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Gain of HIF1 Activity and Loss of miRNA let-7d Promote
Breast Cancer Metastasis to the Brain via the PDGF/
PDGFR Axis
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ABSTRACT
◥

Early detection and adjuvant therapies have significantly
improved survival of patients with breast cancer over the past
three decades. In contrast, management of metastatic disease
remains unresolved. Brain metastasis is a late complication
frequently observed among patients with metastatic breast can-
cer, whose poor prognosis calls for novel and more effective
therapies. Here, we report that active hypoxia inducible factor-1
(HIF1) signaling and loss of the miRNA let-7d concur to promote
brain metastasis in a recently established model of spontaneous
breast cancer metastasis from the primary site to the brain
(4T1-BM2), and additionally in murine and human experimental
models of breast cancer brain metastasis (D2A1-BM2 and
MDA231-BrM2). Active HIF1 and let-7d loss upregulated
expression of platelet-derived growth factor (PDGF) B/A in
murine and human brain metastatic cells, respectively, while
either individual silencing of HIF1a and PDGF-A/B or let-7d
overexpression suppressed brain metastasis formation in the
tested models. Let-7d silencing upregulated HIF1a expression
and HIF1 activity, indicating a regulatory hierarchy of the
system. The clinical relevance of the identified targets was
supported by human gene expression data analyses. Treatment
of mice with nilotinib, a kinase inhibitor impinging on PDGF
receptor (PDGFR) signaling, prevented formation of spontane-
ous brain metastases in the 4T1-BM2 model and reduced growth
of established brain metastases in mouse and human models.

These results identify active HIF1 signaling and let-7d loss as
coordinated events promoting breast cancer brain metastasis
through increased expression of PDGF-A/B. Moreover, they
identify PDGFR inhibition as a potentially actionable therapeutic
strategy for patients with brain metastatis.

Significance: These findings show that loss of miRNA let-7d and
active HIF1 signaling promotes breast cancer brain metastasis via
PDGF and that pharmacologic inhibition of PDGFR suppresses
brain metastasis, suggesting novel therapeutic opportunities.

Graphical Abstract: http://cancerres.aacrjournals.org/content/
canres/81/3/594/F1.large.jpg.

See related article by Thies et al., p. 606

Loss of let-7d upregulates HIF1 activity, leading to increased PDGFA/B secretion and promoting brain metastasis growth.
Inhibition of PDGFR with nilotinib halts brain metastasis progression.
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Introduction
Brain metastasis occurs in about one-quarter of patients with breast

cancer, often as a late complication of an alreadymetastatic disease (1).
The number of patients developing brain metastases is on the rise
because of the extended survival achieved by the improvements in
adjuvant therapies and better control of metastatic disease affecting

other distant organs (1, 2). Current approaches to treat brain metas-
tases, including whole-brain radiotherapy, stereotactic radiosurgery,
chemotherapy, targeted therapies, such as HER2 inhibitors in HER2-
amplified tumors, and combinations thereof, show limited benefits
as mirrored by the short survival time upon diagnosis (3). This poor
prognosis highlights the outstanding clinical need to identify valuable
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therapeutic targets to effectively halt metastatic dissemination to
the brain (3).

Over the past decade, there have been renewed efforts to unravel
cellular andmolecularmechanisms responsible of brainmetastasis (4).
Recent studies have provided important mechanistic insights and
identified a number of effector molecules and candidate therapeutic
targets, including heparin binding EGF-like growth factor HBEGF,
cyclooxygenase 2, (5), plasmin (6), connexin 43/protocadherin 7 (6, 7),
and N-methyl-D-aspartate receptors (8).

The preclinical models currently available to study brain metastasis
are largely based on the direct intracardiac or intracarotid injection of
tumor cells and are referred to as experimental models. These models
bypass primary tumor development and, therefore, do not fully
recapitulate the steps of the metastatic cascade as they occur in
patients (8–11). To circumvent this essential limitation, we developed
a novel preclinical model of spontaneous breast cancer metastasis to
the brain based on basal-like 4T1 cells selected for brain tropism (4T1-
BM2) and orthotopically implanted into the mammary gland of
immunocompetent syngeneic BALB/c mice. By taking advantage of
this model, we demonstrated that the critical events responsible for the
brain metastatic capacity of 4T1-BM2 cells take place during the brain
metastatic colonization step and unraveled a novel mechanism pro-
moting cancer cell nesting, survival, and metastatic outgrowth in the
brain involving Cx31/43-dependent focal adhesion kinase (FAK)
activation and laminin 5/8 deposition (Lorusso and colleagues; unpub-
lished data).

By testing this novel spontaneous model, we set-up to identify
key transcriptional and posttranscriptional regulators of brain
metastasis development. Here, we report gain of hypoxia inducible
factor-1 (HIF1) activity and loss of miRNA let-7d in brain meta-
static cells, which concur to mediate brain metastasis through
transcriptional and posttranscriptional regulations of platelet-
derived growth factor (Pdgf) b expression in 4T1-BM2 breast
cancer cells. These results are corroborated by experimental evi-
dences obtained from additional murine (D2A1-BM2) and human
(MDA213-BrM2) preclinical experimental models of brain metas-
tasis and from the analyses of human transcriptomic datasets
and pathways. In vivo treatment with the small molecular PDGF
receptor (PDGFR) kinase inhibitor, nilotinib, halted brain metas-
tasis progression, pointing to its translational relevance in the
clinical setting.

Materials and Methods
In vivo experiments

All animal procedures were performed in accordance with
the Swiss legislations on animal experimentation and approved by
the Cantonal Veterinary Service of the Cantons Vaud and Fribourg.
For pharmacological treatment, tumor-bearing mice were randomly
selected. In all other experiments, mice were assigned to defined
groups at the start of the experiments. Size group was determined
in accordance with the Cantonal Veterinary Service to detect
difference of 40% or more with SD of 30% relative to the mean
for an alpha of 0.05 and a beta of 0.8. The total number of animals
used in each experiment and in each group is given in the figure
legends.

Orthotopic breast tumor injection, tumor monitoring, and
metastasis quantification

4T1 cells were injected (5 � 104 cells in 50 mL PBS and 10%
Matrigel mixture per mouse) in the fourth right inguinal mammary

gland of 5- to 6-week-old (20–22 g) BALB/c female mice (Harlan
Laboratories; Charles River Laboratories; and University of
Lausanne, Lausanne, Switzerland). Prior to surgery, animals were
anesthetized by an intraperitoneal injection of ketamine (1.5 mg/kg)
and xylazine (150 mg/kg; both from Graeub). Tumor growth was
measured twice a week with caliper and tumor volume was calcu-
lated by the formula: volume ¼ p/6(length � width2). At endpoint
of the experiment, mice were sacrificed according to defined ethical
criteria and tumors, lungs, and brains were resected, tumors
weighted, and lungs and brains analyzed by ex vivo bioluminescence
imaging (BLI). Tumors and lungs were fixed over-night in 4%
paraformaldehyde (PFA) and paraffin-embedded for sectioning.
Lung and brain metastases were quantified by ex vivo culture and
colony counting as described previously (11). Removed lungs and
brains were digested in SFM containing 1% collagenase I and
10 mg/mL DNase I for 45 minutes at 37�C by vigorous shaking.
The cell suspension obtained was passed through 100- and 40-mm
pore-size nylon mesh strainers and suspended cells were cultured in
complete (10% FBS) DMEM. After 24 hours, metastatic colony
cultures were washed with PBS, and further grown for 6–7 days in
complete (10% FBS) DMEM. Quantification of grown colonies was
performed under a microscope (individual, sparse tumor cells, or
nontumor cells were not counted). Metastatic index is defined as the
number of organ metastases (lung or brain colonies) normalized
over primary tumor weight (12).

Intracarotid artery injection
Prior to surgery, 5- to 6-week-old BALB/c or NSG female mice

(20–22 g; from Charles River Laboratories and University of
Lausanne) were anesthetized by isoflurane inhalation during the
procedure. Glucose infusion was administered to mice before and
after surgery. The throat skin was carefully opened with a scalpel
(1 cm). A polyurethane catheter (0.4 mm) was inserted into the
right common carotid artery and CFSE-labeled (25 mmol/L at 37�C
for 30 minutes) or luciferase-tagged 4T1, D2A1, or MDA231 tumor
cells were slowly injected (4T1 and D2A1 in BALB/c mice and
MDA231 in NSG mice) through the catheter in retrograde fashion
toward the aortic arch. The artery was ligated both upstream and
downstream of the site of injection before the catheter was removed
and the wound was closed with a silk suture. After approximately 3,
7, or 10 days after injection, mice were analyzed by in vivo BLI. At
endpoint, mice were sacrificed, and brains and lungs were resected
and analyzed by ex vivo BLI. Brains were fixed in 4% PFA for 1 hour
at 4�C and then embedded in Tissue-Tek OCT (Sakura) for cryo-
sectioning.

Treatment of mice with pharmacologic tyrosine kinase
inhibitor

Micrometastases were allowed to form for 3 days after injection of
tumor cells via the common carotid artery. Tyrosine kinase inhibitor
(TKI), nilotinib, was diluted in DMSO. A vehicle was prepared for the
oral administration containing 0.5% hydroxypropyl methylcellulose
and 0.05% Tween80. Nilotinib (30 mg/kg/mouse) or a vehicle control
was administered daily per os (by gavage) from day 10 till endpoint for
the orthotopic spontaneous 4T1-BM2 model, from day 3 till endpoint
for the intracarotid 4T1-BM2 model, and from day 4 till endpoint for
the intracarotid MDA231-BrM2 model. Tumor measurement was
performed starting at day 5 for the orthotopic model, while for the
intracarotid models, in vivo BLI was performed every 2–3 days, till
endpoint when mice were sacrificed for ex vivo BLI and organ
processing.
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Ex vivo quantification of brain metastatic clones
Primary tumors and the resected organs, lungs and brains, were

digested in serum-free medium containing 1% collagenase type I and
10 mg/mL DNase I for 45 minutes at 37�C. The digested organs were
stirred with a sterile magnet. The cell suspension was passed through
nylon mesh strainers of 100 and 40 mmpore size. After centrifugation,
the resuspended pellet was put in culture in complete medium. After
24 hours, cells were washed twice with PBS andwere grown to colonies
in complete medium for 6–7 days for metastatic clone quantification
ex vivo. Correlative analysis of the BLI signals obtained from the brain
of different mice ex vivo, and the number of ex vivo colonies derived
from the same brains demonstrated a significant linear correlation
between these two methods (Lorusso and colleagues; unpublished
data).

Breast cancer patient expression data
These data are publicly available and can be obtained from NCBI

Gene ExpressionOmnibus, as well as from the supporting information
(Bos, 2009). They consist of four datasets: NKI295, EMC286, EMC192,
and MSK82, done on different platforms by different laboratories. For
analysis, datasets were merged.

Survival analysis for the selected genes
For the PDGFB Kaplan–Meier plot, a cutoff was chosen according

to the Cox model. Because the expression values are not necessarily
comparable, they were converted into a normalized rank for each gene
in each dataset. These values ranged between 0 and 1.

Integrated System for Motif Activity Response Analysis
The automated web-based tool called Integrated System for Motif

Activity Response Analysis (ISMARA) was used to model gene
expression in terms of genome-wide predictions of regulatory sites
allowing the identification of transcription factors with elevated
transcriptional activity (13). For the primary tumor clinical breast
cancer patient data regulatory motif activity analysis, the following
publicly available datasets were analyzed: NKI295, EMC286, EMC192,
and MSK82. In addition, expression data from lung, bone, and brain
human breast cancer metastases were analyzed: GSE14017 and
GSE14018.

Statistical analyses
Except for the gene expression studies described above, in all other

experiments, statistical comparisons were performed by a two-tailed
Student t test or by a one-way ANOVA test (Bonferroni post-test),
using Prism 6.0 GraphPad Software, Inc. Results were considered to
be significant with �, P < 0.05; ��, P < 0.005; ���, P < 0.001 values.
Results were considered nonsignificant with P > 0.05.

Results
Constitutively increased HIF1 activity promotes breast cancer
brain metastasis

To identify key transcriptional and posttranscriptional regulators of
brain metastasis, we performed an ISMARA to computationally
predict the activity of transcription factors and miRNAs (13). We
applied ISMARA to gene expression datasets derived from both
murine and human brain metastatic cells, 4T1-BM2 and MDA231-
BrM2, their non-brain metastatic counterparts, the 4T1-T2 and 4T1-
LM2 lines (derived from primary tumors and lung metastases respec-
tively; Lorusso and colleagues; unpublished data), and the MDA231
parental line (5). ISMARA revealed a constitutively increased tran-

scriptional activity associated with both the HIF1a and HIF1b com-
ponents of theHIF1 transcription complex in 4T1-BM2 andMDA231-
BrM2 cells compared with their non-brain metastatic counterparts
(Fig. 1A; Supplementary Fig. S1A). We confirmed the bioinformatics
prediction by ISMARA of elevated HIF1 transcriptional activity with
an in vitro luciferase-based HIF1 activity reporter assay in 4T1-BM2

andMDA231-BrM2 cells and in a second murine brain metastatic cell
line,D2A1-BM2,whichwe recently generated (Lorusso and colleagues;
unpublished data; Fig. 1B; Supplementary Fig. S1B). Consistently, we
found elevated mRNA expression of the direct HIF1 targets, carbonic
anhydrase 9 (Ca9/CA9; ref. 14), glucose transporter 1 (Glut1/GLUT1;
ref. 15), and VEGFA (Vegfa/VEGFA; ref. 16), in all brain metastatic
cells relative to their non-brain metastatic counterparts (Fig. 1C;
Supplementary Fig. S1C), confirming increased HIF1 transcriptional
activity. Consistent with elevatedHIF1 activity, 4T1-BM2,D2A1-BM2,
andMDA231-BrM2 brainmetastatic cells survived better under severe
hypoxic conditions (i.e., 48 hours in 0.1% O2) in vitro, compared with
their corresponding parental cells (Fig. 1D).

To functionally validate the role of active HIF1 in promoting
brain metastasis, we stably silenced it in 4T1-BM2, D2A1-BM2, and
MDA231-BrM2 cells (Supplementary Fig. S1D). The expressions of
the direct transcriptional targets Ca9/CA9, Glut1/GLUT1, and
Vegfa/VEGFA were reduced, thus confirming HIF1 decreased tran-
scriptional activity (Fig. 1E; Supplementary Fig. S1E). Consistently,
upon HIF1a silencing, the ability of brain metastatic cells to
withstand low oxygen concentration (0.1%) significantly dimin-
ished in vitro (Fig. 1F; Supplementary Fig. S1F). Next, we tested the
effect of HIF1a silencing on brain metastasis formation. HIF1a-
silenced 4T1-BM2 and MDA231-BrM2 cells delivered to the brain
via intracarotid injection formed significantly less brain metastases
compared with the control cells, as demonstrated by in vivo and
ex vivo BLI of the brains (Fig. 1G and H).

From these experiments we conclude that, constitutively elevated
HIF1 transcriptional activity in breast cancer cells plays an essential
role in brain metastasis formation.

Reduced miRNA let-7d activity promotes colonization of the
brain

Computational prediction by ISMARA revealed that transcripts
containing binding motifs for let-7 miRNA in their 30 untranslated
region (UTR) were highly abundant in 4T1-BM2 and MDA231-BrM2

brain metastatic cells (Fig. 2A; Supplementary Fig. S2A). Let-7 family
members are negative regulator of translation (17). Consistent
with this in silico prediction, let-7d was the most downregulated let-
7 familymember from the gene expression analysis, in brainmetastatic
4T1-BM2 cells, compared with 4T1-T2 and 4T1-LM2 primary tumor
and lung metastasis–derived cells (Lorusso and colleagues; unpub-
lished data). PCR analysis confirmed that let-7dmiRNA expression in
4T1-BM2, D2A1-BM2, andMDA231-BrM2 cells was reduced by 30%–
40% compared with their non-brain metastatic counterparts (Fig. 2B;
Supplementary Fig. S2B). Bioinformatics analysis of breast cancer
patient datasets revealed increased expression of miRNA let-7d targets
and reduced miRNA let-7d levels in primary tumors of patients
that developed brain metastases compared with patients that did
not (Fig. 2C). Importantly, increased expression of miRNA let-7d
targets and reduced levels of miRNA let-7d were observed in brain
metastases compared with metastases to other organs, such as lung/
bone (Fig. 2D), consistent with brain-specific effects. Interestingly,
expression of Lin28a and Lin28b, two variants of Lin28, a previously
reported natural inhibitor of miRNA let-7d (18), was elevated in all
brain metastatic cells compared with the parental lines (Fig. 2E;
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Figure 1.

Constitutive HIF1 transcriptional activity contributes to brain metastasis. A, HIF1a and HIF1b activities in 4T1-BM2 compared with 4T1-T2 and 4T1-LM2 cells as
predicted by ISMARA from transcriptomic datasets. B, HIF1 promoter activity detected by a luciferase-based reporter assay is higher in 4T1-BM2 cells
compared with 4T1-T2 cells. C, Ca9, Glut1, and Vegfa mRNA expression shown as fold change in 4T1-BM2 versus 4T1-T2 cells. D, Survival of 4T1-BM2 versus
4T1-T2, D2A1-BM2 versus D2A1-T2, and MDA231-BrM2 versus MDA231 parental cells under hypoxic conditions (0.1% O2) at 24 and 48 hours in vitro. E, Fold
change of Ca9/CA9, Glut1/GLUT1, and Vegfa/VEGFA mRNA expression in 4T1-BM2/MDA231-BrM2 cells upon HIF1a silencing relative to corresponding NS
control cells. F, Decreased survival of 4T1-BM2 cells with stable HIF1a silencing under hypoxic conditions (0.1% O2) in vitro. G, HIF1a silencing (kd#1 and kd#2)
in 4T1-BM2 cells suppresses brain metastases generated by intracarotid injection and monitored by BLI in vivo. H, HIF1a silencing (kd#1 and kd#2) in MDA231-
BrM2 suppresses brain metastases generated by intracarotid injection and monitored by BLI in vivo. Representative BLI images of the brains are shown.
NS, nonsilencing controls. Mice per group n ¼ 9. Values represent mean � SD (in vitro) or SEM (in vivo). P values were determined by a two-tailed Student t
test. � , P < 0.05; ��, P < 0.01; ��� , P < 0.005.
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Supplementary Fig. S2C). This provided additional evidence for
dysregulated expression of let-7 miRNA in brain metastatic cells.

To assess the functional role of let-7d miRNA loss in brain metas-
tasis formation, we stably overexpressed let-7d in 4T1-BM2 and
MDA231-BrM2 cells (Fig. 2F; Supplementary Fig. S2D). Induction

of miRNA let-7d had no effect on cell proliferation in vitro (Supple-
mentary Fig. S2E), while it significantly reduced brain metastatic
capacities of 4T1-BM2 and MDA231-BrM2 cells upon intracarotid
injection (Fig. 2G andH). To test the role of let-7d overexpression on
brain metastasis formation in a more physiologic and clinically

Figure 2.

Repression of miRNA let-7d in brain metastatic cells promotes brain metastasis formation. A, Let-7 activity in 4T1-BM2 compared with 4T1-T2 and 4T1-LM2 cells as
predicted by ISMARA from transcriptomic datasets.B,Relative expression ofmiRNA let-7d in 4T1-BM2 cells comparedwith 4T1-T2 cells as assessed by TaqMan qPCR.
C, Let-7d activity as predicted by ISMARA in primary tumor samples of patients without (0; 806 patients) or with (1; 49 patients) brain metastases (left) and relative
Let-7d expression (transcriptomic datasets, right). D, Let-7d activity in brain (49 patients) versus lung/bone (297 patients) metastatic samples (left) and relative
expression of let-7dmiRNA (right). E,RelativemRNAexpression of Lin28bmRNA in 4T1-BM2 and4T1-T2 cells. F, Induced expression ofmiRNA let-7d in 4T1-BM2 cells.
G, Brain metastasis derived from 4T1-BM2 cells overexpressing miRNA let-7d (miRlet-7d) or miR000 control after intracarotid artery injection, monitored by ex vivo
BLI. H, Brain metastasis derived from MDA231-BrM2 cells overexpressing miRNA let-7d (miRlet-7d) or miR000 control after intracarotid artery injection, monitored
by ex vivoBLI. Representative BLI pictures are shown. I,Primary tumor growth andweight (left) andbrain and lungmetastatic indexes ofmice orthotopically injected
with 4T1-BM2 cells overexpressing miRNA let-7d (miRlet-7d) or control cells (miR-000). Mice per group was n¼ 8–10. Values represent mean� SD (in vitro) or SEM
(in vivo). P values were determined by a two-tailed Student t test. � , P < 0.05; �� , P < 0.01; ��� , P < 0.005.
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relevant model, we injected miRNA let-7d–overexpressing 4T1-BM2
cells (and miR-000 control cells) in the mammary fad pad and
monitored primary breast tumor growth and metastatic dissemina-
tion. miRNA let-7d overexpression led to slightly slower primary
tumor growth, but it nearly completely abolished (more than 95%
inhibition) brain metastasis formation, while only partially reducing
(�40% inhibition) lung metastasis formation (Fig. 2I).

From these results, we conclude that brain metastatic breast cancer
cells have reduced miRNA let-7d expression and its loss significantly
contributes to their brain metastatic capacity.

Increased HIF1 activity and repressed miRNA let-7d induce
Pdgfb/PDGFA expression in brain metastatic cells

By mining human breast cancer patient databases in combina-
tion with gene expression datasets obtained from the 4T1-BM2

spontaneous brain metastasis model, we identified 18 genes poten-
tially clinically relevant to human brain metastasis as they were
associated with short brain metastasis–free survival (BMFS) in
patients with metastatic breast cancer (Lorusso and colleagues;
unpublished data). We combined the predicted regulatory matrix
obtained from ISMARA for HIF1a and let-7d and applied it to this
18-gene set. Strikingly, Pdgfb was the only target gene whose
expression was predicted to be under the control of both HIF1
and let-7d (Fig. 3A).

Importantly, elevated PDGFB expression in the primary tumors of
patients with breast cancer correlated with shorter BMFS (Fig. 3B).
Furthermore, primary tumors of brain metastatic patients (Fig. 3C,
left), as well as brain metastases compared with metastases to lung or
bone (Fig. 3C, right), expressed higher levels of PDGFB. Consistent
with these bioinformatics predictions, Pdgfb mRNA and protein
expressions in 4T1-BM2 and D2A1-BM2 cells were significantly
elevated comparedwith their respective non-brainmetastatic counter-
parts (Fig. 3D; Supplementary Fig. S3A). PDGFA mRNA has been
reported previously to be upregulated in the gene signature from the
human MDA231-BrM2 brain metastatic model (5). We confirmed
here elevated levels of PDGFA mRNA and protein in MDA231-BrM2

cells relative to MDA231 parental cells (Supplementary Fig. S3B).
PdgfamRNAwas also upregulated in 4T1-BM2 comparedwith 4T1-T2

cells, while PDGFB mRNA was expressed at equivalent levels in
MDA231-BrM2 compared with MDA231 parental cells (Supplemen-
tary Fig. S3C). Increased PDGFA expression in patients with breast
cancer was also associated with a reduced BMFS (Supplementary
Fig. S3D).

HIF1 was reported to induce PDGFB gene expression under hyp-
oxia (19), and according to bioinformatics prediction, the promoter
region of the Pdgfb gene contains multiple HIF1-binding motifs,
consistent with direct transcriptional regulation by HIF1. On the
other side, the 30 UTR of the Pdgfb mRNA was predicted to contain
an miRNA let-7d conserved binding site consistent with posttran-
scriptional repression of Pdgfb protein translation. Consistently, stable
silencing of HIF1a reduced Pdgfb mRNA and protein expressions in
4T1-BM2 and D2A1-BM2 murine brain metastatic cells (Fig. 3E;
Supplementary Fig. S3E), as well as PDGFA expression in human
brain metastatic MDA231-BrM cells (Supplementary Fig. S3F). Con-
versely, induced expression of miRNA let-7d led to decreased Pdgfb
and PDGFA expression in the murine and human brain metastatic
cells, respectively (Fig. 3F; Supplementary Fig. S3G and S3H). These
experimental data are consistent with the in silico ISMARA prediction
(Fig. 3G).

While these results demonstrate that HIF1 and let-7d individually
regulate PDGF expression, they do not demonstrate a possible func-

tional cross-talk between these two regulatory pathways. To address
this question, we tested the effect ofHIF1a silencing on let-7d (and also
Let-7f belonging to the same miRNA family) expression, and con-
trariwise, the effect of let-7d overexpression on HIF1amRNA expres-
sion and HIF transcriptional activity by monitoring expression of the
target genesVEGF, CA9, andGLUT1 in both 4T1-BM2 andMDA231-
BrM2mouse and humanmodels.We found that Let-7d overexpression
reduced VEGF, CA9, and GLUT1 target gene expressions and HIF1a
in MDA231-BrM2 cells and Vegf and Glut1 target gene expressions in
4T1-BM2 cells (Supplementary Fig. S4A and S4B). In contrast, we did
not observe any significant effect of HIF1a silencing on let-7d or let-7f
expressions (Supplementary Fig. S4C).

We conclude that HIF1 activation and repression of miRNA let-7d
expression result in increased expression of Pdgfb and PDGFA in both
the murine and human brain metastatic models, respectively, and that
let-7d itself regulates HIF1a mRNA expression and HIF1 activity.
These results also demonstrate a coordinated regulation of PDGF
expression by HIF1 and let-7d.

Pdgfb contributes to themetastatic outgrowth of breast cancer
cells in the brain

To reveal a potential role of tumor cell–derived Pdgfb or PDGFA in
promoting cell growth under condition of limited growth factors
availability, as it may occur during initial cell seeding in the brain,
we silenced Pdgfb in 4T1-BM2 cells and tested the effect on their
proliferation and survival under condition of growth factor depriva-
tion in vitro (i.e., 1% FBS). Stable silencing of Pdgfb in 4T1-BM2 and
D2A1-BM2 cells (Supplementary Fig. S5A and S5B) had no direct
effect on cell survival, as assessed by Annexin V/propidium iodide
staining (Supplementary Fig. S5C), while it decreased proliferation rate
as detected by cell-cycle analyses (Supplementary Fig. S5D, at 48-hour
timepoint), compared with nonsilencing control, resulting in reduced
cell number in time (Fig. 4A; Supplementary Fig. S5E). This effect was
reversed by supplementing recombinant Pdgfbb to the Pdgfb-silenced
4T1-BM2 and D2A1-BM2 cells (Fig. 4B; Supplementary Fig. S5F),
thereby confirming the critical role of Pdgfb in 4T1-BM2 and D2A1-
BM2 cell growth under condition of limited growth factors availability
in vitro.

Next, we investigated the in vivo functional role of cancer cell–
derived Pdgfb in the formation of spontaneous brain metastasis
in the 4T1-BM2 orthotopic breast cancer model. Primary tumor
growth was not significantly altered upon Pdgfb silencing (Fig. 4C,
left and middle). However, the spontaneous formation of 4T1-BM2

brain metastases was significantly decreased (Fig. 4C, right). Strik-
ingly, Pdgfb silencing did not cause a decrease in microvascular
density (MVD) in the primary tumor, but rather it induced a slight
increased (�20%) and a visible enlargement of the tumor vessels
(Fig. 4D).

Furthermore, to address the functional role of Pdgfb and PDGFA in
the late-metastatic steps of colonization and outgrowth in the brain, we
directly injected 4T1-BM2 and MDA231-BrM2 cells into the common
carotid artery. Indeed, stable silencing of Pdgfb in 4T1-BM2 hampered
the formation of brain metastases, as monitored by in vivo and ex vivo
BLI (Fig. 4E). Stable silencing of PDGFA expression in MDA231-
BrM2 cells (Supplementary Fig. S5G) reduced proliferation in vitro
(Supplementary Fig. S5H) and suppressed brain metastases formation
in vivo in the humanmodel (Fig. 4F), paralleling the effects observed in
the mouse model.

We conclude that cancer cell–derived Pdgfb and PDGFA are
essential mediators of brain metastasis formation in the murine and
human brain metastasis models, respectively.
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Figure 3.

HIF1 andmiRNA let-7d regulate expressionof Pdgfb/PDGFA inbrainmetastatic cells.A,Tabular viewof the 18 coexpressedgenes combinedwithHIF1a/HIF1b and let-
7 regulation as predicted by ISMARA. The ranking was performed according to z values provided by the analysis. Only PDGFB genewas predicted to be regulated by
both HIF1 and let-7. B, Kaplan–Meier plot shows BMFS of patients with breast cancer stratified for low and high PDGFB expression levels. The cutoff used is the 67th
percentile: 570patients havePDGFB levels below (PDGFB low) and285 above (PDGFBhigh) this percentile.C,PDGFB expression levels in primary tumors of patients
without (0; 806 patients) or with (1; 49 patients) brainmetastases (left) and in brain (49 patients) versus lung/bonemetastasis (297 patients) samples from patients
with breast cancer (right). D, Relative Pdgfb mRNA and protein expression in 4T1-BM2, 4T1-LM2, and 4T1-T2 cells. E, Relative Pdgfb mRNA and protein expression
upon stable silencing of HIF1a in 4T1-BM2 cells (HIF1a_kd#1 and kd#2). F, Relative Pdgfb mRNA levels upon overexpression of miRNA let-7d in 4T1-BM2 cells.
G,Representation of the proposedmodel of regulation of the Pdgfb transcription and translation as predicted by ISMARA. HIF1a binds transcription factor (TF)motif
in the promoter region, whereasmiRNA let-7d recognizes an 8-mer binding site in the 30 UTR of PdgfbmRNA. Experimental silencing of HIF1a and overexpression of
let-7d results in reduced Pdgfb/PDGFA expression. Values representmean� SD. P valueswere determined by a two-tailed Student t test. �� , P < 0.01; ��� , P < 0.005.
Box plot shows median, quartiles, and extreme values.
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Figure 4.

Tumor-derived Pdgfb/PDGFA promotes brain metastasis. A, Relative cell number of 4T1-BM2 cells in 1% FBS upon stable Pdgfb silencing. B, Relative cell
number of 4T1-BM2 Pdgfb-silenced cells in 1% FBS supplemented with recombinant Pdgfbb at the indicated concentrations. C, Growth curve (left) and weight
(middle) of primary tumors and brain metastases (brain metastatic index; right) derived from 4T1-BM2 Pdgfb-silenced and control NS cells injected
orthotopically in the fourth mammary fat pad (mfp). D, MVD and illustrative sections stained for CD31 of primary tumors of mice injected orthotopically with
Pdgfb-silenced 4T1-BM2 or NS control cells at endpoint. E, Brain metastatic progression of 4T1-BM2 Pdgfb-silenced and control 4T1-BM2 NS cells after
intracarotid (ica) injection, and monitored by in vivo (left) and ex vivo (middle and right) BLI. F, Brain metastatic progression of MDA231-BrM2_NS and
_PDGFA-silenced (kd#1 and kd #2) cells after intracarotid injection, and monitored by in vivo (left) and ex vivo (middle and right) BLI. Representative ex vivo
BLI brain pictures are shown. Mice per group was n ¼ 9. Values represent mean � SD (in vitro) or SEM (in vivo). P values were determined by a two-tailed
Student t test (��� , P < 0.005; �� , P < 0.01; � , P < 0.05).
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Pharmacologic inhibition of PDGFR prevents brain metastasis
formation and suppresses growth of established brain
metastases

The expression of PDGFRs in breast cancer cells correlates with
tumor progression, invasion, and metastasis (20–23). Experimental
studies demonstrated an important role for Pdgfr activation on
pericytes and astrocytes in blood–brain barrier stability and brain
metastasis formation (24, 25).We, therefore, decided to investigate the
role of PDGFR in the progression of brain metastasis in our models.
First, we confirmed the expression of Pdgfra/PDGFRA and Pdgfrb/
PDGFRB in 4T1-BM2, D2A1-BM2, and MDA231-BrM2 cells, respec-
tively. Both receptors were expressed in brain metastatic cells and in
the respective non-brain metastatic counterparts at similar levels
(Supplementary Fig. S6A–S6C). Second, we showed that treatment
of brain metastatic cells in vitro with the TKI, nilotinib, a second-
generation BCR-ABL TKI with potent PDGFR inhibitory activity (26),
significantly inhibited in vitro cell autonomous proliferation across the
three different breast cancer models (Supplementary Fig. S6D). Third,
we systemically (per os) treated mice previously injected in the fourth
mammary fat padwith 4T1-BM2mammary tumors, by administrating
nilotinib starting from day 10, a timepoint when tumors are well
established, until endpoint. Primary tumor growth (Fig. 5A, left and
middle), as well as the spontaneous formation of lung metastases
(Supplementary Fig. S6E), were not significantly affected by the
nilotinib treatment, while the spontaneous formation of brain metas-
tases was strongly and significantly reduced (Fig. 5A, right). Fourth, to
mimic the clinical situation, whereby patients are treated only when
brain metastases are diagnosed, we injected 4T1-BM2 or MDA231-
BrM2 cells into the right common carotid artery and started
nilotinib treatment once metastases were detectable by in vivo BLI
(days 3 and 4, respectively, after injection). Systemic treatment with
nilotinib significantly reduced brain metastatic burden compared
with untreated vehicle control mice, as detected by in vivo and
ex vivo BLI in both murine and human models (Fig. 5B and C),
while it did not affect lung metastasis formation (Supplementary
Fig. S6F and S6G). Nilotinib treatment did not affect MVD in 4T1-
BM2 primary tumors, while it induced a visible enlargement of the
tumor vessels (Fig. 5D).

From these experiments we conclude that, pharmacologic inhibi-
tion of PDGFR signaling significantly reduces de novo formation of
brainmetastases (4T1-BM2model), as well as the outgrowth of already
established breast cancer brain metastases in both murine 4T1-BM2

and humanMDA231-BrM2models. Importantly, decreased 4T1-BM2

spontaneous brain metastasis formation following nilotinib treatment
(or Pdgfb silencing) was not associated with decreased angiogenesis at
the primary tumor site.

Discussion
Metastatic relapse in the brain is a critical complication of many

cancer types associated with rapid decline of quality of life and high
mortality (1). Because of lack of efficient clinical treatments, there is an
urgent need to better understand the cellular and molecular mechan-
isms responsible for this particularly dismalmetastatic disease with the
aim to identify novel therapeutic candidates (3). Several cellular and
molecular mechanisms of breast cancer brain metastasis have been
recently reported on the basis of experimental models of brain
metastasis by systemic injection of cancer cells (4, 27).

We recently developed a spontaneous model of breast cancer
metastasis to the brain and unraveled an adaptive molecular program
initiated byCx31/43 coordinating cancer cell survival via FAKandNF-

kB and laminin 5/8 deposition in the brain during metastatic colo-
nization (Lorusso and colleagues; unpublished data).

Here, we set-up to identify transcriptional and posttranscriptional
regulators of brain metastasis formation and report that HIF1 and
miRNA let-7d coordinate the upregulation of Pdgfb/PDGFA protein
expressions in brain metastatic cells. We demonstrate that tumor-
derived Pdgfb/PDGFA is critically involved in promoting breast
cancer metastasis to the brain. Importantly, systemic treatment with
the TKI, nilotinib, prevents spontaneous brain metastasis dissemina-
tion from primary tumor, as well as it reduces growth of already
established brain metastases in the mouse and human models. Taken
together, these data reveal that gain ofHIF1 activity and loss ofmiRNA
let-7d orchestrate breast cancer metastasis to the brain via the PDGF/
PDGFR axis.

Elevated HIF1 transcriptional activity in cancer correlates with
more aggressive and more metastatic behavior and it is associated
with poor prognosis in patients, including in breast cancer (28, 29).
HIF1 regulates multiple events promoting cancer progression, such as
metabolic adaptation, cell motility, epithelial-to-mesenchymal tran-
sition (EMT), survival, and angiogenesis (30). Increased HIF1 index
has been reported in brain metastases versus primary tumors in a
variety of cancers, including melanoma, lung, breast, renal, and
colorectal cancers, but the putative mechanism involved has not been
investigated (28, 31, 32). Here, we show that in three independent
models of brain metastasis, HIF1 is constitutively active under stan-
dard normoxic culture conditions, and HIF1a silencing suppresses
brain metastasis formation. There is growing evidence that HIF1a
regulation goes beyond oxygen levels. Mitochondria-derived reactive
oxygen species, extracellular factors, such as angiotensin II, thrombin,
and endothelin, and activation of PI3K and PKC pathways were
reported to increaseHIF1 activity independently of hypoxia. Increased
HIF1a protein translation, rather than PHD-dependent stabilization,
seems to be the main mechanism involved (33–36). As we found that
let-7d regulates HIF1 activity (Supplementary Fig. S4A and S4B), but
not vice versa, a possibility to consider is that deregulated Lin28/
miRNA let-7d may be responsible for increased HIF1 activity inde-
pendently of hypoxia.

Having identified Pdgfb/PDGFA as transcriptional targets positive-
ly regulated by HIF1 in brain metastatic cancer cells, this may suggest
that HIF1 is a potential therapeutic target, however, while various
small-molecular HIF1a inhibitors were developed and tested for the
treatment of advanced cancers, none is approved for clinical use yet,
due to lack of specificity and undesired side effects (37, 38).

Parallel to HIF1 activation, we observed decreased expression of
miRNA let-7d (and increased expression of let-7d target genes) in brain
metastatic breast cancer cells, as well as increased expression of its
negative regulator, Lin28 (17, 39). An inverse correlation between the
miRNA-processing protein, Lin28, and miRNA let-7d was reported
previously. Gain of Lin28 expression and concomitant loss of miRNA
let-7dmaturation are associated with aggressive cancers. Interestingly,
those cancers inherited high self-renewal capacity and were associated
with poor prognosis in patients (18, 40). Here, we show that Lin28 is
strongly expressed in brain metastases from patients, by performing
dataset bioinformatics analyses. Thus, Lin28-controlled inhibition of
miRNA let-7 might serve as a posttranscriptional mechanism further
contributing to brain metastatic capacity of breast cancer cells. Impor-
tantly, breast cancer patients with brain metastasis show significantly
lower expression of miRNA let-7 in the primary tumor and in brain
metastatic lesions. Previous studies identified miRNA let-7 as a
suppressor of tumorigenesis and metastasis (41, 42). Suppression of
miRNA let-7 increased tumor angiogenesis, induction of EMT,
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invasion, and metastasis including of the breast (43–45). A direct role
ofmiRNA let-7 in brainmetastatic colonization, however, has not been
reported yet. Here, we show that loss of miRNA let-7 promotes brain
metastasis by stabilizing Pdgfb/PGDFA mRNAs and increasing their
protein translation. Interestingly, we found that let-7d overexpression
inhibits HIF1 activity (while HIF1 inhibition did not affect let-7
expression), suggesting a regulatory coordination between these two
systems in modulating Pdgfb/PGDFA mRNA levels. Importantly, our
results do not exclude that additional HIF1-regulated genes may
contribute to the brain metastatic phenotype. Indeed, among the

genes upregulated in 4T1-BM2 versus 4T1-T2/LM2 cells (Lorusso and
colleagues; unpublished data), at least eight additional genes (i.e.,
Krt14, Mmp9, Car9, Slc11a2, Loxl4, Igfbp7, Edn1, and Ctgf) are known
to be regulated by HIF1 and to promote cancer progression and
metastasis. Their putative role in brain metastasis, however, remains
unknown at this point.

PDGF signaling was reported to drive tumorigenesis, proliferation,
invasion, and metastasis in various tumor models (22, 46). The
activation of the PDGF pathway in breast cancer correlates with tumor
aggressiveness and early recurrence, particularly in the triple-negative

Figure 5.

Inhibition of Pdgfr/PDGFR signaling by nilotinib halts brain metastasis progression. A, Growth curve (left) and weight (middle) of breast primary tumors and brain
metastases (brain metastatic index; right) derived from 4T1-BM2 cells injected orthotopically in the fourth mammary fat pad, and treated with nilotinib (30 mg/kg)
or vehicle daily (orally) from day 10 till endpoint after tumor cell injection. Nilotinib inhibits spontaneous brain metastasis formation, but not primary tumor growth.
B,Brainmetastatic progression of 4T1-BM2-LV-Luc cells inmice injected via carotid artery and treatedwith nilotinib (30mg/kg) or vehicle daily (orally) fromday3 till
endpoint (left), and monitored by in vivo (middle) and ex vivo (right) BLI. C, Brain metastatic progression of MDA231-BrM2-LV-Luc cells in mice injected via carotid
artery and treated with nilotinib (30 mg/kg) or vehicle daily (orally) from day 4 till endpoint (left), and monitored by in vivo (middle) and ex vivo (right) BLI.
Representative BLI images are shown. Nilotinib inhibits brain metastasis progression. D, MVD and illustrative sections stained for CD31 of primary tumors of mice
injected orthotopicallywith 4T1-BM2 cells and treatedwith nilotinib (30mg/kg) or vehicle only, daily fromday 10 after tumor cell injection till endpoint.Mice per group
was n ¼ 8. Values represent mean � SD (in vitro) or SEM (in vivo). P values were determined by a two-tailed Student t test. � , P < 0.05; �� , P < 0.01.
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subtype (23, 47). PDGFRs are also critical mediators of breast cancer
chemoresistance driven by Foxq1 expression (48). It has been reported
that metastatic cells disseminating to the brain express PDGFs (7, 49).
Through bioinformatics analysis we show that, PDGFB and PDGFA
expression in primary tumors of patients with breast cancer correlates
with shorter BMFS. Furthermore, patients’ brain metastatic lesions
express higher levels of PDGFB than metastatic lesions derived from
other organs (lung or bone). Pdgfb or PDGFAexpression bymetastatic
tumor cells provides an autocrine proliferation loop, which is critical
for efficient metastatic colonization of the brain. In vitro experiments
demonstrate that Pdgfb produced by tumor cells induces proliferation
and promotes cell autonomous survival. Silencing of Pdgfb reduced
tumor cell proliferation and brain metastasis formation. Inhibition of
PDGFR signalingwith theTKI, nilotinib (26), prevented the formation
of spontaneous brain metastases from the primary tumor site and also
halted the progression of established ones.

Our results do not exclude that PDGFB may also initiate paracrine
communicationwith resident cellswithin the brain parenchyma, such as
astrocytes or microglia, further promoting and supporting metastatic
outgrowth. Indeed, Gril and colleagues demonstrated that abrogation of
PDGFR signaling in astrocytes with the small-molecular kinase inhib-
itor, pazopanib, prevented outgrowth of experimental brain metastases
derived from HER2þ breast cancer (25). More recently, Thies and
colleagues reported that stromal PDGFR-beta signaling promotes breast
cancer brain metastasis in response to tumor-derived PDGFB (50).

In conclusion, we provide original evidence for a novel regulatory
and effector pathway involving HIF1, Let-7d/Lin28, and PDGFA/B in
promoting metastasis to the brain. Pharmacologic PDGFR inhibition
may be an attractive approach to considered for clinical testing in the
treatment of patients with breast cancer presenting with brain metas-
tases given the current lack of effective treatments and the availability
of several clinically approved PDGFR TKIs (i.e., imatinib, pazopanib,
nilotinib, and crenolanib).
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