
Telomeres are DNA–protein complexes located on

the ends of chromosomes. Telomeres prevent the recogni-

tion of chromosome ends by the DNA repair system as

damaged regions [1]. Each human chromosome ends by

15-20 kb of telomere repeats TTAGGG. The length of

telomere ends is shortened at each replication cycle. The

shortening of telomeres to critical values leads to activa-

tion of the DNA repair system, inhibition of the cell divi-

sion, transition of the cells to the replicative aging state,

and to activation of apoptotic processes [2, 3]. In the

majority of tumor type cells, as well as in embryonic cells,

germ cells, stem cells, and activated lymphocytes, a mul-

tienzyme complex of telomerase is functioning [4].

Telomerase synthesizes telomere repeats on the chromo-

some ends, which allows the cells to maintain the telom-

ere length at a level that is sufficient for unlimited prolif-

eration [5]. The main components of human telomerase

are hTR, which includes a template for synthesis of

telomeric DNA, and hTERT that has reverse transcrip-

tase activity and can synthesize telomere repeats on the

hTR template [6]. It is known that the telomerase activi-

ty is regulated by the level of synthesis of the telomerase

complex main subunits [7] and by the alternative splicing

(AS) of its hTERT mRNA [8, 9]. Regulation of hTERT

gene expression has been studied rather well [10], where-

as the regulation of telomerase during the AS of its

mRNA is studied insufficiently. At present, 22 splice-

variants of hTERT are known, although only the full-size

variant of hTERT has catalytic activity [11, 12]. Two

splice-variants constitute the major part of the common

hTERT mRNA. Deletion of 36 nucleotides in exon 6 (the

variant α–) leads to removal of a part of reverse tran-
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Abstract—The activity of telomerase catalytic subunit hTERT (human telomerase reverse transcriptase) can be regulated by

alternative splicing of its mRNA. The mechanism of hTERT splicing is not understood in detail. Apoptotic endonuclease

EndoG is known to participate in this process. In the present work, the intracellular colocalization and mRNA levels of

EndoG and hTERT splice-variants in normal and apoptotic cancer cells were studied. We found that the development of

apoptosis increased the expression of EndoG and changed the ratio of hTERT splice-variants, which decreased the telom-

erase activity in the cells. The development of apoptosis was accompanied by changes in the amount of mRNA and in the

localization of EndoG and hTERT splice-variants in the cytoplasm, nuclei, and mitochondria of the cells. The suppression

of EndoG expression using RNA interference prevented induction of the α+β– splice-variant of hTERT and inhibition of

the telomerase activity. A high degree of the intracellular colocalization of EndoG and hTERT was shown. The changes in

the expression and localization of EndoG corresponded with changes in the amount and localization of hTERT splice-vari-

ants. These data confirm the participation of EndoG in the alternative splicing of mRNA of the telomerase catalytic sub-

unit and in regulation of the telomerase activity.
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scriptase domain A of the protein molecule and to loss of

catalytic activity. Deletion of 182 nucleotides in exons 7

and 8 (the variant β–) leads to frameshift and appearance

of a stop-codon in exon 10, which results in synthesis of a

shortened form of hTERT [13, 14]. This splice-variant of

hTERT functions as dominant negative [8]. We showed

earlier that the overexpression of apoptotic endonuclease

EndoG is involved in the AS of hTERT pre-mRNA [15]:

it causes a decrease in the amount of mRNA of the full-

size α+β+ variant and an increase in the amount of

mRNA of the α+β– splice-variant. Changes in the ratio

of splice-variants result in inhibition of the telomerase

activity, shortening of telomeres, transition of tumor cells

to the replicative aging state, and to the cell death through

apoptosis [16, 17]. It is known that normally EndoG is

localized in mitochondria and is internalized into the

nucleus only during the development of apoptosis [18],

whereas in most cases AS occurs in the cell nuclei [19].

Therefore, the question of EndoG and hTERT colocal-

ization in the cell and of localization of AS of hTERT is

very interesting. The purpose of this work was to study the

intracellular localization, expression, and amount of

mRNA of EndoG and of hTERT splice-variants in the

cell compartments in norm and during apoptosis of tumor

cells.

MATERIALS AND METHODS

Tissue culture, induction, and detection of apoptotic

cells. Cells of human intestine tumor CaCo-2 (ATCC,

USA) were cultured in medium RPMI-1640 (Gibco,

USA) containing 10% embryonic calf serum (Gibco) at

37°C in an atmosphere with 5% CO2 and at 95% humidi-

ty. To induce apoptosis, the cells were cultured in the

presence of cisplatin (Sigma, USA) at the concentration

of 40 mM during 24 h. To determine the number of apop-

totic cells, the tissue culture was treated with trypsin solu-

tion containing EDTA (Gibco), resuspended in phos-

phate-buffered saline (PBS; Gibco), and incubated with

annexin V-FITC and propidium iodide from an FITC

Annexin V/Dead Cell Apoptosis kit (Invitrogen, USA)

according to the producer’s protocol. About 5·104 cells

were analyzed using a FACSCalibur flow cytometer

(Becton Dickinson, USA).

Suppression of EndoG gene expression. The expres-

sion of the EndoG gene was suppressed using small inter-

fering RNAs (siRNAs) as described in the work by

Apostolov et al. [20]. The cells were cultured to the state

of 70-80% confluent monolayer and transfected with a

pair of siRNAs (direct 5′-AUGCCUGGAACAACCU-

GGAdTdT-3′ and reverse 3′-UCCAGGUUGUUCCA-

GGCAUdTdT-5′; IDT, USA) or with a pair of control

nonspecific siRNAs: Non-Targeting siRNA No. 1

(Dharmacon, USA) in serum-free medium containing

50 nM siRNA and a TransIT-TKO transfection reagent

(Mirus, USA) for 48 h. The cells were washed and incu-

bated with cisplatin for 24 h.

Isolation of cell organelles. Mitochondria were iso-

lated as described in the work of Justo et al. [21]. The cells

were homogenized on ice with an Ultra-Turrax T25 rotor

homogenizer (IKA, USA) in 1 ml of buffer (220 mM D-

mannitol, 70 mM sucrose, 20 mM Tris, 1 mM EDTA,

pH 7.4) and centrifuged at 700g for 10 min at 4°C. The

supernatant was centrifuged for 10 min at 1000g to pre-

cipitate the mitochondria. The quality of the mitochon-

dria was assessed using a Cytochrome c Oxidase Assay Kit

(Sigma) according to the producer’s protocol. The cyto-

plasm was prepared as described in the work of Laukova

et al. [22]. The cells were homogenized on ice with the

rotor homogenizer in 300 µl of buffer (10 mM Hepes,

10 mM KCl, 1.5 mM MgCl2, 0.1 mM EGTA, pH 7.4)

and centrifuged at 2000g for 3 min at 4°C. The super-

natant was taken as the cytoplasm fraction. The nuclei

were isolated as described by Pravdenkova et al. [23]. The

cells were homogenized on ice in 300 µl of buffer (50 mM

Tris-HCl, pH 7.9, 0.25 M sucrose, 10 mM CaCl2), and

then the suspension was centrifuged using an Optima XE

ultracentrifuge (Beckman Coulter, USA) in a gradient

solution (2 M sucrose, 50 mM Tris-HCl, 10 mM CaCl2,

5 mM β-mercaptoethanol) at 70,000g for 90 min. The

nuclei were washed twice in TBE buffer (89 mM Tris-

HCl, 89 mM H3BO3, 2 mM EDTA).

Real-time extraction of RNA and RT-PCR. Total

RNA was isolated from the cells with an RNeasy Mini Kit

(Qiagen, USA) according to the producer’s protocol. The

reverse transcription (RT) and PCR were performed in

real time as described in the work of Basnakian et al. [24].

To perform the RT, 5 µg of total RNA was placed in 25 µl

of reaction mixture (Invitrogen). As the reaction mixture

for real time PCR, we used Platinum SYBR Green qPCR

Supermix-UDG (Invitrogen). The primer structures

(Syntol, Russia) are presented in Table 1. Amplification

was performed using the CFX96 Touch™ Real-Time

PCR Detection System (Bio-Rad, USA) and a two-tem-

perature reaction regimen (primer annealing/elonga-

tion). The quantity of amplificates was determined by flu-

orescence at the end of the elongation cycle. The ampli-

fication quality was assessed by analyzing the melting

curve from 60 to 95°C at the reaction end (after the 35th

cycle). Standard curves of PCR efficiency were obtained

by serial dilutions (1 : 40, 1 : 80, 1 : 160, and 1 : 320) of

total cDNAs. The relative concentration of RNA was cal-

culated using the Qbase PLUS (Bio-Rad) program.

Reference genes were as follows: 18S (the “housekeeping

gene” for cytoplasm), Lamin B1 (the “housekeeping

gene” for nuclei), and NADH dehydrogenase, subunit 4

(the “housekeeping gene” for mitochondria). Data are

presented as normalization of mRNA levels of the studied

genes using the averaged expression values of three refer-

ence genes. Amplification products were visualized in 2%

agarose gel by staining with ethidium bromide and pho-
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tographed with a ChemiDoc™ XRS imaging system (Bio-

Rad).

Western blotting. Cells or cellular organelles were

lysed by ultrasonication in 1 ml of TBE buffer for 2 min at

the power of 50 W using a Model 50 Sonic Dismembrator

(Fisher Scientific, USA) and centrifuged for 10 min at

12,000g for removal of debris. The total protein concen-

tration was determined in specimens by the method of

Bradford [25] using a Bradford Protein Assay (Pierce,

USA) with BSA for the calibration curve. The lysate (cal-

culated per 50 µg total protein) was diluted in 50 mM

Tris-HCl (pH 6.8) containing 1% SDS, 2 mM EDTA, 1%

β-mercaptoethanol, and 7.5% glycerol, denatured by

heating at 100°C for 10 min, and separated by elec-

trophoresis in a gradient polyacrylamide gel [26] (100 V,

2 h) using NuPAGE® Novex® 4-12% Bis-Tris Protein

Gels (Life Technologies, USA). Then the proteins were

transferred onto a nitrocellulose membrane in Novex

transferring buffer (Invitrogen) at 40 V during 3 h, and

then the membranes were stained with Ponceau S

(Sigma) as described by Hofnagel et al. [27]. Then the

membranes were blocked with Blotting-Grade Blocker

(Bio-Rad) and incubated for 2 h with primary monoclon-

al antibodies anti-GAPDH (glyceraldehyde-3-phosphate

dehydrogenase, the reference protein for cytoplasm),

anti-Lamin B1 (the reference protein for nuclei), anti-

COX IV (cytochrome c oxidase IV, the reference protein

for mitochondria), and anti-hTERT (all antibodies were

from Abcam, USA) diluted 1 : 1000, or with polyclonal

anti-EndoG (Millipore, USA) antibodies diluted 1 : 500.

Then the primary antibodies were washed in PBS

(pH 7.6) with 0.1% Tween-20, and the membranes were

incubated with secondary antibodies conjugated with

horseradish peroxidase (Cell Signaling, USA). For visual-

ization, the SuperSignal chemiluminescent kit (Pierce

Biotechnology, USA) was used with subsequent docu-

mentation in a ChemiDoc™ XRS imaging system (Bio-

Rad). The protein was determined quantitatively by den-

sitometry using the GelAnalyzer 2010a program.

Telomerase activity was determined using the TRAP

method [5, 28]. The cells or cell organelles were lysed in

buffer containing 10 mM Tris-HCl (pH 7.5), 1 mM

MgCl2, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl flu-

oride, 5 mM β-mercaptoethanol, 0.5% CHAPS, and 10%

glycerol, taking 1 µl of the buffer per 103 cells. The lysates

were centrifuged at 12,000g for 30 min at 4°C, and the

supernatant was taken and stored at −80°C. The oligonu-

cleotide substrate-primer was elongated with subsequent

amplification in 30 µl of reaction mixture containing

67 mM Tris-HCl (pH 8.8), 16.6 mM (NH4)2SO4, 0.01%

Tween 20, 1.5 mM MgCl2, 1 mM EGTA, 0.25 mM of

each dNTP, 0.1 µg TS-primer (5′-AATCCGTCGAGCA-

GAGTT-3′), and 2 µl of the cell extract, diluted with the

lysing buffer and equivalent to 2000 cells, and incubated

at 37°C for 25 min. After incubation, the mixture was

maintained for 10 min at 96°C for inactivation of telom-

erase. Then the mixture was supplemented with 0.1 µg

CX-primer (5′-CCCTTACCCTTACCCTTACCCTAA-

3′) and 2.5 units of Taq-polymerase. The reaction mixture

was subjected to PCR as follows: 94°C – 2 min; 30 cycles:

94°C – 30 s, 50°C – 30 s, 72°C – 40 s; 72°C – 5 min. The

amplification products were separated by PAGE in 12%

nondenaturing polyacrylamide gel and TBE buffer. The

specimens in volume of 10 µl were placed into the gel

wells. The separated products were visualized with the

ChemiDoc™ XRS imaging system after the gel was main-

tained for 30 min in a solution of the SYBR Green I dye

(Invitrogen). Telomerase activity was assessed by densito-

metry of the TRAP results using the GelAnalyzer 2010a

program.

Target

EndoG

α+β+ hTERT

α+β– hTERT

α–β+ hTERT

α–β– hTERT

18S

Lamin B1

NADH 
dehydrogenase

Annealing
tempera-
ture, °C

55

53

53

53

58

64

60

55

Table 1. Primers used for real-time RT-PCR

Amplificate
size, bp

167

202

189

172

159

91

152

162

Reverse primer (5'–3')

AGGATGTTTGGCACAAAGAGCAGC

GTACGGCTGGAGGTCTGTCAA

GGCACTGGACGTAGGACGTGG

GTACGGCTGGAGGTCTGTCAA

GGCACTGGACGTAGGACGTGG

ACGAGCTTTTTAACTGCAGCAA

TGGTCTCGTTAATCTCCTCTTCATACA

GGTAGGGGGTGTGTTGTGAG

Direct primer (5'–3')

AATTGAGCTCCGCACCTACGTGAT

TGTACTTTGTCAAGGTGGATGTG

TGTACTTTGTCAAGGTGGATGTG

CTGAGCTGTACTTTGTCAAGGAC

CTGAGCTGTACTTTGTCAAGGAC

GGATCCATTGGAGGGCAAGT

GATTGCCCAGTTGGAAGCCT

TACACGATGAGGCAACCAAA
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Immunocytochemistry. Cells were cultured in 8-well

chambers of a Nunc Lab-Tek Chamber Slide System

(Thermo Scientific, USA), fixed with 10% formaldehyde

(Sigma), and studied by methods of cytochemistry as

described by Apostolov et al. [20]. The cells were incubat-

ed with rabbit antibodies to EndoG (Millipore, USA) and

with goat antibodies to hTERT (Abcam, USA) diluted 1 :

200 in buffer BSA-T-PBS (0.5% BSA, 0.05% Tween 20,

PBS). The primary antibodies were detected using sec-

ondary antibodies to rabbit antibodies IgG-AlexaFlour

647 (Invitrogen) or to goat antibodies IgG-AlexaFluor

594. For control, cells were used that were incubated only

with the secondary antibodies. After the secondary anti-

bodies were washed off, the cell nuclei were stained with

4,6-diamidino-2-phenylindole (DAPI). The cells were

covered with Prolong Antifade kit cover glasses

(Invitrogen) and analyzed by fluorescent microscopy with

an Olympus IX-51 inverted microscope (USA) equipped

with a Hamamatsu ORCA-ER monochromatic photo

camera (Japan). The images were analyzed using the

SlideBook 4.2 program. The average fluorescence inten-

sity was measured in each channel. Red color was used for

the signal from EndoG, green color was used for hTERT,

and blue color for DAPI. For each cell-containing well,

20 images were analyzed. The intracellular colocalization

and the pixel correlation of EndoG and hTERT were

evaluated using the Pearson–Manders algorithm in the

SlideBook 4.2 program [29].

Statistics. Results were analyzed statistically with

Student’s t-test and are presented as mean values ± stan-

dard deviation. Values are considered significant at p ≤

0.05.

RESULTS

Changes in expression of hTERT splice-variants in

apoptotic cells and under suppressed expression of EndoG.

To study relations between expression of EndoG and

hTERT splice-variants, the amounts of their mRNAs

were evaluated in normal and apoptotic cells of human

intestine cancer CaCo-2 and in normal and apoptotic

cells with the suppressed expression of EndoG. Apoptosis

was induced by incubation of the cells with cisplatin. The

expression of EndoG was suppressed by RNA interfer-

ence. Cell viability was assessed by flow cytometry on

staining with propidium iodide and annexin V-FITC, and

it was revealed that after 24 h of incubation with cisplatin

or after transfection of the cells and subsequent incuba-

tion with cisplatin more than 81% of the cells were in the

state of apoptosis (Fig. 1, a and b). There was no signifi-

cant difference in the number of dead cells. Therefore,

this population of cells was considered homogenous and

consisting of apoptotic cells. In the group of cells trans-

fected with siRNAs or with control siRNAs, the level of

apoptotic cells was not higher than in the control group.

Total RNA was isolated from the cells, and expression was

studied by real-time RT-PCR. In the cells incubated with

cisplatin, the expression of EndoG was significantly

increased (Fig. 1c), the amount of mRNA of the full-size

α+β+ splice-variant of hTERT was significantly

decreased (Fig. 1d), and the amount of mRNA of the

α+β– splice-variant of hTERT was significantly

increased (Fig. 1e). Transfection of the cells with siRNAs

induced suppression of the EndoG expression in both

normal and apoptotic cells. The suppression of EndoG

expression was accompanied by increase in the amount of

mRNA of the hTERT α+β+ splice-variant, whereas

mRNA of the hTERT α+β– splice-variant was virtually

absent. Apoptosis induced by cisplatin, as well as suppres-

sion of EndoG expression, did not lead to changes in the

amount of mRNA of α–β+ (Fig. 1f) and α–β– (Fig. 1g)

splice-variants of hTERT.

We have studied the influence of apoptosis and, con-

sequently, of changes in the ratio of hTERT splice-vari-

ants on telomerase activity. Western blotting with anti-

bodies to the studied proteins revealed that in the apop-

totic cells EndoG significantly increased, the full-size

α+β+ form of hTERT decreased, and the hTERT α+β–

form increased (Fig. 1, h and i). The suppression of

EndoG expression was accompanied by an increase in the

amount of the hTERT α+β+ form and by absence of syn-

thesis of the hTERT α+β– form in both normal and

apoptotic cells. We did not observe changes in the pool of

proteins of the hTERT α–β+ and α–β– forms because

their amount in the cell was too small and could not be

detected by Western blotting.

Telomerase activity was analyzed in cell extracts by

the TRAP method. Telomerase activity in apoptotic cells

was significantly decreased (Fig. 1, j and k). These data

are in a good agreement with results of measurement of

the amount of mRNA of the hTERT splice-variants by

real-time RT-PCR and of the amount of the hTERT

splice-variants determined by Western blotting. The

decrease in telomerase activity more likely was due to

decrease in the amount of the hTERT full-size α+β+

form of hTERT, because just this form had the catalytic

activity, and due to increase in the amount of the domi-

nant negative α+β– form [8]. Suppression of EndoG

expression and, therefore, absence of the hTERT α+β–

form did not lead to inhibition of telomerase activity in

the apoptotic cells. The transfection of cells with control

siRNAs did not cause suppression of EndoG expression

and failed to influence the change in the pool of hTERT

splice-variants in both the normal and apoptotic cells.

Changes in intracellular localization of hTERT splice-

variants during apoptosis and under conditions of sup-

pressed expression of EndoG. It is known that telomerase

displays enzymatic activity in the nucleus, synthesizing

telomeric repeats [1], whereas the apoptotic endonuclease

EndoG is normally localized in the intermembrane space

of mitochondria and is internalized into the nucleus on
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Fig. 1. Changes in hTERT splice-variants and in telomerase activity during cisplatin-induced apoptosis of cells and suppression of the EndoG

siRNA expression. a) Results of flow cytometry of CaCo-2 cells transfected with siRNA incubated with cisplatin and labeled with annexin V-

FITC and propidium iodide. Shown are percent of living cells (lower left quadrants), apoptotic cells (lower right quadrants), and dead cells

(upper quadrants); b) histograms of the living CaCo-2 cells, apoptotic cells, and dead cells incubated with cisplatin or transfected with siRNA;

N = 4, # p ≤ 0.05 relative to the control cells. Levels of mRNA of (c) EndoG, (d) hTERT α+β+ splice-variant, (e) hTERT α+β– splice-vari-

ant, (f) hTERT α–β+ splice-variant, and (g) hTERT α–β– splice-variant measured by real-time RT-PCR. Levels of gene mRNAs are nor-

malized relative to rRNA of the 18S gene; N = 4, * p ≤ 0.05; h) Western blotting of hTERT splice-forms, EndoG, and reference protein

GAPDH in CaCo-2 cells incubated with cisplatin or transfected with siRNA; i) results of determination of amounts of hTERT splice-forms

and EndoG relative to GAPD; * p ≤ 0.05; j) gel electrophoresis of TRAP cells incubated with cisplatin; k) results of determination of telom-

erase activity measured by the TRAP method; N = 4, * p ≤ 0.05.

a

b c

d e

f g

h i

j
k
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development of apoptosis [18]. Alternative splicing of pre-

mRNA of proteins is also localized in nuclei [19]. Using

real-time RT-PCR, we determined amounts of mRNA of

EndoG and of hTERT splice-variants in the cytoplasm

and nuclei of normal cells, apoptotic cells, and in the

organelles of cells with suppressed expression of EndoG.

We did not observe a significant difference between

amounts of EndoG mRNA in the cytoplasm and nuclei of

the normal cells (Fig. 2a). The mRNA amount was signif-

icantly increased in both cytoplasm and nuclei of cells

incubated with cisplatin. As expected, suppression of

EndoG expression by RNA-interference caused a decrease

Fig. 2. Intracellular localization of mRNA of EndoG and of hTERT splice-variants during apoptosis and on suppression of the EndoG expres-

sion with siRNA. mRNA levels of (a) EndoG, (b) hTERT α+β+ splice-variant, (c) hTERT α+β– splice-variant, (d) hTERT α–β+ splice-

variant, and (e) hTERT α–β– splice-variant measured by real-time RT-PCR. Levels of gene mRNAs are normalized with respect to mRNA

levels of reference genes; N = 4, * p ≤ 0.05.

a                                                   b                                               c

d                                               e

Cisplatin
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in the amount of EndoG mRNA in the cytoplasm and

nuclei of normal and apoptotic cells to the detection limit.

We did not find a significant difference between the

levels of mRNA of the full-size hTERT α+β+ splice-

variant in the cytoplasm and nuclei of normal cells

(Fig. 2b). The significant decrease in the amount of

mRNA of this splice-variant in both the cytoplasm and

nuclei was found during the incubation of cells with cis-

platin. Suppression of EndoG expression led to a signifi-

cant increase in the amount of mRNA of the hTERT

α+β+ splice-variant in the cytoplasm and nuclei of the

apoptotic cells, whereas its increase in these compart-

ments of normal cells was not significant (Fig. 2b).

Regardless of expectations, we failed to detect

mRNA of the hTERT α+β– splice-variant in the nuclei

of normal cells, whereas in the cytoplasm the level of this

variant mRNA was rather high (Fig. 2c). Incubation of

cells with cisplatin resulted in a significant increase in the

amount of mRNA of the hTERT α+β– splice-variant in

the cytoplasm and in appearance of this variant mRNA in

the nucleus. Suppression of EndoG expression caused a

significant decrease in the amount of mRNA of the

hTERT α+β– splice-variant in the cytoplasm of normal

and apoptotic cells. The amount of mRNA of the α+β–

splice-variant in the nuclei of apoptotic cells with sup-

pressed expression of EndoG was below the detection

limits (Fig. 2c).

Induction of apoptosis did not lead to changes in the

amounts of mRNA of the hTERT α–β+ (Fig. 2d) and

α–β– (Fig. 2e) splice-variants in all organelles studied in

normal cells and in cells with suppressed expression of

EndoG. Transfection of cells with control siRNAs did not

cause a decrease in the level of EndoG mRNA and failed

to influence changes in the mRNA pool of the hTERT

splice-variants in the cytoplasm and nuclei of normal and

apoptotic cells.

Decrease in telomerase activity in cell organelles with

changes in the ratio of hTERT splice-variants during apop-

tosis and on suppression of EndoG expression. We tried to

elucidate the influence of changes in the ratio of the

hTERT splice-variants on telomerase activity in the cyto-

plasm, nuclei, and mitochondria. The Western blotting

results revealed that in cytoplasm of apoptotic cells, the

amount of the hTERT full-size α+β+ variant was signif-

icantly decreased, whereas the amount of the hTERT

α+β– variant was increased (Fig. 3, a and d). These data

are in correlation with the increase in EndoG in these

cells and with results of determination of the mRNA

amount by real-time RT-PCR. The study using the

TRAP method revealed that telomerase activity in normal

cell cytoplasm was about 30% of the total telomerase

activity of the cell (Fig. 3, g and h). On the incubation of

cells with cisplatin, telomerase activity in the cytoplasm

significantly decreased to the level of 20%.

Incubation of cells with cisplatin significantly

increased the amount of EndoG in nuclei and decreased

the amount of the hTERT full-size α+β+ splice-variant

(Fig. 3, c and d). Although mRNA of the hTERT α+β–

splice-variant was not localized in nuclei of normal cells,

we detected its presence by Western blotting. Incubation

of cells with cisplatin significantly decreased the amount

of α+β+ and increased the amount of α+β– proteins of

the hTERT splice-variant. Telomerase activity in nuclei

of normal cells was about 75% of the total telomerase

activity of the cell. On the incubation of cells with cis-

platin, telomerase activity in the cytoplasm significantly

decreased to the level of 15%.

The effect of cisplatin on the amounts of EndoG and

hTERT splice-variants in mitochondria was the opposite.

The development of apoptosis led to a significant

decrease in the amount of EndoG, an increase in the

amount of the full-size α+β+, and a decrease in the

amount of the hTERT α+β– splice-variant (Fig. 3, e and

f). Telomerase activity in mitochondria of normal cells

was about 10% of the total telomerase activity of the cell.

No significant changes in telomerase activity were

observed in mitochondria on the incubation of the cells

with cisplatin.

As expected, the suppression of EndoG expression

by RNA interference led to the absence of this protein in

the cytoplasm, nuclei, and mitochondria of normal and

apoptotic cells (Fig. 3, a-f). The absence of EndoG was

accompanied by an increase in the amount of the hTERT

full-size α+β+ and by virtually full absence of the hTERT

α+β– splice-variant in all studied cell compartments

(Fig. 3, a-f). In apoptotic and normal cells with sup-

pressed expression of EndoG, telomerase activity was sig-

nificantly increased, which correlated with increase in the

amount of mRNA of the hTERT α+β+ variant (Fig. 3, g

and h).

Transfection of cells with control siRNAs did not

decrease the level of mRNA of EndoG and did not influ-

ence changes in the pool of mRNA of the hTERT splice-

variants in cytoplasm, nuclei, and mitochondria of nor-

mal and apoptotic cells.

Endonuclease EndoG is colocalized with hTERT nor-

mally and during apoptosis. The intracellular localization

of EndoG and hTERT in the normal and apoptotic cells

was studied using fluorescence microscopy. Incubation of

cells with cisplatin significantly increased the amount of

EndoG, whereas the amount of hTERT was unchanged

(Fig. 4, a and b).

The intracellular colocalization of EndoG and

hTERT was analyzed using two algorithms, those pro-

posed by Pearson and by Manders. The results of the

Manders test indicated a high degree of EndoG and

hTERT colocalization in normal cells (Fig. 4c). The

colocalization degree significantly increased in apoptotic

cells on incubation with cisplatin. The pixel analysis using

Pearson’s test also revealed a high degree of EndoG and

hTERT colocalization in normal and apoptotic cells

(Table 2).
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DISCUSSION

Most the hTERT splice-variants were identified

rather long ago [30], but their biological function and

mechanism of AS are studied insufficiently. It is known

that some spice-variants function as dominant negative,

which results in inhibition of telomerase activity [8, 31,

32]. We showed earlier that transfection of human intes-

tine carcinoma cells with gene EndoG led to changes in

the amount of mRNA of hTERT splice-variants [16, 17].

Changes in the ratio of hTERT splice-variants caused

inhibition of telomerase activity, shortening of telomeres,

Fig. 3. Decrease in telomerase activity with increase in the amount of the hTERT α+β– splice-variant. a) Western blotting of hTERT splice-

forms, EndoG, and of the reference GAPDH in cytoplasm of CaCo-2 cells incubated with cisplatin and on suppressed EndoG expression by

siRNA; b) Western blotting of the hTERT splice-forms, EndoG, and of the reference protein Lamin B1 in nuclei of cells; c) Western blotting

of the hTERT splice-forms, EndoG, and of the reference protein COX IV in mitochondria of cells. Results of determination of amounts of

the hTERT splice-forms and EndoG with respect to the reference proteins in (d) cytoplasm, (e) nuclei, and (f) mitochondria of cells; * p ≤

0.05; g) gel electrophoresis TRAP in organelles of cells incubated with cisplatin or transfected with siRNA; h) results of determination of

telomerase activity in organelles of cells by the TRAP method; N = 4, * p ≤ 0.05.

a                                                   b                                                 c

d                                                e                                                  f

g                                    h
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Fig. 4. Increase in intracellular colocalization of EndoG and hTERT during apoptosis. a) Fluorescence microscopy of cells labeled with anti-

bodies to EndoG, hTERT, and DAPI; b) results of quantitative determination of EndoG and hTERT by fluorescence intensity; N = 4, * p ≤

0.05; c) Manders index of colocalization of EndoG with hTERT and of hTERT with EndoG; * p ≤ 0.05.

b                                           c

Superimposition
a

EndoG +

hTERT

hTERT +

EndoG 
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and death of the cells. It is known that EndoG expression

increases in response to damage of DNA [33]; moreover,

during apoptosis EndoG is internalized into the cell

nuclei from the intermembrane space of mitochondria

[18]. To induce apoptosis, we incubated cells with cis-

platin, and 24 h later we obtained a virtually homogenous

population of apoptotic cells. In the apoptotic cells,

EndoG expression was increased, which agreed with data

of Yin et al. [33], the amount of the α+β– variant was

increased, and the amount of the full-size α+β+ variant

was decreased. Changes in the ratio of the hTERT splice-

variants resulted in decrease in telomerase activity that

was shown earlier by us [15, 17] and by other authors [8,

34, 35]. Then we followed changes in the amounts of

mRNAs of EndoG and of hTERT splice-variants in cell

organelles in the norm and during apoptosis. The increase

in the amount of EndoG mRNA in the cytoplasm and

nuclei of cells was a consequence of the damaging effect

of cisplatin on their DNA. Changes in the amount of

mRNA of the α+β+ and α+β– splice-variants in the

cytoplasm and nuclei of the apoptotic cells were results of

increased expression of EndoG.

In most cases, AS of mRNA is localized in the cell

nucleus [19]. The absence of mRNA of the α+β– splice-

variant in nuclei of normal cells was given special atten-

tion and is likely due to a rapid export of mRNA into the

cytoplasm from the nucleus, to rapid degradation, or to

AS localization outside the nucleus. Results of this work

do not clearly answer why the α+β– splice-variant is

absent from the nuclei of normal cells. We found mRNA

of the α+β– splice-variant in nuclei of apoptotic cells.

We supposed that EndoG should be involved in AS of

hTERT mRNA and that the internalization of EndoG

into the nucleus during apoptosis should lead to appear-

ance of mRNA of the α+β– splice-variant. Determi-

nation of hTERT level in organelles of normal and apop-

totic cells by Western blotting revealed that in the nuclei

of normal cells, the hTERT α+β– splice-variant is pres-

ent, and that its amount increases during apoptosis as

expected. In mitochondria, normally both splice-variants

of hTERT are found in approximately equal amounts.

The presence of hTERT in mitochondria agrees with data

of other authors [8, 36, 37]. During apoptosis, the

amounts of the hTERT α+β– splice-variant and of

EndoG are decreased. The decrease in the amount of

EndoG in mitochondria and the increase in nuclei of

apoptotic cells can be explained by translocation of

EndoG into the nucleus under conditions of apoptosis

[18]. The increase in α+β– amount and decrease in

α+β+ amount of splice-variants of hTERT agree with the

decrease in telomerase activity and with the increase in

EndoG in nuclei and cytoplasm. We also found telom-

erase activity in mitochondria, which did not change dur-

ing apoptosis.

To confirm the participation of EndoG in AS of

hTERT mRNA, we suppressed EndoG expression by

RNA interference. The absence of EndoG synthesis was

accompanied by changes in the pool of hTERT splice-

variants: amounts of both mRNA and proteins of the full-

size α+β+ variant increased, whereas the amount of the

α+β– splice-variant decreased. These changes were

accompanied by an increase in telomerase activity in

cytoplasm, nuclei, and mitochondria of normal and

apoptotic cells.

Studies on the cellular localization of EndoG and

hTERT by the cytochemistry method confirmed a high

degree of their colocalization. The colocalization degree

increased with development of apoptosis.

Apoptotic endonuclease EndoG is involved in the

regulation of telomerase activity through induction of AS

of hTERT. It has been shown in the present work that the

increase in expression and amount of EndoG protein in

cytoplasm, nuclei, and mitochondria leads to increase in

the amount of mRNA of the inactive splice-variant of

hTERT and to inhibition of telomerase activity. Induction

of apoptosis on incubation of cells with cisplatin leads to

changes in the intracellular localization of EndoG and,

consequently, to increase in AS of hTERT and inhibition

of telomerase activity in the cellular organelles. The high

degree of intracellular colocalization of EndoG and

hTERT indirectly confirms the involvement of EndoG in

regulation of hTERT activity. Obviously, the participation

of EndoG in AS of hTERT is a fundamental process that

needs to be studied more deeply.
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