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ABSTRACT
The role of the nucleolus and autophagy in maintenance of nuclear integrity is poorly understood. In
addition, the mechanisms of nuclear destruction in cancer cells senesced after conventional
chemotherapy are unclear. In an attempt to elucidate these issues, we studied teratocarcinoma PA1
cells treated with Etoposide (ETO), focusing on the nucleolus. Following treatment, most cells enter
G2 arrest, display persistent DNA damage and activate p53, senescence, and macroautophagy
markers. 2–5 mm sized nucleolar aggresomes (NoA) containing fibrillarin (FIB) and damaged rDNA,
colocalized with ubiquitin, pAMPK, and LC3-II emerge, accompanied by heterochromatin fragments,
when translocated perinuclearly. Microscopic counts following application of specific inhibitors
revealed that formation of FIB-NoA is dependent on deficiency of the ubiquitin proteasome system
coupled to functional autophagy. In contrast, the accompanying NoAs release of pericentric
heterochromatin, which exceeds their frequency, is favored by debilitation of autophagic flux.
Potential survivors release NoA in the cytoplasm during rare mitoses, while exit of pericentric
fragments often depleted of H3K9Me3, with or without encompassing by NoA, occurs through the
nucleolar protrusions and defects of the nuclear envelope. Foci of LC3-II are accumulated in the
nucleoli undergoing cessation of rDNA transcription. As an origin of heterochromatin
fragmentation, the unscheduled DNA synthesis and circular DNAs were found in the perinucleolar
heterochromatin shell, along with activation and retrotransposition of ALU elements, colocalized
with 45S rDNA in NoAs. The data indicate coordination of the basic nucleolar function with
autophagy regulation in maintenance of the integrity of the nucleolus associated domains secured
by inactivity of retrotransposons.
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Introduction

In addition to its specific function in ribosome syn-
thesis, the nucleolus also has additional roles in the
cell which are less explored.1 These include prote-
ome regulation,2 sensing cellular stress,3 mainte-
nance of genome structure and integrity,4,5 and cell
aging.6 The aggresome is a large body of a few
microns in diameter, enwrapped in vimentin,
located near the centrosome at an indentation of
the nucleus, often found in neurodegenerative dis-
eases, progeria, and cancer.7 Aggresome formation
arises from insufficient degradation of proteins by
the ubiquitination-proteasomal system (UPS) and is
targeted as a polyubiquitinated aggregate for selec-
tive autophagic clearance.8-11

It has been shown that the nucleolar aggresome (NoA)
can be induced experimentally by inhibition of the UPS
and represents a counterpart of the cytoplasmic aggre-
some, acting as a platform for misfolded nucleolus-asso-
ciated proteins in response to proteotoxic stress.12-14 In
our study of cellular senescence and autophagy induced
by the genotoxic agent etoposide in the human ovarian
germ cell line PA1 (PA1-ETO) we noted considerable
amounts of condensed chromatin grains in the perinu-
clear cytoplasm accompanying the fibrillarin-positive
aggresome of the nucleolar origin. Previously, the role of
nucleolus releasing rDNA from cell nuclei was found in
the so called piecemeal microautophagy of senescing
yeasts.15,16 Release of chromatin from cell nuclei with the
involvement ofmacroautophagy in replicative senescence
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or accelerated cell senescence under genotoxic and onco-
genic stress has been reported by several investigators.
Survey of the nuclear integrity by macroautophagy with
the involvement of the nuclear envelope limited chroma-
tin sheets,17,18 nuclear lamin B, lamin B receptors, and
lamin-associated domains (LADs)19-24 have been
revealed. Furthermore, the role of retrotransposon activa-
tion, particularly SINE/ALU, in the DNA damage
response (DDR) has been demonstrated.25,26 In turn,
DDR is a hallmark of cellular senescence.27 Therefore, it
is not surprising that activated ALU elements of pericen-
tric heterochromatin transposed with aid of LINE 1 into
preferred AT-rich satellite DNA, colocalize with gamma-
H2AX foci in ex vivo senescing human stem cells28 and
thus can favor centromere sticking. Interestingly, forced
suppression of ALU transcription was sufficient to over-
come persistent DDR and re-install self-renewal of
human stem cells.28 De-Cecco and colleagues further
demonstrated activation of retrotransposons in senes-
cence of mammalian tissues,29,30 while Sedivy et al.31 sug-
gested cell death by retrotransposition, may be with
involving the release of DNA from the nuclei of senescent
cells.32 In accord, Sturm and colleagues33 have arrived to
the conclusion thatmobilization of transposable elements
comprising about 50% of the human genome, plays a pri-
mary role in genome disintegration during terminal
aging.

Based on this data, we used PA1-ETO cells as a
model system of genotoxically treated cancer stem
cells to investigate the causal relationship between the
NoA formation and accompanying chromatin release,
leading ultimately to nuclear disintegration. Focusing
on the nucleolus and its basic function, we have stud-
ied this complex process in relation to 2 degradation
pathways, the ubiquitin-proteasomic system (UPS)
and macroautophagy (hereafter termed “autophagy”),
and the activity of the largest class of mammalian
SINE retrotransposons ALU.

Results

Etoposide treatment of PA1 cells induces persistent
DNA damage response and prolonged cell arrest in
the DNA damage checkpoint

Etoposide (ETO) is an inhibitor of Topoisomerase
II. ETO treatment (8 mM for 20 h) induced in PA1
cells massive apoptosis and necrosis culminating by
day 5,34 »99% of such cells detached from support.
The cells still attached to support were examined

and found accumulating in a prolonged late S-G2-
phase (Fig. 1A, B) (detailed by us earlier,34,35 some
underwent polyploidy, mitoses (mostly arrested
aberrant metaphases) were also encountered.
Figure 1C presents proportions of cells containing
CHK2-positive foci of DNA damage in their nuclei
in one of the typical experiments. Thus, on days 2–
4 nearly all cells, which remained attached to sup-
port, signaled DNA damage, a hallmark of cell
senescence27,36 Cell senescence and accompanying
enhanced autophagy were shown in our model ear-
lier by upregulation of LC3, p53, p21CIP21, and
p16INKA4a proteins by immuno-fluorescence and
Western blots.34,35 Nevertheless, after day 5 post-
ETO treatment, the tiny cell portion free of DNA
damage begins to increase (Fig. 1C) and in 1-2
weeks PA1-ETO cells recover the clonogenic
growth.34

The fibrillarin-positive bodies include damaged
rDNA, autophagy markers and are released into
cytoplasm accompanied by heterochromatin
fragments

Fibrillarin (FIB) serves as a marker of the nucleo-
lus. It is functioning in processing of rRNA and is
localized in the dense fibrillar component of the
nucleolus.37,38 FIB antibody stains the nucleoli in
the punctuate-fluffy pattern in control PA1 cells
(Fig. 2A). In ETO treated PA1 cells (PA1-ETO) we
revealed 1-2 nucleolar or perinuclear dense bodies
enriched with FIB – nucleolar aggresomes (NoA)
in about 10% cells (Fig. 2B, C) on days 2 - 5 post-
treatment. These round or ring-shaped FIB-positive
bodies colocalized in ETO cells with the autophagy
inducer LC3-II (Fig. 2D) and contained the DAPI-
positive material in its core (Fig. 2C and E, F). The
LC3-II-foci in cytoplasm (scarcer in non-treated
samples) indicate to activate autophagy (Fig. 2D, E)
in these cells. Using the FISH probe for nucleolar
organizers (NORs) of the short arm of all 5 pairs
of NOR-containing acrocentric chromosomes the
similarly-sized dense nuclear bodies and buds are
revealed beside normally looking nucleoli (Fig. 2G,
H). The NoAs are also positively stained for ubiq-
uitin (Fig. 2I) and for phosphorylated AMPK
(Fig. 2J), a general autophagy inducer.23,39 Notably
that the DNA core of NoAs is labeled, besides
LC3-II, by CHK2 antibody indicating to rDNA
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damage (Fig. 2K) and the ATM-dependent target-
ing of this damaged DNA to autophagy.23 Another
participant of the DNA damage response (DDR)
response p53 is also activated34 and found accumu-
lated in the nucleolus of PA1-ETO cells (not
shown). The DNA exit from cell nuclei can be
restricted only to the NoA DNA core (as on
Fig. 2K). However, much more often NoA is sur-
rounded by various amounts of the granular DAPI-
positive material (Fig. 2C, J). Sometimes FIB-NoAs
are found in cytoplasm of rare mitoses (Fig. 2L),
which suggests that in viable, potentially surviving
cell minority (comprising <1%) the NoAs can be
released into cytoplasm for autophagic degradation
during mitotic disintegration of the nucleolus and

nuclear membrane. In summary, our first observa-
tions showed that formation of NoA in selected
nucleoli and the accompanying release of the het-
erochromatin from cell nuclei appeared to be inter-
dependent DDR events and have the relationship
with degrading systems.

In an attempt to elucidate the link between NoA
and the chromatin release from cell nuclei, we
addressed the following questions: Does NoA fre-
quency induced by ETO correlate with DNA release
from cell nuclei? Do the NoAs and DNA release
events depend on ubiquitin-proteasome system (UPS)
or/and autophagy (applying corresponding inhibitors
MG132 and Bafilomycin A1)? In all experiments,
repeated at least 3 times (if not stated otherwise), the

Figure 1. The parameters of PA1 cells response to ETO treatment. The cells were sampled on day 4 from the start of ETO (20 h) treat-
ment (repeated at least 3 times). (A, B) Representative DNA image cytometry histograms in non-treated (NT) cells and ETO-cells; (C) The
typical dynamics of DNA damage signaling by CHK2 in PA1-ETO treated cells demonstrating persistent DNA damage on days 2–4 in
most cells; (D) Influence of ETO and UPS inhibitor MG132 on the proportion of cells displaying FIB-positive aggresomes (NoA) shows the
significance of UPS insufficiency for NoA origin; (E) Influence of ETO and MG132 on the cell proportion releasing chromatin shows similar
responses; (F) High correlation between the proportions of cells displaying FIB-NoA and showing release of extranuclear DNA in the
same samples; (G) Influence of ETO and inhibitor of autophagic flux Bafilomycin A1 (BAF) on the proportion of cells displaying FIB-posi-
tive aggresomes (NoA) shows the insignificant tendency of BAF to reduce the number of FIB-NoA in ETO-cells; (H) BAF increases »1.5-
fold the proportion of ETO-cells releasing extra-nuclear DNA and halves the proportion of cells undergoing DNA repair; (I) Accumulation
of LC3II per cell as determined by immunostaining measuring integral fluorescence intensity in 200 random cells confirming inhibition
of autophagic flux in ETO-treated cells induced by BAF.
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samples of cells detached from support were evaluated
on day 4 post ETO treatment.

Formation of NoA induced by ETO is increased by
inhibition of UPS and highly correlates with release
of extranuclear DNA, which exceeds it in frequency

The Fig. 1 D shows that the inhibitor of UPS MG132
induces NoAs (»4-fold) in non-treated cells (NT),
otherwise very rare, that ETO »20-fold increases the
NoA frequency, and that adding of MG132 to ETO-
treated cells nearly 2-fold potentiates this effect. On
Fig. 1E the same proportions are seen in the frequency
of DNA release from cell nuclei microscopically visu-
alized near nuclei in the same samples (on different
cytospins, not treated with detergents and specifically

stained for DNA with Toluidine blue, see in METH-
ODS). Fig. 1F shows that the correlation of both phe-
nomena counted in 5 independent experiments is
extremely high. However, in absolute numbers, the
proportion of cells displaying NoAs is 1.5–2 times
smaller than the proportion of cells releasing micro-
scopically visualized clumps of extranuclear DNA
(Fig. 1F). This may mean that the 2 phenomena are
dependent on 2 very closely related mechanisms.

Inhibition of autophagic flux insignificantly impairs
the frequency of NoAs in ETO samples but much
enhances the frequency of extranuclear DNA

Then we compared the effect of suppression of auto-
phagy on both phenomena applying the inhibitor of

Figure 2. The fibrillarin-positive nucleolar aggresomes include damaged rDNA, autophagy markers and are released into cytoplasm
accompanied by heterochromatin: (A) – immunostaining for FIBRILLARIN (FIB) and counterstaining with DAPI in non-treated PA1 cells;
(B) the same staining of ETO-treated cells. The round nucleolar FIB-positive aggregates are designated as the nucleolar aggresomes
NoA; (C, D) the perinuclear ring-shaped NoA colocalising FIB with LC3-II and DAPI (inside) and surrounded by DAPI-positive granular
chromatin. The nucleoli (NL) designated on (D) are also positive for LC3-II; (E, F) confocal section through the interior of 2 NoA bodies
and the plot of fluorescence intensity in the region of interest showing colocalization of all 3 components in the sample stained with 3
fluorochromes for FIB, LC3-II, and DNA (note a DAPI-peak inside); (G) FISH with the probe Acro P-arm-NORs counterstained with DAPI in
NT PA1 cells; (H) the same reaction applied on ETO-treated cells where NORs are revealed both in intranuclear and perinuclear NoA
(arrowed); (I) accumulation of UBIQUITIN 1(UB1) in the perinuclear FIB-positive NoA; (J) Colocalization of FIB with pAMPK in 2 NoAs
(imaged in RGB optical filter); on insert, the same image in a red channel for pAMPK; (K) a cytoplasmic NoA composed of the largely
colocalising FIB, CHK2, and the DNA containing DAPI-stained core (on inserts); (L) Fragment of the mitotic cell (tripolar mitosis)
highlighted by DAPI and AURKB containing 2 NoAs in the cytoplasm. Bars D 10 mm.
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late autophagy (preventing fusion of autophagosome
with lysosomes and stopping degradation of cargo
and hence autophagic flux) Bafilomycin A1 (BAF).7,23

We found that, contrary to inhibition of UPS by
MG132 substantially increasing the frequency of
NoA-bearing cells (as seen on Fig. 1D), BAF insignif-
icantly decreased the frequency of FIB-NoA-contain-
ing cells, both alone and with ETO (Fig. 1G). At the
same time, BAF increased 1.5-fold the proportion of
ETO-cells containing extranuclear DNA (Fig. 1H),
thus confirming the role of lysosomes in autophagic
degradation of the damaged nuclear DNA.40 In addi-
tion, BAF halved the proportion of cells repairing the
DNA damage as detected by colocalized ϫH2AX/
RAD51 foci (Fig. 1H). The proportions of the accu-
mulation of LC3-II in the cells after BAF measured on
whole IF-stained cells in these experimental series are
presented on Fig. 1I. It shows that ETO 4-fold
increases the content of LC3-II per average cell, while
BAF increases it additionally 2.5-fold. BAF halted
autophagic flux in ETO-treated cells (shown earlier as
an accumulation of LC3-II in relation to LC3-I).35

Figure 1I indicates to both functional and insufficient
autophagy (apparently in different cells of the same
samples) after ETO treatment.

In summary, in this series of experiments, it was
elucidated that the process of NoA formation induced
by ETO and exhibited by the FIB-aggregated bodies
targeted for autophagy is mostly provoked by proteo-
toxic stress and insufficiency of UPS degradation
pathway. Natural resolution of NoA apparently needs
both functional autophagy and proliferative capacity
thus characterizing this state as the reversible senes-
cence. On the contrary, the deficiency of late auto-
phagy in a proportion of the ETO-treated cells is
preferentially responsible for accompanying, surpass-
ing and lethal release of heterochromatin from their
cell nuclei. In accord, our previous and current experi-
ments also showed that PA1-ETO cells did not recover
after treatment with BAF and that prolonging BAF
treatment just brought to full nuclear deterioration in
ETO-treated cells.35

But why the 2 phenomena, the potentially protec-
tive formation of aggresome in the nucleolus counter-
acting protein misfolding and potentially lethal release
of the heterochromatin destructing cell nucleus corre-
late so tightly? Does the nucleolus topologically unite
both phenomena? If so, where in particular the chro-
matin fragmentation is occurring? To this end, we

considered the knowledge on the role of activated
SINE/ALU elements in cell aging caused by genotoxic
stress, particularly by ETO25 and the data on the DNA
damage by retrotransposition of activated ALU ele-
ments (by LINE 1) in pericentric heterochromatin,
found in senescent cells.28-32 We further attempted to
explore the relation of these processes to the nucleolus.

ALU activation, clustering, relocation, and release
together with 45S rDNA after ETO treatment

qRT-PCR revealed that ALU transcription was
enhanced by ETO culminating by day 5 in a »3-fold
increase (Fig. 3A). By FISH-ALU studies we found the
change of the distribution pattern from homogenous
to tandemly clustered pattern in the nuclei of about
10–20% of cells, the ALU clusters tended to delineate
the perinucleolar chromatin (Fig. 3C, E and compare
with B). Combination of the FISH labels for 45S
rDNA and ALU revealed ALU concentration in
selected nucleoli (NoA) of some cells and its release
from cell nuclei together with 45S rDNA-positive bod-
ies (Fig. 3D-E), the same as the behavior seen for FIB-
NoA. Finally, a proportion of cells lose any order in
the ALU label distribution, which fused in large drops
randomly releasing from cell nuclei (Fig. 3F). So, we
have found that activation of ALU elements by ETO
involved the regions of the nucleolar organizers and
perinucleolar heterochromatin, participating in the
formation and release of the NoA, as well as in ulti-
mate deterioration of cell nuclei. Our data suggest the
role of retrotransposon activation in the continuity of
these events, from NoA to destruction of cell nuclei.

ETO treatment induces formation of
extrachromosomal circular DNAs around nucleoli,
and the release of pericentric heterochromatin
fragments from cell nuclei encompassed by NoA

We next sought to find which particular portion of
heterochromatin was involved in the release. We
found microscopically the ringlets of CHK2/DAPI-
positive material forming “a torulus” concentrating
this damaged DNA around large centered nucleoli
(Fig. 4A) in about 10% of ETO-treated cells. The site
corresponds the anchoring regions of the distal peri-
centric heterochromatin to ribosomal genes repeats.41

Extrachromosomal circular DNAs (eccDNA), known
as characteristic for the amplification of rDNA,42

major satellite DNA,43 and also used in transposition,
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e.g. LINE44 result from the “rolling circle” replication
mechanism. eccDNAs have been already described in
senescence of mammalian cells.45,46 This mechanism
is displayed as the unscheduled synthesis of the nicked
DNA. Indeed, using a 90-min pre-incubation with
BrdU, we could reveal in a proportion of cells the
absence of the overall label (no S-phase) coupled with
the sharp label of the perinucleolar rim, less intensive
label inside the nucleoli, and also the same grainy
material already degrading in the perinuclear vacuole
(Fig. 4B) indicating to its fast release from cell nucleus.
Thus, we have revealed that at least part of the released
fragmented heterochromatin formed by “rolling
circles” is originating in ETO cells in the nucleolus
associated heterochromatin. Correspondingly, by
using CREST antibody we identified this heterochro-
matin as predominantly pericentric. Centromeres
were found accumulating near/inside the nucleoli
(Fig. 4C), the clusters of pericentric fragments were
leaving cell nuclei encompassed by FIB-positive NoA
(Fig. 4D) or spilling from nuclei without visible NoA.
In should be also noted that in S-G2 –phase, where
PA1-ETO cells were arrested, centromeres tend to
associate with the nucleoli,47 the same was found by
us for irradiated lymphoma and HeLa cells.48 We next
tried to evaluate the change of epigenetic state of the
chromatin in PA1 cells after ETO treatment. In non-

treated cells H3K9Me3, the label of silent pericentric
heterochromatin49 marked the nuclei heterogeneously
highlighting clusters of pericentric heterochromatin
(Fig. 4E). In ETO-treated cells the average binding
H3K9Me3 per nuclear DNA content measured by
fluorescence intensity against DAPI was enhanced
(1.78-fold, p < 0.001). At the same time, most centro-
mere clusters leaving cell nuclei were depleted of the
silencing H3K9Me3 label (Fig. 4F). Similarly, we also
found that while in non-treated cells the DNA 5’–
Methyl cytosine label revealed preferentially the
clumps of heterochromatin, after ETO the DNA
methylation pattern became smoothened, the concen-
tration of the label increased 2-fold (p < 0.001), while
its heterogeneity decreased as exemplified (Fig. 4G,H).
The opposite showed the staining for active chroma-
tin: when applying the epigenetic mark H3K4Me3 it
revealed more bright nuclei of control non-treated
cells and sombre staining of the ETO-treated cell
nuclei (not shown), the concentration of H3K4Me3
decreased 1.48-fold (p < 0.001). These findings indi-
cate to inactivation of euchromatin and a more open
conformation assumed by constitutive heterochroma-
tin in senescing cells after ETO treatment. Our obser-
vations are fully in accord with corresponding
literature data on the epigenetic landscape of the chro-
matin in replicatively senescing cells.29,30 In turn, the

Figure 3. Activation, redistribution, and release of ALU elements in ETO-treated cells: (A) The result of qRT-PCR for ALU repeats in the
PA1-ETO experiment showing »3-fold increase of ALU transcription by day 5 post-treatment; (B) NT control – the relatively even distri-
bution of ALU in cell nuclei; (C) clustering of fused ALU elements around nucleoli after ETO treatment; (D, E) colocalization of ALU with
45S rDNA in the nuclear (arrow) and perinuclear (arrowhead) NoA after ETO-treatment as revealed by double FISH; (F) chaotic release of
large fused ALU drops from the cell nucleus after ETO treatment. Bars D 10 mm.
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de-methylation and decompaction of pericentric het-
erochromatin explains activation of retrotransposable
elements nested in it and found above (Fig. 3).

The question remained how NoA and accompa-
nying heterochromatin get into cytoplasm of inter-
phase cells arrested in G2 phase? Occasionally, co-
staining of the nucleolar and perinucleolar NoA for

p62/SQSTM1core revealed the surrounded rim of the
autophagy lysosomal marker LAMP2 (Fig. 4I), which
could only result from direct contact between the
nucleolus and cytoplasmic lysosomes fusing with the
autophagosome-enclosed cargo. The protrusion/bud-
ding of the chromatin targeted for autophagy through
the nuclear membrane fusing with lysosomes, as well

Figure 4. The topological relationship between NoAs and fragmented pericentric heterochromatin, change of its epigenetic profile and
the ‘channelled’ release from cell nuclei in ETO cells, day 4: (A) Emergence of the ringlets of extrachromosomal circular DNA enriched
with CHK2 signaling DNA damage in the ‘torulus’ around nucleolus (NL), RGB image; (B) 90 min incubation with BrdU of ETO cells
revealed selective BrdU inclusion in the perinucleolar chromatin, less in the nucleoli (NL, arrows) and the same labeled material degrad-
ing in the perinucleolar vacuole (encircled) at the background of unlabelled nuclei (no S-phase). Counterstaining of DNA with Propidium
Iodide (PI); (C) The tendency of pericentric heterochromatin labeled by CREST antibody to gather around and inside the FIB-enriched
nucleolus (NoA) RGB image; (D) A large perinuclear NoA with a FIB-ring colocalized with DAPI-positive DNA material encompassing a
cluster of multiple centromeres (CREST-antibody-positive), RGB image; (E,F) Change of the pattern in staining of pericentric heterochro-
matin: (E) in NT cells clusters of CEN accumulate H3K9Me3 label (arrowheads); (F) after ETO the released from cell nucleus CEN clusters
are nearly depleted of H3K9Me3 (arrowheads), while the very nucleus homogenously enhance its content; (G,H) – Immunocytochemical
reaction for 5’ methyl-cytosine on typical untreated (G) and ETO-treated (H) samples; the densitograms of each nucleus presented below
show preferential DNA methylation of heterochromatin clumps in NT and smoothening of the DNA methylation profile after ETO treat-
ment; (I) 2 intranuclear and one perinuclear NoAs are positively stained in the core for p62/SQSTM1, marking the aggregates for auto-
phagic clearance, which are encircled by LAMP2 indicating to attraction of lysosomes from cytoplasm (RGB image); (J) the ETO treated
cell with a nucleolar FIB/ LC3II- positive channel toward cytoplasm. Note abundance of brown lipofuscin in cytoplasm - a sign of cell
overload with undigested waste, the abnormally high concentration of LC3II in the nucleolus and a channel, while LC3-II foci in cyto-
plasm are nearly absent; (K) A large nucleus stained for LAMIN B1, FIB and DNA (DAPI) possessing a large hole in the nuclear lamin sur-
rounded by a “torulus” (arrowhead) with 2 nucleoli nearby (NL) conventionally stained for FIB (RGB image); (L) The hollow nucleolus
surrounded by a “torulus” (arrowhead) is poor with DNA and FIB, however enriched with VIMENTIN (VIM); the 2 other nucleoli (NL) dis-
play the opposite (conventional) features: contain FIB and do not contain VIM (RGB image); The 2 other nucleoli have a conventional
appearance (RGB image). Bars D 10 mm.
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as the protrusion of cytoplasmic channels into cell
nucleus has been in principle described for the chro-
matin autophagy.50 In our material, not infrequently
the narrow protrusions from the nucleoli enriched in
FIB and LC3-II were observed on the nuclear side-
views (Fig. 4J). They likely can also really perforate
nuclear membrane, opening a wide gate for accompa-
nying eccDNA, in particular if autophagic flux and
fusion with lysosomes fails. We found not only narrow
nucleolar channels but also large holes in the nuclear
lamin (Fig. 4K). Interestingly, that likewise the NoA
forming most often only in one selective nucleolus (as
seen on Fig. 2C-D, H, I; Fig. 3E), the nuclear “hole” is
also often seen beside normally shaped nucleoli
(Fig. 4K); “the hole” is containing vimentin (Fig. 4L),
the known carrier of eccDNA51 (as well known for
caging cytoplasmic aggresomes).52,53

The 2 questions arise, if the NoA-mediated release
of heterochromatin is associated with impairment of
the nucleolus basic function in rRNA synthesis and
how the latter is related to irreversible cell senescence?

The impairment of rDNA transcription and
processing in nucleoli of ETO-treated cells causes
accumulation of LC3II in them, which is prevented by
BAF

LC3-II active form was reported shuttling between
nucleus and cytoplasm, be present in cell nuclei,23,54

and accumulating in the nucleoli.54,55 In particular,
LC3-II protein interaction network analyzed by gene
ontology includes RNA processing, splicing and RNA
metabolism pathways.57 However, crosstalk between
autophagy and RNA processes remained unexplored.50

Here we applied the immunostaining for RPA194,
the subunit of Polymerase I and combined it with the
antibody for LC3-II. In non-treated cells RPA194 foci
localize as due in the multiple sites of pre-rRNA tran-
scription (located in the fibrillar center/dense fibrillar
component domains),38,58 while LC3-II is stained in
them weakly (Fig. 5A). In ETO-treated samples, the
pattern is again heterogeneous. In some cells this nor-
mal topology between RPA194 foci and LC3-II back-
ground is largely retained (Fig. 5B, (FC) and on
enlarged insert), while in other RPA194 is away from
the sites of transcription coalescing at the nucleolar
center or periphery (Fig. 5B, arrowheads), which is a
well-known sign of rRNA synthesis suppression.38 In
such cells the LC3-II is seen more intensely

accumulated in the nucleoli. Notably that in some of
such cells, where the RPA 194 has abandoned the
transcription sites and coalesced nearby, we found
instead clear and bright intranucleolar foci of LC3-II,
(Fig. 5C), the presumed autophagosomes, while those
were reduced in cytoplasm. By applying BAF to ETO-
treated cells, we found the opposite effect (Supplemen-
tal Fig. 1): BAF reduced the presence of LC3-II in
nucleoli and NoA and increased it in cytoplasm, the
same shift was observed for p62/SQSTM1.

Collectively, these observations suggest that synthe-
sis and processing of pre-rRNA require presence of a
certain LC3-II nucleolar pool supported by normal
autophagic flux. It can be speculated that endogenous
impairment first of pre-rRNA processing and then
synthesis can likely switch the formation and “soft”
clearance of NoA in selective nucleoli (possibly during
mitosis or by budding and scission by the nuclear
membrane) into destructive process, enabling penetra-
tion of cytoplasmic autophagosomes and lysosomes
into such nucleoli, opening the nuclear envelope gate
for fragmented heterochromatin, and even causing
NoA prolapse through it. Interestingly, the regulator
of terminal senescence p16INK4a appears to be also
involved in this nucleolus-associated channelling
process.

The marker of terminal senescence p16INK4a is
revealed in the nucleolar “holes,” channels, and
perinuclear vacuoles of ETO-treated cells

The inhibitor of CDK4-kinase p16INK4A is usually
considered a marker of terminal senescence. Indeed, it
was activated in PA1-ETO cells in later terms post-
treatment as found by Western blot.34 However, by IF
we revealed that it can be also sequestered in cyto-
plasm in autophagic vacuoles.35 Here we paid atten-
tion that p16 can be revealed in selective nucleoli of
PA1-ETO cells surrounded by a DNA “torulus” and
in the nucleolar channels and perinuclear vacuoles, as
well (Fig. 5D, E). Interestingly, when co-stained with
fibrillarin, p16 is seen in hollow nucleoli, free of FIB
and DNA (Fig. 5F, G), likewise it was found for VIM
(Fig. 4L), a carrier of eccDNA. These meanwhile pilot
observations provide an important key to possible
contribution of p16 in-terminal senescence by the
mechanism of the nucleolus-associated cell nucleus
destruction. The situation with the nucleolar topology
of LC3-II, nuclear integrity, and cell fate is
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spectacularly presented on Fig. 5H-J. Here one cell has
engulfed another, which thus should be considered
dead.59 In this dead cell the DAPI-stained nucleus is
disintegrated, while the 2 intranuclear FIB-NoAs con-
tain the enormously high concentration of LC3-II. On
the contrary, the LC3II foci are scarce in cytoplasm
indicating on the perturbed nuclear-cytoplasmic bal-
ance of this component on behalf of cell nucleus, as a
possible hallmark of cell death.

In conclusion, we found that the mediated or
started by NoAs release of pericentric fragments
activated by retrotransposition in senescent PA1-

ETO cells is topologically related to the nucleolus
associated pericentric heterochromatin involving
rDNA and activated ALU elements. These nucle-
olus rDNA associated domains should be identi-
fied as NADs, recently revealed by Hi-C
technology, known as being enriched in centric/
pericentric heterochromatin and retrotransposable
ALU elements, found in most (or all) chromo-
somes.60-62

The described phenomena, the release of NoA
accompanied by the DNA exit from cell nuclei were
also seen by us in breast cancer samples after

Figure 5. The relationship between rRNA synthesis and the autophagy inducer LC3-II in the nucleoli of ETO-treated cells and a possible
role of p16INK4A in channelling of selected nucleoli: (A) NT control – RPA194 ‘punctuates’ the sites of transcription on the background
of weak LC3-II presence in the nucleoli, while scarce LC3II foci in cytoplasm indicate the basic autophagy; (B) ETO - the number of cyto-
plasmic autophagosomes is much increased, while the nucleolar pattern is heterogeneous. In some cells RPA194 remains at the sites of
transcription (FC and enlarged on insertion), while in other, it has left them and coalesced nearby (arrowheads) indicating cessation of
rDNA transcription, while the presence of LC3-II in such nucleoli is increased; (C) – in some cells with coalesced RPA194 it appears to be
substituted in the nucleolar sites with bright LC3-II foci; (D) p16 is seen in the selected nucleolus with ‘torulus” (red- arrowed, while a
normal nucleolus is white-arrowed) and perinuclearly (enframed); (E) P16 is in the nuclear channel and perinuclearly (enframed); (F, G)
p16 is found in 3 hollow DNA and FIB free nucleoli with a ‘torulus’, while the fourth arrowed nucleolus contains both FIB and DNA; (H-J)
NoAs, nuclear fragmentation, and cell death: 2 ETO cells, one is engulfing the other (RGB image). The engulfed dead cell contains 2
nuclear NoAs with extremely high concentration of LC3-II, the cytoplasm is very poor with LC3-II, while the DAPI-stained nucleus is disin-
tegrated (RGB image); (I) The enlarged fragment of the 2 NoAs in the engulfed cell, (I) in the red channel for LC3-II, (J) green channel for
FIB; (K) An example of the FIB-NoA (arrow) releasing from a cell nucleus together with the DNA material in the breast cancer cell after
neoadjuvant therapy (doxorubicin and paclitaxel) of the patient (from the operational material). The patchy staining for lamin B1 sug-
gests its impairment. The tissue specimens were collected after the patients’ informed consent was obtained in accordance with the reg-
ulations of Committee of Medical Ethics of Latvia. Bars D 10 mm.
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conventional neoadjuvant therapy with doxorubicin
and paclitaxel63 (Fig. 5K).

Discussion

Our data showed that formation of the nuclear FIB-
enriched dense bodies (NoA) targeted for selective
autophagy in perinuclear cytoplasm (as co-labeled for
ubiquitin 1, p62/SQSTM1, LC3-II, pAMPK, and
LAMP2) in senescing PA1-ETO treated cells is caused
by DDR and insufficiency of UPS. These NoAs appar-
ently arise from disturbance of processing of pre-rRNA
in the nucleolus as manifested by misfolding and accu-
mulation in them of fibrillarin. The attraction of p62/
SQSTM1 to polyubiquitinated aggregates recruiting
LC3-II for selective autophagic degradation is a cell
preventive measure to reduce proteotoxic stress.8,11,64-66

We have found that NoAs in ETO-treated cells also
include the damaged rDNA. In this the phenomenon
is similar to the piecemeal autophagy in senescing
yeasts.15,16 rDNA is the “Achilles’ pied” of the nucleus
and is the first damaged by replicative stress in
response to adverse conditions. 12 However, the emer-
gence of NoA was found here very tightly correlating
with release of heterochromatic pericentric DNA frag-
ments accompanying NoAs and exceeding their micro-
scopically registered frequency. Contrary to NoA
clearance needing functional autophagy and preserva-
tion of proliferation capacity as manifested by entrance
into mitosis, the heterochromatin release from inter-
phase cells arrested in the DNA damage checkpoint G2
and its accumulation in cytoplasm was favored by
debilitation of late autophagy and often by the nucleo-
lar channelling into cytoplasm or even just a prolapse
of NoA through the nuclear envelope. The preliminary
insight also revealed that the regulator of terminal
senescence p16INK4A could be involved in this termi-
nal process. Therefore, it appears that the response of
PA1 cells to ETO consisted of 2 stages, whose sche-
matic is presented on Fig. 6. The first, protective stage,
with the insufficiency of UPS compensated by still effi-
cient autophagy is executing selective autophagic clear-
ance of FIB-NoAs in potentially surviving cells. As
suggested by Latonen,13 such NoAs can serve as a plat-
form for clearance of many misfolded proteins. During
the second, destructive stage partly overlapping with
the first, the release of pericentric fragments (the appar-
ent reason of the persisting secondary DNA damage) is
associated with increasing disability of late autophagy,

leading to nuclear destruction and death of most ETO-
treated senescent cells. Importantly, we found here that
both, FIB-NoA formation and fragmentation of peri-
centric/centric heterochromatin with origination of
extrachromosomal circular DNAs are focused in these
G2 arrested cells onto the nucleolus, mostly likely on
NADs, thus explaining the tight numerical correlation
of the 2 phenomena. Our observations using the marks
for rRNA transcription and processing, the mark for
autophagy initiation p62/LC3-II, and BAF impairing
the autophagic flux suggest that the basic nucleolar
function is coordinated with the autophagy activities.
Moreover, the mechanism, which is responsible for
fragmentation of pericentric heterochromatin, involves,
as found here, its de-repression heralded by loss of
H3K9Me3 mark. Subsequent activation of retrotranspo-
sons and formation of eccDNA fragments by the “roll-
ing circle” was revealed. Importantly, Guo et al.67

earlier found that functional autophagy supports the
genome stability by degradation of transposon RNA in
cytoplasm. The activation of transposable elements due
to de-repression of pericentric heterochromatin of
senescent cells is a known phenomenon.29,30 However,
here we found for the first time that these changes are
associated with the nucleolus and its functional state.
The nucleolus detention function retaining DNA (cyto-
sine-50-methyltransferase 1 [DNMT1]) in the intergenic
regions of 28S rDNA and thus keeping it away from its
targets in heterochromatin has been described by
Audas et al.68,69 By our hypothesis, de-repression of
transposons locked in NADs, in case if DNMT1 is
sequestered in NoA, may provide a link between the
formation of NoA and fragmentation of pericentric
nucleolus-associated heterochromatin induced by ETO
(Fig. 6).

In this article we skip the detailed discussion of the
data on the nuclear lamin, lamin B receptors (LBR),
lamin associated domains (LADs), and participation
and traffic of nuclear membranes reported by several
authors,20,22, 56,70 as involved in replicative, genotoxic
and oncogenic senescence, describing the relationship
with the chromatin autophagy, also recently
reviewed.17,23,50,70 In our PA1-ETO model, we have
also detected thinning of lamin B1 and disappearance
of epichromatin (the 30-nm granular DNA layer
embedded in LBR, revealed by a specific antibody71)
in the cells with multiple CHK2-positive foci.35 How-
ever, the non-contradictory discussion of the relation-
ship between the changes in cell nucleus periphery
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with those in the nucleolus and with the activity and
topology of LC3-II in cellular senescence would be too
much speculative here, it still needs more research.
The consensus promising data indicate that NADs of
non-acrocentric chromosomes are “communicating”
the nuclear periphery, LADs relocate after mitosis to
the periphery of reconstructing nucleolus,60,72 while
ALU is enriched in the epichromatin of the nuclear
lamin.73

The most important message of the current study is
that “other” nucleolar functions in sensing cellular
stress, proteome regulation, maintenance of genome
integrity, and cell aging are very likely linked to the
basic nucleolar function in transcription and process-
ing of pre-rRNA. This makes a lot of sense. We con-
clude that in co-operation with the protein degrading,
recycling and energy supplying cellular systems the
nucleolus is ensuring the integrity of NAD network,
secured by silenced retrotransposons.

Materials and methods

Cell culture and treatment

PA-1 (ATCC) cells were cultured in Dulbecco’s modi-
fied Eagle’s media (DMEM) supplemented with 10%
foetal bovine serum (FBS, Sigma). Cells were grown

without antibiotics in 5% CO2 incubator at 37�C.
Exponentially growing PA-1 cells were incubated with
an 8 mM dose of etoposide (ETO) for 20 h. After ETO
removal the cells were maintained by replenishing cul-
ture medium every 48 h and sampled on day 4. For
testing the unscheduled DNA replication in senescent
cells, the cells were incubated with 5 mM BrdU for
90 min before sampling. For studies of the contribu-
tion of the protein degrading systems, MG132 (Cay-
man) 20 mM was added to the culture medium for
12 h between day 3 to day 4 after ETO removal, before
sampling. Bafilomycin A1 (Baf A, Cayman Chemicals)
50 nM was added to the culture medium for 24 h
between day 3 to 4 after ETO removal, and sampled.

The microscopic counts for aggresome and extra
nuclear DNA positive cells were performed in 5 inde-
pendent experiments, collecting 400 cells in each.
Extra nuclear DNA was considered if histochemically
stained with Toluidine blue (see below) DNA-positive
material was seen adjusted to cell nucleus.

Immunofluorescence

Cells were suspended in warm FBS and cytospun
onto glass slides. Cytospins were fixed in methanol
for 7 min at ¡20 �C and dipped 10 times in ice cold

Figure 6. Schematic showing 2 stages of cellular senescence in the response of PA1 cells to ETO, protective and destructive, and the
relationship between NoA formation in the first, and release of heterochromatin fragments, in the second phase. These fragments origi-
nate from the nucleolus associated domains (NADs). It is hypothesized that dysfunction of the nucleolus in response to stress may lead
to detention of DNA (cytosine-5)-methyltransferase 1 (DNMT1) in NoA, whose removal from targets in NADs activate retrotransposons
resulting in fragmentation of pericentric heterochromatin and ultimate terminal disintegration of cell nuclei.
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acetone (or fixed in 2% paraformaldehyde/PBS).
Slides were then washed thrice in TBS 0.01% Tween
20 (TBST) for 5 min. Slides were subsequently
blocked for 15 min in TBS, 0.05% Tween 20%, 1%
BSA at room temperature. Samples were covered
with TBS, 0.025% Tween 20%, 1% BSA containing
primary antibody and incubated overnight at 4 �C
in a humidified chamber. Samples were then washed
thrice in TBST and covered with TBST containing
the appropriate secondary antibodies (Goat anti-
mouse IgG Alexa Fluor 488 (A31619, Invitrogen)
and Goat anti-Rabbit-IgG Alexa Fluor 594 (A31631,
Invitrogen)) and incubated for 40 min at room tem-
perature in the dark. Slides were washed thrice for
5 min with TBST and once for 2 min in PBS. Sam-
ples were then counterstained with 0.25 mg/ml
DAPI for 2 min, and finally embedded in Prolong
Gold (Invitrogen). Primary antibodies and their
source are listed in Table 1.

When staining for 50methylcytosine, treatment with
2N HCl at 37C for 20 min was used after fixation step,
followed by 5 washes in PBS for 1 min.

For microscopic observations - a fluorescence light
microscope (Leitz Ergolux L03–10) equipped with a
color video camera (Sony DXC 390P) and a confocal
laser microscope (Leica DM600) were used. To cap-
ture fluorescent images, in addition to separate optical
filters, a 3-band BRG (blue, red, green) optical filter
(Leica) was used. Image cytometry was performed by
semi-automatic measuring of fluorescence values for
each cell in all 3 channels and analyzed with Image-
Pro Plus 4.1 software (Media Cybernetics).

DNA image cytometry

For DNA cytometry measurements, stoichiometric
Toluidine blue DNA staining was performed as stated
previously.74 In brief, cytospins were fixed in ethanol:

Table 1. Primary antibodies and their source.

Antibody against Description Specifity/Immunogen Used conc. Catalog Nr., Manufacturer

Bromo-deoxyuridine Mouse monoclonal Detects BrdU incorporated into DNA as well
as bromouridine incorporated into RNA

1:200 A21300, Invitrogen

Centromere Protein Human Derived from human CREST patient serum 1:50 15–234, Antibodies Inc.
CHK2 (phospho T68) Rabbit polyclonal Epitope around the phosphorylation site of

Threonine 68 (VSTpQE) of human Chk2
1:100 ab38461, Abcam

Fibrillarin Mouse monoclonal Corresponding to Saccharomyces cerevisiae
Fibrillarin

1:50 ab4566, Abcam

Histone H3K4me3 Mouse monoclonal Synthetic peptide corresponding to Human
Histone H3 aa 1–100 (tri methyl K4)
conjugated to KLH

1:50 ab1012

Histone H3K9me3 Rabbit polyclonal Synthetic peptide within Human Histone H3
aa 1–100 (N-terminal) (tri methyl K9)
conjugated to KLH

1:400 ab8898

LAMIN B1 Rabbit polyclonal Synthetic peptide conjugated to KLH derived
from within residues 400 - 500 of mouse
Lamin B1

1:200 ab16048, Abcam

LAMP2 Mouse monoclonal The details of the immunogen for this
antibody are not available

1:500 555803, BD PharMingenTM

LC3B Rabbit polyclonal Peptide derived from within residues 1 - 100
of Human LC3B

1:100 ab63817, Abcam

50methyl-cytosine Mouse monoclonal Recognizes 5-methylcytosine in methylated
DNA

1:100 NA81, Calbiochem

p16INK4a Rabbit polyclonal Corresponding to C-terminus of human p16 1:100 ab7962, Abcam
p-AMPKa1/2 (Thr183/172) Rabbit polyclonal Epitope corresponding to phosphorylated

Thr172 of AMPKa1 of human origin
1:50 sc-101630, Santa Cruz

p53(SP5) Rabbit monoclonal Recombinant human full-length wild type
p53 protein

1:50 MA5–14516, Pierce

RPA194 Mouse monoclonal Raised against amino acids 1–300 of RPA194
of human origin

1:50 sc-48385, Santa Cruz

SQSTM1 (p62) Rabbit polyclonal Epitope corresponding to amino acids 151–
440 of SQSTM1 of human origin.

1:200 sc-25575, Santa Cruz

Ub (FL-76) Rabbit polyclonal Epitope corresponding to amino acids 1–76
representing full length Ub of human
origin

1:50 sc-9133, Santa Cruz

VIMENTIN Rabbit polyclonal Epitope corresponding to amino acids 1–84
mapping at the N-terminus of Vimentin of
human origin

1:50 sc-5565, Santa Cruz
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acetone (1:1) for> 30 min at 4 �C and air-dried. Slides
were then treated with 5N HCl for 20 min at room
temperature, washed in distilled water 5 times for
1 min and stained for 10 min with 0.05% toluidine
blue in 50% citrate-phosphate McIlvain buffer pH 4.
Slides were rinsed with distilled water, blotted dry and
dehydrated in butanol twice for 3 min at 37�C. Sam-
ples were then incubated twice in xylene for 3 min at
room temperature and embedded in DPX (Sigma).

Digital images of at least 200 randomly selected cell
nuclei were collected using a Sony DXC 390P color
video camera calibrated in the green channel. DNA
content per cell nucleus was measured as the integral
optical density (IOD) using Image-Pro Plus 4.1 soft-
ware (Media Cybernetics). The stoichiometry of DNA
staining was verified using the values obtained for
metaphases compared with anaphases and telophases
(ratio 2.0); the summary error of the method and
device was estimated to be less than 5%. Metaphase
and ana-telophase counts were performed on TB-
DNA or DAPI-stained specimens per 1,000 cells in 5
independent experiments.

Amplification, cloning, sequencing and ALU and
rDNA probe labeling for in situ hybridization

Degenerative oligonucleotide primers were used for
PCR amplification from human genomic DNA of
ALU elements fragments. Primers were designed on
the base of known sequences in GeneBank (Z30996.1,
Z30987.1, Z31000.1). The primers were: 5’ GTCA-
GRAGWTCRAGACCA, 3’ MTCYYRRCTCACTG-
CAA. The primers allow amplification of the majority
of targets in the genome. PCR with degenerative
primers amplified a mix of ALU fragments of approxi-
mately 150 bp size ranges. Amplification products
were gel separated, isolated, cloned into pGEM-T Easy
Vector (Promega) according to standard manufactory
protocol and sequenced.

For amplification from human genomic DNA of
45S rDNA fragments the following primers were
designed on the base of known sequences in Gene-
Bank (NR_046235): 5’ CCGTGGTCTCTCGTCTTCT
C, 3’ TGCTACTGGCAGGATCAACC. PCR with
these primers amplified a fragment of 990 bp size.

ALU fragments were labeled with Cy3 (Amersham,
red fluorescence) and rDNA fragments with ATTO
390 (Jena Bioscience, blue fluorescence) according to a
standard oligo-labeling protocol.

Fluorescence in situ hybridization (FISH)

Cells were trypsinized, washed with warm PBS, treated
for 10 min with 75 mM KCl, suspended in foetal
bovine serum, cytocentrifuged on slides. For ALU and
rDNA FISH experiments methanol/acetone (1:1) fixa-
tion for 20 min was used and for probe for nucleolar
organizers (NORs) methanol/glacial acetic acid (3:1)
fixation for 1 h at ¡20�C was performed.

FISH was performed on ThermoBrite programma-
ble temperature controlled slide processing system at
63�C for 3 h (ALU and rDNA). Slides were embedded
in antifade mount (Vector Laboratories).

Commercial Acro-P-Arm Probe specific for rRNA
genes located in the short arms of the acrocentric
chromosomes (13, 14, 15, 21 and 22) was applied
according to the manufacturer’s instructions (LPE
NOR, Cytocell) carrying out denaturation step for
2 min at 75�C and hybridization at 37�C overnight.
Cells were embedded under coverslips in Prolong
Gold with DAPI (Invitrogen).

ALU Real-time RT-PCR

Total RNA was extracted from PA-1 cells (2 £ 106

cells) by using TRIZOL (Invitrogen). First-strand
cDNA was synthesized using 2.5 mg of RNA, ran-
dom hexamers and RevertAidTM M-MuLV Reverse
Transcriptase (Fermentas, Lithuania) according to
the manufacturer’s protocols and subsequently
diluted with nuclease-free water (Fermentas) 10 to
100 times. The absence of contamination with
chromosomal DNA was verified by standard PCR
using actin primers.75 Real-time PCR was run on a
ViiA7 (Applied Biosystems). Amplification mix-
tures (25 ml) contained 2 ml template cDNA,
2xSYBR Green Master Mix buffer (12.5 ml) (Life
Technologies, Carlsbad, CA, USA) and 2 mM for-
ward and reverse primer. The cycling conditions
comprised 10 min polymerase activation at 95�C
and 40 cycles at 95�C for 15 sec and 60�C for
60 sec. A melt curve was also performed after the
assay to check for specificity of the reaction. This
consistent of 60 sec at 60�C followed by a ramp up
of 0.05�/sec. Every cDNA sample was normalized
against 4 housekeeping genes: GAPDH, ACTB,
B2M, and LRP10 using geNorm.76 The calculated
gene expression stability coefficient M was applied
to ALU assay results. Primer sequences are listed in
Table 2.
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Statistical analysis

Statistical analysis was performed in GraphPad
(GraphPad Software Ltd). Student’s t-test for unpaired
samples was used to calculate the statistical signifi-
cance of difference of means where appropriate. Statis-
tical significance was accepted when p < 0.05.
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