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Summary

Chromatin is highly dynamic and subject to extensive
remodeling under many physiologic conditions. Changes
in chromatin that occur during the aging process are
poorly documented and understood in higher organisms,
such as mammals. We developed an immunofluorescence
assay to quantitatively detect, at the single cell level,
changes in the nuclear content of chromatin-associated
proteins. We found increased levels of the heterochroma-
tin-associated proteins histone macro H2A (mH2A) and
heterochromatin protein 1 beta (HP1p) in human fibro-
blasts during replicative senescence in culture, and for the
first time, an age-associated increase in these heterochro-
matin marks in several tissues of mice and primates.
Mouse lung was characterized by monophasic mH2A
expression histograms at both ages, and an increase in
mean staining intensity at old age. In the mouse liver, we
observed increased age-associated localization of mH2A
to regions of pericentromeric heterochromatin. In the
skeletal muscle, we found two populations of cells with
either low or high mH2A levels. This pattern of expression
was similar in mouse and baboon, and showed a clear
increase in the proportion of nuclei with high mH2A levels
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in older animals. The frequencies of cells displaying evi-
dence of increased heterochromatinization are too high
to be readily accounted for by replicative or oncogene-
induced cellular senescence, and are prominently found
in terminally differentiated, postmitotic tissues that are
not conventionally thought to be susceptible to senes-
cence. Our findings distinguish specific chromatin states
in individual cells of mammalian tissues, and provide a
foundation to investigate further the progressive epige-
netic changes that occur during aging.

Key words: aging; cellular senescence; epigenetics; het-
erochromatin; immunofluorescence.

Introduction

Functional decline of biologic structures that are inherently diffi-
cult to maintain is an important aspect of aging. Chromatin may
be one such structure (Oberdoerffer & Sinclair, 2007), and it is
rapidly becoming apparent that it may be subject to extensive
age-associated remodeling (Fraga et al., 2005; Sedivy et al.,
2008).

Chromatin is broadly divided into euchromatin and hetero-
chromatin. Euchromatin is decondensed during interphase and
permissive for transcription. Heterochromatin is significantly
more compacted and inhibits transcription, and can be further
subdivided into two types, constitutive and facultative. The for-
mer is found at a variety of repetitive elements, such as centro-
meres, telomeres, and interspersed retrotransposons, and until
recently was believed to remain relatively constant. Facultative
heterochromatin is typically established during regulated cell
differentiation processes, such as X chromosome silencing in
female cells, or repression of homeobox genes by the polycomb
group (PcG) proteins during embryogenesis (Simon & Kingston,
2009).

Chromatin is a highly dynamic entity. Heterochromatin can
spread along chromosomes, but this can also be reversed
allowing the re-expression of silenced genes (Talbert &
Henikoff, 2006; Berger, 2007; Grewal & Jia, 2007). Global
decreases in DNA methylation have been documented in
aging cells and organisms (Wilson et al., 1987; Sedivy et al.,
2008; Calvanese et al., 2009). Closer scrutiny reveals complex
changes occurring in multiple dimensions. For example, overall
DNA methylation decreases, and this occurs predominantly in
repetitive DNA regions (Bollati et al., 2009; Bork et al., 2010;
Jintaridth & Mutirangura, 2010), while increased methylation
occurs at certain  CpG islands (Rakyan etal, 2010;
Teschendorff et al., 2010), perhaps resulting in the repression
of some nearby genes. Furthermore, specific pathways such
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as PcG show relaxation, allowing increased expression of
genes under its regulation. In other cases, complex redistribu-
tions have been seen, such as the movement of the yeast
SIR2 histone deacetylase to telomeres, or its mammalian
homolog SIRT1 to sites of DNA damage (Kennedy et al.,
1997; Oberdoerffer et al., 2008).

Replicative cellular senescence was first described as an irre-
versible growth arrest triggered by the accumulation of a dis-
crete number of cell divisions (Hayflick & Moorhead, 1961).
The underlying cause of senescence due to replicative exhaus-
tion is telomere shortening (Bodnar et al, 1998; Wright &
Shay, 2002). However, replicative senescence is in fact a col-
lection of interrelated states that can be triggered by distinct
intrinsic and extrinsic stresses including irradiation, reactive
oxygen species, and even nutrient imbalances (Sedivy et al.,
2007; Adams, 2009). Recent work has implicated oncogene-
induced cellular senescence (OIS) as an important in vivo tumor
suppressor mechanism (Collado et al., 2007; Prieur & Peeper,
2008).

A terminal step of senescence frequently induced by telomere
exhaustion, oncogenes, and genotoxic stress is extensive hetero-
chromatinization and formation of nuclear structures desig-
nated senescence-associated heterochromatin foci (SAHF)
(Narita et al., 2003). SAHF contain heterochromatin protein 1
(HP1), the histone variant macro H2A (mH2A) and repressive his-
tone marks such as histone H3 trimethylated on lysine 9
(H3K9Me3). SAHF formation is mediated by the p16-pRb path-
way in response to upstream signals and involves histone chap-
erones and other assembly factors (Zhang et al., 2005, 2007).
Interestingly, histone H1 is depleted from SAHF and replaced
with high mobility group A (HMGA) proteins (Funayama et al.,
2006; Narita et al., 2006). Although the heterochromatinization
appears to involve entire chromosomes, many regions escape
and have been proposed to be arranged as loops that emanate
from the SAHF.

The considerable amount of research on SAHF has focused
on OIS using normal human diploid fibroblasts (HDF) or other
cell culture models, but whether SAHF form in an organismal
context remains unknown. Given our increasing realization of
the probable importance of epigenetic changes in aging, this
is a question of considerable interest. We previously devel-
oped an assay that can score, at the single-cell level, the
occurrence of telomere-dependent senescence (TDS) in tissue
biopsies (Herbig et al., 2004, 2006). We are particularly inter-
ested in single cell assays because our work, as well as other
studies on single cells (Bahar etal., 2006), indicate that
aging tissues are mosaics of normal cells with interspersed
senescent (or otherwise age-compromised) cells. Furthermore,
senescent cells are likely to be differentially represented
among morphologic structures, different cell types, or
regions of pathology within tissues. In this communication,
we report the development of an assay to score quantita-
tively the heterochromatin content of single nuclei, and apply
these methods to investigate aging in murine and primate
tissues.

© 2010 The Authors
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Results

Expression of heterochromatic marks in cultured
fibroblasts

Senescence-associated heterochromatin  foci were initially
reported as regions of high intensity staining with general DNA
dyes such as DAPI, and subsequently as foci of immunofluores-
cent staining with a variety of antibodies against components or
marks of heterochromatin, such as HP1a, B or y, mH2A,
H3K9Me2, etc. (Narita et al., 2003; Zhang et al., 2005; Funay-
ama et al., 2006). While OIS typically elicits pronounced SAHF,
the extent of their formation can vary considerably depending
on the oncogene or the strain of HDF used. SAHF formation dur-
ing TDS is even more uneven, with the BJ strain demonstrating
no SAHF at all, while other strains such as IMR90 or WI38 display
varying levels of SAHF (Narita et al., 2003). The strain used in
our laboratory, LF1, does display SAHF, but even completely
senescent cultures contain considerable numbers of cells with-
out SAHF.

Careful examination of several human, primate, and murine
tissues failed to demonstrate SAHF-like foci; however, we noted
cell-to-cell variability in the intensity of the signals produced by
several heterochromatin-directed antibodies. We therefore
turned our attention to quantify the absolute levels of the sig-
nals, rather than visualizing discrete morphologic structures like
SAHF. An important breakthrough came when we realized that
for abundant proteins, such as chromatin components, recom-
mended antibody dilutions are not in the linear response range.
It is first necessary to titrate the antibody concentration such
that using either more antibody or longer incubation times do
not result in increased signal. At this point, the antigenic binding
sites are saturated and the assay can accurately quantify the
amount of target protein present in individual nuclei. This titra-
tion process (Fig. S1) must be repeated for each target protein
or antibody to ensure that the assay is run under conditions
of probe (antibody) excess. These saturating concentrations
were found to be at least tenfold higher (Table S1) than typically
recommended in standard immunofluorescence assays.

Images acquired under these conditions for mH2A and HP1
(Fig. 1), two known components of SAHF, showed a clear pas-
sage-associated increase in nuclear staining intensity. The
increased levels were already apparent in late passage cultures
well before the complete cessation of proliferation. No increase
was seen in early passage cells rendered quiescent by contact
inhibition and serum deprivation, indicating that the effect is not
a general consequence of cell cycle arrest.

Based on these preliminary data, we developed a single-cell
assay capable of quantitatively scoring the expression levels of
nuclear proteins of interest in microscopic images: (i) cells are
stained with primary and secondary antibodies, and with DAPI,
at predetermined saturating concentrations; (i) images are
acquired within the linear range for all fluorophores; (iii) a region
of interest (ROI) is drawn around each nucleus in the DAPI chan-
nel using appropriate software; (iv) the ROl is transferred to the

Aging Cell © 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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Fig. 1 Representative immunofluorescentimages of histone macroH2A (mH2A) and heterochromatin protein 1 beta (HP1p) protein expression in the nuclei of
human fibroblasts at different replicative ages. LF1 cells were stained and images acquired as described in Experimental procedures. The mH2A antibody was
directly conjugated to Alexa Fluor 647. HP1pB was visualized using a secondary antibody conjugated to Cy3. Early passage: vigorously growing cultures within the
first third of their replicative lifespan. Quiescent: early passage cells were contact inhibited and then cultured in 0.25% serum for 48 h. Late passage: cultures
within 8-12 population doublings of their terminal senescent arrest. Senescent: cultures whose cell numbers have not increased for a minimum of 2 weeks. Flow
cytometric cell cycle profiles for early passage, quiescent and senescent cultures are shown in Fig. S2. Arrowheads indicate the variety of senescence-associated
heterochromatin foci morphologies seen in LF1 cells: cell showing robust mH2A and DAPI foci, panels D, H; cell showing intermediate but poorly resolved HP1B
and DAPI foci, panels K, O; cell showing very few and small HP18 foci and no DAPI foci, panels L, P; cell showing no mH2A or DAPI foci but high overall levels of

mH2A, panels C, G.

other channels and signal intensities are computed within them.
The assay can be further streamlined by directly conjugating the
primary antibody with a fluorophore, and by using lenses with
large depths of focus to capture most of the light in a single
image focused at the center of a nucleus. The data can be con-
veniently displayed as histograms of cell (nuclei) numbers
against fluorescence intensity (Fig. 2A) according to the conven-
tion of one-dimensional flow cytometry.

As SAHF have been found to be enriched for both mH2A and
HP1B and the two proteins colocalize (Zhang et al., 2005), we
examined to what extent their increased nuclear content in
senescent cells is correlated in individual cells (Fig. 2B). Double
staining of cultures with antibodies against both mH2A and
HP1f showed a high level of correlation at the single-cell level at
all replicative ages.

The increases in mH2A and HP1B levels seen by microscopy
(Fig. 2) were further investigated using immunoblotting (Fig. 3).
Normalization of immunoblotting data from senescent cells is
complicated by the well-known fact that the cells increase

significantly in size, including protein content (Cristofalo &
Pignolo, 1993). We verified this and found that our late passage
cells contained three- to fivefold more total protein than early
passage cells. We used protocols that allow the measurement of
total protein and DNA in the same extracts, and subsequently
immunoblotted the extracts for core histones such as H2B or
H3. We found that cell number, DNA content, and H2B or H3
expression were very closely correlated and constant across all
replicative ages. For the immunoblotting analysis of mH2A and
HP1B, we therefore loaded equivalent numbers of cells in each
lane and further normalized the data internally to H2B (Fig. 3).
We found that the mH2A expression was increased threefold in
late passage cells and HP1p was increased twofold. Both results
were statistically significant across three separate experiments
and correlate well with the increases observed with the micro-
scopic assay. In contrast, only minimal changes in mH2A or
HP1B mRNA levels were seen under any condition (Fig. S3).
Senescence-associated  B-galactosidase (SA-B-Gal) (Dimri
et al., 1995) and SAHF, visualized either as DAPI or mH2A foci,
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(A) mH2A and HP1p single-cell quantitative immunofluorescence
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Fig. 2 Quantitative measurements of histone macroH2A (mH2A) and heterochromatin protein 1 beta (HP1p) protein levels in human fibroblasts at different
replicative ages. (A) Immunofluorescent images (illustrated in Fig. 1) were quantified as indicated in Experimental procedures and plotted as histograms of cell
number (% of total) against fluorescence intensity in arbitrary units (a.u.). mH2A, left panel; HP1B, right panel. Replicative ages of the cultures were as indicated in
Fig. 1. A minimum of 100 cells were scored for each age group. (B) Cells were co-stained with mH2A and HP1p antibodies, images were acquired, and individual
cells were scored in three channels (using the DAPI, rhodamine and Cys5 filter sets for the nuclei, HP1f and the mH2A, respectively). Data are plotted as 2-D scatter

plots of mH2A and HP1 intensities.

appear with essentially the same kinetics as WI38 cells approach
and enter senescence (Zhang et al., 2005). We observed the
same relationship in LF1 HDF using the quantitative mH2A assay
(data not shown). For technical reasons, we have been unable to
combine the immunofluorescence mH2A assay with either the
SA-B-Gal assay or the telomere dysfunction-induced foci (TIF)
assay (Herbig et al., 2004) for multiparameter staining of the
same samples. We have shown previously that p16 and p21
appear to be upregulated independently as HDF cultures
approach senescence (Herbig et al.,, 2004). We have also

© 2010 The Authors

observed no correlation between the upregulation of YH2AX or
53BP1 and p16, but we did observe a correlation between the
upregulation of mH2A and p16 (data not shown). These data
are consistent with yH2AX, 53BP1, and p21 being in one path-
way, and with HIRA, mH2A, and p16 being in a distinct path-
way. It should be noted that these correlations are only relevant
in cultures approaching senescence that still contain significant
numbers of replicating cells, because cells that have become
fully senescent are uniformly positive for all the aforementioned
markers.

Aging Cell © 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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Fig. 3 Immunoblotting analysis of total cellular extracts. Left panel: representative images from one experiment. Lanes were loaded for equivalent cell numbers.
Note the clear upregulation of the cyclin-dependent kinase inhibitors p16 and p21 in late passage cells, indicative of entry into cellular senescence. Right panel:
immunoblots were quantified using the LI-COR Odyssey infrared imaging system. Histone macroH2A (mH2A) and heterochromatin protein 1 beta (HP1p) levels
were normalized to H2B levels detected in the same lane and are expressed as a ratio of mH2A or HP1p to H2B a.u. The values shown are the mean of three
separate experiments. Error bars indicate the SEM. The differences in expression between early and late cells are significant at P = 0.0032 and P = 0.042 for mH2A
and HP1, respectively, calculated using a two-tailed student's test.
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Fig. 4 Quantitative measurements of histone macroH2A (mH2A) protein levels in mouse lung. (A) Representative images of sections from 4- and 24-month-old
female lung. The bright foci in the DAPI images are the prominent pericentromeric heterochromatin found in this species. (B) Immunofluorescent images collected
in the experiment shown in panel A were quantified as indicated in Experimental procedures, expressed as ratios of mH2A and DAPI intensities for each nucleus,
and plotted as histograms of cell number (% of total) against fluorescence intensity in arbitrary units (a.u.). Representative histograms for two young (blue) and
two old (red) animals are shown. (C) Immunoblotting analysis of total tissue extracts from 5- and 36-month-old male lungs. Five young animals (lanes 1-5) and five
old animals (lanes 6-10) were included in the analysis. Lanes were loaded for equivalent DNA content and blots were probed with mH2A and H2B antibodies. (D)
Quantification and comparison of mH2A levels detected by immunofluorescence and immunoblotting. Left panel: average intensities of each histogram from the
experiment shown in panel B were computed, and mean values were calculated for the young (blue) and old (red) age groups. A total of four young and six old
animals were included in the analysis. The mH2A level for the young age group was set to 1. Error bars indicate the SEM. The difference in mH2A levels between
the young and old groups is significant at P = 0.0094 calculated using a two-tailed student’s test. Right panel: immunoblots from the experiment shown in panel C
were quantified using the LI-COR Odyssey infrared imaging system. mH2A levels were normalized to H2B levels detected in the same lane. A total of five young
and five old animals were included in the analysis. The mH2A level for the young age group was set to 1. Error bars indicate the SEM. The difference in mH2A levels
between the young and old groups is significant at P = 0.0086 calculated using a two-tailed student’s test. All experiments were repeated at least twice with
consistent results.

age in vivo. To improve further the assay, we made several

Expression of heterochromatic marks in murine . . .
changes: (i) use confocal microscopy to collect a z-series encom-

tissues . i . , N

passing the full thickness of the tissue for each field; (i) apply 3-
Having demonstrated the efficacy and sensitivity of the single D image reconstruction to compute average intensities for the
cell immunofluorescence assay in cultured cells, we asked entire volume of each nucleus; and (iii) normalize mH2A intensi-

whether changes in chromatin states also occur as a function of ties to DAPI intensities for each nucleus.
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Elevated levels of mH2A were readily apparent in lung nuclei of
24-month-old C57BL/6 females (Fig. 4A). Quantification of the
imaging data revealed histograms that were typically quite sym-
metrical in young animals (Fig. 4B). In old animals, the histograms
were broadened, shifted to higher intensities, and often displayed
high intensity shoulders. Immunoblotting analysis of total lung
tissue extracts confirmed the age-associated increase in mH2A
levels (Fig. 4C). While some heterogeneity was seen between
individual animals, the mean levels of mH2A calculated for groups
of five young (5 months) and old (36 months) male animals
showed a highly significant 1.9-fold increase in the old group
(Fig. 4D). The correlation between the fold-change increase
observed by the immunoblotting and that by immunofluores-
cence methods was excellent (Fig. 4D). Examination of additional
samples from 27-month-old males confirmed that the increase in
mH2A levels affects animals near their median lifespan as well as
very old animals of both sexes. Finally, using HP1p antibody in the
immunofluorescence and immunoblotting assays showed the
same trends and patterns for this antigen as seen with mH2A.

Examination of liver tissue showed that the total mH2A inten-
sity increased with age; however, because of a significant
increase in the size and volume of the liver nuclei in old animals
(due to the age-associated polyploidization seen in this tissue),
the normalized mH2A intensity did not increase significantly.
Likewise, mH2A levels did not increase when assessed by immu-
noblotting and normalized to either DNA or H2B.

We did, however, observe a significant redistribution of
mH2A within the nuclei of old animals (Fig 5A). Mouse genomes
contain distinct regions of DNA repeats known as y-satellites
that surround the centromeres and condense into pericentro-
meric heterochromatin foci (Vissel & Choo, 1989). Liver nuclei
show particularly prominent pericentromeric heterochromatin
foci that are readily seen with simple DAPI staining in both

(A) Mouse liver

Young Young

Centromere mH2A

DAPI

(B) Mouse lung
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young and old animals. However, while young nuclei stain rela-
tively uniformly with mH2A, old nuclei typically display promi-
nent mH2A foci that colocalize with the DAPI foci. The
pericentromeric localization of the mH2A foci was verified using
a human anti-centromere autoantibody.

Examination of lung nuclei, which are smaller and do not
undergo polyploidization, revealed the same phenomenon
(Fig. 5B). In both lung and liver, approximately 30% of nuclei had
at least one mH2A-positive pericentromeric focus in young ani-
mals, while the number of nuclei containing mH2A-positive foci
doubled in older animals (Fig. 5C). Thus, in addition to an overall
increase in MH2A levels in certain tissues, mH2A can also undergo
a profound age-associated redistribution. Our data are indicative
of increasing concentrations of mH2A in regions of constitutive
heterochromatin; whether more subtle or specific movements can
occur remains to be investigated with higher resolution methods.

Age-associated increases in mH2A levels were also readily
apparent in the skeletal muscle (Fig. 6A). In this case, the pattern
of staining was notably different. Both age groups showed two
distinct populations of nuclei with either low or high levels of
mH2A, with relatively few nuclei falling in between, giving rise
to biphasic histogram distributions (Fig. 6B). Interestingly, the
proportion of nuclei in the low and high expression groups chan-
ged with age, with an increased fraction of cells displaying
higher levels of mH2A in the old animals (Fig. 6C). Higher levels
of mH2A in old animals were also confirmed by immunoblotting
(data not shown).

Expression of heterochromatic marks in primate
tissues

Having obtained evidence for increased age-associated hetero-
chromatinization in several murine tissues, we asked whether

(C) Nuclei with mH2A foci

80
B Young
70 - Old
of T 1
50
40 4

% of total cells

Liver Lung

Fig. 5 Association of histone macroH2A (mH2A) with pericentromeric heterochromatin. Representative images of single nuclei are shown at high magnification
for (A) mouse liver and (B) mouse lung. Panels show the same nucleus stained for mH2A (top row, A, B), centromeres (middle row, C, D), and DAPI (bottom row, E,
F). A young nucleus is shown on the left (A, C, E), and an old nucleus on the right (B, D, F). Scale bars designate 2 um. Note that lung nuclei are considerably
smaller than liver nuclei and are shown at higher magnification. (C) Quantification of mH2A-staining pericentromeric foci. A cell was considered positive if it
displayed at least one mH2A focus colocalizing with a DAPI focus. At least 200 nuclei were scored for each condition. Error bars indicate the SEM.
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Fig. 6 Quantitative single cell measurements of histone macroH2A (mH2A) protein levels in mouse skeletal muscle. (A) Representative images of sections from 5-
and 36-month-old male quadriceps muscle. The bright foci in the DAPI images are the prominent pericentromeric heterochromatin found in this species. (B)
Immunofluorescent images collected in the experiment shown in panel A were quantified as indicated in Experimental procedures, expressed as ratios of mH2A
and DAPI intensities for each nucleus, and plotted as histograms of cell number (% of total) against fluorescence intensity in arbitrary units (a.u.). Representative
histograms for two young (blue) and two old (red) animals are shown. Note the prominent biphasic profile of the histograms. (C) Quantification of mH2A levels
detected by immunofluorescence. The number of cells (% of total) under the low (green) and high (yellow) intensity peaks were calculated for each histogram, and
mean values were calculated for the young and old age groups. A total of five young and five old animals were included in the analysis. Error bars indicate the
SEM. The ratio of low to high intensity cells was 1.48 for the young animals, and 0.99 for the old animals. The difference between the ratios of low and high
intensity cells is significant at P = 0.0080 calculated using a two-tailed student’s test. The experiment was repeated three times with consistent results.
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Fig. 7 Quantitative single cell measurements of histone macroH2A (mH2A) protein levels in baboon skeletal muscle. (A) Representative images of sections from
5-year-old and 25- to 30-year-old vastus lateralis muscle. Animals of both sexes were included. (B) Immunofluorescent images collected in the experiment shown
in panel A were quantified as indicated in Experimental procedures, expressed as ratios of mH2A and DAPI intensities for each nucleus, and plotted as histograms
of cell number (% of total) against fluorescence intensity in arbitrary units (a.u.). Representative histograms for two young (blue) and two old (red) animals are
shown. Note the prominent biphasic profile of the histograms. (C) Quantification of mH2A levels detected by immunofluorescence. The number of cells (% of
total) under the low (green) and high (yellow) intensity peaks was calculated for each histogram, and mean values were calculated for the young and old age
groups. A total of five young and six old animals were included in the analysis. Error bars indicate the SEM. The ratio of low to high intensity cells was 1.45 for the
young animals, and 0.44 for the old animals. The difference between the ratios of low- and high-intensity cells is significant at P = 0.0018 calculated using a two-
tailed student’s test. The experiment was repeated three times with consistent results.

similar trends also occur in other species. As we have previously biphasic with distinct high- and low-intensity nuclei (Fig. 7B).
collected skin and skeletal muscle biopsies from baboons of Furthermore, the shift in the ratio from low- to high-intensity
varying ages (Herbig et al., 2006; Jeyapalan et al., 2007), we nuclei was very pronounced, changing more than threefold
applied our new single cell heterochromatinization assay to from 1.45 in the young animals to 0.44 in the old animals
these specimens. Examination of baboon skeletal muscle (Fig. 7C).

revealed strong age-associated trends (Fig. 7A). As was the case In contrast, analysis of dermal fibroblasts in skin biopsies
with murine skeletal muscle, the distributions were clearly revealed a more subtle increase in mH2A levels (Fig. S4). Many
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but not all of the specimens showed a biphasic profile. The over-
all mean intensity in the old specimens increased, but fell just
below statistical significance (P = 0.065). The most likely expla-
nation is that the skin is subject to environmental exposure,
which could obscure an underlying age-associated pattern. We
noted that the young animals had particularly heterogeneous
distributions, but unfortunately, we did not have access to addi-
tional animals to explore this phenomenon further.

Discussion

HP1 was first described as a heterochromatin-associated protein
required for heterochromatin-induced gene silencing during
position effect variegation in Drosophila (Eissenberg & Elgin,
2000). HP1 proteins are highly conserved in evolution, and are
enriched in constitutive heterochromatin in centromeric regions,
telomeres, and silenced interspersed repetitive elements, as well
as in regions of facultative heterochromatin (Kwon & Workman,
2008). HP1 proteins bind to the H3K9Me3 mark and are
believed to play an active role in cross-linking the associated nu-
cleosomes into higher-order chromatin structures that represent
the characteristic hallmark of heterochromatin (Jenuwein & Al-
lis, 2001); recently additional roles, such as in DNA repair, have
been described (Timinszky et al., 2009; Billur et al., 2010; Tes-
chendorff et al., 2010). The histone variant mH2A is highly con-
served in vertebrates but absent in most invertebrates
(Changolkar et al., 2008). It is enriched in constitutive hetero-
chromatin (such as some interspersed repetitive elements and
pericentromeric regions), facultative heterochromatin (such as
the inactive X chromosome in female cells), and depleted on
active genes (Changolkar & Pehrson, 2006; Choo et al., 2006,
2007; Changolkar et al., 2010). The mH2A nonhistone domain
has been reported to antagonize transcription initiation by
blocking histone acetylation and interfering with nucleosome
remodeling (Doyen et al., 2006). HP1B co-purifies with mH2A-
containing chromatin fragments (Changolkar & Pehrson, 2006),
and both proteins have been colocalized in SAHF (Narita et al.,
2003; Zhang et al., 2005). We found that the levels of mH2A
and HP1B increase in parallel in individual HDF nuclei as they
approach replicative senescence. At the single-cell level, these
proteins therefore represent ideal markers of heterochromatin.
Our work was stimulated by the desire to use SAHF, a promis-
ing new marker of cellular senescence, to assess the existence
and prevalence of senescent cells in vivo. Based on the studies
reported here, we believe that it is reasonable to conclude that
SAHF do not accumulate with aging in vivo, at least as morpho-
logically distinct structures that can be visualized by microscopy
in mouse or baboon. Recently, we found that mouse fibroblasts
undergoing senescence in culture do not form robust SAHF,
although they do display elevated mH2A levels (Kennedy et al.,
2010). But do the increased levels of mH2A that are clearly
demonstrable in vivo represent senescent cells? Several lines of
evidence suggest that this is unlikely to be the whole story. First,
other markers of senescence report relatively few senescent
cells, compared with the frequencies of cells we observe with
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increased heterochromatin markers. When stained for the
senescence-associated B-galactosidase (SA-B-Gal) marker, the
tissues examined here (lung, liver, dermis, skeletal muscle) show
positive cells in the range of 2-5% (Dimri et al., 1995; Wang
et al., 2009) (our data). While good correlations between SA-B-
Gal-positive and senescent cells have been reported in vitro (It-
ahana et al., 2003; Passos et al., 2007), the assay is much less
reliable in tissue sections, which can lead to underestimation of
senescent cells (Itahana et al., 2007). Another method to deter-
mine the frequency of senescent cells is to score cells that stain
positive for DNA damage foci-associated proteins y-H2AX or
53BP1 (Bartkova et al, 2006; Di Micco et al., 2006; Herbig
et al., 2006; Jeyapalan et al., 2007; Sedelnikova et al., 2008;
Wang et al., 2009; Le et al., 2010). This approach is gaining
popularity because of recent evidence that many, if not all,
senescent states may be caused (or accompanied) by features of
genotoxic stress and a DNA damage response (DDR) (d’Adda di
Fagagna, 2008). These methods are, however, likely to overesti-
mate the frequencies of senescent cells, because some cells that
sustain DNA damage will in all likelihood be repaired, while oth-
ers may enter alternate pathways, such as apoptosis. Wang
et al. (2009) reported frequencies of DNA damage foci in the
lung, liver and skeletal muscle of 6.7%, 8.4% and 0.3% in
young mice, and 19%, 17% and 1.5% in old animals, respec-
tively. In contrast, we observe in old animals 60-100% of the
cells (depending on the tissue) to display elevated mH2A levels.

In the mouse lung, we observed an approximately 1.8-fold
increase in mH2A levels, characterized by monophasic expres-
sion histograms at both ages and a shift in peak intensity at old
age (Fig. 4). Our samples were obtained from the alveolar region
of the lung, which is composed of predominantly four cell types:
type | and type Il epithelial cells, endothelial cells, and fibroblasts.
The absence of distinct subpopulations in our immunofluores-
cence data (which would appear as shoulders or multiple peaks
in the histograms) indicate that all cell types are affected by
increased mH2A levels, although it remains possible that some
cell types may be affected more than others. This widespread
response appears to be distinct from the discrete cohort of 19%
DDR-positive cells reported in aged mouse lung (Wang et al.,
2009). In our study, the frequency of DDR-positive cells was in
the range of 10% in old animals; these lower numbers may
reflect the fact that Wang et al. used extremely old (42 month
C57BI/6) animals. Thus, while it is possible that DDR-positive
cells comprise a subset of cells with high mH2A levels, it is also
evident that the majority of normal cells in the lung without any
evidence of DDR display elevated mH2A levels with age. While
the DDR-positive cells may be senescent, we consider it unlikely
that all of the mH2A-positive cells are senescent.

In the skeletal muscle, we observed two populations of cells
with either low or high mH2A levels, which were clearly evident
as distinct peaks in the immunofluorescence histograms. The
pattern of expression was very similar in mouse and baboon. A
significant number of nuclei (approximately 40% in both mouse
and baboon) displayed high mH2A levels even in young animals.
However, there was a clear increase in the proportion of nuclei
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with high mH2A levels in older animals. An overall increase in
mH2A levels was also observed by immunoblotting. Skeletal
muscle tissue is comprised of predominantly one cell type, the
fully differentiated postmitotic myocyte. As normal healthy myo-
cytes have very long chronologic lifespans, turnover occurs at
exceedingly low rates under nonpathologic conditions. Cellular
senescence, given its canonical definition as a premature or
inappropriate replicative arrest, does not affect differentiated
postmitotic tissues, and muscle is thus not believed to age repli-
catively, although it is obviously susceptible to chronologic
aging. Accordingly, mouse skeletal muscle contains very few
SA-B-Gal-positive cells (< 1%) and their frequency does not
increase with age (our observations). Evaluating other markers
of cellular senescence, we observed very low levels (< 2%) of
cells with telomeric damage, and their number did not increase
with age in the baboon (Jeyapalan et al., 2007). Similarly, mouse
muscle shows very low frequencies of DDR-positive cells, which
do not increase with age (Wang et al., 2009), a finding that we
confirmed in baboon muscle (Jeyapalan et al., 2007). In relation
to most other tissues examined, skeletal muscle also displays
very marginal age-associated upregulation of p16 (Edwards
et al., 2007), another important marker of senescence (Krishna-
murthy et al., 2004). It is thus unlikely that the mature myocytes
with high mH2A levels are senescent, at least using our current
definitions and understanding of cellular senescence. Given the
strong association of mH2A with heterochromatinization, it will
be of great interest to investigate the epigenetic basis of the
many gene expression changes known to occur in muscle with
aging.

In the liver, while we saw an overall increase in mH2A levels,
this was obscured by the polyploidization that occurs with age
in this tissue, so the ratios of mH2A to DAPI did not change
much. The prominent pericentromeric heterochromatin found
in these cells allowed us, however, to detect a clear increase in
mH2A localization to this compartment, a finding that we sub-
sequently extended to lung and skeletal muscle tissue [very simi-
lar findings have been recently reported in mouse liver using an
antibody to H3K9Me3 (Jin et al., 2010)]. It thus appears that the
additional mH2A in old cells is targeted, at least in part, to con-
stitutive heterochromatin, although this does not account for
the overall increase, and higher signal is evident throughout the
nucleus.

The age-associated increase in heterochromatin marks docu-
mented here and in other recent studies (Sarg et al., 2002; Jin
et al., 2010; Wood et al., 2010) contrasts with the well-docu-
mented decrease in DNA methylation (Sedivy et al., 2008; Calv-
anese et al., 2009). Although the reason for this discrepancy
remains to be explored, it is tempting to speculate that it reflects
a progressive, age-associated disorganization of chromatin,
which may be an unavoidable consequence of its inherently
dynamic nature. A recent report (Wood et al., 2010) used chro-
matin immunoprecipitation (ChIP) and whole genome tiling
arrays in Drosophila to document that transcription-activating
histone modifications associated with genes and exonic regions
decreased with age, while repressive marks became dispersed

throughout the genome, showing relative decreases over het-
erochromatic regions and increases over euchromatic regions.
Together, these results are consistent with our findings and
indicative of an increase in transcriptionally repressive hetero-
chromatin, particularly at gene coding regions. Of relevance to
our findings, the levels of H3K9Me3 and HP1 increased with
age, hinting at strong conservation in these processes.

We still know very little about the epigenetics of aging, but it
is rapidly coming to light that chromatin is subject to profound
age-associated changes (Fraga et al., 2005). In this communica-
tion, we describe the development of an assay, based on immu-
nofluorescence microscopy, capable of quantitatively detecting,
at the single-cell level, changes in the nuclear content of chro-
matin-associated proteins. We use the assay to demonstrate
increased levels of the heterochromatin-associated proteins
mH2A and HP18 in human fibroblasts during replicative senes-
cence in culture, and for the first time, an age-associated
increase in these heterochromatin marks in several tissues of
mice and primates. The assay has undergone extensive develop-
ment and validation by immunoblotting, and is capable of accu-
rately assessing differences of 1.5-fold (and even lower if
sufficiently large numbers of cells are scored). As is the case for
any immunofluorescence-based assay, it can be limited by the
availability of antibodies of adequate affinity and limited cross-
reactivity. Here we have focused on mH2A and HP1B, two
known constituents of heterochromatin against which we were
able to locate very good antibodies, but the principles of the
assay are generalizable to any nuclear antigen of interest. The
advantage of this approach over biochemical methods is the
ability to visualize individual cells in nondisaggregated tissue,
providing quantitative single-cell level information on chromatin
states in different cell types, morphologic structures, or regions
of tissue pathology. Another important advantage is the small
amount of biologic material that is needed (at the limit, a hand-
ful of 6-8 um tissue sections) allowing the examination of
microscopic structures, such as stem cells in their native niches,
or limited and valuable archival material. Monitoring of histone
modifications would be of particular interest, and we have been
recently able to obtain quantitative information on H3K9Me3
and H3K27Me3.

Experimental procedures

Cell culture

Human embryonic lung fibroblasts, strain LF1 (Herbig et al.,
2004), were cultured in Ham’s F10 nutrient mixture (Invitrogen,
Carlsbad, CA, USA) supplemented with 15% fetal bovine serum
(Hyclone, Logan, UT, USA), 20 mm t-glutamine and penicil-
lin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Cultures
were maintained using a 1:4 subculture regimen and incubated
at 37 °C in an atmosphere of 92.5% N,, 5%CO0,, and 2.5% O,.
Cells were split into fresh medium after reaching 80% conflu-
ence. For immunofluorescence, cells were plated onto glass
coverslips and grown to 80% confluence.
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Tissue specimens

Mouse tissues of strain C57BL/6 were obtained from the
National Institute on Aging (NIA) Aged Rodent Tissue Bank (http://
www.nia.nih.gov/Researchinformation/ScientificResources/Aged
RodentTissueBankHandbook/), or collected in-house from
mice obtained from the NIA Aged Rodent Colonies (http:/
www.nia.nih.gov/Researchinformation/ScientificResources/Aged
RodentColoniesHandbook/). Baboon skin and muscle tissues
were obtained from the Southwest Foundation for Biomedical
Research (San Antonio, TX, USA). Biopsy procedures have been
previously described (Herbig et al, 2006; Jeyapalan et al.,
2007). All tissues were embedded in Tissue-Tek optimal temper-
ature cutting compound (OCT; Sakura Finetek, USA , Torrance,
CA, USA) at the time of harvest and stored at —80 °C. Eight-
micrometer-tissue sections were cut using a cryomicrotome
(Leica CM3050S, Leica Mircrosystems, Wetzlar, Germany) at
—29 °C for mouse lung, —19 °C for mouse liver, —23 °C for
mouse muscle and baboon muscle, and —28 °C for baboon
skin.

Quantitative immunofluorescence

For fixation of cells, 4% paraformaldehyde in phosphate-buf-
fered saline (PBS, pH 7.4), precooled to 4 °C, was added to the
samples and incubated for 20 min at room temperature. Per-
meablization was with 0.2% Triton X-100 in PBS for 20 min at
room temperature. For fixation of tissues, 4% paraformalde-
hyde and 0.5% Triton X-100 in PBS, prewarmed to 37 °C, were
added to the samples and incubated for 20 min at room tem-
perature. No further permeabilization was performed. For both
sample types, nonspecific binding was blocked by incubation in
4% bovine serum albumin (BSA; fraction V, Thermo Fisher
Scientific, Waltham, MA, USA), 2% donkey serum, and 0.1%
Triton X-100 in PBS for 1 h at room temperature. Antibodies
were diluted in the above blocking solution at saturating con-
centrations (Table S1) and incubated for 2 h at room tempera-
ture (cells) or overnight at 4 °C (tissue) with rocking in a
humidified chamber. Secondary antibodies, when used, were
also diluted in blocking solution and incubated for 2 h at room
temperature. Nuclei were counterstained with 2 pg mL™" DAPI
in PBS, containing 0.2% Triton X-100 for 15 min (cells) or
45 min (tissues).

Cell culture images were acquired using a Zeiss Axiovert
200M (Carl Zeiss AG, Oberkochen, Germany) fluorescence
microscope equipped with a Roper CoolSnap HQ monochrome
camera controlled by MetaMorph software (Molecular Devices,
Downingtown, PA, USA). Tissue sections were imaged on a Zeiss
LSM 710 Confocal Laser Scanning Microscope. A z-series
encompassing the full thickness of the tissue was collected for
each field. All microscope settings and exposure times were set
to collect images below saturation and were kept constant for
all images taken in one experiment. Image analysis was per-
formed using either MetaMorph software or Image) open
source software from the NIH (http:/rsbweb.nih.gov/ij/). The
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region of each nucleus in an image was defined using the DAPI
channel (435-485 nm emission), and the total and average fluo-
rescence intensities within this region were recorded for all of
the fluorophores used (depending on the experiment): DAPI,
Cy3 (590-650 nm emission) and Cy5 or Alexa 647 (665 nm
long pass emission). To automate the analysis, Image) macros
were developed and are available at upon request. For each
sample, a total of 100-500 nuclei were recorded in multiple
fields. For cell culture images, mH2A and HP1pB levels were
expressed as average intensities in arbitrary fluorescence units
(a.u.). For tissue images, mH2A fluorescence intensities were
normalized to DAPI intensities for each nucleus. Nuclei were dis-
tributed into bins based on their expression levels, and plotted
as histograms with the value of each bin shown as % of total
nuclei.

Quantitative immunoblotting

Cells were harvested by scraping into PBS, collected by centrifu-
gation and aliquots were counted in a hemocytometer. Cells
were lysed in approximately 10 pellet volumes of sample buffer
(60 mm Tris, pH 6.8, 2% SDS, 10% glycerol, 100 mm DTT) and
boiled for 5 min. Whole cell extracts equivalent to 1 x 10 start-
ing cells per lane were separated by SDS-PAGE and transferred
onto Immobilon-P membranes (Millipore, Billerica, MA, USA).
Signals were detected using the LI-COR Odyssey (LI-COR Bios-
ciences, Lincoln, NE, USA) infrared imaging system, and ana-
lyzed with the gel analysis component of ImageJ software.

Antibodies

Rabbit polyclonal antibodies against human mH2A1.1 and
mH2A1.2 were raised in the Fox Chase Cancer Center Labora-
tory Animal Facility (Zhang et al., 2007). The antigens used were
purified GST fusion proteins containing the entire nonhistone
domains of MH2A1.1 and mH2A1.2. While the two proteins dif-
fer by one alternatively spliced exon (29 and 32 amino acids in
mH2A1.1 and 1.2, respectively), the remaining 179 residues are
in common. Not surprisingly, the resulting antisera react with
both the mH2A1.1 and mH2A1.2 proteins. The independently
raised mH2A1.1 and mH2A1.2 antibodies behaved equivalently
in all the assays presented in this communication. In immuno-
blots, both antibodies visualize a single major band for
mH2A1.1 or mH2A1.2, depending on the tissue. Prior to use in
our studies, the antibodies were affinity purified on columns
with immobilized fusion proteins. Where indicated, the antibod-
ies were directly labeled with Alexa Fluor 647 using the mono-
clonal antibody labeling kit A20186 from Invitrogen. Control
immunofluorescence experiments using mH2A1 knockout
mouse MEF and tissues to assess nonspecific background are
shown in Fig. S5. Antibodies against HP1p (MAB3448) were
from Millipore. Human anti-centromere autoantibody (Cat. No.
15-235) was purchased from Antibodies Incorporated. For
immunofluorescence, Cy3- and Cy5-labeled secondary antibod-
ies were obtained from Jackson ImmunoResearch. For immuno-
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blotting, in addition to the above indicated antibodies to mH2A
and HP1B, primary antibodies to p16 (sc-56330, Santa Cruz)
and p21 (sc-397, Santa Cruz) were used. Secondary antibodies
for immunoblotting were labeled with Odyssey IRDye 800CW
(LI-COR Biosciences, 926-32210 and 926-32211) and with Alexa
Fluor 680 (Invitrogen, A21058 and A21109.
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Supporting Information

Additional supporting information may be found in the online
version of this article:

Fig. S1 Titration of antibody dilutions to determine saturating
concentrations for quantitative signal detection.

Fig. S2 Flow cytometric analysis of the DNA content of early
passage growing, quiescent, and late passage senescent HDF
cells.

Fig. S3 Assessment of mH2A1 mRNA expression in HDF and
murine tissues.

Fig. S4 Quantitative single cell measurements of mH2A protein
levels in baboon skin.

Fig. S5 Quantitative single cell measurements of mH2A protein
levels in MEF and tissues of mH2A1 knockout mice.

Table S1 Saturating concentrations of antibodies used in this
study.
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