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SUMMARY

Epigenetic deregulation of gene transcription is central to cancer cell plasticity
and malignant progression but remains poorly understood. We found that the
uncharacterized epigenetic factor chromodomain on Y-like 2 (CDYL2) is
commonly over-expressed in breast cancer, and that high CDYL2 levels correlate
with poor prognosis. Supporting a functional role for CDYL2 in malignancy, it
positively regulated breast cancer cell migration, invasion, stem-like pheno-
types, and epithelial-to-mesenchymal transition. CDYL2 regulation of these plas-
ticity-associated processes depended on signaling via p65/NF-xB and STAT3.
This, in turn, was downstream of CDYL2 regulation of MIR124 gene transcription.
CDYL2 co-immunoprecipitated with G9a/EHMT2 and GLP/EHMT1 and regulated
the chromatin enrichment of G9a and EZH2 at MIR124 genes. We propose that
CDYL2 contributes to poor prognosis in breast cancer by recruiting G9a and
EZH2 to epigenetically repress MIR124 genes, thereby promoting NF-«B and
STATS3 signaling, as well as downstream cancer cell plasticity and malignant
progression.

INTRODUCTION

A key feature of epigenetic processes is their ability to establish and maintain the expression level of genes
in a manner that is durable, yet can be altered when necessary. To this end, the deposition of histone lysine
methylation marks on chromatin is tightly regulated. However, deregulation of epigenetic factors can
cause pathologic changes in cell identity and function and is a near-universal feature of cancer cells.
Such perturbations offer therapeutic opportunities, and several drugs targeting epigenetic regulators
are in use or under investigation as cancer treatments. These include inhibitors of the histone methyltrans-
ferases EZH2 and G9%a, which respectively impart the H3K27me3 and H3K9me2 marks on chromatin (Daw-
son and Kouzarides, 2012; Jambhekar et al., 2019; Simé-Riudalbas and Esteller, 2015). However, despite
recent progress, the epigenetic regulation of cellular plasticity in cancer remains poorly understood,
with several putative epigenetic factors still uncharacterized. Addressing these issues could uncover new
epigenetic drug targets for cancer treatment.

Most tumors are of epithelial origin, but epithelial cells are inherently resistant to several key steps in ma-
lignant progression. Molecular and cellular changes that render carcinoma cells more mesenchymal-like
are associated with increased propensity to migrate and invade the surrounding tissues (Puisieux et al.,
2014; Shibue and Weinberg, 2017). This so-called epithelial-to-mesenchymal transition (EMT) is also linked
to the emergence of cancer stem cells (CSC), a subset of cells within a tumor mass that are highly efficient at
seeding new tumor growth and in the case of breast cancer, more efficient at forming cellular aggregates
called mammospheres in vitro (Shibue and Weinberg, 2017). In breast cancer, different tumor subtypes and
prognosis correlate with distinct EMT states. Tumors expressing the estrogen receptor alpha (ER), but not
the human epidermal growth factor (EGF) receptor 2 (HER2), are more epithelial-like, less invasive, and
have better prognosis, whereas those triple-negative (TN) for expression of ER, HER2, and the progester-
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However, the acquisition of EMT-like features in a subset of cells within the ER+/HER2- tumor could drive
the malignant progression of these cancers.

The gene expression changes underlying EMT and stemness result from interconnected regulatory sys-
tems involving transcription factors, epigenetic factors, and non-coding RNAs. In breast cancer, active
forms of the transcription factors p65/NF-kB and STAT3 promote EMT, migration, invasion, and stemness
(Marotta et al., 2011; Yang et al., 2014; Zhou et al., 2008). Misregulation of EZH2 and G9%a can also induce
these cellular processes (Chang et al., 2011; Curry et al., 2015; Dong et al., 2012), as can aberrant silencing
of the tumor suppressive microRNA-124 (miR-124) (Jiet al., 2019; Lv et al., 2011, Wang et al., 2016a), itself a
regulator of p65/NF-kB and STAT3 signaling (Cao et al., 2018; Hatziapostolou et al., 2011; Mehta et al.,
2017; Olarerin-George et al., 2013). Recently, EZH2 was implicated in miR-124 repression in renal carci-
noma cells (Zhou et al., 2019), supporting an interplay between these pathways. However, by and large,
epigenetic regulation of EMT and stemness in cancer remains poorly understood.

In this study, we investigated the molecular and cellular functions of the putative epigenetic factor chromo-
domain on Y-like 2 (CDYL2) in breast cancer. This is a member of the CDYL family of genes, which includes
two autosomal homologs in humans, CDYL1/CDYL and CDYL2 (Dorus et al., 2003). The family is defined by
the presence of an N-terminal chromodomain that binds to methylated histone H3 lysine 9 (H3K9) and
H3K27 residues (Fischle et al., 2008; Franz et al., 2009) and a C-terminal domain homologous to enoyl co-
enzyme A hydratase/isomerase enzymes (Dorus et al., 2003). CDYL1 is implicated in cancer as a candidate
oncogene or tumor suppressor, depending on the context (Mulligan et al., 2008; Wu et al., 2013), and its
epigenetic mechanism involves its interaction with and regulation of several other epigenetic factors,
notably the H3K9 methyltransferases G9a/EHMT2, GLP/EHMT1 and SETDB1/ESET (Mulligan et al.,
2008), and EZH2 (Zhang et al., 2011). By contrast, very little is known about the roles of CDYL2in physiology
or disease or its putative epigenetic mechanism.

A potential role for CDYL2 in cancer was suggested by a genome-wide association study that identified an
intronic SNP in CDYL2 associated with cancer risk (Michailidou et al., 2013). Here we show that CDYL2
expression is also frequently up-regulated in breast cancer, and that high expression correlates with
poor outcome in the estrogen receptor-positive/human EGF receptor 2-negative (ER+/HER2—) and TN
subtypes. We propose that high levels of CDYL2 expression promote epigenetic repression of MIR124
genes by increasing G%a and EZH2 recruitment and H3K9 and H3K27 methylation at upstream regulatory
regions. This, in turn, contributes to CDYL2 induction of NF-kB and STAT3 signaling, consequent induction
of EMT genes, and increased cell motility, invasiveness, and stemness. These findings implicate CDYL2 as
candidate proto-oncogene and therapeutic target in breast cancer.

RESULTS
High CDYL2 Expression Level in Breast Cancer Is Associated with Poor Prognosis

Datamining revealed that CDYL2 mRNA is up-regulated in four breast cancer cohorts within The Cancer
Genome Atlas (TCGA) (Cancer Genome Atlas Network, 2012) (Figures 1A and STA). Similarly, the NCBI
GEO datasets GSE10780 (Chen et al., 2010) and GSE21422 (Kretschmer et al., 2011) identified CDYL2
up-regulation in invasive ductal breast carcinomas as well as ductal carcinoma in situ, compared with
normal breast tissues (Figure 1A). Analysis of the paired Clinical Proteomic Tumor Analysis Consortium
(CPTAC) (Ellis et al., 2013) and TCGA datasets revealed that CDYL2 protein expression correlated with
mRNA levels (Figure 1B). We found that both TCGA mRNA and CPTAC protein levels for CDYL2 across
breast cancer subtypes also showed similar patterns, being higher in the ER+ forms than TN forms (Figures
S1B and S1C). We next asked if the expression level of CDYL2 correlates with clinical outcome. Patients
were subdivided into three categories based on their expression of the ER, PR, and HER2, namely, ER+/
HER2—, ER+/HER2+, and receptor TN. This revealed that high expression of CDYL2 correlated with worse
survival in both ER+/HER2— and TN subtypes (Figures 1C and 1D), but not ER+/HER2+ (Figure 1E). We also
analyzed the expression of CDYL2 in normal breast tissues over the course of breast cancer progression,
across all breast cancer types, ER+/HER2— and TN. This showed up-regulation of CDYL2 from the earliest
pre-metastatic stage (pNO) in all three patient cohorts (Figures STD-S1F). To further probe a possible as-
sociation between CDYL2 expression and breast cancer progression, we examined its correlation with can-
cer gene expression signatures in the Molecular Signature Database (MSigDB) (Subramanian et al., 2005).
This uncovered a positive correlation between CDYL2 expression in both ER+/HER2— and TN breast can-
cer and the Rizki_tumor_invasiveness-2D-UP signature (Figures S1G and S1H), corresponding to genes

2 iScience 23, 101141, June 26, 2020

iScience



iScience ¢? CellPress
OPEN ACCESS

Dataset Patient Cohort el P-value e || Neinel CPTAC/TCGA Breast Cancer
Change (n) (n)

Oncomine Mixed Lobular and 2.571 1.53E-10 Cancer Genome Atlas Spearman r= 0.5035
TCGA Breast Ductal Breast Carcinoma Network, 2012 p=638E7 .
Oncomine Invasive Lobular Breast Cancer Genome Atlas - 95% CI(0.30 to 0.66)
TCGA Breast Carcinoma 243 72O & &1 Network, 2012 §400_ N=73 . R
Oncomine Invasive Ductal Breast Cancer Genome Atlas <
5 z o
TCGA Breast Carcinoma 2555 | 2203 2 &l Network, 2012 né . ee
Oncomine Invasive Breast Cancer Genome Atlas N ‘
TCGA Breast Carcinoma 22 1S 78 &l Network, 2012 5200- B
o ()
Gseto7gp  Invasive Ductal Breast 1395 1.13E-06 42 143 Chen et al., 2010
Carcinoma
GSE21422 Ductal Carcinoma In Situ 3.41 1.99E-02 9 5 Kretschmer et al., 2011
i 0
ceipn  |ImEEve D 5521 1.63E03 5 5 Kretschmer et al., 2011 B ] 4
Carcinoma
CDYL2 Protein level
D E TCGA Breast Cancer ER+/HER+
TCGA Breast Cancer ER+/HER- TCGA Breast Cancer TN
1004 100.
= CDYL2 Low _ <
x <
OT—; 8::, CDYL2 Low s CDYL2 Low
S .
2 CDYL2 High 2 2
E § CDYL2 High a L
= 50+ =501 T 501 CDYL2 High
o o ° .
2 CDYL2 high N=365 2 CDYL2 high N=83 & CDYL2 high N=55
O | covizlow N=264 o CDYL2 low N=22 CDYL2 low N=56
LogRank p = 1.59 E-4 LogRank p = 0.043 LogRank p = 0.919
HR = 4.34 (2.057 to 9.19) HR = 5.94 (2.038 to 17.31) HR = 0.9462 (0.314 to 2.84)
0 T T T T T ] 0 T T T T 1 0 T T T T 1
0 2 4 ) 8 10 12 0 2 4 6 8 10 0 2 4 6 8 10
Time (years) Time (years) Time (years)

Figure 1. High CDYL2 Expression Level in Breast Cancer Is Associated with Poor Prognosis

(A) CDYL2 mRNA expression in breast tumors compared with normal tissues, as derived from the Oncomine database and GEO2R analysis of the indicated
GEO datasets.

(B) Paired analysis of CDYL2 mRNA (TCGA, RNA-seq) and protein levels (CPTAC, mass spectrometry) in individual tumor specimen.

(C-E) Kaplan-Meier overall survival (OS) analysis performed from TCGA breast cancer subtypes: ER+/HER2— (C), triple negative (TN) (D), and ER+/HER2+ (E)
using best cutoff of CDYL2 expression (high and low). Significance using log rank p value and hazard ratio (Cl).

up-regulated in an invasive breast cancer cell line relative to the non-invasive precursor cell line from which
it was derived (Rizki et al., 2008). Finally, we extended our analysis to other cancer contexts, revealing an
association between CDYL2 expression level and survival in colorectal carcinoma, rectal adenocarcinoma,
lung squamous cell carcinoma, and lung adenocarcinoma (Figures S1I-S1L). These findings identify CDYL2
as a gene commonly up-regulated in breast cancer and a candidate modulator of cancer progression and
patient survival in the ER+/HER2— and TN subtypes, and other cancer forms.

CDYL2 Over-Expression in the Non-invasive Breast Cancer Cell Line MCF7 Induces
Transcriptional Changes Associated with Malignant Progression

To ask if CDYL2 up-regulation could induce oncogenic transcriptional and cellular changes, we stably ex-
pressed a CDYL2 cDNA in the non-invasive breast cancer cell line MCF7 (MCF7-CDYL2) or empty vector
(MCF7-Vector) (Figure 2A). CDYL2 over-expression did not affect cell growth (Figure S2A), whereas RNA
sequencing (RNA-seq) revealed striking differences between MCF7-CDYL2 and MCF7-Vector cells, with
693 genes up-regulated and 174 genes down-regulated at least 2.5-fold (Figure 2B; Table S1). Gene set
enrichment analysis (GSEA) of genes up- or down-regulated in MCF7-CDYL2 cells revealed positive asso-
ciations with EMT, metastasis, invasive versus non-invasive ductal carcinoma, breast cancer relapse in
bone, and atypical ductal hyperplasia compared with non-cancerous breast tissue (Figures 2C and 2D).
A number of genes from these GSEA signatures were validated by gRT-PCR, focusing on genes that are
individually associated with breast cancer cell plasticity and malignant progression. These include the
proto-oncogenes SOX2, KLF4, MYC, MUC1, FOS, FOSL1/Fra-1, and JUN (Alam et al., 2014; Bakiri et al.,
2015; Jiao et al., 2010; Kufe, 2013; Nair et al., 2014; Piva et al., 2014; Yu et al., 2011), and the secretory
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Figure 2. CDYL2 Over-Expression in the Non-invasive Breast Cancer Line MCF7 Induces Transcriptional Changes Associated with Malignant
Progression

(A) Western blot analysis of CDYL2 and beta-actin expression in MCF7-CDYL2 and MCF7-Vector cells.

(B) Volcano plot showing genes up- or down-regulated at least 2.5-fold at an adjusted p value less than 0.05 (t test).

(C) Selected molecular signatures over-represented in either the up-or down-regulated gene sets from (B).

(D) Heatmap showing expression of genes from molecular signatures in (C) in the triplicate RNA-segs.

(E) gRT-PCR validation of selected differentially expressed genes from (C). Mean of three independent experiments +£S.D. All differential expressions were
significant at p < 0.05 (t test).

molecules LCN2, CTGF, CXCLS8, INHBA, and IL6 (Rhodes et al., 2004, p. 8; Shimo et al., 2006; Singh et al.,
2013, 2013; Sullivan et al., 2009, p. 8) (Figure 2E). Down-regulation of the tumor suppressor TP43, breast
cancer metastasis suppressor BRMST, and cytokine BMP5, which regulate EMT, metastasis, and stemness,
among other processes (Gatti et al., 2019; Romagnoli et al., 2012), was also confirmed (Figure 2E).
Together, these insights suggest that CDYL2 over-expression can induce transcriptional changes associ-
ated with malignant breast cancer, potentially by promoting EMT, invasiveness, and metastasis.

CDYL2 Over-expression in MCF7 Cells Induces EMT-like Changes, Migration, Invasiveness,
and Mammosphere Formation

Further probing if CDYL2 might induce EMT-like changes in MCF7 cells, we assessed the expression of a
panel of established EMT markers. qRT-PCR analysis revealed CDYL2 up-regulation of mesenchymal
markers TWIST1, SNAI1T, FN1, VIM, CTNNB1, and SNAI2 (Figure 3A). Western blotting revealed down-
regulation of epithelial marker E-Cadherin and up-regulation the mesenchymal markers Vimentin (VIM),
TWIST1/Twist, and SNAI1/Snail (Figure 3B). However, CDYL2 over-expression did not alter the levels of
ER-alpha (Figure 3B), down-regulation of which can induce EMT (Dhasarathy et al., 2007), suggesting an
independent mechanism. Notably, 3 weeks after MCF7 cells were transduced with the CDYL2 over-expres-
sion construct a change in cell morphology occurred, with loss of the cobblestone-like morphology of
monolayers, replaced by a more fibroblast-like morphology (Figure 3C), similar to previous descriptions
of EMT in MCF7 (Lin et al., 2014; Yin et al., 2008).

To further investigate the possibility that CDYL2 over-expression induced EMT in MCF7 cells, we analyzed
the expression of the cell surface adhesion molecules EpCAM and CD49f. It was previously demonstrated
that low expression levels of EpCAM are associated with both EMT and breast cancer stem cells. The
EpCAM—/CD49f— subpopulation of transformed mammary epithelial cells was especially tumorigenic,
confirming high tumor-initiating, stem-like capacity. On the other hand, the EpCAM+/CD49f— subpopu-
lation was shown not to form tumors (Kim et al., 2015). We found that over-expression of CDYL2 in
MCF7 cells results in the appearance of a substantial population of EpCAM—/CD49f— cells (Figure S2C,
top panels). Notably, CDYL2 over-expression also induced an EpCAM—/CD49f— cell population in another
ER+ breast cancer cell line, Cama-1 (Figure S2C, center panels).

Among the primary contributions of EMT to malignant progression is increased cancer cell migration and
invasion. In vitro assays revealed that the MCF7-CDYL2 cells migrated more proficiently across a micropo-
rous membrane compared with controls (Figures 3D and 3E). Using an adaptation of this assay to test for
invasive capacity, wherein the porous membrane was first overlaid with a Matrigel barrier, we found that
MCF7-CDYL2 cells also had increased invasive capacity relative to controls (Figure 3F).

We then probed the effect of CDYL2 on MCF7 cell invasion and metastasis in vivo. Both MCF7-CDYL2 and
control cells were fluorescently labeled and injected into the perivitelline space of zebrafish embryos. The
presence of tail metastases was monitored by fluorescence microscopy 24 h later. MCF7-Vector cells rarely
produced metastases (3.57% of fish), whereas MCF7-CDYL2 cells did so in 21.57% of cases (Figure 3G).

To test if CDYL2 over-expression additionally induced stem-like characteristics in MCF7 cells, we first per-
formed a mammosphere assay. This is a functional assay to assess the enrichment of stem-like cells in a
population. MCF7-CDYL2 cells yielded both more and larger mammospheres compared with controls (Fig-
ures 3H-3J). Consistent with this, flow cytometry analysis revealed that CDYL2 over-expression in MCF7
cells increased the fraction of cells bearing the stem-like antigenic profile of CD44-high/CD24-low cells
compared with controls (Figures 3K and 3L). Taken together, this series of studies indicates that CDYL2
over-expression in MCF7 cells promotes a number of cellular phenotypes associated with cellular plasticity
and malignant progression.
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Figure 3. CDYL2 Over-Expression in MCF7 Cells Induces EMT-like Changes, Accompanied by Increased Migration, Invasiveness, and
Mammosphere Formation

(A) gRT-PCR analysis of a panel of EMT marker genes, normalization to GAPDH. Shown is mean + SD of three experiments. Differences significant at p < 0.05
(t test).

(B) Western blot analysis of a panel of EMT markers, ER-alpha, CDYL2, and beta-actin.

(C) 10x phase contrast micrograph of MCF7-CDYL2 and MCF7-Vector control. Scale bar, 200 uM.

(D) Schematic diagram of the xCELLigence quantitative, real-time migration and invasion assay system.

(E) xCELLigence assay comparing the relative migration efficiency (Cell Index, Cl) of MCF7-Vector and MCF7-CDYL2 cells. Both (E) and (F) show technical
quadruplicates + SD. Experiments were repeated at least three times with similar results.

(F) Invasion assays were performed as in (E), except that the porous membrane separating the upper and lower chambers of the transwell was first overlaid
with Matrigel.

(G) Zebrafish embryo cell invasion and migration assay. Shown are micrographs illustrating the metastasis of fluorescently labeled MCF7-CDYL2 or MCF7-
Vector from the site of injection to the tail. Scale bar, 200 pM. Quantification of the percentage of embryo exhibiting tail metastases is shown below.
Experiments were repeated three times.

(H) Mammosphere formation in MCF7-CDYL2 cells compared with MCF7-Vector controls. Cells were plated at the indicated seeding number per well in
96-well plates. Mammospheres with size >50 pm were counted after 8 days. Shown is a scatterplot of the results of a representative of three independent
experiments indicating the median (black bar) and t test significance (****p < 0.0001).

(I) Representative 4x phase microscopy images of mammospheres counted in (H). Scale bar, 700 uM.

(J) Mammosphere diameters were determined by image analysis. Shown is mean + SD of eight wells in which 1,000 cells were seeded. t test significance
(*p < 0.05).

(K'and L) FACS analysis of antigenic profile associated with breast cancer stem cells (CD44+; CD24-low/negative). Shown are representative FACS
scatterplots (K) and the mean of three independent experiments + S.D. (L). t test significance (*p < 0.05).

RNAi Knockdown of CDYL2 in the Invasive Breast Cancer Cell Line MDA-MB-231 Diminishes the
Expression of EMT Markers and Inhibits Migration, Invasion, and Mammosphere Formation

We next analyzed the effect of CDYL2 loss of function in the highly invasive, cancer stem cell-enriched,
mesenchymal-like breast cancer line MDA-MB-231. CDYL2 expression was inhibited by RNAi (Figures 4A
and 4B) and high-throughput RNA-seq analysis performed. This revealed that compared with CDYL2
over-expression in MCF7 cells, the effects of its knock-down on MDA-MB-231 cell gene expression were
more moderate, with no genes up- or down-regulated 2.5-fold or greater, except for CDYL2 itself (Table
S2). However, using a fold-change cutoff of 1.25, we identified 204 genes up-regulated and 129 genes
down-regulated (Figure 4C, Table S2). These gene lists were subjected to over-representation analysis us-
ing the GSEA molecular signatures database. This revealed that the down-regulated gene set was enriched
in transcripts associated with EMT, metastasis, mammary stem cells, and invasive ductal carcinoma (Figures
4D and 4E). This suggests that CDYL2 knock-down might suppress EMT, metastasis, and stemness. To
determine if this is the case, we performed essentially the same suite of assays used to probe the effect
of CDYL2 over-expression on MCF7 cells (Figure 3).

We first confirmed by gRT-PCR that CDYL2 RNAi reduced the levels of a number of transcripts associated with
EMT, namely, JUN, MYC, SNAI2, FOSL1, and TWIST1 (Figure 4F). Immunoblotting revealed induction of E-cad-
herin expression and diminished expression of Vimentin, Fibronectin, and Twist (Figure 4G). Fluorescence-acti-
vated cell sorting (FACS) analysis revealed that CDYL2 RNAI also induced the appearance of a subpopulation
of EpCAM+/CD49— MDA-MB-231 cells (Figure S2C, lower panels), which was shown to be associated with
loss of tumorigenicity (Kim et al., 2015). However, we did not observe morphological changes in these cells indic-
ative of a mesenchymal-to-epithelial transition (MET), possibly because the duration of the RNAI treatment was
not long enough for such phenotypes to emerge. Nonetheless, transduction of MDA-MB-231 cells with three in-
dependent small hairpin RNA (shRNA) sequences targeting CDYL2 (Figure S3A) did result in epithelial-like
morphological changes after 2 weeks, with cells forming cobblestone-like monolayers (Figure S3B). These cells
also exhibited down-regulation of a number genes associated with EMT induction that were strongly up-regu-
lated in MCF7-CDYL2 cells (FOS, FOSB, JUNB, CXCL8, CTGF, LCN2, MUC1, ERBB4), but not down-regulated
in MDA-MB-231 cells treated with transient CDYL2 RNA: (Figure S3C).

The effect of CDYL2 RNAi on motility and invasiveness of MDA-MB-231 cells was evaluated using in vitro
assays, revealing that transient or stable RNAi of CDYL2 dramatically reduced the migratory and invasive
ability of MDA-MB-231 cells, relative to controls (Figures 4H, 41, S3D, and S3E). In vivo, CDYL2 RNA: signif-
icantly impaired the ability of MDA-MB-231 cells to metastasize from the perivitelline site of injection to the
tail of zebrafish embryos (Figure 4J), indicating suppression of the invasive and/or migratory capacity.
Knockdown of CDYL2 by transient or stable RNAi treatment also resulted in fewer and smaller mammo-
spheres relative to negative controls (Figures 4K-4M and S3F). While FACS analysis revealed that the
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Figure 4. RNAi Knockdown of CDYL2 in the Invasive Breast Cancer Cell Line MDA-MB-231 Induces Transcriptional and Phenotypic Changes
Associated with Inhibition of Malignancy

(A and B) CDYL2 knock-down validated by RT-gPCR (A) and western blotting (B).

(Cand D) (C) Volcano plot showing genes up- or down-regulated at least 1.25-fold. (D) Selected molecular signatures from the MSigDB database that were
over-represented in either the up- or down-regulated gene sets from (C).

(E) Heatmap showing expression of selected genes from (D) in the triplicate RNA-seq.

(F) gRT-PCR validation of differential expression of selected genes from (D). Expression normalized to GAPDH. Data are the mean + SD of three
independent experiments. All differential expressions significant at p < 0.05 (t test).

(G) Western blot analysis of a panel of EMT markers, CDYL2, and beta-actin.

(H) xCELLigence assay comparing the relative migration efficiency of MDA-MB-231 cells treated with esilLuc or esiCDYL2 (esiCD2). Both (H) and (I) show
technical quadruplicates + SD. Experiments were repeated at least three times with similar results.

(I) Invasion assays were performed as in (H), except that the porous membrane separating the upper and lower chambers of the transwell was first overlaid
with Matrigel.

(J) Fluorescence microscopy analysis of with esiLuc or esiCDYL2 on the migration of MDA-MB-231 from the perivitelline space of zebrafish embryos to the
tail. Representative images are shown. Scale bar, 700 uM. Quantification of the percentage of embryos exhibiting tail metastases (Mets) is shown to the right.
Experiments were repeated three times with similar results.

(K) Mammosphere formation in MDA-MB-231 cells treated with esiLuc or esiCDYL2. Cells were plated at the indicated seeding number per well in 96-well
plates. Mammospheres with size >50 um were counted after 8 days. Shown is a scatterplot of the results of a representative of three independent
experiments indicating the median (black bar) and t test significance (**p < 0.01; ****p < 0.0001).

(L) Representative 4x phase microscopy images of mammospheres counted in (K) are shown. Scale bar, 200 pM.

(M) The diameters of mammospheres from (K) were determined using image analysis software. Shown is the mean +SD of eight wells in which 1,000 cells were
seeded. t test significance (**p < 0.01).

(N and O) FACS analysis of antigenic profile associated with breast cancer stem cells (CD44+; CD24-low/negative). Shown are representative FACS
scatterplots (N) and the mean of three independent experiments + SD. (O). t test significance (**p < 0.01).

majority of control RNAi-treated MDA-MB-231 cells were CD44-high/CD24-low, CDYL2 RNAi induced a
population of CD44-low/CD24-low cells, indicative of loss of stemness (Figures 4N, 40, and S3G). Collec-
tively, these assays indicate that CDYL2 is required for MDA-MB-231 cell migration, invasion, and stemness,
as well as the full expression of its mesenchymal-like state.

Regulation of p65/NF-kB and STAT3 Signaling by CDYL2

Gene expression signature analysis of the effects of CDYL2 over-expression in MCF7 cells or knockdown in
MDA-MB-231 revealed a potential role in regulating NF-kB/TNF-alpha and STAT3/interleukin-6 signaling
(Figure 5A). Given the importance of these signaling pathways in controlling cancer cell EMT, stemness,
motility, and invasiveness, we asked if their regulation by CDYL2 might contribute to its regulation of these
cellular processes. Consistent with the transcriptomic analysis, over-expression of CDYL2 in MCF7 cells
increased the levels of tyrosine 705-phosphorylated STAT3 (Figure 5B), the active form of this protein. It
also increased the levels of serine 536 phosphorylation on the NF-kB TF pé5 (Figure 5B), indicating an in-
crease in canonical NF-kB pathway signaling. By contrast, the levels of both phosphoproteins were dimin-
ished in CDYL2 RNAi-treated MDA-MB-231 cells (Figure 5C). We also probed the levels of total p65 and
STAT3 proteins, as well as beta-actin, as a loading control. The total p65 levels were not affected by either
CDYL2 over-expression or RNAI, whereas total STAT3 levels were higher in MCF7-CDYL2 cells compared
with controls (Figure 5B) and down-regulated after CDYL2 RNAi in MDA-MB-231 cells (Figure 5C).

We then asked if CDYL2 induction of genes associated with EMT, invasion, and stemness in MCF7 cells
might be dependent on signaling via p65/NF-kB and STAT3. STAT3 and pé5 were knocked down by tran-
sient transfection with small interfering RNA (siRNA) in both MCF7-Vector and MCF7-CDYL2 cells. A non-
targeting siRNA was used as a control (Figures 5D and 5E). gRT-PCR analysis then revealed that p65 RNAI
down-regulated several genes associated with NF-kB signaling, namely, CTGF, EGR1, FOS, IL6, CXCLS,
INHBA, JUN, MYC, SNAI1, KLF4, SOX2, and TWIST1 (Figure 5F). Similarly, STAT3 RNAi down-regulated
several genes associated with STAT3 signaling, including FOS, TWIST1, SOX2, JUN, MUC1, INHBA,
IL6R, IL6ST, and TNF (Figure 5G). Strikingly, RNAi knockdown of either p65 or STAT3 potently suppressed
both invasiveness (Figures 5H and 5I) and mammosphere induction by CDYL2 (Figures 5J and 5K). Taken
together, these analyses indicate that p65/NF-kB and STAT3 signaling is regulated by CDYL2, and that
both pathways are required for CDYL2 induction of invasion and mammosphere formation in MCF7 cells.

CDYL2 Binds Upstream of MIR124 Genes and Regulates miR-124 Expression

Consistent with the possibility that CDYL2 might be an epigenetic regulator of transcription, we found that
it was enriched in the nucleus of both MCF7 and MDA-MB-231 cells, with a significant fraction present in the
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Figure 5. CDYL2 Regulation of NF-kB and STAT3 Signaling Contributes to Its Induction of Invasion and Mammosphere Formation

(A) Selected gene expression signatures enriched in the indicated RNA-seq datasets.

(B) Western blot of Ser536-phosphorylated p65 and Tyr705-phosphorylated STAT3 in MCF7-Vector versus MCF7-CDYL2. The levels of total p65, STAT3, and
B-actin were also probed.

(C) As for (B), except comparing MDA-MB-231 cells treated with esiLuc or esiCDYL2.

(D and E) Western blot validation of RNAi knockdown of pé5 (D) or STAT3 (E) in MCF7-Vector and MCF7-CDYL2 cells. B-actin is shown as loading control.
(F) gRT-PCR analysis of the effect of RNAi knockdown of pé5 on the expression of a panel of NF-kB target genes that were up-regulated in MCF7-CDYL2
compared with MCF7-Vector cells. Data are represented as mean of three independent experiments + SD. All differences were significantat p < 0.05 (t test).
(G) As in (F), except the effect of RNAi knockdown of STAT3 on the expression of a panel of its target genes up-regulated in MCF7-CDYL2 compared with
MCF7-Vector cells was evaluated.

(H and 1) xCELLigence invasion assays of MCF7-CDYL2 in MCF7 cells treated with either control RNAI or siRNA targeting pé5 (H) or STAT3 (I). Graphs are
representative of three independent experiments in quadruple runs per condition. Error bars represent the SD of quadruplicate readings at each time point.
(J and K) Mammosphere assay of MCF7-CDYL2 in MCF7 cells treated with either control RNAI or siRNA targeting pé5 (J) or STAT3 (K). Mammospheres from
1,000 seeded cells with size >50 um were counted after 8 days. Shown is a scatterplot of the results of a representative of three independent experiments
indicating the median (black bar) and t test significance (***p < 0.001; ****p < 0,0001; ns, not significant).

chromatin fraction (Figures S4A-S4C). To identify where on chromatin CDYL2 is bound, we performed
CDYL2 chromatin immunoprecipitation (ChIP) in both MCF7-Vector and MCF7-CDYL2 cells followed by II-
lumina sequencing (ChIP-seq). This revealed several genomic loci that were more enriched in CDYL2 in the
MCF7-CDYL2 cells compared with vector controls, including upstream of all three members of the MIR124
gene family (Figure 6A; Data S1, S2, and S3). Owing to their implication in tumor suppression, and the abil-
ity to regulate both p65/NF-kB and STAT3 signaling, EMT, invasion, and stemness (Cao et al., 2018; Hat-
ziapostolou et al., 2011; Jietal., 2019; Lv et al., 2011; Mehta et al., 2017; Olarerin-George et al., 2013; Wang
et al., 2016a, 2016b), we decided to investigate CDYL2 regulation of the MIR124 genes further. We
confirmed CDYL2 enrichment upstream of MIR124 genes using ChIP-gPCR (Figure 6B). A non-reactive
IgG was used as negative ChIP control, whereas gPCR analysis did not detect enrichment of CDYL2 at
an unrelated sequence (Figure 6B). We reasoned that CDYL2 repression of MIR124 genes might contribute
to its regulation of STAT3 and NF-kB signaling in MCF7 and MDA-MB-231 cells. In agreement with this pos-
sibility, CDYL2 RNAi diminished its levels upstream of MIR124 genes in MDA-MB-231 (Figure 6C), with a
corresponding increase in the expression of both the precursor (pri-mir-124) and mature (miR-124-3p)
forms of microRNA-124 (Figure 4E). Stable knock-down of CDYL2 using three independent shRNAs also
increased levels of both pre-mir-124 and miR-124-3p (Figure S5). In complementary analysis, both
MIR124 transcripts were down-regulated by CDYL2 over-expression in MCF7 (Figure 6D). Supporting
the notion that the alterations of miR-124 levels were sufficient to affect cell function, analysis of the
MCF7-CDYL2 and MDA-MB-231 esiCDYL2 RNA-seq data showed that miR-124 target genes were
commonly up-regulated in the former and down-regulated in the latter (Figure 6F). The miR-124 GSEA
signature was also positively correlated with CDYL2 mRNA expression across all samples in the TCGA
breast cohort, as well as in the ER+/HER2— and TN subtypes (Figures 6G-6l). Differential expression of
several of the genes up-regulated in MCF7-CDYL2 cells or down-regulated in MDA-MB-231 cells treated
with CDYL2 RNAi was validated by RT-gPCR (Figures 6J and 6K). In suppression assays, a miR-124-3p mimic
strongly diminished the levels of the active, phosphorylated forms of both p6é5 and STAT3 (Figure 6L). miR-
124-3p also suppressed the total levels of STAT3 protein (Figure 6L). In complementary experiments, a
neutralizing anti-miR-124-3p oligonucleotide rescued esiCDYL2 suppression of phospho-pé5 and phos-
pho-STAT3 levels in MDA-MB-231 cells, compared with a control non-targeting anti-miR oligonucleotide
(Figure 6M). The reduced total STAT3 levels observed upon esiCDYL2 treatment were also rescued by anti-
miR-124-3p treatment (Figure 6M). These findings indicate that CDYL2 regulates miR-124 levels, possibly
by its binding upstream of MIR124 genes, and that control of miR-124-3p levels by CDYL2 contributes to
its regulation of NF-kB and STAT3 signaling.

CDYL2 Interacts with G9a, GLP, and PRC2 Complex Components EZH2 and SUZ12

Because CDYL2 is enriched at MIR124 genes and negatively regulates miR-124 expression, we asked if it
might promote an epigenetically repressive chromatin environment at these loci. However, the epigenetic
mechanism of CDYL2 is not known. By analogy with CDYL1, we speculated that it may form a complex with
the H3K9 di-methyltransferases G9a, GLP, or SETDB1 (Mulligan et al., 2008) and the Polycomb Repressive
Complex 2 (PRC2) core components EZH2 and SUZ12 (Zhang et al., 2011). Using immunoprecipitation (IP)
assays we found that anti-CDYL2, but not a control IgG, efficiently recovered endogenous CDYL2 from
MCF7 lysates and co-immunoprecipitated (colP) G%a and its heterodimeric partner (Tachibana et al.,
2005), GLP (Figure 7A). After long exposure of the western blot membrane, we also detected the presence
of small amounts of EZH2 and SUZ12 in the CDYL2 IP, but at a much lower percentage of input compared
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Figure 6. CDYL2 ChIP-Seq Analysis Identifies miR-124 as a Mediator of CDYL2 Regulation of STAT3 and NF-«B Signaling

(A) Relative enrichment of CDYL2 upstream of MIR124 genes in MCF7-Vector cells (blue) and MCF7-CDYL2 (red), as revealed by ChIP-seq analysis. Input
control and gene positions relative to the peaks are shown below.

(B) ChIP-gPCR validation of data presented in (A). ChIP-gPCR signal at an unrelated negative control sequence is also shown. Shown is the mean enrichment
as a percentage of input of three independent experiments, + SD. (*p < 0.05; **p < 0.01, t test)

(C) As in (B), except CDYL2 or IgG ChlIP was performed using chromatin prepared from MDA-MB-231 cells treated with esiLuc or esiCDYL2.

(D) gRT-PCR analysis of pre-mir-124 and miR-124-3p levels in MCF7-CDYL2 and MCF7-Vector cells. Expression was normalized to an unrelated miRNA. Data
represent the mean of three independent experiments + SD. Significance determined by test (*p < 0.05; **p < 0.01).

(E) As in (D), except gRT-PCR analysis was performed using microRNA (miRNA) prepared from MDA- MB-231 cells treated with esilLuc or esiCDYL2.

(F) Selected gene expression signatures enriched in the indicated RNA-seq datasets.

(G-I) Correlation between CDYL2 expression and the GSEA signature “TGCCTTA MIR124A" in the indicated TCGA breast cancer patient cohorts. The linear
regression r and p value are indicated.

(J) gRT-PCR analysis of the expression of miR-124-3p target genes in MCF7-CDYL2 and MCF7-Vector cells. Data represented as mean of three independent
experiments + SD. (*p < 0.05, by t test).

(K) As in (J), except qRT-PCR analysis was performed using RNA prepared from MDA-MB-231 cells treated with esiLuc or esiCDYL2.

(L and M) Western blot of phosphorylated pé5 (Ser 536), total p65, phosphorylated STAT3 (Tyr 705), and total STAT3 in MCF7-CDYL2 cells treated with a
miR124-3p mimic or miR control (L) or in MDA-MB-231 cells co-treated with esiCDYL2 and either an anti-miR-124-3p oligonucleotide or a control anti-miR
(M). Data are representative of three independent experiments.

with G9a and GLP, suggesting a low abundance or labile interaction (Figure S6A). Reciprocal colP assays
confirmed G9a interaction with CDYL2, but did not identify CDYL2 association with EZH2 (Figures 7A and
S6A). These data indicate that CDYL2 forms a complex with G9a and GLP and may interact marginally with
EZH2 and SUZ12.

CDYL2 Regulates the Enrichment of G9a and EZH2 Upstream of MIR124 Genes, as well as
that of Their Cognate Methylation Marks H3K9me2 and H3K27me3

We next asked if CDYL2 might control the levels of G9a and EZH2 at a promoter-proximal region upstream
of MIR124 genes. ChIP-gPCR assays indicated that CDYL2, G9a, and EZH2 were enriched upstream of all
three MIR124 genes in both MCF7 and MDA-MB-231 cells (Figures 7B, 7C, S6B, and S6C). The enrichment
of both methyltransferases was increased by CDYL2 over-expression in MCF7 cells (Figures 7B and SéB)
and diminished by CDYL2 RNAi knockdown in MDA-MB-231 cells (Figures 7D and S6C). Increased levels
of H3K9me2 and H3K27me3 were also observed upstream of MIR124 genes in MCF7-CDYL2 (Figures 7C
and S6B), whereas levels of H3K9me2 and H3K27me3 at these loci were decreased upon CDYL2 RNA) in
MDA-MB-231 (Figures 7E and S6C). The levels of total histone H3 at these loci were not affected by
CDYL2 over-expression in MCF7 or its knockdown in MDA-MB-231 (Figures 7C and 7E, left panels). The
same pattern of alterations was not observed at two independent control sequences (Figures 7C and
7E, right panels; Figures S6B and S6C). These findings indicate that in addition to interacting with G9a,
and weakly so with EZH2, CDYL2 positively regulates the enrichment of both methyltransferases upstream
of MIR124 genes, as well as those of the histone marks they regulate. To further probe the involvement of
G9a and EZH2 in CDYL2 down-regulation of miR-124 levels, we treated MCF7-CDYL2 cells with the G%a/
GLP inhibitor UNC0642 (Kim et al., 2017) or the EZH2 inhibitor CPI-169 (Bradley et al., 2014). We observed
that UNC0642 treatment indeed resulted in increased levels of miR-124-3p (Figure S7A), relative to vehicle
controls. However, treatment with CPI-169 at a range of doses did not affect miR-124-3p levels after 3, 4, or
5 days of treatment (Figure S7B and data not shown). This result further supports the importance of G9a/
GLP methyltransferase activity in regulating miR-124 levels, but argues that inhibition of EZH2 enzymatic
activity is not sufficient to antagonize CDYL2-mediated miR-124 down-regulation.

DISCUSSION

Despite the emergence of epigenetic factors as important regulators of cancer cell plasticity and malignant
progression, the underlying molecular mechanisms remain poorly understood. This is due in part to insuf-
ficient characterization of several putative epigenetic factors, including CDYL2. Our study shows that
CDYL2 is frequently misexpressed in breast cancer and provides a proof of principle that this could pro-
mote cellular phenotypes associated with malignant progression. We present the first insights into the
genes and cellular pathways of CDYL2 controls, and the epigenetic mechanisms it engages. Based on
our findings, we propose that CDYL2 up-regulation contributes to poor prognosis in breast cancer by
inducing epigenetic deregulation of genes and pathways important in tumorigenesis (MIR124, NF-kB,
STAT3), resulting in cellular changes central to malignant progression (EMT, migration, invasion, stemness)
(schematic diagram, Figure 7F).
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Figure 7. CDYL2 Interaction with G9a, GLP, EZH2, and SUZ12 and Its Regulation of G9a, EZH2, H3K9me2, and H3K27me3 Levels Upstream of
MIR124-2

(A) Immunoprecipitation (IP) of CDYL2, EZH2, and G%a was performed on MCF7 cell lysates and the presence of the indicated proteins in the resulting IP

eluates determined by western blotting (WB). A non-specific IgG was used as negative control. Input lysate was used to assess the relative strength of each
colP signal. The experiment was repeated three times with similar results. (*specific band; **H.C., IgG heavy chain).
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Figure 7. Continued

(B) ChIP-gPCR analysis of the relative occupancy of CDYL2, EZH2, and G%a upstream of MIR124-2 in MCF7-CDYL2 compared with MCF7-Vector cells. I9G,
negative control ChIP. gPCR analysis was also performed at an unrelated negative control sequence. Shown is the mean enrichment as a percentage of input
of three independent experiments, + SD. Significance was determined by t test (*p < 0.05; **p < 0.01; ***p < 0.001).

(C) Asin (B), except using antibodies specific to H3K9me2, H3K27me3, H3, and IgG. These ChlIP analyses were conducted using the same lysates as in (B), so
are paired analyses.

(D and E) Experiments were conducted as described in (B) and (C), except using chromatin lysates prepared from MDA-MB-231 cells treated with esiCDYL2
or esiluc.

(F) Schematic model of the proposed contribution of CDYL2 to epigenetic regulation of MIR124, cell signaling, and malignancy-associated cellular
processes.

Although we predicted CDYL2 to be an epigenetic repressor of transcription due to its homology to CDYL1
(Dorus et al., 2003; Fischle et al., 2008), this was not previously demonstrated. We have shown that CDYL2 is
localized in the nuclear fraction of cells and binds to chromatin upstream of the MIR124 genes. Further
implicating CDYL2 as an epigenetic repressor of transcription, CDYL2 over-expression in MCF-7 cells
both increased its enrichment upstream of MIR124 genes and decreased the levels of MIR124 transcripts.
Treatment of MCF7-CDYL2 cells with the G9a/GLP inhibitor UNC0642 increased expression of miR-124-3p,
indicating that the catalytic activity of G9a and/or its heterodimeric partner GLP (Tachibana et al., 2005) is
important for the CDYL2-mediated repression of MIR124 genes. Meanwhile, CDYL2 RNAi in MDA-MB-231
cells had the opposite effect. Our colP data suggest that CDYL2 might regulate G9a levels at MIR124 genes
via a mechanism involving physical association of the two factors, whereas they only weakly support this
possibility in the case of EZH2. We speculate that an indirect mechanism could account for the strong ef-
fects of CDYL2 over-expression and RNAi on EZH2 enrichment upstream of MIR124 genes, such as the pre-
viously described regulation of EZH2 levels on chromatin by G9a methyltransferase activity (Mozzetta et al.,
2014). However, the inhibition of the catalytic activity of EZH2 using the small molecule CPI-169 was not
sufficient to de-repress miR-124 expression in MCF7-CDYL2 cells. This indicates that recruitment of the
EZH2 methyltransferase activity to MIR124 genes by CDYL2 is not sufficient for their repression. Taken
together, our findings are consistent with the idea that CDYL2 regulation of G%a enrichment at MIR124
genes promotes their transcriptional repression, likely via local increases in H3K9me2. Although CDYL2
also regulated the enrichment of EZH2 and H3K9me3 levels upstream of MIR124 genes, the weak interac-
tion between CDYL2 and EZH2/SUZ12 and failure of CPI-169 to reverse CDYL2 repression of MIR124 genes
in MCF7 cells suggests that these may be indirect and not sufficient for CDYL2 repression of miR-124.

MIR124 genes are emerging tumor suppressors commonly silenced in various cancers including breast
(Conaco et al., 2006; Sullivan et al., 2009, p. 124; Wang et al., 2016a, p. 124; Wang et al., 2016b, p. 124).
miR-124-3p directly targets STAT3 mRNA and antagonizes p65/NF-kB by inhibiting multiple components
of its signaling pathway. It also regulates EMT, migration, invasion, and stemness (Ji et al., 2019; Lv et al.,
2011, p. 124; Wang et al., 2016a, p. 124). Importantly, we showed that CDYL2 over-expression up-regulated
the levels of active STAT3 and p65 in MCF7 cells, whereas CDYL2 RNAi down-regulated their levels in MDA-
MB-231 cells. These observations were consistent with the effects of CDYL2 gain or loss of function on miR-
124 levels, suggesting a functional association. Further supporting this possibility, CDYL2 up-regulation of
STAT3 and NF-kB signaling in MCF7 cells was suppressed by a miR-124-3p mimic, whereas CDYL2 RNAI
down-regulation of STAT3 and NF-kB signaling was rescued by a miR-124-3p inhibitor. Our data suggest
that CDYL2 might regulate STAT3 levels via direct targeting by miR-124-3p, as the levels of total STAT3
were increased or diminished in accordance with CDYL2 gain or loss of function. Owing to the diversity
of miR-124-3p targets implicated in NF-kB regulation across different cell types, it is challenging to deter-
mine which ones might connect CDYL2 with NF-kB regulation. Based on our studies, candidates include
BIRC3, RELA, and STAT3 in MCF7 cells, all of which were up-regulated upon CDYL2 over-expression
and are known to link miR-124 with NF-kB regulation (Cao et al., 2018, p. 3; Mehta et al., 2017, Wang
et al., 2016a). In MDA-MB-231 cells, they include RELA and STAT3, which were down-regulated upon
CDYL2 RNA..

In accordance with the known effects of constitutive NF-kB and STAT3 signaling in cancer cells (Banerjee
and Resat, 2016; Huber et al., 2004, p.; Wu et al., 2009), stable over-expression of CDYL2 induced migration
and invasiveness in MCF7 cells in vitro. Likewise, whereas control MCF7 cells injected into zebrafish em-
bryos seldom metastasized, cells over-expressing CDYL2 frequently did so. In complementary experi-
ments, we showed that CDYL2 RNAI suppressed migration and invasion of MDA-MB-231 cells, which are
normally highly invasive. CDYL2 RNAI also diminished the metastatic potential of MDA-MB-231 cells
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injected into zebrafish embryos. NF-kB and STAT3 signaling also promote the emergence of breast cancer
stem cells, which are believed to play crucial roles in malignant progression (Marotta et al., 2011; Shostak
and Chariot, 2011; Wang et al., 2016a; Zhou et al., 2008). We showed that CDYL2 over-expression
augmented mammosphere formation in MCF7 cells, suggesting an increase in the proportion of stem-
like cellsin the culture. Consistent with this, we also observed an increase in the proportion of cells express-
ing the breast cancer stem cell marker profile CD44-high/CD24-low. In complementary assays, CDYL2
RNAi in MDA-MB-231 cells decreased both mammosphere formation and the fraction of CD44-high/
CD24-low cells. These findings support the notion that CDYL2 not only promotes breast cancer cell migra-
tion and invasion but also stemness. As was the case for invasion, CDYL2 induction of both invasiveness and
mammosphere formation was suppressed by RNAi knockdown of either NF-kB or STAT3, indicating key
roles of these pathways in CDYL2 regulation of cancer cell biology.

It has been proposed that in certain malignancies, including breast, molecular and cellular changes that
promote the emergence of mesenchymal-like cells constitute a key enabling step in the process of malig-
nant progression (Huber et al., 2004; Puisieux et al., 2014; Sarrio et al., 2008; Shibue and Weinberg, 2017).
We found that stable over-expression of CDYL2 induced morphological and molecular changes in the nor-
mally non-invasive, epithelioid, MCF7 cells, strongly indicative of an EMT. While transient transfection of
MDA-MB-231 cells with siRNA targeting CDYL2 altered the expression of some genes consistent with a
partial loss of mesenchymal cell identity, and impaired invasiveness and mammospheres formation in these
cells, it did not induce any striking morphological changes. This is consistent with a partial reversal of the
EMT state. However, when CDYL2 was knocked down for a longer duration using lentiviral RNAi vectors, we
observed clusters of cells forming epithelial-like cobblestone monolayers after 2 to 3 weeks, suggesting a
more advanced EMT reversal. These cells also exhibited down-regulation of several EMT-related genes
(LCN2, CTGF, FOSB, JUNB, and MYC) that were over-expressed in MCF7-CDYL2 cells but not down-regu-
lated by transient knock-down of CDYL2 in MDA-MB-231. This difference in gene expression may account
for the observation of changes in cell morphology only after prolonged CDYL2 knock-down. In genetic sup-
pression experiments, we found that the EMT-like gene expression program activated in MCF7-CDYL2
cells was antagonized by RNAi knock-down of either STAT3 or p65. These data argue that CDYL2 induction
of migration, invasion, metastasis, and stemness in breast cancer cells might be due in part to its regulation
of EMT states via up-regulation of NF-kB and STAT3 signaling.

Overall, our studies are consistent with an oncogenic effect of CDYL2 over-expression in breast cancer. This
might contribute to the poor prognosis of the patients with ER+/HER2— and TN breast cancer whose cancers
express high levels of CDYL2. Although not studied in depth here, we also observed a correlation between
high CDYL2 expression and poor prognosis in lung and colorectal carcinomas, hinting at a wider role in can-
cer. Given the emergence of epigenetic factors as viable therapeutic targets in cancer, our study supports the
further evaluation of CDYL2 as a candidate drug target in breast cancer, and potentially other malignancies.

Limitations of the Study

Our study provides several lines of molecular and cellular evidence supporting roles for CDYL2 in regulating
EMT, stemness, and cancer cell migration and invasion. Future studies should further extend these findings
using murine models of breast cancer cell growth, invasion, and stemness. Although we showed that both
G9%a and EZH2 were involved in the mechanism of CDYL2 regulation of MIR124 genes, several molecular de-
tails remain to be fully elucidated. For instance, given the weak colP between CDYL2 and EZH2, it remains to
be determined how over-expression or knock-down of CDYL2 exerts comparably strong effects on EZH2
chromatin levels at MIR124 genes. We speculate that this may be due to the previously described ability of
G9a to regulate EZH2 enrichment at certain chromatin loci in a manner that depends on an intact G9a histone
methyltransferase activity (Mozzetta et al., 2014), but this remains to be demonstrated in our models. An
important aspect of this study is that it links the previously uncharacterized CDYL2 with pathways and genes
of established importance in breast cancer, notably MIR124 genes and signaling via the STAT3 and NF-xB
pathways. However, we do not exclude the possibility that CDYL2 regulation of other genes and pathways
may also contribute to the cellular phenotypes we observed, and the role of CDYL2 in cancer.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Peter Mulligan (peter.mulligan@inserm.fr).
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Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

Data and Code Availability

The published article includes all datasets generated or analyzed during this study. They are also available
via NCBI GEO: GSE150320.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101141.
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Supplemental Information:

Supplemental Figure Legends:

Figure S1: CDYL2 expression level is upregulated in a variety of human cancer and is
associated with poor prognosis. Related to Figure 1.

(A) Oncomine analysis of cancer cohorts revealed upregulation of CDYL2 mRNA in breast,
colorectal, esophagus cancers and leukaemia, but a downregulation in lymphoma.

(B,C) CDYL2 mRNA (B) and protein (C) expression in the indicated breast cancer sub-types, as
derived from analysis of the TCGA and CPTAC breast cancer cohorts. P-values were calculated
by t-test. NS: not significant.

(D-F) Expression of CDYL2 in normal breast tissues over or breast cancer at the indicated AJCC
stages (pNO — pN3) across all TCGA breast samples (D) or in the ER+/HER2- (E) and TN (F) sub-
types. P-values were calculated by t-test. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P <
0.0001.

(G,H) Analysis of the correlation between CDYL2 expression in both ER+/HER2- (G) and TN
breast cancer (H) and the ‘Rizki_tumor_invasiveness-2D-UP’ GSEA signature.

(1,J) Kaplan—Meier overall survival (OS) analysis performed from TCGA colorectal cancer (1), or
rectal adenocarcinoma (J). High or low CDYL2 mRNA was based best cut-off. Significance using
LogRank p-value and Hazard Ratio (Cl) are indicated.

(K,L) Kaplan—Meier overall survival (OS) analysis performed from TCGA lung squamous cell
carcinoma (K) or lung adenocarcinoma (L). High or low CDYL2 mRNA was based respectively
on best cut-off of and highest versus lowest quartiles. Significance using LogRank p-value and

Hazard Ratio (Cl) are indicated.
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Figure S2: Analysis of the effect of CDYL2 over-expression on MCF7 cell growth and the
EpCAM/CDA9f profile of MCF7-CDYL2, Camal-CDYL2 and MDA-MB-231 cells treated with
CDYL2 siRNA. Related to Figures 3 and 4.

(A) Cell proliferation was monitored for 5 days by live imaging using the Incucyte Zoom. Images
were taken every 2 hours. Values plotted represent meantSD of confluency from three
experiments.

(B) Colony formation assay of MCF7-CDYL2 or control (MCF7-Vector) that were seeded at low
density, grown for 1 week then stained with Crystal Violet. Colonies count and size were
qguantified using Fiji image analysis software. Significance was determined by T-test (p >0.05).
(C) FACS Scatter plots showing the expression of EpCAM and CD49f antigens on the indicated
cell lines either expressing an empty vector or CDYL2 over-expression vector (MCF7, Cama-1)

or treated with a control or CDYL2 siRNA (MDA-MB-231).
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Figure S3: Stable knockdown of CDYL2 in the invasive breast cancer cell line MDA-MB-231
induces transcriptional and phenotypic changes associated with inhibition of malignancy.
Related to Figure 4.

(A) CDYL2 knockdown was confirmed by western blotting as well as protein levels of EMT
markers Vimentin (VIM) and fibronectin (FN). Beta-actin was probed as a loading control.

(B) 10X phase contrast micrograph demonstrating morphological differences consistent with
mesenchymal to epithelial transition between MDA-MB-231 with stable knock of CDYL2 (sh-
CDYL2) compared to control (sh-Ctr). Scale bar, 100 um.

(C) g-RT PCR validation of selected genes involved in loss of EMT. Values are normalized to
GAPDH. Data are represented as mean of three independent experiments + S.D. Significance
was determined by t-test (differences shown were significant at p <0.05).

(D,E) stable CDYL2 sh-RNA in MDA-MB-231 cells decreased the rate of migration across a
porous membrane (D) and suppressed invasiveness of cells across porous membranes
overlaid with Matrigel (E). Graphs shown are representative of three independent
experiments in quadruple runs per condition.

(F) Mammospheres formation from cells plated at the indicated seeding number per well in
96-well plates, mammospheres with size > 50um counted after 8 days. Shown is a scatter plot
of the results of a representative of three independent experiments indicating the median
(black bar), and T-test significance (** p<0.01; *** p<0.001).

(G) FACS analysis of antigenic profile associated with breast cancer stem cells

(CD44+/CD24low/-).
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Figure S4: Nuclear localization of CDYL2. Related to Figure 6.

(A) Western blot detection of endogenous CDYL2 in several cellular fractions of MCF7 cells
treated with RNAi against CDYL2 (esiCDYL2) or control (esiLuc). Total = whole cell lysate; Cyto.=
Cytoplasmic fraction ; N.E. = Soluble nuclear extract ; MX = Matrix, or tight chromatin fraction.
(B,C) Immunofluorescence detection of CDYL2 (red) in MCF7-Vector and MCF7-CDYL2 cells (B)
and MDA-MB-231 cells (C). Nuclear DNA is detected by DAPI staining.
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Figure S5: Stable knockdown of CDYL2 in the invasive breast cancer cell ine MDA-MB-231
induces increase levels of MIR124. Related to Figure 6.

(A) The expression levels of both the precursor and mature 3’ strand of mir-124 were
measured by qRT-PCR. Values are the mean +/- S.D. of triplicate experiments. The differences

with control are all significant with T-test (*p <0.05).
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Figure S6: CDYL2 interacts with the histone methyltransferase G9a and regulates its
enrichment and that of EZH2 at the MIR124 promoter, as well as that of their cognate
methylation marks. Related to Figure 7.

(A) Endogenous co-immunoprecipitation of G9a/EHMT2, EZH2 and CDYL2 using their
respective endogenous antibodies. The immuno-precipitated proteins were visualized by
immunoblotting. Non-specific IgG was used as a control for background binding. H.C.*= IgG
Heavy Chain cross-reactivity from the IP antibody.

(B,C) ChIP-gPCR analysis of the enrichment CDYL2, G9a, EZH2, H3K9me2, H3K27me3 at
MIR124-1, MIR124-3 or an additional negative control region (Neg. Ctr. #2) in MCF7-CDYL2
compared to MCF7-Vector (B) or MDA-MB-231 treated with esiCDYL2 or esiLuc (C).
Enrichment is presented as percentage of Input. Values are the mean +/- S.D. of triplicate

experiments. T-test: * p < 0.05, ** p<0.01; ns= not significant, p > 0.05).
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Figure S7: Analysis of the effect of the G9a/GLP inhibitor UNC0642 or the EZH2 inhibitor CPI-
169 on miR-124 expression in MCF7-CDYL2 cells. Related to Figure 7.

(A) gRT-PCR analysis of miR-124-3p levels in MCF7-CDYL2 cells treated with 1.1 uM

UNCO0642 for 24h or 48h. A DMSO vehicle control was included for each time point.
Expression was normalized to an unrelated miRNA. Data represent the mean of three
independent experiments + S.D. Significance determined by test, as indicated.

(B) gRT-PCR analysis of miR-124-3p levels in MCF7-CDYL2 cells treated with the indicated
concentrations of CPI-169 for 96h. Matching DMSO vehicle controls were included for each
concentration of drug used. Expression was normalized to an unrelated miRNA. Data
represent the mean of three independent experiments + S.D. No significant differences were

detected by t-test.
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Transparent Methods:

Cell culture

MCF7 cells (ATCC, HTB-22) and their derivatives were grown in DMEM Low Glucose (Gibco,
31885-023) supplemented with 10 % of FBS (Gibco, 10270-106), 40 pg/mL of gentamicin
(Gibco, 15710-049) and 0.6 pg/mL of insulin (NovoRapid, 3525909). MDA-MB-231 cells (ATCC,
HTB-26) and Cama-1 cells (ATCC, HTB-21) were grown in DMEM GlutaMAX (Gibco, 10566016)
supplemented with 10 % of FBS (Gibco, 10270-106), 1 % penicillin/streptomycin (Gibco,
15140122). Cells were grown at 37°C and 5% CO2 in a humidified incubator and passaged
every 2 —4 days by trypsinization. Sustained expression of ER-alpha in MCF7 and Cama-1 was
validated regularly by western blotting and immunofluorescence. Cells were regularly tested
for mycoplasma using a commercial kit (ATCC, 30-1012K), and cultures renewed from low

passage stocks every two months or less.

Stable expression of CDYL2 in MCF7 and Cama-1 cells

CDYL2 cDNA was cloned by PCR from an MCF7 cDNA library using the primers in Table S3 and
Phusion polymerase (NEB, M0530), and inserted into the Gateway pENTR-D-TOPO vector
(Invitrogen, K240020). Sequencing on both strands confirmed that the cDNA corresponded to
a published CDYL2 sequence (Genbank, NM_152342.2). The cloned cDNA was then
transferred into MSCV plasmid (Addgene # 41033) using LR Clonase (Invitrogen, 11791100),
and the resulting expression construct validated by sequencing. MCF7 or Cama-1 cells were
then stably transduced with MSCV (Vector) or MSCV-CDYL2 retroviruses and selected for 14
days using 2 pg/mL puromycin (Sigma, P8833). Expression was confirmed by western blotting

and immunofluorescence using CDYL2 antibody.

RNA interference and microRNA treatments

For transient RNAi, MDA-MB-231 cells were transfected with CDYL2 esiRNA (Sigma,
EHUO042511), esilLuciferase (Sigma, EHUFLUC), on-target plus p65 siRNA (Dharmacon, L-
003533-00), or on-target plus STAT3 siRNA (Dharmacon, L-003544-00-0005) or on-target plus
control siRNA (Dharmacon, D-001810-01-05) using Interferin reagent (Polyplus, 409-10)



according to the manufacturer's instructions. Cellular assays and analysis were performed
between 48 and 72h post-transfection, according to the experiment. For stable RNAi, MCF7
cells were transduced with non-targeting control shRNA pLKO.1 lentiviruses (Sigma, SHC016)
or shRNA-pLKO targeting CDYL2 (Sigma, shCDYL2 #1, TRCNO000359078; shCDYL2 #2,
TRCN0000130741; shCDYL2 #3, TRCN0000129278), selected for 14 days using 2 ug/mL
puromycin (Sigma, P8833). Cellular assays and analysis were then performed between weeks
2 and 4 post-transduction. The Hsa-miR-124-3p MISSION microRNA Mimic (Sigma, HMI0086)
and or a Negative Control miRNA mimic (Sigma, HMC0002) were transfected into MCF7-
Vector or MCF7-CDYL2 cells using Interferin reagent (Polyplus). Samples were harvested for
analysis 48 — 72h post-transfection. The hsa-miR-124-3p Inhibitor (Qiagen, YI04102198-ADA),
and its corresponding negative control (Qiagen, YI00199006-ADA) were co-transfected into
MDA-MB-231 cells along with either esiCDYL2 or esiLuciferase siRNA, using Interferin reagent.

Samples were harvested 72h later for analysis.

Antibodies and reagents

The following antibodies were used: CDYL2 (MyBiosource, MBS821304), ERa (Santa Cruz, sc-
8002), B-Actin-HRP (Sigma, A3854), Vimentin (Dako, M0725), E-cadherin (BD 610682),
Snail/Slug (Abcam, ab85936), Twist (Abcam, ab50887), Phospho-NF-kB p65 (Ser536) (Cell
Signaling Technologies, #3031), total p65 (Cell Signaling Technologies, #3034), phosphor-
STAT3 (Tyr705) (Cell Signaling Technologies, #9145), total STAT3 (Cell Signaling Technologies,
#9139), CD44-FITC (Miltenyl Biotec, 130-113-341), CD24-PE (Miltenyl Biotec,130-095-953),
APC anti-human CD326 (EpCAM) Antibody (Biolegend, 324208), PerCP/Cy5.5 anti-
human/mouse CD49f Antibody (Biolegend, 313618), EZH2 (Cell Signaling Technologies
#5246S), ChIP-grade EZH2 (Diagenode, C15410039), SUZ12 (Cell Signaling Technologies
#3737S), H3K9me2 (Abcam, Ab1220), H3K27me3 (Diagenode, C15410069), rabbit IgG (Bethyl,
P120-101), H3 (Abcam, Ab1791). The G9a and GLP antibodies were gifts from Y. Nakatani lab
(Ogawa et al.,, 2002). UNC0642 and CPI-169 were obtained from Cayman Chemicals, re-

suspended in cell-culture grade DMSO (Sigma), and used as described.

Immunoblot



Cells were washed with PBS, lysed in ice-cold RIPA buffer (10 mM Tris-Cl (pH 8.0), 1 mM EDTA,
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 1 mM PMSF, all from
Sigma) containing protease inhibitor cocktail (Roche, 04693132001) phosphatase inhibitors
cocktail (Roche, 4906845001), and sonicated briefly. Cleared lysates were boiled in Laemelli
buffer, resolved on Bis-Tris NuPage Gels (Invitrogen), transferred to Nitrocellulose (GE
Healthcare), and probed according to the primary antibody manufacturer’s protocols. Images

were collected using the ChemiDoc system (BioRad).
Co-Immunoprecipitation

Cells were grown to sub-confluence in 15 cm tissue culture treated plates (Corning).
Monolayers were washed three times with ice-cold phosphate buffered saline (PBS), scraped
in cold PBS containing a protease inhibitor cocktail (Roche) and pelleted. The resulting cell
pellets were lysed in lysis buffer (50mM Tris pH8; 150mM NaCl; 1% NP-40; 2mM EDTA,; all
from Sigma) containing protease inhibitor cocktail (Roche, 04693132001) and phosphatase
inhibitors cocktail (Roche, 4906845001). The lysates mechanically homogenized on ice using
25G syringes (BD, #300600), then incubated for 30 min at 4°C with rotation. Lysates were
centrifuged at 12000 rpm for 15 min at 4°C. The resulting supernatants were treated with
DNase | (Qiagen, #79254) and RNase A (Sigma, R4875), then precleared with protein A
agaroses beads for 1 hour 4°C with rotation. Immunoprecipitation was performed by
incubating indicated antibodies with the lysates overnight at 4°C with rotation, followed by
addition of prewashed protein A agaroses beads for 2 hours 4°C with rotation. The beads were
then washed 5 times with wash buffer (10mM Tris pH8; 1ImM EDTA; 1mM EGTA; 250mM NaCl;
1% Triton) containing protease inhibitor cocktail (Roche, 04693132001) phosphatase
inhibitors cocktail (Roche, 4906845001). The immune-precipitated beads were boiled in

Laemmli buffer and then subjected to immunoblotting.
Immunofluorescence

Cells were seeded on sterilized coverslips. Forty-eight hours after seeding, cells were fixed
with 4% fresh electron microscopy-grade paraformaldehyde (Fisher, 50-980-487) diluted in
PBS (Sigma) for 15 minutes at room temperature. Fixed cells were permeabilized by NP-40
0.5% (Sigma) in PBS at room temperature for 15 minutes and blocked with 5% FBS in a

PBS/0.1% NP-40 buffer, at room temperature for 1 hour. Coverslips were then probed with



the indicated primary antibodies 1h at room temperature and then Alexa dye tagged
secondary antibody (see above) for 1 h at room temperature. Coverslips were mounted using
DAPI mounting medium (Vectashield; Vector Laboratories) and observed under the upright

microscope (Zeiss axioimager, SIP 60549), images were analyzed using Zen software (Zeiss).

Flow cytometry

The cells were labeled with anti-CD44-PerCP-Cy 5.5, anti-CD24-PE, APC anti-human CD326
(EpCAM) Antibody, PerCP/Cy5.5 anti-human/mouse CD49f Antibody, according to the
manufacturer's instructions. All analyses were performed using a BD FACSCalibur flow

cytometer and BD CellQuest software (BD Biosciences).

Gene expression

RNA was extracted using TRI-reagent (Sigma, T9424), and cDNA synthesized using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, #4368814). miRNA was
extracted using the miRNeasy Mini Kit (Qiagen, #217004) following the manufacturer’s
instructions, and cDNA synthesized using miScript Il RT Kit (Qiagen,#218161). The RT-qPCR
was performed using the Fast SYBR Green 2X Master Mix (Applied Biosystems, #4385610) and
an LC480 PCR machine (Roche). Primers are described in Table S3.

RNA-seq and enrichment analysis

RNA libraries were prepared with the TruSeq Stranded Total-RNA kit and sequenced on a
Illumina NextSeq sequencing machine. After careful quality controls, raw data were aligned
on the human genome (hg38) with STAR v2.7.0f (Dobin et al., 2013) and default parameters.

Read counts on each genes of the Gencode annotation v29 were produced by STAR.

Unless otherwise specified, the analyses were performed using R (v 3.4.4) and illustrations
produced with the ggplot2 (Wickham, H., 2016) and ggpubr packages. Starting from raw
counts, we used the R package DESeq2 (Love et al, 2014) (v1.14) to perform the differential
expression analyses. Each time the design was set as “REP + TYPE, where REP refers to the
replicate number (paired analysis) and TYPE to the treatment group. Differential expression
was tested using the Wald test, and p-values were corrected with the Benjamini-Hochberg

method. To test the pathway enrichment of a list of genes, we used the R packages



clusterProfiler (Yu et al, 2012) (v 3.8.1), msgidbr (v 6.2.1), org.Hs.eg.db (v 3.5.0) and
reactomePA (v 1.24) (Carlson, M, 2013). We tested the list of genes against pathways from
msigdb hallmarks, GO molecular functions, KEGG and Reactome. Over-representation p-

values were corrected with the Benjamini-Hochberg method.

Chromatin immunoprecipitation

For MDA-MB-231 ChIP-gPCR analysis, cells grown in 6-well plates were treated as described,
then cross-linked by the addition of fresh 1% methanol-free formaldehyde to the cell culture
medium for 10 minutes, followed by the addition of glycine to a final concentration of 125
mM for 5 minutes. Monolayers were washed three times with ice-cold PBS, scraped in cold
PBS containing a protease inhibitor cocktail (Roche) and pelleted. Chromatin lysates were
prepared from the cross-linked pellets, and ChIP assays performed using a commercial kit (Cell
Signaling Technologies, #9003), with the indicated antibodies. Quantitative PCR was
performed using the primers listed in Table S3. Input chromatin was purified in parallel in each
ChIP assay and used to validate the chromatin digestion efficiency, and to determine the

percentage of input recovered in each ChlP assay.

For MCF7 ChIP-seq and ChIP-gPCR analysis, cells were grown to sub-confluence in 15 cm tissue
culture treated plates (Corning), cross-linked, washed and pelleted as described for MDA-MB-
231 cells, above. The resulting cell pellets were pre-treated by incubating in lysis buffer A (Lysis
Buffer 1 (50 mM HEPES pH 7.5; 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25%
Triton X-100, 1x protease inhibitors) for 10 minutes at 4°C, then lysis buffer B (10 mM Tris-HCI
pH 8.0; 200 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 1x protease Inhibitors) for 10 minutes at
room temperature, as previously described (Lee et al., 2006). They were then lysed in buffer
C (10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1%; Na-Deoxycholate,
1x protease inhibitors) supplemented with 0.5% SDS, incubated on ice for 30 minutes with
occasional vortexing, then sonicated on ice to an average fragment size of 150 bp using a
sonicator (Branson, Digital Sonifier 450). The sonicated lysate was centrifuged at 12,000 r.p.m.
in a benchtop centrifuge at 4°C, the supernatant diluted five times in buffer C, and 1 mL
aliquots of this added to 50 pL of magnetic protein A beads (Invitrogen) pre-coated with 5 ug

of anti-CDYL2 IgG. These were incubated overnight at 4°C with rotation, then pelleted and



washed with two sequential additions each of wash buffer 1 (0.1% SDS, 1%Triton X-100, 2mM
EDTA, 20mM Tris-HCI, pH 8, 150mM NacCl), wash buffer 2 (0.1% SDS, 1%Triton X-100, 2mM
EDTA, 20mM Tris-HCI, pH 8, 500mM NaCl), wash buffer 3 (0.25M LiCl, 1% NP40, 1%
deoxycholate, 1ImM EDTA, 10mM Tris-HCI, pH 8), and TE buffer (10mM Tris-HCI, 1mM EDTA,
pH 8.0, 50 mM NaCl). Chromatin was eluted by incubating for 30 minutes at 65°C in elution
buffer (50 mM Tris-HCI pH 8, 10 mM EDTA pH 8, 1% SDS) with frequent vortexing. Crosslinks
were reversed by overnight incubation at 65°C, and eluates treated with RNAse A (Sigma) for
2h, followed by Proteinase K for 2h, then extracted using a classical Phenol-

Chloroform/Ethanol precipitation protocol.

ChiP-seq

Pair end DNA sample libraries were sequenced using lllumina. Raw sequences were aligned to
human genome hgl9, using Bowtie 2.0 (Langmead and Salzberg, 2012) with paired-end
parameters. Normalized and subtraction bigwig files were obtaining using deepTools (Ramirez
et al., 2016). Analysis of ChIP-Seq data was in the galaxeast.fr instance. Significant peaks were
called using MACS2 (Zhang et al.,, 2008, p. 2). Called peaks were annotated using

Homer_AnnotatePeaks.

Colony formation assay

To form adherent colonies, 3000 cells were seeded in 12 well tissue-culture treated plates.
After 14 days of growth, all colonies were stained with crystal violet solution (crystal violet
0.05%, formaldehyde 1%, methanol 1%) for 20min, washed extensively with water. Colonies

were counted and their size was measured using Fiji software.

Migration and invasion assays

Real-time cell migration and invasion were measured using the xCELLigence RTCA DP
apparatus (Acea Biosciences, Inc.) according to the manufacturer's protocol. Briefly, 40,000
cells were prepared in serum-deprived medium and then added to the upper chambers of
CIM-16 plates (Aceabio, #5665817001). Complete medium containing 10% FBS was added to
the lower chamber. For invasion assays, Matrigel diluted in serum-free medium at 500ug/mL

(BD Biosciences, #354234) was added to the upper chamber and allowed to set before adding



cells. Migration across the membrane separating the two chambers was expressed as the Cell

Index (Cl).

Mammosphere formation assay

Cells were seeded at several densities (10, 50, 100, 1000 cells per well) in 96-well ultra-low
attachment plates (Corning, #3474) with MEBM Basal Medium (Lonza, CC-3151) containing
2% B-27 (Invitrogen, 17504-044), 20 ng/mL EGF (Sigma, E9644), 4 ug/mL insulin (Novo
Nordisk, # 3525909), and 2 pug/mL hydrocortisone (Sigma, H0135). Mammospheres were
cultured for 1-2 weeks, with image collection approximately every three days starting at day
8. Whole-well images were taken with the IncuCyte ZOOM System (Essen Bioscience) using a
4X phase contrast objective. Mammosphere diameter and the number of mammospheres

>50um were determined by image analysis using Fiji software (Fiji).

Zebrafish embryo metastasis assay

Zebrafish embryos were raised under standard experimental conditions. Cells trypsinated,
resuspended in serum-free media, and stained with lipophilic dyes DiO or DiD from the
Vybrant Multicolor Cell-Labeling Kit (Invitrogen, V22889) for 20 minutes at 37°C, then washed
resuspended in PBS 1x. 48 hours post-fecundation, the embryos were dechorionated and
anesthetized with tricaine (Sigma-Aldrich, E10521). The anesthetized embryos were subjected
to microinjection. 20nl of cell suspension, which represent approximately 300 labeled human
cells, were injected into perivitelline space of each embryo. The injected zebrafish embryos
were immediately placed at 30°C for 24 hours in presence of N-phenylthiourea (Sigma-Aldrich,
P7629) to inhibit melanocyte formation. For metastasis assessment, The anesthetized
embryos were evaluated using the fluorescent microscope Axio Observer Zeiss microscope

(Zeiss).

Statistical analysis

CDYL2 expression levels from TCGA were stratified based on molecular markers such as ERa
and HER2 expression by IHC. Correlation analysis between CDYL2 RNA and protein levels were

performed using GraphPad Prism7. For overall survival analysis, patients were divided into



two groups (low and high CDYL2) using the expression level of CDYL2 and best cutoff. Kaplan-

Meier survival plots, log-rank p-values, hazard ratios were calculated using GraphPad Prism7.
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