
Telomerase is a multi-protein complex synthesizing

telomeric repeats TTAGGG at the end of human chro-

mosomes. The main components of telomerase are hTR

(human telomerase RNA), comprising RNA template for

synthesis of telomeres, and hTERT (human telomerase

reverse transcriptase) having reverse transcription activity

that synthesizes the telomeric repeats on the hTR tem-

plate [1]. Telomerase is active in normal reproductive

cells, stem cells, activated lymphocytes, and most cancer

cell types [2]; it maintains their high proliferative poten-

tial. It is known that the enzyme activity is regulated by

hTERT synthesis levels [3] and by alternative splicing of

its mRNA.

The alternative splicing for hTERT mRNA has not

been well studied. More than twenty splicing variants for

hTERT are now known. However, only the full-length

hTERT variant has catalytic activity [4]. Most of the

splicing variants are expressed in minor quantities, and

their function is not well understood. Two splicing vari-

ants represent the majority in total hTERT mRNA.

Thirty-six-nucleotide deletion in exon 6 (α-variant)

causes deletion of a part of a reverse transcriptase domain

of the protein and leads to loss of catalytic activity.

Deletion of 182 nucleotides from exons 7 and 8 (β-vari-

ant) results in a translational frameshift and appearance

of a stop codon in exon 10. This is accompanied by syn-

thesis of a truncated splicing variant of hTERT [5, 6],

which is dominant-negative [7].

In normal somatic cells, telomerase is inactive, their

telomeres are reduced by 40-200 bp every division cycle,

and cells are only able to divide a limited number of

times. Reducing the telomere to a critical length causes

cell transition into so-called “replicative senescence”

(M1 stage – mortality stage 1). During this stage, prolif-
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Abstract—Telomerase activity is regulated by an alternative splicing of mRNA of the telomerase catalytic subunit hTERT

(human telomerase reverse transcriptase). Increased expression of the inactive spliced hTERT results in inhibition of telom-

erase activity. Little is known about the mechanism of hTERT mRNA alternative splicing. This study was aimed at deter-

mining the effect of an apoptotic endonuclease G (EndoG) on alternative splicing of hTERT and telomerase activity in

CD4+ human T lymphocytes. Overexpression of EndoG in CD4+ T cells downregulated the expression of the active full-

length hTERT variant and upregulated the inactive alternatively spliced variant. Reduction of full-length hTERT levels

caused downregulation of the telomerase activity, critical telomere shortening during cell division that converted cells into

the replicative senescence state, activation of apoptosis, and finally cell death. Some cells survive and undergo a malignant

transformation. Transformed cells feature increased telomerase activity and proliferative potential compared to the original

CD4+ T cells. These cells have phenotype of T lymphoblastic leukemia cells and can form tumors and cause death in exper-

imental mice.
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eration slows or stops, but the cells remain alive and

metabolically active [8]. Change in the telomere structure

at minimal critical length causes loss of main functions

and triggers DNA damage response mechanisms. Thus,

apoptosis is activated in the cells [9]. Nevertheless, some

cells overcome this stage, for instance, in the presence of

viral oncogenes causing loss of function of proteins p53

(protein 53) and Rb (Retinoblastoma) [10]. Telomeres of

such cells keep reducing and completely lose their pro-

tective function. This leads to chromosomal instability

accompanied by inhibition of cell proliferation, accumu-

lation of genetic mutations, and cell death. This stage is

referred to as “crisis” (M2 stage). A few cells that survive

the M2 stage undergo malignant transformation.

Apparently, as a result of numerous mutations, they trig-

ger telomere elongation and become immortal [11]. Most

cancer cells (about 90%) have telomerase activity [2].

Active telomerase in cancer cells does not fully restore the

telomere length typical for normal cells (telomeres in

cancer cells are significantly shorter than in normal cells),

but maintains their size [12, 13].

It has been shown earlier that telomerase activity is

dependent on activity of some apoptotic endonucleases

[14, 15]. Apoptotic endonucleases are a group of enzymes

that degrade DNA in cells at final apoptosis stages [16].

Endonuclease G (EndoG) is a site-specific endonuclease

that cleaves DNA duplexes selectively at polyG regions. A

trait of EndoG is its RNase activity [17]. EndoG causes

cell aging and significantly decreases their replicative

potential [18]. In this work, we focused on studying the

mechanisms of connection between EndoG and hTERT

alternative splicing in normal human T lymphocytes and

on the effect of EndoG overexpression on cell prolifera-

tion.

MATERIALS AND METHODS

Blood sampling, selection and cell transfection. The

research was approved by the ethics committee of the

Institute of Biomedical Chemistry. Written consent was

obtained from all donors participating in the research.

Venous blood samples of four healthy donors were put

into test tubes with anticoagulant K3EDTA (Greiner Bio-

One, Austria). Mononuclear cells were obtained from

blood samples using density-gradient centrifugation in

Ficoll Lympholite-H (Cedarlane, Canada). The cell

CD4+ fraction was obtained by the magnetic selection

method using a CD4+ Isolation Kit, human (Miltenyi

Biotec, Germany) according to the manufacturer’s man-

ual.

Isolated CD4+ cells were plated at 5·105 cells/ml of

medium. Cultural medium RPMI-1640 (Life

Technologies, USA) was used with 10% FBS (fetal bovine

serum; Gibco, USA), growth stimulators 100 U/ml IL-2

(R&D Systems, USA), 5 µg/ml anti-CD3 antibody

(MedBioSpektr, Russia), 2 µg/ml anti-CD28 antibody

(eBiosciences, USA), and antibiotics – 50 U/ml peni-

cillin and 50 mg/ml streptomycin (Sigma, USA). The

cells were cultivated in a CO2-incubator at 37°C, 5% CO2,

and humidity 90%. Once in every three days of cultiva-

tion, the cells were re-plated at 5·105 cells/ml in the medi-

um and re-stimulated with the complete medium. Cells

were counted after staining with trypan blue on a Vi-cell

XR Viability Cell Analyzer (Beckman Coulter, USA).

Proliferating cells were photographed using a Leica

DMI300 inverted microscope (Leica Biosystems, USA).

CD4+ T cells were transfected with one of the plas-

mids pEndoG-GFP, pDNase1-GFP, pDNaseX-GFP, or

a control plasmid pGFP. Plasmids carrying endonuclease

genes were synthesized on request by Clontech (USA)

based on pGFP-N1 vector. Transfection was carried out

using Lipofectamine 2000 (Invitrogen, USA) according

to the manufacturer’s protocol. Transfection efficiency

(typically 90-100%) was estimated by counting GFP-

positive cells under a fluorescence microscope.

RNA extraction and real-time RT-PCR. Total cellu-

lar RNA was isolated using an RNeasy Mini Kit (Qiagen,

USA) according to the manufacturer’s manual. Reverse

transcription (RT) and real-time PCR were carried out

according to the technique described by Basnakian and

coauthors [19]. To do so, 5 µg of total RNA were used for

RT in a 25 µl reaction mixture (Invitrogen) according to

the manufacturer’s protocol. Platinum SYBR Green

qPCR Supermix-UDG (Invitrogen) was used as a reac-

tion mixture for real-time PCR according to the manu-

facturer’s manual. Primer structures (Syntol, Russia) are

shown in Table 1. For amplification, a CFX96 Touch

Real-Time PCR Detection System (Bio-Rad, USA) was

used with two-temperature reaction (primer annealing/

elongation). Amplicon content was determined by fluo-

rescence at the end of the elongation cycle. Standard

PCR efficiency curves were built using serial dilutions (1 :

40, 1 : 80, 1 : 160, and 1 : 320) of total cDNA. The data

are represented as normalizations of levels of studied gene

mRNAs to the 18S rRNA, which was used as a reference

constitutively expressed gene.

Western blotting. Cells were disrupted in 1 ml of TBE

(89 mM Tris, 89 mM H3BO3, 2 mM EDTA, pH 8.0) by

ultrasonic treatment for 2 min at 50 W power using a

Model 50 Sonic Dismembrator (Fisher Scientific, USA)

and centrifuged for 10 min at 12,000g to remove cell

debris. Total protein concentration in samples was meas-

ured with Bradford Protein Assay (Pierce, USA) using

bovine serum albumin (BSA) to construct a calibration

graph. Cell lysate (normalized to 50 µg of total protein)

was dissolved 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 electrophoresis in a gradient polyacrylamide

gel [20] (at 100 V for 2 h) using NuPAGE Novex 4-12%

Bis-Tris Protein Gels (Life Technologies, USA). The pro-
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teins were then transferred to a nitrocellulose membrane

in the Novex transferring buffer (Invitrogen) at 40 V for

3 h. After the transfer, membranes were stained with

Ponseau S (Sigma, USA) as described by Hofnagel and

coauthors [21]. Then, the membranes were blocked in

Blotting-Grade Blocker (Bio-Rad, USA) and incubated

for 2 h with primary monoclonal antibodies anti-

GAPDH, anti-hTERT (Abcam, USA) at 1 : 1000 dilu-

tion or polyclonal anti-EndoG (Millipore, USA) at 1 :

500 dilution. The primary antibodies were then washed

out in phosphate buffered saline (PBS), pH 7.6, with

0.1% Tween-20, and the membranes were incubated with

secondary antibody conjugated to horseradish peroxidase

(Cell Signaling, USA). To visualize the bands, the

SuperSignal chemiluminescent kit (Pierce Biotechno-

logy, USA) was used with subsequent imaging with a

ChemiDoc XRS imaging system (Bio-Rad). Protein con-

tent was quantified with densitometry in the GelAnalyzer

2010a program.

Determining telomerase activity. Telomerase activity

was determined by the TRAP (Telomeric Repeat

Amplification Protocol) method [2, 22]. Cells were lysed

in buffer containing 10 mM Tris-HCl, pH 7.5, 1 mM

MgCl2, 1 mM EGTA, 0.1 mM phenylmethanesulfonyl

fluoride, 5 mM β-mercaptoethanol, 0.5% CHAPS, and

10% glycerol at the rate 1 µl of the buffer per 103 cells.

Lysates were centrifuged (30 min, 4°C, 12,000g).

Supernatant was collected and kept at –80°C. Primer

elongation and further amplification were performed 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 each of the four dNTPs,

0.1 µg TS-primer (Telomerase Substrate primer; 5′-

AATCCGTCGAGCAGAGTT-3′), and 2 µl of cell

extract equivalent to 2000 cells diluted with lysis buffer,

and incubated at 37°C for 25 min. After incubation, the

mixture was heated for 10 min at 96°C to inactivate

telomerase. Then, 0.1 µg of CX-primer (Copy Extended

primer; 5′-CCCTTACCCTTACCCTTACCCTAA-3′)

and 2.5 U of Taq polymerase were added to the mixture.

The reaction mixture was subjected to thermal cycling as

follows: for 2 min at 94°C, then 30 cycles (94°C – 30 s,

50°C – 30 s, 72°C – 40 s), and for 5 min at 72°C.

Amplification products were separated by electrophoresis

in 12% nondenaturing polyacrylamide gels in TBE buffer.

A 10-µl sample was loaded into each well. The ChemiDoc

XRS Imaging System was used for visualization of sepa-

rated products after 30 min gel incubation in SYBR

Green I (Invitrogen) stain solution. Telomerase activity

was detected by densitometry of TRAP results in the

GelAnalyzer 2010a program.

Determining absolute telomere length. To determine

the absolute length of telomeres, a described method [23,

24] was applied. Genomic DNA was isolated using a

PureLink Genomic DNA Mini Kit (Thermo Scientific,

USA). Real-time PCR was carried out according to a

technique suggested by Cawthon [24]. Telomere length in

each sample was measured in triplicate. For further cal-

culations, an average value was used when the coefficient

of variation among three technical replicates did not

exceed 2%. DNA of non-transfected CD4+ T cells was

used as a control.

Immunophenotyping and identification of apoptosis

and cell cycle. Peripheral blood from donors was lysed

using as lysis buffer the Red Blood Cell Lysis buffer (Life

Technologies, USA) according to the manufacturer’s pro-

tocol. Cell portions of 5·107 cells from the pellet or after

malignant transformation were suspended in 200 µl of PBS

(Gibco, USA). The cells were labeled with anti-CD45-

Vio770 antibody and with each of CD3-FITC, CD4-

FITC, CD8-FITC, CD14-FITC, CD16/56-FITC, CD2-

FITC, CD5-FITC, CD7-FITC (all from Miltenyi Biotec,

Germany) according to the manufacturer’s protocol. Cells

were counted using flow cytometry in a FACSCalibur

cytometer (Beckton Dickinson, USA). Marker expression

was monitored by MFI (mean fluorescence intensity) dur-

ing flow cytometry. To determine apoptosis, transfected

CD4+ T cells were suspended in PBS and incubated with

Annexin V-FITC and propidium iodide from an FITC

Annexin V/Dead Cell Apoptosis kit (Invitrogen) accord-

Target

EndoG

α+β+ hTERT

α+β– hTERT

α–β+ hTERT

α–β– hTERT

β-Gal

18S rRNA

Annealing
tempera-
ture, °C

55

53

53

53

58

60

64

Table 1. Primers used for real time RT-PCR

Amplicon
size, bp

167

202

189

172

159

75

91

Reverse primer (5′-3′)

AGGATGTTTGGCACAAAGAGCAGC

GTACGGCTGGAGGTCTGTCAA

GGCACTGGACGTAGGACGTGG

GTACGGCTGGAGGTCTGTCAA

GGCACTGGACGTAGGACGTGG

CGTAGGTCACAGATGAGCCAATAA

ACGAGCTTTTTAACTGCAGCAA

Forward primer (5′-3′)

AATTGAGCTCCGCACCTACGTGAT

TGTACTTTGTCAAGGTGGATGTG

TGTACTTTGTCAAGGTGGATGTG

CTGAGCTGTACTTTGTCAAGGAC

CTGAGCTGTACTTTGTCAAGGAC

GCAGCAGTGATGATCCAGAACT

GGATCCATTGGAGGGCAAGT
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ing to the manufacturer’s instructions. Cell samples (5·104

cells) were analyzed using flow cytometry. For cell cycle

determination, cells were fixed in 70% ethanol, treated

with FxCycle PI/RNase Staining Solution (Thermo

Scientific), according to the manufacturer’s protocol, and

measured by flow cytometry. Cell cycle phases were deter-

mined by intensity of propidium iodide signal.

Measuring b-galactosidase activity. Activity of β-Gal

in cells was measured using the Beta Galactosidase

Detection Kit (Abcam, USA) according to the manufac-

turer’s protocol in a 96-well plates (Corning, USA).

Fluorescence was measured using a Multiscan Go

microplate spectrophotometer (Thermo Scientific, USA)

at 490 nm (excitation) and 525 nm (emission) wave-

lengths. The activity was measured for 103 cells using a

calibration curve constructed with commercial β-Gal

(Abcam) in the 0.01-100 U/ml range.

Estimating cell tumorigenic potential in vivo. To esti-

mate tumorigenic potential of transformed cells, 6-9-

week-old male mice of Balb/c nude line (from the nurs-

ery for laboratory animals, Pushchino) were used. The

mice were kept in a vivarium under conditions of absence

of pathogenic microflora and natural illumination, fed

with briquetted fodder, and having constant access to

water. The mice were divided into two groups, 10 individ-

uals in each group. The mice in the control group were

administered freshly obtained human CD4+ T lympho-

cytes. Mice in the experimental group were administered

malignantly transformed cells. The cells were suspended

in RPMI-1640 medium at 1·106 cells in 200 µl and

administered subdermally according to a standard

method described by Pokrovsky and coauthors [25].

Lifespan of the mice and three-dimensional tumor size

were estimated. After the experiment, the mice were

euthanized by overdose of ether anesthesia.

Statistical analysis. The results were statistically ana-

lyzed using Student’s criterion with Statistica 9.0 software

(StatSoft Inc., USA). Results are presented as mean

value ± standard deviation. Numbers were considered

statistically significant when p ≤ 0.05. The survival of the

mice was statistically analyzed using the log-rank criteri-

on and constructing Kaplan–Meier curves.

RESULTS

EndoG overexpression causes death of CD4+ T cells.

To determine a possible role of EndoG in the prolifera-

tion of CD4+ T cells, lymphocytes from four donors were

transformed with the plasmid, pEndoG-GFP, and a con-

trol plasmid, pGFP, cultivated in growth medium. Dead,

living, and apoptotic cells were counted daily. In the

group transfected with pEndoG-GFP, massive death was

observed 24-28 days after transformation (Fig. 1).

Therefore, on day 24, the number of apoptotic cells

sharply increased to 13.31 ± 2.12%. On day 28, virtually

all the cells were dead. Cells transfected with the control

plasmid remained alive during 28 days of cultivation.

Overexpression of EndoG reduces expression of

a+b+ variant of hTERT and decreases telomerase activi-

ty and telomere length. We studied changes in expression

of hTERT splicing variants in the transfected CD4+ T

cells during cultivation. Using real-time RT-PCR, we

established that EndoG expression was constantly high

during the cultivation period (Fig. 2a). Decrease in

EndoG expression during long-term cultivation of the

transfected cells may be explained by a large number of

cell duplications and reduction of plasmid levels in the

cells. Overexpression of EndoG was accompanied by

reduction of α+β+ hTERT splicing variant expression

(Fig. 2b) and increased expression of the α+β– variant

(Fig. 2b). In the cells transfected with the control plas-

mid, expression of EndoG, α+β+, and α+β– hTERT

splicing variants was not altered. Alteration of levels of the

studied proteins in CD4+ T cells transfected with

pEndoG-GFP compared to the pGFP-transfected cells

was confirmed by Western blotting (Fig. 2, d-h).

Replicative senescence occurs in the case of telomere

reduction to the critical value. We followed changes in

telomerase activity and telomere length in transfected

CD4+ T cells during cultivation. Using the TRAP

method, we found that the telomerase activity remained

low in the pEndoG-GFP-transfected cells during the

cultivation time (Fig. 2, i and j). Activity of the enzyme

did not change in the control cells. Decrease in the

telomerase activity in actively dividing cells should reduce

telomere length. Using real time PCR, we found that

telomere length was reduced in pEndoG-GFP-transfect-

ed cells by a factor of 6 in 24 days after transfection

(Fig. 2k). During further cultivation, telomere length

decreased insignificantly and remained low. In the

pGFP-transfected cells, reduction of telomere length was

also observed, but it was not as rapid as in the EndoG

overexpressing cells.

DNase 1 and DNase X cause death of CD4+ T cells

and do not affect hTERT alternative splicing. As apoptot-

ic endonuclease EndoG caused cell death and induced

hTERT alternative splicing, it was of interest to study

such activity for other apoptotic endonucleases with

broad specificity. To do so, CD4+ T cells from four donors

were transfected with the DNase 1 gene (pDNase 1-GFP

plasmid) or DNase X gene (pDNase X-GFP) and culti-

vated in growth medium. The number of living, dead, and

apoptotic cells was measured. Massive cell death was

observed in the pDNase 1-GFP-transfected group

already 24-48 h after transfection (Fig. 3, a and d). In the

pDNase X-GFP-transfected group, cell death was

observed 36-48 h after transfection (Fig. 3, b and e). Cells

transfected with the control plasmid pGFP remained

alive during 48 h (Fig. 3, c and f). Overexpression of both

DNase 1 and DNase X did not alter expression of α+β+

and α+β– hTERT splicing variants (Fig. 3, g and h).
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Telomere shortening provokes replicative senescence

and inhibits cell cycle. It is known that inhibition of telom-

erase in actively proliferating cells causes replicative

senescence. This is accompanied by G0/G1 cell cycle

arrest [22, 26]. We measured the cell cycle in proliferating

CD4+ T cells transfected with pEndoG-GFP and pGFP

by flow cytometry using propidium iodide to label cell

DNA. Upon transfection with pEndoG-GFP, we

observed a significant decrease in the number of cells in

the S and G2/M phases and reliable increase in the cell

number in the G0/G1 phases 20 days after transfection

(Fig. 4, a and c). However, the cells remained viable

(Fig. 1, a and c). On day 24, we observed further decrease

in the number of cells in G2/M phase and increase in

number of apoptotic cells. Virtually all the cells entered

apoptosis by day 28. The cell cycle was not altered in the

cells transfected by the control plasmid (Fig. 4, b and d).

Increased expression and activity of β-Gal is a

marker for transition of cells to replicative senescence.

We examined expression and activity of this enzyme

during cultivation of transfected cells. A reliable

increase in β-Gal expression was observed in the cells

transfected with pEndoG-GFP 20 days after transfec-

tion (Fig. 4e). Expression level remained stably high on

days 24-28. Enzymatic activity of β-Gal also increased

20 days after transfection and remained high on day 24

(Fig. 4f). Reduction of enzymatic activity of β-Gal was

observed on day 28, which is explained by massive cell

death. Expression and activity of β-Gal remained

unchanged in the cells transfected with the control plas-

mid. Activation of β-Gal on day 20 after transfection

with the EndoG gene agrees with inhibition of S and

G2/M phases of the cell cycle, indicating the transition

of the cells to replicative senescence. Death of such cells

Fig. 1. EndoG overexpression causes death of CD4+ T cells during cultivation. Results of flow cytometry of CD4+ T cells transformed with (a)

pEndoG-GFP or (b) pGFP and labeled with annexin V-FITC and propidium iodide. Percentage of viable cells (left lower quadrants), per-

centage of cells at the apoptosis stage (right lower quadrants), and percentage of dead cells (upper quadrants) are shown. One typical experi-

ment out of four is shown. Histograms of viable, apoptotic, and dead CD4+ T cells transfected with (c) pEndoG-GFP or (d) pGFP (n = 4;

* p ≤ 0.05 compared to cells transfected with pGFP).
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Fig. 2. EndoG overexpression during cell cultivation causes expression of the full-size hTERT splicing variant, inhibition of telomerase activ-

ity, and reduction of telomeres. Expression levels of EndoG (a) and hTERT splicing variants (b, c) in CD4+ T cells transfected with pEndoG-

GFP or pGFP. Gene expression levels are normalized to the expression of the reference 18S gene. Western blotting of the hTERT splicing

variants and EndoG in CD4+ T cells transfected with pEndoG-GFP (d) or pGFP (e). Determining levels of EndoG (f) and hTERT splicing

variants (g, h) in comparison with GAPDH. i) Gel electrophoresis of TRAP in transfected cells. j) Results of telomerase activity measured by

the TRAP method. k) Absolute telomere length determined using real time PCR (n = 4; * p ≤ 0.05 compared to cells transfected with pGFP).
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Fig. 3. Overexpression of DNase 1 and DNase X causes rapid CD4+ T cell death and does not affect expression of hTERT splicing variants.

Flow cytometry results for CD4+ T cells transfected with pDNase 1-GFP (a), pDNase X-GFP (b), or pGFP (c) and labeled with the annex-

in V-FITC and propidium iodide. Percentages of living cells (left lower quadrants), apoptotic cells (right lower quadrants), and dead cells

(upper quadrants) are shown. One of four typical experiments is shown. Histograms of living cells, apoptotic cells, and dead CD4+ T cells

transfected with pDNase 1-GFP (d), pDNase X-GFP (e), or pGFP (f). Expression levels for α+β+ hTERT (g) and α+β– hTERT (h) in the

transfected CD4+ T cells. The gene expression levels are normalized to the expression of the reference 18S gene (n = 4; * p ≤ 0.05 compared

to the pGFP-transfected cells).
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by days 24-28 of cultivation was a further consequence of

this state.

Dynamics of transfected CD4+ T cell proliferation.

We studied the effect of EndoG overexpression on the

absolute number of transfected CD4+ cells (Fig. 5a). In a

population of pEndoG-GFP-transfected cells, exponen-

tial growth was observed from the beginning to day 16 of

cultivation. Further cultivation led to cessation of cell

proliferation within days 16-24, which agrees with telom-

ere shortening to a critical value, cell transition to replica-

tive senescence, and G0/G1 cell cycle arrest (Fig. 2k). On

cultivation day 28, a sharp decrease in the number of liv-

ing cells was observed, which corresponds to massive cell

death due to apoptosis in the aging cells (Fig. 2). Massive

cell death occurred until cultivation day 36; cell number

was reduced to solitary living cells in the field of view.

Cells remained alive, but were not able to divide.

However, on cultivation day 62, massive unlimited cell

growth was observed, which continued until cultivation

day 67 and further. We propose that these cells have

undergone a malignant transformation and have acquired

unlimited proliferative potential. Similar dynamics was

observed in the control population of the pGFP-trans-

fected cells in the early cultivation stages. Exponential

cell growth occurred until cultivation day 20. In general,

cell number in the pGFP-transfected population was

three orders of magnitude higher than in the pEndoG-

GFP-transfected population. This indicates EndoG

influence not only the telomerase complex system, but

also other systems inhibiting cell proliferative activity.

Cell growth stopped during days 28-32. Cells died mas-

sively on cultivation day 36. Cell death was complete by

day 60. Living cells were not observed cells, and malig-

nant transformation of cells did not occur.

The CD4+ T cell population obtained by magnetic

selection and subjected to transfection with pEndoG-

GFP or pGFP comprises individual round cells 5-8 µm in

size (Fig. 5, b and c, cultivation day 0). Proliferation of

a

b

c d e f

Fig. 4. Inhibition of the cell cycle during the transition to replicative senescence. Results of measuring cell cycle by flow cytometry; cell DNA

was stained with propidium iodide. Percentage of CD4+ T cells transfected with pEndoG-GFP (a) or pGFP (b) that had entered apoptosis

and G0/G1, S, and G2/M phases of the cell cycle. One typical experiment of four is shown. c, d) Histograms of transfected cell numbers in

different cell cycle phases. e) Level of β-Gal expression in CD4+ T cells transfected with pEndoG-GFP or pGFP. Gene expression was nor-

malized to the expression of the reference 18S gene. f) Enzymatic activity of β-Gal in the transfected cells. Activity of β-Gal is shown in units

per 1000 cells. This was determined using a calibration curve (n = 4; * p ≤ 0.05 compared to pGFP-transfected cells).

Time, days

C
e

ll
 n

u
m

b
e

r,
 %

Propidium iodide

Time, days

C
e

ll
 n

u
m

b
e

r,
 %

Propidium iodide

C
e

ll
 n

u
m

b
e

r,
 %

C
e

ll
 n

u
m

b
e

r,
 %

N
o

rm
a

li
z

e
d

 β
-G

a
l

e
x

p
re

s
s

io
n

 l
e

v
e

l

β
-G

a
l 

a
c

ti
v

it
y

Time, days Time, days Time, days Time, days

Apoptosis Apoptosis



32 VASINA et al.

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  1   2017

such cells occurred as proliferation clusters (cultivation

day 12) representing cell aggregates 50-70 µm in size.

Cells remaining in the replicative senescence state (culti-

vation day 24) were accompanied by proliferation cluster

breakdown into individual cells. In parallel, increase in

the individual cell size to 10-17 µm was observed. Cell

shape in the replicative senescence state was not round.

Development of apoptosis and massive cell death on day

32 was accompanied by appearance of a high number of

cells with altered shape, and cell debris. After massive

death in the population of pEndoG-GFP-transfected

cells, only single cells remained alive (cultivation day 60).

Living cells were not observed in the population of the

control pGFP-transfected cells after massive cell death

on cultivation day 60 and further. As a result of EndoG

action, malignantly transformed cells did not proliferate
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Fig. 5. Development dynamics of transfected CD4+ T cells during cultivation (see description in text). a) Absolute cell number during culti-

vation (n = 4). b, c) Microphotographs of proliferating cells at ×200 magnification.
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(cultivation day 66) in proliferation clusters, and the

shape of these cells was not round.

Malignantly transformed CD4+ T cells have increased

telomerase activity of T cell lymphoma phenotype. We

compared expression levels of EndoG and hTERT slicing

variants in the original CD4+ T cells and in malignantly

transformed cells. Using real time RT-PCR, we found

that EndoG expression level in the transformed cells did

not differ from the original cells (Fig. 6a). The expression

level of the full size α+β+ hTERT splicing variant was

reliably lower in the transformed cells (Fig. 6b), whereas

expression of α+β– variant was increased (Fig. 6c).

Changes in the expression of minor α–β+ and α–β–

splicing variants were not observed (Fig. 6, d and e).

Reliable change in the levels of the studied proteins in

malignantly transformed cells was confirmed by Western

blotting (Fig. 6, f and g). Using the TRAP method, we

found that in the transformed cells telomerase activity

was approximately twice as high as in the original CD4+ T

cells (Fig. 6, h and i). Increased telomerase activity agrees

with the increased proliferative activity of malignantly

transformed cells and expression levels of α+β+ and

α+β– splicing variants in these cells. Telomere length in

the transformed cells was lower by a factor of 6 than in the

original cells (Fig. 6j).

Studying the immune phenotype in a population of the

transformed cells by flow cytometry revealed significantly

increased number of cells expressing CD2, CD5, and CD7,

which is typical in T cell lymphoma (Fig. 6, k and l, and

Table 2). Immune phenotype of transformed cells can be

described as CD45+CD3+CD4+CD2+CD5+CD7+. In-

crease in number of cells possessing such markers was

accompanied by elevated expression of the molecules on

every cell, which is indicated by increased MFI level

(Table 2). Cytotoxic T lymphocytes (CD8+ marker), NK-

cells (CD16/56+ markers), and macrophages (CD14+

marker) were absent from a population of the transformed

cells. A small fraction (about 3%) of cells having CD8+

marker in a population of the transformed cells were cells

that express both CD8+ and CD4+, which is also typical

for T cell lymphoma.

Transformed CD4+ T cells can form tumors and cause

death in experimental mice. To estimate in vivo tumori-

genic potential of the transformed CD4+ T cells, these

cells and normal CD4+ T lymphocytes were administered

to thymus-free Balb/c nude mice. Malignantly trans-

formed CD4+ T lymphocytes formed rapidly developing

tumor lumps (Fig. 7a). On day 5 after administration,

tumor size was reliably different from that in the control

group. By the end of the experiment, the tumor size was

1638 ± 421 mm3. In the control group mice (with normal

CD4+ T lymphocytes) subcutaneous malignancies less

than 11 mm3 in size were observed on the site of cell

administration. At the same time, this malignancy gradu-

ally reduced: its size did not exceed 2 mm3 in 15 days, and

in 20 days the cell administration area did not differ from

the surrounding tissue. Along with the tumor develop-

ment, we observed death in mice with introduced trans-

formed cells (Fig. 7a). All the mice died in 27 days after

cell administration, whereas in the control group only

one mouse died on experiment day 20.

DISCUSSION

Though alternative splicing of mRNA of the hTERT

catalytic subunit of telomerase regulates telomerase activ-

ity in cells, little is known about this process. In our work,

we investigated the ability of the apoptotic endonuclease

EndoG for alternative splicing of hTERT mRNA in nor-

mal activated human CD4+ T lymphocytes. The result-

ants agree with the effect of EndoG on telomerase activi-

ty in CaCo-2 line tumor cells [27]. Alternative splicing of

hTERT resulted in reduced telomerase activity and

caused malignant transformation of normal CD4+ T cells.

The following facts speak in favor of this. EndoG overex-

pression upon transfection of CD4+ T cells with

pEndoG-GFP plasmid caused an increase in levels of

MFI

23.87 ± 4.27

28.03 ± 3.72

2.84 ± 1.15

0.54 ± 0.19

0.21 ± 0.08

26.57 ± 3.26

18.04 ± 4.51

20.31 ± 5.25

Table 2. Expression levels of cell markers (n = 4)

% cells

96.56 ± 3.88

97.52 ± 2.10

3.87 ± 1.21

0.35 ± 0.23

0.15 ± 0.07

94.81 ± 4.9

64.27 ± 5.97

66.55 ± 7.88

MFI

24.17 ± 3.83

28.28 ± 2.12

1.10 ± 0.45

0.94 ± 0.18

0.67 ± 0.26

7.25 ± 1.43

6.66 ± 3.11

9.05 ± 1.98

% cells 

97.12 ± 2.20

98.51 ± 1.13

1.88 ± 1.02

1.27 ± 0.51

1.00 ± 0.67

25.32 ± 8.18

24.21 ± 5.63

37.26 ± 4.12

Cell marker

CD45+CD3+

CD45+CD4+

CD45+CD8+

CD45+CD16/56+

CD45+CD14+

CD45+CD2+

CD45+CD5+

CD45+CD7+

Transformed cellsOriginal cells
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Fig. 6. Elevation of telomerase activity and phenotype of T cell lymphoma formed by malignantly transformed CD4+ T cells. Expression levels of

EndoG (a) and hTERT splicing variants (b-e) in the original and malignantly transformed CD4+ T cells. Gene expression levels are normalized

to the expression of the reference 18S gene. f) Western blotting of hTERT splicing variants and EndoG in the original and malignantly transformed

CD4+ T cells. g) Results of determining quantities of EndoG and hTERT splicing variants compared to GAPDH. h) Gel electrophoresis of TRAP

in the transformed cells. Lanes: 1) original cells; 2) transformed cells. i) Results of determining telomerase activity by the TRAP method.

j) Absolute telomere length measured by real time PCR (n = 4; * p ≤ 0.05 compared to the original cells). Results of determining immune phe-

notype by flow cytometry in a population of the original cells (k) and the transformed cells (l). One typical experiment out of four is shown.

a b c

d e

g

f

h i j

k

l
Transformed cells

Original cells

Transformed
cells

Transformed
cells

Transformed
cells

Transformed
cells

Transformed
cellsTransformed

cells
Transformed

cells
Original

cells
Original

cells

Original
cells

Original
cells

Original
cells

Original
cells

Original
cells

Original cells

Transformed cells

Original cells

Transformed cells

N
o

rm
a

li
z

e
d

 e
x

p
re

s
s

io
n

le
v

e
l 
×

1
0
−

3

N
o

rm
a

li
z

e
d

 e
x

p
re

s
s

io
n

le
v

e
l 
×

1
0
−

3

N
o

rm
a

li
z

e
d

 e
x

p
re

s
s

io
n

 l
e

v
e

l

N
o

rm
a

li
z

e
d

 e
x

p
re

s
s

io
n

le
v

e
l 
×

1
0
−

3

N
o

rm
a

li
z

e
d

 e
x

p
re

s
s

io
n

le
v

e
l 
×

1
0
−

4

E
x

p
re

s
s

io
n

 c
o

m
-

p
a

re
d

 t
o

 G
A

P
D

H

T
e

lo
m

e
re

 l
e

n
g

th
, 

b
p

T
e

lo
m

e
ra

s
e

 a
c

ti
v

it
y,

 %

(127 kDa)   (32 kDa)  (36 kDa)



EndoG CAUSES MALIGNANT TRANSFORMATION OF T LYMPHOCYTES 35

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  1   2017

inactive (α+β–) hTERT splicing variant and reduction in

active (α+β+) variant levels. Reduced levels of active

hTERT form upon EndoG overexpression accompanied

by a reliable decrease in the telomerase activity.

Prolonged cultivation of the transfected cells led to their

massive death. These data do not agree with the data

obtained by Listerman et al. [7]. They showed that over-

expression of α+β– hTERT splicing variant can protect

cells from apoptosis. Most probably, in our case cell fate

was affected by EndoG overexpression as such, rather

than by only the hTERT splicing and inhibition of telom-

erase activity that it causes.

Also, Listerman et al. did not monitor dynamics of

telomere shortening in cells after transfection. As we

mentioned above, EndoG can affect telomerase directly

and reduce cell proliferative potential.

Cultivation of transfected cells with elevated EndoG

expression led to shortening of their telomeres to a criti-

cal value and cell transition to replicative senescence,

which is confirmed by elevated expression and activity of

β-Gal and by G0/G1 cell cycle arrest.

Telomere shortening within 20-24 days of cultivation

was accompanied with reduced expression of α+β+

hTERT variant (Fig. 2b) and decrease in telomerase

activity (Fig. 2, i and j). Most probably, telomere length in

the pEndoG-GFP-transfected cells was reduced to the

critical value by cultivation day 24, and cells entered

replicative senescence. These cells remained alive, but

they lost their ability to divide. G0/G1 cell cycle arrest

and decrease in number of cells in S and G2/M phases

within 16-24 days of cultivation (Fig. 4) agrees with the

inability of cells to divide. Massive cell death observed

within 24-28 days of cultivation (Fig. 1) was probably

caused by the development of apoptosis in the aging cells.

Telomere shortening during cell division was also

observed in cells transfected with the control plasmid

pGFP. These data are consistent with the limited replica-

tive potential of T lymphocytes [28].

Very low telomerase activity is detected in peripheral

blood T lymphocytes [29]. Under in vitro conditions,

telomerase activity significantly increases upon stimula-

tion of cell proliferation with IL-2 and antibodies against

CD3 and CD28 [30]. However, its activity is insufficient

for unlimited proliferation of T cells [31]. In our case,

exponential growth of pEndoG-GFP-transfected cells

continued for 20 days of cultivation. Approximately 20

divisions occurred in the population during this time.

This number of divisions is not sufficient for such rapid

telomere shortening One may also explain a sharp

decrease in telomere length in the pEndoG-GFP-trans-

fected cells by degradation of telomeres by EndoG as

such or other endonucleases upon their activation. This is

the most probable explanation for rapid telomere short-

ening, as it is known that endonucleases can degrade G-

quadruplex structures formed by telomeres [32-34].

Moreover, we have shown earlier that EndoG overexpres-

sion causes activation of other endonucleases [35].

Beyond any doubt, the direct effect of EndoG on telom-

ere dynamics requires further investigation. Within 28

days of cultivation, telomere length reduced to approxi-

mately 2000 bp. Most probably, malignant transformation

of the CD4+ T cells occurred when telomeres were

reduced to these values. Such telomere size was preserved

in transformed cells, while high telomerase activity pro-

vides high replicative potential of these cells. Studying the

immune phenotype of the transformed cells revealed that

these cells are leucocytes (as they express the leukocyte

common antigen CD45), lymphocytes (as they express

Fig. 7. Ability of transformed CD4+ T cells to form tumors in vivo and cause death in experimental mice. a) Size of tumor formed by the trans-

formed and normal CD4+ T cells; * p ≤ 0.05 compared to the control group. b) Kaplan–Meier curves for survivability of mice after adminis-

tration of transformed and normal CD4+ T cells.
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CD3), and T lymphocytes-helpers (as they express CD4).

Malignantly transformed cells had immune phenotype of

T cell lymphoma, for which simultaneous expression of

CD2, CD5, and CD7 markers is typical [36]. Expe-

riments on malignant transformation of the CD4+ T cells

upon their transfection with the EndoG gene and death of

cells transfected with the control plasmid were carried out

in cells from four donors, which demonstrated repro-

ducibility of the results. Malignancy of the transformed

CD4+ T cells was confirmed in the in vivo experiment

with thymus-free mice. These cells formed tumors and

caused the death of the mice.

Overexpression of other apoptotic endonucleases

with broad specificity, DNase 1 and DNase X, led to

complete death of CD4+ T cells already 48 h after trans-

fection and did not affect expression of hTERT splicing

variants. The data indicate that EndoG has an intrinsic

ability to trigger hTERT mRNA alternative splicing.

Telomerase activity is regulated by alternative splic-

ing of its catalytic subunit hTERT. However, the alterna-

tive splicing mechanism is insufficiently studied. Results

of this work describe several new phenomena. First, it was

demonstrated that EndoG, but not DNase 1 or DNase X,

can cause hTERT mRNA alternative splicing and inhibit

telomerase activity. Second, it was demonstrated that

prolonged cultivation of CD4+ T lymphocytes with over-

expression of EndoG and inactive telomerase results in

their malignant transformation. Apparently, the partici-

pation of EndoG in hTERT alternative splicing is a fun-

damental process in maintenance of cellular homeostasis

and determines cell fate. Beyond any doubt, the described

process requires further extensive study.
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