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RAC3 is a coactivator of glucocorticoid receptor and nuclear factor-kB (NF-kB) that is usually over-
expressed in tumors and which also has important functions in the immune system. We investi-
gated the role of the inflammatory response in the control of RAC3 expression levels in vivo and
in vitro. We found that inflammation regulates RAC3 levels. In mice, sub-lethal doses of lipopolysac-
charide induce the increase of RAC3 in spleen and the administration of the synthetic anti-inflam-
matory glucocorticoid dexamethasone has a similar effect. However, the simultaneous treatment
with both stimuli is mutually antagonistic. In vitro stimulation of the HEK293 cell line with tumor

I]if\ycvgords' necrosis factor (TNF), one of the cytokines induced by lipopolysaccharide, also increases the levels of
Glucocorticoids RAC3 mRNA and protein, which correlates with an enhanced transcription dependent on the RAC3
TNF gene promoter. We found that binding of the transcription factor NF-kB to the RAC3 gene promoter
NF-xB could be responsible for these effects. Our results suggest that increase of RAC3 during the inflam-

matory response could be a molecular mechanism involved in the control of sensitivity to both pro-

and anti-inflammatory stimuli in order to maintain the normal healthy course of the immune

response.

© 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction initiation and progression of mammary gland tumorigenesis

[34,40].

RAC3 (also known as SRC-3, AIB1, ACTR, p/CIP, TRAM-1) is a
member of the p160 nuclear receptor coactivator family. The gene
for this molecule was reported to be amplified in 5-10% of human
breast tumors and the protein overexpressed in 60% of tumors,
suggesting that RAC3 provides a growth advantage for breast
cancer cells [1]. RAC3 is a bona fide oncogene and plays a role in
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RAC3 was firstly identified as a coactivator for nuclear receptors
[1,20,33], but it was later described as a coactivator for transcription
factors which are structurally not related to the original targets.
Such is the case of NF-kB [38] whose role in oncogenesis in addition
to the immune response and several physiological functions have
been described in detail [2,15,19]. Therefore, the investigation of
the RAC3 role in tumors not dependent of steroid hormones, as well
as additional functions not strictly related to nuclear receptors, is
not surprising. In fact, most clinical studies have revealed the
aberration of RAC3 in a broad spectrum of malignancies with high
frequency, including pancreatic adenocarcinoma, hepatocellular
carcinoma, gastric cancers, esophageal squamous cell carcinoma,
and prostate cancer [14,16,18,31,37,40,42]. Moreover, there is
strong evidence that some functions of RAC3 could be occurring
through cytoplasmatic actions [8,27].

2211-5463/© 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Most of the RAC3 effects including the oncogenic role, are
dependent of their expression levels and in a few cases, the gene
amplification is the cause of its increase. Therefore, the molecular
mechanisms that control the RAC3 levels deserve to be investi-
gated. In that sense it was previously described that RAC3 gene
is a target of E2F, being an E2F coactivator that promotes the cell
cycle progression [26]. In addition, a posttranslational mechanism
that controls its turnover was also described [22].

Although its oncogenic role appears to be more relevant, this
nuclear receptor coactivator plays additional important functions
in the control of growth and development involving cell prolifera-
tion, migration, differentiation, somatic growth, sexual maturation,
female reproductive function, and vaso-protection [11,21,25,39].
More recently it was also described as an important mediator of
the inflammatory response and septic shock [23,24].

The cytokines IL-1, IL-6 and TNF are the principal mediators of the
inflammatory response but their over-induction and sustained bio-
logical activities are responsible for several undesirable effects, like
septic shock and chronic disorders [4,9]. However, these inflamma-
tory cytokines activate the hypothalamic-pituitary-adrenal axis
(HPA) inducing the elevation of the systemic glucocorticoid levels
[4,32]. These hormones are the most important anti-inflammatory
and immunosuppressive agents that contain the overreaction of
the immune system as well as autoimmune reactions through inhi-
bition of cytokine gene expression and their biological actions [3,17].

RAC3 is a coactivator for the CG receptor (GR) and NF-kB. There-
fore, in this work, we investigated if the inflammatory response
may regulate the expression levels of RAC3 in vivo and in vitro.

2. Materials and methods
2.1. Cell culture and reagents

The human embryonic kidney HEK293 cells were cultured in
DMEM (Gibco Laboratories, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen), penicillin (100 U/
ml) and streptomycin (100 mg/ml). Cells were maintained at 37 °C
in a humidified atmosphere with 5% CO,. Unless stated otherwise,
all reagents were obtained from Sigma Chemical Co., Invitrogen,
Promega or Santa Cruz Biotechnology, USA. For all the experiments,
the relative densitometric units (RDU) were determined from the
original gel or picture using the NIH-Image ] software.

2.2. In vivo model

All animal experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health. Male BALB/c mice, 6-8 weeks,
weighing approximately 25-30 g, were purchased at the Buenos
Aires University (Argentine). All mice were maintained in our ani-
mal facility with food and water at libitum for a minimum of
7 days before experimentation.

Mice were randomly divided into four groups: control group,
LPS group (Escherichia coli 0111:B4-Sigma, 2 mg/kg, sublethal
dose), dexamethasone (Dex, 6 mg/kg) and Dex plus LPS group.
The group of Dex plus LPS was pre-treated with Dex 1 h prior intra-
peritoneal (i.p.) administration of LPS. The control group was trea-
ted i.p. with 200 pl of PBS. Animals were euthanized 6 or 24 h after
LPS administration. The spleen was surgically removed and total
RNA was extracted using TRIzol reagent (Invitrogen) following
the manufacturer’s instructions.

2.3. Expression vectors and reporter plasmids

The reporter plasmid containing a fragment of 2312 bp of the 5’
regulatory sequence of the RAC3 gene (—1970 to +335) upstream

of Luciferase gene (PromRAC3-Luc), was previously described
[13]. The RelA (pRc-RelA) and sslkB (pRc-IkBss, carrying the
mutated IxB at Ser32 and Ser36 to prevent phosphorylation and
proteolysis) expression vectors were previously described [28].
The RAC3 siRNA (specific for RAC3 without effect over the others
p160 family members), GRE-Luc and kB-Luc plasmids were previ-
ously described [13,38].

2.4. Luciferase assays

HEK293 cells were plated in 24-well plates 24 h prior to trans-
fection at a density of 100,000 cells/well. Cells were transiently
transfected with a total of 0.2 pg of DNA (including pRc-RelA
and/or pRc-IkBss plus 20 ng of promRAC3-Luc or GRE-Luc or
KkB-Luc plasmids and 5 ng RSV-B Gal) using the calcium phosphate
precipitation method as previously described [29]. The medium
was replaced after 5 h and cells were stimulated with 500 nM of
Dex and/or 10 ng/ml of human TNF 16 h later.

The assays for luciferase and B-Galactosidase activity were per-
formed after 24 h of treatment using the appropriate substrates
following the manufacturer’s protocols (Promega Corp.). To
achieve transfections with a constant amount of DNA, appropriate
amounts of the parental empty expression vector were added to
each well. In some experiments, cells were pre-incubated with
NF-xB inhibitor Sulfasalazine (Sz) for 30 min before stimulation
with TNF.

2.5. Real time PCR

Assays were performed as previously described [13]. Briefly,
total RNA was isolated from HEK293 cells or spleen tissue by using
the TRIzol protocol (Invitrogen). Reverse transcription was carried
out by using the SuperScript II kit (Invitrogen) following the man-
ufacturer’s instructions. For gene expression analysis, qPCR was
performed by using sequence-specific primers for: hRAC3 forward
5-AAGTGAAGAGGGATCTGGA-3' and reverse 5'- CAGATGACTACCA
TTTGAGG-3', and hGADPH forward 5'-TCTCCTCTGACTTCAACAGC-
3’ and reverse 5'-GTTGTCATACCAGGAAATGA-3' was used as an
internal control.

To determine the effectiveness of the inflammatory response to
LPS, spleen tissue IL-6, IL-1B and TNF mRNA levels were determined
by qPCR [30]. It was performed using primers for: mIL-6 forward 5’'-
CCACTTCACAAGTCGGAGGCTTA-3' and reverse 5'-GCAAGTGCATC
ATCGTTGTTCATAC-3’, mIL-1 B forward 5-CAACTGTGAAATGCCA
CC-3' and reverse 5-GTGATACTGCCTGCCTGA-3’, mTNF-a forward
5-AAGCCTGTAGCCCACGTCGTA-3' and reverse 5'-GGCACCACTAGTT
GGTTGTCTTTG-3’, and mRAC3 forward 5'-ACATGGTGCATATGAA-
CAGC-3' and reverse 5'-GATGTCAGCAGTATTTCTGATCG-3'. Specific
mRNA expression levels were normalized to the housekeeping gene
B-actin forward 5'-GCCAACCGTGAAAAGATGAC-3' and reverse 5'-
ACATGGCTGGGGTGTTGAA-3’, and the results are expressed as the
fold change compared to control.

2.6. Western blot analysis

Western blot were performed as previously described [28].
Briefly, for RAC3 and RelA expression analysis, proteins were sep-
arated in an 8% SDS-PAGE. Protein samples were blotted to a PVDF
membrane. After incubation with the corresponding primary and
secondary antibodies, blots were developed by enhanced chemilu-
minescence (New England Nuclear, Boston, MA, USA).

2.7. Chromatin immunoprecipitation (ChIP)

After incubation for 45 min with 10 ng/ml of TNF, HEK293 cells
were fixed with 1% of formaldehyde for 10 min and the ChIP was
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performed as previously described [28]. In some experiments, cells
were pre-incubated with the NF-kB inhibitor Sulfasalazine (SZ) for
30 min before stimulation with TNF.

Immunoprecipitation was performed using 25 g of DNA in
RIPA buffer with anti-Rel-A for 18 h at 4 °C in an orbital rocker.
Immunoprecipitates were then incubated with Gamma Bind
Sepharose-G protein (GE) for 2 h at 4 °C in an orbital rocker. After
three washes, DNA was eluted from the pellets and proteins were
digested with Proteinase K. Samples were heated with shaking at
65 °C for 4 h to reverse crosslinking. The extract containing DNA
was precipitated with ethanol 70% and sodium acetate 0.3 M. Sam-
ples were resuspended in buffer TE and relative template enrich-
ment after immunoprecipitation with respect to the input was
determined by real time PCR using the primers 5'-TCCACAAATGT-
TAGGTATTACTGG-3' and 5'-GGGAGCTCCCTCGGGATCCG-3' that
correspond to —199 kB elements of the RAC3 gene promoter. The
specific signal was calculated as the difference between the mean
value obtained from specific antibodies data and subsequently nor-
malized to input values. Results were expressed as fold of increase
relative to the input value.

3. Results
3.1. Inflammatory response up-regulates the RAC3 levels in the spleen

In order to analyze the effects of the inflammatory response and
GC over the expression levels of RAC3, mice were treated with a
sub-lethal dose of 2 mg/kg of LPS or 6 mg/kg of the synthetic glu-
cocorticoid dexamethasone (Dex) or both simultaneously and the
RAC3 mRNA expression was determined by qPCR in the spleen
after 24 h.

As shown in Fig. 1A, this dose of LPS effectively induces an
inflammatory response as determined by the expression of the
inflammatory cytokines IL-1, IL-6 and TNF in the spleen. However,
this response was significantly inhibited when Dex was adminis-
tered 1 h before to LPS.

Fig. 1B shows that spleen from mice stimulated with LPS for
24 h have increased levels of mRNA for RAC3 as compared with
the controls. Moreover, although GC plays an anti-inflammatory
role, inhibiting the expression and activity of the inflammatory
cytokines [3,17], Dex is a very good inducer of the RAC3 gene
expression. However, the simultaneous treatment with both stim-
uli does not induce a synergic enhancement of RAC3 levels, but
also, it results in a mutual antagonism, inhibiting the coactivator
gene expression to basal levels.

3.2. TNF induces the increase of RAC3 gene expression

TNF is an inflammatory cytokine induced early in the inflamma-
tory response that has multiple biological activities including its
role in tumor development and metastasis [12,28,36].

Therefore, we investigated if TNF and Dex are capable of induc-
ing the increase of RAC3 gene expression. For these experiments,
we used the HEK293 cell line, which has receptors for TNF and
GC. Similar to that observed in vivo, each one of these stimuli
increases the expression levels of RAC3 mRNA (Fig. 2A) and protein
(Fig. 2B), as determined by qPCR and western blot at 24 h after
addition of TNF or Dex. However, the simultaneous treatment with
both stimuli does not produce a mutual antagonism as observed
between LPS and Dex.

In order to determine if TNF and Dex have a direct effect over
the RAC3 gene promoter, HEK293 cells were transfected with a
reporter plasmid containing luciferase under the control of a frag-
ment of the RAC3 promoter (from —1970 to +335, containing puta-
tive target sequences for NF-kB binding) and stimulated with TNF,
Dex or both together.

Fig. 2C shows that TNF or Dex increases the transcription
dependent on the RAC3 promoter and, again, the simultaneous
treatment with both stimuli does not produce a mutual antago-
nism, showing instead luciferase levels higher than when each
one of these stimuli was applied separately.

3.3. NF-kB increases the transcription of RAC3 gene and could be a
signal by which inflammatory cytokines upregulate the coactivator
levels

The transcription factor NF-kB could be activated by multiple
signals, being TNF one of them [15].

In order to determine if the effect of TNF over the RAC3 expres-
sion could be, at least partially mediated by NF-kB activation, we
performed experiments using a specific inhibitor. We analyzed
the levels of RAC3 mRNA or RAC3 gene promoter activity in
HEK293 cells stimulated with TNF in the presence or not of Sulfa-
salazine (SZ), a potent and specific inhibitor of NF-kB activation
[28,35].

Fig. 2A-C shows that SZ clearly inhibits the increase of RAC3
induced by TNF. Therefore, in order to confirm that NF-xB could
be directly involved in the increase of both the RAC3 promoter activ-
ity and mRNA expression levels, we analyzed if this transcription
factor is able to bind the putative NF-kB target sequence present
in the RAC3 promoter fragment that we used in the reporter assays.
Therefore, we performed ChIP experiments, where the Rel-A (the
active subunit of the most abundant NF-kB dimer) was immunopre-
cipitated after TNF stimulus and the DNA bound to these complexes
was amplified by qPCR using specific primers. Fig. 2D shows a signif-
icant increase on the NF-kB binding to this sequence in response to
TNF, which was blocked by the addition of SZ.

In order to confirm the functional role of NF-xB on the RAC3
gene promoter, we performed additional experiments analyzing
the effects of Rel-A. HEK293 cells were transfected with an expres-
sion vector for Rel-A, or the control empty vector and simulta-
neously, with or without the expression vector for the super-
repressor IkB (sslkB). This protein is unable to be phosphorylated
and degraded, keeping NF-kB inactive. We analyzed the effect of
Rel-A and/or ssIkB overexpression over RAC3 gene promoter activ-
ity, levels of RAC3 mRNA and proteins. Fig. 3 shows these results:
the increase of Rel-A induces an enhanced transcriptional activity
of the RAC3 gene promoter (Fig. 3A) giving increased levels of
RAC3 mRNA (Fig. 3B) and RAC3 protein (Fig. 3C). The sslkB overex-
pression significantly inhibited all these effects.

3.4. NF-kB and GR-mediated transactivation require RAC3 expression

In physiological conditions, most of the immune response
involves the expression of NF-kB target genes while the anti-inflam-
matory effects require GR. In order to induce the expression of their
target genes, GR and NF-kB uses several coactivators, like RAC3, SRC-
1 and TIF-2, all members of the p160 family. However, is not clear
whether there is a specific requirement for RAC3 for GR and NF-xB
activity, or if other members could compensate for some RAC3 func-
tions. Therefore, we investigated the impact of RAC3 depletion in the
activity of GR, NF-xB and their mutual antagonism [38].

A low or undetectable expression pattern of p160 coactivators is
usually found in normal tissues. On the other hand, HEK293 are
non-tumoral cells that also express almost undetectable levels of
these molecules [8]. Thus, this cell line is a good model to investi-
gate the effect of RAC3 depletion on NF-kB and GR-dependent
transcription, without the possible compensatory effect due to
overexpression of the other p160 coactivators.

Therefore, cells were transfected with a RAC3 siRNA expression
vector or the scrambled control. The NF-xB and GR transcriptional
activity were analyzed by reporter assays using the kB-Luc or
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Tukey’s Test.

GRE-Luc reporter plasmids and cells were stimulated for 24 h with
TNF (10 ng/ml), Dex (500 nM) or both simultaneously.

As shown in Fig. 4, under normal RAC3 gene expression and as
expected, TNF induced the NF-kB -mediated transcription, which
was inhibited by Dex (Fig. 4A) while Dex induced the GR-mediated
transcription, that was inhibited by TNF (Fig. 4B) [38]. However, all
NF-kB- and GR-dependent transcription was significantly inhibited
when RAC3 expression was blocked (Fig. 4C, at amplified scale).
Moreover, the mutual antagonism between both signals was not
detected in the absence of RAC3 expression.

These results demonstrate that RAC3 is required for the
NF-kB- and GR-mediated transcription, as well as for their mutual
antagonism. Moreover, in non-tumoral cells, which have limiting
quantities of p160 coactivators [8], RAC3 cannot be replaced by
the other members. Therefore, their up regulation by inflammatory
cytokines and GC could be the mechanism to ensure the normal
course of the inflammatory response, which requires the NF-xB
target gene expression, as well as some GR target genes.

4. Discussion
RAC3 is a coactivator of both GR and NF-xB [1,20,33], thus, the

fact that inflammatory cytokines and GC could be regulating its
expression levels is certainly no surprise.

In this work, we found that mice stimulated with LPS, at a dose
that induces an inflammatory response was able to increase the
expression levels of RAC3 in the spleen. We observed that this hap-
pens at transcriptional level. Similar results were obtained in vitro
by stimulation with TNF, one of the inflammatory cytokines
induced by LPS and the principal mediator of septic shock [5].
Although LPS or another signal induced by LPS in physiological
conditions could be regulating the RAC3 levels, at least, TNF shows
to be an efficient stimulus. Moreover, we found that this cytokine
increases the RAC3 promoter activity. Interestingly, although TNF
triggers several different intracellular signaling pathways, their
effect was blocked by addition of the NF-kB specific inhibitor SZ,
suggesting that this is the most important pathway to up regulate
the coactivator. Moreover, NF-kB activation could be one of the
signals by which the inflammatory response may increase the lev-
els of RAC3. In this regard, we found that RAC3 promoter has a
functional target sequence specific for NF-kB binding. In fact, this
promoter responds to TNF stimulation or Rel-A overexpression in
reporter assays and binding of the active transcription factor.
Taken together, all these results suggest that NF-kB activation
and binding to the RAC3 gene promoter leads to the up-regulation
of this coactivator during the inflammatory response.

In a physiological context, as part of the natural control of the
inflammatory response, the inflammatory cytokines activate the
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HPA axis inducing the increase of the anti-inflammatory GC in
order avoid the immune overreaction [4,32]. Thus, the increase of
RAC3 expression levels that was observed in vivo after 24 h of
LPS administration, are probably the result of a balance in the
crosstalk between the pro- and anti-inflammatory signals.

In order to determine the specific effect of GC over the RAC3
expression, we analyzed the action of Dex administered both
in vivo and in vitro. In both cases, we found that the hormone
induces the increase of RAC3 expression. Moreover, our results of
qPCR and reporter assays suggest it could be happen at transcrip-
tional level, perhaps through a direct action of the activated GR and
binding to putative target sequences in the RAC3 gene promoter.
However, our results obtained in vivo and in vitro, where Dex
was administered together with LPS or TNF, suggest that additional
mechanisms related to the crosstalk with inflammatory signals
could not be excluded. In this regard, although each one of these
stimuli were RAC3 up-regulatory signals, no synergism was
observed in vivo or in vitro. Moreover, in vivo simultaneous stimu-
lation with LPS plus Dex shown to be mutually antagonistic, given
RAC3 mRNA levels similar to basal conditions. Meanwhile in vitro,
all the stimuli, alone or combined, induced the increase of RAC3
promoter and gene expression. The differences between the pro-
moter activity and gene expression could be explained perhaps,
because the reporter assays were performed only with a fragment
of the RAC3 promoter and additional regulatory sequences having
arole in the control of RAC3 gene expression are not included. Con-
cerning the antagonism, only observed in vivo, probably suggest
that GC-mediated inhibition of inflammatory cytokines synthesis
could be a limiting step for the increase of RAC3 expression. More-
over, in the physiological context, under LPS stimulation, the
hormone was unable to enhance the RAC3 gene expression. How-
ever, the cause of the observed differences between in vivo and
in vitro conditions and the precise molecular mechanism that are
involved, remains to be determined, although the GR and NF-xB
mutual antagonism appears to be the less probable [10,38].

It has been previously demonstrated that mice SRC-37/~ are
more susceptible to infection in eye and skin [7,39] and markedly
hypersensitive to LPS-induced endotoxic shock [6]. In agreement
with previous reports, in response to LPS, SRC-37 macrophages
produce significantly more pro-inflammatory cytokines such as
TNF, IL-6, and IL-18 than wild-type controls. Although they express
similar amounts of cytokine mRNAs, it was found that SRC-3 can
exert effects at translational levels, acting as a translational repres-
sor [41]. However, others have found that peritoneal macrophages
of SRC-3-deficient mice showed a decrease in bacterial phagocyto-
sis in culture and an increase in apoptosis, which was consistent
with a defective bacterial clearance observed in SRC-3-deficient
mice [6]. All together, these evidences strongly suggest an impor-
tant role for RAC3 in the control of the immune response. More-
over, all the previous reports support the knowledge that a
normal expression of this coactivator is required in order to ensure
the normal course of the immune response. In normal physiologi-
cal conditions, GC plays a central role avoiding the harmful effects
of the immune overreaction and is the best anti-inflammatory
control.

However, all this evidence arises from experiments performed
in knockout animals, where some compensatory mechanisms
could be developed during their life.

In agreement with our results concerning NF-xB and GR tran-
scriptional activity (Fig. 4) in a cell line having low levels of p160
coactivators [8], the absence of RAC3 shows to be a key limiting
factor for NF-xB and GR transactivation. This function could not
be compensated, at least within 24 h, by the activity of another
coactivator. Interestingly, the same low levels of coactivators could
be found in normal mouse and human tissues, while the constitu-
tive overexpression is related to tumoral cells.

Taken together, all our results suggest that, in normal condi-
tions, the increase of RAC3 during inflammatory response could
be a molecular mechanism that ensures the expression of NF-xB
and GR target genes required in the normal healthy course of the
immune and anti-inflammatory response.
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Fig. 4. RAC3 expression is required for NF-kB and GR-mediated transactivation: HEK293 cells transfected with RAC3 siRNA expression vector or the scrambled control and
co-transfected with the (A) kB-Luc or (B) GRE-Luc plasmid were stimulated with TNF (10 ng/ml), Dex (0.5 mM) or Dex plus TNF and reporter activity was determined after
24 h. The diagram bars correspond to the average of relative light units (R.L.U.) normalized with the corresponding B-Galactosidase values. (C) Diagram bars correspond to the
amplified scale of R.L.U. of kB-Luc and GRE-Luc activity in the presence of RAC3 siRNA. In all cases, results were analyzed by Tukey’s Test.

Finally, RAC3 is an oncogene [27,40] that contributes to tumor
development when is overexpressed. An inflammatory response,
systemic or restricted to the tumor micro-environment plays an
important role in oncogenesis and some inflammatory cytokines
such as TNF, may contribute to tumorigenesis [28]. Therefore, the
possible RAC3 up-regulation by the inflammatory response in
tumors and surrounding tissues could be an important mechanism
that deserves special attention and research for a better under-
standing of this disease.

Acknowledgments

This work has been supported by grants from the National
Research Council of Argentina (CONICET), and Agencia Nacional
de Promocién Cientifica y Tecnolégica, Argentina (ANPCyT).

References

[1] Anzick, S., Kononen, ]., Walker, R., Azorsa, D., Tanner, M., Guan, X., Sauter, G.,
Kallioniemi, O., Trent, J. and Meltzer, P. (1997) AIB1, a steroid receptor
coactivator amplified in breast and ovarian cancer. Science 277, 965-968.

[2] Baeuerle, P.A. and Henkel, T. (1994) Function and activation of NF-kappa B in
the immune system. Annu. Rev. Immunol. 12, 141-179.

[3] Beck, .M., Vanden Berghe, W., Vermeulen, L., Yamamoto, K.R., Haegeman, G.
and De Bosscher, K. (2009) Crosstalk in inflammation: the interplay of

[4

[5

[6

(7

[8

[9

(10]

(11]

glucocorticoid receptor-based mechanisms and kinases and phosphatases.
Endocr. Rev. 30, 830-882.

Besedovsky, H., del Rey, A. Sorkin, E. and Dinarello, C.A. (1986)
Immunoregulatory feedback between interleukin-1 and glucocorticoid
hormones. Science 233, 652-654.

Beutler, B., Krochin, N., Milsark, LW., Luedke, C. and Cerami, A. (1986) Control
of cachectin (tumor necrosis factor) synthesis: mechanisms of endotoxin
resistance. Science 232, 977-980.

Chen, Q., Chen, T., Xu, Y., Zhu, J., Jiang, Y., Zhao, Y., Xu, ]J. and Yu, C. (2010)
Steroid receptor coactivator 3 is required for clearing bacteria and repressing
inflammatory response in Escherichia coli-induced septic peritonitis. J.
Immunol. 185, 5444-5452.

Chen, Q., Chen, T., Xu, Y., Zhy, J,, Jiang, Y., Zhao, Y., Xu, J. and Yu, C. (2012)
Steroid receptor coactivator 3 is required for clearing bacteria and repressing
inflammatory response in Escherichia coli-induced septic peritonitis. J.
Immunol. 185, 5444-5452.

Colo, G.P., Rubio, M.F., Nojek, .M., Werbajh, S.E., Echeverria, P.C., Alvarado, C.V.,
Nahmod, V.E., Galigniana, M.D. and Costas, M.A. (2008) The p160 nuclear
receptor co-activator RAC3 exerts an anti-apoptotic role through a
cytoplasmatic action. Oncogene 27, 2430-2444.

Costas, M., Trapp, T., Pereda, M.P., Sauer, ]., Rupprecht, R., Nahmod, V.E., Reul,
J:M., Holsboer, F. and Arzt, E. (1996) Molecular and functional evidence for
in vitro cytokine enhancement of human and murine target cell sensitivity to
glucocorticoids. TNF-alpha priming increases glucocorticoid inhibition of TNF-
alpha-induced cytotoxicity/apoptosis. ]. Clin. Invest. 98, 1409-1416.

Costas, M.A., Muller Igaz, L., Holsboer, F. and Arzt, E. (2000) Transrepression of
Nf-kB is not required for glucocorticoid-mediated protection of TNF-o
induced apoptosis on fibroblast. Biochem. Biophys. Acta 1499, 122-129.
Coste, A., Louet, ].F., Lagouge, M., Lerin, C., Antal, M.C., Meziane, H., Schoonjans,
K., Puigserver, P., O'Malley, B.W. and Auwerx, J. (2008) The genetic ablation of
SRC-3 protects against obesity and improves insulin sensitivity by reducing


http://refhub.elsevier.com/S2211-5463(14)00045-X/h0005
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0005
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0005
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0010
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0010
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0015
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0015
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0015
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0015
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0020
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0020
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0020
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0025
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0025
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0025
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0050
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0050
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0050
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0050
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0055
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0055
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0055
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0055
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0030
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0030
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0030
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0030
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0035
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0035
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0035
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0035
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0035
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0040
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0040
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0040
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0045
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0045
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0045

[12]

[13]

(14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

(26]

C.V. Alvarado et al./FEBS Open Bio 4 (2014) 450-457

the acetylation of PGC-1{alpha}. Proc. Natl. Acad. Sci. U.S.A. 105, 17187-
17192.

Dong, R, Wang, Q., He, X.L., Chu, Y.K, Lu, J.G. and Ma, QJ. (2007) Role of
nuclear factor kappa B and reactive oxygen species in the tumor necrosis
factor-alpha-induced epithelial-mesenchymal transition of MCF-7 cells. Braz.
J. Med. Biol. Res. 40, 1071-1078.

Fernandez Larrosa, P.N., Alvarado, C.V., Rubio, M.F., Ruiz Grecco, M.,
Micenmacher, S., Martinez-Noel, G.A., Panelo, L. and Costas, M.A. (2012)
Nuclear receptor coactivator RAC3 inhibits autophagy. Cancer Sci. 103, 2064-
2071.

Fujita, Y., Sakakura, C., Shimomura, K., Nakanishi, M., Yasuoka, R., Aragane, H.,
Hagiwara, A., Abe, T., Inazawa, ]. and Yamagishi, H. (2003) Chromosome arm
20q gains and other genomic alterations in esophageal squamous cell
carcinoma, as analyzed by comparative genomic hybridization and
fluorescence in situ hybridization. Hepatogastroenterology 50, 1857-1863.
Ghosh, S. and Karin, M. (2002) Missing pieces in the NF-kappaB puzzle. Cell
109 (Suppl), S81-S96.

Gnanapragasam, V.J., Leung, H.Y., Pulimood, A.S., Neal, D.E. and Robson, C.N.
(2001) Expression of RAC 3, a steroid hormone receptor co-activator in
prostate cancer. Br. ]. Cancer 85, 1928-1936.

Hench, P.S., Slocumb, C.H., et al. (1949) The effects of the adrenal cortical
hormone 17-hydroxy-11-dehydrocorticosterone (Compound E) on the acute
phase of rheumatic fever; preliminary report. Proceedings of the staff
meetings. Mayo Clin. 24, 277-297.

Henke, R.T., Haddad, B.R,, Kim, S.E., Rone, ].D., Mani, A., Jessup, .M., Wellstein,
A., Maitra, A. and Riegel, A.T. (2004) Overexpression of the nuclear receptor
coactivator AIB1 (SRC-3) during progression of pancreatic adenocarcinoma.
Clin. Cancer Res. 10, 6134-6142.

Joyce, D., Albanese, C., Steer, ]., Fu, M., Bouzahzah, B. and Pestell, R.G. (2001)
NF-kB and cell-cycle regulation: the cyclin connection. Cytokine Growth
Factor Rev. 12, 73-90.

Li, H., Gomes, PJ. and Chen, ].D. (1997) RAC3, a steroid/nuclear receptor-
associated coactivator that is related to SRC-1 and TIF2. Proc. Natl. Acad. Sci.
U.S.A. 94, 8479-8484.

Li, H.J., Haque, Z., Lu, Q., Li, L., Karas, R. and Mendelsohn, M. (2007) Steroid
receptor coactivator 3 is a coactivator for myocardin, the regulator of smooth
muscle transcription and differentiation. Proc Natl Acad Sci U.S.A. 104, 4065-
4070.

Li, C,, Ao, ], Fu, J., Lee, D.F., Xu, ]., Lonard, D. and O’'Malley, B.W. (2011) Tumor-
suppressor role for the SPOP ubiquitin ligase in signal-dependent proteolysis
of the oncogenic co-activator SRC-3/AIB1. Oncogene 30, 4350-4364.

Li, J., Liu, Y.H., Ou, S., Dai, X.M., Wang, ].P. and Su, Y.P. (2012) Steroid receptor
coactivator-3 differentially regulates the inflammatory response in peritoneal
macrophages. Mol. Med. Rep. 5, 1099-1105.

Li, J., Niy, |, Ou, S., Ye, Z.Y., Liu, D.Q., Wang, F.C., Su, Y.P. and Wang, J.P. (2012)
Effects of SCR-3 on the immunosuppression accompanied with the systemic
inflammatory response syndrome. Mol. Cell. Biochem. 364, 29-37.

Liao, L., Kuang, S.Q., Yuan, Y., Gonzalez, S.M., O’'Malley, B.W. and Xu, J. (2002)
Molecular structure and biological function of the cancer-amplified nuclear
receptor coactivator SRC-3/AIB1. J. Steroid Biochem. Mol. Biol. 83, 3-14.
Louie, M.C., Revenko, A.S., Zou, ].X., Yao, ]. and Chen, H.W. (2006) Direct control
of cell cycle gene expression by proto-oncogene product ACTR, and its

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

457

autoregulation underlies its transforming activity. Mol. Cell. Biol. 26, 3810-
3823.

Ma, G., Ren, Y., Wang, K. and He, J. (2011) SRC-3 has a role in cancer other than
as a nuclear receptor coactivator. Int. J. Biol. Sci. 7, 664-672.

Rubio, M.F.,, Werbajh, S., Cafferata, E.G., Quaglino, A., Colo, G.P., Nojek, .M.,
Kordon, E.C., Nahmod, V.E. and Costas, M.A. (2006) TNF-alpha enhances
estrogen-induced cell proliferation of estrogen-dependent breast tumor cells
through a complex containing nuclear factor-kappa B. Oncogene 25, 1367-
1377.

Rubio, M.F, Fernandez, P.N., Alvarado, C.V., Panelo, L.C., Grecco, M.R., Colo, G.P.,
Martinez-Noel, G.A., Micenmacher, S.M. and Costas, M.A. (1823) Cyclin D1 is a
NF-kappaB corepressor. Biochim. Biophys. Acta 2012, 1119-1131.

Saito, M. and Watanabe, S. (2008) Differential modulation of
lipopolysaccharide- and zymosan-induced hypophagia by dexamethasone
treatment. Pharmacol. Biochem. Behav. 90, 428-433.

Sakakura, C., Hagiwara, A., Yasuoka, R., Fujita, Y., Nakanishi, M., Masuda, K.,
Kimura, A., Nakamura, Y., Inazawa, J., Abe, T. and Yamagishi, H. (2000)
Amplification and over-expression of the AIB1 nuclear receptor co-activator
gene in primary gastric cancers. Int. J. Cancer 89, 217-223.

Sapolsky, R., Rivier, C., Yamamoto, G., Plotsky, P. and Vale, W. (1987)
Interleukin-1 stimulates the secretion of hypothalamic corticotropin-
releasing factor. Science 238, 522-524.

Torchia, J., Rose, D.W., Inostroza, J., Kamei, Y., Westin, S., Glass, C.K. and
Rosenfeld, M.G. (1997) The transcriptional co-activator p/CIP binds CBP and
mediates nuclear-receptor function. Nature 387, 677-684.

Torres-Arzayus, M.L, Font de Mora, J., Yuan, J., Vazquez, F., Bronson, R., Rue, M.,
Sellers, W.R. and Brown, M. (2004) High tumor incidence and activation of the
PI3K/AKT pathway in transgenic mice define AIB1 as an oncogene. Cancer Cell
6, 263-274.

Wabhl, C,, Liptay, S., Adler, G. and Schmid, R. (1998) Sulfasalazine: a potent and
specific inhibitor of nuclear factor kappa B. J. Clin. Invest. 101, 1163-1174.
Wang, C.Y., Mayo, M.W. and Baldwin Jr., A.S. (1996) TNF- and cancer therapy-
induced apoptosis: potentiation by inhibition of NF-kappaB. Science 274, 784-
787.

Wang, Y., Wu, M.C,, Sham, ].S., Zhang, W., Wu, W.Q. and Guan, X.Y. (2002)
Prognostic significance of c-myc and AIB1 amplification in hepatocellular
carcinoma. A broad survey using high-throughput tissue microarray. Cancer
95, 2346-2352.

Werbajh, S., Nojek, I., Lanz, R. and Costas, M.A. (2000) RAC-3 is a NF-kappa B
coactivator. FEBS Lett. 485, 195-199.

Xu, ], Liao, L., Ning, G., Yoshida-Komiya, H., Deng, C. and O’'Malley, B.W. (2000)
The steroid receptor coactivator SRC-3 (p/CIP/RAC3/AIB1/ACTR/TRAM-1) is
required for normal growth, puberty, female reproductive function, and
mammary gland development. Proc. Natl. Acad. Sci. U.S.A. 97, 6379-6384.
Yan, J., Tsai, S.Y. and Tsai, M.J. (2006) SRC-3/AIB1: transcriptional coactivator
in oncogenesis. Acta Pharmacol. Sin. 27, 387-394.

Yu, C, York, B., Wang, S., Feng, Q., Xu, J. and O'Malley, B.W. (2007) An essential
function of the SRC-3 coactivator in suppression of cytokine mRNA translation
and inflammatory response. Mol. Cell 25, 765-778.

Zhou, HJ., Yan, J., Luo, W., Ayala, G., Lin, S.H., Erdem, H., Ittmann, M., Tsai, S.Y.
and Tsai, M.J. (2005) SRC-3 is required for prostate cancer cell proliferation
and survival. Cancer Res. 65, 7976-7983.


http://refhub.elsevier.com/S2211-5463(14)00045-X/h0045
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0045
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0060
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0060
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0060
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0060
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0215
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0215
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0215
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0215
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0070
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0070
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0070
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0070
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0070
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0075
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0075
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0080
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0080
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0080
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0220
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0220
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0220
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0220
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0090
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0090
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0090
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0090
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0095
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0095
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0095
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0105
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0105
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0105
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0110
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0110
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0110
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0110
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0100
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0100
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0100
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0115
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0115
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0115
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0120
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0120
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0120
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0125
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0125
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0125
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0130
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0130
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0130
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0130
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0135
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0135
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0145
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0145
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0145
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0145
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0145
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0225
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0225
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0225
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0150
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0150
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0150
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0155
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0155
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0155
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0155
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0160
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0160
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0160
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0165
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0165
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0165
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0170
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0170
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0170
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0170
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0175
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0175
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0180
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0180
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0180
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0185
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0185
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0185
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0185
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0190
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0190
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0195
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0195
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0195
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0195
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0200
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0200
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0205
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0205
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0205
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0210
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0210
http://refhub.elsevier.com/S2211-5463(14)00045-X/h0210

	The levels of RAC3 expression are up regulated by TNF in the inflammatory response
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and reagents
	2.2 In vivo model
	2.3 Expression vectors and reporter plasmids
	2.4 Luciferase assays
	2.5 Real time PCR
	2.6 Western blot analysis
	2.7 Chromatin immunoprecipitation (ChIP)

	3 Results
	3.1 Inflammatory response up-regulates the RAC3 levels in the spleen
	3.2 TNF induces the increase of RAC3 gene expression
	3.3 NF-κB increases the transcription of RAC3 ge
	3.4 NF-κB and GR-mediated transactivation requir

	4 Discussion
	Acknowledgments
	References


