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ABSTRACT
Background: Brain metastases challenge daily clinical practice, and the
mechanisms by which cancer cells cross the blood-brain barrier remain largely
undeciphered. Angiopoietin-like 4 (ANGPTL4) proteolytic fragments have controversial
biological effects on endothelium permeability. Here, we studied the link between
ANGPTL4 and the risk of brain metastasis in cancer patients.
Materials and Methods: From June 2015 to June 2016, serum samples from 113
cancer patients were prospectively collected, and ANGPTL4 concentrations were assessed.
Using a murine model of brain metastases, we investigated the roles of nANGPTL4 and
cANGPTL4, the two cleaved fragments of ANGPTL4, in the occurrence of brain metastases.
Results: An ANGPTL4 serum concentration over 0.1 ng/mL was associated with
decreased overall-survival. Multivariate analyses found that only breast cancer brain
metastases were significantly associated with elevated ANGPTL4 serum concentrations.
4T1 murine breast cancer cells were transfected with either nANGPTL4- or
cANGPTL4-encoding cDNAs. Compared to mice injected with wild-type 4T1 cells,
mice injected with nANGPTL4 cells had shorter median survival (p < 0.05), while
mice injected with cANGPTL4 had longer survival (p < 0.01). On tissue sections,
compared to wild-type mice, mice injected with nANGPTL4 cells had significantly
larger surface areas of lung metastases (p < 0.01), and mice injected with cANGPTL4
had significantly larger surface areas of brain metastases (p < 0.01).
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Conclusions: In this study, we showed that a higher expression of Angiopoietinlike 4 Fibrinogen-Like Domain (cANGPTL4) was associated with an increased risk of
brain metastases in women with breast cancer.

INTRODUCTION

breast cancer brain metastases. Using an experimental
murine model of breast cancer brain metastases, we
investigated the role of each cleaved fragment of
ANGPTL4 in the occurrence of brain metastases.

Breast cancer is a leading cause of cancer death in
women [1]. Ten to 35% of patients with breast cancer will
develop metastases with a median survival of up to 34.4
months [2]. Brain metastases occur in the progression of
metastatic breast cancer in 15 to 40% cases [3], with a
median survival of less than 15 months [4], challenging
daily practice in oncology. In addition, the incidence of
brain metastases has increased in the last ten years, as a
result of better control of localizations outside the central
nervous system, and because most chemotherapeutic
agents fail to cross the blood-brain barrier [5].
The blood-brain barrier (BBB) is made up of
endothelial cells separated by tight junctions that prevent
paracellular diffusion of xenobiotics and cells from blood
to brain [6–8]. The mechanisms by which cancer cells
permeabilize and cross the BBB to form brain metastases
remain to be deciphered.
Angiopoietin-like 4 (ANGPTL4) is a matricellular
protein, initially described as an angiogenic factor
in settings of vascular injury or tumor development
[9–17]. The native full-length protein (FLANGPLT4),
composed of 406 amino acids, is proteolytically cleaved
into two fragments, a N-terminal coiled-coil domain
(nANGPTL4) encompassing amino-acid 1 to 170, and an
ANG/fibrinogen-like C-terminal domain (cANGPTL4)
encompassing amino-acid 171 to 406 (Supplementary
Figure 1). This proteolytic cleavage of FLANGPTL4
at the -RRXR- cleavage site by proprotein convertases
depends on the tissue in which ANGPTL4 is synthesized
and on the physiological or pathological circumstances
[18–23].
In situ ANGPTL4 expression in tumor cells of
primary tumors is associated with poor prognosis and
metastatic relapse in patients with localized breast [14, 24–
27], gastric [15, 28], head and neck [29], colon [30], and
hepatocellular carcinoma [31–33]. In a preclinical murine
model of brain metastases using human breast cancer
cell lines, ANGPTL4 mRNA and protein expression
were associated with an increased risk of lung and brain
metastases [14, 24].
In preclinical studies, ANGPTL4 has been described
both as a protector of the lung endothelium [12, 34], but
also as a factor that increases vascular permeability [29],
and potentially the risk of brain metastases [35, 36]. These
context-dependent effects on endothelial cells could be
linked to the different fragments, N- or C-terminal of the
ANGPTL4 protein that may be present in tissues [17].
In the serum of 113 patients with different types of
cancers, we initially assessed ANGPTL4 concentrations
and showed that ANGPTL4 was elevated in women with
www.oncotarget.com

RESULTS
ANGPTL4 serum concentration is associated
with brain metastasis and decreased overall
survival in breast cancer patients
Patient characteristics are detailed in Supplementary
Table 1. Briefly, cancer types were breast (n = 38), lung
(n = 44), prostate (n = 14), ovarian (n = 7), and others
(n = 10). Patients had metastatic disease in 81.4% of cases,
including bone (33.6%), lung (26%), liver (22.1%), and
brain (20.3%) metastases.
For the 38 women with breast cancer (Table 1), the
mean age was 53.6 years. Twenty-one women (55.3%)
had metastatic disease, including bone (34.2%), lung
(31.6%), liver (23.7%), and brain (21.0%) metastases.
In this sub-group of 38 women with breast cancer, the
mean ANGPTL4 serum concentration was 5.6 ng/mL,
ranging from 0 to 52.8 ng/mL. Positive ANGPTL4 serum
concentration was significantly associated with overall
survival (55.5% patients alive at 42 months versus 93.8%,
respectively, p < 0.01, Figure 1A).
By contrast, in all 112 cancer patients, with a mean
ANGPTL4 serum concentration of 4.9 ng/mL, ranging from
0 to 107.8 ng/mL, a positive ANGPTL4 serum concentration
was not significantly associated with shorter overall survival.
Multivariate analyses according to type of cancer
and metastatic localization found that only breast cancer
brain metastases were significantly associated with elevated
ANGPTL4 serum concentration (p < 0.05) (Figure 1B,
and Supplementary Figure 2). For breast cancer patients, a
significant association was systematically found between
positivity of ANGPTL4 serum concentration and brain
metastasis, whatever the level of positivity for ANGPTL4
serum concentration (p < 0.01, Supplementary Figure 3). Using
a cut-off for positivity of over 0.1, the sensitivity for association
with brain metastases was 100% and the specificity 63%.
In summary, we found that positive ANGPTL4
serum concentration over 0.1 ng/mL was associated with
an increased risk of brain metastases and shorter survival
in patients with breast cancer.

ANGPTL4 fragments were differently expressed
in tumor cells of breast cancer brain metastases
We assessed cANGPTL4 and nANGPTL4
expression in tumor cells of brain metastases (n = 28),
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Table 1: Characteristics of breast cancer patients
Parameter
Age, years (mean, range)
Histological subtype
HER2 3+
TNBC
ER+, HER2–
ER+, PR+, HER2–
HER2 3+, ER+, PR–
HER2 3+, ER+, PR+
Localized stage
Metastatic stage
Brain/Leptomeningeal metastases
At the time of ANGPTL4* testing
Non-progressive disease
Progressive disease
Total

N (38)
53.6 (38–93)

%

12
9
6
6
4
1
17
21
8

31.6
23.7
15.8
15.8
10.5
2.6
44.7
55.3
21.0

18
20
38

47.4
53.6
100

HER2: human epidermal growth factor receptor 2, TNBC: triple negative breast cancer, Localized stage: local or loco-régional
disease including lymph-node metastases; Metastatic stage: distant metastases, ER: estrogen receptor, PR: progesterone
receptor, *angiopoietin like-4.
For antibodies recognizing the same fragment, there
was no difference between the two antibodies.
In liver metastases, there was no expression of the
nANGPTL4 fragment or the cANGPTL4 fragment. In
lung metastases, only one case was positive for the two
ANGPTL4 fragments.

lung metastases (n = 10), and liver metastases (n = 10)
from breast cancer patients.
In brain metastases, we found a significantly
larger number of tumor cells expressing the cANGPTL4
fragment than cells expressing the nANGPTL4 fragment
(75% vs. 22%, respectively, p < 0.01, Figure 2).

Figure 1: Elevated ANGPTL4 serum concentration is associated with shorter survival in the 38 women with breast cancer (A), and
predicts the risk of brain metastases in these patients (B). *p < 0.05, **p < 0.01.
www.oncotarget.com
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ANGPTL4 fragments induce different cell effects
in vitro

Conversely, 4T1 cells transfected with cANGPTL4 (clones
#10 and #11) had a significantly lower proliferation rate
than 4T1 wild-type cells (p < 0.05, Figure 3A).
Cell migration was significantly lower for 4T1
cells expressing cANGPTL4 and for 4T1 cells expressing
nANGPTL4 than for 4T1 wild-type cells (p < 0.01,
Figure 3B, left panel).
Cell invasion was significantly higher with
cANGPTL4 4T1 cells compared to 4T1 wild-type cells
(p < 0.01, Figure 3B, right panel).
For all experiments (proliferation, migration,
invasion), there was no difference between the two clones

Since ANGPTL4 is cleaved into nANGPTL4
and cANGPTL4 fragments [19], we aimed to decipher
the biological effect of each of the two fragments when
expressed by 4T1 murine breast cancer cells.
We first assessed cell proliferation on the different
clones transfected with either nANGPTL4 or cANGPTL4
fragments. We found that 4T1 cells transfected with
nANGPTL4 (clones #6 and #9) had a higher proliferation
rate at Day 3 than 4T1 wild-type cells (p < 0.05, Figure 3A).

Figure 2: Differential expression of ANGPTL4 fragments in brain metastases of women with breast cancer. (A) shows

immunostainings for cANGPTL4 and nANGPTL4 fragments in brain, lung and liver metastases of women with metastatic breast cancer.
cANGPTL4 is significantly more expressed in cancer cells of brain metastases than nANGPTL4 (B). 7E11 and 2D11 are antibodies
recognizing nANGPTL4 fragment, and 6G11 and 2H5 are antibodies recognizing cANGPTL4 fragment. *p < 0.05, ns: not significant. Bar
scale: ×400.
www.oncotarget.com
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expressing nANGPTL4, nor between the two clones
expressing cANGPTL4.

tumors in women with localized breast cancer [37], and
with hepatic metastatic risk in hepatocellular carcinoma
[31]. However, the translational value of ANGPTL4 serum
concentration assessment has not yet been deciphered.
In women with metastatic breast cancer, this could be
performed prospectively in clinical practice to determine
the risk of brain metastases more efficiently. Systematic
screening by magnetic resonance imaging of the brain is
not recommended [38, 39], mainly because we are not
able to accurately predict individual risk. However, early
detection of occult brain metastases significantly decreases
the risk of cerebral death (from 48% to 16%) [38, 39],
and should improve patient quality of life. Such screening
could be proposed to women with metastatic breast cancer
presenting ANGPTL4 serum positivity.
We did not find such an association between
ANGPTL4 serum positivity and brain metastases in other
cancer types, particularly for lung cancer, suggesting this
association may only be true for breast cancer. However,
we did not test any patient with melanoma, another cancer
type associated with a high risk of brain metastasis [40].
Further studies are warranted to see if our results are only
valid for breast cancer.
To determine the respective roles of cANGPTL4 and
nANGPTL4 in brain dissemination of breast cancer cells,
we first assessed their expression in breast cancer brain
metastases. Using immunostaining, we found a differential
expression of the two fragments, with a predominance of
the cANGPTL4 fragment. Experimentally, using 4T1
murine breast cancer cell lines expressing one fragment or
the other, we demonstrated their differential effect in terms
of metastasis distribution after intravenous injection into
syngeneic mice, and a preferential brain tropism for cells
expressing the cANGPTL4 fragment.
These different phenotypes could be explained by a
differential biological effect of ANGPTL4 fragments on
tumor cell proliferation and invasiveness. In particular,
lung metastatic burden could be linked to cell proliferation,
and the delayed lung involvement with cANGPTL4 4T1
cells could be related to their low proliferative capacities.
On the other hand, this delay in the occurrence of visceral
metastases, combined with increased invasiveness, could
explain the preferential brain tropism of cANGPTL4 4T1
cells. In women with HER2-overexpressing metastatic
breast cancer, brain metastases occur in 50% of cases with
a median time-lapse of 13.1 months [3, 41] as a result
of excellent control of localizations outside the central
nervous system and failure of most chemotherapeutic
agents to cross the blood-brain barrier.
The different phenotypes observed in mice could
also be explained by a differential biological effect of
circulating ANGPTL4 fragments on endothelial cells
and endothelium permeability. Most preclinical studies
have been performed using cancer cells transfected with
full-length ANGPTL4 protein, with controversial results.
ANGPTL4 enhanced trans-endothelial passage of breast

Increased brain metastases with 4T1 breast
cancer cells expressing cANGPTL4
For in vivo experiments, 4T1 wild-type cells and
the four different clones expressing either nANGPTL4 or
cANGPTL4 were injected intravenously into syngeneic
mice.
Mice injected with nANGPTL4-expressing cells had
a shorter median survival of 19 days, while death occurred
after a median time of 23 days for mice injected with 4T1
wild-type cells. In contrast, median survival was largely
increased (66 days) for mice injected with cANGPTL4expressing cells (Figure 4A).
At the time of spontaneous death (Figure 4B),
histological analyses showed that mice injected with
nANGPTL4 cells died from massive pleural and lung
metastases (mean surface area of 5.5 × 107 µm2, lower
panel), and that they had brain metastases with a mean
surface are of 3.2 × 105 µm2 (upper panel). For mice
injected with wild-type 4T1 cells, lung and pleural
involvement was significantly less massive with a mean
surface area of 1.9 × 107 µm2 (p < 0.01, lower panel),
while the surface area of brain metastases was comparable
to that observed with nANGPTL4 cells. For mice injected
with cANGPTL4 cells, the mean surface area of lung and
pleural metastases was 2.8 × 107 µm2 (lower panel), while
the surface area of brain metastases was significantly
larger (8.8 × 105 µm2, p < 0.05, upper panel) than in mice
injected by wild-type 4T1 cells or nANGPTL4 cells.
To compare mice with the same time of death, we
injected a new series of 10 mice as above and euthanatized
them at Day 21. In line with their increased median
survival, we found limited lung or pleural involvement,
with the presence of vascular tumor emboli in mice
injected with cANGPTL4 cells (Figure 5A). In contrast,
meningeal and brain metastases were already present, with
a mean surface area of metastases comparable to mice
injected with wild-type 4T1 or nANGPTL4 cells and also
analyzed at Day 21 (Figure 5B).
Overall, mice injected with nANGPTL4 cells had
the shortest survival as a result of massive lung and pleural
involvement, while mice injected with cANGPTL4 cells
had the longest survival with more extensive brain and
meningeal metastases.

DISCUSSION
In our study, we found that a positive serum
concentration of ANGPTL4 over 0.1 ng/mL was
associated with an increased risk of brain metastasis in
women with breast cancer, and with shorter survival.
Previous studies have reported that elevated ANGPTL4
serum concentrations were associated with high-grade
www.oncotarget.com
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and hepatic cell lines in vitro, and increased liver and lung
metastatic risk [25, 27, 42]. Conversely, murine melanoma
or lung cancer cells transfected with full-length ANGPTL4
and injected subcutaneously to syngeneic mice decreased
lung and brain metastatic dissemination, suggesting a
protective effect of ANGPTL4 on lung microvascular
disruption [12, 35]. None of these studies were able to
assess the respective roles of cANGPTL4 and nANGPTL4
on metastasis dissemination, particularly in the brain. The
blood-brain barrier is composed of endothelial cells with
tight, continuous junctions whose molecular composition
is complex, including integral membrane proteins such

as occludin, junctional adhesion molecules, and claudin.
In vitro, cANGPTL4 interacts with integrin α5β1, VEcadherin, and claudin-5 to disrupt endothelial cells and thus
to increase vascular permeability [43]: this could be how
cancer cells expressing and secreting cANGPTL4 could
disrupt and thus cross the blood-brain barrier. In other
pathological circumstances such as anthrax infection or
ovarian cancer, pleural and peritoneal effusion is associated
with endothelium disruption and down-regulation of
claudin-5 expression [44, 45]. In our murine models,
pleural metastatic involvement was constantly associated
with the presence of brain/meningeal metastases.

Figure 3: in vitro biological effects of c- and nANGPTL4 fragments on 4T1 murine breast cancer cells. (A) 4T1 cells
expressing nANGPTL4 (clones #6 and #9) exhibit greater proliferation capacities than wild-type cells or 4T1 cells expressing cANGPTL4
(clones #10 and #11). (B) nANGPTL4 and cANGPTL4 cells have a lower migration potential than wild-type 4T1 cells (left panel), and
cANGPTL4 cells exhibit significantly greater invasiveness than nANGPTL4 and wild-type cells (right panel). *p < 0.05, **p < 0.01.
www.oncotarget.com
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In conclusion, our study showed that a higher
expression of Angiopoietin-like 4 Fibrinogen-Like
Domain (cANGPTL4) was associated with an increased
risk of brain metastases in women with breast cancer. Our
results open the way for further translational research on
the role of the cANGPTAL4 fragment as a biomarker to
predict the risk of breast cancer brain metastasis, and as
a potential target for the prevention of these metastatic
localizations.

For the first series, the serum of 113 patients with
cancer was prospectively and randomly collected between
June 2015 to June 2016, regardless of tumor type and
disease stage. At the time of serum sampling, all patients
had undergone whole-body computed tomography within
the last month, including brain imaging.
For the second series, frozen samples from
surgically removed breast cancer brain metastases were
provided by Hôpital Sainte-Anne Tumorbank, and frozen
biopsy samples of liver or lung metastases of breast
cancers were provided by Hôpital Saint-Louis Tumorbank.
In compliance with French Bioethics law (2004800; June 8, 2004), all patients had been informed of
the research use of the part of their samples remaining
after diagnosis had been established, and did not oppose
it. Informed consent was obtained for each patient. The
Clinical Research Board Ethics Committee (Comité de

MATERIALS AND METHODS
Patients and sampling
Two series of patients with cancers were studied: i)
one series for serum sampling; and ii) one series for tissue
analyses of brain, liver, and lung metastases.

Figure 4: Phenotype of mice injected with 4T1 cells expressing either nANGPTL4 or cANGPTL4 fragment. (A) Kaplan-

Meier curves for overall mouse survival. Survival is significantly increased for mice injected with cANGPTL4 cells compared to mice
injected with wild-type or nANGPTL4 cells. (B) Haematoxylin-eosin stained section of brain and lung metastases obtained at the time of
spontaneous death for three mice injected with either wild-type, or nANGPTL4, or cANGPTL4 4T1 cells. At this date, the surface area of
brain and meningeal metastases (black arrows) is significantly larger for mice injected with cANGPTL4 cells than for other mice. Lung and
pleural metastases are numerous in all three types, with a considerable and significantly larger metastatic burden for nANGPTL4 cells. *p
< 0.05, **p < 0.01. ns: not significant.
www.oncotarget.com
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Protection des Personnes) approved this study (CPP Ile
de-France #13218).

France). We used two mouse monoclonal antibodies
recognizing the N-terminal epitope of human ANGPTL4
(2D11 and 7E11) and two antibodies recognizing the
C-terminal epitope of human ANGPTL4 (2H5 and 6G11)
(Supplementary Figure 1). Antibodies 2D11 (IgG2b) and
2H5 (IgG2b) were used as capture antibodies to coat the
wells, and antibodies 7E11 (IgG2b) and 6G11 (IgG2b)
were used as the detection antibodies. We used Human
Angiopoietin-like 4 full length protein (Abcam, UK)
as a positive control. The secondary antibody was an
anti-mouse IgG1 antibody (Jackson, USA). Enzymatic
reaction was detected by p-nitrophenyl phosphate (PNPP)
substrate solution (Thermo Scientific, USA). ANGPTL4

Serum and ANGPTL4 concentrations
For each patient, a minimum volume of 1 mL blood
was collected. After blood sampling, whole blood was
centrifuged for 15 minutes at 800G, 400 µL of serum was
collected and stored at –20°C.
ANGPTL4 serum concentration was assessed
by a home-made sandwich ELISA assay [9, 10] using
IgG monoclonal antibodies directed against human
N-terminal and C-terminal ANGPTL4 fragments (Biotem,

Figure 5: Mouse phenotype with cANGPTL4 4T1 cells at two different time-points, Day 21 and at the time of euthanasia.
(A) Lung metastatic burden significantly increases between Day 21 and Day 90 in mice injected with cANGPTL4 cells. At Day 21, there
are limited to small areas or vascular emboli (left panel). At Day 90, there are numerous but of smaller size than those observed at Day 21
in mice injected with wild-type and nANGPTL4 4T1 cells. (B) Brain metastatic burden significantly increases between Day 21 and Day
90 in mice injected with cANGPTL4 cells. At Day 90, the mean surface area of brain metastases (black arrows) is significantly larger than
that observed at Day 21 in mice injected with wild-type and nANGPTL4 4T1 cells. *p < 0.05, **p < 0.01.
www.oncotarget.com
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concentration was obtained by reading sample optical
densities at 405 nm–550 nm wavelength.

transfection reagent (Invitrogen, France). Transfected
cells were selected by their resistance to 120 μg/ml of
G418 antibiotic (Life Technologies Inc, UK) and cloned
by limiting dilution. Each clone was controlled for
efficient transfection by western-blot analyses using antimyc antibody (9E10) from Roche Diagnostics (Basel,
Switzerland).
For each gene, two clones were used for further
experiments: clones #6 and #9 for nANGPTL4, clones #10
an #11 for cANGPTL4.

Metastatic samples and ANGPTL4 expression
An indirect immunoperoxidase method using 7E11
or 6G11 as primary antibodies was performed on 5 μmthick frozen tissue sections of each metastatic sample. The
secondary antibody was a rabbit monoclonal anti-mouse
IgG1 H&L (clone M1gG51-4, Abcam, UK) coupled with
antirabbit OmniMap detection kit (Roche diagnostic,
Meylan, France). The systematic controls used were
absence of primary antibody and use of an irrelevant
primary antibody of the same isotype.
For all tissue sections and for each antibody, cells
expressing nANGPTL4 or cANGPTL4 were counted
independently by two pathologists (AJ, CL) on five
different fields at ×400 magnification. A ProvisAX70
microscope (Olympus, Tokyo) with wide-field eyepiece
number 26.5 was used, providing a field size of 0.344 mm2.
For each field, 100 tumor cells were analyzed. The
percentage of nANGPTL4 or cANGPTL4-expressing cells
was the number of positive cells among these 100 tumor
cells. Results were expressed as mean ± standard error of
the mean (SEM).
We were well aware that part of the staining was
linked to antibody recognition of FLANGPTL4. However,
the difference in number of cells expressing cANGPTL4
or nANGPTL4 on sister following tissue sections was
necessarily linked to cANGPTL4 or nANGPTL4 fragment.

In vitro assessment of proliferation
Cell proliferation was assessed for wild type 4T1
cells and for the different cANGPTL4 and nANGPTL4
clones. On the first day, 3.104 cells were seeded in
a 96-well plate and incubated at room temperature.
Cell viability was assessed every day for 3 days by
the colorimetric conversion of tetrazolium MTT (3[4,
5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide; Sigma, France) into formazan, to estimate the
relative number of viable cells [48]. After incubation, the
supernatant was discarded, and the cell pellet re-suspended
in 0.1 ml of DMSO. The absorbance was measured at 560
nm using a Fluostar Optima microplate reader (BMG
LabTech, France). Each experiment was performed in
triplicate.

In vitro assessment of migration and invasion
Cell migration assessments were performed using
Boyden chambers on 12-well plates, with cell culture
insert of 10.3 mm diameter and membrane pores of 8 µm
size (Becton Dickinson, France). For invasion assays, we
used Boyden chambers coated with Matrigel (Falcon,
MA, USA). Migration and invasion were assessed on 4T1
cells and for the different nANGPTL4 and cANGPTL4
clones. For each experiment, 3 × 104 cells were seeded in
the upper chamber and cultured in high glucose DMEM
medium supplemented with 10% fetal bovine serum at
37°C in a 5% CO2 atmosphere.
After 24 hours incubation for migration, and 5 hours
for invasion, cells on the lower face of the filter were
fixed, stained with crystal violet (Sigma Aldrich, USA),
and counted. Ten fields were analyzed on each filter, and
results were expressed as mean ± standard error of the
mean (SEM). Each procedure was performed in triplicate.

Murine breast cancer cell line and cell culture
4T1, a murine triple negative breast cancer cell line,
was obtained from the ATCC (Rockville, MD, USA).
We chose 4T1cells for their brain metastatic potential
when injected in syngeneic mice [46]. Cells were grown
as monolayers in RPMI-1640 medium supplemented
with 10% fetal calf serum (Invitrogen, France), 2 mM
L-glutamine, 100 units/mL penicillin and 100 µg/mL
streptomycin (PAA, France). All cell cultures were split at
least once a week using trypsin/EDTA 0.02% (Invitrogen,
France). All cells were tested regularly for Mycoplasma
contamination by PCR (Stratagene, USA).

Transfection of 4T1 cells with nANGPTL4 and
cANGPTL4 genes

Murine models

Western-blot analysis did not show any expression
of ANGPTL4 in native 4T1 cells.
Two Plasmids, pCDNA3.1- CCD22-170 -myc-his and
pCDNA3.1-FLD 171-406 -myc-his, were used for transfection
of 4T1 cells with nANGPTL4 and cANGPTL4 genes
respectively, as previously described [47].
Cells were transfected at 90% confluence in
6-well plates using 4 µg DNA and Lipofectamine 2000
www.oncotarget.com

For in vivo experiments, six-week-old CB17
SCID mice (Janvier Lab, France), maintained in specific
pathogen-free conditions were intravenously injected with
200 000 cells of each of the following types: i) wild-type
4T1 cells (n = 15); ii) 4T1 cells expressing nANGPTL4
(n = 10 for each of the two clones); and iii) 4T1 cells
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expressing cANPTL4 (n = 10 for each of the two clones).
The University Institute Board Ethics Committee for
experimental animal studies approved this study (#201215/728-0115). The mice were followed up, with daily
observation of weight loss, grooming behaviors, posture,
respiratory rate and activity. At the time of spontaneous
death (mice showing signs of severe suffering) or at Day
21, mice were euthanized by cervical dislocation. All
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Assessment of metastatic extension in each organ
was performed on three consecutive virtual slides created
on a Nanozoomer 2.0 HT scanner (Hamamatsu, Japan)
on hematoxylin-eosin stained tissue sections. Areas of
metastases were delineated on the virtual slides and
quantified using DotSlide software, and the mean surface
area of lung or brain metastatic extension was calculated
in each mouse. Then a mean surface of metastatic
extension was calculated for all animals of each group (n
= 15 mice for 4T1 wild-type cells, n = 20 mice for 4T1
cells expressing nANGPTL4, and n = 20 mice for 4T1
cells expressing cANGPTL4).

We would like to thank Ms. Angela Swaine who
revised the English language. We thank Hôpital SaintLouis and Hôpital Saint-Anne tumor banks.

CONFLICTS OF INTEREST
Authors have no conflicts of interest to delcare.

FUNDING
PHRC, Inserm, University Paris 7.

REFERENCES
1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C,
Rebelo M, Parkin DM, Forman D, Bray F. Cancer incidence
and mortality worldwide: sources, methods and major patterns
in GLOBOCAN 2012. Int J Cancer. 2015; 136:E359–E386.
https://doi.org/10.1002/ijc.29210. [PubMed]
2. Lobbezoo DJ, van Kampen RJ, Voogd AC, Dercksen MW,
van den Berkmortel F, Smilde TJ, van de Wouw AJ, Peters
FP, van Riel JM, Peters NA, de Boer M, Borm GF, TjanHeijnen VC. Prognosis of metastatic breast cancer subtypes:
the hormone receptor/HER2-positive subtype is associated
with the most favorable outcome. Breast Cancer Res Treat.
2013; 141:507–514. https://doi.org/10.1007/s10549-0132711-y. [PubMed]
3. Leyland-Jones B. Human epidermal growth factor receptor
2-positive breast cancer and central nervous system
metastases. J Clin Oncol. 2009; 27:5278–5286. https://doi.
org/10.1200/JCO.2008.19.8481. [PubMed]
4. Caroli M, Di Cristofori A, Lucarella F, Raneri FA, Portaluri
F, Gaini SM. Surgical brain metastases: management and
outcome related to prognostic indexes: a critical review of a
ten-year series. ISRN Surg. 2011; 2011:207103. https://doi.
org/10.5402/2011/207103. [PubMed]
5. Angeli E, Nguyen TT, Janin A, Bousquet G. How to Make
Anticancer Drugs Cross the Blood-Brain Barrier to Treat
Brain Metastases. Int J Mol Sci. 2019; 21:E22. https://doi.
org/10.3390/ijms21010022. [PubMed]
6. Reese TS, Karnovsky MJ. Fine structural localization of a
blood-brain barrier to exogenous peroxidase. J Cell Biol.
1967; 34:207–217. https://doi.org/10.1083/jcb.34.1.207.
[PubMed]
7. Brightman MW. Morphology of blood-brain interfaces. Exp
Eye Res. 1977; 25:1–25. https://doi.org/10.1016/S00144835(77)80008-0. [PubMed]
8. Zhang C, Yu D. Microenvironment determinants of
brain metastasis. Cell Biosci. 2011; 1:8. https://doi.
org/10.1186/2045-3701-1-8. [PubMed]

Statistical analyses
The R program (R version 3.2.0 copyright © 2015
The R Foundation for statistical computing) was used for
the statistical analyses.
Quantitative variables were expressed as means
± standard deviation (SD) and categorical variables as
numbers and percentages.
Multivariate analysis of the factors associated with
brain metastasis used Wilcoxon’s signal rank test or Anova
test for quantitative variables, and Chi-squared test or
Fisher’s exact test for categorical variables, as appropriate.
Overall survival was estimated for all patients
and for breast cancer patients in relation to serum
concentration of ANGPTL4, using Kaplan Meier analysis
(P-value for log rank test). Mouse survival was estimated
according to the type of ANGPTL4 fragment. A two-tailed
P-value of 0.05 was required for statistical significance.

Author contributions
GB, SG, and AJ conceived and designed the study;
GB, DH, HB, and LZ collected clinical data and serum
samples. TD and SG performed ELISA. TD and JPF did the
statistical analyses. CM provided brain metastatic samples.
CL and TD did immunostainings. CMo designed and built
plasmids. TD did in vitro experiments. TD, GG, and CL
did in vivo experiments. TD, CL, GB, and AJ carried out
histological studies. TD, GB, and AJ interpreted the data.
TD, TT, SG, GB, and AJ drafted the manuscript. All authors
read and approved the final version of the manuscript.
www.oncotarget.com

9. Bouleti C, Mathivet T, Serfaty JM, Vignolles N, Berland
E, Monnot C, Cluzel P, Steg PG, Montalescot G, Germain
S. Angiopoietin-like 4 serum levels on admission for acute
1599

Oncotarget

myocardial infarction are associated with no-reflow. Int
J Cardiol. 2015; 187:511–516. https://doi.org/10.1016/j.
ijcard.2015.03.263. [PubMed]

lipoprotein lipase activity. J Biol Chem. 2011; 286:15747–
15756. https://doi.org/10.1074/jbc.M110.217638. [PubMed]
20. Gorecka M, Krzeminski K, Buraczewska M, Kozacz
A, Dabrowski J, Ziemba AW. Effect of mountain ultramarathon running on plasma angiopoietin-like protein 4
and lipid profile in healthy trained men. Eur J Appl Physiol.
2020; 120:117–125. https://doi.org/10.1007/s00421-01904256-w. [PubMed]

10. Bouleti C, Mathivet T, Coqueran B, Serfaty JM, Lesage M,
Berland E, Ardidie-Robouant C, Kauffenstein G, Henrion
D, Lapergue B, Mazighi M, Duyckaerts C, Thurston G, et al.
Protective effects of angiopoietin-like 4 on cerebrovascular
and functional damages in ischaemic stroke. Eur Heart J.
2013; 34:3657–3668. https://doi.org/10.1093/eurheartj/
eht153. [PubMed]

21. Yang WH, Huang Z, Wu J, Ding CC, Murphy SK, Chi
JT. A TAZ-ANGPTL4-NOX2 Axis Regulates Ferroptotic
Cell Death and Chemoresistance in Epithelial Ovarian
Cancer. Mol Cancer Res. 2020; 18:79–90. https://doi.
org/10.1158/1541-7786.MCR-19-0691. [PubMed]

11. Galaup A, Gomez E, Souktani R, Durand M, Cazes
A, Monnot C, Teillon J, Le Jan S, Bouleti C, Briois
G, Philippe J, Pons S, Martin V, et al. Protection
against myocardial infarction and no-reflow through
preservation of vascular integrity by angiopoietin-like 4.
Circulation. 2012; 125:140–149. https://doi.org/10.1161/
CIRCULATIONAHA.111.049072. [PubMed]

22. Li L, Foo BJW, Kwok KW, Sakamoto N, Mukae H,
Izumikawa K, Mandard S, Quenot JP, Lagrost L, Teh WK,
Singh Kohli G, Zhu P, Choi H, et al. Antibody Treatment
against Angiopoietin-Like 4 Reduces Pulmonary Edema
and Injury in Secondary Pneumococcal Pneumonia. MBio.
2019; 10:e02469–18. https://doi.org/10.1128/mBio.0246918. [PubMed]

12. Galaup A, Cazes A, Le Jan S, Philippe J, Connault E, Le
Coz E, Mekid H, Mir LM, Opolon P, Corvol P, Monnot
C, Germain S. Angiopoietin-like 4 prevents metastasis
through inhibition of vascular permeability and tumor
cell motility and invasiveness. Proc Natl Acad Sci
U S A. 2006; 103:18721–18726. https://doi.org/10.1073/
pnas.0609025103. [PubMed]

23. Sodhi A, Ma T, Menon D, Deshpande M, Jee K, Dinabandhu
A, Vancel J, Lu D, Montaner S. Angiopoietin-like 4 binds
neuropilins and cooperates with VEGF to induce diabetic
macular edema. J Clin Invest. 2019; 129:4593–4608.
https://doi.org/10.1172/JCI120879. [PubMed]

13. Kanwar N, Hu P, Bedard P, Clemons M, McCready D, Done
SJ. Identification of genomic signatures in circulating tumor
cells from breast cancer. Int J Cancer. 2015; 137:332–344.
https://doi.org/10.1002/ijc.29399. [PubMed]

24. Bos PD, Zhang XH, Nadal C, Shu W, Gomis RR, Nguyen
DX, Minn AJ, van de Vijver MJ, Gerald WL, Foekens JA,
Massague J. Genes that mediate breast cancer metastasis
to the brain. Nature. 2009; 459:1005–9. https://doi.
org/10.1038/nature08021. [PubMed]

14. Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri
DD, Viale A, Olshen AB, Gerald WL, Massague J. Genes
that mediate breast cancer metastasis to lung. Nature.
2005; 436:518–524. https://doi.org/10.1038/nature03799.
[PubMed]

25. Padua D, Zhang XH, Wang Q, Nadal C, Gerald WL, Gomis
RR, Massague J. TGFbeta primes breast tumors for lung
metastasis seeding through angiopoietin-like 4. Cell. 2008;
133:66–77.
https://doi.org/10.1016/j.cell.2008.01.046.
[PubMed]

15. Nakayama T, Hirakawa H, Shibata K, Abe K, Nagayasu
T, Taguchi T. Expression of angiopoietin-like 4 in human
gastric cancer: ANGPTL4 promotes venous invasion.
Oncol Rep. 2010; 24:599–606. https://doi.org/10.3892/
or_00000897. [PubMed]

26. Wong CC, Zhang H, Gilkes DM, Chen J, Wei H, Chaturvedi
P, Hubbi ME, Semenza GL. Inhibitors of hypoxia-inducible
factor 1 block breast cancer metastatic niche formation and
lung metastasis. J Mol Med (Berl). 2012; 90:803–815.
https://doi.org/10.1007/s00109-011-0855-y. [PubMed]

16. Shibata K, Nakayama T, Hirakawa H, Hidaka S, Nagayasu
T. Clinicopathological significance of angiopoietinlike protein 4 expression in oesophageal squamous cell
carcinoma. J Clin Pathol. 2010; 63:1054–1058. https://doi.
org/10.1136/jcp.2010.078600. [PubMed]
17. Tan MJ, Teo Z, Sng MK, Zhu P, Tan NS. Emerging roles of
angiopoietin-like 4 in human cancer. Mol Cancer Res. 2012;
10:677–688. https://doi.org/10.1158/1541-7786.MCR-110519. [PubMed]

27. Zhang H, Wong CC, Wei H, Gilkes DM, Korangath
P, Chaturvedi P, Schito L, Chen J, Krishnamachary B,
Winnard PT, Jr, Raman V, Zhen L, Mitzner WA, et al. HIF1-dependent expression of angiopoietin-like 4 and L1CAM
mediates vascular metastasis of hypoxic breast cancer cells
to the lungs. Oncogene. 2012; 31:1757–1770. https://doi.
org/10.1038/onc.2011.365. [PubMed]

18. Salvas A, Benjannet S, Reudelhuber TL, Chretien
M, Seidah NG. Evidence for proprotein convertase
activity in the endoplasmic reticulum/early Golgi. FEBS
Lett. 2005; 579:5621–5625. https://doi.org/10.1016/j.
febslet.2005.09.029. [PubMed]

28. Okochi-Takada E, Hattori N, Tsukamoto T, Miyamoto K,
Ando T, Ito S, Yamamura Y, Wakabayashi M, Nobeyama
Y, Ushijima T. ANGPTL4 is a secreted tumor suppressor
that inhibits angiogenesis. Oncogene. 2014; 33:2273–2278.
https://doi.org/10.1038/onc.2013.174. [PubMed]

19. Lei X, Shi F, Basu D, Huq A, Routhier S, Day R, Jin W.
Proteolytic processing of angiopoietin-like protein 4 by
proprotein convertases modulates its inhibitory effects on

29. Zhou H, Yang YH, Basile JR. The Semaphorin 4D-PlexinB1-RhoA signaling axis recruits pericytes and regulates
vascular permeability through endothelial production of

www.oncotarget.com

1600

Oncotarget

PDGF-B and ANGPTL4. Angiogenesis. 2014; 17:261–274.
https://doi.org/10.1007/s10456-013-9395-0. [PubMed]

J Clin Oncol. 2014; 32:2100–8. https://doi.org/10.1200/
JCO.2013.54.0955. [PubMed]

30. Zhou S, Tu J, Ding S, Lu G, Lin Z, Ding Y, Deng B, Zhang
Y, Xiao W, Gong W. High Expression of Angiopoietinlike Protein 4 in Advanced Colorectal Cancer and its
Association with Regulatory T Cells and M2 Macrophages.
Pathol Oncol Res. 2019. https://doi.org/10.1007/s12253019-00695-0. [Epub ahead of print]. [PubMed]

39. Niwinska A, Tacikowska M, Murawska M. The effect of
early detection of occult brain metastases in HER2-positive
breast cancer patients on survival and cause of death. Int
J Radiat Oncol Biol Phys. 2010; 77:1134–9. https://doi.
org/10.1016/j.ijrobp.2009.06.030S0360-3016(09)00941-9.
[PubMed]

31. Llovet JM, Peña CE, Lathia CD, Shan M, Meinhardt G,
Bruix J, and SHARP Investigators Study Group. Plasma
biomarkers as predictors of outcome in patients with
advanced hepatocellular carcinoma. Clin Cancer Res. 2012;
18:2290–2300. https://doi.org/10.1158/1078-0432.CCR-112175. [PubMed]

40. Tabouret E, Chinot O, Metellus P, Tallet A, Viens P,
Goncalves A. Recent trends in epidemiology of brain
metastases: an overview. Anticancer Res. 2012; 32:4655–
4662. [PubMed]
41. Bria E, Cuppone F, Fornier M, Nistico C, Carlini P,
Milella M, Sperduti I, Terzoli E, Cognetti F, Giannarelli
D. Cardiotoxicity and incidence of brain metastases after
adjuvant trastuzumab for early breast cancer: the dark side
of the moon? A meta-analysis of the randomized trials.
Breast Cancer Res Treat. 2008; 109:231–239. https://doi.
org/10.1007/s10549-007-9663-z. [PubMed]

32. Ng KT, Xu A, Cheng Q, Guo DY, Lim ZX, Sun CK, Fung
JH, Poon RT, Fan ST, Lo CM, Man K. Clinical relevance
and therapeutic potential of angiopoietin-like protein 4
in hepatocellular carcinoma. Mol Cancer. 2014; 13:196.
https://doi.org/10.1186/1476-4598-13-196. [PubMed]
33. Zhang H, Wei S, Ning S, Jie Y, Ru Y, Gu Y. Evaluation
of TGFbeta, XPO4, elF5A2 and ANGPTL4 as biomarkers
in HCC. Exp Ther Med. 2013; 5:119–127. https://doi.
org/10.3892/etm.2012.750. [PubMed]

42. Li H, Ge C, Zhao F, Yan M, Hu C, Jia D, Tian H, Zhu
M, Chen T, Jiang G, Xie H, Cui Y, Gu J, et al. Hypoxiainducible factor 1 alpha-activated angiopoietin-like protein
4 contributes to tumor metastasis via vascular cell adhesion
molecule-1/integrin beta1 signaling in human hepatocellular
carcinoma. Hepatology. 2011; 54:910–919. https://doi.
org/10.1002/hep.24479. [PubMed]

34. Ito Y, Oike Y, Yasunaga K, Hamada K, Miyata K,
Matsumoto S, Sugano S, Tanihara H, Masuho Y, Suda
T. Inhibition of angiogenesis and vascular leakiness by
angiopoietin-related protein 4. Cancer Res. 2003; 63:6651–
6657. [PubMed]

43. Huang RL, Teo Z, Chong HC, Zhu P, Tan MJ, Tan CK,
Lam CR, Sng MK, Leong DT, Tan SM, Kersten S, Ding
JL, Li HY, Tan NS. ANGPTL4 modulates vascular
junction integrity by integrin signaling and disruption
of intercellular VE-cadherin and claudin-5 clusters.
Blood. 2011; 118:3990–4002. https://doi.org/10.1182/
blood-2011-01-328716. [PubMed]

35. Izraely S, Ben-Menachem S, Sagi-Assif O, Meshel T,
Marzese DM, Ohe S, Zubrilov I, Pasmanik-Chor M, Hoon
DSB, Witz IP. ANGPTL4 promotes the progression of
cutaneous melanoma to brain metastasis. Oncotarget. 2017;
8:75778–75796. https://doi.org/10.18632/oncotarget.19018.
[PubMed]

44. D’Agnillo F, Williams MC, Moayeri M, Warfel JM. Anthrax
lethal toxin downregulates claudin-5 expression in human
endothelial tight junctions. PLoS One. 2013; 8:e62576.
https://doi.org/10.1371/journal.pone.0062576. [PubMed]

36. Gong X, Hou Z, Endsley MP, Gronseth EI, Rarick KR,
Jorns JM, Yang Q, Du Z, Yan K, Bordas ML, Gershan J,
Deepak P, Geethadevi A, et al. Interaction of tumor cells
and astrocytes promotes breast cancer brain metastases
through TGF-beta2/ANGPTL4 axes. NPJ Precis Oncol.
2019; 3:24. https://doi.org/10.1038/s41698-019-0094-1.
[PubMed]

45. Herr D, Sallmann A, Bekes I, Konrad R, Holzheu I,
Kreienberg R, Wulff C. VEGF induces ascites in ovarian
cancer patients via increasing peritoneal permeability by
downregulation of Claudin 5. Gynecol Oncol. 2012; 127:210–
216. https://doi.org/10.1016/j.ygyno.2012.05.002. [PubMed]

37. Shafik NM, Mohamed DA, Bedder AE, El-Gendy AM.
Significance of Tissue Expression and Serum Levels of
Angiopoietin-like Protein 4 in Breast Cancer Progression:
Link to NF-kappaB /P65 Activity and Pro-Inflammatory
Cytokines. Asian Pac J Cancer Prev. 2015; 16:8579–8587.
https://doi.org/10.7314/APJCP.2015.16.18.8579. [PubMed]

46. Erin N, Kale S, Tanriover G, Koksoy S, Duymus O,
Korcum AF. Differential characteristics of heart, liver,
and brain metastatic subsets of murine breast carcinoma.
Breast Cancer Res Treat. 2013; 139:677–689. https://doi.
org/10.1007/s10549-013-2584-0. [PubMed]

38. Ramakrishna N, Temin S, Chandarlapaty S, Crews JR,
Davidson NE, Esteva FJ, Giordano SH, Gonzalez-Angulo
AM, Kirshner JJ, Krop I, Levinson J, Modi S, Patt DA, et
al. Recommendations on disease management for patients
with advanced human epidermal growth factor receptor
2-positive breast cancer and brain metastases: American
Society of Clinical Oncology clinical practice guideline.

www.oncotarget.com

47. Chomel C, Cazes A, Faye C, Bignon M, Gomez E, ArdidieRobouant C, Barret A, Ricard-Blum S, Muller L, Germain
S, Monnot C. Interaction of the coiled-coil domain with
glycosaminoglycans protects angiopoietin-like 4 from
proteolysis and regulates its antiangiogenic activity. FASEB
J. 2009; 23:940–949. https://doi.org/10.1096/fj.08-115170.
[PubMed]

1601

Oncotarget

48. Varna M, Gapihan G, Feugeas JP, Ratajczak P, Tan S,
Ferreira I, Leboeuf C, Setterblad N, Duval A, Verine J,
Germain S, Mongiat-Artus P, Janin A, Bousquet G. Stem
cells increase in numbers in perinecrotic areas in human

www.oncotarget.com

renal cancer. Clin Cancer Res. 2015; 21:916–924. https://
doi.org/10.1158/1078-0432.CCR-14-0666. [PubMed]

1602

Oncotarget

