critically shortened telomeres have been
shown to repress tumor development in many experimental set-
tings (9–12), control cells and cells with elongated telomeres in the
current study did not show a considerable difference in their
growth rates or tumor sizes (see Fig. S1C in the supplemental
material). Thus, it is possible that long telomeres regulate the in-
nate immune related-gene transcriptions through unknown
mechanisms, apart from the telomere position effect or DNA
damage response.

DISCUSSION

In the present study, we demonstrated that forced elongation of
telomeres in cancer cells affects differentiation and the expression

FIG 3 PC-3 cell differentiation due to telomere elongation. (A) H&E-stained tissue sections. PC-3/DAT-hTERT cells (lower left panel) remained in an
undifferentiated state similar to that for control cells (upper panel), whereas PC-3/LhTERTL and PC-3/LhTERTL/cre� cells showed duct-like structures (lower
center and right panels). Original magnification, �40. Insets, magnified views (�200). (B) Quantification of duct-like structures. Parameters are the average and
standard deviation of the number of ducts per unit area in each tumor (n � 2 or 3). Reproducibility and significant differences were assessed using additional
xenograft tumor samples for microarray experiments (see Fig. S3 in the supplemental material). (C) Immunohistochemistry of N-cadherin. Suppression of
N-cadherin expression was observed in PC-3/LhTERTL and PC-3/LhTERTL/cre� cells (lower center and right panels). Original magnification, �200. (D)
Western analysis demonstrated that the reduction of N-cadherin expression in telomere-elongated PC-3 cells before subcutaneous injection.
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of N-cadherin, cytokeratin 18, vimentin, and innate immune and
cellular defense system-related genes in vivo. In a clinical setting,
cancer malignancy and its pathological grade score often decrease
in cancer cells with a highly differentiated status. Many genes
whose expression was suppressed by telomere elongation in the
present study seem to participate in tumor malignancy. For exam-
ple, N-cadherin has been identified as a crucial mediator of pros-
tate cancer metastasis and castration resistance (25). Again, our
meta-analysis using the Oncomine database revealed that overex-
pression of innate immune system-related genes is common
among various cancers relative to normal tissues (Fig. 4D; see Fig.
S5C in the supplemental material). Interestingly, only the expres-
sion of the C5 (complement component 5) gene was increased in
telomere-elongated xenografts compared with control xenografts
(see Fig. S5B [lower graph, 17th gene from the right] in the sup-
plemental material). Correspondingly, according to the Oncom-
ine database, the expression of the C5 gene is significantly down-
regulated in the various tumors but not in the respective normal

tissues (see Fig. S5C [third gene from the left] in the supplemental
material). Moreover, it has been recently reported that the low-
expression signature of IFN/STAT1 signaling genes, including the
STAT1, IFI44, ISG15, IFIT1, MX1, OAS1, and USP18 genes, pre-
dicts a good prognosis in glioblastoma multiforme (26). The ex-
pression of these genes was substantially suppressed, with changes
of �2.0-fold in telomere-elongated PC-3 xenografts (see Data set
S1 in the supplemental material). Taken together, these observa-
tions suggest that tumor malignancy in vivo is reduced by telomere
elongation.

In the current study, we demonstrated that telomere elonga-
tion in cancer cells resulted in the formation of duct-like struc-
tures and induced well-differentiated tumors in vivo. Suppression
of N-cadherin expression in telomere-elongated PC-3 xenografts
not only mediates prostate cancer metastasis but also acts as a
marker of undifferentiated carcinoma (24). Moreover, the innate
immune system-related genes are often involved in cell differen-
tiation, since the system is one of the signal transmission processes

FIG 4 Innate immune-related genes overexpressed in cancer are suppressed in telomere-elongated xenograft tumors. (A) Altered gene expression profiles due
to telomere elongation in PC-3 xenografts, with (upper white segments) or without (lower black segments) hTERT overexpression. With changes of �2.0-fold,
expression of 190 probes (151 genes) was changed irrespective of hTERT overexpression/excision. For each probe, at least one xenograft had a signal value of
�100. Detailed information is provided in Data set S1 in the supplemental material. (B) The RNA expression of three genes was quantified using real-time PCR.
Error bars indicate the standard deviations (n � 3). The expression value for each gene was normalized to that of 	-actin. There were significant differences in
each combination of control (mock or mock/cre�) and telomere-elongated (LhTERTL or LhTERTL/cre�) xenograft tumors (P � 0.05 by the two-tailed t test).
(C) Immunohistochemical staining of STAT1, ISG15, and OAS3. Original magnification, �200. (D) Summary of disease analyzed using the Oncomine database,
which indicates the number of significant unique microarray results with changes of �2.0-fold (P � 0.0001 by the two-tailed t test) with increased (red) or
decreased (blue) expression in tumor relative to normal tissue.
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in multicellular organisms. For example, STAT1 inhibits the dif-
ferentiation of osteoblasts through an interferon-dependent path-
way (27). In addition, the expression of immune cell response-
related genes, including the IFITM1, IFITM2, IFITM3, GBP1,
OAS1, OAS2, and IFNGR1 genes, is strongly downregulated dur-
ing differentiation of multipotent human hematopoietic stem
cells into erythrocyte precursors (28). In our study, expression of
these genes was substantially suppressed in PC-3 xenografts with
elongated telomeres, with the exception of the IFNGR1 gene (see
Fig. S5B in the supplemental material). Since IFNGR1 expression
is similar in cancer and normal tissue samples according to the
Oncomine database (see Fig. S5C in the supplemental material),
IFNGR1 may not be involved in determining the differentiation
state of cancer cells, unlike normal cells. These observations sug-
gest that cellular differentiation might be related to the expres-
sions of N-cadherin and innate immune/cellular defense system
genes in several different settings.

Whereas telomere-elongated xenograft tumors showed a more
differentiated state, there was no considerable difference in tumor
volume between control and telomere-elongated xenograft tu-
mors (see Fig. S1C in the supplemental material). One possibility
is that the differential growth of those tumors is seen at much later
phases of the xenografts: we collected tumor tissues for approxi-
mately 1 month postinoculation in order to prevent necrotic cell
death of the tumors, which would disturb precise examination of
the tumor histology. Because the transcriptional response of the
innate immune-related genes was observed only in vivo, such a
response might be enhanced at later periods after the inoculation.
Meanwhile, we assume that PC-3 cancer cells themselves induce
the expression of innate immune-related genes in vivo in tumors,
since we detected very few host-derived macrophages in telomere-
elongated PC-3 xenograft tumors as well as in control xenograft
tumors by means of immunohistochemistry (our unpublished
observations).

The expression of many genes was changed by telomere elon-
gation in this study. Because N-cadherin expression in telomere-
elongated PC-3 cells was also reduced in culture dishes before
subcutaneous injection, N-cadherin might play a critical role in
various effects of telomere elongation in human cancer cells. We
also found many changes of gene expression levels by telomere
elongation in xenograft tumors. One possibility is that telomere
elongation influenced the dynamics of the telomere-specific shel-
terin proteins and that shelterin altered the transcription pro-
file with genome-wide TTAGGG elements. In practice, it has
recently been proposed that shelterin participate in gene regu-
lation networks by binding to genome-wide nontelomeric se-
quences (29, 30).

Senescent cells preferentially secrete a characteristic set of pro-
teins, which is presumably controlled at the transcriptional level
and is known as the senescence-associated secretory phenotype
(SASP) (31). Coppé et al. found 39 SASPs of human prostate cells,
including PC-3 (31). We present a list of the gene expression pro-
files of these 39 genes in control and the telomere-elongated tu-
mors in Fig. S7C in the supplemental material. Among those
genes, only CXCL11 expression was changed �2.0-fold, but oth-
ers were not affected by telomere elongation. In fact, we did not
detect an enhanced �H2AX signal and substantial differences in
�H2AX expression in the PC-3-derived tumors (see Fig. S7B in
the supplemental material), indicating that short telomeres
in PC-3 cells did not elicit the SASP in vivo. Collectively, these

observations exclude the possibility that the morphological
changes in PC-3 tumors due to telomere elongation are caused
merely by repair of short dysfunctional telomeres.

Among the genes affected by telomere elongation in PC-3 cells,
the ISG15 gene is located near the p-arm telomere of chromosome
1 (1p36.33). Intriguingly, the ISG15 gene is the first human gene
that has been identified whose expression is inversely correlated
with telomere length (32). Because ISG15 is implicated in inflam-
mation (33) and ISG15 expression is strikingly increased in vari-
ous types of cancer (Fig. 4D), especially in human prostate cancer
(34), its upregulation by short telomeres may contribute to the
malignant progression of cancer by eliciting a chronic inflamma-
tory environment. However, neither TPE nor telomere dysfunc-
tion-induced DNA damage is involved in the transcriptional reg-
ulation of ISG15 (32). Additionally, the genetic loci affected by
telomere elongation in PC-3 cells were not concentrated near the
chromosome ends (see Fig. S7A in the supplemental material).
Although there is the possibility that TPE affected the expression
of master regulators of innate immune-related genes, TPE does
not seem to account for the direct transcriptional repression of
these genes. Consistently, a recent report by Arnoult et al. demon-
strated that telomere elongation does not decrease the expression
levels of genes located near telomeres (35). These observations
suggest that telomere length can modulate gene expression in a
TPE-independent manner.

In the current study, we demonstrated that forced elongation
of telomeres in cancer cells promotes their differentiation and
may reduce tumor malignancy in vivo. Considering that the de-
gree of tumor malignancy is strongly associated with the level of
cellular differentiation in clinical diagnosis, our results suggest
that telomere elongation in cancer cells palliates tumor behavior.
In other words, cancer cells may maintain short telomeres to
maintain their undifferentiated state through enhanced expres-
sion of N-cadherin and innate immune/cellular defense system-
related genes. In conclusion, the present observations suggest that
shortened telomeres in cancer cells play a functional role in the
maintenance of malignancy, implicating them as targets for te-
lomere-directed cancer therapeutics.
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