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Abstract

Regulators of chromatin structure and gene expression contribute to tumor formation and
progression. The co-repressor COREST1 regulates the localization and activity of associat-
ed histone modifying enzymes including lysine specific demethylase 1 (LSD1) and histone
deacetylase 1 (HDAC1). Although several COREST1 associated proteins have been re-
ported to enhance breast cancer progression, the role of COREST1 in breast cancer is cur-
rently unclear. Here we report that knockdown of COREST1 in the basal-type breast cancer
cell line, MDA-MB-231, led to significantly reduced incidence and diminished size of tumors
compared to controls in mouse xenograft studies. Notably, CoREST1-depleted cells gave
rise to tumors with a marked decrease in angiogenesis. COREST1 knockdown led to a de-
crease in secreted angiogenic and inflammatory factors, and mRNA analysis suggests that
CoREST1 promotes expression of genes related to angiogenesis and inflammation includ-
ing VEGF-A and CCL2. CoREST1 knockdown decreased the ability of MDA-MB-231 condi-
tioned media to promote endothelial cell tube formation and migration. Further, tumors
derived from CoREST1-depleted cells had reduced macrophage infiltration and the secre-
tome of COREST1 knockdown cells was deficient in promoting macrophage migration and
macrophage-mediated angiogenesis. Taken together, these findings reveal that the epige-
netic regulator COREST1 promotes tumorigenesis in a breast cancer model at least in part
through regulation of gene expression patterns in tumor cells that have profound non-cell
autonomous effects on endothelial and inflammatory cells in the tumor microenvironment.

PLOS ONE | DOI:10.1371/journal.pone.0121281

March 20, 2015 1/16


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0121281&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS | ONE

CoREST1 Promotes Tumor/Stroma Interactions

Competing Interests: The authors have declared
that no competing interests exist.

Introduction

Breast cancers originate from epithelial cells which have sustained mutations in oncogenes
leading to dysregulated proliferation [1]. In order to progress to malignancy, growing tumors
need to form new blood vessels within the local microenvironment in order to acquire nutri-
ents and oxygen and get rid of metabolic waste. Multiple cell types in the tumor parenchyma
have been implicated in the promotion of angiogenesis, including the developing tumor cells,
invading immune cells, and cancer associated fibroblasts (for review, [2-5]). Developing tu-
mors secrete an abundance of inflammatory regulators including growth factors and cytokines,
which recruit and activate immune cells, including tumor associated macrophages (TAMs).
TAMs, in turn, produce a number of cytokines and proteases that affect endothelial, epithelial
and mesenchymal cells in the tumor microenvironment [6,7]. The complex network of factors
that allow a developing tumor to activate the local microenvironment leading to angiogenesis
is incompletely understood.

Enzymes that post-translationally modify histones and other chromatin associated proteins
play important roles in regulating transcription programs that dictate cell fate, and aberrant ac-
tivity of these enzymes can contribute to tumor initiation and progression [8]. For example,
since histone acetylation is generally associated with actively transcribed genes, increased activ-
ity of histone deacetylases (HDACs) may contribute to aberrant gene silencing in tumors.
HDACI and 2 are often overexpressed in cancer and frequently correlate with poor prognosis,
although high levels of HDACI in breast cancer have been correlated with better outcomes [9].
The lysine-specific demethylase LSD1 (KDM1A) has also been associated with transcriptional
repression via demethylation of mono- and di-methlylated H3K4 [10,11]. LSD1 levels have
been found to be elevated in multiple tumor types, including breast cancer [8,12-14]. Data
from both in vitro and in vivo models support a role for LSD1 in the promotion of breast
tumor growth [13,15-18]. In particular, high levels of LSD1 have been correlated with aggres-
sive, ER negative, basal-type breast cancers [16]. Inhibitors targeting HDACs or LSD1 are
promising therapeutic candidates under active investigation.

Interestingly, the CoREST1 corepressor is intimately associated with LSD1 and is found in
large CoREST1/LSD1/HDACI1/2 corepressor complexes [10,19,20]. CoREST1 was originally
discovered as a corepressor for the transcription factor, REST, although additional transcrip-
tion factors, and possibly IncRNAs, also recruit CoOREST1/LSD1 [21-27]. CoREST1 regulates
the recruitment and activity of associated deacetylase and demethylase enzymes; in vitro, CoR-
EST1 is required for HDACI and LSD1 activity on nucleosomes [10,28,29]. Although most
well described for its corepressor functions, the LSD1/CoREST1 complex has also been sug-
gested to activate transcription in some contexts, through demethylation of alternate substrates
(other than H3K4) [30,31]. Despite the fact that histone modifying enzymes associated with
CoREST1 have been implicated in cancer, the role of CoREST1 in breast cancer progression
has not been characterized.

Here we investigated the role of CoREST1 in the growth and progression of basal-type
breast tumors. We examined the effect of COREST1 depletion in MDA-MB-231 breast cancer
cells on tumor formation in xenograft studies as well as on the effects of tumor cell conditioned
media on endothelial cells and macrophages in culture. Our data demonstrate that COREST1
regulates levels of secreted angiogenic and inflammatory factors to impact angiogenesis and
tumor-induced inflammatory responses. Our findings implicate a necessary role for COREST1
in tumor angiogenesis and reveal the importance of CoREST1 in tumor/stroma interactions in-
cluding the recruitment of TAMs.
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Materials and Methods
Cell lines and tissue culture

MDA-MB-231 and 293T cells were grown in Dulbecco's Modified Eagle's Media (DMEM,; Invi-
trogen) supplemented with 10% fetal bovine serum (FBS). SUM159 cells were grown in Ham’s/
F12 media (Invitrogen) supplemented with insulin (5mg/mL), hydrocortisone (0.5mg/mL), and
5% calf serum. HL-60 cells were grown in RPMI 1640 (Invitrogen) supplemented with 10% FBS
and 50mM HEPES. All cell lines tested negative for mycoplasma (MilliPROBE; Millipore); how-
ever the identity of each cell line was not authenticated in our laboratory. Human umbilical vas-
cular endothelial cells (HUVEC) obtained from Lonza were grown in the endothelial growth
media bullet kit (Lonza). HL-60 cells were differentiated into adherent macrophages as previous-
ly described [32].

MISSIONshRNA targeting COREST1 were obtained from Sigma (#1 TRCN0000147958, #2
TRCN0000418894). MISSION pLKO.1-puro Non-Target shRNA was used as a control
(shCtrl; Sigma). Lentivirus was generated as previously described [33]. Briefly, lentiviral parti-
cles were generated by cotransfection of the sShRNA construct with pPCMV-VSVG, expressing
the vesicular stomatitis virus glycoprotein and the packaging construct pPCMVARS8.2Avpr into
293T cells with the FuGENE 6 transfection reagent (Promega). Lentivirus-containing superna-
tant from the transfected 293T cells was filtered through a 0.45um syringe filter and used to di-
rectly infect subconfluent MDA-MB-231 cells in the presence of 5pg/mL protamine sulfate
(Sigma). shCoREST1 and shCtrl cells with lentiviral integration were selected with 1pg/mL pu-
romycin. An average of 70% of the cells from each infection survived selection.

Animals

The care of animals and all animal procedures were conducted in accordance with a protocol
approved by the Tufts University JACUC committee. The Animal Welfare Assurance Number
is A-3775-01. Mice were given food and water ad libitum. MDA-MB-231 cells were trypsinized
(0.05%, Invitrogen), counted and resuspended in a 1:1 dilution of Matrigel (BD Biosciences)
and cell growth media. 1x10° cells were injected in 30yl into the fourth mammary fat pad of 8
week old NOD/SCID female mice (Jackson Laboratories). All surgeries were performed under
isofluorane anesthesia, and all efforts were made to minimize suffering. Tumors were measured
twice weekly with calipers, and mice were humanely euthanized using CO, asphyxiation fol-
lowed by cervical dislocation when tumors reached 1.5 cm in diameter. Cell growth greater
than 3 mm in diameter was considered a tumor. At the time of tissue collection, tumors were
weighed, and a portion was fixed in formalin for histology or frozen for molecular analyses.

Western blotting

Cells were resuspended in RIPA buffer supplemented with protease cocktail inhibitors (Roche,
cOMPLETE EDTA free) and incubated on ice for 30 min with intermittent vortexing. Lysates
were passed through Qiashredder spin columns (Qiagen), and protein was quantified using the
DC Protein Assay (Bio-Rad). Immunoblots were incubated overnight at 4°C with rabbit anti-
human polyclonal CoREST1 (1:2500; Millipore; cat. no. 07-455), rabbit anti-human monoclo-
nal LSD1 (1:1000; Cell Signaling Technology; cat. no. 2184), mouse anti-human monoclonal -
actin (1:10,000; Abcam; cat. no. ab6276) or mouse anti-rabbit monoclonal GAPDH (1:10,000;
Millipore; cat. no. MAB374) diluted in 5% bovine serum albumin (BSA) or milk in TBST. Goat
anti-rabbit or anti-mouse secondary antibodies (1:5,000; Cell Signaling Technologies; anti-
mouse 70745; anti-rabbit 70765) were applied for 1 hr at room temperature.
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Quantitative PCR analyses

RNA was isolated utilizing TRIzol (Invitrogen) or QIAzol (Qiagen) according to the manufac-
turers’ protocols. RNA samples were reverse transcribed using iScript cDNA kit (Bio-Rad), and
quantitative PCR (qPCR) was performed with SYBR Green (Bio-Rad) on a CFX96 Real-Time
System (Bio-Rad). Data was analyzed as a fold change utilizing AACt method normalized to
GAPDH expression. Samples were run in triplicate, and three experiments were analyzed.
Primer sequences are listed in S1 Table.

Immunohistochemistry and immunofluorescence

Tissues were embedded, sectioned and stained for hematoxylin and eosin (H&E) by Tufts His-
tology Core. Necrotic areas were identified and quantified using Image] software (NIH). For
immunofluorescence (IF), frozen sections were fixed in methanol and treated with 0.1% Triton
X-100 (Sigma). Samples were incubated overnight at 4°C with the following primary antibodies
diluted with 1.5% goat serum and 1% BSA/PBS: rat monoclonal anti-mouse CD31 (1:200; BD
Biosciences; cat. no. 55027), rabbit polyclonal anti-human Ki67 (1:200; Abcam; cat. no.
ab15580) or rat monoclonal anti-mouse F4/80 (1:200; eBioscience; cat. no. 17-4801-80). Sec-
tions were incubated with goat anti-mouse or anti-rabbit Alexa fluor 546 secondary antibodies
(1:250; Invitrogen; anti-mouse A11003; anti-rabbit A11010) for 30 minutes at room tempera-
ture. Sections were mounted with Vectashield mounting media with DAPI (Vector Laborato-
ries) and coverslipped. Images were captured using a Nikon Eclipse 80t microscope with SPOT
imaging software (Diagnostic Instruments, Inc.).

Conditioned media

Conditioned media (CM) was collected from control (shCtrl) and shCoR MDA-MB-231 cell
lines incubated in basal serum free media (Lonza) (for HUVEC assays) or serum free DMEM
(for HL-60 assays) for 18 hours and filtered with a 0.22um syringe filter prior to use. Adherent
HL-60 macrophages were washed with PBS and treated with CM isolated from shCtrl or
shCoREST1 MBA-MB-231 cells for 18 hours. Treated HL-60 cells were washed twice with PBS
and fed with basal serum free media overnight. HL-60 CM was collected, filter sterilized, and
used for assays with HUVECs.

HUVEC assays

HUVECs in all assays were treated with CM from shCtrl and shCoR MDA-MB-231 cells or
CM from HL-60 macrophages activated with CM from shCtrl or shCoR cells. For tube forming
assays, 50ul of Matrigel was plated in a 96-well plate and allowed to gel for 30 min at 37°C.
100,000 HUVECs were plated in CM in each well, and tubes formed for 5 hours. Each well was
imaged and tubes were quantified using Image]. For wound healing assays, 300,000 HUVEC
were plated and serum starved overnight. Confluent cells were scratched with a 200ul pipet tip,
treated with CM and imaged at 0 hour and 6 hour time points. Wound closure was calculated
using Image] software and represented as % wound healing. For cell proliferation assays,
50,000 HUVECs/well were plated on a 24 well plate for 6 hr then treated with CM. HUVECs
were allowed to proliferate for 72 hr and then counted using the Bio-Rad TC10 Cell Counter.
Each condition was plated with 3 replicates in 3 independent experiments for all experiments.

Macrophage migration assays

For migration assays, 3x10° adherent HL-60 cells were seeded onto 8um pore size inserts in
serum-free DMEM and the inserts were placed in wells containing CM from shCtrl or
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shCoREST cell lines or CM from shCtrl cells supplemented with 30ug/mL of CCL2 neutraliz-
ing antibody (R&D Systems) or 330nM RS504393 (Tocris) for 3 hours. Migrating cells were
fixed and stained with crystal violet. Each condition was plated in triplicate, and three experi-
ments were averaged.

MDA-MB-231 cell proliferation

50,000 shCtrl and shCoREST cells were plated on 12-well plates in 4 replicates. Cells were tryp-
sinized and counted using the Bio-Rad T'C10 Cell Counter at 2, 4, and 6 days. Three indepen-
dent experiments were conducted.

Cytokine array

shCtrl and shCoREST MDA-MB-231 were plated in equal numbers on 10 cm plates in serum
free media and conditioned media collected over 24-48 hr. Supernatants were centrifuged to
remove particulates and snap frozen. 1 ml of conditioned media was used to probe a human
angiogenesis antibody array (R&D Systems cat. no. ARY007), according to the manufacturer’s
instructions.

Luciferase assay

shCtrl and shCoR #1 MDA-MB-231 cells were plated at a density of 50,000 cell/well on 24-well
plates 24 hr prior to transfection. Cells were transfected using Fugene 6HD (Promega) with
400ng of either pMCP-luc (CCL2 promoter in pGL3-basic), which was a gift from Alexander
Dent (Addgene plasmid #40324) [34] or VEGF-luc (VEGF promoter in pGL2-basic), which
was a gift from Patricia D’Amore (Addgene plasmid #29667) [35] and 50ng of pRL-CMV-Re-
nilla (Promega). After 48 hr, cell lysates were harvested and assayed with the Dual-Glo lucifer-
ase assay (Promega) according to the manufacturer’s instructions on a Glomax Multi+ plate
reader (Promega). All experiments were conducted in triplicate with 3 biological replicates.

Statistical analyses

Results from qPCR studies were expressed as meants.d. Statistical tests included unpaired
two-tailed Student’s t-test or the non-parametric Mann-Whitney test for in vivo assays (for 2
groups) and one-way repeated measures ANOVA, followed by multiple comparisons (for
more than 2 groups). P values of 0.05 or less were considered to denote significance. Statistical
analyses were performed using Graph Pad Prism (Graph Pad Software).

Results

Knockdown of COREST1 inhibits tumorigenesis in a mouse xenograft
model of breast cancer

Although CoREST1 has been identified in complexes with factors that promote tumor progres-
sion, such as LSD1, ZNF217, ZNF198, HDAC1/2 and SIRT1 [20,36-38], the role of CoOREST1
in tumorigenesis is unclear. To investigate the function of COREST1 in basal-type breast can-
cer, we utilized two shRNA constructs to stably knockdown CoREST1 in MDA-MB-231 cells.
Both constructs significantly reduced CoREST1 transcript and protein levels compared to cells
transduced with a control shRNA (shCtrl), although shCoR #1 was more effective at knocking
down CoREST1 (Fig. 1A, B). In order to assess how reduced CoREST1 levels affected tumor
formation, we injected control or shCoREST1 cells into the mammary fat pads of NOD/SCID
mice. Notably, the tumor incidence for mice injected with shCoREST1 cells was reduced to
only 50%, in contrast to 100% for mice injected with shCtrl cells (p<0.001; Fig. 1C). In
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Fig 1. Knockdown of COREST1 reduced MDA-MB-231 tumor formation. MDA-MB-231 cells were transduced with lentivirus encoding a control (shCitrl) or
either of 2 shRNA constructs targeting CoREST1 (shCoR). (A) CoREST1 expression in MDA-MB-231 cell lines was quantified using RT-qPCR relative to -
actin expression. Differences were determined using Student’s t-test (n = 6 experiments; meants.e.m.). (B) Representative image of COREST1 expression
measured by immunoblotting (n>3 experiments). (C) NOD/SCID females were injected with shCoR #1 or shCitrl cells into the fourth mammary glands.
Masses greater than 3 mm in diameter were defined as tumors (*p<0.001, Fischer’s exact test). (D) Tumor growth curve from mice injected with shCoR #1
cells compared to shCtrl controls (*p<0.005, Mann-Whitney test). (E) At end stage, tumor weights were measured from mice injected with either shCtrl or
shCoR #1 cells. Differences were determined by Mann-Whitney test.

doi:10.1371/journal.pone.0121281.g001

addition, compared to controls, tumors that formed from shCoREST1 cells were significantly
smaller in both volume and end stage weight (Fig. 1D, E). These findings demonstrate that de-
pletion of CoREST1 in MDA-MB-231 cells impaired tumor formation and growth in vivo.
Pharmacological inhibition or knockdown of the CoREST1 associated factor LSD1 has been
shown to inhibit proliferation in several breast cancer cell lines, including MDA-MB-231 cells
[16,17,39]. CoREST1 has been suggested to regulate LSD1 levels and stability [40] and, consis-
tent with this, we observed reduced LSD1 levels in shCoREST1 cells compared to controls (S1
Fig.). Thus, we considered the possibility that knockdown of CoREST1 expression may lead to
diminished cellular proliferation in MDA-MB-231 cells. However, in vitro, we observed no sig-
nificant differences in cellular proliferation or morphology in shCoREST1 cells compared with
control cells (S1 Fig.). Further, tumors that formed from shCoREST'1 cells demonstrated simi-
lar levels of the proliferation marker Ki67 compared with tumors that formed from control
cells (Fig. 2A). Taken together, these results suggest that the striking inhibition of tumor forma-
tion in vivo observed upon CoREST1 knockdown was not due to reduced cellular proliferation.
Although shCoREST1 tumors were histologically similar to tumors that formed from con-
trol cells, shCoREST1 tumors had increased areas of focal necrosis compared with control tu-
mors (Fig. 2B). The presence of these large necrotic areas suggested that reduced CoREST1
expression in the tumor cells may have led to diminished angiogenesis within the tumor paren-
chyma. Immunostaining for CD31, an endothelial cell marker, revealed that vascular density
was significantly reduced in CoREST1 depleted tumors (p<0.01; Fig. 2C). These observations
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Fig 2. Decreased CoREST1 expression reduced tumor angiogenesis. (A) Ki67 expression, a marker of proliferation, was detected in control (shCtrl) and
shCoREST1 (shCoR #1) tumors. Percent Ki67 positive nuclei per high power field (HPF) were quantified in three images from each tumor using ImageJ. In
this image, Ki67 immunostaining is red and DAPI (to detect nuclei) is blue. (B) Necrosis was quantified on hematoxylin and eosin (H&E) stained slides in
tumors that formed from either shCoR or shCitrl cells. Differences were determined using Student’s t-test (n = 6 tumors/group). (C) CD31 expression was
detected using immunofluorescence in shCoR or shCtrl tumors. CD31 expression (red) was quantified using five high power fields of DAPI positive nuclei
(blue) from each tumor. Differences were determined using Student’s t-test (n = 3 tumors/group). Scale bar = 100um.

doi:10.1371/journal.pone.0121281.9002

suggest that COREST1 expression may promote tumor growth by enhancing angiogenesis in
the tumor microenvironment.

CoREST1 regulates the tumor cell secretome

We hypothesized that COREST1 might modulate the tumor microenvironment through the
regulated expression of factors secreted by the tumor cell. Therefore, we carried out a screen to
compare the secretomes of shCoREST1 and control MDA-MB-231 cells using a human angio-
genesis antibody array that allowed for simultaneous evaluation of 55 secreted factors (S2
Table). CoREST1 knockdown resulted in striking changes in the tumor cell conditioned media
including notable decreases in levels of secreted pro-angiogenic factor vascular endothelial
growth factor A (VEGF-A), pro-inflammatory factors CCL2/MCP-1 and CXCL16, as well as
anti-angiogenic factor thrombospondin 1 (TSP1) compared to conditioned media from control
cells (Fig. 3A, B). Thus, knockdown of CoREST1 leads to striking changes in of the levels of
both pro- and anti- angiogenic and inflammatory factors secreted by these breast cancer cells.
Since CoREST1 is known to regulate chromatin structure and gene expression, we investi-
gated whether some of the observed changes in levels of secreted angiogenic and inflammatory
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Fig 3. Depletion of COREST1 altered the tumor cell secretome. (A) Conditioned media from shcontrol (shCtrl) and shCoREST1 (shCoR #1) MDA-MB-
231 cells was incubated with a human angiogenesis antibody array as described in Materials and Methods. Immunoblot images from this screen, performed

one time, are shown. (B) Quantification of the relative pixel density on the array for the indicated pro-angiogenic, pro-inflammatory and anti-angiogenic

factors secreted by shCtrl and shCoR cell lines (n = 1 experiment). (C) VEGF-A mRNA expression was measured in shCoR cells compared to shCtrl cells in
MDA-MB-231 and SUM159 cell lines. (D) CCL2 mRNA expression was measured in the indicated cell lines. Expression levels were detected by RT-gPCR
and represented as fold change compared to shCtrl cells. Differences were determined by Student’s t-test (meanzs.d.; n = 3 experiments). (E) Luciferase
activity from shCtrl or shCoR #1 MDA-MB-231 cells transfected with VEGF-luc or pMCP-luc and pRL-CMV-Renilla. Luciferase expression was normalized to

Renilla, then expressed as fold change compared to shCirl cells. Differences were determined by Student’s t-test (meants.d.; n = 3 experiments).

doi:10.1371/journal.pone.0121281.g003

factors occurred at the mRNA level. RT-qPCR analyses confirmed that mRNA expression of

several factors was altered in sShCoREST1 cells (S2 Fig.). In particular, we observed that

VEGEF-A and CCL2 mRNA levels were reduced in shCoREST1 MDA-MB-231 cells (Fig. 3C,
D). VEGF-A and CCL2 expression were also significantly reduced in response to CoREST1
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Fig 4. Knockdown of CoOREST1 decreased tumor cell-mediated stimulation of endothelial cells in vitro. (A) HUVECs were grown in conditioned media
(CM) from shCoREST1 (shCoR) or control (shCtrl) cells on Matrigel for 6 hr to assess changes in tube forming ability. (B) Quantification of tube formation of
HUVEC treated with shCtrl or shCoR CM. Tubes from 5 high power fields (HPF) were averaged for each condition tested (n = 3 experiments). (C) HUVEC
cells were exposed to CM from shCirl cells or shCoR cells and wound closure was measured 6 hr after scratching confluent cells as described in Materials
and Methods. Data is expressed as % of wound closure as determined from an average of 10 replicates per condition (n = 3 experiments). (D) Proliferation of
HUVEC cells after exposure to shCtrl or shCoR CM was determined by counting cells after 72 hours (n = 3 experiments). Differences were determined by
Student’s t-test (meants.d.). Scale bar = 100um.

doi:10.1371/journal.pone.0121281.9004

knockdown in another basal-type breast cancer cell line, SUM159 (Fig. 3C, D). Similar to these
effects on endogenous mRNAs, we also observed that CoOREST1 knockdown reduced expres-
sion from luciferase reporters bearing the 5" promoter regions of either VEGFA or CCL2

(Fig. 3E). Together, these results show that CoREST1 acts in at least some basal tumor cells to
promote the expression of multiple factors expected to influence the tumor microenvironment.

CoREST1 in tumor cells promotes non-cell autonomous effects on
endothelial cells

Given the pro-angiogenic role of many of the factors with reduced abundance in the secretome
of shCoREST1 cells compared with control cells, we hypothesized that CoOREST1 regulates sig-
naling to endothelial cells. We therefore investigated the effects of conditioned media from
MD-MBA-231 on human umbilical vein endothelial cells (HUVECs). We exposed HUVECS
to conditioned media from control and shCoREST1 MDA-MB-231 cells and measured endo-
thelial tube formation. Conditioned media from shCoREST1 cells significantly reduced tube
formation compared with conditioned media from control cells (p<0.01; Fig. 4A, B). Further,
conditioned media from shCoREST1 cells significantly reduced HUVEC migration in a wound
healing assay (p<0.05; Fig. 4C). No significant differences were detected in the proliferation
rate of HUVEC:s following treatment with conditioned media from shCoREST1 or control cells
(Fig. 4D). These results suggest that the altered secretome of shCoREST1 breast cancer cells
limited endothelial migration and differentiation to form new blood vessels. Further, these in
vitro data suggest that CoREST1 alters angiogenesis within the tumor microenvironment
through modulation of the tumor cell secretome.
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CoREST1 modulates angiogenesis through macrophage recruitment

Macrophages play a key role in tumor angiogenesis (for review, [7,41]). Although CCL2 has
been shown to have direct effects on endothelial cells and angiogenesis in some models [42-
44], CCL2 was first characterized as a potent chemoattractant for macrophages (for review,
[45]). We therefore hypothesized that decreased secretion of CCL2, and possibly other factors,
by shCoREST1 cells could contribute to reduced angiogenesis through modulation of macro-
phages in the shCoREST1 tumor microenvironment. We stained shCoREST1 and control tu-
mors for F4/80, a macrophage marker, and quantified expression. Compared with control
tumors, sShCoREST1 tumors demonstrated significantly decreased macrophage recruitment
(p<0.01; Fig. 5A). In vitro, the migration of HL-60-derived macrophages was reduced in re-
sponse to conditioned media from shCoREST1 cells compared with conditioned media from
control cells in transwell assays (Fig. 5B). Consistent with a key role for CCL2 in this process,
macrophage migration was significantly reduced in the presence of a blocking antibody for
CCL2 (p = 0.0039) as well as upon addition of RS504393, a small molecule inhibitor for the re-
ceptor of CCL2 (p = 0.0035; Fig. 5C). These data suggest that one way that COREST1 modulates
the tumor microenvironment is through the recruitment of macrophages via regulation of
CCL2 expression.

Since tumor activated macrophages (TAMs) secrete factors that promote angiogenesis, we
also compared HL-60-derived macrophages activated with conditioned media from either
shCoREST1 or control breast cancer cells. We collected conditioned media from the activated
macrophages and tested the ability of their secreted factors to promote the growth and migra-
tion of HUVEC cells. Compared with macrophages treated with control conditioned media,
macrophages primed with conditioned media from shCoREST1 cells had significantly reduced
ability to promote HUVEC tube-formation as well as migration in a wound healing assay
(Fig. 5D, E). Similar to treatment of HUVEC with conditioned media from shCoREST1 tumor
cells, shCoREST1 activated macrophage conditioned media did not significantly alter HUVEC
proliferation (Fig. 5F). Together, these data suggest that CoOREST1 acts in breast tumor cells to
alter the tumor secretome, thereby promoting tumor vascularity through both tumor cell-me-
diated angiogenesis as well as through the recruitment and activation of pro-angiogenic
macrophages.

Discussion

Developing tumors require interactions with the surrounding microenvironment for progres-
sion to malignancy. Our findings reveal that the transcriptional regulator CoOREST1 promotes
tumorigenesis by enhancing angiogenesis. We found that COREST1 regulates the expression of
tumor cell secreted factors to promote angiogenesis through direct effects on endothelial cells
as well as indirect effects via the recruitment and activation of tumor associated macrophages
(TAMs). Knockdown of CoREST1 in MDA-MB-231 cells decreased the incidence and reduced
the size of tumors in an in vivo xenograft model. Histological examination of the shCoREST1
tumors revealed significantly reduced recruitment of both endothelial cells and macrophages.
These changes in the tumor microenvironment correlated with reduced expression of pro-an-
giogenic and pro-inflammatory factors in COREST1 knockdown cells. Our study implicates
CoREST1 in both angiogenesis and the recruitment and activation of TAMs. Our cell culture
and in vivo data significantly add to the understanding of CoREST1 in tumorigenesis beyond
its described biochemical functions.

Angiogenesis is essential for the growth of solid tumors. VEGF-A is a well-studied pro-an-
giogenic factor, and high levels of VEGF-A in breast cancers have been correlated with poor
prognosis [46-48]. We found that VEGF-A mRNA and protein were reduced by knockdown
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Fig 5. Knockdown of COREST1 decreased tumor cell-mediated macrophage migration and activation. (A) F4/80 immunostaining, a marker of
macrophage infiltration, was performed in tumors that grew from shCtrl and shCoREST (shCoR) cells. F4/80 expression (red) was quantified using ImageJ
using five high power fields of DAPI positive nuclei (blue) from each tumor. Differences were determined using Student’s t-test (n = 3 tumors/group). (B)
Migration of HL-60 macrophages was measured in response to conditioned media (CM) from shCoR cells compared to shCirl cells. HL-60 cells were
differentiated into macrophages as described in Materials and Methods. Transwell migration of macrophages was quantified after 4 hr, and differences were
determined by ANOVA analysis (n = 3 experiments in triplicate). (C) Migration of HL-60 macrophages was examined in response to CM from shCirl cells
supplemented with vehicle, a blocking antibody to CCL2, or RS504393, an inhibitor for the CCR2 receptor. Transwell migration of macrophages was
quantified after 4 hr, and differences were determined by ANOVA analysis (n = 3 experiments in triplicate). (D) HUVEC tube formation was examined in
response to CM collected from HL-60 macrophages activated with CM from either shCoR or shCtrl cells. Tubes from 3 high power fields (HPF) were
averaged for each condition tested, and differences were determined by ANOVA analysis (n = 3 experiments). (E) HUVEC cell migration was measured
following treatment with CM from macrophages activated with CM isolated from either shCoR or shCitrl cells. Wound closure was measured using ImageJ
software 6 hr after scratching confluent cells as described in Materials and Methods. Data is expressed as % of wound closure as determined from an
average of 10 replicates per condition (n = 3 experiments). (F) Proliferation of HUVEC cells was not altered in response to treatment with CM from
macrophages activated with either shCtrl or shCoR CM. HUVEC were counted after 72 hr (n = 3 experiments). Differences were determined by ANOVA
analysis (meanzs.d.). Scale bar = 100pm.

doi:10.1371/journal.pone.0121281.9005

of shCoREST1 in MDA-MB-231 basal-type breast cancer cells. Consistent with reduced
VEGE-A expression, we found that conditioned media from shCoREST1 cells had a reduced
ability to promote HUVEC migration and organization into endothelial tubes compared with
control cells. COREST1 knockdown altered levels of many secreted factors in addition to
VEGF-A, for example anti-angiogenic factors like PEDF were also downregulated. Thus, the
overall change in the levels and balance of pro- and anti-angiogenic factors altered by
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CoREST1 knockdown likely contributes to CoOREST1-dependent regulation of the
tumor microenvironment.

Cancer cells secrete a number of cytokines and chemokines that attract endothelial cells and
inflammatory cells necessary to support growth of the tumor. Macrophages, in turn, secrete cy-
tokines, which can promote the expansion of aggressive cancer stem-like cell populations with-
in tumors [49-52] as well as angiogenesis [7,41]. Knockdown of COREST1 in MDA-MB-231
breast cancer cells resulted in downregulation of several pro-inflammatory factors at both the
RNA and protein level, including CCL2, one of the key chemokines that promotes infiltration
of macrophages and monocytes into the tumor microenvironment [45]. These changes in cyto-
kine levels were associated with reduced ability of conditioned media from CoREST1 knock-
down cells to promote macrophage migration and activation of pro-angiogenic properties in
vitro. Reduced CCL2 expression may also contribute to the decreased recruitment of F4/80"
macrophages to shCoREST1 cell-derived tumors observed in vivo. Thus, our data suggest that
CoREST1 regulates both direct and indirect mechanisms of endothelial cell recruitment
to tumors.

Our data support the view that the CoOREST1-mediated changes in the tumor cell secretome
occur at the transcriptional level. Further, despite the well described function of COREST1 as a
corepressor, our findings suggest that CoREST1 functions as an activator of angiogenic and in-
flammatory genes such as VEGF-A and CCL2. CoREST1 may activate gene expression indi-
rectly; for example, CoOREST1 may repress expression of an inhibitor, such as a miRNA, and
upon CoREST knockdown, levels of the inihibitor increase which in turn leads to reduced lev-
els of VEGF-A and CCL2 expression. It also possible that knockdown of CoREST1 indirectly
impacts gene expression by altering the relative abundance of LSD1 complexes with the other
CoREST family members, since COREST2/LSD1 and CoREST3/LSD1 complexes have some
distinct activities [53-56]. Direct activation models cannot be ruled out, however, as both
LSD1 and CoREST1 have been reported to activate transcription in some contexts; activation
has been suggested to occur through LSD1-mediated demethylation of substrates other than
mono- and di-methylated H3K4 [30,31,57].

The role of CoREST1 in tumor/stroma interactions likely requires the known biochemical
function of CoREST1 to promote recruitment and activity of associated histone modifying en-
zymes including LSD1 and/or HDAC1/2. In cancer cells, the HDAC inhibitor, TSA, reduced
both protein and mRNA levels of VEGF-A [58]. CoREST1 is intimately associated with LSD1
and is required for demethylase activity on nucleosomes [10,28]. We observed reduced LSD1
levels in CoREST1 knockdown cells (S1 Fig.), further supporting the model that reduced LSD1
activity may contribute to the observed CoREST1 knockdown phenotypes. Similar to our find-
ings with CoREST1 knockdown, depletion of LSD1 in prostate cancer cells was reported to re-
duce VEGF-A mRNA levels [59]. Curiously, these results were not recapitulated using an
inhibitor for LSD1, raising the possibility that the enzymatic activity of LSD1 may not be re-
quired for the regulation of VEGF-A expression [59]. Although knockdown and/or inhibition
of LSD1 in cancer cells resulted in decreased proliferation [15-17,39,60] and tumor growth
[12,61], our data show that knockdown of CoREST1 in MDA-MB-231 breast cancer cells did
not reduce proliferation. We consider it likely that COREST1 knockdown may have gene-spe-
cific effects on LSD1 activity, quite distinct from global inhibition or loss of LSD1. Consistent
with this idea, as noted above, LSD1 can function in complex with other CoOREST homologs
and also as part of a distinct LSD1/NuRD complex [53,54,62]. It is also possible that COREST1
has some LSD1-independent functions, as the Drosophila COREST homolog has been reported
to function in complexes independent of LSD1 [63]. Thus, additional studies, including exam-
ining histone methylation and acetylation at specific promoters, are required to determine
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whether CoREST1 functions together with or independently of LSD1 and/or HDAC1/2 in pro-
moting tumor angiogenesis.

Conclusions

Taken together, our data support a role for CoOREST1 in regulating expression of tumor cell se-
creted factors to promote inflammation and angiogenesis. Although additional studies are
needed to determine the significance of this mechanism in other tumor types and human pop-
ulations, nonetheless, these data implicate a new player in epigenetic control of tumor/stroma
interactions. Further understanding of the mechanisms of how tumor cells regulate angiogene-
sis in their microenvironment will provide new insights into tumor growth and progression
and could lead to novel therapies.
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S1 Fig. Depletion of CoOREST1 in MDA-MB-231 cells does not induce changes in prolifera-
tion or cell morphology in vitro. (A) Immunoblotting of LSD1 and CoREST1 in lysates from
MDA-MB-231 breast cancer cells stably transfected with control (shCtrl) or either of 2 shRNA
constructs targeting CoREST1 (shCoR). (B) Proliferation rates of control (shCtrl) and shCoR-
EST1 (shCoR) MDA-MB-231 cell lines were not significantly different. Cells were plated and
quantified at the indicated times as described in Materials and Methods. (C) No significant dif-
ferences were observed in cell morphology in MDA-MB-231 cells with and without CoREST1
depletion. Scale bar = 100pum.

(TTF)

S2 Fig. Depletion of CoREST1 alters expression of genes in MDA-MB-231 cells. Expression
levels of the indicated genes were quantified from control (shCtrl) or COREST1 depleted
(shCoR #1 and shCoR #2) MDA-MB-231 cells using RT-qPCR. Values represented as a fold
change compared to shCtrl cells.

(TTF)

S1 Table. Primers used for RT-qPCR analysis.
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S2 Table. Factors quantified using Human Angiogenesis Array. Conditioned media from
shcontrol (shCtrl) and shCoREST1 (shCoR #1) MDA-MB-231 cells was incubated with a
human angiogenesis antibody array as described in Materials and Methods. Quantification of
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