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The Hippo pathway is an evolutionarily conserved regulator of tissue growth and cell fate during development and
regeneration. Conversely, deregulation of the Hippo pathway has been reported in several malignancies. Here, we used
integrative functional genomics approaches to identify TAZ, a transcription co-activator and key downstream effector of
the Hippo pathway, as an essential driver for the propagation of TNBC malignant phenotype. We further showed in non-
transformed human mammary basal epithelial cells that expression of constitutively active TAZ confers cancer stem cell
(CSQ) traits that are dependent on the TAZ and TEAD interacting domains. In addition, to gain a better understanding of
how TAZ functions, we performed genetic-function analysis of TAZ. Significantly, we identified that both the WW and
transcriptional activation domains of TAZ are critical for the induced CSC properties as well as tumorigenic potential as
manifested in vitro and in human breast cancer xenograft in vivo. Collectively, our data suggest that pharmacological
inhibition of TAZ activity may provide a novel means of targeting and eliminating breast CSCs.

Introduction

Unuil recently, cancer research efforts have primarily focused on
characterizing the cellular and molecular events that enable the
malignant transformation of cells harboring oncogenes."* Unfortu-
nately, the identity of cells that acquire the first genetic lesions con-
tributing to the initiation of carcinogenesis has remained elusive. At
least 2 non-mutually exclusive models have been proposed to
account for their complex intratumoral heterogeneity and inherent
differences in tumor-initiating/regenerating capacity: the cancer
stem cell (CSC) and stochastic clonal evolution models, respec-
tively.>* The CSC hypothesis is based on the observation that many
cancers are driven by a subpopulation of cells that display stem cell
properties. In addition, previous studies have suggested those CSCs
that mediate metastasis are resistant to conventional anticancer ther-
apies and contribute to disease relapse. Consequently, the develop-
ment of novel technologies for both CSC detection and therapeutic
targeting is gaining considerable interest.

The Hippo pathway is an evolutionarily conserved regulator of
tissue growth and cell fate during development and regenera-
tion.”® On the other hand, deregulation of the Hippo pathway
caused by gene mutation(s) or anomalous protein expression and/
or activity has been linked to many human diseases including
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cancer.”® Central to the Hippo pathway are 2 key downstream
effector proteins, YAP (Yes-associated protein) and TAZ (tran-
scriptional co-activator with PDZ-binding motif). YAP/TAZ do
not contain intrinsic DNA-binding domains but instead are
recruited to target genes by interacting with multiple transcription
factors and mediating diverse sets of transcriptional programs.”
YAP/TAZ are tightly regulated by a number of evolutionarily con-
served upstream molecules, such as Mstl/2, Lats1/2 and RASSF
family proteins. Inactivation of YAP/TAZ by the Hippo pathway
via cytoplasmic sequestration from 14-3-3 binding is well
known.'”'" In addition, a novel Hippo pathway-independent
restriction of YAP/TAZ by angiomotin and their ubiquitin-medi-
ated degradation has been recently reported,'?"*
layer to the complexity of YAP/TAZ regulation.
TAZ, also known as WWTRI for WW domain containing
transcription regulator 1, was first identified in a cDNA screen
for 14-3-3-binding proteins.15 The TAZ gene was mapped to

adding another

chromosome 3q24.16 Human TAZ shares 45% amino acid iden-
tity with YAP and also contains the WW domain, coiled-coil
region and PDZ-binding motif. Therefore, TAZ is regarded as a
paralog of YAP; and both can function as transcriptional co-acti-
vators."> In addition, a recent study reported that YAP/TAZ are
nuclear relays of mechanical signals exerted by extracellular
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matrix (ECM) rigidity and cell shape, thus serving as sensors and
mediators of mechanical cues instructed by the cellular microen-
vironment.'” TAZ has also been indicated responsible for resis-
tance to Taxol in human breast cancer cells.'®

Recently, 2 independent research groups identified TAZ as an
essential regulator of the CSC properties.'”*® Still, detailed bio-
chemical analysis of the TAZ protein domains and key amino
acid residues that contribute to its breast cancer transcriptional
activity and oncogenic function are unclear. Here, we show that
the Hippo pathway components are highly deregulated in basal-
like breast cancer patient samples. Importantly, expression of con-
stitutively active TAZ confers experimental cancer stem-like traits
through interaction with the TEAD/TEF transcription factor fam-
ily. Furthermore, we demonstrate that both the WW domain and
transcription activation domain (TAD) of TAZ are critical for the
induction of breast CSC properties and mammary tumorigenesis.

Results

Generation of a human Hippo functional interaction
network

This study was initiated to investigate the role of the Hippo
pathway on breast cancer (BC) tumorigenesis and disease subtype
specificity. Since the functional interactions (FI) within the
human Hippo pathway and its cross-talk with other signaling
pathways are context-dependent and remain largely unknown,
we generated a computational network model that represents an
ensemble of potentially significant interactions and genetic link-
age/association events. Specifically, we mined all evolutionarily
conserved Hippo pathway orthologs from several high-quality
pathway databases.”’ ** In addition, we used Lats1 and Lats2
protein kinases and the transcriptional co-activators YAP and
TAZ as seed nodes to select primary, secondary and tertiary-order
binary protein-protein interactions (PPI). Finally, we extended
our FI network to include non-PPI and protein-DNA interac-
tions relevant to the Hippo pathway, allowing us to detect cross-
talk among pathways based on protein interactions. To reduce
the complexity of our network model while maximizing relevant
protein information, Dijkstra’s algorithm was used to calculate
the optimal set of interactions by computing the shortest paths
between all candidate pathway members. Collectively, a novel
human Hippo FI network involving 327 genes (herein denoted
Hippo-FIN) was generated (Table S1).

Quantitative prediction of Hippo pathway activity from
multi-dimensional cancer genomics data

To assess Hippo-FIN activity among different BC subtypes,
we used multi-dimensional genomics data sets from a TCGA
patient panel (n = 515 patients) that consisted of basal-like,
Her2-enriched, Luminal A and Luminal B BC subtypes with the
PAM50-defined subtype predictor as a classification metric.**
There were only 8 claudin-low tumors, thus we did not perform
focused analyses on this subtype. First, we applied a rank-based
probabilistic pathway activity algorithm to RNA-Seq expression
data.”> We proposed a null model generated by randomly
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permuting the TCGA transcriptome data set while preserving
the observed alterations across both genes and samples. Signifi-
cantly, our analysis identified the Hippo pathway components as
being highly deregulated in basal-like patient samples (>89 % of
patients, P < 0.003) compared to other BC subtypes (Fig. 1A).

In addition to the alterations in gene expression, genomic per-
turbations encompassing several distinct classes of DNA sequence
changes may also lead to deregulation of the Hippo pathway.
Consistent with previous reports, our analyses suggest that the
rewiring of Hippo signaling results from molecular events other
than the somatic mutation and structural genetic variations of
Hippo-FIN genes.” A plausible explanation for the low frequency
of genetic mutations observed in our analyses highlights the
essential developmental role of the Hippo pathway, in which
haplo-insufficient developmental phenotypes preclude transmis-
sion of loss-of-function alleles. Nonetheless, integrative computa-
tional analysis successfully identified several genes that were
recurrently altered across multiple BC patients. As summarized
in Figure 1B, WWC1, FRMDG6, LATSI and TAZ genes were
collectively altered in >64 % of basal-like BC patients. FRMD6
and LATS1 co-occurred (P < 0 .0001) but were mutually exclu-
sive with WWCI or TAZ, with the latter being ranked as the key
Hippo-FIN deregulated gene. Notably, TAZ was over-expressed
in >44 % of basal-like BC patients and approximately 18% of
these patients harbored a corresponding copy number amplifica-
tion (Fig. 1B). Correspondingly, basal-like BC patients with ele-
vated TAZ mRNA expression levels were more likely to develop
metastasis and had a reduced survival compared to those having
tumors characterized by normal (physiological) TAZ mRNA
expression levels (Log rank Test P-Value: 0.0067 and data not
shown).

TAZ is overexpressed in triple-negative breast cancers
(TNBCs) and confers cancer stem-like properties on non-
transformed mammary epithelial cells

Basal-like tumors are frequently assimilated to TNBC and
used interchangeably to identify breast cancers that lack expres-
sion of ER, PR, and HER2 expression.”® To independently eval-
uate the clinical impact of TAZ protein expression and
localization in TNBC, we tested 229 unique BC tumor tissue
samples for the expression of TAZ by immunohistochemistry
(IHC). TAZ, but not YAP, was highly over-expressed and readily
detected in both the cytoplasmic and nuclear compartments in a
large subset of TNBC patients but not in other BC subtypes
(Fig. 1GC; Figure S1).

Next, to determine the functional relevance of increased TAZ
expression in BC patients and its importance in promoting
tumorigenicity, we performed an in vivo RNAi screen on a
focused subset of core Hippo pathway genes (Table S2). A
pooled screening format was chosen because testing the effects of
individual shRNAs on in vivo tumor growth would require a pro-
hibitively large number of mice. MDA-MB-231 was chosen,
among several high TAZ-expressing TNBC cell lines examined,
because these cells were capable of forming tumors upon injec-
tion of the fewest number of cells into the mammary fat pad of
severe combined immunodeficiency (SCID) mice (Fig. 1D).
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Figure 1. TAZ is highly expressed in basal/triple-negative breast cancer (TNBC) patients. (A) Heat map and heirarchical agglomerative clustering showing
Hippo-FIN activity among different breast cancer subtypes using RNA-Seq data sets from a TCGA patient panel (n = 515 patients) that consists of basal-
like, Her2 enriched, Luminal A and Luminal B BC subtypes using the PAM50-defined subtype predictor as a classification metric. (B) Alterations in the
Hippo-FIN are mutually exclusive. Integrated analysis of mRNA, mutation and copy number events identify TAZ, FRMD6, LATS1 and WWC1 genes as
deregulated in basal-like breast cancer tumors to a maximum p-value of 0.05 by Fisher's exact test. Tumor samples are shown in columns and genes in
rows. Only samples with >4 % alterations are shown. Shown are genes with statistically significant levels of: (i) mutation (MutSig, false discovery rate
<0.1) and mutation types, (i) deletions and amplifications for genomic regions with statistically significant focal copy number changes (GISTIC2.0) and
(iii) RNA expression level for selected genes, expressed as fold change from the median value for all patient tumor samples. (C) TAZ protein is highly
expressed in triple-negative breast cancer (TNBC) TMAs. Representative examples of TNBC TMA are shown. Upper, H&E staining; bottom, IHC staining
exhibiting high TAZ nuclear expression. (D) TAZ expression in different types of breast cancer cells was revealed by immunoblot. B-Actin was used as
loading control. (Upper panel) A population of MDA-MB-231 cells was infected with a pooled shRNA library of a subset of Hippo pathway genes.
Log2 median fold change in shRNA abundance of experimental or control (neutral) shRNAs at day 0 vs day 21 tumors (n = 3). The frequency of shRNA-
encoding constructs was determined by deep sequencing. An enrichment score was calculated for each shRNA using the probability distribution of the
rank product statistics for replicated experiments.
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Nine hippo pathway genes targeted by a redundant set of 5 vali-
dated shRNAs per gene, as well as 5 shRNAs targeting Polo-Like
Kinase (PLK1) as positive control and 20 shRNAs targeting lucif-
erase as negative controls (previously optimized for target speci-
ficity and minimal off-target effects) were investigated. Twenty-
one days later, mammary tumors were harvested and massively
parallel sequencing was used to determine the abundance of each
shRNA in genomic DNA from tumors and initially injected cells.
As shown in Figure 1D, multiple independent shRNAs targeting
TAZ were identified.

Central to the Hippo pathway is a kinase cascade, wherein
Mst1/2 kinases and Savl form a complex to phosphorylate and
activate LATS1/2, which in turn phosphorylates TAZ on several
serine amino acid residues (S66, S89, S117 and S311) resulting
in the inactivation of TAZ'" (Fig. 2A). We next sought to gener-
ate a constitutively active form of TAZ, insensitive to both cyto-
plasmic sequestration and protein degradation mediated by the
upstream Hippo kinase cascade. We used previously character-
ized TAZ mutants (S66, S89, S117 and S311 substituted to ala-
nine) to mimic permanent dephosphorylation (herein termed
TAZ-4SA) and an additional point mutation in the TEAD-
binding domain (851 to alanine) that results in an activated
form of TAZ lacking TEAD binding (4SA-S51A)%. Retroviral
expression of constitutively active Flag-tagged TAZ-4SA was
accomplished using pools of infected non-transformed mam-
mary epithelial MCF10A cells to avoid clonal selection bias
(Fig. 2B). Compared with control vector-transduced cells,
TAZ-4SA-expressing cells demonstrated a dramatic change of
cell morphology, i.c., epithelial cells were transformed to an
elongated fibroblast-like morphology with pronounced cellular
scattering, indicating that TAZ-transduced epithelial cells have
undergone epithelial-to-mesenchymal transition (EMT)'®*%2?
(Fig. S2A).

Acquisition of an EMT phenotype is a critical process for
switching early-stage carcinomas into invasive malignancies and
is associated with tumor aggressiveness and metastasis. Further-
more, cells undergoing EMT and CSCs share many similar
molecular characteristics, suggesting that there could be com-
mon regulatory programs.”®?' We next sought to determine
whether TAZ confers cancer stem-like traits by an EMT-medi-
ated transcriptional program. We assessed the capacity of TAZ-
4SA to form and propagate mammospheres of MCF10A cells in
vitro. It was found that TAZ-4SA-expressing MCF10A cells
gave rise to mammospheres of increased size and number
(Fig. 2C). Notably, FACS analysis revealed that TAZ-4SA
expressing cells demonstrated an 8 fold increase in the
CD44"¢"/CD24'" population compared with the vector-trans-
duced control cells (Fig. 2D). Consistently, we also detected a
significant increase in the mammosphere formation and
CD44"8"/CD24v population in the TAZ-4SA-expressing pri-
mary human mammary epithelial cells (HMEC) (Fig. 2E;
Figures 2B).

To further examine the contribution of endogenous TAZ to
the BC stem-like traits, we performed stable knockdown of TAZ
in MDA-MB-231 cells using RNAi. Western analysis of 2 inde-
pendent shRNA hairpins targeting non-overlapping regions of
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the TAZ mRNA transcript showed >90 % reduction of TAZ
expression compared with a non-targeting control (Figure S2C).
Consistent with previous report, self-renewal as measured by
mammosphere formation was reduced in both TAZ-knockdown
cell lines® (Figure S2D).

To evaluate the effects of constitutively activated TAZ on in
vivo mammary tumor-forming potential, we injected TAZ-4SA-
expressing MCF10A cells into the mammary fat pad of SCID
mice. Expression of TAZ-4SA resulted in high-grade tumors and
enhanced in vivo growth (Fig. 2F). As shown in Figure 2G, rep-
resentative hematoxylin and eosin staining for TAZ-4SA express-
ing tumor sections showed prominent spindle and epithelioid
cell morphology, whereas immunohistochemistry identified
tumor cells expressing cytokeratin and vimentin, indicating
poorly differentiated carcinomas. In addition, high Ki67 expres-
sion was observed, which is typically associated with high histo-
logic tumor grade.

Induction of cancer stem-like properties is mediated through
TEAD/TEEF transcription factors

TAZ interacts with numerous transcription factors to regulate
its complete spectrum of target genes. We and others have previ-
ously demonstrated that TAZ interacts with members of the
TEAD/TEF family and this plays a leading role in the TAZ-
induced EMT.?>** We then established MCF10A cell lines that
stably express Flag-tagged TAZ-4SA-S51A, which is constitu-
tively active but lacks interactions with the TEAD family of tran-
scription  factors  (Fig. 3A). Significantly, mammosphere
formation was completely inhibited in TAZ-4SA-S51A clones
when compared with the TAZ-4SA expressing cells (Fig. 3B).
Furthermore, FACS analysis of TAZ-4SA-S51A expressing cells
had no detectable increase in the CD44"¢"/CD24'" subpopula-
tion, which was independently confirmed by stable inhibition of
TEAD1, TEAD3 and 4 by RNAi (Fig. 3D-E). Together, these
findings clearly demonstrate that disruption of the TAZ-TEAD
interaction inhibits the ability of TAZ to confer cancer stem-like
traits.

Analysis of important TAZ motifs that contribute to the
induced cancer stem-like traits

It has been previously reported that several serine amino
acid residues (566, S89, S117 and S311) of TAZ can be phos-
phorylated by the Hippo pathway upstream Lats1/2 kinase.'
We previously showed that individual TAZ serine mutants
induced various degree of cell migration and cellular transfor-
mation.”” To test the stem-like properties conferred by each
TAZ serine mutant, we transduced the MCF10A cells with
vector control, TAZ-S66A, TAZ-S89A, TAZ-S89A, TAZ-
117A or TAZ-S311A and performed the FACS analysis
(Fig. 4A; Figure S3A). Of note, TAZ-S66A and TAZ-117A
had no effect on the CD44""/CD24'°" population whereas
TAZ-S89A and TAZ-S311A increased the CD44"'€"/CD24'*"
population by 2 fold (Fig. 4C; Figure S3B). It is known that
phosphorylation of S89 leads to sequestration of TAZ in the
cytoplasm and phosphorylation of S311 primes TAZ to degra-
dation.'®* We thus focused on the single mutation of TAZ
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Figure 2. TAZ induces the breast cancer stem cell (CSC) properties and breast tumor formation. (A) Schematic of human TAZ protein showing the TEAD-
interaction domain (TEAD-B), WW domain (WW), transcription activation domain (TAD) and PDZ-binding motif. Four serine-to-alanine point mutations
(S66A, S89A, S117A and S311A) are introduced into wild-type TAZ construct (TAZ-4SA); additional serine-to-alanine mutation (S51A) is introduced into
TAZ-4SA construct (TAZ-4SA-S51A), which leads to the loss of interaction of TAZ with TEAD. (B) Ectopic expression of constitutively active TAZ-4SA in
human non-transformed breast epithelial MCF10A cells as revealed by immunoblot. B-Actin was used as the loading control. (C) Images and quantifica-
tions of mammosphere formation of vector or TAZ-4SA transduced MCF10A cells. Bars denote standard errors (n = 6). Representative images are shown.
(Scale bar, 100,m). (D) Flow cytometry analysis of CD44"9"/CD24"°" population in vector or TAZ-4SA transduced MCF10A cells. Percentage of CD44"9"/
CD24"" subpopulation is indicated. (E) Quantification of mammosphere formation in vector or TAZ-4SA transduced HMEC cells. Bars denote standard
errors (n = 6). Insert: Ectopic expression of constitutively activate TAZ-4SA in human breast epithelial HMIEC cells was revealed by immunoblot. B-Actin
was used as the loading control. (F) TAZ-4SA-transduced MCF10A cells induce mammary tumor formation when injected into the mammary fat pad of
NOD/SCID mice (n = 6). (G) Histological analysis of tumors from the TAZ-4SA injected mice. Shown are H&E and IHC staining of Ki67, pan-cytokeratin
AE1/3 and human-specific vimentin.

S89 or S311 as well as their double mutations (S89A, S311A).
To test their effect on TAZ-induced cancer stem-like traits, we
transduced MCF10A cells with vector control, TAZ-S89A,
TAZ-S311A, TAZ-2SA (S89A, S311A) or TAZ-4SA
(Fig. 4A). As a result, TAZ-S89A induced the mammosphere
formation to a similar extent as TAZ-4SA, whereas TAZ-
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S311A failed to do so (Fig. 4B). Of particular note, TAZ-2SA
promoted mammopsphere formation and increased the
CD44"#"/CD24'" population to an extent comparable to
TAZ-4SA (Fig. 4B and C). These results indicate that both
serine 89 and 311 are important to the TAZ-induced breast
stem-like properties.

Volume 14 Issue 1



A <
o
@
<C <C
. R
S < i
g 2 U
e R
TAZ | . -

fractin Q———]

140

120

2 0 © T
e & © 8

Mammosphere formation w
nN
o

o

TAZ-4SA-S51A
5.0%

TAZ-4SA
60.5%

vector
5.2%

CD44

D
TEAD1 (Gene ID:7003) TEAD2 (Gene ID:8463) TEAD3 (Gene ID:7005) TEAD4 (Gene ID: 7004)
12 14 12 1.2
S 10 12 10 10
@ 10
Qo 08 : 08 08
o 08 " -
X 06 06 06 » N
2 - a O 04 04
=i 04 ‘ '
o 02 0.2 0.2
&’ 02 : i
0 0 ™ S
D X\ D N 2 N QD N I K & &
& & & g F & & &S S S
\@ é@ ‘,\\Qz \?'(‘ '\(QV‘ ‘\(OV’ \& é@ é@ 2 (\\ {\K
& @ & & @ & 5 ®
E TAZ-4SA TAZ-4SA TAZ-4SA
(shGFP) (ShTEAD#1) (shTEAD#2)
e§2.5°A) - 15% . 19.3%
A
< 3
< 8
)
(]
T T T 1

Y

Figure 3. TAZ-induced breast CSC properties are dependent on the TAZ-TEAD interaction. (A) Ectopic expression of TAZ-4SA or TAZ-4SA-S51A in human
breast epithelial MCF10A cells as revealed by immunoblot. B-Actin was used as the loading control. (B) Quantification of mammosphere formation in
TAZ-4SA or TAZ-45A-551A transduced MCF10A cells. Bars denote standard errors (n = 6). (C) Flow cytometry analysis of the CD44"'9"/CD24'°" population
in vector, TAZ-4SA or TAZ-4SA-S51A transduced MCF10A cells. Percentage of CD44"9h/cD24"w subpopulation is indicated. In contrast to TAZ-4SA,
TAZ-4SA-S51A fails to increase the CD44M9"/CD24"°Y cell subpopulation. (D) Real-time RT-PCR examination of TEAD1, TEAD2, TEAD3 and TEAD4 mRNA
followed by treatment with control or 2 independent shRNAs (shTEAD#1, 2) in the TAZ-4SA-transduced MCF10A cells. GAPDH was used as an internal

control (**, p < 0.001). (E) Flow cytometry analysis of the CD44"9"/CD24'°" population in control, shTEAD#1 or ShTEAD#2 treated cells.

TAZ contains several typical functional protein domains, such
as the WW protein-protein interaction domain, transcriptional
activation domain (TAD) and PDZ-binding domain, which are
important for TAZ functions (Fig. 2A). For example, it has been
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shown that Zonula occludens-1 (Zo-1) and -2 (ZO2) interact
with the TAZ PDZ-binding motif and negatively regulate TAZ
function.>® To further explore whether these domains play a role
in TAZ-induced breast CSC traits, we generated retroviral
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expression constructs with deleted WW, TAD or PDZ-binding
domains in TAZ-4SA. As shown in Figure 4D, MCF10A cells
were transduced with vector control or TAZ-4SAAWW, TAZ-
4SAATAD, TAZ-4SAAPDZ or TAZ-4SA expression constructs.
Surprisingly, all TAZ mutants tested failed to induce CD44""/
CD24" population changes (Fig. 4E). Morcover, although
TAZ-4SAAWW and TAZ-4SAAPDZ promoted mammosphere
formation in vitro, TAZ-4SAATAD completely abolished such
capability (Fig. 4F). To independently test the effects of TAZ
mutants on mammary tumorigenesis in vivo, we injected vector,
TAZ-4SAAWNW, TAZ-4SAATAD, TAZ-4SAAPDZ or TAZ-
4SA transduced cells into the mammary fat pad of SCID mice.
Interestingly, TAZ-4SAAWW and TAZ-4SAATAD expressing
cells completely lost their ability to form mammary tumors,
whereas TAZ-4SAAPDZ transduced cells formed much smaller
tumors as compared to TAZ-4SA (Fig. 4G). Taken together,
these results indicated that the WW, TAD and PDZ-binding
domains of TAZ play important roles in the TAZ-induced breast
CSC properties and primary mammary tumor formation.

Discussion

In the current study, we identified the Hippo pathway as
being highly transcriptionally deregulated in basal-like but not
the other breast cancer subtypes. Furthermore, mutual exclusivity
analysis revealed several genes that were recurrently altered across
multiple BC patients using copy number, somatic exonic muta-
tions and concordant mRNA expression from large-scale TCGA
data sets. For example, consistent with previous published find-
ings, TAZ was highly overexpressed in basal-like/triple-negative
breast cancers (TNBCs).!??%3° Since altered levels of gene
expression do not corroborate a causal role in carcinogenesis, we
used an RNAi-mediated gene essentiality profiling to unambigu-
ously determine the functional requirements of core Hippo
pathway genes in tumor growth in vivo. Significantly, we dem-
onstrate that TAZ is the key Hippo pathway effector in basal-like
BC and the post-transcriptional silencing of TAZ using RNAi
abrogated the malignant phenotype of TNBC cells.

Overlapping functions have been defined for TAZ and
YAP.'%282936 Although the net effect of deregulated YAP/TAZ
activity appears in many tissues to be similar, our analyses indi-
cate that their activity in basal-like and triple-negative breast can-
cer (TNBC) cells are controlled by disparate regulatory
mechanisms. For example, it was previously reported that

expression of constitutively expressed TAZ stimulates cell prolif-
eration and dramatically increases the S-phase cell population.'’
Here, we demonstrated that expression of constitutively active
TAZ conferred cancer stem-like traits, including increased self-
renewal and tumor formation potential in vivo. We previously
showed that YAP/TAZ increases the expression of amphiregulin
(AREG), an epidermal growth factor receptor (EGFR) ligand,
which contributes to the YAP/TAZ-induced growth factor inde-
pendent growth.””*” Interestingly, we found here that increased
AREG expression has no effect on the TAZ-conferred stem-like
traits (Figure S4A and B), indicating that the stem-like traits
may not be coupled with cell proliferation. Two major mecha-
nisms contribute to the pro-tumorigenic transcriptional pro-
gram mediated by TAZ: 1) the transcriptional output of Hippo
signaling is context/cell-type dependent; and 2) TAZ has multi-
ple transcription factor binding partners. Disruption of TAZ-
TEAD binding or silencing of TEAD1, TEAD3 and TEAD4
by RNAi completely abolished the ability of TAZ to confer
CSC-like traits, as we demonstrated directly in the present
study.

We have previously reported that different TAZ serine
mutants display various degree of malignant behavior.”” Here
we expand our studies on the TAZ-induced stem-like traits and
found that TAZ-S66A and TAZ-S117A mutants failed to
change the CD44""/CD24'*" population. TAZ-S89A or TAZ-
S311A elicited partial stem-like traits, but neither induced
tumor formation (data not shown). Interestingly, TAZ S89A
and TAZ S311A double mutants conferred strong breast CSC-
like traits to the non-transformed mammary epithelial cells. In
addition, we provide genetic evidence of both TAZ WW and
PDZ-binding domains playing an important role in self-renewal
and mammary tumorigenesis. It has been reported that the WW
domain of TAZ is important for its oncogenic capability as
assessed by anchorage-independent cell growth in soft agar in
that MCF10A cells transduced with the WW domain mutation
formed significantly fewer colonies compared to the wild-type
TAZ.® It was further demonstrated that the reduced transform-
ing ability of TAZ WW mutant was due to its lost interaction
with the WW domain binding protein 2 (Wbp2). Interestingly,
Wbp2 has also been shown to interact with YAP.?” Nevertheless,
the mechanisms by which Wbp2 regulates TAZ-mediated trans-
formation and gene expression are currently unknown. For
example, it will be of interest to investigate whether Wbp2 has

any effect on the loss of tumorigenic potential of TAZ-
4SAAWW.

tive images of induced mammary tumors are shown (Right panel).

Figure 4 (See previous page). The WW and TAD domains are important for TAZ induced mammary tumor formation. (A) Ectopic expression of TAZ-
S89A, TAZ-S311A, TAZ-2SA (S89A, S311A), TAZ-4SA in human non-transformed breast epithelial MCF10A cells as revealed by immunoblot. B-Actin was
used as the loading control. (B) Quantifications of mammosphere formation of vector or TAZ-S89A, TAZ-S311A, TAZ-2SA (S89A, S311A) and TAZ-4SA
transduced MCF10A cells. Bars denote standard errors (n = 6). (C) Flow cytometry analysis of CD44M9"/CD24o population in vector or TAZ-S89A, TAZ-
S311A, TAZ-2SA (S89A, S311A) and TAZ-4SA transduced MCF10A cells. Percentage of CD44M9h/CD24'ow subpopulation is indicated. (D) Ectopic expres-
sion of TAZ-4SA, TAZ-4ASAAWW, TAZ-4SAATAD or TAZ-4SAAPDZ in human non-transformed breast epithelial MCF10A cells as revealed by immunoblot.
B-Actin was used as the loading control. (E) Flow cytometry analysis of CD44"9"/CD24'°" population in vector, TAZ-4SAAWW, TAZ-4SAATAD and TAZ-
4SAAPDZ transduced MCF10A cells. Percentage of CD44™9"/CD24'°" subpopulation is indicated. (F) Quantifications of mammosphere formation of vec-
tor, TAZ-4SAAWW, TAZ-4SAATAD, TAZ-4SAAPDZ and TAZ-4SA transduced MCF10A cells. Bars denote standard errors (n = 6). (G) TAZ-4SA and TAZ-
4SAAPDZ-transduced MCF10A cells induce mammary tumor formation when injected into the mammary fat pad of NOD/SCID mice (n = 6). Representa-
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Finally, the C-terminus of TAZ contains a highly conserved
PDZ-binding motif that localizes TAZ into discrete nuclear foci
and is essential for TAZ-stimulated gene tlranscription.15 In the
current study, we demonstrate that loss of the PDZ-binding
motif of TAZ abrogated mammary tumor formation potential in
vivo. The specific PDZ protein responsible for the regulation of
TAZ localization and BC oncogenic function thus will be of con-
siderable interest to pursue.

Materials and Methods

Cell culture, transfection and transduction

MCF10A cells were cultured as described.*® Human Mam-
mary Epithelial Cells (HMEC) cells were cultivated in
MEGM™ Mammary Epithelial Cell Growth Medium
(Lonza, Walkersville, MD). MDA-MB-231 cells were culti-
vated in RPMI-1640 medium with 10% fetal bovine serum
(FBS). All media were supplemented with 100 units/ml peni-
cillin, 100 wg/ml streptomycin and 2mM glutamine. All cells
were cultured in a humidified atmosphere of 95% air and 5%
CO2 at 37°C. MDA-MB-231cells were purchased from the
American Type Culture Collection (ATCC, VA). Transfection
was performed using X-tremeGENE 9 DNA Transfection
Reagent following the manufacturer’s protocol (Roche). Pack-
aging of retrovirus and lentivirus, cell transduction and drug
selection were performed following standard protocols. For
knockdown experiments, shRNA hairpins targeting human
TAZ were obtained from the RNAi Consortium (The Broad
Institute). The target sequences are listed (in the 5'-3" direc-
tion): shNon-target-Ctrl: CAACAAGATGAAGAGCACCAA;
shTAZ-1: CCTGCCGGAGTCTTTCTTTAA and shTAZ-2:
GAAACTGCGGCTTCAGAGAAT. shAREG, shTEAD hair-

pins were generated as described.?”*!

Plasmid construction

The human TAZ-S66A, TAZ-S89A, TAZ-S117A, TAZ-
S311A and TAZ-4SA expression constructs are described previ-
ously.”” TAZ-2SA and TAZ-4SA-S51A was generated by PCR-
based mutagenesis as described previously. Briefly, PCR was per-
formed with complementary primers containing the desired
mutation(s) (synthesized by IDT) using Expand High Fidelity
PCR System (Roche) and cloned into the pBABE-puro vector as
a Flag-tagged BamHI-EcoRI fragment.

Total RNA extraction and real-time RT-PCR

For RNA preparation and qRT-PCR, RNA was extracted
using the Trizol reagent (Invitrogen). cDNA synthesis was per-
formed using the First-Strand cDNA Synthesis Kit (GE Health-
care) and quantitative real-time RT-PCR was performed using
Power SYBR Green PCR Master Mix (Invitrogen). Sequences of
the qPCR primer pairs (in the 5'-3' direction) are as follows:
GAPDH-F: GGTGAAGGTCGGAGTCAACGG; GAPDH-R:
GAGGTCAATGAAGGGGTCATTG; TAZ-F: AGTACCCT-
GAGCCAGCAGAA; TAZ-R: GATTCTCTGAAGCCGCAG-
TT; TEAD1-F: CCCATTCCAGGGTTTGAGC; TEADI-R:
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TGCACGAAGAGGTGTTTGTTG; TEAD2-F: GCCCGCT-
ACATCAAGCTGA; TEAD2-R: TGGTTGCCATTGTCTG-
GAAAG; TEAD3-F: GCCAGTGTCCTGCAGAACAA;
TEAD3-R: CAAAGGGCTTGATGTCCTGAG; TEAD4-F:
TCTCTGCCTTCCTGGAGCA and TEAD4-R: TCATA-
GATTTGGCGGATGTCC. All measurements were performed
in triplicate and standardized to the levels of GAPDH.

Antibodies and immunoblot analysis

TAZ antibody was purchased from Cell Signaling Technol-
ogy; YAP antibody from Santa Cruz; B-actin antibody from
Upstate, fibronectin and Flag (M2) antibodies from Sigma-
Aldrich, CD24-PE and CD44-APC antibodies from Invitrogen,
amphiregulin antibody from R&D Systems. For protein extrac-
tion, cells were washed with phosphate-buffered saline (PBS) and
collected with IP buffer: 20 mM Tris-HCI (pH 8.0), 150 mM
NaCl, 20% glycerol, 0.5% NP-40, plus 1x CompleteTM EDTA-
free Protease Inhibitor Cocktail (Roche) or 1x Halt™ EDTA-
free Protease and Phosphotase Inhibitor (Thermo Scientific).
Cell lysate was cleared by centrifugation at 14,000 rpm for
20 min at 4 °C. Lysate was loaded onto 4-15% MINI-PRO-
TEAN TGX gel (Bio-Rad) with 4X SDS sample buffer. For
immunoblot, proteins were transferred onto Immobilon-P mem-
brane (Millipore), detected by various antibodies and visualized
with ECL Plus Western Blotting Detection Reagents (GE
Healthcare).

Immunohistochemistry

Formalin-fixed paraffin embedded (FFPE) tissue blocks were
sectioned in 5 micron thickness and subjected to immunohis-
tochemistry (IHC) studies. Quality of histomorphology of tumor
samples was assessed on hematoxylin and eosin (H & E) stained
sections before immunostaining. Antibodies against pan-cytoker-
atin (AE1/3), TAZ and YAP were obtained from Cell Signaling
Technology, and vimentin and Ki67 from Dako. Paraffin sec-
tions were placed on charged slides and IHC staining was carried
out in a Dako AutostainerPlus (Carpinteria, CA) as previously
described.*? Histomorphology and immunostaining results were
interpreted by a board-certified pathologist (WB; BX).

Flow cytometry analysis

Cells were passed through a 35-wm filter, pelleted, washed in
1X phosphate buffered saline (PBS) + 0.5% fetal calf serum
(FBS) and counted. One million cells were suspended in 1X PBS
+ 0.5% FBS and stained with anti-CD44-APC conjugate and
anti-CD24-PE conjugate (BD Biosciences) for 30 min at 4°C.
Cells were washed 3 times and then analyzed by flow cytometry.

Mammosphere formation assay

Mammosphere formation assay was performed by plating 5 x
10% cells in serum-free DMEM/F12 1:1 media (Gibco) supple-
mented with EGF (20 ng/mL) and B27 (2%) into ultra-low
attachment G6-well plates (Corning). Mammospheres were
allowed to grow for 7 d Total mammospheres greater than
100 pm in diameter were counted. Each experimental group was
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done in triplicate and the same experiments were repeated at least
3 times.

TMA score and statistical analysis

The TMAs were built at the Pathology Resource Network
(PRN) at Roswell Park Cancer Institute (RPCI) using the pathol-
ogy paraffin archives. All patients in these TMAs had surgeries to
remove the primary breast cancer and metastasis, when
applicable, between 1996 and 2009. The staining intensity (0, 1,
2, 3) was multiplied by the percentage of cells (0, 1, 2, 3) to gen-
erate a final staining score. Staining score greater than 0 was
defined as positive. Fisher’s exact test was used to test the associa-
tion between TAZ or YAP1 staining in the nucleus (nucleus
only or both nucleus and cytoplasm) and in each cancer subtype.
Cancer subtype was defined as following: Luminal A if estrogen
(ER) and progesterone (PR) are both positive but Her 2 is nega-
tive; Luminal B if ER, PR and Her2 are all positive; Her2
enriched if ER and PR are both negative but Her2 is positive;
and triple-negative breast cancer (TNBC) if ER, PR and Her2
are all negative. Statistical analysis of data was performed using
the SPSS statistics software package (SPSS, IL). All results are
expressed as mean + SD. *, P < .05; **, P < .001; *** P <
.0001.

In vivo tumor growth assays

For TAZ tumor formation, vector control, TAZ-4SA, TAZ-
4SAAWW, TAZ-4SAATAD or TAZ-4SAAPDZ transduced
MCF10A cells in exponential growth phase were harvested and
suspended in PBS (50% matrigel); and 1 x 10° (in 0.1 mL) cells
were injected into the mammary fat pad of female NOD/SCID

mice at 6-8 weeks old. The mice were generated at the Roswell
Park Cancer Institute. Tumor sizes were measured twice a week
using calipers. Mammary tumor formations were also detected
by the In Vivo Luminescence Imaging System. The care and use
of animals was approved by the Institutional Animal Care and
Use Committee of the Roswell Park Cancer Institute (Buffalo,

NY).
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