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ABSTRACT
Epigenetic control of gene expression is a consistent feature of differentiated mammalian cell types.

Epigenetic expression patterns are mitotically heritable and are stably maintained in adult cells. However,
unlike somatic DNA mutation, little is known about the occurrence of epigenetic change, or epimutation,
during normal adult life. We have monitored the age-associated maintenance of two epigenetic systems—X
inactivation and genomic imprinting—using the genes Atp7a and Igf2, respectively. Quantitative measure-
ments of RNA transcripts from the inactive and active alleles were performed in mice from 2 to 24 months
of age. For both genes, older animal cohorts showed reproducible increases in transcripts expressed from
the silenced alleles. Loss of X chromosome silencing showed cohort mean increases of up to 2.2%, while
imprinted-gene activation increased up to 6.7%. The results support the hypothesis that epigenetic loss
of gene repression occurs in normal tissues and may be a contributing factor in progressive physiological
dysfunction seen during mammalian aging. Quantitatively, the loss of epigenetic control may be one to
two orders of magnitude greater than previously determined somatic DNA mutation.

DAMAGE to cellular information has been proposed measurements of epigenetic maintenance are essential
to assess its possible phenotypic impact.to accumulate throughout life and to have an im-

pact on the specificity and quality of physiological con- In this report, we determine quantitative changes in
epigenetic regulation in animals across normal life, us-trol (Szilard 1959; Holliday 1988; Johnson et al. 1999).

In differentiated cells, the mitotically heritable informa- ing two well-studied mammalian epigenetic systems. Epi-
genetic regulation in aging mammals can be quantita-tion for gene regulation resides in both the genomic

DNA sequence and epigenetic chromatin patterns tively measured using genes subject to X chromosome
inactivation and genomic imprinting. In both regulatory(Weiler and Wakimoto 1995; Latham 1999). Direct

DNA mutations and chromosomal aberrations are systems, the two alleles of the gene are differentially
expressed, with one homolog transcriptionally activeknown to increase with age. However, cumulative lifetime
and the other inactive. The inactive and active allelesbase-pair mutations are observed at �1 in 10,000–100,000
(i) have an essentially identical genomic DNA sequence,nucleotides in aging mice and humans (King et al. 1994;
(ii) coexist within a single cellular environment, (iii)Martus et al. 1995). This infrequent occurrence of DNA-
are maintained in their activity states through mitosis,level damage contrasts with the extensive cell and tissue
and (iv) produce mRNA transcripts of identical struc-dysfunction seen in older individuals.
ture (Lyon 1999; Wolf and Jörn 2001). Therefore,The cumulative loss of gene regulation over time—
the relative expression of the two allelic gene copies isand over many genes—may lead to the failures in cellu-
primarily under the control of epigenetic mechanismslar and tissue function seen during aging. Since thou-
and can be quantitatively assessed by measuring steady-sands of genes are epigenetically silenced in each
state ratios of the two allelic transcripts. Using this sys-differentiated cell type, the unintended activation of
tem as a sensitive monitor of epigenetic regulation, wethese genes is likely to increase the gene expression
have observed reproducible age-associated loss of stabil-“noise” within the cell. Although complex network sys-
ity in populations of laboratory mice held under con-tems are buffered to small changes in the signal-to-noise
trolled environmental conditions.ratio of information, large amounts of informational

noise are likely to have pleiotropic and negative effects
(McAdams and Arkin 1999; Becksei and Serrano MATERIALS AND METHODS
2000). While qualitative observations of mammalian epi-

Animal stocks and handling: The mouse translocationgenetic change during aging have been made (Catta-
T(X;16)16H (abbreviated T16H) generates female animalsnach 1974; Wareham et al. 1987), precise quantitative
having uniform inactivation of the normal (i.e., nontranslo-
cated) X chromosome (Eicher 1970). Two T16H stocks used
in this study, although derived from the same initial transloca-
tion event, are genetically distinct, since they have been main-1Corresponding author: Department of Human Genetics, University
tained as separate stocks (noninbred) at the Jackson Labora-of Michigan School of Medicine, 1241 E. Catherine St., Ann Arbor,

MI 48109-0618. E-mail: dtburke@umich.edu tory (JAX) and the Medical Research Council (MRC) Harwell
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facility. Female T16H��/�EdaTa� animals (obtained from Extension products were resolved by 19% polyacrylamide
gel electrophoresis on ALFexpress II (Amersham PharmaciaJAX) were crossed to CBA/CaHN-Btkxid/J males (obtained from

JAX) to produce the T16H��/��Btkxid/J (abbreviated J/X) Biotech) automated sequencing systems. AlleleLinks software
(v1.01) analyzed the CY-5 fluorescent signals captured duringpopulation of T16H female mice. In a brother-sister mating

scheme, male ��Atp7aMo-blo/Y animals (obtained from the gel electrophoresis. The relative fluorescent signal for each
of the two PE product peaks in a single lane was determinedMRC) were crossed with female T16H��/��EdaTa animals

(obtained from the MRC) to produce the T16H��/�� Atp by assigning the largest peak the quantity of 10,000 and
allowing the software to calculate the smaller peak quantity.7aMo-blo (abbreviated T/M) population of T16H females. The

BALB/cJ, C57BL/6J, and Mus spretus parents were obtained Signal quantities were used to calculate the ratio of allelic tran-
scripts in the original sample and are expressed as the quantityfrom the Jackson Laboratory and used to produce populations

of F1 hybrids: CB6F1 and C57BL/6J � M. spretus F1. All experi- of the repressed allele/quantity of the active allele. Ratios
from duplicate or triplicate PE reactions performed on eachmental animals were bred and housed at the University of

Michigan School of Medicine Unit for Laboratory Animal sample template were averaged to produce a mean expression
ratio for each sample. The standard error of the mean (SEM)Medicine. All animals were fed ad lib and were killed at set

time points to generate cohorts of aged mice. Tissues were was calculated to describe the precision with which the tripli-
cate reactions estimate the true mean expression ratio in eachdissected and frozen in liquid nitrogen for long-term storage

at �80�. sample. The precision of a triplicate set of PE assays was ex-
pressed as a percentage of the mean: (SEM/mean) � 100.RNA preparation, reverse transcription, and PCR: Total

RNA was prepared from frozen whole tissues using TRIZOL The linear response range and allelic sensitivity of each PE
assay were examined using a series of synthetic mixtures ofreagent (GIBCO BRL, Gaithersburg, MD) as described by the

manufacturer. Total RNA was DNaseI treated prior to reverse the appropriate allelic templates. PCR was used to amplify
large quantities of DNA fragments from the Atp7a and Igf2transcription (Ausubel et al. 1989). Reverse transcription was

performed in a 20-�l reaction mixture containing 1 �g total genes from individual mice homozygous or hemizygous for
each alleleic haplotype assayed in the PE. PCR products fromRNA, 0.5 mm of each deoxynucleotide, 10 mm dithiothreitol,

50 mm Tris-HCl pH 8.2, 50 mm KCl, 6 mm MgCl2, 0.05 mg/ml the same genomic DNA template were pooled and gel puri-
fied. DNA fragments were quantified by UV spectrophotome-oligo(dT)12-18 (Amersham Pharmacia Biotech), 1 unit RNase

inhibitor (Boehringer Mannheim, Indianapolis), and 20 units try and diluted to 50 ng/�l. Each allele was then serially
diluted and mixed with the second allele to produce ratioavian myeloblastosis virus Super Reverse Transcriptase (Molec-

ular Genetics Resources). Reactions were incubated for 5 min mixtures of 1:1, 1:5, 1:10, 1:50, 1:100, 1:250, 1:500, and 1:1000.
Each ratio mixture was used as a template in the PE assay.at room temperature followed by 1.5 hr at 42�.

Aliquots of cDNA products (1–2 �l) were amplified by the Statistical analysis: The nonparametric Kruskal-Wallis AN-
OVA by ranks test was used to decide if differences betweenpolymerase chain reaction (PCR). PCR primer sequences were

as follows: three or more cohorts were large enough to imply that the
corresponding population means were different. When the

AF: 5�-AGCAGCACATTAGCAACTTCT-3� Kruskal-Wallis test was significant (P � 0.05), the nonparamet-
AR: 5�-ACAGGAAACCTACGTATGACAA-3� ric Mann-Whitney U-test was used for pairwise comparisons of
P1: 5�-GCAGGGACAGTTCCATCAGGTCC-3� cohorts to determine which pairs were significantly different.
P2: 5�-CACACTAAGATCTCTCTGCTCCA-3� Since the Mann-Whitney U-test generates unique ranks for
P3: 5�-TGATTTTGCCAATTGTTTTTAAGC-3� the observations in each pairwise comparison, the false-posi-

tive error rate can be controlled per comparison (LehmannThe X-linked ATPase copper-transporting type 7a (Atp7a) 1988). The Spearmann rank-order test was used in all correla-gene was amplified with primers AF and AR using standard tion analyses. Statistics and graphics were generated in Statis-PCR conditions. The insulin growth factor-2 (Igf2) gene was tica (StatSoft).amplified with either P1 and P3 or P2 and P3 using step-down
PCR conditions (Hecker and Roux 1996). The PCR products
were purified by gel electrophoresis (Zhen and Swank 1993)

RESULTSor by treatment with ExoSAP-IT (United States Biochemical,
Cleveland) as described by the manufacturer. Quantitative assays for allelic mRNA expression: AAllelic expression primer-extension assays: Primer-exten-

highly reproducible and precise measure of allelicsion (PE) reactions were performed in 8-�l total volumes
mRNA species is necessary for examining gene expres-containing 100 fmol of an HPLC-purified, CY-5-labeled, oligo-

nucleotide primer (Genosys, The Woodlands, TX), 25–100 sion from imprinted and X chromosomal loci. Of a
fmol DNA template, 25 �m of each nucleotide needed for the variety of quantitative allelic assays currently in use, only
differential extension, 2 mm MgCl2, 10 mm Tris-HCl pH 8.8, 10 primer-extension, also known as minisequencing, assaysmm KCl, 0.002% Tween-20, and 0.64 units Thermo Sequenase

have been shown to be capable of achieving the relative(Amersham Pharmacia Biotech). Reactions were cycled as fol-
quantitation of alleles in ratios of 1:100 or better (Singer-lows: 1 cycle of 95� for 2 min, 25 cycles of 95� for 30 sec, and

50�–55� for 40 sec. Reactions were stopped with 4 �l loading Sam et al. 1992; Greenwood and Burke 1996; Fahy et al.
dye, containing 0.5% blue dextran and 99.5% formamide, 1997). Primer-extension assays utilize PCR amplification
and stored at �20�. Primer sequences, annealing tempera- for the generation of templates from small amounts of
tures, and extension nucleotide combinations used in each

reverse-transcribed mRNA. A primer designed to annealprimer extension were as follows:
immediately 5� of a sequence difference between two

Atp7a : 5�-CTAACTATAGAGCTTGTTCTAAACT-3�; 50�; dCTP, alleles is extended by a DNA polymerase, with nucleotide
dATP, ddTTP combinations selected to distinguish the two alleles (Fig-

Igf2 (CB6F1): 5�-CCATCGGGCAAGGGGATCTCAGCA-3�; 55�;
ure 1). Sensitive quantification of the extension prod-dATP, dTTP, ddCTP, ddGTP
ucts is achieved by size separation (e.g., electrophoresis)Igf2 (B6SpF1): 5�-AATTTTTAGATTATCAGTTATGGA-3�; 50�;

dATP, dTTP, ddCTP, ddGTP followed by detection of labeled extension products. In
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Figure 1.—Fluorescent PE assay for quantita-
tive analysis of allelic gene expression. Total RNA
is converted to cDNA in a reverse-transcription
reaction and amplified by PCR with gene-specific
primers flanking a region containing a sequence
polymorphism. The PCR products derived from
the two allelic transcripts are templates for the
primer-extension reaction. A fluorescent-labeled
primer anneals immediately 5� of the single-base
sequence difference. A combination of dideoxy-
nucleotides and deoxynucleotides is used in the
primer-extension reaction to produce two differ-
ent-length extension products. Products are re-
solved by polyacrylamide gel electrophoresis and
detected by an automated DNA sequencing sys-
tem. The fluorescent signal peak for each exten-
sion product is quantified and used to calculate
the ratio of expression of the two alleles in the
original RNA sample. The extended products dif-
fer by three nucleotides and the transcript ratio
of allele 1 to allele 2 is �5:1.

this study, fluorescent primer-extension products are Age-associated loss of X inactivation in two experi-
mental groups: Gene expression from the inactive Xquantified and used to compute the relative ratio of

expression of alleles in the original RNA samples. These chromosome as a function of age was examined in three
cohorts of T16H female mice (T16H��/��Btkxid/J; ab-primer-extension assays rely on the similar rates of re-

verse transcription and PCR amplification of the two breviated as J/X) at ages 2 months (n � 18), 13 months
(n � 19), and 24 months (n � 16). Different-lengthalleles to generate templates whose relative concentra-

tions accurately reflect the initial RNA sample. For both primer-extension products distinguished Atp7a tran-
scripts expressed from the active T16H X chromosomegenes examined in this study, the equivalent amplifica-

tion of the two allelic PCR products was extensively tested and the inactive X chromosome. Spleen and kidney
RNA from each animal were reverse transcribed, andusing purified allelic templates and synthetic mixtures of

the templates, as has been performed with the SNuPE PCR amplified and analyzed for the ratio of allelic ex-
pression in triplicate PE reactions. In all animals, theassay (Singer-Sam et al. 1992; Greenwood and Burke

1996). Optimization of the primer-extension procedure dissected tissues showed no gross morphological changes
or indications of overt tumors. The mean expressionand automated gel scoring provided the high sensitivity

(�1 part in 500) needed to detect age-associated ratios of alleles from the inactive X chromosome (Xi)
to the active X chromosome (Xa) were determined forchanges in epigenetic control (Figure 2).

A PE assay was designed using a polymorphism in each mouse in each J/X cohort group (Figure 3, A and
B). Pairwise statistical comparisons of the cohorts yieldthe expressed sequence of the X-linked ATPase copper-

transporting type7a (Atp7a) gene. A standard curve of P values 	0.02 in all cases, confirming that each cohort
has significantly different Atp7a allelic expression levelsthe Atp7a PE analysis on allelic ratio mixtures shows a

linear range of allelic sensitivity between 1:1 and 1:1000 (Figure 4, A and B). In all comparisons, the older cohort
has higher levels of expression from the inactive X chro-(Figure 2). The 1:1000 points are not reproducibly dis-

tinguishable from the assay background determined on mosome than the corresponding younger cohort does.
For the 13- and 24-month cohorts, there are no signifi-the pure allele template. The precision of three repeti-

tions of the PE assay across the range of the standard cant correlations in the activation status of Atp7a be-
tween spleen and kidney tissues derived from the samecurve shows an average of 5.1%, with a range of 1.9–

12.4%. The precision values of the mean expression animal (13-month cohort, P � 0.286; 24-month cohort,
P � 0.888).ratio on duplicate reverse-transcription reactions per-

formed on the same RNA were within 6% (data not A second population of female animals with the T16H
translocation genotype (T16H��/��Atp7aMo-blo, abbre-shown). Likewise, the precision values of the mean ex-

pression ratio by triplicate PCR reactions performed on viated as T/M) was obtained and animals were sacrificed
in age-matched cohorts. The Atp7a mRNA polymor-the same cDNA were within 3% (P. E. Bennett-Baker

and J. Wilkowski, data not shown). The PE assay for phism found in J/X mice is also present in the T/M
mice and distinguishes between transcripts expressedthe imprinted gene Igf2 shows comparable levels of sen-

sitivity and precision. from the active T16H X chromosome and the inactive
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mice, offspring of BALB/cJ female � C57BL/6J male
parents, were obtained and divided into male and fe-
male, “young,” and “old” cohorts. The young cohorts
were sacrificed as 15 males and 15 females at 2 months
of age. The old cohorts were sacrificed as 15 males at
18 months and females at 23 months (n � 13), 18
months (n � 1), and 20 months (n � 1). Total tissue
RNA was prepared from heart, kidney, and lung. Dupli-
cate PE assays were performed on each sample to deter-
mine the allelic expression ratio of Igf2 transcripts from
the inactive allele, BALB/cJ, and the active allele,
C57BL/6J. The population distributions of the expres-
sion ratios demonstrate tissue-specific and sex-specific
activation patterns with age (Figure 5). With the excep-
tion of female kidney expression, each age-cohort com-
parison shows a higher level of the inactive allele at the
older time point. Pairwise comparisons of young and
old cohorts show a statistically significant and age-
dependent increase in the expression of the inactive
allele in heart and lung tissues. In kidney (Figure 5B)
an increase in the expression of the repressed allele
during aging is seen in the male CB6F1 samples; how-
ever, the effect occurs with a marginally significant P
value (P � 0.08). The female CB6F1 kidney values differFigure 2.—Standard curve for the optimized Atp7a PE assay.

(Top) The region of the standard curve for the Atp7a PE assay significantly between the two age cohorts (P 	 1.0 �
representing X inactivation in T16H��/��Atp7aMo-blo female 10�6), with a decrease in the expression of the repressed
mice. Artificial mixtures of alleles from the ��Atp7aMo-blo X allele in the older cohort. However, the reactivation
chromosome (Xi) and the T16H�� X chromosome (Xa) were

values for all of the female kidney samples are dramati-used to test the range of allelic sensitivity and precision of the
cally lower than those in any other tissue and approachAtp7a PE assay. The background (BKGD) value for the assay

was determined on the pure T16H�� X chromosome allele. the assay background levels. The age-associated change
The diamonds represent the mean of triplicate PE assays per- in the female cohort, therefore, is likely to be a reflec-
formed on the same template mixture and the bars represent tion of fluctuations at the assay detection limit. There
the SEM. (Bottom) The precision for each set of triplicate PE

are no significant correlations in activation status of Igf2reactions on each input ratio mixture in percentages.
among heart, lung, and kidney tissues derived from the
same animal, regardless of age (all comparisons; P 

0.20).X chromosome. Twenty-seven female T/M mice were

analyzed in four cohorts: 2 months (n � 6), 10 months Last, a population of 64 C57BL6/J � Mus spretus F1

interspecies hybrid females, ages 2–26 months, was avail-(n � 6), 18 months (n � 8), and 24 months (n � 7).
Kidney RNA was isolated from each animal and mean able for further study of Igf2 genomic imprinting status.

Total RNA was prepared from heart, lung, and kidneyexpression ratios (Xi/Xa) were determined by triplicate
primer-extension assays (Figure 3C). In all animals, the tissue of each animal and examined for Igf2 allelic ratios

using the PE assay. In heart RNA, the population showsdissected tissues showed no gross morphological
changes or indications of overt tumors. The distribu- a significant correlation of expression from the inactive

allele with animal age (Figure 6; R � 0.3923; P �tions of the expression ratios for each cohort support
an age-associated loss of epigenetic silencing. Pairwise 0.00135). A marginally significant age-associated loss of

silencing of Igf2 is also detected in lung (R � 0.2497;comparisons of the cohorts (Figure 4C) show mean
expression levels significantly different between the P � 0.0431). No significant age-associated correlation

is observed in kidney RNA from the same animals.2-month cohort and the 10-, 18-, and 24-month cohorts.
In addition, the 10-month cohort is significantly differ-
ent from the 18-month cohort. In all comparisons of

DISCUSSION
significantly different cohorts, the older cohort had
higher levels of gene expression from the inactive X The age-associated loss of silencing of the X-linked

gene Atp7a is strongly supported by the experimentalchromosome (Figure 4C).
Age-associated loss of genomic imprinting in two ex- results. As expected, the inactive-X allele of Atp7a is

repressed in young adult animals, with activity levelsperimental groups: The autosomal imprinted locus Igf2
was examined for loss of epigenetic maintenance in close to the background detection sensitivity of the PE

assay (Figure 3, BKGD vs. 2-month cohort values;populations of age-matched animals. CB6F1 hybrid
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Figure 3.—Expression level of the inactivated allele of the X-linked gene Atp7a in two populations of mice. The T16H
translocation was used to generate female mice with uniform inactivation of one X chromosome. The ratio of mRNA expression
from the inactive-X allele to the active-X allele was determined by PE assay for each animal and tissue. Mice derived from the
T16H stock J/X (n � 53) were killed in three age-matched cohorts and allelic Atp7a ratios were assayed from (A) spleen RNA
and (B) kidney RNA. (C) Mice derived from the T16H stock T/M (n � 27) were killed in four age-matched cohorts, and allelic
ratios were assayed from kidney RNA. For each animal and tissue the mean expression ratio of triplicate PE assays is shown
(error bars indicate standard error of the mean). The background values (BKGD) indicate the mean expression ratio obtained
from a male animal hemizygous for the active allele: (A) 0.0016, (B) 0.0011, and (C) 0.0009. Individual animal numbers are
given on the x-axis.

Eicher 1970). The mean fraction of transcripts from Age-dependent loss of allelic repression is also ob-
served at the imprinted locus Igf2; both tissue- and sex-the inactive-X chromosome rises from 	0.3% for the

2-month cohort to 0.6–2.3% for the older cohorts. The specific effects are apparent (Figure 5). In most cases,
the young animals are not fully repressed for the mater-highest single animal value for Atp7a loss of silencing,

�4.7%, appears in the 24-month cohort (Figure 3A, nal Igf2 allele, indicating a relaxed level of imprinting
control, at least in these three tissues, by 2 months ofanimal no. 53). The X activation pattern is consistent

in both J/X tissues, with the 13-month population yield- age (Cui et al. 1998; Jiang et al. 1998). Heart- and lung-
derived RNAs show the most consistent age-associateding a mean value intermediate between the 24-month

and 2-month means, thereby supporting the likelihood change, with similar results from males and females. In
the older cohorts, the mean level of transcripts fromof an age-dependent process. In addition, the loss of X

inactivation in older animals is demonstrated in the the inactive allele ranged from 7.4 to 11.4% in these
tissues. In contrast, the female kidney samples, at allseparate mouse population, T/M.
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heart and lung tissue is also confirmed from a second
population of interspecies F1 hybrid animals (Figure 6).

The absolute levels of expression from the inactive
allele of Igf2 are remarkably high in many of the cohorts
in both young (2–3 months) and old (
18 months)
animals. Mean levels of expression from the inactive
allele ranged from �6% (young CB6F1 animals) to 21%
(old C57BL/6J � M. spretus animals). The exceptions
to the large reactivation values are CB6F1 female kidney
samples, with 	1% expression from the inactive allele.
The male and female CB6F1 kidney results were repli-
cated in a second series of experiments on the same
RNA samples (not shown); therefore, the unusually low
female reactivation rates are unlikely to be simple assay
error. With the existing data, it is unclear whether the
differences in absolute reactivation result from strain-
specific genetic variation, sex-specific gene expression,
tissue-specific gene expression, or particular combina-
tions of these effects. In addition, the overall high levels
of reactivation from Igf2 may be gene specific and may
not be a general observation among imprinted genes.
Additional work is in progress to distinguish these ef-
fects.

These experimental results extend and refine previ-
ous evidence for loss of epigenetic regulation during
normal aging. Activation of an inactive-X gene was ini-
tially observed in adult T16H translocation mice at the
level of cell-specific protein function (Wareham et al.
1987) or by observing progressive darkening of the coat
during aging (Cattanach 1974). In both earlier experi-
ments, a wild-type allele was repressed on the inactive X,
with a mutant allele on the active chromosome, thereby
allowing the recovery of normal function to be readily
observed. For the current study, either (i) both chromo-
somal Atp7a alleles are fully functional and produce

Figure 4.—Age-associated activation of the repressed Atp7a normal wild-type product (J/X population) or (ii) the
allele in T16H female mice. The expression ratio values for inactive X maintains a mutant allele with reduced func-each cohort are summarized in box-plot format: median (dot),

tion (Atp7aMo-blo, T/M population). In both cases, it is25–75% values (open box), and minimum-maximum values
unlikely that activation of the repressed allele is driven(bars). Pairwise statistical comparisons of the cohort distribu-

tions are given as P values along the top of each display. The by selection of cells with increased Atp7a function. The
J/X female RNA expression ratios for spleen (A) and kidney detection of this level of epigenetic change required
(B) are shown. The cohort mean expression values for spleen molecular assay methods sensitive to allelic transcriptare: 2-month cohort, 0.0022; 13-month, 0.0159; and 24-month,

ratios of 0.2% or less and statistical analysis of cohorts0.0244. The cohort mean expression values for kidney are:
of animals. In the future, the examination of additional2-month cohort, 0.0013; 13-month, 0.0061; and 24-month,

0.0164. (C) The T/M females analyzed for RNA expression genes that are polymorphic between two X chromo-
from kidney yielded the following mean expression ratios: somes should be able to address whether the silenced-X
2-month cohort, 0.0015; 10-month, 0.0062; 18-month, 0.0090; activation process occurs at individual loci or globallyand 24-month, 0.0074.

in cis across the inactive X.
For both X inactivation and genomic imprinting, pop-

ulations of age-matched animals show consistent, al-
though not identical, age-associated loss of epigeneticages, remain tightly controlled for expression, with inac-

tive-allele transcripts remaining essentially at the back- control. Similarly, different tissues from the same ani-
mals provide evidence for age-associated loss of geneground detection level for the PE assay. In males, the

Igf2 kidney expression shows some increase in mean silencing, independent of the cell-type-specific tran-
scriptional controls. Therefore, the simple hypothesis—activation, but the difference is not statistically sup-

ported. Finally, the loss of stringent Igf2 imprinting in that epigenetic regulation of gene expression remains



2061Age-Associated Epigenetic Stability

Figure 5.—Age-associated activation of the repressed Igf2 allele in BALB/cJ � C57BL/6J F1 hybrid male and female mice
(CB6F1). The mean expression ratio of Igf2 RNA transcripts derived from the inactive (BALB/cJ) and active (C57BL/6J)
imprinted loci was determined for each animal tissue sample. The distribution of expression ratio values (BALB/cJ:C57BL/6J)
for each cohort are provided as box plots with median (dot), 25–75% values (box), and minimum-maximum values (bars).
Young and old male and female cohorts were analyzed for RNA expression ratios from (A) heart, (B) kidney, and (C) lung.
The male distributions are shown with shaded boxes and the female distributions with open boxes. Pairwise statistical comparisons
of the cohort distributions are given as P values along the top (solid lines, P 	 0.05; shaded lines, P 	 0.1). For each tissue, a
mean Igf2 assay background level of 0.0016 (�0.0004 SEM) was determined using mRNA from an animal homozygous for the
C57BL/6J allele.

stable in normal tissues throughout life—is rejected. are consistent with the established connection between
aging and cancer.This implies that, for some genes at least, the develop-

mentally programmed epigenetic state is subject to deg- What are the probable molecular targets of the ob-
served loss of epigenetic control? Epigenetic errors mayradation or loss of specificity (Cutler 1985; Howard

1996; Jazwinski 1996; Villeponteau 1997; Feinberg occur when chromatin modifications are not main-
tained accurately, and these alterations may accumulate2001; Jones and Takai 2001). Quantitatively, this loss

of epigenetic control may be at least one order of magni- over time or during mitotic cell divisions. Current knowl-
edge of the chromatin basis of epigenetic informationtude greater than previously determined somatic DNA

mutation (i.e., 10�2 vs. 10�4; King et al. 1994; Martus is incomplete, but includes (i) DNA methylation, (ii)
covalent modification of histone proteins, (iii) heritableet al. 1995). Therefore, it is likely that epigenetic error

is a common feature of normal aging cells. It is also patterns of chromatin-associated proteins, and (iv) sta-
ble complexes of transcriptional control factors (Lathampossible that epigenetic loss of silencing may play a role

in the progression of some cancers (Feinberg 2001). 1999; Jenuwein and Allis 2001; Jones and Takai
2001). There is little evidence, at this time, to stronglyThe results of the current study, although simply a corre-

lation between aging and loss of epigenetic control, link a specific form of epigenetic control with mamma-

Figure 6.—Age-associated activation of the re-
pressed Igf2 allele in C57BL/6J � M. spretus F1

hybrid female mice heart RNA. The expression
ratio of Igf2 RNA transcripts derived from the
inactive (C57BL/6J) and active (M. spretus) im-
printed loci were determined for each animal
heart RNA sample. The population consisted of
64 F1 hybrid animals with mean expression ratio
values (C57BL/6J:M. spretus) for each animal dis-
played as a dot. Correlation analysis of age and
expression ratio in the population using a Spear-
man rank-order test yielded R � 0.3923 and P �
0.00135. An Igf2 PE assay background level of
0.0031 (�0.0007) was determined using mRNA
from an animal homozygous for the active allele.
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Hecker, K. H., and K. H. Roux, 1996 High and low annealinglian aging phenotypes. Future effort to uncover the mo-
temperatures increase both specificity and yield in touchdown

lecular connection between the aging process and chro- and stepdown PCR. Biotechniques 20: 478–485.
Holliday, R., 1988 Toward a biological understanding of the ageingmatin-level regulation will be essential, but will face the
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