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SUMMARY

Lineage plasticity is important for the development of basal-like breast cancer (BLBC), an
aggressive cancer subtype. While BLBC is likely to originate from luminal progenitor cells, it
acquires substantial basal cell features and contains a heterogenous collection of cells exhibiting
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basal, luminal, and hybrid phenotypes. Why luminal progenitors are prone to BLBC

transformation and what drives luminal-to-basal reprogramming remain unclear. Here, we show
that the transcription factor SOX9 acts as a determinant for estrogen-receptor-negative (ER™)
luminal stem/progenitor cells (LSPCs). SOX9 controls LSPC activity in part by activating both
canonical and non-canonical nuclear factor xB (NF-xB) signaling. Inactivation of TP53 and RB
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via expression of SV40 TAg in a BLBC mouse tumor model leads to upregulation of SOX9, which

drives luminal-to-basal reprogramming /in vivo. Furthermore, SOX9 deletion inhibits the
progression of ductal carcinoma /n situ (DCIS)-like lesions to invasive carcinoma. These data
show that ER™ LSPC determinant SOX9 acts as a lineage plasticity driver for BLBC progression.

In Brief

Basal-like breast cancer (BLBC) preferentially originates from ER-negative luminal stem/
progenitor cells (LSPCs). Christin et al. show that the transcription factor SOX9 acts as a key
regulator for these LSPCs. Inactivation of BLBC tumor suppressors co-opt SOX9 upregulation to

promote luminal-basal reprogramming and tumor progression.
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INTRODUCTION

Lineage plasticity, the ability of committed cells to change cell states through
dedifferentiation or transdifferentiation, is an important mechanism for tissue repair (Ge and
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Fuchs, 2018; Rajagopal and Stanger, 2016; Wahl and Spike, 2017). Cancer can co-opt this
normal repair program to promote its initiation and progression (Ge and Fuchs, 2018; Le
Magnen et al., 2018). Un-like normal tissues, where lineage plasticity is a transient state
during tissue repair, cancer cells exhibit persistent plasticity. Various oncogenic mutations
can enable cells to break down normal lineage restriction and acquire aberrant lineage
potential (Ge et al., 2017; Van Keymeulen et al., 2015; Kopp et al., 2012; Koren et al.,
2015). In addition, cancer cell plasticity can be perpetuated by an inflammatory tumor
microenvironment (Ge and Fuchs, 2018; Le Magnen et al., 2018). This excess cellular
plasticity is a major contributor to tumor heterogeneity (Wahl and Spike, 2017). Lineage
plasticity has also been recognized as an important mechanism of drug resistance, allowing
cancer cells to change cell states and escape from lineage-directed therapy (Ku et al., 2017;
Mu et al., 2017; Zou et al., 2017). A better understanding of the underlying mechanisms
driving lineage plasticity is important for developing more effective cancer therapy.

Basal-like breast cancer (BLBC), which includes the majority of triple-negative breast
cancer, is an aggressive cancer subtype demonstrating high degrees of cellular plasticity
(Prat and Perou, 2011; Wahl and Spike, 2017). Despite its prominent basal cell features
compared to other breast cancer subtypes, BLBC is likely to originate from luminal
progenitors (Lim et al., 2009, 2010; Molyneux et al., 2010; Proia et al., 2011). The global
gene expression signature of BLBC is closely related to adult luminal progenitors and fetal
mammary stem cells (Lim et al., 2009, 2010; Spike et al., 2012; Giraddi et al., 2018).
Furthermore, transformation of luminal cells, but not basal cells, generates tumors
resembling human BLBC (Keller et al., 2012; Molyneux et al., 2010). Interestingly,
inactivation of the BLBC tumor suppressor BRCAL or p53 leads to expansion of luminal
progenitors in human patients and elicits a luminal-to-basal/mesenchymal transition in
mouse models (Lim et al., 2009; Rios et al., 2019; Sau et al., 2016; Tao et al., 2017; Wang et
al., 2019). Why certain luminal cells are predisposed to transformation by loss of BLBC
tumor suppressors remains unclear, as do the mechanisms mediating the luminal-to-basal
reprogramming. Addressing these questions would provide much needed clarity on the
mechanisms of cell-state switching in breast cancer.

The mammary luminal epithelium is composed of estrogen-receptor-negative (ER™) and ER-
positive (ER™) cells. We and others have shown that ER™ and ER* luminal cells are two
independent lineages that can be maintained by distinct stem/progenitor cells in the postnatal
mouse mammary gland (Giraddi et al., 2015; Van Keymeulen et al., 2017; Rodilla et al.,
2015; Wang et al., 2017). A population of SOX9*/NOTCH1* cells maintain the self-renewal
and regeneration of the ER™ lineage (Van Keymeulen et al., 2017; Rodilla et al., 2015; Wang
etal., 2017). These cells overlap with the cell population previously considered as the origin
of BLBC (Lim et al., 2009; Molyneux et al., 2010). SOX9 is a key developmental
transcription factor that regulates the function of stem/progenitor cells in several epithelial
tissues, including a role in inducing gland-reconstituting multipotent mammary stem cell
activity (Guo et al., 2012; Jo et al., 2014). A recent /n vitro study suggests that SOX9 plays a
role in luminal progenitors (Domenici et al., 2019). Earlier work also showed Sox9 deletion
causes a transient delay in mammary ductal tree development (Malhotra et al., 2014).
However, the function of SOX9 in LSPCs /n vivo remains unclear. More importantly, the
role of SOX9 in BLBC initiation and progression has not been studied. Here, we
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investigated the functional role of SOX9 in ER™ luminal stem/progenitor cells (LSPCs) and
BLBC oncogenesis using /7 vivo genetic models.

SOX9 Controls ER™ Luminal Stem/Progenitor Activity

Consistent with previous studies (Domenici et al., 2019; Wang et al., 2017), we found that
ER™ luminal cells expressed markedly higher levels of Sox9 mRNA relative to ER* cells
(Figures S1A and S1B). To determine the role of SOX9 in the mammary gland /n vivo, we
crossed mice carrying a floxed Sox9allele (Sox9F/F) (Akiyama et al., 2002) to MMTV-iCre
(codon-improved Cre) transgenic mice (Roussos et al., 2010). The MMTV-iCre transgene
also contained a Cre-activatable ECFP reporter, which facilitates the identification of Cre-
recombined cells (Figure 1A). In keeping with the known incomplete penetrance of the
MMTYV promoter in mammary epithelial cells (Hennighausen et al., 1995), MMTV-iCre was
expressed in 60%-80% of basal and ER™ luminal cells but only ~20% of ER* cells, based on
the ECFP Cre reporter (Figure 1B). Similar results were found by directly measuring Sox9
deletion in mammary subpopulations (Figure S1C). We further measured Sox9 deletion in
sorted ECFP™* cells. While the floxed Sox9allele was efficiently deleted in ECFP* luminal
cells, surprisingly, it was not deleted in ECFP* basal cells (Figure 1C). The exact cause of
lack of Sox9deletion in Cre-reporter-positive basal cells remains to be determined.
However, efficient Sox9deletion in ECFP* luminal cells in MMTV-iCre; Sox9F/F (referred
to as Sox9-cKO henceforth) mice allowed us to investigate SOX9 function in the ER™
luminal lineage /in vivo.

Nulliparous Sox¢-cKO mice showed normal mammary ductal tree development (Figures
S1D and S1E). However, there was a noticeable alveologenesis defect during early
pregnhancy in Sox9-cKO mice (Figure 1D) and, correspondingly, a 3-fold decrease in the ER
~to ER* luminal cell ratio relative to control animals (Figure 1E). This is consistent with
previous finding that SOX9* LSPCs contribute to ER™ alveolar cells during pregnancy
(Wang et al., 2017). The alveologenesis defect in Sox9-cKO was no longer present later in
pregnancy (Figure S1D). One cause of the transient developmental phenotype in Sox3cKO
mice could be the incomplete deletion of Sox9in the ER- luminal lineage (Figures 1B and
S1C).

To directly assess ER™ LSPC activity, we utilized a Matrigel-based organoid culture assay
that specifically measures ER™ LSPC activity. This culture condition enables ER™ luminal
cells to robustly generate acinar structures, with minimal growth from ER™ cells (Figure
S1F). The ex vivo acinar structures maintained high levels of Soxgsimilar to those of the ER
~ cells /in vivo (Figure S1G). Compared to the control ER™ cells, the Sox9null ER™ cells
were depleted of LSPC activity (Figure 1F). The defect of ER™ LSPCs in Sox9-cKO animals
could be due to a cell-autonomous role of SOX9 in maintaining LSPC activity or a
requirement of SOX9 in the development of LSPCs. Therefore, we re-expressed Sox9in
Sox9-cKO cells ex vivoand found it rescued the LSPC activity (Figure 1G). Furthermore,
acute deletion of Sox9in freshly sorted wild-type (WT) ER™ luminal cells by CRISPR
greatly diminished LSPC activity ex vivo (Figures 1H and S1H). These results suggest a
cell-autonomous, persistent requirement for SOX9 expression in maintaining LSPC activity.
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To further test whether SOX9 is capable of inducing the ER™ LSPC state, we found that
SOX9 ectopic expression could induce acinus-forming ability in ER* cells to a level
equivalent to 15% of the activity in endogenous ER™ cells (Figure 11). Furthermore, SOX9
ectopic expression markedly increased the expression of multiple ER™ luminal cell signature
genes, including Sox10, /d4, and E/f5 (Figure 1J; Dravis et al., 2015; Lim et al., 2010).
Interestingly, our previous study showed upregulation of SOX10 is required for induction of
organoid-forming cells by SOX9 and SLUG (Guo et al., 2012). Together, the above results
demonstrate that SOX9 is an important determinant of ER™ LSPC activity.

SOX9 Upregulates Both Canonical and Non-canonical NF-xB Signaling in ER™ Luminal

Cells

To understand downstream pathways mediating the function of SOX9, we compared the
transcriptomes of Sox9-cKO and Sox9-WT ER™ luminal cells (Figure 2A). Gene set
enrichment analysis (GSEA) of the transcriptomic data revealed that multiple nuclear factor
xB (NF-xB) pathway related gene sets were among the most significantly downregulated
molecular signatures in Sox9-cKO cells (Figures 2B and S2A). The downregulation of NF-
xB signaling was further confirmed by qRT-PCR measuring NF-xB target genes, including
Tnf, Tnfaip2, and Tnfaip3 (Figure 2C). Interestingly, loss of Soxdsignificantly
downregulated multiple members in the NF-xB family, including ones regulating the
canonical (Rel, Rela, and NfkbI) and non-canonical (Relband Nfkb2) pathways (Figure
2D). We surmise that the downregulation of these NF-xB transcription factors likely
contributes to the inhibition of NF-xB signaling in Sox9-cKO cells.

To determine the function of NF-xB signaling in ER™ LSPCs, we first transduced ER™
luminal cells with an IkBa superrepressor mutant (IxBaSR) that constitutively inhibits
canonical NF-xB signaling (Van Antwerp and Verma, 1996). Expression of IxBaSR
markedly inhibited acinus formation by ER™ cells (Figure 2E). We then inhibited the non-
canonical NF-xB pathway by CRISPR-mediated knockout of Nifkb2, thereby preventing the
formation of the transcriptionally active NFKB2/RELB complex. Knockout of Nfkb2with
two independent sgRNAs significantly inhibited the acinus-forming activity in ER™ luminal
cells (Figure 2F). These results suggest that both canonical and non-canonical NF-xB
signaling are required to maintain ER™ LSPC activity. Supporting this notion, GSEA
analysis of our recently published single-cell RNA-seq data (Chung et al., 2019; Giraddi et
al., 2018) demonstrated that NF-xB signaling was significantly upregulated in ER™ luminal
cells (Figure S2B). In addition, canonical and non-canonical NF-xB pathways are both
activated in ER™ LSPCs in BRCAI mutation driven tumorigenesis (Nolan et al., 2016; Sau
et al., 2016). SOX9 likely potentiates the response of ER™ LSPCs to NF-xB stimuli by
increasing the level of NF-xB family transcription factors.

Human BLBC Expresses High Levels of SOX9

As previously mentioned, BLBC is likely to originate from the ER™ luminal lineage (Lim et
al., 2009; Molyneux et al., 2010). Thus, we examined potential correlations between SOX9

and BLBC using gene expression datasets from The Cancer Genome Atlas (TCGA) BRCA
and METABRIC studies (Ciriello et al., 2015; Koboldt et al., 2012; Pereira et al., 2016). In

both datasets, SOX9expression is significantly upregulated in BLBC compared to other
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molecular subtypes (Figure S2C). Using the TCGA dataset, we found that higher SOX9
levels in tumor samples correlated with greater enrichment of the molecular signatures of
normal ER™ luminal cells and ER™ tumors (Figure S2D), in agreement with a previous study
with a small number of tumor samples (Domenici et al., 2019). Further supporting the SOX9
association with ER™ tumors, we found that SOX9-high (Zscore = 2) breast cancer had
significantly decreased ESR1 at both the RNA and protein levels (Figure S2E; Cerami et al.,
2012; Gao et al., 2013). Additionally, high SOX9levels are associated with shorter relapse-
free survival within BLBC patients in two large independent datasets (Figure S2F; Jé zé quel
etal., 2012, 2013; Nagy et al., 2018). These findings suggest a potential functional role of
SOX9 in BLBC pathogenesis.

SOX9 Upregulation Is Required for Lineage Plasticity Caused by Loss of BLBC Tumor
Suppressors

To investigate the role of Sox9in BLBC, we crossed the C3(1)/Tag BLBC mouse model to a
Sox9-GFP transgenic reporter mouse strain (Gong et al., 2010; Green et al., 2000;
Maroulakou et al., 1994). The C3(1)/Tag model expresses SV40 large T antigen, which
induces tumorigenesis by inactivating TP53 and RB (Ali and DeCaprio, 2001; Green et al.,
2000), two of the most frequently mutated tumor suppressors in human BLBC. Interestingly,
we found that Tag in the C3(1)/Tag model was primarily expressed in ER™ luminal cells, the
likely origin of BLBC (Figure S3A). Furthermore, it faithfully recapitulates the multi-step
progression and transcriptomic profiles of human BLBC (Pfefferle et al., 2013). As
expected, Sox9-GFP is expressed in a fraction of luminal cells in the control mammary
gland (Figures 3A and 3B). Interestingly, there was a pronounced increase of Sox9-GFP in
focal regions of mammary ductal trees in C3(1)/ Tag animals starting at 2-3 months of age
(Figure 3A). This increase was further demonstrated by the appearance of a Sox9-GFPhigh
population in luminal cells (Figure 3B). In contrast, the Sox9-GFP levels in C3(1)/Tag basal
cells were not significantly changed (Figure S3B). We validated that Sox9-GFPgh cells
expressed significantly elevated levels of SOX9 mRNA and protein (Figures 3C and S3C).
This indicates that inactivation of TP53 and RB by SV40 large T antigen may directly or
indirectly enable upregulation of Sox9in luminal cells /n vivo.

As mentioned above, luminal cells acquire basal cell features during BLBC tumorigenesis
(Lim et al., 2009; Molyneux et al., 2010; Wang et al., 2019). Therefore, we characterized the
lineage status of Sox9-GFPNgN cells based on the expression of luminal (KRT8) and basal
(KRT14) keratins. Interestingly, prior to overt tumor formation, some areas of C3(1)/Tag
mammary glands started to produce KRT8 and KRT14 double-positive (KRT8*/KRT14")
cells (Figure 3D). Similar bipotent cells have been observed in fetal mammary glands and
during neoplastic transformation driven by Pik3ca11047R mutation and Brcal deletion
(Giraddi et al., 2018; Van Keymeulen et al., 2015; Koren et al., 2015; Spike et al., 2012;
Wang et al., 2019). Remarkably, these KRT8*/KRT14* cells were almost entirely SOX9-
GFPNigh a5 shown by immunostaining on tissue sections and flow cytometry (Figures 3D
and S3D). Additionally, transcriptomic analysis of Sox9-GFPN9I" and Sox9-GFP!OW luminal
cells in premalignant C3(1)/Tag mammary glands showed a significant enrichment of basal
cell molecular signatures in Sox9-GFPN9" cells, which was further validated by gRT-PCR
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(Figures 3E and S3E). Interestingly, the Sox9-GFPid" cells exhibited a higher proliferation
rate than other luminal cells, supporting their role in tumor initiation (Figures S3E and S3F).

We further investigated whether Sox9-GFPN9" cells underwent chromatin-landscape
reprogramming toward the basal cell state by assay for transposase-accessible chromatin
using sequencing (ATAC-seq) (Buenrostro et al., 2013). Compared to Sox9-GFP!oW cells,
Sox9-GFPhigh cells had 1181 more-accessible chromatin regions and only 14 less-accessible
regions (Figure S3G). As expected, the proximal promoter and distal regions around the
Sox9locus was more accessible in Sox9-GFPah cells (Figure 3F). Furthermore, reflecting
the KRT14" nature of Sox9-GFPN9N cells, the chromatin regions around K714 were also
more accessible (Figure 3F). Concomitantly, the expression levels of both genes were
increased in Sox9-GFPhigh cells (Figures 3C and S3E). To further understand the genome-
wide chromatin organization change, we compared Sox9-GFPN9" and Sox9-GFP!oW cells for
the chromatin accessibility of uniquely accessible regions (UARs) that we recently described
in basal cells, ER™ luminal cells, and ER* luminal cells (Dravis et al., 2018). Interestingly,
chromatin at the basal UARs became more accessible in Sox9-GFPM3 cells, whereas
luminal UARs were not significantly changed between Sox9-GFPN9" and Sox9-GFP!ow
cells (Figure S3H). Analysis of the ATAC-seq data with chromVAR, a bioinformatic tool for
inferring transcription factor (TF) activity using chromatin-accessibility data (Schep et al.,
2017), suggested that Sox9-GFPNi9" cells had increased canonical and non-canonical NF-xB
activity (Figure S31). We also found that Sox9-GFPN9N cells expressed higher levels of NF-
xB TFs than Sox9-GFP!oW cells (Figure 3G), consistent with the role of SOX9 in
upregulating NF-xB TFs (Figure 2D).

To determine the functional role of SOX9 in luminal-to-basal reprogramming, we
conditionally knocked out Sox9in the C3(1)/Tag model by crossing Soxg-cKO animals to
the C3(1)/ Tag model. Analysis of hyperplastic lesions revealed that while most lesions in
the control C3(1)/Tag mice contained KRT8*/KRT14" cells, the great majority of lesions in
Sox9-cKO C3(1)/ Tag mice remained as KRT8* (Figure 3H). These results suggest that
Sox9 upregulation enabled by TP53 and RB inactivation promotes luminal-to-basal
reprogramming to generate a transitory hybrid cell state during BLBC tumorigenesis.

Sox9 Deletion Inhibits the Progression of Benign Lesions to Invasive Tumors in the
C3(1)/Tag Model

Utilizing the Sox9-cKO; C3(1)/Tag mice, we further investigated the effect of Sox9deletion
on BLBC progression. When examined at 3—-4 months of age, Sox9-cKO and control
C3(1)/Tag mice showed no significant difference in the formation of mammary
intraepithelial neoplasia (MIN), noninvasive lesions similar to ductal carcinoma /n situ
(DCIS) in human breast cancer, indicating Sox9 deficiency does not affect early-stage
hyperplasia (Figures 4A and 4B). The Tag expression levels were also similar between WT
and Sox9null MINs (Figure S4A). At ~7 months of age, ~40% of the control C3(1)/Tag
mice had developed palpable tumors (Figure 4C), which exhibited invasive histology and a
disrupted myoepithelial layer as shown by calponin staining (Figures 4A and 4B). However,
the MINs in ~7-month-old Sox9-cKO C3(1)/Tag mice were arrested at a stage similar to that
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found in younger animals, exhibiting a noninvasive histology and an intact myoepithelial
layer (Figures 4A and 4B).

Consequently, the Sox9-cKO; C3(1)/Tag animals had a significant delay in palpable tumor
formation (Figure 4C). Although they did eventually develop palpable tumors, all tumors in
Sox9-cKO;C3(1)/Tag mice still expressed high levels of SOX9 similar to the control
C3(1)/Tag tumors (Figure 4D). Interestingly, in line with the incomplete penetrance of
MMTV-iCre expression, ~25% of MINs in Sox3-cKO;C3(1)/Tag mice expressed SOX9
(Figure 4D). This suggests that these SOX9 WT “escapee” cells were responsible for
invasive tumor formation in Sox9-cKO mice. Furthermore, deletion of the floxed Sox9allele
in primary tumor cells from Sox9-WT;C3(1)/Tag or Sox9-cKO;C3(1)/Tag mice with an
adenoviral Cre vector inhibited their tumor organoid-forming ability (Figure S4B). Taken
together, the data support an essential role for Sox9 in the development of invasive
C3(1)/Tag tumors.

DISCUSSION

Understanding why LSPCs are prone to BLBC transformation and how they undergo lineage
reprogramming will help develop preventive and therapeutic strategies for this aggressive
cancer type. Our work reveals that the SOX9 transcription factor acts as a determinant of the
ER™ LSPC fate and its upregulation enabled by loss of BLBC tumor suppressors contributes
to lineage plasticity and the progression of benign lesions to invasive tumors during BLBC
oncogenesis. These results demonstrate that SOX9, as an ER™ LSPC determinant, acts as a
critical lineage plasticity driver for BLBC.

Previous studies have shown specific expression of SOX9 in the ER™ luminal lineage
(Domenici et al., 2019; Wang et al., 2017). Using /n vivo genetic approaches, we
demonstrate that SOX9 is functionally required for the ER™ LSPC activity. Although Sox9
null ER™ luminal cells can be maintained /n vivo, they are devoid of LSPC activity as
measured by exvivo organoid culture. The loss in LSPC activity is also manifested by a
defect in alveologenesis during early pregnancy, although it was recovered by late
pregnancy. We suggest that this is likely due to incomplete deletion of the floxed Sox9allele
by MMTV-iCre in the mammary epithelium. Interestingly, similar compensation has been
observed in a RANK conditional knockout study, in which complete RANK deletion by K5-
Cre inhibited alveologenesis, but incomplete deletion by MMTV-Cre had no effect
(Schramek et al., 2010).

We found that SOX9 promotes the activation of canonical and non-canonical NF-xB
pathways and that both pathways are required for ER™ LSPC activity. Previous work has
shown that NF-xB is activated in mammary ER™ luminal cells and that the NF-xB activators
IKKa and RANK are required for alveologenesis (Cao et al., 2001; Fata et al., 2000; Pratt et
al., 2009). Furthermore, both canonical and non-canonical NF-xB signaling is required for
BLBC oncogenesis driven by BRCA1 mutation (Nolan et al., 2016; Sau et al., 2016; Sigl et
al., 2016). SOX9 contributes to NF-xB signaling by increasing the expression of NF-xB
family transcription factors (TFs) in ER™ LSPCs. This, together with elevated RANK
expression in ER™ LSPCs (Nolan et al., 2016), is likely to make them hyper-responsive to
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RANK ligand and other NF-xB stimuli, therefore making these cells more susceptible to
transformation.

Our work identified a key driver of lineage plasticity in BLBC. Inactivation of the BLBC
tumor suppressors TP53 and RB in the C3(1)/Tag model (Ali and DeCaprio, 2001; Green et
al., 2000) leads to a luminal-to-basal transition at the early stage of hyperplasia. Similar
early lineage reprogramming has been observed in Pik3ca- and Brcal-mutation-driven
mammary tumorigenesis (Van Keymeulen et al., 2015; Koren et al., 2015; Wang et al.,
2019). These findings suggest lineage reprogramming is likely a common mechanism for
generating transformation-competent transitory cells in breast oncogenesis. Interestingly,
TP53 and RB inactivation by the S\V40 Tag enables the upregulation of SOX9 in ER™
LSPCs, and SOX?9 is required for lineage reprogramming. It is worth noting that although
the SV40 Tag was expressed throughout the mammary ducts, SOX9-high cells only emerge
at focal regions. This suggests that Tag is like to cooperate with other cell-intrinsic or cell-
extrinsic signals to upregulate SOX9. SOX9 has been shown to function as a pioneer factor
that can reshape the chromatin landscape (Adam et al., 2015). Consistent with this, we found
that SOX9-high luminal cells had an increased number of open chromatin regions that were
enriched in areas we previously defined as UARs in basal cells (Dravis et al., 2018). Thus,
SOX9-high cells exhibit chromatin-landscape features of both luminal and basal cells. It is
worth noting that our work also uncovered a useful tool for studying the transitory
reprogramming of cells that can be isolated using the Sox9-GFP reporter, adding to other
recently developed reporters for potential basal and luminal bipotent cells (Dravis et al.,
2018; Sonzogni et al., 2018).

We found that SOX9 has a particularly important role in the progression of benign lesions to
invasive BLBC tumors. In the C3(1)/ Tag model, Sox9deletion did not impair the formation
of MINSs, lesions similar to DCIS in human. However, the Sox9null MINs failed to progress
to invasive tumors, and the only tumors formed in the Sox%-cKO;C3(1)/Tag mice were from
cells that escaped Sox9deletion. These results revealed a role for SOX9-mediated
perturbations of the stem/progenitor cell program in DCIS progression. One possible
explanation for this phenotype is that SOX9 acts in cooperation with another SOXE factor,
SOX10, in this process based on the following observations. We have recently reported that
SOX-binding matifs, including those of SOX10 and SOX9, are enriched in chromatin that is
uniquely accessible in stem/progenitor cells (Dravis et al., 2018). SOX10 overexpression
also induces reprogramming of cells in multiple mammary cancer models to an invasive,
mesenchymal-like state that closely resembles a neural crest-like state (Dravis et al., 2018).
Thus, Sox10 and Sox9 overexpression exhibit similar invasive phenotypes, which we
speculate contributes to DCIS progression. Interestingly, we found that SOX9 ectopic
expression can induce SOX10 expression, and studies have shown that SOXE factors can
function as heterodimers (Huang et al., 2015). This suggests that SOX9 and SOX10 are
likely to act cooperatively to regulate cell fate plasticity in mammary stem/progenitor cells
and breast cancer progression. Future studies are needed to determine whether these factors
are correlated with faster DCIS progression in human patients.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Dr. Wenjun Guo
(wenjun.guo@einsteinmed.org).

Materials Availability—Materials produced in this study are available upon request and
with a completed MTA.

Data and Code Availability—The accession number for the microarray and ATAC-seq
data reported in this paper is GEO: GSE135892.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Sox9F1o% (JAX # 013106) (Akiyama et al., 2002), C3(1)/Tag (JAX # 013591) (Green
et al., 2000; Maroulakou et al., 1994) and Rosa26-Cas9 (JAX # 026179) (Platt et al., 2014)
were obtained from the Jackson Laboratory. MMTV-iCre (MMTV-iCre/CAG-CAC-ECFP)
mice were provided by Dr. Jeffrey Pollard (Roussos et al., 2010). Mice for Sox9 conditional
knockout experiments were generated by crossing Sox9FIoX/Flox: MMTV-iCre with
SoxgFlox/Flox- ¢3(1)/Tag or Sox9F1oX/+; MMTV-iCre with Sox9F1o%/* mice on a C57BL/6J x
FVB/NJ mixed background. Sox9-GFP transgenic mice (Tg(Sox9-EGFP)EB209Gsat/
Mmucd) were obtained from Mutant Mouse Resource & Research Centers (MMRRC) and
backcrossed to FVB/NJ, which were then crossed with C3(1)/Tag in FVB/NJ.

Genotyping was performed using the primers listed in Table S1. Tg(Sox9-EGFP)EB209Gsat
mice were phenotyped by EGFP expression in ear punch hair follicles under a fluorescent
microscope.

All experimental animals were females at 2-4 months of age or as indicated in the Results,
Figures and Figure Legends.

All experimental procedures were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee of Albert Einstein College of Medicine. All
experimental animals were female and SPF as determined by testing of sentinel animals.

METHOD DETAILS

Mammary Epithelial Cell Single Cell Preparation—Number three and humber four
mammary fat pads were dissected and minced until no piece was larger than the bore of a 10
mL serological pipet. For every complete set of glands, 3 mL of the DMEM/F12 (Corning
10-092-CV) + 300 units/ml Collagenase 3 (Worthington LS004182) + 10 units/ml DNase |
(Worthington LS002139) + 5 uM Y-27632 (Caymen Chemical 10005583) was used. This
mixture was incubated for 2 hours rocking at 37°C. After primary digestion the epithelial
pellet was washed with 1x PBS, RBCs were lysed, and RBC lysis buffer was removed. 1 mL
of 0.05% Trypsin-EDTA (ThermoFisher 25300054) was then added (for up to three
animals), mixed, and incubated for 5 minutes at 37°C. Trypsinization was halted with serum
containing media, the sample was triturated, and the cells were pelleted again. This final
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pellet was incubated 1 mL of DMEM/F12 with 1 U/ml Dispase (Worthington LS02109)
with 100 U/ml DNase (Worthington LS002139) at 37°C for five minutes. Dispase was halted
by dilution and the final suspension was passed through a 40-micron filter.

Fluorescence Activated Cell Sorting (FACS) and Analysis—Fluorescently
conjugated antibodies were used 1:100 for all experiments. Staining was accomplished by
incubating fluorescently conjugated antibodies for 30 minutes inside a 4°C refrigerator.
Keratin 14 was stained for flow cytometry by first fixing cells already stained for surface
markers with 3.2% paraformaldehyde (EMS 15714) in PBS for 15 minutes. Fixed cells were
then permeabilized with 0.1% Triton X-100 for 10 minutes. Cells were then spun out of
permeabilization buffer and resuspended in FACS staining buffer where they were stained
for 15 minutes with unlabeled rabbit anti-Keratin 14 (1:1000) followed by 15 minutes with
anti-rabbit Alexa Fluor 647 (1:100).

All sorting was performed on a BD Bioscience FACSAriall, and all analysis was performed
on BD LSRII. Analysis of FCS files was done using FlowJo version 10.4.2.

Organoid Culture—FACS sorted mammary epithelial cells was resuspended in ice cold
Epicult-B media + 5% FBS + 10 ng/ml EGF + 20 ng/ml FGF2 + 4 mg/ml Heparin + 5 uM
Y-27632 + 5% Matrigel (Corning 354234). This mixture was then plated on 96-well ultra-
low attachment plate (Corning 3474) (10-1,000 cells /well), or on 2-hydroxyethyl
methacrylate (Poly-HEMA) coated 6- and 24-well plates (10,000-200,000 cells/well). For
organoid passaging, organoids were collected, washed with PBS, disassociated with 0.05%
Trypsin-EDTA and then reseeded in organoid culture medium.

Lentivirus Production and Infection—Lentivirus was produced in 293T cells using
pMD?2.G capsid plasmid and pCMVR8.74 packaging plasmid, a gift from Didier Trono
(Addgene Plasmids #12259 and 22036). Lentivirus was either used straight or concentrated
10-100x using Lenti-X Concentrator (Takara 631232) as described in the manufacturer’s
instructions. Lentiviral infection of ER™ luminal cells in suspension was carried out by
adding virus (no greater than 50% of total media volume) to single cells in organoid medium
with the addition of 5 pg/ml of Polybrene (EMD Millipore TR-1003-G) and culturing
overnight. The next morning the cells were washed to remove Polybrene and lentivirus. The
washed cells were then reseeded back into organoid medium.

Mammary Gland Whole Mount and Carmine Staining—The number four mammary
gland was dissected out and stretched across a Superfrost glass slide (Fisher Scientific 12—
550-15). The gland was then fixed in Carnoy’s solution. The gland was placed in carmine-
alum solution and allowed to stain overnight. The following day, the slide mounted gland
was dehydrated and destained. The slide mounted gland was then immersed in xylenes
(Fisher Scientific X3P-1GAL), allowed to become transparent, and mounted with a generous
portion of Permount (Fisher Scientific SP15100).

Estrus Cycle Determination—Mice were restrained with one hand and in the other a
0.5-10 L pipette was preloaded with 10 pL of sterile, room temperature, 1x PBS. The
vagina of the animal was then flushed with the loaded 10 uL of 1x PBS after which that
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same 10 pL was recovered with the pipette and added to a labeled tube. Each sample was
then streaked on a slide and the cytology of the vaginal smear was evaluated using a phase
contrast microscope at 10x magnification. Estrus cycle was determined based on cytology
(Caligioni, 2009).

Total RNA Isolation from Flow Sorted Cells—Cells were sorted directly into 0.75 mL
of Trizol LS (ThermoFisher 10296010) as processed as per the Trizol LS protocol. RNA was
quantified, as per manufacturer’s instructions, with Qubit® RNA HS Assay Kit
(ThermoFisher Q32852).

Quantitative RT-PCR—CcDNA was synthesized from either poly-A selected or total RNA
as per manufacturer’s instructions with the High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher 4368813).

RT-PCR reactions were performed using Power SYBR® Green PCR Master Mix
(ThermoFisher 4368708). Primers are listed in Table S2.

Microarray Analysis of Sox9F/Fl and Sox9Pel/Pel ESR1~ Luminal Cells—Estrus
cycle of Sox9FFl and MMTV-iCre; Sox97/F!, between 8-12 weeks, was tracked Gene
expression profiling was done using total RNA on an Affymetrix Clariom S Pico, Mouse
(ThermoFisher 902932) by the Einstein Genomics Core Facility as per manufacturer’s
instructions. CHP files were converted to CEL files using Affymetrix Expression Console.
The resulting CEL files were then analyzed using the Transcriptome Analysis Console
(TAC) version 4.0.1. The expression data was then output as a human readable text file and
reformatted as an GCT file manually.

Gene Set Enrichment Analysis of ESR1- Luminal Cell Microarray Data—The
GCT file, generated from the microarray data, was loaded into Gene Set Enrichment
Analysis (GSEA) version 3.0 (Mootha et al., 2003; Subramanian et al., 2005). Phenotype
labels were done with Sox9F/F! samples being set as “Class A” while Sox9Pe!/Del were set
as “Class B.” GSEA analysis was run using the default settings except for “Permutation
type” which was set to “gene set.” The gene sets V6.1 H1 Hallmarks and C2 CGP and CP
were used for analysis. A false discovery rate of 0.25 was used as cutoff for significance.

Gene Set Enrichment Analysis of TCGA Breast Cancer RNA-Seq Data—Raw
HTseq count files from all samples in the BRCA database were downloaded from the NIH
GDC Data portal. These files were merged into a single GCT file using MergeHTSeqCounts
version 0.7 on the Broad GenePattern server (Reich et al., 2006). The GCT file was then
preprocessed using PreprocessReadCounts version 0.6 on the Broad GenePattern server.
Preprocessing removes lowly expressed genes and then normalizes the dataset to make it
better resemble microarray data for which GSEA was designed. This preprocessed GCT file
was then loaded into GSEA. The gene sets V6.1 H1 Hallmarks and C2 CGP and CP were
used for analysis. Sox9 was used as a gene phenotype and the metric for ranking genes was
set to Pearson. A false discovery rate of 0.25 was used as cutoff for significance.
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Single-cell RNA-Seq Analysis and Gene Set Enrichment Analysis—Fastq files
from scRNA-seq were aligned and quantified with the Alevin function of Salmon v0.13.
Gene-Cell matrices were turned into a Seurat object, normalized with SCTransform
analyzed by Seurat v3.0 (Hafemeister and Satija, 2019; Stuart et al., 2019). Differentially
expressed genes between ER- luminal and all other clusters were determined by the
Wilcoxon test within Seurat with a cutoff of FDR < 0.05 and then exported and ranked based
on their log fold change. This rank file was then used for preranked gene set enrichment
analysis.

CRISPR sgRNA Design and Cloning—Sox9 and Nfkb2 sgRNAs were designed using
the CHOPCHOP webserver (Labun et al., 2016). Oligos were cloned into pXLV-Puro as
described previously (Cong et al., 2013; Zhang et al., 2016). The sgRNA targeting sequences
are in Table S3.

Western Blots—All cells were lysed in RIPA buffer with protease and phosphatase
inhibitors and sonicated in a Bioruptor (Diagenode). Protein samples were reduced with
TCEP and separated on 4%-12% gradient TruPAGE Precast Gels (Sigma PCG2003)
buffered by TruPAGE Tris-MOPS SDS Express Running Buffer (Sigma PCG3003) and wet
tank transferred to a PVDF membrane (EMD Millipore IPVH00010). Membrane was
blocked with 5% non-fat dry milk in TBS-T. Primary antibodies were incubated with the
membrane overnight in 5% BSA TBS-T at indicated ratios. Secondary antibodies were
incubated in 5% milk with TBS-T for one hour at RT. Between all antibody steps membrane
was washed 3x for 5 minutes with TBS-T. The membrane was then incubated with either
Western Lightning ECL Pro (PerkinEImer NEL121001EA) or VisiGlo Prime HRP
Chemiluminescent ECL Substrate (Amresco 89424-016) depending on the sensitivity
required. Membrane was then imaged via CCD camera using an Odyssey® Fc (Li-Cor).
Resulting exposures were exported at 600 DPI in TIF format.

Tissue Fixation for Paraffin Embedding—The number 4 mammary fat pad of the
mouse was dissected out and stretched across a Superfrost glass slide (Fisher Scientific 12—
550-15). Tumors were dissected out and cut with a razor blade such that at least one side
was at most 2 mm thick. These tissues were then place in 10% formalin and allowed to fix
overnight at room temperature after which they were transferred to 70% ethanol. All paraffin
embedding, and sectioning was performed by Einstein Histology & Comparative Pathology
Core.

Processing and Staining of Formalin Fixed Paraffin Embedded Slides (FFPE)
—Slides were rehydrated serially with a xylene:ethanol:water series. If a peroxidase reaction
will be used as part of the staining pro- tocol, endogenous peroxidase was quenched with
methanol (EMD Millipore MX04881) containing 0.3% hydrogen peroxide (Fisher Scientific
NC0512932) for 15 minutes after the 100% ethanol step. Antigen retrieval was performed in
a pressure cooker using 1x Antigen Unmasking Solution (Vector Laboratories H-3300).
Each section was then blocked with TBS-T(0.1%) + 5% goat serum. Primary antibody was
diluted in blocking solution and allowed to stain overnight at 4°C. After primary incubation
the slide was washed 3x with TBS-T(0.1%) and stained either with a secondary that was
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conjugated with HRP or a secondary conjugated to a fluorophore. HRP signal was
developed using DAB Peroxidase (HRP) Substrate Kit, 3,3’ -diaminobenzidine (Vector
Laboratories SK-4100) for a measured amount of time as required to see sufficient signal on
a positive control slide. For fluorescently conjugated secondary antibodies the slide was
incubated with secondary antibodies, diluted in 5% goat serum in TBS-T.

Imaging of FFPE Slides—Fluorescent slides were imaged with an AXIO Examiner D1
microscope (Zeiss), equipped with a confocal scanner unit CSU-X1 (Yakagawa), and
automated micrometer stage (Sutter Instrument). Slidebook software version 6 was used for
acquisition and flat field and dark field corrections were performed at the time of capture for
all images.

Chromogen slides were scanned with a P250 High Capacity Slide Scanner (3D Histech).

Cloning of IxBaSR into pLVX-Puro—I«xBaSR was PCR cloned from pBabe puro 1kB
alpha M, a gift from Inder Verma (Addgene plasmid # 12332), into pLVX-Puro (Takara
632164) via NEB HiFi Assembly Kit (New England Biolabs E2621S). PCR was performed
using PrimeSTAR MAX DNA polymerase (Takara R0O45A) as per manufacturer’s
instructions. Assembly reaction was transformed into ElectroMAX Stbl4 Competent Cells
(ThermoFisher 11635018) using a MicroPulser Electroporator (BIO-RAD) using cuvettes
with a 1 mm gap and the default settings for £. col.

ATAC-seq and Data Analysis—The transposition assay was performed as previously
described (Buenrostro et al., 2015) 1.4x10* nuclei from sorted Sox9-GFP-high and Sox9-
GFP-low C3(1)/Tag cells were used in each reaction with 20 mL of transposition mix (10 pL
2x TD, 0.5 mL TDEL, 6.6 ul PBS, 2.9 uL H20; lllumina Nextera FC-121-1030) and
incubated at 37°C for 30 minutes with shaking. The library was amplified with 12 cycles of
PCR as determined by qPCR to be the optimal cycle number (25% library saturation). The
library was purified with AMPure XP beads (Beckman A63881), and then analyzed by
Agilent TapeStation, and 50 bp single-end sequencing was performed with Illu- mina HiSeq
2500. ATAC-seq analysis was performed as previously described (Bao et al., 2015). In brief,
after quality check with FastQC, sequencing reads were mapped to the mouse genome
(mm?9) with Bowtie (Langmead et al., 2009), with these parameters: -m 1 -S -n 2 -I 30.
Bedgraph files generated were then quantile normalized using the R package
“preprocessCore” and converted into BigWig format and visualized in Integrative Genomics
Viewer (Robinson et al., 2011). Genome-wide average signal profile at genes was checked
for each sample to ensure similar signal-to-noise level. Signal profiling was performed using
deepTools (Ramifez et al., 2014) Differential peaks were called with SICER-df-rb (Zang et
al., 2009), with these parameters: window size: 100, gap size: 100, E-value: 0.01, FDR: 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed as unpaired Student’s t test unless otherwise stated in the figure
legend and using Prism version 7.0d. All details regarding n number and what n represents
are stated in figure legends. A p value less than 0.05 was considered significant.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank the Flow Cytometry, Histopathology, Analytical Imaging, and Stem Cell Isolation core facilities of Albert
Einstein College of Medicine for technical assistance (supported by Albert Einstein Cancer Center support grant
P30 CA013330, New York State Department of Health NYSTEM program shared facility grant C029154, and NIH
grant 1S100D019961-01 for the P250 High Capacity Slide Scanner). We thank Nasun Hah at the Salk Next
Generation Sequencing Core. This work is supported by grants to W.G. from NYSTEM (C028109 and C029571)
and DOD BCRP (W81XWH1810445). Work in the laboratory of G.M.W. was supported, in part, by a Salk Cancer
Center core grant (CA014195), the NIH/National Cancer Institute (R35 CA197687), the Susan G. Komen
Foundation (SAC110036), and the Breast Cancer Research Foundation (BCRF). J.R.C. was supported by the NIH
2T32GMO007491-36 Training Program in Cellular and Molecular Biology and Genetics. J.R.C. and Y.L. were
supported by NYSTEM training grant C30392GG. W.G. is a V Scholar of the V Foundation for Cancer Research
and supported by the Mary Kay Foundation.

REFERENCES

Adam RC, Yang H, Rockowitz S, Larsen SB, Nikolova M, Oristian DS, Polak L, Kadaja M, Asare A,
Zheng D, and Fuchs E (2015). Pioneer factors govern superenhancer dynamics in stem cell
plasticity and lineage choice. Nature 521, 366-370. [PubMed: 25799994]

Akiyama H, Chaboissier MC, Martin JF, Schedl A, and de Crombrugghe B (2002). The transcription
factor Sox9 has essential roles in successive steps of the chondrocyte differentiation pathway and is
required for expression of Sox5 and Sox6. Genes Dev. 16, 2813-2828. [PubMed: 12414734]

Ali SH, and DeCaprio JA (2001). Cellular transformation by SV40 large T antigen: interaction with
host proteins. Semin. Cancer Biol. 11, 15-23. [PubMed: 11243895]

Buenrostro JD, Giresi PG, Zaba LC, Chang HY, and Greenleaf WJ (2013). Transposition of native
chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and
nucleosome position. Nat. Methods 10, 1213-1218. [PubMed: 24097267]

Buenrostro JD, Wu B, Chang HY, and Greenleaf WJ (2015). ). ATAC-seq: a method for assaying
chromatin accessibility genome-wide. Curr. Pro toc. Mol. Biol. 109, 21.29.1-21.29.9.

Caligioni CS (2009). Assessing reproductive status/stages in mice. Curr. Protoc. Neurosci Appendix 4—
Appendix 41.

Cao Y, Bonizzi G, Seagroves TN, Greten FR, Johnson R, Schmidt EV, and Karin M (2001). IKKalpha
provides an essential link between RANK signaling and cyclin D1 expression during mammary
gland development. Cell 107, 763-775. [PubMed: 11747812]

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A, Byrne CJ, Heuer ML,
Larsson E, et al. (2012). The cBio cancer genomics portal: an open platform for exploring
multidimensional cancer genomics data. Cancer Discov. 2, 401-404. [PubMed: 22588877]

Chung CY, Ma Z, Dravis C, Preissl S, Poirion O, Luna G, Hou X, Giraddi RR, Ren B, and Wahl GM
(2019). Single-cell chromatin analysis of mammary gland development reveals cell-state
transcriptional regulators and lineage relationships. Cell Rep. 29, 495-510.e6. [PubMed: 31597106]

Ciriello G, Gatza ML, Beck AH, Wilkerson MD, Rhie SK, Pastore A, Zhang H, McLellan M, Yau C,
Kandoth C, et al.; TCGA Research Network (2015). Comprehensive Molecular Portraits of
Invasive Lobular Breast Cancer. Cell 163, 506-519. [PubMed: 26451490]

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang W, Marraffini LA, and
Zhang F (2013). Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819—
823. [PubMed: 23287718]

Domenici G, Aurrekoetxea-Rodfiguez I., Simd es BM, Ra bano M, Lee SY, Milla n JS, Comaills V,
Oliemuller E, L6 pez-Ruiz JA, Zabalza I, et al. (2019). A Sox2-Sox9 signalling axis maintains
human breast luminal progenitor and breast cancer stem cells. Oncogene 38, 3151-3169.
[PubMed: 30622340]

Cell Rep. Author manuscript; available in PMC 2020 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Christin et al.

Page 16

Dravis C, Spike BT, Harrell JC, Johns C, Trejo CL, Southard-Smith EM, Perou CM, and Wahl GM
(2015). Sox10 regulates stem/progenitor and mesenchymal cell states in mammary epithelial cells.
Cell Rep. 12, 2035-2048. [PubMed: 26365194]

Dravis C, Chung CY, Lytle NK, Herrera-Valdez J, Luna G, Trejo CL, Reya T, and Wahl GM (2018).
Epigenetic and transcriptomic profiling of mammary gland development and tumor models
disclose regulators of cell state plasticity. Cancer Cell 34, 466-482.e6. [PubMed: 30174241]

Fata JE, Kong YY, Li J, Sasaki T, Irie-Sasaki J, Moorehead RA, Elliott R, Scully S, Voura EB, Lacey
DL, et al. (2000). The osteoclast differentiation factor osteoprotegerin-ligand is essential for
mammary gland development. Cell 103, 41-50. [PubMed: 11051546]

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson
E, et al. (2013). Integrative analysis of complex cancer genomics and clinical profiles using the
cBioPortal. Sci. Signal. 6, pl1.

Ge Y, and Fuchs E (2018). Stretching the limits: from homeostasis to stem cell plasticity in wound
healing and cancer. Nat. Rev. Genet. 19, 311-325. [PubMed: 29479084]

Ge Y, Gomez NC, Adam RC, Nikolova M, Yang H, Verma A, Lu CPJ, Polak L, Yuan S, Elemento O,
and Fuchs E (2017). Stem cell lineage infidelity drives wound repair and cancer. Cell 169, 636—
650.e14. [PubMed: 28434617]

Giraddi RR, Shehata M, Gallardo M, Blasco MA, Simons BD, and Stingl J (2015). Stem and
progenitor cell division kinetics during postnatal mouse mammary gland development. Nat.
Commun. 6, 8487. [PubMed: 26511661]

Giraddi RR, Chung CY, Heinz RE, Balcioglu O, Novotny M, Trejo CL, Dravis C, Hagos BM,
Mehrabad EM, Rodewald LW, et al. (2018). Single-cell transcriptomes distinguish stem cell state
changes and lineage specification programs in early mammary gland development. Cell Rep. 24,
1653-1666.e7. [PubMed: 30089273]

Gong S, Kus L, and Heintz N (2010). Rapid bacterial artificial chromosome modification for large-
scale mouse transgenesis. Nat. Protoc. 5, 1678-1696. [PubMed: 20885380]

Green JE, Shibata MA, Yoshidome K, Liu ML, Jorcyk C, Anver MR, Wigginton J, Wiltrout R, Shibata
E, Kaczmarczyk S, et al. (2000). The C3(1)/SV40 T-antigen transgenic mouse model of mammary
cancer: ductal epithelial cell targeting with multistage progression to carcinoma. Oncogene 19,
1020-1027. [PubMed: 10713685]

Guo W, Keckesova Z, Donaher JL, Shibue T, Tischler V, Reinhardt F, Itzkovitz S, Noske A, Zirrer-
Hérdi, U, Bell G, et al. (2012). Slug and Sox9 cooperatively determine the mammary stem cell
state. Cell 148, 1015-1028. [PubMed: 22385965]

Hafemeister C, and Satija R (2019). Normalization and variance stabilization of single-cell RNA-seq
data using regularized negative binomial regression. Genome Biol. 20, 296. [PubMed: 31870423]

Hennighausen L, Wall RJ, Tillmann U, Li M, and Furth PA (1995). Conditional gene expression in
secretory tissues and skin of transgenic mice using the MMTV-LTR and the tetracycline responsive
system. J. Cell. Biochem. 59, 463-472. [PubMed: 8749716]

Huang YH, Jankowski A, Cheah KSE, Prabhakar S, and Jauch R (2015). SOXE transcription factors
form selective dimers on non-compact DNA motifs through multifaceted interactions between
dimerization and high-mobility group domains. Sci. Rep. 5, 10398. [PubMed: 26013289]

Jé zé quel P, Campone M, Gouraud W, Gué rin-Charbonnel C, Leux C, Ricolleau G, and Campion L
(2012). bc-GenExMiner: an easy-to-use online platform for gene prognostic analyses in breast
cancer. Breast Cancer Res. Treat. 131, 765-775. [PubMed: 21452023]

Jé zé quel P, Fré nel JS, Campion L, Gué rin-Charbonnel C, Gouraud W, Ricolleau G, and Campone M
(2013). bc-GenExMiner 3.0: new mining module computes breast cancer gene expression
correlation analyses. Database (Oxford) 2013, bas060. [PubMed: 23325629]

Jo A, Denduluri S, Zhang B, Wang Z, Yin L, Yan Z, Kang R, Shi LL, Mok J, Lee MJ, and Haydon RC
(2014). The versatile functions of Sox9 in development, stem cells, and human diseases. Genes Dis
1, 149-161. [PubMed: 25685828]

Keller PJ, Arendt LM, Skibinski A, Logvinenko T, Klebba I, Dong S, Smith AE, Prat A, Perou CM,
Gilmore H, et al. (2012). Defining the cellular precursors to human breast cancer. Proc. Natl.
Acad. Sci. USA 109, 2772-2777. [PubMed: 21940501]

Cell Rep. Author manuscript; available in PMC 2020 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Christin et al.

Page 17

Koboldt DC, Fulton RS, McLellan MD, Schmidt H, Kalicki-Veizer J, McMichael JF, Fulton LL,
Dooling DJ, Ding L, Mardis ER, et al.; Cancer Genome Atlas Network (2012). Comprehensive
molecular portraits of human breast tumours. Nature 490, 61-70. [PubMed: 23000897]

Kopp JL, von Figura G, Mayes E, Liu FF, Dubois CL, Morris JP 4th, Pan FC, Akiyama H, Wright
CVE, Jensen K, et al. (2012). Identification of Sox9-dependent acinar-to-ductal reprogramming as
the principal mechanism for initiation of pancreatic ductal adenocarcinoma. Cancer Cell 22, 737-
750. [PubMed: 23201164]

Koren S, Reavie L, Couto JP, De Silva D, Stadler MB, Roloff T, Britschgi A, Eichlisberger T, Kohler
H, Aina O, et al. (2015). PIK3-CA(H1047R) induces multipotency and multi-lineage mammary
tumours. Nature 525, 114-118. [PubMed: 26266975]

Ku SY, Rosario S, Wang Y, Mu P, Seshadri M, Goodrich ZW, Goodrich MM, Labbé DP, Gomez EC,
Wang J, et al. (2017). Rb1 and Trp53 cooperate to suppress prostate cancer lineage plasticity,
metastasis, and antiandrogen resistance. Science 355, 78-83. [PubMed: 28059767]

Labun K, Montague TG, Gagnon JA, Thyme SB, and Valen E (2016). CHOPCHOP v2: a web tool for
the next generation of CRISPR genome engineering. Nucleic Acids Res. 44 (W1), W272-6.
[PubMed: 27185894]

Langmead B, Trapnell C, Pop M, and Salzberg SL (2009). Ultrafast and memory-efficient alignment of
short DNA sequences to the human genome. Genome Biol. 10, R25. [PubMed: 19261174]

Le Magnen C, Virk RK, Dutta A, Kim JY, Panja S, Lopez-Bujanda ZA, Califano A, Drake CG,
Mitrofanova A, and Abate-Shen C (2018). Cooperation of loss of NKX3.1 and inflammation in
prostate cancer initiation. Dis. Model. Mech. 11, dmm035139. [PubMed: 30266798]

Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, Asselin-Labat ML, Gyorki DE, Ward T,
Partanen A, et al.; kConFab (2009). Aberrant luminal progenitors as the candidate target
population for basal tumor development in BRCA1 mutation carriers. Nat. Med. 15, 907-913.
[PubMed: 19648928]

Lim E, Wu D, Pal B, Bouras T, Asselin-Labat ML, Vaillant F, Yagita H, Lindeman GJ, Smyth GK, and
Visvader JE (2010). Transcriptome analyses of mouse and human mammary cell subpopulations
reveal multiple conserved genes and pathways. Breast Cancer Res. 12, R21. [PubMed: 20346151]

Malhotra GK, Zhao X, Edwards E, Kopp JL, Naramura M, Sander M, Band H, and Band V (2014).
The role of Sox9 in mouse mammary gland development and maintenance of mammary stem and
luminal progenitor cells. BMC Dev. Biol. 14, 47. [PubMed: 25527186]

Maroulakou IG, Anver M, Garrett L, and Green JE (1994). Prostate and mammary adenocarcinoma in
transgenic mice carrying a rat C3(1) simian virus 40 large tumor antigen fusion gene. Proc. Natl.
Acad. Sci. USA 91, 11236-11240. [PubMed: 7972041]

Molyneux G, Geyer FC, Magnay FA, McCarthy A, Kendrick H, Natrajan R, Mackay A, Grigoriadis A,
Tutt A, Ashworth A, et al. (2010). BRCAL basal-like breast cancers originate from luminal
epithelial progenitors and not from basal stem cells. Cell Stem Cell 7, 403-417. [PubMed:
20804975]

Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, Puigserver P, Carlsson E,
Ridderstra le M, Laurila E, et al. (2003). PGC-1a-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nat. Genet. 34, 267-273.
[PubMed: 12808457]

Mu P, Zhang Z, Benelli M, Karthaus WR, Hoover E, Chen CC, Wongvipat J, Ku SY, Gao D, Cao Z, et
al. (2017). SOX2 promotes lineage plasticity and antiandrogen resistance in TP53- and RB1-
deficient prostate cancer. Science 355, 84-88. [PubMed: 28059768]

Nagy A”., L& nczky A, Menyha rt O, and Gyorffy B (2018). Validation of miRNA prognostic power in
hepatocellular carcinoma using expression data of independent datasets. Sci. Rep. 8, 9227.
[PubMed: 29907753]

Nolan E, Vaillant F, Branstetter D, Pal B, Giner G, Whitehead L, Lok SW, Mann GB, Rohrbach K,
Huang LY, et al.; Kathleen Cuningham Foundation Consortium for Research into Familial Breast
Cancer (kConFab) (2016). RANK ligand as a potential target for breast cancer prevention in
BRCAL-mutation carriers. Nat. Med. 22, 933-939. [PubMed: 27322743]

Cell Rep. Author manuscript; available in PMC 2020 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Christin et al.

Page 18

Pereira B, Chin SF, Rueda OM, Vollan HKM, Provenzano E, Bardwell HA, Pugh M, Jones L, Russell
R, Sammut SJ, et al. (2016). The somatic mutation profiles of 2,433 breast cancers refine their
genomic and transcriptomic landscapes. Nat. Commun. 7, 11908. [PubMed: 27264733]

Pfefferle AD, Herschkowitz JI, Usary J, Harrell JC, Spike BT, Adams JR, Torres-Arzayus MI, Brown
M, Egan SE, Wahl GM, et al. (2013). Transcriptomic classification of genetically engineered
mouse models of breast cancer identifies human subtype counterparts. Genome Biol. 14, R125.
[PubMed: 24220145]

Platt RJ, Chen S, Zhou Y, Yim MJ, Swiech L, Kempton HR, Dahlman JE, Parnas O, Eisenhaure TM,
Jovanovic M, et al. (2014). CRISPR-Cas9 knockin mice for genome editing and cancer modeling.
Cell 159, 440-455. [PubMed: 25263330]

Prat A, and Perou CM (2011). Deconstructing the molecular portraits of breast cancer. Mol. Oncol. 5,
5-23. [PubMed: 21147047]

Pratt MAC, Tibbo E, Robertson SJ, Jansson D, Hurst K, Perez-Iratxeta C, Lau R, and Niu MY (2009).
The canonical NF-kappaB pathway is required for formation of luminal mammary neoplasias and
is activated in the mammary progenitor population. Oncogene 28, 2710-2722. [PubMed:
19483731]

Proia TA, Keller PJ, Gupta PB, Klebba I, Jones AD, Sedic M, Gilmore H, Tung N, Naber SP, Schnitt
S, et al. (2011). Genetic predisposition directs breast cancer phenotype by dictating progenitor cell
fate. Cell Stem Cell 8, 149-163. [PubMed: 21295272]

Rajagopal J, and Stanger BZ (2016). Plasticity in the adult: how should the Waddington diagram be
applied to regenerating tissues? Dev. Cell 36, 133-137. [PubMed: 26812013]

Ramifez F, Diindar F, Diehl S, Gruilining BA,and Manke T. (2014). deepTools: a flexible platform for
exploring deep-sequencing data. Nucleic Acids Res. 42, W187-91. [PubMed: 24799436]

Reich M, Liefeld T, Gould J, Lerner J, Tamayo P, and Mesirov JP (2006). GenePattern 2.0. Nat. Genet.
38, 500-501. [PubMed: 16642009]

Rios AC, Capaldo BD, Vaillant F, Pal B, van Ineveld R, Dawson CA, Chen Y, Nolan E, Fu NY,
Jackling FC, et al.; 3BDTCLSM Group (2019). Intraclonal plasticity in mammary tumors revealed
through large-scale single-cell resolution 3D imaging. Cancer Cell 35, 618-632.€6. [PubMed:
30930118]

Robinson JT, Thorvaldsdé ttir H, Winckler W, Guttman M, Lander ES, Getz G, and Mesirov JP (2011).
Integrative genomics viewer. Nat. Biotechnol. 29, 24-26. [PubMed: 21221095]

Rodilla V, Dasti A, Huyghe M, Lafkas D, Laurent C, Reyal F, and Fre S (2015). Luminal progenitors
restrict their lineage potential during mammary gland development. PLoS Biol. 13, e1002069.
[PubMed: 25688859]

Roussos ET, Wang Y, Wyckoff JB, Sellers RS, Wang W, Li J, Pollard JW, Gertler FB, and Condeelis
JS (2010). Mena deficiency delays tumor progression and decreases metastasis in polyoma middle-
T transgenic mouse mammary tumors. Breast Cancer Res. 12, R101. [PubMed: 21108830]

Sau A, Lau R, Cabrita MA, Nolan E, Crooks PA, Visvader JE, and Pratt MAC (2016). Persistent
activation of NF-xB in BRCAZ1-deficient mammary progenitors drives aberrant proliferation and
accumulation of DNA damage. Cell Stem Cell 19, 52-65. [PubMed: 27292187]

Schep AN, Wu B, Buenrostro JD, and Greenleaf WJ (2017). chromVAR: inferring transcription-factor-
associated accessibility from single-cell epigenomic data. Nat. Methods 14, 975-978. [PubMed:
28825706]

Schramek D, Leibbrandt A, Sigl V, Kenner L, Pospisilik JA, Lee HJ, Hanada R, Joshi PA, Aliprantis
A, Glimcher L, et al. (2010). Osteoclast differentiation factor RANKL controls development of
progestin-driven mammary cancer. Nature 468, 98-102. [PubMed: 20881962]

Sigl V, Owusu-Boaitey K, Joshi PA, Kavirayani A, Wirnsberger G, Novatchkova M, Kozieradzki I,
Schramek D, Edokobi N, Hersl J, et al. (2016). RANKL/RANK control Brcal mutation-. Cell Res.
26, 761-774. [PubMed: 27241552]

Sonzogni O, Haynes J, Seifried LA, Kamel YM, Huang K, BeGora MD, Yeung FA, Robert-Tissot C,
Heng YJ, Yuan X, et al. (2018). Reporters to mark and eliminate basal or luminal epithelial cells in
culture and in vivo. PLoS Biol. 16, €2004049. [PubMed: 29924804]

Cell Rep. Author manuscript; available in PMC 2020 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Christin et al.

Page 19

Spike BT, Engle DD, Lin JC, Cheung SK, La J, and Wahl GM (2012). A mammary stem cell
population identified and characterized in late embryogenesis reveals similarities to human breast
cancer. Cell Stem Cell 10, 183-197. [PubMed: 22305568]

Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM 3rd, Hao Y, Stoeckius M,
Smibert P, and Satija R (2019). Comprehensive integration of single-cell data. Cell 177, 1888-
1902.e21. [PubMed: 31178118]

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy
SL, Golub TR, Lander ES, and Mesirov JP (2005). Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 102,
15545-15550. [PubMed: 16199517]

Tao L, Xiang D, Xie Y, Bronson RT, and Li Z (2017). Induced p53 loss in mouse luminal cells causes
clonal expansion and development of mammary tumours. Nat. Commun. 8, 14431. [PubMed:
28194015]

Van Antwerp DJ, and Verma IM (1996). Signal-induced degradation of I(kappa)B(alpha): association
with NF-kappaB and the PEST sequence in I(kappa)B(alpha) are not required. Mol. Cell. Biol. 16,
6037-6045. [PubMed: 8887633]

Van Keymeulen A, Lee MY, Ousset M, Brohé e S, Rorive S, Giraddi RR, Wuidart A, Bouvencourt G,
Dubois C, Salmon I, et al. (2015). Reactivation of multipotency by oncogenic PIK3CA induces
breast tumour heterogeneity. Nature 525, 119-123. [PubMed: 26266985]

Van Keymeulen A, Fioramonti M, Centonze A, Bouvencourt G, Achouri Y, and Blanpain C (2017).
Lineage-restricted mammary stem cells sustain the development, homeostasis, and regeneration of
the estrogen receptor positive lineage. Cell Rep. 20, 1525-1532. [PubMed: 28813665]

Wahl GM, and Spike BT (2017). Cell state plasticity, stem cells, EMT, and the generation of intra-
tumoral heterogeneity. NPJ Breast Cancer 3, 14. [PubMed: 28649654]

Wang C, Christin JR, Oktay MH, and Guo W (2017). Lineage-biased stem cells maintain estrogen-
receptor-positive and -negative mouse mammary luminal lineages. Cell Rep. 18, 2825-2835.
[PubMed: 28329676]

Wang H, Xiang D, Liu B, He A, Randle HJ, Zhang KX, Dongre A, Sachs N, Clark AP, Tao L, et al.
(2019). Inadequate DNA damage repair promotes mammary transdifferentiation, leading to
BRCAL breast cancer. Cell 178, 135-151.e19. [PubMed: 31251913]

Zang C, Schones DE, Zeng C, Cui K, Zhao K, and Peng W (2009). A clustering approach for
identification of enriched domains from histone modification ChlP-seq data. Bioinformatics 25,
1952-1958. [PubMed: 19505939]

Zhang Z, Christin JR, Wang C, Ge K, Oktay MH, and Guo W (2016). Mammary-stem-cell-based
somatic mouse models reveal breast cancer drivers causing cell fate dysregulation. Cell Rep. 16,
3146-3156. [PubMed: 27653681]

Zou M, Toivanen R, Mitrofanova A, Floch N, Hayati S, Sun Y, Le Magnen C, Chester D, Mostaghel
EA, Califano A, et al. (2017). Transdifferentiation as a mechanism of treatment resistance in a
mouse model of castrationresistant prostate cancer. Cancer Discov. 7, 736-749. [PubMed:
28411207]

Cell Rep. Author manuscript; available in PMC 2020 November 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Christin et al.

Page 20

Highlights
SOX9 is required for luminal stem/progenitor cell (LSPC) activity

SOX9 enhances activation of canonical and non-canonical NF-xB pathways
in LSPC

SOX9 upregulation drives luminal-to-basal reprogramming during BLBC
formation

SOX9 deletion blocks progression of DCIS to invasive BLBC
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Figure 1. Sox9 Deletion In Vivo Inhibits ER™ Luminal Stem/Progenitor Activity
(A) Schematic of mouse models.

(B) MMTV-iCre activity in mammary epithelial cell subpopulations, based on the ECFP
reporter. Mean £ SEM (n = 7-8 per group).

(C) Sox9 allele frequency in ECFP+ basal or luminal cells of indicated animals. Genomic
DNA of fluorescence-activated cell sorting (FACS)-sorted cells was analyzed by gPCR.
Mean + SEM (n = 2-3 per group).

(D) Representative whole-mount carmine stain of pregnancy day 5.5 mammary glands of
Sox9-WT (Sox9F/F n=6) or Sox9-cKO (MMTV-iCre; Sox9F/F n=8) mice. Mean + SEM.
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(E) Ratio of ER™ to ER* luminal cells at pregnancy day 5.5 as determined by flow
cytometry. Mean + SEM (n = 5-6 per group). *p < 0.05.

(F) Acinus-forming ability of ECFP+ ER- luminal cells sorted from Sox9-WT (MMTV-
iCre) or Sox9-cKO (MMTV-iCre; Soxg'F) mice at 2-3 months. Mean = SEM (n = 4-5 per
group). *p < 0.05.

(G) Acinus-forming ability of ECFP* ER™ luminal cells from MMTV-iCre; Sox9F/F mice
transduced with the Sox9-expressing or control lentiviral vector. Freshly FACS-sorted cells
were transduced in organoid culture, puromycin selected, and then reseeded for measuring
acinus-forming ability. Representative results of two experiments are shown. Mean + SEM
***p < 0.001.

(H) Acinus-forming capability of Sox9-WT ER- luminal cells transduced with the indicated
SgRNA lentiviral vectors. Cells were transduced in organoid culture, selected with
puromycin, and then re-seeded for measuring organoid-forming ability. Representative
results of three experiments are shown. Mean + SEM ****p < 0.0001.

1) Acinus-forming ability of Sox9-WT ER* luminal cells transduced with the Sox9 or
control lentiviral vector. Cells were transduced in adherent culture, selected with puromycin,
and then reseeded in organoid culture 3 days post-transduction. Representative results of two
experiments are shown. Mean = SEM. ***p < 0.001.

(J) Expression levels of ER™ luminal transcription factors in ER* luminal cells transduced by
the Sox9-expressing or control vector as done in (I). Cells were analyzed by gRT-PCR 3
days post-transduction. Representative results of two experiments are shown. Mean + SEM.
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 2. Sox9 Deletion Leads to NF-xB Signaling Defect In Vivo
(A) Volcano plot comparing the transcriptomes of Sox9-WT (Soxd/F) and Sox9-cKO

(MMTV-iCre; SoxdF) ER™ luminal cells. Genes with >2-fold expression difference and p <
0.05 were plotted. Total RNA of sorted ER™ luminal cells (n = 3 mice per group, 8-12 weeks
of age in diestrus) was used for microarray analysis.

(B) GSEA analysis showing enrichment of representative NF-xB-related gene sets in Sox9-
WT ER™ luminal cells compared to Sox$-cKO cells.

(C) Validation of NF-xB target genes in ER™ luminal cells sorted from either Sox3WT or
Sox9-cKO animals by gRT-PCR (n = 3—4 per group, 8-12 weeks of age in diestrus). Mean +
SEM.

(D) Expression levels of NF-xB family transcription factors in Sox9-WT or Sox9-cKO ER™
luminal cells, as measured by gRT-PCR (n = 3—4 per group, 8-12 weeks of age in diestrus).
Mean = SEM.

(E) Acinus-forming ability of ER™ luminal cells transduced with the 1xBaSR or control
vector. FACS-sorted cells from C57BL/6J were transduced in organoid culture, puromycin
selected, and then reseeded for measuring acinus-forming ability. Representative results of
two experiments are shown. Mean + SEM. ****p < 0.0001.

(F) Acinus-forming ability of Rosa26-Cas9 ER™ luminal cells transduced with lentiviral
vectors expressing Nrkb2-targeting or control non-targeting guide RNAs. FACS sorted cells
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were transduced in organoid culture, puromycin selected, and then reseeded for measuring
acinus-forming ability. Two NfkbZ2-targeting sgRNAs were used to control specificity.
Representative results of two experiments are shown. Statistical analysis was performed by
one-way ANOVA with Tukey multiple comparison correction. Mean £ SEM. ****p <
0.0001.
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Figure 3. Upregulation of SOX9 during C3(1)/Tag BLBC Tumorigenesis Results in Luminal-to-
Basal Reprogramming

(A) Representative GFP whole-mount images of inguinal mammary glands from either
Sox9-GFP (n =7) or Sox9-GFP;C3(1)/Tag (n = 17) animals at ~3 months of age.

(B) Sox9-GFP levels in luminal cells from Sox9-GFP (n = 7) or Sox9-GFP;C3(1)/Tag (n =
17) mice at rv3 months old. Mean £ SEM. ****p < 0.0001.

(C) gRT-PCR quantification of Sox9levels in luminal cells various levels of GFP. Cells were
FACS-sorted from Sox9-GFP; C3(1)/Tag animals (n = 5). Mean + SEM. **p < 0.01.
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(D) KRT8 (Alexa Fluor 546) and KRT14 (Alexa Fluor 647) immunostaining of mammary
gland cryosections from ~3-month-old Sox9-GFP; C3(1)/Tag animals. Representative
images of Sox9-GFPned/low or Sox9-GFPNYM ducts are shown (left). The arrows point to
representative KRT8*/KRT14*/Sox9-GFPNigN cells. The graph shows the percentage of
Sox9-GFPned/low or Sox9-GFPNIgN cells exhibiting the KRT8*/KRT14* phenotype in each
duct. Mean + SEM. ****p < 0.0001.

(E) GSEA comparing transcriptomes of Sox9-GFPHI9N and Sox9-GFPLW [uminal cells of
rv3-month-old Sox9-GFP;C3(1)/Tag animals (n = 3).

(F) ATAC-seq gene tracks for Sox9and Krt14 in Sox9-GFP!oW or Sox9-GFPigh lJuminal
cells from rv3-month-old Sox9-GFP;C3(1)/Tag mice (n = 2 biological samples, four animals
per sample).

(G) gRT-PCR measuring the expression levels of NF-xB factors in Sox9-GFP!°" and Sox9-
GFPNigh jJuminal cells FACS sorted from ~3-month-old Sox9-GFP;C3(1)/Tag mice (n = 5).
(H) KRT8 (Alexa Fluor 568) and KRT14 (Alexa Fluor 488) immunostaining of hyperplastic
lesions in either Sox9-WT;C3(1)/Tag (Sox9F/F; C3(1)/Tag) or Sox9-cKO;C3(1)/Tag
(MMTV-iCre; Soxd'F; C3(1)/Tag) animals at 6-7 months of age. Representative images
(left) and quantification (right) of the lesion phenotypes are shown. 30 lesions from four
Sox3-WT;C3(1)/Tag and 19 lesions from five Sox9-cKO;C3(1)/Tag mice were analyzed.
Statistical analysis was performed by Fisher’s exact test. ****p < 0.0001.
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Figure 4. Sox9 Deletion Inhibits the Progression of Benign Lesions to Invasive Carcinoma
(A) Representative carmine whole-mount (left) and hematoxylin and eosin (right) staining of

mammary glands or tumors from Sox9-WT;C3(1)/Tag or Sox9-cKO;C3(1)/Tag mice (n=5
per group).

(B) Representative calponin stain in MINs or tumors from the indicated animals (n = 3-5 per
group). The dotted line marks the interface of tumor area (T) and stromal area (S).

(C) Kaplan-Meier survival curve showing tumor onset in Sox9-WT;C3(1)/Tag or Sox9-cKO
C3(1)/Tag animals (n = 12 per group). p value was calculated by log-rank test.
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(D) SOX9 immunohistochemistry (IHC) in MINs and invasive ductal carcinoma (IDC). 17
MINs from 4 Sox9-WT;C3(1)/Tag and 30 MINs from 7 Sox9-cKO;C3(1)/Tag mice were
analyzed. p value was determined by Fisher’s exact test. **p < 0.01.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Biotin anti-mouse TER-119 BioLegend AB_313705
Biotin anti-mouse CD45 BioLegend AB_312969
Biotin anti-mouse CD31 BioLegend AB_312899

PerCP/Cy5.5 anti-mouse/human CD49f

BD Biosciences

AB_11151910

APC anti-mouse CD326 (Ep-CAM) BioLegend AB_1134102
PE/Cy7 anti-mouse Ly-6A/E (Sca-1) BioLegend AB_493596
PE Streptavidin BioLegend AB_2819020
Streptavidin V450 BD Biosciences AB_2033992
Sox9 (D8G8H) Rabbit mAb Cell Signaling Technology AB_2665492
Rabbit Anti-Histone H3 Abcam AB_302613
HRP Goat anti-mouse 1gG BioLegend 405306 AB_315009
HRP Goat anti-mouse 1gG BioLegend 406401 AB_2099368
Rabbit Purified anti-Keratin 14 Antibody Biolegend 905304 AB_2616896
Chicken Purified anti-Keratin 14 Antibody Biolegend 906004 AB_2616962
Rat Anti-Keratin 8 (Provided as Supernatant) Developmental Studies AB_531826
Hybridoma Bank
Calponin 1 (D8L2T) XP Cell Signaling Technology AB_2798789
Goat anti-Rat 1gG (H+L) Secondary Antibody, Alexa Fluor® 568 conjugate ThermoFisher AB_2534121
Alexa Fluor® 488-AffiniPure Goat Anti-Chicken IgY (H+L) Jackson ImmunoResearch AB_2337390
Alexa Fluor® 488-AffiniPure Goat Anti-Rabbit 1gG (H+L) Jackson ImmunoResearch AB_2338046
gf;t anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor ThermoFisher AB_2535812
Goat anti-Rat 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 546 ThermoFisher AB_2534125
Bacterial and Virus Strains
ElectroMAX Stbl4 Competent Cells ThermoFisher Cat# 11635018
Chemicals, Peptides, and Recombinant Proteins
Y-27632 Cayman Chemical 10005583
Phosphate-Buffered Saline, 1X without calcium and magnesium, pH 7.4 £ 0.1 Corning 21-040-CM
UltraPureTM 0.5M EDTA, pH 8.0 ThermoFisher 15575020
Human Recombinant Epidermal Growth Factor Sigma E9644
Human Recombinant Fibroblast Growth Factor 2 EMD Millipore GF003
Ethanol Decon Laboratories, Inc. 2701
Chloroform Fisher Scientific BP1145
Glacial Acetic Acid Fisher Scientific A38S500
1M Tris-HCI, pH 8.0 TekNova T1080
Magnesium Chloride Hexahydrate Fisher Scientific BP214-500
Calcium Chloride Fisher Scientific BP510-500
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REAGENT or RESOURCE SOURCE IDENTIFIER
EGTA Sigma E3889
Nonidet P-40 Substitute IBI Scientific 1B01140
Sodium Deoxycholate Sigma 30970
Sodium Fluoride Alfa Aesar 11561-30
b-glycerophosphate disodium salt hydrate Sigma G9422
Sodium Orthovanadate Sigma S6508
Halt™ Protease Inhibitor Cocktails ThermoFisher PI187786
Red Blood Cell Lysing Buffer Hybri-Max Sigma R7757
Heparin Sigma H3149
Collagenase 3 Worthington LS004182
DNase | Worthington LS002139
0.05% Trypsin-EDTA ThermoFisher 25300054
Dispase Worthington LS02109
3.2% paraformaldehyde EMS 15714
Triton X-100 Fisher Scientific BP151
Matrigel Corning 354234
Polybrene EMD-Millipore TR-1003-G
Xylenes Fisher Scientific X3P-1GAL
Permount Fisher Scientific SP15100
Trizol LS ThermoFisher 10296010
TCEP GoldBio TCEP1
TruPAGE Tris-MOPS SDS Express Running Buffer Sigma PCG2003
Western Lightning ECL Pro PerkinElmer NEL121001EA
VisiGlo Prime HRP Chemiluminescent ECL Substrate Amresco 89424-016
Methanol EMD Millipore MX04881
30% Hydrogen Peroxide Fisher Scientific NC0512932
Antigen Unmasking Solution Vector Laboratories H-3300
Lenti-X Concentrator Takara 631232
DAB Peroxidase (HRP) Substrate Kit, 3,3’ -diaminobenzidine Vector Laboratories SK-4100
Critical Commercial Assays
High-Capacity cDNA Reverse Transcription Kit ThermoFisher 4368813
Power SYBR® Green PCR Master Mix ThermoFisher 4368708
PrimeSTAR MAX DNA polymerase Takara RO45A
NEB HiFi Assembly Kit New England Biolabs E2621S
Qubit® RNA HS Assay Kit ThermoFisher Q3285
Affymetrix Clariom S Pico, Mouse ThermoFisher 902932
TruPAGE Precast Gels Sigma PCG3003
Nextera DNA Library Kit Hlumina FC-121-1030

Deposited Data
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REAGENT or RESOURCE SOURCE IDENTIFIER
Sox9-GFP; C3(1)-Tag Microarray Data, Sox9-cKO Microarray Data, and Sox9- GEO GEO: GSE135892
GFP; C3(1)-Tag ATAC-seq Data
Experimental Models: Cell Lines
Sox9-Flox Mammary Epithelial Organoids This Paper N/A
Rosa26-Cas9-EGFP Mammary Epithelial Organoids This Paper N/A
HEK293T cell line, ATCC ATCC CVCL_0063
Experimental Models: Organisms/Strains
B6.129S7-Sox9™2C™/J Mus musculus JAX IMSR_JAX:013106
FVB-Tg(C3-1-TAg)cJeglJegd Mus musculus JAX IMSR_JAX:013591
B6J.129(Cg)-Gt(ROSA)26S0rtMmL LCAG-casd=-EGFPIFezh J N fus musculus JAX IMSR_JAX:026179
FVB-Tg(MMTV-iCre/CAG-CAC-ECFP) Mus musculus Pollard Lab Roussos et al., 2010
STOCK Tg(Sox9-EGFP)EB209Gsat/Mmucd Mus musculus MMRRC MMRRC_011019-UCD
FVBJ.B6(Cg) Tg(Sox9-EGFP)EB209Gsat/Mmucd Mus musculus This Paper N/A
FVB-Tg(MMTV-iCre/CAG-CAC-ECFP); B6.129S7-Sox9"™2C™/J Mus musculus ~ This Paper N/A
FVB-Tg(MMTV-iCre/CAG-CAC-ECFP); B6.129S7-Sox9!™2Cm/J; F\/B-Tg(C3-1-  This Paper N/A
TAQg)cJeglJegd Mus musculus
FVB-Tg(C3-1-TAg)cleg/JegJ; FVBJ.B6(Cg) Tg(Sox9-EGFP)EB209Gsat/Mmucd This Paper N/A
Mus musculus
Oligonucleotides
Primers for genotyping are found in the genotyping primers table Multiple Sources N/A
Primers for RT-PCR are found in the RT-PCR primers table This Paper N/A
Primers for cloning are found in the cloning primers table This Paper N/A
Recombinant DNA
pBabe puro IkB alpha M Addgene Addgene_12332
pLVX-Puro Takara 632164
pMD2.G Addgene Addgene_12259
pCMVR8.74 Addgene Addgene_22036
pLVX-Puro-IKBKBMut This Paper N/A
pXLV-Puro Zhang et al., 2016 N/A
pXLV-sgNT1 This Paper N/A
pXLV-Puro sgSox9 This Paper N/A
pXLV-Puro sgNfkb2 E2 This Paper N/A
pXLV-Puro sgNfkb2 E5 This Paper N/A
Software and Algorithms
TAC V4.0 Thermofisher N/A
FlowJo VX BD N/A
GSEA 3.0 Mootha et al., 2003; N/A

Subramanian et al., 2005
Seurat V3.0 Stuart et al., 2019 N/A
Bowtie v1.2 Langmead et al., 2009 N/A
preprocessCore v1.46 GenePattern Server N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
deepTools v2.0 Ramirez et al., 2014 N/A
SICER-df-rb v1.1 Zang et al., 2009 N/A
BD FACSDiva V8 BD N/A
chromVAR Schep et al., 2017 N/A
Other
EpiCult™-B Mouse Medium Kit Stem Cell Technologies 05610
Fetal Bovine Serum, Heat Inactivated Corning 35-015-CV
DMEM/F12 Corning 10-092-CV
AMPure XP beads Beckman A63881
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