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Loss of ANCO1 repression at AIB1/YAP targets
drives breast cancer progression
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Abstract

Transcription factors critical for the transition of normal breast
epithelium to ductal carcinoma in situ (DCIS) and invasive breast
cancer are not clearly defined. Here, we report that the expres-
sion of a subset of YAP-activated and YAP-repressed genes in
normal mammary and early-stage breast cancer cells is depen-
dent on the nuclear co-activator AIB1. Gene expression, sequen-
tial ChIP, and ChIP-seq analyses show that AIB1 and YAP
converge upon TEAD for transcriptional activation and repres-
sion. We find that AIB1-YAP repression of genes at the 1q21.3
locus is mediated by AIB1-dependent recruitment of ANCO1, a
tumor suppressor whose expression is progressively lost during
breast cancer progression. Reducing ANCO1 reverts AIB1-YAP-
dependent repression, increases cell size, and enhances YAP-
driven aberrant 3D growth. Loss of endogenous ANCO1 occurs
during DCIS xenograft progression, a pattern associated with
poor prognosis in human breast cancer. We conclude that
increased expression of AIB1-YAP co-activated targets coupled
with a loss of normal ANCO1 repression is critical to patterns of
gene expression that mediate malignant progression of early-
stage breast cancer.
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Introduction

AIB1/SRC-3/NCOA3 is an oncogene that is amplified and overex-

pressed in breast cancer [1,2]. We and others have shown in trans-

genic models that AIB1 expression is critical to the transition of

normal tissue to early-stage breast cancer [3–5]. Reducing AIB1

levels delays progression of ductal carcinoma in situ (DCIS) to

invasive ductal carcinoma, suggesting that it plays a pivotal role in

early-stage triple-negative breast cancer (TNBC) [6]. In normal

human breast tissue, AIB1 levels are low, but significantly increase

at the DCIS stage of breast cancer [6]. AIB1 functions as a transcrip-

tion co-activator and has been shown to interact with many tran-

scription factors, such as nuclear receptors, NFjB, and E2F, to

promote transcription in physiology and disease contexts [7].

Further, we and others have shown that AIB1 can also recruit tran-

scription repressor proteins, such as the putative tumor suppressor

ANCO1/ANKRD11, to suppress transcription at select sites [8–11],

which may also contribute to malignant progression. Thus, AIB1

appears capable of both activating and repressing distinct sets of

genes and thus orchestrate the development of early-stage breast

cancer.

AIB1 has been shown to interact with the TEAD family of

transcription factors [12], though the impact of this interaction is

unclear. TEADs, and their well-studied binding partners, the

orthologue co-activators YAP and TAZ, control transcription of

many oncogenic target genes in a majority of solid tumor types

[13–15]. In TNBC, YAP is important for disease progression and

promotes the transcription of target genes that are correlated with

increased metastasis and decreased survival [16–18]. The extent

to which the oncogenic activity of AIB1 can be attributed to inter-

action with TEADs and YAP/TAZ is not known. Previous studies

have indicated that AIB1 is involved in the transcription of YAP-

TEAD target genes [16,17], although some reports have suggested

that AIB1 can transactivate TEADs independently of YAP or TAZ

[12,18].

Here, we report that through distinct mechanisms, AIB1 func-

tions as a cofactor to activate and repress subsets of YAP-TEAD

target genes during TNBC progression. We found that AIB1-

mediated repression is dependent on recruitment of the tumor

suppressor, ANCO1/ANKRD11, to TEAD to suppress transcription

of the S100A and SPRR gene families at the 1q21.3 cytoband. Func-

tionally, we show that both AIB1-YAP-activated and ANCO1-AIB1-

YAP-repressed gene expression are required for distinct and

different YAP conferred aberrant growth phenotypes in vitro and the

transition to invasive cancer in vivo.
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Results and Discussion

AIB1 regulates induction and repression of subsets of YAP-TEAD
target genes

The co-activators YAP/TAZ and their target genes are elevated in

triple-negative breast cancer [19–23]. Further, synergistic interac-

tions of YAP/TAZ and AIB1 at TEAD-binding sites have been

described in select cancers [16] but whether interactions of these co-

activators with the transcription factor TEAD play a role in the

development and progression of TNBC is not known. To investigate

this, we first asked whether AIB1, YAP/TAZ, and TEAD complexes

exist in normal mammary epithelial as well as early-stage breast

cancer cells. For this, we performed a series of co-immunoprecipita-

tions (Co-IP) in extracts from the immortalized normal mammary

epithelial MCF10A cell line [24] as well as from the MCFDCIS cell

line, which is capable of forming DCIS lesions that progress to inva-

sive breast cancer in vivo [6,25,26]. Immunoprecipitation with a

pan-TEAD, AIB1, or a YAP/TAZ antibody of endogenous proteins

confirmed that robust complexes involving AIB1, YAP/TAZ, and

TEAD can be detected in extracts from MCF10A or MCFDCIS cells

(Fig EV1A).

To examine the effect of crosstalk of AIB1 and YAP in the

context of TEAD-binding sites in non-transformed cells, we exper-

imentally modulated the proteins’ levels and assessed gene

expression changes in normal MCF10A cells. We created cell lines

overexpressing either wild-type YAP, or the TEAD-binding-defi-

cient mutant YAP S94A [27], and subsequently infected these

derivative lines with two separate shRNA constructs targeting

AIB1 or GFP as a control (Fig EV1B and C). We analyzed the

RNA-seq data from these cell lines first by stratifying genes based

on the effect of YAP overexpression or AIB1 knockdown (cutoffs

of �2 fold change relative to YAP S94A) and then subsequently

subgrouped YAP-modulated genes based on the effects of AIB1

knockdown (expression/repression reversal greater than 25% with

both shAIB1 constructs; Dataset EV1). As illustrated in the Venn

diagram (Fig 1A), we observed 272 genes that were activated by

YAP overexpression, of which 102 genes were reduced by AIB1

knockdown. Conversely, YAP overexpression repressed 611 genes

and AIB1 reduction reversed the YAP-dependent repression of 292

of these genes (Fig 1A). AIB1 knockdown alone downregulated

246 genes, and de-repressed expression of 315 genes independent

of YAP overexpression, potentially through effects on endogenous

YAP or TAZ in MCF10A cells (Fig 1B). We thus have defined

four subgroups of genes in MCF10A cells: YAP-activated, AIB1-

YAP co-activated, YAP-repressed, and AIB1-YAP co-repressed

genes (Fig 1B and C).

Interestingly, well-defined direct YAP-TEAD target genes are split

between our YAP- and AIB1-YAP-regulated groups [28,29]. For

example, the expression of ANKRD1, CTGF, and CYR61 are depen-

dent on AIB1, whereas ITGB2, PDLIM2, and CYP4B1 are driven by

YAP independent of AIB1. Similarly, RAB7B, TNFSF10, and S100A9

repression requires AIB1, whereas CA12, TP63, and IL4R can be

suppressed by YAP alone (Fig 1B and C). These data suggest that

AIB1 impacts transcription and repression of nearly half of YAP-

TEAD targets in normal epithelial cells indicating it is a critical

coregulator of a distinct subset of YAP-TEAD activated and

repressed target genes.

To determine whether there is direct cooperation of these two

co-activators at the promoters and enhancer of the co-regulated

genes, we performed AIB1 and TEAD4 ChIP-seq data in MCF10A;

we also analyzed data from MCF7 breast cancer cells produced by

the ENCODE consortium [30]. We observed significant genomic co-

occupancy between TEAD and AIB1 in both MCF10A and MCF7

cells (P < 0.001, both groups), suggesting their interaction may

promote cooperative transcription activation and repression when

engaged on the chromatin (Fig 1D). AIB1 and TEAD co-engagement

was predominantly localized to promoters and active enhancers

(Fig 1E), corroborating previous reports [28,31,32]. Interesting, we

also noted their engagement on transcriptionally repressed regions

and loci lacking activating histone marks, which may explain the

large number of AIB1-YAP co-repressed genes (Fig 1A, B and E). De

novo motif discovery identified significant enrichment of TEAD-

binding motifs within AIB1 ChIP-seq peaks, thereby independently

validating the global coincidence of AIB1 and TEAD localization

(Fig 1F). We subsequently performed motif discovery of YAP-regu-

lated and AIB1-YAP co-regulated genes to ensure a significant

portion of differentially expressed genes were a direct effect of AIB1-

YAP convergent activity on TEAD. In line with our ChIP-seq data,

we observed a significant enrichment of TEAD motifs in the promot-

ers and proximal enhancer of regulated genes in our YAP-activated

and YAP-repressed genes (Fig EV1D). To validate the transcriptional

effects of AIB1 on TEAD-dependent transcription, we employed a

luciferase reporter driven by the endogenous CTGF promoter, which

we had observed to be an AIB1-YAP co-activated gene (Fig 1B and

C). While the overexpression of AIB1 alone did not significantly

increase the luciferase signal compared to the baseline, AIB1 syner-

gized with wild-type YAP and significantly increased signal relative

to controls and YAP alone (Fig 1G). This effect was further

enhanced with the expression of the hyperactive mutant YAP 5SA,

whereas the synergistic effect was lost with the expression of TEAD-

binding-deficient YAP S94A (Fig 1G). Western blot analysis of cellu-

lar lysates showed that endogenous protein levels of YAP and TAZ

were unchanged by the overexpression of AIB1, likewise AIB1 or

TAZ expression was unchanged by either the wild-type or mutant

YAP co-activator expression (Fig EV1E). Thus, taken together, these

data indicate that the effects of AIB1 following interaction with

TEAD at gene promoters are dependent on the presence of the YAP

co-activator and that AIB1 modulates the magnitude of transcription

activation of YAP-TEAD targets.

We next asked whether similar AIB1-YAP co-activation also

occurred in early-stage TNBC cells. In agreement with our findings

in MCF10A cells, we found that knockdown of AIB1 by shRNA in

MCFDCIS breast cancer cells significantly reduced the endogenous

mRNA expression levels of TEAD target genes ANKRD1, CTGF,

CYR61, and IGFBP3 (Fig EV1F). To validate that these gene expres-

sion changes were due to interactions of AIB1 with complexes on

chromatin, we performed chromatin immunoprecipitation (ChIP)

and found that TEAD, YAP, and AIB1 were significantly enriched at

TEAD sites within the promoters of AIB1-YAP co-activated target

genes in MCF10A and MCFDCIS cells (Fig EV1G). Further, sequen-

tial ChIP-reChIP indicated that AIB1 and TEAD proteins were

complexed at their target genes (Fig 1H and I). Thus, the interaction

between AIB1-TEAD appears to be conserved during malignant

progression and AIB1 and YAP synergize to co-activate baseline

target gene expression in this context.
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To determine whether induced transcription also requires

AIB1, we examined the well-described induction of YAP activity

by lysophosphatidic acid (LPA) through G-protein-coupled recep-

tor (GPCR) signaling [33]. LPA significantly upregulated YAP

activity as measured by CTGF and CYR61 mRNA levels in the

MCF10A and MCFDCIS cells (Fig EV1H). Conversely, knockdown

of AIB1 significantly reduced YAP responsiveness to LPA, suggest-

ing AIB1 is required for propagating intracellular GPCR effects in

MCF10A and MCFDCIS cells. Consistent with this finding, ChIP-

qPCR validated increased recruitment of AIB1 to TEAD target

promoters following LPA treatment (Fig EV1I). Thus, AIB1 is also

critical for maintenance and propagation of GPCR-induced AIB1-

YAP co-activated transcription in TNBC cells.

Finally, to ensure that the YAP S94A was an appropriate

control for TEAD-mediated effects in our experiments, we

compared the effects of YAP and YAP S94A compared to parental

and vector controls. The overexpression of YAP or S94A did not

affect the levels of AIB1 or TEAD in MCF10A cells (Fig EV2A).

Further, we verified by co-IP that the mutant YAP cannot interact

with TEAD (Fig EV2B). We also wanted to verify that the expres-

sion differences we described (Fig 1) were a product of YAP

activity through TEAD, rather than off-target effects of the S94A

point mutant protein. We therefore examined our RNA-seq data

from YAP S94A overexpressing MCF10A cells compared to RNA-

seq expression data from the vector control (GSE70506). We

analyzed these data using the same cutoffs for our RNA-seq anal-

ysis, and we did not observe a significant difference in gene regu-

lation when comparing this independent data set to our YAP/

S94A comparison and saw significant correlation between both

groups (Fig EV2C; Dataset EV2). Further, we repeated this analy-

sis after removing our YAP signature genes (Fig 1A) to ensure

that well-described YAP target genes were not masking a signifi-

cant off-target effect of the S94A mutant. In doing so, we effec-

tively compared the YAP S94A gene expression to the vector

control, and we did not observe a significant difference in gene

regulation, suggesting the YAP S94A mutant is functionally

similar to a vector control (Fig EV2C). Finally, genes within the

YAP signature (Fig 1A) did not behave different in the YAP/

Vector data set (Fig EV2D) suggesting that almost all of the YAP

effect is mediated by TEAD in these cells. AIB1 manipulation did

not affect the levels of YAP, TAZ, or TEAD in MCF10A cells

(Fig EV2E). Thus, we conclude that the YAP S94A is an appropri-

ate control for the read out of TEAD-binding effects of YAP in

the MCF10A cells.

AIB1 recruits the tumor suppressor ANCO1/ANKRD11 for YAP-
TEAD-dependent repression at the 1q21.3 locus

An unexpected finding of our RNA-seq data was that a large frac-

tion of repressed gene expression by YAP was dependent on AIB1.

There have been some reports on the direct repressive activities by

YAP [29,34]; yet, the majority of analyses have focused on tran-

scriptional activation. We and others have previously demon-

strated that AIB1 can recruit the tumor suppressor ANCO1/

ANKRD11 to repress transcription of some nuclear receptor-regu-

lated genes [8,9]. We therefore hypothesized that ANCO1 could be

involved in AIB1-YAP-driven transcription repression. To first

determine whether ANCO1 protein complexed with AIB1, YAP,

and TEAD could exist in the nuclei of normal breast epithelium,

we utilized proximity ligation assays (PLA) to determine whether

close interactions of these factors takes place in situ. We used

ANCO1-AIB1 and YAP-TEAD interaction as robust positive controls

for the assay (Fig EV3A). We found that ANCO1-TEAD and

ANCO1-YAP form a complex within the nucleus of MCF10A cells

(Fig 2A). Furthermore, the PLA signal was significantly reduced

upon knockdown of AIB1, and single antibody controls confirmed

PLA specificity, therefore suggesting that ANCO1 recruitment to

TEAD is AIB1-dependent (Figs 2A, and EV3B and C). Though we

detect all members in complex, it is still unclear whether AIB1

interacts with YAP directly or indirectly convergently through

TEADs. However, taken together, these data indicate that ANCO1

forms a complex with AIB1, YAP, and TEAD in the nuclei of cells

◀ Figure 1. AIB1 and YAP coregulate a subset of TEAD target genes.

A AIB1 and YAP co-activate and co-repress a subset of TEAD target genes. Venn diagrams showing differentially regulated genes in MCF10A cell lines that overexpress
YAP or YAP S94A in the presence of control shGFP or shAIB1 as indicated. RNA-sequencing performed in triplicate.

B Heatmaps of AIB1-YAP co-activated, YAP-activated, AIB1-YAP co-repressed, and YAP-repressed genes shown in panel (A). Red and blue indicate high and low levels,
respectively.

C Select genes are regulated by YAP and AIB1, and others are YAP-regulated independently of AIB1. Endogenous gene expression changes assessed by RT–qPCR.
D Significant genomic co-occupancy between AIB1 and TEAD in normal breast and breast cancer cells. Overlap of AIB1 and TEAD4 ChIP-seq peaks in MCF10A and MCF7

cell lines. Select peaks from MCF10A ChIP-seq shown. ChIP-sequencing performed in triplicate.
E AIB1 and TEAD are localized at promoters and enhancers globally. Feature distribution based on overlapping AIB1-TEAD4 peaks with respective MCF10A and MCF7

histone ChIP-seq peaks.
F TEAD-binding motifs are enriched within AIB1 occupied sites across the genome. HOMER de novo motif analysis of AIB1 ChIP-seq peaks in MCF10A and MCF7 cells.
G AIB1 modulates TEAD transcriptional activity in a YAP-dependent manner. HEK293T cells were transfected with CTGF promoter reporter and expression vectors of

indicated proteins.
H AIB1 is engaged with TEAD on co-activated target promoters in normal cells. Sequential ChIP-reChIP performed with indicated antibodies in MCF10A cells. Levels of

precipitated chromatin assessed by qPCR.
I AIB1 is engaged with TEAD on co-activated target promoters in early-stage breast cancer cells. Sequential ChIP-reChIP performed with indicated antibodies in

MCFDCIS cells. Levels of precipitated chromatin assessed by qPCR.

Data information: RNA-sequencing was performed in triplicate, and statistics in panels (A, B) were calculated by EdgeR with Benjamini—Hochberg multiple test
correction in R. ChIP-sequencing was performed in triplicate, and statistics were calculated by random permutation of the genomic locations of ChIP peaks using the
shuffle command in ChIPseeker in R. Student’s t-test was used for the statistical analysis in panels (C, H, and I); data represent the means � SD from at least three
biological replicates. ANOVA with Tukey’s post hoc was used for the statistical analysis in panel (G); data represent the mean � SD from at least three replicates
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant, # = significant regulation in opposite direction).
Source data are available online for this figure.
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and that AIB1 is a critical mediator of TEAD-ANCO1 interactions.

It should be noted that although Drosophila homologues of YAP

and AIB1 (Yki and Tai, respectively) have been shown to directly

interact through WW-PPxY interaction, this domain has been lost

in NCOA/SRC/p160 family during evolution [35–38] and cannot

explain AIB1-YAP interactions in human cells.

To describe gene expression changes resulting from ANCO1-

AIB1-YAP activity, we compared gene expression profiles of our

MCF10A and MCFDCIS cells following ANCO1 knockdown

(Fig EV3D–G). We observed that the S100A and SPRR gene families

at the 1q21.3 locus were strongly repressed by YAP overexpression,

while ANCO1 knockdown dramatically upregulated this same signa-

ture in MCF10A and MCFDCIS cells (Fig 2B; Dataset EV3). This was

particularly noteworthy because the 1q21.3 locus has been associ-

ated with basal breast cancer aggressiveness [39], and S100A7 has

been shown to be significantly enriched in more aggressive, high-

grade triple-negative DCIS lesions [40–45]. We validated that YAP

repressed 1q21.3 genes in MCF10A and MCFDCIS cells by RT–qPCR

(Fig 2C) and conversely that knockdown of the repressor ANCO1 by

shRNA caused significant upregulation of these gene families in

both cell lines (Fig 2D). Knockdown of ANCO1 in MCF10A-YAP-

shGFP cells reverted YAP-driven repression of S100A7, S100A8,

SPRR3, and SPRR2E (Fig 2E). Modulation of ANCO1 did not affect

the levels of YAP, TAZ, or TEAD, and had only modest effects on

AIB1 (Fig EV3E); neither changes in levels of YAP or YAP S94A or

AIB1 affected the stability of ANCO1 (Fig EV3H and I). Similar

repressive effects of YAP on 1q21.3 genes were observed in compar-

ison to either a vector control or to YAP S94A (Fig EV3J–L). Finally,

ANCO1 knockdown did not affect the expression levels of AIB1-YAP

co-activated genes in MCF10A or MCFDCIS cells (compared to the

magnitude of the reversion of YAP-repression effect), and there was

minimal ANCO1 chromatin engagement on these activated genes

compared to YAP, TEAD4, and AIB1 (Fig EV3M and N). Thus, much

like our previous paradigm involving AIB1-estrogen receptor repres-

sion [9], we saw that ANCO1 mediated repression was limited to

only a subset of AIB1-YAP-repressed TEAD target genes. Taken

together, these data suggest that ANCO1 is not recruited or recruited

inefficiently to AIB1-YAP co-activated targets, but it is critical for

AIB1-YAP co-repression.

To confirm that ANCO1/AIB1/YAP/TEAD complexes are

engaged at 1q21.3, we utilized publicly available ChIP-seq and Hi-C

data [28,46–49] to identify loci of TEAD enrichment at enhancer

regions annotated to interact with and modulate expression of

S100A and SPPR genes (Figs 2F and EV3O). We validated the pres-

ence of peaks at these sites in our ChIP-seq data and subsequently

noted a significant enrichment of AIB1, YAP, TEAD, and ANCO1 at

these loci by ChIP in parental MCF10A cells (Figs 2G and EV3P).

Sequential reChIP of AIB1 and TEAD showed the proteins were

indeed co-engaged at these 1q21.3 superenhancers (Fig 2H). Finally,

ANCO1 recruitment to these sites is significantly reduced upon AIB1

knockdown, highlighting the critical role of AIB1 recruitment of

ANCO1 to TEAD (Fig 2I). Overall the data suggest that YAP repres-

sion of genes at the 1q21.3 locus is mediated by recruitment of AIB1

and ANCO1.

YAP-driven invasion requires AIB1 and is enhanced by ANCO1 loss

Our data demonstrate that a large portion of both YAP-activated

and YAP-repressed gene expression is regulated by AIB1 and

ANCO1. To determine how these regulatory events contribute to

malignant progression, we examined the 3D growth of MCF10A

mammospheres in Matrigel [50] of cell lines overexpressing wild-

type YAP or YAP S94A � shRNA constructs with or without

knockdown of AIB1 or ANCO1. Similar to previous reports [51],

MCF10A-YAP-shGFP cells formed aberrant spheres lacking circular-

ity and defined borders that invaded the surrounding matrix,

whereas normal spheres circular and well polarized were formed

by control MCF10A-S94A-shGFP cells (Fig 3A). Knockdown of

AIB1 completely attenuated the YAP-driven invasive phenotype

(Fig 3A and B). However, knockdown of ANCO1 sustained the

invasive phenotype and increased the size of the abnormal spheres

(Fig 3A–C). Interestingly, we found that ANCO1 reduction alone

increased 3D sphere size of MCF10A-shANCO1 cells in the Matrigel

assay (Fig EV4A and B). Endogenous ANCO1 levels were

◀ Figure 2. AIB1 recruits ANCO1 to YAP-TEAD to repress transcription at 1q21.3.

A ANCO1 is recruited to YAP-TEAD by AIB1. Positive proximity ligation assay (PLA) signal (white foci, falsely colored 594 nm signal) shown between ANCO1-TEAD,
ANCO1-YAP, AIB1-TEAD, and AIB1-YAP in control cells is lost in AIB1 knockdown. Representative images of proximity ligation assay (PLA) between indicated proteins
in MCF10A shGFP (control) and shAIB1 cell lines using antibodies (species) as indicated; scale bars shown indicate 25 lm.

B YAP overexpression represses, AIB1 knockdown dysregulates, and ANCO1 knockdown amplifies genes at the 1q21.3 locus in MCF10A and MCFDCIS cells. Gene set
enrichment analysis of RNA-seq data and cDNA array data generated from MCF10A cell lines as indicated.

C YAP represses 1q21.3 localized genes. Levels of endogenous S100 and SPPR genes in MCF10A cell lines following overexpression of YAP/S94A; levels were assessed by
RT–qPCR.

D ANCO1 knockdown increases expression of S100 and SPPR genes in MCF10A and MCFDCIS cells; levels were assessed by RT–qPCR.
E YAP-driven suppression of 1q21 genes is reverted upon ANCO1 knockdown. Levels of endogenous 1q21.3 genes were assessed in YAP or S94A-expressing, control or

shANCO1 MCF10A cells by RT–qPCR.
F TEAD is engaged at annotated enhancer regions within 1q21.3. Analysis of TEAD4 ChIP-seq in MDA-MB-231(GSE66081), MCF7, and A549 Cells (GSE32465) at 1q21.3

with enhancers scored by GeneHancer. Enhancer regions of interest indicated between dotted lines.
G TEAD, YAP, AIB1, and ANCO1 are engaged at annotated enhancer regions within 1q21.3. Chromatin immunoprecipitation (ChIP) performed with indicated antibodies

in MCF10A cells.
H AIB1 is engaged with TEAD on superenhancer sites at 1q21.3 in normal cells. Sequential ChIP-reChIP performed with indicated antibodies in MCF10A cells. Levels of

precipitated chromatin assessed by RT-qPCR.
I ANCO1 is recruited to superenhancers at 1q21.3 by AIB1 and is significantly reduced at 1q21.3 following AIB1 knockdown. ChIP performed with ANCO1 antibodies in

control or shAIB1 cells. Levels of precipitated chromatin assessed by RT-qPCR.

Data information: GSEA enrichment score and FDR used in panel (B). Student’s t-test was used for the statistical analysis in panels (C, D, E, G, H, and I); data represent
the means � SD from at least three biological replicates. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant).
Source data are available online for this figure.
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Figure 3. AIB1 and ANCO1 regulate YAP-induced invasion in vivo.

A YAP-driven aberrant sphere formation of MCF10A cell lines is ablated by AIB1 knockdown, but further enhanced by ANCO1 knockdown. Indicated cell lines were
plated on Matrigel and allowed to form mammospheres for 7 days. 10× and 40× magnifications shown, scale bar = 200 lm.

B Quantification of aberrant spheres per field displayed in panel (A), n = number of spheres.
C Quantification of size (arbitrary units) of aberrant spheres per field displayed in panel (A), relative to control YAP S94A shGFP spheres. n = number of spheres.
D MCFDCIS xenograft tumors have increased expression of AIB1-YAP, EMT, and 1q21.3 genes during the invasive transition. Schematic of experiment shown. Gene set

enrichment analysis of RNA-seq data generated from MCFDCIS xenografts at indicated time points.
E Invasive lesions have significantly less ANCO1 than encapsulated DCIS lesions. Representative images of H&E, p63, and ANCO1-stained MCFDCIS xenografts as DCIS

and invasive lesions. Yellow circles indicate DCIS lesions, and black arrows indicate invasive lesions. 20× magnification; scale bar = 100 lm.
F Quantification of ANCO1 positivity in DCIS and invasive lesions shown in panel (E).

Data information: Number of spheres quantified in panels (B, C) described above, with middle lines and error bars indicating mean � SEM. ANOVA with Tukey’s post hoc
was used for the statistical analysis in panel (B). Kruskal–Wallis with Dunn’s multiple comparison (non-parametric test used because data were non-normally distributed
following ImageJ quantification and thresholding) in panel (C). GSEA enrichment score and FDR used in panel (D). Student’s t-test was used for the statistical analysis in
panel (F), with n ≥ 3 mice per group, and with box limits denoting the range of data, and the middle line at the median (*P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, ns = not significant).
Source data are available online for this figure.
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decreased in our MCF10A-YAP-shGFP spheres, suggesting that the

YAP conferred aberrant growth and increased sphere size is a

product of both AIB1-YAP co-activated gene expression and

endogenous decrease of ANCO1 repression (Fig EV4C). The

increase in sphere size promoted by ANCO1 loss may be attributed

to an increase in individual cell size of shANCO1 cells (Fig EV4D

and E). YAP has been previously implicated in increasing cell size

through MTOR signaling [52,53, preprint: 54], and we observed

increased MTOR signaling from AIB1 and ANCO1 knockdown in

our model system (Fig EV4F). Interestingly, the S100A proteins

that are regulated by the ANCO1/AIB1/YAP complex have previ-

ously been implicated in upregulation of MTOR signaling [55–57].

These findings suggest cell size control by MTOR may be down-

stream of YAP, AIB1, and ANCO1. Genes downstream of AIB1-

YAP co-activation appear to contribute to malignant progression

and proliferation, whereas the genes downstream of ANCO1-AIB1-

YAP repression impact overall sphere size while maintaining

features of malignancy. Thus, the loss of AIB1-YAP repression by

decreased ANCO1 coupled with AIB1-YAP co-activation seems to

contribute independently to the invasive phenotype.

AIB1-YAP co-activation and loss of ANCO1 repression promote
DCIS progression to invasive cancer

We next addressed the role of ANCO1/AIB1/YAP/TEAD crosstalk in

early breast cancer progression in vivo. The MCF10A cell line is

non-tumorigenic when implanted in mice (Fig EV4G); however, the

MCFDCIS cell line forms DCIS lesions that progress to locally inva-

sive triple-negative breast cancer in athymic nude mice over a

defined timeline [6,26,58]. Furthermore, we have shown that

progression in this model can be inhibited by reducing AIB1 levels

[6]. Using RNA-sequencing (GSE130903; Dataset EV4), we analyzed

gene expression in xenografts that underwent local invasion

(5.5 weeks post-implantation) compared to early-stage 0 DCIS xeno-

grafts (4 weeks post-implantation) [58] and observed a significant

enrichment in AIB1-YAP target genes, EMT hallmark genes, and

1q21.3 locus gene signatures (Fig 3D). Specifically, we observed

significant increases in the levels of AIB1-YAP co-activated genes

(de novo signature from Figs 1B and EV4H). The increase in the

level of S100A and SPRR genes during the invasive transition

(Fig EV4H) indicated that like our in vitro data, these changes may

A

D

B C

Figure 4. Loss of ANCO1 in breast cancer perturbs ANCO1-dependent YAP repression and is a marker for poor prognosis.

A ANCO1 levels decrease in breast cancer. ANCO1 mRNA expression from normal tissue (GTEX) and tumor (TCGA) for breast samples.
B Representative IHC images of ANCO1 staining in normal human breast and DCIS lesions. DCIS lesions can be stratified to either ANCO1-negative (center panel) or

ANCO1-positive (right panel). Scale bar = 50 lm.
C High ANCO1 levels are a good prognostic indicator in basal breast cancer in patients. KM plot showing progression free survival in patients with stratified ANCO1

expression. n = 360 patients.
D Patient breast tumor samples with reduced ANCO1 levels have high expression of 1q21.3 genes, without altered AIB1-YAP co-activated gene expression. Dot plots

showing TCGA Pan-Cancer data accessed via Xenabroswer. Patients were stratified to high or low expression of ANCO1 by median expression.

Data information: Student’s t-test was used for the statistical analysis in panel (A) (n = 179 in normal group and n = 1,213 in tumor group). KmPlot statistics were
calculated by KMplotter in panel (C) (n = 360 patients). In panel (D), r values were calculated for each correlation (for individual correlations, P < 0.001), and P values
were determined for linear regression between groups (n > 150 patients). ****P < 0.0001.
Source data are available online for this figure.
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be associated with decreased expression of ANCO1 and loss of the

associated repression phenotype. In order to specifically categorize

the novel role of ANCO1 during progression, we stained MCFDCIS

xenografts by IHC. Lesions that stained positive for p63, a marker of

local invasion in this DCIS model [26], showed significantly less

nuclear ANCO1 staining than encapsulated DCIS lesion, suggesting

invasion is inversely correlated with levels of nuclear ANCO1

(Fig 3E and F). Therefore, we propose that the demarcation of high-

grade DCIS lesions by S100A7 suggested by previous reports [41–

43,59] is a product of loss of ANCO1. These findings are consistent

with our in vitro and 3D spheroid findings, suggesting that AIB1-

YAP activity coupled with ANCO1 loss could play a role in the

progression of TNBC.

Loss of ANCO1 is a poor prognostic marker

We next wanted to determine the relevance of our findings to the

clinical presentation of breast cancer. AIB1 and YAP have previ-

ously been shown to be oncogenes, as have their co-activated target

genes. Using the GTEX and TCGA RNA-seq gene expression profil-

ing, we found that ANCO1 mRNA levels are significantly decreased

in breast cancer relative to normal tissue (Fig 4A). Consistent with

this, we find in normal human breast tissue that ANCO1 levels are

high and localized to the basal, myoepithelial cells surrounding the

ductal cells (Fig 4B). During the transformation to stage 0 ductal

carcinoma in situ (DCIS) lesions, some patients maintain expression

and nuclear localization of ANCO1, while some lose ANCO1 expres-

sion entirely (Fig 4B). Further analysis showed that low levels of

ANCO1 are a poor prognostic marker in basal breast cancer,

whereas high AIB1 is a poor prognostic marker (Figs 4C and EV4I)

[60]. Finally, we analyzed patient tumor data housed within TCGA

to validate our proposed ANCO1/AIB1/YAP/TEAD paradigm. We

stratified patients by median expression of ANCO1 into high or low

expression groups. AIB1-YAP co-activated targets CTGF and CYR61

showed significant positive correlation in patients as expected, and

there is no correlation with ANCO1 expression level (Fig 4D). Simi-

larly, as previously reported [61] CTGF and ACTB showed little

correlation in expression, there was also no significant difference in

expression associated with ANCO1 level (Fig 4D). We next assessed

the levels of 1q21.3 genes in patients and observed that mRNA

levels of S100A7, S100A8, SPRR3, and SPRR2E are all significantly

inversely correlated with AIB1-YAP co-activated genes in the pres-

ence of high ANCO1 levels (Fig 4D). This inverse correlation is

significantly decreased in low ANCO1, indicating that AIB1-YAP

co-activation and ANCO1-AIB1-YAP co-repression complexes modu-

late transcription of distinct target genes, but their activities are

coordinated.

Conclusion

Here, we demonstrate that convergent activities of ANCO1 and AIB1

upon TEAD govern the activation and repression of a subset of YAP

target genes during basal breast cancer progression. Our findings

suggest a model (Fig 5) whereby in normal tissues, low levels of

AIB1 result in low levels of YAP-activated transcription, but in

parallel, these low AIB1 levels are sufficient to maintain ANCO1

repressive transcription complexes on distinct subsets of YAP-TEAD

target genes. The loss of ANCO1 and higher expression of AIB1-YAP

in breast cancer lead to both de-repression of transcription at 1q21.3

and activation of a genome-wide oncogenic transcription program.

Given the increasingly appreciated role of 1q21.3 genes in breast

cancer development and progression [39], it may be that the loss

Figure 5. Both de-repression and activation of YAP gene expression play distinct roles in early progression of breast cancer, mediated through changes in
AIB1 and ANCO1 levels.
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of ANCO1 repression of S100A and SPRR proteins plays a critical

role during the early stages of breast cancer initiation and this is

consistent with lower ANCO1 levels in patient cancer sample

being associated with a worse prognosis. Since the wider tran-

scriptome of human breast cancer is not radically changed

between DCIS and invasive cancer [62], it may well be that it is

the temporal pattern of select gene expression changes effected

by AIB1/YAP/ANCO1 that is critical to the development and

progression of DCIS.

Materials and Methods

Cell lines and cell culture

HEK293T cells were maintained in DMEM (Invitrogen, Carlsbad,

CA) with 10% fetal bovine serum (FBS). MCF10A and MCFDCIS

[6] cell lines were maintained in DMEM:F12 (Invitrogen,

Carlsbad, CA) with 5% horse serum, 20 ng/ml EGF, 0.5 mg/ml

hydrocortisone, 100 ng/ml cholera toxin, and 10 lg/ml insulin.

All cell lines were grown at 37°C with 5% CO2. Cells were

counted and size assessed with the Beckman Coulter Multisizer 3

Coulter Counter.

Transfections and infections

Cells were transfected using FuGENE6 (Promega, Madison, WI).

Plasmids used are described in Key Resource Table. Oligonucleotide

sequences for shRNA knockdown were cloned in to pLKO.1

construct (see Appendix Table S3).

Virus was made by transfecting HEK293T cells with packaging

and envelope plasmids (see Appendix Table S3), and lentiviral or

retroviral element containing plasmids. Media containing virus was

collected 48 and 72 h post-transfection and used for infection.

Western blot

Whole cell lysate was isolated from cells using either NP-40 lysis

buffer [50 mM Tris–HCl (pH 8.0), 170 mM NaCl, 0.5% NP-40,

50 mM NaF and 1 mM PMSF] or RIPA lysis buffer [50 mM Tris–

HCl (pH 8.0), 1% Triton X, 0.5% sodium deoxycholate, 0.1% SDS,

150 mM NaCl] and allowed to lyse on ice for 15 min. Samples were

centrifuged at 15,000 × g for 10 min, and supernatant was

collected. Protein was quantified by Bradford assay. Samples were

prepared using NuPAGE reagents according to the manufacturer’s

protocol and transferred to PVDF membranes using the iBlot dry

blotting system according to the manufacturer’s protocol using P0

preset template, or a 20 V, 10-min transfer for large proteins

(Thermo Fisher, Waltham, MA). Membranes were probed with

indicated antibodies, with concentrations described in

Appendix Table S1.

Luciferase reporter assays

Cells were transfected with indicated reporter and TK-promoter-

driven Renilla luciferase control and indicated overexpression

constructs for 24–48 h. Luciferase activity was quantified using the

Dual-Luciferase System (Promega, Madison, WI) according to the

manufacturer’s protocol. All luciferase reporter assays were done in

triplicate.

RT–qPCR

RNA was isolated from cultured cells, spheres, or tissues using the

RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manu-

facturer’s protocol and quantified by NanoDrop (Thermo Fisher,

Waltham, MA). For tumor samples, RNA was extracted from tissue

samples using the RNeasy Kit following homogenization using the

QIAshredder (Qiagen, Hilden, Germany). Reverse transcription was

done using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA)

according to the manufacturer’s protocol. Real-time quantitative

RT–PCR was performed with iQ SYBR Green Supermix (Bio-Rad,

Hercules, CA). Primers used for RT–qPCR were purchased from

Integrated DNA Technologies, and their sequences are described in

Appendix Table S2. Fold change was calculated by 2�DDCT normal-

ized to human actin or human B2M, as housekeeping genes. All

RT–qPCR assays were done in triplicate.

Immunoprecipitation

Whole cell lysate was isolated from cells using either NP-40 lysis

buffer or RIPA lysis buffer. A portion of the lysate was reserved as

input and prepared according to the Western blot methodologies

(above). The lysates were precleared with unblocked Sepharose

antibody purification resin (Amersham Pharmacia Biotech, Uppsala,

Sweden). Immunoprecipitation was performed overnight at 4°C

while rocking with indicated antibodies, at concentrations described

in Appendix Table S1. Blocked GammaBind Plus Sepharose anti-

body purification resin (GE Life Sciences, Pittsburgh, PA) was added

to the immunoprecipitation solution and rocked for 2–4 h. Samples

were then washed repeatedly with lysis buffer, and then denatured

using NuPAGE reagents, and assessed by Western blot.

For overexpression–immunoprecipitation, cells were transfected

24–48 h before lysis and immunoprecipitation.

Chromatin immunoprecipitation

Cells were crosslinked with 1.2% formaldehyde at room tempera-

ture for 15 min and then stopped with 125 mM glycine. Cells were

rinsed twice with cold PBS and collected in PBS with EDTA-free

protease and phosphatase inhibitors (Roche, Indianapolis, IN). Cells

were resuspended in nuclei isolation buffer (50 mM Tris–HCl,

60 mM KCl, 0.5% NP-40, EDTA-free protease and phosphatase inhi-

bitors) and centrifuged to isolate the nuclei. Nuclei were lysed in

Nuclei Lysis Buffer (50 mM Tris–HCl, 1% SDS, 10 mM EDTA, pH

8.1 with protease and phosphatase inhibitors). Chromatin was soni-

cated using a Diagenode Bioruptor (Denville, NJ) on “High” for 15–

25 cycles (30 s on/30 s off). Sonicated samples were centrifuged at

4°C for 10 min at full speed, and supernatant was diluted 10× with

Dilution Buffer [0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,

16.7 mM Tris–HCl (pH 8.1), 167 mM NaCl, EDTA-free protease and

phosphatase inhibitors]. Samples were precleared with unblocked

Sepharose antibody purification resin (Amersham Pharmacia

Biotech, Uppsala, Sweden) Immunoprecipitation was performed

overnight at 4°C while rocking with indicated antibodies, at concen-

trations described in Appendix Table S1. Blocked GammaBind Plus
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Sepharose antibody purification resin (GE Life Sciences, Pittsburgh,

PA) was added to the immunoprecipitation solution and rocked for

2–4 h. The beads bound to immunocomplexes were sequentially

washed with low salt (20 mM Tris–HCl, 2 mM EDTA, 0.1% SDS,

1% Triton X-100, and 150 mM NaCl), high salt (20 mM Tris–HCl,

2 mM EDTA, 0.1% SDS, 1% Triton X-100, and 500 mM NaCl), and

LiCl Buffer [0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate,

1 mM EDTA, and 10 mM Tris–HCl (pH 8.1)]. Precipitates were

eluted with freshly made 1% SDS and 0.1 M NaHCO3. Elutes were

de-crosslinked using 200 lM of NaCl at 65°C overnight while shak-

ing. DNA was then purified using the QIAquick PCR Purification Kit

(Qiagen, Hilden, Germany) according to the manufacturer’s proto-

col, and relative amount of chromatin was assessed by ChIP-qPCR.

All ChIP-qPCR assays were done in triplicate. Primers used for

ChIP-qPCR were purchased from Integrated DNA Technologies, and

their sequences are described in Appendix Table S2. All ChIP reac-

tions were done in triplicate.

For sequential reChIP, chromatin was eluted in 10 mM DTT in

fresh elution buffer to prevent leak from the first antibody. Eluted

chromatin was diluted 20× in Dilution Buffer, and the immunopre-

cipitation, wash, and elution steps were repeated before de-cross-

linking.

Proximity ligation assay

Cells were plated on coverslips and allowed to attach overnight.

Cells were crosslinked with 4% formaldehyde at room temperature

for 15 min. Cells were rinsed with PBS and permeabilized with

0.1% Triton X in PBS for 15 min. Proximity ligation assay was then

done with Duolink In Situ PLA Kit (Sigma, St. Louis, MO) according

to the manufacturer’s protocol. Antibody concentrations used are

described in Appendix Table S1. Images were acquired with Leica

SP8 confocal microscope.

Sphere assay and quantification

MCF10A cells were trypsinized and counted. 40 ll of Matrigel Base-

ment Matrix, Reduced Growth Factor (Corning, Big Flats, NY), was

plated in 8-well chamber CultureSlides (Corning, Big Flats, NY) and

allowed to solidify. 5,000 cells were resuspended in a 2% Matrigel

DMEM:F12 Assay Media solution, containing 2% horse serum,

5 ng/ml EGF, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin,

and 10 lg/ml insulin, and plated atop of the solidified Matrigel.

Media was refreshed every 48–72 h. Single cell suspension was veri-

fied by brightfield microscopy on day 0, and cells were allowed to

form mammospheres for 7 days.

Images were acquired with Olympus IX-71 Inverted Epifluores-

cence Microscope. Quantification was done using ImageJ. At least 5

fields of 10× photographs were randomly selected per condition. For

aberrant sphere quantification, spheres were counted based on

abnormal circulatory. For sphere size quantification, spheres were

all counted using “Analyze Particles” function if the particle was

larger than 50 pixels. Sphere size quantification was carried out by

ImageJ, with a particle size threshold (0.05—inf. inches, 10×

images). IHC nuclei quantification was carried out by ImageJ, with

a particle size threshold of (50—inf. pixels, 20× images).

In order to collect the spheres for RNA isolation, media was

removed from the chamber slides and the Matrigel layer with

adhered spheres was incubated with 5 U/ml dispase (Stem Cell

Technologies, Vancouver, Canada) for 30 min at 37°C. Solution

was collected, centrifuged to pellet spheres, and washed with PBS

before RNA isolation with the RNeasy Mini Kit (Qiagen, Hilden,

Germany) according to the manufacturer’s protocol. Reverse tran-

scription–qPCR (RT–qPCR) was then carried out as previously

described.

cDNA array, RNA-seq, ChIP-seq, and Hi-C data analysis

ChIP-seq
Samples were prepared with the Active Motif’s Low Cell ChIP-seq

Kit according to the manufacturer’s protocol. Libraries were sent to

Novogene for sequencing, and 45 million paired reads per sample

were acquired on an Illumina HiSeq 2500 Sequencer. Raw FASTQ

files were aligned to Hg38 with BWA-MEM, and peaks were called

with MACS2. ChIP-seq tracks made using bedtools and visualized

on IGV. Publicly available ChIP-seq files were downloaded from

Cistrome DB, ENCODE, or EMBO, and processed with ChIPseeker in

R. Additionally, tracks were downloaded from the Cistrome plat-

form and visualized on the UCSC Genome Browser.

RNA-seq
RNA was extracted from cell lines in triplicate using RNeasy Mini

Kit with on-column DNAse digestion, and quality was assessed

by Bioanalyzer. All samples submitted for sequencing had an

RNA Integrity Value > 9.0. RNA-sequencing libraries were

prepared using TruSeq Total RNA with RiboZero Gold library

(Illumina, San Diego, CA, USA) at the UCLA Neuroscience Geno-

mics Core, and 50 million paired reads per sample were acquired

on an Illumina HiSeq 2500 Sequencer. A STAR index was gener-

ated using GTF annotation from GENCODEv28. Raw FASTQ files

were aligned to GRCh38 with STAR and normalized and back-

ground-corrected using EdgeR. Derived counts per million and P

value were used to create a rank ordered list, which was then

analyzed by GSEA. For gene groupings, genes were selected if

YAP overexpression yielded +2-fold change in gene expression

levels compared to S94A, and then sequentially grouped based on

effect of AIB1 knockdown. Heatmaps were generated by heatmap

function in R.

Illumina cDNA array
RNA was extracted from cell lines in duplicate using RNeasy Mini

Kit (Qiagen, Hilden, Germany), and quality was assessed by

Bioanalyzer. All samples submitted for hybridization had an RNA

integrity value > 9.0. RNA was amplified in a single round with

the Illumina TotalPrep RNA Amplification Kit (Ambion). Ampli-

fied RNA was hybridized to Illumina HumanHT-12 v4 Expression

BeadChip according to the manufacturer’s instructions. Illumina

files were background-corrected and quantile-normalized using

the limma in R. Derived fold change and P value were used to

create a rank ordered list, which was subsequently analyzed by

GSEA.

Hi-C
Hi-C and gene-enhancer interaction tracks were downloaded from

the GeneHancer platform and visualized on the UCSC Genome

Browser.
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Xenograft studies

MCF10A and MCFDCIS transduced with control or ANCO1 shRNAs

were resuspended at a density of 7.5 × 105 cells in 1:1 culture

medium/MatrigelTM (Corning) and were injected subcutaneously

into 6- to 8-week-old female nude mice. MCF10A and MCFDCIS

xenografted mice were euthanized by CO2 inhalation 39 and 48 days

after cell implantation, respectively. Xenograft tissues were

collected, fixed in 10% formalin for histopathology, or were snap-

frozen for gene expression analyses.

IHC/IF

Paraffin-embedded sections (5 lm) obtained from human reduction

mammoplasty, breast cancer biopsies, and MCF10A and MCFDCIS

xenograft tissues were hematoxylin and eosin (H&E) and immuno-

histochemistry (IHC)-stained. H&E and IHC staining were carried

out by the Georgetown University Histopathology & Tissue Shared

Resource using standard methods. For IHC analysis, paraffin-

embedded sections were deparaffinized, rehydrated, antigens

exposed with citrate buffer pH 6.0 (00-5000, Thermo Fisher Scien-

tific) at 100°C, and were quenched with 3% hydrogen peroxide

(H325-500, Fisher Scientific). To block non-specific binding, tissue

sections were incubated with 10% normal goat serum. The detec-

tion of p63 and ANCO1 protein expression was accomplished by

incubating tissue sections overnight at 4°C with described antibody

dilution of the primary monoclonal antibody according to the manu-

facturers’ directions (see Appendix Table S1 for antibody concentra-

tions). The detection of the primary antibody was performed using

DAKO Envision Plus HRP Kit (Dako Corporation). The slides were

counterstained with hematoxylin solution (MHS16, Sigma-Aldrich).

Stained tissues were photographed using an Olympus BX40 micro-

scope. Quantification of the histological areas and the percentage of

cells with ANCO1 nuclear staining were carried out using Fiji soft-

ware.

Animal models

Female athymic nude mice were obtained from Envigo (Hunting-

don, UK) and were maintained in the Georgetown University Divi-

sion of Comparative Medicine. Animal experiments were conducted

in compliance with protocols approved by the Georgetown Univer-

sity Institutional Animal Care and Use Committee.

Human samples

Human formalin-fixed, paraffin-embedded tissue sections of normal

breast reduction mammoplasty and DCIS were de-identified and

obtained from Georgetown University tissue bank shared resource.

The samples were processed and stained according to histochemical

protocols described.

Patient gene expression analysis

Normalized patient data were downloaded either from the GEPIA

database (for Breast GTEX and TCGA data), or Xenabrowser (Pan-

Can TCGA data). TCGA data were stratified at the median by

ANCO1 expression and subsequently analyzed.

Quantification and statistical analysis

All statistical tests were carried out using GraphPad Prism 8.0,

Microsoft Excel, GSEA, or ChIPseeker and EdgeR package in R.

Statistical tests used described in figure legends.

Kaplan–Meier plots were generated and analyzed at http://km

plot.com/analysis.

Data availability

The RNA-sequencing data have been deposited to the Gene Expres-

sion Omnibus under record GSE132475; http://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=GSE132475. The ChIP-sequencing

data have been deposited to the Gene Expression Omnibus under

record GSE137284; http://www.ncbi.nlm.nih.gov/geo/query/acc.c

gi?acc=GSE137284.

Expanded View for this article is available online.
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