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Abstract

Post-lactational involution has been reported to share
common features with breast tumor development. A
deep characterization of the signaling triggered after
weaning would help to unveil the complex relationship
between involution and breast cancer. NF-kB, a
crucial factor in the involuting gland, might be an
important regulatory node for signal amplification after
weaning; however there is limited information about
the identity of NF-xB-target genes and the molecular
mechanisms leading to the selection of genes involved
in a particular biological process. We identified 4532
target genes in mammary gland at 48h weaning, by
genome-wide analysis of regions bound by
RelA(p65)-NF-kB in vivo. It was found that among total
RelA(p65)-NF-kB-enriched genes, only 268 bound
the trans-activating complex p65/p300. Our results
suggest that the latter represents a major complex
preferentially involved in the modulation of the
inflammatory response at 48h of mammary gland
involution. A genome-wide factor location analysis

revealed that p65-binding had a heterogeneous
distribution while the complex of p65 and its co-
activator p300 were mainly bound to proximal
promoters near transcription start sites. Moreover, our
computational analysis predicts the existence of
cooperating elements on RelA-NF-xB/p300-enriched
genes that could explain preferential binding and
modulation of gene expression during mammary gland
involution.

Copyright © 2011 S. Karger AG, Basel

Introduction

Coordination between different biological processes
is amajor issue for the understanding of tissue homeostasis
and still, the molecular mechanisms explaining this control
remain far unknown. In this sense, the developmental
cycle of the murine mammary gland is a good example
of a complex process finely tuned by different signals.
Following lactation and the weaning of the pups, the
mammary gland undergoes a sequential chain of events
known as involution which ends up with the gland returning
to a pre-pregnant like state.
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Mammary gland involution goes through two
coordinated stages: while the first stage involves alveolar
programmed cell death, the second one is characterized
by lobular-alveolar remodeling of the gland and
adipogenesis [1]. Each of these stages exhibit prototypical
changes in gene expression and protein activity.
Nonetheless, some of the regulatory signals triggered
during the first onset of mammary gland involution persist
throughout the whole process [2].

A deeper study into the molecular mechanisms
involved in the regulation of mammary gland involution
revealed different biological processes overlapping at the
same time. Indeed, cell proliferation occurs not only during
virgin development and pregnancy as thought at first, but
also during mammary gland involution with a peak of DNA
synthesis at 48h after weaning [2]. On the other hand,
our group and others have described the induction of
inflammatory acute phase response genes in mammary
gland at 48h after pups withdrawal [3-6]. Concomitant
induction of inflammatory, apoptotic and proliferative
regulatory signals could represent conflicting messages
for cells. However, under physiological conditions, a fine
balance among these responses will condition tissue
homeostasis, and therefore cell proliferation or apoptosis
resolution will depend upon which side the balance is tilted.

In this sense, although the molecular mechanisms
involved in the inclination to a particular biological process
remain elusive, it is not unusual to find common regulatory
proteins for the above mentioned processes [7- 9]. Most
of these proteins have been identified as oncogenes or
transcription factors persistently activated during neoplasic
transformation, a circumstance which adds an increased
interest for health purposes. Such is the case for
transcription factor NF-kB, which plays a major role in
inflammation, cell survival, proliferation and oncogenesis
[10].

NF-kB comprises a family of five structurally and
functionally related transcription factors. Based on their
transactivation properties, NF-kB proteins are divided into
two classes: Class I consist of RelA (p65), Rel B, and c-
Rel and class II includes NF-kB1/p50 and NF-kB2/p52.
All of them can dimerize in almost any combination but
only Rel proteins posses C-terminal transactivation domain
and N-terminal Rel homology domain (RHD), the latter
being responsible for dimerization, nuclear translocation,
DNA binding and interaction with NF-kB cytoplasmic
inhibitor, IkB [11].

Among this family of transcription factors, two
NF-kB subunits, RelA (p65) and p50 are expressed at

different levels in the mammary epithelium throughout
mammary gland development, with two major peaks
of activation during pregnancy and involution [12]. In
fact, overlapping with a cascade of pro-inflammatory
signals, increased NF-kB activity can be detected as soon
as 1h after weaning [13] and it remains activated at 3
days after removal of the pups [12]. This pattern of
NF-kB activity seems to be critical for mammary
gland development and involution. It has been shown
that defective activation of NF-kB in IKKa
knockin mice displays impaired proliferation of the
lobuloalveolar tree during pregnancy [14]. More
importantly, when uncoupled from its physiological
mode of regulation, constitutive activation of NF-«kB in
c-Rel transgenic mice leads to tumor development [15].
Accordingly, mammary epithelium from IkBa
knockout mice, which renders increased NF-kB activity,
transplanted into wild type mice shows increased
lateral ductal branching and pervasive intraductal
hyperplasia [16]. Even more, clinical evidences link NF-
kB activation to a prognosis marker for ER-positive
primary breast cancer [17]. Nevertheless, although most
reports associate NF-xB activation with survival
pathways [13, 18], this transcription factor has also been
shown to modulate the induction of pro-apoptotic genes.
Indeed, defective NF-kB signaling in conditional IKK[3
knockout mice abrogated caspase-3 activity during
involution and delayed apoptosis and remodeling of the
gland [19].

Consistent with these data, it has been suggested
that NF-kB may play a major role as a checkpoint
regulator in the mammary gland after weaning.
Identification of NF-kB-regulated genes in vivo will help
our understanding of the complex interplay between
opposite signals. In the present manuscript we explore
the role of NF-kB as a node of regulation in mouse
mammary gland involution by ChIP-on-Chip experiments.
We identified the NF-kB target genes in mouse mammary
gland at 48h after weaning. Moreover, genome-wide
factor location analysis with antibodies specific for mouse
p65 subunit and its coactivator p300 showed that only
268 genes, out of the 4532 initially found to bind p65,
bound NF-xB as a p65/p300 transactivating complex.
Finally, in this manuscript we studied the molecular
functions and common features of genes regulated by
RelA(p65)/NF-xB and analyzed putative co-operating
transcription factors that could explain preference binding
and modulation of gene expression during mammary gland
involution.
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Material and Methods

Reagents

General reagents were purchased from Sigma Chemical
Co. (St Louis, MO) Antibodies against a-(p65)NF-kB and
RNApol II were from SantaCruz Biotechnology (Santa Cruz,
CA). Antibodies a-p300, were from Cell Signaling. Reagents
for qPCR were from Applied Biosystems (Foster city, CA).

Animals

Female mice (C57BL6) were from Taconic. Animals were
kept in individual cages in a controlled environment (12h dark/
12h light cycle) and received water and food ad libitum. The
studies satisfied the guidelines for humane treatment of animals
and were approved by the Research Committee of the School
of Medicine at the University of Valencia. The mice were
handled in agreement with the National Institutes of Health
guidelines and the Guiding Principles for Research Involving
Animals and Humans approved by the Council of the American
Physiological Society.

Following parturition, litters were maintained with at least
seven pups. At the peak of lactation (days 9-11) mice were
separated into two groups: a control group of lactating mice
and a weaned group whose pups were removed 48h before
sacrifice. Mice were given a single dose of i.p. sodium
pentobarbital (60mg/kg of body weight). Inguinal mammary
glands were removed and tissue samples from each experimental
condition were formaldehyde-crosslinked or snap frozen in
liquid nitrogen and stored at -80°C for future analysis.

ChIP assay

Formaldehyde-fixed tissue samples were
immunoprecipitated according to Torres et al. [20]. Briefly, 0.5
gr. of fixed-inguinal mammary tissue were homogenized and
chromatin extracted as described. Crosslinked chromatin was
subjected to sonication with a Vibra-Cell VCX-500 sonicator.
The diluted chromatin was pre-cleared and supernatants
incubated with 2 ug of the corresponding antibody at 4°C
overnight. Immunocomplexes were incubated with blocked
protein A/G-sepharose for an additional period of 4h and
recovered as previously described. An aliquot of crosslinked-
chromatin was subjected to the same immunoprecipitation
reaction in the presence of normal serum IgG and used as
negative control (NS). An aliquot of whole chromatin was
collected and labeled as input.

ChIP-on-ChIP

Amplification and labelling. The products of three
independent ChIP assays were amplified, labeled and
hybridized to mouse promoter 1.0 Array (Affymetrix UK. Ltd.,
High Wycombe, UK). Briefly, immunoprecipitated and
input DNA were purified and amplified by ligation-mediated
PCR. DNA was blunt-ended by T4 DNA polymerase and
then ligated with pre-designed linkers using a T4 DNA ligase.
The ligation-mediated PCR was performed as described
elsewhere. PCR-amplified ChIP targets were purified
with Affymetrix ¢cDNA cleanup columns, provided in the
Genechip Sample Cleanup Module. Amplified DNA (1 pg) was

used for the fragmentation reaction and labeling using the
Affymetrix GeneChip WT Double-Stranded DNA Terminal
Labeling Kit protocol

Microarray hybridization. Arrays hybridization was
performed according to the Affymetrix-recommended protocol.
In brief, after a 16 h hybridization (45°C), the hybridization
cocktail was removed, and the arrays were washed and stained
in an Affymetrix GeneChip fluidics station 450. Arrays were
scanned on an Affymetrix GeneChip Scanner 3000 7G
(Affymetrix, Santa Clara, CA, USA). GeneChip Operating
Software supplied by Affymetrix was used to generate CEL
files.

Quality control of microarray data (3 p65 arrays, 3 p300
arrays and 3 input DNA arrays) was performed using Affymetrix
Tiling Analysis Software and R/Bioconductor. Plotted
histograms of the raw data intensity suggested that enrichment
by both p65 and p300 was optimal in all the experiments
performed.

Data analysis. The automated Genomatix ChipInspector
package was used in order to determine the NF-kB and its
coactivator p300 binding sites on mouse promoters regions
during weaning. CEL. files were imported into ChipInspector,
for linear total intensity normalization and Log2 transformation.
The procedure combines one-class statistical analysis (Input
vs. Bound) with exhaustive matching and six different
experiments (comparisons). A single s-test related to the
significance analysis of microarrays algorithm [21] was
performed at the single probe level. A minimum of three
consecutive probes in a window size of 300 bp was used as
standard settings based on our experience with Affymetrix
GeneChip Mouse Promoter Array. As indicated by software
manufacturers, probes with scores higher than a certain
threshold are considered significant. For each Delta value or
threshold there is a relation of significant probes to falsely
discovered probes, being this relation or False Discovery
Rate (FDR), a stringency indicator. In order to diminish the
possibility of including falsely detected probes we selected a
high stringent Delta value so that we obtained a FDR of 0% for
both, p65 and its coactivator p300. Although this approach
decreased the number of detected probes, the danger to get
falsely discovery probes was dramatically reduced compared
to higher FDR values typically used in most papers. This
analysis resulted in 15879 significant positive probes for
p65 and 61918 for p300 (weblink to graphic output of
the Chiplnspector statistical calculation http:/www.uv.es/
eruizy/).

Promoter analysis. The p65, p300 or p65/p300-enriched
regions from ChipInspector analysis were directly subjected
to downstream sequence analysis using the RegionMiner tool
(Genomatix). RegionMiner displays the location of proximal
gene loci promoter region and transcription start sites.

The program GePS (Genomatix), which combines literature
analysis with genome annotation, was used to create a
subgroup of ChIP-chip enriched genes included into
programmed cell death/survival, inflammation or cell
proliferation categories. Groups were clustered according to
co-citation and presence of NF-kB binding sites in the proximal
promoter regions. Sequences spanning 500 bp upstream of the
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gene  P65/p300 ChIP assay primers (5'-3") RNApol IT ChIP assay primers (5'-3")
Forward primer Reverse primer Forward primer Reverse primer

arntl agaaatccacagagegtgee ctactttcegaccaatcege

canx  aaatcaggaaacagcacggg  ttccgacccattgagttagg

capnl taccgtttgtctagegteeg ggggtatttttaactagggee tagtgitgagagtcacacce  actgaaggatttgggaageg

capn2  agatggacacaccagtagce acgacaatcgcaagttggg ctaggacagaactcaaaggg  cgtttcatagtcagacctec

cend3  tgtgecteagtatcatggte tggaatgctectacgteaca

crebl  taaaactccagcgagatccg cegecattattetttgticge

ctsl gttatgcaactctecacect ctcaggctttaaagecetete tgactcctgtgaagaaccag gagatcctgtctcattcagg

e2f3 aggagagacttggaaactec tgaggatctggatgtacgtg

e2f5 aaagagetgggggtctactt ccgagtttaaatggcaggaag

flna getgagttgcettttggegga gagagctcattttgagec gcactattcecatctcaatgee cttcactttaaccaagcacce

foxo3 aaaagacgggagttgceegeg ggagacgegagegaategac

htra2  ttaccggtgcgagtcaaagag — atgecgggaaacgtagteee

mbp  ttgtgtccaaagaagcageg agaggtctaaatggeatege atccagaacaatgggacctc  tecatggtacttgetgigge

mpo cagcgaatgacaagtatcge catcttcatactctgecagge tgatagtgcecaaaaggaggg  cttgaagceagttttgeccag

Pias]  aaatagtgcgtgtgggtete ctacaactccagactegggt

rarg atccttggaaacccactgga tcagcatctcaaatggigge atccttggaaacccactgga  tcagcatctcaaatggtgge

ripkl  agtagtccttagaggaggac agcttctgaggaaactageg

runx3  acttctttctgecacagacce taatttcaggatcgegeagg cctcageagtaaacagagag  tgcagatctggagtgagegga

stat5h  ggctactatggacttetgee cgcettectggtteetgee

tlel cgegtgttaatgtaagegg ttagcaaagggcetgaceag

trp73  aacacfctgcagtgecactaa  gactcttcaaagtcecageca getectgtaacaagacace tagtcggtattggaaggga

uchll  ggtgeccattatttgtetgg cacaacactgegtatccact aaggatcccacttettaggg  ttgacttaagcaagecagge

cmyc  gggtacatggegtattgtgt agacccecggaatataaagg

Table 1. PCR Primer sequences for Chlp assay and RNApol II ChIP

first transcriptional start site (TSS) and 100bp downstream of
the last TSS were extracted using the Gene2promoter module
of Genomatix Software Suite.

Validation of selected p65/p300-bound genes by ChIP

assay and PCR

DNA from Input, immunoprecipitated and NS fractions
was purified with a PCR purification kit (Qiagen, Hilden,
Germany) and analyzed by PCR with specific primers for selected
genes. Primers were designed to render a product of 250-400
bp in length flanking that region matched by probes in the
Affymetrix GeneChip Mouse Promoter Array. PCR fragments
were size-fractionated by 2% agarose gel electrophoresis and
stained with ethidium bromide. Primers for PCR analysis are
included in Table 1. Fold enrichment for p65 or p300 on c-myc
promoter by qPCR was calculated as 2t vt -Gt I Data was
normalized by results obtained on skeletal a-actin promoter
previously used as negative control for NF-kB enrichment in
mammary gland after weaning [3].

RNA isolation and qPCR

Total RNA was extracted using TRIzol® reagent
(Invitrogen Life Technologies) followed by additional column
purification (RNeasy, Qiagen). The concentration and purity
of RNA were assessed using a NanoDrop™ ND-2000 spectro-
photometer (Nanodrop Technologies, DE, USA). RNA integ-
rity was assessed using the RNA 6000 Nano LabChip Series II
Assay with the 2100 Bioanalyzer System (Agilent Technolo-
gies, Palo Alto, CA, USA)

RNA (5 pg) was reverse-transcribed using the High Ca-
pacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA)
and the cDNA products amplified by qPCR (Real time quantita-
tive PCR) using the TagMan Universal PCR Master Mix (Ap-
plied Biosystems). qPCR reactions were carried out with 1 pL
c¢DNA in a final volume of 10 pL, using a 7900HT Fast Real-
Time PCR system (Applied Biosystems). Specific primers (pre-
developed Taqman primers) for c-myc and 18S
(Rn00561507_m1, and Mm004878003 _ml, respectively) were
purchased from Applied Biosystems. Results were normalized
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Fig. 1. Identification and characteri- A
zation of RelA/NF-kB targets in mouse
mammary gland at 48h weaning. (A)
Validation of p65 antibody for ChIP-on-
Chip analysis. p65 binding to c-myc
promoter was analyzed by ChIP assay in
mammary gland samples from both
lactating controls and at 48h weaning
using specific antibodies for p65.
Anti- E2F4 antibodies or normal serum
IgG were used as positive and negative ¢

qPCR c-myc promoter
Fold enrichment vs. Input
ch bl e

controls, respectively. qPCR (upper oW -

panel) or semiquantitative PCR (lower
panel) was performed using primers
specific for c-myc promoter. IP signal in
qPCR was defined as described in the Cc
Material and Methods section and is
represented as fold enrichment in either
control (black bars) or 48h weaning
(white bars). The average of three
independent experiments is shown (mean
+ SE *P < 0.05 vs. inputs). (B) General
annotation and statistics for genomic Nucleic acid

Catalytic activity

. . . . . binding activi
region distribution of p65. Region ’ o
classification on p65 by Regloan_er lon binding
tool was represented as percentage in
genome (upper) and enrichment Transport

compared to genome (lower). A total of
7195 regions derived from ChipInspector
analysis of p65 ChIP-on-Chip were
classified. (C) Distribution of GO D
molecular function for p65 targets. In
some instances, a gene is assigned to
more than one category. Clusters are
represented as percentage of p65-
enriched genes included in a molecular
category in relation to the total number
of genes with a GO annotation. (D)
Distribution of GO Biological process for
p65 targets. Percentages were calculated
as described above.
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according to 18S quantification in the same sample reaction.

A 96-well plate was custom designed and ordered from
Applied Biosystems, containing Gene Expression Assays ca-
pable of measuring mRNA for 22 NF-kB-target genes and four
endogenous controls (TagMan® Gene Expression assay
preconfigured in a 96-well format, Part no. 4413260, Applied
Biosystems). Each plate was customized with three identical
gene sets to facilitate the analysis of three replicates per gene
and per sample. Thermal cycler conditions were as follows: 2
min incubation at 50°C, 10 min at 95°C followed by 40 cycles of
95°C for 15 seconds and 60°C for 60 seconds. The relative
quantity of mRNA expression was calculated using the com-
parative Ct (224t) method where the geometric mean of the Ct
value of the endogenous control genes was used to normalize
the data.

Statistical analysis

Data are the means £ SE of at least three independent
experiments. Representative blots and ChIPs are shown.
Statistical significance was estimated with one-sample Student’s
t test. A p value of less than 0.05 was considered significant.

Results and Discussion

Identification of RelA/NF-xB binding sites in

mouse mammary gland involution by ChIP-on-

Chip analysis

We combined chromatin immunoprecipitation and
mouse whole genome promoter array profiling to identify

Cell Physiol Biochem 2011;28:833-846 837



Fig. 2. ChIP-on-Chip identification of RelA(p65)NF-
kB/p300-target genes in mammary gland involution.
(A) Validation of p300 antibody for ChIP-on-Chip
analysis. p300 binding to c-myc promoter was
analyzed by ChIP assay in mammary gland samples,
from both lactating (controls) and 48h weaned mice,
using specific antibodies for p300. Anti- p65
antibodies or normal serum IgG were used as positive
and negative controls, respectively. qPCR (left panel)
or semiquantitative PCR (right panel) were performed
using primers specific for c-myc promoter. IP signal
in qPCR was defined as described in the Material
and Methods section. Fold enrichment of p65 and
p300 during weaning versus lactating control is
represented, and calculated following the relation of
normalized data from Weaning/Control. Data (n= 3)
are mean = SE *P < 0.05 vs. controls. (B) Total RNA
from mammary tissue samples was extracted and
relative c-myc expression was analyzed by
quantitative Real-Time PCR at the indicated time
points after weaning. All data were normalized
according to 18S and quantified in the same sample
reaction. Expression levels are displayed as fold
increase relative to lactating controls. Data (n= 4) are
mean + SE *P < 0.05 vs. controls. (C) Venn diagrams
showing overlap between p65 and p300 target genes
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the direct downstream targets of RelA (p65) in mammary
gland at 48h involution. To validate chromatin enrichment
by p65 antibody, we first analyzed by ChIP assay p65
binding to c-myc promoter, a well known NF-xB-target
gene [22, 23], in tissue samples from mouse mammary
gland at 48h after pups withdrawal. As positive control
we used E2F4 antibody, a transcription factor known to
be bound to c-myc promoter [20]. As shown in Fig. 1A,
the promoter region of c-myc was two-fold enriched by
p65 in samples from 48h weaning versus control lactating
glands. Positive E2F4-binding and the absence of
amplification in samples immunoprecipitated with normal
serum IgG (Fig. 1A, lower panel) confirmed chromatin
enrichment by ChIP assay.

We performed genome-wide ChIP-on-Chip
experiments with Affymetrix promoter arrays that
contained approximately 28,000 known mouse genes
centered on the region from -6 kb to +2.5 kb relative to
the TSS at an average resolution of 35 bp. Analysis of at
least three independent experiments in mammary tissue
samples at 48h weaning identified 4532 target genes for
p65 (Weblink to RegionMiner extracted p65 raw data
http://www.uv.es/eruizy/).

A genome-wide factor location analysis (Fig. 1B)
revealed that positive probes for p65-binding had a
heterogeneous distribution. These data are in agreement
with recent evidence showing transcription factor binding
to non-canonical genomic regions localized in distal
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Fig. 3. Validation and gene expression
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of current transcription of selected p65/
p300-target genes by RNApol II-ChIP.
The presence of RNApol II on coding
regions from selected genes was
assessed by ChIP assay using
antibodies either for RNApol II or
normal serum IgG (NS). PCR was
performed using specific primers for
selected genes coding region (Table 1).
A representative analysis (n=3) is
shown.
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regions from the genes they regulate [24]. Nevertheless,
when p65 enrichment was compared to whole genome,
a clear p65 distribution was mainly assigned to gene
promoters (Fig. 1B, lower panel).

Finally, to functionally annotate our set of p65 target
genes we clustered them using the Gene Ontology (GO)
program GePS (Genomatix) and extensive manual
curation. The percentages shown in Fig. 1C and 1D refer
to the number of bound genes within a particular category
in relation to the total number of bound genes that have a
GO annotation. Generally, p65 target genes were enriched
in categories related to molecular functions included into
catalytic activity, nucleic acid binding activity, ion binding
and transport (Fig. 1C). On the other hand, p65-bound
genes were strongly enriched in several biological function

categories (Fig. 1D), particularly in those related to
nitrogen compound metabolic processes, cell signaling,
development and gene expression. These results further
confirm the important role played by NF-xB in mammary
gland. Actually, our group has extensively studied the
nitrogen compound metabolic processes that take place
in mammary gland after weaning as well as the molecular
consequences derived from that particular modulation [4,
25]. In this sense, we have already described the role of
NF-kB on the modulation of iNOS expression during
mammary gland involution [3]. The role played by NF-
kB in other biological processes such as cell signaling or
gene expression modulation has been exhaustively
documented [12-16]. For our purposes and taking into
account that sometimes a gene can be assigned to more
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Fig. 4. Molecular and biological A
characterization of p65/p300-
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than one category, it is noteworthy to mention that 14%
of p65-target genes were included in either proliferation,
cell death or inflammatory processes with a higher
percentage of genes included in the cell proliferation
category.

ChiP-on-Chip analysis of transcriptionally-

driven NF-kB-target genes

Binding of p65 to target-gene promoters does not
necessarily mean transcriptionally active NF-xB-
regulated genes. In fact, it has been described that NF-
kB binds to distal elements in accessible gene promoters
in a silent state [26]. It is well known that canonical
RelA(p65)/NF-kB transcriptional activity depends on its
association to CBP/p300 [27]. Upon stimulation, p65
recruits its coactivator CBP/p300 which induces histone
acetylation, a fact that ultimately will lead to gene
transcription. Therefore, in order to select NF-xB
transcriptionally-driven genes we performed ChIP-on-

Chip experiments with antibodies specific for mouse p300
and p65.

Chromatin enrichment for p300 antibody was
validated by ChIP assay with primers for c-myc promoter
as described previously for p65 (Fig. 2A). Moreover, to
validate a transcriptionally-active gene selection we
analyzed c-myc expression by qPCR in mammary gland
at 48h weaning. As shown in Fig. 2B, c-myc expression
dramatically increased at 48h after weaning. These results
suggest that chromatin immunoprecipitation with p65 and
p300 antibodies selects transcriptionally active genes.

Data from ChIP-on-Chip experiments with p300
antibody were crossed with data obtained from ChIP-
on-Chip experiments with p65 antibody. Analysis of at
least three independent experiments for each factor
identified 10322 target genes for p300 (Weblink to
RegionMiner extracted p300 raw data http://www.uv.es/
eruizy/), and 268 target genes for both, p65 and p300
(Weblink to RegionMiner extracted p65p300 raw data
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http://www.uv.es/eruizy/).

Therefore, the comparison of p65 and p300 target
genes indicated a limited overlap (Fig. 2C) which most
likely represents the current transcriptionally-driven NF-
kB-target genes. On the other hand, as expected, p300
by itself was bound to a high number of genes not related
to NF-«B. In fact, p300 is a well-known coactivator of
great variety of transcription factors such as CREB,
STAT3, AP-1, etc [28].

We wanted to study why, among all the putative NF-
kB-modulated genes, only a reduced number of genes
were in fact NF-kB transcriptionally-driven genes.
Therefore, we tested whether p65/p300 (which most likely
represents active NF-kB) preferentially binds to a
particular region when compared to genes bound by p65
(which is supposed to represent NF-xkB with silent
transactivation activity). A genome-wide factor location
analysis (Fig. 2D, left panel) revealed a higher percentage
of regions included in gene promoters that were bound
by p65/p300 (51%) compared to those bound by p65
(31%). Interestingly, it seems that a higher percentage of
p65-bound regions were included into intronic sequences
when compared to the p65/p300-bound region
classification (Fig. 2D, right panel). Nevertheless, since
the global distribution of bound-regions in the genome
follows the same pattern for either p65/p300 or total p65,
we cannot conclude that transcriptionally active NF-xB
preferentially binds to a particular region in the genome.

Validation of ChlP-on-Chip data and role of NF-

kB as a major node for regulation of gene

expression in mammary gland involution

We analyzed our set of genes in an exhaustive
manner attending to different filters for anatomical and
tissue distribution, cellular component, biological process,
molecular function, diseases and chemical and drugs as
well. For validation of ChIP-on-Chip data we selected
the most representative group of genes according to both,
the relevance of genes within an individual filter and the
presence of a particular gene in all the filters tested. As a
result of such analysis, the presence of p65/p300 was
analyzed by ChIP assay in a selected group of 22 genes.
As shown in Fig. 3A, whereas p65 and p300 were absent
from all the tested gene promoters in mammary gland at
the peak of lactation (control), these factors were recruited
to all the selected gene promoters at 48h after pups
withdrawal. Therefore, our validation analysis confirms
the specificity of ChIP-on-chip data.

We analyzed the final impact of NF-kB-regulated
gene transcription on the steady state mRNA levels by
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Fig. 5. Location of p65/p300 positive probes relative to TSS
within a maximal distance of -1000bp to +1000bp.
Transcriptional start sites involved in a correlation were plotted
for p65, p300 or both p65/p300 overlapping. Genomelnspector
analysis retrieved data for total p65 mean of correlations
(1075+377) and most frequent distance (+93); p300 mean of
correlations (5691£2687) and most frequent distance (+47);
p65/p300 mean of correlations (328+175) and most frequent
distance (+139).

real-time PCR in our group of 22 selected genes. As
shown in Fig. 3B all the representative genes analyzed
were up-regulated after 48h weaning. Data presented so
far are supposed to represent a selection of NF-kB
transcriptionally-driven genes within a pool of NF-xB-
target genes. Nevertheless, mRNA abundance is the
result of the dynamic regulation of gene transcription and
mRNA stability.

The presence of RNApol II at the coding region of
the gene has been shown to represent the current
transcription of the gene [29].Thus, we analyzed the
presence of RNApol II at the coding regions of some
representative genes in mammary gland samples from
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Number of predicted VSNF-kB-binding sites

1 2 3 4 5 >5
p-value % seq. Ratio % seq. Ratio % seq. Ratio % seq. Ratio % seq. Ratio % seq. Ratio
p65/p300 1.29E-20 54.5 7.1E-02 19.7 45E-02 13.6 2.2E-02 45 1.1E-02 6.06 15E-02 1.5 3.7E-03
enriched genes
pos alone 243E-90 46.5 2.0E-02  30.6 1.5B-02 139 82E-03 43 3.1E-03 332 24E-03 13 94E-04

enriched genes

Table 2. Frecuency of predicted VSNF-kB-binding sites in gene promoters related to inflammation. Gene2Promoter program
was used to search for VSNF-kB motifs. Input genes were those related to the inflammatory process from both p65-alone and
p65/p300 enriched genes. VSNF-xB binding sites were found to be common to 86% of sequences. Frequency is expressed
as percentage of sequences with the indicated number of predicted VSNF-kB- binding sites within 500bp upstream from the
first TSS and 100bp downstream from the last TSS in proximal promoters. Sometimes the same gene with several TSS can
be included into the 1, 2, 3, 4, 5 or >5 binding sites sub-groups. Ratio represents the number of genes with the indicated VSNF-«xB
-binding sites for the inflammation group versus total number of genes bound by either p65 alone or p65/p300. Raw data Weblink

common TF-binding http://www.uv.es/eruizy/

both, control and 48h involution. As illustrated in Fig. 3C,
RNApol II was bound to the coding regions of all tested
genes, indicating a transcriptional up-regulation of these
genes. These results suggest that transcriptional regulation
of these genes is the main checkpoint for the observed
increase of mRNA steady state levels in mammary gland
after weaning.

Nevertheless, we do not rule out a possible inhibition
of p65/p300 activity and repression of some NF-kB-target
genes. This could be the case of parathyroid hormone-
like peptide, known to be down-regulated in mammary
gland after weaning and found to be a p65/p300-enriched
gene.

In this sense, it has been published that low
glucocorticoid concentrations (known to occur during the
first stage of mammary gland involution), are able to
repress NF-kB-inducible genes via direct inhibition of
HAT-associated activity [30]. Finally, it has been recently
described that although most of protein-coding genes
experience transcriptional initiation in response to a
stimulus, a subset of genes mostly encoding developmental
regulators do not complete transcription [31]. In this sense,
our data might suggest that transcription initiation most
probably occurs at all the p65/p300 bound genes and
while some genes undergo transcription elongation and
mRNA processing, another fraction does not produce
mature mRNAs.

All in all, although we do not exclude the relevance
of other molecular mechanisms leading to the expression
of a subset of genes during mammary gland involution,
our experiments further support the notion of NF-kB as
a major node of regulation and as a key protein involved

in the amplification of the response triggered after pups
withdrawal.

Role of NF-xB in the coordination of different
biological processes during mammary gland
involution

In order to determine the role of NF-kB as a major
node of regulation at 48h of mammary gland involution,
we annotate our set of p65/p300 target genes using the
GePS program (Genomatix). As shown in Fig. 4A, when
compared to genes bound by p65 alone (those genes that
do not bind p300), p65/p300 targets were more strongly
enriched in several molecular function categories,
particularly those related to phosphatase, peptidase and
oxidoreductase activities, transcription regulatory activity,
calcium ion binding and transport. This profile is in
agreement with previously published data showing a high
degree of oxidative stress, an active Ca>" metabolism and
an increased protease activity during mammary gland
remodeling [2, 3, 25]. More importantly, NF-kB regulates
the expression of other transcription factors, fact that
further supports its important role as a molecular platform
for amplification of the involution response.

As mentioned above, the signaling pathways
triggered in response to an inflammatory, apoptotic or
proliferative stimulus frequently share key proteins. The
confluence and synergism between common and more
specific signals will ultimately favor a particular biological
process above others. We propose here that NF-kB could
play a role as a key protein involved in the coordination
of confluent signals. If so, does NF-«B preferentially bind
to genes included into a specific biological category? We
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P65-bound genes

P65/p300-bound genes

Matrix Family p-value Matrix Family p-value
VSKLFS 5.4E-6 VSETSF 0.004
VSRXRF 2.48E -5 VSKLFS 0.013
VSHAND 0.016

VSETSF 0.05

P65-bound genes with predicted
VSNF-kB binding sites

P65/p300-bound genes with predicted
VSNF-xB binding sites

Matrix Family p-value Matrix Family p-value
VSKLFS 1.038E-5 VSSPIF 1.67E-5
VSRXRF 2.11E-4 VSKLFS 8.61E-4
VSETSF 0.019 VSETSF 0.06
VSHAND 0.01 VSHAND 0.22

Table 3. Predicted TF-binding sites common to at least 86% of sequences
Gene2Promoter program was used to search for transcription factor-binding
sites common to at least 86% of sequences within 500bp upstream from the
first TSS and 100bp downstream from the last TSS in proximal promoters.
Input genes were those related to inflammatory process from both p65-alone
and p65/p300 enriched genes. A more restrictive analysis was performed only
in sequences with predicted VONF-kB-binding sites. Sometimes the same
gene with several TSS can be included. Raw data Weblink common TF-binding
http://www.uv.es/eruizy/

have shown that p65 was bound to a higher number of
genes related to cell proliferation compared to cell death
or inflammation (Fig. 1D). Next, we studied whether one
of these biological processes was overrepresented in p65/
p300-target genes compared to total p65-bound genes.
As shown in Fig. 4B, p65/p300 targets were more strongly
enriched in a biological category included into the
inflammatory response (Weblink to p65p300 and p65-
alone inflammation raw data http://www.uv.es/eruizy/).
The result of this analysis suggests that p65/p300
represents a major complex preferentially involved in the
modulation of the inflammatory response at 48h of
mammary gland involution. Nevertheless, this suggestion
does not rule out a dynamic gene expression regulation
by NF-xB throughout the involution process. Although
too extent for the present work, a deeper study of NF-
kB-promoter binding during the time course of mammary
gland involution, would provide further information on the
dynamics of this transcription factor at each specific phase
of mammary gland remodeling after pups withdrawal.

Cooperating elements in p65/p300 enriched
promoters: Distance from TSS, density of NF-kB
binding sites and other transcription factors
Studies on pro-inflammatory gene transcription have
focused on proximal promoters for their closed proximity
to TSS [32]. In order to define p65/p300-binding events
in a more precise manner, we analyzed the number of
correlations in our ChIP-on-Chip experiments versus the

distance from transcriptional start sites. As shown in Fig.
5, we observed multiple p65-binding events scattered over
upstream and downstream regions on gene promoters
(-1000bp to +1000bp), with a mean number of correlations
of 1075+£377 Interestingly, p65/p300-binding showed a
subpopulation specifically bound to a more restricted and
narrower window located mainly at +139bp downstream
from the TSS (mean of correlations of 328+175). This
region has been recently suggested to have a lower
nucleosome density in transcriptionally active genes [33].
This circumstance facilitates recruitment of the
preinitiation complex and transcription factors to the TSS,
leading to the transcription initiation. Therefore, our results
might suggest that although p65 can bind to multiple sites
on gene promoters or enhancers, most probably p300
accessibility is restricted to some particular p65 complexes
bound near the TSS of genes. This fact would be
responsible for the selection of specific gene transcription
initiation.

However, transcriptional activation could require
physical proximity to other transcription factors, either
from the same or from a different matrix family. According
to this model, NF-xB could synergistically activate
transcription by a cooperative binding to DNA motifs
present in tandem on gene promoters or enhancers.

To determine whether frequency of NF-kB-binding
sites was involved in the specific selection of p65/p300-
enriched genes during 48h mammary gland involution, we
used the Gene2Promoter program to search for NF-xB
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motifs. Frequency of NF-kB-binding sites was calculated
as percentage of sequences with predicted binding sites
at 500bp upstream from the first TSS and 100bp
downstream from the last one. We used as input genes a
selection of p65 alone- or p65/p300-enriched genes
previously identified as part of the inflammatory process.
Table 2 (Weblink to common TF-binding data http://
www.uv.es/eruizy/) shows that both, p65 alone- and p65/
p300-selected pro-inflammatory genes have predicted
VSNF-kB-binding sites in at least 86% of sequences.
Moreover, the analysis described above predicts that most
of affected genes preferentially include a unique
VSNF-kB-binding site at this region especially in the
group of p65/p300-enriched group.

As mentioned, NF-kB transcriptional activity could
also be mediated by cross-talk with transcription factors
of different matrix families, resulting in either synergistic
activation or antagonistic inhibition of gene expression
[11]. Thus, we searched for transcription factor binding
sites common to at least 86% of sequences for p65 alone-
or p65/p300-enriched genes. We found multiple binding
sites for both VSETSF and VSKLFS in either p65-alone
or p65/p300-enriched gene promoters (Table 3). In
agreement with these results, a co-regulation of p65/NF-
kB-controlled genes by Ets has been recently published
[34].

Interestingly, when we restricted our analysis to only
genes with predicted VSNF-«kB-binding sites, we observed
VSSP1F binding motifs common to at least 85% of
sequences included in the p65/p300-group and absent from
the p65-alone group. In this sense, it has been shown that
for a number of gene promoters a functional interaction
between NF-xB and Spl is required for full gene
expression [35]. Furthermore, it is well known that
selective regulation of genes by a transcription factor is
highly dependent on chromatin structure. In this way, p65/
p300 binding to some accessible sequences on gene
promoters in the proximity of TSS would be enough for
transcription initiation, although most probably a subset
of genes would need further chromatin remodeling to
remove nucleosome barriers. It has been demonstrated
that nucleosomes are less stably assembled on CpG
elements than on those low CpG promoters [36].
Therefore, in agreement with Ramirez-Carrozi et al,
remodeling-independent transcriptional initiation would be
favored in those genes such as p65/p300-enriched genes
with a high prevalence of Spl binding sites, which are
known to be GC-rich elements [37].

However, it is noteworthy to mention that our current
understanding of the Sp1 binding sites, highlights the need

for a deeper review. Indeed, the new models for the role
of GC-sites on gene promoters emphasizes that these
elements are not necessarily the target of Sp1, but instead
can bind repressors and activators from the related matrix
family VSKLFS (Kriipel-like zinc finger similar to Sp1).
A group of KLF proteins represses transcription by
recruitment of HDAC (histone deacetylase complex)
through direct interaction with Sin3A [38]. Therefore, we
do not rule out the possibility that the expression of those
genes included into the p65-alone group could be repressed
by some member of the KLF family of transcription
factors which are over-represented in this group.

On the whole, although a more specific study on
the role of these factors on NF-kB-inducible genes would
be needed, it is tempting to speculate that the interplay
between VSKLFS/VSSPIF and NF-kB could be
responsible for the balance inclination to a particular
biological process in mammary gland at 48h of
involution.

Concluding Remarks

We have attempted to understand the selective
regulation of NFxB-inducible genes included in
a particular biological process during mammary
gland involution. The diversity of mechanisms employed
by NF-kB for transcriptional activation of inducible
genes most probably reflects that each gene is subjected
to a highly specific mode of regulation. Although
taking into account this evident observation, identification
of NF-kB-target genes is an essential step to elucidate
the in vivo molecular profile of this important transcription
factor. Moreover, NF-kB not only modulates cell
death and proliferation, but it is also involved in
tumor development and progression by the induction
of an inflammatory environment [39] in some way similar
to that one observed in the involuting mammary gland of
mice. In fact, it has been suggested that deregulation of
postlactational involution may act to facilitate tumor
formation [40, 41]. Indeed, the elevated incidence of
breast cancer associated with pregnancy has been
suggested to be influenced by the tumor microenvironment
developed in mammary gland after weaning [42].
In agreement with the tumor-promoting potential of the
involuting mammary gland, we found that 81% of p65/
p300-enriched genes passing the disease filter (MeSH),
fell into the category of neoplasm. Therefore, the
availability of a set of NF-kB-target genes during
mammary gland involution will represent an
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important instrument for further studies on both, the

role of these genes in breast cancer, as well as the

development of putative prognosis markers or new
therapeutical targets. Finally, our analysis opens
a wide window for new approaches and future
investigation on the molecular mechanisms of NF-xB

gene selection.
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