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Abstract Long non-coding RNAs (lncRNAs) are emerg-

ing as new players in cancer as they are implicated in diverse

biological processes and aberrantly expressed in a variety of

human cancers. No data are available on their function under

genotoxic stress-induced apoptosis. In this work, we asses-

sed the behavior of some candidate lncRNAs (HOTAIR,

MALAT1, TUG1, lincRNA-p21, GAS5, MEG3, PANDA,

UCA1, ANRIL, and CCND1) during DNA damage-induced

cell death in HeLa and caspase-3-deficient MCF-7 cells

using bleomycin (BLM) and c-radiation to induce DNA

damage. Cells were incubated in the presence of BLM for

24 h or irradiated. Apoptosis was analyzed by measurement

of oligonucleosomal fragmentation of nuclear DNA. Our

results reveal that basal RNA expression levels as well as the

changes in the lncRNA expression rates during genotoxic

stress-induced apoptosis were cell-type and/or DNA-dam-

aging agent-specific. Generally, we found that some of the

RNA molecules (HOTAIR and MALAT1) are down-regu-

lated while many of them (lincRNA-p21, GAS5, MEG3,

ANRIL, and ncRNA-CCND1) are up-regulated and some

others (TUG1, UCA1, and PANDA) not affected. The

decline in the expression of HOTAIR (approx. twofold,

p \ 0.01) and MALAT1 (approx 1.6-fold, p \ 0.01) was

clearly evident in BLM-treated HeLa and MCF cells (only

HOTAIR, fivefold, p \ 0.01). For lincRNA-p21, ncRNA-

CCND1, and MEG3, a similar up-regulation pattern was

obvious in both cell lines where the increase was generally

more pronounced in BLM-treated cells. Interestingly, the

induction of ANRIL and GAS5 was mainly restricted to

irradiated cells. In conclusion, our findings reveal a differ-

ential regulation of individual lncRNAs during genotoxic

stress-induced apoptosis.
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Introduction

Mammalian genomes produce a wide variety of non-cod-

ing RNA transcripts [1, 2]. In addition to classical

‘‘housekeeping’’ RNAs (e.g., ribosomal RNAs, transfer

RNAs, and others) and well-defined microRNAs, long non-

coding RNAs (lncRNAs) constitute a significant fraction of

the untranslated RNA molecules. lncRNAs are transcribed

by RNA polymerase II (RNA pol II), lack a significant

open reading frame, are generally polyadenylated, and their

length ranges from 200 nucleotides to *100 kilobases

(kb). These mRNA-like molecules are pervasively tran-

scribed and roughly classified as intergenic, intragenic/

intronic, and antisense based on their position relative to

the protein-coding genes [3]. They exhibit cis- or trans-

regulatory capabilities and the mammalian genome encodes

[1,000 lncRNAs that have been significantly conserved

among mammals [2–4].

Gene expression patterns indicate that these lncRNAs

are implicated in diverse biological processes, including

nuclear architecture, regulation of gene expression,

immune surveillance, or embryonic stem cell pluripotency.

Recently, evidence revealing the molecular mechanisms by

which these RNA species function has provided some

insight into the functional roles they may play in
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tumorigenesis [5]. Aberrant lncRNA expression partici-

pates in carcinogenesis by disrupting major biological

processes, such as redirecting chromatin remodeling com-

plexes or inactivating major tumor suppressor genes [5, 6].

Recent data suggest that transcription of lncRNAs can

modulate gene activity in response to external oncogenic

stimuli or DNA damage [7].

At present, no data are available on the role of lncRNAs in

the genotoxic stress-induced intrinsic apoptotic pathway. In

this study, we selected 10 candidate lncRNA molecules

(lincRNAp21, TUG1, GAS5, HOTAIR, MALAT1, MEG3,

PANDA, UCA1, ANRIL, and ncRNA-CCND1) and asses-

sed their expression in relation to DNA damage-induced

apoptosis. The reason for selecting these molecules was that

many of them (lincRNA-p21; taurine up-regulated gene 1,

TUG1; maternally expressed gene 3, MEG3; p21-associated

ncRNA DNA damage activated, PANDA; and cyclin-D1-

associated ncRNA, ncRNA-CCND1) have been reported to

be associated with p53 and/or DNA damage [7–12]. Rep-

resentatives of various biological functions such as normal

growth arrest (the growth arrest-specific transcript 5, GAS5)

[13], cell proliferation (urothelial cancer associated 1,

UCA1) [11], epigenetic regulation (Hox transcript antisense

intergenic RNA, HOTAIR and CDKN2B antisense RNA 1,

ANRIL) [9, 14–16], or controlling alternative splicing (the

metastasis-associated lung adenocarcinoma transcript 1,

MALAT1) [17] were also included into the study. The

impact of these molecules in genotoxic stress is not known.

Materials and methods

Study design

In the present study, we aimed to determine the association

of the long non-coding RNA molecules with genotoxic

stress-induced, intrinsic apoptotic cell death. For this pur-

pose, we used two different cell lines as model cell sys-

tems: the HeLa human cervix adenocarcinoma cell line and

the mammary adenocarcinoma cell line MCF-7. The latter

cell line is caspase-3 deficient and resistant to radiation-

induced intrinsic cell death [18]. Because of the similar

chemistry of the DNA strand breaks [19], and similar

qualitative and quantitative chromosomal aberrations [20],

we used bleomycin (BLM) and c-radiation to induce

genotoxic stress. We hypothesized that RNA molecules in

the two cell lines would exhibit different responses during

DNA damage-induced apoptosis when exposed to damag-

ing agents. In line with the caspase-3 status in MCF-7 cells

and the fact that caspase-3 is required for oligosomal DNA

fragmentation [21], we analyzed the release of fragmented

nuclear DNA into cytoplasm as the index of apoptotic cell

death.

Cell culture

HeLa and MCF-7 cells were purchased from the German

Resource Centre for Biological Materials (DSMZ) (DSMZ

# ACC 57 and 115, respectively). Cells were grown in the

DMEM culture medium containing NaHCO3 (3.7 g/L),

glucose (1 g/L), and stabile glutamine (Biochrom, Berlin,

Germany) supplemented with 10 % FCS (Biochrom) and

antibiotics under standard conditions (37 �C and 5 % CO2

humidity). Cells were sub-cultivated at a confluency of

approx. 80 %. For experiments, cells with a passage

number \20 were used.

DNA damage induction

Twenty-four hours after plating, 1 9 105 cells were incu-

bated in 60 mm petri dishes in the presence or absence of

BLM (Applichem, Germany) for 24 h or alternatively the

cells were irradiated to total doses of 0, 2, and 5 Gy using a

Cobalt-60 c-ray source at a dose rate of 200 cGy/min and

kept under standard growth conditions for further 24 h.

Detection of apoptotic cell death

To detect and quantify apoptotic cell death, we used the

Cell-Death Detection ELISA kit (Roche Diagnostics,

Mannheim, Germany). This photometric enzyme immu-

noassay is used for the specific in vitro detection and

quantitation of mono- and oligonucleosomes that are

released into the cytoplasm from apoptotic cells at early

stages of cell death [22]. The assay was performed

according to the instructions of the manufacturer using

cytoplasmic lysates of treated and untreated cells in

duplicate, and relative concentrations of cytoplasmic

nucleosomes were determined from the mean absorbance

values.

p53 ELISA

We determined the accumulation of the p53 protein upon

exposure of cells to genotoxic agents by a pan-p53 ELISA

assay (Roche). The assay was performed according to the

manufacturer’s instructions using cytoplasmic lysates, and

relative p53 concentrations were determined from the mean

absorbance values using a calibration plot.

Gene expression analysis

Total RNA was extracted from cells using the High Pure

RNA Isolation Kit (Roche) and converted to cDNA

using the Revert Aid FirstStrand cDNA Synthesis kit

(Fermantas, Vilnius, Lithuania). Five microliters (approx.

500 ng) of cDNA were used in quantitative PCR (qPCR),
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and the results were standardized to the housekeeping gene

GAPDH. Primers were used according to Huarte et al. [8],

Khalil et al. [9], Mourtada-Maarabouni et al. [23], Wang

et al. 2008 [11], Yap KL et al. 2008 [16], Zhou et al. [10],

Hung et al. 2011 [7] and purchased from Integrated DNA

Technologies (Coralville, IA, USA). Primers for the

amplification of ATM, p21, and GADD45 were designed

using the Universal Probe Library Software (Roche). PCR

efficiencies of primers were determined by the amplification

of serially diluted template DNA where we obtained linear

curves (correlation coefficient, r = 0.98) with decreasing

concentrations.

qPCR was performed in the LightCycler 480 Instrument

(Roche) using SYBR Green I (Roche) as the fluorescence

molecule. Samples with a Ct [ 40 were considered nega-

tive. Amplification of the appropriate product was con-

firmed by melting curve analysis following amplification.

Results of three independent cell culture experiments

were evaluated to calculate the average value of each given

parameter. Basal levels of p53, apoptosis, or gene expres-

sion were determined using the BLM-treated cells as the

time outside the incubator was shorter in this option when

compared to irradiated cells. Statistical analysis was per-

formed using Student’s t-test, and p \ 0.05 was considered

statistically significant.

Results

In preliminary experiments, we determined the doses of

BLM to induce significant levels of cytoplasmic release of

DNA fragments for an incubation time of 24 h. Doses of 0,

35, and 70 lg/mL were appropriate to achieve this goal and

were used in subsequent experiments, while for c-ray

irradiation, intermediate (2 Gy) and high doses (5 Gy) were

used. We first confirmed a DNA damage response by

investigating some DNA damage response genes. For

this purpose, p53 was measured at the protein level, while

the ataxia telangiectasia-mutated (ATM) kinase, p21,

and the growth arrest and DNA damage-inducible genes

(GADD45) were investigated at the mRNA level. Basal

p53 level was about sixfold higher in the MCF-7 cells than

in HeLa cells. A similar accumulation pattern was observed

for both cell lines and both DNA-damaging agents (Figs. 1,

2). Similar to p53, mRNA levels of p21 and GADD45

accumulated upon damage induction in both cell lines

(Figs. 1, 2), while for ATM, no clear change was observed.

In contrast to the accumulation of DNA response proteins,

the apoptotic cell death rate was different for the two DNA-

damaging agents. As seen in Fig. 3a and b, BLM induced

highly significant levels of fragmented DNA release into

the cytoplasm in both cell lines (p \ 0.01), while the extent

of c-radiation-induced cell death was substantially lower

and was restricted to HeLa cells (approx. threefold at 5 Gy,

p = 0.014). In MCF-7 cells, no change was observed when

compared to untreated cells.

Next, we determined the expression of lncRNAs during

DNA damage-induced apoptosis. There were remarkable

differences between the basal levels of RNA molecules.

MALAT1 that is broadly expressed in human tissues [17]

displayed substantially high expression levels in both cell

lines, while the majority of investigated lncRNAs were

expressed at very low levels. Figure 3c and d show the

relative basal expression levels that were higher than 1 only

0.16

HeLa cells

0.02ba

0.08

0.12

BLM

0.01

0.015

ATM
BLM

p53

0

0.04

R
el

at
iv

e 
pr

ot
ei

n

Rad.

0

0.005 Rad.

R
el

at
iv

e 
m

R
N

A

BLM: 0 35 70 µg/ml
Rad: 0 2 5 Gy

BLM: 0 35 70 µg/ml
Rad: 0 2 5 Gy

BLM: 0 35 70 µg/ml
Rad: 0 2 5 Gy

BLM: 0 35 70 µg/ml
Rad: 0 2 5 Gy

0.0008 dc p21 GADD45

0.0004

0.0006

0.012

0.018

0.024

0.03

BLM BLM

Rad.

0

0.0002 0.006Rad.R
el

at
iv

e 
m

R
N

A

C
on

ce
nt

ra
tio

n
R

el
at

iv
e 

m
R

N
A

C
on

ce
nt

ra
tio

n

C
on

ce
nt

ra
tio

n
C

on
ce

nt
ra

tio
n

0

Fig. 1 Expression of DNA

damage response genes in HeLa

cells during genotoxic stress-

induced apoptosis. a p53 was

measured at protein levels from

cytoplasmic lysates of BLM-

treated and irradiated cells used

to quantitatively determine the

accumulation of p53 protein.

b–d The expression of ATM,

p21, and GADD45 were

investigated at mRNA level

through qPCR. Mean levels of

three independent experiments

are given
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for MALAT1, while it was extremely low for the majority

of the other molecules.

Interestingly, the response of lncRNAs to genotoxic

stress was cell-type and/or DNA-damaging agent-specific.

We found two long RNA molecules, HOTAIR and MALAT1,

to be clearly down-regulated in a dose-dependent way.

The decline in HOTAIR expression was restricted to

BLM treatment and was more pronounced in MCF-7 cells

(approx. fivefold, p \ 0.01) than in HeLa cells (approx

twofold for the highest dose, p \ 0.01) (Figs. 4a and 5a).

For MALAT1, we observed a statistically significant

dose-dependent decrease (approx 1.6-fold for the highest

dose, p \ 0.01) in BLM-treated HeLa cells but not in

BLM-treated MCF-7 cells and irradiated cells (Figs. 4b, 5b).

Five of the 10 molecules investigated (lincRNA-p21,

GAS5, ncRNA-CCND1, ANRIL, MEG3) were up-regu-

lated to various levels, at least in one cell-type or in

response to one DNA-damaging agent (Figs. 4, 5), while

for TUG1, PANDA, and UCA1, no significant changes

were detected. For lincRNA-p21 (Figs. 4e, 5e), ncRNA-

CCND11 (Figs. 4f, 5f), and MEG3 (Figs. 4h, 5h), a similar

up-regulation pattern was obvious in both cell lines where
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Fig. 2 Expression of DNA

damage response genes in

MCF-7 cells during genotoxic

stress-induced apoptosis. a p53

at protein level, b–d Expression

of ATM, p21, and GADD45 at

mRNA level. Mean levels of

three independent experiments

are given
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Fig. 3 Apoptosis levels and

basal expression levels of

lncRNAs. Cytoplasmic release

of nuclear DNA fragments was

measured by ELISA in Hela

(a) and MCF-7 (b) cells during

genotoxic stress. Results of

three independent cell culture

experiments were evaluated to

calculate the average value of

relative gene expression. Each

column represents mean ? S.E

and *indicates statistically

significant differences

compared to untreated cells.

BLM, bleomycin; Rad,

radiation. c, d Basal expression

levels of lncRNAs in HeLa and

MCF-7 cells. For comparison of

basal levels, we considered

BLM-treated cells. Please note

the axis representing relative

expression is logarithmic
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the increase was generally more pronounced in BLM-treated

cells. Up-regulation of ANRIL was mainly restricted to

irradiated cells (Figs. 4g, 5g) where the increase was more

than tenfold (p \ 0.01) at 5 Gy in MCF-7 cells. A similar

exception was also GAS5 (Fig. 4d); its expression was

induced in irradiated HeLa (twofold at 5 Gy, p = 0.018)

but not in irradiated MCF-7 cells or BLM-treated cells.

Discussion

Although lncRNAs may have an impact on various human

diseases including cancer, the basis of their molecular

mechanism is still beginning to be elucidated [15]. Like-

wise, no data are available on their role during genotoxic

stress-induced apoptosis. In this work, we analyzed the

behavior of lncRNA molecules during DNA damage-

induced cell death in HeLa and caspase-3-deficient MCF-7

cells. By looking at some response genes such as p53, p21,

and GADD45, we confirmed the presence of DNA damage

response for both damaging agents in both cell lines. BLM

treatment caused significant levels of DNA fragmentation

in both cell lines while the extent of the cell death induced

by radiation was much lower and was confined to HeLa

cells. This is in line with the well-known resistance to

radiation-induced intrinsic cell death and the caspase-3

status of MCF-7 cells [18, 24]. The differences in the

apoptotic responses to BLM and radiation in the HeLa cells

may be attributed to the continuous exposure of the cells to

BLM for 24 h, while the irradiated cells had chance to

counteract the stress by cell cycle arrest and DNA damage

repair. On the other hand, it is possible that BLM-induced

cell death in caspase-3-deficient MCF-7 cells leads to DNA

fragmentation via a caspase-3-independent pathway, pos-

sibly via caspase-7. Consistent with our finding, oligonu-

cleosomal fragmentation of nuclear DNA in the MCF-7

cells by various stimuli has been reported in previous

studies [25, 26].

Recent experimental data suggest that lncRNA expres-

sion levels appear to be generally lower than protein-cod-

ing genes [5]. For example, only less than two copies of

ncRNA-CCND1 per cell were detected in various human

cell lines [27]. Consistent with this, we detected very low

amounts of RNA molecules in HeLa and MCF cells, except

for MALAT1. Like their levels, also the response of

lncRNAs to genotoxic stress was distinct and cell-type and/

or DNA-damaging agent-specific. During stress conditions,

we observed that some lncRNAs (HOTAIR, MALAT1) are

down-regulated, whereas some others (lincRNA-p21,

ncRNA-CCND1, MEG3, ANRIL) were up-regulated or not
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Fig. 4 Expression of lncRNAs

during genotoxic stress-induced

apoptosis in HeLa cells. Given

are HOTAIR (a), MALAT1 (b),

TUG1 (c), GAS5 (d), lincRNA-

p21 (e), ncRNA-CCND1 (f),
ANRIL (g), MEG3 (h), UCA1

(i), and PANDA (j). Results of

three independent cell culture

experiments were used to

calculate the average value of

relative gene expression. Each

column represents mean ? SE

and * indicates statistically

significant differences

compared to untreated cells.

Doses of bleomycin and

radiation were as above
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affected (TUG1, PANDA, UCA1). Down-regulation was

straightforward for HOTAIR and MALAT1 and restricted

to BLM-treated cells. The difference between BLM-treated

cells and irradiated cells is likely to be related to the extent

of DNA damage as demonstrated by different apoptosis

levels between these two conditions. Considering the role

of HOTAIR as a modulator of chromatin by binding the

polycomb repressive complex to methylate histones at

multiple Hox loci and its aberrant expression in cancer to

promote invasion and metastasis [9, 14, 15, 28], and

MALAT1 acting as a regulator of alternative splicing [29],

the down-regulation of these molecules under stress con-

ditions may contribute to maintain the stability of chro-

matin and provide advantage in favor of apoptosis to avoid

genomic instability. In contrast to HOTAIR and MALAT1,

many of the investigated molecules (lincRNA-p21, GAS5,

ncRNA-CCND1, ANRIL, MEG3) were induced to various

levels during genotoxic stress-induced apoptosis. Up-reg-

ulation of these molecules may help the cells respond to

genotoxic stress and possibly induce genes required for

apoptotic cell death. Induction of these molecules was,

however, not unique to all treatment conditions or to both

cell lines. For instance, lincRNA-p21 that is induced by

p53 [8] was not up-regulated in irradiated cells though p53

accumulated. Thus, variations in the expression patterns of

long RNA molecules may be related to their biological

function, the extent of DNA damage or to the cell-type or

to other factors not defined yet. ncRNA-CCND1 is an

example of promoter-related lncRNA, which is transcribed

from the promoter of the cyclin D1 gene (CCND1) [11] and

represses its transcription by modifying RNA binding

protein in cis. Enhanced expression of ncRNA-CCND1

may repress the transcription of CCND1 upon DNA dam-

age [12] blocking proliferation of damaged cells. Also,

PANDA is a promoter-related RNA expressed from the

CDKN1A promoter and is induced in a p53-dependent

manner [7]. It interacts with the transcription factor NF-YA

to limit expression of pro-apoptotic genes. However, in our

series, we detected no remarkable change in PANDA

expression despite p53 accumulation. It is plausible that

PANDA induction by p53 may be dependent on cellular

context whether or not apoptosis comes into play for

damaged cells. Recent data suggest that MEG3 could act as

a tumor suppressor whose action may be mediated by p53

[10]. Expression of MEG3 in tumor cells results in growth

suppression, p53 protein increase, and activation of
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Fig. 5 Expression of lncRNAs

during genotoxic stress-induced

apoptosis in MCF-7 cells.

Expression of lncRNAs during

genotoxic stress-induced

apoptosis in HeLa cells. Given

are HOTAIR (a), MALAT1 (b),

TUG1 (c), GAS5 (d), lincRNA-

p21 (e), ncRNA-CCND1 (f),
ANRIL (g), MEG3 (h), UCA1

(i), and PANDA (j). Results of

three independent cell culture

experiments were used to

calculate the average value of

relative gene expression. Each

column represents mean ? SE

and *indicates statistically

significant differences

compared to untreated cells
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downstream p53 targets [30]. In concordance with this

picture, we found a clear induction of MEG3 by genotoxic

stress. In contrast to previous up-regulated RNA molecules,

induction of ANRIL was mainly restricted to irradiated

cells. ANRIL is transcribed from the INK4a locus and is

involved in epigenetic regulation of INK4b/ARF/INK4a

tumor suppressors [16]. It is assumed that ANRIL binds to

and recruits PRC2 to repress the expression of genes from

this locus [31]. In damaged cells, suppression of this locus

may be required for growth arrest. A similar behavior was

observed for GAS5 that is induced in only irradiated HeLa

cells. As GAS5 is a specific inducer of cell cycle arrest

[13], interruption of the cell cycle in irradiated HeLa cells

may result in lower cell death.

In conclusion, this is the first study to describe a signifi-

cant response of lncRNAs to stress induction where espe-

cially HOTAIR and MALAT1 are down-regulated and

molecules such as lincRNA-p21, ncRNA-CCND1, ANRIL,

and MEG3 are up-regulated. In future work, high-throughput

techniques should be applied to obtain a global view on the

changes of lncRNA molecules and to elucidate the mecha-

nisms of regulation of individual lncRNAs.
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16. Yap KL, Li S, Muñoz-Cabello AM, Raguz S, Zeng L, Mujtaba S,

Gil J, Walsh MJ, Zhou MM (2010) Molecular interplay of the

noncoding RNA ANRIL and methylated histone H3 lysine 27 by

polycomb CBX7 in transcriptional silencing of INK4a. Mol Cell

38:662–674

17. Wilusz JE, Freier SM, Spector DL (2008) 3’ end processing of a

long nuclear-retained noncoding RNA yields a tRNA-like cyto-

plasmic RNA. Cell 135:919–932

18. Jänicke RU, Engels IH, Dunkern T, Kaina B, Schulze-Osthoff K,

Porter AG (2001) Ionizing radiation but not anticancer drugs

causes cell cycle arrest and failure to activate the mitochondrial

death pathway in MCF-7 breast carcinoma cells. Oncogene 20:

5043–5053

19. Henner WD, Grunberg SM, Haseltine WA (1982) Sites and

structure of gamma-radiation induced DNA strand breaks. J Biol

Chem 257:11750–11754

20. Dutta A, Chakraborty A, Saha A, Ray S, Chatterjee A (2005)

Interaction of radiation- and bleomycin-induced lesions and

influence of glutathione level on the interaction. Mutagenesis 20:

329–335

21. Jänicke RU, Sprengart ML, Wati MR, Porter AG (1998) Caspase-

3 is required for DNA fragmentation and morphological changes

associated with apoptosis. J Biol Chem 273:9357–9360

22. Holdenrieder S, Stieber P (2004) Apoptotic markers in cancer.

Clin Biochem 37:605–617

23. Mourtada-Maarabouni M, Pickard MR, Hedge VL, Farzaneh F,

Williams GT (2009) GAS5, a non-protein-coding RNA, controls

apoptosis and is downregulated in breast cancer. Oncogene 28:

195–208

24. Jänicke RU (2009) MCF-7 breast carcinoma cells do not express

caspase-3. Breast Cancer Res Treat 117:219–221

25. Semenov DV, Aronov PA, Kuligina EV, Potapenko MO, Richter

VA (2004) Oligonucleosome DNA fragmentation of caspase 3

deficient MCF-7 cells in palmitate-induced apoptosis. Nucleo-

sides Nucleotides Nucleic Acids 23:831–836

Clin Exp Med (2013) 13:119–126 125

123



26. Mc Gee MM, Hyland E, Campiani G, Ramunno A, Nacci V,

Zisterer DM (2002) Caspase-3 is not essential for DNA frag-

mentation in MCF-7 cells during apoptosis induced by the pyr-

rolo-1,5-benzoxazepine, PBOX-6. FEBS Lett 515:66–70

27. Wang X, Arai S, Song X, Reichart D, Du K, Pascual G, Tempst

P, Rosenfeld MG, Glass CK, Kurokawa R (2008) Induced ncR-

NAs allosterically modify RNA-binding proteins in cis to inhibit

transcription. Nature 454:126–130

28. He S, Liu S, Zhu H (2011) The sequence, structure and evolu-

tionary features of HOTAIR in mammals. BMC Evol Biol 11:102

29. Tripathi V, Ellis JD, Shen Z, Song DY, Pan Q, Watt AT, Freier

SM, Bennett CF, Sharma A, Bubulya PA, Blencowe BJ, Prasanth

SG, Prasanth KV (2010) The nuclear-retained noncoding RNA

MALAT1 regulates alternative splicing by modulating SR

splicing factor phosphorylation. Mol Cell 39:925–938

30. Zhang X, Rice K, Wang Y, Chen W, Zhong Y, Nakayama Y,

Zhou Y, Klibanski A (2010) Maternally expressed gene 3

(MEG3) noncoding ribonucleic acid: isoform structure, expres-

sion, and functions. Endocrinology 151:939–947

31. Kotake Y, Nakagawa T, Kitagawa K, Suzuki S, Liu N, Kitagawa

M, Xiong Y (2011) Long non-coding RNA ANRIL is required for

the PRC2 recruitment to and silencing of p15(INK4B) tumor

suppressor gene. Oncogene 30:1956–1962

126 Clin Exp Med (2013) 13:119–126

123


	Differential expression of long non-coding RNAs during genotoxic stress-induced apoptosis in HeLa and MCF-7 cells
	Abstract
	Introduction
	Materials and methods
	Study design
	Cell culture
	DNA damage induction
	Detection of apoptotic cell death
	p53 ELISA
	Gene expression analysis

	Results
	Discussion
	Acknowledgments
	References


