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1Cancer Biology and Genetics Program
2Department of Medicine
3Human Oncology and Pathogenesis Program
4Brain Tumor Center
5Department of Pathology
6Metastasis Research Center
Memorial Sloan Kettering Cancer Center, New York, NY 10065, USA
7Howard Hughes Medical Institute, Chevy Chase, MD 21205, USA
8Present address: Lester and Sue Smith Breast Center, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030, USA

*Correspondence: j-massague@ski.mskcc.org
http://dx.doi.org/10.1016/j.cell.2014.01.040
SUMMARY

Brain metastasis is an ominous complication of can-
cer, yet most cancer cells that infiltrate the brain die
of unknown causes. Here, we identify plasmin from
the reactive brain stroma as a defense against meta-
static invasion, and plasminogen activator (PA)
inhibitory serpins in cancer cells as a shield against
this defense. Plasmin suppresses brain metastasis
in two ways: by converting membrane-bound astro-
cytic FasL into a paracrine death signal for cancer
cells, and by inactivating the axon pathfinding mole-
cule L1CAM, which metastatic cells express for
spreading along brain capillaries and for metastatic
outgrowth. Brain metastatic cells from lung cancer
and breast cancer express high levels of anti-PA ser-
pins, including neuroserpin and serpin B2, to prevent
plasmin generation and its metastasis-suppressive
effects. By protecting cancer cells fromdeath signals
and fostering vascular co-option, anti-PA serpins
provide a unifying mechanism for the initiation of
brain metastasis in lung and breast cancers.

INTRODUCTION

Metastasis is the main cause of death from cancer, but biologi-

cally, metastasis is a rather inefficient process. Most cancer cells

that leave a solid tumor perish, andmuch of this attrition happens

as circulating cancer cells infiltrate distant organs (Chambers

et al., 2002). Although mechanisms for early steps of tumor cell

dispersion and late stages of macrometastatic outgrowth are

known (Valastyan and Weinberg, 2011; Vanharanta and Mas-

sagué, 2013), the factors that determine the survival and adapta-
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tion of disseminated cancer cells in vital organs remain obscure.

Identifying these factors is particularly critical in the case of brain

metastasis. Brain relapse is the most devastating complication

of cancer, with acute neurologic distress and high mortality

being typical traits (Gavrilovic and Posner, 2005). The incidence

of brain metastasis is ten times higher than that of all primary

brain tumors combined (Maher et al., 2009). Lung cancer and

breast cancer are the top sources of brain metastasis, together

accounting for nearly two-thirds of total cases. However, it is

in the brain that infiltrating cancer cells face a particularly high

rate of attrition, as shown in experimental models (Kienast

et al., 2010). Brain metastasis tends to be a late complication

of cancer in the clinic (Feld et al., 1984; Karrison et al., 1999)

and is rare in mice with genetically engineered tumors that

readily metastasize to other organs (Francia et al., 2011;Winslow

et al., 2011).

The severe attrition of metastatic cells in the brain and the late

occurrence of brain metastasis in the clinic argue that circulating

cancer cells face major hurdles in colonizing this organ. Cancer

cells require specializedmechanisms to traverse the blood-brain

barrier (BBB), and molecular mediators of this process were

recently identified (Bos et al., 2009; Li et al., 2013). However,

most cancer cells that pass the BBB die (Heyn et al., 2006;

Kienast et al., 2010). Interestingly, cancer cells that succeed

in infiltrating the brain present the striking feature of adhering

to the surface of capillaries and growing as a sheath around

the vessels, whereas those that fail to co-opt the vasculature

also fail to thrive (Carbonell et al., 2009; Kienast et al., 2010;

Lorger and Felding-Habermann, 2010). What kills most cancer

cells that pass through the BBB, and what enables the few

survivors to co-opt the vasculature are questions of biologic

and clinical interest.

Seeking to define commonmechanisms for metastatic coloni-

zation of the brain, we focused on a small set of genes whose

expression is associated with brain metastatic phenotypes in
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both lung and breast adenocarcinoma models. One of these

genes, SERPINI1, encoding the plasminogen activator (PA)

inhibitor neuroserpin (NS), is normally expressed mainly in the

brain. Tissue PA (tPA) and urokinase PA (uPA) convert plasmin-

ogen into plasmin, an endopeptidase thatmediates fibrinolysis in

blood clot resolution and is also involved in the stromal response

to brain injury (Benarroch, 2007; Sofroniew and Vinters, 2010).

Reactive astrocytes are major sources of PAs in ischemia and

neurodegenerative injury (Adhami et al., 2008; Ganesh and Chin-

tala, 2011; Teesalu et al., 2001). To avert the deleterious action of

plasmin, neurons express NS (Yepes et al., 2000). We found that

by secreting PA inhibitory serpins, brain metastatic cells thwart

the lethal action of plasmin from the reactive stroma. Moreover,

suppression of Fas-mediated cancer cell killing and promotion

of L1 cell adhesion molecule (L1CAM)-mediated vascular

co-option lie downstream of anti-PA serpin action as critical re-

quirements for the initiation of brain metastasis.

RESULTS

Association of PA-Inhibitory Serpins with the Brain
Metastatic Phenotype
To identify shared mediators of brain metastasis, we compared

the transcriptomic signatures of brainmetastatic subpopulations

(BrM) that were isolated from the lymph-node-derived human

lung adenocarcinoma cell lines H2030 and PC9 (Nguyen et al.,

2009) and the pleural-effusion-derived breast cancer cell lines

MDA-MB-231 (MDA231 for short) and CN34 (Bos et al., 2009;

Figure 1A). Seven genes were upregulated in brain metastatic

cells compared with the source parental lines in at least three

of the four models (Figure S1A available online). Among these

genes, LEF1 was previously defined as a mediator of WNT

signaling in brain metastasis (Nguyen et al., 2009). Of the

remaining genes, only SERPINI1, encoding NS, was associated

with brain relapse in human primary tumors (see below). This

was intriguing because NS expression is normally restricted

to neurons, where it protects against PA cytotoxicity (Yepes

et al., 2000).

The 36 serpin family members in human collectively target 18

proteases (Irving et al., 2000). Four serpins (NS and serpins B2,

E1, and E2) selectively inhibit PA (Law et al., 2006). The mRNA

levels for three of the four were upregulated >3-fold in brain met-

astatic cells (Figure 1A). Only one other serpin, SERPIND1, was

also upregulated (Figure 1A). Serpin D1 inhibits thrombin, which

cooperates with plasminogen in cerebral injury (Fujimoto et al.,

2008). Bone metastatic derivatives (MDA231-BoM) (Kang et al.,

2003) and lung metastatic derivatives (MDA231-LM2) (Minn

et al., 2005) were available for comparisons with MDA231-BrM2,

and showed little or no upregulation of the serpins (Figure 1B).

Additionally, we established the cell line ErbB2-P from a

mouse mammary tumor driven by a mutant ErbB2 transgene

(Muller et al., 1988) and then isolated a brain metastatic deriva-

tive (ErbB2-BrM2) by selection of ErbB2-P in congenic mice.

ErbB2-BrM2 cells showed a strong upregulation of serpins B2

and D1 compared with ErbB2-P (Figure 1A). We also screened

four cell lines derived from lymph nodemetastases of genetically

engineered KrasG12D;p53�/� mouse lung adenocarcinomas

(Winslow et al., 2011). All four lines were highly metastatic
to visceral organs but ranged widely in brain metastatic activity

(Figures 1C and S1B), and brain metastasis was associated

with high expression of serpins I1, B2, E2, and/or D1 (Figures

1C and 1D).

The upregulation of NS and serpin B2 in brain metastatic cells

was confirmed at the protein level (Figures S1C and S1D). More-

over, conditioned media from brain metastatic cells inhibited

the generation of plasmin activity from plasminogen (Figures

1E, 1F, and S1E). The only exception was PC9-BrM3, a cell

line that is less aggressive in brain metastasis compared with

H2030-BrM3 (Nguyen et al., 2009) and lacks upregulated anti-

PA serpins (Figures 1A, S1C, and S1D).

NS and Serpin B2 in Human Brain Metastasis Tissues
Focusing on the two most frequently upregulated anti-PA

serpins in these models, NS and serpin B2, we queried gene-

expression data from 106 primary lung adenocarcinomas with

relapse annotation (Nguyen et al., 2009). The expression level

of SERPINI1 and SERPINB2 in the tumors was associated with

brain relapse, both as individual genes (data not shown) and

combined (p = 0.018, hazard ratio = 2.33 ± 0.3; Figure 1G).

Expression of the two genes was not significantly associated

with metastasis to bone or lungs (p = 0.89, hazard ratio =

0.91 ± 0.33; p = 0.36, hazard ratio = 0.76 ± 0.27; Figures S1F

and S1G). SERPINI1 and SERPINB2 expression in breast tumors

was not a predictor of brain metastasis (p = 0.21, hazard ratio =

0.96 ± 0.16; Figure S1H), though in most of these cases brain

relapse was a late event that might have been seeded from

metastases in other organs.

We performed an immunohistochemical analysis of NS and

serpin B2 in human brain metastasis tissue using mouse brain

lesions formed by serpin-expressing human cancer cells as a

reference (Figure S1I). Among 33 metastases of non-small-cell

lung carcinomas (NSCLCs), 45% scored positive for NS and

94% scored positive for serpin B2. Among 123 metastases

from various subtypes of breast cancer, 77% scored positive

for NS and 34% scored positive for serpin B2 (Figures 1H, 1I,

S1I, and S1J). The immunoreactivity was distributed diffusely

in the cytoplasm of carcinoma cells and only minimally in the

scant extracellular stroma. Positivity for NS and serpin B2 in

the inflammatory infiltrate was limited.

Plasmin Is Lethal to Cancer Cells that Invade the Brain
Parenchyma
The MDA231-BrM2 and H2030-BrM3 models are metastatic to

the brain from orthotopic tumors and the arterial circulation

(Bos et al., 2009; Nguyen et al., 2009). We inoculated these cells

into the arterial circulation of immunodeficient mice via the left

cardiac ventricle and fixed the tissue to count cancer cells

lodged in the brain capillary network at different time points (Fig-

ures 2A–2C and S2A). One day after inoculation, we observed

isolated cancer cells trapped within brain capillaries (Figure 2B,

and H2030-BrM3 data not shown). Cells passing through the

BBB were observed between days 2 and 7 after inoculation (Fig-

ures 2B and S2B). All cells that remainedwithin capillaries on day

7 stained positive for the apoptosis marker, cleaved caspase-3

(Figures S2C and S2D). No intravascular cells were observed

thereafter. In parental MDA231, the number of extravasated cells
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Figure 1. Association of PA-Inhibitory Serpins with the Brain Metastatic Phenotype

(A) Serpin mRNA levels in brain metastatic cell lines relative to the levels in counterparts not metastatic to brain. TN, triple negative; ER�, estrogen receptor

negative; PR�, progesterone receptor negative.

(B) mRNA levels of the indicated serpins in the parental MDA231 cell line and derivatives with different metastatic tropisms. Error bars, 95% confidence interval.

(C) Representative ex vivo bioluminescence images of brains from syngeneic mice inoculated with KrasG12D;p53�/�mouse lung cancer cell lines. The percentage

of mice that developed brain metastasis and the mean BLI photon flux signal are indicated. n = 10.

(D) Heatmap of serpin mRNA expression in KrasG12D;p53�/� derivatives.

(legend continued on next page)
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dropped sharply after day 5 and rarely recovered (Figure S2B). In

line with previous reports (Kienast et al., 2010; Lorger and Feld-

ing-Habermann, 2010), >90% of cancer cells that entered the

brain disappeared within days. In MDA231-BrM2, the number

of extravasated cells increased until day 7 and then dropped

sharply by day 10, but recovered by day 16. The survivors

were bound to and stretched over the abluminal surface of brain

capillaries (Figures 2A and 2B). Outgrowth occurred mainly on

co-opted vessels (Figure 2C; summarized in Figure 2D).

In the brain, metastatic cells were in close proximity to astro-

cytes (Figures 2E, S2E, and S2F), microglia, and neurons

(Figures S2G–S2J). Reactive astrocytes, identified by high glial

fibrillary acidic protein (GFAP) expression and a stellate

morphology, were associated with cancer cells right after extrav-

asation and thereafter (Figures 2E, S2E, and S2F). Reactive

astrocytes are a major source of PA in brain injury (Adhami

et al., 2008; Ganesh and Chintala, 2011). Indeed, mouse brain

sections harboring metastatic cells showed tPA and uPA immu-

noreactivity associated with astrocytes (Figures 2F and 2G).

Mouse astrocytes cultures were superior to microglia for con-

verting plasminogen to plasmin (Figure S2K). Neurons produce

plasminogen for neurite and synapse formation (Gutiérrez-Fer-

nández et al., 2009). Plasminogen immunoreactivity was associ-

ated with NeuN+ neurons near metastatic cells in mouse brain

(Figure 2H). Thus, the brain metastasis microenvironment con-

tains the necessary components for plasmin production.

To determine whether plasmin is harmful to metastatic cells in

the brain parenchyma, we used mouse brain slice cultures (Fig-

ure 2I). When placed on top of brain slices, H2030-BrM3 cells

migrated into the tissue, targeted blood capillaries, and spread

on the surface of the vessels (Figure 2J). H2030-BrM3 cells

proliferated under these conditions (Figures 2K and 2L), whereas

parental H2030 did not proliferate (Figures 2K and 2L) and under-

went apoptosis (Figures 2M and 2N). Similar results were ob-

tained with MDA231 cells (Figure S2N). In cocultures of cancer

cells with astrocytes and microglia, plasminogen addition trig-

gered apoptosis in parental H2030, but not in H2030-BrM3 (Fig-

ures S2L and S2M). The brain slices contained endogenous

plasmin activity, and addition of a plasmin inhibitor, a2-antiplas-

min (Bajou et al., 2008), inhibited this activity (Figures S2O and

S2P) and increased the survival of parental H2030 cells in the

slices (Figures 2K–2N). Of note, addition of plasmin to cancer

cell monolayer cultures did not trigger apoptosis (Figure S2Q).

These results suggested that plasmin acting through unknown

substrates kills infiltrating cancer cells in the brain, whereas

highly metastatic cells are shielded from this threat (Figure 2O).
(E) Summary of the serpin-PA-plasmin cascade.

(F) Inhibition of plasminogen conversion into plasmin by cell culture supernatants

assay. Data are averages ± SEM from triplicate experiments.

(G) Kaplan-Meier analysis of brain-metastasis-free survival in 106 cases of lung a

the primary tumor. The p value was calculated from a Cox proportional hazardmo

(H) Representative human brain metastasis samples from lung and breast cance

(I) Proportion of metastasis samples that scored positive for NS immunostaining (r

of breast carcinoma. Small diagrams in the breast cancer set represent the prima

positive) of the serpin-positive samples for which this information was available. B

of the lung cancer and breast cancer cases, respectively. Samples scored as po

Scale bar, 100 mm. See also Figure S1.
NS Protects Metastatic Cells from Plasmin-Mediated
Attrition
To investigate the role of NS in brain metastasis, we first used

the H2030-BrM3 model, in which only this serpin is upregulated

(refer to Figure 1A). Brain lesions formed by H2030-BrM3 cells

showed strong NS immunoreactivity (Figure S3A). Two small

hairpin RNAs (shRNAs) that decreased NS expression and

secretion by >85% (Figures S3B and S3C) did not affect the

growth of H2030-BrM3 cells in culture (Figure S3D) but

inhibited the metastatic activity of these cells, as shown by

bioluminescence imaging (BLI) of marker luciferase in vivo

(Figures 3A–3D), BLI ex vivo (Figure 3B), and marker GFP

expression in brain sections (Figure 3E). NS depletion in

H2030-BrM3 decreased the number and size of brain lesions

(Figures 3F and S3E), with a >90% overall reduction in brain

tumor burden (Figure 3G). The few macroscopic lesions that

developed were rich in NS (Figure S3F), suggesting escape

from the knockdown.

NS knockdown did not inhibit the entry of H2030-BrM3 cells

into the brain parenchyma (Figure S3G) or their ability to cross

an endothelial/astrocyte BBB-like barrier in vitro, whereas the

knockdown of ST6GalNaC5, a mediator of BBB extravasation,

did (Bos et al., 2009; Figures S3H and S3I). In brain slice assays,

NS knockdown in H2030-BrM3 cells decreased the number of

infiltrated cells (Figures 3H and 3I) and increased apoptosis (Fig-

ures 3H and 3J), whereas overexpression of NS in parental

H2030 and MDA231 cells had the opposite effects (Figures 3K

and 3L).

BrainMetastasisMediated by the PA Inhibitory Function
of NS
PC9-BrM3 can infiltrate the brain but are less aggressive than

H2030-BrM3 in colonizing it (Nguyen et al., 2009) and show no

upregulation of anti-PA serpins (refer to Figure 1A). PC9-BrM3

cells were stably transduced with vectors encoding the wild-

type NS or a mutant (NSDloop) that is devoid of PA inhibitory

function (Takehara et al., 2009; Figures S3J–S3M). Wild-type

NS significantly increased the brain metastatic activity of

PC9-BrM3, whereas the mutant did not (Figures 3M and 3N).

PC9-BrM3 cells are also metastatic to bone (Nguyen et al.,

2009), and NS overexpression did not markedly affect this

activity (Figures 3M and 3N). NSDloop was also ineffective at

protecting the parental H2030 and MDA231 cells from

apoptosis in brain tissue (Figures 3K and 3L). These results

suggest that NS mediates brain metastatic activity in cancer

cells by inhibiting PA.
of the indicated cell lines. Plasmin activity was determined by a chromogenic

denocarcinoma classified based on SERPINB2 and SERPINI1 mRNA levels in

del, with SERPINB2 and SERPINI1 expression treated as a continuous variable.

r stained with antibodies against NS or serpin B2.

ed) or serpin B2 immunostaining (orange) in 33 cases of NSCLC and 123 cases

ry tumor subtype (HER2, HER2+; ER/PR, hormone-receptor positive; TP, triple

rain metastases that scored positive for both serpins comprised 42% and 34%

sitive had >80% of neoplastic cells showing positive reactivity.

Cell 156, 1002–1016, February 27, 2014 ª2014 Elsevier Inc. 1005



C 

B 

Intravasc. Extravasc. Transiting 

Extravasation 
(up to 7 days) 

Vessel, astrocyte  
& other interactions 

Cancer cell 
D 

L 
H2030 
H2030+antiplasmin
H2030-BrM3 

0 
15 
30 
45 
60 

G
FP

+ 
ce

lls
/ F

O
V

 

P
<0

.0
01

 

C
le

av
ed

 c
as

p.
-3

 
(fo

ld
 d

iff
er

en
ce

) 

0 

5 

10 

P
<0

.0
01

 

P
<0

.0
01

 

H2030 
H2030+antiplasmin 
H2030-BrM3 

N 

K 
H2030 

H2030 
+ 2-antiplasmin H2030-BrM3 

H2030 
H2030 

+ 2-antiplasmin H2030-BrM3 

M 

J 

O 

Plasminogen 

Plasmin 
astrocyte 

cancer cells 
death 

PA 

neuron 

A 

Day 3 Day 7 Day 14 

Micrometastasis Macrometastasis 

E 

GFP 
Col.IV 

BB 
GFP 

BB 
cl.Casp3 
GFP 

BB 
GFP 

Col.IV 

GFP 
Col.IV 

GFP Col.IV 

BB 
GFP 
GFAP 

I 
Cancer cells 

Brain slice 
surface 

Brain slice 
in culture 

BB   NeuN 
Plasminogen 

H 

tPA 
GFAP 

F 

uPA 
GFAP 

G 

cells 

Brain capillaries 
Cancer cells 

Figure 2. Vascular Co-Option, Outgrowth, and Escape from Stromal Plasmin Action

(A) Metastatic cell interactions with brain capillaries. MDA231-BrM2 cells (green) remain bound to brain capillaries (red) after completing extravasation.

(B) Confocal analysis of the extravasation steps showing a GFP+ MDA231-BrM2 cell.

(C) Cluster of extravasatedMDA231-BrM2 cells forming a sheath around a brain capillary. All extravasated cells initially grew in thismanner. Blue, nuclear staining.

(D) Schema representing the initial steps and interactions during metastatic colonization of the brain.

(E) Exposure of metastatic H2030-BrM3 cells to GFAP+ reactive astrocytes (arrowheads) in the brain parenchyma at different time points after inoculation of

cancer cells into the circulation. Day 3: red, collagen IV; white, GFAP; green, GFP+ cancer cells; blue, nuclear staining.

(F and G) tPA and uPA immunofluorescence staining (arrowheads) associated with GFAP+ astrocytes in a mouse brain harboring GFP+ H2030-BrM3 cells

(green).

(H) Plasminogen immunofluorescence staining (white, arrowheads) is associated with NeuN+ neuron bodies (red) near a cluster of GFP+ metastatic cells (green)

in a mouse brain. Blue, nuclei.

(I) Schema of brain slice organotypic cultures. Cancer cells placed on the surface of slices migrate into the tissue and seek microcapillaries.

(J) Representative image of a brain slice harboring infiltrated H2030-BrM3 cells that are still round (open arrowheads) or already spread over brain capillaries

(closed arrowheads).

(K) Representative confocal images of brain slice tissue infiltrated with the indicated cancer cells. a2-antiplasmin was added to the indicated cultures. Note the

lower density and disorganized aspect of parental cells compared with the stretched morphology of BrM3 cells or parental cells with a2-antiplasmin.

(L) Quantification of GFP+ cancer cells in the experiments of (K). The numbers of cells per field of view (FOV) are averages ± SEM, n = 6–10 brain slices, scoring at

least two fields per slice, in at least two independent experiments.

(legend continued on next page)
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Role of Anti-PA Serpins in Brain Metastatic Breast
Cancer Cells
Unlike the H2030-BrM3 cells, most other brain metastatic

models and a large proportion of human brain metastatic tissues

overexpressed not one but multiple anti-PA serpins (refer to

Figures 1A and 1I). In MDA231-BrM2, a triple knockdown of

the three upregulated serpins (B2, D1, and NS; Figures

S4A–S4C) inhibited the brain metastatic activity of the cells

more than did the knockdown of any individual serpin (Figures

4A, 4B, S4G, and S4H). The knockdown of serpin B2 (Figures

S4D and S4E) partially inhibited the brain metastatic activity of

MDA231-BrM2, and the lost activity could be rescued by en-

forced overexpression of NS (Figures 4A, 4B, and S4F). Clonal

cell lines isolated from the MDA231-BrM2 population showed

heterogeneity in the overexpression of anti-PA serpins.

Compared with the parental MDA231 population, we observed

upregulation of NS in nine out of ten clones, serpin B2 in five

out of ten, and serpin D1 in eight out of ten (Figures 4C and

S4I). As a trend, clones with high levels of the three serpins

were more metastatic to brain than were clones with lower levels

(Figures 4D andS4J). Cloneswith high levels of NS and serpin D1

lost brain metastatic activity when transduced with NS shRNA

(Figure 4E). In the ErbB2-BrM2 model, the knockdown of its

only upregulated anti-PA serpin, serpin B2 (refer to Figure 1A),

strongly decreased the brain metastatic activity in immunocom-

petent mice (Figures 4F–4H). In sum, the evidence indicated that

expression of one or more anti-PA serpins provides lung cancer

and breast cancer cells with a critical advantage in the formation

of brain metastases.

Metastatic Cells Face FasL in the Brain
We searched plasmin substrate databases (MEROPS and

CutDB) for proteins whose cleavage might affect brain metas-

tasis (Bajou et al., 2008; Chen and Strickland, 1997; Nayeem

et al., 1999; Pang et al., 2004). We focused first on FasL, a pro-

apoptotic cytokine. FasL is amembrane-anchored homotrimeric

protein that binds to Fas, a receptor that activates proapoptotic

caspases through the adaptor protein FADD (Ashkenazi and

Dixit, 1998). FasL is highly expressed in reactive astrocytes in

ischemia, brain trauma, Alzheimer’s disease, encephalomyelitis,

and multiple sclerosis (Choi and Benveniste, 2004). Astrocytes

are the main source of FasL against invading T cells in enceph-

alomyelitis (Wang et al., 2013). Plasmin cleaves FasL at

Arg144, releasing sFasL as a diffusible cell death signal (Bajou

et al., 2008; Fang et al., 2012). Therefore, we asked whether

anti-PA serpins shield cancer cells from the lethal action of

plasmin-mobilized sFasL (Figure 5A).

FasL immunoreactivity in brain sections harboring H2030-

BrM3 lesions was concentrated on reactive astrocytes (Figures

5B and S5A). Human and mouse astrocytes expressed FasL
(M) Cleaved caspase-3 immunofluorescence staining in brain slices harboring th

(N) Quantification of cleaved caspase-3-positive cancer cells in the experimen

averages ± SEM.

(O) Schematic summary showing neurons and astrocytes as sources of plasmi

infiltrating cancer cells.

All p values by Student’s t test. Scale bars, 25 mm (A), 5 mm (B and C), 5 mm (da

metastasis) (D), 10 mm (F–H), 100 mm (K), and 5 mm (M). See also Figure S2.
in culture (Figures 5C and S5B). Addition of plasminogen

decreased the level of cell-bound FasL in these cultures and

increased sFasL in the supernatants (Figures 5C, 5D, and

S5C–S5E). Addition of anti-PA serpins or antiplasmin decreased

the level of sFasL in mouse brain slices (Figure 5E). These results

showed that the PA-plasmin system can mobilize stromal FasL

in response to metastatic invasion of the brain.

H2030, PC9, MDA231, and CN34 expressed Fas, as did

their BrM derivatives (Figure S5F). Addition of sFasL caused

apoptosis in BrM cells in monolayer cultures (Figures S5G–

S5I) and in brain tissue (Figures 5F–5H), even in the presence

of a2-antiplasmin (Figure S5J). Conversely, addition of anti-

FasL blocking antibody protected parental H2030 cells against

apoptosis in brain tissue (Figures 5G–5I). Thus, brain metastatic

cells are susceptible to apoptosis if they are exposed to sFasL

in the brain parenchyma, and this occurs downstream of

plasmin.

NS Shields Brain Metastatic Cells from Fas-Mediated
Killing
To determine whether Fas signaling caused the death of cancer

cells that infiltrated the brain, we used a FADD truncation mutant

that lacks the death effector domain (FADD-DD construct) and

acts as a dominant-negative inhibitor of Fas signaling (Chin-

naiyan et al., 1996; Figure 5J). Transduction of FADD-DD in the

H2030-BrM3 cell line (Figure 5K) prevented the activation of cas-

pase 3 by sFasL (Figure 5L). The apoptosis that anti-PA serpin-

depleted BrM cells suffer in brain tissue (refer to Figures 3H–3J

and S5L) could be prevented by adding anti-FasL blocking anti-

bodies to the tissue cultures, as well as by enforcing the expres-

sion of FADD-DD in the cancer cells (Figures 5M, 5N, and S5L).

Moreover, FADD-DD partially rescued the metastatic activity of

NS-depleted H2030-BrM3 (Figure 5O). Collectively, these results

showed that anti-PA serpin activity shields metastatic cells from

FasL attack in the brain.

The Plasmin Target L1CAM Mediates Cancer Cell
Adhesion
Although inhibition of Fas signaling with FADD-DD protected

NS-depleted cancer cells from death in the brain, it did not fully

restore their metastatic activity (Figure 5O). The NS-depleted,

FADD-DD-expressing H2030-BrM3 cells formed smaller lesions

that were less well organized (Figure S6A). Therefore, we postu-

lated that anti-PA serpins promote brain metastasis by doing

more than just preventing FasL action.

Several clues led us to consider L1CAM as a relevant

mediator of metastasis in this context. L1CAM is mainly ex-

pressed in neural tissues and in tumors (Schäfer and Altevogt,

2010). It consists of six immunoglobulin-like (Ig) domains, five

fibronectin-like (FN) domains, a transmembrane region, and
e indicated cells and additions.

ts of (M). Values are quantified as (L), normalized to H2030-BrM3, and are

nogen and PA, respectively, and the lethal effect of the resulting plasmin on

y 3), 15 mm (day 7), 25 mm (day 14), 70 mm (micrometastasis), 100 mm (macro-
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Figure 3. NS Mediates Brain Metastasis

(A) Schema of the experimental design.

(B) Representative images of whole-body BLI and brain ex vivo BLI 5 weeks after inoculation of H2030-BrM3 cells transduced with control shRNA or NS

shRNA (shNS).

(C) Kaplan-Meier plot of brain-metastasis-free survival in the experiment of (B). Control (n = 20) and two different shNS (shNS (1), n = 11; shNS (2), n = 13) were

analyzed; p values were obtained with the log rank Mantel-Cox test.

(D) Quantification of ex vivo BLI in brains from (B).

(legend continued on next page)
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Figure 4. Anti-PA Serpins Mediate Brain

Metastasis by Breast Cancer Cells

(A and B) MDA231-BrM2 cells transduced with

control vector; shRNA vectors targeting NS,

SERPINB2, and SERPIND1 (triple K/D); SERPINB2

shRNA (shSB2); or shSB2 plus an NS-expressing

vector were inoculated into the arterial circulation

of immunodeficient mice. Brain metastasis burden

was visualized by ex vivo brain BLI (A) and quan-

titated (B). Control n = 22, triple K/D n = 9, shSB2

n = 14, shSB2 and NS n = 8.

(C) Distribution of clones (single-cell progenies

[SCPs]) overexpressing one, two, or three of the

indicated serpins among ten clonal cell lines iso-

lated from the MDA231-BrM2 population.

(D) Ex vivo brain BLI quantification from different

MDA231-BrM2 SCPs injected. Red dots, SCP

(high levels of all serpins), n = 8; light green dots,

SCP (low levels of serpin B2), n = 11; blue dots,

SCP (low levels of serpin B2 and D1), n = 8; dark

green dots, SCP (low levels of serpin B2 and NS),

n = 5. The p value was determined by Student’s

t test.

(E) SCPs with high levels of NS and serpin D1 were

subjected to NS knockdown and tested for brain

metastatic activity.

(F) Kaplan-Meier survival curves for brain-metas-

tasis-free survival in syngeneic mice inoculated

with parental ErbB2-P cells (n = 9) or brain meta-

static derivatives ErbB2-BrM1 (n = 7) and ErbB2-

BrM2 (n = 5). Survival curves were compared using the log rank Mantel-Cox test. ErbB2-P versus ErbB2-BrM1, p = 0.0045; ErbB2-P versus ErbB2-BrM2,

p = 0.0053.

(G and H) Representative images (G) and quantification (H) of brain metastasis BLI photon flux formed by ErbB2-BrM2 or these cells expressing two different

serpin B2 shRNAs (shSB2). Control, n = 10; shSB2 (1), n = 10; shSB2 (2), n = 6.

Data are averages ± SEM. All p values were determined by Student’s t test, except in (F). See also Figure S4.
an intracellular domain (Figure 6A). The L1CAM Ig-like repeats

mediate homo- and heterophilic interactions for axon guidance

(Maness and Schachner, 2007). L1CAM binds to itself, to integ-

rins (Felding-Habermann et al., 1997), and to other proteins

(Castellani et al., 2002; Donier et al., 2012; Kulahin et al.,

2008). L1CAM expression in tumors is implicated in invasion

(Voura et al., 2001) and associated with poor prognosis (Dober-

stein et al., 2011; Schröder et al., 2009). Plasmin cleaves

L1CAM at dibasic motifs (Lys860/Lys863), disrupting the

capacity for cell adhesion (Nayeem et al., 1999; Silletti et al.,

2000; Figure 6A).

Hence, we postulated that L1CAMmediates plasmin-sensitive

vascular co-option by metastatic cells in the brain. L1CAM
(E) Representative images of coronal brain sections analyzed with immunofluores

into mice. Lesion contours are marked.

(F) Quantification of brain lesions according to size at the 21 day time point in (E).

number of lesions, p < 0.05.

(G) Quantification of brain tumor burden in the experiment of (E). Control n = 5, s

(H) Representative images of control and NS-depleted H2030-BrM3 cells in brai

(I and J) Quantification of GFP+ cells (I) and cleaved caspase-3 (J) in the experimen

slice, in at least two independent experiments.

(K and L) Quantification of cells that were positive for cleaved caspase-3, compa

(NSWT) or a mutant form unable to target PA (NSDloop) in parental cell lines H203

(M) Representative ex vivo BLI images of brains and hindlimbs from mice 21 da

(n = 5), NSWT (n = 7), or NSDloop mutant (n = 8).

(N) Ratio of photon flux in brain versus bone in the experiment of (M). Ex vivo bra

All p values were calculated by Student’s t test, except in (C). Scale bars, 250 mm
was expressed in the cancer cell lines regardless of their meta-

static activity, tumor type, or species of origin (Figures S6B

and S6C). H2030-BrM3 cells readily adhered to monolayers of

human brain microvascular endothelial cells (HBMECs; Figures

6B and 6C) and to monolayers of their own (Figure 6D). RNAi-

mediated knockdown of L1CAM (Figure S6B) inhibited these

cell-cell binding activities (Figures 6C and 6D). Addition of

plasmin to cancer cell monolayers caused a decrease in cell-

associated L1CAM levels, as shown by flow cytometry (Fig-

ure 6E) and by the accumulation of a 150 kDa fragment in the

media (Figure 6F; Mechtersheimer et al., 2001). Moreover,

plasmin-treated H2030-BrM3 cells lost cell adhesion capacity

(Figures 6G and 6H).
cence (IF) against GFP at 21 or 35 days after inoculation of H2030-BrM3 cells

Control n = 5, shNS n = 6 brains; p value refers to size distribution. For the total

hNS n = 6.

n slice assays. Insets show cleaved caspase-3 IF.

t of (H). Data are averages ±SEM; n = 6–10 slices, scoring at least two fields per

ring parental and BrM cell lines, and the effect of overexpressing NS wild-type

0 (K) and MDA231 (L). Data are averages ± SEM, quantified as (J).

ys after inoculation with PC9-BrM3. Cells were transduced with empty vector

in mean BLI values are also shown.

(E), 100 mm, and 5 mm (inset) (H). See also Figure S3.
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Figure 5. NS Shields Cancer Cells from FasL Death Signals

(A) Schema of FasL and its conversion by plasmin into sFasL, a diffusible trigger of apoptosis through Fas-FADD signaling. TMD, transmembrane domain; SA,

trimeric self-assembly domain; THD, tumor necrosis factor-homology domain; red crosses, apoptotic cells; a, astrocyte; c, cancer cell.

(B) IF with antibodies against GFP (cancer cells), GFAP (reactive astrocytes), and FasL in amouse brain harboringmetastatic cells 21 days after arterial inoculation

of H2030-BrM3.

(C) Images of astrocyte cultures incubated with exogenous plasminogen (1 mM) or no additions. Staining was performed with antibodies against the extracellular

domain (ECD) or intracellular domain (ICD) of FasL.

(D) Western immunoblotting of supernatants from cultures shown in (C) using anti-FasL ECD antibodies.

(E) Mouse brain slices were incubated with a2-antiplasmin, NS, and serpin B2, or no additions. sFasL in tissue lysates was detected by western immunoblotting

with anti-FasL ECD. Quantification of band density relative to tubulin (left to right) yielded sFasL:FasL ratios of 1, 0.51, and 0.28.

(legend continued on next page)
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L1CAM Mediates Vascular Co-Option and Metastatic
Outgrowth
The molecular basis for vascular co-option in cancer remains

unknown. To address this issue, we asked whether L1CAM par-

ticipates in vascular co-option by metastatic cells in the brain.

L1CAM depletion in H2030-BrM3 cells did not affect their ability

to grow in culture (Figure S6D), infiltrate brain tissue, or seek cap-

illaries (Figures 6I and S6E). Notably, L1CAM depletion signifi-

cantly reduced the ability of H2030-BrM3 and MDA231-BrM2

cells to spread on the abluminal surface of the capillaries (Figures

6I, 6J, and S6G). This was accompanied with amarked decrease

in the proliferation marker Ki67 in vessel-associated cancer cells

(Figure 6K), without changes in apoptosis markers (Figure S6F).

PC9-BrM3 cells, which do not overexpress endogenous anti-

PA serpins, had a limited ability to spread on brain capillaries

(Figures 6L and 6M). Enforced expression of NS in these cells

not only augmented their metastatic activity (see Figure 3N)

but also increased their spreading on brain capillaries (Figures

6L and 6M) and their proliferation on the co-opted vessels

(Figure 6N). L1CAM depletion in PC9-BrM3-NS cells (Figures

S6H and S6I) abrogated these NS-dependent gains (Figures

6L–6N).

L1CAM Supports Metastasis Initiation Downstream of
NS
L1CAM immunostaining was clearly detectable on carcinoma

cells in amajority of the humanNSCLCbrainmetastasis samples

examined, and tended to be concentrated at cell interfaces

(Figures S7A and S7B). L1CAM-positive cells were present in

clusters. In the brain of inoculated mice, extravasated H2030-

BrM3 cells were spread over the basal lamina of capillaries,

without discernible contactswith the endothelial cells (Figure 7A).

L1CAM immunostaining in micrometastases was concentrated

at the interfaces of cancer cells with capillaries and adjacent

cancer cells (Figure 7B). In recently extravasated H2030-BrM3

cells, L1CAM-depletion allowed cell contact with capillaries

but prevented cell spreading over the capillaries (Figure 7C).

Twenty-one days later, L1CAM-depleted cells remained mostly

as single cells or small clusters, whereas the wild-type cells

readily expanded over the capillary network and formed large

colonies (Figures 7D and 7E). L1CAM knockdown markedly

decreased the overall brain metastatic activity of H2030-BrM3

and MDA231-BrM2 cells (Figures 7F–7H). Moreover, L1CAM
(F) GFP+ H2030-BrM3 cells (green) were allowed to infiltrate brain slices in med

(red, inset).

(G and H) Quantification of total GFP+ cells (G) and apoptotic GFP+ cells (H) in the

n = 6–10 slices, scoring at least two fields per slice, from at least two independe

(I) GFP+ H2030 cells (green) were allowed to infiltrate brain slices in media c

endogenous signals from triggering caspase-3 activation (red, inset).

(J) Depiction of FADD-DD overexpression (yellow shape) to suppress proapopto

(K) FADD expression in H2030-BrM3 transduced with a FADD-DD vector.

(L) Quantification of apoptotic cells following sFasL addition to H2030-BrM3 cell

(M and N) Quantification of total GFP+ cells (M) and apoptotic GFP+ cells (N) in

additions. Data are averages ± SEM and quantitated as (G) and (H).

(O) Brain metastatic activity of H2030-BrM3 cells transduced with the indicated v

quantitated in cells transduced with control shRNA (n = 11), FADD-DD (n = 4), N

All p values were determined by Student’s t test. Scale bars, 25 mm (B), 200 mm

See also Figure S5.
depletion abrogated the gain in metastatic activity of PC9-

BrM3 cells imparted by enforced NS overexpression (Figure 7I).

These results argued that L1CAM expression in metastatic cells

acts downstream of NS to mediate co-option of brain capillaries

and metastatic outgrowth.

DISCUSSION

The growing incidence of brain metastasis warrants a better

understanding of the molecular mechanisms that underlie this

condition. Our findings illuminate two critical requisites for met-

astatic colonization of the brain, namely, the escape of infiltrating

cancer cells from killing by reactive stromal signals, and the strik-

ing ability of the surviving cancer cells to co-opt brain capillaries

for metastatic expansion. We show that a stromal PA-plasmin

pathway and its inhibition by carcinoma serpins control both of

these processes in brain metastasis from lung and breast can-

cers, suggesting a unified mechanism for metastatic coloniza-

tion of the brain.

Anti-PA Serpins as Common Mediators of Brain
Metastasis
Brain metastasis involves close and sustained interactions of

cancer cells with brain capillaries and reactive astrocytes. Pre-

vious work (Carbonell et al., 2009; Kienast et al., 2010; Lorger

and Felding-Habermann, 2010) and our own studies show that

circulating cancer cells interact with capillary walls not only

during extravasation but also thereafter, by attaching to the

abluminal surface and growing as a sheath along the co-opted

vessels. Cancer cells that infiltrate the brain are immediately

exposed to astrocytes that abound in the perivascular space

and produce deleterious signals to repel invading cells. Cancer

cells must be shielded from such signals in order to survive

and to extract benefits from the stroma, including benefits

from astrocytes (Lin et al., 2010; Seike et al., 2011). We

show that the expression of anti-PA serpins in cancer cells pro-

vides such a shield. Serpin D1 and three out of four known

anti-PA serpins are expressed in our six brain metastasis

models. The most prominent of these serpins, NS and B2,

are expressed in a majority of brain metastases from lung can-

cer and breast cancer patients. The PA-plasmin system is well

characterized in connection with its role in blood clot resolu-

tion, but its role in cancer has remained paradoxical. Although
ia containing added sFasL or no additions and scored for cleaved caspase-3

experiments of (F) (orange bars) and (I) (green bars). Data are averages ± SEM,

nt experiments.

ontaining anti-FasL blocking antibody or no additions. Anti-FasL prevented

tic Fas signaling in cancer cells.

s transduced with the indicated vectors.

brain slices harboring the indicated GFP+ H2030-BrM3 transfectants and/or

ectors and inoculated into the arterial circulation of mice. BLI photon flux was

S shRNA (n = 14), or NS shRNA and FADD-DD (n = 12).

(C), 100 mm (F and I), and 5 mm (insets in F and I).
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Figure 6. The Plasmin Target L1CAM Mediates Vascular Co-Option by Brain Metastatic Cells

(A) Schema of L1CAM as a mediator of homophilic and heterophilic (e.g., integrins) cell adhesive interactions, and its conversion by plasmin into an adhesion-

defective fragment. Ig and fibronectin type III (FNIII) domain repeats, the ICD, and an integrin-binding RGD sequence are indicated.

(B) Suspensions of GFP+ H2030-BrM3 cells were placed on top of a monolayer of HBMECs.

(C and D) Analysis of H2030-BrM3 binding to HBMECmonolayers (C) or H2030-BrM3monolayers (D), and the effect of L1CAM knockdown. Data are averages ±

SEM, n = 5, scoring at least ten fields per coverslip.

(E) Flow cytometry of cell-surface L1CAM in the indicated brain cells expressing L1CAM shRNA or incubated with plasmin, compared with untreated controls.

(legend continued on next page)
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plasmin can promote cancer cell proliferation and invasion by

cleaving growth factor precursors and extracellular matrix pro-

teins (McMahon and Kwaan, 2008), anti-PA serpin levels in

tumors and blood are associated with poor outcome in many

cancers (Berger, 2002; Foekens et al., 1995; Harbeck et al.,

1999). Here we show that anti-PA serpins shield metastatic

cells from PA-plasmin in the brain, providing a clear prometa-

static advantage.

Averting Fas Killing and Protecting L1CAM Vascular
Co-Option
Although FasL plays important roles in immune homeostasis

(Krammer, 2000) and is present in tumors (Baldini et al., 2009),

its expression is particularly acute in reactive astrocytes (Beer

et al., 2000). Astrocytes are the main source of FasL in response

to infiltrating leukocytes, and of PAs in response to brain injury.

We show that metastasis-associated astrocytes express both

PA and FasL. Plasmin releases membrane-bound FasL from

astrocytes, and sFasL levels in brain tissue depend on plasmin.

Brain metastatic cells from lung or breast cancers suffer

Fas-dependent death in the brain unless they are protected by

anti-PA serpins. We conclude that Fas signaling mediates and

anti-PA serpins prevent the attrition of infiltrating cancer cells

in the brain.

We show that L1CAM mediates the spread of metastatic

cells on the vasculature and additionally mediates interactions

between cancer cells. When cancer cells are experimentally

depleted of L1CAM, they fail to co-opt brain capillaries and

metastatic outgrowth stalls. Cancer cell-derived anti-PA serpins

prevent plasmin destruction of L1CAM, providing yet another

benefit besides averting Fas-mediated cancer cell killing.

L1CAM expression is normally restricted to neurons, where it

mediates axonal guidance through highly plastic interactions of

the growth cone with surrounding components (Wiencken-

Barger et al., 2004). The dynamic nature of L1CAM adhesive

interactions might be particularly advantageous to cancer cells

in their quest to co-opt the vasculature while invading tissue.

Although the molecular basis for vascular co-option in cancer

is largely unknown, the present identification of L1CAM as a

mediator provides an opening for a mechanistic dissection of

this process.

Implications beyond Brain Metastasis
Themolecular mechanisms defined here protect metastatic cells

against selective pressures that are particularly acute in the

brain. However, a high mortality of infiltrating cancer cells is

characteristic of metastasis in general (Gupta and Massagué,

2006; Valastyan and Weinberg, 2011), and vascular co-option
(F) Anti-L1CAM western immunoblotting of cells and culture supernatants after i

(G and H) Cancer cells were treated with plasmin and subjected to HBMEC adh

coverslip.

(I) Control or L1CAM-depleted H2030-BrM3 cells after infiltrating brain tissue slice

were visualized after 2 days. Two representative images are shown per conditio

(J and K) Quantification of cells that were spread on capillaries (J) and Ki67+ cells

least three fields per slice, from two independent experiments.

(L) Effect of NS overexpression and L1CAM depletion on the interaction of PC9-

(M and N) Quantification of cells that were spread on capillaries (M) and Ki67+ c

Data are averages ± SEM and quantitated as (J) and (K). All p values by Student
occurs in metastasis to other organs and by other types of

cancer (Donnem et al., 2013). Vascular co-option also provides

cancer cells with an escape from therapy-induced hypoxia

(Leenders et al., 2004). The anti-PA serpins that are upregulated

in our brainmetastatic models are also expressed, albeit at lower

levels, in counterparts that are metastatic to other organs. More-

over, L1CAM expression in primary tumors is associated with

poor prognosis in various types of cancer, as are PA, plasmin,

and FasL. The reactive brain stroma, with its high capacity to

generate PA-plasmin and FasL, may bemore challenging to infil-

trating cancer cells than is the stroma in other organs, and as a

result, it may select for accentuated versions of otherwise gen-

eral metastatic traits. Although anti-PA serpins, plasmin, FasL,

and L1CAM have not previously been connected to metastatic

cell survival and vascular co-option, their repeated clinical asso-

ciation with poor prognosis and the mechanistic links exposed

in the present work may reflect a wider role in cancer than is

shown here.

EXPERIMENTAL PROCEDURES

Animal Studies

All animal experiments were done in accordance with a protocol approved

by the MSKCC Institutional Animal Care and Use Committee. Athymic NCR

nu/nu, Cr:NIH bg-nu-xid, FVB/NCr (all from NCI-Frederick), and B6129SF1/J

(The Jackson Laboratory) female mice 4–6 weeks of age were used. Brain

metastatic derivatives of a syngeneic ErbB2 model (ErbB2-BrM2) were estab-

lished according to a previous protocol (Bos et al., 2009; Nguyen et al., 2009)

and are detailed in the Extended Experimental Procedures. Brain colonization

assays were performed as follows: We injected 100 ml of PBS into the left

ventricle containing 50,000 cells (for long-term experiments) or 500,000 cells

(for short-term experiments) in the case of MDA231-BrM2a, CN34BrM-2c,

H2030-BrM3, and PC9-BrM3, and 100,000 cells in the case of 373N1,

393N1, 482N1, 2691N1, and ErbB2-BrM2. Brain colonization was analyzed

in vivo and ex vivo by BLI. Anesthetized mice (ketamine 100 mg/kg/xylazine

10 mg/kg) were injected retro-orbitally with D-Luciferin (150 mg/kg) and

imaged with an IVIS Spectrum Xenogen machine (Caliper Life Sciences).

Bioluminescence analysis was performed using Living Image software,

version 2.50.

Brain Slice Assays

Organotypic slice cultures from adult mouse brain were prepared by adapting

previously described methods (Polleux and Ghosh, 2002). Brains from 4- to 6-

week-old athymic NCR nu/numice were dissected in Hank’s balanced salt so-

lution (HBSS) supplementedwith HEPES (pH 7.4, 2.5mM), D-glucose (30mM),

CaCl2 (1 mM), MgSO4 (1 mM), NaHCO3 (4 mM), and embedded in low-melting

agarose (Lonza) preheated at 42�C. The embeddedbrainswere cut into 250mm

slices using a vibratome (Leica). Brain slices (bregma �1 mm to +3 mm) were

placed with flat spatulas on top of 0.8 mm pore membranes (Millipore) in slice

culture media (Dulbecco’s modified Eagle’s medium [DMEM], supplemented

HBSS, fetal bovine serum 5%, L-glutamine (1 mM), 100 IU/ml penicillin,

100 mg/ml streptomycin). The brain slices were incubated at 37�C and 5%
ncubation with or without plasmin.

esion assays. Data are averages ± SEM, n = 3, scoring at least five fields per

s. GFP+ cancer cells (green) and vasculature (collagen IV immunostaining, red)

n. Bottom: high magnification.

(K) in the experiments of (I). Data are averages ± SEM, n = 6 slices, scoring at

BrM3 cells with capillaries in brain slices.

ells (N) in the experiments shown in (L).

’s t test. Scale bars, 10 mm (B) and 50 mm (I and L). See also Figure S6.
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Figure 7. L1CAM Mediates Metastatic

Outgrowth in the Brain

(A) GFP+ H2030-BrM3 co-opting the basal lamina

rich in collagen IV of endothelial cells labeled with

VE-cadherin in brain slices. bl, basal lamina; e,

endothelium; cc, cancer cell.

(B) Immunohistochemical staining with anti-

L1CAM antibodies and hematoxylin and eosin

(H&E) counterstaining of incipient brain colonies

formed by H2030-BrM3. Cancer cells (cc, pale

blue nuclei) remain close to each other and interact

with endothelial cells (e, dark blue nuclei). Insets:

higher magnification of cell-cell contact areas.

(C) H2030-BrM3 cells infiltrating the brain 7 days

after intracardiac injection, and the effect of

L1CAM depletion.

(D) Representative images of GFP+ metastatic

lesions from brains at 21 days.

(E) Relative abundance of macrometastasis

over micrometastasis (as defined in Figure 3F) in

brains shown in (D). Number of lesions: control =

283.2 ± 84.8, shL1CAM = 69.8 ± 11.5. Data are

averages ± SEM, n = 3 brains.

(F and G) Representative images (F) and quantifi-

cation (G) of ex vivo brain BLI frommice inoculated

with the indicated H2030-BrM3 cells. Control

shRNA, n = 9; shL1CAM, n = 6.

(H)Quantification of ex vivobrainBLI frommice that

were arterially inoculated with indicated MDA231-

BrM2cells.Control shRNA, n=9; shL1CAM, n = 10.

(I) Quantification of ex vivo brain BLI from mice

that were arterially inoculated with the indicated

PC9-BrM3 cells (n = 5–7). All p values were

determined by Student’s t test. Scale bar, 25 mm

(B), 30 mm (C), and 200 mm (D).

(J) Model of the action of the stromal PA-plasmin

system against cancer cells that infiltrate the

brain, and the role of anti-PA serpins in protecting

brain metastatic cells from stromal PA-plasmin.

Reactive astrocytes produce PAs in the presence

of extravasated cancer cells. Left side: metastasis

fails when PAs generate plasmin from neuron-

derived plasminogen and plasmin mobilizes FasL

from astrocytes to kill cancer cells. Additionally,

plasmin cleaves and inactivates L1CAM, a cell

adhesion molecule that cancer cells express for

vascular co-option. Right side: metastasis pro-

ceeds when brain metastatic cells express anti-

PA serpins that prevent the generation of plasmin

and its deleterious effects on the survival and

vascular attachment of the cancer cells.

See also Figure S7.
CO2 for 1 hr, and then 33 104 cancer cells suspended in 2 ml of culture media

were placed on the surface of the slice and incubated for 48–72 hr. Brain slices

could be maintained under these conditions for up to 5 days without apparent

alterations in tissue architecture. a2-antiplasmin (2.5 mg/ml; Molecular Innova-

tions), NS, and serpin B2 (0.5 mg/ml each; Peprotech) were added to the me-

dium. sFasL (500 ng/ml; Peprotech) or FasL blocking antibodies (12.5 mg/ml;

BD) were added to the medium, and slices were preincubated for 24 hr before

addition of cancer cells. Brain sliceswere fixed in paraformaldehyde (4%) over-

night, and then free-floating immunofluorescence was performed for GFP

(1:1,000, ref. GFP-1020; Aves Labs), cleaved caspase-3 (1:500, ref. 9661;

Cell Signaling), collagen IV (1:500, ref. AB756P; Millipore). Nuclei were stained

with Bis-Benzamide (1 mg/ml; Sigma). Slices weremounted with ProLong Gold

anti-fade reagent (Invitrogen).
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Gerald, W.L., and Massagué, J. (2009). WNT/TCF signaling through LEF1

and HOXB9 mediates lung adenocarcinoma metastasis. Cell 138, 51–62.

Pang, P.T., Teng, H.K., Zaitsev, E., Woo, N.T., Sakata, K., Zhen, S., Teng, K.K.,

Yung,W.H., Hempstead, B.L., and Lu, B. (2004). Cleavage of proBDNF by tPA/

plasmin is essential for long-term hippocampal plasticity. Science 306,

487–491.

Polleux, F., and Ghosh, A. (2002). The slice overlay assay: a versatile tool to

study the influence of extracellular signals on neuronal development. Sci.

STKE 2002, p19.
1016 Cell 156, 1002–1016, February 27, 2014 ª2014 Elsevier Inc.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Brain Metastatic Cell Isolation and Culture
Human brain metastatic cell lines were previously described (Bos et al., 2009; Nguyen et al., 2009). A ErbB2-P cell line was estab-

lished from MMTV driven-NeuNT transgenic mammary tumors in mice (Muller et al., 1988). ErbB2-P cells were injected intracardia-

cally to obtain brain metastatic derivatives. Briefly, a cell suspension containing 105 ErbB2-P cells expressing a TK-GFP-Luciferase

(TGL) construct, in a volume of 100 ml was injected in the left cardiac ventricle of anesthetized 4–6 week-old FVB/NCr mice. Tumor

development was monitored by weekly bioluminescence imaging using the IVIS-200 imaging system from Xenogen as previously

described. Brain lesions were localized by ex vivo bioluminescence imaging, and resected under sterile conditions. Tissue was

minced and placed in culture medium containing a 1:1 mixture of DMEM/Ham’s F12 supplemented with 0.125% collagenase III

and 0.1% hyaluronidase. Samples were incubated at room temperature for 4–5 h, with gentle rocking. After collagenase treatment,

cells were briefly centrifuged, resuspended in 0.25% trypsin, and incubated for a further 15 min in a 37�C water bath. Cells were re-

suspended in culture media and allowed to grow to confluence on a 10cm dish. GFP+ cells were sorted for further propagation in

culture or inoculation in mice.

MDA231-BrM2, ErbB2-BrM2, 373N1, 393N1, 482N1, 2691N1 where cultured in DME media supplemented with 10% fetal bovine

serum (FBS), 2 mM L-Glutamine, 100IU/ml penicillin/streptomycin and 1 mg/ml amphotericin B. CN34-BrM2 were cultured in M199

media supplemented with 2.5% fetal bovine serum (FBS), 10 mg/ml insulin, 0.5 mg/ml hydrocortisone, 20 ng/ml EGF, 100 ng/ml

cholera toxin, 1 mg/ml amphothericin B, and 100 U/ml penicillin/streptomycin. H2030-BrM3 and PC9-BrM3 were cultured in

RPMI1640 media supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamine, 100IU/ml penicillin/streptomycin, and

1 mg/ml amphotericin B. For retrovirus and lentivirus production, GPG29 and 293T cells, respectively, were cultured in DME media

supplementedwith 10% fetal bovine serum (FBS), 2mML-Glutamine, 100 IU/ml penicillin/streptomycin, and 1 mg/ml amphotericin B.

In addition the GPG29 media contained 0.3 mg/ml G418, 20ng/ml doxycycline and 2 mg/ml puromycin. MDA231-BrM2 SCP were

prepared by serial dilution as previously shown (Kang et al., 2003) and cultured in DME media supplemented with 10% fetal bovine

serum (FBS), 2 mML-Glutamine, 100IU/ml penicillin/streptomycin, and 1 mg/ml amphotericin B. Mousemicroglia cells were acquired

at ATCC (CRL-2467). Mouse astrocytes were obtained from two-day old pups (Schildge et al., 2013). In brief, brains were mechan-

ically dissociated, filtered through 100 mm filters and cell suspension cultured in a petri dish under normal conditions during the next

10 days. On day 10, the dish was incubated overnight at 37�C with gentle shaking. Next day media was changed and astrocyte

enrichment confirmed with > 90% of cells staining positive for GFAP.

Gene-Expression Analysis
Whole RNA was isolated from cells using RNAeasy Mini Kit (QIAGEN). 1,000 ng RNA was used to generate cDNA using Transcriptor

First Strand cDNA synthesis kit (Roche). Gene expression was analyzed using Taqman gene expression assays (Applied Bio-

systems). Assays used for human genes: FADD (Hs04187499_m1), FASL (Hs00181225_m1), L1CAM (Hs01109748_m1), SERPINB2

(Hs00234032_m1), SERPIND1 (Hs00164821_m1), SERPINE1 (Hs01126604_m1), SERPINE2 (Hs00385730_m1), SERPINI1 probe#1

(Hs01115397_m1), SERPINI1 probe#2 (Hs01115400_m1). Assays used for the mouse genes: fasL (Mm00438864_m1), serpinb2

(Mm00440905_m1), serpind1 (Mm00433939_m1), serpine2 (Mm00436753_m1), serpinI1 (Mm00436740_m1). Relative gene expres-

sion was normalized to the ‘‘housekeeping’’ genes namely b2M (Hs99999907_m1) and b2 m (Mm00437762_m1). Quantitative PCR

reaction was performed on ABI 7900HT Fast Real-Time PCR system and analyzed using the software SDS2.2.2 (Applied

Biosystems).

Clinical Samples and Immunohistochemistry
Thirty-three and 123 cases from lung and breast cancer brain metastasis respectively were obtained from the Brain Tumor Center

and the Department of Pathology at MSKCC. Paraffin embedded tissue microarrays from brain metastases obtained from breast

and lung cancer were obtained from the MSKCC Department of Pathology in compliance with protocols approved by the MSKCC

Institutional Review Board (IRB). Immunohistochemistry for Neuroserpin (Abcam, ab16171-100, Lot number 158358, 1:250),

SerpinB2 (Santa Cruz, sc-25745, Lot number L1406, 5 mg/ml), and L1CAM (Covance, SIG-3911, Lot number D13BF00437,

1 ug/ml) were performed by theMSKCCMolecular Cytology Core Facility using standardized automated protocols. Immunoreactivity

stainings were evaluated and scored by clinical pathologists (J.T.H., E.B.) in a blinded fashion. 42 brain metastasis samples from

breast cancer were annotated for the primary tumor type, corresponding to 27 cases positive for neuroserpin and 12 for serpin

B2. Analysis of expression of SERPINB2 and SERPINI1 was performed by using the MSKCC data set #1 (Nguyen et al., 2009),

including 107 samples of which 106 had clinical information available. The hazard ratio of the average value of SERPINI1 and

SERPINB2 was computed based on Cox Proportional Hazards Models, as implemented by the ‘‘coxph’’ command in R.

Plasmids, Recombinant Proteins, and In Vitro Experiments
Human Neuroserpin cDNA (Open Biosystems) was subcloned into the pBABE-puro retroviral expression vector. Site directed muta-

genesis (Stratagene) was performed to generate the Dloop mutant previously characterized (Takehara et al., 2009). TRC number for

shRNAs used in this study are Neuroserpin (TRCN0000052356 and TRCN0000052355), SERPINB2 (TRCN0000052278), SERPIND1

(TRCN 0000052226), SERPINE2 (TRCN 0000052317), L1CAM (TRCN0000063916). All shRNAs were specific against the human
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gene and expressed in pLKO.1-shRNA vectors (Open Biosystems) with Puromycin, Hygromycin or Neomycin (G418) resistance

genes. TheST6GalNaC5 shRNAwas previously described (Bos et al., 2009). The FADD-DD construct was kindly provided by Andrew

M. Thornburn and subcloned in a pLVX-hygro lentiviral expression vector. Neuroserpin ELISA was performed following manufac-

turer’s instructions (Peprotech). DVL-K chromogenic assays were performed by plating 5x104 cells in 24 well plates and starvation

in DMEM FBS 0.25% overnight. Plasminogen (Molecular innovations, 0.125 mM) was added to cancer cells that were incubated for

24 hr prior to DVL-K chromogenic assays. D-VLK chromogenic substrate (Molecular Innovations) was prepared following manufac-

turer’s instructions. D-VLK was added to cells and a change in absorbance was monitored at 405 nm. For (3-(4,5-dimethylthiazolyl-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assays, 5 3 102 cells were plated in 96 well plates, and for cleaved

Caspase-3, 25x103 cells were plated in 24-well plates, starved with FBS 0.25% overnight in presence or absence of sFasL (Pepro-

tech, 100–500 ng/ml) and incubated for the indicated period of time. Plasmin (Molecular Innovations) treatment of cells was done at

1.6 U/ml for 4 hr.

Immunofluorescence
Tissue for immunofluorescence was obtained after overnight fixation with PFA 4% at 4�C. Slicing of the brain was done by using a

vibratome (Leica) or slidingmicrotome (Fisher). Both types of brain slices (250 mmand 80 mm respectively) were blocked in NGS 10%,

BSA 2%, Triton 0.25% in PBS for 2 hr at room temperature (RT). Primary antibodies were incubated overnight at 4C in the blocking

solution and the following day for 30 min at RT. After extensive washing in PBS-Triton 0.25%, the secondary antibody was added in

the blocking solution and incubated for 2 hr. After extensive washing in PBS-Triton 0.25%, nuclei were stained with Bis-Benzamide

for 7 min at RT. Primary antibodies: GFP (Aves Labs, ref. GFP-1020, 1:1,000), Plasminogen (Santa Cruz, ref. sc-25546, 1:100), tPA

(Molecular Innovations, ref. ASMTPA-GF, 1:50), uPA (Molecular Innovations, ref. ASMUPA-GF, 1:50), GFAP (Dako, ref. Z0334, and

Millipore, ref. MAB360, both 1:1,000), IbaI (Wako, ref. 019-19741, 1:500), Col.IV (Millipore, ref. AB756P, 1:500), NeuN (Millipore, ref.

MAB377, 1:500), Neuroserpin (Abcam, ref. ab16171, 1:250), FasL (Santa Cruz, ref. sc-834 and sc-6237, 1:100), L1CAM (Millipore, ref.

CBL275, 1:200 and Covance, ref. SIG-3911, 1 mg/ml). Secondary antibodies: Alexa-Fluor anti-chicken488, anti-rabbit555, anti-

mouse555, anti-mouse633 (Invitrogen).

Immunoblotting
Cell pellets were lysed with RIPA buffer and protein concentrations were determined by BSA Protein Assay Kit (Pierce). Proteins were

separated by SDS-PAGE and transferred to nitrocellulose membranes or PVDF membranes. Membranes were immunoblotted with

antibodies against FAS (Santa Cruz, ref. sc-715, 1:100), FasL (Santa Cruz, ref. sc-834 and sc-6237 1:100), L1CAM (Millipore, ref.

CBL275, eBioscience, ref. 14-1719, and Abcam, ref. ab24345, 1: 200–1,000), FLAG (Sigma, 1:2,000), Serpin B2 (Abcam, ref.

47742, 1:500), Tubulin (Cell signaling, 1:2,000).

Confocal Microscopy and Image Analysis
Images were acquired with a Leica SP5 up-right confocal microscope 10X, 20X, 40X and 63X objectives and analyzed with ImageJ,

Imaris andMetamorph softwares. In brain slice assays, GFP+ cell bodies that were located > 40 mm from the surface of the slice were

considered for analysis in order to avoid cells clusters remaining on the surface. ImageJ was used to determine the spread cell index

by using confocal images and applying the round filter with a 0.45 treshold.

In Vitro Blood-Brain Barrier Assay
This assay was performed as previously described (Bos et al., 2009). Briefly, primary human umbilical vein endothelial cells (HUVEC,

ScienCell) were cocultured with human primary astrocytes (ScienCell), on opposite sides of a polylysine-treated, gelatin-coated tis-

sue culture transwell insert for 3 days. In brief, 3 mm pore PET tissue culture inserts (Fisher) were treated with polylysine (1 mg/ml,

Millipore) overnight, washed four times, and coated with 0.2% gelatin (Sigma) for a minimum of 30 min. Inserts were placed

upside-down in a 15 cm plate, and 105 primary human astrocytes were plated on the membrane surface. Astrocytes were fed every

15 min for 5 h, and the inserts were then flipped and placed in 24-well plates. 5x105 endothelial cells were plated on the upper cham-

ber of the inserts, and cultures were placed in the incubator, without further perturbation. For BBB transmigration assays, 5x105 cells

were seeded on the upper chamber and incubated for 14–18 h. Inserts were washed with PBS and fixed with 4%PFA for 20 min. The

membranes were removed from the plastic insert, immunofluorescence against GFP was performed and mounted on a microscope

slide. Pictures of multiple fields from 5–8 inserts per experiment were taken, and the number of transmigrated cells was counted.

Flow Cytometry
Monolayers of adherent cells were detached using 1 mM EDTA, resupended in single-cell suspensions and incubated with

fluorochrome-conjugated monoclonal antibodies of human L1CAM (eBioscience, ref. 12-1719-42). The cell surface expression of

L1CAM was analyzed by a FACSCalibur flow cytometer (BD Biosciences).

Cell Adhesion Assays
HBMEC or tumor cells were plated in 2-well culture slides (BD Falcon) and allowed to grow over 90% confluent. Tumor cells were

labeled with CellTracker Green CMFDA (5-Chloromethylfluorescein Diacetate) (Molecular Probes). 7.23 104 prelabeled tumor cells
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were allowed to adhere to the monolayer of cancer cells for 20min. After washing off the nonadherent cells, the slides were fixed with

1% paraformaldehyde and mounted with mounting medium with DAPI (Vector Labs). Adherent cells (green) and the nucleus of total

cells (blue) were scored by fluorescence microscopy. The number of GFP+ cancer cells adhered to HBMEC or cancer cells covering

the bottom of every well was calculated.
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Figure S1. Highly Expressed Genes in Brain Metastasis Models and Clinical Samples, Related to Figure 1

(A) Genes that were previously associated with brain metastatic activity in two lung adenocarcinoma brain metastasis models (H2030-BrM3 and PC9-BrM3;

Nguyen et al., 2009) or two breast cancer brain metastasis models (MDA231-BrM2 and CN34-BrM2; Bos et al., 2009) and found to be shared among these

models. Values indicate fold-increase in the expression of these genes in BrM cells compared to non-brain metastatic counterparts in GeneChip transcriptional

data sets (Nguyen et al., 2009, Bos et al., 2009).

(B) Cell lines derived from genetically engineered KrasG12D;p53�/�mouse lung tumors (373N1, 393N1, 482N1, 2691N1) were tested for overall metastatic activity

from the arterial circulation in syngeneic mice. Kaplan-Meier plots of metastasis-free survival, n = 10 mice per cell line. All cell lines showed multiorganic met-

astatic activity as previously described (Winslow et al., 2011), but differed in brain metastatic activity (see Figure 1).

(C) Neuroserpin (NS) protein levels in low-serum cell culture supernatants, as determined by ELISA.

(D) Serpin B2 (SB2) protein levels in cell lysates determined by western immunoblotting.

(E) Plasminogen conversion into plasmin was inhibited to different extents by cell culture supernatants from the indicated cells lines. Plasmin activity was

determined by a chromogenic assay (Bai et al., 2011). p values were determined by Student’s t test. *p < 0.05, ***p < 0.001.

(F and G) Kaplan-Meier analysis of bone metastasis-free survival and contralateral lung metastasis-free survival in 106 cases of lung adenocarcinoma classified

based on SERPINB2 and SERPINI1 mRNA levels in the primary tumor. p value calculated by a Cox proportional hazard model, with SERPINB2 and SERPINI1

expression treated as a continuous variable.

(H) Kaplan-Meier analysis of brain metastasis-free survival in 615 cases of breast adenocarcinoma (EMC-MSK data set) classified based on SERPINB2 and

SERPINI1 mRNA levels in the primary tumor. p value calculated from a Cox proportional hazard model, with SERPINB2 and SERPINI1 expression treated as a

continuous variable.

(I) Immunohistochemistry against NS and SB2 in brains from mice intracardiacally inoculated with indicated cell lines.

(J) Representative brain metastasis tissue microarray cores stained with neuroserpin or serpin B2 antibodies.

Scale bar, 100 mm.
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Figure S2. Interactions of Metastatic Cells with the Brain Parenchyma, Related to Figure 2

(A) Experimental design for the analysis of brain metastatic colonies formed by circulating cancer cells.

(B) Quantification of parental MDA231 (P) and MDA231-BrM2 (BrM) cells in the brain at the indicated times after inoculation into the arterial circulation of mice.

Data are averages ± SEM of multiple fields in 2 brains. p values were determined by Student’s t test comparing cells extravasated in the parental and brain

metastatic populations before and after 7 days.

(C and D) Cells (vimentin+, green) that remained in the lumen of brain capillaries (collagen IV positive) 7 days after inoculation scored positive for cleaved caspase-

3 immunofluorescence (red, arrowhead in D).

(E and F) Nonreactive astrocytes (E), located in uninvolved areas and reactive astrocytes in areas that contain metastatic cells (F) can be distinguished based on

dramatic morphological changes, including modified interaction with capillaries, and the thickening and reduction in the number of cellular processes.

(G–J) Interaction of H2030-BrM3 cells with different components of the brain microenvironment including reactive microglia (Iba1+) and neurons (NeuN+) from

extravasation through overt metastasis.

(K) D-VLK chromogenic plasmin substrate assay was used to compare the plasmin activity associated with mouse microglia or astrocyte culture supernatants.

(L) Representative image of low-density cocultures of cancer cells and glial cells.

(M) Quantification of cleaved caspase-3 positive cancer cells in cocultures with glial cells with added plasminogen. Values are normalized to H2030-BrM3without

plasminogen, and are averages ± SEM n = 6–9 cocultures per condition, scoring multiple fields per coculture, from 3 independent experiments.

(N) Quantification of cleaved caspase-3 positive cancer cells in brain slice assays. Values are normalized to MDA231-BrM2, and are averages ± SEM n = 6–10

brain slices, from 2 independent experiments.

(O) Schema of experimental design to analyze plasmin activity in brain slices.

(P) a2-antiplasmin inhibition of plasmin in brain slices.

(Q) Plasmin addition to H2030 cells in monolayer culture does not induce cell death.

All p values were determined by Student’s t test. Scale bars, 10 mm (C), 50 mm (E, F, L), 20 mm (G and I), 500 mm (H and J).
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Figure S3. Neuroserpin Mediates Brain Metastasis by Lung Cancer Cells, Related to Figure 3

(A) Neuroserpin IF (red) in brains harboring GFP+ H2030-BrM3 metastasis (green). Insets show colocalization (yellow) of neuroserpin with GFP+ cancer cells.

(B) Neuroserpin mRNA levels as determined by qRT-PCR in H2030-BrM3 and derivatives transduced with neuroserpin shRNAs.

(C) Neuroserpin ELISA was performed on culture supernatants of the indicated H2030 derivatives.

(D) MTT cell proliferation assays of H2030-BrM3 cells transduced with control or NS shRNA.

(E) Tracings and size distribution of metastatic lesions in the brain of animals from Figure 3D. Relative abundance of each size group is shown for every

experimental condition.

(F) The few macrometastases that were formed by neuroserpin-depleted H2030-BrM3 cells scored positive for neuroserpin IF (left), whereas micrometastases

scored negative for neuroserpin (right).

(G) Neuroserpin knockdown in H2030-BrM3 did not alter the number of extravasated cells on day 7 after inoculation. Data are averages ± SEM from 3 brains.

(H) Schema of the assay for cancer cell transmigration through an experimental blood-brain barrier (BBB) (Bos et al., 2009). HUVEC, primary human umbilical vein

endothelial cells.

(I) Quantification of cells that migrated through this experimental BBB normalized to H2030-BrM3 control cells. An shRNA targeting the brain extravasation

mediator ST6GalNaC5 (Bos et al., 2009) served as positive control (shNS versus shST6GalNaC5, p < 0.001). At least 5 independent migration assays were

performed for each condition.

(J) qRT-PCR analysis of neuroserpin mRNA levels in PC9-BrM3 cells that were transfected with the indicated flag epitope-tagged neuroserpin constructs. PCR

primer set #1 recognizes only the wild-type neuroserpin mRNA, whereas set #2 recognizes both the wild-type and the Dloop mutant forms.

(K) Neuroserpin ELISA was performed on culture supernatants of PC9-BrM3 or this cell line expressing a neuroserpin cDNA.

(L) Anti-flag western immunoblotting of culture supernatants from PC9-BrM3 cells expressing the indicated neuroserpin constructs. Tubulin immunoblotting was

used as loading control.

(M) Proliferation assays of control and neuroserpin overexpressing PC9-BrM3 cells.

All p values by Student’s t test. Scale bars, 200 mm (A and F), 100 mm (A, inset), 250 mm (E).
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Figure S4. Analysis of Multiple Coexpressed Serpins in MDA231-BrM2 Cells, Related to Figure 4

(A) qRT-PCR of MDA231-BrM2 expressing shRNAs that target the three indicated serpins.

(B) Neuroserpin ELISA in low serum culture supernatant from the indicated cell lines.

(C) Anti-serpin B2 (SB2) western immunoblotting of lysates from the indicated cell lines.

(D) Proliferation assays of shSB2 MDA231-BrM2 transduced cell lines.

(E) Anti-serpin B2 western immunoblotting of lysates from the indicated cells lines. BrM2-SCPHIGH and BrM2-SCPLOW correspond to clonal lines from MDA231-

BrM2 as shown in Figure 4D.

(F) Neuroserpin ELISA of culture supernatant from the indicated cell lines.

(G) Kaplan–Meier plot of brain metastasis-free survival comparing MDA231-BrM2 control (n = 5) and shNS (1) (n = 9). p values by log rank Mantel-Cox test.

(H) Kaplan–Meier plot of brain metastasis-free survival comparing CN34-BrM2 control (n = 12) and shSERPINE2 (1) (n = 5) were analyzed. p values by log rank

Mantel-Cox test.

(I) qRT-PCR analysis of serpin expression in single-cell progenies (SCP) isolated from the MDA231-BrM2 cell line. Black, clonal lines; blue, parental population;

orange, BrM population.

(J) Ex vivo BLI images of representative brains from metastasis assays of MDA231-BrM2 SCP expressing the indicated serpins quantified in Figure 4D.
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Figure S5. sFasL Triggers Apoptosis in Brain Metastatic Cells, Related to Figure 5

(A) High magnification of an astrocyte stained with anti-GFAP and anti-FasL antibodies in a brain lesion formed by H2030-BrM3 cells.

(B) qRT-PCR analysis of FasL mRNA levels in primary cultures of mouse astrocytes and microglia. Data are averages of triplicates ± SEM.

(C) Schema showing the various anti-FasL antibodies used. (D and E) Quantification of FasL ECD and ICD immunofluorescence signals in Figure 5C.

(F) Anti-Fas western immunoblotting of indicated cell lysates. Tubulin immunoblotting was used as loading control.

(G) Cleaved caspase-3 IF (red) in breast (CN34-BrM2) and lung (H2030-BrM3) brain metastatic cell monolayers that were incubated with or without addition of

sFasL (500ng/ml). Blue, nuclear staining.

(H) Quantification of the experiment shown in (G), at the indicated concentrations of sFasL. Data are averages ± SEM of three independent experiments. All

differences with control were p < 0.01, as determined by Student’s t test.

(I) Cell proliferation assays of the indicated cell lines with or without addition of sFasL (500ng/ml). Data are averages of triplicates ± SEM. p values were

determined for the difference on day 6, by Student’s t test.

(J) Quantification of cleaved caspase-3 positive H2030 cancer cells in brain slices treated with added a2-antiplasmin, a2-antiplasmin and sFasL, or no additions.

Values are normalized to H2030+ a2-antiplasmin, and are averages ± SEM n = 5–8 brain slices, scoring at least two fields per slice, from at least 2 independent

experiments.

(K) qRT-PCR analysis of neuroserpin mRNA levels in H2030-BrM3 cells that were transduced with FADD-DD and neuroserpin shRNA vectors as indicated.

(L) Quantification of cleaved caspase-3 positive MDA231-BrM2 cancer cells in brain slices. MDA231-BrM2 cells were transduced with a control vector, serpin B2

(SB2) shRNA, or this shRNA plus a FADD-DD expression vector. Values are normalized to MDA231-BrM2 control, and are averages ± SEM n = 6–10 brain slices,

scoring at least two fields per slice, from at least two independent experiments. All p values by Student’s t test.

Scale bars, 1 mm (A), 100 mm (G).
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Figure S6. L1CAM as a Plasmin Target and a Mediator of Brain Metastasis, Related to Figure 6

(A) Representative GFP IF images from brains harboring lesions formed by the indicated cell lines. Scale bar, 100 mm, 25 mm (insets). (B and C) Anti-L1CAM

western immunoblotting of cell lysates for the indicated human (B) and murine (C) lung or breast cancer cell lines.

(D) MTT proliferation assay of control and L1CAM-depleted H2030-BrM3 cells.

(E) Quantification of GFP+ cancer cells that were in contact with, but not necessarily spread on brain capillaries in the experiments of Figure 6I. Ten fields (>180

individual cells) were scored per condition. Data are averages ± SEM.

(F) Quantification of apoptotic wild-type or L1CAM-depleted H2030-BrM3 cells in brain slice assays. Data are averages ± SEM n = 5-8 slices from two inde-

pendent experiments, and at least two fields were scored per slice.

(G) Quantification of MDA231-BrM2 control or shL1CAM transduced cells that were spread on capillaries. Data are averages ± SEM n = 6 slices, scoring at least

three fields per slice, from 2 independent experiments. (H,I) qRT-PCR analysis of L1CAM (H) and neuroserpin (I) mRNA levels in PC9-BrM3 cells that were

transduced with neuroserpin expression vector and/or L1CAM shRNA vector as indicated.

Cell 156, 1002–1016, February 27, 2014 ª2014 Elsevier Inc. S9



Figure S7. L1CAM Expression in Human Brain Metastases, Related to Figure 7

(A) Representative brain metastasis tissue microarray cores from NSCLC cases stained with anti-L1CAM antibodies. Arrowhead: cell interfaces. Scale bar,

100 mm.

(B) Twenty-nine NSCLC brain metastasis samples were scored as ++ (high), + (low), or - (undetectable), according to the content of L1CAM-positive cells. The

number of samples scoring in each level is indicated at the bottom of the panel.
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