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Invasive growth associated with cold-inducible 
RNA-binding protein expression drives recurrence of 
surgically resected brain metastases
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Abstract
Background. Sixty percent of surgically resected brain metastases (BrM) recur within 1 year. These recurrences have 
long been thought to result from the dispersion of cancer cells during surgery. We tested the alternative hypothesis that 
invasion of cancer cells into the adjacent brain plays a significant role in local recurrence and shortened overall survival.
Methods. We determined the invasion pattern of 164 surgically resected BrM and correlated with local recurrence and 
overall survival. We performed single-cell RNA sequencing (scRNAseq) of >15,000 cells from BrM and adjacent brain tissue. 
Validation of targets was performed with a novel cohort of BrM patient-derived xenografts (PDX) and patient tissues.
Results. We demonstrate that invasion of metastatic cancer cells into the adjacent brain is associated with local 
recurrence and shortened overall survival. scRNAseq of paired tumor and adjacent brain samples confirmed the 
existence of invasive cancer cells in the tumor-adjacent brain. Analysis of these cells identified cold-inducible 
RNA-binding protein (CIRBP) overexpression in invasive cancer cells compared to cancer cells located within the 
metastases. Applying PDX models that recapitulate the invasion pattern observed in patients, we show that CIRBP 
is overexpressed in highly invasive BrM and is required for efficient invasive growth in the brain.
Conclusions. These data demonstrate peritumoral invasion as a driver of treatment failure in BrM that is func-
tionally mediated by CIRBP. These findings improve our understanding of the biology underlying postoperative 
treatment failure and lay the groundwork for rational clinical trial development based upon invasion pattern in 
surgically resected BrM.
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Key Points

1.  Invasion into the brain is associated with recurrence in surgically resected brain 
metastases.

2.  scRNAseq reveals distinct transcriptional profiles in metastatic cells that have 
invaded into the brain.

Brain metastases (BrM) occur in 20%-40% of cancer pa-
tients, most commonly in patients with primary cancers 
of the lung, breast, and skin.1 While longevity and quality 
of life for BrM patients are poor, treatment options exist 
to improve outcomes.2 These include surgery, whole-brain 
radiotherapy (WBRT), stereotactic radiosurgery (SRS), 
and systemic treatments such as targeted and immune-
modulating therapies.2 Determining which treatment or 
combination of treatments is appropriate depends on the 
cancer type, patient performance status, systemic disease 
burden, targeted therapy options, and the number, size, 
and site of BrM.2

Surgical resection is the standard treatment for large 
and symptomatic BrM. However, approximately 60% of 
patients with postoperative magnetic resonance imaging 
(MRI)-confirmed total resections will suffer a local recur-
rence within 1 year.3,4 For this reason, WBRT or SRS with a 
1-2 mm margin surrounding the surgical resection cavity is 
often delivered as an adjuvant treatment.4,5 WBRT reduces 
the risk of local recurrence by 80% but is associated with 
severe adverse events.3 SRS reduces the risk of local recur-
rence by 50% and has fewer adverse events than WBRT.4

Since local recurrence is common and the negative ef-
fects of radiotherapy are significant, understanding why 
some BrM recur following a total resection is a clinically 
important and unresolved question. For over 30  years, 
clinicians and researchers have hypothesized that local 
recurrence results from the surgical dispersion of cancer 
cells into the cavity, which grow following attachment to 
the cavity wall, and that postoperative radiotherapy elimin-
ates a large percentage of these cells.3,6,7 The only existing 
evidence supporting this hypothesis is that en-bloc resec-
tions are less likely to result in local recurrence compared 
to piecemeal resections.8,9

Since WBRT more effectively prevents local recurrence 
than SRS, which targets only 1-2 mm of the surgical resec-
tion margin,5 we hypothesized that brain metastatic cancer 
cells may engage invasive programs that drive their in-
vasion into the adjacent brain. This possibility is not cur-
rently thought to be the cause of local recurrence because 
of the well-circumscribed appearance of BrM using brain 

imaging and their macroscopic appearance.10 However, 
evidence does exist to suggest that BrM are not neces-
sarily invasion incompetent.11,12

To address the potential role of cancer cell invasion in 
BrM, we dichotomized surgically resected BrM into two 
groups based on their invasion pattern. The first group 
contains minimally invasive (MI) BrM that display lim-
ited or no invasion into the brain parenchyma. The second 
group comprises highly invasive (HI) lesions exhibiting 
marked invasion of cancer cells, as clusters or single cells, 
into the surrounding brain. We demonstrate, using a large 
cohort of annotated BrM specimens with associated neu-
roimaging data, that patients with HI BrM exhibit a greater 
probability of experiencing postoperative local recur-
rence and shortened overall survival compared to those 
with MI lesions. scRNAseq of paired HI BrM and adjacent 
brain samples confirmed the presence of invasive cancer 
cells in the tumor-adjacent brain. These invasive cancer 
cells overexpressed cold-inducible RNA-binding protein 
(CIRBP), a gene also overexpressed in HI compared to MI 
BrM. To study the role of CIRBP in HI BrM, we established a 
biobank of patient-derived xenograft (PDX) models of BrM 
that faithfully recapitulate the invasion pattern observed in 
patients and which confirmed the function of CIRBP in effi-
cient growth of HI BrM.

Methods

Ethics Statement

All patient information and specimens were obtained 
after written informed consent and were de-identified. 
Studies were conducted in accordance with the 1996 
Declaration of Helsinki and approved by institutional 
review boards of McGill University and the Montreal 
Neurological Institute-Hospital (MNIH) (IRB # 2018-4150). 
Operations performed on all patients occurred at the 
MNIH between 2007 and 2019. For animal studies, the 
methods used were in accordance with standards set by 

Importance of the Study

We demonstrate a critical role for invasive growth as 
a driver of poor outcomes in patients with brain metas-
tases. These findings have direct implications for prac-
ticing neurosurgeons, neuropathologists, and radiation 

oncologists in the management of patients with surgi-
cally resected brain metastases and lay the ground-
work for clinical trials incorporating invasion pattern as 
a prognostic or predictive biomarker.
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the institutional animal care and use committee at the 
Goodman Cancer Research Centre under animal use pro-
tocol number 2001-4830.

Clinical Specimen Analysis and Chart Reviews

Available H&E slides from all patients in the initial cohort 
of 284 BrM were screened for cancer-brain interface and 
scored for invasion pattern by two observers, including 
one neuropathologist. Scores were averaged when the 

two reviewers provided divergent assessments. A  de-
tailed outline of the scoring system and definition of clin-
ical endpoints used can be found in the Supplementary 
Methods.

Single-Cell RNA Sequencing

BrM samples were procured at the MNIH under a pro-
tocol approved by the MNIH IRB (NEU-10-066) following 
patient consent. Samples were obtained from within and 
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Fig. 1 HI invasion pattern predicts poor outcome in patients with surgically resected brain metastases. A, Flow diagram representing the inclu-
sion process for incorporating patient specimens into the cohort. B, Representative H&E images demonstrating MI (top) and HI (bottom) brain 
metastases (left). A dotted line represents the well-demarcated margin in a MI lesion and arrows point to invasive tumor cell clusters in a HI 
lesion. Scale bars: 1 mm (left panel), 500 µm (right panel). Matched T2 and T1 contrast-enhanced MRI scans from the same patients (right). C, 
H&E (Scale bars: 1 mm—left panels, 100 µm—right panels) and D, Two-color IHC (Teal-GFAP, Dab-CK7/MART1) demonstrating examples of the 
scoring system used to define invasion pattern. Scale bars: 500 µm—left panels, 100 µm—right panels. E, Proportion of MI and HI brain metas-
tases identified in the cohort. F, Breakdown of invasion pattern by primary cancer type. G, Kaplan-Meier curve plotting local recurrence-free 
survival (local RFS) in patients with MI vs HI brain metastases. Their removal by gross total resection was confirmed by postoperative MRI and 
were not themselves locally recurrent lesions. P value calculated by log-rank (Mantel-Cox) test, hazard ratio (HR) unable to be calculated be-
cause no local recurrence events occurred in the MI group. H, Kaplan-Meier curve plotting local RFS in patients harboring specimens with at 
least 2 mm of adjacent brain needed to calculate distance of invasion of greater or less than 1.5 mm. P value, HR, and 95% confidence interval (CI) 
calculated by log-rank (Mantel-Cox) test. I, Kaplan-Meier curve plotting leptomeningeal metastasis-free survival (LM-free survival) in patients 
with MI vs HI brain metastases, calculated from the time of the patient’s first neurosurgical resection. P value, HR, and 95% CI calculated by log-
rank (Mantel-Cox) test. J, Kaplan-Meier curve plotting overall survival in patients with MI vs HI brain metastases, calculated from the time of the 
patient’s first neurosurgical resection. P value, HR, and 95% CI calculated by log-rank (Mantel-Cox) test. Abbreviations: HI, highly invasive; IHC, 
immunohistochemistry; MI, minimally invasive.
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Fig. 2 Single-cell transcriptome profiling of HI brain metastases and adjacent brain reveals abundant invading cells with distinct gene 
expression profiles. A, Patient MRI outlining the sampling approach whereby two samples were sequenced from each patient: from the 
contrast-enhancing cancerous region (metastasis center, MC), and from the non-enhancing region peripheral to the lesion (surrounding 
brain, SB). B, Proportion of cell types identified from each cluster in each sample and the total number of cells sequenced. C, UMAP plot 
indicating clusters of cells derived from the entire dataset. D, UMAP plot indicating sample identity of the cells in the dataset. E, UMAP 
plot indicating clusters of cells derived from patient MNIH458 (breast primary). F, UMAP plot indicating sample identity of the cells in the 
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just outside of the contrast-enhancing area of the lesion. 
Details pertaining to sample preparation and analysis can 
be found in the Supplementary Methods.

Orthotopic PDX Models of BrM

Orthotopic PDX models of BrM were established as pre-
viously described.13 Further details are described in the 
Supplementary Methods.

Tissue Microarrays (TMA)

TMAs were constructed using a TMA Grand Master 
(3DHISTECH) platform. TMA details are described in the 
Supplementary Methods.

Immunohistochemistry (IHC)

IHC was performed using the Ventana Benchmark Ultra 
Autostainer using the antibodies and concentrations de-
scribed in the Supplementary Methods.

shRNA-Mediated CIRBP Knockdown and cDNA 
Overexpression

CIRBP knockdown (KD) was performed using shRNA 
clones from a lentivirus derived MISSION shRNA library 
(Sigma). CIRBP overexpression constructs (Supplementary 
Methods) were verified by sequencing. Plasmids were 
packaged into lentiviral particles in 293T cells (ATCC, CRL-
3216) and used to infect cells with 1× polybrene.

Lentiviral Infection of PDX Models

Subcutaneous tumors were dissociated and subjected 
to short-term suspension culture in tumorsphere media 
(Supplementary Methods). Cells were immediately in-
fected with pHIV-Luc-ZsGreen lentivirus (Addgene #39196). 
Luciferase-labeled cancer cells were washed with phos-
phate buffered saline and intracranially injected into NSG 
mice. Luminescence signals were quantified using an IVIS 
Spectrum (PerkinElmer) instrument.

Immunoblotting

Cell lysates were resolved by SDS-polyacrylamide gel elec-
trophoresis as previously described.13 Antibody details are 
described in Supplementary Methods.

Statistical Tests

The following statistical tests were used, as indicated in 
the appropriate figure legend: Kaplan-Meier estimator, 
log-rank (Mantel-Cox) test, two-sided Mann-Whitney test, 
Pearson’s Chi-Square, two-sided Wilcoxon matched-pairs 
signed-rank test.

Results

HI Histopathology Is Associated With Poor 
Patient Outcomes

We assessed invasion pattern in 284 consecutive BrM 
resections. After excluding 120 BrM with inadequate 
brain-cancer interface that prevented an invasion pattern 
designation, 164 specimens from 147 patients were in-
cluded in the cohort (Figure 1A, Supplementary Table S1). 
While varying degrees of invasion are detectable by histo-
pathology, these differences are indistinguishable by MRI 
(Figure 1B). These samples were scored for invasion pat-
tern by two independent observers blinded to clinical out-
comes using a scoring system for invasion that spanned 
from 0 to 3. An average score of 0-2 denoted lesions with 
no or limited invasion into the brain (MI) while an average 
score >2 indicated lesions with extensive invasion into the 
adjacent brain (HI) (Figure 1C and D). 56 BrM (34%) from 
54 patients (37%) showed a MI pattern while 108 samples 
(66%) from 93 patients (63%) had HI lesions that included 
cancer cell clusters or single cells invading the brain pa-
renchyma (Figure 1E). BrM originating from primary 
breast cancers were more likely to demonstrate a HI pat-
tern relative to those derived from non-breast primary tu-
mors (Figure 1F, Supplementary Table S2).

In patients who had multiple BrM resected either tem-
porally (locally recurrent BrM) or spatially (anatomically 
distinct BrM), the invasion pattern was preserved in 16/16 
matched pairs, affirming the notion that BrM within the 
same patient are genomically homogeneous,11,14 and 
suggesting that invasion pattern is intrinsic to a patient’s 
cancer (Supplementary Table S3).

A HI invasion pattern is associated with local recurrence 
in previously untreated lesions with complete macro-
scopic gross total resections confirmed by postoperative 
MRI (Figure 1G, Supplementary Figure S1). We corrobor-
ated these findings by calculating the distance of invasion 
from the cancer-brain interface to the most deeply invaded 
cancer cell detectable on a representative H&E slide. This 
approach provided a quantifiable metric for invasion, with 
only specimens harboring >2 mm of measurable brain pa-
renchymal margin included in the analysis (N = 59). Using a 
threshold of 1.5 mm of invasion from the edge of the main 
cancer mass to represent the 1-2 mm SRS margins used, 
we observed that specimens with >1.5  mm of invasion 
were more likely to experience local recurrence compared 
to those with <1.5 mm of invasion (Figure 1H). Patients with 
leptomeningeal enhancement at the time of surgery expe-
rienced similar rates of local recurrence compared to those 
who did not, ruling out leptomeningeal metastases (LM) 
as drivers of local recurrence (Supplementary Figure S1J).

Among patients with at least one contrast-enhanced 
MRI scan, those with a HI invasion pattern were more 
likely to have or develop contrast-enhancing lesions in 
the leptomeninges (Figure 1I, Supplementary Figure 
S2). This phenotype is driven by a greater percentage of 
patients with HI BrM exhibiting LM at the time of sur-
gery, as determined by a neuroradiologist blinded to 
invasion pattern (51/87 HI patients vs 19/51 MI patients, 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
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Pearson’s Chi-Square 5.87, P  =  .015). Patients with a HI 
invasion pattern experienced inferior overall survival 
compared to those with MI invasion pattern (Figure 1J, 
Supplementary Figure S3), although the specific cause 
of death was unavailable in the health records of pa-
tients. Together, these findings establish the prognostic 
significance of invasion pattern for patients with surgi-
cally resected BrM.

We identify three distinct invasion subtypes within 
HI specimens—angiocooptive, diffuse, and lobular 
(Supplementary Figure S4A), in line with the existing 
literature.14 Lobular is the most common subtype, par-
ticularly BrM derived from breast and lung primary tu-
mors (Supplementary Figure S4B). While sample size 
is limiting within each category, we observe poor prog-
nosis in patients with diffusely invasive BrM compared 
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same invasion pattern. Scale bars: 1 mm (low magnification), 100 µm (high magnification). B, Representative images of PDX models with MI inva-
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to the lobular invasion subtype (Supplementary Figure 
S4C-E).

Invasive Brain Metastatic Cancer Cells Exhibit 
Altered Transcriptional Profiles Compared to 
Cancer Cells Within the Bulk Metastases

To confirm the existence of cancer cells in the tumor-
adjacent brain and compare their transcriptome to 
those in the metastatic lesion from which they were de-
rived, we performed droplet-based scRNAseq analysis of 
15,615 cells derived from two paired HI BrM specimens 
(MNIH458; Breast and MNIH472; Melanoma). We obtained 
two samples from each patient; one was taken from the 
contrast-enhancing BrM (metastasis center, MC; Figure 
2A), and the second was collected from the surrounding 
brain outside of the resection cavity (surrounding brain, 
SB). The identity of various cell types was determined 
by generating a cell atlas and using the expression of 
cell type-specific markers on the uniform manifold ap-
proximation and projection (UMAP) representation, re-
vealing clusters of breast cancer (GATA3+), melanoma 
(PMEL+), oligodendrocytes (OLIG1+), macrophages/mi-
croglia (C1QC+), endothelial cells (CLDN5+), and erythro-
cytes (HBA1+) (Figure 2B-D, Supplementary Figure S5). 
Cancer cell clusters in each pair were better resolved by 
implementing clusters of characterized spike-in popula-
tions of healthy adult oligodendrocytes, astrocytes, and 
macrophages/microglia (Figure 2E-H).15,16 Confirmation 
of copy number variants was performed in the cancer cell 
clusters from each BrM pair (Figure 2I and J) and analysis 
of markers of each cluster (Supplementary Figure S6). 
Each pair was analyzed individually in order to identify 
gene expression profiles in cancer cells from MC and SB. 
In keeping with the invasive nature of these BrM, we iden-
tified abundant cancer cells present in non-enhancing SB 
from both patients (Figure 2F and H).

To narrow our search to genes functionally involved in BrM 
invasive growth, we performed gene set enrichment anal-
ysis, querying gene ontology biological process signatures. 
This analysis revealed 33 and 8 gene sets overexpressed in 
SB vs MC cancer cells from MNIH458 and MNIH472, respec-
tively. Intersection of these two lists of gene sets yielded 5 
common gene sets that center around functions related to 
mRNA biology and cellular responses to stress (Figure 2K). 
To identify a putative functional mediator of invasive growth, 
we next identified individual genes that were differentially ex-
pressed between cancer cells in the SB vs MC. This revealed 17 
overexpressed (Supplementary Table S4) and 7 downregulated 
genes in the invasive cancer cells (Supplementary Table S5). 
One of these genes, CIRBP, is a mRNA-binding protein with 
known functions in cellular adaptation to stressors similar to 
those that may be encountered by cancer cells invading into 
the adjacent brain.17–19

PDX Models of BrM Recapitulate Invasion and 
LM Phenotypes

To functionally validate the role of CIRBP in HI BrM, we 
established 30 PDX models from human BrM (16 lung, 

8 breast, 4 melanoma, 2 gastrointestinal primaries). 
When implanted orthotopically in the brain of immune-
compromised mice, the invasion pattern observed in PDX 
models were consistent with the patient from which they 
were derived. Indeed, 16/22 (73%) of evaluable PDX-patient 
pairs displayed concordant invasion pattern (Figure 3A-C, 
Supplementary Figure S7). PDX BrM models revealed con-
cordant levels and staining patterns for routinely used 
pathological markers compared to the patient specimens 
from which they were derived, including CD45 staining 
as a quality control measure to assure that PDXs truly 
represent solid cancers and not lymphocyte outgrowth 
(Supplementary Table S6, Supplementary Figure S8).

Interestingly, we noted that PDX models exhibited 
varying degrees of LM along the spinal cord. In agreement 
with our clinical findings, PDXs with HI invasion pattern 
exhibit a greater degree of leptomeningeal dissemina-
tion along the spinal cord (Figure 3B). Indeed, mice har-
boring HI BrM displayed larger and more numerous LM 
lesions along the spinal cord when compared to mice 
with MI lesions (Figure 3D and E). We established criteria 
for PDX models to be dichotomized as high- vs low-LM-
forming (≥4 leptomeningeal lesions and cancer cell area 
>250  00  00  µM2 per spinal cord analyzed by H&E) and 
observed that the patients whose BrM led to high-LM-
forming PDXs were more likely to have developed LM 
than patients whose BrM gave rise to low-LM-forming 
PDXs (Figure 3F).

CIRBP Is Overexpressed in HI BrM and Is 
Required for Efficient Invasive Growth in 
the Brain

We established TMAs containing 157 human and 30 PDX 
BrM specimens with annotated invasion pattern. TMA 
slides were stained by IHC for CIRBP and the specific signal 
within tumor cells was quantified. These analyses revealed 
significant overexpression of CIRBP in HI compared to MI 
BrM from both human and PDX cohorts (Figure 4A-D). 
CIRBP expression was also higher in cancer cells at the 
leading edge of HI PDX models and patient BrM when 
compared to cancer cells in the center of the lesion, in con-
cordance with aforementioned scRNAseq data (Figure 4E). 
In PDX specimens, CIRBP expression was elevated in the 
parenchymal BrM of high-LM-forming PDXs compared 
to low-LM-forming PDXs (Figure 4F). Within the high-LM-
forming PDX models, the LM from 7 out of 8 models ex-
pressed higher levels of CIRBP compared to the matched 
parenchymal BrM (Figure 4G and H). Together, we dem-
onstrate that CIRBP expression is associated with paren-
chymal invasion and leptomeningeal dissemination in 
human BrM and PDX models.

Next, we sought to validate CIRBP’s function in the de-
velopment of BrM by performing CIRBP shRNA KD in 
luciferase-labeled cancer cells derived from a HI mela-
noma BrM PDX model (GCRC1987). This model was chosen 
due to the fact that mice bearing cranial injections of 
GCRC1987 developed significant LM along the spinal cord. 
When injected intracranially, CIRBP KD in the GCRC1987 
model suppresses cancer growth in both the brain paren-
chyma and spinal cord leptomeninges by bioluminescence 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
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http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab002#supplementary-data
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imaging (Figure 5A and B) and histopathology (Figure 5C 
and D). In a separate cohort, animals bearing intracrani-
ally injected GCRC1987 cells with CIRBP KD had prolonged 
overall survival compared to mice injected with empty 
vector (EV) control GCRC1987 cells (Figure 5E and F). We 
observe a decrease in the proliferative marker KI67 and 
phosphorylated extracellular signal-regulated kinase (ERK) 
by IHC in CIRBP KD BrM, consistent with existing evidence 
that CIRBP is known to promote ERK signaling and prolifer-
ation (Supplementary Figure S9).20

We next employed a MDA-MB-231 triple negative breast 
cancer cell model that forms HI BrM when injected intracra-
nially. In this model, cells preferentially seed in the subarach-
noid space and invade into the brain parenchyma, a finding 
observed frequently in histopathology of patients with HI BrM. 
We established shRNA KD of CIRBP in these MDA-MB-231 cells 
(Figure 5G). When implanted in the mammary fat pad to model 
primary tumor growth in the breast, there were no significant 
differences in growth of MDA-MB-231 EV-expressing cells and 
those with KD and rescue of CIRBP (Figure 5G and H). However, 
when injected intracranially, MDA-MB-231 cells harboring two 
independent stable KDs of endogenous CIRBP grow mark-
edly less in the central nervous system (CNS) compared to 
EV-expressing cells, which develop HI lesions (Figure 5I and 
J). This reduction is rescued by re-expression of CIRBP in both 
cell populations harboring independent CIRBP shRNAs (Figure 
5I and J). Together, these results demonstrate a critical role for 
CIRBP in the efficient growth of HI BrM.

Discussion

Clinicians and researchers generally conceptualize BrM as 
noninvasive masses that appear to be well-demarcated from 
the adjacent brain parenchyma by MRI.21 However, this cannot 
be reconciled with the high local recurrence rate after surgical 
resection. Histopathological evidence suggests that BrM can 
invade the brain.11,12 The hypothesis that invading metastatic 
cells beyond the resection cavity play a role in poor prognosis 
can be supported by scattered reports in the clinical literature. 
Notably, >50% of BrM patients treated with gross total surgical 
resection alone recur locally without postoperative radiation 
to the area around the resection cavity.3,4 Local disease control 
has been shown to be improved marginally by performing 
microscopic total resection to achieve negative margins or by 
treating 1-2 mm of the surgical margin with postoperative ra-
diotherapy.5,22 This suggests the importance of eliminating in-
vasive cancer cells beyond the contrast-enhancing margin to 
achieve local disease control.

While invasion pattern in BrM has been previously 
described, these studies have either used autopsy 
specimens in a nonsurgical population,11,12 or were 
underpowered to identify the strong correlations be-
tween invasion pattern and local recurrence or the 
formation of LM identified herein.12 In this study, we 
identify invasion pattern as an important prognostic 
factor for patients with surgically resected BrM. This 
finding has important clinical implications that can be 
studied in randomized controlled trials. First, one can 
ask whether HI BrM patient outcomes can be improved 

by expanding the postoperative SRS field, delivering 
multi-fraction SRS or by applying new surgical tools 
or techniques, such as Raman spectroscopy, to identify 
and remove invading metastatic cells in the brain.23 One 
may also ask whether there is clinical value in sparing 
patients with MI BrM from postsurgical delivery of 
SRS altogether if they indeed comprise the group of 
patients who would never recur postoperatively even 
in the absence of postoperative radiation. With the an-
swers to these questions, it is indeed plausible that in-
vasion pattern can guide management of surgical BrM 
patients.

scRNAseq has allowed us to profile BrM and the adjacent 
brain, revealing the transcriptomes of >15,000 cells. We focus 
our studies on the cancer cells themselves, where we identi-
fied pathways related to mRNA biology and cellular stress re-
sponses in distantly invaded cancer cells compared to those in 
the MC. This led us to identify CIRBP as a gene overexpressed 
in HI BrM with a functional role in BrM development and col-
onization of the leptomeninges. CIRBP has well-characterized 
roles in cancer initiation, progression, and invasion, but has 
yet to be studied in the context of metastasis in vivo.18 CIRBP is 
an RNA-binding protein that may exert its function in the con-
text of HI BrM by binding to select mRNA transcripts involved 
in mitigating reactive oxygen species or promoting survival in 
the stressful microenvironment of the CNS.24 Alternatively, se-
creted CIRBP may be critical in modulating crosstalk with the 
neuroinflammatory stroma and may mediate invasive growth 
in this capacity.25 These findings highlight the potential offered 
by therapeutically targeting CIRBP or its downstream mRNA 
targets in the treatment of HI BrM.

We modeled invasion pattern with an extensive cohort 
of BrM PDXs. Our results from these models corroborate 
our clinical findings that HI invasion pattern is associated 
with LM. Previous studies suggest some BrM may dy-
namically shuttle between the CNS compartments of the 
brain parenchyma and the leptomeninges.26 Whether this 
is caused by a true invasive process between the brain and 
leptomeninges, or one that is associated with enhanced 
cell survival in the leptomeningeal compartment mediated 
by genes upregulated in HI BrM, such as CIRBP, remains 
unclear.

This work together challenges the paradigm by which 
clinicians and researchers perceive BrM as uniformly cir-
cumscribed masses. We demonstrate robust clinical evi-
dence that BrM frequently exhibit meaningful degrees of 
invasion that correlate with patient outcomes and identify 
CIRBP as a functional mediator of this process.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
online.
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