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Nuclear Microenvironments in Cancer Series
Chromatin Organization and Nuclear
Microenvironments in Cancer Cells
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Abstract Nuclear morphometric descriptors such as nuclear size, shape, DNA content and chromatin organization
are used by pathologists as diagnostic markers for cancer. However, our knowledge of events resulting in changes in
nuclear shape and chromatin organization in cancer cells is limited. Nuclear matrix proteins, which include lamins,
transcription factors (Sp1) and histone modifying enzymes (histone deacetylases), and histone modifications (histone H3
phosphorylation) have roles in organizing chromatin in the interphase nucleus, regulating gene expression programs and
determining nuclear shape. Histone H3 phosphorylation, a downstream target of the Ras-mitogen activated protein kinase
pathway, is involved in neoplastic transformation. This article will review genetic and epigenetic events that alter
chromatin organization in cancer cells and the role of the nuclear matrix in determining nuclear morphology. J. Cell.
Biochem. 104: 2004–2015, 2008. � 2007 Wiley-Liss, Inc.
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Multistep tumorigenesis is a progression
of events resulting from alterations in the
processing of the genetic information. These
alterations result from stable genetic changes
(mutations) in tumor suppressor genes
and oncogenes (e.g., ras) and potentially revers-
ible epigenetic changes (i.e., modifications in
gene function without a change in DNA
sequence) [Hake et al., 2004; Vogelstein and
Kinzler, 2004; Espino et al., 2005]. DNA
methylation and histone modifications are
two epigenetic mechanisms that are altered in
cancer cells [Esteller, 2007].

The activation or repression of mammalian
genes involves chromatin remodeling by his-

tone modifying enzymes and ATP-dependent
chromatin remodeling complexes (e.g., SWI/
SNF; Fig. 1). Histone acetyltransferases
(HATs) and histone deacetylases (HDACs),
which catalyze reversible histone acetylation
(Ac), are among the best understood chromatin
modifying enzymes in terms of multiprotein
components, mechanisms of recruitment to
regulatory elements of genes and role in trans-
cription. Transcription factors recruit coacti-
vators with HAT activity (e.g., p300/CBP) to
regulatory DNA sites, while transcriptional
repressors recruit corepressors with HDAC
activity [Espino et al., 2005]. In transcription-
ally poised and active chromatin regions histone
Ac is a dynamic process, with the steady
state of acetylated histones being decided by
the relative activities of the recruited HAT
and HDAC complexes [Davie, 2003a]. Histone
kinases [e.g., the H3 kinase, mitogen and
stress activated kinase (MSK1)] are recruited
to promoters by similar processes. The ATP-
dependent chromatin remodeling complexes
remodel nucleosomes allowing transcription
factors and the transcription initiation factors
access to regulatory DNA sequences [Langst
and Becker, 2004]. The temporal order by which
histone modifying enzymes and ATP-dependent
chromatin remodeling complexes are recruited
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to DNA is promoter context dependent [Lewis
and Reinberg, 2003; Martens et al., 2003;
Vermeulen et al., 2003].

Phosphorylation of histone H3, a downstream
target of several signaling pathways, is an
important event in neoplastic transforma-
tion [Dong and Bode, 2006]. Growth factors
(epidermal growth factor, EGF) and phorbol
esters (TPA) activate the Ras–MAPK pathway
(Ras–Raf–MEK–ERK), while stressors such as
UV irradiation stimulate the p38 MAPK path-
way (Fig. 1). Stimulation of the Ras–MAPK

pathway results in the activation of a series
of kinases and transcription factors and the
modification of chromatin proteins [Hazzalin
and Mahadevan, 2002]. TPA or EGF stimula-
tion of mouse fibroblasts and human cell lines
(HeLa, HEK293, MCF-7) results in the phos-
phorylation of H3 and its variants at S10 and
S28 (but not S28 in MCF-7 cells) and HMGN1 at
S6 [Strelkov and Davie, 2002; Soloaga et al.,
2003; Lim et al., 2004; Dunn and Davie, 2005;
Espino et al., 2006] (Fig. 1). The amplitude and
duration of TPA-induced phosphorylation of H3

Fig. 1. MAPK signal transduction pathways and the modification of chromatin. The Ras–MAPK pathway is
activated by EGF and TPA. RTKs, receptor tyrosine kinases; RasGRP, Ras guanyl nucleotide-releasing
protein; DAG, diacylglycerol; PIC, preinitiation complex [Espino et al., 2005]. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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at S10 and S28 are similar, with the duration
varying with cellular background. Treatment
of cells with MEK inhibitors before EGF or
TPA stimulation blocks these phosphorylation
events [Chadee et al., 1999; Lim et al., 2004;
Dunn and Davie, 2005].

In TPA-treated serum-starved mouse fibro-
blasts, newly phosphorylated S10 H3 is distri-
buted as numerous small foci scattered
throughout the interphase nuclei; these foci
are found outside condensed chromatin regions
[Chadee et al., 1999]. We obtained similar
results with TPA-stimulated HeLa and MCF-7
cells [Espino et al., 2006]. We proposed that
these H3S10p nuclear sites represent the
locations of genes [e.g., intermediate early (IE)
gene response] that were induced or in a
competent state. To test this idea, we incubated
cells with 5-fluorouridine to label newly synthe-
sized nuclear RNA and found that many
H3S10p sites were positioned next to
regions with newly synthesized RNA after
TPA stimulation of MCF-7 cells [Espino et al.,
2006].

TPA-induced H3S10p and H3S28p are asso-
ciated with different chromatin regions in
mouse fibroblasts [Dunn and Davie, 2005;
Dyson et al., 2005]. These results were also
reported by Mahadevan’s group in a study
demonstrating that the H3S10p and H3S28p
are not localized on the same H3 tail in situ
[Dyson et al., 2005]. We also observed that the
H3S10p and H3S28p foci were co-localized with
RNA polymerase II, providing evidence that
both modifications are associated with trans-
cribed chromatin (unpublished observations).
Immunoblot analyses of H3 resolved by size and
charge by acetic acid urea PAGE revealed
that H3S28p was associated with the more
acetylated H3 isoforms in contrast to H3S10p
[Dunn and Davie, 2005]. This differential distri-
bution of phosphorylated H3 isoforms was not
due to epitope exclusion of antibodies [Dunn
and Davie, 2005]. Our data suggest that
H3S28p is in chromatin regions with greater
steady state levels of acetylated H3 than is
H3S10p.

Although there are several kinases that will
phosphorylate H3, including RSK2 and tissue
transglutaminase 2, which we reported is an H3
kinase, MSK is the mitogen-stimulated H3
kinase [Davie, 2003b; Bode and Dong, 2005].
Unlike RSK2, MSK is activated by Ras–MAPK
and p38 stress kinase pathways [Soloaga et al.,

2003; Fig. 1]. Studies with MSK1/2 knockout
cells show severe reduction of H3S10p and
H3S28p in response to TPA. The remaining
H3 phosphorylation was due to mitotic phos-
phorylation by Aurora B of H3 in late G2 phase
of the cell cycle [Goto et al., 2002; Soloaga et al.,
2003]. TPA-induction of c-fos was significantly
decreased in the double MSK1/2 knockout
mouse [Soloaga et al., 2003].

In vitro MSK will phosphorylate an H3 at
S10 and S28; however, in situ the enzyme
typically phosphorylates an H3 at S10 or S28
[Lim et al., 2004; Dunn and Davie, 2005; Dyson
et al., 2005]. Recent literature indicates that
this may be due to a histone code present prior to
mitogen stimulation and maintained through-
out induction. Studies by Hazzalin and Maha-
devan determined that H3 trimethylated at
K4 is present in nucleosomes associated with
specific regions of c-fos and c-jun before
and during exposure to TPA [Hazzalin and
Mahadevan, 2005]. Further, our studies have
found a difference in the relative level of Ac
present on H3 phosphorylated at S10 and S28
following mitogen stimulation. Tails targeted
for phosphorylation at S10 tended to be under-
going steady-state Ac to a lesser extent than
those tails targeted for phosphorylation at
S28 [Dunn and Davie, 2005]. Other possible
mechanisms by which substrate specificity of
MSK is altered in situ include but are not
limited to: Ac and/or methylation of H3 at
specific sites direct MSK1/2 activity to S10 or
S28 (i.e., a histone code); promoter context and
mechanism of MSK recruitment direct MSK to
either S10 or S28; a protein (e.g., HAT interact-
ing with a nearby K) blocks MSK access to S10
or S28; or chromatin structure. Further studies
are underway to sort through these various
mechanisms.

Others and we applied the chromatin immu-
noprecipitation (ChIP) assay to directly demon-
strate that TPA/EGF-induced H3S10p is
associated with promoter and coding regions of
IE genes (c-jun, c-fos, and c-myc) in mouse
fibroblasts [Chadee et al., 1999; Clayton et al.,
2000; Thomson et al., 2001]. Inhibition of MEK
activity with PD98059 or UO126 prevented
TPA induction of these genes. Further, treating
cells with the MSK inhibitor H89 prevented
TPA-induced phosphorylation of S10 H3 and
attenuated IE gene expression but did not
diminish ERK phosphorylation [Thomson
et al., 1999; Strelkov and Davie, 2002]. Also,
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there was an increase in the steady state of
acetylated H3 bound to transcribed chromatin
of IE genes c-jun and c-fos following stimula-
tion of the MAPK pathway [Thomson et al.,
2001].

We extended our ChIP assays to analyze the
TPA-/estrogen-responsive gene, trefoil factor 1
(TFF1), in human breast cancer MCF-7 cells
[Espino et al., 2006]. TFF1 is a small-secreted
protein that acts as a proinvasive and angio-
genic agent [Prest et al., 2002; Rodrigues et al.,
2003a,b]. TPA addition to MCF-7 cells cultured
under estrogen-free serum starved conditions
results in the phosphorylation of ERKs and
S10 H3 and TFF1 gene expression. TPA-, but
not estrogen-, induced TFF1 expression was
diminished with the MEK inhibitor UO126 and
MSK inhibitor H89. The TFF1 promoter has a
Sp1 site, an estrogen responsive element and
two AP-1 sites with the upstream site being
imperfect. Our transient transfection studies
demonstrated that the downstream AP-1 is
required for TPA-stimulation of the TFF1
promoter. In ChIP assays we found that follow-
ing 30 min of TPA stimulation, there was
an increased association of c-Jun, MSK1, acety-
lated H3 and H3S10p with the promoter [Espino
et al., 2006].

The mechanism(s) by which MSK is recruited
to target genes is poorly understood. One
mechanism would be that MSK is loaded onto
target promoters before induction. However,
ChIP assays indicate that MSK1 is loaded onto
the IL-6 promoter after cells are stimulated
(TNF) [Vermeulen et al., 2003]. MSK1 binds to
and phosphorylates p65 subunit of NF-kB.
Therefore, it is likely that NF-kB is involved in
recruitment of MSK1 to the IL-6 promoter and
perhaps other NF-kB responsive genes [Ver-
meulen et al., 2003]. Treatment of mouse
fibroblasts with TNF and PD98059 or H89
prevented the recruitment of MSK1 to the IL-6
promoter. In contrast to IL-6, p65 may recruit
MSK to the c-fos promoter before induction as
p65 is constitutively loaded onto the c-fos
promoter [Anest et al., 2004]. Our ChIP data
with the TFF1 promoter in MCF-7 cells show
that MSK1 binding to this promoter increases
after TPA [Espino et al., 2006]. Further, we
used a formaldehyde cross-linking strategy to
show that MSK1 is bound to chromatin before
and after TPA stimulation of mouse fibroblasts
and MCF-7 cells [Dunn et al., 2005]. These
results do not tell us if MSK1 is bound directly

or indirectly to DNA as formaldehyde cross-
links protein to DNA and protein to protein. We
favor the idea that MSK1 is indirectly recruited
to a promoter by a transcription factor or
co-activator.

Fos and Jun are the prime suspects for
recruitment of MSK to the TFF1 promoter.
Fos is a substrate for MSK2 (also named RSK-B)
in vitro, and MSK2 stimulates the activity of
AP-1 driven promoters in transient transfection
assays [Pierrat et al., 1998]. Our model is
that Fos and/or Jun would recruit MSK1/2
to the TFF1 promoter. MSK1/2 would then
be positioned to phosphorylate H3 in nucleo-
somes placed at and near the promoter. Note
that depending on the compaction state of
chromatin, which for transcribed chromatin
may be at least 40-fold, MSK positioned at the
promoter could access nucleosomes at the
promoter and those within the coding region.
As our studies demonstrate that H3 phosphory-
lation occurs in the coding region of stimulated
genes, there are likely mechanisms by which
MSK are recruited to these downstream regions
in addition to the promoter [Chadee et al., 1999;
Dunn and Davie, 2005].

Steady-state levels of pERKs (not p38),
H3S10p/H3S28p and phosphorylated H1
are elevated in Ha-ras-transformed mouse
fibroblasts (Ciras-3) relative to the parental
10T1=2 cells [Chadee et al., 1995, 1999, 2002].
Similar results were obtained in other cellular
backgrounds with oncogenes impacting on the
Ras–MAPK pathway [Chadee et al., 1999]. The
increased phosphorylation of H3 and H1 likely
contributes to the less condensed chromatin
structure of Ciras-3 cells relative to parental
cells [Chadee et al., 1995]. The increased
level of H3S10p/H3S28p was a consequence of
increased MSK1 (and likely MSK2) activity in
the Ciras-3 cells [Drobic et al., 2004]. The H3
phosphatase PP1 activity was similar in both
cell lines. The cellular distribution of MSK1 and
2 was the same in the Ciras-3 and 10T1=2
cells, with most MSK1/2 being in the nucleus.
Interestingly H89 had a more profound effect on
reducing the TPA-induced phosphorylation
of S10 H3 and the induction of genes c-fos,
c-myc and urokinase plasminogen activator in
Ciras-3 than in parental cells [Strelkov and
Davie, 2002]. Possibly, genes responding to
a constitutively activated Ras–MAPK and
increased MSK activity are more reliant or
addicted [Jonkers and Berns, 2004] to this
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pathway for expression than those of the
parental cell line.

HISTONE MODIFICATIONS AND
CANCER DIAGNOSIS

Histone H3 phosphorylation at S10 and
S28 is associated with transcriptionally active
chromatin and hence is considered as an active
mark. Further, Ac of the core histones H2A,
H2B, H3, and H4 and dimethylation (diMe) or
trimethylation (triMe) of K4 of H3 are active
marks, while diMe or triMe of H3 at K9
constitutes a repressive mark [Peterson and
Laniel, 2004; Sims and Reinberg, 2006]. Added
to the complexity are histone variants and the
dynamic reversibility of some modifications
[Clayton et al., 2006]. H2A, H2B, and H3 have
variants, some expressed at the time of DNA
synthesis (H3.1, H2A.1) and others expressed
throughout the cell cycle (H2A.Z, H3.3) [Jin
et al., 2005].

Altered expression or aberrant targeting
of histone modifying enzymes is a common
occurrence in cancer cells. Chromosomal trans-
location events occurring in leukemia result in
the genesis of fusion proteins such as AML1-
ETO in acute myeloblastic leukemia and PML-
RARalpha in acute promyelocytic leukemia.
These fusion proteins ‘‘highjack’’ the HDACs
enzymes to promoters, resulting in their silenc-
ing [Trus et al., 2005; Minucci and Pelicci,
2006]. The HAT p300 appears to be involved
in prostate cancer cell proliferation and is a
biomarker to predict aggressive features of
prostate cancer [Debes et al., 2003]. Interest-
ingly, the increased expression of p300 in
prostate cancer cells correlated with changes
in nuclear shape. The changes in nuclear shape
were thought to be due to increased expression
of lamin A/C [Debes et al., 2005].

Changes in the expression levels or mistar-
geting of histone modifying enzymes may result
in alterations in steady state levels of histone
modifications which may have predictive power
in terms of diagnosis, prognosis and disease
correlation [Hake et al., 2004]. Global changes
in histone modifications have been used to
group patients with low-grade prostate cancer
into two groups with differential risks of
tumor recurrence. The group with lower risk
of tumor recurrence had higher steady levels of
H3K18Ac, H3K9Ac, H4K12Ac, and H3K4diMe
[Seligson et al., 2005]. A challenge in doing

these immunohistochemistry assays is for the
histone modification to be preserved, and this is
particularly acute for phosphorylation.

NUCLEAR STRUCTURE AND NUCLEAR MATRIX

Pathologists have long used nuclear shape
as a diagnostic tool to distinguish a normal
cell from a cancer cell [Nickerson et al., 1995;
Coffey, 2002]. Nuclear morphometric descrip-
tors included nuclear size, shape, DNA content
and chromatin organization. Unfortunately
a detailed understanding to explain these
changes and how they arise is not available.
Nuclear size and shape is determined, in part,
by the dynamic nuclear substructure, the
nuclear matrix. The nuclear matrix also has a
role in chromatin organization, and this nuclear
substructure may have a functional role in
events leading to genomic instability and
changes in DNA content.

The nuclear matrix consists of both nuclear
proteins and RNA. The nuclear matrix
proteins may be analyzed by isolating the
nuclear matrices typically by DNase I digestion
and extractions with 0.25 M ammonium salt
[Samuel et al., 1997]. Milder methods for
isolating nuclear matrices are also available
[Jackson and Cook, 1985]. A cisplatin cross-
linking protocol to isolate nuclear matrix pro-
teins that are associated with nuclear DNA may
also be used [Spencer et al., 2001].

Nuclear matrix proteins (NMPs) represent
about 30% of the nuclear protein. This subset of
the cellular proteome includes proteins with
roles in the organization and function of nuclear
DNA. NMPs are involved in establishing chro-
matin loop domains and in the organization of
chromosome territories [Coffey, 2002; Jackson,
2003]. The nuclear matrix has a pivotal role in
the processing of the genetic information [Stein
et al., 2004]. DNA replication, transcription and
DNA repair occur at defined nuclear matrix
sites [Dimitrova and Berezney, 2002; Jackson,
2003]. Transcription factors including tumor
suppressors (e.g., Rb, p53) and hormone recep-
tors (estrogen receptor) dynamically associate
with specific nuclear matrix sites [Davie et al.,
1998; Stenoien et al., 2000]. The cancer cell
nuclear matrix proteome has proteins involved
in the aberrant processing of the genetic
information, the disorganization of the genome,
and altered nuclear structure. As such, these
NMPs are potential biomarkers of the disease.
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Human NMPs fall into at least three groups;
NMPs expressed in most cell types (e.g.,
heterogeneous nuclear ribonucleoproteins), cell
type specific NMPs, and disease state specific
NMPs [Khanuja et al., 1993; Replogle-Schwab
et al., 1996; Samuel et al., 1997, 1998]. It is this
last group that has been most informative in
cancer detection and diagnosis [Hughes and
Cohen, 1999; Leman and Getzenberg, 2002;
Luftner and Possinger, 2002]. NMPs specific
to breast, urothelial, bladder, colon and prostate
cancer have been identified [Luftner and Possi-
nger, 2002]. These cancer specific NMPs with
biomarker potential may include fusion trans-
cription factors (e.g., ETO-AML1 [Barseguian
et al., 2002]) or proteins aberrantly expressed
in cancer cells (e.g., an embryonic-specific
protein). Apoptosis or conditions like leaky
tumor vasculature can cause leakage of cancer
type specific NMPs in the bloodstream [Keesee
et al., 1996; Luftner and Possinger, 2002]. Thus
NMPs have great potential in the detection and
diagnosis of cancer and clinical trials are under-
way to test the specificity and sensitivity
of certain NMPs in cancer detection [Luftner
and Possinger, 2002]. As NMPs remain in
circulation after the death of cancer cells for
sufficient time to induce an immune response
[Miller et al., 1992], another strategy is to
detect antibodies against the disease specific

NMP. One success story came from the dis-
covery that NMP22 detected bladder cancer,
leading to the genesis of a U.S. Food and
Drug Administration-approved in-office test
for bladder cancer (NMP22 BladderChek1 sold
by Matritech, Inc.; http://www.matritech.com/).

Enzymes involved in chromatin remodeling
such as SWI/SNF, HAT, and HDACs are
associated with the nuclear matrix (Figs. 2
and 3). In an analyses of HDACs associated with
MCF-7 breast cancer cells, we found that
HDAC1, HDAC2, HDAC3 but not HDAC4 were
associated with the nuclear matrix [Sun et al.,
2001]. How the HDACs targeted to the nuclear
matrix is unknown. Presumably the proteins
will have a nuclear matrix-targeting domain as
identified for the RUNX transcription factor
[Harrington et al., 2002]. F-actin, a component
of the nuclear matrix, is involved in the nuclear
matrix binding of the HDACs as well as p53
[Okorokov et al., 2002; Andrin and Hendzel,
2004; McDonald et al., 2006]. It will be interest-
ing to determine whether HDACs 1 and 2 bind
directly to actin or more likely to an actin
binding protein.

Nuclear shape and chromatin appearance
are dramatically different in some oncogene-
transformed mouse fibroblasts, where these
changes in nuclear shape and chromatin
organization correlated with the metastatic

Fig. 2. Intranuclear distribution of Sp1, Sp3, HDAC1 and HDAC2 in MCF-7 cells. MCF-7 cells were grown
on coverslips in estrogen complete medium, fixed, and double labeled with anti-Sp1 and anti-Sp3 or anti-
HDAC1, and anti-HDAC2 antibodies. DNA was stained by DAPI. Sp1 and Sp3 as well as HDAC1 and
HDAC2 distributions were visualized by fluorescence microscopy and image deconvolution as described in
He et al. [2005]. Yellow in the merged images signifies colocalization. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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potential of the cell line. Alterations in the levels
of phosphorylated H1 and H3 histones in the
oncogene-transformed cells did not correlate
with the metastatic potential or changes in
nuclear shape. But the oncogene-transformed
cell lines with high metastatic potential had
radically different NMP profiles and paralleled
changes in nuclear shape. It is conceivable that
the alterations in NMPs have a role in changing
nuclear features.

Nuclear matrix proteins that have roles in
nuclear shape are lamins A and C, which are
localized to the nuclear periphery and also in
the interior of the nucleus [Hutchison, 2002;
Lammerding et al., 2006; Bridger et al., 2007]. A
multitude of human diseases referred to as
laminopathies results from a mutation in type A
lamins. Fibroblasts from laminopathy patients
have an altered nuclear morphology [Burke and
Stewart, 2002]. Further lamins A and C con-
tribute to mechanical stiffness of the nuclei
and position of chromosomes in the nucleus
[Lammerding et al., 2006; Meaburn et al., 2007].
In analyses of nuclear matrix proteins cross-
linked to DNA with cisplatin in a cell line panel
that reflected the stages of malignant progres-
sion in breast cancer, we observed an increase in
nuclear DNA contacts with lamins in cells that

had become estrogen-independent and anti-
estrogen resistant [Spencer et al., 2001]. These
results suggest that as estrogen-responsive
breast cancer cells progress towards estrogen
independence and antiestrogen resistance,
there are changes in contacts between nuclear
DNA and NMPs occurring that may alter the
nuclear positioning of chromosomal territories
and gene expression programs.

Our understanding of the RNA component of
the nuclear matrix has lagged behind that of
the NMPs. The work of Ron Berezney and
colleagues has highlighted the role of RNA not
only in nuclear matrix structure integrity
but also chromosome territories [Ma et al.,
1999]. Nuclear RNAs are likely to be involved
in the dynamic nuclear matrix architecture.
One example is XIST RNA which is associated
with the nuclear matrix [Clemson et al., 1996].

SP1 AND SP3 NUCLEAR LOCATION,
FOCI AND CANCER

Sp1 was the first mammalian transcription
factor to be purified and characterized.
Mammalian cells also express another Sp1-like
protein, Sp3. Sp1, and Sp3 regulate the trans-
criptional activity of many genes involved in

Fig. 3. Nuclear matrix distribution of Sp1, Sp3, HDAC1, and HDAC2. MCF-7 cells were grown on
coverslips in estrogen complete medium, and nuclear matrices were prepared as described in He et al.
[2005]. The remaining nuclear matrix was double labeled with anti-Sp1 and anti-Sp3 or anti-HDAC1 and
anti-HDAC2 antibodies. Most DNA was removed as made evident by the lack of DAPI staining. Sp1 and Sp3
as well as HDAC1 and HDAC2 distributions were visualized by fluorescence microscopy and image
deconvolution. Yellow in the merged images signifies colocalization. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

2010 He et al.



a wide range of biological processes, includ-
ing differentiation, cell cycle progression, and
oncogenesis [Li et al., 2004; Sapetschnig et al.,
2004; Jinawath et al., 2005].

Sp1 and Sp3 are localized in distinct non-
overlapping foci in the nucleus (Fig. 2) and with
the nuclear matrix (Fig. 3) [He et al., 2005].
These sub-nuclear foci containing Sp1 or Sp3
are infrequently associated with sites of trans-
cription. This is a common observation with a
number of transcription factors in that these
regulatory proteins are localized in foci that
infrequently overlap with sites of transcription
[Grande et al., 1997]. It has been proposed that
the transcription factor foci are involved in
transcription factor turnover or stabilization
[Stenoien et al., 2000]. Alternatively the foci
may be storage sites for transcription factors
[Grande et al., 1997]. In the latter case, the
foci may function to regulate the levels of Sp1/
Sp3 available to associate with interacting
proteins and/or regulatory elements. Sp1 and
Sp3 interact with several proteins, including
chromatin-modifying enzymes (e.g., HATs and
HDACs) [Li et al., 2004]. During mitosis, we
observed that once the nuclear membrane
disassembles in prometaphase Sp1 and Sp3
distribute as separate foci into the cell and are
displaced from the chromosomes. Sp3 entered
the reforming nucleus before Sp1 preceding
RNA polymerase II [He and Davie, 2006].

Over-expression of Sp1 and Sp3 may interfere
with their location in the nucleus and in
chromatin altering chromatin structure and
gene expression programming which in turn
may result in cancer. Sp1 and Sp3 protein levels
are often greater in cancer cells than in normal
cells [Lou et al., 2005]. For example, Sp1 levels
were greater in breast carcinomas compared to
benign breast lesions [Zannetti et al., 2000]; Sp1
was expressed at higher levels in human
hepatocellular carcinomas compared to control
livers [Lietard et al., 1997]; Sp1 levels were
greater in human thyroid tumors than in
normal thyroid tissues [Chiefari et al., 2002];
and Sp1 levels were greater in human gastric
cancer tissue than in normal adjacent gastric
mucosal tissue [Kitadai et al., 1992; Jiang et al.,
2004]. Of note, Sp1 expression is a predictor of
survival of gastric cancer [Wang et al., 2003].
Acknowledging that Sp1 over-expression had a
role in gastric cancer, it was proposed that
reducing the level of Sp1 would reduce the
metastatic potential of the gastric cancer cells.

Indeed, decreasing expression of Sp1 with Sp1
specific siRNA in gastric cancer cells reduced
their growth and metastatic potential when
injected into the stomach wall of mice [Jiang
et al., 2004]. Further, knocking down Sp1 and
Sp3 levels to those of normal cells reduced the
potential of fibrosarcoma cells to form tumors in
mice [Lou et al., 2005].

Sp1 and Sp3 are involved in the regulation of
thousands of genes involved in diverse bio-
logical processes [Liang et al., 2004; Jinawath
et al., 2005]. A recent ChIP on chip study
analyzing the distribution of Sp1 binding along
human chromosomes 21 and 22 demonstrated
a large number of Sp binding sites [Cawley
et al., 2004]. Interestingly only about 20% of
the Sp sites were those at the 50 end of protein
coding genes, with about 40% of the sites
being located at the 30 end of non-coding
RNA genes. Considering that (1) Sp1/Sp3
binding sites are distributed widely in chromo-
somes, (2) Sp1/Sp3 overexpression is seen
in transformed cells, and (3) reduction of Sp1/
Sp3 overexpression prevents transformation
(invasion), it is possible that overexpression of
Sp1/Sp3 leads to changes in gene expression
and chromatin structure.

The nuclear matrix associated Sp1/Sp3
foci may have a role in regulating the levels of
Sp1/Sp3 circulating in the nucleus and their
dynamic binding to regulatory sequences in the
genome. Inappropriate sub-nuclear targeting of
Sp1 and Sp3 or exceeding the capacity of the foci
to retain Sp1 and/or Sp3 may result in the
increased association of Sp1 and Sp3 to their
binding sites in chromatin. Note that Sp1 can
bind to the Sp site in nucleosomal DNA
although at a reduced affinity relative to naked
DNA. Alterations in either Sp1 or Sp3 targeting
to nuclear matrix sites or changes in the
concentrations of these factors could result in
aberrant remodeling of chromatin leading to
dysfunction of the genome, including genomic
instability.

GENOMIC INSTABILITY

Genomic instability is one of the hallmarks of
a cancer cell [Boland and Goel, 2005]. Studies by
Heng et al. [2006] have found that non-clonal
chromosomal aberrations rather than clonal
chromosomal aberrations are linked to genomic
instability. We have analyzed the chromosomes
of cancer cells in culture by spectral karyotyping
(SKY). Our studies have revealed that breast

Chromatin Modifying Enzymes, Nuclear Matrix and Nuclear Shape 2011



cancer cells (MCF-7), colorectal cancer cells
(HCT-116), and pancreatic cancer cells (Panc-1)
are aneuploid. Figure 4 shows two karyotypes of
MCF-7 cells. We were surprised to learn that for
any given cell line the cell’s karyotype was quite
variable, providing evidence that each cell in
culture has a different chromosome composi-
tion. Thus the copy number of any particular
chromosome may vary from cell to cell. For
example, chromosome 21, which harbors the
TFF1 gene (21q22.3), varied from 1 to 5 copies.
It is unclear whether all the TFF1 genes in
cells with multiple copies of chromosome 21 are
estrogen responsive. It is conceivable that
pending the nuclear position of the chromosome
21s, the nuclear location of a chromosome
21 may determine whether the TFF1 gene is
poised for transcription [Chuang et al.,
2006]. Realizing that genomic instability is
rampant in these cells, this presents issues
with procedures such as the ChIP assay and
chromosome genomic hybridization method as
both will average the events occurring in the
cell population. Clearly, the analyses of trans-
cription factor dynamic loading onto estrogen
responsive genes, for example, are being done in
a background of genomic instability.

CONCLUSIONS

It is becoming increasingly evident that
there is interplay between chromatin modifying
enzymes and the nuclear matrix proteins, such

as lamins, resulting in an alteration in nuclear
shape. It is a rewarding that basic research on
HDACs gave rise to an HDAC inhibitor [SAHA
also known as vorinostat and ZolinzaTM (Merck
& Co., Inc.)] being approved by the U.S. Food
and Drug Administration for the treatment
of cutaneous T-cell lymphoma. It is also exciting
that histone modifications may have value
in prognosis of cancer types. There are many
mysteries in the dynamics of nuclear organiza-
tion and function that with time will be known.
Eventually we will understand the mechanisms
involved in altering nuclear shape and explain
the changes pathologists have observed for
many years to diagnose cancer.

ACKNOWLEDGMENTS

This work was supported by Canadian
Institute of Health Research (MOP-9186),
CancerCare Manitoba Foundation, Inc.,
National Cancer Institute of Canada (funds
from the Canadian Cancer Society), Canada
Research Chair to JRD, Studentship from
National Cancer Institute of Canada (funds
from the Terry Fox Foundation) to BD, and
CIHR Canada Graduate Scholarships Doctoral
Award to PSE.

REFERENCES

Andrin C, Hendzel MJ. 2004. F-actin-dependent insolubil-
ity of chromatin-modifying components. J Biol Chem 279:
25017–25023.

Fig. 4. SKY images of karyotypes of human MCF-7 breast cancer cells. The two karyoypes are substantially
different, showing the variation in chromosomes from one MCF-7 cell to the next. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

2012 He et al.



Anest V, Cogswell PC, Baldwin AS, Jr. 2004. IkappaB
kinase alpha and p65/RelA contribute to optimal
epidermal growth factor-induced c-fos gene expression
independent of IkappaBalpha degradation. J Biol Chem
279:31183–31189.

Barseguian K, Lutterbach B, Hiebert SW, Nickerson J,
Lian JB, Stein JL, van Wijnen AJ, Stein GS. 2002.
Multiple subnuclear targeting signals of the leukemia-
related AML1/ETO and ETO repressor proteins. Proc
Natl Acad Sci USA 99:15434–15439.

Bode AM, Dong Z. 2005. Inducible covalent posttransla-
tional modification of histone H3. Sci STKE 281:re4.

Boland CR, Goel A. 2005. Somatic evolution of cancer cells.
Semin Cancer Biol 15:436–450.

Bridger JM, Foeger N, Kill IR, Herrmann H. 2007. The
nuclear lamina. Both a structural framework and a
platform for genome organization. FEBS J 274:1354–
1361.

Burke B, Stewart CL. 2002. Life at the edge: The nuclear
envelope and human disease. Nat Rev Mol Cell Biol
3:575–585.

Cawley S, Bekiranov S, Ng HH, Kapranov P, Sekinger EA,
Kampa D, Piccolboni A, Sementchenko V, Cheng J,
Williams AJ, Wheeler R, Wong B, Drenkow J, Yamanaka
M, Patel S, Brubaker S, Tammana H, Helt G, Struhl K,
Gingeras TR. 2004. Unbiased mapping of transcription
factor binding sites along human chromosomes 21 and 22
points to widespread regulation of noncoding RNAs. Cell
116:499–509.

Chadee DN, Taylor WR, Hurta RAR, Allis CD, Wright JA,
Davie JR. 1995. Increased phosphorylation of histone H1
in mouse fibroblasts transformed with oncogenes or
constitutively active mitogen-activated protein kinase
kinase. J Biol Chem 270:20098–20105.

Chadee DN, Hendzel MJ, Tylipski CP, Allis CD, Bazett-
Jones DP, Wright JA, Davie JR. 1999. Increased Ser-10
phosphorylation of histone H3 in mitogen-stimulated and
oncogene-transformed mouse fibroblasts. J Biol Chem
274:24914–24920.

Chadee DN, Peltier CP, Davie JR. 2002. Histone H1(S)-3
phosphorylation in Ha-ras oncogene-transformed mouse
fibroblasts. Oncogene 21:8397–8403.

Chiefari E, Brunetti A, Arturi F, Bidart JM, Russo D,
Schlumberger M, Filetti S. 2002. Increased expression of
AP2 and Sp1 transcription factors in human thyroid
tumors: A role in NIS expression regulation? BMC
Cancer 2:35.

Chuang CH, Carpenter AE, Fuchsova B, Johnson T, de LP,
Belmont AS. 2006. Long-range directional movement
of an interphase chromosome site. Curr Biol 16:825–831.

Clayton AL, Rose S, Barratt MJ, Mahadevan LC. 2000.
Phosphoacetylation of histone H3 on c-fos- and c-jun-
associated nucleosomes upon gene activation. EMBO J
19:3714–3726.

Clayton AL, Hazzalin CA, Mahadevan LC. 2006. Enhanced
histone acetylation and transcription: A dynamic per-
spective. Mol Cell 23:289–296.

Clemson CM, McNeil JA, Willard HF, Lawrence JB. 1996.
XIST RNA paints the inactive X chromosome at inter-
phase: Evidence for a novel RNA involved in nuclear/
chromosome structure. J Cell Biol 132:259–275.

Coffey DS. 2002. Nuclear matrix proteins as proteomic
markers of preneoplastic and cancer lesions. Clin Cancer
Res 8:3031–3033.

Davie JR. 2003a. Inhibition of histone deacetylase activity
by butyrate. J Nutr 133:2485S–2493S.

Davie JR. 2003b. MSK1 and MSK2 mediate mitogen- and
stress-induced phosphorylation of histone H3: A con-
troversy resolved. Sci STKE 2003:E33.

Davie JR, Samuel S, Spencer V, Bajno L, Sun J-M, Chen
HY, Holth LT. 1998. Nuclear matrix: Application to
diagnosis of cancer and role in transcription and
modulation of chromatin structure. GeneTher Mol Biol
1:509–528.

Debes JD, Sebo TJ, Lohse CM, Murphy LM, Haugen de AL,
Tindall DJ. 2003. p300 in prostate cancer proliferation
and progression. Cancer Res 63:7638–7640.

Debes JD, Sebo TJ, Heemers HV, Kipp BR, Haugen de AL,
Lohse CM, Tindall DJ. 2005. p300 modulates nuclear
morphology in prostate cancer. Cancer Res 65:708–
712.

Dimitrova DS, Berezney R. 2002. The spatio-temporal
organization of DNA replication sites is identical in
primary, immortalized and transformed mammalian
cells. J Cell Sci 115:4037–4051.

Dong Z, Bode AM. 2006. The role of histone H3 phosphory-
lation (Ser10 and Ser28) in cell growth and cell trans-
formation. Mol Carcinog 45:416–421.

Drobic B, Espino PS, Davie JR. 2004. MSK1 activity and
histone H3 phosphorylation in oncogene-transformed
mouse fibroblasts. Cancer Res 64:9076–9079.

Dunn KL, Davie JR. 2005. Stimulation of the Ras-MAPK
pathway leads to independent phosphorylation of histone
H3 on serine 10 and 28. Oncogene 24:3492–3502.

Dunn KL, Espino P, Drobic B, He S, Davie JR. 2005. The
Ras-MAPK signal transduction pathway, cancer and
chromatin remodeling. Biochem Cell Biol 83:1–14.

Dyson MH, Thomson S, Inagaki M, Goto H, Arthur SJ,
Nightingale K, Iborra FJ, Mahadevan LC. 2005. MAP
kinase-mediated phosphorylation of distinct pools of
histone H3 at S10 or S28 via mitogen- and stress-
activated kinase 1/2. J Cell Sci 118:2247–2259.

Espino PS, Drobic B, Dunn KL, Davie JR. 2005. Histone
modifications as a platform for cancer therapy. J Cell
Biochem 94:1088–1102.

Espino PS, Li L, He S, Yu J, Davie JR. 2006. Chromatin
modification of the trefoil factor 1 gene in human breast
cancer cells by the Ras-MAPK pathway. Cancer Res
66:4610–4616.

Esteller M. 2007. Cancer epigenomics: DNA methylomes
and histone-modification maps. Nat Rev Genet 8:286–
298.

Goto H, Yasui Y, Nigg EA, Inagaki M. 2002. Aurora-B
phosphorylates histone H3 at serine28 with regard to
the mitotic chromosome condensation. Genes Cells 7:
11–17.

Grande MA, Van der Kraan I, de Jong L, van Driel R. 1997.
Nuclear distribution of transcription factors in relation to
sites of transcription and RNA polymerase II. J Cell Sci
110:1781–1791.

Hake SB, Xiao A, Allis CD. 2004. Linking the epigenetic
’language’ of covalent histone modifications to cancer. Br
J Cancer 90:761–769.

Harrington KS, Javed A, Drissi H, McNeil S, Lian JB,
Stein JL, van Wijnen AJ, Wang YL, Stein GS. 2002.
Transcription factors RUNX1/AML1 and RUNX2/Cbfa1
dynamically associate with stationary subnuclear
domains. J Cell Sci 115:4167–4176.

Chromatin Modifying Enzymes, Nuclear Matrix and Nuclear Shape 2013



Hazzalin CA, Mahadevan LC. 2002. MAPK-regulated
transcription: A continuously variable gene switch? Nat
Rev Mol Cell Biol 3:30–40.

Hazzalin CA, Mahadevan LC. 2005. Dynamic acetylation of
all lysine 4-methylated histone H3 in the mouse nucleus:
Analysis at c-fos and c-jun. PLoS Biol 3:e393.

He S, Davie JR. 2006. Sp1 and Sp3 foci distribution
throughout mitosis. J Cell Sci 119:1063–1070.

He S, Sun JM, Li L, Davie JR. 2005. Differential intra-
nuclear organization of transcription factors Sp1 and
Sp3. Mol Biol Cell 16:4073–4083.

Heng HH, Stevens JB, Liu G, Bremer SW, Ye KJ, Reddy
PV, Wu GS, Wang YA, Tainsky MA, Ye CJ. 2006.
Stochastic cancer progression driven by non-clonal
chromosome aberrations. J Cell Physiol 208:461–472.

Hughes JH, Cohen MB. 1999. Nuclear matrix proteins and
their potential applications to diagnostic pathology. Am J
Clin Pathol 111:267–274.

Hutchison CJ. 2002. Lamins: Building blocks or regulators
of gene expression? Nat Rev Mol Cell Biol 3:848–858.

Jackson DA. 2003. The principles of nuclear structure.
Chromosome Res 11:387–401.

Jackson DA, Cook PR. 1985. Transcription occurs at a
nucleoskeleton. EMBO J 4:919–925.

Jiang Y, Wang L, Gong W, Wei D, Le X, Yao J, Ajani J,
Abbruzzese JL, Huang S, Xie K. 2004. A high expression
level of insulin-like growth factor I receptor is associated
with increased expression of transcription factor Sp1 and
regional lymph node metastasis of human gastric cancer.
Clin Exp Metastasis 21:755–764.

Jin J, Cai Y, Li B, Conaway RC, Workman JL, Conaway
JW, Kusch T. 2005. In and out: Histone variant exchange
in chromatin. Trends Biochem Sci 30:680–687.

Jinawath A, Miyake S, Yanagisawa Y, Akiyama Y, Yuasa
Y. 2005. Transcriptional regulation of the human DNA
methyltransferase 3A and 3B genes by Sp3 and Sp1 zinc
finger proteins. Biochem J 385:557–564.

Jonkers J, Berns A. 2004. Oncogene addiction: Sometimes a
temporary slavery. Cancer Cell 6:535–538.

Keesee SK, Briggman JV, Thill G, Wu YJ. 1996. Utilization
of nuclear matrix proteins for cancer diagnosis. Crit Rev
Eukaryot Gene Expr 6:189–214.

Khanuja PS, Lehr JE, Soule HD, Gehani SK, Noto AC,
Choudhury S, Chen R, Pienta KJ. 1993. Nuclear matrix
proteins in normal and breast cancer cells. Cancer Res
53:3394–3398.

Kitadai Y, Yasui W, Yokozaki H, Kuniyasu H, Haruma K,
Kajiyama G, Tahara E. 1992. The level of a transcription
factor Sp1 is correlated with the expression of EGF
receptor in human gastric carcinomas. Biochem Biophys
Res Commun 189:1342–1348.

Lammerding J, Fong LG, Ji JY, Reue K, Stewart CL, Young
SG, Lee RT. 2006. Lamins A and C but not lamin B1
regulate nuclear mechanics. J Biol Chem 281:25768–
25780.

Langst G, Becker PB. 2004. Nucleosome remodeling: One
mechanism, many phenomena? Biochim Biophys Acta
1677:58–63.

Leman ES, Getzenberg RH. 2002. Nuclear matrix proteins
as biomarkers in prostate cancer. J Cell Biochem 86:213–
223.

Lewis BA, Reinberg D. 2003. The mediator coactivator
complex: Functional and physical roles in transcriptional
regulation. J Cell Sci 116:3667–3675.

Li L, Sun J-M, Davie JR. 2004. Gene regulation by Sp1 and
Sp3. Biochem Cell Biol 82:460–471.

Liang H, O’Reilly S, Liu Y, Abounader R, Laterra J,
Maher VM, McCormick JJ. 2004. Sp1 regulates expres-
sion of MET, and ribozyme-induced down-regulation of
MET in fibrosarcoma-derived human cells reduces or
eliminates their tumorigenicity. Int J Oncol 24:1057–
1067.

Lietard J, Musso O, Theret N, L’Helgoualc’h A, Campion
JP, Yamada Y, Clement B. 1997. Sp1-mediated transac-
tivation of LamC1 promoter and coordinated expression
of laminin-gamma1 and Sp1 in human hepatocellular
carcinomas. Am J Pathol 151:1663–1672.

Lim JH, Catez F, Birger Y, West KL, Prymakowska-Bosak
M, Postnikov YV, Bustin M. 2004. Chromosomal protein
HMGN1 modulates histone H3 phosphorylation. Mol Cell
15:573–584.

Lou Z, O’Reilly S, Liang H, Maher VM, Sleight SD,
McCormick JJ. 2005. Down-regulation of overexpressed
sp1 protein in human fibrosarcoma cell lines inhibits
tumor formation. Cancer Res 65:1007–1017.

Luftner D, Possinger K. 2002. Nuclear matrix proteins as
biomarkers for breast cancer. Expert Rev Mol Diagn 2:
23–31.

Ma H, Siegel AJ, Berezney R. 1999. Association of
chromosome territories with the nuclear matrix. Dis-
ruption of human chromosome territories correlates with
the release of a subset of nuclear matrix proteins. J Cell
Biol 146:531–542.

Martens JH, Verlaan M, Kalkhoven E, Zantema A. 2003.
Cascade of distinct histone modifications during collage-
nase gene activation. Mol Cell Biol 23:1808–1816.

McDonald D, Carrero G, Andrin C, de VG, Hendzel MJ.
2006. Nucleoplasmic beta-actin exists in a dynamic
equilibrium between low-mobility polymeric species
and rapidly diffusing populations. J Cell Biol 172:541–
552.

Meaburn KJ, Cabuy E, Bonne G, Levy N, Morris GE,
Novelli G, Kill IR, Bridger JM. 2007. Primary laminop-
athy fibroblasts display altered genome organization and
apoptosis. Aging Cell 6:139–153.

Miller TE, Beausang LA, Winchell LF, Lidgard GP. 1992.
Detection of nuclear matrix proteins in serum from
cancer patients. Cancer Res 52:422–427.

Minucci S, Pelicci PG. 2006. Histone deacetylase inhibitors
and the promise of epigenetic (and more) treatments for
cancer. Nat Rev Cancer 6:38–51.

Nickerson JA, Blencowe BJ, Penman S. 1995. The
architectural organization of nuclear metabolism. Int
Rev Cytol 162A:67–123.

Okorokov AL, Rubbi CP, Metcalfe S, Milner J. 2002. The
interaction of p53 with the nuclear matrix is mediated by
F-actin and modulated by DNA damage. Oncogene
21:356–367.

Peterson CL, Laniel MA. 2004. Histones and histone
modifications. Curr Biol 14:R546–R551.

Pierrat B, Correia JS, Mary JL, Tomas-Zuber M, Lesslauer
W. 1998. RSK-B, a novel ribosomal S6 kinase family
member, is a CREB kinase under dominant control of
p38alpha mitogen-activated protein kinase (p38alpha-
MAPK). J Biol Chem 273:29661–29671.

Prest SJ, May FE, Westley BR. 2002. The estrogen-
regulated protein, TFF1, stimulates migration of human
breast cancer cells. FASEB J 16:592–594.

2014 He et al.



Replogle-Schwab TS, Pienta KJ, Getzenberg RH. 1996. The
utilization of nuclear matrix proteins for cancer diag-
nosis. Crit Rev Eukaryot Gene Expr 6:103–113.

Rodrigues S, Attoub S, Nguyen QD, Bruyneel E, Rodrigue
CM, Westley BR, May FE, Thim L, Mareel M, Emami S,
Gespach C. 2003a. Selective abrogation of the proinva-
sive activity of the trefoil peptides pS2 and spasmolytic
polypeptide by disruption of the EGF receptor signaling
pathways in kidney and colonic cancer cells. Oncogene
22:4488–4497.

Rodrigues S, Van Aken E, Van Bocxlaer S, Attoub S,
Nguyen QD, Bruyneel E, Westley BR, May FE, Thim L,
Mareel M, Gespach C, Emami S. 2003b. Trefoil peptides
as proangiogenic factors in vivo and in vitro: Implication
of cyclooxygenase-2 and EGF receptor signaling. FASEB
J 17:7–16.

Samuel SK, Minish MM, Davie JR. 1997. Nuclear matrix
proteins in well and poorly differentiated human breast
cancer cell lines. J Cell Biochem 66:9–15.

Samuel SK, Spencer VA, Bajno L, Sun J-M, Holth LT,
Oesterreich S, Davie JR. 1998. In situ cross-linking by
cisplatin of nuclear matrix-bound transcription factors to
nuclear DNA of human breast cancer cells. Cancer Res
58:3004–3008.

Sapetschnig A, Koch F, Rischitor G, Mennenga T, Suske G.
2004. Complexity of translationally controlled transcrip-
tion factor Sp3 isoform expression. J Biol Chem 279:
42095–42105.

Seligson DB, Horvath S, Shi T, Yu H, Tze S, Grunstein M,
Kurdistani SK. 2005. Global histone modification pat-
terns predict risk of prostate cancer recurrence. Nature
435:1262–1266.

Sims RJ, III, Reinberg D. 2006. Histone H3 Lys 4
methylation: Caught in a bind? Genes Dev 20:2779–
2786.

Soloaga A, Thomson S, Wiggin GR, Rampersaud N, Dyson
MH, Hazzalin CA, Mahadevan LC, Arthur JS. 2003.
MSK2 and MSK1 mediate the mitogen- and stress-
induced phosphorylation of histone H3 and HMG-14.
EMBO J 22:2788–2797.

Spencer VA, Samuel SK, Davie JR. 2001. Altered profiles in
nuclear matrix proteins associated with DNA in situ
during progression of breast cancer cells. Cancer Res
61:1362–1366.

Stein GS, Lian JB, van Wijnen AJ, Stein JL, Javed A,
Montecino M, Zaidi SK, Young D, Choi JY, Gutierrez S,

Pockwinse S. 2004. Nuclear microenvironments support
assembly and organization of the transcriptional regu-
latory machinery for cell proliferation and differentia-
tion. J Cell Biochem 91:287–302.

Stenoien DL, Mancini MG, Patel K, Allegretto EA, Smith
CL, Mancini MA. 2000. Subnuclear trafficking of estro-
gen receptor-alpha and steroid receptor coactivator-1.
Mol Endocrinol 14:518–534.

Strelkov IS, Davie JR. 2002. Ser-10 phosphorylation of
histone H3 and immediate early gene expression in
oncogene-transformed mouse fibroblasts. Cancer Res
62:75–78.

Sun J-M, Chen HY, Davie JR. 2001. Effect of estradiol on
histone acetylation dynamics in human breast cancer
cells. J Biol Chem 276:49435–49442.

Thomson S, Clayton AL, Hazzalin CA, Rose S, Barratt MJ,
Mahadevan LC. 1999. The nucleosomal response asso-
ciated with immediate-early gene induction is mediated
via alternative MAP kinase cascades: MSK1 as a
potential histone H3/HMG-14 kinase. EMBO J 18:
4779–4793.

Thomson S, Clayton AL, Mahadevan LC. 2001. Independ-
ent dynamic regulation of histone phosphorylation and
acetylation during immediate-early gene induction. Mol
Cell 8:1231–1241.

Trus MR, Yang L, Suarez SF, Bordeleau L, Jurisica I,
Minden MD. 2005. The histone deacetylase inhibitor
valproic acid alters sensitivity towards all trans retinoic
acid in acute myeloblastic leukemia cells. Leukemia 19:
1161–1168.

Vermeulen L, De Wilde G, Van Damme P, Vanden Berghe
W, Haegeman G. 2003. Transcriptional activation of
the NF-kappaB p65 subunit by mitogen- and stress-
activated protein kinase-1 (MSK1). EMBO J 22:1313–
1324.

Vogelstein B, Kinzler KW. 2004. Cancer genes and the
pathways they control. Nat Med 10:789–799.

Wang L, Wei D, Huang S, Peng Z, Le X, Wu TT, Yao J, Ajani
J, Xie K. 2003. Transcription factor Sp1 expression is a
significant predictor of survival in human gastric cancer.
Clin Cancer Res 9:6371–6380.

Zannetti A, Del VS, Carriero MV, Fonti R, Franco P, Botti
G, D’Aiuto G, Stoppelli MP, Salvatore M. 2000. Coor-
dinate up-regulation of Sp1 DNA-binding activity and
urokinase receptor expression in breast carcinoma.
Cancer Res 60:1546–1551.

Chromatin Modifying Enzymes, Nuclear Matrix and Nuclear Shape 2015


