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SUMMARY

The brain is a major site of relapse for several cancers,
yet deciphering the mechanisms of brain metastasis
remains a challenge because of the complexity of
the brain tumor microenvironment (TME). To define
the molecular landscape of brain metastasis from
intact tissue in vivo, we employ an RNA-sequencing-
based approach, which leverages the transcriptome
of xenografts and distinguishes tumor cell and stro-
mal gene expression with improved sensitivity and
accuracy. Our data reveal shifts in epithelial and
neuronal-like lineage programs in malignant cells as
they adapt to the brain TME and the reciprocal neuro-
inflammatory response of the stroma. We identify
several transcriptional hallmarks of metastasis that
are specific to particular regions of the brain, induced
across multiple tumor types, and confirmed in synge-
neic models and patient biopsies. These data may
serve as a resource for exploring mechanisms of
TME co-adaptation within, as well as across, different
subtypes of brain metastasis.

INTRODUCTION

Metastases to the CNS are the most common intracranial
malignancies. The incidence of CNS metastasis is rising due to
increases in the number of patients with metastatic cancer, pro-
longed median duration of survival of these patients, and the
limited efficacy of systemic and radiation therapies available to
treat brain and leptomeningeal tumors (Valiente et al., 2018).
CNS metastases are difficult to study because they are remark-
ably heterogeneous, varying both in their origin and in their
location within different regions of the brain. In addition, unlike
primary brain tumors from which brain tumor samples are often
resected as part of treatment, tissue from brain metastases are
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difficult to obtain given that patients with widespread dissemi-
nated disease are less likely to undergo a craniotomy. The
most common primary tumor types to spread to the CNS include
melanoma, breast, and lung cancer (Kamar and Posner, 2010).
Metastasis often forms within the brain parenchyma but may
also develop in the dura and/or leptomeninges, either indepen-
dently or in conjunction with intraparenchymal tumors (Takei
et al., 2016). Finally, brain metastasis may present as a single
tumor, oligometastases (2—4 tumor foci), or multiple metastases
(>4 tumor foci) (luchi et al., 2015; Takei et al., 2016) with varying
patterns of invasive outgrowth (Berghoff et al., 2013b; Kamp
et al., 2018).

Although the cellular and genetic origins of various cancer
subtypes that metastasize to the CNS are largely unique, the
extent to which they share common or divergent molecular
drivers of brain metastasis is less clear. The mechanisms by
which cancers successfully seed and then grow in the brain
may be influenced by genetic alterations, somatically acquired
and selected for during tumor evolution (Brastianos et al.,
2015). Moreover, the pathobiology of CNS metastases is also
driven by adaptive mechanisms that can be instructed by
disseminated tumor cells (DTCs) and/or their surrounding
stroma. For instance, the blood-brain barrier (BBB) is a unique
impediment to access the CNS from hematogenous circulation,
and several molecular mediators of BBB extravasation overex-
pressed in metastatic tumor cells have been identified (Bos
et al., 2009). Once in the brain parenchyma, stromal factors
may dictate the adaptive responses of DTCs to enter reversible
states of latency, survival, or proliferation (Kienast et al., 2010).
One known source of such factors is the perivascular niche
(Valiente et al., 2014).

Although brain metastases are generally poorly infiltrated by
lymphocytes (tumor infiltrating lymphocytes [TILs]) (Berghoff
et al., 2013a), this unique inflammatory milieu can be orches-
trated by innate immune cells or resident glial cells. For instance,
reactive astrocytes can initially limit the survival of DTCs before
eventual co-option during later stages of micrometastatic
outgrowth and drug resistance (Chen et al., 2016; Lee et al.,
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2016; Lin et al., 2010; Priego et al., 2018). Furthermore, macro-
phages recruited from circulation or resident microglia can
both be reprogrammed into what is referred to herein as tu-
mor-associated macrophages (TAMs) that directly regulate
DTC extravasation and outgrowth (Andreou et al., 2017; Seve-
nich et al., 2014). Microglia can initiate BBB leakage and are
key mediators of neurodegeneration and intracerebral edema
(Li and Barres, 2018; Urday et al., 2015). Perilesional edema is
also a major complication for brain metastasis patients (Hanna
et al., 2016; Ludwig et al., 2000; Stummer, 2007). The molecular
determinants of glia-tumor interactions, neuroinflammation, and
their consequences for brain metastasis-associated manifesta-
tions remain largely underexplored.

Recent methodological advances in the analysis of mamma-
lian transcriptomes have improved our ability to accurately
map species-specific gene transcripts of low abundance in
tissues (Conway et al., 2012; Khandelwal et al., 2017). Here,
we have improved on this approach to take advantage of human-
and mouse-specific differences in the transcriptome of brain
metastasis xenografts from multiple tumor types. As a result,
we provide a comprehensive molecular portrait of intact brain
metastases in vivo, while identifying co-adaptive molecular re-
sponses that occur specifically between tumor cells and the
CNS stroma in situ.

RESULTS

Brain Metastasis Xenograft-RNA Sequencing

To perform a comprehensive transcriptomic analysis of metasta-
tic tumor cells and stroma in the brain, we optimized an RNA-seq
pipeline referred to here as brain metastasis xenograft-RNA
sequencing (BMX-seq). BMX-seq was designed to map reads
to the transcriptome of either human or mouse, and to compare
brain metastases with normal brain tissue, subcutaneous tumors,
and tumor cells in culture. BMX-seq maps each read to a merged
genome and transcriptome, using uniquely mapped reads (to the
mouse or human genome) for downstream analysis (Figure S1).
We first utilized this approach for the analysis of the well-
described human H2030-BrM3 cell model. The H2030-BrM3
cells are a sub-population of a prototypical lung adenocarcinoma
(LUAD) cell line, H2030, which expresses a bioluminescent re-
porter and has undergone several rounds of selection in vivo for
brain metastatic cells (Nguyen et al., 2009). H2030-BrM3 cells
also encode few additional exonic mutations as compared with
the H2030 parental line despite significant transcriptomic alter-
ations (Jacob et al., 2015; Nguyen et al., 2009). When injected
into the arterial circulation of athymic mice, H2030-BrM3 cells
extravasate into the brain within 7 days, with perivascular micro-
metastasis (defined here as clusters <100 cells) detected be-
tween 7 and 21 days, and expansion as macrometastasis
observed for up to 49 days (Stevens et al., 2017; Valiente et al.,
2014).

As a first proof-of-principal experiment, H2030-BrM3 cells
were injected either into the subcutaneous flank of athymic
mice, into the arterial circulation, or seeded into standard mono-
layer cell culture conditions. Twenty-one days postinoculation,
subcutaneous (s.c.) tumors, brain metastasis (BrMet), and cells
passaged in culture (2D) were confirmed to be growing (Figures
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S2A and S2B) and were harvested for histological analysis and
RNA extraction. Consistent with prior studies, diffusely invasive
metastases in the brain parenchyma formed at this time point,
whereas s.c. tumors from the same cell line were compact and
well circumscribed with a typical LUAD histology (Figure 1A).
Moreover, H2030-BrM3 cells formed distinct metastases in the
forebrain and hindbrain of any given animal (Figures 1A and
S2C), as is observed in human patients (Bender and Tomé,
2011). Thus, forebrain metastases (FBMets) and hindbrain
metastases (HBMets) were macro-dissected separately. Non-
tumor-bearing brain tissues from the corresponding forebrain
(FB) or hindbrain (HB) region were harvested from sham-injected
mice.

When analyzing bulk xenograft tissue, the reduction of false
positive cross-mapped reads (e.g., mouse reads mistakenly
mapped to the human transcriptome) is particularly important
for accurate distinction of tumor versus stromal genes in situ.
Therefore, we calculated the mapping accuracy of BMX-seq
by using a subset of the reads from sham-injected brain tissue
as a standard for true mouse reads and a subset of the reads
from 2D tumor cell cultures as a standard for true human reads.
BMX-seq results were also compared with the previously used
Xenome method and an alternative mapping strategy based on
Bowtie (ConBowtie). We found that the mapping quality of
BMX-seq performs well based on the true positive (uniquely
mapped) rate and the false positive (cross-mapping) rate (Fig-
ures 1B and 1C). Significantly, the BMX-seq workflow improved
the cross-mapping accuracy by 85%-95% when compared with
the other methods tested (Table S1).

Across all samples, approximately 75% of reads could be
mapped to transcripts in the human or mouse genome (Fig-
ure S2D). Uniquely mapped reads in s.c. tumors aligned pre-
dominantly with human transcripts (77%), whereas fewer reads
aligned to the murine genome (8%) (Figure 1D). Conversely,
the transcriptome of forebrain metastasis and hindbrain metas-
tasis tissue consisted of 5%-6% tumor-specific reads, whereas
stromal reads accounted for the remaining bulk of the tissue
(80%) (Figure 1D). These results are consistent with the tumor
cell (human) or stromal (mouse) content of tumor-bearing tissues
(Figure 1A). Roughly 13% of species-specific reads mapped to
regions of the human or mouse genome that are currently unan-
notated (no features), whereas a very low percentage of mapped
reads (1%-2%) aligned to regions with overlapping gene anno-
tations (ambiguous) (Figure 1D). Despite different ratios of tumor
or stroma across samples, a principal component analysis (PCA)
revealed highly concordant tumor-specific (Figure 1E) and
stromal-specific (Figure 1F) gene expression profiles that differ-
entiated all experimental groups. Therefore, BMX-seq can distin-
guish tumor and stromal gene expression alterations from bulk
xenograft tumor tissue at one of the earliest stages of metastatic
outgrowth and in distinct regions of the brain.

Context-Dependent Transcriptomic Features of Brain
Metastasis

As expected, global stromal gene expression in brain metastasis
samples was significantly different from the stroma of s.c. tu-
mors (Figure S2E). In agreement with recent studies, the stromal
transcriptomes of our forebrain and hindbrain samples were
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Figure 1. BMX-Seq Distinguishes the Transcriptomes of Tumor Cells and Stroma In Vivo

(A) H&E stains of subcutaneous (s.c.), hindbrain metastasis (HBMet), and forebrain metastasis (FBMet) tumors formed by injection of H2030-BrM3 cells.
(i) x4 images. (i) x40 magnification of boxes denoted in (j). Scale bars indicate 100 pm.

(B) Performance of BMX-seq mapping in discriminating human and mouse reads as compared with other pipelines (Xenome and ConBowtie). A subset of one
million mouse and human reads was used to calculate the recovery rate (true positive rate) of real mouse and human reads mapped unambiguously and uniquely
to either the mouse or human genome. Data are presented as a mean + SD of 10 such subsets.

(C) The cross-mapping rate (false positive rate) of mouse and human reads erroneously mapped to either human or mouse genome was plotted as in (B).

(D) Pie charts demonstrating the percent of uniquely mapped reads in s.c. or brain metastasis (forebrain metastasis and hindbrain metastasis) tissue. Uniquely
mapped reads were assigned to specific transcripts in the mouse genome (mouse.assigned), in the human genome (human.assigned), to regions without an-
notated exons (no features), or to regions annotated to multiple genes (ambiguous).

(E) Principle component analysis (PCA) comparing the gene expression profiles of H2030-BrM3 cells grown in culture (2D; n = 3), s.c. (n = 4), forebrain metastasis
(n = 3), or hindbrain metastasis (n = 3) tumors.

(F) PCA of mouse gene expression profiles across the same samples in (E) and corresponding normal forebrain and hindbrain control regions. Forebrain and
hindbrain control samples (n = 4).
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Figure 2. Molecular Features of Tumor and Stroma during Brain Metastatic Colonization /n Vivo

(A) Heatmap depicts hierarchical clustering of the top 24 genes similarly deregulated in the murine stroma when comparing tumor-bearing hindbrain and forebrain
with their corresponding control regions. The 12 most upregulated and downregulated genes were filtered by adjusted p value < 0.05 and ranked by their average
log2 fold change in both hindbrain metastasis (HBMet) and forebrain metastasis (FBMet) samples.

(legend continued on next page)
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clearly distinguished by murine tissue signatures of the cere-
bellum, anterior cortex, or striatum of immune-competent mice
(Figure S2F). However, when specifically comparing the stroma
of forebrain metastasis or hindbrain metastasis with their corre-
sponding regional control tissue (forebrain or hindbrain), signifi-
cant alterations were detected that were commonly induced or
suppressed in both tumor-bearing regions (Figure 2A). Analo-
gously, the transcriptome of metastatic tumor cells in the brain
was different from those of the same cells grown in culture or
as s.c. tumors (Figure 2B). Moreover, the tumor cell transcrip-
tomes of forebrain metastasis and hindbrain metastasis were
highly similar, but not identical, with a subset of genes differen-
tiating early-stage metastases in each region (Figure 2C).

To ascertain the biological significance of our BMX-seq re-
sults, we performed a comprehensive pathway analysis of the tu-
mor and stromal transcriptomes separately. Pathways related to
innate immune responses, such as macrophage function, were
activated in the murine stroma of xenograft brain metastasis
(Figure 2D). Pathways that were downregulated included ubiqui-
tination pathways (Figure 2D). In comparison with the transcrip-
tome of tumor cells grown in either region of the brain versus in
culture, we observed tumor cell-specific upregulation of pro-
grams related to epithelial-to-mesenchymal transition (EMT),
axonal guidance, and calcium signaling (Figure 2E). Brain meta-
static H2030-BrM3 cells also had higher levels of cell-cycle-
regulated genes and a similar increase in neuronal-like pathways
as compared with s.c. tumors (Figure 2F; Table S2). Conversely,
genes involved in angiogenesis and hypoxia were repressed
(Figures 2E and 2F). We also compared brain metastasis tumors
with lesions grown as orthotopic tumors in the lung (LuOt) (Fig-
ures 2G and S3A-S3C). We found many of the same networks
to be preferentially enriched in H2030-BrM3 cells outgrowing in
the brain versus the lung, including genes involved in chromatin
modification, neuron projection, and neuron differentiation
(Figure 2H).

Lineage Plasticity of Tumor Cells in the Brain

Epithelial lineage plasticity is believed to be a property of met-
astatic tumor cells from solid cancers. We observed variable
expression of lineage-specific genes in brain metastatic tumor
cells. For instance, in the brain tumor microenvironment

(TME), H2030-BrM3 cells show increased expression of the
epithelial marker CDH1 despite elevated levels of transcription
factors (e.g., ZEB1) and markers (e.g., VIM) of EMT (Figure 3A),
potentially reflecting a “partial” EMT/MET phenotype (Chaffer
et al., 2016). In addition, H2030-BrM3 cells in the brain display
induced expression of CNS-enriched genes (e.g., AKAPS5,
EFNB3) and also preferentially activated lineage markers of
neuroendocrine tumors (NCAM1) (Figure 3A) (Schleusener
et al., 1996). Interestingly, many genes that are abundant in
the CNS and are increased in brain-colonizing H2030-BrM3
cells encode for cell adhesion molecules (e.g., CHLT,
L1CAM, NCAM1) (Katic et al., 2014; Maness and Schachner,
2007; Weledji and Assob, 2014; Williams and Barclay, 1988).
Next, we performed a paracrine network analysis using
differentially expressed brain stromal genes that encode for
ligands or growth factors and their predicted activation of
downstream target genes in tumor cells. The two most
significant stromal-induced pathways in tumor cells (paracrine
activated) were the Hippo pathway and canonical WNT/
TCF signaling (Table S83; Figure 3B). The latter is consistent
with increased expression of key WNT pathway components
and target genes (e.g., AXIN2, LGR6, CTNNB1, TCF4) (Fig-
ure 3A) and the hypersensitivity of H2030-BrM3 cells to
exogenous murine Wnt ligand stimulation (Nguyen et al.,
2009).

We also evaluated whether the expression of certain lineage
or pathway genes was permanent or reversible by isolating
tumor cells from brain metastases, re-plating them in culture
for three passages (forebrain metastasis —2D), and confirming
tumor cell-specific gene expression by qPCR. TagMan pri-
mers were verified as being species specific, and gPCR reca-
pitulated the tumoral or stromal gene expression patterns
observed by BMX-seq (e.g., Postn/POSTN; Figure S3D). This
further illustrates that our approach can accurately differen-
tiate tumor versus stromal gene expression. Both AXIN2, a
marker of WNT activation, and NCAM1 are highly induced in
tumor cells by the brain TME, but their expression is reduced
to near starting culture levels when tumor cells are removed
from the brain and re-cultured at 70%-80% density (forebrain
metastasis versus forebrain metastasis —2D; Figures 3C and
3D). In contrast, epithelial lineage markers such as CDH1

(B) Heatmap depicts hierarchical clustering of the top 25 most significant differentially expressed tumor genes in H2030-BrM3 cells under the indicated in vitro or
in vivo conditions. Genes were ranked by adjusted p value.

(C) Heatmap depicts hierarchical clustering of the top 25 most significant differentially expressed tumor genes in forebrain metastasis compared with hindbrain
metastasis samples. Genes were ranked by adjusted p value.

(D) Pathways most significantly dysregulated based on the differentially expressed stroma (murine) genes in forebrain metastasis versus control forebrain
samples, as determined by Metacore analysis. Enrichment score, calculated as the —log1o(p value) of plotted pathway maps and process networks, is plotted on
the x axis. Bars represent deregulated pathway maps and process networks that are downregulated (blue) or upregulated (light red).

(E) Pathways most significantly dysregulated based on the differentially expressed tumor (human) genes in H2030-BrM3 cells grown in the brain (forebrain
metastasis and hindbrain metastasis) versus the same cells grown in 2D. Enrichment score was calculated as in (D). Bar in dark red represents the enrichment
score of neuroendocrine tumors plotted from the Diseases (by Biomarkers) grouping in Metacore.

(F) Pathways most significantly dysregulated in H2030-BrM3 cells grown in the brain (forebrain metastasis and hindbrain metastasis) versus the same cells grown
as s.c. tumors. Enrichment score was calculated as in (D).

(G) Heatmap depicts hierarchical clustering of the top 25 most significant differentially expressed genes in H2030-BrM3 cells grown in the brain (forebrain
metastasis) versus the same cells transplanted into the lungs to form orthotopic tumors (LuOt). Genes were ranked by adjusted p value.

(H) Pathways similarly enriched based on the differentially expressed tumor (human) genes in H2030-BrM3 cells grown in the brain versus the indicated samples.
Normalized enrichment scores (NESs) and false discovery rate (FDR) q values computed by gene set enrichment analysis (GSEA).

See STAR Methods for further description.
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Figure 3. Adaptive Expression of Lineage-Specific Genes in Brain Metastatic Tumor Cells

(A) Heatmap depicts normalized expression of tumor genes associated with EMT, canonical WNT signaling, and neuronal-like pathways (from gene ontology [GO]
gene sets Neuron_Projection_Guidance and Regulation_of_Neuron_Differentiation).

(B) A Stromal-Cancer Cell Crosstalk Network analysis identifies paracrine WNT signaling as being preferentially upregulated in tumor cells colonizing the brain.
Red dots represent murine stromal ligands that are upregulated in forebrain metastasis versus in s.c. tumor samples; yellow dots represent receptors that are
expressed in forebrain metastasis tumor cells; cyan dots represent pathway transcriptions factors expressed by forebrain metastasis tumor cells; and green dots
represent downstream target genes upregulated in forebrain metastasis tumor cells.

(C—F) Tumor mRNA expression of (C) AXIN2, (D) NCAM1, (E) ID2, and (F) CDH1 was measured using species-specific TagqMan qRT-PCR and normalized to
HPRT1 across all samples. H2030-BrM3 cells were grown in culture (2D; n = 3 samples) or in vivo as hindbrain metastasis (HBMet) (n = 3) or forebrain metastasis
(FBMet) (n = 3). Forebrain metastases were also dissociated and re-plated in culture for three passages (FBMet — 2D; n = 2). Data are presented as mean + SEM.
p values are calculated by unpaired Student’s t test. Comparisons that are not significant are not shown.

(epithelial) and ID2 (stem cells) remain partially upregulated in
tumor cells following seeding in the brain (Figures 3E and 3F).
To determine whether the in vitro versus in vivo differences in
gene expression were caused by cell density, we compared
the mRNA levels of AXIN2, NCAM1, and CDH1 in H2030-
BrM3 cells cultured between 10% and 80% confluency (Fig-
ure S3E). Expression of these lineage or pathway genes was
not significantly influenced by cell density unless cultured at
very low confluency (10%), which causes gene repression
(Figure S3F), whereas these genes are activated in diffuse
invasive lesions in vivo. We conclude that the brain stromal
TME induces adaptive transcriptomic programs that can either
be reversed or partially sustained in tumor cells.
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Neuroinflammatory Response of the Brain Metastatic
Stroma

Next, we interrogated the brain metastasis stromal transcrip-
tome for the expression of previously defined gene signatures
of known CNS cell types (Zhang et al., 2014). In the brain meta-
static stroma, genes associated with astrocytes and microglia
were enriched (Figure S4A). This was supported by qPCR of
Gfap and C1gb (Figure 4A), markers of activated astrocytes
and brain TAMs, respectively (Bowman et al., 2016; Pekny and
Nilsson, 2005). The brain metastatic stroma expressed well-es-
tablished pro-inflammatory cytokine genes (//71a, I/1b), markers
of macrophage phagocytosis (Cd68), genes involved in oxidative
stress (Ncf1, Cyba), and markers of immune-suppression or
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Figure 4. Adaptive Neuroinflammatory Response in the Brain Metastatic Stroma

(A) Stromal mRNA expression of known genes expressed in astrocytes (Gfap) and macrophages (C7gb) using species-specific TagMan gRT-PCR. Data were
normalized to Hprt across all samples. Data are presented as mean + SEM. p values are computed by unpaired Student’s t test. Forebrain metastasis (FBMet)
and hindbrain metastasis (HBMet) (n = 3); hindbrain (HB) and forebrain (FB) (n = 4). Comparisons that are not significant are not shown.

(B) Heatmap depicts normalized expression values of stromal genes associated with pro-inflammatory orimmune-suppressive or tissue remodeling functions as
determined by current literature.

(C-E) Representative images of immunofluorescent (IF) staining of astrocytes (C; GFAP; red), TAMs (D; IBAT; red), neutrophils (E; LYBGG; red), and tumor cells
(GFP; blue) in tumor-bearing brain (bottom) and in corresponding control regions (top).

(F) Representative IF staining of microglia (TMEM119; green), TAMs (IBA1; red), and tumor (GFP; blue) in the metastatic brain. Yellow arrow indicates a TMEM119-
positive, IBA1-positive cell. White arrow indicates TMEM119-negative, IBA1-positive cell.

Scale bars are 100 um except where otherwise indicated.
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(A) Venn diagram shows the number of stromal genes similarly upregulated in forebrain metastasis (FBMet) and hindbrain metastasis (HBMet) versus in their
corresponding control brain regions (forebrain [FB] and hindbrain [HB]). Cutoff for significantly upregulated genes was an adjusted p value < 0.05 for the
comparisons in question. Genes with an average reads per kilobase of transcript per million mapped reads (RPKM) <1.0 were excluded.

(B) MRNA expression of Havcr2 measured using species-specific TagMan qRT-PCR across the indicated samples and normalized to stromal Hprt. Forebrain
metastasis and hindbrain metastasis (n = 3); hindbrain and forebrain (n = 4); s.c. (n = 4).

(C) mRNA expression of Lag3 measured using species-specific TagMan RT-qPCR across the indicated samples and normalized to stromal Hprt. Forebrain
metastasis and hindbrain metastasis (n = 3); hindbrain and forebrain (n = 4); s.c. (n = 4).

(legend continued on next page)
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tissue remodeling (Ccl8, Tgfb1) (Figure 4B). Notably, Hepatitis A
virus cellular receptor 2 (Havcr2, also known as Tim-3) was
induced in tumor-bearing stroma (Figure S4B). Havcr2 is an
immunosuppressive marker when expressed in T cells (Ander-
son et al., 2016) but is conversely a pro-inflammatory marker
when expressed in monocytes and activated microglia (Ander-
son et al., 2007; Koh et al., 2015; Xu et al., 2013). Although
expressed at low levels, increases in the neutrophil chemotactic
receptor gene Cxcr2 (Cacalano et al., 1994) were observed (Fig-
ure S4B). Interestingly, the expression of several innate immune
receptors in the stroma correlated with increased expression of
their ligands in metastatic tumor cells. Two examples are
LGALS9 and CXCL7 (Figure S4C), which are ligands for Havcr2
and Cxcr2, respectively (Stillie et al., 2009; Zhu et al., 2005). As
such, BMX-seq may also reveal tumor-derived paracrine signals
to the stroma.

To determine whether the stromal predictions by BMX-seq
correlate with actual stromal cell content, we performed immu-
nofluorescent (IF) staining on time-matched tissue sections. IF
staining confirmed a strong enrichment of glial fibrillary acidic
protein (GFAP)-positive reactive astrocytes surrounding micro-
metastases (Figure 4C, bottom). Likewise, an increase in IBA1-
positive TAMs (Streit et al., 2009; Zhang et al., 2014) was readily
detected peritumorally with individual TAMs also infiltrating met-
astatic lesions (Figure 4D, bottom) in comparison with control
regions where microglia were sparse (Figure 4D, top). TAMs dis-
played cellular features of microglial activation including larger
soma size and a transition from ramified to more amoeboid-
like morphology (Figure 4D, bottom). Furthermore, in this model,
most IBA1-positive TAMs co-expressed the microglia-enriched
marker TMEM119 (Bennett et al., 2016) (Figure 4F). Although
neutrophils were less abundant in the brain TME at this early
stage, we also confirmed their recruitment (Figure 4E, bottom).
To determine whether these observations were relevant in an
immunocompetent setting, we derived a syngeneic brain meta-
static cell population (368T1-Br) by in vivo selection using a
tumor cell line from a KRAS®'2P; p53~/~ mutant genetically
engineered mouse model of LUAD (Winslow et al., 2011).
Twenty-one days after metastatic outgrowth in the brain of
B6129SF1/J syngeneic mice, brain metastasis tissue was
collected (Figure S4D). IF staining confirmed GFAP-, IBA1-,
and LY6G-positive stromal cell recruitment in areas directly
surrounding tumor lesions (Figures S4E and S4G), with IBA1-
positive TAMSs also infiltrating large tumors (Figure S4F; bottom).

In addition to Havcr2, BMX-seq identified Lymphocyte activa-
tion gene 3 (Lag3) as being increased in the stroma of forebrain
metastases and hindbrain metastases compared with their
normal brain regions (Figures 5A-5C). Similar to HAVCR2,
LAGS is thought to be expressed on lymphocytes and functions
as an immunosuppressive checkpoint receptor (Anderson et al.,
2016). Although Havcr2 and Lag3 were expressed in the stroma

surrounding s.c. tumors, their induction in the brain TME is
notable because it has been suggested that HAVCR2 and
LAG3 may be expressed on microglia (Bennett et al., 2016; Gaut-
ier et al., 2012), whereas LAG3 may also be expressed by neu-
rons (Mao et al., 2016). In brain metastasis from the H2030-
BrM3 model, expression of LAG3 and HAVCR2 was increased
in areas within and directly surrounding metastatic lesions (Fig-
ures 5D and 5E) as compared with control brain regions.
HAVCR2 expression overlapped with the TAM marker IBA1 (Fig-
ure 5D). Likewise, LAG3 expression overlapped with IBA1 (Fig-
ure 5E) and microglial marker TMEM119, but not with markers
of astrocytes or neurons (Figure S5A). Finally, these observations
were recapitulated in the immune-competent 368T1-Br model
(Figures S5B-S5D). We conclude that the identification of inflam-
matory markers and co-adaptive enrichment of various stromal
cell types in the brain metastatic TME can be inferred by per-
forming BMX-seq on bulk tissue.

Transcriptomic Hallmarks of Brain Metastases across
Primary Tumor Types and Models

Regions in the forebrain (e.g., cerebrum) are the most common
site of brain metastases (Bender and Tomé, 2011; Delattre
et al., 1988). Three major sources of human forebrain metastases
are lung cancer, melanoma, and breast cancer. The extent to
which these diseases share common or divergent mechanisms
of tumor-stromal co-adaptation in the forebrain is not clear.
We therefore performed BMX-seq, directly comparing our
LUAD model with well-characterized xenograft models of brain
metastasis from triple-negative breast cancer (MDA-MB-231
BrM2; referred to here as MDA231-BrM2) and melanoma
(A375-Br). These models have undergone in vivo selection in a
manner similar to the H2030-BrM3 cells (Bos et al., 2009; Xie
et al., 2006). To control for regional differences in the CNS, all
three cell lines were injected directly into the forebrain of athymic
mice with sham forebrain injections included as controls for
normal tissue (Figures S6A and S6B). In parallel, metastatic cells
were seeded into monolayer culture. Cells in culture, brain me-
tastases, and control tissue were then harvested when brain
tumor burden was similar (14-21 days postinjection).

BMX-seq mapping results were highly consistent across all
models (Figures S6C and 6D). Moreover, the growth pattern,
as well as 57% of the transcriptomic differences observed in
the H2030-BrM3 intra-cranial model compared with cells
growing in monolayer, were concordant to those obtained
following intra-arterial injection (Figures S6E-S6I). When directly
comparing the lung, melanoma, and breast models with each
other, major differences in the tumor cell transcriptome across
disease types (Figure S6J) and in vivo versus in vitro conditions
were observed, with H2030-BrM3 cells having the most
molecular alterations once in the brain TME (Figure 6A). Never-
theless, a significant number of adaptive responses were

(D) Representative IF staining of HAVCR2 (green), TAMs (IBA1; red), and tumor (GFP; blue) in an area directly surrounding brain metastatic tumor (bottom), as well

as in corresponding control regions (top).

(E) Representative IF staining of LAG3 (green), TAMs (IBA; red), and tumor (GFP; blue) in tumor-bearing brain (bottom) and in the corresponding control regions
(top). Yellow arrow indicates LAG3, IBA1-positive cell; white arrow indicates LAG3-negative, IBA1-positive cell.
Scale bars, 100 um. qRT-PCRs are presented as mean + SEM. p values are computed by unpaired Student’s t test. Comparisons that are not significant are not

shown.
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Figure 6. Conserved Transcriptomic Hallmarks across Human Models of Brain Metastasis

(A) Venn diagram comparing tumor (human) (forebrain metastasis (FBMet) versus 2D) genes that are differentially expressed across models of brain metastasis.
Cutoff for significant differentially regulated gene was an adjusted p value < 0.05 for the comparison in question. Genes with an average RPKM <1.0 were
excluded.

(B) Three heatmaps depict normalized expression of genes that are significantly upregulated in forebrain metastasis tumors across different disease models.
Gene expression values are normalized to the 2D samples of each given tumor type. Cutoff was an adjusted p value < 0.05 for the comparison in question.
(C) Human breast tumors from independent institutes were compiled and classified as “high” or “low” based on whether expression of PIGA was above or below

the median, respectively. Kaplan-Meier curves were generated for the incidence of brain relapse of median “high” versus “low” groups. p value was calculated by
log rank test. n = 855.

(D) Analysis was done as in (C) for gene DSC2.

(legend continued on next page)
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shared, including 252 genes that were dysregulated in the tumor
cells of all three models (Figure 6A; Table S4), whereas 1,633
genes were similarly dysregulated in two out of the three models,
such as the CNS-enriched kinase DCLK1. Core tumor adaptive
responses across all three disease models were enriched for
genes involved in the canonical WNT pathway activation
(AXIN2), genes that are CNS enriched (HEY7), and genes
involved in cell motility (CFAP44, CEP290) (Figure 6B). When
comparing forebrain metastases with s.c. tumors, we also vali-
dated that AXIN2 is preferentially expressed in forebrain metas-
tases across disease models, whereas HEY71 was increased
in vivo but more preferentially induced in forebrain metastases
from lung cancer and melanoma (Figure S7A). Of this core
response, some genes involved in cell adhesion (DSC2) (Koch
and Franke, 1994) and neuronal development (PIGA) (Yuan
et al., 2017) (Table S4) were differentially expressed in human
primary breast tumors, and their upregulation correlates with
an increased incidence of brain relapse (Figures 6C and 6D).

Gene set enrichment analysis also revealed common upregu-
lation of genes involved in cell projection assembly across all
models and particular enrichment of neuronal-related pathways
in brain metastases derived from breast and lung cancer cells
(Table S6). To ascertain whether the induced expression of
neuronal-like genes was conserved in more recently generated
models of human lung cancer metastasis, we performed spe-
cies-specific gPCR using patient-derived xenografts (PDXs)
from brain metastasis biopsies. YLR076 was derived from the
brain metastasis of a patient with squamous cell carcinoma and
is capable of growing in monolayer culture or as brain metastases
(Figure 6E, top). YUL0OO063 originated from the brain metastasis of
a neuroendocrine carcinoma patient and was maintained in vivo
as s.c. tumors or brain metastases (Figure 6E, bottom). Using
these PDX models and the H2030-BrM3 lung cancer model, we
confirmed that the CNS-enriched gene DCLK1 was increased
in cells within the brain TME relative to lung tumor cells grown
in culture or in the flank of mice (Figure 6F).

BMX-seq also revealed a significant number of divergent tran-
scriptional changes in the stroma of each disease subtype, with
the lung and breast cancer forebrain metastasis models sharing
the most similar stromal responses (Figures 7A and S7B).
Twenty-eight stromal genes were differentially expressed in all
three models in comparison with control forebrain (Figure 7A; Ta-
ble S5). This core stromal adaptive response included markers of
reactive astrocytes (Gfap) and TAMs (Ctss, C1gb, Ly86, and
Lag3) (Figure 7B). Of these genes, we tested C7gb by gPCR
and confirmed it to have increased expression in the stroma of
brain metastases (Figure 7C). Lag3 was induced in the bulk tis-
sue of all three disease models, whereas Havcr2 was more
significantly upregulated in brain metastasis tissue from models
of lung and breast cancer (Figure 7B). However, IF staining re-
vealed IBA1-positive TAMs, both within and surrounding brain
metastases, that were LAG3- and HAVCR2-positive in all three

disease models and the two PDXs tested in this study (Figures
7D, 7E, S7C, and S7D). Thus, although neuroinflammation may
vary in magnitude and localization, it occurs across brain metas-
tasis models. Finally, we obtained tissue from the original patient
biopsy used to establish PDX YLRO76. We also collected
additional human brain metastatic biopsies from craniotomies
performed on patients with melanoma or non-small-cell lung
cancer (NSCLC; sarcomatoid subtype). In two of the three cases,
specific HAVCR2 expression was detected within the tumor
compartments, which is in agreement with prior studies (Su
et al., 2018; Wiener et al., 2007; Zhang et al., 2017; Zhuang
et al., 2012) (Figures 7F and 7H). Despite variable staining of
tumor cells, brain stromal HAVCR2 expression was significantly,
although not exclusively, co-expressed on infiltrating IBA-posi-
tive TAMs in all three cases (Figures STE-S7G and 7F-7H).

In summary, our BMX-seq approach generated a comprehen-
sive transcriptomic portrait of brain metastases in vivo and
provides a biologically relevant platform to discover mecha-
nisms of tumor-stroma co-adaptation across different models
and subtypes of brain metastasis. These data can be explored
by the research community via an interactive web portal
(http://bmxexplorer.gotdns.org/).

DISCUSSION

To date, several allograft and xenograft models have been
generated that not only recapitulate brain metastasis, but also
enable the quantification of the early steps of metastatic
outgrowth (Bos et al.,, 2009; Nguyen et al., 2009; Winslow
et al., 2011; Xie et al., 2006). Using such models, certain molec-
ular mechanism(s) of CNS metastasis have been discovered by
an a priori determination of the tumor and stromal cell types of
interest. Each cell type is then dissociated from bulk tumor tissue
for molecular analysis. Although useful, these strategies require
significant optimization of cell isolation steps and may preclude
the identification of molecular responses that are induced as
malignant cells adapt to the TME in situ. One method to molec-
ularly profile tumor-specific gene responses without cell isolation
is translating ribosome affinity purification (TRAP) (Doyle et al.,
2008), which requires genetic modification of the tumor cells
beforehand and purification of specific mMRNAs (Zhang et al.,
2013). In principal, xenograft tissue can be directly leveraged
to distinguish tumor cell from stromal gene responses in situ,
and prior transcriptomic analyses from these models have
been performed with species-specific microarrays (Park et al.,
2011; Sevenich et al., 2014). We developed a complementary
and comprehensive RNA-seq-based approach, which improves
the sensitivity and accuracy of mapping mammalian transcripts.

BMX-seq enabled us to distinguish transcriptomic alterations
in an invasive multi-focal brain metastasis model at one of the
earliest stages of colonization and within particular regions of
the brain. There are obvious limitations to xenografts, which

(E) H&E stains of forebrain metastases formed 21-48 days after intra-cranial injection of tumor cells from PDXs YLRO76 (top) and YULO063 (bottom).

(F) mRNA expression of DCLK1 as measured by species-specific TagqMan qRT-PCR across the indicated H2030-BrM3 and PDX samples. Gene expression
normalized to human HPRT1 (H2030-BrM3 and YLRO76) or human ACTB (YUL0063). H2030 BrM3 forebrain metastasis (n = 3); YUL0O063 forebrain metastasis and
s.c. (n = 4); YLRO76 forebrain metastasis (n = 5); and H2030-BrM3 and YLRO76 2D (n = 3).

See STAR Methods for further characterization of PDXs. Data are presented as mean + SEM. p values are computed by unpaired Student’s t test.
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were excluded.
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lack an adaptive immune system and may not recapitulate
certain paracrine interactions because of incompatibilities be-
tween human cells and a murine host. Our comparisons
were also limited to three major models using an approach
that may not be conducive for the identification of somatic
mutations in human brain metastases. Nevertheless, several
of our transcriptomic findings were conserved across pa-
tient-derived models and a syngeneic mouse model of brain
metastasis, attesting to the biological relevance and utility of
this approach as a platform for discovery. We uncovered
adaptive tumor cell responses that were either unique or
conserved across several commonly used models of brain
metastasis. Transcriptomic responses shared by metastatic
cells from lung cancer, breast cancer, and melanoma included
upregulation of pathways involved in WNT signaling and cell
motility, as well as genes enriched in neuronal and glial cell
types. Activation of axon guidance and synaptogenesis genes
by brain metastatic cells was reported in previous studies
(Park et al., 2011; Sato et al., 2017). Notably, our analysis
confirmed upregulation of genes such as SERPINI1 and
L1CAM, previously shown to mediate brain metastasis (Va-
liente et al., 2014). Interestingly, we demonstrate that some
of the tumor cell adaptive gene responses, including those
involved in neuronal pathways, are reversible. Collectively,
these findings highlight the remarkable lineage plasticity of
metastatic cells in the brain. This plasticity is likely to be epige-
netically instructed by the brain TME. Understanding the
mechanisms underlying these reversible programs may pro-
vide novel avenues for therapeutic intervention in addition to
targeting recurrent driver mutations in human brain metastasis.

Although brain metastases may have low counts of TILs
(Berghoff et al., 2013a), recent studies illustrate the power of har-
nessing immunotherapies for clinical benefit in patients with CNS
metastasis (Goldberg et al., 2016). In addition, the contribution of
innate immunity and pro-inflammatory cells in brain metastasis
remains poorly characterized. Despite the analysis of bulk tumor
tissue, BMX-seq can accurately generate insights into alter-
ations of the inflammatory stroma. Our approach predicted the
enrichment of astrocytes and TAMs surrounding and infiltrating
metastatic lesions, and the co-adaptive molecular alterations
that could be driven by tumor cells. Surprisingly, the three
models tested herein displayed a significant number of tran-
scriptomic differences in their stroma, even when accounting
for the host strain, sex, and site of tumor cell growth. The hetero-

geneity of stromal cells in the brain TME is also reflected in the
concomitant activation of pro-inflammatory and tissue repair or
immunosuppressive markers in brain metastasis tissue, which
may be due to a spectrum of myeloid cell polarization states
(Kiss et al., 2018) in the context of the brain TME.

Surprisingly, we detected robust Lag3 and Havcr2 induction
in metastasis-bearing stroma of immunocompromised mice
devoid of T cells, as well as in immunocompetent syngeneic
animals. Although these receptors are expressed on immuno-
suppressed lymphocytes in many extra-cranial tissues, we
found LAG3- and HAVCR2-positive cells in the brain TME to
include TAMs and, more specifically, microglia. This observation
was also intimated by RNA-seq analysis of isolated microglia
(Bennett et al., 2016). The expression of such immune receptors
on TAMs may functionally contribute to brain metastasis pro-
gression or could be a collateral effect of reactive neuroinflam-
mation. The latter is also clinically significant because it is linked
to peri-tumoral edema and neurological complications, which
have historically excluded brain metastasis patients from clinical
trials (Stummer, 2007). Future studies to distinguish between
these possibilities will be of interest.

The incidence of CNS metastases in human cancers is on the
rise. There is an imminent need to understand the molecular
pathogenesis of brain metastasis progression and how the inter-
action between these tumors and the brain TME causes its asso-
ciated morbidity. Our study provides a robust, tractable, and
sensitive RNA-seqg-based approach to map the transcriptomic
hallmarks of both tumor cells and the stroma within the brain
metastatic niche. This approach and its ensuing dataset can
be used as a resource to guide further studies on the biology
of CNS metastasis.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
o CONTACT FOR REAGENT AND RESOURCE SHARING
e EXPERIMENTAL MODEL AND SUBJECT DETAILS

O Primary Cell Culture

O Mice

O Patient Derived Xenografts

O Additional Human Tissue

(B) Heatmap depicts normalized expression of stromal genes enriched in TAMs and significantly upregulated in forebrain metastasis versus forebrain samples

across at least two disease models.

(C) mRNA expression of stromal C71gb across forebrain metastasis (n = 2-3) and forebrain (n = 5) samples. Expression normalized to stromal Hprt. p values are

computed by unpaired Student’s t test. Data are presented as mean + SEM.

(D) Representative IF staining of LAG3 (green), TAMs (IBA1; red), and tumor cells (A375-Br = GFP; MDA231-BrM2 = human-specific vimentin; blue) in tumor-

bearing brains. Scale bars, 100 pm.

(E) Representative IF staining of HAVCR2 (green), TAMs (IBA1; red), and tumor cells (A375-Br, MDA231-BrM2 = GFP; blue) in tumor-bearing brains. Scale bars,

100 pm.

(F) Representative IF staining of HAVCR2 (green), TAMs (IBA1; red), and tumor cells (HMB45; blue) in human brain metastasis sample BMTP6 (melanoma). Yellow

arrow indicates IBA1-positive, HAVCR2-positive cell.

(G) Representative IF staining of HAVCR2 (green), TAMs (IBA1; red), and tumor cells (Pan-Cytokeratin; blue) in human brain metastasis sample VC004 (NSCLC).

Yellow arrow indicates IBA1-positive, HAVCR2-positive cell.

(H) Representative IF staining of the original tumor biopsy of YLR0O76 (squamous carcinoma). Tumor (Pan-Cytokeratin; blue), TAMs (IBA1; red), and HAVCR2-
positive cells (green) were stained. Yellow arrow indicates IBA1-positive, HAVCR2-positive cell. Scale bars, 100 um (top); 25 um (bottom).
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Rabbit monoclonal, Anti-TMEM119 1:250,
Stock: 0.1 mg/ml, (Clone 28-3) Lot# GR3207309-2

Mouse monoclonal Anti-LAGS, 1:250, Stock:
1mg/ml, (Clone 4-10-C9) Lot# 2943580

Rabbit monoclonal Anti- LAG3, 1:250, Stock:
0.981 mg/ml (Clone EPR20294-77), Lot#
GR3203111-1

Goat Polyclonal Anti-IBA1, 1:500, Stock:
0.5mg/ml, Lot# S9G2P2E060818

Rabbit Polyclonal Anti-IBA1, 1:500, Lot# PTN5930

Chicken Polyclonal Anti-GFP, 1:500, Stock:
10mg/ml, Lot# GR3190550-8

Goat polyclonal anti-Vimentin, 1:10, Lot#
ADRK0113051

Rabbit Polyclonal anti-GFAP, 1:500,
Lot# 2812020

Mouse Monoclonal Anti-LY6G, 1:100, Stock:
0.2mg/ml, (Clone: 1A8) Lot# B184949

Mouse Monoclonal Pan-Cytokeratin, 1:100,
Stock: 0.5 mg/ml, (Clone: AE1/AE3) Lot# 1998204

Rabbit Polyclonal Anti-NeuN, 1:500, Lot# 2972808
Rabbit Polyclonal Anti-TIM3, 1:250, Stock:

1.32 mg/ml, Lot# GR3191882-7, (HUMAN Staining)
Goat Polyclonal Anti-TIM3, 1:250, Stock:

0.2 mg/ml, Lot: IXQ0216121 (Mouse Staining)
Mouse Monoclonal Anti-Melanoma gp100,

1:100 (Clone: HMB45)

Rabbit Monoclonal Anti-TIM3 1:250, Stock:

16 ug/ml, Lot#: 1, (Clone: D5D5R) (HUMAN Staining)

abcam

Millipore

Abcam

NovusBio

Wako Pure Chemical Industries
abcam

R&D Systems

Millipore

Biolegend

Thermo Scientific

Millipore
Abcam

R&D Systems

Abcam

Cell Signaling

Cat#ab209064; RRID: AB_2728083

Cat#MABF954; N/A

Cat #ab209238; N/A

Cat#NB100-1028; RRID:AB_521594

Cat#019-19741; RRID:AB_839504
Cat#ab13970; RRID:AB_300798

Cat#IC8104G; N/A

Cat#AB5804; RRID:AB_2109645

Cat#127613; RRID:AB_1877163

Cat#53-9003-80; RRID: AB_1834351

Cat#ABN78; RRID: AB_10807945
Cat#ab185703; N/A

Cat#AF1529; RRID: AB_354845

Cat#ab787; RRID: AB306146

Cat#45208; RRID:AB_2716862

Biological Samples

Human Brain Metastatic Melanoma

Human Brain Metastatic Sacromatoid Carcinoma

Human Brain Metastatic Patient-Derived Xenografts

Yale University Protocol#:
2000021359

Yale University Protocol#:
2000021359

Yale University (Protocol#:
1110009228 and 1603017333)

VC004

BMTP6

YUL0063 and YLR076

Critical Commercial Assays

QIAZzol Lysis Reagent

QlAshredder

RNeasy Lipid Tissue mini kit
Tagman Universal PCR Master Mix

QIAGEN
QIAGEN
QIAGEN
Applied Biosystems

Cat#79306
Cat#79656
Cat#74804
Cat#4324018

Deposited Data

Expression data from primary breast tumors
Expression data from primary breast tumors
Expression data from primary breast tumors
Expression data from primary breast tumors

Bos et al., 2009
Wang et al., 2005
Minn et al., 2005
Harrell et al., 2012

EMC192 (GSE12276)
EMC286 (GSE2034)
MSK82 (GSE2603)
NKI295
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REAGENT or RESOURCE SOURCE IDENTIFIER

BMX-Sequencing raw data This Paper GSE115699, GSE115700, GSE115701,
(GSE115702 = reference series)

Analysis Pipeline This Paper https://github.com/zz2liu/bmx_seq

Experimental Models: Cell Lines

Human: H2030-BrM3

Human: MDA231-BrM2

Human: A375-Br

Mouse: 368T1

Memorial Sloan Kettering

Memorial Sloan Kettering
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary Cell Culture

Human cell lines H2030-BrM3 (male), MDA-MB-231 BrM2 (female), and A375-Br (female) were generated following 2-3 cycles of
in vivo selection following intra-arterial injection and brain colonization (Bos et al., 2009; Nguyen et al., 2009; Xie et al., 2006). Prior
to selection, metastatic or parental cells were infected with a lentivirus encoding for a thymidine kinase, GFP, and luciferase reporter
gene (Minn et al., 2005; Nguyen et al., 2009). H2030-BrM3, MDA231-BrM2, and A375-Br brain metastatic cells were cultured under
the same conditions as their parental lines and as recommended by the American Type Culture Collection with 10% Fetal Bovine
Serum (FBS), 1% penicillin-streptomycin and 0.2% amphotericin B (including prior to RNA extraction). Cell line identification was
confirmed 2 weeks prior to injection into mice using STR analysis by the Yale Cell Line Authentication Service. For monolayer
cultures, cells were passaged every 3-4 days and cultured unperturbed for at least three days before harvesting at 70%-80%
confluence. 368T1-Br cells were derived from the brain of syngeneic mice following 1 round of intra-arterial injection of the parental
368T1 cell line and were maintained in DME media supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamine, 1001U/mi
penicillin/streptomycin and 1 pg/ml amphotericin (Winslow et al., 2011).

Mice

For human cell line xenografts, 4-5 week old athymic nu/nu mice were purchased from Charles River (strain code 088). For injection of
368T1-Br syngeneic model, 4-5 week old, male, B6129SF1/J mice (Jackson Lab) were used. For PDX YUL0O063 described below,
male, NSG mice were used (Jackson Lab, Cat #: 005557). All mice were allowed to acclimate for one week at our animal facility after
their arrival date before experiments were initiated. Mice were housed in sex-matched groups (n = 4-5 mice per cage) with food and
water available ad libitum. All animal studies were approved by the Yale University Institutional Animal Care and Use Committee
(IACUC). Tumor growth was monitored by bioluminescent imaging using an IVIS Spectrum. The influence of sex was not explicitly
analyzed in this study because the sex of each animal was matched to that of the cell line or PDX that was injected, with the exception
being for experiments where the H2030-BrM3, MDA231-BrM2, and A375-BrM models were directly compared to one another and all
injected into male athymic mice (Figure S7A).

Patient Derived Xenografts

Patients with advanced lung cancer who developed acquired resistance to approved or experimental targeted agents or immuno-
therapies provided consent and were enrolled to a Yale University Institutional Review Board-approved protocols (#1110009228,
#1603017333), in accordance with ethical guidelines, allowing the collection and analysis of clinical data, archival, fresh tissue,
and the generation of PDXs. YLR076 was resected from the left cerebellar region of a male patient, age 67 and YULO063 was
resected from the left cerebellar region of a female patient, age 63. Both biopsies were first transplanted and maintained as subcu-
taneous tumors. Driver mutation (KRAS) for YULO063 was validated using Sanger sequencing prior to injection. YLRO76 was
validated by exome sequencing prior to cell line generation and has unknown driver mutation status. A pathologist confirmed the
histology (YLR0O76 = squamous cell carcinoma; YULO063 = neuroendocrine carcinoma ) of biopsies, and their matched subcutane-
ous and brain orthotopic PDXs (YLR0O76 at passage 5, YULO063 at passage 1). A cell line of YLR076 was dissociated from a subcu-
taneous PDX at passage 5 using an enzymatic cocktail of Collagenase IV (2mg/ml), Hyaluronidase (0.5mg/ml), Dispase (3mg/ml) and
DNase (1ug/ml) in HBSS. YLRO076 cells were infected with a lentivirus encoding reporter gene (Minn et al., 2005) before intra-cranial
injection into the murine brain. YULO063 was dissociated from a subcutaneous PDX (passage 4) using the enzymatic cocktail
described above and injected subcutaneously into the murine flank or intra-cranially into the murine brain. Both PDXs were tested
for Mycoplasma and murine viral contamination by the Yale University Molecular Diagnostics Laboratory prior to the experiments
reported here. For mRNA analysis of YULO063 FBMet and s.c. samples, 4 s.c. tumors and 4 FBMet tumors were analyzed. For
mRNA analysis of YLR076, 5 FBMet tumors were analyzed and 3 samples harvested in monolayer. One tumor was analyzed per
mouse and tumor samples across mice were compared. Take rates for YULO063 post-injection were 100% (4/4) for subcutaneous
tumors and 83% (15/18) for FBMet tumors post intra-cranial injections. Take rates for YLRO76 were 87% (13/15) for FBMet tumors
post intra-cranial injections.

Additional Human Tissue

Patients with brain metastasis provided informed consent and were enrolled to a Yale University Institutional Review Board-
approved protocol #2000021359, in accordance with ethical guidelines, allowing the collection and analysis of clinical data, archival,
fresh tissue, and the generation of patient derived cell cultures and PDXs. Brain metastasis tissue BMTP6 was resected from the
frontal lobe of a female patient, age 56, with metastatic melanoma. Tumor was positive for HMB45. Brain metastasis tissue
VCO004 was resected from the occipital lobe of a male patient, age 74, with NSCLC (sarcomatoid carcinoma). Tumor was positive
for pan-cytokeratin.
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METHOD DETAILS

Intra-arterial Injections

For the human cell xenograft H2030-BrM3 FBMet-HBMet-s.c.-2D comparison, 5x10° cells in 100 ul PBS were injected into the left-
ventricle of 5-6 week old athymic nu/nu mice. Sham injected mice were injected intra-arterially with PBS alone. Tumors were
collected at 21 days post inoculation as determined by tumor burden. One forebrain metastatic tumor (FBMet) and one hindbrain
metastatic tumor (HBMet) were collected per animal (Figure S2C) and tumors from independent mice were compared. For the human
cell xenograft H2030-BrM3 FBMet-LuOt comparison, 1x10° cells were injected intra-arterially as described above and tumors were
collected at 42-49 days. Again, as above, one FBMet tumor was collected per animal.

Intra-cranial Injections

For the H2030-BrM3, MDA231-BrM2, and A375-BrM models, 1x10°, 1x10* and 1x10° cells respectively were injected intra-cranially
in 1 ul of FBS into 5-6 week old athymic nu/nu mice. For the 368T1-Br syngeneic model, 5-6 week old B6129SF1/J mice were injected
with 5x102 cells intra-cranially. For PDX YLR076 and YUL0063, 1x10° and 2x10° cells were injected into athymic nu/nu mice and NSG
mice, respectively. All intra-cranial injections were accomplished using a digital mouse stereotactic instrument (Braintree Scientific;
51725-D) and sham injected mice were injected with 1 ul of FBS alone. The injection site was 2 mm lateral from the bregma. Tumors
were grown for 14-21 days, except for YULOO63 (48 days). One forebrain metastatic tumor (FBMet) was collected per animal
(Figure S6A).

Subcutaneous Injections

Human cell xenograft subcutaneous injections were accomplished using 5x10° cells in 100ul PBS mixed with 50% growth factor
reduced matrigel (Fisher Scientific; 356231) before injection into the flank of 5-6 week old athymic nu/nu mice. For PDX YULOO63,
2x10° cells were injected. Subcutaneous tumors were measured weekly and tissue was harvested when tumor volume reached
100-200 mm?® (14-25 days). One subcutaneous tumor was collected per animal.

Orthotopic Injections

For orthotopic lung tumors 2x10* H2030-BrM3 cells were injected intratracheally. To do this, a small 0.5 cm incision was performed
on the skin covering the right part of the lateral thorax to expose the thoracic wall. An insulin needle was inserted 3 mm deep into the
4" intercostal space when the lung could be visualized through the thoracic wall. A mixture of 2x10* H2030-BrM3 cells were diluted
1:1 in Matrigel (total volume = 100 pl) and then injected. After injection, the needle was held for 30 s within the injection site and then
removed. The skin was closed with several stitches. 21 days post inoculation, lung tumors were macrodisssected as described in
RNA Collection for BMX-Seq analysis. One LuOt tumor was collected per animal.

RNA Collection for BMX-Seq Analysis

To determine the location of brain metastatic tumors, murine brains were extracted from the skull and imaged ex vivo by biolumines-
cent imaging. Tumor or healthy tissue was macrodissected with a scalpel and immediately flash frozen in liquid nitrogen. The total
tissue collected included surrounding stromal regions. FB and HB control regions originated from sham-injected mice and were
macrodissected from the same corresponding brain regions as FBMet and HBMet samples. FBMet and FB samples included the
area approximately anterior to the lateral ventricles. HBMet and HB samples included predominantly the cerebellum (Figure S2C).
Post intra-arterial injection, FBMet and HBMet paired samples were collected from independent mice (n = 3 mice; total samples =6.),
as were FBMet samples collected post intra-cranial injection (n = 2-3). Similarly, healthy FB (n = 3-5), healthy HB (n = 4), subcutaneous
tumors (n = 4) and lung tumors (n = 2) were collected from independent mice. Samples harvested in monolayer were harvested
at 70%-80% confluency (n = 3). Cell lysates were homogenized using QIAzol Lysis Reagent (QIAGEN; 79306) and a cell scraper
where applicable (Corning; 353085), before being spun down in QlAshredder tubes (QIAGEN; 79656). Samples harvested in vivo
and in vitro were extracted in parallel using the RNeasy Lipid Tissue mini kit (QIAGEN; 74804). Samples were sequenced on a HiSeq
2500 (lllumina) with paired-end 75 base pair reads. The BMX-seq pipeline is described in full under BMX-Seq Analysis and Pipeline
below.

BMX-Seq Analysis and Pipeline

As depicted in Figure S1, we compared the ability of three pipelines to align RNA seq reads to either the human (tumor) or mouse
(stroma) genome and transcriptome. For the Xenome pipeline, reads trimmed of adaptor sequences (Trim Galore: Barbraham
Bioinformatics, Felix Krueger) were first classified with Xenome (Conway et al., 2012). Reads that classified as graft were aligned
to the human genome and transcriptome and those that classified as host were aligned to the mouse genome and transcriptome
using STAR (Dobin et al., 2013). For the ConBowtie and BMX-Seq pipelines, a combined genome was constructed using human
(hg38) and mouse (mm10) genomes. Reads uniquely aligned to the combined genome were then extracted to separate bam files,
one for human and one for mouse. Using the ConBowtie method, bowtie2-local mode was used to allow junction reads to be mapped
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to one of the exons independent of gene annotations (Langmead and Salzberg, 2012). Using the BMX-seq method, reads were
trimmed of adaptor sequences and then mapped to the combined genome and combined gene annotation (GENCODE v24 for hu-
man, vM10 for mouse) using STAR.

To calculate differential gene expression, the uniquely mapped reads (MAPQ > = 10) were counted to gene annotations using
featureCounts (Liao et al., 2014), thus generating a count matrix of gene by sample. The matrix was then used as input to
DESeqg2 R package (Love et al., 2014). To exclude mouse reads inaccurately mapping to the human genome and human reads
inaccurately mapping to the mouse genome, the cross-mapping rate for a specific gene from all reads mapped to the opposite
genome (mouse or human) was determined. Mouse only (sham-injected) and human only (tumor cells grown in monolayer)
samples were used as normalizing controls to estimate the cross-mapping rate to a human or mouse gene. If the predicted
cross-mapping reads that mapped to a particular gene exceeded 10% of the total reads mapped to that gene, then the gene was
excluded from our final curated gene lists. These genes are annotated in a downloadable table on our web portal (http://
bmxexplorer.gotdns.org/).

To evaluate the mapping performance, reads from sham injected mice were aligned to the mouse genome using bowtie2-local.
Uniquely mapped reads were then used as a standard of mouse reads. A subset of one million of such accurate reads were randomly
picked as a test set. Similarly, reads from tumor cells grown in monolayer were processed and used as a standard of human reads.

Isolation and Re-plating of Brain Metastatic Cells

After 18 to 21 days post intra-arterial injection of H2030-BrM3 cells, tumor lesions were macrodissected and collected in 2% penicillin
streptomycin, 0.04% amphotericin B solution in PBS. Tissues were then minced and incubated at 37° for one hour in 2% penicillin
streptomycin, 0.04% amphotericin B, 0.125% collagenase lll, and 0.1% hyaluronidase in RPMI media. Samples were vortexed every
10 minutes. Post incubation, samples were spun down and suspended in 2% penicillin streptomycin, 0.04% amphotericin B solution
in 0.25 Trypsin for 20 minutes at 37°. Samples were then washed in 2% penicillin streptomycin, 0.04% amphotericin B solution in PBS
for two rounds before being plated in 6 cm tissue culture treated dishes. Cells were harvested at 70%-80% confluence for 3 passage
cycles.

Varying Confluence in Monolayer

To seed H2030-BrM3 cells at varying density, 2x10° (80%), 1x10° (60%), 7x10* (40%), and 3x10* (10%) cells were seeded in a 6-well
dish (Costar; 3516). Cells were allowed to grow for 4 days with one media change on day 2. On day 4, cells were harvested for RNA
using the method described in RNA Collection for BMX-Seq Analysis.

Species Specific qRT-PCR

RNA was measured by a Nanodrop spectrophotometer. 1 ug of mMRNA was reverse transcribed into cDNA using iScript cDNA
Synthesis Kit (Bio-Rad; P1708891). PCR of cDNA was completed using TagMan Universal Master Mix no AmpErase UNG (Applied
Biosystems; 4324018). Species-specific TagMan primers (20x) were designed and ordered through Applied Biosystems. gRT-PCR
reactions were run in quadruplicate and data was normalized to housekeeping genes HPRT1 (human), ACTB (human) or Hprt
(mouse). All Tagman primers were run in mouse only and human only samples to confirm preferential cDNA ampilification of the target
gene of interest in the proper compartment (tumor or stroma). All gPCRs are shown as the mean fold change across indicated
samples + SEM. All TagMan primer sequences used are listed in Table S7.

Murine Immunofluorescent Staining and Image Acquisition

Mice were anesthetized and sacrificed, followed by perfusion with 5 mL of PBS through the left ventricle. Tissue was fixed overnight in
4% PFA at 4°C, washed 3 times in 0.2 M sodium phosphate solution and embedded in 2% LE agarose. Tissue was sectioned (50 um)
using a Vibrotome (Campden Instruments; Model 5100mz) and stored in cryostorage solution (1% PVP40 (Sigma; 9003-39-8), 30%
sucrose, 30% ethylene glycol in 0.2 M sodium phosphate). On the day of IF staining, tissues were washed in PBS for 15 minutes. IF
experiments, except those including anti-mTIM3 antibody (R&D Systems; AF1529), were blocked in 0.1% Triton X-100 (American
Bioanalytical; AB02025) and 0.3% bovine serum albumin (BSA) (Sigma; A9647) in PBS for 1 hour before incubation overnight in pri-
mary antibody (4°C). Sections were then washed in PBS for 15 minutes and incubated for 1 hour at room temperature in 0.1% Triton
X-100 and 0.3% BSA in PBS with fluorescent secondary antibody. Sections were washed in PBS for 15 minutes and then mounted on
slides using prolong gold antifade reagent (Cell Signaling Technology; 9071). All IF staining requiring the antibody anti-mTIM3 were
similarly washed and then blocked in a 0.1% Triton X-100, 10% donkey serum (Sigma Aldrich; D9663) solution in PBS for 1 hour.
Primary antibody incubation and washing steps were accomplished as described above and secondary antibody incubated for
2 hours. All IFimages were obtained using a Keyence microscope (BZ-X700) at 4x,10x, 20x or 40x magnification. 40x and 20x images
are z stack projections and all image processing (stacking, brightness, contrast) was done using the Keyence or ImageJ software.
Images that are directly compared were stained at the same time, imaged with the same exposure time for each relative channel and
processed in parallel.
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Human Immunofluorescent Staining

Human brain metastatic tissues were collected and placed in 10% formalin overnight before embedding in paraffin. 5 um paraffin
sections were heated at 65°C for 25 minutes followed by two 10 minute washes in xylene and two 10 minute washes in ethanol.
Following ethanol washes, sections were gradually diluted with H20 (20 minutes). 1.21 g of Tris hydroxymethyl aminomethane
and 0.37 g of EDTA were dissolved in 1000 mL of distilled water, with 500 uL of Tween-20 (Sigma; P7949) and heated to 99°C
(pH = 9.25). Sections were added to heated solution and incubated for 20 minutes. Following antigen retrieval, sections were washed
in H20 three times, TBST three times and then blocked for 1 hour with 5% donkey serum (Sigma Aldrich; D9663) and 0.1% Triton
X-100 (American Bioanalytical; AB02025). Primary antibodies were incubated overnight at 4° in 0.3% donkey serum and 0.1% Triton
X-100. Tissue was washed for 15 minutes in TBST and secondary antibodies were incubated in the same solution as the primary
incubation for one hour at room temperature the following day. Sections were then washed in TBST for 15 minutes and mounted
on slides using prolong gold antifade reagent (Cell Signaling Technology; 9071).

Tumor-Stroma Crosstalk Network Analysis

CCCExplorer (Choi et al., 2015) was utilized to identify the paracrine crosstalk network predicted by the data from the BMX-seq pipe-
line. From annotated ligand-receptor pairs, we identified ligands upregulated in the forebrain metastatic stroma as compared to the
s.c. stroma and receptors from corresponding pathways that are expressed in tumor cells (LRy) grown in the brain. From transcription
factor (TF)-target pairs annotated in KEGG (Kanehisa, 2002) and TRED (Jiang et al., 2007), we identified TFs that were 1) expressed in
tumor cells and 2) showed significantly upregulated expression of corresponding downstream targets (TF,) in FBMet samples as
compared to s.c. tumor samples. For each annotated pathway with at least one LR, and one TF,, we generated a subgraph from
the LRy s and TF,s with intermediate connecting nodes and labeled these as activated if the target genes from the TF,s were signif-
icantly enriched. Each activated subgraph is extended with activated targeting genes and visualized as in Shannon et al. (Shannon
et al., 2003). All genes were included in this analysis with the following thresholds: RPKM > 2 for gene expressed, FDR < 0.05 for
genes upregulated.

Gene Set Enrichment, Pathway Analysis and Heatmap Generation

Metacore from Clarivate Analytics (https://portal.genego.com/) analysis was conducted using gene lists filtered by significance
(adjusted p value of < 0.05) for each experimental comparison in question. Enrichment Analysis was performed. Plotted are pathway
maps and process networks with the most significant p-values. Neuroendocrine Tumors enrichment score was plotted from the
grouping Diseases (by Biomarkers). Enrichment scores were calculated based on —log (p value) with p value determined by Meta-
core. Gene Set Enrichment Analysis (Subramanian et al., 2005) was conducted using rank gene lists. Rank gene lists were generated
based on the direction of fold change multiplied by the inverse adjusted p value of the comparison in question for each transcript
annotated. Enrichment statistic: classic. Gene sets listed below were determined as significantly enriched after ranked gene lists
were run against the GO gene set collection c5.bp.v6.1. Rank of each listed gene set was determined by the significance of pathway
enrichment as compared to other pathways in the GO gene set c5.bp.v6.1. le. “1” indicates this was the top pathway enriched in the
given comparison. Genes considered to be differentially expressed across our own datasets are those that have an adjusted p value
< 0.05 for the comparisons in question. PCA plots, hierarchical clustering (Pearson’s Dissimilarity), and heatmaps were generated in
R and Partek. Genes with an average RPKM < 1.0 across samples (in a given comparison), lincRNAs and pseudogenes were
excluded from heatmaps.

GSEA Gene Sets

GO_Cell_Projection_Assembly, M10772
GO_Regulation of Neuron Differentiation, M12739
GO_Neuron_Projection_Guidance, M15608
GO_Chromatin_Modification, M12761
GO_Cell_Morphogenesis_Involved_In_Differentiation, M13801
GO_Cell_Morphogenesis_Involved_In_Neuron_Differentiation, M15430
GO_Homophilic_Cell_Adhesion_Via_Plasma_Membrane_Adhesion_Molecules, M15681
GO_Neuroepithelial_Cell_Differentiation, M15104
GO_Membrane_Docking, M11875
GO_Glial_Cell_Migration, M14116

CNS Enrichment

Genes designated as enriched in the CNS were confirmed by the Human Protein Atlas v18 (www.proteinatlas.org) (Uhlén et al., 2015).
Genes that were most highly expressed in the CNS (as described in the tissue tab under “Human Protein Atlas Information”) were
considered “CNS enriched.” See below for direct access to the site.

e6 Cell Reports 27, 1277-1292.e1-e7, April 23, 2019


https://portal.genego.com/
http://www.proteinatlas.org

Gene Name URL (www.proteinatlas.org/)
NCAMH1 ENSG00000149294-NCAM1/tissue
SPOCK1 ENSG00000152377-SPOCK1/tissue
EFNB3 ENSG00000108947-EFNB3/tissue
AKAP5 ENSGO00000179841-AKAP5/tissue
SPTB ENSG00000070182-SPTB/tissue
ENC1 ENSG00000171617-ENC1/tissue
FSTL4 ENSGO00000053108-FSTL4/tissue
HEY1 ENSG00000164683-HEY1/tissue

Brain Region and Cell Type Enrichment Scores

The 30 most upregulated genes in the murine anterior cortex, striatum or cerebellum, as determined by fold change and significance,
were obtained from Strand et al. (Strand et al., 2007). The median centered RNA-seq VST values of all 30 genes were extracted from
our dataset and averaged for each sample to calculate the specific brain region enrichment scores. To calculate the enrichment score
of the brain stromal astrocytes and microglia, the top 100 enriched genes for each cell type as determined by previously published
data (Zhang et al., 2014) was utilized. Enrichment score was only calculated for forebrain regions as Zhang et al., 2014 determined cell
type enrichment through processing of cortex tissue only. Enrichment score was analyzed as above. Significance was calculated by
Student’s t test.

Kaplan-Meier Curve for Brain Incidence

Specific cohorts of primary breast cancer patients (total tumors = 855) include EMC192 (GSE12276), EMC286 (GSE2034), MSK82
(GSE2603) and NKI295 (Bos et al., 2009; Minn et al., 2005; Wang et al., 2005). These cohorts were compiled in (Harrell et al., 2012) and
normalized microarray data from this prior study was used to stratify tumors as either “high” or “low” based on their expression of the
indicated gene and separated based on the median of gene expression. Brain incidence curves were generated using the R package
“survival” (Therneau, 2000) available at https://cran.r-project.org/web/packages/survival/index.html and “survminer” available at
https://cran.r-project.org/web/packages/survminer/index.html. Log-rank test was used to determine statistical significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (version 7.0a). Data are represented by the mean + SEM except when
stated otherwise (Figures 1B and 1C). In all experiments “n” represents the number of biological replicates and includes either
the tumor samples or monolayer samples analyzed. All tumor samples were collected from independent animals as stated in the
Experimental Model and Subject Details section. p values were calculated by parametric, two-tailed Student’s t test for all
gRT-PCRs that were done to validate RNA-seq results and no assumptions were made. RPKM values were plotted as the log,RPKM
and significance calculated by Student’s t test. The exact values of “n” used are described in the corresponding figure legends.

DATA AND SOFTWARE AVAILABILITY
The complete computational analysis workflow is described in Figure S1 and is deposited on GitHub at https://github.com/zz2liu/
bmx_seq.

The accession numbers for the BMX-seq raw data reported in this paper have been deposited under ID codes GSE115699,
GSE115700, GSE115701, and the reference series GSE115702.
ADDITIONAL RESOURCES

We provide a web portal which includes BMX-sequencing analyses related to the transcriptomic profiles of brain metastases and the
co-adaptation of surrounding brain stroma across disease models available at http://bmxexplorer.gotdns.org/.
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