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SUMMARY

Cancer genomics have provided an unprecedented opportunity for understanding genetic causes of
human cancer. However, distinguishing which mutations are functionally relevant to cancer
pathogenesis remains a major challenge. We describe here a mammary stem cell (MaSC)
organoid-based approach for rapid generation of somatic GEMMs (genetically engineered mouse
models). By using RNAi and CRISPR-mediated genome engineering in MaSC-GEMMs, we have
discovered that inactivation of Pion22or MII3, two genes mutated in human breast cancer, greatly
accelerated PI13K-driven mammary tumorigenesis. Using these tumor models, we have also
identified genetic alterations promoting tumor metastasis and causing resistance to PI3K-targeted
therapy. Both Pipn22and M//3inactivation resulted in disruption of mammary gland
differentiation and an increase in stem cell activity. Mechanistically, M//3 deletion enhanced stem
cell activity through activation of the HIF pathway. Thus, our study established a robust /n vivo
platform for functional cancer genomics and discovered functional breast cancer mutations.
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INTRODUCTION

Breast cancer is a leading cause of death in women, with ~1.7 million new cases and more
than half a million deaths globally each year (Torre et al., 2015). Complicating our efforts to
develop effective treatments, breast cancers have highly heterogeneous genetic makeups.
While a few genes, such as PIK3CA and 7P53, are mutated at relatively high frequencies
(30-40%), the numerous remaining breast cancer associated genes are only altered at
intermediate to low frequencies (<10%) and their functions in cancer remain poorly
understood (TCGA Network, 2012). Determining the functions of these mutations will lead
to new mechanistic understandings of cancer pathogenesis and help development of targeted
therapies that can be tailored specifically to each patient.

Because cancer development is a multistep process controlled by complex tissue
microenvironment and systemic factors, studying a putative cancer related gene often
requires /n7 vivo models. As such, genetically engineered mouse models (GEMMs) have
been a main approach for validating human cancer genes and for dissecting their
mechanisms of action (Van Dyke and Jacks, 2002). However, traditional germline GEMMs
are prohibitively costly and time-consuming for studying the large numbers of genes
mutated in human cancers. To address this issue, we have developed a mouse mammary
stem cell (MaSC) based somatic GEMM platform for functional cancer genomics studies.
Using these MaSC-GEMMs, we have identified several functionally important breast cancer
genes and shown that dysregulation of mammary stem/progenitor cell fate is a common
mechanism of action for these genes.

RESULTS

Long-term expansion of MaSCs in vitro

Although several methods have been established for measuring MaSC activity /n vitro
(Dontu et al., 2003; Guo et al., 2012; Shackleton et al., 2006; Spike et al., 2012; Stingl et al.,
2006; Zeng and Nusse, 2010), robust long-term expansion of MaSCs in culture is still
difficult. We previously developed an organoid assay that can be used to specifically identify
bipotent MaSCs (Guo et al., 2012). Therefore, we optimized this system and tested whether
it can support long-term expansion of MaSCs. To this end, we seeded CD49fNi9"CD61* stem
cell-enriched basal cells from CAG-E£GFP transgenic mice at clonal density to generate
single-cell derived organoids. The clonality of organoids formed in this condition was
confirmed by mixing CAG-EGFP cells with unlabeled cells and showing that almost all
individual organoids were of a single color (Figure S1A). We then dissociated individual
organoids and passaged them serially. These cells multiplied rapidly with an expansion rate
of ~100-fold per week even after 4 months in culture (Figure 1A). During each passage,
~10% of the cells were capable of re-initiating new organoids (Figure S1B). Additionally,
the cells maintained a normal karyotype, suggesting they are genetically stable (Figure
S1C).

Consistent with their stem-cell origin, the organoid cells expressed the basal/MaSC markers
CD49f, CD61 and PROCR (Figure 1B and Figure S1D) (Asselin-Labat et al., 2007; Stingl et
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al., 2006; Wang et al., 2015) and a fraction of them (~12%) coexpressed the transcription
factors SLUG and SOX9 which are important for MaSC activity (Figure 1C and Figure S1E)
(Guo et al., 2012). Interestingly, the organoids contained both KRT14* basal and KRT8*
luminal cells organized in a partially polarized fashion, suggesting some degree of, albeit
incomplete, differentiation (Figure 1C).

We further demonstrated that the cultured organoid cells maintained the ability to fully
regenerate mammary ductal trees /n vivo even after extended passaging (Figure 1D).
Limiting dilution transplantation showed that as few as 25 organoid cells could fully
regenerate a mammary ductal tree (Figure S1F). The frequency of mammary repopulating
units was ~1/170 organoid cells, although this may underestimate the stem cell frequency
due to difficulty of successfully transplanting a small number of cells. The mammary
outgrowths were comprised of basal and luminal layers similar to what is observed in the
endogenous mammary gland (Figure 1E). The regenerated glands also underwent robust
alveologenesis to produce milk-secreting alveoli during pregnancy (Figure 1D and E).
Furthermore, the outgrowths recapitulated the mammary epithelial lineages of the
endogenous gland, as determined by flow cytometry (Figure 1F). These results demonstrate
that our organoid culture system can sustain the long-term expansion of transplantable
MaSCs, although they undergo some degree of differentiation in culture and hence only a
subset of organoid cells are MaSCs.

Rapid generation of somatic GEMMs for breast cancer using genetically engineered

MaSCs

We next tested whether organoid cells could be used to quickly establish somatic GEMMs
for breast cancer using well-established cancer drivers (Figure S1G). We first modeled
ERBB2-driven breast cancer by transducing the cells with lentiviral vectors expressing
Erbb2"66%E and doxycycline-inducible c-MYC, as c-MYC is often amplified or
overexpressed in human ERBB2-positive cancer (Park et al., 2005). These modified cells
regenerated elaborate mammary ductal trees in the absence of doxycycline (Figure S1H).
Upon doxycycline treatment, the outgrowths developed palpable tumors with 100%
penetrance in 5 weeks and then progressed into poorly differentiated adenocarcinomas
resembling those of transgenic ERBB2 mammary tumor models (Figure 1G) (Moody et al.,
2002; Muller et al., 1988).

We also modeled PI3-kinase (PI13K)-driven cancer using organoids from a Cre-inducible
constitutively active PIK3CA mouse strain (Pik3ca®) (Srinivasan et al., 2009). We cultured
organoids from mice carrying both Rosa26-CreER'Z and Pik3ca* alleles, then transplanted
these cells into syngeneic C57BL/6 mice. The transplanted cells developed into normal
mammary ductal trees (Figure S1H). However, upon administration of tamoxifen, the ductal
trees developed into pronounced glandular adenosis characterized by dilated ducts (Figure
1H) and progressed into overt tumors with a median onset time of ~9 months, consistent
with the median onset time of 5-16 months in previous germline PIK3CA tumor models
(Adams et al., 2011; Koren and Bentires-Alj, 2013; Liu et al., 2011; Meyer et al., 2011).
Additionally, we modeled Brcal and 7rp53deletion driven neoplasia by using organoids
cultured from Blg-Cre; Brcaifloxed/floxed- Trp53~/~ mice, a well-established basal-like tumor
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model (Molyneux et al., 2010). These cells developed into mammary ductal trees with
numerous hyperplastic nodules 4 months post transplantation (Figure 11). Thus, our MaSC-
based somatic GEMMs (MaSC-GEMMs) provide a rapid approach for modeling tumor
development of various breast cancer subtypes.

Identification of breast cancer drivers by shRNA screening in MaSC-GEMMs

To test the ability of our MaSC-GEMM platform to functionally validate the role of recently
identified cancer associated mutations, we selected 4 genes (Map2k4, Cbfb, Ptprd and
Pton22) that have frequent truncating mutations or gene deletions (TCGA Network, 2012).
This class of mutations was chosen because they likely result in a loss-of-function in the
gene of interest, which can be modeled by shRNA knockdown (KD). Furthermore, as they
are frequently co-mutated with PIK3CA (Figure S2A), we used the aforementioned Pik3ca*
model as a sensitized background to investigate their role in mammary tumorigenesis.

We transduced Rosa26-CreER™2; Pik3ca*organoid cells with lentiviral ShARNA vectors and
confirmed a KD efficiency of at least 70% for each gene (Figure S2B). The modified cells
were then transplanted into C57BL/6 mice, and treated with tamoxifen to activate Pik3ca*
expression 6 weeks later (Figure S2C). We found that both Pton22and Cbfb KD
significantly accelerated PIK3CA*-driven tumor initiation, with median onset time
shortened from 276 days in the control group to 123 and 177 days in the shPtpn22 and
shCbfb groups, respectively (Figure 2A). Interestingly, Cofb KD also greatly accelerated
tumor growth (Figure 2B). Similar to germline PIK3CA-driven mammary tumor models
(Adams et al., 2011; Meyer et al., 2011), the control PIK3CA* MaSC-GEMM mainly
developed adenomyoepithelioma and adenocarcinoma (Figure 2C and S2D). Remarkably,
Pipn22 KD led to the formation of more aggressive spindle cell tumors that resemble the
ones formed by the Pik3caand Trp53 double mutant tumor model (Figure 2C and S2D)
(Adams et al., 2011).

Next we investigated the role of these genes in tumor metastasis. Although P/IK3CA
mutations are frequently detected in metastatic human breast cancers, the existing PIK3CA
mouse mammary tumor models rarely metastasize (Koren and Bentires-Alj, 2013). We
hypothesized that specific genetic alterations are required to cooperate with PIK3CA
mutations in order to drive metastasis. In confirmation of our hypothesis, Pipn22 KD
significantly promoted macroscopic lung metastases (Figure 2D). Importantly, the increased
rate of metastasis was not due to an increase in primary tumor burden, as no significant
difference was noted among the experimental groups (Figure S2E). However, Cbfb KD had
no effect on tumor metastasis even though it accelerated primary tumor growth. Taken
together, our results demonstrate the power of MaSC-GEMMs as we were able to rapidly
identify several functional cancer drivers that play distinct roles in tumor initiation,
progression, and spread.

PTPN22 overexpression suppresses tumor growth and metastasis

To further demonstrate the tumor inhibitory function of PTPN22, we expressed it via a
doxycycline-inducible vector in HCC1806 human breast cancer cells, as they lack PTPN22
expression (Figure S2F). Upon induction of PTPN22 expression, the growth of HCC1806
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cells was greatly inhibited /n vitro (Figure S2G). Importantly, the inhibitory effect was not
due to nonspecific toxicity of PTPN22 overexpression, as similar levels of PTPN22
overexpression had no effect on the growth of immortalized normal human mammary
epithelial cells (HMLE) (Figure S2F and S2G) (Elenbaas et al., 2001). Furthermore,
inducing PTPN22 expression efficiently blocked the growth of HCC1806 xenografts (Figure
2E) and their metastases (Figure 2F and S2H), supporting a tumor suppressive role for
PTPN22.

Ptpn22 and Cbfb knockdown confers resistance to PI3K-targeted therapy

We reasoned that our MaSC-GEMMs could also be useful as preclinical models for
determining whether certain cooperating mutations alter tumor response to anti-PI13K
treatment. To this end, we orthotopically transplanted small fragments of MaSC-GEMM
tumors to a cohort of allograft-bearing mice for each parental tumor. As each tumor graft
reached 100 mm3 in volume, mice were treated with either the vehicle control or GDC-0941,
a pan class | PI3K inhibitor that is being developed clinically for breast cancer treatment
(Folkes et al., 2008; Liu et al., 2011). As expected, GDC-0941 greatly diminished the
growth of control sShRNA-expressing tumors compared to the vehicle control (Figure 2G and
Figure S21). However, tumors derived from PIK3CA* MaSC-GEMMs expressing either
shPtpn22 or shChfb were significantly more resistant to GDC-0941. Remarkably, some of
these tumors were completely refractory to the treatment (Figure 2G and Figure S21). These
results demonstrate that Pipn22 or Cbfb KD promotes resistance to PI3K-targeted therapy.

Dysregulation of the mammary cell fate by Ptpn22 suppression

We further investigated the role of Ppn22in mammary gland biology, as its KD promoted
the most aggressive tumor phenotypes among the candidate genes. The shPtpn22 organoids
generated abnormal mammary ductal trees characterized by pronounced hyperplasia relative
to estrous matched controls (Figure 3A and B). The hyperplastic ducts had significantly
more proliferating cells compared to the control (Figure 3C) and showed expansion of both
luminal and basal cell layers (Figure 3D). We further assessed the lineage differentiation of
the outgrowths by flow cytometry (Figure S3A). Although Pipn22 KD did not significantly
alter the ratio of basal, luminal progenitor and mature luminal cells (Figure S3B), it did
induce a de novo population of CD49fl°vCD61N8h cells (Figure 3E). Interestingly, these
CD49flowcDe1Ni9N cells generated solid organoids /n vitro resembling those of bipotent
MaSCs in organoid culture, although the exact nature of these cells needs to be fully
characterized in future studies (Figure 3F).

We next examined the effect of Pipn22 KD on stem cell activity of the organoid cells in
vitro. Pipn22 KD significantly increased organoid-forming efficiency (Figure 3G). More
strikingly, while the control organoids required FGF2 to grow, Pivn22 KD allowed for
growth in a FGF2-deficient condition, suggesting Pion22 KD renders organoids independent
of certain niche factors (Figure 3G). Importantly, expressing human PTPN22, which is not
targeted by the mouse shRNA, suppressed the FGF2-independent growth in the shPtpn22
organoids, confirming an on-target effect of shPtpn22 (Figure S3C and S3D). These results
identify PTPN22 as a regulator of mammary gland differentiation and suggest that inhibition
of PTPN22 promotes stem cell activity.
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Generation of MII3 mutant MaSC-GEMMs using CRISPR-Cas9

Although the shRNA screen proved effective for cancer driver discovery in MaSC-GEMMs,
the incomplete inhibition of gene functions by shRNAs may potentially prevent us from
identifying driver mutations that require complete gene inactivation. Therefore, we used the
CRISPR technology to generate knockout MaSC-GEMMs. To accomplish this, we
constructed a doxycycline-inducible Cas9 lentiviral vector and validated it by deleting 77053
inducibly in organoid cells (Figure S4A). We then applied this approach to investigate the
function of another candidate cancer gene MLL3(gene symbol — KMTZ2C), a histone
methyltransferase that is frequently mutated in breast cancer and other solid tumors (Cho et
al., 2007; Shilatifard, 2012; TCGA Network, 2012). Intriguingly, most ML /[ 3 mutations in
breast cancer cause truncations of key functional domains, including the SET
methyltransferase domain, suggesting it acts as a tumor suppressor (Figure S4B).

We knocked out M/I3in Rosa26-CreERZ, Pik3ca*MaSCs, as MLL3mutations
significantly co-occur with PIK3CA mutations in human breast cancer (Figure S4B and
S4C). We were able to efficiently (~10%) generate biallelic mutant organoid clones (Figure
4A). Genomic DNA sequencing and western blot revealed that these clones carried
frameshift mutations resulting in the loss of the MLL3 protein (Figure 4B and S4D). We
further confirmed that there were no mutations in 9 predicted low-probability off-target loci
in two biallelic mutant clones (Figure S4E).

MII3 deletion causes mammary stem cell expansion and promotes PIK3CA-driven
tumorigenesis

We transplanted the M//3~ or MII3"* organoid clones into C57BL/6 mice and investigated
the consequence of M//3deletion in mammary gland development /n vivo. We found that
M3 deletion caused severe hyperplasia (Figure 4C and 4D) and resulted in an expansion of
basal cells (Figure 4E). To further rule out potential off-target effects of CRISPR, we
targeted the M//3 gene with a second sgRNA, this time by transducing pooled organoid cells
with the constitutive lentiCRISPRv2 system (Sanjana et al., 2014). These pooled M//3
mutant organoids also generated hyperplastic ductal trees similar to the M//3 mutant
organoid clones (Figure S4F).

Consistent with the basal expansion phenotype, we found that M//37~ mammary outgrowths
had a marked increase of the CD49f9"CD61+ stem cell-enriched basal compartment and a
reduction of the CD49f°WCD61~ mature luminal compartment (Figure 4F). In addition,
compared to M3+ cells, MI/3~ cells had significantly elevated organoid-forming ability,
a property specific to bipotent MaSCs (Figure 4G). To further confirm that this phenotype is
due to on-target effects of CRISPR, we knocked down M//3 using two previously validated
shRNAs (Figure S4G) (Chen et al., 2014). Consistent with the CRISPR result, M//3 KD
significantly increased /n vitro organoid-forming activity (Figure 4H). This data shows that
loss of M//3promotes stem cell self-renewal and results in a differentiation block.
Interestingly, suppression of M//3in hematopoietic stem and progenitor cells also impairs
their differentiation (Chen et al., 2014), suggesting stem cell fate regulation is likely a
common function of MLL3 in various tissues.
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We then examined whether M//3deletion cooperates with PI3K activation to drive mammary
tumorigenesis. To do so, we regenerated mammary glands with pooled M//3* : Pik3ca*
organoids and two independent M//3~: Pik3ca*organoid lines in C57BL/6 mice. Six
weeks after transplantation, the mice were treated with tamoxifen to activate Pik3ca*
expression and then monitored for tumor formation. We found that M//3/~ mammary glands
developed tumors significantly sooner than the control glands (Figure 41). However, in
contrast with the shPtpn22 tumors, the M//37~ tumors did not metastasize. Together, the
above results demonstrate that A//3 deletion leads to dysregulation of mammary stem cell
fate and promotes tumorigenesis.

Activation of the HIF pathway mediates the effect of MII3 deletion on stem cell activation

To understand mechanisms by which M//3 deletion promotes stem cell activity, we
compared transcription profiles of the vector control (M//3*) and M3~ organoids (3
lines for each) in regular organoid culture by microarray and then performed Gene Set
Enrichment Analysis (GSEA) to identify pathways that are differentially activated between
MIIZ* and MII37!= cells. Interestingly, 5 of the top 10 gene sets upregulated in M//37/~
cells were targets of the hypoxia-inducible factor (HIF) pathway (Figure 5A and S5A). The
upregulation of HIF target genes in M//3"~ organoids was further validated by gRT-PCR
(Figure 5B). Additionally, M//3~ organoids had markedly increased HIF-1a protein levels
relative to M//3* cells in normoxia (Figure 5C and S5B). M//3KD by shRNAs also
significantly elevated the HIF-1a protein levels (Figure S5C). Acriflavine, a specific HIF
inhibitor (Lee et al., 2009), efficiently blocked organoid formation in both A7//3~ and
MII3!* cells, suggesting the HIF activity is important for MaSC activity (Figure 5D). In
addition, culturing WT cells in hypoxia recapitulated the effect of M//3deletion on stem cell
activity (Figure 5E). These results suggest that M//3 deletion activates the HIF pathway,
which contributes to stem cell hyper-activation.

DISCUSSION

We report here a rapid and versatile somatic GEMM approach for functional cancer
genomics. Viral transduction of freshly isolated mammary epithelial cells coupled with
gland reconstitution has been used to study mammary gland development and breast cancer
previously (Bouras et al., 2008; McCaffrey et al., 2012; Welm et al., 2008). However, these
previous methods can only maintain MaSCs transiently in culture. Hence, it is difficult to
reliably generate complex modifications to model multigenic interactions, in order to
recapitulate the heterogeneous genetic makeup of human cancers. To allow for complex
modeling, we have developed a robust method for long-term expansion of transplantable
MaSCs, which allows for precise genetic modifications by selecting and screening cells /in
vitro. In particular, the ability to expand single cell-derived clones will allow for CRISPR-
based genome editing to generate GEMMSs with defined mutations.

Using MaSC-GEMMs, we have elucidated functions of multiple candidate cancer genes at
various stages of cancer pathogenesis in a single study, demonstrating the power of this
approach. The data produced using our somatic mouse models suggest the loss-of-function
mutations of these genes identified in human patients functionally contribute to breast cancer
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development. Furthermore, our tumor models driven by patient relevant mutations provide
useful preclinical models for studying tumor responses to targeted therapy. We showed that
inactivating Pfpn22 or Cbfb can confer resistance to PI3K inhibition in PI3K-driven tumors.
Determining the genetic makeup that renders tumors sensitive or resistant to specific therapy
will aid the development of effective cancer treatment. Using the rapid MaSC-GEMM
approach, it is feasible to generate a large collection of preclinical tumor models that are
driven by combinations of various cancer drivers. This will allow for a systematic
investigation of the mechanisms of drug response and for developing combinatorial
therapies.

Our results also revealed the role of these genes in cell fate regulation. Emerging evidence
has suggested that breast cancer can originate from diverse lineages of mammary epithelial
cells, including stem cells and committed cell types (Lim et al., 2009; Molyneux et al.,
2010). However, it remains elusive whether activation of endogenous stem cell properties
and de novo acquisition of such properties through cellular reprogramming contribute to
breast cancer development. We found that both Pipn22 KD and M//3 deletion promote stem
cell activity and cause expansion of stem cell-like population, although the exact identity of
these stem-like cells remain to be fully characterized. Of note, recent lineage tracing studies
suggest the existence of both bipotent and unipotent stem cells in the mammary gland (Rios
et al., 2014; Van Keymeulen et al., 2011). The effects of these mutations in distinct stem cell
populations also warrant future investigation. Interestingly, PI3K activation has also recently
been shown to induce stem-like multipotency in various mammary lineages (Koren et al.,
2015; Van Keymeulen et al., 2015). Together, these results suggest that stem cell fate
dysregulation is likely an important mechanism of action of many cancer drivers.

EXPERIMENTAL PROCEDURES

Mice

Pik3ca*mice (JAX, #012343) were bred with R0osa26-CreER™? mice (JAX, #008463) to
generate tamoxifen inducible PIK3CA *model. Blg-Cre; Brca1™ox/flox: p53/~ (#012620)
and CAG-EGFP (#003291) mice were obtained from the Jackson Laboratory. All animal
experiments were performed in accordance with protocols approved by the Institutional
Animal Care and Use Committee of Albert Einstein College of Medicine.

MaSC organoid culture

Organoid medium was based on Advanced DMEM/F-12 (ThermoFisher) supplemented with
5% Matrigel (Corning, #354234), 5% heat-inactivated FBS (Sigma, F2442), 10 ng/ml EGF
(Sigma, E9644), 20 ng/ml FGF2 (EMD Millipore, GF003), 4 pg/ml heparin (Sigma, H4784)
and 5 uM Y-27632 (R&D, #1254). For organoid culture at clonal density, 200-500 cells/well
were seeded in 96-well ultra-low attachment plates (Corning). For quantifying organoid-
forming efficiency, the number of organoids (= 100 um in diameter) was counted 7 days
after seeding. To establish clonal lines, individual organoids were picked with P20 pipet tips
and expanded. For passaging and expansion, organoids were washed with PBS, dissociated
with 0.05% trypsin/EDTA and seeded at 1 x 10° cells/well in 6-well plates. Cells were then
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passaged every 3—4 days. Dissociated organoid cells can be frozen in calf serum containing
8% DMSO and 5 uM Y-27632, and then thawed to reestablish the culture.

Statistical analysis

Pvalues were calculated by unpaired #test except where otherwise specified. All analyses
were done in GraphPad Prism 6. £ < 0.05 was considered significant.

Additional Procedures

The details of cleared fat pad transplantation, flow cytometry, tumor analysis, tumor
treatment, lentiviral vector cloning and transduction, antibody reagents,
immunofluorescence, immunoblot, RFLP assay, gqRT-PCR and microarray/GSEA analysis
are included in the Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rapid generation of somatic GEMMs for breast cancer by ex vivo expansion and
modification of MaSCs

(A) Long-term expansion of MaSC organoids. Left: a representative image of organoids.
Right: Growth curves of two single cell-derived organoid clones.

(B) CD49f, CD61 and PROCR flow cytometric profiles of organoids.

(C) SLUG, SOX9 and cytokeratin immunostaining in organoids. The arrows indicate
examples of SLUG*SOX9* cells.

(D) Whole-mount images of mammary ductal trees regenerated by single cell-derived GFP*
organoids at the indicated passages.

(E) Immunofluorescence images of mammary ducts (left, virgin) and alveoli (right,
pregnant) regenerated by organoids (passage 2).

(F) Flow cytometric profiles of mammary ductal trees regenerated by organoids (passage 8).
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(G) A representative H&E image of poorly differentiated adenocarcinoma developed in
Erbb2l MY C MaSC-GEMMs (with passage 3 organoids). Organoids were transplanted into
NOD-SCID mice, and the mice were treated with doxycycline for 4 months.

(H) Representative images of carmine-stained mammary fat pads reconstituted by Rosa-
CreER"2: Pik3ca*organoids (passage 3-5). Mice were treated with tamoxifen 6 weeks after
transplantation and then analyzed 6 weeks later. The inset shows H&E staining of the
outgrowths.

(1) Representative images of carmine-stained mammary fat pads reconstituted by B/g-Cre;
Brcafioxedifloxed. »52-- grganoids (passage 5). The inset shows H&E staining of the
outgrowths.

See also Figure S1.
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Figure 2. Identification of cancer drivers by shRNA screening in MaSC-GEMMs
(A) Kaplan-Meier survival analysis of tumor onset in Pik3ca* MaSC-GEMMSs expressing

the indicated shRNAs (n = 14-40). **P < 0.01, and ****P < 0.0001, compared to shCtrl by
the log-rank test.

(B) Tumor growth rates of MaSC-GEMMs as shown in (A). Data are represented as mean *
SEM (n =7-13).

(C) Percentages of tumors with various histological phenotypes in the indicated
MaSCGEMMs (n = 11-20). **P < 0.01, Chi-square test.

(D) Lung metastases in the Pik3ca* MaSC-GEMMs expressing the indicated sShRNAs. Left:
representative H&E images of lung sections. Right: number of lung macrometastases per
animal at the end point (mean £ SEM, n = 7-16). The frequency of mice with
macrometastasis was shown on each column.

(E) Growth curve of HCC1806 xenografts expressing dox-inducible PTPN22 or the control
vector. 100,000 cells were orthotopically injected into NOD-SCID mice. Three weeks after
tumor onset, mice were treated with dox and measured for tumor volume. Each curve
represents one tumor (n = 8, Two-way ANOVA).
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(F) Lung metastasis burden of mice transplanted with Luc2-labeled HCC1806 cells, as
measured by bioluminescence. Cells and mice were treated as in (E) (n = 5, Two-way
ANOVA).

(G) Relative tumor volume of animals treated by GDC-0941. Each dot represents the ratio of
average volume of GDC-0941-treated (for ~2 weeks) tumors to the average volume of
vehicle-treated tumors that were derived from the same parental spontaneous tumor (n = 6-
8). The tumors were either first or second generation allografts.

*P<0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

See also Figure S2.
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Figure 3. Dysregulation of the mammary cell fate by Ptpn22 suppression
(A) Whole-mount images of carmine-stained mammary fat pads transplanted with organoids

expressing the indicated shRNAs (n = 6 for each group). Fat pads were isolated from mice in
estrus ~20 weeks post transplantation.

(B) H&E images of outgrowths as generated in (A).

(C) Ki-67 IHC of outgrowths as generated in (A). Percentages of Ki-67" cells in the
mammary epithelium of individual outgrowths (minimum 6 fields/outgrowth) were shown (n
=4-5).

(D) Cytokeratin immunostaining of mammary outgrowths as generated in (A).
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(E) Flow cytometric analysis of mammary outgrowths formed by organoids expressing the
control or Pton22 shRNAs. Glands were analyzed 12 weeks post transplantation. The graph
shows percentages of CD61M3N cells in lineage negative epithelial cells (mean + SEM, n =
4-11).

(F) Organoid structures generated by the indicated cell populations (left) and quantification
of solid organoid-forming ability (mean = SEM) (right).

(G) Organoid-forming efficiency of the indicated cell types seeded in the full organoid
medium or the medium without FGF2.

*P < 0.05, **P<0.01, ***P < 0.001.

See also Figure S3.
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Figure 4. CRISPR-mediated MaSC-GEMMs reveal the role of MII3 in mammary tumorigenesis
and stem cell regulation

(A) Restriction fragment length polymorphism (RFLP) assay for determining the M//3
genotype of single cell-derived organoid clones. The wild-type amplicon can be digested by
Tail.

(B) MLL3 protein levels in organoid clones as determined by western blot.

(C) Whole-mount images of cleared mammary fat pads transplanted by M//3"* (vector
control) or M//37~ (clone #2) organoids. Glands were analyzed 12 weeks post
transplantation.

(D) H&E images of outgrowths as generated in (C)

(E) KRT14 and KRT8 immunofluorescence of outgrowths as generated in (C).

(F) Flow cytometric analysis of outgrowths generated by organoids expressing the control or
M3 1entiCRISPRV2 vector (upper). The percentages of stem/basal (B/S), luminal
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progenitor (LP) and mature luminal cells (ML) in lineage-negative epithelial cells were
shown (mean £ SEM, n = 3-4) (lower).

(G) Organoid-forming efficiency of M//3"* (vector control) and M//3~ organoid cells.
Each data point represents an independent organoid line (mean £ SEM, n = 3-4).

(H) Organoid-forming efficiency of cells transduced by the indicated sShRNAs.

(1) Kaplan-Meier survival analysis of PIK3CA *driven tumor onset in M//3* or M3~
MaSC-GEMMs. P values were determined by the log-rank test.

*P <0.05, **P < 0.01, ***P<0.001, ns: not significant.

See also Figure S4.
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Figure 5. Activation of the HIF pathway mediates the effect of MII3 deletion on stem cell
activation

(A) Two representative gene sets upregulated in M//37/~ organoids, as determined by GSEA.
(B) Relative mRNA levels of HIF target genes in M//3"* and MI/37'~ organoid lines (n=3),
as measured by qRT-PCR. Gapdhand Hprtwere used as internal controls.

(C) HIF-1a protein levels in 2 independent lines of M//3!* (vector control) and M//3/~
organoids as measured by western blot. Cells were transduced by the lentiCRISPRv2
vectors. Histone H3 was used as a loading control.
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(D) Effect of the HIF inhibitor acriflavine (ACF) on organoid-forming ability of AM//3* and
MIIZ= cells. Cells were cultured with the indicated concentration of ACF for 7 days.
Organoid-forming efficiency was normalized to the respective DMSO control.

(E) Effect of hypoxia on organoid-forming ability. M//3* and MI/3~ cells were cultured at
the indicated oxygen concentrations for 7 days.

See also Figure S5.
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