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ABSTRACT

Despite improvement of therapeutic treatments for breast cancer, the
development of brain metastases has become a major limitation to life expectancy
for many patients. Brain metastases show very commonly alterations in EGFR and
HER2 driven pathways, of which PTEN is an important regulator. Here, we analyzed
PTEN expression in 111 tissue samples of breast cancer brain metastases (BCBM).
Loss of PTEN was found in a substantial proportion of BCBM samples (48.6%) and
was significantly associated with triple-negative breast cancer (67.5%, p = 0.001)
and a shorter survival time after surgical resection of brain metastases (p = 0.048).
Overexpression of PTEN in brain-seeking MDA-MB-231 BR cells in vitro reduced
activation of the AKT pathway, notably by suppression of Aktl kinase activity.
Furthermore, the migration of MDA-MB-231 BR cells in vitro was promoted by
co-culturing with both astrocytes and microglial cells. Interestingly, when PTEN was
overexpressed the migration was significantly inhibited. Moreover, in an ex vivo
organotypic brain slice model, PTEN overexpression reduced invasion of tumor cells.
This was accompanied by reduced astrocyte activation that was mediated by autocrine
and paracrine activation of GM-CSF/ CSF2RA and AKT/ PTEN pathways. In conclusion,
loss of PTEN is frequently detected in triple-negative BCBM patients and associated
with poor prognosis. The findings of our functional studies suggest that PTEN loss
promotes a feedback loop between tumor cells and glial cells, which might contribute
to disease progression.

INTRODUCTION and-soil’ theory, introduced in 1889 by Paget, proposed
that metastatic tumor cells (“seed”) need to harbor

The molecular basis of organ-specific metastasis specific properties that enable them to interact with the
patterns is currently under intensive investigation but microenvironment at the metastatic site (“soil””) allowing
remains unclear for most parts. The so called ‘seed- their homing and outgrowth to metastases [1]. Brain
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parenchyma offers particular conditions to metastasizing
tumors cells due to both the blood-brain barrier and its
extremely specialized microenvironment. Importantly,
this microenvironment impedes tumor cell treatment as
the impermeability of the blood-brain barrier prevents
many drugs from entering the brain parenchyma and
other drugs are not well tolerated by the brain. Therefore,
the prognosis of cancer patients with brain metastases is
often extremely poor and there is an urgent clinical need
to deepen our understanding of factors leading to brain
metastasis formation.

There are different types of glial cells in the
brain, of which mainly two have been associated with
brain metastases, i.e. astrocytes and microglia [2]. Both
astrocytes and microglia are non-proliferative in normal
adult brain, but upon injury can be rapidly activated.
Active astrocytes express glial fibrillary acidic protein
(GFAP) and show conformational changes that can
lead to glial scar formation or gliosis [3]. In many
neuroinflammatory diseases such as Alzheimer's and
Parkinson's disease astrocytes have both an important
neurotoxic and neuroprotective role [2]. A similar role has
been suggested for the interaction of astrocytes with tumor
cells [2, 4-6]. Both microglia and astrocytes are known
to secrete a multitude of chemokines upon contact with
tumor cells and in experimental settings they have been
shown to enhance the colonization of tumor cells [7, 8].
Furthermore, in clinical samples it has been shown that
both astrocytes and microglia may accumulate outside
and inside the metastases with an impact on patient
outcome [9].

Breast cancer is a heterogeneous tumor entity
categorized into different molecular subtypes characterized
by variable disease progression, therapy response and
organotropism [8]. Luminal tumors are correlated with
positive hormone receptor status, a relatively good
prognosis and mainly bone metastases. HER2-positive
tumors harbor a high-level amplification of the HER2
gene, whereas the triple-negative or basal-like subtype is
associated with hormone receptor- and HER2-negative
status. Moreover, HER2-positive and triple-negative
tumors possess a higher risk of metastasizing to the brain
compared to luminal tumors [10]. Among triple-negative
breast tumors, brain metastases may occur early and
more frequently as the first site of relapse compared to
the other subtypes. Additionally, triple-negative brain
metastasis patients have the worst prognosis among
breast cancer subtypes, partially due to the absence of a
distinct molecular characterization that would facilitate
the use of targeted therapies. In general, the prognosis of
brain metastases is extremely poor; if left untreated the
median survival is only 1-2 months [8, 11]. Therefore,
the development of improved management strategies for
BCBM is an important clinical challenge.

We and others have shown the important role
of EGFR and HER2 signaling in breast cancer brain

metastasis (BCBM) formation [12, 13]. Alterations in
both epidermal growth factor receptor (EGFR) and/
or phosphatase and tensin homologue (PTEN) are
associated with the triple-negative subtype [12, 14].
Interestingly, highly aggressive primary brain tumor
glioblastomas are characterized by frequent EGFR and
PTEN alterations [15]. These findings suggest a role for
EGFR/PTEN alterations in driving cerebral colonization.
In this study, we aimed to elucidate the clinical and
functional role of PTEN specifically in BCBM. For
this purpose, we first assessed the clinical relevance of
PTEN expression in a large cohort of BCBM samples.
Furthermore, we overexpressed PTEN in the brain-
seeking basal breast cancer cell line MDA-MB-231 BR
and analyzed its effect in glial cell microenvironment.

RESULTS

Evaluation of PTEN expression and clinical
relevance in BCBM samples

PTEN protein expression was assessed by
immunohistochemistry in 111 BCBM cases out of 131
samples placed on the TMA (Figure 1A, 1B). Of these
samples, 48.6% were classified as PTEN negative
(Table 1). Loss of PTEN expression was significantly
associated with hormone receptor negative (57.6%;
p =0.001) and HER2 negative (83.7%; p = 0.003) BCBM
status. When these samples were classified into molecular
subtypes, 67.5% of all triple-negative brain metastases
samples were negative for PTEN, whereas only 29.3% of
HER?2 positive and 30.0% of hormone receptor positive
samples were negative for PTEN expression (p = 0.01).
Kaplan Meyer analysis identified loss of PTEN to be
significantly associated with a shorter survival time after
brain metastases resection (p = 0.048, Figure 1C).

Establishment of a PTEN inducible cell line and
measurements of Akt activation

EGFR and PTEN protein levels were analyzed in
different subclones of MDA-MB-231 triple-negative
breast cancer cell lines by immunoblotting (Figure 2A).
Parental MDA-MB-231 (WT) cells expressed the highest
amounts of PTEN and the lowest amounts of EGFR.
Bone- (SA) and brain-seeking (BR) lines showed reduced
PTEN protein expression compared to the parental cell
line, whereas EGFR protein levels showed an inverse
expression pattern. Differential expression in the
metastatic sublines compared to parental MDA-MB-231
cells suggest a potential relevance of PTEN loss and
EGFR overexpression in breast cancer metastasis.
MDA-MB-231 BR cells were selected to analyze
effects of PTEN overexpression on cellular processes in
context of brain microenvironment. To study effects of
elevated PTEN expression, MDA-MB-231 BR cells were
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Table 1: PTEN protein expression in brain metastases

PTEN pos. PTEN neg.
p-value
n % n %
All 57 514 54 48.6
Age at brain OP
<50 years 29 49.2 30 50.8 0.705
> 50 years 28 53.8 24 46.2
Hormone receptor®
positive 26 76.5 8 23.5 0.001
negative 28 42.4 38 57.6
HER2**
negative 8 16.3 41 83.7 0.003
positive 29 70.7 12 29.3
Subtype***
HR positive 14 70.0 6 30.0 0.001
HER?2 positive 29 70.7 12 29.3
TNBC 13 32.5 27 67.5

*information missing for 11 cases, **information for 21 cases; *** information missing for 30 cases.

transduced by lentiviral particles containing either the
PTEN coding sequence (pPTENiZs2puro™tTR") under
control of doxycycline response element (231BR/PTEN)
or empty vector (piZs2puro™tTR") (231BR/CTL).

To validate PTEN function in the established cell
lines, cells were treated with the EGFR ligand, EGF, known
to induce AKT phosphorylation at Serine 473 (S473) [16].
Following stimulation, AKT activation was detected in
parental (WT) and control (231BR/CTL) cells but activation
was significantly diminished in PTEN overexpressing MDA-
MB-231-BR (231BR/PTEN) cells (Figure 2B). Accordingly,
PTEN overexpression in MDA-MB-231 BR cells lead to
reduced EGFR/HER?2 pathway activation as indicated by
diminished phosphorylation of AKT proteins. Conversely,
no effect on ERK/MAPK signaling could be detected by
either EGF treatment or PTEN overexpression in this cell
line (Figures 2B and Supplementary Figure S1A).

To assess whether a particular AKT isoform is
activated in the brain seeking MDA-MB-231 BR subline
and is repressed when PTEN is overexpressed, in vitro
kinase assays specific for individual AKT isoforms were
performed. Both cell lines express all three AKT isoforms
i.e. Aktl, Akt2 and Akt3 (Figure 3). Measurement of the
AKT isoform activities revealed that, Aktl activity, but
not Akt2 or Akt3 activity, was increased in the subline
(Figure 3). Expression of PTEN in the MDAMB-231BR
subline reduced the activity of Aktl to the level observed
in the less aggressive MDA-MB-231 WT cells (Figure 3).
These data indicate that the observed activation of AKT
in the brain seeking subline is due to an isoform specific
activation of the Aktl isoform and that this activation can
be reversed by expression of PTEN in these cells.

Effects of glial cells on tumor cell proliferation
in vitro

Previously, we demonstrated that tumor cells influence
the proliferation of macrophages and can partially rescue
the inhibition of essential growth factors [16] as well as
microglia and astrocytes could enhance the aggressiveness
of tumor cells via secreted factors and vesicles [4, 17].
Regarding the previous observations, we analyzed the
influence of PTEN in this signaling loop. Since PTEN
dependent signaling is known to regulate cellular processes
like tumor cell growth, we analyzed the proliferation of
231BR/CTL and 231BR/PTEN in the context of brain
microenvironment. Therefore, we treated 231BR/CTL and
231BR/PTEN cells with conditioned media (CM) from
activated astro- or microglia cultures. CM was produced
through activating astrocytes either by co-culturing them
in the presence of the tumor cells (CM: A 231BR) or by
treatment with IFNy and TNFa (CM: A IFNy + TNFa), two
agents known to activate astrocytes [18].

MTT assays revealed a significantly diminished
proliferation of both 231BR/CTL and 231BR/PTEN (ratio
0.56 and 0.50) cells when cultured in CM from IFNy-
and TNFa-activated astrocytes compared to CM from
astrocytes cultured in standard media (p < 0.05; Figure 4A).
In contrast, no anti-proliferative effects could be detected
in cultures with CM from co-cultured astrocytes and
tumor cells (ratio 231BR/CTL: 0.88, 231BR/PTEN: 0.81).
Thus, proliferation of tumor cells independent of PTEN
status was significantly reduced in the presence of IFNy-
and TNFa-activated astrocyte-CM compared to normal
culture media or to CM from co-cultures of astrocytes with
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tumor cells (231BR/CTL and 231BR/PTEN: p < 0.001).
In both settings PTEN overexpression caused a small but
significant reduction of proliferation (Figure 4A, p <0.05).

CM from microglia was produced similarly by
co-culturing microglial cells with 231BR/CTL or 231BR/
PTEN cells (CM: 231BR) or by treating them with IFNy
and TNFa (CM: MG IFNy + TNFa) or TGFB1 for 72 h
(CM: MG IFNy + TNFa). Interestingly, proliferation
of both tumor cell lines was significantly reduced when
cultured in CM of IFNy- and TNFa-activated microglia
(p <0.001, ratios 0.51 and 0.49), but not by TGFp1-treated
microglial CM (Figure 4B, ratios 0.98 and 1.05). Similarly
to astrocytes, no such effect could be detected in cultures
with CM from co-cultured microglia and tumor cells
(ratio 1.03 and 1.06). PTEN expression had no effect on
the proliferation of tumor cells in these coculture settings.

Effects of glial cells on tumor cell migration in vitro

To assess whether PTEN expression is connected
with migratory behavior of breast tumor cells, Boyden
chamber assays with 231BR/CTL and 231BR/PTEN cells
were performed by using EGF-supplemented DMEM or
DMEM in the presence of astrocyte or microglia cells as
chemoattractants. Astrocytes or microglia were seeded in
24-well plates 72 h prior to seeding 231BR/CTL or 231BR/
PTEN cells into transwell inserts. Migration rate was
determined by counting migrated cells from the lower part
of the insert 20 h after seeding of tumor cells. The Boyden
chamber assay revealed that tumor cells do not migrate
without a chemoattractant but can be highly mobilized
by EGF (Figure 5A). Furthermore, PTEN overexpression
reduced significantly the migratory capacity (Figure 5A, all
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Figure 1: PTEN protein expression in BCBM samples. (A) PTEN negative BCBM sample with PTEN positive stromal cells
(B) Strong positive PTEN immunohistochemical staining results of a BCBM sample in both the cytoplasm and tumor nucleus (C) Positive
PTEN staining of the cytoplasm. (D) Kaplan—Meier survival analysis of PTEN expression in BCBM samples. Survival differences were

analyzed by log rank test.
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p <0.001). Indirect co-cultures of both astrocytes as well
as microglia also induced tumor cell migration comparable
to EGF-treated media. Furthermore, once again migratory
capacity of MDA-MB-231 BR cells was shown to be
dependent on PTEN expression under both conditions, i.e.
using either microglia or astrocytes as chemoattractants
(Figure 5B and 5C, all p <0.001).

Effects of PTEN overexpression on tumor cell
brain invasion

To get further insight into the dynamic interactions
between PTEN overexpressing tumor cells and brain
microenvironment, we performed ex vivo organotypic
brain slice co-culture experiments [19]. In this setting,
fresh brain sections of 6—8 day old mice were co-cultured
with a spheroid of extracellular matrix embedded
ZsGreen-expressing tumors cells for 96 h. Invasion was
estimated in 45 and 47 brain sections for both 231BR/CTL
and 231BR/PTEN cells, respectively. Astrocytes were
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stained with GFAP and visualized with TRITC antibodies.
Visualization of microglia was performed by fluorescence
dye-conjugated ILB4-Alexa Fluor 647.

Evaluation of the organotypic brain slice co-cultures
revealed that 231BR/PTEN cells possess a significantly
reduced invasion capacity compared with 231BR/CTL cells
(» <0.001) (Figure SD-5E). Furthermore, both astrocytes
as well as microglia interacted directly with the tumor cells
(Figure 6A—6C). As previously demonstrated, microglial
cells enter the 3D-tumor cell spheroid and interact with
the tumor cells with different consequences [4, 7]. For
example, inhibition of CXCR4 reduced the microglial
chemotaxis towards the tumor cells. However, the PTEN
modification of the tumor cells demonstrated no influence
on the chemotaxis and interaction with the tumor cells with
the microglia (data not shown). In contrast to microglia,
the PTEN modification influenced the interaction between
the astrocytes and tumor cells. We also previously
demonstrated that astrocytes interact with tumor cells via
long protrusions in the 3D tumor plug. We indicated this

no stimulation EGF stimulation

PETKI2 | o S o s
(T202/T204)

panErk1/2 | g D D S

PTEN - -

o
°
I

HSC70 | s amp s qup =

n.s ¥k
* | I * I
G-
- @,
o 5
) = & 7
L d
/ X
e / T
a 19
/ > T od //’ :
& q«‘\ R & <&
&
< @é
no stimulation EGF stimulation
n.s n.s
n.s.(p=0,06)! I Iﬁ** I
3.5+
3.04
” 5

5 L

1.04

/A
rel PTEN [WB signal]
N
o

N
N\
7

Figure 2: EGFR and PTEN expression in basal breast cancer cell lines. (A) Inmunoblot analysis of EGFR and PTEN in parental
MDA-MB-231 (WT), its bone- (SA) as well as brain-seeking (BR) sublines and MDA-MB-468 (EGFR-amplified) cells. Protein levels of
whole cell lysates were visualized by EGFR- and PTEN-specific antibodies. HSC-70 served as loading control (B) Immunoblot analysis
of different PTEN pathway members in parental MDA-MB-231 (WT) cell line, brain-seeking (BR) sublines with either empty vector
control (BR/CTL) or PTEN overexpression (BR/PTEN). Protein levels of whole cell lysates treated with 20 nM EGF (+) were compared
to untreated cells (-) and visualized by antibodies specific for phosphorylated AKT (pAKT S473), total AKT (panAKT), phosphorylated
Erk1/2 (pErk1/2 T202/T204), and total Erk1/2 (panErk1/2) and PTEN. HSC70 served as loading control. (C) Quantification of the pAKT
S473 and (D) PTEN expression (both triplicate experiments) before and after EGF treatment. Samples were normalized to the corresponding

HSC70 expression (Bars: SD. n.s.: not significant, *p < 0,05).
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Figure 3: AKT isoform specific in vitro kinase assays. AKT isoform specific kinase activity in parental MDA-MB-231 (WT) cells,
its brain seeking (BR) subline cells and PTEN overexpressing MDA-MB-231 BR cells (BR/PTEN) was analyzed by immunoprecipitation
of AKT isoforms followed by incubation with AKT substrate GSK3a/p fusion protein. Phosphorylation at S9/21 was detected by Western
blot analysis. Relative AKT isoform activity was quantified from Western blot analysis of triplicates, normalized to the corresponding
mouse IgG level for sample correction.
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Figure 4: Effects of glial cell conditioned media on MDA-MB-231 BR cell proliferation. (A) Control (CTL) and PTEN
overexpressing MDA-MB-231 BR cells (PTEN) were cultured for 96 h in 96-well plates in conditioned media of astrocytes treated with
20 nM TNFa and 20 nM IFNy (A TNFa + IFNy) or in media from astrocytes cocultured with tumor cells (A 231BR). Proliferation was
estimated using MTT assay approach and a ratio was calculated against tumor cells grown in conditioned media of astrocyte single cultures.
(B) Same procedure was used to determine proliferation rate of CTL and PTEN cells cultured in conditioned media of microglia treated
with 20 nmol TNFa and 20 nmol IFNy (MG TNFa + IFNy), 20 nmol TGFB1 (MG TGF1) or cocultured with tumor cells (A 231BR)
against conditioned media of microglia single coculture. *p < 0.05, ***p < 0.001.
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interaction as a criterium for activating astrocytes against Effect of PTEN expression on cytokine

tumor cells [4]. Interestingly, the length of astrocytes expression and secretion
protrusions was significantly decreased in 231BR/PTEN
co-cultures compared to co-cultures with 231BR/CTL Organotypic brain slice co-cultures showed a close
cells (Figure 6D-6F, p < 0,001), indicating that the interaction betwen glial species and tumor cells, indicating
231BR/PTEN tumor cells have a reduced activation status that a crosstalk between host and tumor cells takes place.
compared to 231BR/CTL. A recent study on glioblastomas To confirm the above described results and to investigate
indicated that many glioma cells extend ultra-long the role of PTEN in this process, we performed a Proteome
membrane protrusions, and use these microtubes as routes Profiler™ Antibody Array. Supernatants from 48 h co-
for brain invasion [20]. cultures of astrocytes or microglia with 231BR/CTL

The neuronal growth-associated protein 43 (Gap43) or 231BR/PTEN were incubated on antibody-spotted
was shown to be a key component of this microtube membranes of the Human XL Cytokine Array. Several
formation and tumour cell invasion and proliferation [20]. cytokines were found to be differentially expressed
We also investigated the Gap43 expression in both the between astrocyte co-cultures with 231BR/CTL and
tumor cells and astrocytes when either grown alone or in 231BR/PTEN (Figure 7A and Supplementary Figure S2).
co-culture. Interestingly, the tumor cells did not express Aggrecan (ACAN) was the only factor with increased
Gap43 when cultured alone but the expression was highly expression in co-cultures of astrocyte and 231BR/PTEN
induced by astrocytes. In astrocytes basal levels of Gap43 cells compared to 231BR/CTL co-cultures, whereas
expression were slightly elevated when grown in the co- expression of angiopoietin 2 (ANGPT?2), brain-derived
culture setting. PTEN did not, however, seem to play a neurotopic factor (BDNF), growth differentiation factor
role in this activation process (Supplementary Figure S1B) 15 (GDF15), EGF, cluster of differentiation 14 (CD14),
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Figure 5: Effects of PTEN overexpression on migratory and invasion capacity. (A) Migration of control (CTL) and PTEN
overexpressing MDA-MB-231 BR cells (PTEN) seeded in transwell inserts was evaluated in 24-well plates using standard DMEM compared
to DMEM supplemented with 20 nM EGF as chemoattractant. Additionally, astro- (B) or microglia (C) were used as chemoattractant and
migration was compared against DMEM (untreated). Migrated cells on the bottom site of the insert were counted after 20 h incubation.
Invasion was determined in organotypic brain slice cocultures of 6—8 day old mice and ZsGreen-positive (green) control (D) or PTEN
overexpressing MDA-MB-231 BR cells (E) Cocultures were incubated for 96 h and double-stained against GFAP (astrocytes in red) as
well as ILB4 (microglia in purple). The contact section between brain slice and tumor spheroid is visualized as a broken line. Scale bars
represent 50 um (E, F) The degree of tumor invasion was based on the following scoring system (0 = no cells; + <1/3; ++ = 1/3 - 2/3;
+++ > 2/3 invaded cells) relating to the fraction of contact section being invaded (F) Invasion was calculated of control (CTL) and PTEN
overexpressing MDA-MB-231 BR cells (PTEN) in 45 and 47 brain slices. Student’s #-test was used to analyze statistical significance.
**p <0.01, **¥*p <0.001.
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interleukin 17A (IL17A), colony-stimulating factor 2
(CSF2) and basigin (BSG) was decreased in this setting.
Interestingly, fewer differentially expressed factors
were found in microglia co-cultures, (Figure 7B, and
Supplementary Figure S2) which may explain the the
stronger effects on astrocyte protrusion compared to the
microglia migration observed in the organotypic co-culture.
Expression of IL17A was decreased in 231BR/PTEN
co-culture with microglia in a similar manner as with
astrocytes. Additionally, vascular growth factor (VEGF),
insulin-like growth factor-binding protein 2 (IGFBP2),
and thrombospondin 1 (THSBI1) expression was also
reduced when microglia were co-cultured with PTEN
overexpressing cells (Figure 7B). In summary, 231BR/
PTEN cells showed reduced secretion of specific cytokine
when co-cultured with either astrocytes or microglia.

To verify these results, we performed qPCR
analyses and found only GM-CSF (CSF2) and EGF
expression to be reduced in PTEN overexpressing cells
(231BR/PTEN) compared to control cells (231BR/CTL)
when co-cultured with astrocytes (Figure 7C all p <0.05).
Interestingly, the receptor for CSF2, CSF2RA, was
not expressed on astrocytes in single culture but was
significantly up-regulated when co-cultured with
tumor cells. Activation of CSF2RA expression was
PTEN-dependent (Figure 7C p < 0.05). When tumor cells
were co-cultured with microglia, VEGFA secretion was

Tumor plug

Tumor plug

reduced in 231BR/PTEN cells compared to 231BR/CTL
cells (Figure 7C, p < 0.05).

DISCUSSION

Distant metastasis formation is a multistep process,
usually referred to as the metastatic cascade, including
complex interactions between resident and tumor cells
at all stages of the cascade [21]. Animal studies have
shown that only a very minute percentage of tumor cells
are capable of undergoing all these steps successfully
and several studies have shown that outgrowth of tumor
cells at distant sites is the most likely rate-limiting step
in metastasis [22, 23]. Here, we describe the vital role of
the tumor suppressor gene PTEN in the crosstalk between
residential brain cells and tumor cells, which leads to rapid
disease progression among patients with loss of PTEN.

In previous studies, we showed that EGFR- and
HER2-driven pathways are frequently altered in brain
metastases of breast cancer patients [12]. Here, we analyzed
PTEN expression in a larger study population of brain
metastases and showed that loss of PTEN is significantly
associated with triple-negative breast cancer subtype and
a shorter survival time after brain metastases resection.
Recently Zhang et al., [24] described that PTEN expression
in brain metastases can be specifically downregulated by
specific microRNAs from astrocytes. This adaptive PTEN

astrocyte protrusions [pm]

CTL PTEN

Figure 6: Interaction of tumor cells with brain microenvironment. Control (A) as well as PTEN overexpressing (B) MDA-
MB-231 BR cells interacted directly with both astro- (A and B) and microglia (C) in organotypic brain slice cocultures. Astrocyte built
significantly longer protrusions in control cells culture (D) compared to coculture with PTEN overexpressing MDA-MB-231 BR cells
(E) MDA-MB-231 BR cells expressed Zsgreen (green), astrocytes were stained against GFAP (red) and microglia very visualized by ILB4
staining (purple). Scale bars represent 50 pm. Kruskal-Wallis test was used to analyze statistical significance (F) ***p < 0.001.
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loss enhanced to outgrowth of the brain metastatic tumor
cells. In order to address the functional role of PTEN in
brain metastases formation and interaction with the brain
microenvironment further, we overexpressed PTEN in the
triple-negative breast cancer cell line MDA-MB-231 BR.
The BR cell line was established from the parental MDA-
MD-231 cell line following serial in vivo passaging to the
brain [25]. We observed an increased activation of the AKT
pathway in this brain seeking MDA-MB231BR subline.
The AKT family consists of three members, Aktl, Akt2
and Akt3, which are closely related and highly conserved.
Several studies have shown that the different functional
isoforms have specific roles in regulating proliferation,
apoptosis and migration in human cancer cells [26-28].
Interestingly, we identified Aktl as the main activated
AKT isoform in MDA-MB231BR cells. As expected,
overexpression of PTEN in the MDA-MB-231 BR cells
reduced AKT pathway activation, which was due to
reduced Aktl activity. Downregulation of Aktl has been
associated with reduced proliferation in a variety of cancer
cells including cholangiocarcinoma cells [29], suggesting
an important role of Aktl in cancer cell proliferation. Our
results suggest a specific role of Aktl activation in breast
cancer brain metastases due to a loss of PTEN.
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Recent studies documented an intensive reciprocal
crosstalk between tumor cells and resident brain cells that
principally determines the survival of a tumor cell and it’s
outgrowth as a macrometastasis in the brain [4, 8, 30].
Our results also showed, irrespective of the negative
astrocyte effect on cancer cell proliferation, interaction
of glial cells with tumor cells induces a more aggressive
phenotype, as indicated by increased migration and
invasion. Interestingly, tumor cell proliferation was also
inhibited when grown in CM from microglia treated with
IFNy and TNFa, whereas CM from microglia treated
with TGFB1 had no effect on tumor cell proliferation. As
microglia treated by IFNy and TNFa supposedly represent
a population of M1 activated microglia and TGFp1 treated
cells a subpopulation of M2 activated microglia, the tumor
cells in our experimental system seem to shift microglia
towards a more M2-like phenotype [31]. The inhibitory
effect on proliferation was more pronounced in PTEN
overexpressing cells when co-cultured with astrocytes
whereas no such effect was seen for microglia.

Both glial cells can highly activate MDA-MB-231
BR tumor cell migration in a similar manner as EGF
stimulation. Both astro- and microglia similarly activated
parental BR tumor cells, but migration of tumor cells
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-
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Figure 7: Effects of glial cell cocultures on cytokine secretion. Control and PTEN overexpressing MDA-MB-231 BR cells were
seeded in transwell inserts and cocultured for 48 h with astrocytes (A) or microglia (B). Antibody-spotted membranes were incubated with
conditioned media of these cultures and levels of secreted proteins were visualized by HRP-conjugated antibodies. Proteins with a more than
2-fold expression difference are shown by open boxes. Results were verified by qPCR analyses (C). Astrocyte coculture reduced EGF and
GM-CSF expression significantly in PTEN overexpressing (PTEN CoA) compared to control cells (CTL CoA, C). Astrocytes express the GM-
CSF receptor (CSFR2A) only when cocultured with tumor cells. Microglia coculture reduced VEGFA expression in PTEN overexpressing
(PTEN CoMG) compared to control cells (CTL CoMQG). Student’s #-test was used to analyze statistical significance. *p < 0.05.
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was almost completely abolished when PTEN was
overexpressed. The ex vivo organotypic brain experiments
showed similar results. PTEN overexpressing cells
possessed a significantly reduced capacity for invasion
compared to the parental cell line. Furthermore, whereas
both astro- as well as microglia interacted directly with the
tumor cells in the 3D tumor plug, PTEN overexpression
induced a lesser degree of astrocyte activation as indicated
by the reduced length of the astrocytes in comparison to the
parental tumor cell line. Interestingly, and more recently,
Osswald et al. (2015) showed that many tumor cells in
astrocytomas extend ultra-long membrane protrusions
using these tumor microtubes as routes for brain invasion
[20]. Gap43 and connexin 43 expression was shown to
be important for the microtube formation, and to drive
tumour cell invasion and proliferation [20]. Also in lung
and breast cancer brain metastases, carcinoma-astrocyte
gap junctions composed of connexin 43 were recently
shown to promote brain metastasis formation [32].
Interestingly, in our study, both astrocytes as well as tumor
cells upregulated the Gap43 expression when co-cultured
together. Gap43 expression was, however, not dependent
on PTEN expression. In line with this, we demonstrated
that the astrocyte protrusions could also serve as guidance
structures for the invading carcinoma cells if they fail to
induce apoptosis in the cancer cells. This guidance could
be controlled by a direct crosstalk between the astrocytes
and cancer cells.

In regard to our previous results and the description
of an intense PTEN-dependent crosstalk between tumor
and astrocytes [24], we decided to investigate which
cytokines and chemokines are capable of mediating
these processes. Interestingly, astrocytes seemed to
induce a larger PTEN-dependent chemokine activation
than microglia. This could partially depend on the
nature of the glial cells used. Whereas the astrocytes
were primary cells, the microglia cell line is an SV40
large T antigen immortalized embryonic cell line and
thus may not be activated as primary adult cells [33].
Among the PTEN-regulated chemo- and cytokines we
verified differential expression of CSF2 (also known
as GM-CSF), EGF and VEGFA by tumor cells. EGF
is well-known for its ability to enhance the invasion of
tumor cells, while CSF1/2 are able to recruit stromal
cells, such as macrophages, to the tumor cells [34]. We
found elevated levels of CSF2 expression in parental BR
cell lines compared to PTEN-overexpressing cells. This
overexpression lead to activation of the CSF2RA receptor
in astrocytes when tumor cells were co-cultured with
astrocytes. Furthermore, activation of the receptor was
shown to be dependent on PTEN expression in tumor
cells. GM-CSF is a cytokine that was originally described
as a factor stimulating growth and differentiation of
hematopoietic precursor cells. However, GM-CSF
expression has also lately been detected on tumor cells
and high levels of GM-CSF has been associated with poor

survival in breast cancer [35]. Remarkably, in glioma cells
knockdown of GM-CSF reduced microglia-dependent
invasion and intracranial growth of glioma cells [36].
Moreover, GM-CSF has also been shown to activate the
PI3K pathway [37]. Interestingly, whole genome analysis
of brain metastasis of different tumor types demonstrated
a significant gain of PI3K mutations in brain metastasis
compared to the primary tumors [38], suggesting an
important role for active PI3K/AKT signaling in adaption
of tumor cells to the brain microenvironment. Thus, GM-
CSF expression has not only an autocrine function in
tumor cells but also important paracrine functions that can
be counteracted by PTEN. GM-CSF seems to trigger or
drive activation of tumor-associated astrocytes, supporting
tumor growth, migration and invasion of breast cancer
cells when the PI3K pathway is activated. Of course, other
factors such as VEGF and EGF also play an important role
in these processes.

In conclusion, several studies have shown the
importance of crosstalk between residential brain cells
such as glial cells and tumor cells [8]. Here, we describe
the vital role of the tumor suppressor gene PTEN in these
processes. In clinical BCBM specimens, we showed that
loss of PTEN is significantly associated with both a triple-
negative subtype and worse prognosis. Furthermore,
upregulation of PTEN in a triple-negative breast cancer
cell line lead to reduced migration and invasion to the
brain, which was highly dependent on the crosstalk
between tumor and glial cells, mediated by autocrine
and paracrine activation of GM-CSF/ CSF2RA and
AKT/ PTEN pathway on both astrocytes and tumor cells.

MATERIALS AND METHODS

Patient material

A tissue microarrays (TMAs) comprising of n = 131
formalin-fixed and paraffin-embedded (FFPE) BCBM
tissue samples was processed as described by Harter
et al. [39]. All tumor specimens were collected at the
Institute of Neuropathology, University Medical Center
Hamburg Eppendorf, Germany. Approval for this study
was obtained from the local ethical committee (project
number: MC-267/13) and have been performed in
accordance with the ethical standards laid down in an
appropriate version of the 1964 Declaration of Helsinki.
Altogether 111 samples were analyzable for PTEN and
follow-up survival data of 45 patients (survival time after
tumor resection) was available.

Immunohistochemistry

Immunohistochemistry for PTEN was performed
using 4 um thick slides and standard protocols as described
earlier [12]. For immunohistochemical staining of PTEN,
antigen retrieval was performed in sodium citrate buffer
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(Biogenex, Hamburg, Germany) followed by incubation
with a PTEN antibody overnight at 4°C (1:50, 138G6;
Cell Signaling Technology, Danvers, MA) and Dako
REAL Detection System (Dako). Cytoplasmic staining
was scored as negative expression (0), low expression (1),
or high expression (2). For statistical analyses, expression
was defined as either negative (0) or positive (1 and 2).

Cell lines and cultures

HEK293T, MDA-MB-231, MDA-MB-468 and
CHMES3 cells were obtained from the ATCC (Manassas,
USA), the brain metastatic MDA-MB-231 BR cell line
was a kind gift from Dr. Takara (University of Texas) and
the MDA-MB-231 SA cell line was provided by Dr. Guise
(Indiana University School of Medicine) and primary
human astrocytes were obtained from Thermo Fisher
Scientific (N7805.100, Germany). The MDA-MB-231
SA and BR cell lines are sub-clonal cell lines obtained
by serial passaging of the parental MDA-MB-231 cells in
mice [25, 40]. The microglia cell line CHME3 is an SV40
large T antigen immortalized human embryonic cell line
[33]. The MDA-MB-231 cell lines were authenticated
using Multiplex Cell Authentication (Multiplexion,
Heidelberg, Germany). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM). Human microglia
cell line CHME3 was cultured in Minimal Essential
Medium [33]. Each media was supplemented with 10%
fetal bovine serum. Lentiviral particles were generated
by co-transfection of expression vectors with psPAX2
packaging and pMD2.G envelope plasmids into HEK293T
cells using TurboFect (Life Technologies, Eggenstein,
Germany). Zsgreen-positive MDA-MB-231 BR control
(231BR/CTL) and PTEN overexpressing (231BR/PTEN)
cells were generated by lentiviral transduction with either
control LeGO-SWITCH vector piZs2puro™tTR* or
overexpression vector pPPTENiZs2puro™tTR™ (manuscript
in preparation) and cultured in DMEM supplemented with
1 pg/ml doxycycline. Stable transfectants were selected in
DMEM supplemented with 4 pg/ml puromycin. Suitable
concentrations of doxycycline as well as puromycin were
determined by titration.

For quantitative realtime-PCR (qPCR) and western
blot analysis, tumor cells and astrocytes or microglia
cells were cultured in a Boyden chamber (Thermo Fisher
Scientific) separated by a transwell membrane with 0.4 pm
pore size. For analysis of tumor cells 1.5 x 10* 231
BR/CTL or 231BR/PTEN cells were seeded in 6-well
plates and cultured for 24 h. Subsequently, 1.5 x 10*
astrocytes or microglia were seeded in inserted transwell
inserts. Before collection of samples, cells were incubated
for 48 h under standard conditions. For analysis of
astrocytes and microglia, experiments were performed
identically, except for culturing astrocytes or microglia in
culture plates and tumor cells in the inserts.

For cytokine array analysis, conditioned media
(CM) were produced by culturing astrocytes or microglia

alone (CM,, CM,, ), 10:1 with 231BR/CTL (CM
CM,;.cr) or 231BR/PTEN cells (CM,, | 0o CM ).
For proliferation assay analysis, astrocytes or microglia
were additionally treated with 20 nM TNFao and 20 nM
IFNy (CM, .. CM,. ) or 20 nM TGFBI for 72 h
(CM,; \i» 21l supplements obtained from R&D Systems,
Wiesbaden, Germany). Supernatants were collected
and cell debris was removed by centrifugation for 5
min at 25 000 rpm. The supernatants were used for the

subsequent proliferation and cytokine arrays analysis.

A+CTL?

Immunoprecipitation of AKT isoforms and in vitro
kinase assay

AKT isoform specific immunoprecipitation and
in vitro kinase assays were performed as previously
described [27]. In brief, direct immunoprecipitation was
carried out by coupling of each AKT isoform antibody
(Aktl; Cell Signalling Technology, MA, USA, Akt2;
Santa Cruz Biotechnology, CA, USA and Akt3; Millipore
GmbH, Schwallbach, Germany) to protein G-sepharose.
AKT isoforms were precipitated overnight from whole cell
lysates and subsequently incubated with GSK3a/Bfusion
protein (Cell Signalling Technology, MA, USA) and ATP
(Cell Signalling Technology, MA, USA). Phosphorylation
of GSK3a/p at S9/21 (Cell Signalling Technology, MA,
USA) was analyzed by Western blot technique.

Proliferation and migration

Analysis of cellular proliferation was done by
MTT assay. 1 x 10° 231BR/CTL or 231BR/PTEN cells
were seeded in quadruplicates in 96-well plates in CM
1:1 DMEM supplemented with 1 pg/ml doxycycline for
96 h. Medium was changed every second day. Relative
cell proliferation was estimated spectrophotometric at
E578nm (reference: E690nm) using a Tecan Infinite®
200 PRO microplate reader and ratio of treated (CM
CMMG+CTL’ CMA + PTEN? CMMG+PTEN’ CMA treat’ CMMG MI1?
CM, ;) compared to untreated (CM,, CM, ) cells was
calculated. Assays were repeated twice.

Migration was measured in a Boyden chamber assay.
1 x 10° astrocytes or microglia were seeded in 6-well
plates. Wells containing DMEM and DMEM supplemented
with 20 nM EGF served as controls. Following 72 h
incubation, 1 x 105 231BR/CTL or 231BR/PTEN cells
were seeded in transwell inserts with 8 pm pores size in
serum-free DMEM. The amount of migrated cells was
estimated after 20 h by light microscopic analysis of fixed
cells stained with crystal violet. Assays were done in
triplicates and repeated three times.

A+CTL?

Western blot and cytokine array

Whole-cell extracts from pure 231BR/CTL or
231BR/PTEN and cocultures were prepared by direct
lysis and sonication of cells in 2% SDS sample buffer
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containing phosphatase and protease inhibitors. Cell
extracts were separated in denaturing 10% polyacrylamide
gels and blotted onto a nitrocellulose membrane. Detection
of proteins was performed by incubation with specific
antibodies: PTEN (clone 138G6), panAKT (clone 11E7),
phospho-AKT (Ser473, clone D9E), phospho-p44/42
MAPK (Erk1/2, Thr202/Tyr204, clone 197G2) (all from
Cell Signaling Technology, Danvers, MA, USA) and
MAPK (Erk 1, clone K-23, Santa Cruz Biotechnologies,
Santa Cruz, CA). HSC-70 (clone B-6, Santa Cruz
Biotechnologies) served as loading control and the
HRP-conjugated anti-mouse and anti-rabbit antibodies
were used as secondary antibodies (DAKO, Hamburg,
Germany). Protein expression was quantified using
LAS3000 Imager and AIDA Image Analyzer v.3.44. Fuji
software (Raytest, Straubenhardt, Germany).

Cytokine secretion was estimated from CM
by Proteome Profiler™ Antibody Array (Human XL
Cytokine Array Kit, ARY022, R&D Systems, Wiesbaden,
Germany) according to manufacturer’s instruction. Signal
intensity was quantified using densitometric analysis by
ImagelJ software (National Institutes of Health, Bethesda,
Maryland). After normalization to control spots ratio
between PTEN overexpressing (231BR/PTEN) compared
to control samples (231BR/CTL) was calculated for
astrocyte as well as microglia cocultures, using a cut-off
of 2-fold. Assays were done in duplicates.

Organotypic brain slice coculture system

C57BL/6 mice were decapitated between postnatal
day six and eight for the organotypic brain slice coculture
experiments, performed with interface technique following
the previously described protocol [19]. These organotypic
brain slices were cocultured with 1 x 10° 231BR/CTL
or 231BR/PTEN cells, embedded in 85% extracellular
matrix (ECM gel; R&D Systems, Wiesbaden, Germany)
for 96 h. The experiments were repeated twice with
at least six sections per sample from 9 mice. Invasion
was estimated in 45 (231BR/CTL cells) and in 47 brain
sections (231BR/PTEN cells). Here, the complete contact
area between brain slice and tumor spheroid was evaluated
for invading tumor cells.

Immunofluorescence staining of astro- and
microglia in the organotypic brain slice coculture

Double staining of astro- and microglia was performed
using anti-GFAP for 36 h at 4°C and anti-mouse-TRITC
antibodies (both from Sigma, Munich, Germany) for 1 h at
room temperature, followed by fluorescence dye-conjugated
ILB4-Alexa Fluor 647 (Invitrogen, Karlsruhe, Germany)
for 1 h at room temperature and DAPI counterstaining as
described previously [19]. Samples were mounted in DAKO
fluorescent mounting medium (Dako, Glostrup, Denmark),
coverslipped and analyzed with confocal laser scanning

microscope (LSM 510, Zeiss, Goéttingen, Germany).
Degree of invasion was evaluated from 0—+++. Grade of
tumor invasion was based on following scoring system
(0 =no cells; + < 1/3; ++ = 1/3 - 2/3; +++ > 2/3 invaded
cells) relating to fraction of contact section being invaded.

qPCR analyses

Tumor cells and microglia and astrocyte cocultures
were separated by FACS sorting based on the Zsgreen
expression of the tumor cells. 500 ng total RNA was
isolated using the NucleoSpin® RNA (Macherey
Nagel, Diiren, Germany) including a DNase I digestion
and reverse transcribed using the First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Darmstadt,
Germany). qPCR was performed in triplicates using
Maxima SYBR Green qPCR Master Mix (Thermo Fisher
Scientific) and CFX96 Touch™ Real-Time PCR Detection
System (Bio-Rad Laboratories, Miinchen, Germany).
Oligonucleotide sequences are shown in supplementary
Table S1. Relative gene expression was calculated by
AACT method using RPLPO as housekeeping gene,
normalizing to universal human reference (UHR) and
given as fold-change (FC). The experiments were
performed in triplicates.

Statistical analysis

Statistical analyses for Immunohistochemical
staining results were performed by IBM SPSS statistics
(version 19; IBM, Armonk, NY). Correlation between
PTEN expression and clinical data, were calculated with
Fisher’s exact test or y>-test. Survival was calculated by
Kaplan-Meier curves and differences between normal
and altered samples were examined by log-rank test.
Significance of the different groups of organotypic
slice cocultures was analyzed with Kruskal-Wallis test
and Student’s r-test. P-values < 0.05 were considered
statistically significant. In the figures *represents p < 0.05;
**p <0.01; and ***p <0.001.

ACKNOWLEDGMENTS

We are grateful for the skillful technical assistant of
Jolanthe Kropidlowski. We thank Dr. Linda O’Flaherty for
the language revision.

CONFLICTS OF INTEREST

None of the authors have any conflicts to disclose.

GRANT SUPPORT

This study was funded by the Forschungsforde-
rungsfonds der Medizinischen Fakultit (FFM) at the
University Medical Center Hamburg-Eppendorf (IH).

www.impactjournals.com/oncotarget

6166

Oncotarget



REFERENCES

10.

11.

12.

13.

14.

Paget S. The distribution of secondary growths in cancer of
the breast. Cancer Metastasis Rev. 1889; 8:98-101.

Termini J, Neman J, Jandial R. Role of the neural niche in
brain metastatic cancer. Cancer Res. 2014; 74:4011-4015.

Sofroniew MV. Astrogliosis. Cold Spring Harb Perspect
Biol. 2015; 7:a020420.

Chuang HN, van Rossum D, Sieger D, Siam L, Klemm F,
Bleckmann A, Bayerlova M, Farhat K, Scheffel J, Schulz M,
Dehghani F, Stadelmann C, Hanisch UK, et al. Carcinoma
cells misuse the host tissue damage response to invade the
brain. Glia. 2013; 61:1331-1346.

Wang L, Cossette SM, Rarick KR, Gershan J, Dwinell MB,
Harder DR, Ramchandran R. Astrocytes directly influence
tumor cell invasion and metastasis in vivo. PLoS One. 2013;
8:¢80933.

Fitzgerald DP, Palmieri D, Hua E, Hargrave E, Herring JM,
Qian Y, Vega-Valle E, Weil RJ, Stark AM, Vortmeyer AO,
Steeg PS. Reactive glia are recruited by highly proliferative
brain metastases of breast cancer and promote tumor cell
colonization. Clin Exp Metastasis. 2008; 25:799-810.
Pukrop T, Dehghani F, Chuang HN, Lohaus R, Bayanga K,
Heermann S, Regen T, Van Rossum D, Klemm F, Schulz M,
Siam L, Hoffmann A, Trumper L, et al. Microglia promote
colonization of brain tissue by breast cancer cells in a Wnt-
dependent way. Glia. 2010; 58:1477—-1489.

. Witzel I, Oliveira-Ferrer L, Pantel K, Muller V, Wikman H.

Breast cancer brain metastases: biology and new clinical
perspectives. Breast Cancer Res. 2016; 18:8.

Siam L, Bleckmann A, Chaung HN, Mohr A,
Klemm F, Barrantes-Freer A, Blazquez R, Wolff HA,
Luke F, Rohde V, Stadelmann C, Pukrop T. The metastatic
infiltration at the metastasis/brain parenchyma-interface is
very heterogeneous and has a significant impact on survival
in a prospective study. Oncotarget. 2015; 6:29254-29267.
doi: 10.18632/oncotarget.4201.

Kennecke H, Yerushalmi R, Woods R, Cheang MC,
Voduc D, Speers CH, Nielsen TO, Gelmon K. Metastatic
Behavior of Breast Cancer Subtypes. J Clin Oncol. 2010;
28:3271-3277.

Tabouret E, Chinot O, Metellus P, Tallet A, Viens P,
Goncalves A. Recent trends in epidemiology of brain
metastases: an overview. Anticancer research. 2012;
32:4655-4662.

Hohensee I, Lamszus K, Riethdorf S, Meyer-Staeckling S,
Glatzel M, Matschke J, Witzel I, Westphal M, Brandt B,
Muller V, Pantel K, Wikman H. Frequent genetic alterations
in EGFR- and HER2-driven pathways in breast cancer brain
metastases. Am J Pathol. 2013; 183:83-95.

Sirkisoon SR, Carpenter RL, Rimkus T, Miller L, Metheny-
Barlow L, Lo HW. EGFR, HER?2 signaling in breast cancer
brain metastasis. Front Biosci (Elite Ed). 2016; 8:245-263.
Wikman H, Lamszus K, Detels N, Uslar L, Wrage M,
Benner C, Hohensee I, Ylstra B, Eylmann K, Zapatka M,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Sauter G, Kemming D, Glatzel M, et al. Relevance of PTEN
loss in brain metastasis formation in breast cancer patients.
Breast Cancer Res. 2012; 14:R49.

Ohgaki H, Kleihues P. Genetic alterations and signaling
pathways in the evolution of gliomas. Cancer Sci. 2009;
100:2235-2241.

Rietkotter E, Bleckmann A, Bayerlova M, Menck K,
Chuang HN, Wenske B, Schwartz H, Erez N, Binder C,
Hanisch UK, Pukrop T. Anti-CSF-1 treatment is effective
to prevent carcinoma invasion induced by monocyte-
derived cells but scarcely by microglia. Oncotarget. 2015;
6:15482-15493. doi: 10.18632/oncotarget.3855.

Rigo A, Gottardi M, A, Mauri P,
Bonifacio M, Krampera M, Damiani E, Pizzolo G,
Vinante F. Macrophages may promote cancer growth via
a GM-CSF/HB-EGF paracrine loop that is enhanced by
CXCL12. Mol Cancer. 2010; 9:273.

Chung 1Y, Benveniste EN. Tumor necrosis factor-alpha
production by astrocytes. Induction by lipopolysaccharide,
IFN-gamma, and IL-1 beta. J Immunol. 1990; 144:2999-3007.

Chuang HN, Lohaus R, Hanisch UK, Binder C, Dehghani F,
Pukrop T. Coculture system with an organotypic brain slice
and 3D spheroid of carcinoma cells. J Vis Exp. 2013; .

Osswald M, Jung E, Sahm F, Solecki G,
Venkataramani V, Blaes J, Weil S, Horstmann H, Wiestler B,
Syed M, Huang L, Ratliff M, Karimian Jazi K, et al. Brain
tumour cells interconnect to a functional and resistant
network. Nature. 2015; 528:93-98.

Zamo

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646-674.

Luzzi KJ, MacDonald IC, Schmidt EE, Kerkvliet N,
Morris VL, Chambers AF, Groom AC. Multistep nature
of metastatic inefficiency: dormancy of solitary cells after
successful extravasation and limited survival of early
micrometastases. Am J Pathol. 1998; 153:865-873.

Morris VL, Koop S, MacDonald IC, Schmidt EE,
Grattan M, Percy D, Chambers AF, Groom AC. Mammary
carcinoma cell lines of high and low metastatic potential
differ not in extravasation but in subsequent migration and
growth. Clin Exp Metastasis. 1994; 12:357-367.

Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q,
Huang WC, Li P, Li M, Wang X, Zhang C, Wang H, Ellis K,
Cheerathodi M, et al. Microenvironment-induced PTEN
loss by exosomal microRNA primes brain metastasis
outgrowth. Nature. 2015; 527:100—104.

Yoneda T, Williams PJ, Hiraga T, Niewolna M, Nishimura R.
A bone-seeking clone exhibits different biological
properties from the MDA-MB-231 parental human breast
cancer cells and a brain-seeking clone in vivo and in vitro.
Journal of bone and mineral research. 2001; 16:1486—-1495.
Grottke A, Ewald F, Lange T, Norz D, Herzberger C,
Bach J, Grabinski N, Graser L, Hoppner F, Nashan B,
Schumacher U, Jucker M. Downregulation of AKT3
Increases Migration and Metastasis in Triple Negative

WWW

.impactjournals.com/oncotarget

6167

Oncotarget



27.

28.

29.

30.

31.

32.

33.

34.

Breast Cancer Cells by Upregulating S100A4. PLoS One.
2016; 11:¢0146370.

Grabinski N, Bartkowiak K, Grupp K, Brandt B, Pantel K,
Jucker M. Distinct functional roles of Akt isoforms for
proliferation, survival, migration and EGF-mediated
signalling in lung cancer derived disseminated tumor cells.
Cell Signal. 2011; 23:1952—1960.

Gonzalez E, McGraw TE. Insulin-modulated Akt
subcellular localization determines Akt isoform-specific
signaling. Proc Natl Acad Sci USA. 2009; 106:7004—7009.
Ewald F, Grabinski N, Grottke A, Windhorst S, Norz D,
Carstensen L, Staufer K, Hofmann BT, Diehl F, David K,
Schumacher U, Nashan B, Jucker M. Combined targeting
of AKT and mTOR using MK-2206 and RADOOI is
synergistic in the treatment of cholangiocarcinoma. Int J
Cancer. 2013; 133:2065-2076.

Schwartz H, Blacher E, Amer M, Livneh N, Abramovitz L,
Klein A, Ben-Shushan D, Soffer S, Blazquez R, Barrantes-
Freer A, Muller M, Muller-Decker K, Stein R, et al.
Incipient Melanoma Brain Metastases Instigate Astrogliosis
and Neuroinflammation. Cancer Res. 2016; 76:4359-4371.

Boche D, Perry VH, Nicoll JA. Review: activation patterns
of microglia and their identification in the human brain.
Neuropathol Appl Neurobiol. 2013; 39:3—18.

Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-Soto A,
Jacob LS, Patwa R, Shah H, Xu K, Cross JR, Massague J.
Carcinoma-astrocyte gap junctions promote brain metastasis
by cGAMP transfer. Nature. 2016; 533:493-498.

Janabi N, Peudenier S, Heron B, Ng KH, Tardieu M.
Establishment of human microglial cell lines after
transfection of primary cultures of embryonic microglial
cells with the SV40 large T antigen. Neurosci Lett. 1995;
195:105-108.

Hernandez L, Smirnova T, Kedrin D, Wyckoff J, Zhu L,
Stanley ER, Cox D, Muller WJ, Pollard JW, Van Rooijen N,
Segall JE. The EGF/CSF-1 paracrine invasion loop can be

35.

36.

37.

38.

39.

40.

triggered by heregulin betal and CXCL12. Cancer Res.
2009; 69:3221-3227.

Su S, Liu Q, Chen J, Chen J, Chen F, He C, Huang D,
Wu W, Lin L, Huang W, Zhang J, Cui X, Zheng F, et al.
A positive feedback loop between mesenchymal-like
cancer cells and macrophages is essential to breast cancer
metastasis. Cancer Cell. 2014; 25:605-620.

Sielska M, Przanowski P, Wylot B, Gabrusiewicz K,
Maleszewska M, Kijewska M, Zawadzka M, Kucharska J,
Vinnakota K, Kettenmann H, Kotulska K, Grajkowska W,
Kaminska B. Distinct roles of CSF family cytokines in
macrophage infiltration and activation in glioma progression
and injury response. J Pathol. 2013; 230:310-321.

Jucker M, Feldman RA. Identification of a new adapter
protein that may link the common beta subunit of the
receptor for granulocyte/macrophage colony-stimulating
factor, interleukin (IL)-3, and IL-5 to phosphatidylinositol
3-kinase. J Biol Chem. 1995; 270:27817-27822.
Brastianos PK, Carter SL, Santagata S,
Cahill DP, Taylor-Weiner A, Jones RT, Van Allen EM,
Lawrence MS, Horowitz PM, Cibulskis K, Ligon KL,
Tabernero J, Seoane J, et al. Genomic Characterization of
Brain Metastases Reveals Branched Evolution and Potential
Therapeutic Targets. Cancer Discov. 2015.

Harter PN, Bernatz S, Scholz A, Zeiner PS, Zinke J, Kiyose M,
Blasel S, Beschorner R, Senft C, Bender B, Ronellenfitsch MW,
Wikman H, Glatzel M, et al. Distribution and prognostic
relevance of tumor-infiltrating lymphocytes (TILs) and PD-1/
PD-L1 immune checkpoints in human brain metastases.
2015; 6:40836-40849. doi: 10.18632/
oncotarget.5696.

Pollari S, Kakonen SM, Edgren H, Wolf M, Kohonen P,
Sara H, Guise T, Nees M, Kallioniemi O. Enhanced
serine production by bone metastatic breast cancer cells

Oncotarget.

stimulates osteoclastogenesis. Breast Cancer Res Treat.
2011; 125:421-430.

www.impactjournals.com/oncotarget

6168

Oncotarget



