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The DNA repair enzyme telomerase maintains chromosome stability by ensuring that telomeres regenerate each time the
cell divides, protecting chromosome ends. During onset of neuroectodermal differentiation in P19 embryonal carcinoma
(EC) cells three independent techniques (Southern blotting, Q-FISH, and Q-PCR) revealed a catastrophic reduction in
telomere length in nestin-expressing neuronal precursors even though telomerase activity remained high. Overexpressing
telomerase protein (mTERT) prevented telomere collapse and the neuroepithelial precursors produced continued to
divide, but deaggregated and died. Addition of FGF-2 prevented deaggregation, protected the precursors from the
apoptotic event that normally accompanies onset of terminal neuronal differentiation, allowed them to evade senescence,
and enabled completion of morphological differentiation. Similarly, primary embryonic stem (ES) cells overexpressing
mTERT also initiated neuroectodermal differentiation efficiently, acquiring markers of neuronal precursors and mature
neurons. ES precursors are normally cultured with FGF-2, and overexpression of mTERT alone was sufficient to allow
them to evade senescence. However, when FGF-2 was removed in order for differentiation to be completed most neural
precursors underwent apoptosis indicating that in ES cells mTERT is not sufficient allow terminal differentiation of ES
neural precursors in vitro. The results demonstrate that telomerase can potentiate the transition between pluripotent stem
cell and committed neuron in both EC and ES cells.

INTRODUCTION

In theory, stem cells offer unlimited potential for generating
replacements for any differentiated neuron lost due to de-
generation or destruction. In practice, significant gaps in our
knowledge about how stem cell behavior can be optimized
critically hamper full exploitation of their therapeutic poten-
tial. One significant problem associated with transplantation
of stem cells themselves, namely the inability to control
outcomes of differentiation in vivo, has led to a search for
alternatives such as partially committed downstream inter-
mediates, for example, precursors selective for a compro-
mised neuronal phenotype (Emsley et al., 2005, Zeng and
Rao, 2007). However, neural stems/progenitors are not
readily available and have a low mitotic index, raising the
problem of how to expand these functional intermediates to
produce a clinically useful population.

One strategy that has already had some success is to
overexpress telomerase in neural precursor cells. Telomer-
ase is a riboprotein DNA repair enzyme that ensures chro-
mosome stability by maintaining the telomeric protection of
chromosome ends during cell division (Natesan, 2005). Its
activity is high in stem cells, contributing to their ability to
avoid the apoptotic crisis that occurs after chromosome
damage during replication. In contrast, the down-regulation
of telomerase in most differentiated somatic cells leaves
telomeres critically short and cells vulnerable to apoptosis

and senescence (Sharpless and DePinho, 2004). Given its
proposed role in tumorigenicity, telomerase does not seem
to be a promising candidate for precursor expansion. None-
theless, when the rate-limiting catalytic protein subunit
TERT (hTERT in humans, mTERT in mice) was overex-
pressed in a population of “neural stem cells,” i.e., commit-
ted neural progenitors isolated from human embryonic spi-
nal cord, the cell lines produced expressed markers of
committed neuronal precursors and continued to proliferate
past 70 population doublings (70 PD) when senescence
would normally occur. When one of these lines was trans-
planted into injured rat spinal cord, it differentiated into
functional neurons that survived for long periods without
evidence of either proliferating glia or tumors (Roy et al.,
2004). Other cell types suggest a noncanonical role for te-
lomerase in stem cell differentiation: In one example, hair
stem cells from an mTERT-overexpressing mouse were re-
cruited from their niche and both proliferation and differ-
entiation were potentiated in vivo (Sarin et al., 2005); in
another, overexpressing hTERT in endothelial cells pro-
duced an immortalized line of differentiated cells (Chang et
al., 2005). Surprising conclusions may be drawn from both
these studies: first, that ectopic expression of TERT does not
interfere with the completion of differentiation in vivo; and
second, that its overexpression is not sufficient to induce
tumorigenesis. Clearly, it would be convenient to exploit the
pluripotency of embryonic stem (ES) cells by expressing
mTERT in the undifferentiated population and then initiat-
ing differentiation. Constitutive expression of mTERT in
undifferentiated ES cells increased cell numbers in vitro
because stress-induced apoptosis was inhibited. Moreover
differentiation toward the hematopoietic lineage was en-
hanced (Armstrong et al., 2000, 2005). Whether this is also
true for the neuronal lineage is not known.
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The mechanisms underlying potential telomerase effects
are not conveniently examined in ES cells in which neural
differentiation takes several weeks to proceed to completion
(e.g., Bain et al., 1995). A simpler system that retains the
salient features of ES cells, including pluripotency, yet can
be differentiated in a highly standardized manner and in a
manner that allows outcomes of differentiation to be repro-
ducibly quantitated, is the embryonal carcinoma (EC; Hardy
et al., 1990). Like ES cells, undifferentiated EC lines can be
induced to differentiate into derivatives of each of the germ
layers and, if injected into a blastocyst, can contribute to all of
the somatic cell lineages in the developing embryo (Andrews et
al., 2005). Like ES cells, undifferentiated EC cells do not form
tumors when injected into embryos before embryonic day 13
(E13), but also like ES cells, the incidence of tumors increases
with the age of the transplant host (Astigiano et al., 2005). Like
ES cells, undifferentiated EC cells do not enter replicative se-
nescence because they handle their senescence regulatory path-
ways like transformed cells rather than somatic cells, i.e., te-
lomerase levels are high but p53 and the E2F/retinoblastoma
protein (pRb) pathways are down-regulated (Miura et al.,
2004).

Initiating neuroectodermal differentiation of EC cells by
adding retinoic acid (RA) and forcing aggregation into “em-
bryoid-like” bodies, synchronizes the population so that
progression through the first four cell cycles can be followed
directly (Ninomiya et al., 1997). Neuroectodermal differen-
tiation is independent of extrinsic factors and occurs over a
limited time span (5 d compared with �15 d in ES cells) with
highly reproducible outcomes (McBurney, 1993) that allow
direct analysis of gene expression profiles at distinct stages
and enable the gene targets of the differentiation process to
be identified (Teramoto et al., 2005). Markers of neuronal
progenitors are induced during the third cell cycle (Mani et
al., 2001). Here we used both EC and ES cells to show that
overexpressing mTERT in the pluripotent cells does not
impede initiation of neuroectodermal differentiation and al-
lows a population of precursors with enhanced proliferative
potential to be expanded. Both EC and ES cells evade senes-
cence; however, only EC cells are able to quantitatively
complete differentiation in vitro.

MATERIALS AND METHODS

TAGGG Assay of Telomere Length
For the assessment of telomere length genomic DNA was
prepared from postnatal day 19 (P19) cells that were either
undifferentiated or that had been treated with retinoic acid
to induce neuroectodermal differentiation (see below).
Genomic DNA was digested with HinfI and RsaI to release
telomeric fragments and then separated on an 8% agarose
gel at 50 V/cm. After electrophoresis, DNA was blotted onto
Hybond-N� membrane and detected using the “Telo
TAGGG Telomere Length Assay” kit (Roche, Mannheim,
Germany) according to manufacturer’s instructions. Briefly,
telomere DNA were hybridized to a digoxigenin (DIG)-
labeled (TAGGG)4 probe specific for telomeric repeats and
then incubated with a DIG-specific antibody covalently cou-
pled to alkaline phosphatase. The immobilized probe was
visualized by alkaline phosphatase metabolizing CDP-Star,
a highly sensitive chemiluminescence substrate. Telomere
length was determined by densitometry of the x-ray film
according to the instructions in the assay kit.

Quantitative Fluorescence In Situ Hybridization Assay of
Telomere Length
Quantitative fluorescence in situ hybridization (Q-FISH)
was performed using a Cy-3–labeled peptide nucleic acid
(PNA) probe complementary to the mammalian telomere
repeat sequence (N-terminus to C-terminus) CCCTAAC-
CCTAACCCTAA with an N-terminal covalently linked Cy3
fluorescent dye (Applied Biosystems, Framingham, MA),
according to Meeker et al. (2002) and Molenaar et al. (2003) as
follows: Fixed cells were placed in 0.1 M citrate buffer and
steamed (Black and Decker Handy Steamer Plus; Black and
Decker, Towson, MD), cooled, and then extracted in PBS-
0.1% Tween-20 followed by 0.5 mg/ml protease type VIII
(Sigma Chemical, St. Louis, MO). After rinsing in water
followed by 95% ethanol and air-drying, 25 �l of the PNA
probe (0.3 �g/ml PNA in 70% formamide, 10 mmol/l Tris,
pH 7.5, 0.5% blocking reagent; Boehringer Mannheim, Indi-
anapolis, IN) was applied, and denaturation was carried out at
83°C for 4 min. Slides were then hybridized at room tempera-
ture for 2 h, washed in 70% formamide, 10 mmol/L Tris, pH
7.5, 0.1% albumin followed by TBS, and then either counter-
stained with DAPI (250 ng/ml in deionized water, Sigma
Chemical) mounted with Prolong antifade mounting medium
(Molecular Probes, Eugene, OR), and imaged or were pro-
cessed for indirect immunofluorescence (see below).

Florescence signals were visualized under an epifluores-
cence Nikon T2000 microscope (Melville, NY) to localize DAPI
and Cy3 labeling under 100� magnification. Fluorescent im-
ages were captured with a Spot Cam (Diagnostic Instruments,
Avon, MA). Integration times typically ranged between 400–
800 ms for Cy3 capture and 50–100 ms for DAPI. At the
beginning of each session optimum exposure times were de-
termined and held constant throughout so that all cells expe-
rienced identical exposures. In all cases telomeric signals were
within the linear response range, confirmed by the use of
fluorescent microbead intensity standards (Inspeck, Molecular
Probes). Photobleaching of the cy3 probe was linear �5% per
1000-ms exposure. Quantitation of the digitized telomere sig-
nals used an algorithm within the IP Lab Scanalytics image
analysis software package (Fairfax, VA) as described by
Meeker et al. (2002). Briefly, for a given nucleus the raw Cy3
image was filtered with a Gaussian filter after background
subtraction, and the corrected image segmented on gray-value
thresholding for contouring of telomeric spots that were then
binarized to create a mask. Telomeric signals identified by the
mask that were larger than background and contained within
the DAPI-labeled area were tabulated and compared with the
DAPI signal. A minimum of 250 telomeres were measure for
each condition.

Real-Time PCR of Telomeric DNA
Genomic DNA was isolated from P19 cells and serial dilu-
tions (10–0.625 ng/�l) from each stage of differentiation (see
Results) were amplified by real-time PCR on a Perkin-Elmer
Cetus machine (Norwalk, CT) using SYBR green to detect
increases in double-stranded DNA to determine relative
telomere amounts as described previously (Cawthon, 2002;
Gil and Coetzer, 2004) with the following modifications to
the primers: Tel-1: 5�-CGG-TTT-GTT-TGG-GTT-TGG-GTT-
TGG-GTT-TGG-GTT-TGG-GTT-3�; TEL-2: 5�-GGC-TTG-CCT-
TAC-CCT-TAC-CCT-TAC-CCT-TAC-CCT-TAC-CCT-3�. The
method amplifies telomeric DNA 80–500 base pairs in
length. The relative amounts of telomere DNA under each of
the differentiation conditions was calculated from the
threshold of amplification (Ct) value using the �� method
using the formula: 10ˆ((average Ct (sample) � Ct y inter-
cept)/slope).
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Telomerase Repeat Amplification Protocol Assay
Telomerase activity was measured by using a real- time PCR
assay that measures the ability of telomerase to extend an
exogenous primer (Wege et al., 2003, Herbert et al., 2006).
Briefly, P19 cells were lysed at 4°C in 10 mM Tris buffer
containing 0.5% CHAPS, 1 mM AEBSF, RNAse inhibitor,
and BME. The following primers were used to amplify serial
dilutions of 1, 0.1, 0.01, and 0.001 �g/�l protein: Forward
(TS): 5�AATCCGTCGAGCAGAGTT3�; Reverse (ACX): 5�
GCGCGGCTTACCCTTACCC-TTACCCTAACC 3� on a Per-
kin Elmer-Cetus machine using either Cy5 or SYBR green to
detect increases in double-stranded DNA. RNAse and heat
controls were included to confirm that the activity is due to
the telomerase holoenzyme and not to nonspecific amplifi-
cation (Kim and Wu, 1997).

Generation of ES and P19 Lines Stably Expressing Mouse
Telomerase
The mouse telomerase (mTERT) gene was excised from the
PGRN188 vector and cloned into the EcoRI site of the pBABE
PURO retrovirus. Correct orientation of the insert was verified
with SalI and XhoI. Both mTERT/pBABEpuro and empty vec-
tor DNA were transfected into Phoenix E packaging cells and
viral particles, collected 48 h later, and used to infect either
mouse D3 ES or P19 EC cells. Cells in which the virus had
stably integrated were selected in 2 �g/ml puromycin and
maintained in 1 �g/ml puromycin. Six independent clonal
lines expressing mTERT in ES cells (M1-6) and in P19 cells
(A1-6) and three independent lines expressing empty vector
(ESC1-3 or P1-3) were selected for analysis from a total of �50
produced in each cell line.

Differentiation of ES and P19 Embryonal Carcinoma Cells
D3ES cells were maintained in DMEM with 15% FBS, 1 �
NEAA, 1� l-glutamine, 0.1 mM �-mercaptoethanol, and
1200 U/ml ESGRO (Invitrogen, Carlsbad, CA). Neuroecto-
dermal differentiation was induced by reducing FBS to 10%
and removing ESGRO for 2 d and then adding 1 �M RA for
4 more days before changing medium to DMEM/F12 with
1 � N2, 1 �g/ml laminin, and 10 ng/ml basic fibroblast
growth factor (bFGF) for 4 d. Neural differentiation was
completed by changing media to Neurobasal medium with
4 mM l-glutamine, 1 � N2, 1 � B27, and 1 �g/ml laminin
and plating cells at 1 � 104/well in four-well Labtek plates
coated with 30 �g/ml polyornithine and 5 �g/ml laminin
for a further 7 d (Bain et al., 1995). P19 EC cells were main-
tained in �-MEM with 7.5% newborn calf serum and 2.5%
fetal bovine serum. Neuroectodermal differentiation of P19
cells was induced with 0.5 �M RA and plating onto nonad-
herent bacterial Petri dishes. Medium and RA was replen-
ished after 48 h, and cells were plated onto tissue culture
plastic after 2 more days to complete differentiation (Jones-
Villeneuve et al., 1983).

Immunoreactivity of Differentiating Cells
Telomeres were detected in fixed cells using a cy3-labeled
PNA probe (Molenaar et al., 2003). For concurrent immuno-
cytochemistry Formalin-fixed cells were labeled with Nestin
antibody 401 (Developmental Studies Hybridoma Bank),
followed by a fluoroesceinated secondary antibody and nu-
clei counterstained with DAPI. To determine when Nestin is
up-regulated, the percentage of total cells expressing Nestin
at each day after RA treatment was quantitated as follows:
five fields of cells from each of two slides from two inde-
pendent differentiations were photographed at 20 � magni-
fication using a Spot digital camera connected to a Nikon

fluorescent microscope. Approximately 100 DAPI-labeled
nuclei were counted in each field and the numbers of cells
also labeled with Nestin was determined. To investigate
neuronal differentiation, 5- or 6-d cultures on adherent sub-
strates were fixed with 4% PFA and labeled with �III-tubu-
lin antibody (TuJ-I, Covance, Madison, WI), a marker for
mature neurons. Immunoreactivity was visualized with a
fluorescent secondary antibody, and nuclei were counter-
stained with DAPI.

S phase Labeling with Halogenated Nucleotides
RA-treated ES and EC cells were incubated for 1 h at 37°C in
20 �M bromodeoxyuridine (BrdU). EC cells were further
treated with 100 �M chlorodeoxyuridine (ClDU) for 16 h
followed by 100 �M iododeoxyuridine (IDU) for 2 h (Alex-
iades and Cepko, 1996; Takahashi et al., 1996; Shen et al.,
2004) and then fixed in 5% acetic acid in methanol for 12 min
at 20°C. To detect labeling of cells in S phase, DNA in fixed
cells was denatured with 4 N HCl, and neutralized, and then
cells were incubated with specific anti-BrdU antibodies (Dol-
beare and Selden, 1994). BrdU antibodies were from Becton
Dickinson (Mountain View, CA); ClDU and IDU labeling
was detected via anti BrdU antibodies that cross react with
ClDU or IDU only, i.e., ClDU with MAS 250c (Harlan-Sera
Lab, Loughborough, England), and IDU with B44 (Becton
Dickinson; Aten et al., 1994).

RESULTS

Reduction in Telomere Length during Neuronal
Differentiation
The initial stages of neuroectodermal differentiation in P19
cells are highly reproducible because RA treatment synchro-
nizes the cell population (Ninomiya et al., 1997). Markers of
neuronal precursors (Nestin, RC1, and A2B5) are signifi-
cantly up-regulated at the third cell cycle after 2 d, and
neural differentiation is complete within 6–8 d (Figure 1A,
Shen et al., 2004). In contrast, initiating primary ES cell
differentiation does not synchronize the population, and
neural differentiation takes �20 d to complete (Figure 1A,
e.g., Bain et al., 1995). In P19s, the amount of telomeric DNA
at the third cycle, detected by real-time PCR (Cawthon, 2002;
Gil and Coetzer, 2004), decreased by 14.7-fold compared
with undifferentiated cells (Supplementary Table 1). To ver-
ify this result telomere length was further quantitated by
hybridizing telomeres in fixed cells with a cy3-labeled PNA
probe (Q-FISH; see Materials and Methods) or by hybridizing
Southern blotted telomere DNA to a digoxigenin-labeled
probe (TAGGG assay; see Materials and Methods). In each
case a dramatic reduction in telomere length was detected:
Densitometry of hybridized PNA probe revealed an average
decline of sixfold from 195 � 34.19–32 � 8.0 (fluorescence
units, Figure 1C), whereas the TAGGG assay revealed an
average decline in telomere length of 10.5-fold from 42 to 4
kb (Figure 1B–D). In contrast telomere length recovered by
5 d to 0.6-fold compared with undifferentiated cells by Q-
PCR, 0.54-fold by Q-FISH analysis or 0.46-fold by the South-
ern assay. Thus each method consistently reports a cata-
strophic decrease and recovery in telomere amount that is
reflected in changes in length, even though the quantitated
amount differs reflecting differences in the assay systems.
Double-labeling PNA-hybridized cells with antibodies
against Nestin, a marker of neural stem cells/precursors that
represent 	50% of the population at this time point (Shen et
al., 2004, and refer to Figure 4), showed that at 48 h Nestin-
expressing cells had undetectable telomeres (Figure 2A).
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Those cells that did hybridize strongly constituted �5% of
the total, suggesting that they represent the non-RA-respon-
sive cohort. In contrast only 12 h earlier, at 36 h after RA
treatment, a significant population of cells beginning to ac-
quire Nestin immunoreactivity still hybridized to the PNA
probe (Figure 2B). Likewise, in ES cells 5 d after RA treat-
ment to initiate neural differentiation, the PNA probe hy-
bridized most strongly to cells that did not express Nestin
(Figure 2C), whereas 48 h earlier no such difference in label-

ing was apparent. Hence in P19s a catastrophic loss of telo-
meric DNA in neural precursors occurs within merely three
cell cycles after RA treatment as the cells initiate neuroecto-
dermal differentiation. In P19s after 5 d, when the relative
amount of telomere DNA in the total population recovered
to 	0.6 of that in undifferentiated cells, the PNA probe
hybridized strongly to a few spots in the nucleus, indicating
significant differences in telomere length between individual
chromosomes (Figure 2D). The reduction in telomeric DNA
at the onset of differentiation did not correlate with a corre-
sponding reduction in TERT activity: Serial dilutions of
protein from the same samples used to determine relative
telomere amounts were analyzed using the PCR-based telo-
mere repeat amplification (TRAP) method (Wege et al., 2003;
Herbert et al., 2006). At the dilution equivalent to 1 cell (0.001
�g/�l) there was no significant difference in the threshold
cycle (Ct) for amplification in each of the three conditions
(undifferentiated, Ct 
 32.89; 48 h after RA, Ct 
 32.46; 5 d
after RA, Ct 
 34.41). Hence TERT activity does not change
during the third to fourth cell cycles when catastrophic loss
of telomeric DNA occurs.

Generation and Functional Characterization of P19 and
ES Lines Stably Overexpressing the mTERT Gene
To determine whether either P19 or ES cells overexpressing
telomerase would initiate neuroectodermal differentiation
normally, the mTERT gene (a generous gift of Dr. Ronald
DePinho, Dana Farber Cancer Institute, Boston, MA) was
cloned into the pBABEpuro vector (a generous gift of Dr.

Table 1. Summary of threshold cycle data for telomere amplifica-
tion using Q-PCR

Ct Telomere GAP-43

UD 18.24 � 0.18 (0.9865) 32.74 � 0.5 (0.8533)
3 day 22 � 0.22 (0.9795)*** 33.08 � 0.27 (0.8945)
6 day 18.49 � 0.21 (0.9674) 33.02 � 0.2 (0.9243)

The threshold cycle (Ct) was determined at the Y intercept for each
of the samples. The relative amounts of telomeric DNA in each
sample was calculated by D� (see Materials and Methods) and aver-
aged, with R2 values in parentheses. Levels at the third cell cycle
were decreased by 14.7-fold and at differentiation by 0.66-fold,
compared with undifferentiated cells. The difference between the
Cts for partially differentiated telomeric DNA and the other samples
was significant (***p � 0.001) by ANOVA analysis followed by
Student’s t test. (n 
 3 independent experiments).

Figure 1. Regulation of telomeric DNA in
differentiating P19 cells. (A) Stages in the neu-
roectodermal differentiation of P19 EC cells
(above the time line) and D3 ES cells (below
the time line). In both cases differentiation is
initiated with retinoic acid (RA) and forced
aggregation. In the absence of FGF-2 mTERT
expressing P19 cells deaggregate and undergo
apoptosis at day 3. ES cells are normally cul-
tured with FGF-2. When FGF-2 is removed at
day 18, mTERT-expressing cells undergo apo-
ptosis. (B) Fluorescence photomicrographs of
P19s either undifferentiated (left panel) or 3 d
after treatment with RA to initiate differentia-
tion that have been hybridized to the cy3-
labled PNA probe. Middle panel, two cells,
only one of which strongly hybridized to the
probe; right panel, a cell in which hybridiza-
tion has decreased. (C) Quantitation of PNA
hybridization in P19 cells either undifferenti-
ated (UD) or after 3 and 5 d (3D, 5D). Undif-
ferentiated P19s transfected with control
vector (PB) or mTERT provided for compar-
ison. (D) Southern blot of P19 DNA that has
been hybridized to a digoxigenin-labeled
telomere probe showing decrease in actual
telomere length after RA treatment that re-
covers by 5 d. HMW, high-molecular-weight
telomere control.
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Robert Weinberg, Massachusetts Institute of Technology,
Cambridge, MA), and virus particles obtained by infection
of Phoenix E cells with the plasmid were used to infect
undifferentiated P19 cells (see Materials and Methods). Six
independent puromycin-resistant P19 and ES clones stably
expressing mTERT and three independent P19 and ES lines
stably expressing pBABEpuro were selected.

Insertion of mTERT and pBABE into the P19 genome was
verified by PCR as described (Rahman et al., 2005) except
that the following reverse primer was used for mTERT:
5�-GCA GGACACCTGGCGGAAGGA-3� (R. Rahman, per-
sonal communication; Figure 3A). Overexpression of
mTERT protein was verified by immunocytochemistry us-
ing mTERT antibody (Figure 3B). Telomerase immunoreac-
tivity was more intense in cells stably expressing mTERT
than in those expressing only pBABEpuro. In both EC and
ES cells immunoreactivity colocalized with nuclear DNA
that had been labeled with DAPI. However, telomerase-
containing nuclear inclusions (Figure 3B, arrows) were seen
only in the mTERT-expressing cells. Similarly, telomerase
immunoreactivity was also only abundant in the cytoplasm
of mTERT-expressing cells (Figure 3B, right panels).

The functional consequences of mTERT overexpression on
telomeres were detected in two ways: First, the TRAP assay
showed a 2.5–5-fold increase in telomerase activity in the
mTERT expressing undifferentiated cells compared with
both wild-type cells and cells expressing vector alone. More-
over, telomerase activity did not change significantly during
differentiation (results not shown). Specificity of the TRAP
amplification was established with RNAse and heat controls
(Kim and Wu, 1997). Second, telomere length was evaluated
directly with the PNA telomere probe as before (Figure 3D). All
cells hybridized with the PNA probe. However, more mTERT-

expressing cells had higher levels of fluorescence even after
differentiation was initiated compared with vector-expressing
cells under the same conditions, suggesting that overexpress-
ing mTERT has also caused an overall increase in telomere
length in the undifferentiated EC and ES cells.

Outcomes of Neuroectodermal Differentiation in
mTERT-expressing P19 and ES Lines

mTERT-expressing Cells Up-Regulate Markers of Immature
Neural Progenitors Normally. Nestin is an intermediate fila-
ment protein whose up-regulation coincides with the transition
between pluripotency and commitment to a neuroectodermal
lineage and is therefore used to track progress of neuronal
differentiation (Mani et al., 2001). Immunoreactivity in the dif-
ferentiating cells appears as a “perinuclear rosette” (Figure 4,
A–D). All lines of differentiating P19 cells up-regulated Nestin
by 2 d after RA treatment (Figure 4, A and B). Differentiating ES
cells also up-regulated Nestin 2 d after RA was introduced to
the culture medium (Figure 4, C and D). We quantitated up-
regulation in the aggregated cells throughout the course of
differentiation using DAPI-labeled nuclei to identify total cells
as before (Shen et al., 2004). Maximal expression (50%) of Nes-
tin in parent or vector control P19 cells occurred 72 h after RA,
whereas in mTERT-expressing lines the maximal increase was
delayed to days 3–4, by which time there were no significant
differences in the proportion of total cells expressing Nestin. In
contrast maximal expression in parent and control ES cells
occurred between days 5–7 (48–72 h after RA treatment), and
the mTERT-expressing cells showed no delay. Hence mTERT-
expressing P19s and ES cells make the transition between mul-
tipotent stem cell equivalents and neuronally committed stem
cells in a timely manner.

mTERT-expressing P19 Cells Retain Markers of Neuroepi-
thelial Precursors. Vimentin is an intermediate filament pro-
tein expressed in precursors of CNS neurons that acquire the
neuroepithelial phenotype. During normal P19 differentia-
tion, vimentin up-regulation is transient and spans the tran-
sition between precursors that label with Nestin and neu-
rons that label with �III-tubulin (Falconer et al., 1989, Shen et
al., 2004). Hence, at day 2, all vimentin-labeled cells are also
labeled with Nestin, whereas at day 4 half of the vimentin-
labeled cells also label with �III-tubulin. Vimentin up-regu-
lation was slightly delayed in both control and mTERT-
expressing lines compared with parent P19 cells (Figure 5, A
and B). Moreover the proportion of cells labeling with vi-
mentin were significantly different between control and
mTERT-expressing lines. At day 4 an average of 7.8% of total
cells in control lines expressed vimentin (Figure 5A) com-
pared with an average of 70% in mTERT-expressing lines.
This rose to 83% by day 6 (Figure 5B). Thus, the mTERT-
expressing cells retain markers of neuroepithelial precur-
sors. In contrast vimentin expression could not be detected
in the D3 line of mouse ES cells at any stage after initiation
of differentiation (not shown).

mTERT-expressing P19 cells Do Not Complete Neuronal
Differentiation. The �III-tubulin isoform is a marker of ma-
turing neurons. During normal P19 differentiation, vimentin
expressing cells begin to acquire �III-tubulin immunoreac-
tivity by day 3, and in cultures treated with cytosine arabi-
noside (AraC) to suppress cell proliferation �90% of total
cells may express �III tubulin by day 5 (Jones-Villeneuve et
al., 1983). In the absence of AraC 50 – 60% of total cells are
neurons, with the remainder glial precursors (Shen et al.,
2004). �III-tubulin–labeled cells were numerous in aggre-

Figure 2. PNA Probe labeling of telomeres in diffderentiating P19
and ES cells. (A–D) Fluorescent photomicrographs of P19 cells and
ES cells hybridized to a cy3-labeled PNA probe that reacts with
telomeric DNA (Applied Biosystems) and mAb 401 against Nestin
(DSHB). Nuclei were labeled with DAPI. (A and B), 48 h after RA
treatment. (A) In P19 cells hybridization with the PNA probe is
confined to non-nestin-expressing cells (arrow) and is absent, or
restricted to only one or two spots, in nestin expressing cells. (B) In
ES cells hybridization is more robust in non-nestin–expressing cells
(short arrow) than in cells expressing nestin (long arrow). (C and D)
Four days after RA treatment. In both P19 cells (C) and ES cells (D)
nestin-expressing cells hybridize robustly with the PNA probe,
indicating long telomeres (arrows). Bar, 25 �m. (E) P19 cells 48 h
after RA treatment were also reacted with mAb TuJ-1 against �III
tubulin. Arrows show intense labeling of specific telomeres in some
cells. Bar, 25 �m.
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gates from the control lines but sparse in the mTERT-
expressing lines at day 4 (Figure 6A). At day 5, when
terminal differentiation of neurons is almost complete,
	50% of total cells in P19 parents and P2 and P3 controls
expressed �III-tubulin, whereas no more than 12% of the
mTERT-expressing lines A2 and A5 expressed �III-tubu-
lin antibody nor did they extend neurites. Thus, the
mTERT-expressing P19 neuroepithelial precursors do not
complete neuronal differentiation. In contrast, �III-tubulin
was up-regulated in 	35% of cells from both ES cells and
mTERT-expressing lines by day 9 of differentiation (6 d after
RA treatment; Figure 5D) however only 10% of cells expressed
�III-tubulin by day 12, the remainder having died at the time
that the cells were dissociated from the aggregates.

mTERT-expressing P19 and ES Cells Continue to Proliferate
When Control Cells Have Ceased. BrdU, a halogenated nu-
cleotide that intercalates in the replicating DNA of cells in S
phase (Dolbeare and Selden, 1994) was used to determine
the labeling index (LI) of the cells as they differentiated

(Figure 7A). During normal P19 differentiation the LI begins
to decrease by day 4 as symmetric cell division segues into
terminal differentiation of neurons (Ninomiya et al., 1997).
Thus in the parent P19s and the P2 and P3 control lines,
	70% of total cells were labeled by a 6-h pulse of BrdU at
day 1, when the cells are maximally synchronized (Figure
7A). By day 4 this decreased to 	25%, reflecting the cell
cycle exit of terminally differentiating neurons, whereas the
LI of the mTERT-expressing P19 lines remained constant at
	55%. In contrast, because ES cell differentiation is less
rigorously synchronized, the time frame at which prolifera-
tion ceases cannot be specifically identified in the same way.
Nonetheless, more mTERT-transfected ES cells remained in
the cell cycle even after terminal differentiation of neurons
had been initiated (not shown see below).

mTERT Overexpression Protects P19 Cells from Apoptosis
In P19s neuroectodermal differentiation is induced by treat-
ing cells with RA and concurrently plating them onto non-

Figure 3. mTERT overexpression in P19 cells. (A) PCR amplification of pBABE puro and PBABEpuro (mTERT). Lanes 2–4, pBABE puro
DNA. (2) Plasmid DNA. (3 and 4) genomic DNA from lines P2 and P3. Lanes 6–9, PBABEpuro (mTERT) DNA. (6) Plasmid DNA. (7–9)
Genomic DNA from lines A2, A5, and A6. Lanes 1, 5, and 10, 1-kb ladder. (B) mTERT immunocytochemistry. Fluorescent photomicrographs
of undifferentiated P19 and ES cells reacted with telomerase antibody. Nuclei were counterstained with DAPI. P19 lines (A2, A4, A5, and A6)
and ES lines (M1, M2 and M3) expressing mTERT all displayed immunoreactivity in both the nucleus and cytoplasm (arrows in right panels),
whereas P19 and ES cells expressing only empty vector (P2, E2) displayed little immunoreactivity. Bar, 25 �m. (C) PCR-based TRAP assay
of telomerase activity performed on 100 ng extract from undifferentiated P19 and ES cells (white bars), the PBABEpuro-expressing P19 and
ES lines P2, P3 and E1, E2 (light gray bars), and the PBABEpuro(mTERT)-expressing P19 lines A2, A4, and A5 (black bars) and ES lines M1,
M2 and M3 (dark gray bars). Telomerase activity was significantly higher in the mTERT expressing lines than in the control or parent lines
or (**p � 0.01) after ANOVA followed by Student’s t test. Bar, 25 �m. (D) Hybridization to PNA probe: fluorescent photomicrographs of cells
from the PBABEpuro(mTERT)-expressing lines A5 and A2 and the PBABEpuro-expressing lines P2 and P3 were hybridized with the
cy3-labeled PNA probe. Hybridization was overall more intense in cells expressing exogenous mTERT, even at day 2 (A2) when hybrid-
ization was lower in most control cells (P3). ES cells were similar (not shown). Bar, (A2, A5) 25 �m; (P2, P3) 50 �m.
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adherent Petri dishes, causing the cells to aggregate tightly
into “embryoid-like bodies.” (Treating with RA without
forcing aggregation induces endothelial differentiation).
Hence the proliferation of neuronal precursors is reflected in
increased protein in the aggregates through day 4, at which
point neuronal precursors initiate terminal differentiation,
with the result that cell numbers, and protein levels stabilize
(Ninomiya et al., 1997). Both P19 parent and control lines
behaved similarly: Cells aggregated tightly, protein levels in

the aggregates increased rapidly. In P19s protein stabilized
through day 5, at which point the aggregates were dissoci-
ated, and cells plated out to complete neuronal differentia-
tion (Figure 8A). Protein levels in the mTERT-expressing
aggregates also increased through day 2, but declined pre-
cipitously by day 3. Examining live cultures between days
2.0–3.0 (Figure 8, B and C) revealed that the mTERT-expressing
aggregates were less well compacted than controls and that
cells rapidly dissociated from them over the 12-h period be-
tween day 2.0 and day 2.5, so there was no net increase of
protein in the aggregates compared with day 1. In fact, all
cells in the mTERT-expressing line A2 (that showed the
highest levels of mTERT activity) dissociated, preventing
its use in the characterization experiments described
above.

In ES cells, induction of aggregation at day 1 precedes
RA treatment at day 3. All ES lines behaved similarly:
proliferation of neuronal precursors was reflected in in-
creased protein in the aggregates through day 4 after RA
treatment (day 7 after initiation of differentiation), at
which point the aggregates were dissociated, and cells
were plated out onto laminin to complete differentiation.

Figure 4. Upregulation of Nestin immunoreactivity in differenti-
ating P19 and ES lines. (A–D) Fluorescent photomicrographs of
mTERT-expressing P19 and ES lines 3 d after RA treatment reacted
with anti-Nestin mAb. Nuclei were counterstained with DAPI. (A
and B) mTERT-expressing P19 lines A4 and A5. (C and D) mTERT-
expressing ES lines M1 and M3. Arrows point to “perinuclear
rosette” staining characteristic of differentiating cells. Bar, 40 �m.
(E) The percentage of total (DAPI-labeled) cells expressing Nestin
was counted after RA treatment in P19 lines (E) and ES cells (F).
Parent cells (white bars) the control lines P2 and P3 and E1 and E2
(gray bars) and the mTERT-expressing lines A4 and A5 and M1, M2,
and M3 (dark gray bars). Both mTERT expressing P19s and ES cells
up-regulated Nestin in a timely manner. Parent P19s up-regulated
Nestin earlier, at 2 d, and by day 4 there was no significant differ-
ence in the percent of P19 cells expressing Nestin. MTERT express-
ing ES cells up-regulated nestin more efficiently than parent or
control lines.

Figure 5. Persistence of vimentin immunoreactivity in differenti-
ating mTERT-expressing lines. (A and B) Low power fluorescent
photomicrographs of transfected P19 lines 3 d after RA treatment
that have been reacted with anti-vimentin mAb. Nuclei were coun-
terstained with DAPI. (A) Control line P2 (line P3 appeared similar);
(B) mTERT-expressing line A5 (line A6 appeared similar). The
mTERT-expressing lines show significantly more vimentin labeling.
Bar 250 �m. (E) The percentage of total (DAPI-labeled) cells express-
ing vimentin in the control and mTERT expressing lines was aver-
aged on days 3–5 after RA (orange) and then plotted in comparison
with Nestin (pink), �III-tubulin (purple), and non-RA responsive
(white). Significantly, more cells from the mTERT-expressing lines
labeled with vimentin, and those cells retained label past the time
when neurons normally mature.
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By 2 d after RA treatment (day 5) both differentiating
control and mTERT-expressing aggregates formed blasto-

cyst-like bilayered structures with an inner cell mass com-
posed of primitive neuronal progenitors and an outer
layer of nonneuronal cells (Figure 8, D–F). This inner mass
increased in size through day 9 after RA (Figure 8, G–I).
Unlike P19s, ES cells did not deaggregate and if main-
tained in suspension culture were viable and increased in
size for �5 mo, past 70 population doublings (Figure 8J).
When these aggregates were plated onto permissive sub-
strates they were able to complete differentiation, but not
into neurons (Figure 8K and see below).

It was not clear whether the mTERT-expressing P19
cells that remained aggregated were dying disproportion-
ately or whether their proliferation rates slowed signifi-
cantly. P19 cells undergo two characteristic apoptotic
events during neuronal differentiation: the first at 	48 h
after RA treatment is associated with onset of neuronal
differentiation and the second between days 5– 6 is asso-
ciated with onset of glial differentiation (Shen et al., 2004).
We used the terminal deoxynucleotidyl transferase-medi-
ated dUTP nick-end labeling (TUNEL) method to quanti-
tate cell death in the aggregates directly (Figure 9, A and
B). Both stages of apoptosis occurred normally in parent
and control P19s. In contrast, apoptosis in the aggregated
mTERT-expressing cells was inhibited by 	30% at 2.5 d.
Hence, even though mTERT-expressing P19s tend to dis-
sociate from the aggregates and die, if they can remain
attached they are able to survive. Unlike P19s, mTERT-
expressing ES cells showed little tendency to spontane-
ously disaggregate (see above). However, when they were
dissociated to complete differentiation on laminin-coated

Figure 6. Differences in �III-tubulin immunoreactivity in differen-
tiating mTERT-expressing P19 and ES lines. (A and B) Fluorescent
photomicrographs showing P19 lines 3 d after RA treatment that
have been reacted with the �III-tubulin mAb TuJ-1 followed by
FITC-conjugated secondary antibody. (A) Control line P2 (line P3
appeared similar) showing intense TuJ-1 labeling in the cell body
and in neurites already extended even though the cells were in
aggregates (arrows). (B) mTERT-expressing line A5 (line A6 ap-
peared similar). TuJ-1 immunoreactivity was sparse and in those
cells that were labeled appeared diffuse. No neurites were seen. Bar,
25 �m. (C and D) The percentage of total (DAPI-labeled) cells
expressing �III-tubulin was counted after RA treatment in P19s (C)
and ES cells (D) in parent cells (white bars), control lines (light gray
bars), and the mTERT-expressing lines (dark gray bars). (C) Al-
though 60% of parent P19s and control P2 and P3 lines and ex-
pressed �III-tubulin by day 4, fewer than 10% of mTERT expressing
lines A 4 and A5 did so, indicating that they had not completed
differentiation (**p � 0.01 after ANOVA analysis followed by Student’s
t test). (D) In contrast there were no significant differences between
control and mTERT-expressing ES lines in �III-tubulin expression.

Figure 7. Enhanced BrdU incorporation in differentiating mTERT-
expressing lines. (A–C) BrdU labeling of DNA 2 d after RA. P2 P19
cells were treated for 6 h with 20 �M BrdU and then fixed and
reacted with an anti-BrdU antibody (Becton Dickinson). Nuclei
were counterstained with DAPI. (B) Merge. Inset is merge of anti-
BrdU with DAPI labeling in ES line E2. (D) The labeling index (LI):
total (DAPI-labeled) cells labeled with BRDU (LI) on days 1- 5 after
RA treatment; calculated P19s. Parent cells (white bar) control lines
P2 and P3 (gray bars) and mTERT-expressing lines A4 and A5
(black bars). Although 70% of parent P19s and control P2 and P3
lines were in S phase at day 1, fewer than 20% were still dividing by
day 5. In contrast, almost 60% of the mTERT-expressing lines re-
mained in S phase. (***p � 0.001 after ANOVA analysis followed by
Student’s t test).
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substrates, apoptosis of detached cells increased signifi-
cantly compared with control or parent lines (Figure 9,
C–E). Only those cells remaining tightly attached in ag-
gregates were able to complete differentiation (Figure 9, H
and I).

The results in P19s suggested that the cell cycle may have
lengthened in the mTERT-expressing cells. We incubated
cells at 2 d after RA with the halogenated nucleotide chlo-
rodeoxyuridine (ClDU) and then 16 h later with iodode-
oxyuridine (IDU) for 2 h before fixing and staining with
antibodies against BrdU that specifically cross-react with
either ClDU or IDU (see Materials and Methods). Hence cells
that remained in the cell cycle throughout would be detected
as brightly labeled with both ClDU and IDU; they were
detected in all lines (Figure 10, A and Bb). In contrast, cells
that had exited the cell cycle during the first 16 h would label
with ClDU only; they were more prevalent in control lines
(Figure 10Aa). Cells having a long cell cycle would label with
IDU only; they were more prevalent in the mTERT-express-
ing lines (Figure 10B). Finally cells that were apoptosing
would have condensed nuclei. These cells were labeled with
ClDU alone and were more prevalent in the control lines
(Figure 10, A and Bc). Cell cycle length had increased in
mTERT-expressing cells, and cells in the control lines that
are targeted to die at 48 h have not re-entered the cell cycle.
Because ES cells are not synchronized during early stages of

differentiation, measuring cell cycle length in this manner is
not feasible.

FGF Treatment Reverses Aggregate Dispersion and
Increases the Proliferative Capacity of mTERT-expressing
P19 Cells
In P19s overexpressing telomerase prevents aggregated cells
exiting the cell cycle and dying, but cells that do not remain
aggregated die immediately. Including 10 ng/ml FGF-2 to-
gether with the RA that is replenished after 48 h both re-
versed aggregate dispersion and prevented cell death: the
volume of individual aggregates from all the cell lines in-
creased on average five times during the first 7 d. Moreover,
FGF-2–treated aggregates from each of the cell lines ex-
pressed Nestin in similar proportions to untreated cells in-
dicating that their phenotype had not changed (not shown).
Most of the cells from the FGF-treated parent and control
lines died after 7 d, when differentiation would normally
have been completed. In contrast cells in the mTERT-ex-
pressing aggregates continued to proliferate. After 60 d,
59 � 5% of cells in mTERT lines expressed Nestin, whereas
37 � 6% had gone on to express �III tubulin. The A4 and A5
cells continued to proliferate for �5 mo in significant excess
of 70 doublings, provided that FGF was included at each
medium change. At 112 d after RA treatment the total pro-
tein in the mTERT-expressing aggregates was �10-fold ini-

Figure 8. mTERT-expressing lines in aggre-
gate cultures. (A) Protein content of control
and mTERT-expressing aggregates during
differentiation. Coomassie-based protein as-
says of 1 ml aliquots of aggregates from each
of the lines taken from days 1–5 after RA
treatment as follows: Parent P19s (open trian-
gle); P2 & P3 control lines (grey closed trian-
gles); mTERT expressing lines A2, A4 and A5
(black closed triangles). Note that all line A2
aggregates have dispersed by 3 days (black
closed triangle), whereas the protein levels in
aggregates from lines A4 and A5 has not in-
creased from day 1. Parent ES cells (open
square); E2 ES control line (grey open square);
mTERT-expressing ES line M3 (black closed
squares). Protein levels fall rapidly as mTERT-
expressing ES lines are dissociated for plating
onto laminin substrates. (B and C) Live cell
images of P19 cells at 52 h after RA treatment.
(B) Control line P2. (C) mTERT-expressing
line A4. P19s do not form bilayered structures.
mTERT-expressing aggregates are smaller
and less compact and more cells have disso-
ciated. Bar, 200 �m. (D–K) Live cell images of
ES cells during neuroectodermal differentia-
tion. (D–F) Forty-eight hours after RA treat-
ment both parent ES (D) control (E1) line (E)
and mTERT expressing line M1 (F) have
formed blastocyst-like bilayered structures
with an inner cell mass (small arrow) and an
outer layer (large arrow). The inner mass in-
creased; day 5 (G), day 7 (H). (I and J) ES cells
maintained in suspension culture for 21 d (I)
and 121 d (J). (K) Seventy-day aggregates
plated onto permissive substrates. Differenti-
ating cells migrate out from aggregates (ar-
row). Bar, (B–D) 200 �m; (E–G) 60 �m; (H) 200
�m; (I) 500 �m; (J) 2 mm; (K) 1 mm.
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tial levels (Figure 11A). More than 85% of the mTERT-
expressing cells labeled with �III tubulin and extended
neurites, indicating that the time in culture had not selected
for a nonneuronal cell population (Figure 11B). ES cells are
normally cultured with FGF during the time that neural
precursors proliferate and both control and mTERT-express-
ing cells remained aggregated and proliferated normally
(see Figure 8). However if control lines were maintained in
aggregates they ceased to proliferate and eventually disso-
ciated, whereas, like P19s, mTERT-expressing lines could be
maintained as proliferating aggregates at least through 5 mo
after differentiation was induced. Total protein was �15-fold
initial levels (Figure 11A and see also Figure 8). The aggre-
gated cells also continued to express �III tubulin (Figure
11C) and were able to extend neurites. However, if the
aggregates were dissociated most of the Tuj-1–expressing
cells died (see Figure 9), whereas nonneuronal cells survived
(see Figure 8K). Hence overexpressing mTERT in both P19s
and ES cells can immortalize a population of proliferating
neural precursors, but whereas the P19-mTERT precursors
can complete neuronal differentiation in a quantitative man-
ner, ES-mTERT precursors are capable of differentiating into
neurons, but the population does not do so quantitatively.

DISCUSSION

Here we have investigated the consequences of telomerase
up-regulation on the behavior of murine neural precursors
in vitro. Our results show that when either P19 embryonal
carcinoma (EC) cells or D3 mouse embryonic stem (ES) cells
overexpressing the rate-limiting riboprotein subunit of the
telomerase enzyme, mTERT, are treated with RA to induce
neuroectodermal differentiation and then are maintained
aggregated in the presence of FGF, they generate a popula-
tion of neural precursors with significantly enhanced prolif-
erative potential. Our results extend the study by Roy et al.
(2004), who transfected mTERT into ES neural progenitors
themselves, by showing that differentiation can be induced
normally in pluripotent cells already overexpressing telom-
erase and does not constitute a barrier to telomerase’s ability
to induce expansion of the precursor population. They also
extend the study of Armstrong et al. (2005) who constitu-
tively expressed mTERT in undifferentiated ES cells and
showed enhanced differentiation toward the hematopoietic
lineage by demonstrating that initial differentiation toward
the neuroectodermal lineage is also potentiated. Like
Bestilny et al. (1996), we also demonstrated that telomerase

Figure 9. Fate of mTERT-expressing lines in
aggregate cultures. (A) Quantitation of TUNEL
labeling in aggregated cells from P19 parent cells
(�) the control lines P2 and P3 (u) and the
mTERT-expressing lines A4, A5 and A2 (f).
Both the parent P19s and the control lines un-
dergo apoptotic events at days 2 and days 5 and
6, whereas apoptosis in the mTERT-expressing
lines is reduced by 30%. (*p � 0.05 after
ANOVA analysis followed by Student’s t test
compared with parent and P3 lines). (B) P2 cells
treated with TUNEL to transfer biotin-labeled
dUTP to cleaved DNA in apoptotic cells. Cell
nuclei counterstained with DAPI. Bar, 50 �m.
(C–I) Transfected ES cells 8 d after treatment
with RA dissociated to complete differentiation.
(C–E) Tunel labeling. Cell nuclei counterstained
with DAPI. (C) Control line (E1), apoptotic cells
are scattered throughout the aggregate (arrow).
(D and E) mTERT-expressing lines M2 and M3.
Apoptotic cells are concentrated at the aggregate
perimeter. Bar, 500 �m. (F–H) TuJ-1 labeling to
detect �III-tubulin expression at 8 d after RA
treatment. (F) ES control line E1. Cells at the
perimeter of aggregates are heavily labeled with
TuJ-1, indicating that they are differentiating
neurons (arrow). (G–I) mTERT expressing lines
M2 and M3. (G) No TuJ-1–labeled neurons mi-
grating out from the perimeter of the M2 aggre-
gate. (H and I) TuJ-1–labeled cells that remain
within residual aggregates differentiate and
send out neuritis (arrows). Bar, 500 �m.
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activity remains high in P19s as they differentiate but used
three independent methods to show that even so, telomeres
themselves shorten rapidly as cells acquire markers of neu-
ral precursors. In fact telomeric DNA in the differentiating
cells decreases by 8–14-fold within 2 d or four cell cycles
after differentiation is initiated. Such a catastrophic decrease,
equivalent to a reduction in average length from 40 to �5 kb,
and in association with down-regulation of either the pro-
tein or RNA component of telomerase, has been described to
precede cell cycle arrest in yeast and mammalian cancer cells
(Lustig, 2003, Li et al., 2004, Folini et al., 2005). In contrast,
telomerase in the P19s remained active in the in vitro TRAP
assay, implying that it cannot functionally interact with
telomeric DNA in the differentiating cells. Telomerase is
clearly located outside the nucleus even in cells not overex-
pressing mTERT (Chung et al., 2005); however, the signifi-
cance of this distribution as well as the mechanism causing
telomeres to shorten so rapidly is not at all clear.

Overexpression of telomerase allowed us to select several
independent P19 and ES lines in which both telomerase
activity and telomere length were increased. The lines initi-
ated differentiation and the neuronal precursors continued
to proliferate instead of terminally differentiating. The time
period during which pluripotent cells narrow their capacity
as precursors while differentiating into neurons is paralleled
by an important transition in how the cells handle DNA
repair. In undifferentiated ES/EC cells telomerase activation
is regulated by FGF-2 and TGF� on a background of inactive
p53, pRb, and E2F. In contrast differentiating ES/EC cells
normally down-regulate telomerase while activating p53,
pRb, and E2F, in order to be able to stimulate apoptosis if
chromosomal instability occurs, thereby reducing their pro-
liferative capacity. In P19 cells the initial apoptosis event that
normally occurs in aggregated cells after 36 h (Ninomiya et
al., 1997) was inhibited by 30% in agreement with studies on
endothelial differentiation showing that overexpressing te-
lomerase in ES cells inhibited up-regulation of these apop-
tosis-pathway initiators. In fact mTERT-expressing P19 cells
did not up-regulate pRb (results not shown, reviewed in
Miura et al., 2004).

However, telomerase overexpression is not sufficient to
inhibit apoptosis in the context of an evolving phenotype:
The normal process of P19 differentiation requires that cells

disperse and reaggregate at 48 h when medium and RA are
replenished. Most mTERT-expressing cells did not survive
this manipulation, detached from the aggregates, and died.
Reaggregation of P19s is a calcium/cadherin-dependent
process that requires transduction of FGF-2–mediated sig-
naling (Sakalian and Draber, 1991; Mani et al., 2001). Adding
FGF-2 to the replenished medium rescued the reaggregation
defect and allowed the mTERT expressing cells to continue
proliferating, implying that mTERT overexpression may in-
terfere with an endogenous source of FGF-2 in the differen-
tiating cultures. In this regard, FGF-2 has been shown to
inhibit apoptosis in differentiating P19s (Miho et al., 1999) as
well as to regulate telomerase activity in neural precursors
(Haik et al., 2000) and to prevent onset of early senescence in
fibroblasts (Trivier et al., 2004). Together the results suggest
that a FGF–telomerase positive feedback loop contributes to

Figure 10. Cell cycle status of differentiating P19 lines. (A and B)
Fluorescence photomicrographs of cells that have been incubated
with 100 �M ClDU for 16 h starting 48 h after RA treatment
followed by 100 �M IDU for 2 h before fixing and reacting with
BrdU antibodies that specifically cross-react with either ClDU or
IDU (see Materials and Methods). Specific ClDU labeling was visual-
ized with FITC-conjugated secondary antibody, and specific IDU
labeling was visualized with Texas Red–conjugated antibody. (A)
P2 cells. (B) A4 cells. (a) Cells that incorporated ClDU at the begin-
ning of the incubation but left the cell cycle thereafter. (b) Cells that
incorporated both ClDU and IDU, indicating that they have re-
mained in the cell cycle. (c) Cells that incorporated ClDU, having
condensed nuclei indicative of apoptosis. (d) Cells that incorporated
only with IDU, indicating an increased cell cycle. Bar 20 �m.

Figure 11. Long-term survival of mTERT expressing P19 and ES
cells treated with FGF-2. (A) Protein concentration over time in
culture in aggregated P19s and ES cells. Parent P19s (open circle)
and ES cells (open square). P19 control lines P2 and P3 (grey
triangles) and mTERT expressing lines M2 and M3 (black squares)
that had been cultured for up to 112 days after initial treatment with
RA, in the presence of 10 ng/ml FGF2. Whereas protein concentra-
tion declined rapidly in the parent and control lines, mTERT-ex-
pressing lines continued to proliferate albeit at a significantly slower
rate. (B–D) mTERT expressing cells cultured for 112 d and then
treated to complete differentiation before being reacted with the �III
tubulin antibody TuJ-1. B) �80% of mTERT expressing P19 cells
reacted with TuJ-1 and a significant number extended neurites
(arrow), indicating morphological maturation. (C and D) Very few
(�5%) of mTERT-expressing ES cells reacted with TuJ-1, but those
that did had neurites (arrows) indicating that they were capable of
morphological maturation. Bar, 250 �m.
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the protection from the apoptotic event seen at the transition
from stem cell to committed precursor. It seems likely that
this involves cmyc and activity of the ets transcription factor
family (reviewed by Dwyer et al., 2007). In support of this
notion mTERT–ES aggregates that are normally cultured in
the presence of FGF-2 remained tightly aggregated and did
not undergo apoptosis early in differentiation. However,
removing FGF-2 and dissociating them to enable differenti-
ation to be completed induced massive cell death, suggest-
ing that an apoptosis inhibitor to substitute for FGF may be
required. In this regard inhibition of the Rho/ROCK path-
way has recently been shown to be effective in enhancing
differentiation of neural precursors by inhibiting apoptosis
(Koyanagi et al., 2007).

In the presence of FGF-2, both types of mTERT-expressing
neural precursors continued to proliferate for more than
120 d, thereby evading replicative senescence. However our
results do not rule out that, as Gorbunova et al. (2002)
showed in fibroblasts, a minor subpopulation of mTERT-
expressing senescent cells do exist in the population. Protein
analysis suggested that the population-doubling time had
slowed significantly. In tumor cell lines, telomerase activity
regulates cyclin D1 expression to enhance proliferation; in
contrast, overexpression of telomerase can also cause cyclin-
dependent growth inhibitors (such as p16ink4a and
p21Cip1) to accumulate (Menzel et al., 2006). It may be,
therefore, that when telomere length itself is not rate limit-
ing, such as in mouse cells, whether cells divide or senesce
critically depends on telomerase levels and the ability to
regulate the cell cycle. However, it is also clear that the
telomerase levels were insufficient to recapitulate the prolif-
eration rate of cells at the beginning of differentiation: in the
ClDU/IDU double-labeling experiment many more mTERT
expressing cells were labeled with IDU alone even by day 3,
indicating a cell cycle length in excess of 24 h. Whether
increasing telomerase activity even more, either via its pro-
tein or via its RNA component can tip the balance in favor of
proliferation without enhancing tumorigenesis, remains to
be seen.

The tumorigenicity of EC (and ES) cells, when trans-
planted into adults, has been ascribed to contamination of
the transplant with residual undifferentiated or primitive
precursors (Andrews et al., 2005), and so it was important to
establish whether long-term culture of the mTERT-express-
ing cells would enrich for a primitive population with tu-
morigenic potential. This did not appear to be the case in
P19s where, after 4 mo in culture, the proportion of cells
expressing precursor markers (Nestin and �III tubulin) was
significantly higher than at the beginning of the differentia-
tion process. Whether this reflects selective apoptosis of
primitive contaminants or whether they proliferate very
slowly in these culture conditions is unclear, but is obvi-
ously critical because there is no acceptable level of tumor-
igenesis. In contrast a large population of ES cells not ex-
pressing neuronal markers survived immortalization.
Whether they have been transformed also remains to be
seen.

In P19s days 3–4 after RA treatment mark the transition
between symmetric and asymmetric division of neuronal
precursors (Shen et al., 2004). The significant proportion
(85%) of mTERT PI9s expressing �III tubulin after FGF-2
treatment and long-term culture together with inhibition of
apoptosis suggests that the precursors continue dividing
symmetrically; otherwise there would be a higher propor-
tion of more primitive cells in the final population. Our
results imply that overexpressing telomerase inhibits the
transition between symmetric and asymmetric division in

P19 cells, but not their ability to complete morphological
differentiation, suggesting that asymmetric cell division is
not a prerequisite for neurogenesis in P19 EC cells. In con-
trast, there were significantly more nonneuronal cells in
long-term cultures of ES cells, suggesting that telomerase
activity is different. Furthermore our results showing that
mTERT ES cells were not able to quantitatively complete
terminal differentiation in vitro because removing FGF-2
induced apoptosis contrast with those reported by Roy et al.
(2004) who showed functional differentiation of ES-derived
telomerase expressing precursors when they were trans-
planted into a host in vivo. They suggest that critical extrin-
sic factors that inhibit apoptosis are insufficient in these in
vitro conditions. The role of telomerase in neuronal differ-
entiation has not been clear. On one hand, signals that
induce cell differentiation also suppress telomerase activity,
suggesting that telomerase activity decreases as a conse-
quence of the cell differentiation (reviewed in Mattson et al.,
2001). On the other hand, suppressing telomerase expression
with antisense (Kondo et al., 1998) can induce differentiation,
suggesting that it plays a functional role in the transition
between proliferation and differentiation. Nonetheless, these
results showing that surviving neurons can complete mor-
phological differentiation indicate that the barrier prevent-
ing neuronal differentiation in vitro is not insurmountable in
the presence of telomerase and together the results further
emphasize the importance of telomerase in stem cell biology
independent of its function in telomere regulation.
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