
CANCER RESEARCH | TUMOR BIOLOGYAND IMMUNOLOGY

Stromal Platelet–Derived Growth Factor Receptor-b
Signaling Promotes Breast Cancer Metastasis in the Brain
Katie A. Thies1,2, Anisha M. Hammer1,3, Blake E. Hildreth III4,5, Sarah A. Steck1,2, Jonathan M. Spehar1,2,
Raleigh D. Kladney6, Jennifer A. Geisler1,2, Manjusri Das1,2, Luke O. Russell1,7, Jerome F. Bey IV1,8,
Chelsea M. Bolyard1,7, Robert Pilarski1,9, Anthony J. Trimboli10,11, Maria C. Cuiti~no10,11,
Christopher S. Koivisto10,11, Daniel G. Stover1,8, LynnSchoenfield1,12, JoseOtero1,12, Jonathan P.Godbout13,14,
Arnab Chakravarti1,2, Matthew D. Ringel1,3, Bhuvaneswari Ramaswamy1,8, Zaibo Li1,12, Balveen Kaur15,
Gustavo Leone10,11, Michael C. Ostrowski10,11, Steven T. Sizemore1,2, and Gina M. Sizemore1,2

ABSTRACT
◥

Platelet-derived growth factor receptor-beta (PDGFRb) is a
receptor tyrosine kinase found in cells of mesenchymal origin such
as fibroblasts and pericytes. Activation of this receptor is dependent
on paracrine ligand induction, and its preferred ligand PDGFB is
released by neighboring epithelial and endothelial cells. While
expression of both PDGFRb and PDGFB has been noted in patient
breast tumors for decades, howPDGFB-to-PDGFRb tumor–stroma
signaling mediates breast cancer initiation, progression, and metas-
tasis remains unclear. Here we demonstrate this paracrine signaling
pathway that mediates both primary tumor growth and metastasis,
specifically, metastasis to the brain. Elevated levels of PDGFB
accelerated orthotopic tumor growth and intracranial growth of
mammary tumor cells, while mesenchymal-specific expression of
an activating mutant PDGFRb (PDGFRbD849V) exerted proproli-
ferative signals on adjacent mammary tumor cells. Stromal expres-
sion of PDGFRbD849V also promoted brainmetastases of mammary
tumor cells expressing high PDGFBwhen injected intravenously. In

the brain, expression of PDGFRbD849Vwas observedwithin a subset
of astrocytes, and aged mice expressing PDGFRbD849V exhibited
reactive gliosis. Importantly, the PDGFR-specific inhibitor crenolanib
significantly reduced intracranial growthofmammary tumor cells. In a
tissue microarray comprised of 363 primary human breast tumors,
high PDGFB protein expression was prognostic for brain metastases,
but not metastases to other sites. Our results advocate the use of mice
expressing PDGFRbD849V in their stromal cells as a preclinical model
of breast cancer–associated brain metastases and support continued
investigation into the clinical prognostic and therapeutic use of
PDGFB-to-PDGFRb signaling in women with breast cancer.

Significance: These studies reveal a previously unknown role for
PDGFB-to-PDGFRb paracrine signaling in the promotion of breast
cancer brain metastases and support the prognostic and therapeutic
clinical utility of this pathway for patients.

See related article by Wyss and colleagues, p. 594

Introduction
Breast cancer is the most frequently diagnosed cancer in women in

the United States, with mortality rates second only to lung cancer.
Approximately 277,000 women in the United States will be diagnosed
with breast cancer in 2020, and an estimated 42,000 will die from their
disease (1). This devastatingly high number is almost entirely due to
metastatic spread to distant organs. Over the last decade, it has become
increasingly evident that the tumor microenvironment (TME) func-
tions in each phase of cancer progression, and metastasis is only
possible with a permissive TME (2). However, the molecular mechan-
isms involved in tumor–stroma signaling remain to be comprehen-
sively elucidated. Deciphering thesemechanisms has great potential to
lead to novel, effective therapeutic strategies.

The platelet-derived growth factor (PDGF) pathway is a prime
example of tumor–stroma signaling (3, 4). Canonical PDGF signaling
is paracrine in nature, with PDGF receptors expressed primarilywithin
the mesenchymal lineage, while cognate PDGF ligands are expressed
in near-adjacent epithelial and endothelial compartments. This
expression patterning of PDGFRb and its preferred ligand, PDGFB,
in breast cancer was observed decades ago (5, 6), leading to elegant
studies revealing that a dominant negative PDGFR was effective at
blocking TGFb-induced epithelial–mesenchymal transition as well as
tumor growth and experimental lung metastasis of mammary tumor
cells (7). This study was also the first to take advantage of the off-target
properties of the BCR-ABL inhibitor, imatinib mesylate (Gleevec), to
nonselectively inhibit PDGFR in breast cancer and reduce lung
metastasis. Other reports soon followed revealing imatinib's
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effectiveness at diminishing both lung and bone metastases in murine
breast cancer models (7–9). More recently, focus has shifted towards
the ligand. PDGFB is dramatically induced by TGFb in normal
mammary epithelial cells (10), and in the past year, was revealed to
promote cancer associated fibroblast invasiveness and lung metastasis
in the murine mammary 4T1 tumor model (11–13). Overall, these
findings led to our current study testing how PDGFRb signaling alters
breast cancer initiation, progression, and/or metastasis.

Herein, our analyses of publicly available breast cancer patient
datasets strongly implicate PDGFRb and PDGFB in disease progres-
sion. We demonstrate that mammary tumor cell–derived PDGFB
dictates orthotopic tumor growth and have established a knock-in
mutant mouse model that expresses constitutively active PDGFRb
(PDGFRbD849V) selectively in the mesenchymal lineage to evaluate
PDGFRb function. These mutant mice display increased orthotopic
mammary tumor growth of PDGFB-expressing tumor cells, and
importantly, have an increased incidence of experimental brain
metastases compared with control mice. In corroboration, mutant
mice exhibit accelerated growth of intracranially injected mammary
tumor cells, and the PDGFR-selective inhibitor, crenolanib, was
effective at blocking intracranial tumor growth. Given the PDGFB
ligand is derived from mammary epithelia, we also analyzed publicly
available patient tumor gene expression data and found high PDGFB is
prognostic of metastatic recurrence in multiple breast cancer patient
datasets. Importantly, in a cohort of 363 patients with breast cancer, we
found high PDGFB protein is prognostic of metastatic recurrence to
the brain, but not to other metastatic sites. PDGFBmRNA similarly is
prognostic of brain-specific recurrence in the large METABRIC
dataset (14). Together, our data reveal a novel role of PDGFB-to-
PDGFRb signaling in promoting breast cancer–associated brain
metastasis (BCBM), support the stromal-specific PDGFRbD849V mice
as a suitable and clinically relevant animal model for BCBM, and
suggest that pharmacologic PDGFR inhibition could be an effective
therapeutic strategy to prevent or treat BCBM.

Materials and Methods
Patient tissue samples

Tissue microarrays (TMA) were constructed from archived breast
tumor tissue of 425 patients following approval from The OSU
Institutional Review Board (IRB), and are maintained by the Colum-
bus Breast Cancer Tissue Bank (Director: R. Pilarski). Use of the TMAs
was approved under IRB protocol #2016C0025 (principal investigator:
Z. Li). Matched primary breast tumor and metastatic tissues from 7
patients were obtained by J. Otero. For the acquisition of all human
tissues, informed written consent was obtained from the patients.
Breast cancer patient mRNA data was obtained through Oncomine
and the European Genome-Phenome Archive (EGAS00000000083).

Transgenic mice
Animal use was in compliance with University Laboratory Animal

Resources regulations under Protocol 2007A0120-R4 (principal inves-
tigator: G.M. Sizemore) and approved by the OSU Institutional
Animal Care and Use Committee. Mice harboring an activating
PDGFRb mutation in mesenchymal cells were generated by crossing
male Fsp1-cre mice (15) with female PdgfrbD849V-knockin mutant
mice (16) obtained from Jackson Laboratories. Rosa26-LSL-tdTomato
mice (17) were kindly gifted by Lawrence Kirschner (The Ohio State
University, Columbus, OH). Genotyping conditions have been
described previously (15–17). Control mice herein include the geno-
types Pdgfrbþ/þ, Pdgfrbþ/D849V, and Fsp1-cre;Pdgfrbþ/þ. All experi-

mental mice were adult, virgin females that had been bred at least six
generations into the FVB/N background.

Cell lines
The murine mammary tumor cell lines DB7 and Met1 were

obtained from Alexander Borowsky (University of California Davis
Comprehensive Cancer Center, Sacramento, CA) and maintained in
DMEM containing 10%FBS and 1% penicillin/streptomycin (P/S).
The origin and divergent metastatic potential of these cell lines has
been described (18). Both lines tested negative for Mycoplasma
(Universal Mycoplasma Detection Kit; ATCC 30-1012K). Mouse
mammary fibroblasts were isolated as described previously (19, 20)
and were cultured in DMEM þ 10% FBS þ 1%P/S. Primary murine
astrocytes were isolated using the Adult Brain Dissociation Kit (#130-
107-677; Miltenyi Biotec) and cultured in astrocyte medium with the
addition of 2%FBS, 1%P/S, and astrocyte growth supplement (Scien-
Cell Research Laboratories). DB7 cells were transduced with three
individual shRNA sequences targeting Pdgfb as well as a scrambled
control lentivirus (OriGene Technologies Inc.; #TL501604V). Met1
cells were infected with lentivirus containing mouse Pdgfb open
reading frame (ORF) or a vector control (Welgen). Transduced cells
underwent selection in puromycin for >10 days prior to use. All cells
were used within 2–6 weeks from thaw or establishment.

Genomic DNA analysis and PCR
To isolate genomic DNA from tumor tissue, formalin-fixed paraffin

embedded (FFPE) sections were processed using the QIAamp DNA
FFPE Tissue Kit (Qiagen). Standard PCR reactions were carried out
using primers for the PyVmT transgene according to The Jackson
Laboratories Protocol 27217 Tg(MMTV-PyVmT)634Mul, and PCR
products were visualized by agarose gel electrophoresis.

Animal treatments and procedures
For orthotopic mammary tumor studies and coinjection experi-

ments, 6- to 30-week-old mice were anesthetized with isoflurane. A
total of 1� 106 DB7 or Met1 cells were suspended in sterile saline and
injected into the inguinal mammary nipple region. Once palpable,
two-dimensional caliper measurements of tumor size weremade three
times per week [tumor volume ¼ 1/2 (length � width2)]. Mice were
euthanized and tumors harvested for histology upon reaching early
removal criteria (tumor volume ≥1200 mm3). For the imatinib study,
0.5 � 106 wild-type mouse mammary fibroblasts (MMF) were
admixed with 1.5 � 106 DB7 cells and injected orthotopically. The
next day, mice received imatinib via oral gavage at 200 mg/kg for five
days. An equivalent volume of DMSO served as a control. Mice were
euthanized on the sixth day and mammary tissue harvested.

For lateral tail vein injections, 8- to 12-week-oldmice were placed in
a tail vein restrainer device (Braintree Scientific). A total of 3� 106DB7
or Met1 cells suspended in sterile saline were injected into the lateral
vein.

Intracranial injections were performed on anesthetized 6- to
18-week-old mice fixed in a stereotactic apparatus. A 4-mm incision
was made in the scalp following the frontal suture line, and a burr hole
was drilled at 2-mm lateral and 1-mmanterior to the bregma. A total of
5 � 104 DB7 tumor cells were implanted with a 7x Hamilton 80300
syringe through the burr hole at a depth of 3 mm as described
previously (21, 22). Mice received 25 mg/kg crenolanib (Selleckchem)
or an equivalent volume of vehicle (DMSO) by intraperitoneal
injection beginning 2 days after injection. Animals were treated once
daily for 12 days, and MRI images were acquired to determine tumor
volume.
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MRI imaging and analysis
In situ axial MRI scans of tumor-bearing brains were performed

under anesthesia (isofluorane and oxygen) using a 9.4 Tesla magnet
system in the OSUCCC Small-Animal Imaging Shared Resource.Mice
received the contrast agent gadolinium prior to imaging (100 mL of a
0.1 mol/L solution per 20 g mouse). T2-weighted imaging with
rapid acquisition with relaxation enhancement (RARE) sequence was
performed using the following parameters: field of view (FOV) ¼
20 mm � 20 mm, acquisition matrix ¼ 256 � 256 pixels, repetition
time (TR)/echo time (TE)¼ 3,500ms/36ms, flip angle¼ 180�, images
in acquisition¼ 16, and slice thickness¼ 1mm. Cross-sectional tumor
areas (mm2) were measured in consecutive, axial slice images using
analysis software (OsiriX) and volumes calculated in combinationwith
slice thickness (1 mm). To determine the fold increase in tumor
volume over time, values obtained at day 17/day 10 were normalized
to those on day 13/day 7 for individual mice. For the crenolanib study,
final tumor volume was calculated from endpoint (day 14).

Histologic evaluation of metastatic tumor burden
Mouse tissues were either fixed in 10% neutral-buffered formalin

and paraffin embedded or flash frozen as described below. Spinal
columns were decalcified with Surgipath Decalcifier II (Leica Biosys-
tems Inc.) prior to embedding. Sections were deparaffinized with
xylenes, rehydrated through an ethanol series, and stained with
hematoxylin and eosin (H&E). H&E-stained brain, liver, lung, and
decalcified spinal column tissues were evaluated for metastatic tumor
burden. Prior to embedding, brains were presectioned into thirds to
give the utmost surface area. Brains of DB7 tail vein–injected Fsp1-cre;
PdgfrbD849V/þmice were sectioned at 10 or 30 mm thickness and every
fifth section was evaluated by H&E staining. Once a brain lesion was
identified, sectioning ceased to preserve tissue for further analysis; this
was the case for 4 of 10 experimental mice. For control brains, those
with the greatest lungmetastatic tumor burden (n¼ 6) were complete-
ly sectioned through in the same manner. Similarly, brains fromMet1
tail vein–injected control andFsp1-cre;PdgfrbD849V/þmice (n¼ 3 each)
were sectioned through completely. The incidence of metastasis for
each site were counted and confirmed by cytokeratin 8 staining.

For frozen tissues, mice were perfused post CO2 euthanasia.
Tissue was fixed in 4% paraformaldehyde (PFA) at 4�C for 24 hours
and then placed in a 30% sucrose solution at 4�C for 48 hours.
Brains were then flash frozen in �20�C isopentane and stored at
�80�C until sectioning.

Immunostaining
FFPE tissues were sectioned at 5-mm thickness. Frozen tissues were

sectioned at 30-mm thickness as described (23). IHC was done using
the Bond RX autostainer (Leica). Briefly, slides were baked at 65�C for
15 minutes and the automated system performed dewaxing, rehydra-
tion, antigen retrieval, blocking, primary antibody incubation, post
primary antibody incubation, detection (DAB), and counterstaining
using Bond reagents (Leica). Samples were then dehydrated through a
series of ethanol and xylenes and mounted. Information on primary
antibodies is listed in Supplementary Table S1.

For immunofluorescent staining on FFPE tissues, sections were
deparaffinized in xylenes, rehydrated, and antigen retrieval was per-
formed using 1� Target Retrieval pH 6.0 (Dako) for 40 minutes in a
steamer (�90�C). A serum-free protein block (Dako) was applied
before the addition of primary antibodies (Supplementary Table S1).
After washing in PBS, AlexaFluor–conjugated secondary antibodies
were added (anti-rabbit 488 and anti-rat 594, Invitrogen). Chamber
slides were stained by first fixing cells in 4% PFA followed by PBS

washes and blocking with 5% BSA/0.5% Tween-20. Slides were
incubated with primary antibodies, washed with PBS, and Alexa-
Fluor–conjugated secondaries were added (anti-rabbit 647 and anti-
goat 488). For both tissues and cells, nuclei were counterstained and
slides mounted with ProLong Gold antifade reagent plus DAPI
(Invitrogen).

For frozen tissues, free-floating sections were transferred from
cyroprotectant to a new 24-well plate and washed in PBS, before
blocking with 5%BSA/0.5% Tween-20 for 60 minutes. After blocking,
primary antibody (Supplementary Table S1) was added for 2 hours at
room temperature, and sections were washed with PBS before the
addition of AlexaFluor–conjugated secondaries (anti-goat 488). After
another washing with PBS, nuclei were counterstained with ProLong
Gold antifade reagent plus DAPI (Invitrogen).

Quantification of immunostaining
Fluorescent images of Ki67 and Meca32 staining were acquired on

an Eclipse 800e microscope using the MetaVue Research Imaging
system (Molecular Devices). Quantification was done using FIJI
(ImageJ; ref. 24). RGB channels were split and thresholds were
manually set based on staining intensity. Thresholds were kept con-
sistent for each analysis. Ki67 positivitywas determined by dividing the
number of Ki67þ cells by the total number of DAPI nuclei [2–4
representative fields (20�) per orthotopic tumor; ≥4 tumors per
group]. Average vessel size was determined using the Connected
Regions plugin. An average of the top three connected pixel regions
[2–4 representative fields (20�) per orthotopic tumor; ≥4 tumors per
group] was used for statistical analysis. Confocal imaging was done
using an Olympus FluoView FV3000 confocal microscope with an
UPLSAPO 10 � 2/0.4 NA dry objective, UPLFLN 20�/0.5 NA dry
objective, or UPLSAPO 20�O/0.85 NA oil immersion objective
(Olympus). GFAP- and tdTomato-positive areaswere quantified using
the Colocalization Threshold tool in FIJI (ImageJ; ref. 24). Area of
colocalization was subtracted from total GFAP- and tdTomato-
positive areas to get individual percent areas. Data was normalized
within Prism 7 (GraphPad Software).

IHC images were taken on the PerkinElmer's Vectra Automatic
Quantitative Pathology Imaging System or an Olympus BS53 micro-
scope with an SC30 camera attachment using CellSens imaging
software (Olympus). The acquisition workflow for the Vectra has
been described previously (25). Quantification of orthotopic tumor
Ki67 [6 representative fields (20�) per tumor; ≥7 mice per genotype]
were performed using the pattern recognition algorithm in inForm
Advanced Image Analysis software (PerkinElmer). Quantification of
GFAP was done in ImageJ (24) by selecting regions of the hippocam-
pus and corpus callosum then either manually counting the astrocytic
cell bodies (8- to 12-week-old mice) or applying the “Find Maxima”
function with noise tolerance set the same for all images (48- to 68-
week-old mice). Quantification of CD31 staining was done using
ImageJ (24). The color deconvolution plugin was used to separate
colors, and a threshold was set for CD31-positive area. Either percent
positive area wasmeasured, or the Connected Regions plugin was used
to determine vessel size. The top three connected regions were counted
in the final analysis.

Patient TMA images were acquired on the PerkinElmer's Vectra
and quantification done using inForm. For PDGFB staining, images
were taken of themost intense regions for each tissue core. Imageswere
not acquired for cores if tissue quality was poor. inForm was used to
spectrally un-mix images for analysis. DAB signal was scored based on
a user defined threshold into four categories (0þ, 1þ, 2þ and 3þ). The
percent of cells per category was determined based on cell
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segmentationwith the hematoxylin counterstain. AnH-scorewas then
calculated¼ [1� (%cells 1þ)þ 2� (%cells 2þ)þ 3� (%cells 3þ)]. H-
scores were obtained for 363 of the 425 patient tissues (85.4%). For
cases with multiple breast tumor cores, only the highest H-score was
considered in the final analysis.

All images underwent final processing using Adobe Photoshop.
Identical adjustments were made over the entire image and for all
images per experiment.

Quantitative real-time PCR and immunoblots
Total RNA was obtained using TRIzol (Thermo Fisher Scientific).

RNA was DNase treated, and cDNA synthesized using the Maxima
First Strand cDNA Synthesis Kit for qRT-PCR (Thermo Fisher
Scientific). Quantitative real-time PCR was performed using TaqMan
Gene Expression Assays for mouse Gapdh Mm99999915_g1, Pdgfb
Mm00440677_m1, and Pdgfrb Mm00435546_m1 (Applied Biosys-
tems) using the Applied Biosystems StepOnePlus Real-time PCR
System and software.

For immunoblotting, DB7 and Met1 cells were lysed on ice and
protein levels quantified (DCProtein Assay, Bio-Rad or Precision Red,
Cytoskeleton Inc.). Protein lysate was resolved using SDS-PAGE and
transferred to polyvinylidene difluoride membrane. The membrane
was blocked in 1� TBST-5%-milk, and 1� TBST-5%-BSA was
used as a diluent for both primary (Supplementary Table S1) and
HRP-secondary antibodies (Cell Signaling Technology, 1:3,000).
Signal was detected using the GE Amersham Imager 600 (GE Health-
care Biosciences).

Statistical analysis
Statistical analyses were conducted with GraphPad Prism 7. Sample

size was not predetermined statistically. Mice were randomly allocated
for treatment studies andwithin each genetic group. Investigators were
not blinded to group allocation but were blinded to downstream
analyses. For all data, normality was checked by D'Agostino–
Pearson omnibus, Shapiro–Wilk, and Kolmogorov–Smirnov normal-
ity testing. Data were considered normally distributed upon passing
any of the three tests. Comparison between two groups of normally
distributed data was done by homoscedastic or heteroscedastic
unpaired two-tailed Student t test as appropriate. For data not nor-
mally distributed, statistical comparisons were done by the Mann–
Whitney U test. A one-way ANOVA was used for analysis involving
three or more groups. Statistical significance for all contingency tables
was determined using a two-tailed Fisher exact test. Statistical signif-
icance of Kaplan–Meier survival curves was determined using log-
rank. Statistical significance was established at P ≤ 0.05. For publicly
available datasets, the cutoffs were set as upper quartile versus rest.
For site-specific recurrence analysis based on PDGFB protein or PDGF
mRNA expression, cutoffs were set as upper half (median) versus
lower half.

Results
PDGFB and PDGFRB are implicated in human breast cancer

With the TME being a known player in cancer initiation, progres-
sion, and metastasis, we evaluated publicly available stromal-specific
gene expression data collected from laser capture microdissected
tissues of invasive breast cancer as well as normal breast tissue (26).
While many genes are significantly enriched in the tumor-associated
stroma compared with normal breast stroma (Supplementary
Table S2), we focused on PDGFRB, the gene encoding PDGFRb,
because this protein is pharmacologically targetable. While PDGFRB

mRNA is significantly elevated in the stroma from invasive breast
cancer versus normal breast stroma, expression of PDGFRA is not
dramatically altered (Fig. 1A). Furthermore, gene expression analysis
from a publicly available dataset in which tumor-associated stroma
and cancerous epithelium were isolated by laser capture microdissec-
tion confirms PDGFRB as a stromal-specific factor in breast cancer
(Fig. 1B; ref. 27). Because activation of PDGFR occurs through ligand
binding, we also queried ligand expression in the METABRIC breast
cancer patient dataset (Fig. 1C–F). Importantly, high PDGFBmRNA
correlates with reduced overall survival (OS; Fig. 1D; ref. 28). This is in
contrast to lack of prognostic power for PDGFA and PDGFC (Fig. 1C
and E), and association with better OS for PDGFD (Fig. 1F).
Taken together, these in silico analyses along with the existing
literature (8, 10–13) strongly implicate PDGFB-to-PDGFRb signaling
in breast cancer.

PDGFB dictates primary mammary tumor growth
To functionally test PDGFB-to-PDGFRb signaling in breast cancer

progression, we first evaluated Pdgfb mRNA expression in a pair of
isogenic FVB/N murine mammary cancer cell lines. DB7 cells, which
are derived from a FVB/N-Tg(MMTV-PyVmTY315F/Y322F) mouse
mammary tumor (18), displayed higher PDGFB mRNA and protein
versus the Met1 tumor cell line derived from a wild-type MMTV-
PyVmT tumor (Fig. 2A). Similar to ligand and receptor expression
patterning reported in human tissues (5, 6), PDGFRb was highly
expressed in wild-type MMFs (Fig. 2B). Importantly, PDGFRb was
not detected inmammary tumor cell lines, suggesting a truly paracrine
signaling pathway. To determine the requirement of PDGFB in
mammary tumor growth, we either stably silenced or overexpressed
PDGFB in DB7 or Met1 mammary tumor cells, respectively. DB7
cells were transduced with three individual shRNA lentiviral
constructs, and knockdown of PDGFB was confirmed at the
mRNA and protein levels (Fig. 2C). Likewise, overexpression of
PDGFB was confirmed in Met1 cells (Supplementary Fig. S1A and
S1B). These manipulated tumor cells were injected directly into the
mammary fat pads of adult FVB/N mice, and tumor growth was
monitored. While shRNA-mediated silencing of Pdgfb hindered
orthotopic mammary tumor growth of DB7 cells (Fig. 2D) and
extended the survival of tumor-bearing mice (Fig. 2E), overexpres-
sion of PDGFB significantly accelerated growth of Met1 cells
(Supplementary Fig. S1C). IHC was performed on resulting tumors
to confirm loss or overexpression of PDGFB at study end (Fig. 2F;
Supplementary Fig. S1D). Collectively, these findings indicate that
mammary tumor cell–derived PDGFB directly impacts primary
tumor growth.

PDGFR is a viable therapeutic target for breast cancer
Because PDGFB acts predominately through binding PDGFRb, we

coinjected PDGFB-expressing DB7 cells with MMFs, which abun-
dantly express PDGFRb (Fig. 2B), into themammary fat pads of wild-
type FVB/N mice. Postinjection, a small-molecule nonselective tyro-
sine kinase inhibitor of PDGFR, imatinib mesylate (Gleevec), was
administered for five days and mammary tissue was harvested to
evaluate how PDGFR inhibition altered tumorigenesis. As expected,
both tumor cell proliferation (Ki67; Fig. 3A and B) and angiogenesis
(MECA32; Fig. 3C and D) were significantly upregulated with the
addition of the MMFs, confirming the known protumorigenic role of
fibroblasts (2). Importantly, this MMF-mediated upregulation of
proliferation and angiogenesis was completely ablated with the addi-
tion of imatinib emphasizing the protumorigenic role of paracrine
stromal PDGFR signaling.
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To more directly mimic oncogenic PDGFB-to-PDGFRb
paracrine signaling, the fibroblast specific protein-1 (Fsp1/S100A4)
promoter–driven Cre recombinase transgene (Fsp1-cre) was used to
conditionally activate PDGFRb in the mesenchymal lineage (15, 19).
To this end, male Fsp1-cre mice were crossed with female mice
harboring a constitutively active mutant of PDGFRbD849V, which is
knocked-in to the endogenous locus via replacement of exon 2 (16).
Mutant cDNAexpression is under the control of a lox-STOP-lox (LSL)
cassette, resulting in spatial Fsp1-cre mediated deletion of the LSL
cassette and subsequent temporal expression of the mutant receptor
dictated by the endogenous promoter (16). The D849V mutation
destabilizes the inactive conformational state of PDGFRb thereby
increasing basal activity, but more importantly, results in hyperactiva-
tion as a result of ligand stimulation (16). These mice are hereafter
referred to as Fsp1-cre;PdgfrbD849V/þ. Fsp1-cre;PdgfrbD849V/þ mice

have been aged to 48–68 weeks with no overt behavioral differences
from that of control mice. The mice show no obvious pathologic
complications except an unexplained ocular abnormality that does not
affect viability.

To test how hyperactive mesenchymal PDGFRb alters mammary
tumor growth, we performed orthotopic injections into Fsp1-cre;
PdgfrbD849V/þ and control mice using DB7 cells (express high PDGFB)
and remarkably, stromal PDGFRb activation was sufficient to exac-
erbatemammary tumor growth (Fig. 3E andF). Not only didDB7 cells
grow more rapidly in the Fsp1-cre;PdgfrbD849V/þ mice compared with
controls, but tumors also displayed increased proliferation (Fig. 3G
and H). These data suggest mesenchymal PDGFRb activation in the
mammary gland exerts a non-cell–autonomous protumorigenic effect
on adjacent cancerous epithelial cells. Furthermore, this pathway
represents a viable therapeutic target for breast cancer.
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Figure 1.

PDGFB and PDGFRB are implicated in human breast cancer. A, Expression levels for PDGFRA and PDGFRB mRNA in the stroma of invasive breast cancer (IBC)
comparedwith normal (N) breast stroma. Bars for distinctmRNAprobes forPDGFRA andPDGFRB in the Finak dataset (N, n¼6patients; IBC,n¼ 53 patients; ref. 26).
�� , P < 00051; ��� , P < 0.00005. Scale is log2. B, Confirmation of elevated PDGFRB expression in the breast cancer–associated stroma compared with cancerous
epithelium (epi.). Bars for singlePDGFRBmRNAprobe in theMadataset (epi,n¼ 18; stroma,n¼ 20; ref. 27).C–F,Kaplan–Meier analysis segregates patientswith high
(upper quartile) and low (rest) expression of PDGF ligand isoforms in the METABRIC dataset (high, n ¼ 466; low, n ¼ 1,309; ref. 28): C, PDGFA mRNA (Probe
ILMN_2342695; P ¼ 0.475). D, PDGFB mRNA (Probe ILMN_1737695; P ¼ 0.021). E, PDGFC mRNA (Probe ILMN_1683023; P ¼ 0.098). F, PDGFD mRNA (Probe
ILMN_1803094; P < 0.001).
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Mesenchymal PDGFRb activation promotes preferential brain
metastases

While our data support PDGFB-to-PDGFRb signaling in promot-
ing primary breast tumor growth, the mortality associated with breast
cancer is mostly attributed to metastatic spread (29, 30). Therefore, we
also evaluated publicly available breast cancer patient gene expression
datasets containing metastatic recurrence information (31–34). Nota-
bly, high PDGFBmRNA was prognostic of shorter time to metastatic
recurrence in four independent cohorts (Fig. 4A and B; Supplemen-
tary Fig. S2A and S2B). Given this strong association, we then tested
whether mesenchymal PDGFRb activation specifically alters meta-
static spread through experimental (tail vein) metastasis assays in
control and Fsp1-cre;PdgfrbD849V/þ mice. Strikingly, at 20–24 days
following injection, histologic evaluation revealed prominent brain
macrometastases in 50% (5 of 10 mice) of Fsp1-cre;PdgfrbD849V/þ

animals and in none (0 of 19 mice) of the controls
(Fig. 4C; Table 1; Supplementary Fig. S2C). These DB7 brain metas-
tases were not specific to any particular brain region with lesions
observed in the forebrain, midbrain, and cerebellum. Expression of
epithelial-specific cytokeratin 8 and PCR for the PyVmT transgene
using DNA isolated from brain tissues confirmed the observed met-
astatic lesions were, in fact, DB7 cells (Fig. 4C; Supplementary
Fig. S2D). Interestingly, when comparing the two genetic groups,
there was no difference in the incidence of lung, liver, or spinal (bone)
metastasis (Table 1). To our knowledge, this is the first instance in
which genetic alteration of the TME facilitated site-specific metastasis.
In parallel, the metastatic potential of Met1 cells, which express
significantly lower levels of PDGFB (Fig. 2A), was evaluated in control
and Fsp1-cre;PdgfrbD849V/þ mice. Unlike the DB7 cells, no brain
metastases were observed in either control or Fsp1-cre;PdgfrbD849V/þ

mice. There was also no difference in the incidence of lung, liver, or
spinal (bone) metastases between groups (Table 1).

To determine whether tumor cell–derived PDGFB is required for
the increased brain metastasis observed in the Fsp1-cre;PdgfrbD849V/þ

mice, DB7 cells with control (shCtrl) and shRNA-mediated knock-
down of PDGFB (shPdgfb-3; Fig. 2C) were injected intravenously into
Fsp1-cre;PdgfrbD849V/þ mice. Importantly, none (0 of 5) of the mice
injected with shPdgfb-3 DB7 cells developed brain lesions compared
with 1 of 4 brainmetastases observed in those injected with DB7 shCtrl
cells (Supplementary Fig. S2E). These findings support that tumor-
derived PDGFB is required for successful seeding and/or growth in the
brain, even in the presence of mesenchymal PDGFRb activation. As
PDGFRb signaling is well known to regulate pericyte and vascular
smoothmuscle cell function (35, 36), we evaluated blood vessel density
and structure in normal brain tissue from control and Fsp1-cre;
PdgfrbD849V/þmice to determine whether alterations in vessel function
could be responsible for the observed brain metastasis phenotype.
Interestingly, there was no difference in blood vessel integrity between
the two genetic groups as determined by CD31 staining (Supplemen-
tary Fig.S2F).

To directly address whether mesenchymal PDGFRb activation
invokes a favorable brain metastatic microenvironment, DB7 cells
were intracranially injected into the frontal lobe of the brains of both
control or Fsp1-cre;PdgfrbD849V/þ mice. Consistent with the experi-
mental metastasis assays (Fig. 4C), there was accelerated tumor
growth of injected DB7 cells in the Fsp1-cre;PdgfrbD849V/þ mice
compared with controls as measured by MRI (Fig. 4D). Similar to
observations in normal tissue (Supplementary Fig. S2F), there was no
difference in blood vessel density or structure in tumor-bearing brains
of control and Fsp1-cre;PdgfrbD849V/þmice (Supplementary Fig. S2G).

Figure 2.

PDGFB dictates mammary tumor growth. A, Pdgfb mRNA is increased in DB7 versus Met1 murine mammary cancer cells (bars represent the mean of biological
replicates� SEM, relative to Gapdh). Western blot confirmation of PDGFB protein expression in DB7 and Met1 cells is shown in inset. B, PdgfrbmRNA is elevated in
MMFs compared with DB7 and Met1 murine mammary cancer cells (bars represent the mean of biological replicates � SEM, relative to Gapdh). Western blot
confirmation of PDGFRb protein expression in MMFs is shown in inset. C, Expression of Pdgfb mRNA is diminished with lentiviral transduction of individual shRNA
constructs (bars represent the mean of biological replicates � SEM, relative to Gapdh). Western blot of PDGFB in DB7 shCtrl and shPdgfb cells is shown in inset.
D, Quantification of orthotopic mammary tumor volume over time (n¼ 5 DB7 shCtrl; n¼ 5 DB7 shPdgfb-1, shPdgfb-2, and shPdgfb-3). �� , P¼ 0.0001 at day 30 by
one-way ANOVA. Error bars, mean � SD. E, Kaplan–Meier survival analysis of DB7 shCtrl and DB7 shPdgfb-3 tumor-bearing mice (n ¼ 5 DB7 shCtrl; n ¼ 4 DB7
shPdgfb-3; P¼ 0.002). Significance determined by log-rank. F, Representative images of PDGFB immunostaining (red) on orthotopic mammary tumor tissue (blue,
DAPI nuclear counterstain). Scale bars, 20 mm.
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Finally, to test whether tumor cell–derived PDGFB directly promotes
growth within this metastatic site, DB7 shCtrl and shPdgfb cells were
also intracranially injected and silencing of PDGFB did indeed sig-
nificantly delay tumor growth in wild-typemice and extended survival
(Fig. 4E; Supplementary Fig. S2H).

Because both mesenchymal PDGFRb activation and tumor-
derived PDGFB enhance intracranial growth, we sought to deter-
mine whether pharmacologic inhibition of PDGFR is capable of
blocking established breast cancer–associated brain tumor growth.
To this end, DB7 cells were intracranially injected into the brains of
wild-type, FVB/N mice. Because of the rapid growth rate of these
cells, treatment began two days after injection with once-daily
treatments of either vehicle control (DMSO) or crenolanib, a
small-molecule inhibitor highly selective for PDGFR (37). Given
the treatment schedule, only endpoint tumor volumes at day 14
postinjection were calculated. Excitingly, daily crenolanib treatment
significantly diminished DB7 intracranial tumor growth supporting
the use of PDGFR inhibitors at reducing established breast cancer
lesions within the brain (Fig. 4F).

Mesenchymal activation of PDGFRb in reactive astrocytes
To determine how mesenchymal PDGFRb activation in the brain

metastatic microenvironment is tumor-promoting, we interrogated
the pathology of the experimental brain metastases that developed in
Fsp1-cre;PdgfrbD849V/þ mice (Fig. 4C). Interestingly, an astrocyte
population with features indicative of a reactive phenotype was
prominent in the peritumoral regions (Fig. 5A). Glial fibrillary acidic
protein (GFAP) staining of these lesions confirmed the presence of
reactive astrocytes surrounding the tumor (Fig. 5B; ref. 38). In support
of PDGFRb activation in this brain-specific population, Fsp1-cre
transgene expression was confirmed in astrocyte-resembling (i.e.,
ramified) PDGFRb-positive cells by breeding mice with the Rosa26-
LSL-tdTomato reporter and immunostaining brain tissue (Fig. 5C).
Furthermore, Fsp1-cre transgene expression in a subset of GFAP-
positive astrocytes (Fig. 5D and E) and lack of expression in microglia
(Supplementary Fig. S3A) was observed in Fsp1-cre;Rosa26-LSL-tdTo-
mato mice. We also isolated astrocytes from the brains of Fsp1-cre;
Rosa-LSL-tdTomato mice and confirmed tdTomato expression in a
subset of dual-positive GFAP and PDGFRb cells (Fig. 5F). Given the

Figure 3.

Stromal PDGFRb activation promotes mam-
mary tumorigenesis. Representative images
and quantification of proliferation (A and B)
and angiogenesis (C and D) in short-term
(5 day) orthotopic outgrowths derived from
DB7 cells injected alone or admixed with
wild-type MMFs and then treated with con-
trol (DMSO) or imatinib. B andD, Images are
from orthotopic outgrowths derived from
DB7 cells co-injected with wild-type MMFs.
Bars, mean� SEM. Scale bars, 20 mm. E and
F, Representative H&E staining at study end
(E) and quantification of tumor volume over
time (F) of DB7 orthotopic tumor growth
in control and Fsp1-cre;PdgfrbD849V/þ

mice (n ¼ 10 controls; n ¼ 7 Fsp1-cre;
PdgfrbD849V/þ; � , P¼ 0.023 at day 27). Error
bars, mean � SEM. G and H, Representative
Ki67 IHC (G) and quantification (H) of DB7
orthotopic mammary tumors at 27 days
post-fat pad injection (n ¼ 10 controls;
n ¼ 7 Fsp1-cre;PdgfrbD849V/þ; P ¼ 0.003).
Bars, mean � SEM. Scale bar, 40 mm.
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observed PDGFRb activation in the glial population, the brains of
Fsp1-cre;PdgfrbD849V/þ and control mice intravenously injected with
DB7 cells were evaluated for the development of reactive gliosis. In fact,
a significant increase in the number of GFAP-positive cell bodies
in areas of the hippocampus and corpus collosum was observed
(Fig. 5G and H). Reactive gliosis was further confirmed within an
aged (48–68 weeks old) cohort of mice, indicating a sustained bio-

logical effect (Supplementary Fig. S3B and S3C). Of note, none of these
aged mice developed primary brain lesions.

PDGFB is prognostic of brain metastases in patients with breast
cancer

Given the increased incidence of brain metastases and enhanced
intracranial tumor growth of DB7 cells in Fsp1-cre;PdgfrbD849V/þmice

Figure 4.

PDGFRb signaling is prometastatic. A and B, Kaplan–
Meier analysis segregated patients with high (upper
quartile) and low (rest) PDGFB mRNA expression in
Desmedt (probe 204200_s_at; high, n ¼ 49; low, n ¼
149; P ¼ 0.026; ref. 31; A) and van de Vijver (probe
NM_002608; high, n¼ 73; low, n¼ 214; P¼0.012; ref. 34;
B) datasets. Significance determined by log-rank.C, Top,
H&E-stained images of three (3 of 5) independent Fsp1-
cre;PdgfrbD849V/þ mice with lesions in different regions
of the brain. No brain lesions were identified in control
animals. Bottom, cytokeratin 8 immunostaining con-
firmed the presence of DB7 cells. Scale bar, 1 mm for
H&E and 40 mm for cytokeratin 8. D, Left, representative
MRI images at day 17 postintracranial injection of DB7
cells in control and Fsp1-cre;PdgfrbD849V/þ mice. Right,
graph shows fold change in tumor volume from day 13 to
day 17 (n¼ 7 controls; n¼ 5Fsp1-cre;PdgfrbD849V/þ; bars,
mean � SEM; P ¼ 0.033). E, Left, representative MRI
images at day 10 postintracranial injection of DB7 shCtrl
and DB7 shPdgfb-3 cells into wild-type FVB/N mice.
Right, graph shows fold change in tumor volume from
day 7 to day 10 (n ¼ 3 DB7 shCtrl; n ¼ 5 DB7 shPdgfb-3;
bars,mean�SEM;P¼0.022).F, Left, representativeMRI
images at day 14 postintracranial injection of DB7 cells in
control mice treated with DMSO or crenolanib. Right,
graph represents tumor volumes at day 14 (n¼ 4 DMSO;
n ¼ 4 crenolanib; bars, mean � SEM; P ¼ 0.020). Scale
bars, 2.0 mm.
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Table 1. Incidence of metastasis in brain, lung, liver, and spinal column of control and Fsp1-cre;PdgfrbD849V/þ animals following tail vein
injection with DB7 or Met1 mammary tumor cell.

Metastatic site: Brain Lung Liver Spine
Genotype: Control PDGFRb KI Control PDGFRb KI Control PDGFRb KI Control PDGFRb KI

DB7 (high PDGFB) % metastasis (n) 0 (0 of 19) 50 (5 of 10) 52.6 (10 of 19) 70 (7 of 10) 5.2 (1 of 19) 0 (0 of 10) 13.3 (2 of 15) 0 (0 of 7)
Fisher exact P value 0.002 NS NS NS

Met1 (low PDGFB) % Metastasis (n) 0 (0 of 6) 0 (0 of 6) 50 (3 of 6) 50 (3 of 6) 0 (0 of 6) 16.7 (1 of 6) 0 (0 of 6) 0 (0 of 6)
Fisher exact P value NS NS NS NS

Abbreviation: NS, nonsignificant.

Figure 5.

Mesenchymal-specific PDGFRb activation observed in
astrocytes.A,H&E images of a representative brain lesion
following tail vein injection of DB7 cells into Fsp1-cre;
PdgfrbD849V/þmice. Black arrows point to example reac-
tive astrocytes near peritumoral margin (histologically
characterized by large nucleus with diffuse chromatin
pattern). Yellow arrows,microglia. Scale bars, 500mmfor
2� image and 50 mm for 20� image. B, Representative
GFAP immunostaining of brain lesions (same brain as A)
resulting from tail vein injected DB7 cells. Scale bar,
20 mm. C, PDGFRb immunostaining and native tdTomato
fluorescence in a DB7 tumor-bearing mouse brain. Scale
bar, 40 mm. D and E, Representative confocal image (D)
and analysis (E) of GFAP immunostaining and native
tdTomato fluorescence near the hippocampus of the
brain from an Fsp1-cre;Rosa26-LSL-tdTomato mouse.
Scale bar, 50 mm. Percent cell positivity determined from
n ¼ 9 images at �10 magnification. F, Representative
multiplex immunostaining of isolated astrocytes from a
Fsp1-cre;Rosa26-LSL-tdTomato mouse. Scale bars,
50 mm. G and H, Representative images (G) and quan-
tification (H) of GFAP immunostaining on normal brain
tissue from mice 8–12 weeks of age. Analysis of GFAP-
positive cell bodies included hippocampal regions (inset;
n¼ 9 controls; n¼ 7 Fsp1-cre;PdgfrbD849V/þ; P¼ 0.027).
Scale bars, 20 mm.
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as well as need for PDGFB for optimal growth in the brain (Fig. 4), we
predicted high primary tumor PDGFB expressionmight correlate with
the incidence of BCBM in patients. To this end, protein expression was
evaluated in HER2-positive (n ¼ 260) and triple-negative (TN; n ¼
165) breast cancer patient primary tumor TMAs. The HER2 and TN
patient cohortswere treated at TheOSU JamesComprehensive Cancer
Center and were chosen given the high propensity for these subtypes
to develop metastasis at this site (30, 39). Clinicopathologic variables
for both cohorts are summarized in Supplementary Table S3. Of
the combined 425 patients, PDGFB IHC staining was successfully
obtained for 363 patients as cores with poor tissue quality were
excluded (Fig. 6A). In this cohort, PDGFB was not prognostic for
local and distant recurrence to all sites (Fig. 6B). However, when we

evaluated site-specific recurrence, high PDGFB was prognostic for
metastatic recurrence to the brain, but not to the lung, bone, or liver
(Fig. 6B; Supplementary Fig. S4A). To validate the prognostic power of
PDGFB specifically for the development of brain metastasis, PDGFB
mRNA expression was further evaluated in the METABRIC data-
set (14, 28). Indeed, high PDGFB mRNA expression was associated
with metastatic recurrence to the brain in the TNBC patient popu-
lation (Fig. 6C) and trended toward significance in HER2 patients
(Supplementary Fig. S4B). Consistent with PDGFB protein evaluation
in the OSU cohort, PDGFB was not significantly prognostic of
recurrence to lung, bone, or liver in patients with TNBC (Supplemen-
tary Fig. S4C and S4E) orHER2patients within theMETABRIC cohort
(Supplementary Fig. S4F–S4H; refs. 14, 28). Interestingly, neither
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Figure 6.

PDGFB is prognostic of breast cancer–associated brain metastases. A, Representative PDGFB immunostaining on breast tumor cores showing “high” and “low”
expression. Top, high PDGFB expressing breast tumor core is from a patient who developed a brain metastasis. Scale bars, 40 mm. B, Kaplan–Meier analysis
segregates patients with breast cancer from the OSUCCC HER2 and TN TMAs with high (top half) and low (bottom half) PDGFB H-scores as determined by
immunostaining: all recurrence (n¼ 88; P¼ 0.955), metastases to bone (n¼ 21; P¼ 0.227), metastases to lung (n¼ 18; P¼ 0.540), or metastases to brain (n¼ 18;
P¼0.028).C,Kaplan–Meier analysis segregates patientswith TNBCwith high (tophalf) and low (bottomhalf)PDGFBmRNAexpression in theMETABRICdataset [all
recurrence (n¼ 93; P¼ 0.021) or metastasis to the brain (n¼ 23; P¼ 0.024; refs. 14, 28]. Significance determined by log-rank. D, Representative PDGFB (epithelial-
specific) and PDGFRb (stromal-specific) immunostaining in primary breast tumor andmatched brain metastasis tissue of a patient [high PDGFB expression in 100%
of patients (n ¼ 5)]. Scale bars, 20 mm.
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PDGFB nor PDGFRB mRNA are significantly altered in any of the
Pam50 molecular breast cancer subtypes (Supplementary Fig. S4J and
S4K; refs. 14, 28). However, patients with basal breast cancer that
develop brainmetastases display significantly elevated levels ofPDGFB
compared with patients without BCBM (Supplementary Fig. S4I;
refs. 14, 28). In addition, mRNA expression of PDGFA or PDGFC
was not prognostic of brain metastasis, whereas low PDGFD was only
prognostic of BCBM in patients with TNBC (Supplementary Fig. S5A–
S5C; refs. 14, 28).

Given that primary tumor expression is not always reflective of the
metastatic site, we further evaluated PDGFB protein expression in a
limited cohort of matched human primary breast tumor and associ-
ated brain metastatic tissue. As expected, all primary breast cancer
samples (5 of 5) that metastasized to the brain exhibited pronounced
epithelial PDGFB staining, and the staining intensity was mirrored in
the matched brain metastatic tissue (Fig. 6D). In contrast, PDGFB
expression was considerably lower in a matched primary breast tumor
and lung metastasis case (Supplementary Fig. S5D). Furthermore,
PDGFRb expression remained restricted to the stroma within the
metastatic site (Fig. 6D). Taken together, these findings corroborate
the increased incidence of brain-specific metastasis in Fsp1-cre;
PdgfrbD849V/þ mice (Table 1) and support the clinical prognostic
potential of primary tumor PDGFB in determining which patients
may develop brain metastases.

Discussion
Overall, results presented herein support PDGFB-to-PDGFRb

tumor-stroma signaling in the promotion of BCBM. To our knowl-
edge, the Fsp1-cre;PdgfrbD849V/þmouse is the first immunocompetent
genetically engineered mouse model (GEMM) exhibiting an increased
incidence of BCBM upon tail vein injection without first establishing
tropism to this site. To date, modeling of BCBM in mice has been
predominantly limited to brain tropic variants of human (e.g., MDA-
MB-231) and mouse (e.g., 4T1) cell lines that were developed via
serial in vivo and in vitro passaging (40). It is important to note that
even for the BALB/C–derived 4T1 cell line that occasionally metas-
tasizes to the brain (41), brain tropism was developed and evaluated in
immune-deficient animals (42), suggesting that an intact immune
system may reduce brain metastatic burden. This is supported by the
lack of observed BCBMs in currently published GEMMs of breast
cancer (43). Perhaps more important is a single genetic change to the
mesenchymal lineage (herein PDGFRbD849V) within the brain micro-
environment was sufficient to promote metastasis of the essentially
nonmetastatic DB7 murine mammary cancer cell line (18). The
brain TME has been acknowledged to have metastasis-promoting
properties (44), but never before has direct genetic manipulation
of the microenvironment resulted in selectively higher incidence of
brain metastasis.

The predominant function for PDGFB-to-PDGFRb signaling is
endothelial-to-pericyte paracrine activation to maintain vessel integ-
rity and initiate neoangiogenesis (35). This includes maintenance of
the blood–brain barrier (BBB; ref. 36). Importantly, within the brain,
PDGFRb is observed throughout the neural, glial, and perivascular
lineages (38, 45), and aberrant expression of either the ligand or
receptor in the brain leads to glioma (46). While these studies and
others (47, 48) have delineated the PDGFB-to-PDGFRb axis in tumors
originating in the brain, a role for PDGFB-to-PDGFRb signaling in
metastatic spread of tumors to the brain from distant sites of origin
such as the breast remains to be elucidated. Herein, PDGFRb activa-
tion in the brainmetastaticmicroenvironment was found in a subset of

the reactive astrocyte population, and this activation led to reactive
gliosis over time in mutant PDGFRbD849V mice. This observation
supports a previous study observing PDGFRb activity in GFAP-
positive cells in brain tumor outgrowths of a human breast cancer
cell line (38). The protumorigenic functions of reactive astrocytes in
cancers of the brain as well as metastases to this site are being
increasingly recognized (44, 49, 50). Our findings provide further
support of reactive astrocytes as key mediators of BCBM through
enhanced PDGFRb signaling. However, based on the coexpression
patterning ofGFAP-positivity and tdTomatofluorescence as a reporter
of Fsp1-cre in the brains of mutant PDGFRbD849V mice, it is likely that
only a subset of this glial population is functionally participating in the
observed increased incidence of BCBM.We are also unable to rule out
the possibility that other mesenchymal-derived cells, such as pericytes,
are involved in promoting brain metastasis. Additional studies defin-
ing the functional roles of these distinct cell populations in the
establishment and progression of brain metastasis are warranted.

The overall findings presented herein directly implicate PDGFB-to-
PDGFRb signaling in promoting BCBM, a devastating diagnosis for
patients with breast cancer. Themedian overall survival rate of patients
with BCBM is only 11 months, with a brain lesion conferring a
dramatically worse prognosis in stage IV patients versus the presence
of lung, liver or bone metastasis, which confer median overall survival
rates of 30, 31, and 41 months, respectively (29, 30). Our study reveals
that PDGFB mRNA and protein expression in human primary breast
tumors is prognostic of BCBM, but not metastasis to other common
sites of breast cancer recurrence. This finding suggests that primary
tumor tissue could be screened for PDGFB expression upon diagnosis.
The presence of high primary tumor PDGFB would then designate a
subset of patients with breast cancer to a more thorough and frequent
evaluation for brain metastasis. Our studies also show that crenolanib,
a PDGFR-selective inhibitor that is currently in clinical trials for other
solid tumors and hematologic malignancies, is effective at reducing
intracranial mammary tumor volume. The inhibitor studies per-
formed herein utilized direct tumor cell injection into the brain, which
are limited in that they bypass much of the metastatic cascade. That
said, these studies do suggest PDGFR inhibitionmay effectively reduce
established brain metastases advocating for continued investigation
into PDGFR as an effective therapeutic target for metastatic
breast cancer. These data indicate that treating patients with breast
cancer whose tumors express high PDGFB with PDGFR inhibitors
could possibly not only reduce tumor load but could also improve the
efficacy of combination therapies. Future studies will aim to test
this postulate.
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