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Lysine Specific Demethylase 1 (LSD1) removes mono- and dimethyl
groups from lysine 4 of histone H3 (H3K4) or H3K9, resulting in
repressive or activating (respectively) transcriptional histone marks.
The mechanisms that control the balance between these two
antagonist activities are not understood. We here show that
LSD1 and the orphan nuclear receptor estrogen-related receptor α
(ERRα) display commonly activated genes. Transcriptional activation
by LSD1 and ERRα involves H3K9 demethylation at the transcrip-
tional start site (TSS). Strikingly, ERRα is sufficient to induce LSD1 to
demethylate H3K9 in vitro. The relevance of this mechanism is high-
lighted by functional data. LSD1 and ERRα coregulate several target
genes involved in cell migration, including the MMP1 matrix
metallo-protease, also activated through H3K9 demethylation at
the TSS. Depletion of LSD1 or ERRα reduces the cellular capacity
to invade the extracellular matrix, a phenomenon that is rescued
by MMP1 reexpression. Altogether our results identify a regulatory
network involving a direct switch in the biochemical activities of a
histone demethylase, leading to increased cell invasion.
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Understanding how defined transcription factors (TFs) can
promote diverse transcriptional programs in a tissue-specific

manner is a fundamental goal in biology. A substantial body of
work showed that the chromatin environment plays a central role
in these specific activities—hence, in transcriptional outputs of
TFs. Histone N-terminal tails are decorated by posttranslational
modifications (methylation, acetylation, ubiquitylation, sumoyla-
tion, glycosylation, etc.) that are crucial for transcriptional regula-
tion (1). The histone code is regulated by histone modifiers that can
write or erase posttranslational modifications in a dynamic manner
(2–5). Intriguingly, it has been shown that TFs can regulate the
target gene specificity of histone modifiers to promote their defined
transcriptional program. Therefore, an intricate transcriptional
network is required to induce physiological as well as pathological
processes. In particular, cancer progression has been related to
specific chromatin states (6–9).
Lysine Specific Demethylase 1 (LSD1/KDM1A) has been the

first histone demethylase identified and can remove mono- and
dimethyl groups on the lysine 4 of histone H3 (H3K4), resulting
in transcriptional repressive marks (10). LSD1 interacts with
CoREST, which enhances its demethylase activities toward
H3K4 in vitro and in vivo (11, 12). Moreover, LSD1 is a subunit
of the NuRD corepressor complex, which inhibits gene transcrip-
tion through the cooperation of histone deacetylation and deme-
thylation (12). In addition to H3K4 demethylation, LSD1 is also
capable of demethylating H3K9, resulting in transcriptional acti-
vation. For instance, LSD1 interacts with the Androgen Receptor
(AR) to promote the transcription of at least a subset of AR target
genes through these activities (13). Whether LSD1 retains

H3K4 demethylation abilities at these promoters is unclear, as
contradictory results have been published (14, 15). In addition, a
direct effect of AR on LSD1 biochemical activities in vitro has not
been published. LSD1 recruitment by AR mostly occurs at en-
hancer sites [i.e., distal to the transcriptional start sites (TSSs)].
However, recent data have shown that the nuclear respiratory
factor 1 (NRF1) cardinal TF can tether LSD1 to proximal pro-
moter elements resulting in either transcriptional activation or re-
pression (16, 17). How the activities (repressive or activating) of
LSD1 are determined and what consequences this control has on
the biological functions of this comodulator are currently unknown.
LSD1 regulates numerous physiological processes such as the

balance between embryonic stem cell self-renewal and differen-
tiation (18, 19) or differentiation and activity of adipose tissue
(17, 20). High expression of LSD1 is also a factor of poor prog-
nosis in various cancer types, where it promotes such phenomena
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as proliferation, cell survival, and epithelial-to-mesenchymal
transition (21–25). How these regulations are precisely exerted
at the molecular level and, in particular, through which TFs are
presently unclear.
Nuclear receptors (NRs) constitute a large family of ligand-

dependent TFs that regulate a vast number of biological pro-
cesses including metabolism, differentiation, development, and
proliferation (26). NRs interact with multisubunit cofactor
complexes that promote or repress their activities through
chromatin modifications (27, 28). The NR family also comprises
orphan members—that is, for which no natural ligand has been
identified to date (29). This is the case of the estrogen-related
receptor α (ERRα), which activates its target genes in a ligand-
independent manner and whose activities are regulated through
interactions with transcriptional comodulators (30). For in-
stance, interactions of ERRα with members of the peroxisome
proliferator-activated receptor gamma coactivator-1 (PGC-1α
and β) family is highly involved in the metabolic regulations
exerted by the receptor (31, 32). These effects can be inhibited by
various factors such as the prospero-related homeobox 1 (Prox1)
protein or the NCoR1 corepressor (33, 34), suggesting a wide
variety of potential cofactor complexes controlling the activities
of ERRα. Whereas the ERRα–PGC-1α axis is extensively stud-
ied, in particular for its impact on metabolic pathways, little is
known about ERRα interactions with chromatin-associated co-
factors especially in a PGC-1–independent context. High ex-
pression of ERRα is also a factor of poor prognosis in various
cancer types (35). This includes breast tumors where elevated
levels of ERRα correlate with the establishment of metastasis
and reduced disease-free survival (36). Consistently, the receptor
promotes several traits of cancer progression, including cell mi-
gration and invasion (37–41).
Here we show that LSD1 and ERRα interact together and

display common transcriptional targets, as identified by RNA-
sequencing approach. Focusing on positively regulated genes, we
show that inactivation of LSD1 or ERRα results in increased
H3K9me2 deposition at the TSS, with no variation in H3K4me2,

suggesting that these proteins are specifically involved in H3K9
demethylation. Importantly, ERRα, but not NRF1, is sufficient to
induce LSD1 to demethylate H3K9 in vitro, suggesting that ERRα
plays a central role in regulating LSD1 demethylation activities
in vivo. Through this mechanism, LSD1 and ERRα enhance the
expression of the matrix metalloprotease MMP1. This leads to
increased cell ability to invade the extracellular matrix and
possibly accounts for the capacities of LSD1 and ERRα to po-
tentiate tumor progression.

Results
Common and Distinct ERRα–LSD1 Targets. To investigate the
mechanisms through which LSD1 positively regulates the expres-
sion of its target genes, we first determined the transcriptome of
this factor in a model cell. To this end, MDA-MB231 breast
cancer cells were transfected with siRNAs directed against LSD1
(Fig. S1A), and RNA sequencing was performed. We found that
the expression of 509 genes was deregulated, among which
197 were down-regulated upon siRNA treatment (i.e., stimulated
by LSD1) (Dataset S1). Quick inspection of this list suggested
targets that are common with the ERRα TF. We thus performed
a thorough analysis comparing the genes regulated by LSD1 to
those regulated by ERRα, which we recently published (38)
(Dataset S1). Hierarchical clustering revealed genes that are
commonly modulated by both factors (Fig. 1A). Interestingly
modulated genes are up- or down-regulated by ERRα and
LSD1 in the same direction, suggesting a common regulation. A
total of 178 genes were modulated by both ERRα and LSD1,
among which 42 were stimulated by both factors (Fig. 1B). Al-
though this may indicate that ERRα and LSD1 mainly exert
repressive activities, we focused on stimulated genes to in-
vestigate mechanisms of the transcriptional activation driven by
LSD1. We first validated the RNA-sequencing results on extracts
from cells treated by siRNAs directed against LSD1 or ERRα
and that do not affect cell viability (Fig. S1 A–C). We selected
10 genes that are commonly regulated by LSD1 and ERRα
(referred to as LSD1–ERRα genes), for which a direct binding of

Fig. 1. Common transcriptional targets of ERRα
and LSD1. (A) Heatmap of the 985 genes over- or
underexpressed upon both siERRαs or both siLSD1s
using log twofold changes (scale indicated).
(B) Venn diagrams schematizing the number of genes
modulated (up or down, Top) or activated (Bottom)
by ERRα (pink) and/or LSD1 (blue). See Dataset S1 for
complete gene lists. (C) Expression of the indicated
genes analyzed by RT-qPCR after transfection with
the indicated siRNA, relative to control conditions.
Values are mean ± SEM of three independent ex-
periments performed in triplicate. (D) ChIP experi-
ments using anti-ERRα (Upper) and anti-LSD1 (Lower)
antibody or IgG. Percent enrichments relative to input
were measured by qPCR, amplifying a region encom-
passing the TSS for LSD1 or putative ERREs for ERRα.
Bars represent mean ± SEM of three independent
experiments performed in duplicate. Significance is
shown relative to control conditions. *P < 0.05; **P <
0.01; ***P < 0.005; ns, nonsignificant.
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ERRα has been observed in ChIP-Seq experiments performed
on mouse liver (42). In addition, genes that are regulated by
either one or the other factor (referred to as LSD1-only and
ERRα-only) were also selected and used as controls. RT-qPCR
confirmed the expected deregulation of the expression of these
genes upon siRNA treatment (Fig. 1C and Fig. S1D). Simulta-
neous invalidation of LSD1 and ERRα did not result in in-
creased deregulation of target gene expression, suggesting that
both factors act in the same pathway (Fig. S1E). To investigate a
possible direct regulation of the LSD1–ERRα target genes, ChIP
experiments were performed (Fig. 1D). ERRα protein was found
enriched on predicted cognate response elements (ERREs; Ta-
ble S1) of all its target genes as well as at the TSSs of LSD1–
ERRα genes (Fig. 1D and Fig. S1 F and G). LSD1 protein was
detected at the TSSs of the majority of the common genes but
not at the ERREs (Fig. 1D and Fig. S1H). A similar gene re-
sponse pattern was also observed in HEK293T cells upon
siRNA-mediated depletion of LSD1 or ERRα (Fig. S2), sug-
gesting a general LSD1–ERRα connection.

ERRα and LSD1 Induce H3K9 Demethylation at Target Promoters. The
results above suggest a functional interplay between LSD1 and
ERRα that can lead to transcriptional activation. Transient
transfections were then performed using isolated ERREs driving
the expression of the luciferase reporter gene (Fig. S3A). We
observed that the activity of ERRα on its response element was
blunted upon siRNA-mediated LSD1 inactivation, indicating
that LSD1 is required for ERRα transcriptional effect, at least
on artificial systems. Depending on its target promoters, LSD1
has been shown to exert two possible activities, demethylating
either H3K4me2 or H3K9me2, leading to transcriptional repres-
sion or activation, respectively. Thus, inactivation of LSD1 should
result in an accumulation of the dimethylated lysine residue that is
affected by the demethylase on these promoters. To determine the
mechanisms through which LSD1 and ERRα activate gene ex-
pression, we investigated the histone methylation status at the
TSSs of their common target genes. Consistent with transcrip-
tionally active promoters, a strong enrichment of H3K4me2 mark,
together with low abundance of H3K9me2, was first detected by
ChIP experiments on the TSSs of LSD1–ERRα, as well as
ERRα-only, targets (Fig. S3B). SiRNA-mediated inactivation of
LSD1 resulted in an increased level of H3K9me2 histone mark at
the TSSs of all 10 LSD1–ERRα promoters (Fig. 2) without any
significant change in H3K4me2 levels, indicating that LSD1 exerts
H3K9 demethylase activities at these promoters. Strikingly, in-
activation of ERRα resulted in identical variations in histone
marks on these TSSs. In contrast, no increase in the methylation
status at the ERREs was observed upon LSD1 or ERRα in-
activation (Fig. S3C). ERRα-only promoters did not show any
change in H3K9me2 marks upon LSD1 or ERRα inactivation,
although H3K4me2 variations were erratically observed (Fig.

S3D). This suggests that a common LSD1–ERRα complex me-
diates H3K9me2 demethylation at the TSSs of positively regulated
target genes.

ERRα Interacts with LSD1 and Induces Its H3K9 Demethylase Activity.
Despite its reported dual activity on target promoters, LSD1 has
only been shown to demethylate H3K4me2 in in vitro assays
(11). This raises the possibility that additional cellular com-
pounds induce LSD1 to demethylate H3K9me2. Incubation of
recombinant LSD1 with bulk histones in in vitro demethylation
assays resulted in a dose-dependent reduction of H3K4me2 levels
without altering those of H3K9me2 (Fig. 3A). Strikingly, deme-
thylation of H3K9me2 by LSD1 was observed upon supplemen-
tation with in vitro translated ERRα protein. This activity of
ERRα is independent of its intrinsic transcriptional activation
domains. Indeed, an ERRα derivative deleted from its N-terminal
A/B domain together with its C-terminal end (AF2 domain) still
displayed an impact, albeit more moderately, on LSD1 activity
(Fig. S4A). Recent publications indicate that the positive tran-
scriptional regulation exerted by LSD1 often involves the NRF1
TF, which binds close to the TSS and tethers LSD1 to promoter
regions (16, 17). However, in sharp contrast to ERRα, supple-
mentation of the in vitro demethylation assay with NRF1 did not
induce LSD1 to demethylate H3K9me2 (Fig. S4B), indicating the
specificity of ERRα in this process. It is possible that additional
factors present in the in vitro translation mixture cooperate with
the receptor to induce H3K9me2 demethylation by LSD1. To
exclude this possibility, we next used recombinant ERRα, in a
preparation that does not contain any detectable additional pro-
tein (Fig. S4C). When added in demethylation assays, recombinant
ERRα dose-dependently induced recombinant LSD1 to demethy-
late H3K9me2 (Fig. 3B). Tranylcypromine, an LSD1 inhibitor,
blocked LSD1-induced H3K9 demethylation promoter by in vitro
translated and recombinant ERRα (Fig. S4D). Recombinant
ERRα produced in bacteria and purified to homogeneity also
induced LSD1-driven H3K9 demethylation (Fig. S4E), further
showing that the receptor is sufficient for such an activity.
Our results predict that LSD1 and ERRα likely interact with

each other. This is indeed the case for endogenous cellular
proteins, as using an anti-ERRα antibody allowed for immuno-
precipitation of LSD1 (Fig. 3C). As indicated by proximity li-
gation assays, this interaction takes place in the nucleus (Fig.
S4F). We next used pull-down experiments to examine which
domains of the proteins are involved in these contacts. GST-
fused full-length LSD1 protein interacted with ERRα originat-
ing from MDA-MB231 nuclear extracts (Fig. 3D). Interaction
was also detected when considering GST-fused Swirm (involved
in protein–protein interactions) or Monoamine Oxidase domains
(MAO; catalytic domain) but not the LSD1 N-terminal domain.
GST-fused full-length LSD1 was next used to pull down nuclear
extracts from MDA-MB231 cells transfected with flag-tagged

Fig. 2. ERRα induces H3K9 demethylase activities of
LSD1. ChIP experiments were performed using an-
tibodies against H3K9me2, H3K4me2, or H3 on
chromatin from MDA-MB231 cells treated with the
indicated siRNAs (c, control siRNA). qPCRs were
performed using primers specifically amplifying the
TSSs of the indicated genes. Enrichments are shown
relative to H3 and to control conditions. Bars rep-
resent the mean ± SEM of three independent ex-
periments performed in duplicate. Significance is
shown relative to control. *P < 0.05; ***P < 0.005;
ns, nonsignificant.
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ERRα derivatives (Fig. 3E). Full-length ERRα interacted with
LSD1. An ERRα deletion mutant in which both the N-terminal
A/B and the AF2 domains were deleted still retained the capacity
to contact LSD1. In contrast, the putative ERRα ligand-binding
domain (LBD) alone did not interact with LSD1, indicating that
the DNA binding-hinge domains are required for physical con-
tacts. In addition, in vitro translated flagged ERRα also interacted
with GST-LSD1 (Fig. 3F). Furthermore, coimmunoprecipitation
experiments show that recombinant LSD1 and recombinant
ERRα physically interact when incubated in demethylation assay
buffer (Fig. 3G). Together with the demethylation results
above, these data indicate that direct interaction with the DBD
and/or hinge regions of ERRα is sufficient to induce LSD1 to
demethylate H3K9.

LSD1 and ERRα Promote Cell Invasion in an MMP1-Dependent
Manner. We next investigated the physiopathological conse-
quences of these transcriptional processes. To this end, the list of
genes commonly modulated by LSD1–ERRα was submitted to
Gene Ontology (GO) analysis. Several GO terms were found
significantly enriched (Fig. S5A) and were ordered according to
semantic similarities using the REVIGO software. This resulted in
a clustering into three major groups (“development,” “signaling,”
and “migration”; Fig. 4A). We and others have previously shown
that inactivation of ERRα inhibits cell migration and invasion (37–
39). On the other hand, inhibition of LSD1 results in a similar
phenotype (43, 44). Noteworthy, the GO term “cell migration” is
significantly enriched when considering LSD1–ERRα genes but
not all LSD1 nor all ERRα genes (Fig. S5B). This suggests that the
promigratory effect of LSD1 and ERRα depends on both factors
acting together. We thus focused on this process as a possible

phenotypic outcome of LSD1–ERRα interaction. SiRNA-
mediated inactivation of LSD1 strongly reduced cell invasion ca-
pacities as evaluated in 3D invasion assays (Fig. S5C). To in-
vestigate the mechanisms through which LSD1 and ERRα
regulate cell invasion, genes appearing under the enriched GO
terms related to migration were examined. This revealed MMP1
(Matrix MetalloProteinase 1), whose product is a secreted
protein involved in extracellular matrix degradation and cell
invasion (45), as an LSD1–ERRα target. RT-qPCR experiments
(Fig. 4B) as well as Western blot analysis (Fig. 4C) showed that
siRNA-mediated inactivation of LSD1 or ERRα led to reduced
expression of MMP1-corresponding mRNA and protein. In
contrast, neither MMP11 nor MMP14 were regulated by any of
these factors, indicating a specific regulation of MMP1 (Fig.
S5D). ChIP experiments revealed LSD1 binding at the MMP1
TSS and ERRα binding on an ERRE proximal to the TSS (Fig.
S5E). SiRNA-mediated inactivation of LSD1 or ERRα resulted
in increased representation of H3K9me2, without any change in
H3K4me2 (Fig. S5F and Fig. 4D), indicating that both factors
activate MMP1 expression through H3K9me2 demethylation.
This also suggests that MMP1 is an effector of LSD1–ERRα in
their regulation of cell invasion. This possibility was evaluated
by invasion assays. Strikingly, reintroduction of MMP1 in cells in
which LSD1 or ERRα had been inactivated by siRNA treatment
resulted in rescued invasion potential (Fig. 4E). Together we
conclude that LSD1–ERRα contributes to reduce H3K9 dime-
thylation at the MMP1 TSS, leading to enhanced expression of
this factor, which in turn results in increased cell invasion
potential.

Fig. 3. ERRα interacts with LSD1 and promotes
H3K9 demethylase activity. (A and B) Bulk histones
were incubated with recombinant LSD1 in demethyla-
tion buffer. Reactions were supplemented with ERRα
translated in reticulocyte lysates (A) or recombinant
ERRα protein (B). Unprogramed reticulocyte lysate (A)
or BSA (B) was used as controls in the absence of ERRα.
Levels of H3K4me2, H3K9me2, and H3 were analyzed
byWestern blot. Quantifications of histone marks were
determined using ImageJ software and are expressed
relative to H3 and to control conditions. Bars represent
the mean ± SEM of four independent experiments.
Significance is shown relative to control. *P < 0.05;
**P < 0.01; ***P < 0.005. (C) Coimmunoprecipitation of
endogenous proteins in MDA-MB231 cells with anti-
LSD1 or anti-ERRα antibodies and rabbit IgG used as a
control. IB, immunoblotting; IP, immunoprecipitation.
(D) Pull-down assay using the indicated GST-fused
LSD1 derivatives and nuclear extract from HeLa cells.
FL, full-length; MAO, MonoAmine Oxidase domain;
N-ter, N-terminal domain. Coomassie blue staining be-
low shows the expression of GST-fused proteins used.
(E) Pull-down experiment using GST-LSD1 (full-length)
and nuclear extract from HeLa cells transfected with
the indicated flag-tagged ERRα derivatives. (F) In vitro
interaction assay using GST-LSD1 (full-length) and in
vitro translated flagged ERRα or empty vector (pSG5).
Western blots were probed with flag antibody. *,
nonspecific band. (G) Recombinant LSD1 and recombi-
nant ERRα were incubated in demethylation buffer.
Immunoprecipitation was then performed using anti-
ERRα antibody. Immunoblots (IBs) were probed with
the indicated antibodies. Shown are 20% inputs.
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Discussion
LSD1 has initially been shown to demethylate H3K4 residues on
local chromatin, resulting in transcriptional repression (10).
However, it has rapidly been demonstrated that this enzyme
could also contribute to transcriptional activation. For instance,
the hormone-dependent recruitment of LSD1 by the AR or the
Estrogen Receptor α (ERα) (at AR- or ER-response elements,
respectively) leads to the transcriptional activation of a subset of
AR- or ER-responsive genes (13, 46–48). This has been associ-
ated with hypomethylated H3K9, suggesting that LSD1 can also
demethylate this residue at specific loci. LSD1 still retains
H3K4 demethylating activity on AR-LSD1 responsive genes,
indicating a dual repressing/activating function of the demethylase
(15). However, enzymatic assays have shown that, on its own,
LSD1 demethylates H3K4 in vitro but not H3K9 (10). This
suggests that specific chromatin context may change the speci-
ficity of LSD1 toward H3K9 demethylation. Indeed, AR-
controlled phosphorylation of H3T6 and H3T11 by PKCβ1 and
PKN, respectively, switches the specificity of LSD1 from H3K4
to H3K9 demethylation and may thus contribute to LSD1
coactivation functions (14, 49). Alternatively, it is possible that
additional compounds may autonomously induce LSD1 to
demethylate H3K9. In this respect, a possible effect of AR has
not been reported. ERα does not induce such an activity unless it
is supplemented by the Pelp1 coactivator (50). Results of our
in vitro assays show that the ERRα orphan receptor is actually
sufficient to unmask H3K9 demethylation activity in LSD1. This
activity depends on ERRα domains that are involved in in-
teraction with LSD1. The molecular mechanism through which
this is achieved is unknown. ERRα interacts with the SWIRM-
MAO domains, which are actually in close proximity (51). One
could hypothesize that interaction with ERRα promotes an al-
losteric change in LSD1 structure that allows H3K9 demethyla-
tion. Consistently, inactivation of LSD1 or ERRα led to an
increase of H3K9me2 deposition at the TSSs, but not enhancers,
of common positive target genes. This is in contrast with the AR
situation, where alterations of H3K9me2 status mainly occur at
enhancers (15). Knockdown of LSD1 or ERRα did not alter the

local H3K4 methylation levels on common positive targets,
suggesting that LSD1 does not demethylate H3K4 at these TSSs.
This is in striking contrast with LSD1–ERRα negative targets, on
the TSSs of which both LSD1s mediate H3K4 demethylation
(Fig. S6 A and B). This negative activity may depend on the
recruitment of NCoR1, which has been shown to repress ERRα
activities (34). Indeed, inactivation of this corepressor leads to
increased expression of negative (but not positive) targets
(Fig. S6C).
The relevance of an LSD1–ERRα interconnection is high-

lighted by our functional assays. ERRα is highly involved in the
regulation of energetic metabolism, including in breast cancer
cells, an activity that strongly depends on members of the PGC-
1 family of coactivators (31, 32). However, PGC-1s are very
poorly expressed in MDA-MB231 cells compared with LSD1
(Fig. S5G), which possibly accounts for the lack of any enrich-
ment in metabolic-related pathways in LSD1–ERRα-regulated
genes. This suggests that this complex is not involved in metab-
olism but rather in other processes. The literature indicates that
LSD1 and ERRα display similar physiopathological activities.
For instance, epidemiological data have shown that high ex-
pression of LSD1 or ERRα constitute a factor of poor prognosis
and is associated with decreased survival in breast cancer (23, 35,
36, 52–54). This suggests that these proteins promote parameters
of cancer progression. Indeed, LSD1 increases the capacities
of various cancer cell types to migrate and invade the extra-
cellular matrix, which are essential determinants of cancer
aggressiveness (ref. 43, 44; this report). These activities have
also been reported for ERRα (37–39). Importantly, GO anal-
ysis of the genes that are commonly regulated by LSD1 and
ERRα show a significant enrichment for terms related to cell
migration. This enrichment is, however, not significant when
considering all genes modulated by LSD1 or all genes modu-
lated by ERRα. Furthermore, genes regulated by either one or
the other factor (i.e., excluding genes regulated by both
LSD1 and ERRα) do not show any significant enrichment for
migratory functions. The promigratory functions of one factor
(LSD1 or ERRα) may thus depend on the other. In particular,

Fig. 4. ERRα and LSD1 induce cell migration in an
MMP1-dependent manner. (A) ERRα–LSD1 coregulated
genes were analyzed by GO. Network of enriched GO
terms obtained with REVIGO software after removing
redundant terms is shown. Nodes represent GO terms
that are gathered according to their semantic similarity.
GO terms are coded by numbers (see Fig. S4A for cor-
respondence). Colors indicate the P value. (B) Expression
of MMP1 analyzed by RT-qPCR after transfection with
the indicated siRNAs, relative to control conditions. Val-
ues are mean ± SEM of three independent experiments
performed in triplicate. Significance is shown relative to
control. ***P < 0.005. (C) Expression of MMP1 protein
analyzed by Western blot after treatment with the in-
dicated siRNAs. (D) ChIP experiments performed using
H3K9me2, H3K4me2, or H3 on chromatin from MDA-
MB231 cells treated with the indicated siRNAs (c, control
siRNA). qPCRs were performed using primers specifically
amplifying the TSSs of the MMP1 gene. Enrichments are
shown relative to H3 and to control conditions. Bars
represent the mean ± SEM of three independent ex-
periments performed in duplicate. Significance is shown
relative to control. **P < 0.01; ***P < 0.005; ns, not
significant. (E) Cells transfectedwith the indicated siRNAs
supplemented or not with transfected MMP1 were
allowed to invade Matrigel on Boyden chamber assays
for 48 h. Microphotographs are displayed on Left.
Quantifications were performed on whole well using
ImageJ software. Bars represent the mean ± SEM of
three independent experiments. ***P < 0.005.
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the MMP1 metalloprotease is positively regulated by both factors
through H3K9 demethylation. Importantly, re-expression of MMP1
is sufficient to rescue the invasive defect observed in the absence of
LSD1 or ERRα. This indicates that this metalloprotease is a key
element in the regulation of the invasive process driven by LSD1–
ERRα. Altogether this suggests that these three factors build a
common network to promote cancer progression, at least through
the induction of cell invasion in an MMP1-dependent manner.
Negatively targeting one of these factors or their interaction ca-
pacities may be a promising approach to reduce cell invasion.

Materials and Methods
MDA-MB231 and HEK293T cells were cultured in DMEM supplemented
with 10% FCS, 10 U/mL penicillin, and 10 μg/mL streptomycin. For siRNA
transient transfection, 3×105 cells per mL were seeded in six-well plates,

and 25 pmol/mL of siRNAs against LSD1, ERRα (Dharmacon and Invitrogen),
or control (medium GC Stealth RNA interference negative control du-
plexes, Invitrogen) were transfected with INTERFERin (Polyplus Trans-
fection) according to the manufacturer’s protocol. Plasmid transfections
were performed with JetPRIME (Polyplus Transfection). For luciferase as-
says, cells were cotransfected with CMV-βGal plasmid. Luciferase activity
was normalized to that of β-galactosidase. Cells were harvested 48 h after
transfection. SiRNA sequences are shown in Table S2. ERRα deletion mu-
tants as well as ERRE-Luciferase plasmids have been described elsewhere
(55). Detailed materials and methods are provided in SI Materials and
Methods.
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