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S100A7, a member of S100 calcium binding protein family, is highly associated with breast cancer. How-
ever, the molecular mechanism of S100A7 regulation remains unclear. Here we show that long-term
treatment with estradiol stimulated ST00A7 expression in MCF7 breast cancer cells at both the transcrip-
tional and translational levels. Both treatment with a histone demethylase LSD1 inhibitor and

Kﬁ")’words: shRNA-based knockdown of LSD1 expression significantly decreased 17p-estradiol (E2)-induced
SHlli)t(()):; demethylase LSD1 S100A7 expression. These reduced E2-mediated S100A7 expression are rescued by the overexpressed

wild-type LSD1 but not by its catalytically inactive mutant. Our data showed in vivo association of
LSD1 with S100A7 promoters, confirming the potential role of LSD1 in regulating SI00A7 expression.
S100A7 knockdown increased both normal cell growth and estrogen-induced cell proliferation, suggest-
ing a negative influence by S100A7 on the growth of cancer cells. Together, our data suggest that
estrogen-induced S100A7 expression mediated by the histone demethylase LSD1 may downregulate

Breast cancer cells
Estrogen-mediated transcriptional
regulation

breast cancer cell proliferation, implying a potential tumor suppressor-like function for S100A7.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

S100A7 (psoriasin) belongs to the S100 family of calcium-bind-
ing EF-hand proteins and was originally identified as an mRNA
overexpressed in psoriatic skin [1]. Although many lines of evi-
dence suggest the relevance of SI00A7 in carcinogenesis, its exact
role is still controversial. Several reports support the idea that
S100A7 functions as an oncogene. For example, induction of epi-
dermal growth factor-dependent signaling pathway via S100A7
promotes metastasis and tumor growth [2]. In addition, the func-
tional interaction of avp6 integrin with S100A7 is required to pro-
mote ovp6-dependent invasive activity in oral squamous cell
carcinoma, and the S100A7-dependent production of reactive oxy-
gen species and expression of vascular endothelial growth factor
are involved in endothelial cell proliferation [3,4]. ST00A7 is over-
expressed in squamous cell carcinoma of the skin, bladder, and
head and in breast cancer [5-7]. In particular, high expression of
S100A7 is observed in preinvasive ductal carcinoma in situ and is
associated with poor outcome in estrogen receptor (ER)-negative
invasive breast cancer [8-10]. The physical interaction of S100A7
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and c-Jun activation domain-binding protein-1 may be involved
in the increased expression of activator protein 1- and hypoxia-
inducible factor 1-dependent genes, leading to breast cancer pro-
gression [10]. Although all these studies point to a tumorigenic
function for ST00A7 in ER-negative breast cancer cells, a recent re-
port proposed the contrasting idea that STO0A7 suppresses tumors
through the p-catenin/T cell factor 4 protein pathway in ER-positive
breast cancer cells [11]. To date, many reports have demonstrated
the potential role of S100A7 in carcinogenesis. However, the
mechanism by which S100A7 gene expression is regulated in
breast cancer progression is not yet fully understood. Some
evidence suggests that S100A7 expression is controlled by ER-B
or by pro-inflammatory cytokines such as oncostatin-M and inter-
leukin-6 Refs. [12,13]. Estrogen and its receptors are known to be
involved in their target gene expression in breast cancer cells
[14]. Study of how estrogen controls S100A7 expression may
provide insights into understanding the role of S100A7 in breast
cancer progression. In the present study, we show that S100A7
expression is induced in MCF7 cells by long-term estrogen expo-
sure via the function of the histone demethylase LSD1. In addition,
shRNA-based knockdown of ST00A7 expression increased cell pro-
liferation irrespective of estrogen treatment. Thus, our present data
support the idea that ST00A7 has tumor suppressor-like activity
and that this activity is mediated by LSD1 in ER-positive breast
cancer cells.
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2. Materials and methods
2.1. Cell culture

The human breast cancer cell line MCF7 was cultured in Mini-
mum Essential Medium (Welgene, Korea) with 5% fetal bovine ser-
um. Cells were treated with 3 mM pargyline (Sigma, USA) for 18 h
and 10 nM 17p-estradiol (E2) (Sigma) for 72 h, as indicated.

2.2. shRNA and protein expression constructs

For the expression of shRNAs against LSD1, S100A7, and lucifer-
ase, the following oligonucleotides were annealed and cloned into
a pLKO shRNA expression vector: for LSD1_A-shRNA 5'-CCG GGC
TAC ATC TTA CCT TAG TCA TCT CGA GAT GAC TAA GGT AAG ATG
TAG CTT TTT G-3’ and 5-AAT TCA AAA AGC TAC ATC TTA CCT
TAG TCA TCT CGA GAT GAC TAA GGT AAG ATG TAG C-3'); for
LSD1_C-shRNA 5'-CCG GGC CTA GAC ATT AAA CTG AAT ACT CGA
GTA TTC AGT TTA ATG TCT AGG CTT TTT G-3’ and 5'-AAT TCA
AAA AGC CTA GAC ATT AAA CTG AAT ACT CGA GTA TTC AGT TTA
ATG TCT AGG C-3'; for ST00A7-shRNA 5-CCG GGC TGA CGA TGA
TGA AGG AGA ACT CGA GTT CTC CTT CAT CAT CGT CAG CTT TIT
G-3' and 5-AAT TCA AAA AGC TGA CGA TGA TGA AGG AGA ACT
CGA GTT CTC CTT CAT CAT CGT CAG C-3’; and for luciferase-shRNA
5’-CCG GAG AGC TGT TTC TGA GGA GCC TCT CGA GAG GCT CCT
CAG AAA CAG CTC TTT TTT G-3’ and 5-AAT TCA AAA AAG AGC
TGT TTC TGA GGA GCC TCT CGA GAG GCT CCT CAG AAA CAG
CTC T-3'. The sequence of each construct was verified before use.

2.3. RNA extraction, reverse transcriptase PCR (RT-PCR), and
quantitative real time-PCR (qRT-PCR)

Total cellular RNA was extracted using the RNeasy Mini Kit
(Qiagen, USA). cDNA was synthesized using RevertAid™ M-MuLV
Reverse Transcriptase (Fermentas, USA) according to the manufac-
turer’s protocol. qRT-PCR was performed with SYBR Premix Ex Taq
Il (Takara, Japan) and an ABI7000 sequence detector (Applied Bio-
systems, USA). The PCR primers used for ST00A7 were 5'-GTC CAA
ACA CAC ACA TCT CAC TCA-3' and 5'-TCA TGC CTA TTA TGG ACC
TCT CAG-3' and those used for LSD1 were 5'-TTC CAC GAC TCT
TCT TTG CGG G-3' and 5-AGC CCA CTC AGC AGA GCA CCA T-3'.
The primers for GAPDH have been previously described [15].

2.4. Site directed mutagenesis

The plasmid expressing LSD1_WT (resistant) was constructed
by introducing mutation into the coding sequence of LSD1_WT
using the following primers: LSD1_WT (resistant) 5-ATT GAA
GTC TAG TTG GTG TGA TAA ATA GCT CGT TGC TTC TAG CAA CCG
GTT -3’ and 5-AAC CGG TTG CTA GAA GCA ACG AGCATAT TTA
TCA CAC CAA CTA GAC TTIC AAT -3. For construction of
LSD1_K661A (resistant), LSD1_WT (resistant) construct was used
as template for introducing the mutation K661A using the follow-
ing primers: LSD1_K661A (resistant) 5'-TTT GGC AAC CTT AAC GCG
GTG GTG TTG TGT TTT -3’ and 5'-AAA ACA CAA CAC CAC CGC GTT
AAG GTT GCC AAA -3'. PCR was performed with an accuprime Pfx
DNA polymerase (Invitrogen). The PCR cycling parameters are 1 cy-
cle of 2 min at 95 °C and 24 cycles of 15 s at 95 °C, 30 s at 52 °C,
1 min/kb of plasmid length at 68 °C. After PCR, the Dpnl restriction
enzyme was added directly to amplification reaction. Each reaction
tube was incubated at 37 °C for 2 h to digest the parental super-
coiled double-stranded DNA. The Dpnl-treated DNA from each
reaction was transferred to transformation reaction.

2.5. Western blot analysis

The cultured cells were washed and lysed with lysis buffer
(10 mM Tris, pH 7.5, 150 mM Nacl, 0.2% Triton X-100, 0.2 mM Nas_
VO,4, 0.3% NP-40, 1 mM PMSF) containing protease inhibitors
(Roche, USA). Fifty micrograms of cell lysate protein was separated
by 12% SDS-PAGE, transferred to a PVDF membrane, and immuno-
blotted with the following antibodies: L4793 (Sigma) against LSD1
(AOF2),ab27957 (Abcam, UK) against S100A4, sc52948 (Santa Cruz
Biotechnology, USA) against S100A7, sc48352 (Santa Cruz Biotech-
nology) against S100A8, sc20173 (Santa Cruz Biotechnology)
against S100A9, and LF-PA0018 (AB frontier, Korea) against
GAPDH.

2.6. Chromatin immunoprecipitation (ChIP)

MCF7 cells were treated with E2 (10 nM for 72 h) or pargyline
(3mM for 18 h) before harvesting for ChIP that was performed
using a Chromatin IP kit (Cell Signaling Technology, USA). DNA-
protein complexes were precipitated using antibodies against
LSD1 (Sigma). Immunoprecipitated DNA was amplified using SYBR
Premix Ex Taq II (Takara). The PCR primers used to amplify the
S100A7 promoter were 5-GTC CAA ACA CAC ACA TCT CAC-3' and
5'-GAC ATT TCC ACA GGA GTT GCC-3'; those for the S100A7 3'UTR
were 5-CCC AGC CCC ACC AAT GGG CCT-3' and 5'-TC G GTG GGA
GAA GAC ATT TT-3'.

2.7. Colony formation assay

Cells were seeded at 5 x 102 cells per well in 6-well plates in
triplicate and then maintained for 14 days. Cells were fixed with
fixation solution (7:1 methanol:acetic acid) for 10 min and stained
with 0.02% crystal violet for 20 min; the cells were then photo-
graphed and counted.

3. Results

3.1. S100A7 is expressed at high levels after long-term treatment of
MCF7 cells with E2

To determine the effects of estrogen on S100A7 gene expres-
sion, we measured S100A7 mRNA levels after MCF7 cells were
treated with E2 for various lengths of time. Short exposure to E2
(60 min) was insufficient to induce S100A7 gene expression
(Fig. 1A), while longer exposures to E2 (36-72 h) resulted in mark-
edly increased S1T00A7 mRNA levels, which peaked three days after
treatment with E2 (Fig. 1B and C). In contrast, mRNA expression of
other calcium-binding protein family genes such as S100A4,
S100A8, and S100A9 genes was not induced by E2, irrespective of
the duration of exposure (Fig. 1). Furthermore, the up-regulation
of S100A7 protein expression, but not that of S100A4, S100A8
and S100A9, was also confirmed (Fig. 1D). Together, these results
suggest that SI00A7 is an estrogen-regulated gene in MCF7 breast
cancer cells.

3.2. Inhibition or depletion of the histone demethylase LSD1 blocks E2-
induced S100A7 gene activation

Because a previous report showed that the histone demethylase
LSD1 is required to induce E2-dependent gene expression [16], we
investigated whether LSD1 is associated with E2-dependent
S100A7 expression. First, we treated MCF7 cells with pargyline, a
well-known LSD1 inhibitor that blocks LSD1-mediated demethyla-
tion [17]. Inhibition of LSD1 demethylase activity by pargyline sig-
nificantly reduced the E2-mediated S100A7 expression but did not
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Fig. 1. The induction of S100A7 expression in MCF7 cells by long-term treatment with 17p-estradiol (E2). (A and B) qRT-PCR analysis of S100A4, ST00A7, ST00A8 and S100A9
expression in MCF7 cells with or without E2 treatment for the short or long durations indicated. The values represent the mean + S.D. of three independent experiments, each
with three technical replicates. (C and D) Semi-quantitative RT-PCR and Western blot analyses of mRNA and protein expression of S100A4, S100A7, S100A8 and S100A9 in

MCF7 cells with and without E2 treatment for the short or long durations indicated

significantly affect the expression of S100A4, S100A8, or S100A9
(Fig. 2A and B). Consistent with these observations, the depletion
of LSD1 by shRNA knockdown also markedly decreased E2-medi-
ated S100A7 induction (Fig. 2C and D). Thus, our data suggest that
LSD1 is involved in the regulation of S100A7 gene expression by
estrogen.

3.3. LSD1 binds to the promoter of the S100A7 gene

Because a previous report showed that LSD1 physically
associates with promoter regions of genes whose expression is
E2-dependent to affect the regulation of these genes [16], we em-
ployed a ChIP assay to determine whether LSD1 can associate with
the promoter region of the S1I00A7 gene. When we assayed E2-
treated or untreated cells using the ChIP assay with an anti-LSD1
antibody, we observed that LSD1 occupies a significant portion of
the S100A7 gene promoter region. In contrast, LSD1 is not present

at the gene’s 3'-UTR region, irrespective of E2 treatment (Fig. 2E).
Thus, our data demonstrate that LSD1 can associate with the
S100A7 promoter region, consistent with LSD1’s involvement in
E2-dependent induction of ST00A7 transcription.

3.4. LSD1 demethylase activity is required for E2-induced S100A7 gene
expression

To further investigate the direct involvement of LSD1 demethyl-
ase activity in E2-dependent S100A7 gene expression, we took
advantage of two LSD1 constructs: shRNA-resistant wild-type
(WT) LSD1 and shRNA-resistant catalytically inactive mutant
LSD1 (K661A) [18]. The shRNA-resistant WT LSD1 overexpressed
cells were able to reverse the decreased expression of SI00A7 by
LSD1 knockdown whereas cells overexpressing shRNA-resistant
inactive mutant LSD1 (K166A) did not rescue the decreased status
of E2-induced S100A7 gene expression (Fig. 3). These data support
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Fig. 2. The histone demethylase LSD1 is required for SI00A7 expression in MCF7 cells. (A) Semi-quantitative RT-PCR analysis of S100A4, S100A7, S100A8 and S100A9 gene
expression in MCF7 cells treated with E2 and/or an inhibitor of LSD1 (pargyline). (B) The mRNA levels of cells treated as in (A) were assessed by qRT-PCR. The values represent
the mean * S.D. of two independent experiments, each with three technical replicates. (C) MCF7 cells were transiently infected with control luciferase shRNA (shluc) or LSD1
shRNA (shLSD1_A or shLSD1_C) viral particles. After 48 h, cells were treated with or without E2, and qRT-PCR was performed. (D) The mRNA levels of LSD1, S100A7, and other
control genes were assessed by RT-PCR in cells treated as in (C). (E) ChIP assay to examine whether LSD1 protein occupies the S100A7 promoter region. MCF7 cells were
treated with or without E2, and ChIP analysis was performed using anti-LSD1 antibodies. The values represent the mean + S.D. of two independent experiments, each with
three technical replicates. Symbols used: P, pargyline; E, estradiol; —, non-treated; +, treated.

that the demethylase activity of LSD1 protein is essential for estro-
gen-mediated S100A7 gene expression.

3.5. S100A7 suppresses cell proliferation during both normal growth
and/or estrogen-dependent cell growth

E2 promotes breast cancer cell proliferation in vivo and in vitro
[19]. Furthermore, a recent report suggested that ST00A7 overex-

pression inhibits cell proliferation through the p-catenin/T cell fac-
tor 4 protein pathway in ER-positive MCF7 breast cancer cells [11].
Thus, we assessed whether S100A7 is involved in E2-dependent
MCF7 cell proliferation by establishing an MCF7 cell line stably
expressing a lentiviral shRNA plasmid that knocks down S100A7
expression. The knockdown of S100A7 expression was confirmed
by RT-PCR (Fig. 4A). Consistent with previous studies, MCF7 cells
stably expressing a control shRNA against a luciferase gene
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exhibited markedly increased colony formation after E2 treatment
(Fig. 4B) compared with cells stably expressing a S100A7-shRNA in
which S100A7 expression was decreased. S100A7 knockdown in
MCF7 cells promoted the formation of colonies of all sizes, suggest-
ing a role for S100A7 as a tumor suppressor under normal growth
conditions (Fig. 4B and C). Interestingly, the fold increase in the
number of small colonies (less than 1 mm in diameter) of the
S100A7 knockdown cells treated with E2 was less than that of con-
trol knockdown cells, while the fold increase in the number of large
colonies (more than 1 mm in diameter) of ST00A7 knockdown cells
treated with E2 was comparable to that of the control knockdown
cells (Fig. 4C). Together, these results suggest that S100A7 may
negatively regulate cell proliferation during both normal growth
and/or estrogen-dependent cell growth.

4. Discussion

Previous studies demonstrate that estrogen may control the
transcription of target genes by binding estrogen receptors; more-
over, LSD1 can demethylate both histone H3-Lys 4 and H3-Lys 9
[17,20]. Interestingly, it has been reported that histone H3-Lys 9-
me2 demethylation at most ERa target genes in MCF7 cells by
LSD1 triggers DNA oxidation, leading to estrogen-induced gene
expression [16]. Expression of S100A7 is associated with breast
cancer and also occurs in inflammatory cells [7,21]. In particular,
S100A7 is strongly associated with ERa-negative tumors and

S100A7 transcription exhibits an estrogen-dependent profile in hu-
man breast cancer cells [8-10,13]. However, the mechanism by
which S100A7 gene expression is regulated in breast cancer cells
remains unclear.

In the present study, we have shown that the histone demeth-
ylase LSD1 is involved in estrogen-induced transcription of the
S100A7 gene in MCF7 breast cancer cells. Deficiency of LSD1 activ-
ity caused either by shRNA knockdown or inhibition of its enzy-
matic activity by the small molecule inhibitor pargyline
significantly decreased estrogen-induced S100A7 expression in
MCF7 breast cancer cells. Moreover, LSD1 was shown by ChIP assay
to associate with the promoter region of S100A7 irrespective of
estrogen treatment, implying a potential role for LSD1 in the tran-
scriptional regulation of S100A7 via chromatin modulation. In
addition, our data showed that the reduced E2-induced S100A7
expression by LSD1 knockdown was rescued by introduction of
shRNA-resistant LSD1 WT but not by shRNA-resistant inactive mu-
tant LSD1 (K661A). These data support that the demethylase activ-
ity of LSD1 is essential for the E2-dependent induction of S100A7.
Although histone H3-Lys 9 methylation at the S100A7 promoter
was significantly decreased in response to estrogen treatment
and histone H3-Lys 4 methylation levels increased, histone
H3-Lys 9 methylation during estrogen treatment was not reversed
by either treatment with the LSD1 inhibitor pargyline or LSD1-
knockdown (Supplementary Fig. S1; data not shown). In addition,
we found that estrogen-induced S100A7 expression was not
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affected by knockdown-dependent deficiency of another histone
demethylase, Jumonji C domain-containing oxygenase D2C
(JM]JD2C), which is known to cooperatively regulate the function
of LSD1 at androgen receptor-dependent target promoters (Supple-
mentary Fig. S2 and Ref. [22]). These results suggest different
modes of LSD1 function in androgen- and/or estrogen-induced
transcription pathway(s). Thus, we hypothesized that LSD1 indi-
rectly regulates S100A7 expression in MCF7 cells by switching
the on/off state of as yet unidentified transcription factor(s) in a
(de)methylation-dependent manner. Some evidence led us to se-
lect the signal transducer and activator of transcription-3 (STAT3)
transcription factor as a candidate: the transcriptional level of
STAT3 is increased in mouse liver after long-term E2 treatment
[23] and the methylation-demethylation cycle of STAT3 controlled
by SET domain protein 9 and LSD1 mediates the transcription of
target genes [24]. Therefore, we assayed for an association of
LSD1 with STAT3 during E2-dependent S100A7 transcriptional reg-
ulation in MCF7 cells. However, our data suggest that STAT3 does
not cooperate with LSD1 to regulate ST00A7 expression, although
a potential involvement of STAT3 in the regulation of S100A7
expression cannot be completely excluded (Supplementary
Fig. S3). A recent report suggested that SI00A7 possesses tumor-
suppressive activity, acting through the B-catenin/TCF4 pathway
in ERa positive breast cancer cells [11]. Consistent with the previ-
ous study, we observed that ST00A7 knockdown significantly in-
creased ERa-positive breast cancer cell proliferation irrespective

of estrogen treatment (Fig. 4). Thus, it is possible that B-catenin/
TCF4 partners with LSD1 mediate estrogen-induced S100A7
expression. Because estrogen regulates many target genes in
MCF7 cells [25], the increased breast cancer cell proliferation in-
duced by S100A7 knockdown is likely not the only effect of estro-
gen-induced target gene expression. Although further studies are
needed to clarify the mechanisms by which LSD1 regulates
S100A7, our data suggest that the LSD1-S100A7 axis may be func-
tionally linked to E2-induced breast cancer cell proliferation.

In conclusion, we have demonstrated that S100A7 is
up-regulated in response to estrogen in MCF7 breast cancer cells.
More importantly, we show for the first time that the histone
demethylase LSD1 plays a key role in the transcriptional activation
of S100A7 gene expression. Moreover, we suggest that S100A7
inhibits estrogen-mediated cell proliferation of MCF7 breast cancer
cells.
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