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The tumor suppressor PTEN is frequently inactivated in breast and other cancers; yet, germ-
line mutations in this gene induce nonmalignant hamartomas, indicating dependency on
additional cooperating events. Here we show that most tumors derived from conditional
deletion of mouse ptenin mammary epithelium are highly differentiated and lack
transplantable tumor-initiating cells (TICs) capable of seeding new tumors following
orthotopic injection of FACS-sorted or tumorsphere cells. A rare group of poorly
differentiated tumors did harbor transplantable TICs. These transplantable tumors exhibited
distinct molecular classification, signaling pathways, chromosomal aberrations, and
mutational landscape, as well as reduced expression of microRNA-143/145 (miR-143/145).
Stable knockdown of miR-143/145 conferred tumorigenic potential upon poorly
transplantable pten-deficient tumor cells through a mechanism involving induction of RAS
signaling, leading to increased sensitivity to MEK inhibition. In humans, miR-145 deficiency
significantly correlated with elevated RAS-pathway activity in basal-like breast cancer, and
patients with combined PTEN/miR-145 loss or PTEN-loss/high RAS-pathway activity
exhibited poor clinical outcome. These results underscore a selective pressure for
combined PTEN loss together with RAS-pathway activation, either through miR-145 loss or
other mechanisms, in basal-like breast cancer, and a need to identify and prioritize these
tumors for aggressive therapy.

Find the latest version:

http://jci.me/93313-pdf



http://insight.jci.org
http://insight.jci.org/2/15?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/jci.insight.93313
http://insight.jci.org/tags/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://insight.jci.org/tags/33?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://jci.me/93313-pdf
http://jci.me/93313-pdf?utm_content=qrcode

Conflict of interest: The authors have
declared that no conflict of interest
exists.

Submitted: February 8, 2017
Accepted: June 23, 2017
Published: August 3, 2017

Reference information:
JCl Insight. 2017;2(15):e93313. https://
doi.org/10.1172/jci.insight.93313.

RESEARCH ARTICLE

microRNA-143/145 loss induces Ras
signaling to promote aggressive
Pten-deficient basal-like breast cancer

Sharon Wang,"? Jeff C. Liu," Youngjun Ju," Giovanna Pellecchia,® Veronique Voisin,? Dong-Yu Wang,'
Rajwinder Leha |," Yaacov Ben-David,* Gary D. Bader,>* and Eldad Zacksenhaus"?®

'Division of Advanced Diagnostics, Toronto General Research Institute - University Health Network, Toronto, Ontario,
Canada. *Laboratory Medicine & Pathobiology, and *The Donnelly Centre, University of Toronto, Toronto, Ontario, Canada.
“The Key laboratory of Chemistry for Natural Products of Guizhou Province and Chinese Academy of Sciences, and

State Key Laboratory for Functions and Applications of Medicinal Plants, Guizhou Medical University, Guiyang, China.

*Department of Molecular Genetics, and ®Department of Medicine, University of Toronto, Toronto, Ontario, Canada.

The tumor suppressor PTEN is frequently inactivated in breast and other cancers; yet, germ-line
mutations in this gene induce nonmalignant hamartomas, indicating dependency on additional
cooperating events. Here we show that most tumors derived from conditional deletion of mouse
pten in mammary epithelium are highly differentiated and lack transplantable tumor-initiating
cells (TICs) capable of seeding new tumors following orthotopic injection of FACS-sorted or
tumorsphere cells. A rare group of poorly differentiated tumors did harbor transplantable TICs.
These transplantable tumors exhibited distinct molecular classification, signaling pathways,
chromosomal aberrations, and mutational landscape, as well as reduced expression of
microRNA-143/145 (miR-143/145). Stable knockdown of miR-143/145 conferred tumorigenic
potential upon poorly transplantable pten-deficient tumor cells through a mechanism involving
induction of RAS signaling, leading to increased sensitivity to MEK inhibition. In humans, miR-145
deficiency significantly correlated with elevated RAS-pathway activity in basal-like breast cancer,
and patients with combined PTEN/miR-145 loss or PTEN-loss/high RAS-pathway activity exhibited
poor clinical outcome. These results underscore a selective pressure for combined PTEN loss
together with RAS-pathway activation, either through miR-145 loss or other mechanisms, in basal-
like breast cancer, and a need to identify and prioritize these tumors for aggressive therapy.

Introduction

Breast cancer (BC) is highly heterogeneous, comprising estrogen receptor o—positive (ERa-positive) and
HER2/ERBB2/NEU-positive tumors, as well as triple-negative BCs (TNBCs) that do not express ERa,
HER?2, or the progesterone receptor. Molecular classification identifies luminal A and luminal B sub-
types, which overlap with ERa* BC, and basal-like, claudin-low/mesenchymal-like, and other subtypes,
which overlap with TNBC (1-4). Recent exome and whole-genome sequencing, copy number variation,
mRNA, and proteomic analyses of thousands of BC samples representing all major subtypes identified 93
affected oncogenes and tumor suppressors, only 9 of which are frequently altered including PTEN (phos-
phatase and tensin homolog deleted on chromosome ten) (5-7). PTEN is lost in 25%-35% of luminal B
and TNBC through multiple mechanisms including promoter silencing and microRNA-mediated (miR-
mediated) suppression (7-9).

Precision medicine would benefit from identifying and targeting not only oncogenic alterations but
also cooperating oncogenic events. Indeed, accumulating evidence suggests that the effect of PTEN loss
is context-specific. In PTEN hamartoma tumor syndromes (PHTSs) like Cowden and Bannayan-Riley-
Ruvalcaba, inherited autosomal mutations in PTEN lead to noncancerous tumor-like growths called ham-
artomas (10). In mouse models, prostate-specific inactivation of pren induces benign tumors with increased
senescence, which is bypassed by concomitant inactivation of the tumor suppressor p53 (11, 12). While pten
deletion in mouse mammary epithelium leads to tumor formation (13), little is known about the tumori-
genic potential of these lesions or of cooperating oncogenes/tumor suppressors that induce malignant
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transformation. Identification of such cooperating oncogenic alterations may uncover a new subgroup of
patients that may benefit from specific targeted or combination therapy.

PTEN, a lipid and protein phosphatase, is primarily tethered to plasma and endosomal membranes
where it antagonizes the phosphatidylinositide 3-kinase (PI3K) pathway by dephosphorylating the lipid
second messenger phosphatidylinositol 3,4,5-trisphosphate (PIP,) (8, 14), thereby controlling a host of cel-
lular processes including proliferation, survival, and migration. In addition, nucleus-localized PTEN regu-
lates centromere stability, DNA-damage response, cell-cycle progression, and cellular senescence (15-17).
Alternative variants (PTENlong and PTENa) are secreted or exported into the extracellular space, exerting
tumor suppressive functions on neighboring cells (18, 19).

miRs are 18- to 24-nucleotide noncoding RNAs that target multiple mRNAs by interfering with pro-
tein translation, and often, though not always, with mRNA stability (20). Mouse miR-143 and miR-145
are separated by approximately 1.4 kb on chromosome 18 and are derived from the long noncoding RNA
MIR143HG (MIR143 host gene, CARMEN) (21). This miR cluster is conserved across vertebrates and has
emerged as an important tumor suppressor involved in regulation of proliferation, metastasis, pluripotency,
differentiation, and angiogenesis (22). In BC, low miR-145 expression is associated with a higher prolif-
erative index, larger tumor size, lymph node metastasis, and lack of ERa and HER2 expression (23, 24).
However, the oncogenic context in which miR-143/145 is lost, and cooperating oncogenic alterations are
not fully understood.

To define the role of PTEN in BC and identify its cooperating oncogenic partners, we hereby inter-
rogated mouse models with targeted deletion of pfen in mammary epithelium. We discovered that pren
inactivation primarily induced indolent mammary tumors that, contrary to multiple other mouse models
of BC, lacked tumorigenic potential following orthotopic transplantation of sorted tumor cells or of tumor-
sphere cells transiently propagated under nonadherent conditions. A group of rare pten-deficient tumors
with features of basal-like BC did harbor highly transplantable tumor-initiating cells (TICs). These trans-
plantable tumors exhibited reduced expression of miR-143/145. Knockdown of miR-143/145 in poorly
tumorigenic pten-deficient tumors conferred tumor-initiation potential through activation of Ras signal-
ing. Basal-like BC patients with reduced expression of both PTEN and miR-145 or with PTEN loss plus
RAS-pathway activation exhibited poor clinical outcome. Our results underscore an important cooperation
between PTEN-deficiency and miR-145 loss or high RAS signaling, and suggest that such tumors should be
identified and targeted by aggressive therapy.

Results
Most pten-deficient mammary tumors are not transplantable following cell sorting or short-term propagation as tumor-
spheres. To determine the effect of pren loss on BC, we deleted pren using a floxed allele (pten?) (25) and
the deleter line MMTV-CreN'ST, which targets stem/bi-potent progenitor cells, or WAP-Cre, which targets
CD24-positive, pregnancy-identified stem cells/alveolar progenitors (26, 27). As we previously described,
tumors from these models were heterogeneous, consisting primarily of adenomyoepithelioma (AME) and
other well-differentiated subtypes (13). Formation of secondary tumors following engraftment into host
mice is a major hallmark of tumor aggressiveness (28). To identify TICs, mammary tumors were dissociat-
ed into single cells using collagenase digestion, lineage depleted, sorted on the basis of specific cell surface
markers, serially diluted, mixed with matrigel, and transplanted into mammary glands of young, immuno-
compromised mice. Using these conditions, we previously identified TICs in mouse models of her2/neu,
wntl, mammary-specific b loss, p53 loss, and pten/p53 double mutants (13, 29, 30).

Transplantation of as many as tens of thousands MMTV-Cre:Pten? (n = 8) or WAP-Cre:Pten (n =
7) tumor cells sorted into single 7AAD- (total live), CD24*Scal*, or CD24*CD49f* populations failed to
induce secondary tumors (Table 1). These experiments were performed side by side with other models such
as MMTV-Her2/Neu, which readily gave rise to secondary tumors even when only a few hundred sorted
cells were transplanted into mammary fat pads of immunocompromised Ragl~ recipient mice. Injection
of small pieces of MMTV-Cre:Pten? or WAP-Cre:Pten” tumors, or 10* cells from collagenase-digested
lysate (crude) or lineage-depleted (Lin") cells did induce secondary tumors after 10-12 weeks (Table 1).
The latter tumors maintained the same histology as the primary tumors from which they were derived (S.
Wang, unpublished observations). The failure of sorted Pten? tumor cells to seed new tumors was unlikely
due to immune rejection because secondary tumors did not develop even after injecting sorted cells from
6 independent MMTV-Cre:Pten”? tumors into divergent immunocompromised mice including Ragl~",
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Table 1. TIC frequency in WAP-Cre:Ptenf/! and MMTV-Cre:Ptenf/! mammary tumors following orthotopic transplantation of indicated
cells into NOD/SCID mice

No. of Cells 10K
Crude Digest 2/4

Purified Lin- 7/18

Total Live 0/9
Scal'CD24~ --
CD24 --
Scal --
Scal*CD24* ==
Tumorsphere 0/10

5K

6/26

0/43
0/30
0/30
0/24
0/30
0/10

WAP-Cre:Pten/! MMTV-Cre:Pten/"

2,5K 1K TIC/cells? n 10K 5K 2.5K 1K TIC/cells n

-- -- 1/14,427 2 3/4 6/6 5/6 4/4 1/1,872 3
(1/7,013-1/29,679) (1/1,345-1/2,605)

1/6 0/4 1/19,580 12 3/18  0/16  4/4 0/16 1/37,898 4
(1/14,958-1/25,631) (1/25,825-1/55,615)

0/7 0/3 0 6 0/6 0/4 0/4 -- 0 2
-- 0/3 0 6 0/4 0/4 0/4 0/2 0 2
-- 0/3 0 6 -- 0/4 -- 0/2 0 2
-- 0/3 0 5 -- 0/4 0/4 0/2 0 2
= 0/3 0 7 -- -- 0/2 0/4 0 2
- - 0 4 0/5 0/18 0/6 0/8 0 4

The data show that most pten-deficient mammary tumors are not transplantable following cell sorting or short propagation as tumorspheres. ATIC
frequency (range). K, one thousand; TIC, tumor-initiating cell; Lin-, lineage depleted.

SCID/Beige, NOD/SCID, NOD/SCID/yC -, Rag2~-/yC~~, or young MMTV-Cre:Pten' recipient mice
(self/ original background; Table 2).

We also generated tumorspheres from pren-deficient tumors by seeding Lin~ tumor cells onto ultra-low-
attachment plates in serum-free media (27, 29). Tumorspheres were observed after approximately 7 days
and could be propagated through light trypsinization. Transplantation of 8 independent MMT V-Cre:Pten/?
and WAP-Cre:Pten™" tumorspheres also failed to produce secondary tumors. Thus, for most or all pren-
deficient mammary lesions, TICs can survive only when transplanted as bulk, but lose tumorigenic poten-
tial when transplanted as single cells following cell sorting or propagation as nonadherent tumorspheres.

A fraction of pten-deficient mammary tumors with distinct histology contains TICs. To understand the basis for
scarcity of sorted TICs in pten-deficient mammary tumors, we focused on WAP-Cre:Pten?? mice, which
gave less heterogeneous types of tumors than MMTV-Cre:Pten!’ mice. Tumor biopsies were fixed for his-
tology or dissociated into single-cell suspension, cultured as tumorspheres, and then either frozen for future
analysis or engrafted into recipient mice to detect TICs. After assessing independent tumorsphere cultures
from 21 tumors, we detected TICs in 2 tumors. After decoding the histology of these tumors, we discovered
that all nontransplanted tumors were AMEs, whereas the 2 transplanted tumors were poorly differentiated
adenocarcinomas (PDAs; Figure 1A). We then retrospectively screened tumors/tumorspheres for PDA his-
tology and identified 6 additional PDAs. Transplantation of each of these 6 tumors gave rise to secondary
tumors (Figure 1B). Deletion of the pren allele was confirmed by PCR analysis of transplantable and non-
transplantable tumors (Figure 1C). In all, approximately 83% of the tumors were nontransplantable AMEs,
approximately 10% were nontransplantable tumors of mixed histology, and 6.78% were transplantable
PDAs (Figure 1D). The PDAs could be serially transplanted, with each successive generation exhibiting
enhanced TIC frequency and exceedingly shorter latency (Figure 1, E and F, P < 0.001).

There were no gross phenotypic differences in the appearance of tumorspheres derived from PDAs

Table 2. TIC frequency in pten-deficient mammary tumors following cell sorting and orthotopic transplantation into same (self) or
indicated strains of immunocompromised mice

Mouse Strain Self
No. of Cells 10K
Purified Lin- 0/10
Total Live 0/8
CD24-CD49f- 0/10
CD24+CD49f+ 0/8

Rag1” SCID, Beige NOD SCID NOD SCID yC- Rag2 yC" n
5K 10K 5K 10K 5K 10K 10K 10K
- 0/4 -- 0/7 == 0/2 0/2 1/6 6
0/2 0/2 0/2 0/2 0/2 0/2 0/2 0/6 6
== 0/4 -- 0/10 -- 0/2 0/2 0/6 6
0/2 0/2 0/2 0/8 0/2 0/2 0/2 0/6 6

TIC, tumor-initiating cell, K, one thousand; Lin-, lineage depleted.
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Figure 1. A small subgroup of pten-deficient mammary tumors is transplantable. (A) Representative histology of adenomyoepithelioma (AME) and
poorly differentiated adenocarcinoma (PDA) tumors arising from WAP-Cre:Pten®/! mice. Scale bars: 10 um. (B) Summary of tumor-initiating potential of
AMEs and PDAs. n = 35. (C) Detection of pten gene deletion in AME and PDA tumor cells by PCR using primers specific for the Cre-excised Ptenf allele.

n = 3. (D) Distribution of tumor types (%) in WAP-Cre:Pten! mice: AMEs, PDAs, as well as mixed types (other). n = 118. (E) Kaplan-Meier mammary tumor-
free survival (MTFS) curves for WAP-Cre:Pten® mice. Median survival = 378 days, n = 289. (F) Kaplan-Meier MTFS curves for secondary and tertiary tumors
arising from PDAs. PDA tumor cells were serially transplanted; tumor latency was significantly shortened with each generation (P < 0.001, Wilcoxon test).
Secondary: n = 37, median survival = 81.5 days. Tertiary: n = 18, medial survival = 35.5 days. (G) Representative images of tumorspheres from AME and PDA
tumors showing no obvious morphological differences. Scale bars: 50 um. n = 3. (H) Flow cytometry profiles of AMEs and PDAs using the CD24 and CD49f
cell surface markers. AME tumors contain both CD24°CD49f", and CD24"CD49f" populations. PDA tumors exhibit a single CD24"CD49f" cell population.

n = 3. (1) Immunohistochemistry analyses of AMEs and PDAs for estrogen receptor o (ERa), basal (cytokeratin 14 [K14], cytokeratin 5 [K5]), luminal (cyto-
keratin 18 [K18]), mesenchymal (vimentin), and proliferation (Ki67) markers. AMEs are ERa positive, human epidermal growth factor receptor 2 (HER2)
negative, exhibit varied expression of K5 and vimentin, and high levels of differentiation markers K14 and K18. In contrast, PDA tumors are negative for
ERo and HER2, with varied expression of K5 and vimentin, high levels of Ki67 and K18, and very low K14 expression. n = 9. Scale bars: 10 um (vimentin,
Ki67); 50 um (Her2, ERa, K5); and 20 um (K14, K18, DAPI). n = 6.

versus AMEs (Figure 1G, n = 3). However, flow cytometry profiling revealed that PDA tumor cells
contained a prominent CD24*CD49* double-positive fraction, while AMEs showed both a double-
positive fraction and a CD24°CD49* single-positive fraction (Figure 1H). In addition, IHC analyses
showed PDA tumors to be highly proliferative (Ki67*), and negative for ERa and HER2, suggestive of
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TNBC-like tumors (Figure 1I, Supplemental Figure 1, A and B, and enlarged IHC images in Supple-
mental Figure 1C; supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.93313DS1). Furthermore, PDAs were generally negative for the differentiation markers cyto-
keratin 14 (K14) and 18 (K18), but positive for cytokeratin 5 (K5, basal BC marker; 83% of n = 6) and
vimentin (epithelial-mesenchymal transition [EMT] marker, 50% of n = 6), respectively. In contrast,
AMESs were less proliferative, ERa positive, and HER2 negative (Figure 11, Supplemental Figure 1, A
and B, and enlarged THC images in Supplemental Figure 1C). In addition, AMEs exhibited high levels
of both K14 and K18, and lower expression of K5 and vimentin, indicative of luminal-like subtype.
Consistent with the ERa-positive status of AME tumors, they grew much faster in vitro in the presence
of B-estradiol (Supplemental Figure 1D). Thus, pren-deficient PDAs were highly proliferative, poorly
differentiated TNBC-like tumors with robust frequency of transplantable TICs. In contrast, AMEs were
highly differentiated, ERa-positive luminal-like tumors that lack TICs capable of seeding new tumors in
host mice after FACS selection or propagation under nonadherent conditions.
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Transplantable PDA but not nontransplantable AME cells continue to proliferate following orthotopic transplanta-
tion. To trace the fate of AME and PDA cells following transplantation, we labeled tumor cells with the
lipophilic carbocyanine dye SP-DiIC (3). This dye fluoresces strongly over a sustained period of time when
incorporated into cellular membranes (Figure 2, A and B). SP-DiIC (3)-labeled AME and PDA tumor cells
were followed for over 46 days post injection (p.i.). By day 3 p.i., AME cells formed ductal structures express-
ing K14 and K18 (Figure 2, C and D). However, these ductal structures failed to maintain proliferation and
were cleared by day 18 p.i. (Figure 2C and Supplemental Figure 2). This indicates that AME cells were unable
to colonize foreign transplant sites, possibly due to dependency of ERa* tumor cells on estrogen or permissive
microenvironment (31, 32), and instead underwent attrition over 18 days. In contrast, PDA cells formed mul-
tifocal growth by day 3 p.i. These foci were highly proliferative relative to AME cells (Figure 2E, P < 0.001;
Supplemental Figure 2) and continued to grow into full-fledged secondary tumors by day 46 p.i. (Figure 2C).

Distinct genetic alterations including reduced expression of miR-145 in pten-deficient PDAs versus AMEs revealed
through mRINA and miR profiling, copy number variation, and mutational analysis. To molecularly classify AMEs
and PDAs, we compared their transcriptomic landscape to other mouse models using an intrinsic BC signa-
ture and unsupervised hierarchical clustering (2). Normal mammary gland tissues and MMTV-Her2/Neu
tumors were included as internal controls (Figure 3, A and B). Most AMEs clustered with “p53 null, Tag,
DMBA” or wild-type mammary glands. In contrast, transplantable PDAs clustered with poorly differenti-
ated MMTV-Her2/Neu mammary tumors. However, we note that the pren-deficient PDAs do not express
Her2 (Figure 11). We also performed clustering analysis with human BC samples. Whereas AMEs grouped
together with luminal A BC, most PDAs clustered with basal-like human BC. We attribute the distinct
clustering with mouse Her2/Neu versus human basal-like tumors to the intrinsic difficulty in batch com-
parison and interspecies analyses. More importantly, however, our classification analysis is consistent with
the more aggressive nature of pren-deficient PDAs and their higher tumor-initiating potential in xenograft
assays as compared with AMEs.

We next sought to pinpoint the oncogenic networks that cooperate with pren loss to induce aggres-
sive PDAs. Gene set enrichment analysis (GSEA) visualized with “Functional Enrichment Maps” (33),
revealed that pathways associated with immune response, migration, and myogenesis were downregulated
in PDAs as compared with AMEs (Figure 3C and Supplemental Figure 3). Similar results were observed
following g:Profiler analysis, where pathways associated with immune response, migration, adhesion, and
organ system development were differentially regulated (Supplemental Figure 4).

Array-based comparative genomic hybridization (aCGH) revealed that pten-null AMEs and PDAs
exhibited relatively quiet genomes with similar landscapes of gains and losses (Figure 3D). An exception is
chromosome 12, which we identified as a hotspot for differential DNA copy number aberrations. Overall,
only 13 genes showed significant copy number changes in PDA compared with AMEs. These included
ano2, klral, atp6vld, ncapg2, lyrm4, pnp2, and prune2, and putative genes gm694, igh-a (1g2), gm16844, igh,
ighg, and v00821 (Figure 3D, P < 0.05, differential threshold 25%; Supplemental Figure 5). Notably, mouse
insertional mutagenesis screens identified ano2 and atp6vid as cancer driver genes (34). In humans, ANO2
shows copy number gains in 1.26% and overexpression in 4.53% of breast carcinomas (34). KLRA! dis-
plays copy number gains in 1.15% of cases. Further analysis of these alterations in combination with pten
loss is required to assess their effect on PDA formation and TIC frequency.

To identify mutations in coding sequences, we performed exome sequencing on 7 independent PDAs
and 3 AME:s. This analysis identified PDA-specific mutations in ubiquitin ligases c#/9 and cbl, microtubule
motor kif6, autophagy regulators tfeb and tbcld5, and others (Figure 3E). The tumor suppressor CUL9 is a
component of an E3 ubiquitin ligase that regulates subcellular localization of p53 and maintains genome
integrity (35, 36). The ubiquitin ligase CBL attenuates RTK signaling by mediating ubiquitination and
degradation of activated RTKs. However, point mutations in cu/9 occurred at the C-terminus, downstream
of known functional domains, whereas the point mutations in cb/ are not found in equivalent locations in
human cancers; a mutation prediction software (Pmut) suggests that none of these changes are likely patho-
logical (Supplemental Figure 6). Mouse insertional mutagenesis screens identified tmccl, cbl, tfeb, tango6,
fam35a, and tbcld5 as cancer driver genes (34). In human BC, LYRM4, TMCCI, CUL9, FAM354, GARI,
KIF6, SLC29A1, and TBCIDS are overexpressed in approximately 4%—6% of cases (34). We note that no
mutations on the RAS pathway such as nfl, dusp4, rasall, rasal2, or rnd1, or in p53 have been detected.

Importantly, RNA profiling identified miR-145 and miR-143 to be downregulated by 7.4-fold and
1.7-fold, respectively, in PDAs relative to AMEs (Figure 4A, P < 0.0001). Quantitative real-time reverse
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Figure 3. pten-deficient mammary PDAs and AMEs are molecularly distinct. (A) Cluster analysis of adenomyoepitheliomas (AMEs) and poorly differenti-
ated adenocarcinomas (PDAs) using an intrinsic gene signature in comparison with other mouse models of breast cancer (BC). PDA n = 8, AME n = 13. (B)
Cluster analysis of AMEs and PDAs using an intrinsic gene signature in comparison with human BC samples. PDA n = 8, AME n = 13. (C) Selected gene set
enrichment analysis (GSEA) pathways enriched in PDAs (red) versus AMEs (blue) visualized using Cytoscape Enrichment Map. Green lines connect overlap-
ping pathways. Size of circles corresponds with levels of enrichment (normalized enrichment score), whereas thickness of lines corresponds with degree of
overlap. P < 0.001, FDR < 0.001. GAG, glycosaminoglycan; PK, activation of protein kinases. PDA n = 8, AME n = 13. (D) Array-based comparative genomic
hybridization (aCGH) showing frequency of copy number alterations in PDAs versus AMEs. Differential threshold 25%. Sig genes: genes with significant
copy number variations between PDAs and AMEs. PDA n = 5, AME n = 5. (E) Selected mutations enriched in PDAs versus AMEs identified by exome
sequencing. Threshold: genes with 3 or more mutations in PDA tumors. PDAn =7 AMEn =3.
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Figure 4. Low miR-145 expression in PTEN-deficient breast cancer leads to poor clinical outcome. (A) Microarray analysis of miR levels in poorly dif-
ferentiated adenocarcinomas (PDAs) versus adenomyoepitheliomas (AMEs). miR-145 is downregulated by 7.4-fold in PDAs relative to AMEs. Both miR-143
and miR-145 are significantly downregulated in PDAs. PDA n = 8, AME n = 13. Circles represent individual data points. Bars represent mean + SD. (B)
Quantitative real-time PCR confirms miR-145 downregulation in tumorspheres derived from PDAs. *P = 0.03, Student’s t test. miR-143 n > 3, miR-145n >
3. Circles represent individual data points. Whiskers represent minimum to maximum value. Box bounds represent 25th to 75th percentiles. Line within
box represents the mean. No outlying values. (C) Analysis of miR-143 expression in human breast cancer (BC) database. Mir-143 levels are downregulated
in all BC subtypes compared with normal-like breast tissue. ANOVA, Bonferroni: *P < 0.05, **P < 0.01, ***P < 0.0001. Basal n =16, HER2 n =19, luminal A
n =45, luminal B n =16, normal-like n = 13. Whiskers represent minimum to maximum value. Box bounds represent 25th to 75th percentiles. Line within
box represents the mean. No outlying values. (D) Analysis of miR-145 expression in human BC database. Aggressive basal-like and luminal B cancers show
downregulated miR-145 expression. ANOVA, Bonferroni: *P < 0.05, **P < 0.01. Basal n =15, HER2 n =17, luminal A n = 41, luminal B n =12, normal-like n
=10. Whiskers represent minimum to maximum value. Box bounds represent 25th to 75th percentiles. Line within box represents the mean. No outlying
values. (E) Significant correlation between low PTEN and miR-145 gene expression, primarily in basal-like (0.33) as well as other BC subtypes. P < 0.01. (F)
Percentage of tumors with low PTEN and low miR-145 expression, showing highest prevalence in basal-like BC relative to all other subtypes. Student's t
test, P < 0.0403. (G) Kaplan-Meier disease-free survival analysis showing patients with PTEN-low and miR-145-low have poorer prognosis than patients
with PTEN-high and miR-145-low. Wilcoxon method, P = 0.0505. miR-145-low/PTEN-high n = 42; miR-145-low/PTEN-low n = 13; miR-145-high/PTEN-
high n = 109; miR-145-high/PTEN-low n = 15.

transcription PCR (Q-RT-PCR) confirmed that miR-145 was downregulated 6.3-fold in PDA versus AME
tumorspheres (Figure 4B, P = 0.03). miR-143 and miR-145, encoded by a polycistronic cluster that coop-
eratively regulates target genes, are known tumor suppressors affecting various malignancies including BC
(23, 37-40). We therefore investigated the effects of combined loss of miR-143/145 and pten in human BC
and mouse mammary tumors.
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We note that miR-205 expression was reduced 2-fold in PDAs compared with AMEs (Figure 4A; P
< 0.0001). This miR is dysregulated in several malignancies including BC, and functions as a regulator of
EMT by targeting ZEBI and ZEB2 (41, 42). However, zebl and zeb2 were downregulated by 1.8-fold and
1.3-fold, respectively, in PDAs versus AMEs, suggesting that miR-205 expression may not be critically
important for PDA tumor formation. We focused our attention on miR-145, as it was downregulated by
over 7-fold in PDAs versus AMEs.

miR-145-low/PTEN-low tumors represent a distinct subgroup of human breast cancer. To evaluate the effects
of miR-143 loss and miR-145 loss on human BC, we initially used a cohort of 181 patients with miR
and mRNA expression data (GSE19783). In this cohort, miR-143 was downregulated in all major sub-
types including basal-like (P < 0.01), HER2/ERBB2 (P < 0.05), luminal A (P < 0.0001), and luminal B (P
< 0.0001) compared with normal-like tumors. In contrast, miR-145 was preferentially downregulated in
basal-like (P < 0.01) and luminal B (P < 0.05), which are the subtypes in which PTEN is most commonly
lost (7) (Figure 4, C and D).

To determine which BC subtype expresses low levels of both PTEN and miR-145, we analyzed RNA
and miR data from a cohort of over 1,300 patients (EGAS00000000122) (37). PTEN is often deregulated
through methylation and miR-mediated silencing, and its mRNA expression is the primary determinant of
PTEN protein levels in BC (7, 8, 43). We therefore assessed PTEN status at the RNA level. We used 2-fold
change from median expression as the cutoff for high and low expression of PTEN and miR-145. Sig-
nificant correlations between PTEN and miR-145 expression were seen in all subtypes, with the strongest
correlation observed in basal-like BC (0.33; Figure 4E). Basal-like BC also contained a significantly higher
percentage of tumors with both low PTEN and low miR-145 expression (7.3%, P < 0.0403; Figure 4F).

To determine if PTEN-low/miR-145-low expression affects clinical outcome, we further used the
EGAS00000000122 cohort, which contains disease-free survival (DFS) data. Basal-like patients with PTEN-
low/miR-145-low expression had a nearly significantly worse DFS compared with those with PTEN-high/
miR-145-low expression, with a hazard ratio (HR) of 2.39 (P = 0.0505; Figure 4G). These results imply
that PTEN status affects prognosis only in miR-145-low patients. We also observed a trend toward a worse
prognosis for basal-like BC with miR-145-low/ pten-low versus miR-145-high/pten-low expression (Supple-
mental Figure 7), although this did not reach significance, possibly due to the low number of patients in this
category (n = 13 vs. n = 15). We conclude that PTEN-low/miR-145-low BCs represent a distinct group of
aggressive tumors that should be identified and treated as a unique disease.

Functional cooperation between miR-143/145 and pten loss promotes engraftment of nontransplantable pten-
deficient mammary tumors. To determine the effect of miR-143/145 expression on pren-deficient tumors,
we knocked down these miRs using a lentiviral miR decoy (sponge) (44). To obtain efficient transduction,
tumorspheres derived from 6 independent AMEs were cultured under adherent conditions as monolayer
cells, transduced with the lenti-miR-143/145 decoy, sorted for GFP-positive expression, and then subjected
to proliferation assays in vitro and/or fat pad engraftment to assess TIC potential in vivo (Figure 5A).
Although this experimental scheme increased transplantation frequency in some AMEs (see below), it was
necessary because of exceedingly low levels of lentiviral transduction of tumorsphere cells. Under mono-
layer conditions, 72% knockdown was achieved on average for miR-143 and 66% for miR-145 (Figure 5B).
These levels of miR-143/145 suppression in AME cell lines led to increased proliferation in vitro compared
with empty vector—treated cells (Figure 5C and Supplemental Figure 8A).

In xenograft assays, miR-143/145 knockdown in 3 of 6 independent AME lines (AME1, AME2, and
AMED3) led to significantly higher incidence of secondary tumor formation and decreased latency/mam-
mary tumor—free survival (Figure 5, D and E, P < 0.025). In another line (AME4), miR-143/145 knock-
down decreased latency (P = 0.0101), though not the incidence of tumor formation. A fifth line (AMES5)
had intrinsically high incidence and low latency, and miR-143/145 knockdown did not further accelerate
tumorigenesis, whereas AME6 was refractory to the miR-143/145 decoy. This diversity in tumor engraft-
ment rate/latency compared with the initial AMEs is likely due to selection of aggressive variants fol-
lowing cell culturing under adherent conditions. Nonetheless, our results demonstrate that disruption of
miR-143/145 converted 4 of 6 untransplantable or poorly transplantable pren-deficient cultures to readily
transplantable tumors.

In contrast to the glandular appearance of primary AMESs, secondary tumors arising after engraft-
ment of miR-143/145 knockdown or control cells were invariably poorly differentiated (Figure 5F). In
the 4 AME tumor cell lines where miR-143/145 depletion led to increased tumor-initiating potential (i.e.,
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Figure 5. Disruption of miR-143/145 in AMEs promotes
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AME1-4), miR decoy treatment also resulted in lower expression of the differentiation markers K14 and
K18 relative to control lentivirus—treated groups (Supplemental Figure 8B). Only 1 of the 6 AME-derived
cell lines (AMET1) showed strong nuclear staining for p53, suggestive of stabilizing p53 mutation (Figure 5,
E and G). Importantly, in all AME-derived tumors, p53 status was consistent between decoy-treated and
control-treated groups. Therefore, the enhanced tumorigenesis of miR-143/145 decoy—transduced AME
cells was not due to acquisition of p53 mutations. In summary, miR-143/145 knockdown cooperated with
pten loss to promote tumor-initiation potential with poorly differentiated histology.

miR-143/ 145 loss cooperates with pten deficiency at least in part by inducing RAS signaling. miR-143 and miR-
145 target a large number of genes in various biological contexts including K-RAS and N-RAS (40, 45-53).
To determine the mechanism through which miR-143/145 loss cooperates with pten deficiency to promote
aggressive mammary tumors we performed the following analysis. First, we identified predicted targets for both
miR-143 and miR-145 by using 12 miR target prediction software packages (54). Specifically, we identified
genes that (a) are predicted targets of miR-143 or miR-145 in at least 6 of the 12 software packages, and (b) pre-
dicted targets in human, mouse, and rat. We reasoned that only robust miR-target interactions would emerge
following such rigorous criteria. Using this approach, we identified 61 miR-143 and 98 miR-145 predicted and
conserved targets (Supplemental Table 1). Second, we submitted our predicted target lists for DAVID func-
tional annotation bioinformatics microarray analysis to identify pathways targeted by miR-143/145 (55, 56).
RAS-associating domain pathways involved in Ras signaling and other GTPases (57) were by far most signifi-
cantly enriched among the predicted targets of miR-143 and miR-145 (Figure 6A). In parallel, we performed
pathway-activity analysis on 18 signaling pathways as defined by Gatza el al. (58). Of these 18 pathways,
4 — RAS, TGF-B, TNF-a and IFN-a — were significantly altered in PDAs relative to AMEs (Supplemental
Figure 9). Importantly, Ras signaling was elevated 1.522-fold (Figure 6B; P = 0.0018). Thus, the Ras pathway
is a major target of miR-143/145 and accordingly, is elevated in PDAs, which express low levels of these miRs.

To determine the effect of miR-143/145 knockdown on Ras signaling we used phospho-Erk as a read-

out for Ras pathway activation. In AME cell lines, miR-143/145 knockdown led on average to a 2-fold
increase in phospho-Erk levels (Figure 6C, P = 0.0445), suggesting elevated Ras signaling activity is at least
partially responsible for enhanced tumorigenicity in miR decoy—treated AME cells. Next, using immortal-
ized HC11 mammary epithelial cells, we examined phospho-Erk levels upon knockdown of pten, miR-
143/145, or both. pten was knocked down using a lentivirus-shRNA vector leading on average to 64%
reduction in protein expression (Supplemental Figure 8C). In single-treatment groups, knockdown of pten
or miR-143/145 increased phospho-Erk levels relative to noninfected control treatment by an average of
2.5-fold (P> 0.5) and 3.3-fold (P < 0.01), respectively (Figure 6D). Combined pren plus miR-143/145 deple-
tion led to a 3.1-fold increase in phospho-Erk levels relative to single PTEN knockdown (P < 0.001), and a
2.2-fold increase relative to single miR-143/145 knockdown (P < 0.5) (Figure 6D and Supplemental Figure
8E). Combined knockdown of pten plus miR-143/145 also induced cell growth relative to knockdown of
each gene alone (Figure 6E and Supplemental Figure 8D). Thus, deficiency in pren or miR-143/145 alone
elevates cell growth but combined loss of both genes is needed for robust proliferation, and this may under-
lie their cooperation during PDA formation in vivo.

We next asked whether elevated phospho-Erk signaling in PDAs or in AMEs following miR-143/miR-145
knockdown altered sensitivity to RAS pathway inhibition using the MEK inhibitor selumetinib. We generated
drug response curves for 4 independent PDAs, AMEs, or AME cell lines stably transduced with miR-143/145
decoy or empty vectors (16 lines in total). The PDAs and miR-143/145-knocked-down AMEs were signifi-
cantly more sensitive to selumetinib than the parental AMEs or AMEs transduced with empty vector (Figure
6F). In contrast, no significant differences in response to the PI3K inhibitor BYL719 (59) were observed across
cell lines (Figure 6G). Furthermore, PDA cells with enforced miR-143/145 overexpression (see below) were
more resistant to low doses of selumetinib than PDAs transduced with empty vector (Figure 6H). These results
demonstrate that miR-143/145 status modulates the response to MEK inhibitors and that such inhibitors rep-
resent promising treatment options for BC patients with both low PTEN and low miR-143/145 expression.

To further investigate the effect of miR-143/145, we overexpressed miR-143 and miR-145 through
a single lentiviral vector and assessed their combined impact on RAS signaling. Enforced miR-143/145
expression in pten-deficient PDA tumor cells reduced levels of Ras proteins (K-Ras and N-Ras) (Figure 7 A,
B, and D; P = 0.0470) and Erk1/2 phosphorylation (Figure 7, C and D; P = 0.0387).

To assess the effects of miR-143/145 overexpression on Ras signaling, we searched for potential miR-
1437145 targets on the Ras pathway. Figure 7, E and F shows the workflow and Venn diagrams generated
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Figure 6. miR-143/145 knockdown cooperates with pten loss by inducing phospho-Erk, leading to increased sensitivity to MEK inhibitors. (A) DAVID
functional annotation bioinformatics microarray analysis of pathways predicted to be targeted by miR-143 and miR-145. (B) Significant induction of Ras-
pathway activity in poorly differentiated adenocarcinoma (PDA) versus adenomyoepithelioma (AME) tumors. P = 0.0018. Activities of all 18 signaling path-
ways are shown in Supplemental Figure 9. PDA n = 8, AME n = 13. (C) miR-143/145 knockdown in AME cells induces phospho-Erk levels. n > 6, Student’s t
test P = 0.0445. Bars represent mean = SD. Circles represent individual data points. (D) Representative Western blot analysis for phospho-Erk following
miR-143/145 and PTEN knockdown in immortalized mammary epithelial HC11 cells (see text). Experiment was repeated more than 3 times (see Supple-
mental Figure 8E). (E) In vitro growth curves of HC11 cells transduced with miR-143/145 decoy, pten shRNA, or both. n > 3. ANOVA (P < 0.001), Bonferroni
post-hoc test (P < 0.01). Bars represent mean + SD. Circles represent individual data points. (F and G) Selumetinib or BYL719 dose-response curves relative
to no drug treatment for PDA, AME, miR-143/145 decoy-treated AME, and control AME cell lines by MTT assay. *Selumetinib: nonlinear regression, P =
0.0481; ANOVA, P < 0.0001; Tukey's multiple comparison, P < 0.05. BYL719: nonlinear regression, P = 0.1293. n > 3. (H) Selumetinib dose-response curves
relative to no drug treatment for PDA cells transduced with control or miR-143/145. *Nonlinear regression, P < 0.0001. Bars represent mean + SD. n > 3.

to identify conserved and predicted targets of miR-143 (13 genes) and miR-145 (14 genes) on the Ras path-
way that are also differentially regulated between PDAs and AMEs. Of these 27 genes, we selected 6 genes
(mapk3, efnala, efnalb, ephal, gng7, rasall) as well as 4 additional known miR-143/145 targets (nras, kras,
rrebl, flil) for Q-RT-PCR. We observed both significant (epha2a and nras) and a trend toward significant
(mapk3, efnal, rrebl, kras) inhibition of genes on the Ras pathway following miR-143/145 overexpression
(Figure 7G). Several other predicted targets such as fli/ were induced by miR143/145, likely due to inhibi-
tion of translation but not mRNA stability plus feedback regulatory mechanisms (Supplemental Figure
8F). Thus, miR-143/145 regulates Ras signaling by targeting multiple genes on this pathway.

Low miR-145 expression correlates with high RAS-pathway activity in human basal-like BC. Next, we exam-
ined the relationships between miR-145 and RAS signaling in human BC. We segregated patients based
on levels of miR-145 expression and discovered a significant negative correlation between low miR-145
expression (2-fold below median) and high RAS-pathway activity (top 20% of cohort) (Figure 8A, P =
0.0468). Patients with low miR-145 expression and high RAS-pathway activity were selectively enriched in
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the aggressive basal-like subtype (Figure 8B, 21.8% of basal-like). These results suggest that miR-145 loss
induces the RAS pathway not only in mouse PDAs but also in human basal-like BC. Notably, as opposed to
basal-like BC, high miR-145 expression correlated with high RAS signaling in other BC samples, suggest-
ing that this miR exerts differential effects on RAS signaling across BC subtypes.

High RAS-pathway activity plus low PTEN expression mark basal-like BC with poor prognosis. We reasoned
that, while in PDAs low miR-145 expression is a major driver of RAS pathway activation, in human BC,
multiple other alterations (e.g., NF1, DUSP4, RASAL1, K-RAS mutations) can induce RAS signaling,
independently of miR-145. We therefore asked whether in human BC, PTEN-loss preferentially occurs
together with RAS-pathway activation, and whether this affects clinical outcome. We found a significant
negative correlation between low PTEN expression and high RAS signaling in basal-like BC, but not other
subtypes (Figure 8C, P = 0.03). We note that the high percentage of basal-like BC with high RAS-pathway
activity identified in the EGAS00000000122 database (Figure 8C; ~72%), is comparable to that found by

insight.jci.org  https://doi.org/10.1172/jci.insight.93313 13



A miR-145 miR-145 B g p<6.19x 10°
low high 525 [ ]
I 1
[ 1 & 20
miR-145 ‘ "g 15
§10
RAS S_r' 5
Zo
i E
correlation  -0.15 0.09 £ @ Q‘J’ T2 @
p-value 0.0468 0.00158 X L@ ,>\>
mon ¥
Fold Change <
4 -2 2 4
C Basal HER2 LumA LumB Normal D
o | 1 g Pps000226
PTEN =1
i & 1
RAS 8
g5
2 —
correlation -0.16 -0.11 0.03 -0.08 -0.08 ju
pvalue 0.03 0.27 0.43 015 047 s 0 NN
WY AT A0
N LN
Fold Change ll ]I R SN
® 42 24 P \,°6\\,°id~@
E 100] - Ras-high:PTEN-low, n = 72 100+ —Ras-ow:PTEN-low, n = 205
80 1%~ Ras-high:PTEN-high, n = 285 80 —Ras-low:PTEN-high, n = 865
2 60 HR: 1.84; p=0.0188 @ 60 HR: 1.08, p= 0.657
=40 = 40
20 20
030 90 150 210 270 030 90 150 210 270
Months Months
F
100 —Ras-high:PTEN-low, n = 72 100 —Ras-high:PTEN-hi%h. n =285
80 —Ras-low:PTEN-low, n = 205 80 —Ras-low:PTEN-high, n = 865
® 60 0 60
=40 HR: 2.07, p=0.000772 = 40
20 20 HR: 1.15, p=0.0512
030 90 150 210 270 030 90 150 210 270
Months Months

RESEARCH ARTICLE

Figure 8. High RAS signaling correlates

with miR-145 loss and together with PTEN
deficiency identifies breast cancer patients
with poor clinical outcome. (A) Significant
correlation between low miR-145 expression
and high RAS-pathway activity, P = 0.0468.
(B) Percentage of tumors with low miR-145
and high RAS-pathway activity, showing
highest prevalence in basal-like breast cancer
(BC) relative to all other subtypes. ANOVA
and Tukey's post-hoc test, P < 6.19 x 107, (C)
Significant correlation between low PTEN
expression and high RAS-pathway activity

in basal-like BC, Student’s t test P = 0.03.

(D) Percentage of tumors with low PTEN

and high RAS-pathway activity, showing
highest prevalence in basal-like BC relative
to all other subtypes. ANOVA and Tukey’s
post-hoc test, P < 0.00226. (E) Kaplan-Meier
survival analysis showing patients with low
PTEN expression and high RAS-pathway
activity (n = 72) have reduced metastasis-free
survival (MFS) compared with patients with
high PTEN expression and high RAS pathway
(n = 285). Wilcoxon method, P = 0.0188.

(F) Kaplan-Meier survival analysis showing
patients with high RAS signaling/low PTEN
(n =72) have reduced MFS compared with
patients with low RAS signaling/low PTEN (n
=205). Wilcoxon method, P = 0.000772.

the Nevins group (~65%), using several combined Gene Expression Omnibus (GEO) datasets (58).

We found that 11.7% of basal-like BCs were PTEN-low/RAS pathway-high, significantly more than
in all other subtypes (Figure 8D, P < 0.00226). As observed above for miR-145, PTEN status only affected
prognosis in RAS pathway—high (HR = 1.84; P = 0.0188), but not RAS pathway—low patients (Figure 8E).
Importantly, RAS signaling—high/PTEN-low tumors exhibited poor prognosis compared with RAS signal-
ing—low/PTEN-low (HR = 2.07, P = 0.00077), whereas RAS signaling was inconsequential in PTEN-high
tumors (HR = 1.15; Figure 8F). Thus, the miR-143/145 cluster cooperates with pten loss both in mouse

and human BC, at least in part, by inducing RAS signaling through multiple genes on this pathway (Figure
9). Moreover, BC patients with combined PTEN/miR-143/145 deficiency or PTEN expression—low/RAS
signaling—high tumors have poor prognosis and should opt for aggressive therapy.

Discussion
We report that most pren-deficient mammary tumors are highly differentiated and lack TICs capable of

seeding secondary tumors following FACS selection or sphere growth. This is in stark contrast to multiple
other mammary tumor models in which TICs were readily identified by our group and others (13, 29, 30,

60-62). One possible explanation is that AME tumor cells are dependent on estrogen signaling, thus unable
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to survive and proliferate in recipient mice without exogenous f-estradiol. Indeed, luminal BC cells require
B-estradiol pellets or injection into milk ducts to grow in mouse hosts (31, 32). Freshly isolated single-
cell suspensions but not sorted cells or tumorspheres from pren-deficient AMEs may provide a permissive
milieu required for their growth. However, other possibilities such as tumor-stroma (e.g., fibroblast) interac-
tion may be required for survival of these pten-deficient TICs in recipient mice. Importantly, we identified
a rare group of pten-deficient mammary tumors with features of basal-like BC that do harbor robust TICs.
These tumors express low levels of miR-143/145 compared with nontumorigenic lesions. Knockdown of
miR-143/145 in nontransplantable AME cells induced RAS-pathway activity and conferred tumor initia-
tion potential. Importantly, we found that BC patients with low PTEN/miR-143/145 expression or low
PTEN expression/high RASpathway activity showed poor clinical outcome. Thus, these patients should be
identified and prioritized for aggressive therapy.

What is the basis for lowered miR-143/145 expression in mouse PDAs and human basal-like BC? Sev-
eral related possibilities exist. (a) Mutations in miR biogenesis, processing, and regulation (e.g., DROSHA,
DICER, superenhancers) may cause global deregulation in miR levels (20, 63), preferentially effecting miR-
145 in the cell-of-origin of pten-deficient tumors. (b) Genetic and epigenetic alterations at the miR-143/145
locus may change its expression. (c) Distinct mammary epithelial cell populations may express differing
levels of miRs, and aggressive PDAs may originate from cells with intrinsically low miR-143/145 expres-
sion. Indeed, data mining of miR expression from Fu et al. (64) suggests that miR-145 may be differentially
expressed in basal versus luminal mouse mammary cell lineages. However, in preliminary analyses with
mouse pten-deficient mammary epithelial cells, we observed no significant difference in miR-143 or miR-
145 expression in FACS-purified basal, luminal, luminal progenitor, or mature luminal mammary epithe-
lial cells. Moreover, we found no copy number changes at the miR-143/145 locus by aCGH analysis in
PDAs versus AMEs. Additional analysis is required to address this issue.

Other mouse models also show that secondary mutations are required to cooperate with pten deficiency
to achieve full malignancy. Indeed, our group showed that combined deletion or mutation in p53 cooperates
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with pten deficiency to accelerate aggressive, transplantable TNBC-like tumors (13, 62). As noted, prostate-
specific inactivation of pfen also induces benign tumors with increased p53-dependent senescence (11, 12).
Likewise, in models of biliary tract malignancies and von Hippel-Lindau (VHL) disease, murine pten inac-
tivation either fails to induce tumors or elicits low-grade lesions (65, 66). Patients with Cowden syndrome
exhibit multiple hamartomas most commonly in skin and gastrointestinal tract, and an increased risk of
benign and malignant tumor formation in the breast, thyroid, endometrium, colorectal, kidney, and skin.
Among female Cowden patients, BC is the most common malignancy, with a lifetime risk of 81%—-85%
(67, 68). Our results suggest that tumor progression to full malignancy in Cowden patients may similarly
involve miR-143/145 loss or RAS-pathway activation. Unfortunately, no expression profiling is publically
available to test this hypothesis. However, our results strongly encourage such studies because identification
of cooperating oncogenic alterations in these PTEN-mutant tumors may allow their targeting together with
PI3K-pathway inhibitors as a low-dose prophylactic therapy for PHTS patients.

The oncogenic cooperation between PTEN and miR-143/145 is striking, leading to dramatic altera-
tions in tumor subtype and tumor-initiating capacity. As patients with low miR-145/PTEN and low PTEN/
high RAS signaling are associated with aggressive basal-like BC, such patients may benefit from combina-
tion therapies targeting both pathways. Indeed, targeting the PI3K/mTOR/AKT pathway as monothera-
py has limited efficacy in cancer patients (69). This is thought to be due to both compensatory feedback
loops and concomitant oncogenic alterations. For instance, activated RAS induces downstream signaling
through both RAF/ERK and PI3K/AKT/mTOR pathways, and inhibition of the PI3K pathway alone
leads to upregulation of ERK signaling (70). Dual targeting of the PI3K and RAS pathways may drasti-
cally improve therapeutic outcome (71). Here we showed that tumor cells with combined loss of pten and
miR-143/145 exhibit increased sensitivity to inhibitors of the RAS pathway (selumetinib). Thus, patients
with PTEN-low/miR-145-low or PTEN-low/RAS pathway—high TNBC may benefit from combination of
PI3K-inhibitors plus selumetinib or new drugs that target RAS such as the recently developed multivalent
small-molecule pan-Ras inhibitor 3144 (72). Alternatively, PTEN-low/miR-145-low or PTEN-low/RAS
pathway—high TNBC cells may be screened for specific drug sensitivity and vulnerabilities.

Methods

Mice. WAP-Cre mice (73) received from Lothar Hennighausen, NTH, were crossed with Pten! mice (25)
from Tak Mak, Princess Margaret Cancer Centre, as previously described (13). Compound mutant mice
used in this study were on a mixed genetic background.

PCR genotyping and deletion analysis. Compound mutant mouse strains utilized in this study were geno-
typed as previously described (13, 26). Deletion of the Pten? allele was detected by PCR using the fol-
lowing primers: F—5'GTCACCAGGATGCTTCTGAC3’, R—5'ACTATTGAACAGAATCAACCC3,
where Pten" results in a 335-bp product and Pten®"" in an 849-bp product.

Primary tumor cell isolation and enrichment of Lin~ cell population. Tumors tissue were minced with a sterile
razor blade and placed in 100 U/ml collagenase/hyaluronidase solution (StemCell Technologies, catalog
07912) overnight at 4°C, and then for 30 minutes at 37°C with occasional mixing. Digested tissues were
rinsed with Hanks Balanced Salt Solution (GIBCO) containing 2% FBS (HF) and centrifuged at 1,500 rpm
for 5 minutes. Tumor cells were passed through a 40-um cell strainer. Selective depletion of endothelial (anti-
CD31, catalog 550274, BD Pharmingen) and hematopoietic cells (anti-CD45 catalog 60030 and anti-TER119
catalog 60033, StemCell Technologies) was accomplished at 4°C with magnetic beads using an EasySep
Mouse Epithelial Cell Enrichment Kit (StemCell Technologies, catalog 19757) and EasySep Magnet.

Tumorsphere culturing in vitro, primary cell line creation, and long-term cell labeling. Single-cell suspensions
of mammary tumor epithelial cells were plated onto ultra-low-attachment plates (Corning, Costar cata-
log 3471) in DMEM/F-12 HAM medium (Sigma-Aldrich, catalog D8900) containing 20 ng/ml bFGF
(Sigma-Aldrich, catalog F0291), 20 ng/ml EGF (Sigma-Aldrich, catalog E9644), 4 ng/ml heparin (Sigma-
Aldrich, catalog H4784), and B-27 supplement (1:50 dilution, GIBCQO, catalog 17504-044), and cultured at
37°C and 5% CO, as previously described (74). Spheres were mechanically and enzymatically dissociated
weekly in 0.25% (0.05%) Trypsin-EDTA solution (GIBCO, catalog 25200) for 3 minutes at 37°C, followed
by gentle trituration for 1 minute. Tumorsphere cultures were trypsinized at least once before transplant.
To create tumor-derived primary cell lines, tumorspheres were plated in tissue culture plates and expanded
under adherent conditions. Cell lines from Figures 5-7 are derived from mouse mammary epithelium (i.e.,
HC11) or Wap-Cre:Pten” mammary tumors. To achieve long-term cellular labeling, cells were incubated
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with SP-DiIC (3) (Thermo Fisher Scientific, catalog D7777) following the manufacturer’s instructions.

Lentivirus generation and establishment of stably expressed and knocked down cell lines. Lentiviral constructs
of mir-143/145 decoys were gifts from Aly Karsan, Department of Pathology and Laboratory Medicine,
University of British Columbia, Vancouver, British Columbia, Canada. Lentiviral constructs of controls
vectors and PTEN were obtained from the SPARC shRNA Archive from SickKids Hospital, Toronto. Len-
tiviral constructs of mir-143/145 overexpression and control vectors were obtained from Biosettia Inc. To
generate lentivirus particles, target construct were cotransfected with second-generation lentiviral pack-
aging plasmids (pCMV-R8.74psPAX2 and pMD?2.G) into 293T cells by Lipofectamine 2000 (Thermo
Fisher Scientific, catalog 11668500) following the manufacturer’s instructions. At 48 and 72 hours after
transfection, culture medium was harvested and concentrated by Lenti-X Concentrator (Clontech, catalog
631231). Lentivirus titer was determined by serial dilution of virus-expressed fluorescence. To create stable
lines, lentivirus was incubated with target cells in the presence of polybrene (8 pug/ml) (Sigma-Aldrich,
catalog H9268) for 24 hours. At 72 hours after infection, cells were selected by puromycin or sorted for the
GFP-positive fraction using BD FACS Aria 11-color instruments (Aria GC BRU or Aria II RITT BRV) at
20 PSI (SickKids Flow Cytometry Facility, Toronto).

FACS. Primary mouse mammary epithelial and tumor cells were suspended in HF at 1 X 107 cells/ml
and incubated with the following antibodies on ice for 30 minutes: anti-CD49f conjugated with R-phyco-
erythrin (CD49f-PE, clone GoH3, 1:100, BD Pharmingen), anti-CD24 conjugated with fluorescein iso-
thiocyanate (CD24-FITC, clone M1/69, 1:200, BD Pharmingen), and 2 pg/ml propidium iodide (catalog
550825, BD Pharmingen). Labeled cells were then washed 3 times in HF, and resuspended in HF at 8 X
10° cells/ml and kept on ice pending analysis. Single (fixed FSC-A/FSC-W ratio) and live cells (propidium
iodide—negative) were gated for analysis and sorting. Cell sorting experiments were carried out using BD
FACS Aria 11-color instruments (Aria GC BRU or Aria II RITT BRV) at 20 PSI (SickKids Flow Cytom-
etry Facility, Toronto) while flow cytometry was performed on a BD FACS Calibur 4-color instrument.

Orthotopic transplantation. Cells were transplanted into the number 4 mammary glands of 3- to 5-week-
old immune-deficient female mice as previously described (75). Tumor cells (1,000 to 25,000) were resus-
pended in 10 pl of media and mixed at a 1:1 ratio with 10 ul matrigel (BD Bioscience, catalog 356234) on
ice. Samples (total 20 pl) were then injected into mice under isoflurane anesthesia. Mice were monitored for
tumor formation for up to 6 months.

Histology and IHC. Paraffin sections (5 uym) were immunostained using the following antibodies/ dilution:
P53 (1:200; FL-393; Santa Cruz Biotechnology Inc., catalog sc-6243;), Ki67 (1:150; Biocare Medical, catalog
CRM325, clone SP6), CK6 (1:200, Covance, catalog PRB-169B), CK5 (1:20; NeoMarkers, catalog XM26),
CK14 (1:200; Panomics, catalog E2624), CK18 (1:200; Fitzgerald, catalog RDI-PR061028), and vimentin
(1:50; Santa Cruz Biotechnology Inc., catalog SC32322) as previously described (27). Secondary biotinyl-
ated anti-mouse or anti-rabbit antibodies (Vector) were used at 1:200 dilution. IHC was performed using
VECTASTAIN ABC Systems (Vector laboratories). Sections were counterstained with methylene green.

Western analysis. Mammary tumor tissues or cultured cells were lysed with ice-cold RIPA buffer (PBS, 1%
NP 40, 0.5% [w/v] sodium deoxycholate, 0.1% [w/v] sodium dodecyl sulfate [SDS], 1 mM phenylmethyl-
sulfonyl fluoride [PMSF], 60 pg/ml aprotinin, 5 mM DTT) and immunoblotted as previously described (13).
Blots were then incubated at 4°C overnight with antibodies against Ras (1:1,000; Cell Signaling Technology,
catalog 8955), p-Erk (Thr202/Tyr204, Cell Signaling Technology, catalog 9101). Tubulin (1:3,000; Cell Sig-
naling Technology, catalog 2148), Erk (1:1,000; Cell Signaling Technology, catalog 9102) diluted with 1%
BSA in TBS, followed by anti-rabbit IgG HRP antibodies (1:3,000; catalog 7074, Cell Signaling Technology)
for 1 hour at room temperature. Chemiluminescence was detected using Super Signal West Dura (Pierce).

RNA isolation, microarray, and cluster analysis. Total RNA was extracted using TRIzol reagent (Invitrogen).
Microarray analysis was carried out using Affymetrix Mouse Gene 1.0 ST with 500 ng of total RNA (Centre
for Applied Genomics, Hospital for Sick Children, Toronto). Microarray data were normalized using the
RMA method via Partek and log2-transformed gene expression values were obtained as previously described
(75). To compare our mouse models with human BC and other published models, median-centered values of
our mouse microarray data were integrated with GSE18229 (human BC) and GSE3165 (mouse models) by
distance-weighted discrimination (DWD). The subtypes of human BCs in GSE18229 were predetermined
with PAM50 and the claudin-low signature (2, 3, 13). The DWD-integrated samples were classified by unsu-
pervised hierarchical clustering (complete linkage) using shared intrinsic genes, the basal, luminal, and mes-
enchymal gene sets (2), and the claudin-low signature (3). Values of gene expression were log2-transformed,
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median-centered, and visualized as heatmaps by Java TreeView.

GSEA pathway analysis. Gene expression data were analyzed using a GSEA preranked method from the
Broad Institute (version 2.2.0; see ref. 76) with parameters set to 1,000 gene-set permutations. Genes were
ordered using the limma package in R to obtain ¢ values corresponding to each pair-wise comparison with
Benjamini and Hochberg’s method to control the FDR. The gene sets included in the GSEA analyses were
obtained from MSigDB containing BioCarta, KEGG, Matrisome, Pathway Interaction Database, Reac-
tome, Sigma-Aldrich, Signaling Gateway, Signal Transduction KE, and SuperArray gene sets (c2, v5.0) and
the Gene Ontology (GO) databases (c5, v5.0), updated on March 2012 (http://www.broadinstitute.org/
gsea/downloads.jsp). An enrichment map (version 1.1 of Enrichment Map software; see ref. 77), was gen-
erated by Cytoscape (version 2.8.3) for each comparison using enriched gene sets with a nominal P value
less than 0.005, FDR less than 0.1, and the overlap coefficient set to 0.5.

DNA copy number and exome sequencing. Mouse SurePrint G3 1M arrays were analyzed at The Centre for
Applied Genomics (operated by the Hospital for Sick Children) using tail DNA pooled from WapCre:Pten/*
mice as reference and Partek Genomics Suit (Partek). Exome sequencing was performed on Illumina
HiSeq at McGill University and Genome Quebec Innovation Centre. Microarray data were deposited in
the NCBI's GEO (GSE99495).

Q-RT-PCR. RNA was extracted with a mirVana miRNA Isolation Kit (Thermo Fisher Scientific,
catalog AM1560) following the manufacturer’s instructions. miR-143 and miR-145 expression was quan-
tified using Tagman primers (Thermo Fisher Scientific, catalog 4427975) relative to 18S (Thermo Fisher
Scientific, catalog 4333760).

MTT viability assay. Cells were seeded in 96-well plates and treated the following day. At 3 days after
treatment, 20 pl of 2 mg/ml MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, Sigma-
Aldrich) was added and incubated for 4 hours. MTT/media solution was aspirated and replaced with
DMSO and cell viability was read after 5 minutes of incubation.

Statistics. Survival, protein expression, Q-RT-PCR, and IHC data were analyzed using Mantel-Cox test
and Student’s ¢ test (2-tailed). ANOVA and Bonferroni and Tukey post hoc tests were used for differences in
miR-143/miR-145 expression, PTEN expression, and Ras-pathway activity in BC subtypes. A P value less
than 0.5 was considered statistically significant. Statistical analyses were performed using GraphPad Prism.
Columns represent mean * SD.

Study approval. Animal protocols were approved by the University Health Network in accordance with
the guidelines of the Canadian Council of Animal Care.
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