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aggressive breast cancers.

Introduction

Metastasis is the leading cause of breast cancer-related death (1).
Despite progress in treating primary breast cancers with chemo-
therapy, radiation, and surgery, there remains a significant and
stubbornly untreatable population of tumors that metastasize to
distant organs. To distinguish patients with a high risk of progres-
sion, breast cancers are commonly divided into subtypes on the
basis of immunohistochemical expression of certain receptors or
analysis of gene expression profiles. In addition to tumors express-
ing the estrogen and progesterone hormone receptors (ER/PR) or
human epidermal growth factor receptor 2 (HER2), or lacking all
3 (triple-negative), most patients’ tumors can also be classified
according to gene expression profiles into 5 molecular subtypes
(luminal A, luminal B, HER2, basal-like and claudin-low) (2-4).
While these subtypes may be useful for predicting the course of
the disease and response to therapy in some patients, they fail to
adequately distinguish which tumors will metastasize, resulting
in the overtreatment of many women diagnosed with “aggres-
sive” subtypes. Additionally, while triple-negative or basal-like
subtypes are often emphasized in metastasis research, metasta-
ses can form in patients diagnosed with most subtypes, although
the latency periods may differ significantly (5).

In addition to these global differences between individual
patient’s tumors, breast cancers also display significant intratu-
moral heterogeneity. A single tumor may contain several distinct
types of cancer cells representing different mammary lineages
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Breast cancer cells with stem cell properties are key contributors to metastatic disease, and there remains a need to better
understand and target these cells in human cancers. Here, we identified rare stem-like cells in patients’ tumors characterized
by low levels of the proapoptotic molecule p53-upregulated modulator of apoptosis (PUMA) and showed that these cells play
a critical role in tumor progression that is independent of clinical subtype. A signaling axis consisting of the integrin avp3, Src
kinase, and the transcription factor Slug suppresses PUMA in these cells, promoting tumor stemness. We showed that genetic
or pharmacological disruption of avp3/Src signaling drives PUMA expression, specifically depleting these stem-like tumor
cells; increases their sensitivity to apoptosis; and reduces pulmonary metastasis, with no effect on primary tumor growth.
Taken together, these findings point to PUMA as a key vulnerability of stem-like cells and suggest that pharmacological
upregulation of PUMA via Src inhibition may represent a strategy to selectively target these cells in a wide spectrum of

(6). This is best exemplified by subpopulations of tumor-initiat-
ing cells present in aggressive breast cancers, some of which pos-
sess similarities with normal mammary stem cells (MaSCs) (2,
7-11). Cell-surface markers such as CD44*CD24% (7) and CD49f*
EpCAMP (12) are commonly used to enrich for tumor-initiating
cells, and these cells display similarities with the claudin-low
molecular subtype, including expression of mesenchymal proteins
such as Slug and vimentin (12-14). While these cell populations are
routinely used to enrich for tumor cells with stem-like character-
istics, they have very limited capacity in this respect, since they
represent only general markers of cells that reside within the bas-
al cell layer of the normal mammary gland (12, 15). This property
makes these markers overly broad and limits their ability to iden-
tify tumors that are likely to progress (16). A better understanding
of the mechanisms that regulate normal MaSC behavior will allow
identification in patients’ tumors of the relevant stem-like cell
types that are important for tumor progression.

Our previous studies show that the integrin avp3 plays a critical
role in MaSCs important for mammary gland remodeling during
pregnancy. Whereas both luminal progenitors and MaSCs in the
normal mammary gland express avp3, we show that it is specific-
ally required for MaSC activation and remodeling during pregnan-
cy, with no effect on mammary development (17), which is consis-
tent with a broad role for avp3 as a marker of activated cell types
(18). Importantly, avp3 promotes stem cell expansion by enhanc-
ing expression of the transcription factor Slug, a master regulator
of mammary stemness (19) and remodeling (20). Therefore, the
presence of Slug distinguishes avp3-expressing MaSCs from lumi-
nal progenitors that also express this integrin. These results show
that hormonal cues, such as those present during pregnancy, are
important for mobilizing MaSCs from an otherwise less active state
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Figure 1. In breast cancer patients’ samples, avp3 identifies stem-like cells associated with tumor progression, independent of clinical subtype. (A-C)
Immunohistochemical staining for B3 in breast cancer tissue microarrays representing various stages of disease progression (A and B)and clinical breast
cancer subtypes (C). (A) Histogram displaying the percentage of tumors containing 3+ cells at different stages of progression of breast cancer including
DCIS, IDC, with or without metastases (mets), and lymph node metastases (LN mets). P = 0.0001, by y? test for trend. (B) Representative examples of
f33-expressing tumor cells (arrows) are shown for the breast cancer patients’ samples in A. (C) Quantitation of the frequency of p3* tumors in different
clinical breast cancer subtypes, including tumors expressing ER*/PR* or HER2* receptors or lacking all 3 (Triple-negative). (A and C) Numbers above each
bar indicate the B3* tumors per total number of tumors for each category. (D and E) Representative examples of immunofluorescence staining for f3 and
pan-cytokeratin (D) or CD44 and CD24 (E) in frozen human breast cancer tissue microarrays. Arrows indicate 3* cells coexpressing cytokeratins (D) or the
stem profile CD44*CD24" (E). Nuclei are stained blue in all panels. Asterisks in E mark CD44+CD24" cells that lack B3. n = 6/17 (B3*CD44+CD24" tumors/

total). Scale bars: 50 um (B); 20 um (D and E). See also Supplemental Figure 1.

(21, 22) and highlight the coexpression of avp3 and Slug as markers
of activated MaSCs. Our findings from the normal mammary gland
suggest that tumor cells bearing an activated stem cell profile may
represent particularly aggressive breast cancer cells that are dis-
tinct from those identified with basal cell markers alone.

In the present study, we use our unique insight from the nor-
mal mammary gland to examine the contribution of cells bearing
an activated MaSC profile to breast cancer progression. Unexpect-
edly, in patients’ tumor samples, coexpression of avp3 and Slug
identified rare stem-like cells that were associated with tumor
progression, independent of hormone receptor status or molec-
ular subtype. While these cells expressed traditional stem-like
profiles including CD44*CD24"°, CD49f'EpCAMY, epithelial-
mesenchymal transformation (EMT), and the claudin-low molec-
ular subtype, they are not synonymous with these classical mark-
ers but instead represent a distinct stem-like cell population.

Importantly, we identify expression of the proapoptotic molecule
p53-upregulated modulator of apoptosis (PUMA) as a key vul-
nerability of these cells. While PUMA is normally suppressed by
an avp3/Src/Slug signaling axis, we found that disruption of this
pathway could drive PUMA expression, specifically targeting
stem-like cells and decreasing metastasis. Altogether, our findings
define PUMA as a critical metastasis suppressor that may be phar-
macologically induced by Src inhibition to target stem-like cells in
a broad spectrum of aggressive human breast cancers.

Results

Rare avp3* tumor cells identify aggressive breast cancers across clinical
subtypes. We previously identified the integrin avf3 as an important
regulator of MaSC behavior during epithelial remodeling events
associated with pregnancy (17). To explore whether this develop-
mental function for avp3 in activated MaSCs may be related to its
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rolein aggressive breast cancers, we first assessed avp3 expressionin
patients’ tumor samples. Immunohistochemical staining of a breast
cancer microarray showed that tumor cell avp3 was associated with
breast cancer progression (Figure 1, A and B). While avp3 was gen-
erally absent from premalignant ductal carcinoma in situ (DCIS),
expression became more frequent in primary tumors from patients
with invasive ductal carcinoma (IDC) and was most pronounced in
lymph node metastases (Figure 1, A and B). Abundant avp3 in tumor
blood vessels precluded the use of f3 mRNA levels for assessing
tumor cell expression of this integrin in patients’ samples. Despite
the association with more aggressive disease, analysis of tumors
representing different clinical subtypes unexpectedly showed that
avP3* cells were not limited to any particular subtype (Figure 1C).
Instead, we found these cells to reside in tumors representing all 3
major subtypes including ER*/PR*, HER2", and triple-negative can-
cers (Figure 1C). This tumor cell expression of avp3 was confirmed
by costaining with pan-cytokeratin (Figure 1D). Interestingly, our
staining results showed that avf33 was limited to only a small frac-
tion of tumor cells (Figure 1, B and D), consistent with the possibil-
ity that they may possess stem cell characteristics. Indeed, avp3*
tumor cells coexpressed the CD44*CD24% stem profile (7) in frozen
tumor samples from patients with breast cancer (Figure 1E and Sup-
plemental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI93707DS1). Intriguingly,
numerous CD44*CD24" cells lacking avf3 could also be found in
these cancers (Figure 1E and Supplemental Figure 1A), indicating
that avB3* cells may represent a distinct stem-like cell subset pres-
ent in a wide range of aggressive tumors.

Coexpression of avpp3 and Slug defines a unique subset of stem-
like cells but does not contribute to EMT. In the normal adult
mammary gland, we previously found that avp3 was expressed
by both luminal progenitor cells and MaSCs (17). We further
showed in MaSCs that avf3 is critical for expression of the tran-
scription factor Slug (17), a master regulator of mammary stem-
ness (19). Therefore, Slug distinguished avp3-expressing MaSCs
from luminal progenitors that also expressed this integrin. To
examine which cell type was more similar to avp3-expressing
cells in breast cancer, we used IHC to assess whether avp3 and
Slug were coexpressed in patients’ tumor samples. Consistent
with the stem-like nature of these cells, we identified a tumor
cell subset coexpressing avp3 and Slug that occurred in approx-
imately 15% to 20% of all primary breast cancers (Figure 24),
whereas cells expressing avp3 alone were decidedly rare. Nota-
bly, we also identified numerous Slug* cancer cells lacking avp3
in these tumors (Figure 2A), indicating that avp3*Slug* cells rep-
resent a unique subset of Slug-expressing cells in human breast
cancers. In fact, both Slug* and CD44*CD24% cells were sur-
prisingly frequent in breast cancers, sometimes comprising the
majority of cells in a given tumor. Conversely, avp3* cells were
never abundant in any of the more than 400 primary tumor sam-
ples examined. Consistent with our staining data for avp3 alone,
we found noassociation between avf3*Slug* cellsand any particu-
lar cell subtype (Figure 2B and Supplemental Figure 2A). Analysis
of tissue microarrays showed that avp3*Slug* cells were similarly
represented in ER*/PR*, HER2*, and triple-negative disease,
both in terms of frequency and cell numbers (Supplemental
Figure 2, B and C). In addition to ER" and ER" tumors, we also
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identified avp3*Slug* cells in cancers representing the luminal B
and basal-like molecular subtypes (Figure 2B). These surprising
observations characterize our avp3*Slug® cells as a distinct sub-
set of stem-like tumor cells present in a diverse array of clinical
breast cancer subtypes.

To examine a potential association between our avp3*Slug*
cells and clinical outcome, we examined patients’ samples col-
lected as part of the Women’s Healthy Eating and Living (WHEL)
clinical study (23). This large clinical study collected baseline
tumor biopsies from patients, along with information on their
associated ER status, and provided follow-up data on each patient
over a period of approximately 10 years. Therefore, we were able
to acquire tumor sections representing ER” and ER' cancers from
age-matched patients who either developed distant recurrences at
some point during the study period or remained recurrence-free.
Our staining of these tumor sections showed an association
between avp3*Slug* cells and distant recurrence in both ER" and
ER* breast cancers compared with tumors from recurrence-free
patients (Figure 2C). We identified avB3*Slug® cells in 64% of ER°
tumors and 50% of ER* tumors from patients who developed dis-
tant recurrences compared with only 12% and 8%, respectively,
in tumors from patients with no recurrences. Thus, our findings
show that avB3*Slug* cells in patients’ tumor samples are assoc-
iated with disease progression, independent of ER status.

To further characterize the tumor cell types that coexpress
avp3 and Slug, we examined the expression of avf33 and Slugin cell
lines representing different breast cancer subtypes based on hor-
mone receptor status or gene expression profile (2, 13). Consistent
with our results from patients’ tumors, both avf3 and Slug were
only expressed in cell lines representing the claudin-low molec-
ular subtype (Figure 2D and Supplemental Figure 2D), which are
enriched for the CD44*CD24%* marker profile (14). Additionally,
the claudin-low tumor subtype is the most similar to MaSCs in the
normal mammary gland (2, 12), in agreement with the role that we
characterized for avp3 and Slug in MaSCs during pregnancy (17).
Further, coexpression of avp3 and Slug in claudin-low cells did not
appear to depend on any particular genomic mutation, since each
of the cell lines examined contained a different oncogenic driver
(Supplemental Figure 2D). Thus, cell lines coexpressing avp3 and
Slug share many properties with similar cells in patients’ tumors,
supporting their use as in vitro models for exploring the contribu-
tion of avp3/Slug signaling to stem-like tumor cells and their role
in breast cancer progression.

We previously showed that avp3 was required for Slug expres-
sion in MaSCs during early pregnancy (17), suggesting that a
similar relationship may exist in stem-like breast cancer cells.
Indeed, stable shRNA knockdown of endogenous B3 in BT549
cells reduced Slug protein expression (Figure 2E and Supplemen-
tal Figure 2E), whereas ectopic expression of 3 was sufficient to
drive Slug expression in BT474 cells (Figure 2F and Supplemental
Figure 2F). Together, these findings show that avp3 is necessary
and sufficient to drive Slug expression in breast cancer cells, con-
sistent with our prior results from other cell lines (17). Important-
ly, these effects were specific to Slug, as B3 knockdown not only
failed to reduce other EMT transcription factors such as ZEB1 and
Snail, but actually caused them to increase (Figure 2E). Despite
this role in promoting Slug expression, we observed no effect

:



Downloaded from http://www.jci.org on December 21, 2017. https://doi.org/10.1172/JCI93707

RESEARCH ARTICLE The Journal of Clinical Investigation
A B (o
IHC: B3/Slug IHC: B3/Slug Clinical outcome
ER- Tumor (HER2) &P ¥ ER- Tumor (HER2)[ [ ER+ Tumor [ No recurrance
’ b < y Sy H Distant recurrance
R 80
0 g g 4 |4«
£
*7 @ 2
7 =
& ® ({?)
) E Y
- ® v
- ER- ER*
— & ’ » Baseline t bt
“ ; K 5 aseline tumor subtype
-
d P~ -’
D ) ) E F
ER+ Triple-negative BT549 BT474
Luminal HER2 Basal-like Claudin-low shCtrl  shp3 Ctrl B3
® A ~
A ,\V y‘p S ',\33 Q/)\ > (I{? S|Ug — e Slug d ”
P FFI&Y §8& IP: Slug _
S K & N o & T o N B-ACHN | ——— - olug
B3 4 -——p - - [S-Actin - —— —
X ZEB1 | ™= w=——u
Input
Slug ) Snail S—
B-ACHn | i e — —— — — — — — p-Actin
G H
BT474 BT549 Vimentin E herin
Ctrl B3 shCtrl shp3 shCtrl shp3 shCtrl shp3
E-cadherin | e s—— <
N
=
Vimentin ——— — =
-Actin omm— o w—— 3 e T
6 — ‘?C?tﬂ N L B3 & :

MCF7

Figure 2. Coexpression of avp3 and Slug reveals unique stem-like cells in a broad-spectrum of clinical subtypes but does not impact EMT. (A and B)
Representative images of immunohistochemical staining for 3 (blue) and Slug (brown) in breast cancer samples from patient-derived xenografts (A and
B, bottom) and tissue microarrays (B, top). (A) Shown is a tumor with heterogeneous staining for f3 and Slug. n = 5/30, p3*Slug* tumors/total. Scale bars:
40 pm and 10 um (enlarged insets). (B) B3*Slug* cells (arrows) are shown for ER- and ER* tumors (top) as well as tumors representing different intrinsic
molecular subtypes (bottom). (B, top) n = 19/125, $3+*Slug* tumors/total: n = 10, ER*; n = 4, HER2*; n = 5, triple-negative (TN). (B, bottom) n = 4/12, p3*Slug*
tumors/total: n = 2, luminal B; n = 2, basal-like. Scale bars: 20 pm. (C) Frequency of B3*Slug* cells in immunchistochemically stained “baseline” breast can-
cer samples from recurrence-free patients and patients who later progressed to form distant recurrences. Numbers above each bar indicate the number of
B3*Slug* tumors per total number of tumors. P = 0.0068 (ER") and P = 0.0329 (ER*), for no recurrence versus distant recurrence. *P < 0.05 and **P < 0.01.
Statistical analysis was performed by Fisher's exact test. (D-G) Western blot analysis for the indicated proteins in a panel of breast cancer cell lines repre-
senting distinct subtypes (D), BT549 cells stably expressing B3 shRNA (sh3) or a nonsilencing control shRNA (shCtrl) (E and G), or BT474 cells expressing
ectopic B3 cDNA (B3) or a vector-only control (Ctrl) (F and G). For all immunoblots, data shown are representative of 3 independent experiments, and
B-actin was used as a loading control. (H) Representative immunofluorescence images showing vimentin (red) and E-cadherin (green) in LM2-4 and MCF7
cells, with or without 3. Nuclei are stained blue in all panels. Scale bars: 20 um. See also Supplemental Figures 2 and 3.
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Figure 3. PUMA is a critical Slug-dependent gene suppressed by avp3 to promote anchorage independence. (A) gPCR analysis of non-EMT, Slug-
dependent genes in B3-knockdown LM2-4 cells. Fold change (2-2<") in B3-knockdown cells is relative to cells expressing a control nonsilencing shRNA.
Cyclophilin A was used as a loading control. (B and C) Immunoblots showing PUMA protein levels in breast cancer cell lines expressing either control
nonsilencing shRNA or 3 shRNA (B and C, top) or ectopic B3 cDNA (B3) or a vector-only control (C, bottom). B-Actin was used as a loading control. (D) Soft
agar tumorsphere assay comparing PUMA shRNA (shPUMA) knockdown in control and B3-knockdown LM2-4 cells. Scale bar: 2 mm. (B-D) Data shown are
representative of 3 independent experiments. (E and F) Quantitation of tumorsphere formation per field (E) and total number of adherent cells (F) after
siRNA knockdown of PUMA (siPUMA) or NOXA (siNOXA) compared with control siRNA (siCtrl) in LM2-4 cells, with or without 3. (E) P = 0.0072 (siCtrl;
shCtrl vs. shp3); P = 0.0331 (shp3; siCtrl vs. siPUMA no. 1); P = 0.0275 (shB3; siCtrl vs. siPUMA no. 2); (E and F) *P < 0.05 and **P < 0.01. Statistical analysis
was performed by 2-way ANOVA with Tukey’s multiple comparisons test. Data represent the mean + SEM. n = 3 independent experiments (A, E, and F).

Each sample was run in triplicate. See also Supplemental Figure 4.

of avp3 on EMT markers (Figure 2, G and H, and Supplemental
Figure 3, A-D). Analysis of multiple stable breast cancer cell lines
with B3 knockdown or ectopic B3 expression (Supplemental Figure
2, E and F) showed no changes in the EMT markers vimentin or
E-cadherin by immunoblotting (Figure 2G and Supplemental Fig-
ure 3, A and B) or immunofluorescence staining (Figure 2H and
Supplemental Figure 3D). Similarly, avB3 had little effect the on
the mRNA expression of other EMT-related genes such as HDACI,
MUCI, and CLDNI, as assessed by quantitative PCR (qPCR) (Sup-
plemental Figure 3C). Thus, our results show that avf3 has a lim-
ited effect on EMT markers in breast cancer cells, despite being
necessary and sufficient for Slug expression. This is consistent
with a recently published finding that Snail, and not Slug, is the
primary EMT transcription factor in breast cancer (24). Given

jci.org

these observations, we propose that avf33 directs a non-EMT func-
tion for Slug in stem-like breast cancer cells.

PUMA suppression by avp3 and Slug specifically promotes anchor-
age independence. In addition to EMT, Slug is a transcriptional
repressor of several genes important for cell survival, cell-cycle
progression, and self-renewal (25). To explore the genes most
impacted by avp3-driven Slug expression, we assessed mRNA
levels in the highly metastatic LM2-4 breast cancer cell line (26)
expressing control or B3 shRNA. Interestingly, BBC3, the gene
for PUMA, showed the largest increase (=3-fold) compared with
the control (Figure 3A), with a similar increase in PUMA protein
levels, confirmed by immunoblotting, relative to other Slug-
dependent proteins (Figure 3B). A member of the proapoptotic
BH3-only subset of the Bcl-2 protein family, PUMA is an import-
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ant p53 effector that interacts with Bcl-2 to promote apoptosis (27).
However, we observed no effect of avf3 on the protein expression
of Bcl-2 in these cells (Figure 3B). As the sole BH3-only family
member regulated by Slug (28), we show that PUMA is indeed
suppressed by Slug in breast cancer cells (Supplemental Figure
4, A and B). In fact, others have shown that PUMA is specifically
repressed by Slug and not other EMT transcription factors, such as
Snail (29). This may account for the more pronounced increase in
PUMA in our B3-knockdown cells, since Snail may compensate for
the effects of reduced Slug expression on other genes. Our find-
ings were not limited to LM2-4 cells, since avp3 was both neces-
sary and sufficient to suppress PUMA mRNA and protein expres-
sion in several other breast cancer cell lines as well (Figure 3C and
Supplemental Figure 4C). These findings show that avp3 directs
a non-EMT role for Slug in suppressing PUMA expression, which
may be important for controlling the behavior of stem-like cells.
Our prior studies found that avp3 is an important driver of
anchorage independence, a hallmark of aggressive tumors and
an important property of stem-like cells (17, 30, 31). We therefore
examined whether PUMA suppression may be important for these
effects. Specifically, we assessed whether PUMA knockdown
could rescue defective anchorage-independent tumorsphere for-
mation in B3-knockdown cells. As expected, p3-deficient cells
formed fewer soft agar colonies than did control cells (Figure 3D
and Supplemental Figure 4, D and E). We further showed that this
was due to increased PUMA expression, since knockdown with
either of 2 PUMA shRNAs specifically rescued colony numbers
in our B3-deficient cells, with no impact on control cells (Figure
3D and Supplemental Figure 4, D and E), an effect replicated by
transient PUMA knockdown with either of the 2 siRNAs (Figure
3E and Supplemental Figure 4F). Importantly, these effects were
specific to PUMA, since reduced expression of NOXA, a related
Bcl-2 family member, failed to rescue avp3-dependent colony for-
mation in these experiments (Figure 3E and Supplemental Figure
4F). Overall, these findings point to a role for avf3 in aiding the
survival of stem-like tumor cells by suppressing PUMA expres-
sion. Consistent with this, blocking apoptosis with a pan-caspase
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Figure 4. PUMA suppression rescues
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inhibitor rescued colony formation specifically in p3-knockdown
cells (Supplemental Figure 4G), supporting the idea that avp3
plays a role in prosurvival signaling. Interestingly, PUMA knock-
down failed to affect adherent cell survival (Figure 3F). Thus, the
increased PUMA expression we observed as a result of f3 knock-
down was only sufficient to promote cell death in anchorage-
independent conditions and did not appear to affect adherent cells.
This is consistent with our prior work characterizing an adhesion-
independent role for avB3 (30). These new findings identify an
unexpected function for avp3 in suppressing PUMA-mediated cell
death, which contributes to tumorsphere formation, a hallmark of
stem-like cells and aggressive disease.

PUMA is a metastasis suppressor. Stem-like cells play an
important role in tumor progression and metastasis (32). Since our
findings show that avp3 deficiency drives PUMA expression and
reduces tumorsphere formation in vitro, this suggests that PUMA
may similarly be responsible for reducing the tumor growth and
metastasis of stem-like cells in vivo. To assess this possibility, we
examined whether the increased PUMA expression associated
with B3 knockdown is sufficient to suppress tumor growth and
metastasis in the LM2-4 cell line and whether this effect could be
rescued by stable PUMA shRNA knockdown (Figure 4, A-C and
Supplemental Figure 4D). For these experiments, we injected
GFP-labeled LM2-4 cells orthotopically into the mammary fat
pads of adult female NOD/SCID/IL-2 receptor y chain-KO mice
(NSG) mice and assessed primary tumor growth and metastasis
after 6 weeks. Pulmonary metastasis was quantified by calculating
the area of the lungs covered by GFP* cells. We observed that B3
knockdown caused a nearly 5-fold reduction in metastasis relative
to controls (Figure 4, A and B). Importantly, increased PUMA lev-
els contributed directly to this effect, as PUMA shRNA knockdown
rescued lung metastasis specifically in f3-deficient cells (Figure 4,
A and B). These findings reveal the role of PUMA as an important
metastasis suppressor. Interestingly, the increased PUMA levels
associated with p3 knockdown were not sufficient to affect primary
tumor mass (Figure 4C), suggesting that disseminated tumor cells
may be more vulnerable to PUMA than are primary tumor cells.
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Figure 5. Disrupting avp3/Src signaling specifically drives PUMA expression in stem-like cells. (A) PUMA immunoblot of LM2-4 cells treated with the
indicated drugs for 24 hours. All drugs were dosed at 100 nM, except for bortezomib and docetaxel, which were added at a sublethal concentration of 5 nM. (B
and C) Immunoblots of the indicated cell types after treatment with DMSO vehicle control (Veh) or 100 nM dasatinib (Das) for 24 hours. (D and E) Western blot
analysis of LM2-4 cells stably expressing c-Src shRNA (shSrc) or a nonsilencing shRNA control (shCtrl) (D) or transiently transfected with mock, vector alone,
full-length B3 cDNA (B3 FL), or a B3 Src-binding domain mutant (83 759x) (E). (E) All lanes were run on the same gel, but the 3 759x lane was noncontiguous
(black line). (F) gPCR analysis of ubiquitin ligases that regulate Slug expression. Fold change (2-24%T) in BT474 cells stably expressing 3 cDNA is shown relative
to vector control cells. B-Actin was used as a loading control. n = 3 independent experiments. Each sample was run in triplicate. Data represent the mean +
SEM. (G-J) Western blot analysis for the indicated proteins in BT474 cells stably expressing vector control, full-length 3 cDNA, or the $3 759x mutant (G);
BT474 cells with transient siRNA knockdown of FBX011 (H); LM2-4 33-knockdown cells (I); and LM2-4 cells treated with 100 nM dasatinib (J). (A-E and G-})
B-Actin or Hsp90 was used as a loading control. Data shown are representative of 3 independent experiments. See also Supplemental Figure 5.

Similarly, PUMA shRNA alone failed to affect primary tumor size,
consistent with the low endogenous expression levels of PUMA
in these cells (Figure 4C). These in vivo findings are in agree-
ment with the specific role we observed for PUMA in anchorage-
independent tumorsphere assays in vitro (Figure 3, E and F), indi-
cating that these assays more closely resemble the stresses pres-
ent during metastasis compared with adherent cell growth. Taken
together, our results suggest that PUMA upregulation may be an
important vulnerability of avp3*Slug* stem-like cells that serves to
reduce tumor progression.
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PUMA is upregulated by blocking ovp3/Src signaling. The impor-
tance of PUMA suppression for the aggressive behavior of avf3*Slug*
cells led us to consider whether there were any therapies available
that could induce PUMA expression and therefore target these stem-
like cells. Since there are no therapies that directly inhibit Slug, we
screened existing clinically approved inhibitors with diverse targets
(Supplemental Figure 5A) for their ability to induce PUMA expres-
sion in the LM2-4 breast cancer cell line. Surprisingly, only the Src
family kinase inhibitor dasatinib was able to significantly increase
PUMA expression in these cells at any of the doses examined (Fig-
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Figure 6. Src inhibition upregulates PUMA and depletes stem-like cells in distinct breast cancer subtypes. (A) Representative FACS density plots of the

HCC38 and HCC1143 breast cancer cell lines showing the live, CD49f* cells acco

rding to their cell-surface EpCAM and avpB3 expression. (B) Immunoblot of

the indicated FACS-sorted cell populations from HCC1143 cells. B-Actin was used as a loading control. (C) Primary and secondary tumorsphere assays in

methylcellulose for the indicated sorted cell populations. Shown are the total

number of colonies per well. Primary tumorspheres, HCC38; P < 0.0001 for

EpCAMPavf3* versus all other cell types, HCC1143; P < 0.0001 for EpCAMMavpB3- versus EpCAMMavB3* and EpCAM"avB3- versus EpCAMPavpB3*. Secondary

tumorspheres, HCC38; P < 0.0001 for EpCAM"avfB3* versus all other cell types,

HCC1143 (EpCAM"avf3*); P = 0.0037 (vs. EpCAM"avf37), P = 0.0094 (vs.

EpCAMPiavpB3*), P = 0.0059 (vs. EpCAMPavB3-). Statistical analysis was performed by 1-way ANOVA with Tukey’s multiple comparisons test. n = 3 indepen-
dent experiments. (D) Western blot analysis of the indicated HCC1143 sorted cells treated with DMSO vehicle or 100 nM dasatinib for 24 hours. B-Actin was
used as a loading control. Data shown in A, B, and D are representative of 3 independent experiments. (E) Bar graphs show the number of tumorspheres

per field formed in the indicated HCC38 and HCC1143 cell populations after tre

atment with vehicle (DMSQ) or 500 nM dasatinib. The P values for vehicle

versus dasatinib are as follows: P = 0.0208 (HCC38; EpCAMP avp3+); P = 0.0384 (HCC1143; EpCAMPavf3*); P = 0.4060 (HCC1143; EpCAMNavf3*). Statistical

analysis was performed by Student's t test (E). n = 3 independent experiment
*P < 0.05, **P < 0.01, and ***P < 0.001. See also Supplemental Figure 6.

ure 5A and Supplemental Figure 5B). The related inhibitor imatinib
failed to increase PUMA (Figure 5A and Supplemental Figure 5B),
despite having many of the same targets as dasatinib, with the excep-
tion of the Src family kinases (Supplemental Figure 5A). This effect
was not limited to dasatinib, as another Src family kinase inhibitor,
saracatinib, also induced PUMA expression (Supplemental Figure
5C). Importantly, dasatinib also reduced Slug expression (Figure
5B), consistent with the role of Slug in suppressing PUMA and offer-
ing a potential mechanism to account for the ability of dasatinib
to enhance PUMA expression. We observed similar results in the

s performed in triplicate. Data in C and E represent the mean + SEM.

BT549 stem-like cells, but not in the non-stem MCF7 cells (Figure
5C), suggesting that the ability of dasatinib to increase PUMA is
specific to avB3*Slug® cells. In addition to pharmacological inhibi-
tion of Src kinase activity, StRNA knockdown of c-Src also induced
PUMA expression (Figure 5D). Furthermore, avp3 activation of
Src is required for its ability to suppress PUMA, as a B3 Src-binding
domain mutant was unable to rescue PUMA expression compared
with the full-length 3 subunit (Figure 5E). These findings highlight
an important role for avp3/Src/Slug signaling in suppressing PUMA
expression in stem-like cells.
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Figure 7. PUMA expression is a critical vulnerability of stem-like cells. (A) Quantification of cell death by trypan blue staining after transient transfection
of MCF7 and BT549 breast cancer cell lines with PUMA cDNA or empty control vector relative to mock-transfected controls. P = 0.0262 (BT549; PUMA
cDNA vs. vector control), by Student’s t test. n = 3 independent experiments run in duplicate. (B and C) Dasatinib dose-response experiments with LM2-4
cells transfected with control siRNA or either of 2 different PUMA siRNAs. n = 5 independent experiments performed in duplicate. (B) Curves were fitted
by nonlinear regression. (C) IC,, was calculated from the nonlinear regression curves. P = 0.0331 (siCtrl vs. siPUMA no. 1); P = 0.0141 (siCtrl vs. siPUMA no.
2), by 1-way ANOVA with Dunnett's multiple comparisons test. (D and E) In vivo tumor studies comparing different numbers of shCtrl and shPUMA LM2-4
cells injected orthotopically into adult female mice and treated with 30 mg/kg dasatinib or vehicle (1% citric acid) once daily by oral gavage for the first 7
days after injection. Red arrows indicate the start and end of daily drug treatment. n = 4 mice per group. (D) Graphs display the tumor volume after injec-
tion of 30,000 cells. P < 0.0001 (days 31 and 34), by 2-way, repeated-measures ANOVA with Sidak’s multiple comparisons test. (A-D) Data represent the
mean + SEM. *P < 0.05 and ***P < 0.001. (E) Tumor latency after injection of 15,000 cells. P = 0.0084 (shCtrl; vehicle vs. dasatinib); P = 0.5766 (shPUMA;
vehicle vs. dasatinib), by log-rank (Mantel-Cox) test. (F) Schematic depicting how PUMA expression driven by avp3/Src blockade can target highly vulnera-
ble metastatic and tumor-initiating stem-like breast cancer cells compared with cells in the primary tumor. See also Supplemental Figure 7.

We further investigated a potential mechanism to explain this  is rapidly degraded by the proteasome following ubiquitination,

unanticipated effect of avp3/Src signaling on Slug and PUMA. We
previously showed that avB3 promoted Slug protein stability in
normal mammary cells, with no effect on Slug mRNA (17). Consis-
tent with these results, ectopic B3 expression in BT474 cells signifi-
cantly upregulated Slug protein levels (Figure 2F), but not SLUG
mRNA (Supplemental Figure 5D). Taken together, these findings
suggest that genes involved in regulating Slug protein stability
may play a role in our pathway. Slug is a highly labile protein that
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and several ubiquitin ligases that decrease Slug protein expression
in various cell types have been well described (33-37). We there-
fore examined whether any of these ubiquitin ligases previously
characterized to decrease Slug expression may be downregulated
by avp3/Src signaling. Surprisingly, we found that only 1 of
these genes, FBXOI11, was consistently decreased in BT474 cells
expressing ectopic 3 by over 3-fold relative to vector control cells
(Figure 5F). Ectopic B3 also reduced FBXO11 protein expression,
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and this required Src activation by avf3 (Figure 5G). Importantly,
these decreased levels of FBXO11 due to ectopic 3 corresponded
with reduced levels of PUMA in the same cells (Figure 5G). This
is consistent with a previous study (35) showing that low levels of
FBXOI11 cause Slug to increase, resulting in PUMA suppression.
Indeed, we now show that siRNA knockdown of FBXO11 not only
increases Slug, but causes a reciprocal decrease in PUMA as well
(Figure 5H). Additionally, reduced levels of either avp3 (Figure 5I)
or Src activation (Figure 5]) increase FBXO11 expression in LM2-
4 cells. Thus, we have uncovered what we believe to be a unique
role for avf3/Src signaling in reducing the expression of a ubiqui-
tin ligase known to suppress Slug, offering a potential explanation
as to how Src inhibition may result in increased PUMA expres-
sion. Together, our findings highlight a role for Src in suppressing
PUMA and reveal Src inhibition as a therapeutic approach to drive
PUMA expression in stem-like breast cancer cells.

PUMA upregulation selectively targets stem-like cells in distinct
tumor subtypes. Breast cancers are heterogeneous, with cells rep-
resenting several different mammary lineages often found in the
same tumor, including populations of aggressive stem-like cells.
We show in patients’ tumors that cells with the avp3*Slug*" stem
profile represent a rare tumor cell subset associated with disease
progression in a diverse array of breast cancer subtypes (Figure 1,
A-E and Figure 2, A-C). Our findings suggest that PUMA expres-
sion induced by Src inhibition may specifically target these cells,
even in tumors of different subtypes. To investigate this possibili-
ty in a situation that more closely resembles patients’ tumors, we
chose the heterogeneous HCC38 and HCC1143 breast cancer cell
lines, which represent the claudin-low and basal-like molecular
subtypes, respectively (13). Previous studies have shown that both
cell lines can be separated into 2 populations on the basis of sur-
face expression of CD49f and epithelial cell adhesion molecule
(EpCAM) (13). The CD49f"EpCAM®" cells represent a luminal-like
cell type, whereas a CD49f"EpCAM? profile exhibits MaSC prop-
erties (13). Thus, the HCC38 and HCC1143 breast cancer cell lines
represent well-characterized heterogeneous models of distinct
subtype that we could explore for the presence of avp3*Slug* cells
and their ability to upregulate PUMA in response to Src inhibition.

Given our previous results, we hypothesized that avp3 would
be limited to the stem-like CD49f*EpCAM" population in each
cell type. Indeed we observed avf3 expression in a small fraction
of EpCAMP cells in both cell lines, representing approximately
0.5% of HCC38 and less than 2% of HCC1143 cells compared with
controls (Figure 6A and Supplemental Figure 6A). These findings
indicate that avp3 expression is not synonymous with either the
CD49f*EpCAMPY profile or the claudin-low gene signature. Fur-
ther analysis of these cell lines with the CD44*CD24 EpCAM*
(ESA) cancer stem cell marker profile (38) also showed minimal
overlap with avf3 expression (Supplemental Figure 6B). Impor-
tantly, these rare EpCAMP avfp3* cells expressed a stem marker
profile including high expression of Slug and vimentin and low lev-
els of E-cadherin (Figure 6B). In contrast EpCAM™ cells express-
ing avp3 (Figure 6A) did not enrich for stem markers (Figure 6B).
As further evidence of their stem-like properties, EpCAM"avf33*
cells were enriched for primary tumorsphere formation in both
methylcellulose (Figure 6C) and soft agar (Supplemental Figure
6, C and D) and uniquely possessed the ability to self-renew, as
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assessed by secondary tumorsphere formation (Figure 6C). While
the EpCAM"ovB3* HCC1143 cells formed primary tumorspheres,
they failed to self-renew (Figure 6C). These properties are rem-
iniscent of luminal progenitor cells that also express avp3 in the
normal mammary gland (39) and suggest that EpCAM"avfp3*
cells represent a distinct tumor cell population compared with
EpCAMP avp3* cells. Thus, as with patients’ tumors, we show that
the HCC38 and HCC1143 cell lines contain a rare subset of avf33*
cells with stem-like properties, in addition to non-stem cell types.

To compare the ability of Src inhibition to upregulate PUMA
in our different sorted cell types, we treated EpCAMPavf3* and
EpCAMPavp3- sorted HCC1143 cells with dasatinib and analyzed
them for PUMA protein expression. Interestingly, dasatinib treat-
ment induced PUMA and reduced Slug expression specifically in
EpCAMPavp3* cells compared with EpCAMPavfB3- cells (Figure
6D). We further showed that this increased PUMA expression
was associated with fewer EpCAM"avf3* tumorspheres in both
cell lines after dasatinib treatment (Figure 6E). Importantly, the
HCC1143 EpCAMMavp3* cells, which also represented a highly
clonogenic cell type (Figure 6C and Supplemental Figure 6, D and
E), were unaffected by dasatinib treatment (Figure 6E), further
distinguishing these cells as a distinct tumor cell population. Our
findings show that, even in heterogeneous tumors representing
different subtypes, Src inhibition specifically drives PUMA expres-
sion in stem-like cells and reduces tumorsphere formation, in sup-
port of our data from more homogeneous cell types. Thus, PUMA
upregulation may be an effective strategy for targeting stem-like
cells to prevent tumor progression.

PUMA upregulation is a key vulnerability of stem-like cells. The
increased PUMA expression driven by genetic or pharmacolog-
ical blockade of avp3 or Src suggests that this may represent a
critical vulnerability of our stem-like cells. To examine this pos-
sibility, we transiently expressed PUMA ¢cDNA (27) or an empty
vector control in MCF7 or BT549 cells and measured cell death
by trypan blue staining (Figure 7A). While PUMA was sufficient
to induce cell death in the BT549 cells, MCF7 cells were relatively
unaffected (Figure 7A), despite high levels of ectopic PUMA
expression (Supplemental Figure 7A). This suggests that PUMA
was sufficient to induce cell death in our avp3*Slug® cells, in con-
trast to other breast cancer cell types. Additionally, we used dasat-
inib to determine whether PUMA expression is required to block
tumorsphere formation. For these experiments, we performed a
dasatinib dose-response experiment with LM2-4 cells transfect-
ed with control siRNA or either of 2 different PUMA siRNAs and
compared tumorsphere formation (Figure 7B and Supplemental
Figure 7B). While control cells were highly sensitive to dasatinib,
we observed that PUMA knockdown caused cells to become resis-
tant to treatment (Figure 7B). Calculating the IC, , we show that
PUMA knockdown decreased sensitivity to dasatinib by 8-fold
and 4-fold, respectively, compared with the control (Figure 7C).
In contrast, we found that dasatinib failed to inhibit cell viability in
adherent cells at doses as high as 1 uM (Supplemental Figure 7C),
similar to our findings with p3-knockdown cells (Figure 3F). Thus,
dasatinib-induced PUMA expression appears to selectively inhibit
the colony-forming ability of stem-like cells.

Our in vitro findings suggest that driving PUMA expression
with Src inhibitors may be particularly effective at suppressing
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tumor progression in vivo. To test this possibility, we injected
limiting numbers of control or PUMA-knockdown LM2-4 cells
orthotopically into the mammary fat pads of adult female NSG
mice and compared their response to once-daily treatment with
30 mg/kg dasatinib or vehicle control (1% citric acid). Since we
expected dasatinib treatment to reduce cell viability by increas-
ing PUMA expression, we reasoned that a short-term dosing regi-
men should be capable of producing a long-term effect. Thus, we
began treatment immediately after tumor cell implantation and
stopped treatment after only 7 days, approximately 1 to 2 weeks
before most tumors formed. While this short-term treatment did
not affect tumor incidence (Supplemental Figure 7D), it was suffi-
cient to decrease tumor volume when 30,000 cells were injected
(Figure 7D) and even to delay tumor initiation by over a week
when 15,000 cells were used (Figure 7E). Importantly, PUMA-
knockdown cells were resistant to these effects, as dasatinib-
treated tumors showed latency and growth characteristics similar
to those of vehicle controls (Figure 7, D and E). Our data show that
Src inhibition can reduce the rate of tumor initiation and growth
in a manner that requires PUMA expression (Figure 7, D and E).
Unexpectedly, these findings also indicate that short-term admin-
istration of Src inhibitors prior to tumor formation can have long-
term, lasting effects leading to reduced tumor growth (Figure 7D).
Taken together, our findings present a model whereby enhanced
PUMA expression driven by avp3 or Src blockade may be an effec-
tive means of targeting avp3*Slug* stem-like breast cancer cells to
reduce tumor progression (Figure 7F).

Discussion

There are approximately 40,000 deaths from breast cancer every
year in the United States alone, and essentially all of these deaths
are caused by metastatic disease (40). The prevailing theory sug-
gests that a rare subset of stem-like cells may play an important
role in contributing to metastatic progression, highlighting the
need to identify critical molecular pathways that can be exploited
therapeutically to target these cells. Here, we identify the proapop-
totic molecule PUMA as a key vulnerability of a population of
stem-like breast cancer cells characterized by coexpression
of avp3 and Slug. These effects were specific to PUMA, as the
related family member NOXA had no effect on these cells, which
is consistent with its role in targeting basal-like breast cancer cells
(41). Importantly, driving PUMA expression was sufficient to spe-
cifically deplete our stem-like cells and reduce metastasis in vivo,
revealing its role as an important metastasis suppressor. Our find-
ings suggest that pharmacologically upregulating PUMA expres-
sion with targeted therapies such as Src inhibition may represent a
potential strategy to target stem-like cells and reduce deaths from
breast cancer metastasis.

An emerging consensus supports the existence of a rare pop-
ulation of stem-like cells in aggressive breast cancers important
for tumor progression. However, efforts to identify these cells
in human tumors have been hampered by that fact that the cell-
surface marker profiles used to date are overly broad and and have
enrichment of cells similar to those in the basal cell layer of the
normal mammary gland (12, 15). While gene expression profiles
have proven useful in predicting the existence of stem-like cells
and their possible contribution to recurrence (14) and metastasis
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(32), they cannot identify these cells in patients’ tumors in situ and
preclude the prospective isolation and evaluation of their role in
tumor progression or response to therapy. Our prior findings from
the normal mammary gland highlighted a critical role for avf3
in regulating Slug expression in activated MaSCs important for
remodeling during pregnancy (17), suggesting that a similar rela-
tionship may exist in human breast cancers. In this study, we now
show that avp3*Slug* cells represent a distinct stem-like tumor
cell subset associated with aggressive disease in breast cancer
patient samples. While these cells share properties with previously
characterized stem-like cell markers including CD44*CD24",
CD49f*EpCAM", EMT-associated proteins, or claudin-low pro-
files, in all cases, these cells represent a more refined subset of
these relatively abundant cell types. Surprisingly, these cells could
be found in tumors representing most clinical subtypes, suggest-
ing that they may identify a broad spectrum of aggressive disease.

Despite this relationship between avf3 and Slug, our findings
show that avp3 is dispensable for EMT and instead directs the
role of Slug in suppressing expression of the proapoptotic mole-
cule PUMA and promoting tumor stemness. This suggests that the
well-established role of Slug in breast cancer metastasis (19, 42,
43) might be independent of EMT, consistent with a study show-
ing that the related protein Snail is the primary EMT transcription
factorin breast cancer cells (24). In addition to EMT-related genes,
Slug is also capable of transcriptionally repressing many genes
involved in non-EMT cellular functions as well, such as cell surviv-
al, cell-cycle progression, and self-renewal. In the present study,
we unexpectedly discovered a critical role for PUMA as a Slug-
dependent gene suppressed by avp3/Src signaling. The impor-
tance of this relationship is evidenced by the fact that increased
PUMA expression alone accounted for a considerable portion of
the effect of B3 knockdown on metastasis (Figure 4, A and B). The
relatively specific regulation of PUMA by avp3/Src signaling com-
pared with regulation of other Slug-dependent genes may be due
to compensation for the effects of Slug on other gene targets by the
related EMT transcription factors Snail and ZEB1, both of which
are increased by p3 shRNA knockdown (Figure 2E). In fact, both
Snail and ZEB1 share many of the same gene targets as Slug (44),
with the exception of PUMA, which is uniquely repressed by Slug
(29). Taken together, our findings characterize PUMA suppres-
sion by avp3/Src/Slug signaling as a critical property of stem-like
breast cancer cells that promotes their aggressive behavior.

Since stem-like tumor cells exist as a small subpopulation in
primary breast cancers but play a disproportionate role in initiating
recurrent and metastatic disease, current studies are investigating
whether these cells are best targeted in the adjuvant setting, or after
surgery, to prevent the formation of local or distant recurrences
(45). Therapies targeting stem-like breast cancer cells may best be
administered in the adjuvant setting to obtain maximum clinical
benefit (46), especially since residual tumors after conventional
treatment show enrichment for tumor-initiating cells (14). We now
show that driving PUMA expression with therapies such as Src inhib-
itors selectively targets avp3*Slug* stem-like tumor cells. Important-
ly, these cells were most sensitive to PUMA expression while dis-
seminating to distant sites compared with cells present within the
primary tumor, consistent with the idea of a potential effectiveness
of these drugs when used in the adjuvant setting. While prior stud-
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ies suggested that Src inhibition may selectively affect mesenchy-
mal triple-negative breast cancer cells (47-49), clinical trials with
Src inhibitors have generally failed to improve disease outcome in
these breast cancer patients, showing no effect in reversing estab-
lished metastases (50-52). In contrast to these prior reports, we now
show that Src inhibition is highly effective at driving PUMA expres-
sion by reducing Slug, thereby increasing the sensitivity of stem-like
cells to apoptosis. Thus, our findings suggest that repurposing Src
inhibitors for use in the adjuvant setting may be a more effective use
of these drugs and may represent a potential therapeutic approach
to prevent the emergence of new metastatic disease.

Methods

IHC. Breast cancer tissue microarrays were purchased from US Bio-
max. For immunohistochemical staining of formalin-fixed, paraffin-
embedded sections from breast cancer tissues, antigen retrieval was
performed in citrate buffer, followed by incubation with primary and
secondary antibodies, and staining was detected using DAB or Vec-
tor Blue substrate (Vector Laboratories). Stained tumor sections were
scored by a blinded observer. See the Supplemental Methods for addi-
tional details.

Immunofluorescence staining. Immunofluorescence staining was
performed on frozen sections fixed in ice-cold acetone or on cultured
cells fixed briefly in 2% paraformaldehyde and PBS at room tempera-
ture and permeabilized. All samples were blocked with normal goat
serum in PBS before incubation in primary antibody overnight at 4°C,
followed by incubation with Alexa Fluor-conjugated secondary anti-
bodies. Additional details are provided in the Supplemental Methods.

Cell transfection and lentiviral transduction. Plasmids contain-
ing the full-length B3 cDNA or the B3 759x Src binding mutant in the
pcDNA3.1 vector were described previously (30). HA-tagged PUMA
cDNA in the pCEP4 vector (pHA-PUMA) (Addgene; plasmid 16588)
was a gift of Bert Vogelstein (Johns Hopkins University, Baltimore,
Maryland, USA) (27). Transient transfections for all cDNAs were per-
formed with Lipofectamine 3000 (Invitrogen, Thermo Fisher Sci-
entific), while HiPerFect Transfection Reagent (QIAGEN) was used
for siRNAs. All transfections were performed according to the man-
ufacturers’ instructions. FlexiTube siRNAs (QIAGEN) included All-
Stars negative control, PUMA, NOXA, and FBXO11. Human-specific
shRNAs targeting p3, PUMA, Slug, c-Src, or a nonsilencing control in
the pGIPZ vector (Open BioSystems) were used for generating stable
knockdowns with lentivirus and selected using puromycin. Additional
stable cell lines expressing ectopic f3 were made using lentivirus from
FG12 plasmid alone (empty vector) or lentivirus containing 3 cDNA
(gift of the Shattil laboratory, UCSD), or by transient transfection with
B3 or B3 759x cDNA and selection with G418. See the Supplemental
Methods for additional details and cell line information.

Immunoblotting and immunoprecipitations. Whole-cell lysates were
prepared from cell lines with RIPA lysis buffer combined with scraping,
and the lysates were cleared by centrifugation. Additionally, Slug was
immunoprecipitated from cell lysates with protein A/G beads (Pierce,
Thermo Fisher Scientific) and anti-Slug antibody overnight at 4°C. The
beads were then washed prior to elution of proteins with sample buffer
and analyzed by immunoblotting. For inhibitor studies with LM2-4 cells,
treatments with drug and DMSO alone (vehicle) were performed 24 hours
prior to harvesting the lysates. Standard Western blotting procedures
were performed. For further details, see the Supplemental Methods.
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Real-time gPCR. qPCR experiments were performed by collecting
total RNA from cultured cells using the RNeasy Mini Kit (QIAGEN) and
reverse transcribing with the High Capacity cDNA Reverse Transcrip-
tion Kit (Life Technologies, Thermo Fisher Scientific). Real-time qPCR
was performed using LightCycler 480 SYBR Green 1 Master (Roche)
and run on a LightCycler 480 qPCR System (Roche). See the Supple-
mental Methods for the complete list of QPCR primer sequences.

Tumorsphere assays. Primary tumorsphere formation was assessed
in cells grown under anchorage-independent conditions in either soft
agar or methylcellulose. For soft agar, cells were suspended in 0.3%
agar and complete DMEM medium and cultured on top of a bottom
layer of 1% agar in 48-well dishes. Cells were cultured for 14 to 21 days
prior to staining with crystal violet, and colonies consisting of atleast 6
cells from 4 fields per well were counted. Alternatively, sorted HCC38
and HCC1143 cells were cultured in 1% methylcellulose in complete
DMEM in poly-HEMA-coated 48-well dishes and the number of pri-
mary tumorspheres per well quantified after 14 days. Self-renewal was
measured by collecting primary tumorspheres in PBS, dissociating
with trypsin, and reseeding in 1% methylcellulose before evaluating
secondary colonies after an additional 14 days. For the zVAD-fmk and
dasatinib treatment studies, the concentrations of drug were added
only once, immediately after embedding the cells.

Orthotopic breast cancer. Tumors were generated by injection
of the number of GFP-labeled LM2-4 stable cells (10,000 cells for
metastasis assays) in 50 pl sterile PBS into the inguinal fat pads of 10-
to 12-week-old adult female NSG mice (purchased from The Jackson
Laboratory). For tumor initiation experiments, mice were treated with
30 mg/kg dasatinib or vehicle control (1% citric acid) delivered once
daily by oral gavage for the first 7 days after injection. All mice were
monitored weekly for tumor formation by gentle palpation. Tumor vol-
ume was measured with calipers twice weekly by a blinded observer.
The experiment was concluded, and mice were sacrificed just prior to
the vehicle control tumors reaching the maximum allowable size of
2 cm?®. For metastasis experiments, tumors were harvested at 6 weeks,
and GFP expression in the lungs was measured with an OV100 or IVIS
imaging system. Primary tumor mass was determined by assessing the
wet weight of the resected tumors.

Flow cytometry. Single-cell suspensions were prepared from cul-
tured cells, blocked in 0.5% BSA/PBS, and stained with the follow-
ing antibodies prior to sorting: CD49-PE (GoH3; BD Biosciences);
EpCAM-Alexa 647 (9C4; BioLegend); and avp3-Alexa 488 (LM609;
MilliporeSigma). Alternatively, the following antibodies were used to
evaluate CD44 and CD24 expression: CD44-PE (G44-26; BD Biosci-
ences); CD24-Alexa 647 (ML5; BioLegend); EpCAM-FITC (VU-1D9;
STEMCELL Technologies); avp3-biotin (LM609; MilliporeSigma);
and Streptavidin-Brilliant Violet 421 (BioLegend). Propidium iodide
(0.5 pg/ml) was used to detect dead cells. Viable cells were collected
by sorting with a FACSDiva or FACSAria machine (BD Biosciences).

Statistics. Statistical analysis was performed using GraphPad
Prism 5 (GraphPad Software). A 2-tailed Student’s ¢ test was used for
comparison of 2 means, while ANOVA was performed for 3 or more
data sets. Post-hoc analysis was performed using Tukey’s (for compar-
ison of all groups), Dunnett’s (for comparison with controls), or Sidak’s
(repeated-measures) multiple comparisons test. For all analyses, a
Pvalue of less than 0.05 was considered statistically significant.

Study approval. All animal experiments were performed under
protocols approved by the IACUC of UCSD and in accordance with the
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guidelines set forth in the NIH’s Guide for the Care and Use of Labora-
tory Animals (National Academies Press, 2011).
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