
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Michalak, EM;Milevskiy, MJG;Joyce, RM;Dekkers, JF;Jamieson, PR;Pal, B;Dawson, CA;Hu,
Y;Orkin, SH;Alexander, WS;Lindeman, GJ;Smyth, GK;Visvader, JE

Title:
Canonical PRC function is essential for mammary gland development and affects
chromatin compaction in mammary organoids

Date:
--

Citation:
Michalak, E. M., Milevskiy, M. J. G., Joyce, R. M., Dekkers, J. F., Jamieson, P. R., Pal,
B., Dawson, C. A., Hu, Y., Orkin, S. H., Alexander, W. S., Lindeman, G. J., Smyth, G. K.
& Visvader, J. E. (). Canonical PRC function is essential for mammary gland
development and affects chromatin compaction in mammary organoids. Plos Biology, 
(), https://doi.org/./journal.pbio..

Persistent Link:
https://hdl.handle.net//

License:
CC BY

CC%20BY


RESEARCH ARTICLE

Canonical PRC2 function is essential for

mammary gland development and affects

chromatin compaction in mammary

organoids

Ewa M. Michalak1,2¤*, Michael J. G. Milevskiy1,2☯, Rachel M. Joyce1,2☯, Johanna

F. Dekkers1,2, Paul R. Jamieson1,2, Bhupinder Pal1,2, Caleb A. Dawson1,2, Yifang Hu3,

Stuart H. Orkin4, Warren S. Alexander2,5, Geoffrey J. Lindeman1,6,7, Gordon K. Smyth3,8,

Jane E. Visvader1,2*

1 ACRF Stem Cells and Cancer Division, The Walter and Eliza Hall Institute of Medical Research, Parkville,

Victoria, Australia, 2 Department of Medical Biology, The University of Melbourne, Parkville, Victoria,

Australia, 3 Bioinformatics Division, The Walter and Eliza Hall Institute of Medical Research, Parkville,

Victoria, Australia, 4 Department of Pediatric Oncology, Dana-Farber Cancer Institute and Division of

Hematology/Oncology, Boston Children’s Hospital, Harvard Stem Cell Institute, Harvard Medical School,

Boston, Massachusetts, United States of America, 5 Cancer and Haematology Division, The Walter and Eliza

Hall Institute of Medical Research, Parkville, Victoria, Australia, 6 Department of Medicine, University of

Melbourne, Parkville, Victoria, Australia, 7 Familial Cancer Centre, Royal Melbourne Hospital and Peter

MacCallum Cancer Centre, Parkville, Victoria, Australia, 8 School of Mathematics and Statistics, The

University of Melbourne, Parkville, Victoria, Australia

☯ These authors contributed equally to this work.

¤ Current address: Cancer Research Division, Peter MacCallum Cancer Centre, Melbourne, Victoria,

Australia

* visvader@wehi.edu.au (JEV); ewa.michalak@petermac.org (EMM)

Abstract

Distinct transcriptional states are maintained through organization of chromatin, resulting

from the sum of numerous repressive and active histone modifications, into tightly packaged

heterochromatin versus more accessible euchromatin. Polycomb repressive complex 2

(PRC2) is the main mammalian complex responsible for histone 3 lysine 27 trimethylation

(H3K27me3) and is integral to chromatin organization. Using in vitro and in vivo studies, we

show that deletion of Suz12, a core component of all PRC2 complexes, results in loss of

H3K27me3 and H3K27 dimethylation (H3K27me2), completely blocks normal mammary

gland development, and profoundly curtails progenitor activity in 3D organoid cultures.

Through the application of mammary organoids to bypass the severe phenotype associated

with Suz12 loss in vivo, we have explored gene expression and chromatin structure in wild-

type and Suz12-deleted basal-derived organoids. Analysis of organoids led to the identifica-

tion of lineage-specific changes in gene expression and chromatin structure, inferring cell

type–specific PRC2-mediated gene silencing of the chromatin state. These expression

changes were accompanied by cell cycle arrest but not lineage infidelity. Together, these

data indicate that canonical PRC2 function is essential for development of the mammary

gland through the repression of alternate transcription programs and maintenance of chro-

matin states.
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Author summary

The formation of mammary glands requires the tight regulation of many genes that gov-

ern cell fate decisions in the cells that form them. However, most of these genes remain

undefined. The Polycomb repressive complex 2 (PRC2) has a role in gene silencing, and it

is comprised of several subunits, which include either Enhancer of Zeste homolog 2

(Ezh2) or Ezh1 in combination with Suppressor of Zeste 12 protein homolog (Suz12) and

embryonic ectoderm development (EED). Dysregulation of these subunits can lead to

breast cancer. Although previous studies have analyzed the contribution of these com-

plexes in mammary epithelium, failure to inactivate all canonical PRC2 complexes has

made this task difficult. Deletion of Suz12 resulted in nonfunctional PRC2 and led to

growth defects in mammary epithelial cells in vivo and in vitro. Here, we have used a 3D

mammary organoid system to circumvent the lethality associated with Suz12 loss and

studied chromatin dynamics and gene expression of PRC2 complexes. Our results suggest

that loss of all canonical PRC2 complexes results in failure to repress transcriptional pro-

grams associated with early commitment and differentiation of mammary epithelial cells.

Introduction

A central question in biology is how different cell types maintain distinct cell fates despite con-

taining the same genetic material. Organization of DNA into open or closed chromatin states

by posttranslational modifications (PTMs) of histones has emerged as a critical mechanism

underpinning cell diversity and reflecting lineage-specific gene expression, developmental pro-

grams, or disease processes [1]. The highly conserved Polycomb repressive complex 2 (PRC2),

which catalyzes trimethylation of histone 3 on lysine 27 (H3K27me3), is associated with global

gene repression and suppression of alternative differentiation programs. The canonical PRC2

complex is composed of the intimately associated core proteins histone methyltransferase

Enhancer of Zeste homolog 2 (Ezh2) or an alternative related subunit Ezh1 [2], embryonic

ectoderm development (Eed), Suppressor of Zeste 12 protein homolog (Suz12), and histone-

binding protein accessory proteins [3]. Upon recruitment of PRC2 to chromatin, Ezh2/Ezh1

deposits the H3K27me3 mark associated with chromatin compaction [3]. PRC2 is required for

deposition of H3K27me3 and for maintenance of this PTM upon cell division [4]. Addition-

ally, the requirement of PRC2 activity for H3K27 mono- and dimethylation (H3K27me1 and

H3K27me2) remains unclear [5]. Early studies showed that both Suz12 and Eed are nonredun-

dant and essential for a functional PRC2 complex [6]. Deletion of Suz12 or Eed resulted in ele-

vated expression of Hox genes in Drosophila and mammalian cells and marked increases in

gene networks that control developmental lineages [7,8] because of loss of PRC2 integrity and

H3K27me3-mediated repression [9]. In contrast to Eed and Suz12, Ezh2 function can be com-

pensated, partially [10] or completely [11], by Ezh1. Nevertheless, like mice lacking Suz12 or

Eed, Ezh2-deficient mice are not viable and die during early implantation stages [6].

Members of PRC2—in particular, Ezh2—are often found dysregulated in human cancers.

In breast cancer, Ezh2 overexpression is associated with aggressive breast cancers and poor

prognosis and inversely correlated with H3K27me3 expression [12]. It remains unclear

whether Ezh2 overexpression is a consequence or cause of breast oncogenesis [13]. High levels

of Ezh2 may not be sufficient to induce mammary tumors in mice [14], suggesting additional

driver mutations are required. To further understand the basis of this dysregulation in cancer,

it is imperative to determine the normal functions of PRC2 and Ezh2 in maintaining gene

expression programs in the mammary gland.

Suz12 is essential for mammary progenitor cell function
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The mammary gland in both humans and mice is a bilayered structure composed of two

cellular lineages: an inner luminal layer and an outer myoepithelial layer that contacts the

basement membrane [15]. There is increasing evidence for a differentiation hierarchy com-

posed of stem cells, committed progenitors, and mature epithelial cells [15]. In the steady

state, mouse mammary stem cell (MaSC)/basal, luminal progenitor, and mature luminal cell

subsets display distinct patterns of H3K27me3 [16]. The MaSC/basal subset demonstrates the

lowest levels of H3K27me3. Higher levels of H3K27me3 correlate with reduced gene expres-

sion and increase upon cell specialization [16]. These data support a model whereby mam-

mary epithelial cell (MEC) differentiation requires narrowing of transcriptional programs

and suppression of alternate cell fates. Accordingly, genetic ablation or knock-down of Ezh2
in the mammary gland resulted in a developmental delay [16,17] but did not entirely prevent

mammary gland development. This is likely due to residual H3K27 methylation, presumably

established through compensatory methyltransferase activity of Ezh1. It is therefore probable

that studies to date have underestimated the importance of PRC2 in directing mammary cell

fate.

To reexamine the contribution of the canonical PRC2 complex to mammary gland develop-

ment, we deleted Suz12 in vivo and in mammary organoids [18]. Here, we show a nonredun-

dant function for Suz12 in mammary progenitor cells due to loss of PRC2 function. Similar

findings were made upon deletion of Eed. Through the application of assay for transposase-

accessible chromatin using sequencing (ATAC-seq) to probe chromatin accessibility in Suz12-

deficient organoid cultures, we have identified regions of PRC2-dependent chromatin com-

paction and consequent changes in gene expression. Interestingly, the chromatin state in

basal-derived organoids was reliant on PRC2 function, and Suz12 deletion led to gene de-

repression, thus highlighting a crucial role for PRC2 in the maintenance of chromatin states

within the mammary epithelial hierarchy.

Results

Suz12 or Eed deletion results in marked delay of mammary ductal

outgrowth and perinatal lethality

Mammary gland development proceeds through distinct phases that include puberty and

cycles of pregnancy, lactation, and involution. Suz12 expression, like Ezh2 [16,17], was

detected at all stages of mammary gland development (S1A Fig) but was particularly high dur-

ing puberty (4–6 week old mice). To examine the role of Suz12 in the mammary gland, we

crossed mice bearing floxed Suz12 alleles with Cre transgenic mice that express Cre under con-

trol of the mouse mammary tumor virus promoter (MMTVcre). Genotyping of offspring

revealed that two-thirds of MMTVcreT/+Suz12fl/f mice did not survive to weaning (S1 Data),

and examination of newborn pups revealed abnormal lung development (S1B Fig), likely due

to activity of MMTVcre in this tissue [19], and consistent with the reported role for PRC2/

Ezh2 in lung [20].

MMTVcreT/+Suz12f/f mice that survived beyond birth appeared normal and did not differ

from wild-type (Wt) mice with respect to bodyweight (S1C Fig). Examination of whole

mounts and histological sections of mammary glands from MMTVcreT/+Suz12f/f mice dur-

ing puberty revealed a heterogeneous phenotype. Some glands were indistinguishable from

Wt or heterozygous littermates, while others comprised a small ductal tree, characteristic of

the rudimentary ductal tree found in newborn mice (n = 4) (Fig 1A and S1D Fig). These

small but otherwise normal mammary glands indicate that gene deletion leads to severe

impairment of ductal growth during puberty [21,22]. Notably, Suz12 mRNA expression in

Suz12 is essential for mammary progenitor cell function
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Fig 1. Deletion of Suz12 selects for mammary outgrowths composed of cells that retain PRC2 function.

Representative images of whole mounts, HE stained sections (A), and immunohistochemical staining for Suz12, Ezh2,

and H3K27me3 (B) in mammary glands from 6 week old MMTVcreT/+Suz12f/f and control mice. Arrows in whole

mounts indicate the leading edge of the mammary epithelium. Isotype-control stained sections are shown in the inset.

Scale bars: 4 mm (whole mounts, HE) and 50 μm (immunohistochemistry). Ezh2, Enhancer of Zeste homolog 2; HE,

hematoxylin–eosin; H3K27me3, histone 3 lysine 27 trimethylation; PRC2, Polycomb repressive complex 2; Suz12,

Suppressor of Zeste 12 protein homolog.

https://doi.org/10.1371/journal.pbio.2004986.g001
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MMTVcreT/+Suz12f/f and MMTVcreT/+Suz12f/+ glands was found to be comparable (S1E

Fig), demonstrating that these ductal structures were derived from epithelial cells in which

Suz12 had not been deleted. Moreover, protein expression of Ezh2, Suz12, and H3K27me3

was retained in sections from 5–6 week old MMTVcreT/+Suz12f/f mammary glands, indica-

tive of strong selection against Suz12-deleted cells and retention of a functional PRC2

complex in the mammary epithelium (Fig 1B). Cell fate was also retained as assessed by

immunostaining for estrogen receptor (ER), progesterone receptor (PR), and forkhead

box A1 (Foxa1) (S1F Fig).

We next determined whether deletion of the second core subunit of canonical PRC2 mem-

ber Eed produced a similar phenotype to deletion of Suz12. As seen with Suz12 deletion, condi-

tional deletion of Eed with MMTVcre resulted in perinatal lethality of mice (S1 Data), and

surviving mice appeared normal, except for a pronounced absence or delay in growth of the

ductal tree (S2A Fig). Similar to Suz12 deletion, Eed mRNA expression was found to be indis-

tinguishable between mammary epithelium from MMTVcreT/+Eedf/f and Wt mice (S2B Fig).

In addition, Eed, Ezh2, and H3K27me3 proteins were detected by immunofluorescence (IF)

and immunohistochemistry (IHC) at comparable levels to those in Wt mammary glands (S2C

and S2D Fig). Taken together, these results suggest that canonical PRC2 complexes are critical

for the proliferation and/or survival of MECs, and cells deleted for PRC2 function cannot con-

tribute to the developing mammary gland.

Suz12 is required for the integrity of PRC2 and histone H3K27me2/me3 in

MECs

To investigate which MEC subsets were affected by Suz12 loss, we acutely deleted Suz12
using the inducible and conditional Rosa26-creERT2 (R26creERT2) mouse model.

R26creERT2KI/+Suz12f/f mice injected with tamoxifen die within 2 weeks because of hemato-

poietic failure (personal communication, S. Lee to E. Michalak), thus precluding the use of this

model for in vivo studies. Basal/MaSC-enriched (basal, CD29hiCD24+), committed luminal

progenitor (CD29loCD24+CD14+), and mature luminal (CD29loCD24+CD14−) cell subsets

were sorted from R26creERT2KI/+Suz12f/f and control mice and subjected to in vitro colony-

forming assays to determine the effect of Suz12 deletion on the activity of mammary progeni-

tor cells following induction by 4-hydroxytamoxifen (4OHT). Consistent with expression of

Suz12 in all mammary epithelial subsets (Fig 2A), we observed fewer colonies in 2D colony

forming assays on irradiated feeder cells (Fig 2B) upon induction of Suz12 deletion. In contrast

to the hematopoietic system, in which loss of one allele of Suz12 [14] or Eed [23] enhances the

activity of stem cells, deletion of one Suz12 allele did not affect the clonogenic activity of pro-

genitor cells (Fig 2B). Unsorted MECs efficiently deleted Suz12 and yielded sufficient protein

for western blot analysis (Fig 2C). As expected, Ezh2 protein was completely lost upon Suz12
deletion, while Ezh2 mRNA levels were not reduced (S3A Fig), suggesting rapid Ezh2 protein

degradation leads to the absence of functional PRC2 upon Suz12 deletion. This is supported by

the loss of H3K27me2 and H3K27me3 that accompanies Suz12 deletion (Fig 2C). Conversely,

expression of the active H3K27me1 mark [4] did not change. No change in cleaved poly ADP

ribose polymerase (PARP) was detected, suggesting that Suz12-deleted MECs do not undergo

appreciable apoptosis. However, we observed increased expression of cyclin-dependent kinase

p16 and p19 alternate reading frame (p19Arf), consistent with a known role for Ezh2/PRC2 in

regulating cdkn2a gene expression (S3B Fig). These data suggest that Suz12 exerts an essential

function in the mammary gland through maintenance of functional tri- as well as dimethyla-

tion of target loci.

Suz12 is essential for mammary progenitor cell function
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Suz12 deletion diminishes mammary organoid proliferation

To develop a system more amenable to molecular studies, we employed a 3D mammary orga-

noid system, in which organoids grown from single cells in defined medium recapitulate many

Fig 2. Suz12 is essential for MaSC and progenitor cell activity and integrity of the PRC2 complex. (A) Western blot

analysis of PRC2 proteins and histone marks in basal/MaSC-enriched (Basal, CD29hiCD24+), committed luminal

progenitor (CD29loCD24+CD14+), and mature luminal cells (CD29loCD24+CD14−) populations sorted from 10 week

old C57BL/6 mice. Molecular mass in KDa of the protein ladder are shown on the left-hand side. (B) Representative

images of Giemsa-stained colonies (left) and quantification of colonies (right) grown from sorted epithelial

populations from R26creERT2KI/+Suz12f/f mice and littermate controls in the presence or absence of 4OHT. Basal,

luminal progenitor, and mature luminal cell populations (defined in A) were sorted from R26creERT2KI/+Suz12f/f mice

and control genotypes and 100 cells plated onto irradiated 3T3s. Colony formation was assessed 1 week following

addition of 4OHT to induce Suz12 deletion. Mean ± S.E.M. (n = 3–5 independent mice per genotype performed in

duplicate). �� P< 0.01 for KI/+ f/f compared with all other genotypes (one-way ANOVA for multiple comparisons).

Scale bars: 2 mm. (C) Western blot analysis of protein expression in MECs from R26creERT2KI/+Suz12f/f mice and the

indicated control genotypes following addition of 4OHT to induce Suz12 deletion on day 2. Cells were cultured for 1

week prior to preparation of protein lysates. Molecular mass in KDa of the protein ladder are shown on the left.

Individual quantitative observations can be found in S6 Data. 4OHT, 4-hyrdoxytamoxifen; Ezh2, Enhancer of Zeste

homolog 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; H3K27me1, histone 3 lysine 27 monomethylation;

H3K27me2, histone 3 lysine 27 dimethylation; H3K27me3, histone 3 lysine 27 trimethylation; MaSC, mammary stem

cell; MEC, mammary epithelial cell; PRC2, Polycomb repressive complex 2; Suz12, Suppressor of Zeste 12 protein

homolog.

https://doi.org/10.1371/journal.pbio.2004986.g002
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features of mammary tissue architecture and function [18]. Single basal or luminal progenitor

cells sorted from R26creERT2KI/+Suz12f/f mice were plated, and deletion of Suz12 was induced

by addition of 4OHT on day 1. Suz12 loss resulted in diminished numbers and smaller basal-

and luminal progenitor–derived organoids over a 2 week culture period. Notably, PCR analy-

sis of the resulting organoids revealed that selection against cre-mediated excision of both

floxed alleles of Suz12 had occurred (S3C Fig). To circumvent this issue, small organoids were

allowed to form before induction of deletion. Indeed, addition of 4OHT on day 4 resulted in

smaller cystic-like organoids (Fig 3A and 3B) composed of Suz12-deleted cells (Fig 3C and

S3D and S3E Fig) that had markedly reduced levels of H3K27me3 (S3E Fig). There were no

notable differences in cleaved caspase 3 (CC3) in 2 week old Suz12-deleted organoids, but

rather, a striking decrease in proliferative (Ki67+) cells was evident (Fig 3D). Consistent with

the idea that cells lacking Suz12 are nonproliferative, repassaging resulted in the expansion of

rare cells that had escaped Suz12 deletion (S3F and S3G Fig). Together, these data suggest that

loss of Suz12 reduces the fitness and proliferation of mammary organoids.

Suz12 loss results in changes to chromatin accessibility and gene

transcription

To determine potential target genes that are dependent on Suz12 and therefore canonical

PRC2 function, we performed RNA sequencing (RNA-seq) analysis of Suz12 Wt or Suz12-

deleted basal- and luminal-derived mammary organoids grown from R26creERT2KI/+Suz12f/f

mice. Suz12 was significantly down-regulated in both populations (Fig 4A, S4A Fig and S2

Data), and deletion of exon 5 was confirmed at the targeted locus (S4B Fig). In both basal- and

luminal-derived organoids, the majority (>86%) of differentially expressed (DE) genes were

up-regulated rather than down-regulated upon Suz12 deletion, consistent with the repressive

role of PRC2 (Fig 4A, S4A and S4C Fig). A large overlap was apparent between up- and down-

regulated DE genes (S4C Fig), as well as a strong correlation with gene expression changes

(S4D Fig) in Suz12-deleted basal- versus luminal-derived organoids. This is consistent with a

global effect of Suz12 deletion on PRC2 stability in MECs. Gene ontology (GO) enrichment

analysis found that common DE down-regulated genes were significantly enriched for meta-

bolic processes and H3K27 methylation, while common DE up-regulated genes were enriched

for development and morphogenesis GO terms (S4C Fig).

To explore whether the changes in gene expression accompanying loss of Suz12 reflect

alterations in chromatin compaction associated with loss of repressive H3K27me2/me3 marks,

we performed global mapping of chromatin accessibility using ATAC-seq. Differential accessi-

bility analysis identified 2,767 windows, of which 2,415 (87.3%) were more accessible upon

Suz12 deletion (Fig 4B and S3 Data). Further, 1,377 of these windows overlapped with the tran-

scription start site or gene body of 766 independent genes in Suz12-deleted basal organoids

(referred to as differentially accessible [DA] genes from hereon). Nevertheless, the frequency

of reads mapping to nucleosome-free regions versus mononucleosomes was not significantly

altered. We observed only minor changes to insert length, suggesting no gross changes in

nucleosome occupancy (S5A and S5B Fig), and a comparison of GC enrichment indicated a

minor increased frequency of highly GC-rich regions, usually found at regulatory elements

within promoters (Fig 4C). Moreover, model-based analysis of ChIP-seq (MACS) peaks analy-

sis showed a small number of unique peaks upon Suz12 deletion (Fig 4D). Next, we compared

the DA windows identified by ATAC-seq with gene expression from their associated gene to

determine if changes in chromatin compaction elicited by Suz12 deletion were sufficient to

induce changes in gene transcription. A strong correlation was evident between open chroma-

tin and transcriptional up-regulation in Suz12-deleted basal-derived organoids (Fig 4E).

Suz12 is essential for mammary progenitor cell function
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However, analysis of Wt organoids did not reveal a correlation between genes assigned from

ATAC-seq analysis and changes in their expression. Almost one-third (28%) of genes that

became more accessible upon Suz12 deletion were significantly up-regulated by RNA-seq

(Fig 4F). These 218 common genes included Cdkn2a (S6A Fig and S4 Data), a known target of

Fig 3. Suz12 loss perturbs the growth of mammary organoids. (A) Representative best-focus Z stack and enlarged

inset images of 2 week old organoids grown from single basal or luminal progenitor cells from R26creERT2KI/+Suz12f/f

mice. Organoids were left untreated or treated with 4OHT on day 4 of culture. Scale bars: 200 μm and 40 μm (inset). (B)

Quantification of organoid proliferation in 14–16 day old cultures from R26creERT2KI/+Suz12f/f mice or control mice

described in (A), as measured by the cell titer-glow cell viability assay. Values were normalized to the average of the

conditions per experiment. Mean ± S.E.M. (basal, n = 4–5 experiments; luminal, n = 6–7 experiments). ��� P< 0.0001

(t test). (C) Image of genotyping PCR performed on 2 week old organoids described in (A) to distinguish the Wt, floxed

(flox), and recombined (del) Suz12 alleles in basal- or luminal-derived organoids derived from 2 independent

R26creERT2KI/+Suz12f/f mice. Controls included no DNA (left) and Suz12 Wt DNA (right). The size in bp of the DNA

ladder is shown on the left-hand side. (D) Immunohistochemical staining for CC3 and Ki67 on 2 week old organoids

from R26creERT2KI/+Suz12f/f mice or control mice, treated with 4OHT on day 4 of culture. Arrowheads indicate

CC3-positive cells. Scale bars: 400 μm. Individual quantitative observations can be found in S6 Data. 4OHT,

4-hydroxytamoxifen; CC3, cleaved caspase 3; Suz12, Suppressor of Zeste 12 protein homolog; Wt, wild-type.

https://doi.org/10.1371/journal.pbio.2004986.g003
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Ezh2-mediated repression that encodes p16 and p19Arf, and transcription factors (TFs)

involved in diverse lineage commitment, including Foxd1 and homeobox TFs (S6B and S6C

Fig), and accordingly, represented sequence-specific DNA-binding GO terms (S5 Data). Nota-

bly, confocal imaging of organoids confirmed the persistence of basal and luminal cells in

Suz12-deleted organoids (S6D Fig), suggesting lineage fidelity was maintained.

A similar ATAC-seq analysis was applied to Suz12-deleted luminal-derived organoids (S7A

and S7B Fig), which revealed an increase in reads associated with nucleosomes (S5A and S5B

Fig). These longer fragments were enriched in promoter-flanking and transcribed regions [24]

consistent with increased expression of DE genes. Despite detecting many unique DA peaks

(S7C Fig), particularly associated with promoters and intragenic/gene bodies (S7D Fig), the

corresponding windows were less strongly associated with DE genes found by RNA-seq (S7E

and S7F Fig).

Comparison of the Suz12-deleted gene expression signatures derived for both basal and

luminal organoids showed that they were most similar to claudin-low and normal-like breast

tumors (S7G Fig), similar to that observed for the basal/MaSC cell signature [25]. Likewise, the

gene expression profile of Ezh2-deleted MECs was most concordant with claudin-low breast

tumors [16]. The striking similarity between gene expression signatures of organoids lacking

Fig 4. Suz12 deletion in basal-derived organoids results in changes in chromatin accessibility and de-repression of

transcriptional programs. (A) MD plot showing log2-fold expression changes versus average log2-expression

identified by RNA-seq in Suz12-deleted basal-derived organoids compared with Wt organoids. Up- and down-

regulated genes with changes significantly greater than 1.5-fold are highlighted in red and blue, respectively (Treat-

FDR< 0.05). Suz12 expression is indicated. (B) MD plot showing windows identified by 150 bp tiling as significantly

DA by ATAC-seq analysis of Suz12-deleted basal-derived organoids, compared with Wt average log-expression.

Windows that were significantly up- or down-regulated are shown in red or blue, respectively. (C) A plot showing GC

nucleotide enrichment in genomic regions of ATAC-seq reads of Suz12-deleted basal-derived organoids, compared

with Wt. Shown is the average of the genome and functional DNA elements in the mouse genome. (D) MACS Peaks

calling analysis of Suz12-deleted basal-derived organoids (KO), compared with Wt. (E) Box and whisker plot of DA

genes found to be associated with windows found in (B) by ATAC-seq analysis of Wt and Suz12-deleted basal-derived

organoids (KO), and their corresponding expression by RNA-seq analysis. Whiskers represent the 5%–95% intervals.
��� P< 0.0001 (unpaired t test, Welch’s correction). (F) Venn diagram showing the overlap in up-regulated DE genes

identified by RNA-seq and DA genes by ATAC-seq in Suz12-deleted basal-derived organoids. Individual quantitative

observations can be found in S6 Data. ATAC-seq, assay for transposase-accessible chromatin using sequencing; DA,

differentially accessible; DE, differentially expressed; FDR, false discovery rate; KO, knockout; MACS, model-based

analysis of ChIP-seq; MD, mean-difference; RNA-seq, RNA-sequencing; Wt, wild-type.

https://doi.org/10.1371/journal.pbio.2004986.g004
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key PRC2 complex genes and claudin-low breast tumors—which exhibit a metaplastic, clini-

cally aggressive phenotype in patients—suggests that PRC2 may play a role in tumor pheno-

type and behavior.

Discussion

Using in vivo and in vitro studies, we show that deletion of a core component (either Suz12 or

Eed) of the canonical PRC2 complexes leads to a complete block in mammary gland develop-

ment in vivo and markedly curtails progenitor cell activity in vitro. Strikingly, Suz12- or Eed-

deleted cells were strongly selected against and could not contribute to the developing mam-

mary gland. This resulted in very small glands consisting of Wt cells. These findings are consis-

tent with previous reports for nonredundant genes that are required for stem cell function

[26]. Assays using primary MECs and organoids suggest that this is due in part to de-repres-

sion of cdkn2a, resulting in increased p16 and p19 expression and reduced proliferation owing

to cell cycle arrest. Thus, previous studies [16,17] have underestimated the importance of

PRC2 in governing mammary progenitor activity and differentiation, owing to some func-

tional redundancy between Ezh1 and Ezh2. Moreover, these results are consistent with PRC2

promoting mammary epithelial expansion, rather than inhibiting it [27]. By exploiting mam-

mary organoids to bypass the severe developmental phenotype associated with loss of Suz12,

we examined changes in chromatin structure in the presence and absence of PRC2 and corre-

lated these with gene expression changes.

PRC2 complexes are reported to colocalize with H3K27me3 on the promoters of around

10% of all genes [5]. Upon Suz12 deletion, we observed comparable changes in gene expression

(7%–11%) in both basal- and luminal-derived organoids. There was significant overlap

between the up-regulated genes in basal- and luminal-derived organoids, and the magnitude

of change was highly correlated. Assessment of chromatin accessibility with ATAC-seq indi-

cated that the chromatin of basal-derived organoids is more open upon Suz12 loss. Recent

findings in human breast epithelial subsets [28] predict that bivalent promoters and primed

enhancers would be the most affected by loss of H3K27me3 in Suz12-deleted basal-derived

organoids. Since we did not observe a significant increase in GC content of DA reads identi-

fied by ATAC-seq, the mechanism is most likely to involve enhancers. Coupling RNA-seq

with ATAC-seq analysis in basal-derived organoids revealed that deletion of Suz12 led to more

than one quarter of genes becoming significantly transcriptionally active coincident with more

accessible chromatin. We have previously shown that the MaSC/basal subset demonstrates the

lowest levels of H3K27me3 across transcriptional start sites (TSSs) [16] while also producing

slightly less RNA overall [29]. This observation supports the notion that this gene subset

marked by H3K27me3 is transcriptionally regulated through H3K27me3-mediated repression

accompanied by chromatin compaction and is dependent on canonical PRC2 function. Our

results indicate that open chromatin is a good predictor of gene activation in basal-derived

organoids. In the luminal compartment, there is an increased level of H3K27me3 [16], while

these cells are more transcriptionally active overall [29]. In luminal-derived organoids, loss of

PRC2 resulted in increased chromatin accessibility and an increase in reads mapping to

regions with high GC content. In contrast to basal-derived organoids, the low correlation with

gene expression in luminal-derived organoids suggests that additional mechanisms beyond

chromatin accessibility serve to ensure proper gene repression. This may be due to DNA meth-

ylation or the combination of additional activating and repressive histone marks that maintain

gene repression in this more committed cell type, as observed for human luminal cells [28].

Our studies indicate that PRC2 is responsible for both H3K27me3 and H3K27me2 marks

in MECs, as evidenced by their loss in Suz12-deleted cells. Notably, we show here that the
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absence of these repressive marks through deletion of a single protein results in large changes

in gene expression, consistent with the notion that chromatin states are the sum of a limited

repertoire of PTM combinations on histone tails. While these data do not exclude noncanoni-

cal functions in the presence of a functional PRC2 complex [30], they suggest that Suz12 is a

limiting factor for expression of Ezh2 protein and thus a functional PRC2 complex in the

mammary epithelium.

In the context of breast cancer, our data indicate that Suz12-deleted organoids, like Ezh2-

null basal cells [16], displayed similarities with signatures of claudin-low breast cancers, which

are thought to arise from MaSCs. While Ezh2 up-regulation was initially associated with

aggressive breast cancers, several studies now indicate that Ezh2 overexpression may be a con-

sequence rather than a cause of breast cancer [13]. Indeed, deletion of Ezh2 accelerated tumors

in a mouse model of Brca1-deleted breast cancer [31] and in a breast cancer model of Notch

activation [13]. Additionally, the status of the cdkn2a locus of an individual tumor might pre-

dict its response to Ezh2 loss. The observation that Suz12 deficiency in normal mammary cells

leads to de-repression of cdkn2a, paralleling that seen with loss of Ezh2 [32], would predict

that loss of PRC2 function in breast cancer would result in decreased tumor proliferation via

up-regulation of p16Ink4a and p14Arf expression. However, if this locus is perturbed, as is seen

in many breast cancers [33], then loss of Ezh2 might have quite different consequences. Fur-

ther work will be required to determine if loss rather than overexpression of PRC2 contributes

to tumor progression in other cellular contexts.

In summary, our findings establish an essential role for PRC2 in the maintenance of mam-

mary progenitor function and point to a critical function for PRC2 in maintaining chromatin

states to ensure appropriate gene expression in MECs.

Methods

Ethics statement

All animal experiments were conducted using mice bred at and maintained in our animal

facility according to the Walter and Eliza Hall Institute of Medical Research Animal Ethics

Committee guidelines, approval number 2017.002.

Mice

Suz12f/f [34], Eedf/f [35], Ezh2f/f [36], MMTV-cre (line A) [37], and R26creERT2 [38] gene-

targeted mice have been described previously. CD4cre-Eedf/f T lymphocytes [39] were a gift

from R. Allan. MMTV-cre mice were maintained as a pure strain on an FVB/N background,

R26creERT2 mice were on a C57BL/6 background, and Ezh2, Eed, and Suz12 conditional

knockout mice were on either a C57BL/6 or mixed FVB/N and C57BL/6 background. For

analysis of postnatal day 1 lungs, adult female mice were subjected to timed pregnancies and

injected with 0.2 mg progesterone on days 17 and 18 of pregnancy to delay parturition. At 19.5

days of pregnancy, pups were recovered by caesarian section and monitored for breathing for

1 hour with constant stimulation before collection of lungs into Bouin’s solution.

Mammary cell preparation and cell sorting

Primary mouse MEC cultures were isolated from both inguinal and/or thoracic mammary

glands and prepared as described [17]. MEC suspensions and flow cytometry were performed

as previously described [40]. Antibodies against mouse antigens were purchased from Biole-

gend and included CD24-PB (#101820), CD31 (#102410), CD45 (#103112), and Ter119

(#116212) conjugated to APC, CD29–FITC (#102206), and CD14-PE (#123309). Cells were
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sorted on a FACSAria or FACSDiva (BD PharMingen) and manually counted prior to plating

on irradiated fibroblast feeders as described [40]. After 7 days, colonies were fixed and stained

with Giemsa and manually counted. To induce R26creERT2-mediated deletion, 0.1 μM 4OHT

was added to culture medium for 20 hours on day 1 of culture.

Organoid culture

Organoids were cultured as described previously [18] in 8 μl BME (Cultrex) drops (70 basal

and 60 luminal progenitor cells per drop) on nontreated 24 well plates and covered by

Advanced DMEM/F12 supplemented with growth factors excluding Wtn3a or FGF2. Rock

inhibitor (Y-27632) was added to culture medium for the first 4 days, and the medium was

refreshed every 2–3 days. To induce R26creERT2-mediated deletion, 0.1 μM 4OHT was added

to culture medium for 16–20 hours on day 1 or day 4 of culture. Organoids were photographed

using best focus projection images on the Nikon TiE System software after 12–14 days in cul-

ture. Prior to proliferation measurements, RNA-seq, or ATAC-seq analysis, 12–16 day old

organoids were dissociated into single cells using TrypLE express (Thermo Fisher Scientific).

Cell suspensions were mixed 1:1 with CellTiter-Glo Luminescent Cell Viability Assay (Pro-

mega) prior to detection of luminescence. Genomic DNA was extracted from organoids using

DNeasy Blood and Tissue kit (Qiagen) and PCR used to distinguish the Wt, floxed, and recom-

bined (deleted, referred to as “del”) Suz12 alleles as described [34].

Histology and whole mounting

Mice were injected with BrdU Cell Labeling Reagent (0.5 mg/10 g body weight, Amersham

Biosciences) 1.5 hours prior to collection. For histology, tissues were fixed in 4% paraformalde-

hyde overnight and embedded in paraffin. Sections (5 μm) were stained with hematoxylin–

eosin (HE). For whole-mount analysis, mammary glands were harvested and fixed in Carnoy’s

solution (6:3:1 of 100% ethanol, chloroform, and glacial acetic acid) and stained with Carmine

alum. The extent of ductal outgrowth was measured on inguinal whole mounts as the distance

from the center of the lymph node to the leading edge of the ductal mass.

Immunostaining

IHC and IF were performed as described [16]. Paraffin-embedded sections (5 μm) were

dewaxed in xylene and rehydrated through an alcohol series, blocked with 3% hydrogen per-

oxide, and subjected to antigen retrieval by boiling in 10 mM citrate buffer pH 6.0 for 30 sec-

onds using a DAKO pressure cooker. Immunostaining was performed using the streptavidin-

biotin peroxidase detection system as per the manufacturer’s instructions (ABC reagent, Vec-

tor Laboratories) and 3,3-diaminobenzidine was used as substrate (DAKO). In all cases, an

isotype-matched control IgG was used as a negative control. The following antibodies were

used: anti-BrdU (Bio Rad OBT0030), anti-Ezh2 (BD Biosciences #612667), anti-ERα (Santa

Cruz sc-543), anti-PR (Santa Cruz sc-538), anti-Foxa1 (Abcam Ab23738), anti-H3K27me3

(Millipore #07–449), anti-Suz12 (Diagenode pAB-029-050), anti-Eed (R&D Systems

AF5827-SP), anti-CC3 (Cell Signaling #9664L), and anti-Ki67 (Cell Signaling #12202S). Sec-

ondary antibodies were biotin-conjugated anti-rabbit IgG, anti-rat IgG and anti-mouse IgG

(Vector Laboratories), anti-mouse alexa-488 (Invitrogen), and anti-rabbit alexa-647 (Invitro-

gen), and DAPI was used to detect nuclei (Thermo-Fischer Scientific). As described in [18],

3D imaging of organoids was performed on a SP8 Confocal microscope after staining with

anti-cytokeratin 14 (Thermo-Fisher Scientific) and anti-cytokeratin 8/18 (TROMA-I, DSHB)

antibodies.
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Western blot analysis

Lysates were prepared in RIPA buffer [16], and western blotting was performed as described

[17]. The following antibodies were used for western blot analysis: anti-Ezh2 (BD Biosciences

#612666), anti-Suz12 (Cell Signaling 3737S), anti-Eed (Millipore 05–1320), anti-H3K27me1

(Millipore 07–448), anti-H3K27me2 (Millipore 07–452), anti-H3K27me3 (Millipore 07–449),

anti-Histone 3 (Millipore 07–690), anti-β-actin (Sigma A5441), anti-Gapdh (Sigma G8795),

anti-ERα (Millipore 07–690), anti-Ezh1 (Millipore 07–690), anti-PARP (Cell Signaling #9542),

anti-p16 (Santa Cruz M-156), and anti-p19 (Rockland Immunochemicals #200-501-891). Sec-

ondary antibodies included HRP-conjugated anti-rabbit and anti-mouse (Southern Biotech),

both 1:10,000.

ATAC-seq analysis

ATAC-seq was performed as described [24] with the following adaptations. Organoid cultures

were dissociated, and 50,000 single cells were lysed and nuclei collected at 500 g for 10 minutes

in lysis buffer containing 0.1% NP-40. Pelleted nuclei were tagmented with Nextera Tn5

Transposase (TDE1, Illumina FC-121-1030) for 20 minutes at 22 ˚C and 30 minutes at 37 ˚C.

Transposed DNA was purified using Qiagen MinElute kit (28204) and fragments PCR ampli-

fied as described [24]. ATAC libraries were sequenced on a NextSeq using a 150H kit with 75

bp paired-end reads, and total reads were collated from 2 runs to obtain approximately

60 × 106 reads per sample. Sequencing runs were pooled for each replicate and sample, and

adapters were trimmed with Trim Galore! (http://www.bioinformatics.babraham.ac.uk/

projects/trim_galore/) and mapped to the mm10 mouse genome using bowtie2 [41], allowing

for fragments <2,000 bases in length. Mitochondrial and duplicate reads were removed using

Picard-Tools (http://broadinstitute.github.io/picard/), and bam files were run through macs2

(doi: 10.1186/gb-2008-9-9-r137) for peak calling using these parameters: “—nomodel—shift—

75—extsize 150—qvalue 0.05.” For DA analysis, bam files were loaded in SeqMonk (v1.37.1,

https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/), and probes were created

using a tiling approach with 150 bp windows end to end across the genome. Raw counts were

then processed through the differential gene expression pipeline within edgeR [42], and DA

regions were called with an exact test and FDR < 0.05. Reads were quantified by reads per mil-

lion and log2 transformed for visualizing graphically. For each gene, the 5 Kb region upstream

of intron 1 was used in combination with the gene body to define the TSSs plus gene body. GC

enrichment was quantified on mapped bam files using DeepTools [43] computeGCBias with

an effective genome size of 2,150,570,000. These data have been deposited in the Gene Expres-

sion Omnibus (accession code GSE116431).

RNA-seq analysis

Total RNA was extracted from basal- or luminal-derived organoids grown from single sorted

luminal or basal populations from the mammary glands of R26creERT2/Suz12f/f female mice

using the RNeasy Mini kit (Qiagen). Two biological replicates were prepared of the basal-

derived organoids and 3 biological replicates of luminal-derived. RNA-seq was carried out on

an Illumina Nextseq 500 to produce 20–65 million 80 bp reads per sample. Read pairs were

mapped to the mouse genome (mm10) using the subread aligner [44] implemented in the Rsu-

bread software package. Read counts for Entrez Genes were obtained using featureCounts [45]

and its inbuilt mm10 annotation. Gene information was downloaded from the NCBI on 1 Feb-

ruary 2017. Statistical analysis used the limma [46] and edgeR [42] software packages. Genes

with at least 0.5 read counts per million (cpm) in at least 2 samples were considered to be

expressed and were kept in the analysis. Immunoglobulin receptor segments, ribosomal genes,
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predicted and pseudogenes, and obsolete Entrez IDs were filtered out. Trimmed mean of M-

values (TMM) scale normalization [47] was applied, and read counts were transformed to

log2-cpm with a prior count of 3. Linear models were used to test for expression differences

between 4OHT treated versus untreated samples from luminal cells and from basal cells. Each

organoid sample was treated as a random block, allowing for correlation between repeats [48].

Differential expression was assessed using the Treat method [49], computing empirical Bayes

moderated t statistics relative to a fold change threshold of 1.5, and allowing for an abundance

trend in the standard errors and for robust estimation of the Bayesian hyperparameters [50].

The Benjamini and Hochberg method was used to control the FDR. These data have been

deposited in the Gene Expression Omnibus (accession code GSE116431).

Expression profiles for breast cancer subtypes

Microarray expression profiles of breast tumors were downloaded from Gene Expression

Omnibus series GSE18229 [51]. Probe intensities were normexp background corrected with

offset 50 [52] and loess normalized using the limma package. Mouse Entrez Gene IDs were

mapped to human using HUGO Gene Nomenclature Committee orthology predictions down-

loaded November 2016. Suz12-deficient expression signatures were computed for each tumor

using a previously described method [25]. Briefly, the sum of products of RNA-seq log2-fold-

changes with microarray log2-normalized intensities was computed for all genes DE in the

Suz12 deficient basal- or luminal-derived organoids.

Quantitative reverse-transcriptase PCR (qRT-PCR) analysis

For qRT-PCR analysis, total RNA from MECs was reverse-transcribed using Superscript III

(Invitrogen), and cDNA were analyzed on a LightCycler 480 (Roche). Input cDNA concentra-

tions were normalized to GAPDH. Product accumulation was evaluated using the comparative

Ct method (2−ΔΔCT). Primer sequences were: Ezh2 For: 50-ACATCCCTTCCATGCAACACC-

30; Ezh2 Rev: 50-TCCCTCCAGATGCTGGTAACA-30; Eed For: 50-GTGAACAGCCTCAAGG

AAGAT-30; Eed Rev: 50- ATAAGGTTACTCTGTGCTTC-30; Gapdh For: 50-TGACATCAAG

AAGGTGGTGAAG; Gapdh Rev: AAGGTGGAAGAGTGGGAGTTGC-30.

Supporting information

S1 Fig. (A) Western blot for Ezh2 and Suz12 in whole mammary gland lysates prepared at

the indicated developmental timepoints. Gapdh serves as a loading control. Molecular mass

in KDa of the protein ladder is shown on the left-hand side. (B) Representative images of

HE-stained sections of lungs from MMTVcreT/+Suz12f/f and control littermates recovered

by caesarian section at E19.5. Examination of HE-stained sections revealed that while

lungs appear to be normal in size (top), at higher magnification (bottom), lungs from

MMTVcreT/+Suz12f/f mice have fewer septa and increased mesenchyme, consistent with

abnormal lung differentiation. Scale bars: 1.5 mm (top) and 50 μm (bottom). (C) Weight of

5–6 week old MMTVcreT/+Suz12f/f mice and control littermates of the indicated genotypes.

(D) Ductal extension of mammary glands from 5–6 week old MMTVcreT/+Suz12f/f mice and

control littermates of the indicated genotypes. Ductal extension is calculated as the distance

from the center of the lymph node to the leading edge of the mammary outgrowth in R4

mammary gland whole mounts. Individual data points and the mean are shown. �� P < 0.01

for T/+ f/f compared with all other genotypes (one-way ANOVA for multiple comparisons).

(D) qRT-PCR analysis of Suz12 mRNA expression in mammary glands from 6 week old

MMTVcreT/+Suz12f/+ and MMTVcreT/+Suz12f/f mice. Expression was calculated relative

to Gapdh, and values were normalized to the average of the conditions per experiment.
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Mean ± S.E.M. (n = 4). R26creERT2KI/+Suz12f/f MECs treated without (Wt) or with

4OHT (ko) to delete Suz12 were used as controls (n = 1). One of two experiments with

two independent sets of primer pairs for Suz12 is shown. (E) Representative images of

immunohistochemical staining of terminal end buds in mammary glands from 6 week-old

MMTVcreT/+Suz12f/f and control littermates. Markers of proliferation (BrdU) and differen-

tiation of MECs into hormone receptor positive mammary subsets (Foxa1, ER, PR) were

included. Isotype-control stained sections are shown in the inset. Scale bars: 50 μm. Individ-

ual quantitative observations can be found in S6 Data. 4OHT, 4-hydroxytamoxifen; BrdU,

bromodeoxyuridine; dI, days involuting; dL, days lactating; dP, days pregnant; E, embryonic

day; ER, estrogen receptor; Ezh2, Enhancer of Zeste homolog 2; Foxa1, forkhead box 1A;

Gapdh, glyceraldehyde 3-phosphate dehydrogenase; HE, hematoxylin–eosin; ko, knockout;

MEC, mammary epithelial cell; qRT-PCR, quantitative reverse-transcriptase PCR; PR, pro-

gesterone receptor; Suz12, Suppressor of Zeste 12 protein homolog; V, virgin; Wt, wild type.

(TIF)

S2 Fig. (A) Representative images of whole mounts (left) and ductal extension (right) of mam-

mary glands from MMTVcreT/+Eedf/f mice and control littermates of the indicated genotypes.

Arrows indicate the leading edge of the mammary epithelium. Scale bars: 4 mm. Ductal exten-

sion was calculated as described in S1 Fig. Individual data points and the mean are shown.
� P< 0.05 for T/+ f/f compared with all other genotypes (one-way ANOVA for multiple com-

parisons). (B) qRT-PCR analysis of Eed mRNA expression in mammary glands from 6–7 week

old MMTVcre+/+Eedf/f and MMTVcreT/+Eedf/f mice. Expression was calculated relative to

Gapdh, and values were normalized to the average of the conditions per experiment. Mean

and individual values are shown (n = 2). CD4cre+/+Eedf/f (f/f +/+) and CD4creT/+Eedf/f

(f/f T/+) T lymphocytes were used as controls (n = 1). One of two experiments with two inde-

pendent sets of primer pairs for Eed is shown. (C) Immunofluorescent staining for Eed in

mammary glands from 6 week old MMTVcreT/+Eedf/f and control littermates. Scale bars:

50 μm. (D) Immunohistochemical staining for Ezh2 and H3K27me3 in mammary glands

from 6 week old MMTVcreT/+Eedf/f and control littermates. Isotype-control stained sections

are shown in the inset. Scale bars: 50 μm. Individual quantitative observations can be found in

S6 Data. Eed, embryonic ectoderm development; H3K27me3; histone 3 lysine 27 trimethyla-

tion; qRT-PCR, quantitative reverse-transcriptase PCR.

(TIF)

S3 Fig. (A) qRT-PCR analysis of Ezh2 mRNA expression in MEC from R26creERT2KI/+Suz12f/f

mice and the indicated control genotypes following addition of 4OHT to induce Suz12 deletion

on day 2. Cells were cultured for 1 week prior to preparation of RNA. Copies of Ezh2 are

expressed relative to GAPDH. (B) Western blot analysis of protein expression in MECs from

R26creERT2KI/+Suz12f/f mice and the indicated control genotypes following addition of

4OHT to induce Suz12 deletion on day 2. Cells were cultured for 1 week prior to preparation

of protein lysates. Molecular mass in KDa of the protein ladder are shown on the left. (C)

Image of genotyping PCR performed on organoids grown for 2 weeks from single basal or

luminal progenitor cells from R26creERT2KI/+Suz12f/f mice or Wt mice. Organoids were left

untreated (-) or treated with 4OHT on day 1 (1) or day 4 (4) of culture. The size of Suz12 Wt,

floxed (flox), and recombined (del) alleles are indicated. The size (bp) of the DNA ladder is

shown on the left-hand side. (D) Immunohistochemical staining for Suz12 on 2 week old

organoids from R26creERT2KI/+Suz12f/f or control mice, treated with 4OHT on day 4 of

culture. Control stained sections are shown in the inset. Scale bars: 400 μm. (E) Western blot

analysis of 2 week old organoids from R26creERT2KI/+Suz12f/f mice or control mice, treated

with 4OHT on day 4 of culture. Molecular mass in KDa of the protein ladder is shown on

Suz12 is essential for mammary progenitor cell function

PLOS Biology | https://doi.org/10.1371/journal.pbio.2004986 August 6, 2018 15 / 21

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2004986.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2004986.s003
https://doi.org/10.1371/journal.pbio.2004986


the left-hand side. (F) Representative images of repassaged organoids grown for 2 weeks from

single basal cells from R26creERT2KI/+Suz12f/f mice, on day 1 and day 11 after passaging.

Black arrowheads indicate clumps of cells that became cystic overnight after passaging. White

arrowheads represent new noncystic colonies that formed from single cells. Scale bars: 200

μm. (G) Image of genotyping PCR performed on primary or repassaged organoids described

in (B) after 11 days in culture. The size of Suz12 Wt, flox, and del alleles are indicated. Basal-

or luminal-derived organoids were derived from 2 independent R26creERT2KI/+Suz12f/f

mice. Controls included Suz12 Wt DNA (left) and no DNA (right). The size (bp) of the DNA

ladder is shown on the left-hand side. Individual quantitative observations can be found in

S6 Data. 4OHT, 4-hydroxytamoxifen; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

MEC, mammary epithelial cell; qRT-PCR, quantitative reverse-transcriptase PCR; Suz12,

Suppressor of Zeste 12 protein homolog; Wt, wild-type.

(TIF)

S4 Fig. (A) MD plot showing log2-fold expression changes versus average log2-expression by

RNA-sequencing in luminal-derived organoids deleted for Suz12. Up- and down-regulated

genes with changes significantly greater than 1.5-fold are highlighted in red and blue, respec-

tively (Treat-FDR < 0.05). Suz12 expression is indicated. (B) IGV profile of RNA-sequencing

reads for Suz12 in basal- or luminal-derived organoids left untreated or treated with 4OHT on

day 4 of culture. The metrics are shown on the left side of each plot for each sample. The direc-

tion of transcription is marked by an arrow. Exon 5, around which loxP sites are situated in

the Suz12 floxed allele, is indicated by the boxed region. Scale bar: 5 Kb. (C) Venn diagrams

showing the number of DE down-regulated (left) and up-regulated (right) genes in Suz12-

deleted basal- and luminal-derived organoids. Overlap in DE genes is indicated, as well as the

5 top GO terms for that gene set. (D) Scatterplot relating log2-fold gene expression changes

in Suz12-deleted basal- and luminal-derived organoids. Changes in basal-derived (x-axis)

and luminal-derived (y-axis) organoids are highly correlated (P< 1e-16). Individual quantita-

tive observations can be found in S6 Data. 4OHT, 4-hydroxytamoxifen; DE, differentially

expressed; FDR, false discovery rate; GO, Gene ontology; IGV, Integrative Genomics Viewer;

MD, mean-difference; Suz12, Suppressor of Zeste 12 protein homolog.

(TIF)

S5 Fig. (A) The averaged frequency of read insert length obtained by ATAC-seq for Wt and

Suz12-deleted (ko) basal- and luminal-derived organoids relative to distance from the TSS is

shown. The 40 and 178 nt peaks correspond to nucleosome-free regions and the mononucleo-

some, respectively. (B) An image of the ATAC-seq libraries for Wt (-) or Suz12-deleted (+)

basal- and luminal-derived organoids, resolved on Tape-station. The ladder is in the first lane

on the left-hand side. Individual quantitative observations can be found in S6 Data. ATAC-

seq, assay for transposase-accessible chromatin using sequencing; ko, knockout; nt, nucleotide;

TSS, transcriptional start site; Wt, wild-type.

(TIF)

S6 Fig. The RNA-seq and ATAC-seq profiles around Cdkn2a (A), Foxd1 (B), and Hoxc locus

(C) are shown. The metrics are shown on the left side of each plot for each sample. The direc-

tion of transcription is marked by an arrow. Scale bars are indicated. (D) A whole-mount 3D

confocal image (left) and an optical section (right) of a Wt and Suz12-deleted (KO) basal-

derived organoid labeled for K14 and K8/18. Scale bars: 30 μm (whole mount) and 15 μm (sec-

tion). ATAC-seq, assay for transposase-accessible chromatin using sequencing; RNA-seq,

RNA sequencing; Wt, wild-type.

(TIF)
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S7 Fig. (A) MD plot showing 150 bp windows identified as significantly DA (log-fold change)

by ATAC-seq analysis of Suz12-deleted (KO) luminal-derived organoids deleted for Suz12,

compared with Wt average log-expression. Regions that were significantly up- or down-regu-

lated are shown in red or blue, respectively. (B) A plot showing GC nucleotide enrichment in

genomic regions of ATAC-Seq reads of Suz12-deleted (KO) luminal-derived organoids, com-

pared with Wt. Shown are the genomic and functional DNA element average for the mouse

genome. (C) MACS Peaks calling analysis of Suz12-deleted (KO) luminal-derived organoids,

compared with Wt. (D) Analysis of genomic regions associated with significantly DA windows

identified by ATAC-seq analysis of Wt and Suz12-deleted (KO) basal- or luminal-derived

organoids. (E) Box and whisker plot of significantly DA genes found to be associated with win-

dows found in (A) by ATAC-seq analysis of Wt and Suz12-deleted (KO) luminal-derived orga-

noids, and their corresponding expression by RNA-seq analysis. Whiskers represent the 5%–

95% intervals. �� P< 0.0028 (unpaired t test, Welch’s correction) (F) Venn diagram showing

the overlap in up-regulated DE genes between RNA-seq and DA genes by ATAC-seq in

Suz12-deleted luminal-derived organoids. (G) Suz12-deleted transcriptional signature by

breast cancer tumor subtype (Claudin-low, Normal-like, Luminal A, Luminal B, Her2-posi-

tive, Basal-like). Box plots show the aggregate gene expression score in each tumor subtype

[51] for genes associated with Suz12-deficiency in basal-derived organoids (left) and luminal-

derived organoids (right). The Suz12-deficient expression score is highest in the claudin-low

subtype and lowest in the basal and Her2 subtypes (P = 3.8e-10 for basal-derived and i = 6.2e-

11 for luminal-derived organoids by Tukey HSD). ATAC-seq, assay for transposase-accessible

chromatin using sequencing; DA, differentially accessible; DE, differentially expressed; Her2,

human epidermal growth factor receptor 2; KO, knockout; MACS, model-based analysis of

ChIP-seq; MD, mean-difference; RNA-seq, RNA sequencing; Suz12, Suppressor of Zeste 12

protein homolog; Wt, wild type.

(TIF)

S1 Data. Genotyping results of litters from MMTVcre-Suz12f/f and MMTVcre-Eedf/f mat-

ings using the indicated mating pairs. Observed numbers and percentages of males, females,

and total offspring of the indicated genotypes at weaning, as well as the expected mendelian

frequency (expressed as percentage of total), are shown.

(XLSX)

S2 Data. Significantly altered genes found by RNA-seq in Suz12-deleted basal- and lumi-

nal-derived mammary organoids. Length = gene length in bases (total of all exons). Remain-

ing columns give the t statistic, P value, and FDR, respectively, from the Treat method relative

to fold-change threshold of 1.5. AveExpr, average log2 counts per million; FDR, false discovery

rate; logFC, log2 fold-change; RNA-seq, RNA sequencing.

(XLSX)

S3 Data. Differential accessibility analysis of ATAC-seq performed on Suz12 Wt and

deleted (KO) basal-derived mammary organoids identified 2,767 windows by tiling 150 bp

windows end to end across the genome. Columns A–D describe the location of the genomic

window, E describes FDR, F the closest gene and its strand in G, H gene ID, I gene description,

J Seqmonk element type, K window position relative to gene, L distance to gene, M–R, log2

RPKM for each experimental condition, S basal-derived organoid Wt average, T basal-derived

KO average, and U the difference between the basal-derived KO and Wt. ATAC-seq, assay for

transposase-accessible chromatin using sequencing; FDR, false discovery rate; KO, knockout;

RPKM, reads per kilobase per million mapped reads; Suz12, Suppressor of Zeste 12 protein
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homolog; Wt, wild-type.

(XLSX)

S4 Data. The 218 genes identified by both ATAC-seq and RNA-seq analysis as overrepre-

sented in Suz12-deleted compared with Wt basal-derived mammary organoids. ATAC-seq,

assay for transposase-accessible chromatin using sequencing; RNA-seq, RNA sequencing; Wt,

wild-type.

(XLSX)

S5 Data. List of the most significant GO Biological Process terms associated with the 218

overlapping gene list identified from ATAC-seq and RNA-seq analysis in Suz12-deleted

compared with Wt basal-derived mammary organoids. ATAC-seq, assay for transposase-

accessible chromatin using sequencing; GO, Gene ontology; RNA-seq, RNA sequencing; Wt,

wild-type.

(XLSX)

S6 Data. Individual quantitative observations that underlie the data summarized in the

figures and results of this paper can be found here.

(XLSX)
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