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ABSTRACT

The majority of tumor cells overcome prolifera-
tive limit by expressing telomerase. Whether or
not telomerase preferentially extends the shortest
telomeres is still under debate. When human can-
cer cells are cultured at neutral pH, telomerase
extends telomeres in telomere length-independent
manner. However, the microenvironment of tumor is
slightly acidic, and it is not yet known how this influ-
ences telomerase action. Here, we examine telom-
ere length homeostasis in tumor cells cultured at
pHe 6.8. The results indicate that telomerase pref-
erentially extends short telomeres, such that telom-
ere length distribution narrows and telomeres be-
come nearly uniform in size. After growth at pHe
6.8, the expression of telomerase, TRF1, TRF2 and
TIN2 decreases, and the abundance of Cajal bod-
ies decreases. Therefore, telomerase are insufficient
for extending every telomere and shorter telomeres
bearing less shelterin proteins are more accessi-
ble for telomerase recruitment. The findings support
the ‘protein-counting mechanism’ in which extended
and unextended state of telomere is determined by
the number of associated shelterin proteins and the
abundance of telomerase. Decreased expression of
telomerase and preferential extension of short telom-
eres have important implications for tumor cell via-
bility, and generate a strong rationale for research on
telomerase-targeted anti-cancer therapeutics.

INTRODUCTION

The microenvironment of tumors is characterized by oxy-
gen deficiency (hypoxia) due to structural and functional in-
adequacy of the vasculature that delivers oxygen and other
nutrients to the tumor cells (1). As a result, tumor cells de-
pend on processing glucose through the glycolytic pathway,
to generate pyruvate and lactic acid, a phenomenon called
the Warburg effect (2-3). High dependence on glycolysis
generates excess hydrogen ions (H*), which acidifies the ex-
tracellular environment in the tumor (4-5). The pH of the
extracellular space has been measured directly in human
tissues by insertion of electrode or nuclear magnetic reso-
nance probes (6-8). These studies showed that the extracel-
lular pH (pHe) of normal and cancer cells was ~7.4 and
6.9, respectively. The acidic extracellular microenvironment
of tumor cells correlates with altered gene expression, and
is thought to facilitate tumorigenic transformation, tumor
cell migration and invasion (9).

DNA replicative enzymes are incapable of replicating the
terminal segment of eukaryotic chromosomes (end replica-
tion problem), such that chromosomal telomeres grow pro-
gressively shorter when telomerase is absent. Eventually,
extremely short telomere induces replicative senescence or
apoptosis (10). Many cancer cells avoid replicative senes-
cence by expressing active telomerase, a ribonucleoprotein
with reverse transcriptase activity that adds telomeric GGT-
TAG sequence to the end of telomeres (11). Therefore,
telomerase is considered as a potential target for cancer
therapeutics, and it is important to understand how telom-
erase extends telomeres in human cancer cells. One model
proposes that telomerase preferentially extends the shortest
telomeres in mammalian cells under the situation in which
either telomerase or telomere length was artificially changed
(12-15), whereas under telomere length maintenance condi-
tion, telomerase extends telomeres in a length-independent
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manner (16,17). To date, no studies have examined how the
acidic extracellular pH of tumor microenvironment influ-
ences telomere extension by telomerase.

Protein factor that modulates telomere extension by
telomerase is a six-protein telomere binding complex called
‘shelterin’ (18). Shelterin components negatively regulate
telomerase (12). For instance, overexpression of shelterin
protein, TRF1 or TRF2, causes progressive shortening
of telomeres in human cancer cells (19) and knockdown
of other shelterin protein, TIN2 or TPP1 or POTI in
telomerase-positive cells leads to telomere elongation (20—
22). The shelterin complex may inhibit telomerase by physi-
cally blocking accessibility to the telomeres (12). It has been
proposed that yeast cells and possibly human cells can phys-
ically ‘count’ the number of shelterin molecules per telom-
ere, and that the higher number, the lower potential of that
telomere to be extended by telomerase. This is called the
‘protein-counting mechanism’, but it is not understood in
molecular detail how shelterin molecules are detected and
‘counted’, or how telomerase is selectively inhibited from
extending longer telomeres. Nevertheless, it is clear that
a protein-counting mechanism does not apply when hu-
man tumor cells are grown at pHe 7.4 (16). As mentioned
above, no published data addresses the question of whether
a protein-counting mechanism exists to target telomerase to
short telomeres in tumor cells cultured in a slightly acidic
microenvironment.

This study compares telomere extension in tumor cells
cultured in medium at pHe 6.8 and pHe 7.4. The results
show that longer telomeres become progressively shorter
and shorter telomeres become longer, such that the size dis-
tribution narrows over successive generations of cells grown
at pHe 6.8. These and other data support the hypothesis
that telomerase selectively extends short telomeres when the
extracellular pH is slightly acidic. Furthermore, the abun-
dance of telomerase protein, the number of Cajal bodies,
which deliver telomerase to telomeres, and the abundance of
TRF1/TRF2/TIN2 decreases under slightly acidic growth
conditions. These results suggest that the protein-counting
mechanism selectively targets active telomerase to short
telomeres in human tumor cells. The implications of these
results are discussed.

MATERIALS AND METHODS
Cell culture

HeLa cells were obtained from Cell Resource Center of
Peking Union Medical College and were cultured at 37°C
under 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma) supplemented with 10% fetal calf serum
(PAA) and 100U/ml penicillin and streptomycin (Hy-
Clone). The pH of DMEM was adjusted as previously de-
scribed (23). Briefly, the appropriate amount of bicarbonate
and HEPES were added to DMEM to adjust pH to 6.8, 7.1
or 7.4. The pH of final media was measured after 5% CO,
was bubbled into medium for 30 min. The pH of medium
was measured intermittently during cell culture. The data
show that media pH changed less than 0.2 units on average
during the course of experiment.
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Cell cycle synchronization

Exponentially growing HeLa cells were synchronized with
thymidine (2 mM) for 19 h, washed with pre-warmed phos-
phate buffered saline (PBS) (three times), then incubated
with fresh medium for 9 h. Thymine (2 mM) was added to
medium and cells were incubated for additional 17 h before
released into fresh medium.

Telomere restriction fragment (TRF) assay

Genomic DNA was extracted using AxyPrepTM Blood
Genomic DNA Miniprep Kit (Axygen Biosciences, Union
City, USA) following the instruction provide by manufac-
ture. Isolated DNAs were digested with Hinf I and Rsa I
and resolved on a 0.7% agarose gel. The denatured and
dried gel was hybridized with 3?P-labeled oligonucleotides
(TTAGGG),4 and exposed to a PhosphorImager screen. The
weighted mean telomere length was calculated as described
previously (13).

TRAP assay

TRAP (Telomeric Repeat Amplification Protocol) assay
was performed as described previously (11). The telomerase
products (6 bp ladder) and the 36 bp internal control (IC)
bands were quantified using the ImageQuant (GE). Rela-
tive telomerase activity was calculated as the intensity ratio
of TRAP ladders to IC band.

Fluorescence insitu hybridization (FISH) and immunofluo-
rescence (IF) assay of TRF2 and/or coilin

Fluorescence in situ hybridization (FISH) and immunoflu-
orescence (IF) were performed as previously described (24).
Briefly, cells on coverslip were fixed with 4% paraformalde-
hyde, permeablized in 0.5% Triton X-100 (in 1 x PBS).
Cells were incubated overnight at 4°C with primary an-
tibodies against coilin (Abcam) or TRF2 (Millipore) or
53BP1(Novus), washed three times, and incubated with sec-
ondary antibodies (DyLight 488-conjugated anti-mouse or
DyLight 405-conjugated anti-rabbit). The cover slip was
washed with PBS, incubated in 4% paraformaldehyde for
10 min, washed in ethanol series solutions, denatured at
85°C for 3-5 min, and then hybridized with Cy3-labeled
(CCCTAA); PNA probe (Panagene) at 37°C for 2 h. The
cells was washed and mounted with DAPI. Fluorescence
was detected and imaged using Nikon Ti microscope. The
fluorescence intensity of telomeres was analyzed by Image J
software. To quantify the relative length of telomeres occu-
pied by Cajal bodies (Telomeres that colocalize with coilin
foci), over 700 cells from each group (pH 7.4 and pH 6.8)
were randomly chose from three independent experiments.
The group information is masked from the person examin-
ing the cells. Cajal bodies-occupied telomeres were sorted
out and their size was determined by Image J software.

Isolation of BrdU-labeled nascent telomeric DNA

CsCl gradient separation of leading versus lagging telom-
eres was performed as previously described (16,25). CsCl
fractions containing lagging telomeres were pooled together
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and surface-dialyzed (2% agarose gel) to reduce the salt con-
centration and then precipitated by ethanol. Purified lag-
ging telomere DNA were digested by duplex-specific nu-
clease (DSN) (0.5 units, Evrogen) and subjected to sec-
ond round of CsCl gradient. Telomeric overhangs in each
fraction were detected by slot blot and hybridization with
telomeric C-rich probe. The overhang signal of each frac-
tion was plotted with corresponding density of CsCl. Ob-
tained curve was fitted with the function of Two Gaussians
Distributions and areas of Gaussian peaks were calculated
using Prism 5 (GraphPad Software, Inc.).

In gel hybridization to determine the relative abundance of
telomeric overhangs

Isolated genomic DNAs were digested with Hinf1 and Rsal
and resolved on a 0.7% agarose gel. DNA digested with 10
U of exonuclease I (NEB) served as a control (background).
The gel was dried, prehybridized (6 x SSC, 5 x Denhardt’s
solution, 0.5% [w/v] sodium dodecyl sulphate (SDS)) and
hybridized with C-rich probe under a native condition. Gel
was exposed to a PhosphorImager screen and the signal of
telomeric overhangs was obtained by scanning at Typhoon
Scanner (GE). The gel was then denatured (0.5 M NaOH,
1.5 M NacCl for 1 h), rinsed three times with distilled wa-
ter, neutralized (0.5M Tris—HCI at pH 8§, 1.5M NacCl for 30
min) and re-hybridized with C-rich probe. Thus, the signal
of total telomeres was obtained by exposing gel to Phospho-
rImager followed by scanning at Typhoon Scanner (GE).
The relative abundance of telomeric overhangs was calcu-
lated by normalizing the signal of telomeric overhangs to
the signal of total telomeres.

To determine the net increase in overhang abundance
from 0 h (G1/S) to 6 h (late S phase) for telomeres of dif-
ferent length, telomeres resolved on gel were divided into
90 intervals according to their size. The relative overhang
signal at each interval was determined as described above.
Net increase was calculated by subtracting overhang signal
at 0 h (before telomerase action) from overhang signal at 6
h (after telomerase action but before C-rich Fill-in). The net
increase of overhang abundance in intervals corresponding
to telomere size from N —0.5to N+ 0.5kb(N=1,2,3...)
were added up and the sum was plotted with size N kb using
Prism 5 (GraphPad Software, Inc.).

Telomere quantitative fluorescent in situ hybridization (Q-
FISH)

Q-FISH was performed as previously described (26). FITC-
labeled (CCCTAA); PNA probe (Panagene, Korea) was
used. Fluorescence of telomeres was digitally imaged on a
Zeiss microscope with FITC/DAPI filters. The fluorescence
intensity of telomeres was analyzed by AxioVision software
4.8 and TFL-TELO program (a gift from P. Lansdorp).

Western blot

Cell samples were lysed and boiled for 10 min. Proteins
were separated by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis, transferred to PVDF membrane and

detected with relevant antibodies against TRF1 (Gene-
Tex), TRF2 (Millipore), RAP1(Proteintech), coilin (Ab-
cam), H4ac (Millipore) or H3K9ac (Sigma).

Chromatin immunoprecipitation (ChIP)

Cells were cross-linked with 1% formaldehyde for 10 min
at room temperature and washed twice with cold PBS, re-
suspended in SDS lysis buffer (SOmM Tris—HCI, pH = 8.1,
10 mM ethylenediaminetetraacetic acid, 1% SDS) and son-
icated to fragments of 200 bp to 1 kb. The supernatant
was pre-cleared with Protein-A agarose beads precoated
with Escherichia coli genomic DNA. Chromatin immuno-
precipitation (ChIP) was carried out overnight at 4°C with
anti-TRF2 (Millipore), anti-H3K9ac (Sigma), anti-H4ac
(Millipore) or IgG (Sangon). Beads were washed three
times, and eluted with 0.1M NaHCO; & 1% SDS, followed
by reverse cross-linking and phenol-chloroform extraction.
DNA fragments were precipitated by ethanol and blotted
onto NC membranes. Telomeric DNA was detected by hy-
bridization with telomere-specific probe.

Quantitative real-time PCR

Total RNA was extracted from cells using RNAiso Plus
Reagent (Takara) according to manufacturer’s instructions.
Total RNA (1.0 wg) was reverse-transcribed to cDNA using
PrimeScript RT reagent Kit (Takara). An equal amount of
c¢cDNA was used for real-time polymerase chain reaction
(PCR) in Realtime PCR Master Mix (ABI). B-actin was
used as an IC for all experiments. The threshold cycle (CT)
value was calculated using the Step One software V2.1 pro-
vided by ABI. The following primers were used for PCR:
B-actin-forward:5’-CATGTACGTTGCTATCCAGGC-

3 B-actin-reverse: 5-CTCCTT
AATGTCACGCACGAT-3; hTERT-forward: S'-
GGAGCAAGTTGCAAAGCA TTG-3"; hTERT-reverse:
5-CCCACGACGTAGTCCATGTT-3'; hTR-forward: 5'-
AACCCTAACTGAGAAGGGCGTAGGCG-3;  hTR-
reverse:  5-GCGAACG GGCCAGCAGCTGACATT-
3 TRF1-forward: 5-AACAGCGCAGAGG
CTATTATTC-3; TRF1-reverse: 5-
CCAAGGGTGTAATTCGTTCATCA-3'; TRF2-forward:
5-GTACGGGGACTTCAGACAGAT-3; TRF2-reverse:
5- CGCGACAGACACTGCATAAC-3"; RAPI1-forward:
5-GCGTCTGGTCA GAGAGCTG-3; RAP1-reverse: 5'-
TCAATCCTCCGAGCTACATTCT-3'; TIN2-forward: 5'-
ACGCCTTTGTATGGGCCTAAA-3"; TIN2-reverse: 5'-
AAGTTTCCTGTGCCTCCAAAAT-3; POTI1-forward:
5-CAGCCAATGCA  GTATTTTGACC-3; POT1-
reverse: 5-GGTGCCATCCCATACCTTTAGAA-3;
TPP1-forward: 5-CCTCCACACGGTGCAAAAATG-3;
TPP1-reverse: 5'- CTCTGCTTGTCGGATGCTCAG -3'.

RNA&DNA FISH

RNA&DNA FISH was performed to detect hTR and
telomeres as described previously (27) with a minor mod-
ification. Briefly, S phase-synchronized cells were fixed with
4% paraformaldehyde for 30 min at room temperature, per-
meablized in 0.1% Triton X-100 (in 1xPBS). Cells were



then blocked with prehybridization buffer at 37°C for 1h
and denatured at 85°C for 5 min. Hybridization was car-
ried out in hybridization buffer containing both hTR probe
(fluorescein isothiocyanate-conjugated DNA probes com-
plementary to hTR (28)) (TAKARA Bio Inc) and telom-
eric probe (Cy3-labeled (CCCTAA);3) (Panagene, Korea) at
37°C overnight. Cells were then washed and mounted with
DAPI. Fluorescence was detected and imaged using Nikon
Ti microscope.

Micrococcal nuclease assay

Micrococcal nuclease assay was performed as previously de-
scribed (29).

Statistical analysis

The student’s two-tailed unpaired z-test was used to deter-
mine statistical significance and the resulting P-values are
indicated in figures.

RESULTS

Reduced length and heterogeneity of telomeres in cells cul-
tured at pHe 6.8

A previous in vivo study demonstrated that the extracellu-
lar pH (pHe) of tumors was in the range of 6.7-7.1 (30),
while the pHe of normal human cells was 7.4. To examine
how pHe influences cell growth and telomere homeostasis,
tumor cells were cultured at pHe 6.8, 7.1 and 7.4, rates of
cell proliferation, apoptosis and senescence were evaluated,
and telomere properties were analyzed. The results show
that cells cultured at pHe 7.1 or 7.4 proliferate at a simi-
lar rate, while cells cultured at pHe 6.8 proliferate slowly
(Figure 1A). No senescent or apoptotic cells were observed
(data not shown). After 30 population doublings (PDs), we
used the telomere restriction fragment (TRF) method to
measure telomere length. Cells cultured at pHe 7.4 demon-
strated typical heterogeneity (2-12 kb) and average length
of telomeres (5.4 kb), and the telomere length distribution
was maintained through 30 PDs (Figure 1B). In contrast,
cells cultured at pHe 6.8 displayed progressive shortening
of longer telomeres and progressive lengthening of shorter
telomeres. Through ~20 PDs, the length of telomeric re-
striction fragments became considerably less heterogeneous
and the distribution of telomere lengths narrowed; for the
last 10 PDs, the new more uniform telomere length distri-
bution was maintained (Figure 1B).

In the above experiment, the average telomere length in
a population of cells was measured by the TRF assay. To
evaluate telomere lengths at the single cell level, telomeres
in a single cell were visualized by q-FISH and their sizes
were compared for cells grown at pHe 6.8 for 0 PD and 33
PDs. In the PD = 0 cell, telomere length (n = 285) was het-
erogeneous, ranging from 60 to 500 relative telomere length
(RTL). However, after 33 PDs at pHe 6.8, telomere length
(n = 270) ranged from 80 to 280 RTL (Figure 1C and D),
indicating decreased length and heterogeneity at the single
cell level. Similar results were obtained with a larger q-FISH
sample size (cell population) of 15 321 telomeres of PD =
0 cells and 11552 telomeres of PD = 33 cells (Figure 1E).
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These results strongly suggest that telomerase selectively ex-
tends short telomeres in tumor cells grown at pHe 6.8.

Detection of nascent DNA on short telomeres at pHe 6.8

Previous studies using HeLa cells cultured at pHe 7.4 sug-
gest that during S phase of cell cycle, telomerase adds ~60 nt
of the telomeric repeat (GGTTAG) to almost each telomere
in cell in a telomere length-independent manner (16). Re-
sults presented in Figure 1 show that long telomeres shorten
progressively at pHe 6.8. As mentioned above, a possible
explanation for that result is selective extension of short
telomeres by telomerase. To explore this possibility, we first
determined the percentage of telomeres that were extended
by telomerase during one cell cycle. During telomere repli-
cation of lagging daughter, the parental G-rich strand does
not incorporate BrdU, so the overhangs remain unlabeled
and of low density until they are extended by telomerase
(Figure 2A). By counting the number of lagging overhangs
with (extended, higher density) and without BrdU (unex-
tended, low density), the fraction of telomere ends extended
by telomerase can be determined (Figure 2A). For this ex-
periment, HeLa cells were cultured in medium containing
BrdU for one cell cycle (20 h for pHe 7.4 and 30 h for
pHe 6.8). Genomic DNA was harvested and lagging daugh-
ter of telomeres was isolated by CsCl density-gradient cen-
trifugation (Supplementary Figure S1). The recovered lag-
ging telomeres were digested with DSN and subjected to a
second round of CsCl density gradient centrifugation. The
fraction of telomeric overhangs of high and low density was
measured by slot blot and fitted to Gaussian distributions
(16); the ratio of overhangs with high density indicates the
fraction of telomeres extended by telomerase during one cell
cycle (Figure 2A). The results showed that telomerase ex-
tended 77 4 4% of telomeres at pHe 7.4, consistent with our
previous report (16). However, only 48 £ 4% of telomere
ends were extended by telomerase when cells were cultured
at pHe 6.8 (Figure 2B and C).

To further understand how telomerase acts upon differ-
ent length telomeres, we examined the change of overhang
length during S phase using in-gel hybridization. Because
telomere extension by telomerase and C-rich fill-in are un-
coupled, 3’ overhangs are transiently longer during S phase
(16). This makes it possible to measure and compare the
increases of telomere overhang length during S phase in
cells cultured at pHe 7.4 or pHe 6.8. For this experiment,
cells were synchronized at G1/S, released into S phase for
6 h (just before C-rich fill-in) and harvested (Supplemen-
tary Figure S2). Genomic DNA was isolated and telomeric
DNA was electrophoresed into a 0.7% agarose gel. Elec-
trophoresis was stopped after telomeres had penetrated ~1
cm into the gel so that telomeres of various lengths did not
separate significantly according to size but remained as a
compact hand that concentrated the overhang signal into a
small area. Relative overhang abundance on telomeres was
determined by in gel hybridization, in which the signal hy-
bridizing to the overhang (native) is compared to the to-
tal telomere signal following denaturation (Figure 2D). As
expected, quantitative results showed the increase of over-
hang abundance at late S phase (6 h after release) for cells
cultured at pHe 6.8 and 7.4, demonstrating the extension
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of overhang by telomerase. However, the relative overhang
abundance of cells cultured at pHe 6.8 is slightly less than
that of cells cultured at pHe 7.4 (P = 0.027), indicating less
extension occurring on telomeres in cells grown at pHe 6.8.

Given the fact that telomeres extended by telomerase
have longer overhang during S phase and that only 48%
of telomeres are extended by telomerase in cells cultured at
pHe 6.8 (Figure 2B and C), the purpose of following exper-
iment is to determine which telomeres (long or short telom-
eres) are extended by telomerase: telomeres were fully re-
solved by size by agarose gel electrophoresis; telomeres on
gel were divided into 90 intervals according to their size, so
each interval corresponds to the cohort of telomeres with a
specific size; relative overhang abundance and net increase
from 0 h (G1/S) to 6 h (late S phase) in each interval was cal-
culated by in gel hybridization overhang assay (Figure 2E,
see ‘Materials and Methods’ section for details). Figure 2F
shows a graph of the net increase of overhang abundance for
telomeres of different length. The results show that telomere

extension as indicted by increased abundance of overhangs
was relatively insensitive to telomere length over the range
2-10 kb in cells grown at pHe 7.4, while in contrast, there
was selective or preferential extension of short telomeres in
cells grown at pHe 6.8.

Decreased abundance of telomerase in cells cultured at pH
6.8

One possible mechanism for preferential extension of short
telomeres at low pHe is decreased abundance of telomerase.
Therefore, the abundance of hTR and hTERT was deter-
mined by q-PCR. Although no difference in hTR level was
observed, expression of hTERT was ~50% lower in cells
cultured at pHe 6.8 than in cells cultured at pHe 7.4 (Figure
3A). Consistent with this result, in vitro TR AP assay (Figure
3B and C) showed that telomerase activity was ~50% lower
in cells grown at pHe 6.8. However, when hTERT shRNA
was used to reduce the level of hTERT mRNA in HeLa
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plotted with corresponding telomere size (see ‘Materials and Methods’ section for details). The pHe of culture medium is indicated.

cells to ~50% of normal level (Figure 3D and Supplemen-
tary Figure S3), telomere shortening occurred over 30 PDs
in a length-independent manner, when cells were grown at
pHe 7.4 (Figure 3E). The conclusion was further confirmed
by gq-FISH assay in which telomere length of telomerase-
deficient cells (clone 7) at early (5 PD, n = 6012) and late
PDs (30 PD, n = 5066) were compared (Figure 3F and G).
Thus, decreased abundance of telomerase is not sufficient
for preferential extension of short telomeres.

Histone acetylation at telomeric chromatin and decreased
abundance of shelterin complex

Previous studies reported decreased histone acetylation
when tumor cells were cultured at acidic pHe (23) and that
altered telomeric epigenetic marks correlate with telomere

length deregulation (31-32). To explore whether histone
acetylation varies with pHe, the abundance of acetylated
telomeric histones was measured in cells cultured at pHe 7.4
or 6.8 using a ChIP assay. The results showed that the abun-
dance of acetylated histones in telomeric chromatin was in-
dependent of pHe for HeLa cells grown in culture at pHe
7.4 or 6.8 (Supplementary Figure S4A and B). Consistent
with this observation, micrococcal nuclease (M Nase) assay
showed that the extent of condensation/decondensation of
telomeric DNA was also independent of pHe (Supplemen-
tary Figure S4C and D). These results rule out the possi-
bility that pHe-dependent changes in telomeric heterochro-
matin regulate telomerase, leading to preferential extension
of short telomeres.

The abundance of mRNAs encoding shelterin compo-
nents TRF1, TRF2, RAPI, TIN2, POT1 and TPPI was
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also determined by q-PCR. The results showed a significant
decrease in expression of TRF1, TRF2 and TIN2 at pHe
6.8 (Figure 4A). Western blot analysis confirmed decreased
abundance of TRF1 and TRF2 protein at pHe 6.8 (Figure
4B). Antibody against TRF2 was validated by knockdown
experiment using CRISPR /Cas9-based technique (Supple-
mentary Figure S5). Because TRF1 and TRF2 associate
directly with telomeric dsDNA (18), we examined whether
low pHe leads to reduced coating of telomeres by the shel-
terin complex using IF with antibody to TRF2 and FISH
assay for telomere repeats, respectively. In cells cultured at
pHe 6.8, ~30% of telomeres lacked detectable TRF2 (Fig-
ure 4C and D). Furthermore, these TRF2-negative telom-
eres are significantly shorter (on average) than telomeres co-
hybridizing with TRF2 (P < 0.0001) (Figure 4E).

Telomerase is preferentially recruited to short telomeres

It has been proposed that Cajal bodies promote telomerase
assembly and deliver telomerase holoenzyme to telomeres
(33-34). Interestingly, western blot showed that the abun-
dance of coilin, a core protein in Cajal Bodies, was lower in
cells cultured at pHe 6.8 than in cells cultured at pHe 7.1

or 7.4 (Figure 5A). Consistent with this result, fewer Cajal
bodies were detected by IF studies of cells grown at pHe
6.8 (Supplementary Figure S6A). hTR, a RNA component
of telomerase, co-localized with Cajal bodies in cells grown
at pHe 7.4 and pHe 6.8, suggesting that normal function
of Cajal bodies under these pHes (Supplementary Figure
S6B).

However, Cajal bodies colocalized with the telomeres in
22% cells cultured at pHe 7.4, while these foci were de-
tected in only 13% of cells grown at pHe 6.8 (Figure 5B and
C). When these foci were co-stained with TRF?2 (i.e. coilin
(blue), TRF2 (green) and telomere DNA probe (red)) (Sup-
plementary Figure S7A), we found that at pHe 6.8, ~70%
of Cajal bodies colocalized with telomeres (CB-occupied
telomeres) do not stain with anti-TRF2, whereas no such
foci (CB colocalized with TRF2 negative telomere) were
detected in cells grown at pHe 7.4 (Supplementary Figure
S7B). This suggests that Cajal bodies are preferentially re-
cruited to TRF2-negative telomeres in cells grown at pHe
6.8. We then measured the lengths (RTL in FISH) of CB-
occupied telomeres and compared them with the average
length of total telomeres in cells (CB-occupied plus CB-free
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telomeres). The results showed that CB-occupied telomeres
are shorter than average length of total telomeres in cells
grown at pHe 6.8 (P < 0.0001), while no difference was ob-
served in cells grown at pHe 7.4 (P = 0.6621) (Supplemen-
tary Figure S7C). Altogether, these data strongly support
that telomerase is preferentially recruited by Cajal bodies
to short telomeres that lack detectable TRF2 in cells grown
at pHe 6.8.

It has been reported that during S phase some telomerase
RNA, which is believed to represent telomerase, appears
in small nucleoplasmic foci that do not co-stain with anti-
coilin antibodies (Cajal Bodies) (33). To thoroughly explore
the telomerase recruitment at acidic pHe, hTR and telom-
eres were co-stained in S phase-synchronized cells (Fig-
ure 5D). The results showed that hTR-occupied telomeres

(telomeres that colocalize with h'TR foci) are shorter than
average length of total telomeres in cells grown at pHe 6.8 (P
< 0.005), while no difference was observed in cells grown at
pHe 7.4 (Figure SE). These results demonstrate that telom-
erase are preferentially recruited to short telomeres in cells
cultured at pHe 6.8.

DISCUSSION

Telomere length remains stable over many PDs in
telomerase-expressing yeast and human cells grown at
neutral pHe by a process known as telomere homeostasis.
Under these conditions, human telomerase is recruited
to human telomeres in a telomere length-independent
manner and almost each telomere is extended by ~60 nt
per cell cycle (16). In contrast, yeast telomerase is active on
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approximately 7% of telomeres per cell cycle, and it adds
~44 nt onto the telomeric overhang (35). The present study
provides evidence that human telomerase can be induced to
selectively extend short telomeres by exposure to low pHe
(i.e. culture media at pHe 6.8). This finding is of particular
interest, because low pHe is characteristic of the hypoxic
tumor microenvironment.

It has been found that the shortest telomere, but not av-
erage telomere length, is critical for cell viability (36). When
a telomere falls below a critical length, the DNA dam-
age response is activated leading to cell apoptosis or senes-
cence. Because of this, telomerase has been considered a
valuable therapeutic target in telomerase-expressing tumor
cells. If telomerase abundance is low, and it is preferen-
tially recruited to short telomeres in response to low pHe,
then inhibition of telomerase could result in short telomere
rapidly approaching a critical length that triggers apoptosis
or senescence. This generates a strong rationale for research

on telomerase-targeted anti-cancer therapeutics. Based on
these observations, it is also predicted that anti-telomerase
inhibitors will induce cell death in a pHe-dependent man-
ner, so they should be tested in both neutral and slightly
acidic cell culture media.

When HeLa cells were cultured at pHe 6.8, the abundance
of hTERT and shelterin proteins TRF1/TRF2/TIN2 de-
creased significantly (Figures 3A and 4A). Interestingly, the
knockdown of telomerase by ~50% causes uniform short-
ening of telomeres (Figure 3E), rather than selective short-
ening of long telomeres; therefore, low abundance of telom-
erase is insufficient to account for preferential extension of
short telomeres, as observed in Figure 1D and E. Further-
more, the epigenetic and heterochromatic state of telom-
eric DNA is not affected by exposure to slightly acidic pHe
(Supplementary Figure S4), ruling out the possibility that
epigenetics or heterochromatization plays a role in the re-
sponse to low pHe. In addition, it is known that shelterin
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complex or its component serves as a negative player in
regulating telomere elongation by telomerase (18), thus de-
creased number of TRF1, TRF2 and TIN2 would result in
telomere elongation rather than observed telomere shorten-
ing. Altogether, these results indicated that the preferential
extension of short telomeres induced by acidic extracellular
pH may involve multiple factors that coordinately regulate
telomerase action.

Present data point to the so called ‘Protein-counting
mechanism’ that is well characterized in Yeast, but poorly
understood in mammalian cells (12). According to this
model, cell ‘counts’ the number of shelterin protein on
telomeres, so that telomeres with higher number of shelterin
protein have lower opportunity to be extended by telom-
erase. There are two hypotheses about how this mecha-
nism might work: the first hypothesis suggests that telom-
ere lengthening is regulated by preferential recruitment of
telomerase to short telomeres; the second hypothesis sug-
gests that telomerase exists in an inactive or active state,
such that it is inactive on long telomeres and active on short
telomeres (35). Although these hypotheses are not fully ex-
clusive, the results presented here support the first hypoth-
esis. The present study shows that the amount of TRF1
and TRF2 decrease significantly at pHe 6.8, such that up to
30% of telomeres appear to be TRF2-negative (Figure 4),
and that TRF2-negative telomeres are shorter than the av-
erage telomere length in cells. Furthermore, at pHe 6.8, the
abundance of coilin, a marker of Cajal bodies, decreases.
The decreased number of TRF2/shelterin on the shorter
telomeres is predicted to stimulate recruitment of telom-
erase, which is consistent with results shown in Figure 5
and Supplementary Figure S7. Based on the current data
and our previous results (14,16), we propose the follow-

ing model: when telomerase and Cajal bodies are abun-
dant, inhibition by shelterin and extension by telomerase
remain in equilibrium, ensuring that most telomeres can be
extended by telomerase (Figure 6). However, in response to
slightly acidic pHe, the abundance of shelterin complex and
telomerase/Cajal bodies decrease. Long telomeres may har-
bor reduced but still substantial inhibitory units (shelterin
complex), but short telomeres become TRF2/shelterin-
deficient and they preferentially recruit telomerase/Cajal
bodies (Figure 6). The present study provides a new insight
into our understanding of mechanisms that regulate telom-
erase action in human cells, and may facilitate development
of effective telomerase-targeted anti-cancer therapies.
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Supplementary Data are available at NAR Online.
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