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Epigenetic regulatory information must be retained during mammalian cell division to sustain phenotype-
specific and physiologically responsive gene expression in the progeny cells. Histone modifications, DNA
methylation, and RNA-mediated silencing are well-defined epigenetic mechanisms that control the cellular
phenotype by regulating gene expression. Recent results suggest that the mitotic retention of nuclease hyper-
sensitivity, selective histone marks, as well as the lineage-specific transcription factor occupancy of promoter
elements contribute to the epigenetic control of sustained cellular identity in progeny cells. We propose that
these mitotic epigenetic signatures collectively constitute architectural epigenetics, a novel and essential
mechanism that conveys regulatory information to sustain the control of phenotype and proliferation in
progeny cells by bookmarking genes for activation or suppression.

Each cell lineage exhibits distinct epigenetic instructions,
which can be reversibly modified to regulate gene expression
(30, 34, 76). Posttranslational modifications of nucleosomal
histone proteins and the methylation of gene promoters are
two extensively characterized epigenetic mechanisms that reg-
ulate gene expression and influence the cellular phenotype
without altering the genotype (12, 63, 83, 88). Interrelation-
ships between epigenetic mechanisms and cellular phenotype
are well defined (30, 34, 76). For example, a series of specific
posttranslational modifications that include phosphorylation,
acetylation, and methylation on the amino-terminal tails of
histones are associated with either physiologically responsive
gene activation and suppression or irreversible silencing (83,
88). These patterns support the concept of a histone code in
which specific histone modifications dictate the functional sta-
tus of DNA regulatory regions (i.e., promoters) of genes (44).
Similarly, the methylation of GC-rich gene promoters during
embryonic development results in the permanent silencing of
genes that are required only for early developmental events
and are not expressed in adult organisms under physiological
conditions (12, 34, 63). Noncoding RNA molecules are emerg-
ing as yet another mechanism of epigenetic control (27, 31, 64).
In addition to developmental and regulatory roles, epigenetic
control is required to sustain a transformed phenotype as well
as to support tumor progression (26, 46). A subset is inherit-
able to maintain cellular identity (54, 68, 72, 75). Combined
with recent observations that some transcription factors are

retained on mitotic chromosomes (2, 98–100), the mitotically
inheritable epigenetic mechanisms constitute a novel concept
of “architectural epigenetics,” where the combinatorial out-
come of mitotically retained epigenetic mechanisms dictates
cellular potential for lineage commitment and growth in prog-
eny cells (Fig. 1). We will briefly consider the principal com-
ponents of epigenetic control in mammalian cells. For more
extensive coverage, we refer to in-depth reviews discussing
multiple dimensions of epigenetic control (12, 27, 30, 31, 34,
44, 63, 64, 76, 83, 88).

DNA METHYLATION

DNA methylation is a covalent modification that occurs at
CpG dinucleotides and can be catalyzed by three different
enzymes, the DNA methyl transferases (DNMTs) DNMT1,
DMNT3a, and DNMT3b (7). DNA methylation plays a critical
role in the long-term silencing of transcription and in hetero-
chromatin formation either by direct interference with the
binding of transcription factors to their target sites or by af-
fecting histone modifications and nucleosome occupancy
within the promoter regions of genes, thereby altering chro-
matin structure (12, 13, 63). Some methylation is reversible;
cells can eliminate methyl moieties from CpG islands of cer-
tain genes enzymatically or through replication (7, 63). During
the development of cancer, many CpG islands undergo hyper-
methylation, which leads to changes in chromatin structure and
causes the silencing of tumor suppressor genes as well as the
instability of the genome (46). CpG methylation is also an
important constituent in X chromosome inactivation (35, 65).
As an epigenetic modification, DNA methylation permits these
silenced states to be inherited through multiple cellular divi-
sions (54, 68, 72, 75).
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HISTONE MODIFICATIONS

Nucleosomal histones are modified at more than 60 different
residues (18, 83). These modifications are dynamic, and en-
zymes that add or remove the modifications are well charac-
terized (19, 81). These modifications can lead either to the
disruption of contacts between nucleosomes to increase chro-
matin accessibility or to the recruitment of nonhistone pro-
teins. Thus, depending on the cohort of histone modifications,
or histone code, the access of regulatory proteins to a DNA
sequence motif can be either enhanced or reduced (9, 37, 74).
Histone modifications as well as some histone variants have
been implicated in a number of epigenetic phenomena (14, 54,
84). One example is H3K9 methylation in the transmission of
heterochromatin. This modification, which in turn recruits the
repression-associated factor HP1, brings in further H3K9-
methylating activity that modifies nucleosomes on the daugh-
ter strand, thus ensuring the transmission of the H3K9me mark
(40, 70). In addition, the incorporation of histone variants can
dictate the transcriptional state of a gene, and some remain
associated with bookmarked genes. It remains to be deter-
mined whether the histone modification signature inherited by
the progeny chromatin is sufficient to impose the correct chro-
matin structure originating from the parent cell.

NONCODING RNA MOLECULES

Recently, it has become evident that noncoding RNAs con-
trol multiple epigenetic phenomena (27, 31, 64). For example,
dosage compensation mechanisms in Drosophila by rox RNA

and in mammals mediated by XIST RNA, Piwi-interacting
RNA (piRNA) in Drosophila, and small RNAs in Caenorhab-
ditis elegans are established components of epigenetic control,
as they can induce long-term inheritable gene silencing (21, 29,
47, 52, 58, 78). These noncoding RNAs often act in concert
with components of chromatin and the DNA methylation ma-
chinery to establish and/or sustain silencing and may contrib-
ute to development, transformation, and tumor progression
(26, 33). Additional species of small, noncoding RNA mole-
cules are emerging as potentially significant contributors to the
control of gene expression. These include microRNAs (miRs)
that play a vital role in the regulation of key cellular processes,
such as the cell cycle, cell growth, and differentiation. Micro-
RNAs modulate gene expression in an epigenetic manner and
are candidates for novel components of regulatory networks in
a broad spectrum of circumstances (27, 31, 64). To appreciate
the mechanistic relationship of RNA-mediated silencing to
epigenetic components of biological control, it is necessary to
establish the extent to which RNA-mediated silencing is heri-
table, whether RNA control of gene expression is reversible or
permanent, and the mechanisms that support RNA-directed
epigenetic control.

ARCHITECTURAL EPIGENETICS: MITOTIC
RETENTION OF TRANSCRIPTIONAL

REGULATORY INFORMATION

Genome-wide global profiling of epigenetic parameters, in-
cluding histone modifications, DNA methylation, and noncod-

FIG. 1. Mechanisms of inheritable epigenetics. Mammalian gene expression is tightly controlled by genetic as well as epigenetic mechanisms.
Epigenetics modifies the phenotype without altering the genotype of a cell. Shown here are some well-defined epigenetic mechanisms that include
histone modifications, DNA methylation, and the noncoding RNA-mediated modulation of gene expression. Some of these mechanisms are
inheritable through successive cell divisions and contribute to the maintenance of cellular phenotype. Recent studies show that the association of
components of transcriptional regulatory machinery with target genes on mitotic chromosomes is a novel epigenetic mechanism that poises genes
involved in key cellular processes, such as growth, proliferation, and lineage commitment, for expression in progeny cells.
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ing RNA expression, has made it possible to identify epigenetic
signatures that are unique to specific biological conditions.
Informational content provided by epigenetic signatures is
equally important to sequence information encoded by nucleic
acids and can be predictive of biological outcome or patholog-
ical conditions (10, 90). For example, epigenetic modifications
influence structure and function; histone modifications reflect
alterations in chromatin structure at a local level to permit the
gene promoter access of transcription factors for activation
and suppression (9, 19, 37, 63, 74, 81, 83). At a higher-order
level, the clustering of epigenetic changes leads to specialized
nuclear microenvironments (101). A similar epigenetic influ-
ence on gene structure and function can be attributed to DNA
methylation (e.g., the presence of CpG islands in gene pro-
moters) and RNA-mediated gene silencing (e.g., X chromo-
some inactivation) (31, 58, 78). Because there is a causal rela-
tionship between epigenetic signatures and biological
outcome, it is critical to maintain some or all of these signa-
tures through successive cell divisions. Recent studies have
identified various mechanisms that may contribute to the mi-
totic retention of cellular phenotype (2, 98–100) (Fig. 2). We
propose that these mitotically inheritable mechanisms consti-
tute architectural epigenetics, a novel mechanism to “book-
mark” genes for activation or suppression as cells exit mitosis
and resume cell cycle progression. Here, we discuss various
studies in support of this concept and present a case for its
biological relevance and possible implications in sustaining the
tumor phenotype.

HALLMARKS OF GENES TO BE BOOKMARKED

It is an intriguing observation that only some genes are
bookmarked for expression during mitosis while most remain
in a repressed, closed chromatin conformation until after the

cell has exited mitosis. Consistently with cellular requirements
for the control of growth, proliferation, and phenotype, the
retention of competency for the expression of genes tran-
scribed by RNA polymerases I and II (Pol I and II) must be
preserved during mitosis. Based on observations from our lab-
oratory and others (2, 32, 45, 61, 85, 89, 92, 98–100), we have
outlined below key characteristics of mammalian genes that
are mitotically bookmarked for postmitotic regulation.

BOOKMARKED GENES ARE ESSENTIAL
FOR MAINTENANCE OF KEY

CELLULAR PROPERTIES

We and others have discovered that genes that are mitoti-
cally bookmarked and epigenetically preserved for expression
often are components of essential cellular pathways, for exam-
ple, cell growth, cell proliferation, and cell differentiation (2,
32, 45, 61, 85, 89, 92, 98–100). We will discuss in depth each of
these examples and regulatory implications if gene bookmark-
ing is perturbed and/or modified.

CELL GROWTH

rRNA gene transcription provides a striking link between
specialized transcription and nuclear compartmentalization
(8). In the mammalian genome, several hundred copies of the
rRNA genes are organized as tandem arrays at multiple loci on
several chromosomes and are transcribed by RNA polymerase
I. During interphase, the ribosomal regulatory machinery in
diploid cells is configured as two nucleoli, the sites of ribosome
biogenesis. In proliferating cells, rRNA genes are actively tran-
scribed to accommodate the demand for protein synthesis, an
essential requirement for cell growth (8, 57, 95). The transcrip-
tional output of rRNA genes fluctuates during the cell cycle;

FIG. 2. Gene bookmarking: the retention of transcriptional regulatory machinery with target genes on mitotic chromosomes. Mitotic chro-
mosomes represent tightly packed, transcriptionally repressed chromatin and are characteristically resistant to nuclease accessibility. However,
some regions of mitotic chromosomes remain sensitive to nuclease activity (depicted here by a white triangle), indicating that some genes remain
in open chromatin conformation, thus giving rise to the concept of gene bookmarking. Advances in cell biological (e.g., in situ immunofluorescence)
and biochemical (e.g., chromatin immunoprecipitation) assays have allowed a direct examination of protein complexes (shown here by green and
gray ovals and a red star) that are retained on target gene promoters during mitosis. In addition, certain histone modifications and variants that
are associated with open chromatin conformation also have been observed on mitotic chromosomes. These observations together indicate that
certain genes are bookmarked for expression immediately after mitosis, a mechanism that may be pivotal to the maintenance of cellular memory
for growth and proliferation potential as well as for lineage identity in progeny cells.
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maximal activity occurs during G1, diminishes during G2, and
ceases during mitosis (49). In mitotic cells, the tandem arrays
of rRNA genes reside at nucleolar organizer regions (NORs)
(91). Upstream binding factor (UBF), a regulatory protein that
is required for rRNA transcription, remains associated with
mitotic NORs (41, 82). Similarly, the SL1 complex that func-
tions cooperatively with UBF interacts with components of
RNA Pol I machinery and colocalizes with RNA Pol I to
activate transcription (5). Consequently, the three components
(RNA Pol I complex, UBF, and SL1) of the ribosomal DNA
(rDNA) transcription machinery that are sufficient to promote
rRNA gene transcription in vitro are associated with the NORs
during mitosis (82). The mitotic silencing of the rRNA genes
can be attributed to global chromatin condensation, the post-
translational modification of transcriptional activators, and/or
the dissociation of key regulatory components from the rDNA
repeats. While the extent to which these mechanisms contrib-
ute to the mitotic repression of rRNA transcription remains to
be established, the retention of regulatory factors for rRNA
gene expression during mitosis provides a novel component of
epigenetic control to support cell growth when cell division is
completed.

CELL PROLIFERATION

Myc is a well-recognized mediator of growth control during
development as well as tissue remodeling. The c-myc gene
promoter is rapidly reactivated after mitosis (62). Several DNA
binding proteins can modulate c-myc promoter activity. These
include hnRNP K and FBP; both proteins are sequence-spe-
cific single-stranded DNA binding proteins (24, 60, 62). An-
other example is provided by the gene promoter of a crucial
inhibitor of cyclin-dependent kinases, p21. The p21 promoter
remains occupied by the osteogenic Runx2 transcription factor
(100), which has an antiproliferative role, for postmitotic reg-
ulation in progeny cells. Although it remains to be seen how
gene bookmarking contributes to postmitotic cellular potential
for proliferation, these examples highlight the importance of
bookmarking genes that are critical for postmitotic cell pro-
gression.

CELL DIFFERENTIATION

Runx proteins are master determinants of osteogenesis, he-
matopoeisis, neurogenesis, and gastrointestinal development
(22, 25, 51). Runx transcription factors interact with cognate
DNA elements through a specific DNA binding domain and
with components of nuclear architecture through the nuclear
matrix targeting sequence (NMTS) in microenvironments
within the nucleus (51). The localization of Runx factors to
subnuclear domains is required for biological activity; compro-
mised intranuclear trafficking results in the mouse phenotype
that occurs when the Runx genes are ablated (15, 23, 94).
When the fidelity of Runx protein localization within the nu-
cleus is perturbed, a transformed phenotype is observed in
myeloid progenitors, and there is an inhibition of osteolytic
disease caused by breast cancer cells that metastasize to bone
(43, 94).

During mitosis, Runx proteins associate with RNA Pol I-
transcribed rRNA genes as well as RNA Pol II-transcribed

phenotypic genes that are involved in the control of the cell
cycle and differentiation (99, 100). Runx regulatory proteins
are equally partitioned to progeny cells at the completion of
cell division (102). Runx association with ribosomal and cell
cycle regulatory genes (e.g., p21) during mitosis marks these
genes for repression during the early G1 phase of the cell cycle,
which is consistent with the growth-inhibitory properties of
these regulatory factors (71). The occupancy of differentiation-
related genes by Runx proteins during mitosis provides a
mechanistic basis for transcriptional memory in progeny cells.
Only recently, it has become evident that some Runx coregu-
latory proteins, such as TLE1, are carried through mitosis (3).
However, the extent to which the entire cohort of Runx co-
regulatory proteins remains in functional complexes that are
associated with target genes on mitotic chromosomes, as well
as the time line for the disassembly and reconstitution of other
components of the Runx regulatory machinery, must be deter-
mined.

The basic helix-loop-helix myogenic regulatory factors
MyoD, Myf5, myogenin, and MRF4 have critical roles in skel-
etal muscle development (6, 66). Together with the Mef2 pro-
teins and E-box factors, these transcription factors are respon-
sible for coordinating muscle-specific gene expression by
negatively regulating proliferation and positively accelerating
differentiation (6, 48). During interphase, muscle regulatory
proteins are organized at punctate nuclear microenvironments.
During the proliferative stage of uncommitted mesenchymal
cells, MyoD is localized to mitotic chromosomes and associates
with NORs where rRNA genes reside (2). The association of
MyoD with the interphase nucleolus in early stages of myo-
genesis and its replacement by myogenin in later stages result
in the suppression of rRNA genes concomitantly with the ini-
tiation of the skeletal muscle differentiation program (2, 6).
These observations are consistent with a novel epigenetic
mechanism in which phenotypic regulatory proteins associate
with mitotic chromosomes to convey transcriptional machinery
for cell growth and differentiation from one progeny to the
next.

CCAAT/enhancer binding proteins � and � (C/EBP�/�)
are expressed early in the adipocyte differentiation program
but are not immediately active (53). After a long lag,
C/EBP�/� become competent to bind to the C/EBP regula-
tory element in the C/EBP� gene promoter, with C/EBP�
being a transcriptional activator of numerous adipocyte
genes. As C/EBP�/� acquire binding activity, they also be-
come localized to centromeres as preadipocytes synchro-
nously enter S phase at the onset of mitotic clonal expansion
(92). Localization to centromeres occurs through C/EBP
consensus binding sites in centromeric satellite DNA.
C/EBP�, which is antiproliferative, becomes centromere as-
sociated much later in the differentiation program as mitotic
clonal expansion ceases and the cells become terminally
differentiated. The differential association of C/EBP tran-
scription factors with mitotic chromosomes and their direct
suppression of rRNA genes suggest that these phenotypic
regulatory proteins mediate lineage commitment and main-
tenance through their association with metaphase chromo-
somes during the mitotic clonal expansion of preadipocytes
(2, 92).
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NUCLEASE ACCESSIBILITY DURING MITOSIS

Levens and colleagues have shown that several genes that
are rapidly reactivated after mitosis share major regions of
permanganate sensitivity in their promoter regions only during
mitosis (61). Their observations point to the bookmarking of
these promoters by regulatory protein(s) postmitotically, as the
permanganate sensitivity of these regions is not detected in
other cell cycle stages. These regulatory protein(s) may asso-
ciate with the promoter regions in a cell cycle stage-specific
manner to keep them in an open conformation and poise them
for rapid transcriptional activation as cells exit mitosis. Here
we discuss two examples.

The promoter regions of some genes, such as the stress-
inducible hsp70i gene that encodes a heat shock protein, re-
main uncompacted during mitosis (98). It has been shown that
the hsp70i bookmarking is mediated by the transcription factor
HSF2, which binds this promoter in mitotic cells, recruits pro-
tein phosphatase 2A, and interacts with the CAP-G subunit of
the condensin enzyme to promote the efficient dephosphory-
lation and inactivation of condensin complexes in the vicinity,
thereby preventing compaction at this site. Blocking HSF2-
mediated bookmarking by HSF2 RNA interference decreases
hsp70i induction and the survival of stressed cells in the G1

phase, which demonstrates the biological importance of gene
bookmarking and its pivotal role in postmitotic gene expres-
sion (85, 98).

The developmentally regulated Globin gene loci contain sev-
eral functionally related genes arranged in tandem (11). In
hematopoietic progenitor cells, erythroid-specific DNase I-hy-
persensitive sites have been detected in the distal regulatory
regions of the mouse globin gene cluster. Progeny cells can
inherit these hypersensitive sites for at least 20 generations
(59). Recent studies have provided mechanistic insight into the
inheritance of globin gene transcription status through mitoses
(97). The lineage-restricted expression of globin genes is con-
trolled mainly by the transcription factors NF-E2 and GATA
(55, 96). NF-E2 remains bound to mitotic chromosomes, while
GATA1 is dissociated from the condensed chromatin during
mitosis (97). This observation suggests that NF-E2 is an epi-
genetic marker that maintains the locally hypersensitive state
of the globin gene clusters. NF-E2 also can recruit TAFII130
and CBP to the globin gene locus, further supporting its role in
the rapid reactivation of the gene postmitotically. In addition,
the distal regulatory regions of transcriptionally competent
globin gene loci are marked by active histone modifica-
tions such as H3 acetylation, H3 K4 dimethylation, and K79
dimethylation (97).

RETENTION OF HISTONE MARKS

The remarkable stability of gene expression in somatic cells
is exemplified by the retention of an active gene state when an
endoderm cell nucleus is transplanted to an enucleated egg
(38). Nuclear transplant experiments have revealed that tran-
scriptional memory can persist through 24 cell divisions (67).
The expression of the myogenic gene MyoD in non-muscle cell
lineages of nuclear transplant embryos reflects this memory
state. Transcriptional recollection is not explained by the meth-
ylation of promoter DNA. Rather, epigenetic memory corre-

lates with the association of histone H3.3 with the MyoD pro-
moter in embryos that display memory but not in those where
memory has been lost. The association of a mutated histone
H3.3 (H3.3 E4, which lacks the methylatable H3.3 lysine 4)
with promoter DNA eliminates memory, further supporting a
requirement of H3.3 K4 for memory. The overexpression of
H3.3 can enhance memory in transplanted nuclei (67, 69).
Thus, the association of histone H3.3 variant with the MyoD
promoter makes a necessary contribution to transcriptional
memory and suggests that epigenetic memory helps to stabilize
gene expression in normal development; it also might partly
account for the inefficient reprogramming in some trans-
planted nuclei.

WHY BOOKMARK A GENE?

Gene bookmarking may be important for lineage commitment
at an early developmental stage. For example, in progenitor/stem
cells, the genetic material is distributed in a symmetrically equiv-
alent manner. However, to give rise to a lineage-committed prog-
eny cell while maintaining a pool of stem cells, it is necessary to
asymmetrically distribute epigenetic signatures that include
histone marks, DNA methylation, and the retention of tran-
scription factors. The resultant two classes of progeny cells are
not equivalent, but both are necessary to support tissue-spe-
cific functions. One of the progeny will retain stemness for the
maintenance of a perpetual, lineage-committed stem cell pool
to support tissue renewal and the capacity for wound healing.
The second progeny serves as an immediate source of special-
ized cells for organogenesis during development and for phys-
iologically responsive tissue renewal, for example, during in-
jury. Cancer stem cells represent yet another dimension to
progenitor populations where active proliferation and/or long-
term dormancy requires the perpetuation of the transformed
and/or tumor phenotype.

The examples we have provided here offer mechanistic in-
sights into postmitotic gene regulation and reflect experimen-
tal evidence that the mitotic retention of the gene regulatory
machinery is a novel epigenetic mechanism for the coordina-
tion of lineage commitment, cell proliferation, and the differ-
entiation of committed cells. We propose a model in which
phenotypic transcription factors and components of the basal
transcriptional machinery are retained on mitotic chromo-
somes to convey necessary information to initiate and sustain
lineage commitment. However, it is unrealistic to suggest that
all genes are epigenetically regulated by any one mechanism,
and quite likely a series of epigenetic mechanisms is operative
for the same genes. For example, a gene required for lineage
maintenance in postmitotic cells may carry a unique histone
modification and an accessible chromatin conformation and
may be occupied by a sequence-specific transcription factor;
taken together, these distinct yet functionally overlapping epi-
genetic mechanisms can provide a mitotic epigenetic signature
for a gene that is bookmarked for postmitotic expression.

One of many regulatory implications of an epigenetic signa-
ture for gene bookmarking during mitosis may include poising
genes involved in the progression of the G1 phase of the cell
cycle for expression. The mitotic association of phenotypic
regulatory proteins with genes in an allele-specific manner in
omnipotent and pluripotent cells might facilitate the asymmet-
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ric distribution of transcription factors to cells destined to
commit to a particular lineage. In committed cells, the equal
partitioning of phenotypic transcription factors then can lead
to the maintenance of the lineage. Further experimental ex-
ploration of our model will provide mechanistic insights into
coordinate control of the cell cycle, proliferation, and differ-
entiation.

ASYMMETRIC GENE BOOKMARKING

Asymmetric cell division that ensures the preservation of
stem cells is characterized by the division of a pluripotent cell
into genetically identical yet functionally distinct progeny cells.
One of the progeny cells is destined for lineage commitment,
while the other remains in an undifferentiated state. Recent
studies of budding yeast, C. elegans, and Drosophila have pro-
vided some mechanistic insight into the process of asymmetric
cell division (4, 20, 42, 93). For example, in budding yeast, the
Ace2 transcription factor, a homologue of chromatin remod-
eling factor Swi5, accumulates only in the nucleus of the
daughter cell. This asymmetry is achieved by the specific phos-
phorylation and dephosphorylation of Ace2. Ace2 protein is
translated in G2 cells but is retained in the cytoplasm until late
mitosis, when dephosphorylation leads to the unmasking of the
nuclear localization signal and the nuclear translocation of the
protein. Once in the daughter nucleus, Ace2 is phosphorylated
by daughter cell-specific Cbk1 kinase, which results in the
masking of the export signal and daughter cell-specific nuclear
retention of Ace2 (17).

Asymmetric cell division also has been described during
Drosophila neurogenesis, where it ensures diversity in the fate
of cells originating from common progenitors (reviewed in
reference 42). The neuroblast progenitor of the central ner-
vous system undergoes several rounds of asymmetric division,
each giving rise to a large cell that remains a neuroblast, and a
smaller ganglion mother cell (GMC) that is the precursor to
neurons and glia of the central nervous system. In parallel, the
sensory organ precursor (SOP) undergoes several rounds of
asymmetric cell division to give rise to five distinct cell types of
the peripheral nervous system. In both GMC and SOP, Numb,
an attenuator of Notch signaling, along with the Prospero
transcription factor, segregates asymmetrically to only one of
the daughter nuclei. The polarity in the localization of these
proteins is accomplished by a protein complex that localizes to
the apical cortex of dividing neuroblasts. The activity of the
apical complex regulates mitotic spindle orientation along the
apical basal axis, determines cell size asymmetry between
the neuroblast and GMC, and targets Numb and associated
proteins to the basal crescent of the cell during asymmetric cell
division (36, 50, 77; also reviewed in reference 80).

The examples described here underscore the existence of
multiple mechanisms driving asymmetric cell division in lower
eukaryotes. It is safe to assume that mammalian cells have
equally diverse mechanisms to ensure the maintenance of stem
cell pools while giving rise to distinct lineages from single
progenitors. Recent studies indicate that the asymmetric dis-
tribution and localization of regulatory proteins is indeed a
defining factor during the lineage commitment of a progenitor
cell. Using gut epithelium, a continuously renewed tissue that
contains a basal layer of progenitor cells from which the gut

epithelium originates, as a paradigm, Quyn et al. (73) show
that the spindle orientation of progenitor cells dictates which
cells will become lineage committed and which will remain
progenitor cells. The spindle is oriented perpendicularly to the
apical surface in the stem cell compartment, and this orienta-
tion correlates with the asymmetric retention of labeled DNA
in the basal cell. Importantly, this asymmetric cell division is
lost in precancerous and cancerous tissues. While this study
does not explore further the underlying mechanisms that con-
trol this asymmetric cell division, it can be assumed that com-
ponents of transcriptional regulatory machinery dictate the
specific orientation of the spindle and are lost in gastric cancer
cells. Taken together, these studies point to a fundamental role
for the asymmetric distribution of regulatory machinery in
lineage commitment through mechanisms that include gene
bookmarking.

MECHANISM(S) OF GENE BOOKMARKING

The studies discussed above show that there are at least
three different mechanisms by which a gene may be book-
marked: (i) the retention of lineage-defining factors on target
genes during mitosis, (ii) posttranslational modifications of
regulatory factors, and (iii) the recruitment of Condensin de-
phosphorylation machinery. These mechanisms may not be
mutually exclusive, as has been shown for the hsp70i gene.

OCCUPANCY BY LINEAGE-DEFINING FACTORS

The retention of lineage-defining factors on target genes
during mitosis has multiple biological implications. A lineage-
defining factor must orchestrate the concomitant activation of
a differentiation program and an exit from the cell cycle. Be-
cause of these properties, most lineage-defining factors have
cognate DNA binding elements in many genes involved in
lineage commitment and cell growth and proliferation. As has
been shown, and as discussed above, for osteogenic and hema-
topoietic Runx proteins, muscle regulatory factors, and adipo-
genic C/EBP proteins (2, 99, 100), the association of lineage
determinants with target genes during mitosis appears to be a
global mechanism of mitotic gene bookmarking to preserve
cellular memory for lineage maintenance and growth.

POSTTRANSLATIONAL MODIFICATIONS OF
REGULATORY FACTORS

In an interphase cell, posttranslational modifications play a
central role in modulating the activity of a variety of regulatory
proteins that include components of the basal transcription
machinery, downstream effectors of many signaling pathways,
and lineage-restricted transcription factors. It is possible that
posttranslational alterations such as the phosphorylation and
acetylation of regulatory proteins also regulate the retention or
exclusion of these factors from mitotic chromatin. For exam-
ple, it has been shown that the Oct1 transcription factor is
displaced from mitotic chromosomes (28, 56), and this dis-
placement is regulated by a mitosis-specific phosphorylation in
the DNA binding domain of the protein (79, 87). In contrast,
it is reported that components of the basal transcriptional
machinery (e.g., TFIID) associate with condensed mitotic
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chromosomes, although their activities are inhibited during
mitosis through phosphorylation (1, 16, 86). These findings
suggest that posttranslational modifications, especially phos-
phorylation, play a critical role in determining the mitotic oc-
cupancy of target genes by transcriptional regulatory factors.

RECRUITMENT OF CONDENSIN
DEPHOSPHORYLATION MACHINERY

Chromosomal condensation during mitosis is achieved by
the activity of the condensin family of proteins (39). Condensin
proteins associate with chromosomes prior to mitosis and in-
duce the global condensation and packaging of nucleosomal
DNA into higher-order chromatin. The phosphorylation of
condensin proteins plays a pivotal role in their activity. Studies
from the Sarge group have revealed that on the hsp70i pro-
moter, HSF2 recruits PPA2, a phosphatase that dephosphory-
lates condensin proteins in the vicinity of the hsp70i promoter,
thus preventing local chromosomal condensation (98). It is
conceivable that similar mechanisms exist for other genes that
are bookmarked during mitosis. Future studies identifying this
as a universal mechanism should yield interesting insights into
mitotic gene bookmarking.

PROSPECTS

The full implications for the mitotic association of regulatory
machinery with gene loci in chromosomes remain to be ex-
plored experimentally. Compelling questions include the fol-
lowing. Do genes that do not retain cognate regulatory factors
have mitotic bookmarks for activation or suppression in prog-
eny cells? Are genes epigenetically regulated in a selective
manner during asymmetric cell division? What are the proteins
in the cohort of (co)regulatory proteins that are components of
the transcriptional machinery occupying mitotic gene loci? Is
the mitotic retention of epigenetic regulatory cues operative in
cells that undergo endomitosis? Despite these unresolved
questions, this epigenetic mechanism of postmitotic gene reg-
ulation may be clinically relevant. Current therapeutic strate-
gies target major chromatin modification pathways that also
are required for the physiological control of gene expression,
thus resulting in detrimental off-target effects. The mitotic as-
sociation of transcription factors offers novel options for tar-
geted therapy with enhanced specificity and reduced off-target
activity compared to that of the global inhibition of histone
modifications or DNA methylation. For example, during mi-
tosis, only minimal components of transcriptional complexes
are present and may unmask epitopes to generate a drugable
target. We have found that to be the case for Runx2, the
osteogenic transcription factor that is upregulated in meta-
static breast and prostate cancers. While Runx2 interacts with
many coregulatory proteins, only TLE1 has been shown thus
far to be carried to the progeny cells through its interaction
with Runx2 (3). In this example, the therapeutic approach can
be focused only on Runx2 and TLE1. Importantly, the mitotic
association of regulatory proteins results in the focal concen-
tration of factors that can favorably influence pharmacological
kinetics, i.e., a minimal drug concentration will be required. In
addition, the mitotic association of regulatory proteins, com-
bined with the global, genome-wide assessment of histone

modifications and DNA methylation, provides an epigenetic
signature for diagnosis, prognosis, and cancer progression as
well as for monitoring therapy.
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