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The impact of long terminal repeat (LTR) retrotransposition on cell fate is unknown. Here, we investigated the 
effect of VL30 retrotransposition on cell death in SV40-transformed mouse SVTT1 cells. Transfection of a VL30 ret-
rotransposon decreased the clonogenicity of SVTT1 by 17-fold, as compared to parental NIH3T3 cells. Correlated 
levels of retrotransposition frequency and cell death rates were found in retrotransposition-positive SVTT1 cloned 
cells, exhibiting DNA fragmentation, nuclear condensation, multinucleation and cytoplasmic vacuolization. Analy-
sis of activation of effector caspases revealed a caspase-independent cell death mechanism. However, cell death was 
associated with p53 induction and concomitant upregulation of PUMAα and Bax and downregulation of Bcl-2 and 
Hsp70 protein expression. Moreover, we found partial loss of colocalization of large T-antigen (LT)/p53 and p53 
translocation to mitochondria, leading to mitochondrial outer membrane permeabilization (MOMP) accompanied 
by lysosomal membrane permeabilization (LMP). Interestingly, treatment with the antioxidant N-acetylcysteine 
abolished cell death, suggesting the involvement of mitochondrial-derived reactive oxygen species, and resulted in an 
increase of retrotransposition frequency. Importantly, the induction of cell death was VL30 retrotransposon-specific 
as VL30 mobilization was induced; in contrast, mobilization of the non-LTR L1 (LINE-1, long interspersed nuclear 
element-1), B2 and LTR MusD retrotransposons decreased. Our results provide, for the first time, strong evidence 
that VL30 retrotransposition mediates cell death via mitochondrial and lysosomal damage, uncovering the role of 
retrotransposition as a nuclear signal activating a mitochondrial-lysosomal crosstalk in triggering cell death.
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Introduction

Retrotransposons are singular repetitive elements inte-

grated in the mammalian genome. They comprise 37.3% 
of the mouse genome and are represented by the sub-
classes of non-long terminal repeat (LTR) and LTR ret-
rotransposons [1]. Mouse VL30s are an LTR retrotrans-
poson family of ~200 members resembling retroviruses 
[2] and their RNA expression is induced by a variety of 
agents [2, 3], among them SV40 virus [4]. Isolated VL30 
sequences are characterized by multiple stop codons [5], 
and thus in the absence of coding capacity, they are clas-
sified as non-autonomous LTR retrotransposons [2].

Several lines of evidence document the importance 
of VL30s. Their expression enhances the metastatic po-
tential of human melanoma cells [6] through complex 
formation of VL30 RNA with PSF. PSF is a repressor 
protein binding RNA in spliceosomes, and VL30 RNA 
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binding to PSF reversed PSF-mediated gene repression 
[7], thus affecting various processes such as embryogen-
esis, oncogenesis and steroidogenesis [8, 9]. Importantly, 
recent findings show that noncoding VL30 RNA regu-
lates proto-oncogene transcription, cell proliferation and 
tumorigenesis in mice through interacting with the PSF 
protein [10]. Remarkably, in experimentally induced ce-
rebral ischemia in mouse, VL30 transcripts were induced 
and found to bind polyribosomes, suggesting an effect of 
VL30s on polyribosome stability [11].

Retrotransposition is an intracellular process requiring 
a retrotransposon RNA-intermediate [12], which is re-
verse transcribed into cDNA followed by integration into 
a new genomic site. Importantly, such new integrations 
can affect diverse genome functions and genome integ-
rity at various levels. Retrotransposition events can cause 
human and mouse diseases [13] and affect telomere 
stability, chromosomal distribution during cell division, 
chromatin organization and timing of gene expression in 
development [14].

Programmed cell death (PCD) is an important devel-
opmental and homeostatic process leading to elimina-
tion of damaged cells through different, biochemically 
and morphologically distinct death types. Apoptosis 
represents such a type of PCD that is elicited through 
two main pathways: the extrinsic and intrinsic ones, also 
known as the ‘death receptor’ (external) and ‘mitochon-
drial’ (internal) pathway, respectively [15, 16]. Although 
apoptosis is usually dependent on caspase activation [15] 
cell death can also occur in a caspase-independent man-
ner [17], while the p53 protein usually plays a pivotal 
role in both cases [15]. Increasing evidence suggests that 
different cell death types may overlap with particular 
characteristics displayed simultaneously [17].

So far, evidence for the impact of retrotransposi-
tion on PCD mainly comes from human non-LTR ret-
rotransposons L1 (LINE-1, long interspersed nuclear 
element-1). An early observation reported suicidal death 
characterized by sudden transcriptional activation and 
concomitant induced retrotranspositions [18]. It was also 
shown that UV light- and ionizing radiation-induced L1 
retrotransposition caused PCD in rat chloro-leukemia 
cells [19]. Recently, it was reported that L1 retrotranspo-
sition induced apoptosis in human cancer cells [20, 21]. 
Regarding mouse LTR retrotransposons, we reported 
that high induction of VL30 retrotransposition resulted 
in massive cell death or cytotoxic effects in NIH3T3 
cells following either expression of SV40 large T-antigen 
(LT) [22] or vanadium-generated oxidative stress [23], 
respectively. Although these data demonstrated the effect 
of retrotransposition on PCD, the underlying mechanism 
remains to be elucidated.

In this report, we investigated the effects of LTR ret-
rotransposition on cell fate of SV40-transformed NIH3T3 
cells. We found that VL30 retrotransposition specifically 
mediated cell death in a caspase-independent and p53-
dependent manner by activating the mitochondrial death 
pathway in association with lysosomal membrane per-
meabilization (LMP).

Results

VL30 retrotransposition is correlated with cell death
Our previous studies, demonstrating massive cell death 

associated with the induction of VL30 retrotransposition 
in SV40-transformed NIH3T3 cells [22], prompted us to 
investigate in detail the effect of LTR retrotransposition 
on cell death.

We first determined the clonogenic efficiency of SV40-
transformed SVTT1 versus normal control NIH3T3 cells 
following transfection of an EGFP-tagged VL30 ele-
ment NVL-3*/EGFP-INT [22] or plasmid EGFP-N1 (as 
a control for EGFP expression, since retrotranspositions 
are measured through EGFP-positive cells) [22]. Trans-
fected NIH3T3 cells produced a large number of clones, 
although with non-statistically significant difference (P1 = 
0.295), showing the efficiency of both plasmids in pro-
ducing high numbers of foci. Interestingly, while a large 
number of foci was obtained with pEGFP-N1 in SVTT1 
cells, we found a ~17-fold decrease in the number of col-
onies obtained using pNVL-3*/EGFP-INT (P2 < 0.001) 
(Figure 1A). Given that VL30 retrotransposition occurs 
at a high frequency in SVTT1 but not in NIH3T3 cells 
[22], these data suggested that the resulting retrotrans-
position events decreased SVTT1 clonogenicity either 
through growth retardation or induction of cell death.

To assess whether the extent of VL30 retrotransposi-
tion events was directly related to cell death, we mea-
sured the retrotransposition frequency and cell cycle 
phase distribution of 10 randomly isolated pNVL-3*/
EGFP-INT-derived SVTT1 clones. We found induction 
of retrotransposition in all the cell clone populations, as 
expected [22], with frequencies ranging from 0.20% to 
22.6% and values for sub-G1 populations from 5.4% to 
39%. Interestingly, the extent of retrotransposition events 
and cell death rates were related, as documented in three 
representative clones (Figure 1B and 1C). Specifically, 
clone 5 with a high retrotransposition frequency of 
22.6% exhibited a concomitant high sub-G1 fraction of 
~39%, clone 6 with a low frequency of 0.72% exhibited 
a low sub-G1 value of 5.46%, while clone 7 showed both 
values at intermediate levels between those of clones 5 
and 6. Collectively, these data demonstrate the correla-
tion of induced retrotransposition events with cell death.
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VL30 retrotransposition-positive cells display features of 
cell death

Next, we examined whether retrotransposition-positive 
cells displayed typical features of cell death. First, PCR 
analysis was performed to corroborate the retrotransposi-
tion positivity of clones 5, 6 and 7 through detecting new 
copies integrated in the genome. As expected, a product 
of 342 bp, diagnostic for retrotransposition events [22], 
was detected in all three clones (Figure 2A) but at differ-
ent levels, which correlated with their corresponding ret-
rotransposition frequencies (Figure 1B). In parallel, low-
molecular weight DNA from these clones and parental 
control SVTT1 cells were examined for DNA fragmenta-
tion. Low molecular weight-sized DNA fragments (Figure 
2B) were detected with a profile showing an association 
of DNA fragmentation levels with the extent of VL30 
retrotransposition events measured earlier (Figure 1B).

Assuming that the cell morphological changes would 
be best detected using cells with high retrotransposition 
frequency, we examined by UV microscopy clone 5 and 
control SVTT1 cells following staining with DAPI. In 
parental SVTT1 cells, an even staining was observed 
exclusively in the nucleus (Figure 2C, c). In contrast, 
clone 5 cells displayed a characteristic cytoplasmic 
green fluorescence (Figure 2C, e) highlighting the oc-
currence of retrotransposition events [22] and exhibited 
DAPI accumulation indicative of nuclear condensation, 
a hallmark of apoptosis. In addition, nuclear debris were 

observed throughout the culture, which could be cleared 
off following treatment with DNase I (data not shown), 
providing further evidence of nuclear fragmentation 
(Figure 2C, f and i). Importantly, we found that ~10% of 
the cell population was multinucleated (Figure 2C, e and 
g), suggesting mitotic catastrophe [17], and ~70% of the 
cells were characterized by large numbers of vacuoles 
(Figure 2C, d and h), reminiscent of necrotic-like death. 
Taken together, these data show that induced VL30 ret-
rotransposition is accompanied with features of different 
cell death types.

VL30 retrotransposition-induced cell death is caspase-
independent

As caspases are key molecules involved in cell death, 
we investigated whether their activation was related to 
VL30 retrotransposition-induced cell death using three 
approaches.

First, whole protein lysates of parental untreated and 
staurosporine-treated SVTT1 cells were analyzed along 
with those extracted from the cells of clones 5, 6 and 7 by 
immunoblotting for the expression of activated caspase-3 
– a main apoptosis effector caspase [15]. In contrast to 
the positive control, no activated caspase-3 was detected 
in either parental cells or cells of clones 5-7 (Figure 3A). 
Second, protein lysates of clones and parental SVTT1 
cells were assayed with the fluorogenic Ac-DEVD-AMC 
substrate, which is proteolytically cleaved mainly by cas-

Figure 1 Correlation of VL30 retrotransposition to cell death. (A) NIH3T3 or SVTT1 cells were transfected with pEGFP-N1 
and pNVL-3*/EGFP-INT DNA, and the produced foci were stained and counted. Numbers represent the mean values of foci 
with indicated standard errors (n = 4), while P1 and P2 are statistical significance between foci obtained by pEGFP-N1 and 
pNVL-3*/EGFP-INT in NIH3T3 or SVTT1 cells, respectively. (B and C) Representative pNVL-3*/EGFP-INT-derived clone 
cells were measured for EGFP-positive and sub-G1 cell populations with FACS. Overlays of histogram graphs in B represent 
fluorescence profiles of SVTT1 (solid black) and clone cells (grey lines), respectively. Histogram graphs in C represent cell 
cycle phase distribution. Thresholds are shown with bars and M1 is control auto-fluorescence (99.7%). Mean values (n = 3) 
with SD (±) shown in B and C are net retrotransposition frequencies or cell death rates, respectively.
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pase-3 and recognized by effector caspase-7 [24]. Bio-
chemical analysis showed no fluorescence shift (Supple-
mentary information, Figure S1), confirming the absence 
of caspase-3 activation. Third, as lamins represent pro-
teolysis substrates for activated caspase-3 and caspase-6 
[25, 26], we performed immunofluorescence analysis for 
lamin B in clone 5 cells stained with propidium iodide 
(PI) to assess whether lamin B cleavage was associated 
with an altered nuclear morphology (Figure 2C, f and i). 
In control SVTT1 cells, both nuclei as well as the lamin 
B rim were normal, while staurosporine-treated SVTT1 
cells exhibited both pyknotic nuclei and cleavage of 
lamin B. In clone 5 cells, despite nuclear condensation 
evidenced by PI accumulation, lamin B rim remained in-
tact, although its dimensions were decreased (Figure 3B), 
suggesting the absence of proteolysis, which was further 
supported by immunoblotting (Figure 3C). Collectively, 
these data provide strong evidence that induced VL30 
retrotransposition elicits a type of caspase-independent 

Figure 2 Cell death features of VL30 retrotransposition-positive cells. (A) PCR of DNA lysates of SVTT1 (SV) and clone cells 
(cl.5-7). Arrowed 1243- and 342-bp products represent pNVL-3*/EGFP-INT and retrotranspositions, respectively. Μ repre-
sents pBR322/HinfI markers. (B) DNA fragmentation of samples shown in A. Single or double arrowhead shows mono- or di-
nucleosomes, respectively. (C) SVTT1 and clone 5 cells were fixed, stained with DAPI and photographed under normal (a, d 
and h) and fluorescent light with Β-2Α (b, e and g) or UV-2B (c, f and i) filter, respectively. Panels g, h and i are enlargements 
of yellow and red arrow-indicated cells in e and f, respectively. Scale bars in f and i indicate 10 µm, representative of panels 
a-f and g-i, respectively.

Figure 3 Lack of caspase activation in VL30 retrotransposition-
induced cell death. (A) Immunoblotting of whole protein lysates 
(100 µg) with an activated caspase-3 antibody. (B) Immunofluo-
rescence of cells stained for Lamin B and with PI was visual-
ized by confocal microscopy. Scale bar indicates 10 µm. (C) 
Immunoblotting of whole protein lysates (50 µg) with a Lamin 
B antibody. SVTT1* represents SVTT1 cells treated with 1 µΜ 
staurosporine.
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cell death.

VL30 retrotransposition-induced cell death is p53-depen-
dent

Next, we investigated the expression of p53 protein, 
a major mediator of apoptosis in response to the stress 
of mammalian cells [27], in clones 5, 6 and 7 and in 
NIH3T3 and SVTT1 cells as controls. While higher lev-
els of p53 – due to its stabilization by LT – were detected 
in SVTT1 compared to NIH3T3 cells [4, 28], p53 was in-
duced in all three retrotransposition-positive clones com-
pared to parental SVTT1 cells (Figure 4A). Significantly, 
p53 expression was ~sixfold higher in clone 5, while that 
in clones 6 and 7 was at lower and intermediate levels of 
1.4- and 2.5-fold, respectively (Figure 4A), in a manner 
that correlated with the retrotransposition extent (Figure 
1B). To assess the transactivating or regulatory proper-
ties of induced p53, the expression of p53 target genes 
PUMAα, Bcl-2 and Bax [29] or p53-regulated protein 
Hsp70 [30] was examined by immunoblotting. We found 
that the expression of proapoptotic PUMAα and Bax 
was induced, with the latter also being detected in its oli-
gomerization state, while that of antiapoptotic Bcl-2 and 
Hsp70 was reduced (Figure 4B), in a manner that cor-
related with both p53 expression levels (Figure 4A) and 
cell death related to the retrotransposition extent (Figure 
1B and 1C).

Because p53 is complexed with LT – hence its func-
tion blocked – in SVTT1 cells its induction and trans-
activating properties found prompted us to examine the 
state of the LT/p53 complex. SVTT1 and clone 5 cells 
stained for LT and p53 were analyzed by confocal la-
ser scanning microscopy. In SVTT1 cells, LT and p53 
proteins were strictly colocalized in the nucleus, as ex-
pected. In contrast, clone 5 cells exhibited a p53 signal 
not entirely colocalized with LT but instead was detected 
both in the nucleus and cytoplasm (Figure 4C), reminis-
cent of LT/p53 complex disruption and p53 redistribu-
tion similar to that observed in SV40-transformed cells 
exposed to oxidative stress [28]. Partial colocalization 
loss was further documented by Pearson’s correlation 
and scatter plot analysis (Supplementary information, 
Figure S2), providing evidence that a fraction of p53 was 
free and functional. In summary, these data suggest that 
retrotransposition-induced cell death is p53-dependent.

VL30 retrotransposition activates the mitochondrial 
death pathway and it is associated with lysosomal damage

It is reported that p53 translocates to mitochondria 
under stress conditions [31]. To investigate such a pos-
sibility in our cell assay system, we examined the local-
ization of AIF and p53 in parental SVTT1 and clone 5 
cells. SVTT1 cells exhibited a distinct mitochondrial and 
nuclear localization of AIF and p53, respectively. Impor-

Figure 4 p53 induction, transactivation and mitochondrial translocation in VL30 retrotransposition-induced cell death. (A and 
B) Immunoblotting of p53, or PUMAα, Bcl-2, Bax and Hsp70 with 20 or 40 µg of whole protein lysate, respectively. Asterisk 
in Bax panel shows oligomerization. (C) Immunofluorescence of cells stained with p53 and LT antibodies. In merge*, an as-
terisk denotes conversion of LT blue signal to green pseudocolor before overlay. (D) Immunoblotting of cytoplasmic (Cyto) or 
mitochondrial (Mito) protein fractions (20 µg) from SVTT1 and clone 5 cells with antibodies against p53, AIF and tubulin (as 
a cytoplasmic marker). (E) Immunofluorescence of cells stained with p53 and AIF antibodies. Colocalization is indicated in 
white. In C and E, visualization was performed by confocal microscopy. NIH3T3, NIH; SVTT1, SV;  clone 5, cl.5; clone 6, cl.6; 
clone 7, cl.7. Scale bars in C and E indicate 10 µm.
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tantly, in clone 5 cells, while p53 was localized in both 
the mitochondria and nucleus, AIF was strictly localized 
to the mitochondria as in parental SVTT1 cells, hence 
excluding its involvement in cell death (Figure 4E). Mi-
tochondrial localization of p53 and the absence of AIF 
release in clone 5 cells were further confirmed by immu-
noblotting (Figure 4D).

Mitochondrial outer membrane permeabilization 
(MOMP) constitutes one of the major checkpoints of cell 
death [32], and is shown in several cases to be caused by 
p53 translocation [33]. Moreover, MOMP is interrelated 
to lysosomal rupture [15], which is induced by a low 
steady-state concentration of H2O2 [34]. In this context, 
we first assessed the mitochondrial integrity of clone 5 
cells by measuring mitochondrial membrane potential 

(Δψm) by JC-1 staining, which assays the potential over 
the inner mitochondrial membrane. Remarkably, we 
found a highly statistically significant shift (35% of cells) 
from red to green fluorescence (Figure 5A) compared to 
the control cells, demonstrating membrane depolariza-
tion due to loss of mitochondrial integrity. Next, the lyso-
somal integrity of clone 5 cells was measured by acridine 
orange staining. We found 48% cells with higher green 
cytosolic fluorescence compared to control cells, docu-
menting a significant lysosomal rupture of clone 5 cells 
(Figure 5B). In addition, by measuring lysosomal integri-
ty for clones 6 and 7, we also found increased green fluo-
rescence percentages of 11.2% and 18.3%, respectively. 
Interestingly, all three values correlated with the extent 
of retrotransposition outcomes shown above for induced 

Figure 5 The involvement of mitochondria and lysosomes in VL30 retrotransposition-induced cell death. (A and Β) Repre-
sentative fluorescence profiles overlay of SVTT1 (solid black) and clone 5 (gray line) cells labeled either with JC-1 or acridine 
orange, respectively, and measured with FACS. Bar denotes threshold for increased green fluorescence. Numerical values 
represent net percentage of clone 5 cells with ∆ψm loss and LMP as a mean value (n = 3) with SD (±). (C) Retrotransposition 
frequency (white column) and cell death rate (black column) mean values (n = 3) of untreated cells or those treated with 10 
mM NAC for 24 h. SD is indicated with bars.

Figure 6 Specificity of VL30 retrotransposition-mediated cell death. (A) RT-PCR of retrotransposon RNA expression per-
formed with 8 ng cDNA. SV and cl.5 denote SVTT1 and clone 5 cells, respectively. (B) Modulated retrotransposon RNA 
expression shown in A. Columns represent densitometry values of expression normalized to actin and compared to that of 
SVTT1. Error bars represent standard deviation from three independent experiments.
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sub-G1 populations (Figure 1C), DNA fragmentation 
(Figure 2B) and p53 induction (Figure 4A and 4B), sug-
gesting a lysosomal damage-dependent cell death mecha-
nism. Finally, given that the mitochondria are the major 
reactive oxygen species (ROS)-generating organelles 
and that the best studied inducers of LMP are ROS [15], 
we asked whether cell death was due to mitochondrial-
derived ROS. To this end, clone 5 cells were measured 
both for retrotransposition frequency and cell death rate 
following treatment with the general antioxidant N-ace-
tylcysteine (NAC). While there was an 85% decrease in 
cell death, the retrotransposition frequency was increased 
by ~33% (Figure 5C). Taken together, these results sup-
port the direct involvement of mitochondrial-generated 
ROS and concomitant lysosomal damage in cell death 
mediated by VL30 retrotransposition.

VL30 retrotransposition-mediated cell death is VL30 ret-
rotransposon specific

Finally, we asked whether retrotransposition events 
from other retrotransposon families contributed to the 
observed cell death. Since an RNA-intermediate is re-
quired for the occurrence of a retrotransposition event 
[12], we indirectly investigated the mobilization of non-
LTR L1, B2 and LTR MusD retrotransposons through 
RNA expression. Interestingly, RT-PCR analysis showed 
that their RNA expression decreased in clone 5 as com-
pared to SVTT1 cells (Figure 6A). Using densitometry 
analysis, we found a decrease of 37.9%, 24.1% and 
5.85% for MusD, L1 and B2 expression, respectively. In 
contrast, the RNA expression of VL30s was increased 
by 23% (Figure 6B), suggesting that the induction of cell 
death was a VL30-specific effect.

Discussion

Our results provide strong evidence that VL30 ret-
rotransposition specifically induces a caspase-inde-
pendent and p53-dependent cell death manifested by 
activation of the mitochondrial death pathway, including 
lysosomal damage. Evidence supporting our conclusions 
emerged from three major findings.

First, we found that under VL30 retrotransposition-
induced cell death conditions the RNA expression of 
VL30s was induced (Figure 6), consistent with our previ-
ous finding using the apoptosis-inducer C2-ceramide [3], 
whereas that of retrotransposons L1, B2 and MusD was 
reduced. Notably, L1s mediate retrotransposition of other 
non-LTR retrotransposons such as B2 [35] and LTR ret-
rotransposons MusDs trigger in trans retrotransposition 
of LTR retrotransposons ETns [36], constituting in sum 
~70% of the total retrotransposon load of the mouse ge-

nome [1]. These data and our present findings suggest the 
specificity of VL30s in mediating cell death, as induced 
VL30 transcripts may: (a) maintain the retrotransposition 
events until the late stages of death, and (b) contribute, 
to some extent, to inhibiting the translation machinery as 
demonstrated under stress conditions [11].

Second, there was a lack of caspase activation, which 
was supported by three different assays used (Figure 3 
and Supplementary information, Figure S1) and, more-
over, an involvement of oxidative stress (Figure 5). Lack 
of caspase activation may be attributed to LT expression, 
consistent with previous findings on oxidative stress-in-
duced death of SV40-transformed NIH3T3 cells [28]. In 
addition, it has been reported that continuous exposure to 
H2O2 at low concentrations inactivates procaspase-9 and 
inhibits caspase-dependent apoptosis [37]. This further 
supports our finding of caspase-independent cell death, 
since the induction of MOMP (Figure 5A) implicates an 
increase of intracellular H2O2 in our assay conditions. 
Moreover, the absence of the release of AIF (Figure 
4E) and the pronounced lysosomal leakage (Figure 5B) 
provided additional support for the lack of caspase acti-
vation [32, 38], characterizing the VL30-mediated cell 
death in SV40-transformed cells.

Third, we found two interrelated critical events in 
the induction of cell death, namely: induction of VL30 
retrotransposition and p53-dependent responses. Regard-
ing the former, it was shown that cell death correlated 
with the extent of retrotransposition events (Figure 1B 
and 1C). A natural retrotransposition frequency for an 
LTR retrotransposon, such as VL30, was calculated as 
10–6 events per cell per generation [39]. Thus a value 
of 22.6% found for clone 5 – 226 000-fold higher than 
the natural retrotransposition frequency and the corre-
sponding 39% death rate – mirror the extent of the en-
donuclease cuts required for new VL30 copy-integration 
which would lead to genome damage. Accordingly, these 
data establish VL30 retrotransposition as a primary stim-
ulus of genome damage. Two lines of evidence support 
the dependency of retrotransposition-mediated cell death 
on p53 action. First, we found trans-activation of p53-tar-
get genes: Bcl-2 downregulation, PUMAα induction and 
Bax induction/oligomerization (Figure 4B) correlated 
with p53 induction (Figure 4A) and second, translocation 
of p53 to mitochondria (Figure 4D and 4E), both target-
ing mitochondria for cell death induction [33]. As evident 
from Figure 4D, less of the induced p53 was found in 
mitochondria than in the cytosol. This is consistent with 
a previous observation that only a fraction of induced 
p53 protein specifically localizes to the mitochondria in 
p53-mediated death, contributing to MOMP in response 
to DNA damage [31]. In keeping with this, we propose 
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that the observed loss of mitochondrial integrity (Figure 
5A) allowed the release of mitochondrial ROS contribut-
ing to lysosomal damage (Figure 5B). The latter is also 
supported by the observed Hsp70 downregulation (Figure 
4B), a known safeguard of lysosomal integrity [40]. On 
the other hand, the abolishment of cell death following 
NAC treatment (Figure 5C) provides additional evidence 
for the direct involvement of mitochondrial-generated 
ROS, acting as an execution factor in retrotransposition-
mediated cell death. Collectively, these major findings 
uncover: (i) a functional role of VL30 retrotransposition 
as a signal in mediating cell death through the activation 
of the mitochondrial death pathway, and (ii) a crosstalk 
between the nucleus, as a signaling organelle through 
retrotransposons, and the mitochondrial-lysosomal axis.

VL30s, as non-coding RNA, play an important role in 
mouse cell physiology by interacting with the major tu-
mor-suppressor protein PSF [9, 10]. Our tagged construct 
of VL30 [22] is truncated for ~2.5 Kb internal sequences 
(nucleotides 1 480-4 036) encompassing the critical 
region (nucleotides 1 523-1 841) that is responsible for 
binding PSF [9], and is not expected to interact with PSF. 
Thus, it is reasonable to believe that the primary effects 
on cell death are consequences of genomic integrations 
resulting from VL30 retrotransposition events. Addition-
ally, given that increased VL30 transcripts were detected 
(Figure 6) we do not exclude the possibility that both cis 
effects of retrotransposition and trans effects of transcrip-
tion could be responsible for initiating the reactions lead-
ing to cell death.

Based on our findings, we propose a two-step mecha-
nism in VL30-mediated cell death. First, LT stimulates 
VL30 retrotransposition [22], and continuously accumu-
lated VL30 integration events result in genome damage 
leading to the induction of p53, which in turn regulates 
anti-apoptotic and pro-apoptotic target genes (Figure 4A 
and 4B) and translocates to mitochondria (Figure 4D and 
4E). Second, mitochondrial disruption (Figure 5A) by 
p53 action allows the release of ROS, which is respon-
sible for lysosomal damage (Figure 5B) and VL30 ret-
rotransposition enhancement by H2O2 [23], forming two 
positive feedback loops. Ultimately, the highly active 
ROS cause further DNA damage, which together with 
the activation of lysosomal proteases leads to cell death. 
Additionally, we believe that future analyses of chromo-
somal loci or genes affected by the accumulated inte-
gration events might reveal inactivated survival genes, 
which could also contribute to the observed cell death.

An important feature of our study was the expression 
of LT, a constant stimulus for VL30 retrotransposition, 
and cell death of long-term living cells (clones) signifies 
the reliability of our findings. It has been suggested that 

the classification of several death types using exclusive 
definitions may be somewhat artificial due to the over-
lap and shared signaling pathways between different 
death programs [17]. This study supports the aforemen-
tioned suggestion as the death type studied encompassed 
hallmarks of: (a) apoptosis (nuclear condensation and 
DNA fragmentation), (b) necrosis-like death (cytoplasm 
vacuolization), and (c) mitotic catastrophe (cell multi-
nucleation) (Figure 2B and 2C). We believe that DNA 
fragmentation is a primary effect of accumulated VL30 
integration as exemplified by L1 retrotransposition, es-
timated to induce 10- to 100-fold more DSBs than the 
predicted numbers of successful integrations [41]. Given 
that DNA damage constitutes a basic inducer of mitotic 
catastrophe [42], such VL30 retrotransposition-induced 
DSBs might explain multinucleation, a feature of mi-
totic catastrophe (Figure 2C). The observed induction of 
MOMP and LMP as well as the decrease of cell death 
rate following the use of the antioxidant NAC signified 
the induction of ROS in retrotransposition-positive cells 
(Figure 5C). Based on this, necrosis-like death may be 
explained by H2O2 release following mitochondrial dam-
age (Figure 5A) and/or LMP (Figure 5B), as suggested 
by others [43]. Accordingly, it is reasonable to suggest 
that VL30 retrotransposition mediates cell death with 
parallel or overlapping characteristics of a complex but 
integral death phenomenon.

We earlier showed that both metal-generated oxida-
tive stress [23] and the oncogenic SV40 virus [22], 
constituting threats against a cell’s normal life, induced 
VL30 retrotransposition, which was associated with cy-
totoxic effects in normal NIH3T3 cells. While control of 
retrotransposition is essential for cell homeostasis, the 
present study shows that deregulation of retrotransposi-
tion leads to a homeostatic imbalance, and eventually 
to cell death. In her Nobel Prize acceptance lecture in 
1983, Barbara McClintock’s last sentence was: ‘We know 
nothing, however, about how the cell senses danger and 
instigates responses to it’. Here we demonstrate that ret-
rotransposons, previously thought of as inert sequences, 
are significant controlling elements in signaling pathways 
that determine the fate of cells.

Materials and Methods

Cell culture
SVTT1 (SVLTR1), SV40-transformed NIH3T3 mouse embryo 

fibroblasts [44] and NIH3T3 cells were grown in D-MEM medium 
supplemented with 10% FCS, 100 U/ml penicillin and 100 μg/ml 
streptomycin.

Plasmid DNA transfection, cell cloning and clonogenic assay
NIH3T3 or SVTT1 cells were transfected (Qiagen) with 2.5 
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μg of pEGFP-N1 (Clontech) or pNVL-3*/EGFP-INT [22] DNA. 
Single clones were isolated following selection with 400 μg/ml 
G418 or 80 μg/ml hygromycin B, respectively, for 18 days. Mea-
surement of clonogenic frequency was performed in 10-cm dishes 
following selection of clones fixed and stained with Giemsa. Stu-
dent’s t-test was used for statistical analysis.

Measurement of retrotransposition frequency, mitochondrial 
membrane potential and lysosomal damage and cell cycle 
analysis

Measurement of retrotransposition frequency [22], lysosomal 
integrity by acridine orange staining [34] and mitochondrial mem-
brane potential through JC-1 or cell cycle analysis using BD Mito-
Screen or CycleTEST Kits (Becton Dickinson), respectively, were 
performed with FACS. Data were analyzed with CellQuest v.3.1 
software.

PCR and RT-PCR analysis, DNA fragmentation and fluores-
cence microscopy

Protocols described were used for PCR [22], DNA fragmenta-
tion analysis [45] and fluorescence microscopy [22]. RT-PCR was 
performed [23] with 8 ng cDNA using MusD- [46] or VL30-, L1- 
and B2- [47] specific primers.

Immunoblotting
Immunoblotting of sub-cellular fractionated [48] or total pro-

teins was performed using monoclonal antibodies to p53, Bcl-2, 
Bax and AIF (Santa Cruz); cleaved caspase-3 (Cell Signaling); 
Hsp70 (Stressgen); α-tubulin and β-actin (Sigma); and using 
polyclonal antibodies to PUMAα (Santa Cruz) and Lamin B [49]. 
Protein detection was performed by chemiluminescence (Pierce), 
while induction of expression was measured by densitometry 
(Kodak) normalized to β-actin signals.

Indirect immunofluorescence analysis
Cells fixed in 4% formaldehyde were reacted with anti-p53 

(Santa Cruz) and anti-LT (Calbiochem) antibodies followed by 
donkey anti-goat IgG/TRITC (Alexa) and anti-mouse IgG/Cy-5 
(Dianova) secondary antibodies. For Lamin B immunofluores-
cence, cells fixed with 1% formaldehyde were reacted with a 
Lamin B polyclonal [49] and secondary donkey anti-rabbit IgG/
Cy-5 (Dianova) antibodies. Treated cells incubated with RNase 
A (1 mg/ml) for 30 min were stained with PI (10 μg/ml) for 8 
min. For p53 and AIF immunofluorescence, cells were fixed with 
100% methanol, reacted with primary p53, AIF (Santa Cruz), sec-
ondary anti-goat/TRITC (Alexa) and anti-mouse/FITC (Sigma) 
antibodies. Specimens were observed with a Leica SP confocal 
microscope. ImageJ 1.34s software and colocalization finder plug-
in (http://rsb.info.nih.gov/ij/plugins/) were used for colocalization 
and scatter plot analysis.

Measurement of caspase-3-like activity
Measurement of caspase-3-like activity was performed with 

150 μg of total protein extract using Ac-DEVD-AMC as substrate 
in a fluorospectrophotometric assay [50].
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