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Abstract

The suppressor of cytokine signalling (SOCS) protein family negatively regulates cytokine action. In this study, we investigated
the effects of estrogen (E2) on SOCS-3 expression in T47D and MCF-7 human breast cancer cells. Real-time PCR analysis of E2-
treated T47D cells revealed a ligand and time-dependent increase in of SOCS-3 mRNA levels. Cloning of a 1.7 kb fragment of the
human SOCS-3 5’ flanking sequence, and subsequent analysis of potential transcription factor-binding sites identified an incomplete
ERE motif located —1493 to —1489 upstream of the start site. Transient transfection of the cloned fragment in MCF-7 cells showed
that both E2 and genistein treatment caused an increase in reporter gene activity, which was inhibited by co-treatment with ICI
182,780. Chromatin immunoprecipitation analysis revealed an E2 and time-dependent recruitment of ERa to the E2 responsive
region of the human SOCS-3 promoter. In summary, this study shows that ERa directly regulates human SOCS-3 promoter activity
in human breast cancer cells, thus modulating cytokine activity.

© 2005 Elsevier Inc. All rights reserved.
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Cytokines mediate their effects through interactions
with cell membrane receptors resulting in changes in cel-
lular homeostasis. Ligand binding to cytokine receptors
causes activation of the Janus kinases (JAKs) and subse-
quent phosphorylation of signal transducers and activa-
tors of transcription (STATs) [1]. Phosphorylated
STATs dissociate from the receptor and form homo- or
heterodimers. STAT dimers then translocate to the nucle-
us, where they bind their cognate DNA response elements
within the promoter of target genes initiating transcrip-
tion [2]. The negative regulation of cytokine-induced sig-
nalling pathways involves a number of proteins. There are
three different classes of negative regulators of cytokine
action: the SH2-containing protein tyrosine phosphatase
I (SHPI), the protein inhibitors of activated STATs
(PIAS), and the suppressors of cytokine signalling
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(SOCS). The SOCS-protein family consists of SOCS1-7
and cytokine-inducible SH2 containing protein (CIS)
and their expression is induced by a number of cytokines
and hormones, such as estrogen (E2) [3].

The biological actions of estrogens are mediated by
binding to one of two specific estrogen receptors
(ERs), ERa or ER, which belong to the nuclear recep-
tor superfamily, a family of ligand-regulated transcrip-
tion factors [4]. Both ERs are widely distributed
throughout the body, displaying distinct but overlap-
ping expression patterns in a variety of tissues [4,5].

Recently, E2 has been demonstrated to up-regulate
SOCS-2, but not SOCS-1 or SOCS-3 expression in hu-
man embryonic kidney (HEK?293) cells [6], whereas the
expression of both SOCS-2 and SOCS-3 was increased
in liver in response to E2 [7]. These data suggest that
the regulation of SOCS proteins exhibits cell-type and
species variations. The promoter regions of SOCS-2
and SOCS-3 have been cloned and contain several
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STAT elements [8]. A functional estrogen responsive ele-
ment (ERE) is present in the murine SOCS-3 (mSOCS-
3) promoter [7]. A portion of the human SOCS-3
(hSOCS-3) promoter has also been cloned, and this se-
quence also contains several STAT elements, but no
ERE motif [9]. However, only a 1.1 kb fragment of the
hSOCS-3 promoter has thus far been reported and up-
stream regulatory elements remain to be identified.
Although the expression of SOCS-3 can be regulated
by ERs, it remains to be determined whether this regu-
lation occurs at the transcriptional level.

In this study, we investigated the effects of E2 on
SOCS-3 expression in T47D and MCF-7 human breast
cancer cells. We report the cloning of a 1.7 kb fragment
of the hSOCS-3 5’ flanking sequence. Subsequent anal-
ysis of potential transcription factor-binding sites identi-
fied an ERE motif located —1493 to —1489 upstream of
the start site. Transient transfection of the cloned frag-
ment in MCF-7 human breast carcinoma cells showed
that both E2 and genistein treatment caused an increase
in reporter gene activity, which was inhibited by co-
treatment with the pure antagonist ICI 182,780. E2
treatment of T47D human breast cancer cells resulted
in a temporal increase of SOCS-3 mRNA levels. Fur-
thermore, chromatin immunoprecipitation (ChIP) anal-
ysis revealed the time-dependent recruitment of ERa to
the E2 responsive region of the hSOCS-3 promoter, sug-
gesting that ER directly regulates SOCS-3 promoter
activity thus providing another mechanism by which
E2 can modulate cytokine activity.

Materials and methods

Chemicals and biochemicals. 17B-Estradiol, dihydrotestosterone, 4-
hydoxytamoxifen, ICI182,780, and genistein were from Sigma (St.
Louis, MO). Antibodies used for ChIP included, for ERa, H-184 (Santa
Cruz Biotechnology, Santa Cruz, CA). All other chemicals and bio-
chemicals were of the highest quality available from commercial sources.

RNA isolation and real-time PCR. T47D cells were seeded in 6-well
plates and grown in phenol red-free DMEM supplemented with 5%
DCC-FCS for 2 days prior to treatment with ligands. RNA was iso-
lated using RNAeasy spin columns (Qiagen). One microgram of the
extracted RNA was pre-treated with DNasel for 15 min at room
temperature, and then reverse transcribed using random hexamer
primers and SuperScriptll (Invitrogen). Real-time PCR was performed
with 1 pl of the cDNA synthesis reaction using SYBR green (Invit-
rogen). For the SOCS3 mRNA, the primers were 5-GAAGATCC
CCCTGGTGTTGA-3" and 5'-TTCCGACAGAGATGCTGAAGA
GT-3'".

Cloning of the human SOCS-3 promoter. Cloning of the hSOCS-3
promoter was done by querying the Entrez human genomic databases
with the mRNA sequence of hSOCS3. A match was found to BAC
clone number clone RPI11-806H10 (GenBank Accession No.
AC061992). Subsequent computational analysis using the transcrip-
tion factor-binding site identification software Genomatrix Matln-
spector [10] revealed a putative E2 responsive motif located at —1504
to —1486. A 1.7 kb fragment of the hSOCS-3 5’ regulatory region was
PCR amplified using primers 5'-CAAAGAGCTCAGTGGGCCGAG
GCTGGGTAG-3’ and 5-CAAAAGATCTGGCGCACGGAGCCA
GCGTGGATCTG-3'; the underlined sequences represent restriction

enzymes Sacl and Bgl/lI, respectively. The amplified sequence was TA-
cloned into pGEMTeasy (Promega), excised using Sacl and Bg/II and
subcloned into pGL3 basic creating pGL3-hSOCS-3, which contained
—1673 to —1 of the hSOCS-3 promoter. Mutation of the ERE motif
(pGL3-mutERE) was done using PCR mutagenesis with pGL3-
hSOCS3 as template and the primers 5'-CGGGCCGCCTGAATTC
CCGCAGTT-3' and 5'-AACTGCGGGAATTCAGGCGGCCCG-3'.
The plasmid containing the deletion of the incomplete ERE site pGL3-
delERE was generated by digesting pGL3-hSOCS3 with Sacl and X#ol.
The ends were filled in using Klenow and the restriction enzyme sites
were lost after blunt end ligation, producing pGL3-delERE encom-
passing —808 to —1 of the hSOCS-3 promoter. All plasmids were
sequenced to ensure that only the desired mutations were generated.

Transient transfection. MCF-7 human breast carcinoma cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen),
supplemented with 5% fetal calf serum (FCS) (Invitrogen), 2 mM
L-glutamine, and 1% penicillin/streptomycin, and cells were main-
tained at 37 °C containing 5% CO,. For transient transfection exper-
iments, cells were seeded in 6-well plates in phenol red-free DMEM
supplemented with 5% dextran-coated charcoal (DCC)-treated FCS
24 h before transfections. Cells were transfected with Lipofectamine
2000 according to the manufacturer’s recommendations (Invitrogen).
All reactions included 10 ng pCH110-B-Gal (Pharmacia) to normalize
for transfection efficiency. After transfection, cells were treated with
ligands for 24 h before luciferase (Biothema, Dalard, Sweden) and (-
galactosidase assays were performed (Tropix, Bedford, MA).

Chromatin immunoprecipitation. ChIP assays were performed
essentially as previously described [11]. ChIP DNA (5 pl) was amplified
by PCR with primers 5'-CCGCTGCCTGGCTGTGGGGTAG-3' and
5'-CTTCGGGAGAGCGGGCAGTTC-3' for hSOCS-3 promoter
and 5-CAAAGAGCTCATGGTCACCCACAGCAAGTTTCCC-3’
and 5-TTAAAGCGGGGCATCGTACTGGT-3' for hSOCS-3
mRNA region.

Results
Human SOCS-3 is an estrogen responsive target gene

SOCS-3 was identified as an estrogen responsive gene
from preliminary experiments using membrane arrays
(Clontech) probed with RNA isolated from exposed
T47D cells (data not shown). Real-time PCR was then
used to verify the result from the membrane array exper-
iments, and confirmed the E2-dependent increase in the
expression of SOCS-3, and showed that SOCS-3 mRNA
was strongly induced after 1 h of E2 treatment, but rap-
idly returned to basal levels after 3 h (Fig. 1). In addi-
tion, no induction was seen after 6 h, suggesting that
SOCS-3 mRNA levels are tightly regulated. This tempo-
ral induction pattern of SOCS-3 mRNA is similar to
that reported by others. SOCS-3 mRNA was rapidly in-
duced after 1 h exposure to erythropoietin in 32D cells,
which was markedly reduced after 3 h and not detect-
able after 8 h of treatment [12].

Cloning of a 1.7 kb fragment of the human SOCS-3
promoter

To date only a 1.1 kb fragment of the human SOCS-3
(hSOCS-3) 5’ genomic sequence has been reported [9].
The sequence is very GC-rich and contains several
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Fig. 1. Estrogen and time-dependent increase in SOCS-3 mRNA in
T47D cells exposed to 10 nM estradiol. RNA isolated from exposed
cells was reverse transcribed as described in Materials and methods.
Expression levels of SOCS-3 mRNA were determined using real-time
PCR and normalized to 18S ribosomal RNA.

putative STAT-binding sites; however the sequence does
not contain an identifiable ERE motif. In a genome-
wide screen for high affinity ERE-binding sites some
functional elements are located as far as 10 kb from
the transcriptional start site [13], and an ERE motif is
present in both the mSOCS-3 and rat SOCS-3 promot-
ers. Therefore, we wanted to clone a larger fragment
of the hSOCS-3 promoter to check for upstream EREs,
that may be important in mediating its E2 responsive-
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ness. We then queried the human genomic database at
NCBI with the SOCS-3 mRNA sequence and identified
BAC clone number clone RP11-806H10 (GenBank
Accession No. AC061992), which represented a se-
quence of human chromosome 17 and contained the en-
tire SOCS-3 coding sequence and its 5’ genomic
sequence, confirming previously reported findings [9].
Using computational methods to search for transcrip-
tion factor-binding sites [10], we identified an incomplete
ERE at position —1504 to —1486, and designed PCR
primer pairs to amplify a 1.7 kb fragment of the 5'-
flanking sequence (Fig. 2). The sequence is identical to
the overlapping region in the GenBank Accession No.
AC061992 sequence. The hSOCS-3 5’-flanking sequence
is very GC-rich and was difficult to amplify using con-
ventional polymerase. However, using PCR amplifica-
tion systems specifically designed to amplify GC-rich
templates significantly improved amplification efficien-
cy, producing a single amplified product, whereas taq
DNA polymerase or other similar enzymes were unable
to efficiently amplify the sequence (Fig. 3A).

Estrogen responsiveness of the human SOCS-3 promoter
To study the promoter activity we cloned the 1.7 kb

fragment of the 5’-flanking region into the pGL3 basic
vector upstream of the luciferase reporter gene. This

Fig. 2. Nucleotide sequence of the 5’-flanking region of the human SOCS-3 gene. The start codon ATG is boxed and has been defined as +1. An
incomplete ERE motif is shown in bold and the 5’ end of the sequence is shown as —1673. The primers used in ChIP assays are underlined. The
cloning of the sequence is described in Materials and methods. The sequence similar to a shorter clone of hSOCS-3 promoter is shown in lower
case [9]. This sequence is identical to a segment of the human genomic database sequence (GenBank Accession No. AC061992) and BAC clone

AGTGGGCCGA
GCCCGCAGGT
GTGGGGTAGC
CGGGTGGCGG
TCGGCCTCCT
AGGGAGGGGG
CCAGGAACGC
TCCGCGCGCG
CCCTCCGCGC
caggaatcgg
ttggactccc
agctcccgcece
gggcagggcyg
gccaacatct
ggctcagccc
tctcgectcag
cgaggtaggg
gcttctectg
gactgagcgg
taacttccge
accctgeccgg
gggcccecgg
ggagggttcc
tgtgcggagg

RP11-806H10.

GGCTGGGTAG
GACTGTCGCA
CCCACTTCCC
CGAGGGGGTG
AGAACTGCCC

CTGCCACGAA
CGTCTCCAAC
TTTCGGCTGG
TCCCCGCGGG
GCTCTCCCGA

GGGGCGTCCC
CTCCGGCTCC
CCCGGGCCGC
GTCCGGGAAA
AGCGGCGCCC

GTGGGGGGAA
GCCGCCGGGG
TCCCTCCCGG
TCAGCCTTTC
g9g9gcggggc
tgctcecgetg
gcggcccctt
ggcgcccagg
gggcgcagcyg
caaggacgga
tccecgggage
gcagagcgga
tccectecect
cgcccaggca
gcgcgagttt
caggggcggg
ggcagtgggt
gggcactcaa
ccgcgaagca

AGTGTGAATG
CTGGCGCCGC
TCCCTGCCCC
TCTGCTGCga
gcggcggcecg
ctgccgettce
gccgeggtece
ggaagctcga
cgggccaccg
gacttcgatt
ttttcceggt
tggaagccgg
accccegtge
gtcccgggag
cccacgctge
agccgtgcgg
gccccagtceg
cgcgctegeg
gctgcagccg

AGAAGTTGGG
GCCCACCGGC
TGCTCGCGGC
gtagtgacta
cctatatacc
ggccccgcac
ctctcectggt
gggacgcgcg
ctggcegtcet
cgggaccagg
ttccectcecce
agatcccagg
ctcgggttte
cccttetect
gcccttgecag
gctccgtgag
ctcggcgaag
ccttectcte
ccgccgegcea

CTGCAGCCCT
CGGGTCTGAC
CTGACCCGCA
AGGGGAAGGG
CCGCCTCTGC
GGCGGAGCGC
CGCCTCGGCC
CCGCCCTCGG
aacattacaa
cgcgagcgcg
gcagccagcc
ccccteeecgg
cgcgaaggct
cgccgeccgceg
taggaaggag
cttcecegggt
ttccecggaat
tceccteegte
gctccceacc
tgcgecgectg
gcgcctggat
gcaggggagce
cgcagcccce
gatccacgct

GGGTCTCCCC
CCCAGCCCCG

TCTGGAATCT
CTGCCTGGCT

GTTGGGCCCT
GAACCGGGAG
CAGAAATCAG
GCGGCGGGGA
GCCTCTCGTC
CGCCCGCGGC
gaaggccggce
gcctcecgegg
gccagccgcc
ttggtccggg
cctttgtgga
tcgecettggg
gagcgcggeg
cattccecgge
actccggctg
cacaccgccce
cggccacact
ggaaggggct
cggagcgcgg
cggggcgggc
cgggatgcgg
ggctccgtge

CGGGGAGGCC
GCTCTCCAGG
CCTTCTTAGA
GGGGCCGCTG
GCGCTTTGTC
CCCTCCCTCA
cgcgcagttce
cggctcecgac
cgcccggecce
ggtgcgcagg
cttcacggcc
gacccgaggg
tggggagggg
agggaggtga
gggccttegg
ggggctactg
cctggagacc
gcceggggec
gcccaggaga
cgggcgegcet
tagcggccgce

gechtg]
+1
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Fig. 3. PCR amplification and estrogen-induced activation of hSOCS-3 promoter. (A) PCR amplification of the GC-rich 1.7 kb fragment of the
human SOCS-3 promoter (a) 1 kb ladder, (b) tag DNA polymerase (Roche), (c) pfu DNA polymerase (Roche), (d) expand DNA polymerase
(Roche), and (e) GC-rich (Roche). (B) Transient transfected MCF-7 cells were treated with 10 nM E2, 100 nM genistein, 100 nM 4OH-tamoxifen
1 mM dihydrotestosterone (DHT) or cotreated with 10 nM E2 + 100 nM ICI182780 for 24 h. Luciferase reporter gene activity is expressed as fold-
induction of ligand over solvent. Reporter gene activity significantly (P < 0.05) greater than DMSO-treated control is indicated by an asterisk.
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Fig. 4. Importance of the ERE in the hSOCS-3 promoter in mediating E2 responsiveness. Transfection of the hSOCS-3 mutant and deletion clones
into MCF-7 cells was performed as described in Materials and methods. Luciferase activity has been normalized to B-galactosidase activity and
expressed as fold-induction over DMSO control. These data are from two independent experiments, and the results shown are the means and
standard deviations of three independent measurements. Reporter gene activity significantly (P < 0.05) greater than DMSO-treated control is

indicated by an asterisk.

plasmid was then transfected into MCF-7 human breast
cancer cells and treated with various ligands. The 1.7 kb
fragment cloned into the pGL3-basic vector displayed
high basal luciferase activity, which was approximately
100-fold higher compared to that of the empty vector
arbitrarily set to unity (Fig. 3B). Treatment with
10 nM E2 resulted in a significant increase in luciferase
activity, which was inhibited by co-treatment with
100 nM of the pure antagonist IC1182,780. In addition,
treatment with 100 nM of the partial agonist genistein
also resulted in a significant increase in luciferase activ-
ity, whereas treatment with either 4-hydroxytamoxifen
or dihydrotestosterone did not.

In order to verify the importance of the incomplete
ERE motif in mediating the estrogen responsiveness of
the SOCS-3 promoter, transient transfection reporter
assays were done using a reporter plasmid containing
a mutated ERE sequence and one in which the ERE

sequence was deleted. The data presented in Fig. 4 show
that deletion but not mutation of the ERE sequence
abolished E2 responsiveness, suggesting that sequence
elements surrounding the putative ERE motif also con-
tribute to the E2 regulation of SOCS-3. Taken together,
these data demonstrate that the hSOCS-3 promoter con-
tains an estrogen responsive region in which the incom-
plete ERE sequence is important but not critical in
mediating this response.

In vivo recruitment of estrogen receptor-o to the human
SOCS-3 promoter

To confirm the involvement of ERa in the regulation
and recruitment to the human SOCS-3 promoter in vivo,
we performed ChIP assays on chromatin isolated from
MCF-7 cells exposed to 10nM E2. Following
protein cross-linking, shearing of the chromatin, and
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Fig. 5. Recruitment of ERa to the hSOCS-3 promoter. ChIP analysis of human MCF-7 cells shows the estrogen and time-dependent recruitment of
ERua to the incomplete ERE motif in the human SOCS-3 promoter. ChIP assays were performed as described in Materials and methods. These data

represent two independent experiments.

immunoprecipitation with antibodies that recognize
ERa, a fragment of the human SOCS-3 promoter con-
taining the putative ERE half site was amplified by
PCR. ChIP analysis showed the time-dependent recruit-
ment of ERa to the incomplete ERE motif, which was
evident after 30 min and decreased after 60 min of E2
treatment (Fig. 5). The recruitment profile of ERa to
the hSOCS-3 promoter also agreed with the rapid and
transient induction of E2-induced SOCS-3 expression
shown in Fig. 1. No recruitment of ERa was observed
to the SOCS-3 coding sequence. These data demonstrate
the direct recruitment of ERa to the hSOCS-3 promoter,
and suggest that the E2-dependent regulation of SOCS-3
expression is via ERa recruitment to this estrogen re-
sponse region.

Discussion

In this study, we describe the cloning of a 1.7 kb frag-
ment of the hSOCS-3 promoter, its regulation by E2 and
the identification of a putative estrogen responsive re-
gion. The E2 regulation of the hSOCS-3 promoter is
supported by similar findings for the mSOCS-3 promot-
er performed using liver and hepatocarcinoma cell lines
[6]. In addition, we demonstrate using ChIP the time
and E2-dependent recruitment of ERa to the E2 respon-
sive region of the hSOCS-3 promoter.

Using sequence information obtained by searching
human genome databases, we cloned a 1.7 kb 5’ geno-
mic region of the hSOCS-3 promoter, which contained
a newly identified ERE sequence at position —1504 to
—1486. The mSOCS-3 promoter has been shown to con-
tain an incomplete ERE sequence at nucleotides —1366
to —1352 that contributes to its regulation by E2 [6], and
a similar sequence is present in the rat SOCS-3 promoter
(unpublished observations). Similar to an earlier report
describing the cloning and characterization of a short
fragment of the human SOCS-3 promoter [9], we found

that the ~1.7 kb 5’ genomic region of the hSOCS-3 pro-
moter displayed significant basal activity. The promoter
activity has been reported to be dependent on STAT-
binding sites, and the high basal level might be the result
of constitutively active STAT proteins that are present
in a variety of human tumors [14-16]. These functionally
important STAT-binding sites have been proposed to
contribute to SOCS-3 acting as a negative autoregulator
of its own gene expression [8]. In this model, SOCS-3
expression is stimulated by a STAT-3 dependent a
pathway, whereas SOCS-3 is a negative regulator of
STAT-3 activation. The rapid return of SOCS-3 mRNA
to basal level is most likely the result of this negative
autoregulation.

The high basal activity of the hSOCS-3 promoter was
further increased by E2 treatment, a level similar to that
reported for the mSOCS-3 promoter [7]. Previous in vi-
tro and in vivo studies of ER null mice have shown that
this effect is mediated by ERa and not ER3 [7]. Deletion
but not mutation of an incomplete ERE motif abolished
the E2 regulation of the hSOCS-3 promoter, which sug-
gests that E2 regulation is via an E2 responsive region
rather than being mediated via a single ERE motif.
ChIP assays confirmed the E2 and time-dependent pro-
moter occupancy of ERa to the E2 responsive region of
hSOCS-3 in human breast cancer cells. ERs regulate
gene expression in two ways; via the classical pathway
through direct DNA-binding via EREs or via the non-
classical pathway by protein—protein interactions with
other transcription factors, such as activating protein-1
(AP-1) [17], as well as nuclear factor-xB, and stimulating
protein-1 (Spl) [18]. Several AP-1 and Spl sites are pres-
ent in the E2 responsive region surrounding the ERE
motif. ERa as been shown to interact with AP-1 and
Sp-1 factors and full activation of the E2 responsive
pS2 promoter requires both the ERE and AP-1 elements
[19]. Therefore, one cannot exclude the importance of
these and other transcription factors in mediating the
stimulatory affects of E2 on SOCS-3 expression.
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The stimulation of SOCS-3 expression by E2 may
be important in the regulation and activity of other
cytokines, such as interleukin-6 (IL-6), since SOCS-3
is known to play an important role in IL-6 signalling
[20]. E2 is an important negative regulator of interleu-
kin-6-dependent transcription [21]. The development of
postmenopausal osteoporosis is related to an increase
in IL-6 activity, which may be a result of reduced
E2 levels [22,23]. Although there are confounding re-
ports on the ability of ERa to directly interact with
STAT-3 and consequently inhibit the expression of
IL-6 [6,24], ERa has been shown to directly interact
with both IL-6 and NF-xB [25,26]. The E2 stimulation
of the hSOCS-3 promoter presented here and else-
where for the mSOCS-3 promoter [7] supports the gen-
eral findings that ERo exerts indirect negative
regulatory effects on IL-6 activity. In addition to reg-
ulating IL-6 activity, SOCS-3 modulates the activities
of many other important signalling pathways such as
leukemia inhibitory factor, interferon-y, growth hor-
mone, and insulin signalling [6,27,28]. Thus the E2
regulation of SOCS-3 gene expression may have signif-
icant physiological consequences through the potential
modulation of several important cytokines that are in-
volved in autoimmune, inflammatory, and metabolic
disorders.
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