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Abstract

High YAP activity is associated with poor prognosis human breast cancers, but its role during the initial stage of mammary
cell transformation is unknown. To address this question, we designed experiments that exploit the ability of KRAS®?P-
transduced subsets of freshly isolated normal human mammary cells to form invasive tumors rapidly and efficiently when
transplanted into immunodeficient mice. Initial examination of the newly developing tumors thus generated revealed a
consistent marked loss of nuclear YAP, independent of the initial primary human mammary cell type transduced.
Conversely, co-transduction of the same subsets of primary human mammary cells with KRASC’?? plus the constitutively
active YAPS?”A prevented tumor formation. These findings contrast with the enhanced display of transformed properties
obtained when the immortalized, but non-tumorigenic MCF10A cells are transduced just with YAPS?”4, In addition, we
show that YAPS'?”A-transduction of the human MDA-MB-231 breast cancer cell line (that carry a similar KRAS mutation)
enhances their metastatic activity in vivo. We also discover that the KRAS®’*"-induced early loss of YAP in primary human
mammary cells is associated with their induced secretion of amphiregulin. Collectively, these findings suggest that YAP can
differentially affect the acquisition of malignant properties by human mammary cells at different stages of their
transformation.

Introduction

Yes-associated protein (YAP) and tafazzin (TAZ) are
sometimes found in the cytoplasm as well as in the nucleus
of many cell types where they act in concert with TEAD
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co-factors to form complexes that regulate gene transcrip-
tion [1, 2]. The control of nuclear accumulation of YAP/
TAZ is thus a key determinant of their function as tran-
scriptional regulators. YAP and TAZ are downstream
effectors of the Hippo pathway, and the phosphorylation of
YAP by the Hippo-activated large tumor suppressor
(LATS) kinase leads to the sequestration of YAP in the
cytoplasm and hence suppression of its transcription factor
activity [2-4]. YAP/TAZ activity is also modulated by
cellular interactions with the extracellular matrix that induce
the formation of F-actin stress fibers and a consequent sti-
mulation of YAP/TAZ transfer to the nucleus. Conversely,
when cell adhesion is restricted, nuclear levels of YAP/TAZ
are reduced [5, 6].

Numerous studies have shown that YAP and TAZ can
variably regulate the proliferation, progression, migration,
and metastasis of malignant human cells [7]. Specifically
relevant to the present study is the finding of high levels
of YAP expression in invasive lobular breast cancer, and
an association of increased nuclear localization of YAP
and TAZ and high expression of their target genes gen-
erally in breast cancers with a poor outcome [8—11]. In
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contrast, little is known about the role of YAP/TAZ in the
initial stages of human breast cancer formation. In the
normal human mammary gland, TAZ is expressed at
higher levels in the basal cells (BCs) that form the outer
layer of the gland as compared with the cells of the inner
luminal layer, and forced expression of TAZ in the
luminal cells induces them to exhibit basal features [12].
In cells of the immortalized, but non-tumorigenic, human
mammary MCF10A cell line, forced overexpression of
YAP increased acinus-generating activity in three-
dimensional (3D) cultures, and this response was further
enhanced by a gain of AP-1 [13, 14]. However, early
transforming events that take place in normal human
mammary cells may not be adequately modeled by in vitro
assays of genetically modified MCF10A cells, given the
large transcriptional and epigenomic differences between
MCF10A cells and freshly isolated subsets of normal
human mammary cells [15].

We recently developed a highly efficient and repro-
ducible method for rapidly generating serially transplan-
table invasive ductal carcinomas from either purified BCs or
a progenitor-enriched subset of luminal cells (referred to as
luminal progenitors or LPs) obtained directly from normal
human reduction mammoplasty tissue. This method
involves transducing the cells with a lentiviral vector
encoding the cDNA of an oncogenic form of KRAS
(KRAS®"?Py  followed by their immediate subcutaneous
transplantation into immunodeficient female mice [16].
Using this protocol, we found that the progeny of the
KRASY"?P_transduced cells show enhanced growth com-
pared with controls within 2 weeks in vivo regardless of
whether the initial cells are BCs or LPs, and within 6 weeks,
small but palpable tumors are present. Histological analyses
revealed these tumors to be phenotypically heterogeneous,
containing variable numbers of cells positive for estrogen
receptor alpha (ERa), heregulin-2 (HER2), epidermal
growth factor receptor (EGFR), Ki67, and cytokeratins 8/
18. In addition, clonal tracking experiments demonstrated
that they are highly polyclonal [16].

Deregulation of the KRAS pathway has been genetically
implicated in more than 20% of human breast cancers
[17, 18], although oncogenic mutations in KRAS itself have
been identified in only about 4% of cases [19]. This rele-
vance of perturbed KRAS activity in human breast cancer,
plus the efficiency, rapidity, and reproducibility of obtaining
invasive ductal carcinomas from KRAS®?P-transduced
primary human mammary cells prompted us to use this
latter genetic model to investigate the role of YAP activity
in the initiation of human breast cancers. The results iden-
tify an unexpected dependence of the initial phase of
KRAS'?P_induced human mammary tumorigenesis on
YAP inactivation, associated with an induced secretion of
amphiregulin (AREG) that favors YAP phosphorylation.

SPRINGER NATURE

The significance of these unique findings using primary
human cells is underscored by our confirmation of the
opposite ability of YAP activation alone to promote the
display of more transformed features by MCFI10A cells
in vitro, and an increased metastatic activity in vivo by
MDA-MB-231 cells, a highly tumorigenic established
human breast cancer cell line with a similar KRAS
mutation.

Results
YAP expression is downregulated in KRASS'?°-
transduced normal human mammary cells

In a first series of studies, we used immunohistochemistry
(IHC) to compare the expression of YAP in sections of
normal breast mammoplasty reduction tissue and in primary
tumors produced from KRAS®’*P-transduced normal human
mammary cells transplanted into female nonobese diabetic-
Ragl~'~-IL2Ryc™'~ (NRG) mice. These analyses included
tumors derived from two phenotypically separable and
biologically distinct subpopulations of cells in the human
mammary gland: EpCAM"/~CD49f" BCs and EpCAM ™"
CD49f" LPs, purified from freshly dissociated reduction
mammoplasty tissue and transduced as previously described
[16]. The results for normal human breast tissue showed
YAP to be largely restricted to the nuclei of cells in the
basal layer (Fig. 1a, left panel), as expected from the pre-
viously reported expression of TAZ [12, 20] and an oppo-
sitely restricted expression of the YAP regulator LATS1/2
in cells of the luminal layer [20].

In marked contrast, YAP was either undetectable or
cytoplasmic in all examined 8-week tumors generated from
the KRAS®'?-transduced primary human mammary cells,
both BCs and LPs (Fig. 1a, right panel, and Supplementary
Fig. 1). A loss of nuclear YAP was also seen in secondary
passages of similarly derived tumors (Fig. la and Supple-
mentary Fig. 1). IHC examination of lesions present in mice
2 weeks after they had been transplanted with KRAS?P-
transduced cells revealed an already altered phenotype with
prevalent cytoplasmic YAP and only occasional cells with
detectable nuclear YAP (Fig. 1b).

To control for potential effects of analyzing cells that had
been obtained from enzymatically dissociated mammary
tissue and then stimulated to grow in transplanted mice, we
performed similar IHC staining of the normal structures that
form within 4 weeks from non-transduced, but fully dis-
sociated normal human mammary cells (together with
irradiated mouse fibroblasts) in collagen gels transplanted
into NRG mice [21, 22]. These analyses showed a pre-
dominant expression of YAP in the nucleus of the regen-
erated BCs, indicating the lack of YAP seen in the
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Fig. 1 KRAS®'?P-induced transformation of purified isolates of pri-
mary human mammary cells leads to YAP inactivation. a Repre-
sentative views of immunostaining of YAP in normal human
mammary tissue (two donors, left panel) or mammary structures
produced from normal human mammary cells in collagen gels trans-
planted under the kidney capsule of NRG mice (two donors, middle
panel), or 8-week primary and secondary KRAS®'?P-derived tumors
initiated from BCs or LPs injected subcutaneously with Matrigel
into female NRG mice (right); N =4 donors. Scale bar, 100 pm.

KRASC?P_induced transformants is not simply a con-
sequence of a stimulated regenerative process (Fig. 1a).
To compare this unexpected change in YAP expres-
sion with another model of human breast cancer with
KRAS mutations, we first examined tumors similarly
generated in female NRG mice 8 weeks after being
injected with KRASY"?P_transduced MCF10A cells [23].
IHC of these tumors also showed a lack of YAP (Sup-
plementary Fig. 1). For a more advanced model, we
examined tumors produced from MDA-MB-231 cells
(with a KRASY'?P mutation [24]) in female NRG host
mice. Initial limiting dilution experiments showed that
these cells have a very high content of tumor-initiating
cells (one in nine cells using a 6-week endpoint, 95% CI =
1/6-1/14, Fig. lc; and >1 in 3 cells with more prolonged
follow up that showed 12 of 30 mice injected with single

b Representative views of YAP immunostaining of cells recovered
from NRG mice injected subcutaneously with Matrigel 2 weeks pre-
viously with KRAS®/?P-transduced human mammary cells; N=3
donors. Scale bar, 100 um. ¢ Table showing total number of cells used
to initiate each tumor, and the frequency of tumor positive mice.
d Representative views of immunostained ERa, PR, HER2, and YAP
in tumors-derived from MDA-MB-231 cells (top panel). Control
sections are from normal human breast tissue (ERa), T47D cells (PR),
and SKBr3 (HER?2) cell lines. Scale bar, 100 um

cells had developed palpable tumors within 13 weeks). IHC
analysis of tumors produced from these cells also showed an
absence of YAP in addition to ER, PR, and HER?2 negativity
(Fig. 1d).

Taken together, these results demonstrate an early and
subsequently sustained suppression of YAP expression in
tumors generated in vivo by multiple models of transformed
human mammary cells expressing an oncogenic form
of KRAS.

Initial KRAS®"?P-induced tumorigenesis requires YAP
downregulation, but subsequent metastatic activity
is promoted by YAP activation

To determine if and how the prevalent absence of YAP
(and hence its inferred transcriptional control properties)
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in human mammary cells with oncogenic KRAS mutations
may affect the transformed properties they display, we
examined their behavior when forced to express a con-
stitutively active form of YAP. Accordingly, we con-
structed a lentiviral vector encoding a YAPS'?”4 ¢cDNA
which is not subject to LATS kinase-mediated phos-
phorylation and hence is retained in the nucleus where it
continuously mimics the transcriptional activation prop-
erties of wild-type YAP [25]. Transduction of MCF10A
cells with WT-YAP was previously reported to enhance
their growth or ability to generate spheres in vitro
[13, 14]. Using this assay, we confirmed the same effect
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Fig. 2 YAP inactivation is required for initial tumor formation by
KRAS®"?P_transduced normal human mammary cells. a Representative
photomicrographs of MCF10A cells transduced with a mCherry only,
or KRASS?P_ or YAPS'?”A-mCherry vector and then cultured under
mammosphere assay conditions for 7 days. Plot shows number of
spheres generated from 1000 cells/em®. N=3. P-values are from
Student’s t-test. b Representative photos of bioluminescence signals of
NRG mice injected subcutaneously 2 weeks previously with Matrigel
and KRAS®'?P_transduced human mammary cells or human mammary
cells co-transduced with both KRASY*P and YAPS'?7A vectors. Plot
shows the bioluminescence activity from donor- and cell type-matched
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was obtained on MCF10A cells transduced with our
YAPS'?7A vector (Fig. 2a), even though the tumor spheres
were smaller than those obtained from MCF10A cells
transduced with KRASP'?P,

We then transduced purified BCs and LPs with either one
or both the KRASY'?P? and YAPS'?’A vectors as well as a
luciferase vector, and then transplanted each different group
of cells into separate groups of female NRG mice (~1000
cells/mouse). Bioluminescence monitoring of these mice
showed a consistently decreased signal from the KRASP/?P
and YAPS'>”A co-transduced transplants as compared with
transplants of cells from the same subset of cells from the
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pairs of primary tumors (from BCs in blue; from LPs in red); N=4
donors. P-values are from a paired #-test comparing matched starting
cells transduced with KRAS®'?P with or without YAPS?A, ¢ Tumors
generated from cells transduced with KRASP/?P only, or KRAS®?P -
YAPS?7A were dissociated and analyzed for their content of human
(CD298/EpCAM)* and Cherry (YAPS'2"2)* and/or YFP (KRAS®!?P)*

cells. d CTGF and CYR61 mRNA levels in tumors generated from
KRAS®"?P and KRAS®"?P + YAPS'?’A transduced cells. GAPDH mRNA
was used to normalize the RNA content of each sample; N =4 donors.
P-values are from Student’s paired #-test comparing matched starting
cells transduced with KRAS?/?? with or without YAP'27



Initiation of human mammary cell tumorigenesis by mutant KRAS requires YAP inactivation 1961

same donor and transduced with KRAS®'?P alone (Fig. 2b).
The tumors generated from the co-transduced cells also
showed the evidence of greater YAP activity (higher con-
tent of transcripts of CTGF and CYR61, two well-known
YAP/TAZ target genes), in addition to being smaller in size
by comparison with tumors produced from the same cells
transduced with KRASY'?P alone (Fig. 2c, d). YAPSI?7A
alone did not confer tumorigenic activity on either BCs or
LPs (Supplementary Fig. 2).

We also examined the effect of forced expression of
YAPSI?7A in  MDA-MB-231 cells. Molecular analysis
showed the expected increased expression of CTGF and
CYR61 in the transduced cells (Fig. 3a), but standard
transplants in female NRG mice showed no evidence of an
effect on the rate of growth of tumors generated from them
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Fig. 3 Forced YAP activation promotes the formation of metastases
from IV-injected MDA-MB-231 cells. a CTGF and CYR61/ mRNA
levels from control- or YAPS'*’A-transduced MDA-MB-231 cells.
GAPDH mRNA was used to normalize for the RNA content in each
sample. b Representative pictures of bioluminescence signals from
NRG mice injected subcutaneously with Matrigel and 1000 MDA-
MB-231 cells transduced with empty vector or YAPS’?A and a plot
showing the bioluminescence results. ¢ Representative pictures of
bioluminescence signals in NRG mice injected IV with 1000 MDA-
MB-231 cells 23 and 43 days previously (Top panel). Graph showing

at the site of injection (Fig. 3b). To query potential effects
on the known ability of MDA-MB-231 to generate metas-
tases in the lung, spleen, and kidney in intravenously (IV)
injected mice, we also assessed the effect of forced
YAPS!27A expression in MDA-MB-231 cells using this route
of transplantation. The results showed an increased meta-
static ability of the YAPS?”A-transduced MDA-MB-231
cells compared with control-transduced cells (Fig. 3c—f).

Taken together, these findings reveal that the effect of
Y AP on the tumorigenic properties of KRAS®/?P-transduced
human mammary cells is highly context-dependent with a
strong dependence on YAP inactivation exclusive to the
initial phase of transformation, and an opposite ability of
increased YAP activity to promote the metastasis of cells
with a more advanced malignant phenotype.
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bioluminescence signals from mice injected IV with 1, 10, or 100 K
MDA-MB-231 cells (bottom panel). d Representative pictures (EVOS
imaging system) of the lung, spleen and kidney, from mice injected IV
with 1000 MDA-MB-231 cells. € GFP™ cell content of cell suspen-
sions prepared from dissociated lungs and kidneys obtained from mice
described in d and analyzed by flow cytometry. f Shown are repre-
sentative pictures of bioluminescence signals from NRG mice injected
IV with MDA-MB-231 transduced with empty vector or YAPS'?7A, and
a plot showing the bioluminescence results
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KRAS®'?® promotes YAP inactivation in primary
human mammary cells by inducing secretion of
AREG

We next sought to investigate the mechanism by which
KRASY?P causes a loss of YAP activity in primary human
mammary cells. Examination of the immediate effects of
transducing isolated BCs and LPs with YAPS/?’A as well
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Fig. 4 KRAS transformation of primary human mammary cells leads
to YAP inactivation in vitro. a Representative pictures from 14-day 3D
cultures of human BCs and LPs transduced with YFP, YAP®'?7A
KRASC?P_or KRASC'?P + YAPS'?7A, Bar graphs show clone numbers
(relative to YFP control); N = 3 donors. b Western blots showing YAP
phosphorylation (Ser127) levels (relative to YAP) in control and
KRAS®'?P_transduced human BCs and LP cells assessed 3 days post
transduction; bar graph showing P-YAP/YAP ratio (Actin used as
internal control) in human BCs and LPs transduced with YFP, or
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as KRASC'?P (Supplementary Fig. 3a) showed that this
manipulation caused a significant decrease in the in vitro
clonogenic activity of these cells in 2D (Supplementary
Fig. 3b) as well as 3D (Fig. 4a) assays. KRASY?P alone
caused an increase in the level of phosphorylated YAP
(p-YAP) in both cell types evident within 3 days (Fig. 4b),
and an accompanying decrease in CTGF transcripts
(Fig. 4c). In contrast, primary cells transduced with
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KRASC?P; N =3 donors. ¢ CTGF and CYR6] mRNA levels from
control and KRASY'?P_transduced human BCs and LPs assessed
3 days post transduction. GAPDH mRNA was used to normalize the
RNA content in each sample; N =5 or 6 donors. P-values are from a
paired #-test comparing matched starting cells transduced with
KRAS®"?P with or without YAPS'?”A. d CTGF mRNA levels from BCs
(left, blue) and LPs (right, red) transduced with YFP, KRAS®'?,
YAPS127A, or KRASC?P + YAPS'?7A, GAPDH mRNA was used as a
normalizer for each sample. N =3 donors
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YAPS'?7A a5 well as KRASP'?P did not show a decrease in
CTGF mRNA (Fig. 4d). Together, these findings
demonstrate that KRAS®/?P-induced phosphorylation of
YAP is an important component of the mechanism
responsible for the loss of YAP activity in KRAS!?P-
transduced BCs and LPs and the enhanced proliferative
activity of their progeny.

Previous reports have indicated that YAP activity can
be influenced by BMP/TGFf activation of Smad proteins
[26, 27] as well as via AREG produced in response to
EGEFR activation [13]. Assessment of the in vitro clono-
genic activity of KRAS®/?’-transduced BCs and LPs
immediately post transduction indicated that their EGF
dependence was already markedly reduced compared with
control-transduced cells (Fig. 5a). To look for candidate
indicators of the mechanism responsible, we surveyed the
differentially expressed transcripts evident in previously
published RNAseq data for normal human mammary BCs
and LPs and their matched KRAS®/?P-derived transfor-
mants [16]. These comparisons revealed a 10-40-fold
increased expression of AREG transcripts in tumors
derived from either BCs or LPs. TGFp transcript isoforms
were also upregulated in the tumor cells, but to a lesser
extent, and BMP transcript levels were neither markedly
nor consistently altered (Fig. 5b and Supplementary
Fig. 4a). The quantitative reverse transcription-PCR
(qRT-PCR) analysis of various transcripts in 3-day cul-
tures of normal BCs and LPs that had been transduced
with the KRAS®?P (compared with a control vector)
confirmed the levels of AREG transcripts to be selectively
elevated in the KRASC'?P-transduced cells (Fig. 5¢). In the
same experiments, effects on TGFf2 and BMP2 tran-
scripts were inconsistent (Supplementary Fig. 4b). Inter-
estingly, co-transduction of primary cells with both
YAPS'?7A and KRASC'?P prevented the increase in AREG
expression obtained with KRAS®/?? alone (Fig. 5d). In
MDA-MB-231 cells, forced expression of YAPS'?7A also
decreased AREG expression (Fig. Se), despite a lack of
effect on their growth in vivo as tumors. Exposure of
freshly isolated normal human mammary cells to AREG
for 2 days in vitro also increased overall levels of p-YAP
although the ratio of p-YAP/YAP was not altered
(Fig. 5f). Finally, we examined the publicly available data
for ~800 breast cancers in The Cancer Genome Atlas [28].
Interestingly, in this dataset, downregulated CTGF and
Cyr61 transcripts were associated with a gain of function
or amplification of the AREG gene as compared with the
patients whose tumors contained a normal diploid AREG
complement (Fig. 5g).

Thus, forced expression of KRA in normal human
mammary cells rapidly increases p-YAP, and hence its
inactivation, by a mechanism that involves the induced
secretion of AREG.

SGI 2D

Discussion

Elucidating the perturbations of normal signaling pathways
that contribute to the acquisition and expression of malig-
nant properties by the cells that constitute human cancer is
an area of growing importance. In this regard, the role of the
YAP/TAZ complex that is part of the Hippo pathway and
regulates many developmental processes [7] is gaining
increasing attention. Notably, the expression of YAP/TAZ
has recently been reported to be elevated in high-grade and
triple-negative breast cancers by comparison with other
subtypes, and is associated with their poor prognosis, tumor
growth and metastatic ability [8—11]. TAZ also was found
to promote the metastasis of aggressive patient-derived
breast cancer cell lines [29] and, in pancreatic cancer,
increased YAP could replace dependence on KRAS activity
[30, 31]. Here we show that the forced expression of active
YAP in MDA-MB-231 cells (a highly aggressive human
breast cancer cell line that carries a mutant KRAS gene)
also promoted their metastatic ability in transplanted
immunodeficient mice.

However, little is known about the mechanisms that
cause normal human mammary cells to initiate the process
of tumorigenesis. An early study to address this question
showed that the forced expression of a constitutively active
or even wild-type form of YAP in non-tumorigenic but
immortalized human MCF10A mammary cells enhanced
their ability to grow in soft agar or mammosphere cultures
[13, 14], that we confirmed here. These findings suggested
that increased YAP activity might also play an important
initiating role. However, our recent transcriptomic and
epigenomic characterization of the three different mammary
cell populations that constitute the normal adult human
mammary gland and the stromal cells that surround it, as
well as MCF10A cells, have shown MCF10A cells to be
highly divergent from any of the freshly isolated human
mammary cell types [15]. It was therefore of interest to re-
examine initial changes that accompany the process of
human mammary cell transformation in an experimental
model in which tumors can be generated directly from
primary cells. We have recently shown that this can be
efficiently and reproducibly achieved by introducing
KRAS®'?P into purified BCs or LPs isolated directly from
normal human mammary glands by fluorescence activated
cell sorting (FACS) [16]. We therefore chose this system to
investigate the role of YAP in the early phase of mutant
KRAS-mediated transformation of human mammary cells.
The observation that inactivation of YAP, likely resulting
from its KRAS-induced phosphorylation is critical to the
process of KRAS-induced transformation of primary nor-
mal human mammary cells was therefore unexpected.
However, despite the low level of YAP in unmanipulated
MDA-MB-231 cells that also harbor a KRAS mutation,
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Fig. 5 KRASC"?P promotes AREG expression and inactivation of YAP.
a Bar graphs showing total cell numbers in cultures of control and
KRAS'?P_transduced human BCs and LPs assessed 4 days post
transduction, with or without 20 ng/ml of EGF (values are shown
relative to the +EGF condition); N =3 donors. b RNAseq data from
normal human subsets versus de novo tumors (BCs and BC-derived
tumors in blue; LPs and LP-derived tumors in red). Values for AREG,
TGFp2, and BMP2 are shown as RPKMs; N = 3 donors. P-values are
from paired #-tests for each comparison. ¢ AREG mRNA levels from
control and KRAS®/*P-transduced human BCs and LPs assessed
3 days post transduction. GAPDH mRNA was used to normalize the
RNA content in each sample; N =6 donors. d AREG mRNA levels
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from human BCs (left, blue) and LPs (right, red) transduced with YFP,
KRAS®P YAPS'?A, or KRAS"?P + YAPS'?7%; N = 3 donors. e AREG
mRNA levels of MDA-MB-231 + YAPS?”A. GAPDH mRNA was used
to normalize the RNA content in each sample. N = 3. f Western blot
comparing YAP phosphorylation (Ser127) levels (relative to YAP) in
human BCs and LPs assessed after 3 days in vitro with or without the
addition of 50ng/ml AREG (R&D systems) for 24-48h; N=3
donors. Bar graph showing P-YAP/YAP ratio (H3 used as internal
control). g CTGF (left) and Cyr61 (right) mRNA levels compared with
AREG copy number status in invasive breast carcinoma samples in the
TCGA dataset. Values for YBXI are shown as RPKMs
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their opposite response to introduced YAP may be
explained by their more complex mutational profile that
include variants of BRAF, CDKN2A, and TP53, that could
also interfere with YAP activity through alternative
mechanisms [24, 32].

We also present evidence that this early phase of KRAS-
induced transformation of human mammary cells involves
activation of AREG production and the acquisition of EGF
independence. It is therefore interesting that Britschgi et al.
recently demonstrated that ERa levels in primary normal
human cells are also regulated by LATS kinases and control
mammary cell fate in part through both intrinsic and para-
crine mechanisms via AREG secretion [20]. In accordance
with these observations, we found that tumors generated de
novo from KRAS®'?P-transduced human mammary cells
contain ERa* cells and that ESRI expression is increased in
both KRAS®"*-transduced BCs and LPs [16].

In summary, our findings serve to further illustrate the
power and likely importance of de novo models of human
tumorigenesis initiated with cells isolated directly from
primary sources of normal human tissue. Such models can
offer unique insights into mechanisms that may differen-
tially affect early and late events in the process of tumor-
igenesis and that are not readily accessible to analysis from
studies of cells from other species, patients’ samples or
established human cancer cell lines [33].

Materials and methods
Cells and cultures

Normal reduction mammoplasty tissue was obtained with
informed consent, using protocols approved by the Uni-
versity of British Columbia Research Ethics Board. The
tissue was first dissociated to obtain organoid-rich pellets
that were then viably cryopreserved [21]. Thawed orga-
noids were rinsed with Hank’s Balanced Salt Solution
supplemented with 2% fetal bovine serum (FBS) (HF), and
the cells were then dissociated in 2.5 mg/ml trypsin with
I mM EDTA and 5 mg/ml dispase (STEMCELL Tech-
nologies) with 100 ug/ml DNasel (Sigma), with washing
of the cells in HF between each step. The resulting cell
suspension was filtered through a 40 pm mesh and BCs
were isolated by FACS according to their CD45 CD31~
EpCAM"CD49f" phenotype, and LPs according to their
CD45-CD31 EpCAMMCD49f" phenotype as described
[21]. Primary cells were cultured in SF7 media supple-
mented with 5% FBS. 2D CFC and 3D assays of human
mammary cells were performed by culturing the cells in
the presence of irradiated mouse 3T3 fibroblasts for §, 10,
or 14 days in SF7 media supplemented with 5% FBS as
previously described [34].

MCF10A cells were obtained from J. Brugge (Harvard
University, Cambridge, MA) and maintained in a 1:1
DMEM/F12 mix supplemented with 5% horse serum,
10 mg/ml insulin, 0.5 mg/ml hydrocortisone, 100 ng/ml
cholera toxin, 20 ng/ml EGF (all Sigma), and 1% penicillin/
streptomycin (Life Technologies). For mammosphere for-
mation assay, 1000 cells/cm® were seeded on ultra-low
attachment plates (Costar), and mammospheres were
counted after 1 week. MDA-MB-231 cells were obtained
from S. Dunn (Child and Family Research Institute, Van-
couver, BC) and maintained in DMEM with 10% FBS.
Their identity was confirmed by DNA sequencing, includ-
ing the detection of the KRAS®P allele [24]. T47D and
SKB13 cells were obtained from J. Emerman (University of
British Columbia, Vancouver, BC) and maintained in
DMEM with 10% FBS.

Transduction and transfection

Primary cells were transduced with lentiviral vectors pre-
pared and used as previously described [16]. In brief, pri-
mary BC and LP were transduced with lentiviral vectors
coding for YFP, YAPS'*’A-Cherry, KRAS®'’P-YFP or
Luciferase, where YAPS'?7A or KRAS®'?P were under
MNDU3 promoter expression, and Luciferase, YFP or
Cherry under PGK promoter expression.

Xenografts

Female NRG mice were bred and housed in the specific
pathogen-free animal facility in the British Columbia Can-
cer Research Centre. Surgeries were performed on 5-10-
week-old mice. All procedures for the breeding and
experimental use of mice were carried out using protocols
approved by the University of British Columbia Animal
Care Committee. To generate primary tumors, enzymati-
cally dissociated suspensions of human mammary cells
were prepared, purified by FACS, transduced and trans-
planted subcutaneously with 50% (v/v) Matrigel into mice
[16]. To measure tumor bioluminescence from luciferase-
expressing cells, mice were injected intraperitoneally with
150 mg/kg body weight of d-luciferin (Promega) and
10 min later the mice were imaged using a Xenogen IVIS
Lumina system with Living Image version 3.0 software
(Caliper Life Sciences). To prepare cell suspensions from
tumors, the removed tissue was minced with a scalpel,
incubated at 37 °C in DMEM/F12 media supplemented with
5% FBS, 300U/ml collagenase, and 100 U/ml hyalur-
onidase (STEMCELL Technologies) for 1-2h with peri-
odic vortexing. The cells were then washed with HF, and
treated with 2.5 mg/ml trypsin containing 1 mM EDTA,
5 mg/ml dispase, and 100 pg/ml DNasel. Human cells were
isolated by FACS after staining with anti-human-specific
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antibodies directed against human EpCAM and human
CD298 (Biolegend) with simultaneous depletion of mouse
cells stained with anti-mouse-specific antibodies directed
against CD45 and CD31 (STEMCELL Technologies).

Subrenal xenotransplants were performed as previously
described [21]. Briefly, human mammary BCs were com-
bined with 10° irradiated (50 Gy) C3H 10T1/2 fibroblast
cells in a 25 pl volume of cold pH-neutralized rat tail col-
lagen and placed into the individual wells of a 24-well plate.
After the collagen gels had stiffened during a 10-min
incubation at 37 °C, warm SF7 medium plus 5% FBS was
added to the wells followed by incubation for another
50 min. The plates were then transferred to ice and the gels
inserted under the kidney capsule through a 2- to 4-mm
incision. An in house prepared slow-release pellet contain-
ing 2 mg of B-estradiol and 4 mg of progesterone (both from
Sigma) was inserted subcutaneously in a posterior position.
Four weeks after transplantation, mice were euthanized and
the gels were removed aseptically from the kidneys and
dissociated as described above for normal human mammary
samples.

Immunohistochemical staining

Pieces of normal breast tissue or tumors obtained from mice
were fixed in 10% buffered formalin (Fisher), washed in
70% ethanol and embedded in paraffin. Sections of paraffin-
embedded tissue (3 mm) were first treated with Target
Retrieval solution (DAKO) and then a cytomation serum-
free protein block (DAKO) followed by staining with
human-specific antibodies recognizing YAP1 (1:200;
Novus Biologicals, NB110-58358), ER (SP1; 1/50; Ther-
mofisher; RM9101), PR (SP2; 1/50; Neomarker; 9102), and
HER?2 (4B5; Ventane). A secondary mouse antibody con-
jugated to horseradish peroxidase and treatment with 3,3’-
diaminobenzidine (DAB, DAKO) was used to obtain a
positive brown staining. Negative IgG controls were per-
formed on normal reduction mammoplasty tissue, and
MDA-MB-231 cells served as positive control cells.

Western blot and densitometry analysis

Treated cells were washed with cold PBS and incubated for
15 min at 4 °C with RIPA lysis buffer (30 mM Tris-HCI, pH
7.5, 150mM NaCl, 10% glycerol, 1% Triton X-100
(Sigma) supplemented with a 1 mM NaF, 1 mM NaVO3,
and 1 mM PMSF (all Sigma). Cell extracts were centrifuged
at 13,000 x g for 10 min at 4 °C. The protein concentration
of the supernatant fraction was then determined using the
Bio-Rad Bradford Protein Assay Kit according to the
manufacturer’s instructions. For each sample, an equal
amount of total protein was diluted in sample buffer
(Invitrogen) and boiled for 5 min. Samples were loaded
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onto precast 4-12% NuPAGE gradient polyacrylamide gels
(Invitrogen). After electrophoresis, the proteins were
transferred to a PVDF transfer membrane. Membranes were
then blotted overnight at 4 °C with the appropriate primary
antibodies, i.e., anti-Actin (Santa Cruz, sc-1615, 1/10000),
anti-H3 (Cell Signaling Technology, 12648, 1/10000), anti-
Ras (Cell Signaling Technologies, 3339, 1/1000), anti-TAZ
(Cell Signaling Technology, 4583, 1/1000), anti-YAPI
(Novus Biologicals, NB110-58358, 1/1000), and anti-
YAP*?7 (Cell Signaling Technology, 13008, 1/1000).
Specific binding of antibodies was detected using appro-
priate secondary antibodies conjugated to horseradish per-
oxidase, and visualized with SuperSignal™ West Femto
Maximum Sensitivity Substrate (Thermofisher), on Che-
miDoc Gel Imaging system (Bio-rad). Densitometric ana-
lyses of immunoblots were performed using Image].

RNAseq data

RNAseq data were derived from Nguyen et al. [16] and
expressed as reads per kilobase per million mapped reads
(RPKM values). P-values were calculated using Student’s
paired r-test.

QRT-PCR

Total RNA was extracted from cryopreserved tumor sam-
ples or cultured cells using the Total RNA isolation Micro
Kit (Agilent). cDNA was then synthesized using the
SuperScript VILO cDNA synthesis kit (Life Technologies).
QRT-PCR was performed using a SYBR Green master mix
(Applied Biosystems) and samples run in triplicate with
custom-designed primers (Table S1).

Statistical analyses

Values are expressed as mean+ SEM, unless otherwise
specified. Significance was evaluated using the Student’s
t-test or paired t-test, as indicated, unless otherwise speci-
fied. *P <0.05, **P <0.01, ns = not significant.

Acknowledgements The authors thank D. Wilkinson, G. Edin, and M.
Hale for excellent technical support; Drs J. Cheng and P. Hoodless for
their help with data interpretation; and Drs E. Bovill, J. Boyle,
S. Bristol, P. Gdalevitch, A. Seal, J. Sproul, and N. van Laeken for
access to discarded reduction human mammoplasty tissue. This work
was supported by grants from the Canadian Cancer Society Research
Institute, the Cancer Research Society, and the Cancer Institute for
Health Research (grant CRP-154482). The authors declare no conflict
of interest. SB was a recipient of a University of British Columbia
Graduate Studentship and ST was a recipient of a Canadian Institute of
Health Research Banting and Best Studentship.

Author contributions SL and CJE conceptualized this project and
wrote the manuscript. SL, ST, SB, and BR performed the experiments.



Initiation of human mammary cell tumorigenesis by mutant KRAS requires YAP inactivation

1967

MH and DP performed the computational and bioinformatics analysis
of the DNA and RNAseq data. SL, ST, SB, BR, DP, MH, PHS, and
CJE analyzed and interpreted the data.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Vassilev A, Kaneko KJ, Shu H, Zhao Y, DePamphilis ML.
TEAD/TEF transcription factors utilize the activation domain of
YAPG65, a Src/Yes-associated protein localized in the cytoplasm.
Genes Dev. 2001;15:1229-41.

2. Dong J, Feldmann G, Huang J, Wu S, Zhang N, Comerford SA,
et al. Elucidation of a universal size-control mechanism in Dro-
sophila and mammals. Cell. 2007;130:1120-33.

3. Basu S, Totty NF, Irwin MS, Sudol M, Downward J. Akt phos-
phorylates the Yes-associated protein, YAP, to induce interaction
with 14-3-3 and attenuation of p73-mediated apoptosis. Mol Cell.
2003;11:11-23.

4. Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, et al. Inacti-
vation of YAP oncoprotein by the Hippo pathway is involved in
cell contact inhibition and tissue growth control. Genes Dev.
2007;21:2747-61.

5. Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi
M, et al. Role of YAP/TAZ in mechanotransduction. Nature.
2011;474:179-83.

6. Aragona M, Panciera T, Manfrin A, Giulitti S, Michielin F,
Elvassore N, et al. A mechanical checkpoint controls multicellular
growth through YAP/TAZ regulation by actin-processing factors.
Cell. 2013;154:1047-59.

7. Piccolo S, Dupont S, Cordenonsi M. The biology of YAP/TAZ:
hippo signaling and beyond. Physiol Rev. 2014;94:1287-312.

8. Cordenonsi M, Zanconato F, Azzolin L, Forcato M, Rosato A,
Frasson C, et al. The hippo transducer TAZ confers cancer stem
cell-related traits on breast cancer cells. Cell. 2011;147:759-72.

9. Chen Q, Zhang N, Gray RS, Li H, Ewald AJ, Zahnow CA, etal. A
temporal requirement for Hippo signaling in mammary gland
differentiation, growth, and tumorigenesis. Genes Dev.
2014;28:432-17.

10. Lamar JM, Stern P, Liu H, Schindler JW, Jiang Z-G, Hynes RO.
The hippo pathway target, YAP, promotes metastasis through its
TEAD-interaction domain. Proc Natl Acad Sci USA. 2012;109:
E2441-50.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

. Vlug EJ, van de Ven RAH, Vermeulen JF, Bult P, van Diest PJ,
Derksen PWB. Nuclear localization of the transcriptional coacti-
vator YAP is associated with invasive lobular breast cancer. Cell
Oncol. 2013;36:375-84.

Skibinski A, Breindel JL, Prat A, Galvdn P, Smith E, Rolfs A,
et al. The hippo transducer TAZ interacts with the SWI/SNF
complex to regulate breast epithelial lineage commitment. Cell
Rep. 2014;6:1059-72.

Zhang J, Ji J-Y, Yu M, Overholtzer M, Smolen GA, Wang R,
et al. YAP-dependent induction of amphiregulin identifies a non-
cell-autonomous component of the Hippo pathway. Nat Cell Biol.
2009;11:1444-50.

Zanconato F, Forcato M, Battilana G, Azzolin L, Quaranta E,
Bodega B, et al. Genome-wide association between YAP/TAZ/
TEAD and AP-1 at enhancers drives oncogenic growth. Nat Cell
Biol. 2015;17:1218-27.

Pellacani D, Bilenky M, Kannan N, Heravi-Moussavi A, DJHF
Knapp, Gakkhar S, et al. Analysis of normal human mammary
epigenomes reveals cell-specific active enhancer states and asso-
ciated transcription factor networks. Cell Rep. 2016;17:2060-74.
Nguyen LV, Pellacani D, Lefort S, Kannan N, Osako T, Makarem
M, et al. Barcoding reveals complex clonal dynamics of de novo
transformed human mammary cells. Nature. 2015;528:267-71.
Pereira B, Chin S-F, Rueda OM, Vollan H-KM, Provenzano E,
Bardwell HA, et al. The somatic mutation profiles of 2,433 breast
cancers refines their genomic and transcriptomic landscapes. Nat
Commun. 2016;7:11479.

Morel A-P, Ginestier C, Pommier RM, Cabaud O, Ruiz E,
Wicinski J, et al. A stemness-related ZEB1-MSRB3 axis governs
cellular pliancy and breast cancer genome stability. Nat Med.
2017;23:568-78.

Cancer Genome Atlas Network. Comprehensive molecular por-
traits of human breast tumours. Nature. 2012;490:61-70.
Britschgi A, Duss S, Kim S, Couto JP, Brinkhaus H, Koren S,
et al. The Hippo kinases LATS1 and 2 control human breast cell
fate via crosstalk with ERa. Nature. 2017;541:541-5.

Eirew P, Stingl J, Raouf A, Turashvili G, Aparicio S, Emerman
JT, et al. A method for quantifying normal human mammary
epithelial stem cells with in vivo regenerative ability. Nat Med.
2008;14:1384-9.

Nguyen LV, Makarem M, Carles A, Moksa M, Kannan N, Pan-
doh P, et al. Clonal analysis via barcoding reveals diverse growth
and differentiation of transplanted mouse and human mammary
stem cells. Cell Stem Cell. 2014;14:253-63.

Marella NV, Malyavantham KS, Wang J, Matsui S, Liang P,
Berezney R. Cytogenetic and cDNA microarray expression ana-
lysis of MCF10 human breast cancer progression cell lines.
Cancer Res. 2009;69:5946-53.

Kozma SC, Bogaard ME, Buser K, Saurer SM, Bos JL, Groner B,
et al. The human c-Kirsten ras gene is activated by a novel
mutation in codon 13 in the breast carcinoma cell line MDA-
MB231. Nucleic Acids Res. 1987;15:5963-71.

Li Z, Zhao B, Wang P, Chen F, Dong Z, Yang H, et al. Structural
insights into the YAP and TEAD complex. Genes Dev.
2010;24:235-40.

Aragén E, Goerner N, Zaromytidou A-I, Xi Q, Escobedo A,
Massagué J, et al. A Smad action turnover switch operated by
WW domain readers of a phosphoserine code. Genes Dev.
2011;25:1275-88.

Grannas K, Arngarden L, Lonn P, Mazurkiewicz M, Blokzijl A,
Zieba A, et al. Crosstalk between Hippo and TGFp: Subcellular
Localization of YAP/TAZ/Smad Complexes. J Mol Biol.
2015;427:3407-15.

Ciriello G, Gatza ML, Beck AH, Wilkerson MD, Rhie SK, Pas-
tore A, et al. Comprehensive molecular portraits of invasive lob-
ular breast. Cancer Cell. 2015;163:506-19.

SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1968

S. Lefort et al.

29.

30.

31.

Bartucci M, Dattilo R, Moriconi C, Pagliuca A, Mottolese M,
Federici G, et al. TAZ is required for metastatic activity and
chemoresistance of breast cancer stem cells. Oncogene.
2015;34:681-90.

Shao DD, Xue W, Krall EB, Bhutkar A, Piccioni F, Wang X, et al.
KRAS and YAP1 converge to regulate EMT and tumor survival.
Cell. 2014;158:171-84.

Kapoor A, Yao W, Ying H, Hua S, Liewen A, Wang Q, et al.
Yapl activation enables bypass of oncogenic Kras addiction in
pancreatic cancer. Cell. 2014;158:185-97.

SPRINGER NATURE

32.

33.

34.

Ikediobi ON, Davies H, Bignell G, Edkins S, Stevens C, O’Meara
S, et al. Mutation analysis of 24 known cancer genes in the NCI-
60 cell line set. Mol Cancer Ther. 2006;5:2606—12.

Balani S, Nguyen LV, Eaves CJ. Modeling the process of human
tumorigenesis. Nat Commun. 2017;8:15422.

Kannan N, Nguyen LV, Makarem M, Dong Y, Shih K, Eirew P,
et al. Glutathione-dependent and -independent oxidative stress-
control mechanisms distinguish normal human mammary epi-
thelial cell subsets. Proc Natl Acad Sci USA. 2014;111:
7789-94.



	Initiation of human mammary cell tumorigenesis by mutant KRAS requires YAP inactivation
	Abstract
	Introduction
	Results
	YAP expression is downregulated in KRASG12D-transduced normal human mammary cells
	Initial KRASG12D-induced tumorigenesis requires YAP downregulation, but subsequent metastatic activity is promoted by YAP activation
	KRASG12D promotes YAP inactivation in primary human mammary cells by inducing secretion of AREG

	Discussion
	Materials and methods
	Cells and cultures
	Transduction and transfection
	Xenografts
	Immunohistochemical staining
	Western blot and densitometry analysis
	RNAseq data
	QRT-PCR
	Statistical analyses

	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




