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Interleukin-6 (IL-6), involved in cancer-related inflammation, acts as an autocrine and paracrine growth
factor, which promotes angiogenesis, metastasis, and subversion of immunity, and changes the response to
hormones and to chemotherapeutics. We explored transcription mechanisms involved in differential IL-6 gene
expression in breast cancer cells with different metastatic properties. In weakly metastatic MCF7 cells, histone
H3 K9 methylation, HP1 binding, and weak recruitment of AP-1 Fra-1/c-Jun, NF-kB p65 transcription factors,
and coactivators is indicative of low chromatin accessibility and gene transcription at the IL-6 gene promoter.
In highly metastatic MDA-MB231 cells, strong DNase, MNase, and restriction enzyme accessibility, as well
potent constitutive transcription of the IL-6 gene promoter, coincide with increased H3 S10 K14 phosphoacety-
lation and promoter enrichment of AP-1 Fra-1/c-Jun and NF-kB p65 transcription factors and MSKI1,
CBP/p300, Brgl, and Ezh2 cofactors. Complementation, silencing, and kinase inhibitor experiments further
demonstrate involvement of AP-1 Fra-1/c-Jun and NF-kB p65/RelB members, but not of the alpha estrogen
receptor in promoting chromatin accessibility and transcription across the IL-6 gene promoter in metastatic
breast cancer cells. Finally, the natural withanolide Withaferin A was found to repress IL-6 gene transcription
in metastatic breast cancer cells upon dual inhibition of NF-kB and AP-1 Fra-1 transcription factors and

silencing of IL-6 promoter chromatin accessibility.

Today, various links have been established between chronic
inflammation and cancer, converging on the transcription fac-
tor NF-kB (48, 53). Controlled expression of NF-kB-driven
cytokine genes is an essential component of the immune re-
sponse and crucial for homeostasis. However, upon switching
from inducible to constitutive NF-kB activity, cellular growth
becomes deregulated. As observed in many cancers, cells be-
come resistant to apoptosis or demonstrate a propensity to
metastasize due to constitutive expression of chemokines, cy-
tokines, and growth factors (21, 50). In addition, hyperacti-
vated activator protein 1 (AP-1) transcription factors are
closely involved in cancer invasive gene expression programs,
including cytokine gene expression (10, 23, 59).

Besides its health-beneficial role in inflammation, the cyto-
kine interleukin-6 (IL-6) also acts as a paracrine/autocrine
growth factor of many tumor cells and confers cancer therapy
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resistance, which correlates with worse prognosis in breast
cancer patients (12, 57, 80, 82, 89). Transcription of the highly
conserved IL-6 gene promoter requires binding of AP-1,
cyclic AMP-responsive element-binding protein (CREB),
and NF-kB transcription factors in response to various stimuli
(76, 79), with strict stereospecific requirements for optimal
cofactor recruitment, promoting a promoter enhanceosome
model with multiple transcription factor-cofactor interactions,
in which NF-kB is the primary trigger for IL-6 gene induction
in response to tumor necrosis factor (TNF) (76, 79). TNF-
induced IL-6 gene expression also requires activation of the
mitogen- and stress-activated protein kinase-1 (MSK1) to elicit
selective chromatin relaxation at the IL-6 gene promoter, upon
phosphorylation of NF-kB p65 S276 and histone H3 S10, fol-
lowed by further CBP-dependent acetylation of the IL-6 en-
hanceosome/chromatin environment (85). Nowadays, it is clear
that proper expression of each NF-kB-dependent gene re-
quires dynamic cross-talk of promoter enhanceosomes with
the local chromatin environment (1, 6, 56, 62, 78). However,
it still remains elusive whether transcription factor activa-
tion is a prerequisite for chromatin remodeling or, recipro-
cally, whether local chromatin settings dictate transcription
factor binding activities to trigger selective cytokine gene ex-
pression.

Within this report, we explored whether chromatin-based
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mechanisms are responsible for differential IL-6 gene expres-
sion in weakly or highly invasive breast cancer cell types. Can-
cer is nowadays also recognized as en epigenetic disease, since
various environmental exposures, chronic inflammation, and
aberrant growth factor pathways can deregulate histone/DNA
modifications and chromatin remodeling factors (7, 25, 45, 78).
Unequal nuclease sensitivities between tumor and normal cell
genomes already demonstrated different chromatin organiza-
tion in benign and malignant cells (52, 63). We have applied
chromatin immunoprecipitation (ChIP), chromatin accessibil-
ity assays (DNase, micrococcal nuclease [MNase], and restric-
tion enzyme accessibility), and functional approaches (small
interfering RNA [siRNA] and inhibitor studies) to further
unravel the relationship between transcription factor activa-
tion and changes in chromatin structure in relation to IL-6
gene expression levels, in various breast cancer cell types rep-
resentative of weak or strong metastatic breast tumor samples.

MATERIALS AND METHODS

Cell lines and reagents. The human breast cancer cell lines MCF7, MCF7-
Fral, MDA-MB231, MDA-MB468, ZR75, and T47D were grown as previously
described (10, 88). Recombinant TNF, produced in Escherichia coli and purified
to at least 99% homogeneity in our laboratory, has been described elsewhere
(77). Kinase inhibitors were purchased from Calbiochem (IKK2i IV), Chroma-
dex (Withaferin A), Promega (U0126), or Alexis (p38 inhibitor SB2053810 and
Jun N-terminal protein kinase [JNK] inhibitor SPC600125).

RNA isolation and real-time qPCR analysis. For induction experiments,
breast cancer cells were seeded in six-well dishes and treated with or without
2,500 IU/ml TNF as indicated in the figure legends. Total RNA was extracted by
the acid guanidinium thiocyanate-phenol-chloroform method using the Trizol
reagent (Invitrogen, Merelbeke, Belgium). Reverse transcription (RT) was per-
formed on 500 ng of total RNA in a 30-pl total volume. After 1/5 dilution,
quantitative real-time PCR (qPCR) was performed on 5 pl of mixture for each
condition using Invitrogen Sybr green platinum Supermix-UDG on a iCycler
apparatus (Bio-Rad, Eke, Belgium). A serial dilution of a cDNA mix standard
was used to determine the efficiency of the PCR. All amplifications were per-
formed in duplicate or triplicate, and data were analyzed using Genex software
(Bio-Rad, Eke, Belgium), taking primer set efficiency into account. The following
qPCR primers were used: for IL-6, sense primer 5'GACAGCCACTCACCT
CTTCA3' and antisense primer 5’AGTGCCTCTTTGCTGCTTTC34, and
for B-actin, sense primer 5’GGATGCAGAAGGAGATCACTG3’ and anti-
sense primer 5'CGATCCACACGGAGTACTTG3'. For classic semiquanti-
tative RT-PCR (Fig. 1B), we used the following primers: for IL-6, sense
primer 5'GGAGTACCATAGCTACCTGG3' and antisense primer 5'GACC
ACAGTGAGGAATGTCC3', and for the IL-6 cDNA amplicon of 331 bp and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), sense primer 5'GTC
CATGCCATCACTGCCAZ3' and antisense primer 5'GTGGGAGTTGCTGT
TGAAG3’, with a GAPDH amplicon of 342 bp. PCR conditions for RT-PCR
were as follows: 94°C for 120 s; 30 cycles of 94°C for 30 s, 57°C for 30 s, and 68°C
for 45 s; and final elongation at 68°C for 8 min. PCR products were resolved on
a 1.2% agarose gel.

ELISA. IL-6 secretion in cell supernatants collected at various time points
following TNF induction, was measured by sandwich enzyme-linked immunosor-
bent assay (ELISA) according to the manufacturer instructions.

Western blot analysis and antibodies. Western blot analysis was performed as
previously described (85). Antibodies directed against Fra-1 (H50), c-Jun (H79),
CREB (C21)X, C/EBPB (C19)X, RelB (C19), Spl (PEP2), and p53 (D-01) were
obtained from Santa-Cruz Biotechnology, Inc. Antibodies against p65 and phos-
pho-specific antibodies against S73 c-Jun and S536 p65 were from Cell Signaling
Technology (Beverly, MA). B-Actin antibodies were obtained from Sigma.

Nuclease digestions, restriction enzyme accessibility, and IEL. The indirect
end-labeling (IEL) technique was performed as previously described (81, 83, 84)
with minor modifications. Briefly, cell nuclei were purified from exponentially
growing cells. Nuclease digestion (with either DNase I, MNase, or restriction
enzymes) was performed in situ on intact nuclei in the presence of the specific
digestion buffer for each nuclease: for DNase I, digestion buffer A (10 mM Tris,
pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.3 M sucrose); for MNase, buffer A
supplemented with 10 mM CacCl,; and for restriction enzymes, the recommended
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buffer from New England Biolabs (Beverly, MA) supplemented with 100 mg/ml
bovine serum albumin and 0.1 mM phenylmethylsulfonyl fluoride. Sodium bu-
tyrate was added to all buffers at a final concentration of 1 mM. Nuclei were
digested for 10 min on ice for DNase I, 20 min at 22°C for MNase, and 30 min
at the recommended temperature for restriction enzymes. Reactions were
stopped by addition of 2X proteinase K buffer (100 mM Tris, pH 7.5, 200 mM
NaCl, 2 mM EDTA, 1% sodium dodecyl sulfate). Following proteinase K and
RNase treatment, genomic DNA underwent phenol-chloroform-isoamyl alcohol
(25:24:1) and chloroform extractions and was resuspended in sterile water after
ethanol precipitation. Purified DNA (15 to 30 pg) was incubated overnight at
37°C with an excess of Pstl. Samples were then analyzed by electrophoresis on a
1.5% agarose gel. Commercial length markers that are highly enriched for repeat
sequences were used as markers, where 1 pl was added to 15 or 30 pg genomic
DNA and electrophoresed (100-bp marker; New England Biolabs). Following
electrophoresis, Southern blotting was carried out: samples were hybridized on a
Hybond N+ membrane with a [**P]dCTP-radiolabeled probe spanning nt +1757
to nt +2453 from the IL-6 gene (corresponding to the HindIII-Pstl fragment),
and the membrane was washed and exposed to X-ray films for autoradiography
or to Phospho-Imager screens. Alternative to the HindIII-Pstl hybridization
probe, a Smal-EcoRI probe was designed, as schematically depicted in Fig. 4A.
IEL hybridization results were analyzed and quantified by free ImageJ sofware
(http://rsb.info.nih.gov/ij/), and hypersensitive DNase or MNase positions along
the IL-6 gene locus have been calculated according to length marker standard
curves.

CHART qPCR. Determination of chromatin accessibility by real-time PCR
(CHART PCR) using the Nhel restriction enzyme was performed as previously
described (30). Normalization of Nhel-cut DNA samples was performed against
an upstream DNA region lacking Nhel restriction sites. The relative percentage
of Nhel-accessible chromatin DNA was calculated by subtracting the relative
amount of amplified uncut IL-6 promoter DNA (i.e., normalized for the starting
amount of DNA by qPCR amplification of an Nhel-insensitive DNA region)
from 100% starting material (as accessible plus unaccessible chromatin fractions
added up to 100%). The following qPCR primer sets were used: set 1 (containing
the Nhel restriction site), forward primer 5" CGTGCATGACTTCAGCTTTAC
3" and reverse primer 5 TGCAGCTTAGGTCGTCATTG 3'; and set 2 (no
Nhel restriction site), forward primer 5 GAAGGCTGTGGAATTCTGAC 3’
and reverse primer 5’ CAGCTCGGCTATATCGGTTC 3'.

ChIP assay. ChIP analysis was performed as described previously (85). ChIP
antibodies used were against Fral (H50), c-Jun (H79), NF-«kB p50 (NLS), Brgl
(H88), p300 (C20), CBP (C20), IKK1 (Santa Cruz Biotechnology, Inc.), HP1,
Ezh3, histone H3, H3 K9me2 (Abcam), NF-kB p65 (Biomol), MSK1 (Sigma),
H3 S10 P, H3 K9 Ac, K14 Ac, HDAC1 (Upstate), and RNA polymerase IT (Pol
II) C-terminal domain (CTD) (Babco). qPCR of coimmunoprecipitated genomic
DNA fragments was performed on a Bio-Rad iCycler with the following pro-
moter-specific primers: sense primer 5'-CGTGCATGACTTCAGCTTTAC-3’
and reverse primer 5'-TGCAGCTTAGGTCGTCATTG-3'. ChIP results are
presented as ratio of specific to aspecific-antibody-bound immunoprecipitate
DNA to input fraction. ChIP experiments were repeated between two and six
times. The standard error of the mean of the different ChIP experiments varies
between 15 and 30% between experiments.

siRNA transfection experiments. siRNA against p65 was designed by Cell
Signaling. siRNAs against Fra-1, c-Jun, RelB, and ERa were synthesized by
MWG-Biotech and target the following sequences: Fra-1, 5'-AACACCATGA
GTGGCAGTCAG-3'; c-Jun, 5'-TCCTGAAACAGAGCATGACCCTGAA-3';
RelB, 5'-AAGAACCATCAGGAAGTAGAC-3'; and estrogen receptor alpha
(ERa), 5'-AAGATCCTGAAACAGAGCATG-3'. Duplexes (3.6 nM final con-
centration) were transiently transfected in cells using Lipofectamine RNAIMAX
reagent (Invitrogen) by reverse transfection according to the manufacturer’s
protocol.

RESULTS

Weakly and highly invasive breast cancer cell lines demon-
strate weak and strong IL-6 gene expression, respectively. In
line with gene expression profiles demonstrating increased
IL-6 expression levels at an advanced metastatic breast cancer
stage in patient samples (12, 80, 82), we started with the quan-
tification of IL-6 gene expression levels in different breast
cancer cell lines with a weakly invasive (i.e., MCF7, T47D, and
ZR75) or highly invasive phenotype (i.e., MDA-MB231 and
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FIG. 1. Weakly and highly invasive breast cancer cell lines demonstrate weak and strong IL-6 gene expression, respectively. (A) MCF7,
MDA-MB231, MDA-MB468, T47D, and ZR75 cells were left untreated (upper panel) or were treated with 2,500 IU/ml TNF (lower panel) for
5 h. Total RNA was isolated, and relative IL-6 mRNA transcription levels were determined by qPCR. (B) Total RNA was extracted from MCF7
and MDA-MB231 cells, left untreated or treated with 2,500 IU/ml TNF for various time points (as indicated on the figure). IL-6 mRNA levels from
the two breast carcinoma cells were compared and normalized using housekeeping GAPDH mRNA levels by semiquantitative RT-PCR. Results

are representative of two independent experiments.

MDA-MB436). To compare IL-6 transcription levels, all cell
lines were left untreated or were treated for 5 h with TNF,
after which mRNA was collected for qPCR analysis of IL-6
mRNA levels. As can be observed from Fig. 1A, a significant
difference in basal IL-6 transcription levels (upper panel)
can be observed in different weakly and highly invasive breast
cancer cell types. Furthermore, although a 5-h TNF induction
can significantly increase IL-6 transcription levels in all cancer
cell types, TNF stimulation in weakly invasive cell types never
reaches basal or inducible IL-6 transcription levels similar to
those present in the highly invasive cell types (Fig. 1A, lower
panel). Along the same line, a time course of IL-6 gene tran-
scription levels in weakly or highly metastatic MCF7 or MDA-
MB231 cells, respectively, demonstrates inducible IL-6 gene
expression in both cell types, although with strongly different
magnitudes (Fig. 1B).

Since overall IL-6 promoter regulation and gene expression
strongly depend on coordinated interplay of AP-1 and, NF-«kB
transcription factor activities (76) (Fig. 2A), we next compared
expression levels of the major transcription factor members in
the different breast cancer cell types by Western analysis. From
Fig. 2B, it appears that highly invasive breast cancer cell lines
are strongly enriched for AP-1 Fra-1 and c-Jun and NF-«kB p65
and RelB members. In contrast, CREB and C/EBP@ expres-
sion levels are not significantly different (Fig. 2C).

Weakly and highly invasive breast cancer cell lines demon-
strate heterochromatic and euchromatic chromatin architec-
tures at the IL-6 gene promoter, respectively. In fibroblasts and

breast cancer cells, we previously showed that increased IL-6
transcription levels mirror increased histone H3 phosphoacety-
lation at the IL-6 promoter enhanceosome upon interplay of
the CBP acetylase and MSK kinase cofactors with AP-1, NF-
kB, and CREB transcription factors (77, 78, 85). In this re-
spect, we performed ChIP analysis to compare endogenous
enhanceosome compositions in MCF7 and MDA-MB231 cells,
representative of a weakly or highly invasive breast cancer cell
phenotype, respectively. We determined the presence of spe-
cific histone marks indicative for gene activation/silencing and
evaluated promoter recruitment of various cofactors and tran-
scription factors during 3 h of basal and TNF-inducible tran-
scription in both cell types. Some interesting conclusions can
be drawn from Fig. 3A. With respect to histone marks, the
proximal IL-6 promoter in MDA-MB231 cells is enriched for
gene activation histone marks, such as phospho H3 S10 and
acetyl H3 K14. In contrast, enrichment of dimethylated H3 K9
and heterochromatic protein HP1 in MCF7 cells is rather
indicative of a silenced IL-6 promoter configuration. Along the
same line, MCF7 cells reveal a higher H3 density in the prox-
imal IL-6 promoter than MDA-MB231 cells, in further support
of a silenced compact chromatin configuration.

Upon further looking at levels of transcription factor recruit-
ment, we found increased amounts of NF-kB p65 and AP-1
members c-Jun and Fra-1 at the proximal IL-6 promoter in
MDA-MB231 cells, compared to MCF7 cells, which fits with
the elevated expression of these factors in MDA-MB231 cells
(Fig. 3B). In contrast, both breast cancer cell lines recruit
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FIG. 2. Weakly and highly invasive breast cancer cell lines demonstrate overexpression of NF-kB and AP-1 transcription factor families.
(A) Schematic representation of the highly conserved IL-6 promoter region with indication of the various embedded transcription factor and
restriction enzyme motifs. (B) On total cell lysates of MCF7, MDA-MB231, MDA-MB468, T47D, and ZR75 cells, left untreated or treated for
30 min with TNF, we performed Western analysis against Fra-1, c-Jun, NF-kB p65, RelB, and B-actin, as indicated. (C) On total cell lysates of
MCF7 or MDA-MB231 cells, left untreated or treated for 30 min with TNF, we performed Western analysis against CREB, C/EBP, and tubulin.

similar amounts of NF-kB p50 (data not shown). Other tran-
scription factor families were not evaluated by ChIP, since
CREB, C/EBPg, Spl, and RBP-Jk did not reveal major dif-
ferences in expression levels when both cell types were com-
pared (Fig. 2C) (data not shown) and similar DNA-binding
profiles have already been demonstrated by in vivo footprint-
ing assays (6). Of further interest, excessive IL-6 gene tran-
scription levels in MDA-MB231 cells also correspond with
stronger recruitment of RNA Pol II and the chromatin-remod-
eling factor Brgl, the kinase MSK1, the acetylases CBP and
p300, and the histone methyltransferase Ezh2, whereas levels
of HDACT and IKK1 recruitment are comparable in both cell
types. In line with our results, Ezh2 has been characterized as
a coactivator in estrogen/wnt receptor target genes in meta-
static cancer (67). Altogether our ChIP results indicate a more
transcription-permissive euchromatin-like IL-6 gene promoter
in MDA-MB231 cells than in MCF7 cells, in full correspon-
dence with the different magnitudes in IL-6 gene transcription.

Weakly and highly invasive breast cancer cell types reveal a
weak and strong chromatin accessibility, respectively, across
the IL-6 gene promoter. As chromatin structure represents the
ultimate integration site of both environmental and differen-
tiative inputs which determines proper gene expression, we
next compared the chromatin structures at the IL-6 gene pro-
moter in both cell lines by measuring relative endonuclease
(i.e., DNase, MNase, and restriction enzymes) accessibility of
chromosomal IL-6 gene DNA. Two DNA hybridization probes
were designed downstream of the transcription start site, as
indicated in Fig. 4A, and IEL with a PstI-HindIII probe fol-
lowed by Southern hybridization was applied to map the
DNase I hypersensitive sites (HS) in a 7.7-kb region of the
endogenous IL-6 gene locus surrounding the promoter region.
Altogether, about seven constitutive HS were mapped, among
which five were detected in the MCF7 cells (HS1 to -3, -6, and
-7) and another combination of five HS in the MDA-MB231

cells (HS3 to -7). Of special note, both cell types show strongly
enhanced DNase accessibility near exon3, i.e., HS6 and -7 (Fig.
4B and C). Interestingly, the strongest difference in DNase
accessibility was observed at the conserved proximal promoter,
in the vicinity of the AP-1-CREB/C-EBPB enhancer and the
NF-kB-binding motif (HS4), i.e., close to the transcription
start site, and in exons 1 and 2 (HS5) of the IL-6 gene (Fig. 4B
and C). Furthermore, when evaluating TNF-induced DNase
accessibility in both cell lines, no major changes were observed
in HS positions as compared to the basal condition. However,
TNF quantitatively increases accessibility of HS3 and HS4 in
MDA-MB231 cells, or HS 3 but not HS4 in MCF7 cells (Fig.
5). Of special note, lack of HS4 in MCF7 cells suggests a
locked or silenced chromatin configuration at the proximal
IL-6 promoter which prevents strong IL-6 gene expression, in
line with the ChIP results discussed above. Reciprocally, high
accessibility of HS4 and -5 is clearly consistent with abundant
expression of the IL-6 gene in MDA-MB231 cells as compared
to MCF7 cells. Altogether, these data suggest that in MDA-
MB231 cells, the proximal promoter and transcription start site
region of the IL-6 gene may be either temporarily or perma-
nently accessible: i.e., devoid of nucleosomes or may contain a
more relaxed nucleosomal structure compared to MCF7 cells.
In this respect, we used additional nuclease protocols with
MNase and restriction enzymes in conjunction with DNase I to
enable a more quantitative assessment of the presence or ab-
sence of nuclesomes along a given DNA in the total cell pop-
ulation. MNase preferentially digests nucleosome-free DNA,
including linker regions between nucleosomes, and digests es-
sentially the entire chromatin into nucleosome core particles,
as either mono-, di-, or trinucleosomes. By IEL, the presence
of a nucleosome or nucleosomes is mapped to a fixed restric-
tion site in the DNA. Upon mapping MNase-sensitive sites at
the IL-6 gene in MCF7 and MDA-MB231 cells by means of
IEL and Southern hybridization, we clearly detected a ladder-
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ing pattern, consistent with the presence of positioned nucleo-
somes along the 7.7-kb IL-6 gene locus (Fig. 4D). Further-
more, the presence of these nuclease-sensitive sites was only
observed in vivo, thus confirming that they were a consequence
of chromatin organization and were not due to secondary se-
quence-directed cleavage of the nucleases (Fig. 4D). Of special
interest, the region with the strongest MNase accessibility at
the proximal promoter nicely corresponds with the increased
DNase I HS4 in MDA-MB231 cells, as indicated by the dashed
lines (Fig. 6). In MCF?7 cells, MNase and DNase accessibility is
more concentrated upstream of the proximal promoter in the
vicinity of HS3 (Fig. 4D). Similarly to the DNase I results,

these MNase sites only revealed moderate quantitative but not
qualitative changes by TNF induction (data not shown). Taken
together, these findings suggest that MCF7 and MDA-MB231
cells have a silenced and accessible nucleosome accessibility,
respectively, at the AP-1-CREB/C-EBPB-NF-«B enhancer re-
gion in the proximal IL-6 promoter, of which the latter acces-
sibility can be further increased in the presence of TNF
(Fig. 5).

To further confirm our results with a second DNA probe, we
mapped DNase- and MNase-sensitive sites along a 3.5-kb IL-6
gene locus fragment with an Smal-EcoRI probe downstream
of the transcription start site. Although the obtained hybrid-
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ization signal intensities were generally weaker than with the
HindIII-PstI probe (due to smaller probe size with lower spe-
cific radioactivity), the smaller DNA fragment sizes obtained in
the IEL experiment allowed a higher-resolution mapping in
the promoter region and revealed some additional hypersen-
sitive sites. Similarly as with the HindIII-Pstl probe, MDA-
MB231 cells reveal three major HS surrounding the proximal
promoter (marked as HS3 to -5), whereas we only detected 1
major HS (HS3) in MCF7 cells (Fig. 4E and 6). Furthermore,
preferred MNase accessibility can again be observed in the
vicinity of HS4 in MDA-MB231 and HS3 in MCF7 cells. In
Fig. 7, the major DNase- and MNase-sensitive regions, re-
vealed by both probes, are summarized and indicated relative
to the IL-6 promoter transcription start site.

Finally, complementary to DNase and MNase accessibility
assays, digestion of chromatin with restriction endonucleases
has been very informative too for fine mapping chromatin
accessibility in the IL-6 promoter region. By combination of
chromatin restriction enzyme digestion with IEL and Southern
hybridization with the HindIII-PstI probe, the relative acces-
sibility of specific restriction sites in the promoter region of
interest can be easily determined upon evaluation of the cleav-
age efficiency. Isolated nuclei from both cancer cell lines, both
untreated and TNF induced, were partially digested with eight
different restriction enzymes cutting within the IL-6 promoter
region spanning nt —1200 to +100, thus encompassing the
accessible region in the vicinity of HS3 to -5. Upstream of the
AP-1-CREB/C-EBPB enhancer region, comparable constitu-

tive restriction accessibility by Bglll, BamHI, Apal, or PAMI
could be detected at the IL-6 promoter in vivo in MCF7 as well
as in MDA-MB231 cells (Fig. 8A). In contrast, at the AP-1-
CREB/C-EBPB enhancer and transcription start region sur-
rounding the NF-kB motif, in vivo digestion by Nhel, BsrBI,
Xhol, or BsiEI enzymes reveals a strongly different accessibil-
ity in MCF7 as compared to MDA-MB231 cells (Fig. 8B, or
schematically depicted in panel C). This specific difference in
accessibility in both regions is especially clear in case of the
restriction enzyme BsrBI, which cuts the IL-6 promoter twice:
once with similar efficacy upstream of the AP-1-CREB/C-
EBPB enhancer region and once with a clearly different effi-
cacy within the AP-1-CREB/C-EBPB-NF-kB region. Further-
more, sequence analysis of genomic DNA purified from MCF7
and MDA-MB231 cells demonstrates the absence of polymor-
phisms, which could account for differential restriction enzyme
accessibility of Nhel, BsrBI, Xhol, and BsiEI (data not shown).
Furthermore, the accessibility by Nhel, BsrBI, and Xhol sites
surrounding the NF-kB motif can significantly be increased in
the presence of TNF (Fig. 8B, or represented in a bar graph in
panel D), in line with the increased DNase and MNase acces-
sibility across the HS4 promoter region and elevated IL-6 gene
expression upon TNF treatment. Taken together, DNase,
MNase, and restriction accessibility assays similarly indicate
that the proximal enhancer region of the IL-6 gene may be
either temporarily or permanently devoid of nucleosomes or
contain a more accessible nucleosomal structure in MDA-
MB231 cells than in MCF7 cells. As can be deduced from the
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MNase accessibility plot (Fig. 6), maximal internucleosome
accessibility peaks around 1,670 bp and 1,240 bp upstream of
the EcoRI probe end label: i.e., upstream and within the AP-
1-CREB/C-EBPB-NF-kB promoter region of the IL-6 gene.
The ability of the MDA-MB231, but not MCF7, cells to con-
stitutively transcribe increased levels of IL-6 nicely corre-
sponds with the observation that the chromatin near the IL-6
proximal promoter enhancer region is highly accessible in the
highly metastatic MDA-MB231 cells, but not in the weakly
invasive MCF7 cells.

Increased AP-1 Fra-1 transcription factor levels in trans-
genic MCF7-Fra-1 cells or in highly invasive breast cancer cell
types increase IL-6 promoter chromatin accessibility and gene
expression. Next, we wanted to evaluate whether the silenced
IL-6 promoter chromatin in MCF7 cells could be switched to a
more euchromatic configuration of MDA-MB231 cells by ma-
nipulating differentially expressed transcription factor levels.
Since AP-1 Fra-1 was found to be the major expressed tran-
scription factor enriched at the IL-6 gene promoter in unstimu-
lated MDA-MB231 cells (Fig. 2 and 3) and was previously
identified as a key player in breast cancer invasive programs
and IL-6 gene expression (10, 28), we set out to analyze Nhel
restriction accessibility at the IL-6 gene promoter in Fra-1-
overexpressing MCF7 cells in the absence or presence of doxy-
cycline-inducible silencing (10, 28) (Fig. 9A and B). In parallel,
we compared Nhel accessibility in various other breast cancer
cell lines with different expression levels of AP-1 Fra-1 (Fig.
9C). From Fig. 9B, it is clear that Fra-1 overexpression signif-
icantly increases Nhel accessibility across the IL-6 promoter
region in MCF7 cells, as revealed by IEL hybridization. Similar

results were obtained by CHART qPCR (Fig. 9C). Here, doxy-
cycline-induced Fra-1 silencing in Fra-1-overexpressing MCF7
cells again reduces Nhel accessibility at the IL-6 promoter, in
full agreement with decreased IL-6 gene expression levels (Fig.
9C). Moreover, upon comparing Nhel accessibility in the dif-
ferent breast cancer cell lines, characterized for AP-1 Fra-1
levels in Fig. 2B, a strong correlation can again be observed
between relative Fra-1 protein expression, Nhel accessibility,
and IL-6 gene expression, three parameters which together
increase from left (weakly invasive cell type) to right (highly
invasive cell type) (Fig. 9C). This suggests that AP-1 Fra-1 is
indeed an important player in establishing accessible chroma-
tin at the enhancer region and is able to catalyze chromatin
opening in a stochastic concentration-dependent fashion.

Constitutive NF-kB and AP-1 transcription factor activity
increases chromatin accessibility across the IL-6 gene pro-
moter, which promotes malignant IL-6 gene expression in
highly invasive breast cancer cells. In a reciprocal approach,
we wanted to evaluate whether open IL-6 promoter chromatin
in MDA-MB231 cells could again be reversed to a silenced
configuration upon elimination of NF-kB and AP-1 transcrip-
tion factors which are highly expressed and/or enriched at the
IL-6 gene promoter in MDA-MB231 cells.

In the first series of experiments, AP-1 Fra-1, c-Jun, NF-kB
p65, or RelB transcription factors were individually silenced by
transient siRNA transfection of MDA-MB231 cells, which
were subsequently analyzed for Nhel accessibility across the
IL-6 gene promoter. Western blot analysis of the different
proteins demonstrates specific and highly efficient silencing of
each transcription factor in the current experimental setups,
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whereas B-actin and Fra-2 protein levels were not affected
under any condition (Fig. 10A). Upon analysis of IL-6
mRNA gene expression, silencing of NF-kB members p65
and RelB potently decreases constitutive IL-6 gene transcription,
whereas the effects of Fra-1 and c-Jun silencing are rather
moderate (Fig. 10B). Similar results were obtained upon stim-
ulation of TNF (data not shown). Surprisingly, only silencing of
NF-«kB p65 is able to significantly reduce Nhel accessibility,
whereas chromatin silencing effects of Fra-1, c-Jun, and RelB
silencing are rather weak or redundant in MDA-MB231 cells
(Fig. 10B). As NF-kB and AP-1 activities are also controlled by
ER activity (10, 88), we next evaluated whether the differential
ER statuses of MCF7 (ER") and MDA-MB231 (ER ™) might
codetermine IL-6 promoter accessibility and gene expression.
However, despite specific and highly efficient ERa silencing in
MCEF7 cells (Fig. 10C), no significant changes in IL-6 promoter
accessibility and gene expression could be observed (Fig. 10D).
Altogether, these findings indicate that the highly accessible
IL-6 promoter chromatin configuration in MDA-MB231 cells
is not the consequence of a single transcription factor recruited
and may be regulated in a stochastic (nuclear concentration
dependent) fashion by multiple factors and/or signals.
Furthermore, in the second series of experiments, we ver-
ified whether synthetic (SB205380, U0126, SPC60012, and
IKK2i IV) or natural (Withaferin A) (41) kinase inhibitors
of IKK2, p38, extracellular signal-related kinase (ERK), or
JNK mitogen-activated protein kinase (MAPK), which tar-
get NF-kB and AP-1 family members, were able to silence IL-6

gene transcription in MDA-MB231 cells concomitantly with
chromatin silencing (Fig. 11A). Interestingly, none of the phar-
macological inhibitors was found to have a strong impact on
chromatin accessibility and/or IL-6 expression levels in these
cancer cells. In contrast, the natural withanolide Withaferin A
significantly reduced Nhel accessibility concomitantly with a
(strong) reduction in IL-6 gene expression (Fig. 11A). Further-
more, upon further evaluation of Withaferin A-dependent effects
on NF-kB family members, we observed that Withaferin A re-
duces NF-kB p65 Ser536 phosphorylation and RelB protein lev-
els. With respect to AP-1 factors, Withaferin A completely elim-
inates Fra-1 protein levels (Fig. 11B) and subsequent AP-1/DNA
binding in MDA-MB231 cells (Fig. 11C). Finally, we also dem-
onstrate that Withaferin A strongly decreases histone H3 acety-
lation (K9 and K14), Fra-1 recruitment and, to a lesser extent,
c-Jun and p65 recruitment at the IL-6 gene promoter (Fig. 11D).
In line with previous reports on cross-coupling of AP-1 and
NF-kB members in gene expression (43, 46, 69, 72), our results
further indicate that combined inhibition of NF-kB and AP-1
family members, rather than elimination of individual transcrip-
tion factors, is required for full silencing of chromatin accessibility
across the IL-6 gene promoter and for abolishing IL-6 gene ex-
pression in MDA-MB231 cells (Fig. 10 and 11).

DISCUSSION

We have further explored how differential IL-6 gene regu-
lation is achieved in weakly invasive (MCF7) versus highly
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invasive (MDA-MB231) breast cancer cell types (Fig. 1 and 2)
to improve our mechanistic understanding of malignant IL-6
gene expression during tumorigenesis and cancer metastasis
(see the introduction).

By ChIP assays in MDA-MB231 cells, we found strongly
elevated histone H3 S10 K14 phosphoacetylation and reduced
H3 K9 dimethylation levels, concomitantly with favorable re-
cruitment of the histone acetylases CBP and p300, the meth-
ylase Ezh2, the kinase MSKI1, and the chromatin-remodeling
factor Brgl at the IL-6 gene promoter region (Fig. 3) during
IL-6 gene transcription. In contrast, in MCF7 cells, sustained
histone H3 K9 dimethylation may exclude a potent increase of
histone H3 S10 K14 phosphoacetylation in the presence of
heterochromatin protein HP1 and HDACI, which may estab-
lish a predominant silenced proximal-promoter conformation.
Alternatively, elevated levels of H3 histone phosphoacetyla-
tion at the IL-6 gene promoter in MDA-MB231 cells may
prevent silencing by relieving HP1 chromatin tethering (55).
Furthermore, ChIPs against total H3 levels present at the IL-6
gene promoter show that increased H3 phosphoacetylation
levels in MDA-MB231 cells coincide with lower histone H3

density, which further confirms that the IL-6 promoter chro-
matin is more relaxed in MDA-MB231 cells than in MCF7
cells. In line with our results, recent genome-wide nucleosome
studies have revealed that highly transcribed genes show par-
tial loss of histones H3 and H4 due to the reduced nucleosome
occupancy near their transcription start site (33, 39, 47, 60, 65,
75). Despite previous reports on the nuclear role of the H3
kinase IKK1 in cancer metastasis, we failed to demonstrate
significant IKK1 enrichment at the IL-6 gene promoter in
highly invasive MDA-MB231 cells (Fig. 3B) (51). Interestingly,
besides its role as H3 kinase, the Drosophila MSK1 orthologue
JIL1 was demonstrated to maintain euchromatic regions and
to prevent higher-order heterochromatin spreading of dim-
ethyl H3 K9 marks and HP1 recruitment (93). Furthermore,
HP1 displacement by MSK1 was found to allow recruitment of
Brgl and RNA Pol II (86). Similarly, in MDA-MB231 cells,
MSK1 may protect the proximal promoter from a silent chro-
matin conformation by promoting release of HP1 and sup-
pressing H3 K9 methylation in favor of H3 phosphoacetylation
(54, 55). Alternatively, decreased expression of HP1 may favor
MSK recruitment upon metastasis formation (42). As such,
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and are indicated as the line graph in panel C (right axis).

IL-6 promoter activity may depend on an H3 methyl/phospho-
acetyl switch chromatin structure, regulated in a stochastic and
time-dependent manner by HDAC/HP1 or MSK1/CBP/Brgl/
Ezh2 cofactor complexes (27, 49, 54). Of particular interest,
histone activation and repression marks as well as cofactors
and corepressors can simultaneously be detected at the IL-6
gene promoter in both cell types. However, the current ChIP
approach does not allow to discriminate whether these gene
activation/repression signatures originate from different cell
pools in the asynchronous cell population or reflect differential
expression of both cytokine alleles (4, 31, 34, 64). Alterna-
tively, the IL-6 gene may demonstrate a bivalent chromatin
signature (8, 61). At the transcription factor level, ChIP
experiments demonstrate significant enrichment of NF-kB

p65, AP-1 Fra-1, and c-Jun members at the IL-6 promoter,
coinciding with elevated IL-6 gene expression, in MDA-
MB231 cells, as compared to MCF7 cells. Of special note,
interplay between NF-kB and AP-1 transcription factors in
constitutive IL-6 gene expression has already been demon-
strated in various aggressive cancers (10, 23, 29, 92, 94). Inter-
estingly, c-Jun was found to control histone modifications,
NF-kB recruitment, and RNA Pol II function to activate the
ccl2 gene (91). During previous work, we have already dem-
onstrated that CBP/MSK cofactors are essential for NF-kB-
inducible IL-6 gene expression, whereas AP-1 and CREB-C/
EBP rather act as general enhancer factors (76, 85). Since
AP-1-dependent MSKI1 recruitment has also been demon-
strated at gene promoters in breast cancer cells, (24), AP-1
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members may synergize with NF-kB for MSK recruitment at a 7.7-kb fragment at the IL-6 gene locus (Fig. 4 to 6). Inter-
the IL-6 gene promoter, in line with our cofactor ChIP results estingly, three highly accesssible DHS can be identified within
(Fig. 3). Future studies need to address how MSKI1 kinase MDA-MB231 cells: i.e., distal (DHS3; approximately —760 bp
activity regulates activity and/or recruitment of CBP/HDAC, relative to the transcription start site) and proximal promoter
Brg1/Bmi, and HP1/Ezh2 cofactors at the IL-6 gene promoter, (DHS4; approximately —250 bp) sequences, as well as an area
as p65 phosphorylation-dependent cofactor exchange was close to exon 2 (DHSS; approximately +250 bp), which allow
found to be crucial in epigenetic control of NF-kB-dependent strong constitutive IL-6 gene expression (Fig. 7). In contrast,

genes (16, 22, 62, 87). the accessibility in MCF7 cells is concentrated at the distal

Next we prepared experiments to compare chromatin ac- promoter sequences (DHS3), with reduced accessiblity in the
cessibility in MCF7 and MDA-MB231 cells with a hetero- vicinity of the proximal promoter and transcription start site,
chromatic or euchromatic IL-6 promoter chromatin signa- which results in low background levels of constitutive IL-6 gene

ture, respectively. Upon comparing DNase-hypersensitive expression. Furthermore, TNF treatment does not change the
sites (DHS), we mapped two minor and five major sites, along number of HS, but rather increases accessibility of HS3 and
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HS3-HS4 in MCF7 and MDA-MB231 cells, respectively. Ad-
ditional MNase experiments further confirm that a maximal
nucleosome accessibility for MCF7 is concentrated around
HS3 and in MDA-MB231 cells near HS4 and HS5, suggesting
a different nucleosome organization in both cell types. Simi-
larly, upon verifying our IEL results obtained with a second
DNA probe (Smal-EcoRI), we could reconfirm the differential
accessibility of the major DNase- and MNase-hypersensitive
regions. The MNase results further indicate that both cell types
have comparable phasing of nucleosomes and similar regions
of (inter)nucleosome accessibility, although significant quanti-
tative differences can be observed. This suggests subtle differ-
ences in (translational) nucleosome positioning and important
effects on local nucleosome accessibility (for example by rota-
tional positioning and/or nucleosome exchange or eviction).
Altogether, DNase- and MNase-sensitive sites were mapped in
both cell types by two different probes, which both revealed
maximal accessibility near HS3 in MCF7 cells and maximal
accessibility near HS3, HS4, and HS5 in MDA-MB231 in the
IL-6 promoter region (Fig. 4 to 7). Of special note, maximal
chromatin accessibility peaks either upstream of the IL-6 pro-
moter in MCF7 cells or else within the proximal IL-6 promoter
in MDA-MB231 cells (Fig. 5 to 7). This is further corroborated
by restriction enzyme accessibility assays at the IL-6 promoter
region in both breast cancer cells (Fig. 8). In line with the
DNase and MNase results, we observe a comparable and con-
stitutive accessibility upstream of the proximal promoter (near
HS3) in both cell types. Furthermore, whereas a sharp decline
in restriction accessibility is apparent at the proximal promoter
harboring AP-1, CREB-C/EBP, and NF-kB transcription fac-
tor motifs (near HS4) in MCF7 cells, strong restriction enzyme
accessibility is still present in MDA-MB231 cells. Our results
therefore, demonstrate a pivotal role of chromatin accessibility
at the proximal promoter to mediate constitutive and TNF-
inducible IL-6 gene expression in metastatic breast cancer
cells (Fig. 5, 6, and 8 and summarized in Fig. 7).
Interestingly, although we find changes in the number of
DNase or MNase HS at the IL-6 promoter in response to TNF,
a significantly increased accessibility (as determined by DNase,
MNase, or restriction enzyme digestion) can be observed in the
proximal promoter, which suggests that TNF-inducible factors
(such as AP-1 and NF-kB) trigger small local changes in chro-
matin accessibility of the IL-6 promoter, in line with previous
biochemical studies (Fig. 5) (3). In further support of this
model, overexpression of AP-1 Fra-1 in MCF7 cells unambig-
uously increases the chromatin accessibility at the proximal
enhancer region of the IL-6 promoter, concomitantly with a
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strong increase in IL-6 gene expression levels, whereas doxy-
cycline-induced Fra-1 silencing could again reverse promoter
accessibility and IL-6 gene expression (Fig. 9). Along the same
line, comparison of different breast cancer cell lines with vari-
able AP-1 Fra-1 expression levels revealed a strong positive
correlation with chromatin accessibility, IL-6 gene expression,
and metastatic properties (Fig. 9). In further agreement with
our results, AP-1 binding to its responsive element incorpo-
rated into a nucleosome resulted in the complete disruption of
nucleosomal structure and was sufficient to facilitate the sub-
sequent binding of a second transcription factor (38, 58). In
another cellular context, the ATF/AP-1 element of the 1L-8
gene promoter was demonstrated to be crucial for cell-type-
specific recruitment of a macro-H2A-containing nucleosome,
which prohibits recruitment of NF-kB and coactivators and
keeps the promoter in a strongly repressed state (1).
Surprisingly, the reverse experiment, in which NF-kB p65,
RelB, and AP1 Fra-1 and c-Jun members were individually
silenced in MDA-MB231 cells by siRNA transfection or inhib-
itor studies, showed that elimination of one factor or kinase
has only weak effects on IL-6 promoter chromatin accessibility
and IL-6 gene expression levels (Fig. 10) This suggests that
epigenetic requirements, chromatin remodeling, and transcrip-
tion are regulated at multiple interdependent levels (14, 15,
44). As such, highly accessible IL-6 promoter chromatin in
MDA-MB231 cells may be regulated in a stochastic fashion by
cooperative activities of different pathways (MAPK, IKK, Ras,
p38, PI3K, etc.) converging on multiple NF-«kB and AP1 mem-
bers, which may explain the moderate chromatin effects in
transient silencing or in inhibitor experiments against individ-
ual components (2, 19, 66). It is worth noting that MDA-
MB231 cells highly overexpress many members of the AP-1
family, including Fra-1, c-Fos, c-Jun, Fra-2, and different
NF-kB factors (10, 88). Furthermore, various reports illustrate
important cross-talk of AP-1 and NF-kB members in various
aggressive cancers (29, 92, 94). As such, whereas overexpres-
sion of Fra-1 alone in MCF7 cells may be sufficient to attract a
remodeling complex involved in chromatin opening, elimina-
tion of a single factor (either transcription factor or kinase) in
MDA-MB231 cells may not be sufficient to abrogate recruit-
ment of this remodeling complex, since other hyperactivated
AP-1 and NF-kB members could still take over. Of special
note, the observation that for some silencing or inhibitor set-
ups IL-6 gene expression is significantly decreased, whereas
effects on chromatin accessibility are rather weak, is not
necessarily inconsistent: recent reports indeed illustrate that
strong transcriptional activators at enhancers are able to

(untreated [untr]) or treated for 3 h with the specific inhibitors indicated. Cell supernatants were collected for quantification of secreted IL-6
protein levels by IL-6-ELISA. Relative IL-6 protein expression levels are indicated as line graph in panel A (right axis). (B) Total cell extracts were
prepared from MDA-MB231 cells treated for 3 h with Withaferin A (WA; 2.8 pg/ml) alone or cotreated for the last hour with TNF. Western
analysis was performed for NF-kB p65, phospho-Ser536-p65, RelB, Fra-1, JunB, and c-Jun. (C) MCF7 and MDA-MB231 cells were treated for
2 h with TNF alone or TNF following 2 h of pretreatment with Withaferin A (2.8 pg/ml). Nuclear lysates were prepared, and AP-1 electrophoretic
mobility shift assays were performed essentially as described previously (76). For supershift (SS) analysis, anti-c-Jun and anti-Fra-1 antibodies were
added to the extracts 15 min before addition of the probe. (D) ChIP was performed against Fra-1, c-Jun, and NF-«kB p65, acetylated histone H3
(antibody pool for acetyl K9 and acetyl K14) in MDA-MB231 cells, left alone or treated for 3 h with Withaferin A (2.8 pwg/ml). Immunoprecipitate-
bound IL-6 promoter DNA was quantified by qPCR, and ChIP results are represented as relative amount of bound antibody-specific immuno-
precipitated DNA/immunoglobulin G (IgG)-aspecific immunoprecipitated DNA, normalized for the relative amount of input material. ChIP
results are presented as bar graphs and are means of two ChIP experiments.
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bypass epigenetic settings (44). In addition, transient tran-
scription factor silencing may transiently decrease IL-6 tran-
scription with minor chromatin silencing, whereas perma-
nent transcription factor silencing could be required for
heritable chromatin silencing of the IL-6 gene through mi-
tosis.

In favor of interconnected IKK/MAPK pathways regulating
NF-kB/AP-1 activity, recent studies demonstrate a crucial
function of IKK1 and IKK2 kinases in AP-1 activation (besides
NF-kB activation) which also depends on p38/JNK kinases (43,
69). Along the same line, our experiments with the natural
withanolide Withaferin A (36, 41) reveal reduced NF-kB p65
Ser536 phosphorylation, and decreased RelB and AP-1 Fra-1
protein levels in MDA-MB231 cells (Fig. 11B). Furthermore,
Withaferin A treatment strongly abolishes AP-1 Fra-1/DNA
binding (Fig. 11C) and recruitment at the IL-6 gene promoter
in MDA-MB231 cells (Fig. 11D). As such, combined inhibition
of NF-kB p65, RelB, and AP-1 Fra-1 members by Withaferin
A in MDA-MB231 cells (Fig. 11A) results in a strong silencing
effect on IL-6 promoter chromatin accessibility coinciding with
strongly reduced histone acetylation and IL-6 gene expression.
The latter may explain the ability of withanolides from
Withania somnifera (alternative name in Ayurvedic medicine
is “Ashwagandha”) to inhibit cancer metastasis and support
its polypharmaceutical use in integrative oncology (36, 70,
71, 90). Nevertheless, it cannot be excluded that additional
Withaferin-sensitive transcription (co)factors, kinases, or epi-
genetic modulators may also contribute to regulation of IL-6
chromatin accessibility besides AP-1 p65 and Fra-1 (5, 30, 37).

Altogether, we demonstrate that AP-1 and NF-«xB have a
prominent role in modulating local chromatin accessibility of
the proximal IL-6 promoter in metastatic breast cancer. More-
over, cooperation of AP-1 Fra-1 and NF-kB p65 activities is
translated into unique cofactor requirements, chromatin acces-
sibility, and transcription dynamics, which trigger malignant
IL-6 gene expression in metastatic breast cancer cells. Accord-
ing to our model, chromatin accessibility of the IL-6 gene
promoter follows a stochastic (concentration-dependent) cooper-
ative process of multiple factors and chromatin complexes, rather
than a simple binary switch mechanism. Similarly, tumorigenic
expression of MCP1 in HPV18-positive cervical carcinoma cells
strongly depends on the presence of specific DHS genomic
regions regulated by c-Jun—Fra-1 heterodimers (26). Along the
same line, cooperation between different signaling pathways
and NF-kB, NFAT, and AP-1 transcription factors is essential
for extensive nucleosome reorganization at the granulocyte-
macrophage colony-stimulating factor promoter enhancer, re-
sulting in cell-specific granulocyte-macrophage colony-stimu-
lating factor expression (11, 14, 15, 35, 40). In view of the high
kinetic complexity of time- and cell-specific NF-kB-dependent
gene expression programs, stochastic chromatin regulation by
signaling and transcription factor cooperativity may be indis-
pensable for fine tuning gene transcription with high fidelity in
the nucleoplasm (4, 13, 56). In this respect, cancer chemopre-
ventive natural compounds, such as Withaferin A, genistein,
curcumin, and green tea polyphenols, which interfere with
multiple oncogenic pathways converging on the transcription
factors NF-kB and AP-1 (9, 17, 18, 20, 32, 41, 68, 73, 74, 77),
may soon join the arsenal of epigenetic drugs.
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