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Probing the depths of cellular senescence
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Cellular senescence is a state of irreversible cell cycle
arrest that has been documented to both suppress cancer
and promote aging. A|though not well understood, exten-
sive nuclear changes, including the remodeling of chro-
matin, take p|oce as cells become senescent. In this issue,
Ivanov et al. (2013. J. Cell Biol. http://dx.doi.org/
icb.201212110) report that chromatin fragments are re-
leased from the nuclei of senescent cells and are sub-
sequenﬂy torgeted for processing through the cutophqu/
ysosoma pc’rhwqy.

More than 50 years ago, Leonard Hayflick and Paul Moorhead
observed that fibroblasts from healthy human donors had a finite
proliferation capacity in cell culture. When these cells reached
their “Hayflick limit” they became irreversibly arrested, or “repli-
catively senescent” (Hayflick and Moorhead, 1961). A similar
irreversible cell cycle arrest, now designated as “cellular senes-
cence,” can be induced by a variety of stresses, including (but not
limited to) activation of oncogenes, telomere maintenance defects,
oxidative stress, and excessive DNA damage (Campisi and d’ Adda
di Fagagna, 2007; Collado et al., 2007; Kuilman et al., 2010).
Senescent cells are believed to be very stable over long
periods of time, both in culture as well as in tissues (although
evidence for the latter is very limited). In this issue, [vanov et al. are
challenging this dogma by providing evidence that senescence
may be a more dynamic process than we have previously appre-
ciated. They show that some senescent cells contain cytoplasmic
chromatin fragments (CCFs) that apparently bud off from the
nuclei. CCFs were found to be devoid of lamin A/C, but were
highly positive for the histone variant y-H2AX (a mark of DNA
double-strand breaks) and enriched for the histone H3 lysine 27
trimethyl modification (H3K27me3; a mark of heterochromatin).
They also observed down-regulation of lamin B1 and a striking
loss of nuclear envelope integrity; features that they speculate
may permit CCF formation and release. Once in the cytoplasm,
CCFs were engaged by the autophagy pathway and ultimately
proteolytically degraded in lysosomes. A decrease in the nu-
clear content of core histones was also noted, the obvious impli-
cation being that this is causally connected with the generation
and destruction of CCFs. Taken together, these results repre-
sent a challenge to the classical view of cellular senescence
as a single end point, and point to a more fluid situation where
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important changes take place after the initial cell cycle arrest,
and in all likelihood progress and evolve over extended periods
of time (Fig. 1).

The concepts of “deepening” and “late” senescence have
been suggested by a number of previous studies. y-H2AX-
positive DNA damage foci become very abundant as cells ap-
proach and enter senescence, but greatly diminish as the cultures
are maintained for extended periods of time (Chen and Ozanne,
2006). Passos et al. (2010) proposed that a persistent DNA dam-
age response triggers continued production of reactive oxygen
species, forming a dynamic feedback loop that actively main-
tains a deep senescent state. De Cecco et al. (2013) reported that
after cells become fully senescent by all conventional criteria,
the expression of the long interspersed nuclear element (LINE)
retrotransposon L1 increased dramatically during extended cul-
ture, culminating in active transposition. This is consistent with
previous observations that Alu retrotransposon expression also
increases in senescent cells (Wang et al., 2011). Retrotransposon
transcripts are assembled in the cytoplasm with reverse tran-
scriptase and integrase (along other essential proteins) into ribo-
nucleoprotein particles that subsequently have to enter the
nucleus in order to insert into new genomic locations. The loss
of nuclear integrity observed by Ivanov et al. (2013) could
be one explanation why deeply senescent cells are supportive
of retrotransposition.

Depletion of core histones, without concomitant loss of
DNA, has been noted to accompany aging in yeast and nematodes
(Feser et al., 2010; Ni et al., 2012), and a reduction in the biosyn-
thesis of histones was reported in human fibroblasts during entry
into senescence (O’Sullivan et al., 2010). Ivanov et al. (2013) ob-
served that steady-state levels of all core histones progressively
decreased as cells were maintained in a senescent state. As a con-
sequence, one would anticipate a decompression of chromatin and
a more “open” epigenome. This view is consistent with emerging
literature from multiple species and model systems, suggesting
that proper maintenance of heterochromatin has anti-aging effects
(O’Sullivan and Karlseder, 2012).

The loss of histones in senescent cells is, however, compli-
cated by the fact that total nuclear protein content actually
increases (De Cecco et al., 2011). Histone loss during senescence
is accompanied by recruitment of high mobility group (HMG)
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Figure 1. A schematic representation of the processes that lead to the
establishment of cellular senescence. The progression of senescence has
been separated into several components: (1) triggering events; (2) initia-
tion of the senescence response; (3) entry into senescence; and (4) a further
deepening of senescence phenotypes. Stages 2 and 3 can be separated
by a period of attempted repair, which may result in recovery and survival
in a healthy postmitotic state, or even resumption of cell proliferation. Entry
into senescence is likely the result of the acquisition of irreparable damage,
followed by an extended period during which additional degenerative
changes can take place, evolve, and accumulate. On the right are illus-
trated some of the many molecular phenotypes, or biomarkers, that have
been associated with cellular senescence. This listing is not meant to be
comprehensive and similarly, the order is not meant to imply the chrono-
logical acquisition of these features. The construction of such a timeline
we believe constitutes an important challenge for the field going forward.
DDR, DNA damage response.

proteins to heterochromatic foci (Funayama et al., 2006; Narita
et al., 20006). It is therefore likely that the chromatin of senescent
cells undergoes a transition from being packed with histones to
nonhistone proteins. It will be interesting to determine the iden-
tity of these nonhistone proteins in future studies.

One perplexing observation made by Ivanov et al. (2013)
is that relatively few cells exhibit CCFs, even in fully senes-
cent cultures. Furthermore, the number of CCFs formed is also
quite low, usually less than two foci per cell. Hence, CCF for-
mation alone would not appear to represent a robust biomarker
for defining deeply senescent cells. The lysosomal processing
of CCFs raises the interesting issue of whether these processes
in any way reinforce other known senescence phenotypes.
For example, one could ask whether the proteolytically cleaved
products can serve as input material to promote the senescence-
associated secretory phenotype (SASP; Coppé et al., 2008).
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It would also be of great interest to know the in vivo occur-
rence of CCFs, examining a variety of tissues, ages, or patho-
logical states.

It is currently unclear whether the low frequency of CCFs
may be explained by a dynamic steady state, where cells con-
tinuously produce and turn over CCFs (like a conveyor belt), or
if CCF formation occurs only in a distinct subpopulation of se-
nescent cells. However, given that CCFs appear to contain DNA
as well as histones, neither alternative readily explains the rela-
tive stability of nuclear DNA levels in the face of significantly
declining levels of core histones. It may be that histones can
also be depleted by a CCF-independent process. Further charac-
terization of the CCFs, their content, and turnover should shed
light on these issues.

Notwithstanding these uncertainties, the work of Ivanov
etal. (2013) presents a picture of very substantial loss of nuclear
composition and integrity, especially if extrapolated over long
periods of time. It is hard to reconcile these degenerative
changes with the many historical observations of the apparent
long-term stability and viability of senescent cells. Recent
studies have suggested that senescent cells can be manipulated
to regain proliferative capacity by modulating the interaction
with the extracellular matrix (Choi et al., 2011), or by repro-
gramming using induced pluripotent stem cell (iPSC) technol-
ogies (Lapasset et al., 2011). At face value, one would surely
expect the processes described by Ivanov et al. (2013) to have
profoundly negative effects on cell survival, and make cell
cycle reentry unlikely for cells that have entered deeper stages
of senescence.

It will also be important to develop a coherent nomencla-
ture for describing the apparently dynamic state of cellular senes-
cence. The classical criterion of irreversible proliferation arrest
thus likely represents only an early, or “shallow” step in the pro-
cess. These shallow steps may not even be necessary, given a re-
cent report that differentiated, postmitotic cells can acquire some
features of senescence (Jurk et al., 2012). It has been speculated
that “senescent after differentiation” (SAD) cells may signifi-
cantly affect the development of a variety of age-related diseases
in humans (Naylor et al., 2013).

In a more mechanistic vein, it will be critically important
to define the molecular and cellular markers of a deeply senes-
cent cell versus an early senescent cell. Furthermore, it will be
necessary to determine the chronology, and most importantly
functional relevance, of these steps during the “deepening” pro-
cess. Such knowledge would address the possibility of turning
back cells, at specific points during the progression of senes-
cence, into potentially normally functioning cells. It will also be
relevant to compare these features in vitro and in vivo. For
example, if “deepening” is observed in vivo, do the markers of
this process vary between tissues and organisms? Do they vary
between oncogene-induced senescence and other forms? There
are obviously many, many interesting questions to investigate,
but Ivanov et al. (2013) have provided us with an intriguing first
look into where these paths may take us.
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