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Immortal strands are the targeted chromosomal DNA strands of
nonrandom sister chromatid segregation, a mitotic chromosome
segregation pattern unique to asymmetrically self-renewing dis-
tributed stem cells (DSCs). By nonrandom segregation, immortal
DNA strands become the oldest DNA strands in asymmetrically
self-renewing DSCs. Nonrandom segregation of immortal DNA
strands may limit DSC mutagenesis, preserve DSC fate, and
contribute to DSC aging. The mechanisms responsible for spec-
ification and maintenance of immortal DNA strands are un-
known. To discover clues to these mechanisms, we investigated
the 5-methylcytosine and 5-hydroxymethylcytosine (5hmC) con-
tent on chromosomes in mouse hair follicle DSCs during non-
random segregation. Although 5-methylcytosine content did not
differ significantly, the relative content of 5hmC was significantly
higher in chromosomes containing immortal DNA strands than in
opposed mitotic chromosomes containing younger mortal DNA
strands. The difference in relative 5hmC content was caused by
the loss of 5hmC from mortal chromosomes. These findings impli-
cate higher 5hmC as a specific molecular determinant of immortal
DNA strand chromosomes. Because 5hmC is an intermediate dur-
ing DNA demethylation, we propose a ten-eleven translocase en-
zyme mechanism for both the specification and maintenance of
nonrandomly segregated immortal DNA strands. The proposed
mechanism reveals a means by which DSCs “know” the genera-
tional age of immortal DNA strands. The mechanism is supported
by molecular expression data and accounts for the selection of
newly replicated DNA strands when nonrandom segregation is
initiated. These mechanistic insights also provide a possible basis
for another characteristic property of immortal DNA strands, their
guanine ribonucleotide dependency.
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Although distributed stem cells (DSCs) are universally es-
sential for normal tissue function, health, and longevity (1–

5), understanding of the cellular mechanisms responsible for
their unique tissue functions is quite limited. In particular, the
mechanisms responsible for the defining properties of DSCs—
asymmetric self-renewal (ASR) and nonrandom sister chromatid
segregation—are unknown.
ASR is a special subclass of asymmetric cell division by which

DSCs continuously renew mature differentiated tissue cells (6–
8). During ASR, DSCs divide asymmetrically with retention of
their own stem cell phenotype while simultaneously producing
nonstem sisters that are precursors for short-lived tissue-specific
differentiating cell lineages. This long-lived role of DSCs in the
cell kinetics architecture of renewing tissues is the basis for the
hypothesis that they are the predominant cells of origin for
tumors induced by gene mutations (9, 10).
Nonrandom sister chromatid segregation is tightly associated

with ASR (11, 12). During mitosis, asymmetrically self-renewing
DSCs (aDSCs) continuously cosegregate to themselves the set of
mitotic chromosomes that contain the older of the two parental
template DNA strands. By retaining the same set of template

DNA strands over many successive ASR divisions, long-lived
DSCs are proposed to reduce their rate of accrual of carcino-
genic mutations by 100–1,000-fold compared with their shorter-
lived differentiating progeny cells, which retain unrepaired and
misrepaired replication errors as a consequence of random
segregation (9, 13). Nonrandom segregation also may be an
important factor contributing to tissue aging. Accrued chemical
damage in the cosegregated template DNA strands, called “im-
mortal DNA strands” (9), may compromise the function and
viability of tissue DSCs (1). The immortal DNA strands them-
selves also might organize epigenomic regulators that are re-
sponsible for maintaining the DSC fate (3).
Nonrandom segregation of mitotic sister chromatids was dis-

covered in experiments with cultured mouse fetal fibroblasts (14)
and the root tips of legumes and wheats (15, 16). More recently,
nonrandom segregation has been described in a diverse range of
mammalian species and normal (3, 4, 11, 12, 17–27) and cancerous
(28–30) tissue types. Thus, far, these studies have shed only limited
light on the nature of the responsible molecular mechanisms. In
particular, the molecular basis for the specification and mainte-
nance of immortal DNA strands during nonrandom segregation
remains unknown nearly a half century after their discovery (16).
As proposed initially (9), we have confirmed that nonrandom

segregation occurs specifically when DSCs adopt an ASR pro-
gram (4, 11, 12). Five specific cellular proteins—p53, inosine 5′
monophosphate dehydrogenase type II (EC 1.2.1.14) (12), left-right
dynein (25), histone H2A.Z (3), and PIM-1 kinase (26)—have been
identified as playing a role in nonrandom chromosome segregation
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mechanisms. In addition, we have shown that guanine ribo-
nucleotide precursors and high cell density are physiological
regulators of ASR and nonrandom segregation (4, 12, 31, 32).
However, so far, none of these factors has led to an understanding
of how DSCs achieve nonrandom segregation.
Two recently discovered properties of the histone H2A variant

H2A.Z motivated us to investigate the 5-methylcytosine (5mC)
and 5-hydroxymethylcytosine (5hmC) content of immortal and
mortal chromosomes in mouse hair follicle DSCs undergoing
nonrandom segregation. H2A.Z chromosomal detection shows
a reciprocal relationship with 5mC sites (33), and H2A.Z is
molecularly masked on the mortal set of chromosomes in non-
randomly segregating DSCs (3). These analyses reveal that im-
mortal chromosomes, which contain immortal DNA strands,
have a significantly higher level of 5hmC modification. The
identification of this chromosomal 5hmC asymmetry suggests
a molecular mechanism that can account for immortal DNA
strand specification and maintenance as well as their long-enig-
matic guanine ribonucleotide dependency (12, 32).

Results and Discussion
Detection of 5hmC Chromosomal Asymmetry. Previously described
mouse hair follicle DSC strains, expanded in culture via the
suppression of asymmetric cell kinetics, were used for these
studies (3, 4). Previously, we discussed the derivation of these
cell strains, given that other laboratories have not detected
nonrandom segregation in mouse hair follicles in skin-tissue
sections (4). The cells have an intrinsic high frequency of ASR
and nonrandom segregation. However, when their medium is
supplemented with the purine base xanthine (Xn), they show
a marked shift to symmetric self-renewal (SSR) and random
segregation (4). This Xn sensitivity of ASR and nonrandom seg-
regation are important properties for the detection and analysis of
these DSC-specific functions.
The relative 5mC or 5hmC content of sister nuclei or sister

chromosome sets in 3C5 mouse hair follicle aDSCs was evalu-
ated in three different previously described (2–4) assay formats
(Fig. 1): sister pair (SPr), cytochalasin D-arrested binucleated
cells (CD), and mitotic cell assays. The three assays are com-
plementary, with the CD and mitotic cell assays ensuring exact
sister–sister comparisons for interphase nuclei and segregating
chromosome sets, respectively. In all three assays, sister nuclei or
sister chromosome sets were evaluated by in situ indirect im-
munofluorescence (ISIF) analyses after cells were grown for 24 h
under conditions that promoted either nonrandom segregation
(Xn-free) or random segregation (Xn-supplemented). The CD
assay required an additional 14-h period of CD arrest.
5mC and 5hmC content was determined in ISIF analyses with

specific antibodies (Materials and Methods and Fig. S1). In both
5mC (Fig. 1A) and 5hmC (Fig. 1B) analyses, examples of sym-
metric and asymmetric fluorescent sister patterns were observed.
After quantification of the fluorescence intensities of the mem-
bers of paired sister nuclei and sister chromosome sets in-
dividually, asymmetry was defined as a ≥50% difference between
sister nuclei or sister chromosome sets. The frequency of 5mC
asymmetry was inconsistent across the three assay formats and
was not significantly affected by addition of Xn (Fig. 2 A–C). In
contrast, the frequency of 5hmC asymmetry was consistently
higher than 5mC asymmetry in all three assays and was reduced
significantly by addition of Xn (Fig. 2 D–F). In Xn-free medium,
the frequency of 5hmC asymmetry was 22, 40, and 40%, re-
spectively for SPr, CD, and mitotic cell assays. However, in
Xn-supplemented medium it decreased to 5, 17, and 13%,
respectively (P = 0.04, 0.08, and 0.039, respectively).
5hmC asymmetry was caused by decreased 5hmC on one

segregating set of chromosomes. This cause was evident from the
lower total specific antibody fluorescence of sister cell nuclei,
CD-arrested binucleated cells, or mitotic cells that showed 5hmC

asymmetry (≥50% along the x-axis) (Fig. 2 D–F) compared with
the total specific antibody fluorescence of sister cell nuclei that
showed a symmetric 5hmC chromosomal pattern (<50% along
the x-axis) (Fig. 2 D–F). We confirmed this interpretation by
determining the average fluorescence of the nuclei or chromo-
some sets with the greater fluorescence of their pair. The average
determined from symmetric pairs was compared with the average
determined from asymmetric pairs. Across the three assay for-
mats, these two averages differed by only 12–18%. This degree of
variance is similar to our observations for the percent differences
in nuclear DAPI fluorescence. Therefore, these results indicate
that nuclei or chromosome sets with the greater specific antibody
fluorescence of their pair had similar 5hmC content in both
symmetric and asymmetric pairs. In contrast, the same analysis
performed with the nuclei or chromosome sets that had the
lower specific antibody fluorescence level in their pairs yielded
differences in the range of 46–59%, with the average from the
asymmetric pairs being less (P < 0.0001). These data indicate
that, on average, asymmetrically self-renewing cells have one set
of segregating mitotic chromosomes with ∼50% lower 5hmC,
and this reduced level is maintained in the interphase of the
asymmetric sister cells produced.

Higher 5hmC Identifies Immortal DNA Chromosomes. Next, we in-
vestigated relationships between 5hmC asymmetry and chro-
mosomes containing an immortal DNA strand. This analysis was
accomplished by serial ISIF (Materials and Methods) for BrdU
and 5hmC in our standardized label-retention CD assay designed
for maximal detection of immortal DNA strands in cells un-
dergoing nonrandom segregation (4). 3C5 and 5B8 mouse hair
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Fig. 1. Chromosomal patterns of 5mC and 5hmC content in mouse hair
follicle DSCs under conditions that promote nonrandom sister chromatid
segregation. Shown are epifluorescence and phase-contrast micrographs of
3C5 cells grown under Xn-free conditions to promote ASR with nonrandom
segregation. Fluorescence micrographs compare nuclear DNA fluorescence
(DAPI), in situ immunofluorescence images with either anti-5mC antibodies
(A) or anti-5hmC antibodies (B), and overlaid images (Merge in A and B).
Examples of symmetric (SYM) and asymmetric (ASYM) patterns of chromo-
somal 5mC and 5hmC content from SPr, CD, and mitotic cell analyses are
compared. (Scale bars, 25 microns.)
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follicle DSC strains were labeled with BrdU in Xn-supplemented
medium to promote the maximal level of random segregation.
This labeling pulse was maintained for approximately one cell
cycle (24 h) to produce cells with chromosomes hemisubstituted
with BrdU. Thereafter, parallel labeled cultures were either
continued in Xn-supplemented medium (maintaining random
segregation) or switched to Xn-free medium (promoting non-
random segregation). Both media were supplemented with ex-
cess thymidine as a chase for four to five cell cycles (96 h). After
CD arrest, serial ISIF was performed to evaluate the respective
BrdU and 5hmC content of sister nuclei. In Fig. 3 these data are
presented as scatter plots of the percent difference in anti-BrdU
immunofluorescence versus the percent difference in anti-5hmC
immunofluorescence for the sister nuclei of each quantified CD-
arrested binucleated cell. Chromosomal asymmetry for BrdU or
5hmC was defined as a ≥50% difference between sister nuclei.
For BrdU, this degree of difference is indicative of nonrandom
segregation, and the sister chromosome sets with significantly
greater anti-BrdU immunofluorescence correspond to the im-
mortal sister chromosomes that contain highly BrdU-substituted
immortal DNA strands (Fig. 4).
In the label-retention CD studies, both the 3C5 and 5B8 cell

cultures displayed nonrandom segregation cell fractions and
5hmC asymmetry cell fractions that were reduced significantly by
Xn supplementation. For 3C5 cells, the nonrandom segregation
fraction decreased from 50 to 23% (P = 0.0014), and the cor-
responding 5hmC asymmetry fraction decreased from 29 to 9%
(P = 0.0081). Similarly, for 5B8 cells, the nonrandom segregation

fraction decreased from 40 to 17% (P = 0.0035), and the cor-
responding 5hmC asymmetry fraction decreased from 22 to 8%
(P = 0.022). Under Xn-free conditions, which maximized non-
random segregation, on average 82% of cells with 5hmC asym-
metry also displayed nonrandom segregation. Importantly, 94%
of these cells were coasymmetric for BrdU and 5hmC (See exam-
ples in Fig. 4, Co-Asym). The coasymmetric pattern of association
demonstrated that the higher levels of 5hmC were found on the
chromosomes that contained the immortal DNA strands.
It is noteworthy that ∼50% of cells showing evidence of non-

random segregation had a symmetric pattern of chromosomal
5hmC content (Fig. 3, Upper Left Quadrants). This population of
cells was less sensitive to suppression by Xn supplementation
than the coasymmetric population (compare Fig. 3, Upper
Right Quadrants). The exact nature of these cells is unknown.
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Fig. 2. Quantitative analysis of the relationships between the patterns of
5mC or 5hmC chromosomal content and their total nuclear or mitotic
chromosome content. The fluorescence intensity of individual paired nuclei
or segregating chromosome sets, like those presented in Fig. 1, was quan-
tified by digital imaging epifluorescence microscopy. Fluorescence intensity
caused by 5mC or 5hmC antibodies in independent experiments was de-
termined for 3C5 mouse hair follicle DSCs. For each analysis, the percent
difference in ISIF intensity between paired nuclei or segregating sets of
anaphase/telophase mitotic chromosomes (x-axis) is plotted versus the total
ISIF intensity of each pair (y-axis). Increasing percent differences indicate an
increasing degree of asymmetry in 5mC or 5hmC chromosomal content. (A
and D) Data from nuclei of sister pairs. (B and E) Data from nuclei of cyto-
chalasin D-arrested binucleated cells. (C and F) Data from segregating
chromosome sets in anaphase/telophase mitotic cells. Open circles represent
Xn-free conditions that promote ASR with nonrandom segregation. Filled
circles represent Xn-supplemented conditions that promote SSR and random
segregation. p, the Kolmogorov–Smirnov probability that the percent dif-
ferences shown in the Xn-free and Xn-supplemented distributions would
occur by chance.
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Fig. 3. Quantitative analysis of the relationship between nonrandom
chromosome segregation and asymmetry of 5hmC chromosomal content in
mouse hair follicle DSCs. A label-retention assay with cytochalasin D-arrested
binucleated cells was used to identify cells undergoing nonrandom segre-
gation by virtue of the unequal BrdU content of sister nuclei. Parallel assays
were performed under Xn-free (−Xn) and Xn-supplemented (+Xn) con-
ditions to promote nonrandom or random segregation, respectively. Both
strain 3C5 (A and B) and strain 5B8 (C and D) cells were evaluated. Serial ISIF
analyses were performed with distinct anti-BrdU antibodies and anti-5hmC
antibodies (Fig. 4). The BrdU and 5hmC immunofluorescence of paired sister
nuclei were quantified independently and were used to calculate corre-
sponding percent differences for each marker addressed to each quantified
binucleated cell. Differences ≥50% in the values for BrdU and 5hmC corre-
spond to cells undergoing nonrandom segregation and cells with an asym-
metric pattern of 5hmC chromosomal content, respectively. Differences
<50% in the values for BrdU and 5hmC correspond to cells undergoing
random segregation and cells with a symmetric pattern of 5hmC chromo-
somal content, respectively. The four quadrants formed by the grid lines at
50% difference correspond to cells with the following patterns of chromo-
some segregation pattern/5hmC chromosomal content: nonrandom:sym-
metric (Upper Left); random:symmetric (Lower Left); nonrandom:asymmetric
(Upper Right); random:asymmetric (Lower Right). The percent values denote
the fraction of total quantified binucleated cells in each quadrant. P values
indicate levels of confidence, based on Fisher’s two-tailed exact test, that the
observed greater fraction of binucleated cells with 5hmC chromosomal
asymmetry among cells undergoing nonrandom segregation, compared
with cells undergoing random segregation, did not occur by chance.
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One likely explanation is that these are cells that spontane-
ously switched from ASR and nonrandom segregation back to
SSR and random segregation late during the label-retention
chase. ASR is readily suppressed by increases in cell density
(12, 31) that would occur late in these experiments. If this
suppression were to occur, the restoration of 5hmC symmetry
might occur on a faster time scale than the 24-h period re-
quired for complete randomization of previously cosegregating
immortal DNA chromosomes. Another possible explanation is
that the in vitro conditions are not optimal for achieving the full
in vivo efficiency.

Proposed Mechanism for Specification and Maintenance of Immortal
DNA Strands. 5hmC modification of chromosomal DNA is a
rapidly emerging new molecular factor associated with gene-
regulatory events and determinants of varied cell phenotypes
(34–36). Recently, 5hmC has been viewed primarily as an in-
termediate in DNA demethylation (37–40). Based on our ob-
servation of an apparently stabilized coasymmetric association
of 5hmC with immortal chromosomes, here, we consider its
potential to be a major actor in the specification and main-
tenance of immortal DNA strands in homeostatic, aDSCs in
mammalian tissues.
Fig. 5 provides a schematic of the proposed role of 5hmC as

a determinant of the specification and maintenance of immortal
DNA strands. The essential concept for the model is that the
level of 5hmC in DNA strands serves as a molecular indicator of
their age. DNA methyltransferases modify DNA in concert with
DNA replication. Thereafter, ten-eleven translocase enzymes
(TETs) proceed to catalyze the removal of the methyl groups,
5hmC being the first intermediate in the overall demethylation
reaction. First, TET enzymes convert 5mC to 5hmC. TET
enzymes continue to convert 5hmC into later intermediates

that are excised by repair enzymes with restoration of unmodified
cytosine (37–40). We suggest that 5hmC generated on newly
synthesized DNA strands reaches a maximal level in G2/M phase
of the cell cycle (Fig. 5, closed, filled pie charts) but declines
during subsequent cell cycles as a result of the completion of
demethylation reactions. Thus, in SSR cells (i.e., symmetrically
self-renewing DSC, sDSCs) (Fig. 5A), the level of 5hmC in DNA
strands is proportional to the amount of time that has passed
since the strands were first synthesized (Fig. 5A, partially filled pie
charts). This mechanism would cause even randomly segregating
sister chromatid pairs to differ in 5hmC content. However, this
basal difference is predicted to be relatively small, and its ran-
domization over many independently assorting sister chromo-
somes would average it out. As a result, randomly segregating
chromosome sets overall have nearly equivalent 5hmC content
(Fig. 5A).
If a symmetrically self-renewing DSC (sDSC) that switched to

ASR were also to lose significant TET enzymatic activity, the
difference in 5hmC content between sister chromatids would
increase dramatically after a second asymmetric cell cycle (Fig.
5B, −TET, ASR, aDSC). Although newly synthesized DNA
strands would contain 5mC, as usual, it would not be converted
into 5hmC (Fig. 5B, open pie charts). DNA strands with this
lowest 5hmC level would be produced as long as TET activity

Fig. 4. Higher 5hmC content marks immortal DNA chromosomes in mouse
hair follicle DSCs undergoing nonrandom segregation. Shown are epifluor-
escence and phase-contrast micrographs of cytochalasin D-arrested bi-
nucleated 3C5 and 5B3 cells at the completion of a BrdU label retention-CD
study with culture under Xn-free conditions to promote ASR with non-
random segregation. Fluorescence micrographs compare nuclear DNA
fluorescence (DAPI), serial ISIF images with anti-BrdU and anti-5hmC anti-
bodies, and overlaid images (Merge). Examples of cosymmetric (Co-Sym) and
coasymmetric (Co-Asym) patterns of BrdU and 5hmC chromosomal content
are shown. (Scale bars, 25 microns.)
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Fig. 5. A model for the mechanism based on asymmetric 5hmC content by
which immortal DNA chromosomes are specified and maintained during
nonrandom sister chromatid segregation in DSCs. Shown is the progression
of inheritance of one representative mammalian DSC chromosome com-
posed of DNA strands (thin solid lines) of different ages as a consequence of
semiconservative DNA replication. The modeled progression begins with an
sDSC undergoing random chromosome segregation in the late G1 phase of
the cell cycle (G1L). The pie charts denote the 5hmC content of the adjacent
DNA strands. A completely open pie chart denotes the lowest content, and
a completely filled pie chart denotes the highest content. Reflecting the
different ages of the future DNA template strands, the older (o) strand has
less 5hmC than the younger (y) strand. This difference exists because the
older strand has had more time for the removal of 5hmC in its role as an
intermediate in TET enzyme demethylation of DNA strands after their rep-
lication-dependent methylation in S phase. As the DSC progresses by SSR
through S phase and G2 phase (S–G2), the amount of 5hmC in these tem-
plate DNA strands continues to decrease by the same mechanism. Mitosis
(M) of the DSC produces two new sDSCs, with new chromosomes that each
contain one newly synthesized DNA strand (short dashes; n) that has the
maximum content of 5hmC (filled pie charts) before it begins to decline as
a result of demethylation. (A) Continued SSR by a sister DSC (dashed rect-
angle), which maintains normal levels of TET enzyme activity, recapitulates
the preceding patterns of symmetric chromosomal 5hmC content on aver-
age. (B) The switching of an sDSC sister to an ASR program (aDSC), with
coordinated loss of TET enzyme activity (−TET), prevents subsequent loss or
production of 5hmC. As a result, in subsequent mitoses of aDSCs, total 5hmC
content is predicted to be reduced overall and distributed asymmetrically,
being higher on chromosomes that contain the oldest, immortal (i) DNA
strands. The model also can explain why pulses of BrdU given during the
indicated period in label-retention experiments result in newly selected
immortal DNA strands containing BrdU. Dashed rectangles indicate cells
followed through next mitosis; long dashed lines indicate newly synthesized
DNA strands; bold solid lines indicate newly synthesized DNA strands. DC,
differentiating cell or cell lineage. m, mortal DNA strands.
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levels remained low. More importantly, for the DNA strands that
were synthesized most recently during SSR and had achieved a
maximal level of 5hmC, their higher 5hmC content would be
stabilized upon switching to ASR (Fig. 5B, filled pie charts). We
propose that such stabilized higher 5hmC content in the most
recently synthesized DNA strands specifies the chromosomes
that contain them for future nonrandom cosegregation. In sub-
sequent ASR divisions with continued reduced TET activity (Fig.
5B, ASR, aDSC), the higher 5hmC mark would be maintained
passively. The marked strands would progress from initially being
the younger template DNA strands (Fig. 5B, y) to becoming the
older template DNA strands and finally the oldest immortal
DNA strands in aDSCs (Fig. 5B, ASR, aDSC, o/i).
Our model for DSC immortal DNA strand specification and

maintenance based on 5hmC chromosomal asymmetry is, in es-
sence, an elaboration of the inherent information asymmetry of
semiconservatively replicated double-stranded DNA. The es-
sential features and predictions from the model are readily ac-
cessible to experiment. In fact, already, the model provides an
explanation for a long-standing, apparently paradoxical feature
of nonrandom segregation analyses. This paper (Fig. 4, Co-
Asym) and previous reports (4, 11, 12) show that, when cells are
labeled with BrdU before switching from SSR and random seg-
regation to ASR and nonrandom segregation, newly specified
immortal DNA strands have incorporated BrdU. This experi-
mental observation cannot be explained by mechanisms that
specify the “oldest” DNA strands per se. However, the proposed
5hmC-asymmetry model accounts for this finding, because it
predicts that the more recently synthesized BrdU+ DNA strands
will be specified for nonrandom segregation because of their
higher 5hmC content (Fig. 5, BrdU). Because of the metabolic
pathways involved in the regulation of TET enzymatic activity, the
model also has the potential to account for the long-unexplained
role of guanine ribonucleotide biosynthesis in the regulation of DSC
ASR and nonrandom segregation (Fig. S2 and SI Results and Dis-
cussion) (4, 11, 12, 32).

Implications. The scarcity of DSCs in mammalian tissues and
isolated cell fractions has been a major impediment to experi-
mental investigation of the mechanism of nonrandom segrega-
tion. In our earliest studies, we circumvented this barrier by
investigating immortalized cell lines that were genetically engi-
neered to express ASR with associated nonrandom segregation
(11, 32). More recently, we have advanced our studies to ex vivo-
expanded natural DSCs, such as those from mouse hair follicles
used in the present studies (3, 4). Given the universal role of
ASR in DSC tissue function, if the model proposed applies to
this specific DSC strain, it should apply to mammalian tissue
DSCs in general. This advance opens a door to further eluci-
dation of the molecular mechanisms responsible for nonrandom
segregation. Indeed, the advance of our specific hypotheses and
predictions make the investigation of these mechanisms more
accessible to molecular genetic approaches that do not require
DSCs in high quantity or high purity.
To our knowledge, in the 38 y since Cairns (9) first introduced

the immortal strands hypothesis, no subsequent hypothesis,
based on experimental findings, has been advanced that accounts
for how immortal DNA strands might be specified and main-
tained in DSCs. In 2002, we reported the direct visualization and
experimental control of nonrandom chromosome cosegregation
in an experimentally accessible cell model (11). Since then we (3,
4, 12) and others (18–30) have confirmed the biological breadth
of DSC nonrandom segregation by its demonstration in diverse
mammalian tissues and species. This report presents a richly
integrated framework to guide future experimental investigation
of molecular and biochemical mechanisms responsible for non-
random segregation by DSCs. Continued interrogation of the
proposed mechanisms of nonrandom segregation also may reveal

insights to the equally challenging question of the biological
significance of DSC nonrandom segregation in mammalian life
and evolution.

Materials and Methods
Cells. Hair follicle DSCs from mouse strains 3C5 and 5B8 were maintained as
previously described (4). The properties of these DSCs, including purine-
dependent ASR, purine-dependent nonrandom segregation, long-term
self-renewal, and production of multiple differentiated cell types of the
skin and hair follicles, have been described (4).

5mC and 5hmC ISIF Analyses. Fixed cells were washed in PBS and blocked with
10% (vol/vol) normal goat serum. Respective mouse monoclonal anti-5mC
antibodies (catalog no. NA81; EMD Biosciences, Inc.) or rabbit polyclonal
anti-5hmC antibodies (catalog no. 39769; Active Motif) diluted 1:300 in 10%
(vol/vol) normal goat serum in PBS were applied for 16–24 h at 4 °C. At the
end of this period, slides were washed with a solution of 0.5% BSA in PBS
and then were incubated at room temperature for 1 h with respective Alexa
Fluor 568-conjugated secondary goat anti-mouse IgG (catalog no. A-11004;
Invitrogen, Inc.) or goat anti-rabbit IgG (catalog no. A-11011; Invitrogen)
antibodies diluted 1:300 in 2% (vol/vol) goat serum in PBS. Thereafter, slides
were washed and mounted with DAPI containing VectaShield mounting
medium (Vector Laboratories, Inc.).

Control analyses with omission of anti-5mC or anti-5hmC antibodies were
evaluated to ensure that all detected fluorescence was specific. In addition,
antigen-blocking experiments were performed with nucleoside and nucle-
otide forms of 5-methylated cytosines to confirm that the antibodies did not
cross-react among different cytosine species. Preincubation of the anti-5mC
antibodies at 4 °C for 6 h with 0.3 mM 2′-deoxy-5-methylcytidine (catalog
no. D3610; TCI America) prevented subsequent detection of chromosomal
5mC, whereas 0.3 mM 5-hydroxymethyl-2′-deoxycytidine-5′-triphosphate
(catalog no. Bio-39046; Bioline USA) or 2′-deoxycytidine (catalog no. D3897;
Sigma-Aldrich) did not. Similarly, preincubation of the anti-5hmC anti-
bodies at room temperature for 1 h with 3.0 mM 5-hydroxymethyl-2′-
deoxycytidine-5′-triphosphate prevented detection of chromosomal 5hmC,
whereas 3.0 mM 2′-deoxy-5-methylcytidine or 2′-deoxycytidine did not
(See Fig. S1).

Nonrandom Segregation and Chromosomal 5hmC Analyses. Cells were labeled
for 24 h with 5 μM BrdU and chased for 96 h in BrdU-free medium supple-
mented with 50 μM thymidine either with or without Xn supplementation.
For CD treatment, culture was continued for 14 h in respective media sup-
plemented to 2 μM CD. Thereafter, the cells were fixed with ice-cold 70%
ethanol in distilled water for 30 min. All subsequent incubations for BrdU
detection were performed at room temperature. After washing with PBS,
the cells were treated with 2N HCl for 10 min. After washing again with PBS,
they were incubated in blocking solution (PBS, 0.5% BSA, 0.05% Tween-20)
for 10 min. The blocked cells were incubated for 3 h with mouse monoclonal
anti-BrdU antibodies (catalog no. MAB3424; Millipore Corp.) diluted 1:100 in
blocking solution. After washing with blocking solution, incubation with
Alexa Fluor 488-conjugated secondary goat anti-mouse IgG (catalog
no.11001; Invitrogen, Inc.) diluted 1:300 in blocking solution was main-
tained for 1 h. Then the cells were washed in PBS and blocked with 10%
normal goat serum. Rabbit polyclonal anti-5hmC antibodies (catalog no.
39769; Active Motif), diluted 1:300 in 10% (vol/vol) normal goat serum in
PBS, were applied for 16–24 h at 4 °C. At the end of this period, slides
were washed with a solution of 0.5% BSA in PBS and then were in-
cubated at room temperature for 1 h with Alexa Fluor 568-conjugated
secondary goat anti-rabbit IgG (catalog no. A-11011; Invitrogen, Inc.)
antibodies diluted 1:300 in 2% (vol/vol) goat serum in PBS. Thereafter,
slides were washed sequentially with 0.5% BSA in PBS and in PBS alone
and then were mounted with DAPI-containing VectaShield mounting
medium. To ensure the specificity of the respective anti-BrdU and anti-5hmC
fluorescence signals, control analyses were performed that omitted each
primary antibody individually or both together.

Digital Imaging Quantification. Epifluorescence images were captured with
a Leica DMR microscope and Leica DC300F digital camera system. The mean
pixel intensity of fluorescent nuclei or chromosome sets was quantified using
National Institutes of Health Image J software as previously described (2, 4).
The percent difference in mean fluorescence intensity between sister nuclei
or sister chromosome sets was calculated as [(A−B)/A] × 100%, where A ≥ B.
Total nuclear or chromosomal set fluorescence equals A+B.
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Statistical Analyses. The statistical significance of observed differences in
categorical data was evaluated in 2 × 2 contingency tables using Fisher’s two-
tailed exact test. The statistical significance of observed differences in data
distributions was evaluated using the Kolmogorov–Smirnov test. Student
t test was used to evaluate the statistical significance of differences in the
mean fluorescence intensity of compared groups of nuclei or chromosome
sets corresponding to the members of pairs that had either the higher or
lower fluorescence intensity. For the t test analyses, the cutoff for a sym-
metric versus an asymmetric 5hmC chromosomal pattern was determined to
be two SDs from the mean of the distribution of percent differences for the

DAPI fluorescence of the corresponding sister nuclei or sister chromosome
sets. These differences were 20%, 23%, and 18% for the data from Xn-
free SPr, CD, and mitotic cell assays, respectively (Fig. 2 D–F).
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