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Summary

Chromatin structure affects the accessibility of DNA to transcription, repair and replication.
Changes in chromatin structure occur during development, but less is known about changes during
aging. We examined the state of chromatin structure and its effect on gene expression during aging
in Drosophila at the whole genome and cellular level using whole genome tiling microarrays of
activation and repressive chromatin marks, whole genome transcriptional microarrays and single
cell immunohistochemistry. We found dramatic reorganization of chromosomal regions with age.
Mapping of H3K9me3 and HP1 signals to fly chromosomes reveals in young flies the expected
high enrichment in the pericentric regions, the 41 chromosome and islands of facultative
heterochromatin dispersed throughout the genome. With age there is a striking reduction in this
enrichment resulting in a nearly equivalent level of H3K9me3 and HP1 in the pericentric regions,
the 4t chromosome, facultative heterochromatin and euchromatin. These extensive changes in
repressive chromatin marks are associated with alterations in age-related gene expression. Large-
scale changes in repressive marks with age are further substantiated by single cell
immunohistochemistry that show changes in nuclear distribution of H3K9me3 and HP1 marks
with age. Such epigenetic changes are expected to directly or indirectly impinge upon important
cellular functions such as gene expression, DNA repair and DNA replication. The combination of
genome-wide approaches such as whole genome chromatin immunoprecipitation and
transcriptional studies in conjunction with single cell immunohistochemistry as shown here
provide a first step toward defining how changes in chromatin may contribute to the process of
aging in metazoans.

Keywords
epigenetics; heterochromatin

Introduction

In eukaryotes DNA associates with histones and protein complexes to form the compact
structure of chromatin. The accessibility of DNA to transcriptional machinery is determined
by the compaction of the nucleosomes that is in part affected by modifications of the amino
terminal tails of the histone proteins, most notably H3 and H4 (Li et al. 2007).
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Heterochromatic regions representing transcriptionally silenced areas are characterized as
having increased levels of di- or tri-methylation of lysine 9 of the H3 amino terminal tail
(H3K9me2 or 3) (Elgin & Grewal 2003; Grewal & Jia 2007). Euchromatic regions that
contain genes being actively transcribed are highly acetylated and/or tri-methylated at lysine
4 of the H3 amino terminal tail (H3K4me3) (Elgin & Grewal 2003; Grewal & Jia 2007).

The chromatin state of a specific region can be assessed by measuring the type and amount
of histone modifications (e.g. H3K9me3) and accessory chromatin binding proteins (e.g.
HP1) associated with specific DNA fragments in that genomic region. The presence of
H3K9me2 or H3K9me3 and HP1 in chromatin immunoprecipitation (ChIP) experiments is
associated with silenced heterochromatin regions, while transcriptionally active euchromatin
regions are associated with H3K4me3 and H3K36me3 (Sims et al. 2003; Dion et al. 2005;
Neégre et al. 2006; Kouzarides 2007; Peng & Karpen 2007; Schones & Zhao 2008; Hon et
al. 2009). The association between these histone modifications or histone marks and their
specific chromosomal location can be determined by ChIP followed by whole genome tiling
arrays (ChlP-chip) (Barski et al. 2007; Park 2008; Schones & Zhao 2008; Hon et al. 2009;
Park 2009).

Little is understood about potential changes in chromatin that occur with age in organisms
such as Drosophila. Assessing the state of histone and other chromatin-related marks with
age associated with transcriptionally active (euchromatin) and transcriptionally repressed or
silenced (heterochromatin) regions at the local and global level would be a valuable first
step toward understanding the relationship between aging and changes in chromatin
structure. In this report we make use of ChIP-chip to assess the relative active or repressed
state of chromatin with age by concentrating on three activation marks--RNA polymerase II,
H3K4me3, and H3K36me3--and two repressive marks--H3K9me3 and HP1.

Activation marks associated with genes and exonic regions decrease with age

A ChIP-chip approach was used to examine the changes that take place in the chromatin of
the female adult Drosophila melanogaster head as it ages: at 10d (young) or 40d (old). The
genomic binding profiles of activation marks including RNA polymerase 11 (RNA pol I1)
and H3K4me3, associated with transcriptional initiation, and H3K36me3, associated with
active transcriptional elongation, were examined using the 4H8 antibody which recognizes
active and inactive RNA pol Il and antibodies specific for the H3K4me3 and H3K36me3
marks on a high-resolution genomic tiling array covering all unique regions of the
Drosophila genome.

A hidden Markov model (HMM) (Rabiner 1989) was used to examine the association
between RNA pol 1l, H3K4me3 and H3K36me3 and focal regulatory regions such as
promoters and enhancers (Fig. S1, Supplemental Methods). HMM analysis indicates that all
three activation marks are almost exclusively found associated with the transcriptional start
site (TSS) and 90% of the high state probesets are within 750 nucleotides of a gene (Table
S1). The percent occupancy of all three activation marks at TSS and gene regions does not
significantly change with age.

RNA pol 11 is present at the promoter of most genes with an enrichment profile of a sharp
peak at the TSS, and signal across exonic regions (Fig. 1A). Only a slight reduction in
overall average signal was seen at 40d as compared to background.

The binding profile of H3K4me3 revealed the characteristic double peak around the TSS
with a localized signal depression at the TSS (Fig. 1B) (Barski et al. 2007), and a significant
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signal in gene exons, with signal highest at the promoter and declining toward the 3’ end of
the gene. When averaged across all genes and compared to background the 40d sample
showed a lower overall signal than the 10d sample.

Enrichment of H3K36me3 levels over the spliced transcript (Barski et al. 2007; Kolasinska-
Zwierz et al. 2009) rises across the gene in a 5’ to 3’ direction, peaking at 50-60% of the
length of the spliced gene (Fig. 1C), and exhibiting a localized loss of signal directly at the
TSS. Similar to H3K4me3, the overall signal at 40d was lower than at 10d when compared
to background.

A clustering analysis was performed on the combined data from the 10d and 40d flies for
each mark that divided the genes into two groups based on similarities in binding profile.
The RNA pol 1l and H3K4me3 signal at the TSS and across all gene exons was considered
separately for purposes of the clustering analysis, resulting in five different sets of clusters:
RNA pol Il at TSS, RNA pol Il across gene, H3K4me3 at TSS, H3K4me3 across gene, and
H3K36me3 across gene (Fig. S2). For each mark, genes in cluster 1 exhibited a high level of
signal and genes in cluster 2 exhibited a flat, low-level binding profile (Fig. S2). Using the
clusters, we scored each gene for the presence (cluster 1) or absence (cluster 2) of each of
the five marks. The 40d samples consistently showed a lower level of binding across each of
these five parameters, with more genes appearing in cluster 1 (high-binding) from the 10d
sample, and more genes in cluster 2 (non-binding) from the 40d sample in each case (Fig.
S3). ANOVA analysis supports the finding of a decrease in binding of activation marks
across genes with age (Supplemental Methods). Hence, while localization of these marks
does not change significantly on average between young and old age as revealed by the
HMM approach, the ANOVA analysis suggests that the enrichment of these marks at those
locations decreases with age.

Repressive marks change with age

Repressive chromatin modifications such as H3K9me3 and HP1 are associated with
constitutive and facultative heterochromatin and tend to be enriched over broad regions
rather than the discrete foci associated with activation marks. Consistent with this we found
no general enrichment of H3K9me3 or HP1 above background at the TSS of either young or
old flies (data not shown). Mapping of the H3K9me3 and HP1 ChIP-chip signals to the fly
chromosomes, averaged over 50kb, revealed that in young flies, as expected, the enrichment
of H3K9me3 and HP1 was higher, in comparison to euchromatin in the pericentric regions
and the 4" chromosome (Fig. 2, S5, S6) (Yasuhara & Wakimoto 2008). However, in older
flies the differential enrichment of H3K9me3 and HP1 between euchromatin and
heterchromatin regions (pericentric regions, 4 chromosome and islands of facultative
heterochromatin dispersed throughout the genome) is strikingly reduced leaving all
chromosomal regions at almost an equivalent level of H3K9me3 and HP1 enrichment (Fig.
2, S5, S6). A direct comparison of the binding of the two marks in these regions shows that
with age the H3K9me3 signal is lost to a greater extent than HP1 (Fig. 2C). Differences in
binding throughout non-pericentric chromatin are also seen, as signals from H3K9me3 and
HP1 do not completely overlap. H3K9me3 marks tend to cluster into “hotspots” that are
fairly randomly distributed throughout the genome, while HP1 signal appears more evenly
distributed (Fig. 2C).

Quantitative analysis of H3K9me3 and HP1 with age

ChIP-chip allows us to compare the relative amount of H3K9me3 and HP1 in the
euchromatin region with the pericentric region and 4™ chromosome, but is unable to provide
information on absolute values. Thus the results showing an equilibration of the enrichment
of H3K9me3 and HP1 in the pericentric and 4t chromosome with euchromatin cannot
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distinguish between the change being due to a decrease in pericentric and 41 chromosome
repressive markers or an increase in repressive marks throughout euchromatin. Western blot
analyses were performed to determine whether there is a change in the level of H3K9me3
and HP1 with age relative to total histones. As seen in Fig. 3C, with age the amount of
H3K9me3 relative to H3 greatly increases, while the level of HP1 to H3 appears to stay
nearly the same with age or slightly increases. We did not observe any significant difference
in total histone H3 with age when normalized to total protein or DNA.

Nuclear distribution of H3K9me3 and HP1 changes with age

Single cell studies have several advantages that complement the ChlP-chip whole genome
approach. While ChlP-chip requires pooling and homogenization of many different cells to
obtain sufficient chromatin material, single cell immunohistochemistry can be performed on
tissue section allowing for resolution at the individual cellular level.

Using the same H3K9me3 and HP1 antibodies as the ChIP-chip studies, we examined the
nuclear staining pattern of H3K9me3 and HP1 in fat body cells of sections of young and old
flies. This confirmed that there is an age-related change in the nuclear organization of
H3K9me3 and HP1 (Fig. 3). Nuclei of fat body cells from young animals (10d) show a
characteristic intensely concentrated staining of H3K9me3 in one or two foci within the
nucleus, near the chromocenter or nucleoli (Fig. 3A). In older animals (40-70d) the nuclei of
fat body cells show a more diffuse H3K9me3 staining pattern that begins to encompass most
of the nucleus (Fig. 3A). The compact heterochromatic foci of H3K9me3 at a young age
become less coherent with age. HP1 staining also shows changes with age. Staining of HP1
in nuclei of fat body cells from young animals (10d) show a diffuse relatively uniform
staining of HP1 throughout the nucleus (Fig. 3B) that becomes more concentrated and
punctate in older animals (40-70 days) (Fig. 3B).

Association of gene expression with chromatin marks

We also examined the relationship between chromatin marks and gene expression. As
previously described in both flies and humans we found a weak correlation between ChlP-
chip RNA pol Il binding to a gene and the level of gene expression (Kim et al. 2005; Lee et
al. 2006; Muse et al. 2007). Examination of either H3K4me3 or H3K36me3 alone did not
further improve the ability to predict the level of gene expression. However, the combined
use of a small number of histone modifications can improve gene expression prediction
(Karlic et al.). Scoring each gene based on the presence or absence of each of the 5 different
activation marks, as in the clustering analysis described above, improved the correlation
between activation markers and gene expression at both 10d (Fig. 4A) and 40d (Fig. S7).
Genes with a higher activation mark score tend to be expressed at a higher level.

To examine the relationship between repressive marks and gene expression, the signal from
H3K9me3 or HP1 was divided into quartiles and the expression scores of the genes within
each quartile was examined. An inverse correlation with expression was found, such that
genes with higher levels of H3K9me3 marks tended to be expressed at a lower level, at both
10d (Fig. 4B) and 40d (Fig. S7). Interestingly, a similar correlation between HP1 signal and
gene expression was not seen (Fig. S7).

Loss of repressive marks with age is associated with increased gene expression

We examined how gene expression changed between our 10d and 40d samples, and how
well this correlated with the changes we observed with chromatin marks. Examination of
changes in chromatin mark binding between young and old samples and linkage with
changes in gene expression showed that most genes tended to keep the same activation and
repressive mark scores as they aged. Of the many genes that had changes in chromatin
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marks between 10d and 40d, the most common change was a loss of marks with age (3.5%
of genes lose at least two activation marks, 0.5% gain at least two).

We next examined whether the trend of decreasing marks with age was correlated with any
changes in gene expression. In order to investigate this effect, we examined the fold-change
of the genes that lost activation marks or one of the repressive marks with age in comparison
to the entire population of genes that changed between 10d and 40d. Among all the genes
whose expression changed between 10d and 40d, we computed the fraction F,; of genes
whose expression is larger at 40d than at 10d for different fold-change cutoffs (Fig. 4C). For
example, at a logy-fold-change cutoff of O (i.e. all genes selected), 52% of genes go up at
40d, giving F41(0) = 52%, but of the genes with a log,-fold-change of at least 0.3 in either
direction, only 40% go up at 40 days. Investigation of how losing at least two activation
marks affected gene expression fold-change was done by computing the same fraction,
Factivation, for the subset of genes that lost activation marks (Fig. 4C) and testing the
significant difference between Fy and Factivation (Se€ Supplementary Methods). For all log,-
fold-changes above 0 there was a significant difference between the two fractions, with
Factivation being consistently lower than F);. This indicates that genes that lose activation
marks have a greater tendency to lose expression than the entire population of genes that
change.

Loss of repressive marks was defined as a change in enrichment for that mark by at least two
quartiles (e.g. from the 4th quartile at 10d to either the 15t or 2nd quartile at 40d, or from the
3rd quartile at 10d to the 1st quartile at 40d). A similar analysis to that described above was
performed on the subset of genes that lost HP1 with age (Fig. 4C). This fraction Frepressive
was significantly greater than F at all fold changes, indicating that genes that lose
repressive marks with age tend to have increased expression compared to the entire
population of genes. The same trend was observed for H3K9me3, when defining the loss as
a change in enrichment for that mark by at least three quartiles, although no cutoff reached
statistical significance due to the very small number of genes in this category (Fig. S8).

Discussion

The silencing of specific chromosomal regions is dynamically changing during development
(Ebert et al. 2004; Ebert et al. 2006; Talbert & Henikoff 2006), but less is known about
changes in chromatin state during aging. Since changes in chromatin state can alter gene
transcription, resulting in expression of genes otherwise silenced (Elgin & Grewal 2003;
Berger 2007; Grewal & Jia 2007; Sedivy et al. 2008; Dang et al. 2009) or repression of
genes otherwise expressed, it has the potential to significantly alter cellular physiology.
During aging in yeast, loss of silencing at the mating locus leads to re-expression of the
silenced mating type gene, causing sterility, and loss of silencing near telomeres results in
expression of previously silenced genes in the subtelomeric region (Kim et al. 1996; Smeal
et al. 1996; Berger 2007; Dang et al. 2009). These and other examples have suggested that
changes in chromatin with age are related to, and may be responsible for, some elements of
the aging process.

We used Drosophila to examine the changes in chromatin state globally and locally with
age. An HMM analysis confirmed the expectation that the activation marks, including RNA
pol 11, H3K4me3 (associated with transcript initiation) and H3k36me3 (associated with
transcript extension), are almost exclusively associated with the transcriptional start site
(TSS) or gene regions. Consistent with the nearly ubiquitous nature of RNA pol Il binding
to TSS in other organisms (Barski et al. 2009), only a small but statistically significant
decrease was seen in the enrichment of RNA pol Il at the TSS and over genes in older flies.
A larger statistically significant decrease in the average enrichment of histone modifications
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associated with active transcription, H3K4me3 and H3K36me3 at TSS and over genes, was
seen in older flies (Fig. 1).

Comparisons between ChIP-chip for total RNA pol Il (active and inactive) and whole
genome RNA transcriptional microarrays shows the same weak correlation between RNA
pol Il binding and gene expression that has been reported by others (Kim et al. 2005; Lee et
al. 2006; Muse et al. 2007). The addition of ChlIP-chip information from two other histone
activation marks (H3K4me3 and H3K36me3) improves the correlation between activation
marks and gene expression, although the improved correlation remains weak and is
insufficient to confidently make definitive predictions. The poor correlation seen between
activation marks and gene expression is probably not due to the inherent “noise” in the
experimental procedures of using whole genome microarrays. Similar difficulties of
correlating activation marks with gene expression continue to be seen with deep-sequencing
methodologies that should significantly improve the signal-to-noise ratio (Barski et al.
2009).

Unlike activation marks, repressive marks such as H3K9me3 and HP1 are not found closely
associated with the TSS of individual genes. In general, repressive marks were seen enriched
in broader regions than activation marks and in areas devoid of known transcriptional units.
It is thought that HP1 is recruited to a chromosomal region in response to addition of the
H3K9me3 mark, resulting in an increase in chromatin packing and gene silencing. This is
consistent with our finding of a stronger association between enrichment of HP1 and
decreased gene expression, than for H3K9me3 (Fig. 4C, S8).

With age we found that the relative enrichment of both H3K9me3 and HP1 is greatly
diminished in the pericentric heterochomatin regions, the heterochromatic 4™ chromosome
and in islands of facultative heterochromatin in comparison to euchromatin (Fig. 2, S5, S6).
For H3K9me3, more than for HP1, the large difference in enrichment in these
heterochromatin regions in young flies is reduced to being virtually equivalent to the
euchromatin regions in older flies (Fig. 2, S5, S6). However, since ChlIP-chip is not able to
measure absolute values, and because of the need of inter-array normalization, these data
alone are not able to definitively state whether H3K9me3 or HP1 is lost from these
“heterochromatin” regions with age. The observed change with age could be due to a
decrease in H3K9me3 and HP1 in the heterochromatin-like regions or an increase in
H3K9me3 and HP1 ubiquitously throughout euchromatin. Either scenario would lead to the
apparent equilibration of signal between the euchromatin and heterochromatin regions seen
in older flies.

Western blots show a significant increase in the level of H3K9me3 and a small increase in
the level of HP1 in older flies as compared with total levels of histone H3 (Fig. 3C). This
absolute increase in H3K9me3 and HP1 with age suggests that either repressive marks
increase throughout euchromatin or are sequestered to the ~30% of the genome of
Drosophila made up of repetitive heterochromatic DNA which is not examined by ChiP-
chip methodology. Single cell immunohistochemistry clearly shows evidence of
H3K9me3’s altered distribution to more extensive chromosomal regions with age, although
it does not distinguish between the change in distribution being targeted preferentially to
euchromatin or repetitive chromosomal regions. The extent of the spread of the H3K9me3
signal throughout most of the nuclear region in older cells suggests the change in H3K9me3
is not limited to repetitive chromosomal regions and likely includes an increase of
H3K9me3 in euchromatin.

The finding of extensive changes in repressive H3K9me3 and HP1 marks with age in the
absence of a corresponding large-scale change in gene expression suggests that if there is an
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increase in repressive marks throughout euchromatin it is ineffective in modifying global
gene expression. Alternatively, if the level of H3K9me3 and HP1 does not change
significantly in euchromatin with age, then many of the changes seen in the level and
distribution of repressive marks may reflect a redistribution or sequestration of repressive
marks to the repetitive regions of the fly genome. It is possible that there may be significant
changes with age in RNAs from repetitive DNA regions or transposons, which we were not
able to detect using transcriptional microarrays.

Taken together these studies demonstrate that there are dramatic changes in chromatin
structure with age in Drosophila. Although the specific functional consequences of these
age-related changes have not been directly determined, it is likely that they alter gene
expression and have important effects on cell physiology. Such changes are expected to
directly or indirectly impinge upon important cell functions such as gene expression, DNA
repair and DNA replication. The combination of genome-wide approaches such as whole
genome ChlIP and transcriptional studies in conjunction with single cell
immunohistochemistry as shown here provides a first step toward defining how changes in
chromatin may contribute to the process of aging in metazoans.

Experimental Procedures

The specificity of the H3K9me3 and HP1 antibodies was validated by showing it primarily
localized to the centromere of 3™ instar polytene chromosomes (data not shown) and
examination of the ChIP in the transition zone between euchromatin and pericentric
heterochromatin. (Fig. S4) (Yasuhara & Wakimoto 2008).

Chromatin IP

ChlP-chip

Mixed sex Canton-S flies were grown in cages for 10 days or 40 days on standard food (6%
yeast, 12% sucrose, 5% cornmeal), in a humidified (50%), incubator with 12 hour on/off
light cycle at 25°C, changing food every 2-3 days. Flies were kept at —80°C, then sexed, and
heads removed by vortexing. 200 mg of heads were used to prepare chromatin (Négre et al.
2006),with sonication to an average size of 500 bp. 250 ul chromatin extract was
immunoprecipitaed with one of the following antibodies: 4H8 (Abcam ab5408, 2 pl/IP),
H3K4me3 (Abcam ab8580, 4 pl/IP), H3K9me3 (Millipore 07-442, 4 ul/IP), H3K36me3
(Abcam ab9050, 4 pl/IP), or HP1 (Developmental Studies Hybridoma Bank C1A9, 2 pl/IP).
After elution, DNA was purified with the MinElute PCR cleanup kit (Qiagen) and amplified
with the WGAZ2 kit (Sigma).

Chromatin IP samples were hybridized to Affymetrix Drosophila Tiling 2.0R arrays.
Background probes were used to calculate median background signal which was subtracted
from the signal of each genomic probe based on GC content. All non-unique probe
sequences were removed from further analysis. The intensities were quantile normalized
together, grouped by antibody. The Hodges-Lehman estimate of triplicate IP samples -
triplicate input samples in a 500 bp window centered on the probe was calculated as signal.
For each factor, the mean signal from the euchromatic region of the genome was subtracted
from each probe.

RNA extraction, whole genome transcriptional arrays and preprocessing of the data

Total head MRNA was extracted from 75-100 heads of three independent biological
replicates of 10 and 40 day old flies using Qiagen RNeasy total RNA isolation kit and
hybridized to Affymetrix Drosophila 2 arrays according to the Affymetrix Protocol. See
supplemental methods.
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Probes were mapped to CG numbers using the drosophila2.db annotation package from
Bioconductor. The data were quantile normalized and summarized using GCRMA (Wu et
al. 2004) to obtain expression scores in the log, scale.

Bioinformatic analysis

To plot the average trend of the marks over the exonic regions (Fig. 1), a construct including
2kbp upstream of the transcription start site, UTRS, the exons, and 2kbp downstream was
made for each RefSeq gene location (genome.ucsc.edu). Then the Hodges-Lehman estimate
of the ChlIP signal (IP-input) was linearly interpolated over this region to give a fixed-length
signal vector for each gene. k-means clustering using 2 clusters for each factor was
performed on the signal after linear interpolation using the squared Euclidean distance.
Transcripts with fewer than 10 probes in the window were removed before clustering. This
left 16,760 unique transcription site windows (+/—1500 base pairs) and 20,486 unique
whole-gene constructs. See supplemental methods.

Immunofluorescence

10, 40, 50, 60 and 70 day old male and female flies were fixed in 4% paraformaldehyde in
PBS, embedded and cryosectioned. 10 micron sections containing fat body cells were
incubated with H3K9me3 (1:500) or HP1 (1:1000) antibody, followed by the appropriate
Alexa 488 or 568 -conjugated secondary antibody and DAPI staining, and imaging with a
Zeiss Axioimager Z.1 microscope. Images of representative nuclei were selected and
processed identically in Adobe Photoshop.

Western blots

Chromatin extracts were prepared as above from 10 and 40 day heads, except samples were
not crosslinked with formaldehyde. Samples were normalized to total amount of chromatin,
run on SDS-PAGE gels, blotted and probed with H3K9me3 (1:500), HP1 (1:1000), and total
histone H3 (Epitomics 1326-1, 1:1000) antibodies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Average signal of activating marks across length of gene decreases with age
Enrichment profile is shown for (A) RNA Polymerase I1, (B) H3K4me3, and (C)
H3K36me3 for 10 day old (blue) and 40 day old (red) samples. Mean log, ChIP signal is
shown on a composite gene representing the exonic regions of all ~14,000 genes in the
Drosophila genome scaled from transcriptional start site (TSS, 0%) to transcriptional stop
(100%) with a +/— 2kbp flank.
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Fig. 2. Enrichment of repressive marks are lost with age, especially in pericentric regions and 4th
chromosome

(A) Comparison of H3K9me3 marks averaged over 50 kb regions for each chromosome at
10 days (top) and 40 days (bottom). The data are expressed as a heat map with brighter
colors representing greater binding of H3K9me3 in that region: the greatest signal changes
occur at the pericentric heterochromatin of chr 2L, 2R, and 3L (marked with blue bounding
box), and chr 4. (B) Comparison of HP1 signal at 10 days (top) and 40 days (bottom). (C)
Two color heat map comparing relative signal of H3K9me3 (red) and HP1 (green). Areas of
high H3K9me3 appear red, high HP1 green, high in both marks yellow, and low in both
marks black. All chromosomes are drawn to relative scale except chr 4, which is enlarged.

Aging Cell. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wood et al.

Page 13

young old (o3

A
)
H3K9me3
e . e
HP1

merged
with DAPI
B

~
HP1 s i 4

Figure 3. Nuclear distribution of H3K9me3 and HP1 changes with age

(A) H3K9me3 immunofluorescence signal (green) in four representative fat body nuclei of
young (10 days) (left) and old (40-70 days) (right) flies. DAPI stain (red) is presented for
reference of nuclear boundary. Displayed scale bar is 5 microns. H3K9me3 signal changes
from a single bright focus in each nucleus at 10 days, to a more diffuse staining pattern
throughout the nucleus at 40-70 days (arrows). (B) HP1 immunofluorescence signal (red) at
10 days (left) and 40-70 days (right) in fat body nuclei. HP1 signal changes from diffuse in
young flies to more concentrated in older flies (arrows). (C) Western blots showing relative
amount of H3K9me3 and HP1 in 10 day and 40 day males and females. Total histone H3 is
presented as a loading control.
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Figure 4. Correlation of active and repressive marks with gene expression reveals loss of
repressive marks with age is associated with increased gene expression

(A) Correlation of active marks with gene expression at 10 days. Genes were assigned an
activation mark score based on clustering analysis (see text for details). Box plot shows
distribution of genes for each group plotted against GCRMA expression score. Thick black
line is median, top and bottom of box are 25™ and 75™ percentile, dashed lines show two
standard deviation coverage (~95%). (B) H3K9me3 signal is anticorrelated to gcRMA
expression score at 10 days. Genes were divided into quartiles based on H3K9me3 signal
and distributions plotted as in (A). (C) Correlation of changes between 10 days and 40 days
with expression score. Genes were filtered based on a log, fold change cutoff between 10
days and 40 days (x axis). Only genes changing by at least the indicated amount are present
in each group. The percentage of genes in each group whose expression is increased at 40
days relative to 10 days is shown on the y axis. Three series are plotted: all genes (black),
genes losing at least two activation marks with age (blue), and genes whose HP1 signal
moves down at least two quartiles with age (red). The method used to test for statistical
significance between percentages is described in the supplemental materials and methods.
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