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Secreted proteins play crucial roles in mediating tumor–stroma interactions during metastasis of cancer to different
target organs. To comprehensively profile secreted proteins involved in lung metastasis, we applied quantitative
mass spectrometry-based proteomics and identified 392 breast cancer-derived and 302 melanoma-derived proteins
secreted from highly lung metastatic cells. The cancer-specific lung metastasis secretome signatures (LMSSs) dis-
played significant prognostic value inmultiple cancer clinical data sets. Moreover, we observed a significant overlap
of enriched pathways between the LMSSs of breast cancer andmelanoma despite an overall small overlap of specific
proteins, suggesting that common biological processes are executed by different proteins to enable the two cancer
types to metastasize to the lung. Among the novel candidate lung metastasis proteins, Nidogen 1 (NID1) was con-
firmed to promote lungmetastasis of breast cancer andmelanoma, and its expression is correlatedwith poor clinical
outcomes. In vitro functional analysis further revealed multiple prometastatic functions of NID1, including en-
hancing cancer cell migration and invasion, promoting adhesion to the endothelium and disrupting its integrity, and
improving vascular tube formation capacity. As a secreted prometastatic protein, NID1 may be developed as a new
biomarker for disease progression and therapeutic target in breast cancer and melanoma.
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Tumor-secreted factors play crucial roles in orchestrating
the dynamic evolution of themicroenvironment at prima-
ry and distant sites (Peinado et al. 2011; Quail and Joyce
2013; Alečković and Kang 2015). Understanding how
they facilitate tumor–stroma interactions has not only
created an increasingly detailed molecular model of can-
cer metastasis but also led to the development of novel
markers and therapeutics. For example, during osteolytic
bone metastasis, tumor-secreted proteins activate osteo-
clast differentiation, leading to bone matrix degradation
and the release of growth factors that promote metastatic
outgrowth, completing a “vicious cycle” (Weilbaecher
et al. 2011; Ell and Kang 2012; Ren et al. 2015). While
the pulmonary metastatic microenvironment is not as
well characterized as that in bone metastasis, accumulat-
ing evidence points to secreted proteins as instructive
players during lung metastasis. Communication between
primary and secondary sites via tumor-secreted factors,
such as lysyl oxidase (a hypoxia-induced extracellular ma-

trix [ECM] remodeling enzyme) or the exosomal MET re-
ceptor, facilitates the formation of a premetastatic lung
parenchyma that favors metastatic colonization (Kaplan
et al. 2005; Erler et al. 2006; Peinado et al. 2012). Likewise,
miR-200 promotes lung metastatic colonization by alter-
ing the breast cancer secretome via direct inhibition of
Sec23a-mediated secretion of metastasis-suppressive pro-
teins, including Igfbp4 and Tinagl1 (Korpal et al. 2011),
further supporting the hypothesis that cancer secretomes
play instructive roles during lung metastasis.
While secreted proteins have long been appreciated as

markers and mediators of metastasis, high-throughput
and comprehensive analysis of the secretome only be-
came possible via recent advances in mass spectrometry
(MS).MS analysis of the ECM revealed different ECMpro-
tein signatures associated with organ-tropic metastasis of
different cancer types (Reticker-Flynn et al. 2012; Naba
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et al. 2014a,b). Our recent application of MS analysis of
bone metastasis secretomes has led to the identification
of novel bone metastasis proteins that may serve as bio-
markers or therapeutic targets (Blanco et al. 2012). Appli-
cation of the global proteomic analysis approach to lung
metastasis secretomes has the potential to reveal the rel-
atively little-known tumor–stroma interactions in lung
metastasis.

In this study, we used quantitative proteomic analysis
to profile the secretomes of lung metastatic breast cancer
and melanoma cells of varying metastatic ability and ob-
tain cancer-specific lung metastasis secretome signatures
(LMSSs). These signatures correlated with poor prognosis
and metastatic relapse in clinical data sets and contained
strikingly similar types of proteins engaged in common bi-
ological processes despite little overall protein overlap.
The secretomes and LMSSs comprise known and novel
cancer- and metastasis-related proteins and may serve as
databases to guide future functional studies in the metas-
tasis field. Following the identification of highly over-
represented proteins in secretomes of aggressively lung
metastatic cells, we examined Nidogen 1 (NID1) as a can-
didate promoter of lung metastasis in both cancer types.
Xenograft experiments using overexpression and knock-
down models validated its role in promoting lung metas-
tasis. This phenotype was particularly strong at early
stages of metastatic colonization, consistent with our in
vitro findings that NID1 improved cancer cell migration
and invasion, adhesion to endothelial cells (ECs), vascular
permeability, and tube formation. Moreover, NID1 ex-
pression correlated with poor prognosis and lung relapse
in breast cancer andmelanoma patient data sets. These re-
sults indicate NID1 as a potential biomarker for high risk
of lung metastasis as well as a therapeutic target for pre-
venting or reducing lung metastasis.

Results

In vivo selection of lung metastatic derivatives of the
HTB140 human melanoma cell line

To quantitatively profile the lung metastasis-associated
cancer secretome, we used isogenic cell lines that have a
similar origin and genetic background but drastically dif-
ferent potential to metastasize to the lungs. Such isogenic
sublines have been typically derived by in vivo selection
from lung metastatic lesions generated by the parental
cell line (Pollack and Fidler 1982). Minn et al. (2005) previ-
ously used such a strategy to establish the lung-tropic sub-
lines LM2-A and LM2-B from the MDA-MB-231 human
breast cancer cell line. In order to identify secreted lung
metastatic genes that have functional involvement in
diverse cancer types, we also derived lung metastatic sub-
lines from the humanmelanoma cell line HTB140, which
was established previously from lymph node metastases
of a male cutaneous melanoma patient (Fogh et al.
1977). We isolated several HTB140 sublines from individ-
ual metastatic lung nodules after tail vein inoculation of
the parental cell line into mice. Testing of the lung meta-
static potential of these variants confirmed that the in

vivo selected sublines colonized the lung more efficiently
than the parental HTB140 cells, displaying an increase of
20-fold (LM1a) to 100-fold (LM1-744) in lung metastatic
burden (Supplemental Fig. S1A,B). As we selected LM1a
and LM1-744 for subsequent proteomic analysis, we as-
sessed their proliferation rates in vitro. Both lung meta-
static sublines proliferated at a rate similar to that of the
parental HTB140 cell line (Supplemental Fig. S1C), sug-
gesting that the increased lung metastatic ability is not
due to a difference in the growth rate of the derivatives.
These results established the HTB140 and its sublines as
a new isogenic series for studying lung metastasis of
melanoma.

Global analysis of breast cancer and melanoma lung
metastasis secretomes

Using a SILAC (stable isotope labelingwith amino acids in
cell culture)-based MS approach (Blanco et al. 2012), pro-
teins released by lung metastatic breast cancer and mela-
noma sublines were quantified with respect to those
secreted by parental cells following cell culture in
“heavy” and “light” media, containing heavy or normal
arginine and lysine, respectively (Fig. 1A). We performed
database searches of the obtained tandem MS (MS/MS)
spectra against the human UniProt database and discov-
ered a total of 2320 unique proteins encoded by 2264 genes
(Fig. 1B; Supplemental Table S1), proving the high sensi-
tivity of the analysis. Interestingly, while 2116 unique
proteins were found in the breast cancer secretome and
1803 were found in the melanoma secretome, >70% of
all identified proteins (1599) were discovered in both
(Fig. 1B). In line with this, gene ontology (GO) enrichment
analyses demonstrated enrichment of similar biological
process and molecular function annotations in both can-
cer secretomes (Fig. 1C,D; Supplemental Fig. S2A–D),
the majority of which related to extracellular processes,
including extracellular structure organization, cellular
component movement, and transport. The melanoma
secretome was additionally enriched in proteins engaged
in vascular development.

We asked whether filtering methods eliminating possi-
ble intracellular contaminants that may have been liber-
ated nonspecifically as a consequence of cell death, as
used in previous secretome analyses (Korpal et al. 2011;
Blanco et al. 2012; Jin et al. 2012), would be required or
whether our secretome lists consisted mostly of extracel-
lular proteins and could be used unprocessed. Indeed,
55% of proteins were mapped to the “extracellular re-
gion” in GO, including compartments such as “extracel-
lular exosome,” “cell surface,” and “external side of the
plasma membrane.” Surveying exosome databases Exo-
Carta (Mathivanan and Simpson 2009) and Vesiclepedia
(Kalra et al. 2012) for human proteins verified previously
at the protein level further revealed that the majority of
secreted proteins (80%–90%) was exosomal. Most impor-
tantly, >90% of secretome proteins associated with at
least one extracellular compartment annotation interro-
gated (Fig. 1E; Supplemental Table S1), validating our
method of secretome-focused proteomics and permitting
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the use of the unfiltered lists for subsequent analyses.
Furthermore, these results suggest that intracellular pro-
teins released nonselectively due to, for instance, serum
starvation-induced apoptosis may constitute a minor
part of the overall proteins identified in our secretome
analysis and do not need to be excluded in downstream
analyses.
Next, we examined the concordance between gene and

protein expression profiles of secreted proteins in order to
guide any subsequent data analysis that integrates our
proteomic results into transcriptomic data sets. While
overall correlation between mRNA and protein levels is
usually expected, extracellular proteins may experience
a substantial degree of regulation at the post-transcrip-
tional level (Vogel and Marcotte 2012), including transla-
tion, processing, and secretion. In fact, we observed
significant positive correlation, with coefficients between
0.4 and 0.5 (Supplemental Fig. S3A–D), which correspond
well to those reported in othermRNA–protein correlation
studies of intracellular proteins (Vogel and Marcotte
2012). This result suggests that secretion may not consti-
tute a further deviation of the protein level from the
mRNA expression level. It also provides a rationale for us-
ing transcriptomic data of secreted proteins for analyses

for which no protein data are yet available, such as evalu-
ation of their prognostic value. Nevertheless, the overall
positive correlation offers a global validation of our pro-
tein level results, while the substantial degree of deviation
indicates that the proteomic data harbor new information
on the protein level that was missed in transcriptomic
studies. For instance, fibronectin (FN1), although more
abundant in secretomes of lung metastatic sublines com-
pared with parental cells in both breast cancer and mela-
noma models, showed elevated mRNA expression only
in melanoma but not in the breast cancer sublines (Sup-
plemental Fig. S3A–D). Similarly, nephroblastoma over-
expressed (NOV) was elevated in secretomes but not
transcriptomes of lung-tropic breast cancer cells relative
to the parental MDA-MB-231 (Supplemental Fig. S3A,B).
Consistent with the elevated levels of FN1 and NOV in
the lung metastatic secretomes, both proteins have been
associated previously with cell invasion and metastasis
(Akiyama et al. 1995; Benini et al. 2005; Perbal 2006; Val-
lacchi et al. 2008; Liu et al. 2015;Mehta et al. 2015) as well
as higher risk of metastasis and poor prognosis in cancer
patients (Glukhova et al. 2001; Perbal et al. 2008, 2009;
Malik et al. 2010; Zhang et al. 2013; Fernandez-Garcia
et al. 2014; Ueda et al. 2015). These initial analyses

Figure 1. The SILAC-based MS approach comprehensively profiles breast cancer and melanoma secretomes. (A) Schematic overview of
theMS-based quantitative proteomics analysis using SILAC. Breast cancer andmelanoma parental cell lines were cultured in light SILAC
medium, whereas their respective lung metastatic sublines were cultured in heavy SILACmedium. Serum-free light medium and heavy
conditionedmedium (CM)were thenmixed, processed, and analyzed byMS. (B) The number of protein IDs and unique genes identified by
our secretome analysis. (C,D) Visualization of GO analysis of overrepresented biological process (C ) and molecular function (D) GO Slim
terms of the breast cancer secretome. A very similar enrichment was found in themelanoma secretome (see Supplemental Fig. S2A,B). (E)
Subcellular compartment analysis of all identified proteins. GO compartments were “extracellular region” (GO: 0005576), “extracellular
exosome” (GO: 0070062), “cell surface” (GO: 0009986), and “external side of plasma membrane” (GO: 0009897). Secretome denotes pro-
teins found in at least one of the analyzed extracellular compartments. Overlap includes proteins found in both exosome databases.

NID1 is a lung metastasis-promoting protein
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validate the technical quality of our secretome analyses
and indicate the potential utility of such an approach for
identifying cancer-related secreted proteins that may not
be identified through transcriptomic analyses.

Generation of cancer-specific LMSSs

Examining proteins whose levels are altered at least two-
fold in secretomes of metastatic derivatives relative to pa-
rental cells, we detected 149 and 165 unique proteins
elevated in secretion from lung-tropic LM2-A and LM2-
B cells, respectively, compared with MDA-MB-231. We
also identified 232 and 194 proteins elevated in secretion
from lung metastatic LM1a and LM1-744 cells, respec-
tively, relative to HTB140. Conversely, 307, 220, 120,
and 75 proteins were reduced in secretion from LM2-A,
LM2-B, LM1a, and LM1-744 cell lines compared with
their respective parental cell lines.

We generated cancer-specific LMSSs by considering
proteins to be up-regulated (Up-LMSS) if secretion from
both lung metastatic sublines was higher by twofold or
more relative to the parental cell line. Any proteins that
were increased in secretion by twofold or more in only
one of the two sublineswere also included in the signature
as long as they were not present at decreased levels in the
other subline. Similarly, the Down-LMSS was generated
using proteins whose secretion from at least one of the
two lung metastatic sublines was lower by twofold or
more compared with the parental cell line, as long as it
did not have the opposite trend in the other subline.
This analysis yielded signatures of 149 and 210 up-
regulated (Up-LMSS) and 243 and 92 down-regulated
(Down-LMSS) proteins in breast cancer andmelanoma, re-
spectively (Fig. 2A,B; Supplemental Tables S2–S5). The
signatures had 20 up-regulated and 16 down-regulated pro-
teins in common (Fig. 2C). Considering that the global
secretomes displayed over 70% overlap, the number of
common proteins in Up-LMSS and Down-LMSS (10%–

20%) appeared smaller than expected.
We explored the GO enrichment in the cancer-specific

Up-LMSS data sets and found that, despite little protein
overlap, many overrepresented pathways and protein cat-
egories were identical (Supplemental Tables S6–S9). More
specifically, 16 of 27 (59%) significantly overrepresented
biological processes and seven of nine (78%) molecular
functions in breast cancer were also found in melanoma.
Furthermore, all common biological processes were GO
annotations pertinent to tumorigenesis and metastasis,
such as “cell adhesion,” “response to wounding,” and
“cell movement” (Fig. 2D). Similarly, among the most
significantly overrepresented molecular function annota-
tions were cancer/metastasis-related functions, including
“growth factor binding” and “receptor binding” (Fig. 2D).

Finally, to understand how these diverse sets of proteins
are interconnected, we analyzed the interaction networks
of cancer-specific LMSSs and observed well-linked net-
works that clustered into densely connected nodes based
on protein families or biological processes (Fig. 2E,F).
Both LMSS networks contained similar clusters, such as
ECM components, ECM-modifying enzymes, defense re-

sponse proteins, and protein metabolism (transcription
elongation factors and ribosome and proteasome sub-
units). Most importantly, despite an overall different
pool of proteins among the signatures, the similarity in
clustering patterns between the two interactomes further
underscored the global similarity between breast cancer
and melanoma LMSSs.

Association of LMSS proteins with experimental
and clinical lung metastasis

To examine whether findings from our experimental cell
line-profiling system are relevant to metastasis, we first
manually inspected the 626 LMSS proteins for clinical
and experimental association with cancer or metastasis
(UniProt knockdown gene summary, The Cancer Gene
Census [Futreal et al. 2004], and PubMed search). At least
307 proteins, including TNC, SERPINE2, and CTSB,
emerged as known promoters of lung metastatic progres-
sion (Benini et al. 2005; Vasiljeva et al. 2006; Oskarsson
et al. 2011; Sevenich et al. 2011; Wagenblast et al. 2015).
Furthermore, the breast cancer Up-LMSSs contained
MMP1,MMP2, andSPARC,whicharewell-knownmetas-
tasis mediators in breast cancer (Minn et al. 2005; Vallac-
chi et al. 2008; Liu et al. 2015). On the other hand,
known metastasis promoters found in the melanoma
Up-LMSSs included MIA (Bosserhoff and Buettner 2002),
GPNMB (Maric et al. 2013), andADAM10 (Lee et al. 2010).

To further investigate the clinical relevance of the
LMSSs,we evaluated the prognostic significance of LMSSs
in clinical data sets of breast cancer. Using the composite
Kaplan-Meier (KM) Plotter data set (Gyorffy et al. 2010),
we found that breast cancer patients with tumors overex-
pressing the top40Up-LMSSgeneshad shorter distantme-
tastasis-free survival (DMFS) than those expressing low
levels (Fig. 3A–C), particularly among ER-negative pa-
tients (Fig. 3B) Conversely, breast cancer patients with
high levels of the top 40Down-LMSS genes showed signif-
icantly prolongedDMFS comparedwith patientswith low
expression (Fig. 3D). Likewise, this trend was more appar-
ent among the ER-negative patient population (Fig. 3E)
and, to a lesser extent, in ER-positive patients (Fig. 3F).
Similarly, using The Cancer Genome Atlas (TCGA) skin
cutaneous melanoma data set, patients with high levels
of the top 40 Down-LMSS genes displayed significantly
prolonged overall survival relative to those expressing
high levels (Fig. 3G), although a similar analysis using
theUp-LMSSdidnot showastatistically significant result.

Using gene set enrichment analysis (GSEA) (Subrama-
nian et al. 2005), we examined enrichment of lung metas-
tasis signatures in the list of genes from the published
clinical data set EMC286 (Wang et al. 2005) ranked by
their degree of overexpression in breast cancer patients
who suffered metastasis compared with those who re-
mained disease-free. Interestingly, enrichment of Up-
LMSS was significant (P = 0.011) only in patients with
lung metastasis (Fig. 3H) but not the entire metastatic pa-
tient cohort (P = 0.978) (Fig. 3I), which indicates the specif-
icity of the signature for lung metastasis. Overall, these
results indicate that our LMSSs have clinical significance
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that could be useful prognostic tools for clinical lung
metastasis.

NID1 as a candidate lung metastasis promoter in breast
cancer and melanoma

While our proteomic analysis identified numerous estab-
lished metastasis regulators, the signatures likely harbor
as yet undiscovered regulators of lung metastasis. We fo-
cusedour functional studyonNID1based on the following
observations. NID1was among the 20 commonUp-LMSS
proteins elevated in the secretomes of both breast cancer
and melanoma sublines (Fig. 2C); bridged several GO
terms enriched in both Up-LMSSs, such as “extracellular
structureorganization”and“cell adhesion”; anddisplayed
direct and indirect interaction with many cancer secre-
tome proteins, particularly other ECM components (Sup-
plemental Fig. S4A,B). This is in agreement with its
known role in facilitating ECM formation (Aumailley

et al. 1993; Dziadek 1995; Tunggal et al. 2003) and cell at-
tachment to a NID1-containing ECM (Dedhar et al. 1992;
Dong et al. 1995; Yi et al. 1998). Furthermore, NID1 was
shown to enhance cell motility (Pedrola et al. 2015) and
is elevated in the blood of cancer patients compared with
healthy controls (Zhang et al. 2012; Khan et al. 2014; Li
et al. 2015), making it an attractive candidate for experi-
mental assessment in our lung metastasis models.
Before initiating experimental evaluation of the role of

NID1 in lung metastasis, we confirmed its up-regulation
in conditioned medium (CM) of lung metastatic deriva-
tives relative to parental cell lines (Fig. 4A,B). Specifically,
lung-tropic LM2-A (fourfold) and LM2-B (fivefold) cells se-
cretedmore NID1 thanMDA-MB-231 cells (Fig. 4A). Sim-
ilarly, LM1a (fivefold) and LM1-744 (sixfold) sublines
secreted higher levels of NID1 compared with HTB140
cells (Fig. 4B). However, analysis ofmRNA expression lev-
els by real-time quantitative PCR (RT-qPCR) did not align
well with the protein levels, as most lung metastatic

Figure 2. Secretome analysis reveals cancer-specific LMSSs. (A,B) Correlation of pairwise secretome comparisons of breast cancer cell
lines LM2-A versus MDA-MB-231 and LM2-B versus MDA-MB-231 (A) as well as melanoma cell lines LM1a versus HTB140 and LM1-
744 versus HTB140 (B). Pearson correlation coefficients (rp) are displayed with corresponding P-values. The numbers of proteins found
at least twofold higher (red) or lower (green) in lung metastatic sublines compared with parental are highlighted. Proteins found in
only one cell line within a comparison were excluded from the correlation analysis but included in the LMSSs. (C ) List of common pro-
teins in Up-LMSSs and Down-LMSSs of breast cancer andmelanoma. Colors correspond to clusters in E and F. (D) Breast cancer andmel-
anoma Up-LMSSs were subjected to GO enrichment analysis. (E,F ) Interactomes of breast cancer (E) and melanoma (F ) LMSSs. Several
protein clusters are highlighted. NID1 is circled in pink. Proteins released at higher (red) or lower (green) levels from lung metastatic sub-
lines compared with parental cell lines are color-coded.

NID1 is a lung metastasis-promoting protein
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variants showed expression levels similar to, or even re-
duced compared with, the respective parental cell lines
(Fig. 4A,B). Hence, its regulation at the post-transcription-
al level further underscores the value of secretome analy-
sis in identifying novel metastasis proteins.

Overexpression of NID1 promotes lung metastatic
progression in vivo

To examine the importance of NID1 in lung metastasis,
MDA-MB-231 cells stably overexpressing NID1 (Fig. 4C)
were inoculated into mouse via tail veins, leading to a
10-fold increase in lung metastasis (Fig. 4D,E) and shorter
overall survival (Fig. 4F) comparedwith controls. This phe-
notype did not seem to stem from faster proliferation,
since primary tumors derived from overexpression cells
grew slower than controls in vivo, as evident from the re-
duced tumor size (Supplemental Fig. S5A) and weight
(Supplemental Fig. S5B). To rule out cell population drifts
during the stable transfection and selection of NID1-over-
expressing cells from the heterogeneous parental MDA-
MB-231 cell line, the single-cell-derived SCP28 subline
was used to confirm the prometastatic role of NID1.
SCP28 and the parental MDA-MB-231 cells secrete
similar basal levels ofNID1 (datanot shown) andhave sim-
ilar lungmetastatic propensities (Minn et al. 2005). NID1-
overexpressing SCP28 cells (Supplemental Fig. S5C)
gained significantly increased lungmetastasis ability com-
pared with the vector control cells (Supplemental Fig.
S5D–F). Similarly, overexpression of NID1 in HTB140
melanoma cells (Supplemental Fig. S5G) led to a three-
fold increase in lung metastasis (Supplemental Fig. S5H).
Notably, the increase in lung metastasis ability occurred
at early time points of the in vivo lung colonization as-
says (1–2 wk), indicating an advantage during seeding
and early colonization for NID1-overexpressing cells.
NID1 overexpression also caused amodest decrease in pri-
mary tumor growth compared with controls in the
HTB140 melanoma cell line, although this did not reach

significance (Supplemental Fig. S5I). Taken together, the
data from the NID1 overexpression experiments indicate
that increased NID1 secretion from breast cancer and
melanoma cells promotes their metastatic ability particu-
larly at early steps of metastatic outgrowth in the lung
parenchyma.

Loss of NID1 expression hampers lung metastatic
progression in vivo

Having established that NID1 is sufficient to drive lung
metastatic progression, we next generated stable NID1
knockdown cells to examine whether it also is necessary
to support lung metastasis. The melanoma model was
used for protein depletion experiments due to higher basal
expression levels. Two individual shRNAs decreased
NID1 mRNA levels and secretion of NID1 protein from
LM1a cells compared with two independent controls—
an empty vector and a scrambled shRNA control
(Fig. 4G). Reduction in NID1 secretion inhibited in vivo
lungmetastasis (Fig. 4H) to varying degrees that were con-
sistent with the remaining NID1 levels. Specifically,
NID1-KD2 cells, secreting the lowest NID1 amounts,
showed a larger reduction (60-fold) than NID1-KD1 cells
(sixfold). Consistent with the reduced primary subcutane-
ous tumor growth in NID1-overexpressing cells, NID1
knockdown in LM1a cells resulted in increased primary
tumor growth (Fig. 4J). Similarly, NID1 knockdown in
LM1-744 cells (Supplemental Fig. S6A) dramatically di-
minished lung metastasis (Supplemental Fig. S6B). These
results indicate an essential role for NID1 specifically for
metastatic colonization in the lungs.

NID1 enhances migration, invasion, adhesion to the
endothelium, vascular permeability, and tube formation
in vitro

To elucidate the mechanism underlying NID1-mediated
lung metastasis, we examined processes associated with

Figure 3. Clinical analysis of LMSSs in patient
data sets. (A–F ) KM plots of DMFS of all (A,D),
ER-negative (B,E), and ER-positive (C,F ) breast
cancer patients, stratified by the upper quartile
expression of the top 40 Up-LMSS genes (A–C )
and the lower quartile expression of the top 40
Down-LMSS genes (D–F ). KM Plotter, n = 664
all; n = 227 ER−; n = 437 ER+. (G) KM plot of over-
all survival of melanoma patients stratified by
median expression of the top 40 Down-LMSS
genes. TCGA melanoma, n = 470. (H,I ) The
breast cancer Up-LMSS was used as a gene set
and tested for enrichment via gene set enrich-
ment analysis (GSEA) in the list of genes ranked
by degree of overexpression in primary breast
cancer tumors from patients in the EMC286 pa-
tient data set who developed lung metastasis
(H) or any type of metastasis (I ) as compared
with patients who remained metastasis-free.
(NES)Normalized enrichment score; (HR) hazard
ratio. Log-rank test P-values are displayed.

Alec ̌kovic ́ et al.

1444 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on September 13, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301937.117/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


early stage lung colonization.We first examined its role in
cellmigration and invasion, processes known to be impor-
tant during metastasis and previously attributed to NID1
expression in endometrial cancer (Pedrola et al. 2015). In-
deed, NID1 overexpression in MDA-MB-231 and HTB140
cells significantly increased transwell migration and inva-
sion in modified Boyden chamber assays (Fig. 5A,B; Sup-
plemental Fig. S7A,B), while knockdown in LM1a (Fig.
5C,D) and LM1-744 cells (Supplemental Fig. S7C,D) di-
minished these phenotypes in a manner dependent on
the remaining NID1 levels (i.e., NID1-KD2 cells migrated
and invaded at a slower rate than NID1-KD1 cells). Over-
all, our results suggest that NID1 modulates the migrato-
ry and invasive capabilities of breast cancer and
melanoma cells, which may contribute toward an in-
creased lung metastatic phenotype in vivo.
Next, we examined the role of NID1 in cell–cell and

cell–matrix interactions, which facilitate early metastatic
steps such as extravasation and adherence-dependent sur-
vival. The contribution of NID1 in the interaction of can-

cer cells with the microvascular endothelium, a key
process for transendothelial migration during extravasa-
tion, wasmeasured through cancer cell adhesion tomono-
layers formed by the human pulmonarymicrovascular EC
line HPMEC-ST1.6R (Krump-Konvalinkova et al. 2001).
NID1 overexpression in MDA-MB-231 (Fig. 5E), SCP28,
and HTB140 cells (Supplemental Fig. S7E,F) significantly
improved attachment by, on average, 50%. Conversely,
knockdown of NID1 in LM1a and LM1-744 cells de-
creased attachment to the endothelium depending on
knockdown efficacy, with NID1-KD2 exhibiting the low-
est adherence ability (Supplemental Fig. S7G,H). Impor-
tantly, the adherence-promoting effect of NID1 was
specific for adhesion to lungmicrovascular ECs, as overex-
pression of NID1 did not improve attachment to a mono-
layer formed by HPL1 lung epithelial cells or to plastic
plates (Supplemental Fig. S7I).
To test whether the extracellular presence of NID1 is

sufficient to account for the cell–cell adhesion pheno-
type, MDA-MB-231 and HTB140 cells were pretreated

Figure 4. NID1 is increased in CM of
lung metastatic derivatives and promotes
lung metastasis while reducing tumori-
genesis in vivo. (A–C, top) Western blot
analysis of NID1 in CM of parental and
lung metastatic sublines of the MDA-
MB-231 human breast cancer cell line
(A) or the HTB140 melanoma cell line
(B) and control or NID1-overexpressing
MDA-MB-231 cells. (C, middle) Coomas-
sie blue staining of the membrane was
used as loading control. (Bottom) RT-
qPCR analysis of NID1 expression in cells
relative to parental cell lines and normal-
ized to GAPDH levels. (D,E) Biolumines-
cence imaging (BLI) quantification (D)
and representative images (E) of lung me-
tastasis after tail vein injection of vector-
and NID1-overexpressing MDA-MB-231
cells. n = 6. (F ) KM representation of over-
all survival of mice bearing lung metasta-
ses from D. P = 0.02, n = 5; n = 7. (G, top)
Western blot analysis of NID1 levels in
CM of control (vector and scrambled
shRNA) and NID1 knockdown (KD1 and
KD2) LM1a cell lines. (Middle) Coomassie
blue staining. (Bottom) RT-qPCR analysis
of NID1 expression relative to the paren-
tal cell line and normalized to GAPDH
levels. (H,I ) BLI quantification (H) and
representative images (I ) of lung metasta-
sis by control and NID1 knockdown
LM1a cell lines. n = 5–6. (J) Weights of
primary tumors after subcutaneous injec-
tion of control and NID1 knockdown
LM1a cell lines (at day 62 after injection).
n = 8–12. Bar and whisker plots display
the medians, 25th and 75th percent
quartiles, and the full range of variation
(from minimum to maximum). The P-val-

ue was calculated using the Mann-Whitney test. Data represent the mean ± SEM. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001, Student’s
t-test.
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with medium conditioned by NID1-overexpressing
cells. This CM, but not CM from control cells, enhanced
attachment to a confluent monolayer of ECs (Fig. 5F;
Supplemental Fig. S7J). Thus, secreted NID1 may bind
to the tumor cell surface and facilitate attachment to
the endothelium by linking the cells or stabilizing their
interaction.

Previous biochemical studies have identified integrins
αvβ3 and α3β1 as NID1 receptors that facilitate cell bind-
ing to a NID1-containing ECM (Dedhar et al. 1992; Dong
et al. 1995; Yi et al. 1998). We examined whether activa-
tion of integrin signaling through phosphorylation of the
focal adhesion kinase (FAK) on Tyr397 (Y397) could be de-
tected in the endothelium after cancer cell attachment.
MDA-MB-231 cells used for attachment showed low
basal FAK levels, while the presence of FAK and its phos-
phorylated form was higher in untreated HPMEC-ST1.6R

cells (Fig. 5G). Upon interaction with MDA-MB-231
cells, an increase in FAK phosphorylation in ECs was de-
tected.Most importantly, ECs incubatedwithNID1-over-
expressing cells showed enhanced FAK phosphorylation
compared with coculture with vector control cells (Fig.
5G).

To address which integrin NID1 may bind to activate
FAK phosphorylation, the expression of αvβ3 and α3β1
integrins in HPMEC-ST1.6R ECs was examined. Interest-
ingly, all four integrin subunits examined were expressed
in untreated and CM-treated ECs (Fig. 5H). Interestingly,
all four integrin subunits, but particularly the α3 and β3
subunits, were expressed at much lower levels in HPL1
lung ECs, possibly explaining the lack of NID1-mediated
increase in adhesion of cancer cells to HPL1 monolayers.
More importantly, the functional significance of αvβ3
and α3β1 integrins in NID1-mediated enhancement of

Figure 5. NID1 promotes cancer cellmigration, invasion, adhesion to ECs, and tube formation in vitro. (A,B) Transwellmigration (A) and
invasion (B) assays ofMDA-MB-231 vector andNID1-overexpressing cells. (C,D) Transwell migration (C ) and invasion (D) assays of LM1a
control (vector and scrambled shRNA) and NID1 knockdown (KD1 and KD2). (E,F ) Attachment of vector or NID1-overexpressing MDA-
MB-231 cells to HPMEC-ST1.6R EC monolayers. (F ) Vector cells were pretreated with serum-free medium (SFM) or CM from vector or
NID1-overexpressingMDA-MB-231 cells. (G) Western blot analysis of protein levels of focal adhesion kinase (FAK) and its phosphorylated
form, pFAK Y397, in MDA-MB-231 vector control and NID1-overexpressing cells as well as ECs before and after incubation with cancer
cells. Quantification of relative amounts of phosphorylated FAK (pFAK/FAK) in ECs is visualized; expression was normalized to the no
cell control. (H) Western blot analysis of protein expression of integrin subunits α3, αv, β1, and β3 in ECs and HPL1 after incubation with
CM fromvector orNID1-overexpressingHTB140 cells. Expression of β-actinwas used as a loading control. (I ) Attachment ofHTB140 cells
to HPMEC-ST1.6R EC monolayers after pretreatment with CM from vector control and NID1-overexpressing HTB140 cells followed by
treatment with various integrin-blocking antibodies, control IgG, or SFM. (J,K ) Immunofluorescence images (J) and quantification (K ) of
vascular permeability by the area occupied by diffused dextran (K, left) and the number of leaked sites (K, right) after treatment of
mice with CM derived from vector and NID1-overexpressing MDA-MB-231 cells. n = 10 mice. (L) Quantification and phase images of
in vitro tube formation of MDA-MB-231 vector control and NID1 overexpression cells. Bar, 100 µm. In vitro assays were performed at
least in triplicate. All data represent the mean ± SEM. (n.s.) Not significant; (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001,
Student’s t-test.
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cell adhesionwas demonstrated using blocking antibodies
against integrins β1 and αvβ3 (Fig. 5I). While inhibition of
the β1 and αvβ3 integrins reduced adhesion of HTB140
melanoma cells to endothelial layers, it also eliminated
the increase in adhesion facilitated by NID1-containing
CM (Fig. 5I). This suggests that these integrins are needed
for theNID1-mediated cancer cell attachment to endothe-
lial layers. Surprisingly, a blocking antibody against the
integrin α3 subunit promoted the adhesion of cancer cells
to endothelial layers (data not shown), possibly due to ef-
fects unrelated to NID1 binding.
FAK activation in ECs has been shown to interfere

with the stability of adherens junctions. We examined
the involvement of NID1 in cancer cell-induced hyper-
permeability of lung capillaries in vivo. Rhodamine-con-
jugated dextran was detected at significantly higher
levels within lungs from mice inoculated with CM de-
rived from NID1-overexpressing cells, as evidenced by
the diffuse areas of fluorescence signal observed in lung
sections (Fig. 5J,K; Supplemental Fig. 7K–M). This desta-
bilization in pulmonary vasculature and increased perme-
ability may facilitate exit of cancer cells from circulation.
Indeed, NID1 overexpression in MDA-MB-231 cells in-
creased migration through an EC monolayer (Supplemen-
tal Fig. S7N). In a similar way, at the physiological level of
high NID1 expression by LM1-744 cells, a significantly
higher level of permeability is observed in the lungs of
the mice treated with LM1-744 CM compared with lungs
from mice injected with parental HTB140 CM (Supple-
mental Fig. S7O–Q).
Last, we examined how NID1 affects the interaction of

cancer cells with the surrounding ECM by culturing cells
on top of Matrigel. All cancer cell lines exhibited tube for-
mation capacity, a characteristic related to the vascular
mimicry, a phenomenon that has been documented in
highly aggressive tumor cells that express EC-associated
genes and form perfusable, matrix-rich, and patterned tu-
bular networks when cultured on a three-dimensional
matrix (Maniotis et al. 1999). Vascular mimicry of tumor
cells has been shown to promote metastatic outgrowth
(Francescone et al. 2011; Wagenblast et al. 2015). NID1
overexpression promoted the tube formation capacity of
breast cancer cell lines MDA-MB-231 and SCP28 as well
as the melanoma HTB140 cell line (Fig. 5L; Supplemental
Fig. S8A,B). Conversely, knockdown ofNID1 in LM1a and
LM1-744 cells significantly reduced the tube formation
capability of melanoma cells (Supplemental Fig. S8C,D).
In fact, knockdown cell lines, particularly NID1-KD2
with the lowest NID1 expression, formed clumps or
cluster-like structures rather than tubes, a characteristic
associated with a poor metastatic phenotype (Harrell
et al. 2014). To evaluate whether extracellular NID1 was
responsible for the observed phenotype, we incubated
NID1-overexpressing cells with anti-NID1 antibody and
observed a significant reduction in tube formation to
the levels of control cells (Supplemental Fig. S8E). Taken
together, these results indicate that extracellular NID1
facilitates the tube formation capability of cancer
cells in vitro, thereby contributing toward a metastatic
phenotype.

NID1 correlates with poor clinical outcome in breast
cancer and melanoma patients

Given the functional importance of NID1 in promoting
lung metastasis in mouse models, we explored whether
NID1 expression has clinical significance as a prognostic
marker in patient data sets. We first surveyed NID1 ex-
pression in breast cancer patients with and without me-
tastasis in the EMC286-MSK cohorts (Minn et al. 2005;
Wang et al. 2005) and found that while metastatic cancer
patients displayed a trend toward higherNID1 levels com-
pared with metastasis-free patients, those suffering from
lung metastasis, but not bone metastasis, had signifi-
cantly higher NID1 expression (Fig. 6A). In addition, we
found thatNID1 correlated with poor prognosis in multi-
ple breast cancer clinical data sets (Fig. 6B–F). The KM
Plotter database (Györffy et al. 2010) showed that patients
with highNID1 levels had an increased risk of developing
distantmetastasis (Fig. 6B–D), particularly among ER-neg-
ative patients (Fig. 6C). Moreover, using an independent
patient cohort (NKI295) (van de Vijver et al. 2002), we con-
firmed that ER-negative patients exhibited shorter DMFS
if NID1 expression was elevated (Fig. 6E), while no differ-
ence was observed among ER-positive patients (Fig. 6F). A
similar analysis using the melanoma TCGA clinical mi-
croarray data set revealed that primary melanoma pa-
tients with high NID1 expression displayed shorter
overall survival than those expressing lower levels (Fig.
6G). The 2-yr survival rate of patients with high ex-
pression of NID1 was 55.4%, compared with 80.3% for
those with low expression. Taken together, NID1 is up-
regulated in breast cancer and melanoma patients with
metastasis compared with metastasis-free patients and
may predict poor prognosis in some cancer patient
populations.

Discussion

Using a quantitative proteomic approach, we present
comprehensive global and lung metastasis-specific secre-
tome profiles derived from a well-established breast can-
cer model and a newly derived melanoma model of lung
metastasis. These profiles demonstrate modest correla-
tion of quantitative protein and mRNA measurements,
highlighting the importance of protein level quantifica-
tions to avoid potential omission of metastasis markers
or regulators, such as FN1 and NOV, in transcriptome-
based profiling. The breast cancer-specific and melano-
ma-specific LMSSs, harboringmany known and novelme-
diators and markers of lung metastasis, correlate with
clinical outcome and lung relapse in multiple patient
data sets. This indicates that LMSS proteins and their en-
coding genes, individually or as a signature, may be useful
prognostic tools for assessing the risk for lung metastasis
in clinical settings. The prognostic performance of LMSS
proteins at the protein level, particularly as circulating
biomarkers, needs to be assessed in future studies using
patient samples because such noninvasive measurements
not only are more convenient in the clinic but may also
find stronger associations with clinical outcomes than
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transcriptome-based analyses. In our study, we used tran-
scriptomic data for clinical analyses due to a lack of such
protein level data and hence we believe that the power of
some of these markers may be underestimated. In support
of this, several LMSS proteins have been reported previ-
ously as circulating biomarkers in cancer patients, corre-
lating to presence of cancer or associating with poor
clinical outcome. As such, serum CLIC4 levels were ele-
vated in ovarian cancer patients compared with controls
(Tang et al. 2013), LCP1was increased in the plasma of pa-
tients with kidney cancer (Tang et al. 2013), and the plas-
ma GDF15 levels were high in colorectal cancer patients
and predicted poor survival (Wallin et al. 2011; Mehta
et al. 2015).

Following the observation of increased NID1 secretion
from aggressively lungmetastatic breast cancer andmela-
noma cells, we experimentally validated NID1 as a novel
promoter of lung metastasis in vivo and revealed its
various metastasis-related functions in vitro. We demon-
strated that NID1 enhances lung metastatic phenotypes
by increasing migration, invasion, attachment to the
endothelium, vascular permeability, and tube formation
(Fig. 6H). Mechanistically, we demonstrated that NID1
activates integrin signaling in ECs, thereby disrupting
intercellular junctions to enable transmigration of
cancer cells and efficient extravasation into the lung pa-
renchyma. The ability of NID1 to promote extravasation
may promote general metastasis but is likely to be partic-

ularly important for facilitating lungmetastasis compared
with other distant sites. For instance, unlike bone sinu-
soids that have a discontinuous endothelium to facilitate
the passage of hematopoietic and other cells (Oghiso and
Matsuoka 1979), the lung contains a continuous endothe-
lium with tight cell–cell junctions that requires a special-
ized ability of the metastatic tumor cells to promote
vascular permeability and transendothelial migration in
order to seed lung metastasis (Gupta et al. 2007; Padua
et al. 2008). This is perhaps part of the reason why NID1
is specifically required for lung but not bone metastasis.

Clinically, high NID1 expression correlates with lung
relapse and poor prognosis in breast cancer andmelanoma
data sets. Tumor-derived NID1 may thus serve as a new
biomarker for lungmetastasis. In support of this, previous
reports have shown elevated NID1 blood levels in multi-
ple myeloma and ovarian cancer patients compared with
healthy controls (Zhang et al. 2012; Khan et al. 2014; Li
et al. 2015). Furthermore, high NID1 levels correlated
with advanced stage and reflected tumor burden in ovari-
an cancer patients (Li et al. 2015). In future studies of
NID1, serum or plasma levels will need to be assessed in
breast cancer and melanoma patients, and association
with lung relapse and clinical outcomewill need to be cor-
related to examine its relevance as a blood biomarker.

NID1 has been shown to interact with other ECM pro-
teins, including collagen, perlecan, and laminin (Chung
and Durkin 1990; Fox et al. 1991; Dziadek 1995), thereby

Figure 6. Clinical analysis of NID1 in patient data sets. (A) Box plot ofNID1 expression in samples from breast cancer patients who, at 30
mo after diagnosis, displayed no metastasis (NoMet) or hadmetastasis (AnyMet), including lung (LungMet) and bone (BoneMet) metas-
tasis. P-values are indicated above the corresponding box plots. (B–D) KM plot of DMFS of all (B), ER-negative (C ), and ER-positive (D)
grade 3 breast cancer patients, stratified by median primary tumor NID1 expression (KM Plotter). n = 458 for all; n = 215 for ER−; n =
243 for ER+. (E,F ) KM plot of DMFS of ER-negative (E) and ER-positive (F ) breast cancer patients, stratified by median primary tumor
NID1 expression. NKI295, n = 295. (G) KM plot of overall survival of primary melanoma patients stratified by upper quartile primary tu-
morNID1 expression. TCGAmelanoma,n = 470. (H) Schematic representation ofNID1 function during lungmetastatic progression. Log-
rank test P-values are displayed for KM plots. (∗) P < 0.05, Student’s t-test.
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facilitating ECM organization and basement membrane
formation (Aumailley et al. 1993; Dziadek 1995; Tunggal
et al. 2003). Previous studies have demonstrated that
NID1-containing ECM promoted cancer cell attachment
via interaction with cell surface integrins αvβ3 and α3β1
(Dedhar et al. 1992; Dong et al. 1995; Yi et al. 1998).
Both αvβ3 and α3β1 integrins have also been implicated
in later stages of metastasis, specifically during adhesion
of circulating tumor cells to the vasculature (Felding-Hab-
ermann et al. 2001; Wang et al. 2004). Furthermore, α3β1
integrins expressed on circulating tumor cells have been
shown to bind to laminin-5 within exposed regions of
the vascular basement membrane during lung metastasis
(Wang et al. 2004). Interestingly, integrin αvβ3, while not
expressed on quiescent ECs, becomes markedly up-regu-
lated at sites of angiogenesis and in response to human
breast tumor cells (Brooks et al. 1995) and may facilitate
cancer cell adhesion through interaction with tumor-de-
rived NID1. In fact, phosphorylation of FAK, which can
occur upon activation of integrin signaling, is elevated
in ECs after binding to NID1-overexpressing cancer cells,
supporting the hypothesis that cell adhesion is facilitated
at least to some extent by NID1–integrin interactions.
However, it is possible that other receptors and extracellu-
lar proteins that bindNID1may also contribute to its lung
metastasis-promoting functions. Notable interaction
partners include PLXDC1/TEM7 (Lee et al. 2006), which
is expressed in the human tumor endothelium (St Croix
et al. 2000); the scavenger receptor LGALS3BP (Sasaki
et al. 1998; Hellstern et al. 2002), which promotes integ-
rin-mediated cell adhesion; and the putative cell adhesion
receptor PTPRF/LAR (O’Grady et al. 1998).
Reminiscent of the role of TGFβ in cancer andmetastat-

ic progression, NID1 seems to be a tumor suppressor and
metastasis promoter in our breast cancer and melanoma
models. However, these functions may be cancer type-de-
pendent, asNID1 promoted tumorigenesis andmetastasis
of endometrial cancer (Pedrola et al. 2015), while loss of
expression through promoter methylation in colon and
gastric cancers (Ulazzi et al. 2007) or increased protein
degradation in prostate cancer (Ko et al. 2015) correlated
with enhanced tumor growth and metastasis. One possi-
ble mechanism by which NID1 may decrease tumorigen-
esis could be its strong binding affinity for perlecan, which
can be secreted by quiescent ECs tomute proliferative and
invasive phenotypes of lung and breast cancer cells in vi-
tro and reduce their protumorigenic and proinflammatory
signaling (Franses et al. 2011).
Overall, we provide a valuable resource of lungmetasta-

sis secretomes in breast cancer and melanoma, which
contains known and putative mediators and markers of
lung metastasis. Our study highlights the importance of
analyzing secreted proteins on a proteomic-level to under-
stand complex tumor–stroma interactions at distant sites.
We also experimentally validate the novel role of NID1 in
promoting lungmetastasis of breast cancer andmelanoma
by enhancing several prometastatic characteristics, in-
cluding cell migration, attachment to an endothelium,
vascular permeability, and tube formation. As NID1 is a
secreted protein that is easily accessible to inhibitors,

new therapeutic methods may be developed to specifi-
cally target NID1 for reducing lung metastasis.

Materials and methods

Cell lines, cell sorting, and isolation of lung metastatic sublines

The breast cancer cell line MDA-MB-231 was obtained from
American Type Culture Collection (ATCC), while its sublines,
LM2-A and LM2-B, were kindly provided by Dr. J. Massagué (Me-
morial Sloan Kettering Cancer Center). All breast cancer cell
lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Coring) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Gemini), penicillin/streptomycin (Coring),
and amphotericin B (Coring) unless otherwise noted.HTB140 (ob-
tained from ATTC) and its sublines, including LM1a and LM1-
744, were supplemented with 10% not heat-inactivated FBS
(Gemini), penicillin/streptomycin (Coring), and amphotericin B
(Coring) unless otherwise noted. The HPMEC-ST1.6R human
pulmonary microvascular EC line (Krump-Konvalinkova et al.
2001) was cultured in M199 medium (Gibco) supplemented
with 20% heat-inactivated FBS, 50 µg/mL ECGS, penicillin/
streptomycin (Gibco), and amphotericin B. The human epithelial
cell lineHPL1was cultured as described previously (Masuda et al.
1997).
All cell lines used in this study were tested regularly on a

monthly basis for mycoplasma throughout the study, and results
were consistently negative. Mycoplasma testing was performed
as described previously (Uphoff and Drexler 2011). The Genetica
STR profiling service was used to determine the STR profiles of
the six cell lines used in the secretome analysis. The STR profiles
werematched to the ATCC STR database (https://www.atcc.org/
STR%20Database.aspx) and confirmed the authentication of
these cell lines (Supplemental Table S10).
For bioluminescent tracking, cell lines were retrovirally infect-

ed with a triple-fusion protein reporter construct encoding herpes
simplex virus thymidine kinase 1, green fluorescent protein
(GFP), and firefly luciferase (Kang et al. 2003). GFP-positive cells
were enriched by fluorescence-activated cell sorting (FACS).
To isolate lung metastatic sublines from lung lesions using the

parental HTB140 melanoma cell line, BALB/c nude mice were
injected with 106 HTB140 luciferase-labeled cells by tail vein in-
jection and allowed to develop lung metastases. Metastatic pro-
gression was monitored by weekly bioluminescence imaging
(BLI). At the experimental end points, lungs were harvested, and
single lung metastatic nodules were isolated and dissociated me-
chanically. Cells were collected by centrifugation and washed
once with PBS before being cultured in 5-cm plates using regular
HTB140 culture medium. After cells reached confluence, they
were sorted by FACS based on GFP expression to isolate a pure
population of human melanoma cells. Each newly derived lung
metastatic subline was obtained from a single lung metastatic
nodule.

CM preparation

For quantitative SILAC analyses,matched pairs of highly or lowly
lung metastatic cell lines were cultured in DMEM without argi-
nine and lysine supplementedwith 10%dialyzed FBS (Invitrogen)
and either normal or heavy arginine (13C6, 15N4; +10 Da)
(Thermo Scientific Pierce) and lysine (13C6, 15N2; +8 Da)
(Sigma). After 7 d of culture, cells were counted, and equal num-
bers of cells were split into 15-cm dishes at ∼50% confluence.
Once cell lines reached ∼70% confluence, two 15-cm dishes of
each cell linewerewashed three timeswith PBS to remove serum
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proteins and incubated for 24 h in 15 mL of serum-free DMEM.
CM was then removed, mixed, filtered with 0.45-µm filters, and
maximally concentrated (75-fold to 100-fold) via centrifugation
at 4000 rpm at room temperature in 3-kDamolecular weight cut-
off (MWCO) concentrating columns (Millipore). Concentrated
CM samples were stored at −80°C until processing for MS.
ForNID1-related experiments, CMwas prepared similarly to as

described above. Briefly, once cells reached ∼80% confluence,
plates were washed three times with PBS and incubated with se-
rum-free medium (SFM) for 24 h. CM was collected and centri-
fuged at 1000 rpm for 5 min or filtered using a 0.45-µm filter to
remove any cells or cell debris. CM was concentrated using
MWCO columns of 50 or 100 kDa (Amicon) to obtain ∼10-fold
concentrated medium.

Sample preparation and MS

Samples for MS analysis were prepared as described previously
(Blanco et al. 2012). Briefly, concentrated CM samples were run
on 10% SDS–polyacrylamide gels and cut into 12 gel slices per
sample. Solubilized gel slices were treated with dithiothreitol
and iodoacetamide prior to in-gel digestion with trypsin at a
20:1 protein:enzyme ratio for 12 h at 37°C (Shevchenko et al.
1996). All peptide digests were desalted using homemade C18

STAGE tips (Rappsilber et al. 2003), dried to near dryness in a vac-
uum centrifuge, and diluted in 10 µL of 0.1% acetic acid for MS
analysis.
MS was performed as described previously (LeRoy et al. 2009;

Blanco et al. 2012). Briefly, nanoflow liquid chromatography
MS/MS (nLC-MS/MS) was performed on a hybrid linear ion trap
Orbitrapmass spectrometer (Thermo Electron) coupled to anAgi-
lent 1200 series binary high-performance liquid chromatography
(HPLC) pump (Agilent Technologies) and an Eksigent AS2 auto-
sampler (Eksigent Technologies). Peptides samples (2 µL) were
loaded onto 75-µm inner diameter fused silica capillary columns
constructed with integrated electrospray tips that were packed
with 15 cm of C18 reversed-phase (RP) resin (Magic C18, 5-µm
particles, 200-Å pore size; Michrom BioResources). Peptides
were separated by RP-HPLC using a gradient from 2% to 45%
buffer B (buffer A: 0.1% acetic acid; buffer B: 70% acetonitrile
in 0.1% acetic acid) at a flow rate of ∼200 nL/min for 110 min.
The Orbitrap instrument was operated in data-dependent mode
using a resolution setting of 30,000 to obtain a full MS spectrum
followed by 10 MS/MS spectra obtained in the ion trap. Peptides
selected for MS/MS fragmentation were then placed on an exclu-
sion list for 30 sec to limit duplicate spectra. The MS scans were
collected with an automatic gain control target value of 5 × 105

and maximum injection time of 100 msec over a mass range of
300–1650 m/z. MS/MS scans were collected using an automatic
gain control value of 4 × 104 and threshold energy of 35% for col-
lision-activated dissociation.

MS data analysis

All MS/MS spectra were processed through the MaxQuant pro-
gram (Franses et al. 2011). Parameters for MS/MS database
searching included the following: precursor mass tolerance, 4.5
ppm; product mass tolerance, 0.5 Da; enzyme, trypsin; missed
cleavages allowed, two; static modifications, carbamidomethyl
(C); variablemodifications, acetyl (proteinN-terminal) and oxida-
tion (M); and database,Homo sapiens (UniProt, July 2014). PSMs
and protein false discovery rate were filtered for <0.01. Data were
log-transformed and normalized, and statistics were assessed us-
ing the t-test (homoscedastic; two independent samples). All MS
proteomics data were deposited at The Chorus Project (https://
chorusproject.org) with ID number 1046.

Subcellular compartment and GO enrichment analyses

Annotation of extracellular proteins was performed manually us-
ing the European Bioinformatics Institute (EMBL-EBI) UniProt
Gene Ontology Annotation database (Huntley et al. 2015) in
the QuickGO software (Binns et al. 2009), ExoCarta (Mathivanan
and Simpson 2009), and Vesiclepedia (Kalra et al. 2012). The hu-
manGOannotation “extracellular region” (GO: 0005576)was ex-
tracted from QuickGO (latest update November 1, 2015), and
proteins foundwithin this ontologywere annotated as extracellu-
lar. Proteins were further probed for the presence in the child
terms “extracellular exosome compartment” (GO: 0070062)
and “external side of the plasmamembrane” (GO:0009897) with-
in this data set. Proteins were annotated as exosomal if found
within the ExoCarta (version 5) and Vesiclepedia (version 3)
data sets at the protein level and in human samples only.
For GO enrichment analysis, proteins were subjected to BiN-

GO analysis (version 3.0.3) (Maere et al. 2005) using Cytoscape
software version 3.2.1 (Lotia et al. 2013). Parameters were set to
showoverrepresentation of GO termswith P-values <0.05 (hygro-
metric statistical test with Benjamin and Hochberg false discov-
ery rate [FDR] correction). GOSlim GOA, representing a subset
of the broadest GO terms, and GO FAT ontology files, in which
the broadest terms were excluded in order to not overshadow
more specific terms, were interrogated for GO enrichment analy-
sis of all proteins. GO FATontologies were obtained fromDAVID
(Huang et al. 2008), and redundant and child terms were removed
using Reduce and Visualize GO (REViGO) (Supek et al. 2011) and
manual inspection and visualized using Cytoscape. For LMSSs,
GO Biological Process and GO Molecular Function ontologies
were interrogated. For all analyses, annotations with five or fewer
proteins were excluded.

Protein interaction network analysis

To analyze the interactome of the lung metastatic secretome
from breast cancer andmelanoma, the cancer-specific Up-LMSSs
and Down-LMSSs were combined and imported into STRING
(version 10) (Szklarczyk et al. 2015). Protein interactions were
mapped by displaying only high-confidence interactions with a
score of 0.7. The networks were downloaded and then processed
using Cytoscape (Lotia et al. 2013). Clustering into protein fami-
lies and functional categories was performed manually.

Analysis for association with survival and incidence/sites of metastasis

For clinical data set survival analyses, association between gene
expression and metastasis was assessed using a univariate Cox
proportional hazards model or KM estimator provided by the on-
line KM Plotter database (version 2014) (Györffy et al. 2010). Sig-
nificance of survival differences between groups was assessed by
log-rank test, with P < 0.05 being considered significant. For
breast cancer signature analyses, the multigene classifier option
on KM Plotter was used to analyze the mean expression of the
top 40 genes in each signature and correlate it withDMFS. An up-
per quartile cutoff was used for theUp-LMSS, and a lower quartile
cutoff was used for the Down-LMSS. At the time of analysis, 664
breast cancer patients were included in the analysis, among
which 227 were ER-negative and 437 were ER-positive. For mel-
anoma signature analysis, a score based on the sum of the Z-
scores for each of the top 40 genes was calculated for the 470 pa-
tients in the TCGA skin cutaneous melanoma data set (http:
//cancergenome.nih.gov). Patients were then stratified by theme-
dian score, and the overall survival was assessed. The KM Plotter
databasewas used to assess the correlation betweenNID1 expres-
sion and DMFS in grade 3 breast cancer patients using a median
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cutoff. KM estimators were used to predict DMFS in the NKI295
data set (van de Vijver et al. 2002), stratified into high and low
NID1 expression groups based on median expression. To assess
association with incidence/sites of metastasis, tumors collected
on the EMC286-MSK (Minn et al. 2005; Wang et al. 2005) and
TCGA melanoma data sets were grouped according to incidence
and/or site of metastasis, and differences in group expression
means were assessed by two-sided Student’s t-tests with the as-
sumption of equal variance. The survival analysis of melanoma
patients was done using Matlab. The Matlab code is provided as
both a “.m” file (Supplemental File 1), which is the format for
Matlab, and a “.txt” file (Supplemental File 2). The TCGA mela-
noma clinical data set is provided as an Excel file (Supplemental
Table S11) and is needed to run the program, as the program im-
ports data from the sheet.
For the EMC286-MSK data set, groups were defined based on

whether metastasis occurred at 30 mo. GSEA version 2.0 (Subra-
manian et al. 2005) was used to determine enrichment of lung
metastasis signatures in the normalized microarray data of the
published clinical data set EMC286 (Wang et al. 2005) after it
was separated into metastasis-free and either general or site-spe-
cific metastasis phenotypes. For gene list ranking, multiple probe
matches were collapsed into one value, with the highest probe
reading being used in each case. Only probes with matches to
gene symbols were used. Genes were ranked using the provided
signal to noise ranking statistic, and GSEA was run using a
weighted statistic and elevated for statistical significance by com-
parisonwith results obtained using 1000 randompermutations of
each gene set. For all other GSEA parameters, default settings
were used.

Western blot analysis

For Western blot analysis, whole-cell lysate and CM samples
were subjected to SDS-PAGE and subsequently transferred to
Immobilon PVDF membranes (Millipore). Membranes were
blocked in 5% milk for 1 h prior to overnight primary antibody
incubation. The primary antibodies used were anit-NID1
(1:1000; Abcam, ab133686), anti-FAK and anti-phospho-FAK
(Tyr397) (1:1000; Cell Signaling Technology FAK antibody sam-
pler kit, 9330), anti-integrin β1 antibody (EP1041Y) (1:1000;
Abcam, ab52971), anti-integrin αV antibody (EPR16800)
(1:5000; Abcam, ab179475), anti-integrin β3 antibody (EPR2342)
(1:1000; Abcam, ab119992), and anti-integrin α3 antibody
(1:1000; Abcam, ab190731). Membranes were incubated with
horseradish peroxidase (HRP)-conjugated anti-mouse secondary
antibody (1:2000 dilution; GE Healthcare) or anti-rabbit second-
ary antibody (1:2000 dilution; GE Healthcare) for 1 h, and chemi-
luminescence signals were detected by ECL substrate (GE
Healthcare). Coomassie blue staining of the membrane was
used to assess equal loading of CM samples. Gel quantifications
were performed using ImageJ (National Institutes of Health).

Reverse transcription and RT-qPCR

Total RNA was isolated using the RNeasy kit (Qiagen) and re-
verse-transcribed with the SuperScript III kit (Invitrogen) follow-
ing the manufacturer’s instructions. RT-qPCR was performed
using the SYBR Green PCR Master mix (Applied Biosystems)
with an ABI Prism 7900HT thermocycler (Applied Biosystems).

Generation of stable cell lines

Stable overexpression of all genes was achieved using the pLEX
lentiviral plasmid. Lentiviral vectors were transfected into the
packaging cell line HEK293T. After 48 h, viruses were collected,

filtered, concentrated, and used to infect target cells in the pres-
ence of 8 µg/mL polybrene. The infected cells were selected
with puromycin. Stable shRNA-mediated knockdown was
achieved with the MISSION lentivirus system (Sigma).

Transwell migration, invasion, and transendothelial migration assays

Migration and invasion were performed as described previously
(Korpal et al. 2011). Briefly, cancer cells were scraped off plates,
washed in PBS, and resuspended in SFM. Cells (105) were placed
in inserts (Costar) containing 8-µm pores coated with (invasion
assay) or without (migration assay) 1 mg/mL Matrigel. Inserts
were then placed in wells with regular medium. Twelve hours
(migration) or 24 h (invasion) after seeding, regular medium was
collected, and 500 µL of trypsin was added to the wells to trypsi-
nize cells that had passed through the pores. Trypsin was neutral-
ized with the collected regular medium and centrifuged for 5min
at 1000 rpm. The medium was aspirated to leave ∼100 µL for re-
suspension of the cell pellet. The remaining volume was record-
ed, and 10 µL of resuspended cells was used to count the total
number of cells that had migrated through the pores using a he-
mocytometer. For transendothelial migration assays, Matrigel-
precoated inserts were seeded with 105 HPMEC-ST1.6R cells
and incubated inHPMEC-ST1.6Rmedium to allow for the forma-
tion of a confluent EC monolayer. Cancer cells were seeded onto
EC monolayers in FBS-reduced HPMEC-ST1.6R medium (2.5%
FBS) and incubated for 12 h. Cells were harvested as described
above, lysed with luciferase lysis buffer (2 mM EDT, 20 mM
DTT, 10% glycerol, 1% Triton X-100, 25 mM Tris at pH 7.8),
and quantified by firefly luciferase assay. Mean signal intensity
calculated from at least five technical replicates of each condition
was normalized to luminescence from control wells containing
the starting number of cancer cells that were plated in parallel.

Endothelial adhesion assay

To test the adhesion of cancer cells to the ECs, the HPMEC-
ST1.6R EC line was grown to confluence in a 24-well plate.
Once confluent, the monolayers were pretreated with 1× CM (di-
luted 10-fold from10× concentrated CM) for 24 h before the adhe-
sion assay was performed. Luciferase-labeled cancer cells were
scraped off plates, washed in PBS, and resuspended in cell attach-
ment buffer (HPMEC-ST1.6Rmedium supplemented with 1mM
CaCl2, 1 mMMnCl2, and 1mMMgCl2). Cells (5 × 104) were seed-
ed onto the EC monolayer in a total volume of 1 mL or less and
incubated for 30 min at 37°C. The same number of cells was add-
ed to three Eppendorf tubes to be used as total cell number con-
trols and for normalization. Unbound cells were removed by
washing three times with PBS. Attached cells were lysed with lu-
ciferase lysis buffer and quantified by firefly luciferase assay using
GloMax. The luminescence intensity of each well was normal-
ized to that of lysed added cells from the Eppendorf tubes. For pre-
treatment studies, CM was collected, filtered through a 0.2-µm
filter, and concentrated using a filter unit (100 kDaMWCO; Ami-
con). Cells were pretreated with concentrated CM for 24 h before
adhesion assays.
For blocking experiments with antibodies against different

integrin subunits, the following antibodies were used: anti-integ-
rin α3 (clone ASC-1; Sigma, MAB2056Z), anti-integrin β1 (clone
P5D2; R&D, MAB17781), and anti-integrin αVβ3 (clone 23C6;
Thermo Fisher, 16-0519-81). IgG controls were from Thermo
Fisher. HPMEC-ST1.6R cells were seeded into wells of gelatin-
treated white 96-well plates and grown to confluency. Con-
fluency was determined by observing cells in transparent
plates seeded in parallel. Prior to the adhesion assay, ECs were
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treated with CM from vector control and NID1-overexpressing
HTB140 cells overnight. The next day, integrin-blocking anti-
bodies and controls (IgG and PBS) were resuspended in cell at-
tachment buffer containing the corresponding 1× CM at a
concentration of 10 µg/mL. Fifty microliters of the antibody–
CMmixture was added per well and incubated for 20 min. Lucif-
erase-labeled HTB140 cells (1.5 × 104 cells) were suspended in
binding medium containing 1× CM. The cells were gently added
in a volume of 50 µL per well to the pretreated wells on top of
integrin-blocking antibodies. Cells were incubated for 40 min
at 37°C and then gently removed and washed three times with
DPBS using a multichannel pipet. One-hundred microliters of
EC medium followed by 50 µL of 1 µg/mL D-luciferin in DPBS
was added to the wells, and luciferase activity was determined
using GloMax. Wells that were seeded in parallel but not washed
were used as the control for total seeding and to calculate the ad-
hesion percentage.

Vascular permeability assay

Lung microvasculature permeability was determined by the rho-
damine–dextran extravasation technique. Mice were injected in-
travenously with 100 µL of 10× CM for two consecutive days. On
the second day, mice were injected intravenously with rhoda-
mine-conjugated dextran 70,000 MW at 1 mg per 20 g of body
weight followed by anesthesia exactly 1 h later. Lungs were
heart-perfused with PBS, dissected, and fixed in 2% PFA with
20% sucrose. Eight-micrometer cryosections of lungs were
stained with DAPI and examined by fluorescence microscopy
for vascular leakage. ImageJ was used to quantify individual sites
of leakage and percentage area of perfused dextran. Images of the
red (rhodamine–dextran) channel were first converted to a binary
image, and a fixed threshold was applied. Images were then sub-
jected to the “Analyze Particles” analysis with settings for sizes
of 10 to infinity. Counts were used as a quantification of individ-
ual sites of leakage, while %area was used as a quantification for
the percentage area of perfused dextran.

Tube formation assay

Ninety-six-well plates were coated with 50 µL of growth factor-
reducedMatrigel (BD Biosciences), and 104 to 105 cells were plat-
ed with SFM in each well as described previously (Francescone
et al. 2011). For antibody treatments, cells were incubated with
1 mg/mL anti-NID1 antibody for 30 min at 4°C prior to seeding.
All cells were plated in at least four replicates. Morphology stud-
ies were performed 2–24 h after seeding, depending on the cell
line, using the Zeiss Axiovert 200 microscope and AxioVision
software version 4.6.3 SP1. Tube formation was quantified using
the Angiogenesis Analyzer plug-in in ImageJ (http://http://image.
bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ).

Tumor xenografts, bioluminescence, and histological analyses

All animalworkwas performed in accordancewith the guidelines
of the Institutional Animal Care and Use Committee of Prince-
ton University under approved protocols. For lung metastasis ex-
periments, 1 × 105 luciferase-labeled cancer cells were washed in
PBS and injected via tail vein into 6- to 8-wk-old female athymic
nude (breast cancer cell lines) or male NSG (melanoma cell lines)
mice. Noninvasive bioluminescent imaging was performed to
quantify the metastasis burden in using an IVIS 200 imaging sys-
tem (Caliper Life Sciences). Analysis was performed with Living
Image software (Xenogen) by measuring photon flux of the region
of interest. Data were normalized to the signal obtained immedi-

ately after injection (day 0). For primary tumor experiments, 1 ×
105 cancer cells were injected into the mammary fat pad (breast
cancer) or subcutaneously (melanoma). Tumor size was mea-
sured weekly using a caliper, and volume was calculated using
the formula width2 × length/2. At the end point, tumors were ex-
cised, and tumor weight was determined using a scale.

Statistics and bioinformatics

For statistical analyses, results were reported as average ± SEM.
Two-sided independent Student’s t-tests without equal variance
assumption were performed to analyze data from in vitro assays
and in vivo experiments. In each statistical analysis, P < 0.05
was considered statistically significant. Bar andwhisker plots dis-
play the medians, 25th and 75th percent quartiles, and the full
range of variation (from minimum to maximum). The P-value
was calculated using the Mann-Whitney test.
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