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Abstract

Copy number gains, point mutations and epigenetic silencing events are increasingly observed in genes encoding elements
of the Ras/Raf/MEK/ERK signaling axis in human breast cancer. The three Raf kinases A-Raf, B-Raf, and Raf-1 have an
important role as gatekeepers in ERK pathway activation and are often dysregulated by somatic alterations of their genes or
by the aberrant activity of receptor tyrosine kinases (RTKs) and Ras-GTPases. B-Raf represents the most potent Raf isoform
and a critical effector downstream of RTKs and RAS proteins. Aberrant RTK signaling is mimicked by the polyoma middle
T antigen (PyMT), which activates various oncogenic signaling pathways, incl. the RAS/ERK axis, in a similar manner as
RTKSs in human breast cancer. Mammary epithelial cell directed expression of PyMT in mice by the MMTV-PyMT
transgene induces mammary hyperplasia progressing over adenoma to metastatic breast cancer with an almost complete
penetrance. To understand the functional role of B-Raf in this model for luminal type B breast cancer, we crossed MMTV-
PyMT mice with animals that either lack B-Raf expression in the mammary gland or express the signaling impaired B-
Raf*V¥A mutant. The AVKA mutation prevents phosphorylation of T599 and S602 in the B-Raf activation loop and thereby
activation of the kinase by upstream signals. We demonstrate for the first time that B-Raf expression and activation is
important for tumor initiation in vivo as well as for lung metastasis. Isogenic tumor cell lines generated from conditional
Braf knock-out or knock-in mice displayed a reduction in EGF-induced ERK pathway activity as well as in proliferation and
invasive growth in three-dimensional matrigel cultures. Our results suggest that B-Raf, which has been hardly studied in the
context of breast cancer, represents a critical effector of the PyMT oncoprotein and invite for an assessment of its functional
role in human breast cancer.
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Especially, its high heterogeneity makes it difficult to
identify common strategies to treat breast cancer [2]. Recent
genomic studies identified specific mutations and gene copy
aberrations as potential new therapeutic targets [1, 3]. In
addition to well-known genetically altered oncogenes and
tumor suppressors, e.g., TP53, RB1, BRCAI, EGFR, FGFR,
or MET, many lesser-known or in terms of breast cancer
lesser-characterized genes were found to be mutated or
amplified. Interestingly, many genes encoding members of
the Ras/Raf/MEK/ERK axis are amplified in breast cancer,
incl. BRAF in triple-negative tumors [1]. Moreover, a recent
study reported that 62% of poor prognosis luminal type B
breast cancers have inactivated either the DABZ2IP or
RASAL?2 tumor suppressor genes, whose products suppress
the activity of this axis by promoting GTP hydrolysis in
RAS proteins [4-6]. Concomitant loss of both RasGAPs
was even observed in a quarter of luminal B tumors, was
correlated with their aggressiveness and promoted invasion
and metastasis in breast cancer models [6].

As the Ras/Raf/MEK/ERK pathway is often deregulated
in various diseases, in particular cancer, its members are
already pursued as targets for therapeutic inhibition [7, 8].
These approaches, however, have been hampered by the
plasticity and robustness of this pathway mediated by the
various isoforms encoding the RAS, RAF MEK, and ERK
proteins and their intricate regulation by protein—protein
interaction events and feedback loops [7, 9]. The under-
estimation of pathway complexity is best illustrated by the
phenomenon of paradoxical MEK/ERK activation by inhi-
bitor bound or otherwise inactivated Raf molecules in the
context of excessive Ras signaling, thereby promoting drug
resistance and secondary neoplasia [10—14]. The Raf family
comprises three Ser/Thr-kinases: A-Raf, B-Raf, and Raf-1
(aka C-Raf) [15]. B-Raf represents the major MEK activator
and is necessary for placental development, as it is illu-
strated by the embryonic lethal phenotype of Braf knock-out
mice [16-19]. B-Raf also displays the most potent trans-
forming activity among the three Raf kinases and is acti-
vated by somatic alterations in cancer [20, 21]. The most
common mutation, the V60OE substitution, occurs in about
7% of tumors and imitates the conformational changes
mediated by phosphorylation of T599 and S602 in the
activation segment and thus generates a constitutively active
oncoprotein exempted from multiple layers of positive and
negative regulation [13, 22, 23]. Consequently, B-Raf has
emerged as a therapeutic target and inhibitors such as
vemurafenib yield unprecedented response rates in
BRAFY®E mutant melanoma and hairy cell leukemia [7].

As the genes encoding B-Raf or its upstream activators
such as Ras or receptor tyrosine kinases (RTK), e.g., the
EGFR or FGFR, are often amplified or activated in breast
cancer [1, 3, 5, 24], we asked whether B-Raf has a func-
tional role in breast cancer initiation and progression

in vivo. Therefore, we used a murine breast cancer model in
which the polyoma middle T (PyMT) antigen is expressed
in the mammary epithelium under the long-terminal repeat
(LTR) of the mouse mammary tumor virus (MMTV-PyMT)
[25]. This model is relevant to human breast cancer as the
PyMT oncoprotein employs the same signaling pathways as
the aforementioned RTKs, i.e., PI3K/AKT and RAS/ERK,
and represents a potent oncogenic driver in its own right [2,
26-30]. MMTV-LTR-driven PyMT expression directs
mammary epithelial cells towards a tumor phenotype
mimicking the poor prognosis luminal B subtype of human
breast cancer [29, 31]. PyMT induces multi-focal tumors
progressing from initial hyperplasia over adenocarcinoma to
invasive carcinoma with frequent lung metastases within an
immunocompetent animal [32, 33]. Interestingly, a recent
study demonstrated that the spontaneous metastasis of
PyMT-driven mammary tumors was not accompanied by
aneuploidy and copy number variations, further supporting
that activation of the aforementioned signaling pathways by
this viral oncoprotein is necessary and sufficient for full-
blown tumor progression, including metastasis [34]. In the
present study, we show that B-Raf activation represents a
driver of initiation and tumor growth in vivo and that loss of
B-Raf activity resulted in a drastic reduction of metastases
and improved overall survival.

Results

Specific deletion of B-Raf in mammary epithelial
cells impairs tumor progression and metastasis

To investigate the role of B-Raf in breast cancer, we
employed the MMTV-LTR-PyMT (PyMT)-driven model
that is characterized by multi-focal occurrence of mammary
carcinomas in multiple mammary glands and a high inci-
dence of lung metastasis [25]. Due to the embryonic leth-
ality caused by homozygous transmission of germ-line Braf
knock-out alleles [18], we crossed conditional Braf knock-
out mice (Braf’®t'2) [35] with the WAP-Cre deleter strain
[36]. This isogenic approach allows Cre-mediated excision
of the floxed exon 12, which is critical for both B-Raf
expression and function, from the Braf'locus in a mammary
epithelial cell-specific manner upon pregnancy (Fig. 1a).
Braf recombination and the subsequent loss of its protein
product in the tumor tissue were confirmed by genotyping
PCR (Fig. 1b) and immunohistochemistry (Fig. 1c and
Supplementary Figure 1), respectively. In homozygous
WAP-Cre;PyMT;Braf*F'#2E12 mice, B-Raf expression was
absent in cancer cells but not in the tumor stroma. It should
be noted that, even in case of a complete Cre-mediated
recombination within the tumor cell compartment, all other
cell types of the tumor microenvironment do not produce
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Fig. 1 Mammary gland specific knock-out of B-Raf leads to reduction
of breast tumor growth and impairs metastatic lung colonization. a
Crossing scheme to obtain PyMT expressing mice allowing WAP-Cre-
mediated inactivation of the Braflocus (AE12). Mammary specific Cre
activity and Braf knock-out (KO) was induced by pregnancy and
tumors were let grown until they reached the ethical endpoint. For
endpoint analysis, tumors and lungs were subjected to immunohis-
tochemistry. b Representative Braf genotyping results of tail and
tumor DNA for Cre positive homozygous and heterozygous floxE12
mice. ¢ Immunohistochemical staining for B-Raf in tumor tissue
confirms recombination of Braf locus on protein level. Bars indicate
same magnification of all section images. The red and yellow arrows
indicate tumor and stromal cells, respectively. d Average number of

Cre and hence retain B-Raf expression. This could explain
the faint and more prominent Braf®£’> PCR amplicons in
tumor 1 and 2, respectively (Fig. 1b). Alternatively and not
mutually exclusive to this scenario, individual tumor cell
subclones might have escaped Cre-mediated recombination,
as it has been described for other PyMT-driven tumor

models using MMTV-Cre [37, 38]. Indeed, closer

SPRINGER NATURE

tumors per mouse

micrometastases
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tumors per mouse at week 14 revealed a 50% reduction in KO animals
compared to WT (+/4: n=12; AE12/4+: n="7; AE12/AE12: n=35;
one-way ANOVA with post hoc testing; *p <0.05, **p<0.01). e
Homozygous Braf KO animals show a significant elongation of overall
survival defined as time until animals reach end-stage tumor burden
(+/+: n=15; AE12/+: n=9; AE12/AE12: n = 12; log-rank test; *p
<0.05; **p <0.01). f Quantification of lung micrometastases reveals a
significant protection of mice that lost B-Raf protein (+/+: n=6;
AE12/+: n=5; AE12/AE12: n =5; one-way ANOVA with post hoc
testing; *p <0.05). Note that animals that carry a floxed allele(s) but
lack a Cre transgene were also included in the plus/plus population as
they retain B-Raf expression. g Representative histology sections of
lungs of tumor bearing mice showing metastases (red arrows)

inspection of primary tumor tissue identified isolated pat-
ches of B-Raf positive tumor cells (Supplementary Figure
1). This finding is in agreement with previous reports
showing that the WAP-Cre deleter can generate genetic
mosaics [36, 39].

By comparing cohorts of PyMT transgenic mice with
heterozygous and homozygous deletion of Braf exon 12 in
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cancer cells with the Braf proficient control cohort (4/4),
we detected a significantly reduced frequency of tumors per
mouse formed in WAP-Cre;PyMT;Braf*t'*E12 animals
(Fig. 1d). Exon 12 deletion also caused a significant gene-
dosage dependent delay in the development of end-stage
tumor burden (Fig. le), and most importantly B-Raf defi-
ciency in mammary cancer and epithelial cells strongly
impaired the development of lung micrometastases (Fig. 1f,

g)-

B-Raf deletion impairs MEK/ERK signaling, cancer
cell growth, and cancer cell motility

To assess the consequences of B-Raf deficiency on ERK
pathway activity and cellular behavior, we isolated and
cultured cells from homozygous PyMT;BrqfoxE!2/loxEL2
tumors. After spontaneous outgrowth and immortalization,
tumor cells were infected with a tightly controlled dox-
ycycline (Dox) inducible retroviral expression system [40]
allowing conditional Cre expression (Fig. 2a). In two
independently generated cell lines, named Py-E-24 and Py-
E-18, treatment with Dox led to in vitro recombination of
the Braf locus (Fig. 2a and Supplementary Figure 2a). Four
days after induction of Cre expression, B-Raf levels were
strongly reduced as confirmed by Western blots (Fig. 2b
and Supplementary Figure 2b). EGF stimulation of one of
the floxE12 lines (Py-E-24) revealed impaired MEK and
ERK phosphorylation upon loss of B-Raf protein. Likewise,
we observed a reduction in the ERK-mediated phosphor-
ylation of c-Fos on S32, which has a critical role in the
stabilization of this transcription factor (Fig. 2b, c) [41].
These signaling defects could be confirmed in the additional
floxE12 cell line (Py-E-18) (Supplementary Figure 2b/c).
We further demonstrate that loss of B-Raf expression was
not associated by the compensatory upregulation of the two
other Raf family members, Raf-1 and A-Raf (Supplemen-
tary Figure 2e). In this independent experiment, we
demonstrated again a reduction in the levels of phos-
phorylated c-Fos and observed a reduction in the expression
of total c-Fos, FosB, and phospho-Fral in the B-Raf-
deficient population (Supplementary Figure 2f). The
reduction of phospho-Fral is of particular interest as a
recent paper demonstrated that this immediate early gene
product represents an excellent read-out for long-term per-
sistence effects of ERK signaling [42]. These data further
underscore that B-Raf deficiency impairs the ERK-mediated
immediate early gene response in PyMT-driven breast
cancer cells.

Commensurate with the mild but reproducible ERK
signaling defect in EGF-stimulated PyMT-driven breast
cancer cells, loss of B-Raf was also accompanied by a clear
reduction of colony growth in 2D cell culture and in
Matrige]™ 3D matrix model in Py-E-24 cells (Fig. 2d, e)

and, albeit to a lesser extent, in Py-E-18 cells (Supple-
mentary Figure 3a). Py-E-18 cells were also growth
impaired under anchorage-independent growth conditions
(Fig. 2f), suggesting that B-Raf contributes to the stress
resistance of PyMT cells.

In addition, deletion of B-Raf significantly impaired the
motility of both Py-E-24 and Py-E-18 in xCELLigence
in vitro migration assays (Fig. 2g and Supplementary Figure
3b). Py-E-18 cells, however, did not show this effect in a
wound healing assay (Supplementary Figure 4a) and in an
invasion assay (Supplementary Figure 4b). Moreover, in an
experiment using an independent PyMT-driven cell line, in
which we depleted B-Raf by shRNAs, we did not observe
an obvious effect on migration (Supplementary Figure 4d/
e). Taken together, our data suggest that the effects of B-Raf
deficiency on migration are dependent on the cellular con-
text and experimental setting. Nevertheless, our data so far
provide in vitro and in vivo evidence for B-Raf as an
enhancer of cancer progression and metastasis in the
MMTV-PyMT mouse model for luminal type B breast
cancer.

An intact B-Raf activation segment is required to
promote breast cancer progression and metastasis

Raf kinases act not only via their enzymatic function but
also as scaffolds and allosteric activators within signaling
complexes [15]. To assess whether B-Raf activity is
required to promote tumor initiation and progression in the
MMTV-PyMT model, we crossed the PyMT allele with
knock-in mice [23] constitutively expressing the signaling
impaired B-Raf*V¥* protein (Supplementary Figure 5). B-
Raf*VEA Jacks the two critical phosphorylation sites, T599
and S602, in its activation segment, whose phosphorylation
is promoted by active Ras and is required to induce the
active conformation of the Raf kinase domain [43—45]. As a
result, the B-Raf*VXA protein displays strongly impaired
kinase activity and reduces the signaling output of the ERK
pathway in vivo [23]. In contrast to Braf- deficient mice,
however, heterozygous and homozygous Braf*"®* animals
are viable, allowing their analysis in genetically engineered
murine tumor models. In regard to the present study,
homozygous Braf*"** females display no overt phenotype
in mammary gland development and lactation [23]. To
assess whether B-Raf*VXA modulates breast cancer devel-
opment, cohorts of PyMT;BrafWT and PyMT;Bra VKA mice
were monitored weekly by palpation to determine tumor
onset and growth. First tumors became detectable from
week 9 onwards. However, tumor penetrance was 100% in
PyMT;Braf"" animals at week 15, whereas homozygous
PyMT:Braf*"®* mice showed a longer latency with the
latest tumor onset at week 18 (Fig. 3a). This delayed tumor
onset was accompanied by a significant reduction in tumor
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number per animal in PyMT:Braf*"®* mice compared to
PyMT:Braf'" mice (Fig. 3b). This protection was not
observed in heterozygous mice, which displayed no
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significant change in tumor latency or number compared to
Braf"". These findings suggest a role of B-Raf activation
segment phosphorylation during tumor initiation. To
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<« Fig. 2 B-Raf-deficient tumor cells show decreased MAPK signaling
and proliferation. a Scheme to gain PyMT cell lines with floxed Braf
loci and containing a doxycycline (Dox)-regulated Cre expression
system as exemplified for the Braf™F'? allele. PyMT-positive
homozygous Brafﬂ”"E]Z mice were killed once average sized tumors
grew out. Afterwards, tumor cells were infected with the two-
component doxycycline inducible Cre expression system (pSHS582,
pSH461MK-EV/Cre) [40]. With this isogenic set-up, cells can be
compared in the same assay with or without B-Raf protein expression.
Representative Braf genotyping results from genomic DNA of floxE12
tumor cells containing the dox inducible Cre vector. The same primers
as in Fig. 1 were used. b The floxE12 PyMT (Py-E-24) cell line was
treated +Dox 4 days prior to the experiment. Cells were stimulated
with EGF (10 nM/ml) for the indicated time points and analyzed by
Western blotting. The detection of each protein of interest was per-
formed on the same gel but on non-contiguous lanes. Hence, con-
tiguous lanes were separated in the floxE12 and AE12 subpanels. ¢
Quantification of pMEK, pERK and pc-Fos levels at 5 min after EGF
stimulation (n =3, one-way ANOVA with post hoc testing, **p <
0.01, ***p<0.001). d Py-E-24 cells were grown in a clonogenic
proliferation assay. To this end, cells were treated +Dox 4 days prior to
the experiment. Afterwards, 500 cells were seeded per 6-well, grown
for 21 days and afterwards stained with GIEMSA solution (Roth,
Germany). e One thousand Py-E-24 cells were seeded in a 2% 3D
Matrigel matrix as described previously [55] and treated +Dox for Cre
activation. Afterwards, cells were grown for 8 days and proliferation
was assessed by microscopy. f Anchorage-independent growth assay.
Cells were treated with doxycycline for 2 days. Five days after
removing doxycycline, cells were plated either in normal 96-well
microplate or poly-HEMA-coated 96-wells microplate. Left: Repre-
sentative image of cells growing in poly-HEMA-coated plates. Right:
Metabolic activity assessed by XTT assay of cells treated with or
without Dox. Absorbance was measured 2 days after culture on normal
tissue culture control plates (Con) or poly-HEMA-treated wells.
Shown are two independent biological replicates carried out in octu-
plicates (Exp.1 and Exp.2). g Cellular migration of PyMT cells +Dox
analyzed by xCELLigence device and quantification of migrated cells
at 24 h (n =3, one-way ANOVA with post hoc testing, **p <0.01)

investigate the early stages of breast tumorigenesis, we
prepared mammary gland whole mounts of 7-week-old
PyMT mice in which no palpaple tumors are present (Fig.
3c). Staining of the ductal trees confirmed hyperplasia in all
glands. However, there were differences in quantity and
localization of the hyperplasia between different samples.
Some glands displayed local oligo-focal hyperplasia only at
the ductal roots, while others showed multi-focal out-
growths distributed over the whole ductal tree. In addition,
we defined an intermediate phenotype (Fig. 3c). When we
correlated the distribution of the different growth pheno-
types with the Braf genotype, we observed that glands with
multi-focal precursor lesions were absent in PyMT;Bra-
FIVKVAVEA animals, while the multi-focal growth pattern
prevailed in the control glands (Fig. 3c). Since multi-focal
carcinogenesis is typical for PyMT mice, the altered growth
pattern in PyMT;Braf*"*¥AVKA glands appears to be in line
with the delayed tumor onset and reduced incidence of
mammary cancers observed for this genotype. Because
PyMT acts upstream of RAS [28], and consequently also of
activation segment phosphorylation, our findings provide

evidence that full B-Raf activation is required for tumor
initiation.

Additionally, we observed a reduction in average
tumor size at the day of sacrifice in homozygous PyMT;
Braf*V*VKA mice compared to PyMT;Braf*”"" and het-
erozygous animals (Fig. 3d, e). Grouping of tumor
sizes into three different categories, small (<0.5 cm), inter-
mediate (0.5-1 cm) and large (>1 cm), revealed that PyMT;
Braf*V*¥AVKA mice mainly developed small and inter-
mediate tumors. In contrast, PyMT;BmeT/WT and hetero-
zygous mice show a significantly higher number of large
tumors (Fig. 3d). In addition, a summative tumor burden of
3 cm, which defines the end-stage of the tumor model, was
reached significantly later in PyMT;Braf*"*¥VAVKA mice
(Fig. 3f). Further, we quantified the presence of micro-
metastases in the lungs of PyMT;Braf**VAVKA  pPyMT;
Braf"™ T and heterozygous mice. Strikingly, we observed a
strong and significant reduction of number of metastasis in
PyMT;Braf*V*#AVEA mice (Fig. 3g, h). Taken together, the
homozygous Braf*"*AVK4 mutation causes smaller tumors
and less metastasis in the MMTV-PyMT breast cancer
model.

At this point, however, it is not resolved whether the
reduced tumor burden is determined by impaired tumor
initiation or if there is an additional defect in the growth of
established tumors. Furthermore, in the present experiment,
the Braf*"* allele was constitutively expressed in all cells
of the mouse. To achieve a cancer cell-specific expression
of B-Raf*VKA  we crossed Brafl”“"AVKA animals, which
maintain expression of wildtype B-Raf prior to Cre-
mediated recombination [23], with MMTV-PyMT mice
and the WAP-Cre deleter strain [36]. Upon pregnancy, the
floxed minigene ensuring the expression of wildtype B-Raf
is excised from the Braf’™Vk4 locus leading to mammary
epithelium specific expression of B-Raf*V¥* (Fig. 4a and
Supplementary Figure 5). Importantly, the numbers of
tumors per mouse (Fig. 4b) as well as of pulmonary
micrometastases (Fig. 4c, d) were significantly reduced
upon B-Raf*V¥% expression in mammary epithelial cells.
Strikingly, there was no difference in occurrence of end-
stage tumors in dependence of the B-Raf status (Fig. 4e),
indicating that cancer cell specific Braf*"** mutation pri-
marily impairs tumor and metastasis initiation.

Defective phosphorylation of the B-Raf activation
segment impairs MEK/ERK signaling and invasive
cell growth but not cancer cell motility

To assess the molecular mechanisms for the observed
in vivo effects, we isolated and cultured cells from homo-
zygous PyMT;Braf VKA tumors. After spontaneous out-
growth and immortalization, tumor cells were infected with
the aforementioned doxycycline (Dox) inducible Cre

SPRINGER NATURE
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expression system (Fig. 5a), allowing the switching from B-
RafVT to B-Raf*V* expression in vitro. Successful
recombination of the Brafi™AVKA alleles was confirmed by
genotyping PCR and subsequent sequencing of the PCR-
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product (Fig. 5b). Next, we asked whether this indepen-
dently generated isogenic PyMT-driven tumor cell model
would recapitulate the attenuated growth behavior observed
in the spontaneously arising tumors in the PyMT;Braf*Vk"
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<« Fig. 3 Impairment of B-Raf activity slows down tumor growth and

invasiveness. a Kaplan—-Meier graph showing results from weekly
tumor palpation. Compared to wildtype (WT) animals, Braf*V** mice
present a significant longer latency until palpable tumors become
detectable (+/+: n = 16; A/+: n=27; A/A: n = 16; log-rank test; *p
<0.05). b The average number of palpable tumors is significantly
reduced in mice with impaired B-Raf activity (+/+: n=15; A/+:n=
20; A/A: n = 12; one-way ANOVA with post hoc testing; **p <0.01).
¢ Exemplary whole mounts of mammary glands of 7-week-old mice
show three different stages of hyperplasia. Basic or primary hyper-
plasia is restricted to one local area, whereas extended hyperplasia
affects the whole ductal tree. Additionally, there is an intermediate
phenotype. Quantification showed that AVKA mice show mainly
primary restricted hyperplasia. WT and heterozygous mice addition-
ally display extended hyperplasia (+/+: n=8; A/+: n=7; A/lA: n=
5). Chi-square test was used for statistical analysis (¥*p<0.05). d
Composition of different tumor size per mouse at week 19 depending
on the genotype. Homozygous BrafWKA mice represent mainly very
small and medium sized tumors, whereas wildtype and heterozygous
mice display a greater proportion of very large tumors (4/4: n = 14;
A/+: n=19; A/A: n=11; chi-square test; **p <0.01). e Repre-
sentative images of mammary gland tumors of mice with different Braf
genotypes. Mice were killed at week 19, tumors and lungs were har-
vested and fixed in 4% PFA. Tumors of Braf*V** mice are smaller on
average and present less blood supply. White bar represents 0.45 cm. f
Kaplan—Meier showing a significant increase in overall survival of
AVKA mice compared to WT (+/+: n=7; A/A: n = 8§; log-rank test;
##%p < 0.001). g Quantification revealed in homozygous Braf*"*
mice a drastic reduction in number of micrometastases compared to
WT and heterozygous animals (+/4: n=5; A/+: n=15; A/A: n=6;
one-way ANOVA with post hoc testing; *p <0.05; **p<0.01). h
Representative histology sections of lungs of tumor-bearing mice and
quantification. Ki-67 (#M7249, DAKO, Germany) was used to
visualize proliferating tumor cells in the lung tissue

AVKA (Fig. 3a) and the PyMT;Braf/@AVKASloxAVKA Ny AP_Cre
models (Fig. 4). Therefore, we treated Py-A-45 cells either
with Dox in vitro (B-Raf*V¥4) or left them untreated (B-
Raf"T) and implanted them subsequently orthotopically
into the mammary fat pads of immunocompromised Rag2
_/_;yc_/_ mice (Table 1). In agreement with the PyMT;
Braf*V*AVKA and the PyMT; Bmfl‘”‘AVKA/ﬁ"XAVKA; WAP-Cre
models, we also observed an effect of B-Raf*Vk* expres-
sion on the growth of most individual tumors as 66.66% the
B-Raf™" expressing tumors caused the termination of the
experiment, while the B-Raf*VXA expressing tumors trig-
gered the killing in only 37.50% of the animals. Moreover,
six of the B-Raf*V®* inoculates did not grow at all, while
all B-Raf"T-expressing tumors engrafted successfully. This
suggests that B-Raf*VX" expressing tumors are intrinsically
impaired in their proliferative capacity in vivo and to
manifest tumors.

EGF stimulation of Dox-treated and untreated cells
revealed a slightly reduced MEK phosphorylation in the cells
expressing B-Raf with the phosphosite-deficient activation
segment (Fig. 5c, d). Like in B-Raf-deficient PyMT cells
(Supplementary Figure 2e), induction of B-Raf*VX* expres-
sion was not associated by the compensatory upregulation of
Raf-1 or A-Raf (Supplementary Figure 6a/b).

The ability of those cells to migrate was not different
from the control (Fig. 5e), but there was a striking reduction
in 3D colony growth and invasive strand formation in the
B-Raf*V¥A expressing cells (Fig. 5f).

In summary, the analysis of B-Raf*V¥A in the context of
the MMTV-PyMT breast cancer model provides evidence
that the phosphorylation of T599 and S602 in the B-Raf
activation segment primarily affects tumor initiation and the
invasive seeding capacity of cancer cells. In light of the data
for the constitutive Braf*V** knock-in (Fig. 3), there might
be also a contribution to tumor progression, which could
also be influenced by B-Raf functions in cells of the tumor
stroma. Comparing the selective, WAP-Cre-mediated dele-
tion of B-Raf (Fig. 1) and expression of B-RafAVkA (Fig. 4)
reveals that the main difference is the significantly delayed
occurrence of end-stage tumors in WAP-Cre;PyMT;
Braf*P'?2E12 mice, while there was no effect on this para-
meter in WAP-Cre;PyMT;BrafVKA/AVKA animals. In con-
trast, the number of tumors developing per mouse and the
number of metastases were reduced to a similar extent in
both models. This strengthens the evidence for a role in B-
Raf activation segment phosphorylation in early tumor
stages and metastatic seeding, while other capabilities of B-
Raf, such as its scaffold function in signaling complexes,
might determine its role in advanced primary cancer
growth.

Discussion

Despite all the advances in the breast cancer field, new
therapeutic targets are urgently needed for drug resistant
tumors [46]. Ras/ERK signaling is often deregulated in
breast cancer and elevated pERK levels have been described
to drive tumor progression [6, 47, 48]. However, RAS or
BRAF mutations themselves are rare in breast cancer and
therefore their prognostic importance is not understood yet
[1, 3, 49-51]. Thus, alternative mechanisms such as the
aforementioned BRAF amplifications in basal-like cancers
or the loss of RasGAPs, which is observed in about 62% of
luminal type B tumors [6], could contribute to increased
ERK activity. Moreover, B-Raf represents a main effector
of various RTKs and their effector proteins such as Gab2
and Shp2, which are often overexpressed or aberrantly
activated in breast cancer [2, 52, 53]. However, the role of
B-Raf in an in vivo breast cancer model has not been
characterized so far, although MDA-MB-231, one of the
most frequently used human breast cancer cell lines,
expresses the B-Raf®*®*V oncoprotein [54] and active Raf
proteins strongly impact on the acinar morphogenesis of
MCEF-10A cells [55-57]. Here, we show that B-Raf is
strongly involved in the initiation and lung metastasis of
PyMT-driven breast cancers in vivo. This is of particular
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Fig. 4 WAP-Cre BrafioAVkA a
show impaired tumor growth

and a reduction in lung

micrometastasis. a Crossing $
scheme to obtain PyMT-

expressing mice allowing WAP-
Cre-mediated knock-in of

Braf*V® into the Braf locus

(AVKA). WAP-Cre and PyMT 8
were transferred via the male
parent to avoid pregnancy-
induced Cre activity or tumor
growth in the breeding pairs.
Braf locus heterozygous animals
were used to generate littermates
with all Braf genotypes as
proper controls. Mammary-
specific Cre activity and Braf
knock-out (KO) was induced by
pregnancy and tumors were let
grown until they reached the
ethical endpoint. Mice were
killed, tumors and lungs were
harvested and fixed in 4% PFA.
b Average tumor number per
mouse showed significant
protection for homozygous mice d
(+/4+:n=17; Al+: n=06; A/A:
n=>5; one-way ANOVA with
post hoc testing; *p <0.05). ¢
Quantification of lung
micrometastasis reveals a drastic
reduction in metastasis in
homozygous AVKA mice.
Heterozygous mice show
intermediate phenotype with
partial protection. d
Representative histology
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interest given that PyMT recruits various pro-oncogenic
effectors and that activation of the PI3K pathway in parti-
cular has been traditionally implicated in luminal type
breast cancers and models thereof [26, 28]. However, our
observation that B-Raf deficiency impairs lung metastasis in
the MMTV-PyMT model ties in with recent observations
that MCF-10A cells become invasive by the concomitant
loss of the RasGAPs DAB2IP and RASAL?2 and that this
new trait required the ERK and PI3K effector pathways of
RAS [4-6]. Furthermore, recently performed sequencing
approaches in murine triple-negative breast cancer models
driven by the loss of Trp53, either singly or in combination
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with Brcal alterations, identified several oncogenic B-Raf
and Raf-1 fusion proteins as spontaneously arising drivers
[58]. Taken together, these data further illustrate the
importance of the ERK axis for various molecular subtypes
of breast cancer.

A striking finding of our study is that absence of either
B-Raf protein or activity impacts the lung metastasis
potential of PyMT-driven tumor cells. Considering the
various steps of the metastatic cascade [59], one could
envisage several mechanisms by which B-Raf promotes
lung metastasis. Although our data show that the absence of
B-Raf protein or activity impairs the migratory/invasive
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behavior in some but not all PyMT cell lines, we do not  experiments failed to show a contribution of B-Raf to lung
posit that B-Raf is a critical contributor to tumor cell traf-  colonization (Supplementary Figure 7). Our data showing
ficking in this context. Likewise, our tail vein injection  the influence of B-Raf on the proliferative potential of
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« Fig. 5 B-Raf impairment decreases MAPK signaling and invasiveness

in tumor cells. a Scheme to generate PyMT cell lines with floxed Braf
loci and containing a doxycycline (Dox)-regulated Cre expression
system as exemplified for the Braf®™“Vk4 allele. PyMT-positive
homozygous Brq, oxAVKA mice were eliminated once average sized
tumors grew out. Tumor cells were spontaneously immortalized as
described in Materials and methods and infected with the two-
component doxycycline inducible Cre expression system (pSH582,
pSH461MK-EV/Cre) [40]. b Sequencing results of isolated genomic
DNA before and after Dox-dependent induction of Cre recombinase in
Py-A-45 cells proofing successful exchange from WT sequence into
AVKA sequence. ¢ Py-A-45 cells +Dox stimulated with EGF for
indicated time points. Dox-treated cells presented knock-in of B-
Raf*VKA protein and a reduction of pMEK levels at peak level at 5 min
after stimulation. d Quantification of pMEK levels at 5 min EGF sti-
mulation (n = 3, one-way ANOVA with post hoc testing, *p <0.05). e
Cellular migration of PyMT cells +Dox analyzed by xCELLigence
device and quantification of migrated cells at 24 h (n = 3). f Py-A-45
cells were seeded in 3D Matrigel matrix and treated +Dox for Cre
activation. Expression of B-Raf*VE4 reduces cellular proliferation and
invasiveness

PyMT-driven breast cancer cells in vitro, also under
anchorage-independent conditions, and the requirement for
signaling competent B-Raf to promote the growth of
spontaneous tumors in the primary models and of orthoto-
pically implanted tumor cells rather suggest that B-Raf
accelerates the growth of primary tumors. Our data further
suggest that B-Raf contributes to the generation of “meta-
static seedlings” that are fit enough to survive the perils of
metastasis [59].

Genetic approaches have shown that Raf kinases, in parti-
cular, the Raf-1 isoform, also exert crucial non-catalytic
functions by serving as scaffold proteins [15, 60]. Moreover,
the embryonic lethal phenotype of Braf™™f’? mice sig-
nificantly differs from that of Braf®** animals [17, 61],
expressing catalytically inactive B-Raf, or that of the viable
Braf*"®* mice, expressing activation impaired B-Raf [23].
This Braf allele series suggests that B-Raf also exerts non-
catalytic functions, as it is also supported by the paradoxical
ability of tumor-associated kinase-dead B-Raf molecules to
activate the ERK pathway [10, 13, 62]. These data raise the
question whether B-Raf activity is also required for PyMT-
driven carcinogenesis. By using our unique in vivo model for
expression of a catalytically impaired B-Raf protein [23], we
clearly demonstrate that it is not only the B-Raf protein but
also its kinase activity that is crucially involved in the pro-
gression of mammary gland tumors. We could also show that
the impairment of B-Raf expression or activity leads to a
reduction in ERK pathway output. We further observed
decreased proliferation of PyMT cells and the loss of their
migratory potential and invasive protrusions in 3D cultures.
The latter two features, however, were strongly influenced by
the context of the individual PyMT cell line, which can be
explained by the natural heterogeneity displayed by PyMT-
driven tumors. Thus, in addition to our previous finding that
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Table 1 Py-A-45 cells harboring the inducible Cre expression system
were treated with dox for 2 day to induce conversion of the Braf*Vk4
into Braf*Vk4 alleles

Cage Mouse Inoculated Tumor size*

cell number

B-RafVT B-RafAVkA

1. Experiment 1 0 1x10* 15 0.8
1 1x10* 15 15
3 1x10* 15 0
2 0 1x10° 15 0
1 1x10° 0.3 15
2 1x10° 15 0.7
3 0 1x10? 15 0
2 1x10? 0.2 15
3 1x10? 15 0
4 0 1x10* 15 0
1 1x10? 15 0
3 1x10° 15 0.5
2. Experiment 5 0 1x10° 15 0.7
1 1x10° 15 0.2
3 1x10° 15 0.5
6 0 1x10° 13 15
1 1x10° 0.5 15
2 1x10° 1.3 15
7 0 1x10* 0.2 15
1 1x10* 04 15
3 1x10* 15 0.9
8 0 1x10° 15 0.7
1 1x10° 0.6 15
3 1x10* 15 0.9
Mean 12 0.81
SEM 0.10 0.13
Two-sided,  0.021
p-value

Subsequently, the cells were orthotopically implanted;' into the 4th fat
pad of Rag2™'~;y¢™~ mice. B-Raf" " and B-Raf*VK* expressing cells
were contralaterally injected into each mouse. Each mouse was
sacrificed as soon as one of the tumors reached the ethical endpoint of
1.5 cm diameter (marked in bold)

argest diameter (cm)

the AVKA mutation impairs oncogenic signaling by non-
V600E BRAF mutants [23], we demonstrate here for the first
time that blocking activation segment phosphorylation can be
used to dampen signaling by upstream acting oncoproteins
like PyMT in vivo. Interestingly, deletion of the murine Gab2
and Shp2/Pwpnll alleles, which act upstream of RAS and
RAF, also prolongs tumor-free survival in MMTV-NeuNT
and MMTV-PyMT mice, respectively, and therefore pheno-
copies the effects we have observed with loss or impairment of
B-Raf signaling [38, 53, 63]. In summary, our study highlights
the importance to further investigate Raf kinases, in particular
B-Raf, in breast cancer and points towards a novel druggable
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vulnerability of breast cancer cells to impairment of the Raf-
MAPK pathway. This might be of particular relevance as
MEK inhibitors are currently trialed in breast cancer
(NCT01467310, NCT01964924, and NCT02685657) and as
newer Raf inhibitors avoiding paradoxical ERK activation are
currently being developed with the hope that they could also
be employed in cells, which display aberrant B-Raf activity in
the absence of BRAF mutations [64, 65]. Such inhibitors,
either alone or in combination with MEK and ERK inhibitors,
might be particularly relevant for tumors with aberrant RAS
activity, e.g., caused by loss of RasGAPs or RTK mutation/
amplification, as no RAS inhibitors are clinically available so
far [66].

Materials and methods
Mouse strains

The generation and genotyping of Braf'®“VKA and Braf*Vk
mice was described previously [23]. Braf™!? mice were
kindly provided by Dr. Manuela Baccarini (Vienna) and
genotyped as described previously [18]. All mouse lines
were backcrossed onto a C57BL/6N background by at least
8 generations. MMTV-LTR-PyMT mice were maintained
on a C57BL/6N background in-house. WAP-Cre mice [36]
were kindly provided by Dr. Rolf Kemler (Max-Planck-
Institute for Immunobiology and Epigenetics, Freiburg) and
maintained on a C57BL/6N background. The WAP-Cre and
MMTV-PyMT transgenes were paternally transferred to
avoid pregnancy-induced Cre activity or tumor growth in
breeding females. Braf locus heterozygous animals were
used to generate littermates with all three Braf genotypes.

Animal procedures

Mice were bred and maintained in the animal facilities of
the University Medical Center Freiburg according to insti-
tutional guidelines. Animals were kept in specific pathogen-
free conditions, fed with standard diet and given access to
food and water ad libitum. Temperature in the animal
facility was 21-23 °C with a 45-60% humidity. A day/night
rhythm of 12h light and 12h darkness was maintained.
Experiments were carried out in accordance with the Ger-
man law for animal protection. All studies were approved
by the government commission for animal protection and
the local ethics committee (G-14/54). Investigators were
blinded for genotypes previous to data analysis. For trans-
plantation experiments, Rag2”' ;y¢c™'~ mice (BALB/C
background) lacking lymphocytes and NK cells were pur-
chased from the local stock of the animal facility at Freiburg
University Medical Center and housed in the specific
pathogen-free barrier facility of the University Medical

Center Freiburg in accordance with the institutional guide-
lines and approved by the local animal ethics committee (G-
15/23).

Tail vein transplantation

PyMT cells (1 x 10°) transduced with the pBabe luciferase
vector were intravenously injected into the tail vein of six to
twelve weeks old Rag2 ' “;y¢”~ mice. Bioluminescence
imaging (BLI) was performed as described recently [40].

Orthotopic transplantation

As described previously [67], immortalized PyMT tumor
cells were re-suspended in 25 ul phosphate buffered saline
(PBS) (Gibco, Carlsbad, CA, USA) mixed with an equal
volume of phenol-red free matrigel (Corning Lifesciences,
Corning, NY, USA), and transplanted into inguinal mam-
mary glands of female Rag2 ™' ;yc™'~ mice via 5 mm lateral
incisions. Tumor growth was monitored by palpation twice
a week until the largest tumor diameter reached 1.5 cm.

Whole mount mammary gland analysis

Glands were isolated and fixed in 4% paraformaldehyde
solution. Afterwards cells were washed in phosphate buf-
fered saline, stained with carmine red solution (2% carmine
red, 5% aluminum potassium sulfate) overnight and fat was
removed using xylene.

Immunohistochemistry

Immunohistochemistry (IHC) was performed as described
previously [68]. In brief, tissue was dehydrated via a
graded ethanol series, embedded into paraffin and sectioned
at 5Sum. The sections were processed and stained using
standard methods with the primary antibodies against B-Raf
H-145 (1:200, Santa Cruz SC-9002) and Ki-67 (1:200,
Dako M7248). Diaminobenzidine (DAB) solution was
incubated for 10 s before the sections were counterstained
with Mayer’s Hematoxylin.

Tissue culture, cell line isolation, and retroviral
transduction

Tumor tissue was digested in DMEM 5% Collagenase A
(Roche, Germany) and plated in in vitro cell culture dishes.
Cells were then cultivated in standard DMEM growth
medium (4.5 g/l glucose, 10% fetal calf serum (FCS), 2 mM
L-glutamine, 10 mM HEPES, 200 U/ml penicillin and
200 pg/ml streptomycin) until spontaneously immortalized
tumor cells grew out. Anchorage-independent growth was
assessed in poly-Hema-coated plates as described
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previously [13]. PyB6 313 cells were isolated from primary
tumors of 24 week-old female PyMT mice as previously
described [69] and were spontaneously immortalized by
keeping freshly isolated cells in culture for 6 weeks.
During this period, cells were split whenever 80% con-
fluency was surpassed. These cells were isolated from a
TgNMMTVPyVT)634-Mul/] mouse backcrossed to a
C57BL6/N background for 10 generations. For retroviral
transduction, Plat-E packaging cells were transfected as
described previously [13]. Three days after transfection,
Plat-E supernatant was filtered with a 0.22 um Millipore
filter, diluted 1:4 in DMEM-10% FBS, and complemented
with polybrene to a final concentration of 8 pg/ml to reduce
cell surface charges. 24 h before retroviral infection, cells
were plated in 10 cm dishes and selection was started 72 h
after infection (10 pg/ml Blasticidin S Hydrochlorid, Roth).

XTT assay

XTT assay (11465015001 Roche) was performed according
to the instruction by the manufacturer. Briefly, 20,000 cells
were seeded in 96-wells microplates with or without poly-
HEMA coating. One day after seeding, the medium was
removed and 100 pl fresh medium was added to each well.
Subsequently, 50 ul of XTT labeling mixture (50 ul XTT
labeling reagent and 1 pl electron coupling reagent) was
added to each well. The microplates were incubated at
37°C in a 5% CO, atmosphere for 24 h. Absorbance was
measured with an Infinite M200 plate reader (Tecan) at 490
nm and normalized to reference readings at 650 nm.

Cell migration

To monitor real time migration of primary tumor cells the
xCELLigence migration assay from ACEA Biosciences was
performed using CIM-Plates 16. As a chemo-attractant
within the lower chamber, growth medium containing 10%
FCS was used. Primary tumor cells were are added to the
upper chamber and allowed to migrate for up to 24 h. The
xCELLigence device was set to measure the resistance
at the membrane located between the two chambers every
15 min, resulting in a graph representing the migration of
analyzed cells.

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris/HCI, pH 7.4;
1% Triton X-100; 137mM NaCl; 1% glycerin; 1 mM
sodium orthovanadate; 0.5% sodium deoxycholate, 0.1%
sodium dodecylsulfate, 0.5 mM EDTA; 0.01 ug/ul leu-
peptin, 0.1 pg/ul aprotinin, 1 mM AEBSF). Lysates were
analyzed by Western blotting using 10% SDS-PAGE gels
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as described previously [23] using the following antibodies.
Anti-Raf-B (F-7 or H-145), anti-Fos (K-25), anti-Tubulin
(B-5-1-2), anti-Raf-1 (C-12), anti-A-Raf (C-20) and anti-
pan 14-3-3 (H8) were all purchased from Santa Cruz Bio-
technology, USA. Anti-phospho-c-Fos (pS32; D82C12),
anti-FosB (5G4), anti-phospho-Fral (S265; D22B1), anti-
HSP90 (#4874), anti-phospho-MEK1/2 (pS217/221), anti-
phospho-MEK1/2  (pS221), anti-MEK1/2, anti-p42/p44
MAPK, and anti-phospho-MAPK (pT202/pY204); (ERK1/
2 were all purchased from Cell Signaling Technologies,
USA). Anti-GAPDH antibodies were purchased from
Abcam (ab9484). Blotted proteins were visualized with a
Fusion Solo chemiluminescence reader and quantified using
FusionCapt software (Vilber Lourmat, Germany).

Plasmids

The two-component doxycycline inducible Cre expression
system was generated by subloning a Kozak optimized Cre
cDNA into pSH461MK-EV [40]. This vector was co-infected
with pSH582 encoding Dox-regulated transcriptional silencer
and transactivator proteins [40]. For generation of knockdown
plasmids, the following oligonucleotides encoding the specific
shRNAs in a miR-30 backbone were ordered from biomers.net
(Ulm, Germany): shBraf.627, 97-mer 5-TGCTGTTG
ACAGTGAGCGCCCCGCAAGATGTGGTGTTACATAG
TGAAGCCACAGATGTATGTAACACCACATCTTGCGG
GTTGCCTACTGCCTCGGA-3" and shLuc.1309, 97-mer 5’
-TGCTGTTGACAGTGAGCGCCCGCCTGAAGTCTCTG
ATTAATAGTGAAGCCACAGATGTATTAATCAGAGA
CTTCAGGCGGTTGCCTACTGCCTCGGA-3'. As descri-
bed previously [70], these 97-mers serve as PCR templates for
addition of Xhol and EcoRI restriction sites. With added
restriction sites, the oligomers were cloned into the dual color
PTREBAV retroviral vector. This plasmid is derived from
pTRMPV [71] and allows doxycycline inducible shRNA
expression. The non-silencing control plasmid pTREBAV-
BpuEI_shLuc.1309 was a kind gift from Cornelius Miething
(University Medical Centre Freiburg, Freiburg, Germany).

Statistical analysis

Quantitative data are presented as mean =+ SE. Pairwise
comparisons were performed by Student ¢ test (two-tailed),
respectively. When the data did not conform to a normal
distribution, the Mann—Whitney U test was utilized. Dif-
ferences in mouse survival (Kaplan—Meier survival curves)
were analyzed by log-rank test. Unless noted otherwise,
bar diagrams report the mean of three independent experi-
ments. A p-value of <0.05 was considered statistically sig-
nificant (****p <0.0001; ***p<0.001; **p<0.01; and
*p <0.05).
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