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Cell division occurs throughout life and the numbers of
divisions are likely to have important roles for normal and
abnormal aging. However, measurements of human mitotic
ages (numbers of divisions since the zygote) are limited because
many experimental interventions that mark and follow cell fates
are impractical. Because genome duplication inevitably results
in replication errors, one approach to estimate numbers of
divisions is to analyze the historical information contained
within genomes. Telomere length measurements are commonly
used to estimate numbers of somatic cell divisions because
chromosome ends shorten from an ‘end-replication’ problem
(Brummendorf & Balabanov, 2006). A more general approach
analyzes the sequences between telomeres. Genome compari-
sons are usually employed to reconstruct ancestry between
species or populations (Bromham & Penny, 2003; Hedges &
Kumar, 2003). On average, the greater the numbers of divisions,
the greater the numbers of differences between two genomes.
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Summary

Genome duplication inevitably results in replication errors. A priori, the more
times a genome is copied, the greater the average number of replication
errors. This principle could be used to ‘count’ mitotic divisions. Although
somatic mutations are rare, cytosine methylation is also copied after DNA
replication, but measurably increases with aging at certain CpG rich
sequences in mitotic tissues, such as the colon. To further test whether
such age-related methylation represents replication errors, these CpG rich
‘clock’ sequences were measured in leucocytes. Leucocytes within an
individual have identical chronological ages (time since birth) but their
mitotic ages (numbers of divisions since the zygote) may differ. Neutrophils,
B-lymphocytes, and red cell progenitors are produced from relatively quiescent
stem cells throughout life, but T-lymphocyte production largely ceases after
puberty when the thymus disappears. However, T-lymphocyte genomes may
continue to replicate throughout life in response to immunological
stimulation. Consistent with this biology, clock methylation significantly
increased with aging for T-lymphocyte genomes, but no significant increase
was measured in other cell populations. Moreover, this methylation was
greater in genomes isolated from their corresponding neoplastic populations.
These studies tentatively support the hypothesis that methylation at certain
CpG rich sequences in leucocytes could record their mitotic ages.

Keywords: genealogy, development, aging, haematology, epigenetics.

It may be possible to translate molecular phylogenetic
methods to somatic cell aging because somatic replication
errors also occur. All genomes within an individual are copies
of the first genome in the zygote, related by an ancestral tree
that starts from the zygote and ends with present day cells.
Although somatic cells have identical chronological ages (time
since birth), they may have different mitotic ages and numbers
of replication errors because mitotic activity may differ
between cells.

Mutations occur too rarely to function effectively as somatic
cell ‘molecular clocks’. For example, mutation frequencies are
about one per million bases in cancer genomes (Sjoblom et al,
2006). However, it may be more practical to trace ancestry by
substituting instead the 5" to 3" order of covalent epigenetic
modifications, such as cytosine methylation at CpG dinucleo-
tides (Shibata & Tavaré, 2006). Methylation patterns are
usually copied after DNA replication (Holliday, 1987; Brero
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et al, 2006), but potentially with less fidelity because methyl-
ation measurably accumulates at certain CpG sites with age in
mitotic human tissues (Issa, 2000). Similar to sequences, 5
to 3’ methylation patterns can be measured by bisulphite
sequencing. Unlike sequences, whose germline may differ
between individuals, most CpG sites ‘start’ unmethylated
because most methylation is removed early in development
before implantation (Morgan et al, 2005). Therefore, it may be
possible to observe ‘serially’ how tissue methylation patterns
change by examining differently aged individuals. Cells with
greater mitotic ages should contain genomes with greater
average numbers of methylated sites or replication errors at
certain CpG rich regions.

Translating molecular phylogeny to a somatic cell tree
requires the collection of empirical evidence because, a priori,
replication errors may occur rarely. Some methylation is
programmed and associated with transcriptional silencing
(Jones & Laird, 1999; Bird, 2002). Programmed methylation is
probably directed at genes important for development and
differentiation, and methylation patterns in these genes should
be similar between cells of a given phenotype. However, only
some genes are expressed in a cell type, and methylation within
non-expressed or poorly-expressed genes may be dominated
by random replication errors, which are defined here as
unprogrammed changes in de novo methylation and demethy-
lation associated with cell division.

Unprogrammed de novo methylation and demethylation
should occur, by default, in many cell types. To test this
hypothesis, methylation at several CpG rich sequences or ‘tags’
(Fig 1) were examined in multiple human tissues. Age-related
increases in tag methylation were observed (Fig 2) in mitotic
epithelium from the colon (Yatabe et al, 2001), small intestines
(Kim et al, 2005a), and endometrium (Kim et al, 2005b).
Consistent with a correlation between numbers of methylated
sites and replication errors, average endometrial tag methyl-
ation increased with age but was constant after the menopause,
when epithelial division largely ceases. Tag changes do not
appear to simply reflect chronological age because average
methylation was low in fetal or infant brain, and higher but
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Fig 2. NKX2-5 tag methylation trends with aging for human leuco-
cytes and previously published studies of colon (Yatabe et al, 2001),
small intestines (Kim et al, 2005a), endometrium (Kim et al, 2005b),
and hair (Kim et al, 2006). Age-related increases in methylation were
observed for the epithelial tissues, except for hair, which also appears
to exhibit stem cell latency, like HSCs. All human genealogies have
common origins (the zygote), and replication errors (methylation)
may record relative numbers of divisions in different tissues during

aging.

constant in the adult brain, which lacks significant mitotic
activity (Chu et al, 2007). Of note, cell division appears to be
required for de novo methylation (Velicescu et al, 2002). Hair
follicle epithelium is highly mitotic but follicle tag methylation
also did not increase after infancy (Kim et al, 2006). The lack
of a measurable increase in hair follicle mitotic age is
consistent with relatively quiescent hair stem cells (see
Discussion).

Human leucocytes (Shizuru et al, 2005) provide another
opportunity to test whether unprogrammed tag methylation
and demethylation can effectively function as somatic cell
molecular clocks. Each type of leucocyte has a characteristic
genealogy (Fig 3A) but all originate from pluripotent haema-
topoietic stem cells (HSCs). Leucocytes representing different

ggagaT TtaggaactittiTtgtTT TaCGCGCGtitgtiTttgCGTaCGggagagtttgtggCGgCGattatgTagC GtgTaatgagtgat TTtgTagT TtggtgtT

BGN (9 CpG sites, Chr Xq28)

TTTaggagtgagtagTigTttCGgtTCGTCGgaTaTaTCGgaTagatagaCGtgCGgaCGgTTTaTTaTTTTagTTCGTTaaTtagtTagTTtg

CGTTtggCGITITTTTtTtT TaggtaggaTtagT
S0X10 (20 CpG sites, Chr 22q13-1)

ggTaaggtTaagaaggagTagTaggaCGgCGaggCGgaCGatgaTaagttTTTCGtigtgTatTCGCGaggTCGtTagT TaggtgTtTagCGgTtaCGaTt
99aCGTtggtgTTTatgTTCGtgCGCGiTaaCGgCGTTagTaaaagTaagTCGTaCGiTaagCGgTTTatgaaCGTTttTatggtgtgggTtTaggTag

BMI1 (7 CpG sites, Chr 10p11-23)

GtTitttaggaTttggtggggaaaTttaaagatgTttC GaaaagT TtggaaagagTaaTtTagttgtaaTtiggggaagttaaCGatTCGTTCGagtgTagaggaaaa
TTagaaaCGTTtigTTttTagTtgaaT TaTCGittgtgCGagTtggatgtT Tttt Tagtagaa

Fig 1. ‘Clock’ tags used in this study. Sequences are after bisulphite treatment that chemically converts C to T, but methyl-C is not changed. CpG sites
are bold and ‘Ts’ indicate converted ‘Cs’ at non-CpG sites. PCR primer sites are underlined. NKX2-5, BGN, and SOXI0 clock tags were previously

used to study human tissues (Yatabe et al, 2001; Kim et al, 2006).
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Fig 3. A haematopoietic somatic cell ancestral tree. (A) A haemato-
poietic tree starts from the zygote, with the HSC a common ancestor of
neutrophils, red cells and lymphocytes. The HSC is a relatively rare,
pluripotent stem cell capable of restoring haematopoiesis after trans-
plantation. Numbers of bone marrow progenitors increase progres-
sively during differentiation. T-cell maturation occurs outside the bone
marrow in the thymus. (B)Somatic cell genealogy can be divided into
three phases: development from the zygote to a stem cell, a stem cell
phase, and differentiation. Development and differentiation are pro-
grammed and therefore restricted to certain times and numbers of
divisions. Therefore, only the stem cell phase can have a variable time
interval, typically between days to decades. Mitotic age is the total
numbers of divisions since the zygote, and the mitotic age of a dif-
ferentiated cell largely reflects the mitotic activity of its stem cell. An
increase in the mitotic age of differentiated cells with chronological age
implies that their stem cells divide throughout life. Mitotic age can
potentially be measured using a molecular clock approach — the greater
the numbers of cell divisions, the greater the numbers of replication
errors. Certain CpG rich regions appear to function as epigenetic
molecular clocks because are unmethylated early in development and
randomly accumulate methylation in mitotic epithelium like the
human intestines (open and filled circles represent the 5" to 3" order of
unmethylated and methylated CpG sites, respectively).

parts of the haematopoietic ancestral tree can be purified and
their tags measured. Neutrophils are short-lived, terminally
differentiated leucocytes that no longer divide. Red cell
progenitors also stop dividing and differentiate after a few
weeks into enucleated red cells that circulate in the blood.
Lymphocytes originate from HSCs but may have much greater
mitotic ages because they are longer-lived and divide in
response to immunological stimulation after their release from
the bone marrow (Sprent & Tough, 1994). B-cells are
produced throughout life (Nunez efal, 1996), but fewer
T-cells are produced with aging because maturation is
dependent on the thymus, which regresses after puberty. T-cell
numbers do not decline with age, suggesting they may survive
a lifetime and that peripheral divisions are important after
thymic regression (Linton & Dorshkind, 2004; Goronzy &

Weyand, 2005). Here we test whether tag methylation records
the basic genealogy of human leucocytes.

Materials and methods

Specimens

Peripheral blood was obtained from normal volunteers or
excess clinical specimens with normal blood counts from the
Los Angeles County—University of Southern California Med-
ical Center or the Norris Cancer Center. Bone marrow or cord
blood specimens were from excess clinical specimens. Studies
were approved by the Institutional Review Board. Specific cell
types were purified by flow cytometry. Neutrophil gates were
based on forward and side scatter. Other leucocytes were
sorted on scatter and labelled antibodies (B-lymphocytes,
CD45%,CD20%*; T-lymphocytes, CD3*,CD4", or CD3*,CDS8";
haematopoietic progenitors, low side scatter and CD34"; and
marrow nucleated red cells, CD45~, GYPA™). Leukaemia blasts
were sorted on scatter and labelled antibodies (pre-B ALL,
CD45dim, CDI10"; T-cell ALL, CD45dim, CD7%; AML,
CD45dim, and generally CD34" and CD33" or CD117").
Between 3000 and 20 000 cells were collected for each cell type.

Lymphoid cultures and colony forming units (CFU) were
grown from cord blood and adult sources (normal bone
marrow of a 20-year-old subject, and G-CSF mobilized
peripheral blood mononuclear cells from a 27-year-old
subject) as previously described (Hao et al, 1998).

Methylation analysis

DNA was isolated and bisulphite treated as previously
described (Yatabe et al, 2001). Briefly, cells were digested in
a Tris—HCI buffer with Proteinase-K at 56°C for 2 h, and then
boiled for 5 min. Bisulphite treatment (12 h at 50°C) used an
agarose bead method, which prevents loss of small amounts of
DNA. Approximately 10% of the bisulphite treated bead was
amplified for 42 polymerase chain reaction (PCR) cycles in
duplicate, with PCR primers specific for the NKX2-5 (eight
CpG sites, also known as CSX), BGN (nine CpG sites), SOX10
(20 CpG sites), and BMII (six CpG sites) clock tags (Fig 1).
The duplicate PCR products were mixed prior to cloning
(TOPO TA Cloning kit; Invitrogen, Carlsbad, CA, USA). Eight
bacterial clones per sample were sequenced. Tags with
incomplete bisulphite conversion (‘C’ at non-CpG sites) were
discarded from the analysis. The methylation of each tag was
the average of all its sites, with average methylation for each
specimen the average of eight tags. Statistical comparisons,
unless otherwise noted, used a two-sided #-test, with signifi-
cance at P < 0-05. Comparisons were between individual tags
except for clonal specimens (leukaemia and CFUs), where
specimen tag averages were compared.

Mitotic age is inferred by counting numbers of replication
errors, or methylated CpG sites. The greater the number of
divisions, the greater the average number of replication errors
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or methylated CpG sites (Shibata & Tavaré, 2006). We
assumed that the tags started out unmethylated early in life,
consistent with the observation that most CpG islands are
unmethylated at birth (Bird, 2002), and experimental evidence
that our tags exhibited low methylation in fetal tissues (Kim
et al, 2006; Chu et al, 2007). Both forward (methylation) and
backward (demethylation) errors are possible, but the process
is initially dominated by forward errors because the tags start
out unmethylated. The stochastic nature of mutation will
result in discordance between mitotic ages and numbers of
methylated sites. Some cells with greater mitotic ages will have
less methylation than cells with lower mitotic ages, and visa
versa. Because individual tags are relatively uninformative,
eight tags were sampled per specimen.

Results

The methodology assumes that CpG rich tags (Fig 1) start
unmethylated, consistent with the genome-wide loss of
methylation that occurs before implantation (9). The tags
(NKX2-5, BGN, and SOX10) previously exhibited ‘clock-like’
age-related methylation in human intestines and uteri (Fig 2).
The BGN locus, on the X-chromosome, was examined only in
males where there is only a single haplotype per cell. During
subsequent cell division, both unprogrammed methylation and
demethylation replication errors were possible, but net change
favoured methylation, especially because the tags started
unmethylated (Fig 3B).

The measurement of a single tag from a single cell is
relatively uninformative because of the stochastic nature of
replication errors and low methylation error rates (estimated at
about 107 per CpG site per division for NKX2-5 and BGN in
the colon (Yatabe et al, 2001)). For example, a cell may have
divided many times but still have a fully unmethylated tag.
Another cell with tag methylation may have divided fewer
times than a cell without tag methylation. Therefore, we
purified phenotypically homogeneous cell groups and then
sampled about eight tags per group. Average tag methylation
was hypothesized to be proportional to average cell group
mitotic age.

Leucocyte tag methylation during aging

As expected with stochastic replication errors (unprogrammed
methylation and demethylation), leucocyte 5” to 3’ tag
methylation patterns were diverse (Fig 4), but several trends
emerged. Average NKX2-5 and BGN tag methylation were low
in neutrophils and intermediate in B-cells (Fig 5). Age-related
increases in neutrophil or B-cell methylation were not
observed. By the logic of an epigenetic molecular clock, B-cells
and neutrophils from individuals of all chronological ages have
similar mitotic ages, but average B-cell mitotic ages are greater
than those of neutrophils.

Immature T-cells differentiate into CD3*/4" helper and
CD3"%/8" suppressor T-cells in the thymus, and both types

© 2008 The Authors
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Fig 4. Tags from subjects aged 1 d and 96 years. Each NKX2-5 tag
contains eight CpG sites, arranged horizontally in a 5" to 3’ order, with
eight tags sampled from each cell type. Open circles are unmethylated
CpG sites and filled circles are methylated sites. The average methyl-
ation of the eight tags is indicated in parentheses. PMN, polymor-
phonuclear cells.

exhibited age-related methylation, with greater increases in
CD3"/8" suppressor T-cells (Fig 5). Therefore, consistent with
long-lived cells that may commonly divide outside the bone
marrow, average T-cell mitotic ages increase with chronolog-
ical age. T-cell division is dependent on appropriate immu-
nological stimulation, and therefore T-cell mitotic ages should
vary within an individual. T-cells in older individuals were not
uniformly more methylated, but had broad distributions with
less methylated tags, and more methylated tags that were rarely
observed in young individuals (Fig 5B).

A smaller number of NKX2-5 tags were also examined
from differentiating bone marrow nucleated red cell progen-
itors. An age-related increase in methylation was not observed
for nucleated red cells, with an average NKX2-5 tag meth-
ylation of 7-4%, which was significantly lower (P = 0-022)
than the average for neutrophils (Fig 5A). Overall, methyla-
tion patterns were consistent with average adult mitotic
ages ordered as: nucleated red cells < neutrophils < B-cells
< T-cells.

Tag methylation at birth

Newborns have the lowest chronological ages and potentially
the lowest mitotic ages. However, unmethylated BGN and
NKX2-5 tags were present in leucocytes from young and old
individuals, suggesting that cells with low mitotic ages are
present in everyone (Fig 5B). There were no consistent
methylation differences between newborns (<1 month old)
and older individuals between 1 month and 5 years of age
(data not shown).

To better characterize newborn mitotic ages, another tag,
SOX10, was examined. SOXI0 appears to be a faster ‘clock’
because it becomes nearly fully methylated in hair by 2 years of
age (Kim et al, 2006). SOX10 methylation was significantly less
in neutrophil, B-cells, and T-cells (CD3%/4") from individuals
<1 month old (Fig 6A and B), but subsequently nearly all
SOX10 tags were more methylated (>70%). Therefore, with
respect to this faster epigenetic clock, leucocytes at birth have
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Fig 5. Tag methylation with aging. (A) Average NKX2-5 or BGN (male individuals only) tag methylation with age for neutrophils (black circles and
lines), B-cells (red circles and lines), CD4 T-cells (green triangles and lines), CD8 T-cells (blue triangles and lines), and nucleated red cells (purple
squares and line). CD4 and CD8 T-cells exhibited age-related methylation with positive slopes (both P < 0-001, linear mixed effects model). In
contrast, neutrophils, B-cells and nucleated red cells did not exhibit age-related methylation, with trend lines not significantly different from a level
line (all P > 0-10, linear mixed effects model). (B) Frequency histograms of individual tag alleles, grouped by age (< 5 years old, blue bars; 18—
70 years old, grey bars; >70 years old, red bars). There is a range of methylation for individual tags in every age group. The frequencies of more
methylated T-cell tags increases with age, although unmethylated tags are still observed in the elderly.

lower mitotic ages than after 1 month of age. Tags (n = 40)
from fetal haematopoietic tissues (three thymuses and two
spleens, 20-32 weeks estimated gestation ages) also had low
methylation with average NKX2-5 methylation of 7-2% and
SOX10 methylation of 52%.

Tag methylation in CD34" cells

Although highly purified populations of HSCs are difficult to
isolate because their numbers are few, HSCs and their more
committed progenitors express a variety of surface markers
including CD34. NKX2-5 tags measured from CD34" bone
marrow cells had low methylation levels similar to neutrophils
(averages both 11%), with a small but non-significant age-
related increase (Fig 7).

866

CD34" marrow cells are a heterogeneous population of cells
with varying capabilities for haematopoiesis. A method to
enumerate numbers of short-term haematopoietic progenitors
is to culture colony-forming units (CFU), which are small
colonies (several hundreds to thousands of cells) that arise
from CD34" progenitors after 7-14 d and a limited number of
divisions (Hao et al, 1998; Coulombel, 2004). The mitotic age
of a CFU should be the age of its progenitors plus the relatively
few divisions during culture. Recapitulating in vivo differen-
tiation, SOXI0 cord blood CFU progeny methylation was
similar to neonatal neutrophils (Fig 6C and Table I), and
significantly lower than neutrophils from individuals
>1 month old (P =00015) or adult CFU progeny
(P =0-014). SOXI0 adult CFU progeny methylation was
intermediate, significantly higher than cord blood CFU
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Fig 6. SOXI0 tag methylation. (A) Average SOXI0 tag methylation
with age (neutrophils, crosses; B-cells, circles; CD4 T-cells, triangles).
SOXI0 is a ‘faster’ molecular clock compared to NKX2-5 and BGN
because it becomes nearly fully methylated very early in life. (B) Fre-
quency histograms of SOXI0 tag methylation. Newborn SOX10
methylation (<1 month of age, white bars) was significantly less
compared to older individuals (1 month to 5 years, grey bars;
>18 years, black bars) for all cell types. (C) Frequency histogram of
SOX10 CFU progeny tags. Cord blood CFU progeny tags (grey) had a
distribution similar to leucocytes from individuals <1 month old, and
were also significantly less methylated than tags from individuals
>1 month old. Adult CFU progeny tags (black) were significantly more
methylated than cord blood CFU progeny tags, with a distribution
more similar to adult neutrophils.

progeny but significantly lower (P = 0-008) than neutrophils
from individuals >1 month old. Similar to leucocytes, NKX2-5
methylation was low in CFU progeny, with no significant
difference between adult and cord blood sources. There were
no obvious differences between methylation levels and CFU
progeny phenotype. Specifically, lymphoid (B-cell) culture
progeny had tag levels similar to circulating neutrophils, which
suggest that the average higher tag methylation levels in

© 2008 The Authors

Leucocyte Mitotic Ages

circulating B-cells may be due to additional divisions from
immunological stimulation after their release from the bone
marrow.

Tag methylation in neoplasia

Tag methylation, and by inference the mitotic ages of normal
leucocytes other than T-lymphocytes, was limited and did not
significantly increase with age. Leukaemias are also thought to
originate from HSCs or more committed progenitors, and
transformation should allow for more divisions. Consistent
with greater mitotic ages, blast NKX2-5 tag methylation in six
acute lymphoblastic (ALL) and 13 myeloid (AML) leukaemias
was significantly greater than in normal neutrophils (Fig 8 and
Table II). BGN tag methylation was also greater than in
normal neutrophils, but the differences were not significant
given the small numbers of leukaemias in males. There was a
range of leukaemia tag methylation, with average values of
some leukaemias similar to normal neutrophils. Leukaemia cell
lines, which have presumably undergone many divisions
in vivo and in vitro, had high (>70%) tag methylation levels
(Table II).

Methylation in an expressed gene

To illustrate the relatively unique behaviour of ‘neutral’ clock
tags, promoter methylation was also measured for BMII
(Table III), which is important for stem cell survival because
haematopoiesis is deficient in mice lacking this gene (Park
et al, 2003). BMII expression is highest in HSCs and decreases
with differentiation (Hosen et al, 2007). Consistent with
expression in HSCs, BMII promoter methylation was extrem-
ely low (<4%) in the progenitor CD34" population and in
short-lived differentiated CFU, neutrophil, and red cell pop-
ulations (Table IIT). BMII methylation was higher in longer-
lived B-cells (11%) and CD4" T-cells (46%). Although
lymphoid cells have higher clock tag methylation, BMII
methylation did not simply appear to correlate with mitotic
age because leukaemia cells have high mitotic ages but low
BMII methylation (2:3%), consistent with observations that
BMII is important for leukaemia survival (Lessard & Sauva-
geau, 2003).

Discussion

Haematopoiesis provides a well-defined test of a somatic
molecular clock approach because its biology is well charac-
terized (Shizuru et al, 2005) and many of its cell types can be
purified by flow cytometry or culture. Tag data were generally
consistent with the expected genealogies of human leucocytes,
with T-lymphocytes but not B-lymphocytes or neutrophils
demonstrating average age-related increases in methylation.
Higher average tag methylation in T-cells from older individ-
uals implies that these lineages may persist longer and divide
more often relative to other leucocyte lineages.
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Table I. Average methylation of colony-forming unit (CFU) progeny
versus peripheral blood neutrophils.

SOX10 methylation NKX2-5 methylation

Blood neutrophils

<1 month old  74%* (4) 11% (6)
>1 month old  93%* (10) 11% (24)
Source Cord blood Adult Cord blood Adult
CFU-type
BFU-E 68% (3) 86% (4)  10% (3) 4% (4)
CFU-GM 59% (3) 92% (4) 16% (3) 7% (4)
CFU-mix 80% (3) 84% (4)  11% (3) 7% (4)
Lymphoid 85% (4) ND 10% (4) ND
Average all CFUs  74% (13)* 87%* (12) 10% (13) 6% (12)

Parentheses indicate numbers of examined individuals or CFU colo-
nies.

*Significant differences (P < 0-05) are with SOX10 methylation: blood
neutrophil methylation is significantly lower in neonates (<1 month of
age) or average adult CFU methylation, and average cord blood CFU
methylation is significantly lower than adult CFU methylation.
BFU-E, erythroid burst-forming unit; CFU-GM, granulocyte-macro-
phage colony-forming unit; CFU-Mix, mixed lineage colony-forming

unit.
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Fig 8. Average NKX2-5 and BGN tag methylation values for ALL and
AML leukaemic blasts (triangles) are scattered, with overall averages
greater than normal neutrophils (circles and lines).

Table II. Average leukaemia NKX2-5 and BGN tag methylation.

Sample NKX2-5 BGN

type methylation P value*  methylation P value*
Neutrophils 11% (30) 11% (24)

ALL' 62% (6) 0-0043 62% (3) 0-14
AML! 36% (13) <0-0001  34% (6) 022
Cell lines® 83% (5) <0-001 90% (3) 0-0050

*Relative to neutrophils by a two-sided ¢-test.

Pre-B-acute lymphoblastic leukaemia (ALL) (n = 4) and T-cell ALL
(n=2).

fAcute myeloid leukaemia (AML) French-American-British (FAB)
type MO (n =1), M2 (n=5), M3 (n=4), M4 (n =2), M5 (n = 1).
SHL60, K562, Jurkat, Daudi, and Raji.

The number of samples are indicated in parentheses.

Table III. BMI1 methylation.

BMI1 Specimens

Specimen type methylation (%) (# analysed tags)

CD34" 32 9 (49)
CFU 2:1 9 (55)
Nucleated red cell 00 3(17)
Neutrophil 13 6 (34)
B-Cell 11 6 (36)
T-Cell (CD4") 46 7 (42)
Leukaemia 23 6 (36)

HSC quiescence

The most pluripotent and undifferentiated haematopoietic
progenitor is called the HSC, which is defined functionally by
the ability to reconstitute haematopoiesis after transplantation.
HSCs are few in number and cannot be purified to homogene-
ity because their cell surface markers overlap with other more
differentiated progenitors (Purton & Scadden, 2007). Although
HSC genomes were not directly measured in this study, it is
possible to infer their mitotic ages by measuring the genomes of
their more numerous and easy to isolate differentiated progeny.
The genealogy of many cells can be divided into three sequential
phenotypic phases (Fig 3B) — development from the zygote,

© 2008 The Authors

868 Journal Compilation © 2008 Blackwell Publishing Ltd, British Journal of Haematology, 141, 862-871



a stem cell phase, and differentiation (Shibata & Tavaré, 2006).
Development and differentiation are programmed and there-
fore limited to specific times and numbers of divisions.
Development typically occurs during the first few years of life
and differentiation is usually limited to a few days or weeks. By
contrast, the stem cell phase may vary because stem cells have
the potential for limitless numbers of divisions. Given these
restrictions, changes in the mitotic ages of differentiated cells
largely reflect numbers of stem cell divisions (Fig 3B). Mature
lymphocytes can also divide in response to appropriate
immunological stimulation and therefore can increase their
mitotic ages after their release from the bone marrow or
thymus.

Neutrophil genealogy starts from the zygote, with a short
period (~a year) of development to a HSC, a variable (~day to
>100 years) HSC phase, and differentiation (~weeks) before
death shortly after release from the bone marrow. More than a
billion neutrophils are released everyday (Dancey et al, 1976).
The inability to detect a significant age-related increase in clock
tag methylation suggests that neutrophil genealogies are
similar regardless of chronological age. New neutrophils in
an old individual have essentially the same mitotic ages as new
neutrophils in a younger individual. The lack of a significant
age-related increase in neutrophil (or red cell progenitor and
CD34 expressing cells) mitotic ages is consistent with the
general idea that HSCs divide infrequently (Cheshier et al,
1999) and observations that leucocyte telomere lengths grad-
ually shorten with aging. The rate of telomere length loss was
consistent with less than one HSC division per year (Rufer
et al, 1999; Brummendorf & Balabanov, 2006), which may not
be detectable with the current relatively small amounts of clock
tag data. Even in the colon, the increase in average NKX2-5 tag
methylation is only about 4% per decade (Fig 2).

It is uncertain how stem cells remain quiescent even though
their non-stem cell progeny are mitotically active. Both hair
growth and haematopoiesis exhibit high mitotic activity, but
their stem cells appear to remain quiescent because significant
age-related increases in the clock tag methylation of their
differentiated progeny (hair follicle epithelium or neutrophils)
were not observed (Fig2). A common feature absent in
glandular epithelium, such as the intestines and endometrium,
is the cyclic physical destruction and reformation of the
mitotic compartment. The hair stem cell compartment is the
bulge, which is physically separated from the mitotic bulb
compartment that contains the differentiated follicle cells
(Fuchs et al, 2004). The bulb physically disappears every few
years when the hair falls out, and a few months later bulge stem
cells divide and their progeny migrate to reform the bulb. A
similar cycle may occur with haematopoiesis because the
functional HSC niche is adjacent to bone (Calvi et al, 2003;
Zhang et al, 2003). Periodic niche disappearance could be
balanced by the reformation of new haematopoietic niches
when bone is remodelled (Aguila & Rowe, 2005).

HSC mitotic ages may be limited because they may only
divide at the start of a niche repopulation cycle. Stem cell mitotic
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ages can also be limited by a related mechanism called clonal
succession (Kay, 1965). In clonal succession, a pool of non-
dividing stem cells successively produces differentiated cells.
There appears to be a pool of HSCs because many normally
circulate for short intervals in the blood (Wright er al, 2001).
There may be sufficient numbers of HSCs, such that individual
HSCs seldom occupy a marrow niche more than once during a
lifetime. In this punctuated manner, the genealogy and mitotic
ages of neutrophil or red cell progenitors may be similar
regardless of chronological age because the same HSC does
continuously produce progeny throughout life. HSC clonal
succession has been inferred in cats (Abkowitz et al, 1990).

HSC development

Although mature HSCs are quiescent, a number of divisions
must occur during their development from the zygote. Hae-
matopoiesis starts in the first month after conception and serially
moves from the yolk sac, to the liver, and finally to the bone
marrow by birth (Zon, 1995). Residual haematopoiesis is often
present in the liver at birth, but largely disappears by 1 month of
age (Emery, 1956). At least some yolk sac haematopoietic cells
appear to contribute to adult haematopoiesis (Samokhvalov
et al, 2007), and fetal leucocytes could have lower mitotic ages
because fetal HSC mitotic ages may increase as haematopoiesis
migrates to the bone marrow. The NKX2-5 and BGN clock tags
detected no evidence of HSC development because their
methylation levels were similar at all ages. However, a faster
clock tag in SOX10 was significantly less methylated in differ-
entiated leucocytes from newborns and fetal tissues relative to
tags from later ages (>1 month of age), suggesting that the
mitotic ages of these cells are less than normal. From thelogic ofa
molecular clock, HSC development or mitotic quiescence may
not be fully established until shortly after birth.

Lymphocyte mitotic ages

Lymphocytes also differentiate from HSCs but are longer lived
and divide when they encounter appropriate immunological
stimuli. B-cell mitotic ages were significantly greater than
neutrophils, which may reflect more divisions during differ-
entiation or from subsequent antigen stimulation. Similar tag
methylation levels between in vitro lymphoid cultures and
neutrophil-containing CFUs suggests the additional methyla-
tion observed in circulating B-cells reflects subsequent antigen
stimulation. Human B-cells appear to be produced throughout
life (Nunez et al, 1996), and the lack of an age-related increase
in errors (methylation) suggests a life-long balance between
production and loss.

Helper and suppressor T-cells exhibited age-related increa-
ses in errors, and many T-cells in the elderly had high mitotic
ages, consistent with numerous past immunological encoun-
ters. Long-lived T-cell lineages are not unexpected because
T-cell differentiation requires a thymus, which physically
regresses after puberty. T-cell numbers do not decrease with
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age (Linton & Dorshkind, 2004), and peripheral divisions,
either homeostatic or from antigenic stimulation, may be
required to maintain numbers after thymic regression. T-cells
with low methylation levels were still present in the oldest
individuals, consistent with the limited production of new
T-cells throughout life (Douek et al, 1998; Linton & Dorsh-
kind, 2004; Goronzy & Weyand, 2005), or that some T-cells
seldom encounter immunological stimulation. Of note, most
CpG sites do not appear to exhibit age-related methylation
changes in human T-cells (Tra et al, 2002). However, the
current sequencing approach may allow for more precise
methylation  measurements relative to  hybridization
approaches. Age-related telomere shortening was also observed
in T-cells, with greater telomere shortening in T-cells relative

to neutrophils (Rufer et al, 1999).

Neoplastic leucocyte mitotic ages

Another mechanism that increases mitotic age is transforma-
tion, which removes limitations on cell divisions. Consistent
with unregulated mitotic activity, average ALL and AML blast
mitotic ages were greater than neutrophils. There was a range
of leukaemia mitotic ages, suggesting different leukaemias
accumulate different numbers of divisions before or after
transformation. Leukaemia, like normal haematopoiesis,
appears to have a stem cell hierarchy (Bonnet & Dick, 1997;
Warner et al, 2004), and leukaemia blast methylation may
reflect the numbers of errors in a leukaemic stem cell (LSC).
The genealogy of leukaemia also starts with the zygote, with
intervening HSC, LSC, and blast phenotypes.

Limitations and caveats

Defining the ancestry of a genome can be problematic because
genomes constantly accumulate random variations. There is
not a single human genome but rather many human genomes
that vary within and between individuals. Although some
variations confer phenotypes, most changes appear to repre-
sent neutral polymorphisms that arise from random replica-
tion errors (Kidd et al, 2004). Such variations support the idea
that life evolves through unprogrammed random changes and
selection, rather than some sort of ‘design’.

Similarly, it may be hard to define the epigenetic state or
epigenome of a given cell type because variations are likely
unless development and differentiation are somehow perfectly
programmed. Most epigenetic variations are unlikely to
modify cell phenotype because only a fraction of genes are
expressed and minor changes may not significantly change
expression. The heterogeneity of methylation patterns in
homogenous leucocyte populations observed in this study
and many others (see for example Zhu et al, 1999) is evidence
that random unprogrammed epigenetic variation also occurs
during development, differentiation, and aging.

The relatively small amounts of data presented in this study
should be considered preliminary evidence that certain leuco-

cyte methylation patterns appear predominantly to represent
unprogrammed replication errors. Additional studies with a
variety of different cell types (Fig 2) are also consistent with
this hypothesis. Certain types of cell lineages appear to divide
throughout life whereas the mitotic ages of other cell types are
more limited. Even this vague outline of the past is valuable
because direct measurements of human somatic cell mitotic
ages are impractical. Future challenges include the identifica-
tion of additional informative tags and the development of
more formal quantitative approaches to analyze epigenetic
variations. Molecular phylogenetic methods have revolution-
ized the study of species evolution because it is easy to measure
and compare variation between present-day genomes. It is
possible that the ancestries of all cells, including somatic cells,
are recorded within their genomes.
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