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Abstract

Metastasis is the major cause of cancer-related deaths due to the lack of effective therapies.
Emerging evidence suggests that certain epigenetic and transcriptional regulators drive cancer
metastasis and could be targeted for metastasis treatment. To identify epigenetic regulators of
breast cancer metastasis, we profiled the transcriptomes of matched pairs of primary breast tumors
and metastases from human patients. We found that distant metastases are more immune inert
with increased M2 macrophages compared to their matched primary tumors. The acetyl-lysine
reader, cat eye syndrome chromosome region candidate 2 (CECR2), was the top upregulated
epigenetic regulator in metastases associated with an increased abundance of M2 macrophages
and worse metastasis-free survival. CECR2 was required for breast cancer metastasis in multiple
mouse models, with more profound effect in the immunocompetent setting. Mechanistically,

the nuclear factor NF-kappa-B (NF-xB) family member v-rel avian reticuloendotheliosis viral
oncogene homolog A (RELA) recruits CECR2 to increase chromatin accessibility and activate the
expression of their target genes. These target genes include multiple metastasis promoting genes,
such as TNC, MMPZand VEGFA, and cytokine genes CSFIand CXCL 1, which are critical for
immunosuppression at metastatic sites. Consistent with these results, pharmacological inhibition
of CECR2 bromodomain impeded NF-xB-mediated immune suppression by macrophages and
inhibited breast cancer metastasis. These results reveal that targeting CECR2 may be a strategy to
treat metastatic breast cancer.

One Sentence Summary:

Depletion or inhibition of CECR2 impedes breast cancer metastasis by suppressing NF-xB
signaling, migration, invasion, and immune suppression.

Editor’'s Summary:

Modulating Metastasis. Breast cancer metastasis is thought to be driven through both epigenetic
and transcriptional regulators, either of which could be targeted as a therapeutic strategy. Here,
Zhang et al. identified the acetyl-lysine reader, CECRZ2, as an epigenetic regulator required for
breast cancer metastasis in mouse models. CECR2 promoted M2 macrophage polarization and
increased expression of metastasis-associated signaling molecules. Deletion or pharmacological
inhibition of CECR2 prevented breast cancer metastasis in mouse models, suggesting that CECR2
should be explored as a therapeutic target for breast cancer.

INTRODUCTION

Breast cancer is the most common cancer among women worldwide and the second leading
cause of cancer-related deaths in the United States (1, 2). The major cause of cancer-related
deaths is metastasis to distal organs, including lung, brain, and bone (3, 4). Patients with
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metastatic breast cancer respond poorly to current therapies (2). Thus, there is an urgent
need to identify additional therapeutic targets for metastatic breast cancers.

Cancer metastasis is a multistep process that involve dynamic crosstalk between tumor cells
and other cells in the tumor microenvironment (4-6). As one of the major immune cell
populations in the breast tumor microenvironment, tumor-associated macrophages (TAMSs)
promote breast tumor growth and metastasis and are associated with poor survival of breast
cancer patients (7-9). Macrophages can be polarized into either classically activated M1
macrophages with a pro-inflammatory role, or alternatively activated M2 macrophages

that are immunosuppressive (10, 11). Although different macrophage subpopulations have
been observed in the tumor microenvironment, TAMs commonly express CD68 receptor
and resemble M2 macrophages (12-14). These macrophages promote tumor progression
and metastasis by stimulating angiogenesis, migration, invasion, extravasation, and growth
of cancer cells and suppress antitumor immunity (15, 16). TAMSs located in distal
metastatic sites express different receptors from the TAMs interacting with the primary
breast tumor (16, 17). Therefore, better understanding of how TAMs are regulated in
metastatic progression will facilitate the development of therapeutic intervention against
cancer metastasis (16, 18).

Epigenetic aberrations play critical roles in driving breast cancer metastasis and may

be reversibly regulated by targeting epigenetic regulators (4, 19-23). Cat eye syndrome
chromosome region candidate 2 (CECR?2) is an epigenetic factor with a bromodomain that
recognize acetylated lysine residues. CECR2 was shown to play critical roles in DNA
damage responses (24), neurulation (25) and spermatogenesis (26). It was reported that
CECR2 participates in chromatin remodeling by interacting with sucrose nonfermenting 2
like and homolog (SNF2L and SNF2H, respectively) (25, 26). The bromodomain of CECR2
was predicted to be highly druggable (27). In fact, two highly potent and specific CECR2
inhibitors, GNE-886 and NVS-CECR2-1, have been developed by Genentech (28) and
the joint effort of Structural Genomics Consortium (SGC) and Novartis (29), respectively.
However, the specific functions of CECR2 in cancer, especially in metastasis, remain
unclear.

Here, we identify CECR?2 as an epigenetic driver of breast cancer metastasis and a potential
therapeutic target for metastatic breast cancer. By profiling the transcriptomes of 13 matched
pairs of primary and metastatic breast tumors, we show that a variety of immune cell

types and immune-oncology targets are altered in metastases. Metastatic samples exhibit
increased ratio of M2 macrophages, which are correlated with higher CECR2 expression.
CECR2 depletion inhibited recruitment and polarization of TAMs and results in a marked
decrease of metastasis in multiple mouse breast cancer models. Mechanistic studies show
that CECR2 forms a complex with v-rel avian reticuloendotheliosis viral oncogene homolog
A (RELA) through its bromodomain to increase chromatin accessibility and modulate

the expression of epithelial-mesenchymal transition (EMT) genes and nuclear factor
NF-kappa-B (NF-xB) target genes, including CSFZand CXCL1. Consistent with these
results, pharmacological inhibition of CECR2 suppresses NF-xB target gene expression,
M2 macrophage polarization, and breast cancer metastasis. Taken together, these findings
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suggest that CECR2 plays a key role in breast cancer metastasis and nominate it as a
promising therapeutic target against metastatic diseases.

RESULTS

Distal metastases are more immune inert with increased M2 macrophages than primary
breast tumors.

The tumor microenvironment plays key roles in shaping cancer metastasis and in
determining treatment responses (30). By analyzing 730 immune-related genes using
Nanostring technology, we showed recently that metastatic breast cancers have a more
immunologically inert tumor microenvironment than primary tumors (31). However, it

is poorly understood how tumor cells contribute to the establishment of this tumor
microenvironment. To characterize the differences in immune microenvironment more
extensively and to identify regulators of tumor immune microenvironment and drivers

of metastasis, we compared transcriptomes of 13 pairs of matched primary and distant
metastatic breast cancer tumor samples using RNA sequencing (RNA-seq) analysis (Fig.
1A). The median age of these patients was 51 years, and their median overall survival

time was 4 years (Data file S1). Six patients had ER positive (ER*) tumors and seven
patients had ER negative (ER™) tumors. Tumor metastases for these patients were found

in different locations, including ovary, lung, brain, liver, spine, esophagus, skin, stomach,
fallopian tubes, and soft tissue. Hierarchical clustering analysis revealed that all tumors from
ER* patients were clustered into one group, whereas most of the ER™ tumors clustered into
another group (fig. S1A). (32), We found that the gene expression profiles of primary and
metastatic tumors from the same patient tend to cluster together, despite their divergent
locations, as reported previously(32). We found 930 differentially expressed genes, among
which 627 genes were downregulated and 303 genes were upregulated in the matched
distant metastases versus the primary tumors (Data file S2).

Gene set enrichment analysis (GSEA) showed that several immune-related pathways

were downregulated in metastatic samples, including interferon (IFN)-y responses, IFN-a
responses, and inflammatory responses (fig. S1B). Consistently, the majority of immune-
related genes were downregulated in the metastases compared to the matched primary
tumors, especially the genes involved in macrophage function and T cell activation

(Fig. 1B). Genes encoding anti-tumor immune response and activation markers, including
programmed cell death ligand 1 (PD-L1), Granzyme B (GZMB) and perforin (PRFI),

were all decreased in the metastasis tumor microenvironment (Fig. 1C). Interestingly,

genes associated with inflammatory macrophages, such as CD68and toll-like receptor

2 (TLR2), were downregulated, whereas vascular endothelial growth factor A (VEGFA),
which contributes to cancer metastasis and M2 macrophage polarization, was upregulated in
the metastatic tumor microenvironment (Fig. 1C). Consistently, GZMB protein abundance
decreased in the metastases (fig. S1, C and D). We also found 20 out of 29 immuno-
oncology target genes were downregulated in metastatic tumors compared to their matched
primary tumors, in which four genes (7LR1, TLR8, TLR2and TLR?7) were associated with
macrophage functions (33, 34), four genes (CCR4, CXCL12, CXCR4 and CCR2) were
associated with immune cell trafficking, and three genes (cytotoxic T-lymphocyte-associated
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protein 4 (CTLA-4), CD27and CD274/PD-L 1) were involved in immune checkpoint
function (Fig. 1D, Data file S3).

To understand the difference of the immune cell composition in matched primary and
metastatic tumor microenvironment, we analyzed the RNA-seq data using CIBERSORTx
(35). The major components of immune cells from CIBERSORTX analysis were
macrophages, CD4* T cells and B cells in tumor microenvironment (Data file S4).
Intriguingly, the M1 macrophage population significantly decreased and the ratio of M2
macrophages to total macrophages increased in metastasis tumors (p<0.05, Fig. 1E, fig.
S1E). However, the proportion of total macrophages showed no difference between primary
tumors and matched metastases, nor did CD8* and CD4* T cells, NK cells, dendritic cells,
or neutrophils (fig. S1, F to K). These results indicate that the population variation of
macrophages, especially the M2 ratio, is the major immunological difference between the
primary and metastatic breast cancer tumor microenvironment in our dataset.

CECR?2 expression is correlated with breast cancer metastasis.

Epigenetic and transcriptional changes have been implicated in metastatic progression (4).
Thus, we focused our attention on epigenetic regulators that were altered in the metastatic
samples compared with matched primary ones. To this end, we compared the list of
differentially expressed genes with the list of genes involved in epigenetic regulation that
we compiled (Data file S5) by combining the epigenetic gene lists in the literature (36,

37) and at the SGC website. Among the 24 significantly deregulated epigenetic genes with
fold change more than 1.5 (p<0.05, Fig. 2, A and B, and Data file S6), PPARGCIA,

an upregulated gene in metastasis that encodes peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a.), was reported to promote breast cancer metastasis
(38). More importantly, we found several additional potential epigenetic or transcriptional
regulators of breast cancer metastasis, including CECR2, forkhead box protein (FOXP)
family proteins, nuclear body proteins, DNA methylation regulators, and positive regulatory
(PR)-domain proteins. The expression of these genes was not clustered by estrogen receptor
(ER) or human epidermal growth factor receptor 2 (HER2) status, but by their primary
tumor or metastasis status (Fig. 2B), implying their general roles in affecting metastatic
capability across breast cancer subtypes.

The transcriptomes of primary and metastasis breast cancer tumors indicated that metastatic
tumor microenvironments were more immunologically inert in breast cancer (Fig. 1). To
investigate how epigenetic change regulated the immune microenvironment during breast
cancer metastasis, we analyzed the correlation of the M2 macrophage ratio with the
expression of each dysregulated epigenetic factor. Among 13 epigenetic factors correlated
with the ratio of M2 macrophage, CECR2was a top upregulated gene in metastases
associated with poor metastasis-free survival (Fig. 2C, Data file S7). Kaplan-Meier analysis
(39) showed that high CECR2mRNA concentrations were associated with poor distant
metastasis-free survival for patients with breast cancer overall and in ER*, HER2*, and ER™
breast cancer subtypes (Fig. 2D, fig. S2A, and Data file S7). Similar results were found in
gastric and ovarian cancer cohorts (fig. S2, B and C).
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Herein we focused on CECR?2, as it is an attractive targetable epigenetic regulator of

breast cancer metastasis. Increased CECR2mRNA concentrations in distant metastases were
confirmed by RT-qPCR assays (fig. S2D). We further examined CECR2 protein abundance
by immunohistochemical (IHC) staining of a tissue microarray comprised of 59 pairs

of matched human primary tumors and distant metastases (Data file S8, expanded from
previously described (31)). Two pathologists independently evaluated CECR2 expression by
IHC scores (stain intensity score multiplied by the percentage of positive tumor cells) and
found that higher CECR2 protein abundance was more frequently observed in cancer cells
in distant metastases than in primary tumors (33.3% versus 14.1%) (Fig. 2, E and F, and
Data file S8). To characterize the relationship of CECR2 expression with the location of
metastases, we performed IHC staining with breast cancer samples taken from one patient
with multiple metastatic sites, including lung, liver, bone, and ovary. We found that all the
metastatic samples have higher expression of CECR2, with the highest expression in the
bone and ovary (Fig. 2G). We also compared CECR2 expression in immortalized MCF10A
breast epithelial cells, triple negative MDA-MB-231 breast cancer cells (MDA231) and
MDAZ231-derived metastatic cell lines, including MDA231-LM2 (LM2), MDA231-BriM2
(BrM2) and MDA231-BoM (BoM) cells. These three MDA231 metastatic cell lines were
derived by in vivo selection, with increased metastatic activity to the lungs, brain, and bones,
respectively, compared with their parental cells (40-42). CECR2 protein was expressed at

a higher degree in MDA231 cells than in MCF10A cells (Fig. 2H). All three MDA231
derivatives have increased CECR2 protein abundance compared with the parental MDA231
cells (Fig. 2H). Taken together, CECR2 abundance is correlated with increased metastatic
potential.

CECR2 is critical for migration, invasion, and metastasis.

To dissect the roles of CECR2 in metastasis, we first generated polyclonal LM2 cell lines
with stable CECRZknockout (CECRZsg) or non-targeting control using the clustered
regular interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) system (43) (Fig. 3A). Firefly luciferase was engineered into these LM2 cells to
monitor the metastasis signal in vivo by a live imaging system (41). Depletion of CECR2
has no effect on cell proliferation in both WST1 cell proliferation and colony formation
assays (fig. S3, A and B). Migration and invasion through tissue basement membrane are
key steps of metastasis. Using scratch assays, transwell migration assays, and invasion
assays, we found that CECR2 depletion decreased migration and invasion capability of LM2
cells by 2 to 3-fold, suggesting that CECR2 has pro-metastatic functions (Fig. 3, B and C,
and fig. S3C).

To determine the roles of CECR2 in metastasis in vivo, LM2 cells with stable CECR2
knockout or control were injected into tail veins of athymic nude mice. We found that
CECRZknockout led to about 5-fold decrease in lung colonization capability of LM2 cells
and extended survival of tumor bearing mice using bioluminescence signal as the end point
(Fig. 3, D and E, and fig. S3D). Consistently, histological analysis of mouse lungs showed
that CECRZ knockout LM2 cells formed about 50% of metastatic lesions as control cells
(Fig. 3F and G, and fig. S3E).
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We next extended our studies using 4T1 mouse triple negative breast cancer cell line

with stable Cecr2knockout and stable expression of firefly luciferase (fig. S4, A and B).
Consistent with the results in LM2 cells, Cecr2 deletion decreased cell invasion, but not
tumor cell proliferation (fig. S4, C to F). Furthermore, CECR2 depletion in 4T1 cells
suppressed their metastatic potential to the lungs by about 6-fold and extended the survival
of tumor bearing BALB/c nude mice using bioluminescence signal as the end point (fig. S4,
G to I). Histological analysis of mouse lungs showed that Cecr2knockout 4T1 cells formed
about 50% of metastatic lesions as control cells (fig. S4J, and fig. S3E).

We found that metastatic sites have different tumor immune microenvironments from
primary tumors (Fig. 1)(31); thus we examined the effects of CECR2 loss in an
immunocompetent setting. To eliminate the off-target effect of Cecr2sgRNA, we also
restored CECR2 expression in Cecr2knockout 4T1 cells using human CECRZ (fig. S4K).
We then injected these cells into wild-type BALB/c mice through the tail vein and monitored
their ability to colonize the lungs. Cecr2knockout led to about 38-fold decrease of lung
metastasis and extended the survival of tumor bearing mice using bioluminescence signal as
the end point, and restored expression of CECR2 almost completely rescued the phenotype
(Fig. 3, Hto J, and fig. S4, L and M). Of note, suppression of metastasis by Cecr2

loss in immunocompetent mice (38-fold) is more profound than that in immunodeficient
mice (6-fold), suggesting tumor immune microenvironment contributes to this difference.
Consistent with the role of CECR2 in distal metastasis, CECR2 depletion in 4T1 cells did
not affect their tumor growth rate in mammary fat pads of immunocompetent mice, but
decreased spontaneous lung metastasis by 40% (fig. S4, N and O).

To investigate if CECR2 loss affected tumor metastasis to other organs, we injected

4T1 control and Cecr2knockout cells into left ventricle of wild-type BALB/c mice and
monitored their ability to metastasize (Fig. 3K). We found that 4T1 tumors metastasize to
multiple organs, including brain, liver, and bone. We detected less metastatic signal in mice
bearing Cecr2knockout cells (17-fold decrease) compared to control cells by measuring the
whole-body in vivo tumor bioluminescence signal (Fig. 3L). We further measured the ex
vivo tumor bioluminescence signal in the brain, bone and liver at the end point and found
that CECR2 depletion reduced metastasis to the brain, bone, and liver by 46, 26 and 4,287
fold respectively (Fig. 3, M to P).

CECR2 activates the NF-xB pathway and EMT pathway.

To investigate the underlying molecular mechanisms by which CECR2 modulates breast
cancer metastasis, we examined the transcriptome changes in LM2 cells after CECRZ2
knockout using RNA-seq analysis. We observed 1,051 upregulated and 1,440 downregulated
genes in LM2 cells with CECR2sg1 (Data file S9). Similarly, there were 1,708 upregulated
and 1,772 downregulated genes in LM2 cells with CECRZ2sg2 (Data file S10). GSEA
revealed 8 shared down-regulated pathways and 2 shared upregulated pathways by CECR2
sgl and sg2 (Fig. 4, A and B, and fig. S5, A and B, and Data file S11 to S14). The
downregulated pathways include tumor necrosis factor (TNF)-a signaling by NF-«xB,
inflammatory response, Kirsten rat sarcoma virus (KRAS) signaling, estrogen response (Fig.
4B). Gene ontology (GO) analysis also revealed downregulation of Epithelial-mesenchymal
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transition (EMT) and TNF-a signaling by NF-xB pathway genes after CECR2 depletion
(fig. S5, C and D). Most NF-xB response genes and EMT genes were suppressed by
CECRZknockout, including cytokine genes CSF1, CSF2, CSF3, CXCL1, IL1Band /L6
(fig. S, E and F). The regulation of selected NF-xB response genes by CECR2 was
confirmed by RT-gPCR or western blot analyses (Fig. 4, C and D, and fig. S5, G and H).
Interestingly, CECRZ expression was not affected by cytokines that are known to activate
NF-xB signaling, including interleukin (IL)-1p, TNF-a and IL-6 (fig. S5, I and J).

CECR2 was reported to form a chromatin remodeling complex with SNF2L and SNF2H;
thus it may affect chromatin accessibility (25, 26). We therefore performed Assay for
Transposase-Accessible Chromatin using sequencing (ATAC-seq) of CECRZknockout and
control LM2 cells. CECR2knockout decreased chromatin accessibility globally, with far
more genomic loci with decreased accessibility (n=25,494) than with increased accessibility
(n=5,208) (Fig. 4E, and fig. S5K). The loci with decreased chromatin accessibility include
promoters or putative enhancers of NF-xB response genes, CSF1, CXCL1, CSF3and /IL1B
(Fig. 4F), all of which were downregulated upon CECR2 depletion. We then performed
integrative analysis of ATAC-seq and RNA-seq datasets. CECR2 depletion resulted in 111
downregulated genes with decreased promoter-proximal ATAC-seq peaks (Fig. 4G and Data
file S15), and only 38 upregulated genes with increased chromatin accessibility at the
promoters (fig. S5L and Data file S16). GO analysis indicated that the downregulated genes
with decreased chromatin accessibility upon CECRZ loss were enriched for genes in the
NF-kB pathway and inflammatory response (Fig. 4H and Data file S17). Therefore, these
data indicate that CECRZ knockout attenuates chromatin accessibility to down-regulate
target genes in the NF-kB pathway.

CECRZ2 binds to acetylated RELA to activate NF-xB response genes

We then asked whether CECR2 loss affects transcription factors that control the expression
of NF-xB targeted genes. CECRZ knockout did not change the protein abundance of NF-xB
family members, including RELA/p65, p50, RELB, p52 and cREL in the cytosol and
nucleus (fig. S6A). Co-immunoprecipitation experiments showed that CECR2 interacts with
RELA in both 4T1 and LM2 breast cancer cells endogenously (Fig. 5, A and B) and in
293T cells exogenously (fig. S6B). To determine the roles of the CECR2-RELA interaction
on transcription of NF-xB targeted genes, we performed chromatin immunoprecipitation
(ChIP)-gPCR analyses of CECR2, RELA, transcriptional activation mark (H3K9/18ac) and
RNA Polymerase |1 (Pol 1) at the promoters of NF-xB target genes CSFZand CXCL1.
Depletion of CECR2 or RELA decreased the enrichment of H3K9/18ac and Pol 1l at the
promoters of CSFZand CXCLI in both LM2 (Fig. 5, C and D, and fig. S6, C to E) and 4T1
cells (fig. S6, F and G). CECRZ deletion had no effect on RELA binding to these promoters
(Fig. 5, C and D, and fig. S6, C and E to G). In contrast, RELA depletion inhibited

CECR2 binding (Fig. 5D, fig. S6E), suggesting that RELA recruits CECR2 to activate

gene expression. Consistent with these results, RELA or CECR2 depletion decreased the
expression of NF-xB target genes and metastasis promoting genes, as well as the migration
and invasion ability of LM2 cells, to similar extent (fig. S7 A to C).
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As CECR2 is a bromodomain containing protein and bromodomains interact with acetylated
proteins, we asked whether CECR2 interacted with RELA by recognizing acetylated
residues in RELA. It was previously shown that the bromodomain of bromodomain
Containing 4 (BRD4) recognizes lysine-310 acetylation of RELA (44). Interestingly, we
found mutation of this residue dramatically decreased its interaction with CECR2 (Fig. 5E).
Moreover, deletion of the bromodomain of CECR2 inhibited its interaction with RELA
(Fig. 5F). These results suggest that CECR2 interacts with acetylated RELA through its
bromodomain.

To further confirm the importance of RELA-CECR2 complex in regulating NF-xB target
gene expression and metastasis, we re-introduced wild-type (WT) and lysine-310 acetylation
mutant (MT) RELA into RELA knockout (RELA sg) LM2 cells, and performed ChIP-qgPCR
analyses of CECR2, RELA, H3K9/18ac and Pol Il at the promoters of CSFZand CXCL1
(fig. S7, D to F). We found that both WT and MT RELA bind to these promoters to a similar
extent, which is consistent with a previous report (45). As expected, WT RELA strongly
increased pol 11 recruitment, CECR2 binding and activation marker H3K9/18ac in RELA
knockout cells. Although MT RELA was still able to increase Pol Il recruitment, it was
unable to increase CECR2 binding and H3K9/18ac. Although WT RELA had no effect on
proliferation of RELA knockout cells, it increased their migration and invasion ability (fig.
S7,Gto I). In contrast, MT RELA had no effect on proliferation, migration, and invasion
(fig. S7,Gto ).

We then studied the function of RELA-CECR2 complex using CECR2 bromodomain
specific inhibitors, NVS-CECR2-1 and GNE-886 (28), which are capable of blocking the
interaction between CECR2 and RELA (Fig. 5G). Both NVS-CECR2-1 and GNE-886
also reduced the expression of CSF1/2and CXCL1 in a dose-dependent manner in LM2
metastatic breast cancer cells, PC9-BrM4 metastatic lung cancer cells, and YUMML1.7
melanoma cells (Fig. 5, H and I, and fig. S8, A and B). Consistently, both CECR2
inhibitors impaired the migration by half and invasion capability by about 40% of LM2
breast cancer cells, without affecting proliferation (Fig. 5, J and K, and fig. S8, C to

F), which confirmed the pro-metastatic function of CECR2. These results indicate that
CECR2 bromodomain is crucial for acetylated RELA to activate their target genes in
multiple cancers, and pharmacological targeting CECR2 bromodomain inhibits breast cancer
migration and invasion.

CECRZ2 increases M2 macrophages in the tumor immune microenvironment to drive tumor

metastasis.

We showed that M2 macrophage ratios are increased in metastases and are correlated

with CECR2 expression (Fig. 1E and Fig. 2C). Moreover, CECR2 depletion decreased the
expression of genes encoding cytokines and chemokines, such as CSFI, CSF2and CXCL1
(Fig. 4, C and D, and fig. S5, G and H). These cytokines and chemokines are involved

in proliferation of monocytes and macrophages and their differentiation in the tumor
microenvironment and breast cancer metastasis (46—48). Therefore, we investigated whether
CECR2 controls metastasis by regulating proliferation or polarization of tumor-associated
macrophages. To examine the roles of tumor cell CECR2 on macrophage proliferation, we

Sci Transl Med. Author manuscript; available in PMC 2022 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 10

treated macrophages with the conditioned media (CM) from control and Cecr2knockout
4T1 cells. CCKa8 cell proliferation assays showed that CM from control cells promoted
macrophage proliferation by 2.5-fold, whereas CM from Cecr2knockout cells abrogated
the induction of macrophage proliferation (Fig. 6A). We then examined the impact of
tumor cell CECR2 on macrophage migration in a Boyden chamber co-culture system, in
which tumor cells with or without CECR2 depletion were placed into the lower chamber
and macrophages were seeded into the upper chamber (Fig. 6B). We found that Cecr2
deletion decreased macrophage migration by 2.3-fold (Fig. 6B). We next asked if tumor
cell-expressed CECR?2 affected macrophage polarization by treating macrophages with CM.
We found that control CM strongly induced expression of M2 macrophage markers, whereas
CecrZknockout CM was defective at inducing their expression, as shown by RT-gPCR
analysis of ArgZ and //10as well as RT-gPCR and flow cytometric analysis of CD206

(Fig. 6, C to E). Interestingly, the mRNA concentrations of genes encoding IL-4 and 1L-13,
two cytokines that are known to affect M2 macrophage polarization, were not changed

(fig. S9A). We also did not observe a change in 7nfa mRNA concentrations (fig. S9A). In
contrast, the mRNA concentrations of genes encoding I1L-6 and transforming growth factor
(TGF)-B1, which could modulate M2 macrophage polarization, were downregulated upon
CECRZ2deletion in both LM2 and 4T1 cells (fig. S9, B and C).

To determine whether pharmacologically targeting CECR?2 is a potential therapeutic option
for metastatic breast cancer, we treated 4T1 cells with different dosages of CECR2
bromodomain inhibitor NVS-CECR2-1 or GNE-886, then used the CM from these cells

to treat macrophages. We found that the induction of M2 macrophage markers by CM from
4T1 cells was suppressed by CECR2 inhibitor treatment in a dose dependent manner (Fig.
6F). In contrast, treatment with NVS-CECR2-1 or GNE-886 on macrophage directly did
not affect the expression of M2 macrophage markers (fig. S9D). To examine the roles of
CECR2 in 4T1 cells on macrophage polarization in vivo, we first performed flow cytometry
analysis of lung metastases from wild-type BALB/c mice implanted with 4T1 cells through
the tail vein. We showed that CECR2 loss in 4T1 cells decreased the percentage of total
macrophages from 44.9% to 24.1% and the ratio of M2 macrophages from 16.6% to 5%,
but it had minimal effect on the ratio of M1 macrophages (Fig. 6, G and H, fig. S10A to C).
Flow cytometry analysis of lung metastasis did not reveal changes in proportions of CD4*
or CD8* T cells, but showed induction of granzyme B positive cells, which implies that
their tumor killing activity increased upon CECR2 depletion (fig. S10, D to H). Consistently,
CECR2 depletion in 4T1 cells caused reduction of total macrophages from 25.5% to 17.9%
and the ratio of M2 macrophages from 29.6% to 19.3%, without affecting M1 macrophages
or NK cells in BALB/c nude mice (Fig. 6, I and J, and fig. S10, | to K).

Colony stimulating factor 1 (CSF1) was shown to play major roles in regulation of
macrophages (49, 50). To determine if CSF1 mediates the effects of CECR2 on macrophage
and tumor growth, we overexpressed CSF1 in Cecr2knockout 4T1 tumor cells (fig. S11A).
The 4T1 cell lines with control vectors (Control + EV), Cecr2knockout (Cecr2 sgl+

EV) or Cecr?knockout with CSFI overexpression (Cecr2 sgl+ CSFI) were injected into
wild-type BALB/c mice through the tail vein. The metastatic ability of those cells was
assayed with India ink staining of the whole lung and H&E staining of the lung sections.
We found that decreased lung metastasis caused by CecrZloss was mostly restored by
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CSF1 overexpression (Fig. 7, A to D). Similar results were observed in BALB/c nude
mice, although the extent of rescue was slightly less than that in the wild-type mice (fig.
S11, B and C), suggesting that CSF1 promotes metastasis through both T-cell dependent
and independent manner. We then examined the macrophage and activated CD8* T cell
populations in lung lesions using flow cytometry assays. We found that Cecr2 deletion in
4T1 cells decreased the percentage of macrophages from 80.2% to 52.3% and the percentage
of M2 macrophages from 17.6% to 12.9%, whereas overexpression of CSFI suppressed
these phenotypes (Fig. 7, E and F, and fig. S11, D and E). Of note, the numbers of CD4* and
CD8™ T cells were not changed upon CecrZ2 deletion or CSFI overexpression (fig. S11, F to
H). However, activated CD8" T cells (granzyme B positive) increased from 21% to 45.9% in
lung metastases upon Cecr2deletion, and CSFI overexpression reversed this increase (Fig.
7G, and fig. S111).

To assess the therapeutic potential of CECR2-targeted therapy in vivo, wild-type BALB/c
mice implanted with 4T1 cells by tail vein injection were treated with NVS-CECR2-1

or phosphate-buffered saline (PBS) every other day for 28 days (Fig. 7H). We found that
NVS-CECR2-1 treatment strongly inhibited the ability of 4T1 cells to metastasize to the
lungs (Fig. 7, | to K). We then assessed the lung metastases by flow cytometry analysis and
found that NVS-CECR2-1 treatment decreased the percentage of total macrophage 42.1%
to 27.1% and M2 macrophages from 20.4% to 5.9%, and increased M1 macrophages from
1.2% to 2.9% (Fig. 7, L and M, and fig. S11, J and K). Consistent with the findings from
our CecrZknockout and CSFI overexpression model, the numbers of CD4* and CD8* T
cells did not change, but the number of granzyme B positive cells increased from 5.7% to
8.6% (fig. S11, L to P). Taken together, these results showed that targeting CECR2 inhibits
macrophage polarization and breast cancer metastasis to the lungs.

DISCUSSION

In this study, we identified a druggable epigenetic factor, CECR2 that controls breast
cancer metastasis. CECR2 functions through aggregated effects of multiple mechanisms
in both T-cell dependent and independent manners, including promoting migration

and invasion, recruiting macrophages, and inducing M2 macrophage polarization to
create an immunosuppressive microenvironment. We found that CECR2 interacts with
acetylated RELA to increase chromatin accessibility and activate NF-xB targets, such as
CSF1, CSF2, CXCL1, TNCand VEGFA. CECRZ2 depletion suppresses NF-xB response
genes, which results in decrease of total macrophages, especially M2 macrophages

in tumor microenvironment and suppression of distal metastasis. Consistently, CECR2
inhibition breast cancer metastasis by decreasing M2 macrophages and enhancing anti-
tumor immunity (fig. S12). These results indicate that CECR2 regulates tumor immune
microenvironment to promote breast cancer metastasis.

Epigenetic aberrations contribute to the tumor initiation and metastasis through activating
pro-metastatic genes and creating immunosuppressive microenvironment (4, 51-53).
Understanding these epigenetic mechanisms is therefore essential for the development of
epigenetic drugs to target both tumor cells and their immune microenvironments (53,

54). We have shown that deregulation of epigenetic regulator Lysine Demethylase 5A
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(KDMB5A) could promote breast cancer metastasis through increasing the expression of
metastasis-promoting gene 7N/C (19). Here we found that CECR2 activates the expression
of multiple pro-metastasis genes, including 7NC, VEGFA, IL-1B, IL-6, and MMPZ, to
promote cancer cell migration and invasion. Recent studies also revealed the critical roles of
epigenetic regulation on tumor immune microenvironment. For example, enhancer of zeste
homolog 2 (EZH2) and DNA methyltransferase 1 (DNMT1) were shown to repress the
chemokines CXCL9 and CXCL10, critical for T helper 1 cell trafficking to ovarian tumors
(55). Polycomb Repressive Complex 2 (PRC2)-mediated epigenetic silencing in tumor cells
not only play an oncogenic role, but also contribute to the decreased recruitment of CD4*
and CD8* T cells into human colon cancer tissue (56). We previously showed that KDM5
histone demethylases contribute to immunosuppressive microenvironment by suppressing
stimulator of interferon genes (S7/NG) in breast cancer (43). Melanoma cells overexpress
H3K27 demethylase KDM6B to activate NF-xB -mediated gene expression, leading to

a favorable microenvironment for melanoma growth and metastasis (57). Similarly, we
demonstrate that the epigenetic reader CECR?2 is required for metastatic breast cancer

cells to express NF-xB target genes, including cytokine genes CSF1/2/3 and CXCL1.
CSF1/2/3 were shown to promote the polarization and proliferation of tumor-associated
macrophages, in which the checkpoint proteins are triggered to suppress T-cell activation
(58-60). CXCL1 was previously shown to attract myeloid-derived suppressor cells (MDSC)
to suppress anti-tumor immunity in tumor microenvironment (48, 61). These cytokines also
function in a paracrine fashion to recruit M2 TAMs (62), which are usually found in an
immunosuppressive tumor microenvironment and support cancer cells to metastasize to
distant organs (13, 63). We found that CECR2 depletion reversed immune suppression at the
metastatic sites in breast cancer, suggesting that CECR2 promotes an immunosuppressive
microenvironment at the metastatic sites. Therefore, targeting CECR2 may suppress breast
cancer metastasis by simultaneously inhibiting the expression of pro-metastasis genes and
enhancing anti-tumor immunity.

Breast cancer can be classified into 4 subtypes by their intrinsic molecular: luminal

A (resembling the histological phenotype: ER*, PR*, HER2™, Ki677), luminal B (ER*,
PR*, HER*~, Ki67*), HER2" (ER™, PR™, HER2"), and basal-like subtype (ER™, PR",
HER2™) (64). The more aggressive types of breast cancer (ER™ subtypes) usually have

a higher frequency of tumor infiltrating lymphocytes than the less aggressive luminal A
subtype (65). Here we show that the distal metastasis samples are clustered into the low
immunogenic group compared to primary tumors, regardless of their ER status. These
results are consistent with our previous finding that tumor infiltrating lymphocytes are
lower in metastasis compared to primary samples (31). CECR2 expression was higher in
metastases compared to primary tumors, regardless of the breast cancer subtypes in primary
tumors. Consistently, CECRZ expression was correlated with metastasis-free survival in all
subtypes of breast cancer, as well as in gastric and ovarian cancers. As CECR2 inhibitors
suppress the expression of its target genes in metastatic breast cancer, lung cancer and
melanoma cells, our results suggest that CECR2 may be a general target for treating
metastatic diseases in multiple cancer types.

We found that macrophages are the major immune cell differences in tumor
microenvironment between metastases and primary breast tumor samples. We further
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showed that CECR2 regulates macrophages to promote breast tumor metastases. One
limitation of our study is that we only classified macrophages using M1 marker CD86

and M2 marker CD206, but macrophages in tumors are more heterogeneous than these

two subtypes. A recent mass cytometry analysis found multiple subtypes of macrophages,
including early immigrant macrophages (HLA-DRINCD192*), tissue-resident macrophages
(CD206"HLA-DRI), and TAMs (CD64MI"HLA-DRN9N) in breast tumors (7). Similarly,

a recent single cell RNA-seq study identified different sub-populations of macrophages
based on their gene expression signature (66). Among these sub-populations, SPP1* and
C1QC* TAMs are M2-like, whereas ISG15* TAMs are M1-like. Furthermore, co-expression
of M1 and M2 gene signatures were found in macrophage subsets (66). However, our

flow cytometry analysis found minimal macrophages that were positive for both CD86

(M1 marker) and CD206 (M2 marker). It is possible that CECR?2 is involved in regulation
of specific subsets of macrophages. More detailed analysis of macrophage subsets upon
perturbation of CECR2 is needed to define the roles of CECR2 in regulating tumor
microenvironment in the future. Related to this, another limitation of the current study is
that we have not extensively characterized the contribution of other immune cell subsets,
including T cells and MDSCs, to the roles of CECR2 in metastasis. Further understanding of
these other immune cells will be needed to design appropriate treatment strategies.

Bromodomain is the acetyl lysine ‘reader’ module in epigenetic factors, and targeting
bromodomain has been shown to promote anti-inflammatory and anti-cancer activities
(67). Multiple inhibitors against bromodomain and extra-terminal domain (BET) proteins
are already in clinical testing (14). Similar to BET bromodomains, the bromodomain of
CECR2 is predicted to be highly druggable (27). Indeed, pharmacological inhibitors of
CECR2 NVS-CECR2-1 and GNE-886 have been developed. In fact, treatment with these
CECR?2 inhibitors substantially suppressed the expression of CECR2 targets CSF1/2 and
CXCL1 in multiple metastatic cancer cells, suggesting a possible therapeutic approach

to inhibit immunosuppression in the metastatic tumor microenvironment. Our results also
support testing of anti-CSF1 therapeutic antibodies (MCS110, PD-0360324) in the clinic.
Taken together, CECR2 bromodomain inhibition is a promising therapeutic strategy to
treat metastatic breast cancer. This strategy reduces the expression of pro-metastasis genes
and immune suppression at the metastatic sites and has implications for the efficacy of
immunotherapies.

MATERIALS AND METHODS
Study design

In this study, we performed RNA-seq analysis of 13 matched pairs of primary and

metastatic breast tumors and assessed the expression of immuno-oncology targets and
epigenetic regulators and the abundance of immune cell types using CIBERSORTX (35).
Pearson correlation analysis was used to identify epigenetic regulators associated with
changes of macrophage populations in metastases. The roles of CECR2 in gene regulation
and tumorigenesis were then assessed using RNA-seq, RT-gPCR, Western blotting, co-
immunoprecipiation, ChlIP-qPCR, ATAC-seq, flow cytometry, immunofluorescence staining,
immunohistochemistry staining, histopathology analysis, colony formation assays, cell
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proliferation assays, migration and invasion assays, animal studies, and bioinformatics and
statistical analysis. Xenograft (LM2) and syngeneic (4T1) mouse models were tested to
assess the effects of CECR2 depletion and inhibition on metastasis or tumor formation.
Luciferase expressing cell lines were used for in vivo imaging to assess metastatic burden.
The tumor samples from these studies are also used to assess the immune cell populations.
Mice were age, gender and genetic background-matched and randomized to different groups
of at least 3 animals per group prior to the start of each experiment. Sample size was based
on prior knowledge of the intragroup variation of tumor and metastasis growth. Blinding was
not done except for the histology analysis as the information was essential for the staff to
conduct the studies. No data was excluded. Potent and specific CECR2 inhibitors were used
to assess the therapeutic potential of targeting CECR2 using in vitro and in vivo assays.

Statistical analysis

Normality and lognormality test (Shapiro-Wilk test) was used to test normality using
GraphPad Prism 9. If data passed the normality test, comparisons between two groups were
performed using an unpaired two-tailed Student’s t test. Otherwise, comparisons between
two groups were performed using an unpaired two-tailed Mann-Whitney test. Comparisons
between matched data of metastasis and primary tumor samples from the sample breast
cancer patient were performed using Wilcoxon signed rank test. Mantel-Cox log-rank test
was performed to calculate p values for Kaplan-Meier plots. Pearson correlation coefficient
and one-tailed probability p value were calculated in the correlation studies. RNA-seq

and ATAC-seq data are analyzed with DESeq2 analysis of the counts and adjusted using
false-discovery rate. Graphs represent either group mean values + SEM or individual values
(as indicated in the figure legends). For animal experiments, each tumor graft was an
independent sample. All in vitro experiments were reproduced at least three times, and all
animal experiments were performed once.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Immune-related gene signatures differ between metastatic and primary breast cancer.
(A) Matched primary tumors and distal metastases from 13 breast cancer patients were

collected and deregulated genes were analyzed by comparing distal metastases with matched
primary tumors using RNA-sequencing (RNA-seq) analysis. (B) A heat map shows the
expression of representative immune genes of tolerance mechanisms in 13 pairs of primary
(blue) and matched metastatic (red) breast cancer tumor samples. HER2 and ER status

are shown, “+” means the status is positive and “~" means the status is negative. na, not
assessed. means the absence of patient information. (C) Tumor infiltrating lymphocyte-
and macrophage-related gene expression was compared in matched pairs of metastatic and
primary breast tumor samples. Orange lines mark the samples with increased expression

in metastases and blue lines mark the ones with decreased expression. (D) A volcano

plot of downregulated immune-oncology targets is shown for matched metastatic samples
compared with primary breast tumors. Red dots denote the significantly changed targets.
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(E) RNA-seq data of matched primary tumor and distal metastases from 13 breast cancer
patients were analyzed by CIBERSORTx and immune cell composition of complex tissues
were characterized from their gene expression profiles. Populations of M1 macrophages
and the ratio of M2 macrophages to total macrophages in primary and matched metastatic
breast cancer samples are shown. Orange lines mark the samples with increased numbers

in metastases and blue lines mark the ones with decreased numbers). The p-values were
obtained using DESeq?2 analysis of the counts (C and D) and Wilcoxon signed rank test (E).
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Fig. 2. CECR2ishighly expressed in breast cancer metastases and correlates with M2
macrophage abundance.

(A) The Venn diagram shows deregulated epigenetic genes with significantly changed
mRNA expression (fold change >1.5) by RNA-seq in metastatic samples compared to
primary samples. (B) The heat map shows the significantly deregulated epigenetic genes.
CECR?Zis highlighted in red. HER2 and ER status are shown, “+” means the status is
positive and “~" means the status is negative. na, not assessed. (C) The plot shows the
correlation between M2 ratios and CECRZ2 expression. RNA-seq data of matched primary
tumor and distal metastases from 13 breast cancer patients were analyzed by CIBERSORTX
and immune cell composition of complex tissues were characterized from their gene
expression profiles. Pearson correlation coefficient and one-tailed probability pvalue are
shown. (D) Kaplan-Meier analysis shows the association of CECR2 mRNA abundance with
distant metastasis-free survival of breast cancer patients using the best cutoff. The cutoff
value is 123 in the expression range of 2 to 1738. The hazard ratio (HR) and log-rank
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pvalues are shown. (E) CECR2 immunohistochemistry (IHC) staining is shown for a

tumor tissue microarray with 59 pairs of matched primary and metastatic breast cancer
samples. Representative figures are shown. Scale bars: 100 um. (F) CECR2 IHC scores were
quantified by multiplying the intensity of the signal and the percentage of positive cells. The
IHC staining of tumors were scored as weak (score< 0.5), moderate (score between 0.5 and
2) and strong (score >2). Percentage of patient samples with strong CECR2 abundance in
metastatic tumors versus that in primary tumor, p<0.05. Percentage of samples with weak
CECR2 abundance in metastatic tumors versus that in primary tumor, p<0.05. The p values
of unpaired two-tailed Students’ ¢test are shown. (G) CECR2 IHC staining of matched
primary and multiple distant metastasis samples are shown for a single patient with breast
cancer. Scale bars: 100 um. (H) CECR2 IHC staining of MCF10A, MDA-MB-231 and

its metastatic derivatives (MDA231-LM2, MDA231-BrM2 and MDA231-BoM) is shown.
Scale bars: 100 um.
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Fig. 3. CECR2isrequired for migration, invasion, and metastasis.
(A) Western blot analysis shows control and CECRZ knockout (sg1 and sg2) LM2 cells. (B

and C) Transwell migration (B) and invasion (C) assays were used to compare CECR2
knockout and control LM2 cells. (D) Normalized bioluminescence signals are shown
for lung metastases in athymic nude mice after tail vein injection of control (n=8) or
CECRZknockout LM2 cells (n=7). Fold change at day 35 is shown. (E) Representative
bioluminescence images of mice in (D) at week 5 are shown. Data are presented as
mean + SEM. (F) H&E staining of the lungs from mice in (D) at week 5 is shown.
Scale bars: 500 um for the upper panel and 100 um for the lower panel. Arrowheads
indicate metastatic tumors, and asterisks indicate vascular invasion of large tumor foci.
(G) Metastatic tumors were scored based on the percentage of tumors in the lungs with
the parameters described in fig. S3E. (H) Normalized bioluminescence signal is shown
for lung metastases in immunocompetent wild-type (WT) BALB/c mice after tail vein
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injection of control 4T1 (n=10), Cecr2knockout 4T1 (n=10) and Cecr2knockout 4T1 with
CECR?Z2reconstituted expression (n=10). Fold change at day 14 is shown. (I) Representative
bioluminescence images of mice in (H) at week 2 are shown. (J) H&E staining is shown for
lungs from mice in (H) at week 2. Scale bars: 200 um. Arrows indicate metastatic tumors.
(K) Schematic of metastasis assay using intracardiac (IC) injection. Mice were monitored
for metastasis to the whole body, especially in brain, bone, and liver. (L to P) Normalized
in vivo bioluminescence signals of whole-body metastases (L) are shown as well as ex vivo
bioluminescence signals and representative pictures of brain metastases (M, N) and ex vivo
bioluminescence signals of bone metastases (O) and liver metastasis (P) in WT BALB/c
mice after IC injection of control (n=7) or Cecr2knockout (sg1) (n=8) 4T1 cells. Fold
change at day 21 is shown in L. The pvalues of unpaired two-tailed Students’ ftest (B, C)
and Mann-Whitney test (D, G, H, L, M, O and P) are shown. *p < 0.05; ** p< 0.01; *** p
< 0.001, n.s., not significant. Representative data from triplicate experiments are shown, and
error bars represent SEM.
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Fig. 4. CECR2 depletion downregulates NF-xB response genes.
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(A and B) Gene set enrichment analysis is shown comparing transcriptomes of CECRZ2
knockout (CECRZ2sgl and CECRZsg2) with control LM2 cells. The Venn diagram (A)
shows the number of shared downregulated hallmark pathways and (B) the heatmap shows
the 8 shared downregulated hallmark pathways. (C) RT-gPCR analysis of CSF1, CSF2and
CXCL 1 expression in control and CECRZ knockout LM2 cells is shown. (D) RT-gPCR

analysis of Csf1, Csf2and Cxcl1 expression in control 4T1, CecrZknockout 4T1 and
CecrZknockout 4T1 with CECRZ reconstituted expression is shown. (E) The heatmap

shows ATAC-seq peaks for chromatin accessible sites decreased (top) or increased (bottom)

by CECR2 depletion, with the aggregated reads within 1 kb of center of differentially

accessible regions. (F) ATAC-seq signals around CSF1, CXCL1, CSF3and /L1B genes
showing promoter or putative enhancer regions that are less accessible in CECR2-deficient
(sgl) LM2 cells are presented. (G) The Venn diagram shows genes that are downregulated
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and with decreased ATAC-seq signals in the promoter after CECR2 depletion in LM2 cells.
All of the genes are significantly changed with the cutoff of adjusted p-value < 0.05 and
fold change >1.2. (H) The top 10 hallmark pathways enriched for downregulated genes with
decreased ATAC-seq signaling in the promoter are shown after CECR2 depletion in LM2
cells. The pvalues of unpaired two-tailed Students’ #test (C and D) are shown. *p < 0.05;
** p<0.01; *** p< 0.001. Representative data from triplicate experiments are shown, and
error bars represent SEM.
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Fig. 5. CECR2 interactswith acetylated REL A using its bromodomain to activate NF-xB

response genes.

(A and B) Western blot analysis is shown of cell lysates (input) and immunoprecipitates (IP)

from 4T1 (A) and LM2 (B) cells stimulated with 20 ng/ml TNF-a for 0.5 hour with the
indicated antibodies. (C and D) ChIP-qPCR analyses are shown for the indicated proteins
or histone mark at the CSF1 promoter, and a hon-binding region downstream of CSF1 as
the negative control. Control and CECRZknockout (CECR2sgl and CECR2sg2) LM2
cells (C), Control, CECRZ2knockout (CECRZ2sgl) and RELA knockout (RELA sg) LM2
cells (D) were stimulated with 20 ng/ml TNF-a for 0.5 hour. (E) Western blot analysis
of cell lysates (Input) and anti-FLAG IP are shown for HEK293T cells transfected with

the indicated combination of vectors expressing FLAG-CECR2, K310R mutated RELA and

WT RELA. (F) Western blot analysis of cell lysates (Input) and anti-FLAG IP are shown
for HEK293T cells transfected with the indicated combination of vectors expressing WT

FLAG-CECR2, FLAG-CECR2 mutant with bromodomain deletion (ABRD) and T7-RELA.
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(G) Western blot analysis of cell lysates (input) and anti-RELA IP are shown for LM2

cells pretreated with control DMSO or CECR?2 inhibitors (1 pM NVS-CECR2-1 or 1 uM
GNE-886) for 2 days, and then stimulated with 20 ng/ml TNF-a for 0.5 hour. (H and I)
RT-gPCR analyses of CSF1, CSF2and CXCL1 expression in LM2 cells pretreated with

the indicated concentration of NVS-CECR2-1 (H) or GNE-886 (1) for 2 days is shown. (J)
Scratch migration assays are shown comparing the closure of wound healing distance in
LM2 cells treated with DMSO, 1 uM NVS-CECR2-1, or 1 pM GNE-886 for 2 days. (K)
Transwell invasion assays are shown comparing LM2 cells treated with DMSO, 1 uM NVS-
CECR2-1, or 1 uM GNE-886 for 2 days. The pvalues of unpaired two-tailed Students’ ¢test
(C, D, H to K) are shown. * p< 0.05, ** p< 0.01, *** p< 0.001. Representative data from
triplicate experiments are shown, and error bars represent SEM.
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Fig. 6. CECR2 expression in breast cancer cellsincreases M 2 macrophage proportionsin tumor
microenvironment.

(A) CCKaS cell proliferation assays are shown for macrophages cultured in RPMI-1640
medium with or without conditioned medium (CM) from control or Cecr2knockout 4T1
cells. (B) Schematics of transwell co-culture experiments (left panel) and quantification

of migrated macrophages (right panel) are shown. Macrophages were seeded into the top
chamber (transwell size: 8 um), and control or Cecr2knockout (Cecr2sgl) 4T1 cells were
seeded into the bottom chamber. (C) RT-qPCR analysis is shown for M2 markers ArgZ,
CD206 and /L10in macrophages cultured with or without conditioned medium (CM) from
control or CecrZknockout 4T1 cells. (D and E) Flow cytometry analysis is shown for
expression of the M2 marker, CD206, in macrophages cultured with or without conditioned
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medium (CM) from control or Cecr2knockout 4T1 cells. Shown are representative plots
(D) and quantification of the percentage of CD206 positive cells in total macrophages (E).
(F) RT-gPCR analyses is shown for M2 markers Arg1, CD206 and //10in macrophages.
Macrophages were seeded into 6-well plate and treated with conditioned media (CM)
harvested from 4T1 cells treated with DMSO, GNE-886, or NVS-CECR2-1 at the indicated
dosage for 2 days. (G and H) Flow cytometry analysis is shown for macrophages isolated
from the lungs from immunocompetent WT BALB/c mice after tail vein injection of control
(n=5) or Cecr2knockout (sgl) 4T1 cells (n=5) at week 5. Shown are the percentages of
total macrophages (G) and the ratios of M2 macrophages to total macrophages (H). (l

and J) Flow cytometry analysis is shown for macrophages isolated from the lungs from
immunodeficient BALB/c nude mice after tail vein injection of control (n=6) or Cecr2
knockout (sgl) 4T1 cells (n=7) at week 2. Shown are the percentages of total macrophages
(1) and the ratios of M2 macrophages (J). The pvalues of unpaired two-tailed Students’ ¢
test (A to C, E to J) are shown. *p < 0.05; ** p<0.01; *** p< 0.001; **** p< 0.0001.
Representative data from triplicate experiments are shown, and error bars represent SEM.
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Fig. 7. CECR2 inhibition suppresses breast cancer metastasisthrough CSF1-mediated
macrophage polarization and enhances anti-tumor immunity.

(A and B) BALB/c wild type mice were injected with control 4T1, Cecr2knockout (sg1)
4T1 cells, or CecrZknockout 4T1 cells with CSF1 overexpression (n=8 for all the groups)
through the tail vein. Metastatic lesions in the lungs at week 3 after tumor cell injection
were stained by India ink. Shown are representative images (A) and quantification of
metastases in the lungs (B). Arrows indicate tumor nodules. (C and D) H&E staining

of the lungs from mice in (A) at week 3 is shown. Representative images (C) and
quantification of tumor areas in the lungs (D) are presented. Scale bars: 200 um. (E

and G) Flow cytometry analysis is shown for lung lesions isolated from BALB/c wild
type mice injected with control 4T1, Cecr2knockout (sgl) 4T1 cells, or Cecr2 knockout
4T1 cells with CSF1 overexpression (n=8 for (E and F), n=3 for (G)) by tail vein at

week 3. Shown are quantification of the percentages of total macrophages (CD45*F4/80*)
(E), M2 macrophages (CD45*F4/80*CD206*) (F) and Granzyme B (GZMB)* CD8* T
cells (CD45*CD8*GZMB™) (G). (H) Schematic illustration of NVS-CECR2-1 treatment.

Sci Transl Med. Author manuscript; available in PMC 2022 August 02.

lung harvestgB

M2 ratio

.

*



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 33

BALB/c mice were treated with intraperitoneal injection (i.p.) of NVS-CECR2-1 (10 pg/
injection/mouse) or equal volume of PBS (n=5 for each group) every other day for 28 days
one day after tail vein injection of 4T1 cells (1x10° per mouse). All mice were euthanized
on day 35 to collect lungs and H&E staining were performed. (I to K) Representative
H&E staining (1), quantification of total tumor lesions per lung (J), and percentage of tumor
area per lung (K) of lungs are shown for mice treated as described in (H). (L and M)

Flow cytometry analyses is shown for total macrophages (L) and M2 macrophage ratio
(M) isolated from the lungs from BALB/c mice treated as described in (H). The pvalues
calculated by unpaired two-tailed Students’ #tests (E to G, L and M) or Mann-Whitney
tests (B, D, J and K) are shown. * p<0.05; **p<0.01; ***p<0.001, n.s. not significant.
Representative data from triplicate experiments are shown, and error bars represent SEM.
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