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Purpose: The survival of women with brain metastases (BM)
from breast cancer remains very poor, with over 80% dying
within a year of their diagnosis. Here, we define the function of
IL13R02 in outgrowth of breast cancer brain metastases (BCBM)
in vitro and in vivo, and postulate IL13R0.2 as a suitable ther-
apeutic target for BM.

Experimental Design: We performed THC staining of ILI3R02
in BCBM to define its prognostic value. Using inducible shRNAs in
TNBC and HER2" breast-brain metastatic models, we assessed
IL13Ro2 function in vitro and in vivo. We performed RNAseq and
functional studies to define the molecular mechanisms underlying
IL13Ro2 function in BCBM.

Results: High IL13R02 expression in BCBM predicted worse
survival after BM diagnoses. ILI3R0:2 was essential for cancer-cell
survival, promoting proliferation while repressing invasion.

Introduction

Breast cancer brain metastases (BCBM) develop in 15% to 50% of
patients with metastatic breast cancer depending on breast cancer
subtype. The current treatment options for BM (surgery, radiation,
chemo or targeted therapies) have limited success and may worsen
neurological function (1). The survival of women with BM from
breast cancer remains very poor, and more than 80% will die within
a year of their diagnosis (2, 3). Defining the mechanisms underlying
metastatic colonization and rapid progression of BM remains an
unmet and critical need to identify new therapeutic strategies for
these patients.
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IL13R02 KD resulted in FAK downregulation, repression of cell
cycle and proliferation mediators, and upregulation of Ephrin B1
signaling. Ephrin-B1 (i) promoted invasion of BC cells in vitro, (ii)
marked micrometastasis and invasive fronts in BCBM, and (iii)
predicted shorter disease-free survival and BM-free survival
(BMEFS) in breast primary tumors known to metastasize to the
brain. In experimental metastases models, which bypass early tumor
invasion, downregulation of ILI3R0.2 before or after tumor seeding
and brain intravasation decreased BMs, suggesting that IL13Roi2
and the promotion of a proliferative phenotype is critical to BM
progression.

Conclusions: Non-genomic phenotypic adaptations at metastat-
ic sites are critical to BM progression and patients’ prognosis. This
study opens the road to use IL13Roi2 targeting as a therapeutic
strategy for BM.

Despite the substantial progress in defining general mechanisms by
which cancer cells in solid tumors acquire the hallmark capability to
metastasize (4), the extent to which phenotypic plasticity at metastatic
sites contributes to metastatic progression remains poorly understood.
Brain metastatic colonization is a relatively rare event in which
circulating tumor cells are arrested at brain capillaries, extravasate
into the brain parenchyma, survive antitumorigenic effects of brain
immunesurveillance cells (microglia and astrocytes), and colonize the
brain by growing around existing vessels and adapting to the unique
brain microenvironment forming the tumor niche (5-10). This met-
astatic colonization and adaptation of metastatic cells requires a
critically important step, a change between highly invasive phenotypes
(for extravasation) to proliferative phenotype (for outgrowth; ref. 11).
Many aspects of the phenotypic change leading to tumor progression
in the brain metastatic niche remain unknown.

IL13Ro2, a high-affinity receptor for IL-13, is upregulated in
several tumors, and studies showed that IL13Ra2 overexpression
facilitates the progression and metastasis of various cancer types,
including glioblastoma (12-14). In breast cancer, ILI3RA2 mRNA
was first identified as upregulated during adaptation to lung and
brain metastatic cell lines, and knockdown of IL13Ra2 decreased
the metastatic colonization of breast cancer cells into lungs (5, 15).
However, the function of IL13R02 during brain metastatic colo-
nization and its value as therapeutic target in late brain metastasis
remained unexplored. Initially, ILI3Ro:2 was thought to function
mainly as a decoy receptor due to its lack of an intracellular kinase
domain (16). However, recent studies show more complex func-
tions for IL13R02 in brain tumor progression (17). Thus, here we
investigated the clinical value and function of IL13Rai2 protein
expression in BM and demonstrate that IL13Ra2 promotes prolif-
eration of disseminated cancer cells and plays a critical role in brain
metastatic progression.
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Translational Relevance

The adaptation of disseminated cancer cells to the brain micro-
environment involves the transition between invasive phenotype
(required for dissemination) to proliferative phenotype (required
for outgrowth). Yet, the mediators of this change at metastatic sites
remain poorly understood. Here, we provide evidence that upre-
gulation of ILI3R02 cells in brain metastases (BM) promotes
proliferation and dampens invasion, and knocking down IL13Ro:2
in early and late BM decreases brain metastatic outgrowth. Phase I
clinical trials for IL13Ro2-targeted chimeric antigen receptors
(NCT02208362) have shown initial promise against recurrent
multifocal leptomeningeal glioblastoma. Thus, this study provides
proof of principle that emerging therapies targeting IL13Roi2
have the potential to benefit patients with breast cancer BM.
Finally, levels of IL13R02 protein expression in the brain—but
not mRNA expression levels at primary tumors—predicted worse
survival following the diagnosis of BMs. Thus, interrogating non-
genomic phenotypic adaptations at metastatic sites has the poten-
tial to provide novel therapeutic targets for BMs.

Materials and Methods

Human-derived BM

De-identified human BM samples (N = 96) were obtained from
archival paraffin-embedded tissue from consenting breast cancer
patient-donors, under approved IRB protocols at the University of
Colorado.

Cell lines

Triple-negative brain trophic cells 231BR (cells that colonize the
brain at high frequency, derived from MDA-MB-231 cells, a kind gift
from Dr. Patricia Steeg, Center for Cancer Research, National Cancer
Institute) and HER2" brain trophic JmT1BR3 (derived from JIMT1
cell line) were cultured in DMEM high glucose supplemented with
10% of FBS and penicillin-streptomycin (P/S). ER"HER2" BT474
cells (parental BT474m1 and brain-trophic derivative BT474m1BR, a
kind gift of Dr. Dihua Yu, MD Anderson Cancer Center, Houston,
Texas) cells were cultured in DMEM/F12 supplemented with 10% of
FBSand P/S. Cell lines were free of Mycoplasma (MycoAlertTM PLUS-
Lonza) and identity of human cells were validated within 6 months of
receipt by STR analysis (University of Colorado Tissue Culture Core).

shRNAs and sgRNAs

shRNAs targeting human IL13RA2, EPHBI, and EFNBI (Supple-
mentary Table S1) and non-targeting controls in the pLKO1 vector
(RRID:Addgene_27368) were purchased from the Sigma MISSION(R)
TRC library through the Functional Genomics Facility at the Univer-
sity of Colorado Cancer Center. Lentiviral doxycycline-inducible
systems to overexpress ILI3RA2 with a hemagglutinin tag (HA) or
to express ILI3RA2-targeting shRNAs, were built using pTripz
Sox4.965 vector (RRID:Addgene_101120). Briefly, the 21-base
shRNAs targeting human ILI3RA2 from two MISSION shRNA
Library vectors (shILI3RA2-1 and shILI3RA2-2, Supplementary
Table S1) were used to design sense and antisense 110-base oligonu-
cleotides flanked by cohesive ends with Xhol and EcoRI restriction
sites, according to the protocol described by Chang and colleagues (18).
These sequences were cloned in pTripz Sox4.965 vector (Supplemen-
tary Table S2) and verified by sequencing. For ILI3R02 overexpres-
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sion, full sequence human ILI3RA2 cDNA was amplified from
JmT1BR3 cells, flanked at the 3’-end with the sequence encoding an
HA-tag, and cloned in the pTripz Sox4.965 vector. Lentiviral particles
were produced in HEK 293T cells (RRID: CVCL_1926). Breast cancer
cells were transduced for 48 hours and selected using puromycin or cell
sorting. When indicated, clonal populations were isolated using the
serial dilution method (19).

In a subset of experiments, ILI3RA2 was knocked out using a
CRISPR-Cas9 approach (sgIL13RA2). For this, a guide-sequence (sg)
targeting ILI3RA2 Exon 3 (Supplementary Table S2) was cloned in the
SpCas9 plasmid px459 v2.0 (RRID:Addgene_62988) and transfected
in 231BR cells. Clonal populations expressing sgEV or sgIL13RA2 were
selected by puromycin resistance and validated by qRT-PCR and WB.

IHC and immunofluorescence

For ITHC, heat immobilized deparaffinized primary tumors or BM
sections were incubated with 10 mmol/L Citrate buffer (pH 6.0) at
125°C and 25 psi for 10 minutes. After antigen retrieval, endogenous
peroxidase was blocked with 3% H,O, in PBS and tissue was blocked
with 10% normal horse serum in TBST. Slides were incubated over-
night with antibodies for ILI3R0o2 or ephrin Bl (Supplementary
Table S3), and AP-anti-Goat IgG and horseradish peroxidase
(HRP)-anti-Mouse IgG (ImmPRESS) followed by AP or HRP sub-
strates were used as appropriate. For immunofluorescence studies,
fresh-frozen OCT-embedded brain tissues were sectioned at 10-um
thickness, fixed with methanol-acetone and blocked with 10% normal
donkey serum in TBST, and incubated with antibodies against p-FAK,
ephrin B, and fluorescently labeled secondary antibodies as indicated
(Supplementary Table S3).

QRT-PCR

Total RNA from cultured cell lines was isolated using TRizol
according to manufacturer instructions. cDNA was synthesized using
the Verso cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.).
Primers used for amplification of ILI3RA2, EFNBI, and EPHBI are
described in Supplementary Table S2. Human RPLO gene expressions
or mouse 3-actin were used as normalization controls. Relative gene
expression was calculated using the 2744 method.

Western blot

Total protein was collected using RIPA buffer (cOmplete Protease
Inhibitor Cocktail, PhosSTOP Phosphatase inhibitor, 100 mmol/L
Na;VO, and 1 mol/L NaF). Extracts were sonicated (5 pulses, 1 second
each pulse, using 20% amplitude) and centrifuged at 7,000 rpm, at 4°C
for 10 minutes. Supernatant was collected and total protein was
quantified using the DC Protein Assay (Bio-Rad). Protein extracts
were denatured in 1X Laemmli Buffer at 95°C for 5 minutes. Proteins
were separated in 10% SDS-PAGE and transferred overnight at 25 V to
0.45-um PVDF membranes. Antibodies used for western blot are listed
in Supplementary Table S3. Immunoreactive bands were acquired
using a Li-COR Odissey CLx and analyzed using Image Studio
Software V5.2.

Proliferation assays

Cells were plated (1,000-3,000 cells/well) on 96-well plates and
treated with vehicle or 1 ug/mL doxycycline as indicated. Treatments
were performed in 6-replicates in at least two independent experi-
ments. Proliferation was measured using IncuCyte live Imaging (Essen
Bioscience) using the percentage of confluence in the phase-channel or
total red object area (um?/Image) in red-fluorescent channel as read-
outs. When indicated, data were normalized to time 0 and reported as
fold-changes.
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BrdUrd incorporation and cell cycle analysis

Cells were plated in 4 replicates (250K cells/plate) and incubated
36 hours in regular media, and experiments repeated at least twice.
Cells were then incubated with 15 umol/L BrdUrd for 1-2 hours
(231BR and BT474, respectively), and BrdUrd incorporation mea-
sured using flow cytometry. Briefly, BrdUrd was removed, cells washed
with PBS and fixed with 70% ethanol, DNA was denatured with HCI 2
N/0.5% Triton X-100 and incorporated BrdUrd was detected using rat
anti-BrdUrd followed by anti-rat-DyLight 488 antibodies (Supple-
mentary Table S3). The percentage of BrdUrd-positive cells and cell-
cycle analysis was performed using Gallios Flow Cytometer with
Kaluza Analysis Software (Beckman Coulter, Inc.). BrdUrd incorpo-
ration was also measured using IF-BrdUrd labeling on slides from mice
treated with BrdUrd 2 hours before euthanasia. The percentage of
BrdUrd" cells per BM was tabulated from individual metastases in
sections from 4 different mice per group.

Matrigel-filled scratch-wound invasion assays

Cells were plated (35,000 cells/well) in 5% Charcoal Stripped FBS
in regular media, on 96-well Essen ImageLock plates. Adherent cells
were serum-starved for 6 hours and a scratch wound was made
using a 96-pin WoundMaker (Essen Bioscience), and wounds were
filled with Matrigel Growth Factor Reduced (GFR) Basement
Membrane Matrix (Corning). Wound images were taken every
4 hours for 24 hours and the relative wound confluency was
calculated at each time point using an IncuCyte S3 System (Essen
BioScience). When indicated, cells were pretreated with doxycycline
(1 pg/mL) for 48 hours before scratch wound and during assay.
Treatments were performed in 6-replicates, and each experiment
repeated at least twice.

Transwell invasion assay

Serum starved 231BR cells (150,000 cells) were seeded in the
upper chamber of a Boyden Transwell chamber (Neuro Probe) in
500 UL of serum-free media, separated from the chemoattractant
(10% FBS supplemented media) by 8-um pore size PCTE-PVP-free
membrane (Neuro Probe) coated with growth-factor reduced (GFR)
Matrigel (2.5 mg/mL). After 24 hours, cells invading through the
lower chamber were collected and quantified using a hemocytom-
eter. Each treatment was done by triplicate in at least two inde-
pendent experiments. When indicated, cells were pretreated
48 hours with doxycycline (1 ug/mL).

Invasion in organotypic brain slices

The invasive ability of cells in the brain microenvironment was
assessed using organotypic brain slices as we have previously
described (20). Other studies have shown that cancer cells invade in
all directions into the organotypic brain slices (21). Briefly, 300-um
coronal brain slices from adult mice were obtained using a VT1000 S
vibrating blade microtome (LEICA). Brain slices were plated on 8-um
pore 12-well/Transwells with 700 UL of media (MEM/HEPES 50%,
horse serum 20%, NaHCO; 2 mmol/L, glucose 6.5 mg/mL, gluta-
mine 2 mmol/L and P/S). 231BR and BT474M1 GFP" cancer
cells were cultured as mammospheres for 10 days in ultra-low
attachment plates, resuspended in serum-free media and plated on
top of brain slices (5-20 mammospheres/slice). GFP™ spheres were
imaged using a fluorescent MVX10 stereo microscope (OLYMPUS)
at 0 and 24 hours after plating. Images were exported to Image]
software (RRID:SCR_003070) and invasion of GFP* cells (green
mask) away from the edge of the mammosphere were quantified
using Scholl analysis (20, 22).
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Experimental BM

Animal studies were approved by University of Colorado Institu-
tional Animal Care and Use Committee. Inducible EV or shILI3RA1
231BR-GFP-luciferase cells (175,000 cells/mouse) were injected in
the left ventricle of 8-12-week-old female NSG mice, and mice
administered 1 mg/mL doxycycline in 10% sucrose/drinking water:
(i) from two days before cell injection, or (ii) 7 days after intracardiac
injection. Investigators blinded to the experimental groups performed
cell injections and metastasis quantification. Inducible EV or OE-
IL13RA2-BT474M1-GFP-luciferase cells (175,000 cells mouse) were
injected in 4-16 week NSG mice supplemented with E2-release pellets
(1 mg), and mice administered doxycycline from two days before cell
injection. Sample size was calculated at 80% power, two-sided tests and
o = 0.05. Metastatic burden was quantified at day 0, 7, 14, and 19
following intracardiac injection, using IVIS Spectrum in vivo imaging
system. To assess the proliferative state of BMs, mice were injected
intraperitoneally with 10 mg/mL BrdUrd 2 hours before euthanasia.
Histological quantification of metastases was performed as previ-
ously described (23, 24). Briefly, six hematoxylin and eosin (H&E)-
stained serial sections (10-pm thick), one every 300 umol/L in a
sagittal plane through the right hemisphere of the brain were
analyzed at x4 magnification using an ocular grid. Every micro-
metastases (<300 umol/L) and metastatic cluster (defined as 4 or
more micrometastases together with a >300 um along the longest
axis) in each section was tabulated.

Global RNA sequencing and gene expression analysis

Total RNA was collected using TRizol and purified with the
RNeasy MinElute Cleanup Kit (Qiagen). Messenger RNA (mRNA)
was enriched by oligo dT Selection and ¢cDNA was created by
reverse transcription using random primers. cDNA was sequenced
using paired-end libraries in the BGISEQ platform to get around
70 million of cleaned 100-base reads per sample. Reads were
mapped against the human genome assembly (NCBI assembly
accession GCF_000001405.39 and assembly name GRCh38.p13)
using hisat2 v2.1.0 (25), and genes differentially expressed between
groups (EV vs. shILI3RA2) were determined from the triplicates
with Cuftdiff (26) and confirmed with DESeq2 (27). Differentially
expressed genes were defined as those genes with logarithmic
fold change (logFC) with absolute value greater than 1.5 and
P value less than 0.05. Normalized expression levels to each sample
were calculated using Cuffnorm v2.2.1 (28) and reported as frag-
ments per kilobase of transcript per million mapped fragments
(FPKM). GEO# GSE165898. Ingenuity Pathway Analysis (IPA) and
GSEA (29) were used to determine canonical pathways significantly
altered by downregulation of ILI3RA2.

Digital imaging

For IF analysis images were collected using a Nikon Eclipse Ti-S
inverted microscope or an Olympus MVX fluorescent scope. Minor
linear adjustments to brightness and contrast were performed iden-
tically and in parallel. IHC slides were scanned using Aperio Scanscope
T3 and analyzed using Aperio analysis tool.

Statistical analysis

Statistics were done using GraphPad Prism 9.0.0 software. Two-
tailed t test, one way ANOVA, repeated measures mixed analysis
or repeated measures ANOVA followed by multiple comparisons
post hoc tests were used as appropriate. When samples did not
comply any normality assumption, non-parametric test (Two-tailed
Mann-Whitney or Kruskal-Wallis test) were used. For animal
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studies, data were normalized to time 0 (fold change) and log-
transformed to fit normality assumptions. P < 0.05 was considered
significant and test assumptions were checked for all analysis.
Statistical analysis is reported with each figure legend. Adjusted
P values are shown in all graphs.

Results

High IL13R0:2 expression in BCBMs is a predictor of decreased
survival

To assess the extent of ILI3R02 protein expression in late
BCBM, we performed IL13Ro2 THC in a cohort of 96 BCBM and
quantified its tumoral expression using Aperio digital pathology.
IL13Ro2-positive staining was found in BCBM from Luminal A
(ER'/PR*/HER2™, n = 32), HER2" (n = 27) or TNBC (triple-
negative breast cancer, n = 26), subtypes (Fig. 1A). Luminal A and
HER2" BM showed higher IL13R0.2 expression than TNBC BMs (P =
0.033 and P = 0.043, respectively). High IL13Ra.2 expression (>25%
strong positive tumor) predicted for a significantly shorter survival
following BM diagnosis in all BCBM (n = 96, including 11 cases of
unknown BC subtype) compared with those with low IL13Roi2
expression (<25% strong positive tumor; median survival 10 vs.
17.1 months, respectively, P = 0.0183, Fig. 1B). High IL13Ra2

expression also predicted poor survival within HER2* BM (P =
0.027, Fig. 1C) and TNBC BM (P = 0.045, Fig. 1D) but not in luminal
BM (where only 2/32 cases with known time-to-death had low
IL13R02 expression, not shown). Consistent with previously reported
expression of IL13R2 in brain trophic breast cancer cells derived from
TN MDA231, IL13R02 expression was found on human cancer cells
derived from BCBM (F2-7), and cells that had been selected for
their ability to form BM at high frequencies (231BR, JmT1BR,
BT474M1BR, Fig. 1E). Interestingly, expression of IL13R0:2 in two
BCBM (F2-7, G7-1) was lower when tumors grew as patient-derived
xenografts (PDX) in the mammary fat pad of NSG mice (Fig. 1F),
suggesting plasticity in the expression of IL13R02 in the brain.
Together, these data suggest that ILI3R02 increased expression at
late stages of BM progression.

IL13R0.2 promotes proliferation of brain-trophic breast cancer
cells

Prior studies have shown opposite roles for ILI3RA2 in breast
cancer tumor progression. ILI3RA2 knockdown decreased the ability
of lung-trophic MDA231 cells to colonize the lungs without altering
primary tumor formation (15, 30). By contrast, independent studies
showed that overexpression of ILI3RA2-inhibited tumorigenicity of
human breast cancer MDA231 cells (31). To assess the role of ILI3RA2
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Figure 1.

IL13R02 expressionis high in BM, and increased levels predict worse survival after brain metastasis diagnoses. A, IL13Ra2 IHC staining was scored using Aperio Digital
Imaging, and tumoral areas with strong intensity scores were considered positive. Graph shows percentage of positive tumor area for a cohort of BM samples from
Luminal A (n = 32), HER2" (n = 27), and TNBC (n = 26) breast cancer subtypes. Data were analyzed using ANOVA. Adjusted P value is shown. B, All BMs (n = 96)
were classified as high (=25% -+ tumor, blue) versus low IL13Ro.2 (<25% + tumor, red), and percentage of survival following BM diagnoses was plotted. C, HER2* BMs
(n=27) were classified as high or low IL13Ra2 as in B. D, TNBC BMs (N = 26) were classified as high or low IL13Ra.2 expression as in B. Kaplan-Meier curves (B-D) were
analyzed using the log-rank test. E, WB shows IL13Ra.2 expression in breast cancer cells. F, The percentage of tumoral area expressing IL13Ra2 in clinical BM (F2-7,
G7-1) as compared with the same tumors growing as PDXs in the mammary fat pad (MFP) of NSG mice.
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Figure 2.

IL13Rai2 promotes proliferation of breast cancer cells. A, 231BR and JmTIBR3 cells were transfected with a lentiviral vector expressing the empty vector (EV) or
shRNAs targeting ILI3RA2 (shIL13RA2-10or -2) upstream of Turbo-RFP reporter under doxycycline control. Image shows brightfield and RFP expression after 72 hours
treatment with Tpg/mL doxycycline. B, 231BR and JmTIBR3 cells expressing EV or sh/L13RA2 were treated for 48 hours with vehicle or 1 ug/mL doxycycline. Graph
shows ILI3RA2 mRNA levels normalized to GAPDH and relative to WT (veh). C, Cells were cultured as in (B) for 72 hours, and IL13Ra2 protein expression was assessed
by Western blot. GAPDH was used as loading control. Numbers indicate IL13Ra2 fold change relative to vehicle-treated cells. D, 231BR and JmTIBR3 cells expressing
EV or sh/LI3RA2 were treated with doxycycline (1pug/mL), and percentage of confluence (for clonal 231BR cells) or Turbo-RFP expression (for pooled JmTIBR3 cells)
was measured over time using Incucyte live imaging (n = 5/6 treatment). Data analyzed with repeated measures ANOVA followed by multiple comparison post hoc
corrections. ****, P< 0.001 at the last time point. E, 231BR cells expressing EV or sh/IL13RA2 were induced with doxycycline for 72 hours then treated with BrdUrd by
1hour. BrdUrd incorporation (%, left) and cell-cycle analysis by PI (right) were measured by flow cytometry (n = 4). Adjusted P values are shown. F, Human IL13Ro.2
with a hemagglutinin (HA) tag was overexpressed (OE) in a doxycycline inducible systemin BT474MI cells. ILI3RA2 mRNA levels normalized to GAPDH and relative to
the vehicle-treated cells (left). WB shows anti-HA and anti-IL13Ro:2 (right). Induction with 0.5 ug/mL of doxycycline was allowed by 48 and 96 hours for gRT-PCR and
WB, respectively. G, BT474M1 EV and OE-/L13RA2 cells were treated with 0.5 ug/mL of doxycycline and percentage of confluence measured over time as in D. Fold
change in confluence relative to day O & S.E.M. H, DNA replication and cell cycle were determined by BrdUrd (2 hours pulse) and propidium iodide (PI) incorporation
in BT474M1 cells as in (E). ****, P < 0.001.

in the context of brain metastatic colonization and progression, we
used CRISPR/cas9 to knockout ILI3RA2 expression in 231BR cells
(Supplementary Fig. S1A). However, stable knockout of ILI3RA2 in
multiple cell lines (4T1BR5, 231BR, JMT1Br3) resulted in cell death
over passaging or selected clones would emerge with regained expres-
sion, suggesting critical roles for ILI3RA2 on cell survival. We reasoned
that this survival disadvantage of ILI3RA2 KD cells and emergence of

AACRJournals.org

resistant clones could account for the previously reported discrepan-
cies in IL13Rai2 function in breast cancer.

To address this question, shRNAs targeting IL13RA2 (shIL13RA2#1
and #2) were cloned downstream of a doxycycline-inducible promoter
and linked via an IRES to Turbo-RFP reporter, which allows for
transient and time-specific modulation of IL13R0:2 levels. Cells with
high IL13Ro:2 endogenous expression (231BR, JmT1BR3, Fig. 1E)
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were transduced with shEV or shILI3RA2, then induced with doxy-
cycline and selected using cell sorting. Doxycycline at the concentra-
tion used in these experiments did not affect cell proliferation in
parental cells (Supplementary Fig. SIB). 231BR and JmT1BR3 trans-
duced with inducible EV, shILI3RA2-1 or shIL13RA2 showed strong
Turbo-RFP expression as early as 48 hours following induction with
doxycycline (Fig. 2A). ILI3RA2 mRNA and protein levels decreased
by 50% in 231BR cells and 80% in JmTBR3 cells expressing shILI3RA2
within 72 hours following doxycycline induction (Fig. 2B and C). To
assess whether IL13R02 influenced survival and proliferation of brain
trophic cell lines, 231BR or JmT1BR3 cells expressing EV, shILI3RA2-
I or shILI3RA2-2 were treated with doxycycline and cell confluence
was measured over time using live cell imaging (Fig. 2D). In clonal
populations of 231BR cells, downregulation of IL13RA2 decreased cell
confluence from 89.1% % 2.1% in EV to 66.2% =+ 6.4% in shIL13RA2#1
and 75.7% = 6.3% in shILI3RA2#2 cells (P < 0.0001 at 96h). Similarly,
in non-clonal JmT1BR3 cells downregulation of ILI3RA2 significantly
reduced cell confluence of Turbo-RFP-expressing cells (Fig. 2D).
Downregulation of ILI3RA2 decreased the percentage of BrdUrd*
cells as compared with EV (39.6 &= 5.6 in shILI3RA2-1 vs. 44.7 = 2.1
BrdUrd" cells in EV, respectively, Fig. 2E). shILI3RA2 231BR cells
also showed a significant decrease in the percentage of cells in S-phase
and an increase in cells arrested in G1-phase of the cell cycle (Fig. 2E).
Together, these data suggest that the survival disadvantage conferred
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by ILI3RA2 downregulation results in part from Gj-arrest and
decreased proliferation.

To determine whether ILI3RA2 upregulation was sufficient to
promote proliferation, an inducible ILI3RA2 overexpression vector
was transduced in HER2" breast cancer cells BT474m1 (non-brain
trophic parental cells that lack endogenous IL13Ra2, Fig. 1C). Induc-
ible-overexpression (OE) of hemagglutinin-tagged IL13RA2 (Fig. 2F)
significantly increased cell confluence (a 22.6% increase compared
with EV by 144 hours P <0.0001; Fig. 2G). Furthermore, ILI3RA2-OE
BT474 cells had an increased percentage of BrdUrd " cells following a
2-hour BrdUrd, a significant decrease in G; arrested and an increase in
G,-M cells (Fig. 2H). Taken together, these studies suggest that high
levels of IL13Ra2 promote proliferation of breast cancer cells.

IL13RA2 represses invasion of brain-trophic breast cancer cells

Development of BM depends on the ability of disseminated cancer
cells to extravasate and colonize the brain parenchyma. To determine
whether IL13R02 would modulate invasion of brain trophic cells, the
invasive ability of EV or shILI3RA2 was assessed using a Matrigel-
filled scratch-wound assay. Surprisingly, shILI3RA2 cells were more
invasive as compared with shEV-231BR cells [37.9 & 2.5 relative
wound confluence (RWC) in EV vs. 59.0 & 3.6 RWC in shIL13RA2 by
24 hours, P < 0.0001; Fig. 3A]. Likewise, downregulation of IL13Ro:2
increased the number of cells capable to invade though an 8-um pore
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High levels of IL13Ra2 repress invasion of BC cells. A, 231BR cells expressing EV and sh/L13RA2 were plated in a confluent monolayer and serum-starved overnight,
and a modified Matrigel-filled scratch-wound was used to assess invasion. Left, Graph shows relative wound density (RWD) over time (left). Data analyzed with
repeated measures ANOVA followed by multiple comparison post hoc corrections. ****, P< 0.001 at the last time point. Right, Representative images show invasive
front. Blue line marks initial wound-edge. B, 231BR serum-starved cells were assessed for their ability to invade through a Matrigel-coated filter (8-um pore size) in
Boyden chambers. Graph shows number of cells in the lower reservoir after 24 hours. C, Invasion assay in organotypic brain slices. 231BR and BT474M1eGFP " spheres
expressing EV, sh/IL13RA2 (for 231BR cells) or OE-ILI3RA2 (for BT474M1 cells) were seeded on top of organotypic brain slices. Edges of spheres were monitored over
time by fluorescence microcopy and new intersections to concentric circles determined. Representative images for the same sphere/treatment at 0 and 48 hours are
shown. D, 231BR EV or shIL13RA2 cells were assayed as in C and new intersections quantified after 24 hours. Left, Median number of new intersections/sphere in 5-um
increments from initial sphere edge 24 hours. Right, Total number of new intersections per sphere after 24 hours. E, Invasion of BT474M1EV or OE-/LI3RA2 cells was

analyzed as in D.
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in Matrigel-coated Boyden Chamber assays (Fig. 3B). To assess
whether IL13Rai2-modulation of invasion also occurred in the brain
extracellular matrix, 231BR cells expressing EV or shIL13RA2 were
grown as spheres for 7 days, shRNAs induced with doxycycline for
48 hours and then spheres were plated on top of organotypic brain
slices as we previously described (20). Invasion of cancer cells away
from the sphere and into the brain slice were measured 24 hours later

IL13R«x2 Promotes Proliferation in Breast-to-Brain Metastases

and quantified as a function of the formation of new intersections away
from the initial sphere edge (Fig. 3C). Downregulation of IL13R02
resulted in spheres with an increased number of invasive fronts farther
away from the edge (Fig. 3D, left) and significantly more intersections
after 24 hours (median # of intersections 24.4 in EV vs. 69.4 in
shIL13RA2, P = 0.01, Fig. 3D, right). Conversely, upregulation of
IL13Ro2 in BT474ml cells decreased their invasive ability in
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Figure 4.

Downregulation of ILI3RA2 decreases FAK/SRC but upregulates Ephrin B signaling. A, 231BR cells expressing EV or sh/LI3RA2 were induced with doxycycline
for 48 hours, and treated with vehicle or 10 ng/mL human recombinant IL-13 (hrIL-13) in an invasion assay. Graph shows relative wound density (RWD) over time
(n = 6-10 wells per group), in a modified Matrigel-filled scratch-wound assay. Data analyzed with repeated measures ANOVA followed by multiple comparison
post hoc corrections. Adjusted P value at last time point *, P < 0.05; **, P < 0.01. B, WB show signaling pathways in 231BR EV or sh/L13RAZ2 cells induced with
doxycycline for 72 hours, serum starved overnight, and then treated with 10 ng/mL hrlIL-13 for the indicated times. Plot shows quantification of pFAK/FAK and
P-SRC/SRC from two independent experiments. C, WB shows P-FAK and FAK in BT474.M1 cells expressing EV or OE-/LI3RA2, induced with doxycycline for
72 hours and treated with vehicle or 10 ng/mL hrlL-13 for 5 minutes. GAPDH is loading control. D, Global RNA sequencing was performed in doxycycline-
induced 231BR EV versus 231BR sh/L13RA2 cells 48 hours after doxycycline induction (n = 3/group). Volcano plot shows differentially expressed genes in EV
versus sh/L13RA2 cells. Red dots are genes with log, FC>1.5 and P < 0.05. E, Ingenuity Pathway Analysis (IPA). The P value (calculated with Fischer’s exact test)
and Z-score were determined to establish any probable association between our set of genes and a specific pathway. Left, Ephrin B signaling is the only
pathway modulated in shIL13RA2 cells with a significant P value and >2 positive Z-score. Right, The log,-transformed fold change in expression of upregulated
genes in the Ephrin B1 signaling pathway (KALRN, EPHBI, CXCR4, and EFNBT). F, Relative mRNA expression of EphB1 receptor (EPHB1) and ephrin Bl-ligand
(EFNBT) in EV versus sh/IL13RA2 231BR cells (n = 3). G, WB shows ephrin B1 expression in 231BR expressing EV or sh/L13RA2, and BT474 cells expressing EV or
OE-/L13RA2. GAPDH was used as loading control. Numbers show ephrin B1 levels normalized to GAPDH and relative to EV control. H, IHC staining of ephrin B1
expression in BCBMs. Representative images of the tumor invasive front in late BM are shown in zoom-in.
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organotypic brain slices (Fig. 3E), suggesting a role for IL13Ra2 in
repressing the invasive ability of cancer cells in vitro. Together, these
data suggest a novel and more complex role of ILI3R0.2 in modulating
phenotypic plasticity of breast cancer cells, with dual roles promoting
proliferation while repressing invasion of breast cancer cells.

Downregulation of IL1I3Ra2 decreases FAK signaling and
promotes Ephrin B1 pathway upregulation in cancer cells

Prior studies in colon cancer have shown that stimulation of
IL13Ro2 with its cognate ligand IL-13 signals through recruitment
and activation of Focal Adhesion Kinase (FAK), SRC and Pi3K/AKT
signaling (32). To assess whether similar signaling pathways mediated
IL13R02 function in breast cancer cells, 231BR and BT474M1 cells
expressing shIL13RA2 or OE-IL13RA2 were induced with doxycycline
and then treated with IL-13. Stimulation of 231BR EV cells with
human IL-13 promoted invasion of cancer cells (Fig. 4A) and led to
activation of FAK and SRC (but not AKT or ERK activation; Fig. 4B).
However, downregulation of IL13R02 alone promoted invasion to
levels similar to those induced by IL-13 (Fig. 4A), and resulted in a
decrease in FAK and SRC expression and activation even in the
absence of ligand (Fig. 4B). Conversely, overexpression of IL13Ro:2
in BT474.M1 cells resulted in increased FAK recruitment and activa-
tion, even in the absence of IL-13 (Fig. 4C). Given that these cells do
not express known IL13Ro2 ligands (IL-13 or putative ligand Chi3L1,
as measured by qRT-PCR and RNAseq, not shown), these data suggest
that upregulation of ILI3R02 promotes ligand-independent recruit-
ment and activation of FAK/SRC in breast cancer cells.

To further investigate mechanisms downstream of IL13Roi2
that promote proliferation while decreasing invasion, 231BR EV
versus 231BR shILI3RA2 cells were induced with 1 pg/mL doxycycline
for 96 hours, and global RNA sequencing was performed (n = 3/
group). Consistent with the opposite roles of IL13Ra2 in promoting
proliferation while repressing invasion, top genes differentially down-
regulated in shILI3RA2 included pro-proliferative EEFIA2 (Log2FC
—4.52, P = 0.00005) and cell cycle and proliferation mediator
CCND2 (Cyclin D2, Log2FC —7.61, P = 0.046). Furthermore,
top upregulated genes included well-known invasion mediators
MMPI (Log2FC 3.2, P = 0.00005) and MMP9 (Log2FC 4.5, P =
0.0035; Fig. 4D; Supplementary Table S4A). IPA showed that func-
tions associated with cell migration were upregulated, whereas func-
tions associated with proliferation were repressed in shILI3RA2 cells
compared with shEV control (Supplementary Fig. S2A). Among
pathways differentially regulated among EV and shILI3RA2 cells,
ephrin B signaling was the top significantly upregulated pathway in
ShILI13RA2 cells with a >2 positive Z-score (P = 0.0026; Fig. 4E).
Ephrin B signaling is a key axonal guidance molecule during brain
development and can play proinvasive and/or pro-proliferative roles in
cancer depending on context. Thus, we sought to further determine the
extent to which ephrin B1 upregulation contributes to the promotion
of invasion and repression of proliferation in BCBM. Genes differ-
entially expressed within the Ephrin B signaling pathway included
Ephrin Type B-receptor (EPHBI and EphBl) and its membrane-
bound ligand ephrin B1 (EFNBI; Fig. 4E), qRT-PCR confirmed both
EPHBI and EFNBI were significantly upregulated in shILI3RA2 cells
(Fig. 4F), with EFNBI being more abundantly expressed than EPHBI.
Furthermore, western blot analysis confirmed that downregulation of
IL13R02 promotes ephrin Bl expression in 231BR cells whereas
overexpression of ILI3R02 downregulates ephrin B1 in BT474 cells
(Fig. 4G). Although expression of IL13Rai2 and ephrin Bl proteins are
not mutually exclusive in cancer cells or tumors (Fig. 4G), IHC
staining of a subset of clinical BM with high levels of IL13R0a.2, shows
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various degrees of ephrin B1 expression, with smaller cell clusters and
invasive fronts showing highest ephrin Bl expression (Fig. 4H).
Ephrin Bl was also expressed in endothelial cells in the brain niche.
Thus, these data suggest that high ephrin B1 marks a subpopulation of
highly invasive tumor cells, whereas high ILI3R02" preferentially
marks highly proliferative cancer cells in BMs.

Ephrin B1 promotes invasion of BCBM cells

To assess whether ephrin Bl ligand (EFNBI) or EphB1 receptor
(EPHBI) contributes to increased invasion in vitro, two sShRNAs were
used to downregulate ephrin Bl (shEFNBI-1, 2) or EphBI receptor
(shEPHBI1-2; Fig. 5A) in 231BR cells. Partial downregulation of
EFNBI resulted in a significant decrease in the invasive ability of
231BR cells as measured in a Matrigel-filled scratch-wound assay
(Fig. 5B). To assess whether EFNBI upregulation was linked to the
promotion of invasiveness in the context of ILL3R02 loss, shILI3RA2
were transduced with shEFNBI to prevent EFNBI upregulation.
Blockage of EFNBI in shILI3RA2 cells strongly decreased the invasive
ability of cancer cell in vitro (Fig. 5C). Conversely, forced expression of
EFENBI in EV cells (which mimics the EFNBI upregulation in
shIL13RA2 cells) significantly increased invasion as compared with
shEV cells (Fig. 5D). Despite its lower relative expression, down-
regulation of EPHBI also diminished invasion as compared with EV-
expressing cells (Fig. 5E), suggesting that both ephrin B1 ligand and its
receptor EphbB1 modulate the invasive ability of cancer cells.

Loss of ephrins has a cell type and context-dependent effect on
cancer cell proliferation. We therefore assessed whether EFNBI or
EPHBI plays a role in the proliferative ability of breast cancer cells and
can explain the phenotypic changes induced by KD of IL13Ro2.
Downregulation of EFNBI but not EPHBI significantly increased the
percentage of cells in S and G,-M, increased the percentage of G-
arrested cells (Fig. 5F) and increased BrdUrd incorporation (Fig. 5G),
suggesting a role for EFNBI in repressing the ability of cells to undergo
DNA synthesis and replication. However, an increased percentage of
cells incorporating DNA and entering the cell cycle did not increase
overall cell growth, as long-term analysis showed a significantly
decreased confluence of shENFBI and shEPHBI cells upon 96 hours
in vitro (Fig. 5H). Together, these data suggest that EFNBI expression
in breast cancer cells promotes their invasion and survival.

Downregulation of IL13R0:2 decreases BM outgrowth after
cancer cell dissemination

Given the observed dual role of IL13R0.2 in promoting proliferation
but repressing invasion, we reasoned that upregulation of IL13R02
and its promotion of proliferation would be critical for brain metastatic
outgrowth and progression and explain the clinical correlation
between high IL13Roi2 and worse survival following BM diagnoses.
Conversely, downregulation of IL13R0:2 (and/or increases in ephrin
B1) would be necessary for cells to invade and be most relevant to early
stages of tumor dissemination and early extravasation in the brain.
Analysis of a public dataset of primary breast cancer with known
development of BM (33) shows that ILI3RA2 mRNA levels in the
primary tumor do not predict different outcomes in disease-free
survival (DFS) or brain metastases-free survival (BMFS; Supplemen-
tary Fig. S3A). However, high levels of EFNBI mRNA in the primary
tumor predicted a worse DFS (P = 0.0135) and BMFS (P = 0.043;
Supplementary Fig. S3B). Moreover, patients with primary tumors
expressing both high EFNBI/low ILI3RA2 (predicted to be more
invasive) had a worse DFS (P = 0.0067) and BMFS (P = 0.034) as
compared with patients that had both low EFNBI/High ILI3RA2
(predicted to be less invasive; Supplementary Fig. S3C). Thus, these
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Figure 5.

Downregulation of EFNBTimpairs invasion and promotes DNA synthesis. A, 231BR cells expressing EV or shRNAs targeting EFNBT(shEFNBI-1/2) or EPHBI (ShEPHBI-
1/2) were cultured for 48 hours. EFNB1 and EPHBT mRNA levels were detected by RT-gPCR, normalized to GAPDH, and reported as relative to EV. B, 231BR cells
expressing EV and shEFNB7-1/2 were plated in a confluent monolayer and serum starved overnight, and a modified Matrigel-filled scratch wound was used to
assess invasion. Graph shows relative wound density (RWD) over time (n = 6-10 wells per group). Data analyzed with repeated measures ANOVA followed by
multiple comparison post hoc corrections. **, P < 0.01; ****, P < 0.001 at the last time point. C, 231BR cells expressing EV or sh/LI3RA2 were transduced with
shNC or shEFNBIT as indicated, and induced with doxycycline for 72 hours before plating. Invasion was measured as in B. *, P< 0.05; **, P< 0.01. D, 231BR cells
were transfected with a lentiviral empty vector (EV) or overexpressing EFNBT gene (OE-EFNBT). Left, Graph shows EFNBT mRNA levels normalized to GAPDH
and relative to EV cells. Right, Graphs show invasion of 231-EV and OE-EFNBIT analyzed as in B. ****, P < 0.001 at the last time point. E, 231BR cells expressing
EV or shEPHBI-1/2 were plated and analyzed for invasion as in B. F, 231BR cells expressing EV and shEFNBI-1/2 or shEPHB1-1/2 were plated for 48 hours,
treated with BrdUrd, 1 hour stained with PI for cell-cycle analysis. Graph shows cell-cycle analysis by flow cytometry (n = 4). Adjusted P values are shown.
G, BrdUrd incorporation measured in cells from F. H, 231BR cells expressing EV and shEFNB1-1/2 or shEPHBI-1/2 were plated, and percentage of confluence
was measured over time using Incucyte live imaging (n = 5 wells per treatment). Data analyzed with repeated measures ANOVA followed by multiple
comparison post hoc corrections. ****, P < 0.001 at the last time point.

data suggest that a proinvasive phenotype at the primary site may injected intracardially in female NSG mice (N = 10/group), and
predict dissemination and seeding to metastatic sites, but the abilityto  cancer cells were allowed to invade and colonize the brain paren-
proliferate at distant sites is critical for disseminated cancer cells to  chyma for 7 days. At this time point in this experimental metastases
outgrowth as metastases. model, cancer cells have extravasated the brain parenchyma and

Because analysis of ILI3R0.2 expression in late BMs showed that ~ formed micrometastasis (6). Mice were then treated with doxycy-
increased IL13Ra2 predicted worse survival after BMs diagnoses  cline for additional 2 weeks to assess how downregulation of
(Fig. 1), we next tested the effect of IL13R02 downregulation in the ~ IL13Roi2 would influence late brain metastatic outgrowth. Consis-
outgrowth of disseminated cancer cells. First, doxycycline-inducible  tent with its proliferative function in late BM, downregulation of
ShEV or shILI3RA2 231BR cells expressing luciferase reporter were ~ IL13R02 resulted in a significant delay in the outgrowth of brain
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Downregulation of IL13Ra.2 reduces brain metastatic progression. A, Female NSG mice were injected intracardially with 175.000 231BR-EV (n =10) or sh/LI3RA2 cells
(N =9) expressing luciferase, and cells were allowed to seed and colonize for 7 days before induction with doxycycline. Brain metastatic burden was measured via
in vivoimaging immediately after cell injection and the indicated times. Head total flux for each animal was normalized to brain signal at time O (Fold Change FC). Left,
Graph shows Log-transformed FC + SEM over time for EV versus sh/LI3RA2-injected mice. Arrow indicates start point for doxycycline treatment. Normally
distributed Log-transformed FC values were analyzed using Repeated Measures Mixed effects. Right, Representative image of brain metastatic burden in mice
injected with shEV and sh/LI3RA2.***, P = 0.0007 at the indicated time point. B, Histologic quantification of BMs from mice in A. Left, Each dot represents the median
number of micrometastases (<300 um) per mouse, and the line designates the group median. Right, Each dot represents the total number of metastatic clusters per
mouse. Data were analyzed using the Mann-Whitney test. C, Female NSG mice were injected as in A (n = 10/group), but cells and mice had been pretreated with
doxycycline for 2 days before cell injection. Left, Graph shows Log-transformed FC & SEM over time for EV versus sh/LI3RAZ2 injected mice. Normally distributed Log-
transformed FC values were analyzed using Repeated Measures Mixed effects. *, P= 0.045; **, P= 0.0052 at the indicated time points. Right, Representative image
of brain metastatic burden in mice injected with shEV and sh/L73RAZ2 in this experiment. D, Histologic quantification of BMs for mice in C surviving at day 19 (n = 7 for
EV, N =10 for shIL13RA2). E, Representative images of BM in EV versus sh/LI3RA2 from A to B. Blue arrows denote BMs with a “less invasive” growth pattern, black
arrows BMs with invasive fronts. F, Mice from A were injected with BrdUrd 2 hours before euthanasia, and BrdUrd incorporation in BMs was quantified by IF. Top,
Representative image of BrdUrd staining in macro- and micromets from EV versus sh/LI3RA2 mice. Bottom, Percentage of BrdUrd™ cells quantified in individual
metastases from four mice with histologically detectable BMs per group. G, Double-IF staining of p-FAK (red) and ephrin B1(green) in BMs from EV versus sh/L13RA2
mice. Blue is DAPI.

metastases and reduction of BM burden by 19 days following P = 0.045) as well as the total number of metastatic clusters per
injection, as measured by IVIS (Fig. 6A). Histological quantification ~ brain (average 12.8 £ 12.9 in EV vs. 2.0 &= 2.6 in shILI3RA2, P =
of BM at euthanasia showed that downregulation of IL13Ro2  0.024, Fig. 6B).

decreased the median number of micrometastases per mouse brain To assess whether earlier downregulation of IL13Ro2 (and
(<300 wm, average 14.3 £ 16.30 in EV vs. 2.5 &= 4.07 in shILI3RA2,  the increase in pro-invasive ephrin B1) would promote—rather than
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block—brain metastatic colonization, the experiment was repeated as
described, but both cancer cells and mice were pre-treated with
doxycycline to ensure downregulation of IL13R02 from early stages
of brain metastatic colonization (Fig. 6C). No changes in brain
metastatic burden were observed at day 7 following intracardiac
injection, but shILI3RA2 cells showed a significant decrease in
brain metastatic IVIS signal by 14 and 19 days after intracardiac
injection. Histological quantification of BMs at euthanasia also
showed a significant decrease in the median number of micrometas-
tases (9.0 = 6.7 in EV vs. 3 & 3.2 in shILI3RA2, P = 0.02) and the total
number of metastatic clusters (15.5 £ 4.3 in EV vs. 7.1 £ 4.5 in
shILI3RA2, P = 0.0019) in shILI3RA2 compared with EV cells at
euthanasia (Fig. 6D). To assess whether overexpression of ILI3R02 in
poorly metastatic BT474.M1 cells would be sufficient to promote brain
metastatic colonization, doxycycline-induced EV or OE-ILI3RA2
cells were injected intracardically in doxycycline-treated NSG mice
(n = 10/group) and metastatic outgrowth was measured via IVIS.
Albeit an earlier disadvantage for OE-ILI3RA2 BT474M1 cells to seed
in the brain (possibly due to a decreased invasive ability), there were no
differences in brain metastatic progression in EV versus OE-ILI3RA2
(Supplementary Fig. S4). Thus, downregulation of IL13R0:2 before or
after seeding in the brain decreased brain metastatic colonization and
progression of BC cells in vivo, but overexpression of ILI3R02 in a
model with poor invasive potential was not sufficient to promote brain
metastatic colonization.

We next evaluated the extent to which downregulation of IL13Ro:2
in BMs in vivo, reflected the phenotypes and signaling pathways
identified in vitro. Although there are not well-established markers
for exclusively labeling invasive breast cancer cells (particularly from
basal-like TNBC), BMs from shILI3RA2 cells were generally smaller
and showed various invasive fronts (Fig. 6E, black arrows) compared
with BMs from shEV cells, which tended to appear as rounded more
delimited metastases (Fig. 6E, blue arrows). To quantify the prolif-
erative status of EV versus shILI3RA2 BMs, mice in which IL13Ro2
was induced 7 days after intracardiac injection (from Fig. 6A) were
injected with 10 mg/mL BrdUrd 2 hours before euthanasia and the
percentage of brain metastatic cancer cells incorporating BrdUrd was
quantified by immuofluorescence. Consistent with the decrease in
proliferation in shILI3RA2 observed in vitro, BM from shIL13RA2
cells showed lower percentage of cancer cells incorporating BrdUrd
per metastasis (Fig. 6F). Furthermore, BMs from EV cells (with high
levels of IL13R0i2) showed high expression of p-FAK and low expres-
sion of ephrin B1, whereas BM from shIL13RA2 cells showed increased
expression of ephrin Bl and lacked expression of p-FAK (Fig. 6G).
Collectively, these results support the notion that ILI3Ro2 promotes
proliferation of brain metastatic cells through a mechanism involving
activation of FAK signaling and modulation of ephrin B1.

Discussion

An increased invasive ability is better known to impact the ability of
cancer cells to move away from primary tumors and seed at metastatic
sites (34), but a complete or partial restoration of a more proliferative
phenotype has been proposed as critical for the growth of disseminated
cancer cells at metastatic sites, particularly BM (35). Here we show that
(i) high levels of IL13R02 promote proliferation and repress invasion;
(ii) high expression of ILI3R0:2 protein in BM predicted worse survival
after BM diagnosis, and iii), downregulation of IL13Ra2 decreased
brain metastatic burden in vivo. These findings support the notion that
the ability of cancer cells to acquire (atleast temporarily) a less invasive,
more epithelial and proliferative phenotype is critical for brain met-
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astatic outgrowth. Consistent with prior reports showing upregulation
of IL13RA2 in breast cancer cells selected for brain tropism (5), we
found high expression of IL13Ra2 in brain metastasis but not in
matched primary tumors growing in the mouse mammary fat pad.
IL13RA2 mRNA levels in primary tumors do not predict for worse
clinical prognosis, further supporting the upregulation of IL13Ra2 as a
late event occurring at the site of metastasis, which cannot be predicted
by interrogating the primary tumor.

Although our studies did not aim to address the dynamics of
IL13R02 expression at primary versus metastatic sites, our results
suggest a dynamic nature of IL13R02 expression similar to other
molecular markers such as NDRG1 (36). Using multiphoton laser
scanning microscopy, NDRG1 was shown to be critical for the
arrest of slow-cycling cells to the brain capillary and the initiation of
metastasis, yet loss of NDRGI promoted the growth of primary
tumors in at least one model (36). Similarly, prior studies showed
controversial roles for IL13Ra2 as suppressor of tumorigenesis in
models of primary breast cancers (31) and a tumor and metastasis
promoter in a model of breast to lung metastasis (15). Our results
provide an explanation for such discrepancies as sustained inhibi-
tion of IL13R02 (such as used in these prior studies; refs. 15, 30, 31)
resulted in cell death or emergence of resistant phenotypes, and
the observed dual role of IL13R02 in invasion versus proliferation
can differentially influence primary tumor versus metastasis. None-
theless, our results support a prometastatic function for high levels
of IL13Rai2 in late-stage BM and in highly aggressive TNBC and
Her2" BC subtypes.

Mechanistically, our findings point to integrin and cell-cell com-
munication as likely triggers for the upregulation of ILI3R02 and the
promotion of proliferation during metastatic progression. Similar to
previous findings in colorectal cancers (4, 32), upregulation of
IL13R02 was accompanied by increased levels of total and activated
FAK, and numerous studies have demonstrated a regulatory role for
FAK/SRC in cell-cycle progression driven through transcriptional
activation of cyclin D1 (37). FAK/integrin signaling is well known to
influence epigenetic plasticity. Interestingly, IPA analysis of EV versus
shIL13RA2 cells showed KDM3A (a known activator of gene expres-
sion through removal of repressive H3K9 histone methyl 1 and 2
marks), as the top transcriptional regulator being activated in cells
losing IL13Ra2 (2.06 Activation Z-score, P = 7.08 x 1072, Supple-
mentary Table S4B). KDM3A has been shown to promote anoikis (38),
migration and invasion of breast cancer cells (39), as well as increase of
KDM3A in breast cancer cells has been shown to result from loss of
integrin/FAK signaling (38). Thus, it is likely that ILI3R0.2 promotes
proliferation trough downstream KDM3A activation.

Our in vitro studies demonstrate a ligand-independent function of
IL13Ro2 in BM [as we did not observe expression of its high affinity
ligand IL-13 (40, 41) or the putative ligand CHI3L1 (42) in human
breast cancer cells]. However, we observed increases in FAK/SRC
signaling in IL13Rai2-expressing cells in response to IL-13, suggesting
that the function of IL13Ra2 is likely to be modulated by heteroge-
neous expression of IL-13 in cancer cells or local availability of IL-13 in
the tumor microenvironment (43). It is unclear to what extent murine
IL-13 binds to human IL13Ro2; therefore, our xenograft model may
not fully inform how IL-13 or other IL13RA2 ligands contribute to the
prometastatic function of IL13Roi2 in the brain. Moreover, IL-13
induced FAK activation in BT474 cells lacking IL13R0.2, indicating
that not all IL-13-induced FAK recruitment is dependent on IL13Rot2.
Because breast cancer cells have been reported to express the other
cognate ligands for IL-13 (ILI3RAI and IL4R; ref. 44), these are likely
to contribute to the overall signaling elicited by IL-13 in BC cells.
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Further studies are warranted to assess how IL-13/IL13R0.2 dependent
signaling may affect the proliferative or invasive function of IL13R0.2.

Knockdown of IL13R02 in brain trophic cells increased expression
of multiple members of the bidirectional ephrin B signaling pathway,
including EphB1 (EPHBI, a receptor tyrosine kinase that mediates
forward signaling) and ephrin B1 (EFNBI, an ephrinBl1 transmem-
brane ligand, which mediates reverse signaling). Ephrin B1 was been
identified as one of 5 potential biomarkers for brain metastatic
cells in vitro (45), but their function was not fully elucidated.
Ephrin-mediated signaling plays key roles in migration, invasion, and
proliferation depending on the cell types and cellular contexts (46, 47).
Eph-forward signaling induces cytoskeleton changes via the modula-
tion of integrin expression and function, and the modulation of focal
adhesion signaling (46, 48), whereas the activation of ephrin reverse
signaling promotes cell polarization and mesenchymal-epithelial
transition during development through inactivation of cell division
control protein 42 (CDC42; ref. 49). SRC homology 2 (SH2)-adaptor
proteins are thought to link Ephs to cytoskeletal and focal adhesion
proteins and to facilitate actin cytoskeletal changes by modulating
the activity of RHO family proteins (50). Here, we observed that
ephrin Bl expressed in small metastatic clusters or invasive fronts
of clinical BM, and downregulation of ephrin Bl significantly
impaired the invasive ability of breast cancer cells, consistent with
a proinvasive role for ephrin Bl in breast cancer cells. Moreover,
high ephrin B1 mRNA levels at primary tumors predicted worse
DFS and BMFS, supporting the hypothesis that invasive phenotypes
are critical for metastatic dissemination. The fact that upregulation
of IL13R02 in BT474M1 cells (with concomitant downregulation
in endogenous ephrin Bl levels) was not sufficient to promote
brain colonization in this model, further supports the notion that
the ability to invade and extravasate is required for metastatic
colonization. Yet, the proliferative ability of cancer cells at the
metastatic sites remains a critical driver for late metastatic out-
growth, as downregulation of IL13Ro:2 (albeit increasing the inva-
sive ability of cancer cells) was sufficient to decrease brain meta-
static progression in vivo.

Finally, our findings have important therapeutic implications.
Multiple targeted therapies are being developed against IL13R0.2,
including bacterial toxins conjugated to IL-13 (51), nanoparticles (52),
oncolytic virus (53), as well as immunotherapies using monoclonal
antibodies (54), IL13Ro2-pulsed dendritic cells (55), and IL13Ro2-
targeted chimeric antigen receptors (56, 57). Phase I clinical trials
for IL13Ro2-targeted chimeric antigen receptors (NCT02208362)
showed that delivery of IL13Ro2-targeted CAR-T cells into the
cerebrospinal fluid was well tolerated and proved effective against
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