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Abstract

cific organs.

metastasis genes.

associated with the clinical outcome.

Background: Metastasis is the most devastating stage of cancer progression and often shows a preference for spe-

Methods: To reveal the mechanisms underlying organ-specific metastasis, we systematically analyzed gene expres-
sion profiles for three common metastasis sites across all available primary origins. A rank-based method was used to
detect differentially expressed genes between metastatic tumor tissues and corresponding control tissues. For each
metastasis site, the common differentially expressed genes across all primary origins were identified as organ-specific

Results: Pathways enriched by these genes reveal an interplay between the molecular characteristics of the can-

cer cells and those of the target organ. Specifically, the neuroactive ligand-receptor interaction pathway and HIF-1
signaling pathway were found to have prominent roles in adapting to the target organ environment in brain and

liver metastases, respectively. Finally, the identified organ-specific metastasis genes and pathways were validated
using a primary breast tumor dataset. Survival and cluster analysis showed that organ-specific metastasis genes and
pathways tended to be expressed uniquely by a subgroup of patients having metastasis to the target organ, and were

Conclusions: Elucidating the genes and pathways underlying organ-specific metastasis may help to identify drug
targets and develop treatment strategies to benefit patients.

Keywords: Organ-specific metastasis, Gene expression profiles, Pathway analysis

Background

Metastasis is a fatal step in cancer progression and is the
main cause of cancer-related deaths [1]. Tumor metas-
tasis to different organs is not a random process but is
known to show organ-specific preference [2]. Organ-
specific metastasis was first described by the “seed and
soil” theory proposed by Stephen Paget; according to the
theory, certain tumors (the “seeds”) have specific affinity
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for particular organs (the “soil”) [3]. For instance, colon
carcinomas usually metastasize to liver and lung but
rarely to bone, brain, and kidneys. In contrast, breast car-
cinomas, frequently metastasize to most of these organs
[4]. Recent discoveries indicate that molecular charac-
teristics of cancer cells and their target tissues cooper-
ate to determine the organ-specific metastasis observed
for many tumors, greatly enhancing our understand-
ing of the “seed and soil” theory [5]. Investigation of the
mechanisms that mediate site-specific metastasis are
likely to lead to the identification of new drug targets for
therapy. For instance, targeting the expression of plate-
let-derived growth factor receptor signaling pathways in
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tumor-associated endothelial cells and pericytes could
inhibit liver metastasis of colon carcinoma [6]. However,
the mechanisms of organ-specific metastasis remain an
intriguing but unanswered questions in cancer research.

Gene expression profiles are widely used to explore
organ-specific metastasis. Several groups have devel-
oped microarray-based diagnostic tools to determine a
tumor’s site of origin [7, 8] or to predict metastasis sites
[9]. For example, the Pathwork Diagnostics® is a well-
studied and clinically validated microarray-based gene
expression diagnostic test for determining tissue of origin
[7, 8]. However, these studies did not elucidate the roles
of signatures in the preferences of primary tumor types
when spreading to specific distant sites. Several groups
have worked on this question, mainly focusing on identi-
fying genes that mediate metastases of one primary can-
cer type to particular sites [10-12] or whose expression
in primary tumors correlates with metastatic recurrence
[13]. However, to our knowledge, these markers tended
to capture the diversity of primary cancer metastases,
especially for breast cancer metastases [10-12, 14]. There
has been a lack of systematic research on the common-
ality of molecular characteristics for different primary
tumors metastasizing to the same target organ. Moreo-
ver, a well-designed dataset and schema of organ-specific
metastasis gene identification are crucial for this type of
analysis.

In this study, we investigate organ-specific metasta-
sis by examining gene expression signatures across dif-
ferent tumor types that metastasize to the same organ
(e.g., comparing primary breast and lung tumors that
both metastasize to the brain). For each metastasis site
(brain, liver, or lung), at least two types of primary site
were included in the integrated dataset. Then, a rank-
based method was used to detect differentially expressed
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genes (DEGs) between metastatic tumor tissues and the
corresponding control tissues. We focused on common
DEGs and enriched pathways across all tissues of origin,
and investigated these organ-specific metastasis genes
and enriched pathways in breast primary tumors. Cluster
analysis and survival analysis were used to test whether
the organ-specific metastasis genes and pathways were
expressed uniquely by a subgroup of patients with metas-
tasis to the target organ, and whether they were associ-
ated with clinical outcomes. In conclusion, we present
here an analysis to identify signatures that are specific to
the common target organ rather than to diverse primary
tumor tissue types. The delineation of the roles of these
signatures in the interplay between cancer cells and the
target organ will lead to a better understanding of organ-
specific metastasis and its susceptibilities to treatment.

Materials and methods
Datasets
We searched all public databases for transcriptional pro-
files with clinical data of primary and metastasis site.
Nine metastasis microarray gene expression datasets,
covering three metastasis sites (brain, liver and lung)
[15], were collected from the Gene Expression Omni-
bus (GEO) database [16]. As shown in Table 1, for each
type of metastasis site, at least two types of primary sites
were considered. Control tissue samples for each type of
metastasis site were also collected from GEO (Table 2).
All of nine metastasis microarray gene expression
datasets were collected from the Affymetrix platform
with relatively consistent quality control. For the two
datasets performed on the customized GPL10379 plat-
form (Rosetta/Merck Human RSTA Custom Affymetrix
2.0 microarray), only samples with high quality control
(>50% tumor cell content) were included in the datasets.

Table 1 Datasets of metastasis samples for three metastasis sites across different primary sites

Primary site Dataset #Brain metastasis®  #Liver metastasis® #Lung metastasis®  Platform Year
Breast cancer GSE56493 27 GPL10379 2014
GSE46141 16 GPL10379 2013
GSE14020 19 5 18 GPL96, GPL570 2009
GSE43837 19 GPL1352 2014
GSE46928 11 GPL9%6 2013
Colon cancer GSE41568 79 8 GPL570 2016
GSE18549 25 6 GPL570 2016
Lung cancer GSE14108 28 GPL96, GPL570 2010
GSE18549 6 GPL570 2016
Liver cancer GSE40367 12 GPL570 2015

@ Number of brain metastasis samples
b Number of liver metastasis samples

¢ Number of lung metastasis samples
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Table 2 Datasets of control tissue samples for three
metastasis sites

Metastasis site Dataset #Control® Platform Year
Brain GSE7696 4 GPL570 2008
GSE13162 17 GPL571 2008
GSE4757 10 GPL570 2006
GSE35864 6 GPL570 2012
Liver GSE25097 243 GPL10687 2011
Lung GSE19804 60 GPL570 2011

2 Number of brain/liver/lung normal tissue samples

Additional, among the five datasets metastasized from
breast cancer, only one dataset GSE43837 was specific for
the HER2+ subtype, this dataset was not excluded from
this study in order to enhance the statistical power in
DEG detection.

Dataset integration and DEG detection

To make full use of the information available from multi-
ple datasets, data from different datasets were integrated
using the R package virtualArray [17]. The virtualArray
software combine data sets of different chip types based
on current gene annotations from NCBI database. The
integrated expression datasets have their expression val-
ues presented as log2-transformed.

Genes that were detected by all platforms (Tables 1
and 2) were kept for the integrated dataset. As non-
biological experimental variation or “batch effects”
are commonly observed across multiple datasets from
microarray experiments [18], conventional expression
intensity-based methods such as the significance analysis
of microarrays (SAM) were not appropriate here. Instead,
as the relative ordering of gene expression within each
sample would be rather robust against batch effects and
insensitive to data normalization, the rank-based method
RankComp was used for DEG identification [19].

RankComp method is based on the relative ordering
information of gene expression within each sample. As
the relative ordering of gene expression is overall sta-
ble for particular types of normal human tissues across
common platforms [20], reversal ordering in the disease
sample indicate a gene’s up- or down-regulation relative
to the other gene for a reversal gene pair. The Fisher’s
exact test was used to determine whether a given gene
is differentially expressed in a given disease sample by
testing the null hypothesis that the numbers of reversal
gene pairs supporting its upregulation and downregula-
tion are equal. DEGs at the subpopulation level was iden-
tified by using the binomial test to find a non-randomly
high percentage of disease samples sharing certain DEGs.
The p-values were adjusted by the Benjamini—Hochberg
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procedure with a 5% false discovery rate (FDR) threshold
[21].

Quantification and statistical analysis of DEG detection

We further estimated effect size for the identified DEGs.
To estimate the effect size in unpaired data, expressions
of each DEG were assumed to follow normal distribu-
tions with different variances in condition i and j such
that X; ~ N(Mi,criz),X,’ ~ (uj, oj2>. Moreover, the vari-
ance between datasets was omitted for the asymptotic
estimator. In this more realistic heteroscedastic case, we
applied the effect size definition proposed by Kulinskaya
[22, 23]:

1/2
Wi — W qUiZ +1- q)O’,?
akulinskaya = T’ o= W .
(1)

Let n=n;+n; and g =rn;/n, the denominator o could be
rewritten as:

2 2 g2
o O;
— =L+l )
n; }'lj

This effect size could, therefore, be linked to the Welch
t statistic as:

Lwelch = \/ﬁ 8kulinskaya . (3)

A medium effect size threshold of 0.5 was used to fur-
ther screen the DEGs that were identified by the Rank-
Comp method.

In addition, Chi-square test was used to test whether
there’s a prominent bias towards available clinical char-
acteristics (such as age and stage) between metasta-
sis tumor and control samples for each dataset in DEG
detection.

Organ-specific metastasis gene identification and function
analysis
To identify organ-specific metastasis genes, we com-
pared samples grouped according to the metastasis
sites. As illustrated in Fig. 1, in the case of lung metas-
tasis, we obtained different sets of DEGs by comparing
lung metastasis samples from different tissues of origin
with the same group of lung control samples. Then, to
exclude housekeeping genes from the resulting gene set,
we selected overlapping DEGs in lung metastases from
different tissues of origin rather than selecting genes with
similar expression across lung metastasis samples from
different tissues of origin. These were considered to be
lung-specific metastasis genes.

As individual genes often act in concert and may be
responsible for multiple effects, organ-specific genes
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Fig. 1 Schema of organ-specific metastasis gene identification. The schema is illustrated by the lung-specific metastasis gene identification

should be considered in a global context. Separate
enrichment analysis was performed for up- and down-
regulated organ-specific metastasis genes using known
biological pathways [24], which were downloaded from
Kyoto Encyclopedia of Genes and Genomes (KEGG)
[25] and Gene Ontology (GO) database [26] in August,
2019. The hypergeometric distribution model was used
to test whether the number of organ-specifics metastasis
genes annotated in a functional category was significantly
greater than would be expected by random chance [27].
The p-values were adjusted using the Benjamini—Hoch-
berg procedure [21].

Results

High percentage overlapping DEGs among primary cancer
metastases to the same organ

Among the 9797 genes included in the integrated data-
set, 1857 DEGs were identified between the 49 metastatic
brain samples originating from breast cancer and 37
brain control tissue samples, denoting this list of DEGs
as L. Another 1979 DEGs were identified between 34
metastatic brain samples originating from lung can-
cer and the same brain control samples, denoted as Ly,
Between these two lists, 1612 DEGs overlapped, account-
ing for 87% of L, (p < 1.0E—06, hypergeometric test) and
81% of Ly, (p<1.0E—06, hypergeometric test). There was

a particularly large overlap for brain metastases from
breast cancer and lung cancer (as shown in Fig. 2). Simi-
lar results were observed for liver and lung metastases
(Fig. 2): 948 DEGs overlapped for liver metastases origi-
nating from breast and colon cancer, accounting for the
72% of the shorter DEG list (p <1.0E—06, hypergeomet-
ric test); and 526 DEGs were shared for lung metastases
from three primary sites, covering one third of the short-
est DEG list.

The overlapping DEGs that metastasized from different
primary sites to the same metastasis site were identified
as organ-specific metastasis genes (brain-specific, liver-
specific, and lung-specific metastasis genes are listed in
the Additional file 1: Table S1). Using functional analy-
sis, we characterized the prominent molecular events in
the initialization, dissemination, and colonization stages
of brain, liver, and lung metastasis [28], as illustrated in
Fig. 3 and detailed in the following sections.

Genes and pathways mediating metastasis of different
cancers to the brain

We analyzed the 1612 overlapping DEGs between L,
and L that both metastasized to the brain tissue, and
found that 59% of the common DEGs were down-regu-
lated relative to their levels in brain control tissue. Using
functional enrichment analysis with a 5% FDR threshold,
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with colors matching the circles in brain (a), liver (b) and lung metastasis (c)
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Fig. 3 Prominent pathways in the process of metastasis. Some of enriched pathways of common DEGs are highlighted in the initialization,

Table 3 KEGG pathways enriched for brain metastasis specific genes

DEG KEGG pathway FDR? %Genes® (%) #Genes*®

Up-regulated Neuroactive ligand-receptor interaction <0.001 12 42
Cytokine-cytokine receptor interaction <0.001 1 32
PI3K-Akt signaling pathway 0.007 9 31
JAK-STAT signaling pathway 0.017 10 17
Signaling pathways regulating pluripotency of stem 0.025 10 15

cells

RIG-I-like receptor signaling pathway 0.043 13 9

Down-regulated Autophagy 0.001 18 24
Tight junction 0.003 13 23
Dopaminergic synapse 0.006 14 19
AMPK signaling pathway 0.007 15 18
Endocytosis 0.010 11 28
Wnt signaling pathway 0.018 13 20
Inositol phosphate metabolism 0.019 16 12
FoxO signaling pathway 0.023 13 17
Lysosome 0.034 13 16
Neurotrophin signaling pathway 0.039 13 15

? The p-values corrected with Benjamini-Hochberg
b The percentage of associated genes in each signaling pathway

¢ The number of associated genes in each signaling pathway

16 KEGG signaling pathways (as shown in Table 3) and
81 fine-grained GO biologic processes (Additional file 1:
Tables S2 and S3) were identified that were specific to
brain metastasis.

Some of these 16 pathways were found to be related
to brain-specific dissemination and colonization (Fig. 3),
and most of them had not been previously reported. In

the initialization stage, pathways regulating pluripotency
of stem cells was enriched among the up-regulated brain-
specific metastasis genes. Stem cells are pluripotent and
proliferate, the long-term tumorigenic potential of some
tumors may rely on a small proportion of stem cells
endowed with the capacity to indefinitely self-renew [28].
In the dissemination stage, the brain is protected by the
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blood-brain barrier, which distinguishes it from other
organs. Interaction with and penetration of the blood-
brain barrier by cancer cells is a key step in colonization
to brain tissue. The blood—brain barrier relies on tight
junctions between the endothelial cells of the brain capil-
laries to provide a closed environment for the brain [29].
The tight junction pathway, which was enriched among
the down-regulated brain-specific metastasis genes,
comprises a number of proteins including occludins,
claudins, and junctional adhesion molecules. Claudins
are key integral proteins that regulate blood—brain bar-
rier permeability, these proteins not only regulate para-
cellular permeability but also play a role in the regulation
of tight junction assemblies [30]. The canonical Wnt
pathway also has a central role in brain angiogenesis and
blood-brain barrier formation [29]. In the colonization
stage, the neuroactive ligand-receptor interaction path-
way was enriched among the up-regulated brain-spe-
cific metastasis genes, the GABAR family (GABARAP,
GABARAPL1, GABBRI1, and GABBR2), the glutamate
receptor family (GRM5 and GRIN2A), and the choliner-
gic receptor family (CHRNA1, CHRNA3, and CHRNAG®6)
showed marked differential expression. Neman et al. [31]
showed that breast-to-brain metastatic tissue and cells
displayed a GABAergic phenotype similar to that of neu-
ronal cells, which could represent a malignant adaptation
required for metastasis to the brain. Glutamate receptors
have also been implicated in the pathophysiology of vari-
ous human malignancies [32]. These results indicate that
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neuroactive ligand-receptor interactions might also be an
important pathway in the development of brain metasta-
ses. Finally, significant disturbances were found in path-
ways such as autophagy and endocytosis, which have
crucial roles in metastatic processes. Malignant tumor
cells must overcome these various forms of cell death in
order to metastasize.

Genes and pathways mediating metastasis of different
cancers to the liver
We analyzed the 948 overlapping DEGs between liver
tumor samples metastasized from breast and colon can-
cer and found that 63% of these DEGs were up-regulated
relative to their levels in liver control tissue samples.
Using functional enrichment analysis with a 5% FDR
threshold, we identified 16 KEGG signaling pathways (as
shown in Table 4) and 35 GO biologic processes (Addi-
tional file 1: Tables S4 and S5) specific to liver metastasis.
We identified some pathways involved in liver-spe-
cific dissemination and colonization that had not been
previously linked to liver-specific metastasis (Fig. 3).
In the initialization stage, the significantly enriched
reorganization of the actin cytoskeleton pathway
reflects the required migratory property [33]. In the
dissemination stage, the Rapl signaling pathway plays
an important part in the regulation of endothelial bar-
rier function, a process controlled largely by cell—cell
adhesions and their connections to the actin cytoskel-
eton [34]. In the colonization stage, hepatocellular

Table 4 KEGG pathways enriched for liver metastasis specific genes

DEG KEGG pathway FDR? %GenesP (%) #Genes*©

Up-regulated Cell cycle 0.036 10 12
FoxO signaling pathway 0.047 7 10
Glucagon signaling pathway 0.048 7 7

Down-regulated Rap1 signaling pathway <0.001 9 19
Bile secretion 0.001 13 9
PI3K-Akt signaling pathway 0.001 6 22
Platelet activation 0.002 10 12
MAPK signaling pathway 0.004 6 18
Ras signaling pathway 0.005 6 15
Focal adhesion 0.008 7 13
Complement and coagulation cascades 0.009 9 8
HIF-1 signaling pathway 0.009 8 9
Regulation of actin cytoskeleton 0.012 6 13
ErbB signaling pathway 0.020 8 7
Peroxisome 0.020 8 7
ABC transporters 0.021 11 5

? The p-values corrected with Benjamini-Hochberg
b The percentage of associated genes in each signaling pathway

¢ The number of associated genes in each signaling pathway
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carcinoma is one of the most hypoxic tumors with
median oxygen levels as low as 0.8%. The signifi-
cantly disturbed hypoxia-inducible factor-la (HIF-
1) signaling pathway is capable of mediating cell-cell
communication and has an essential role in inducing
metastasis [35, 36]. In addition, it is well established
that the immune system is crucial to the micro-met-
astatic microenvironment. The outgrowth of tumor
metastases appears to be linked to inflammation; two
significantly enriched pathways, platelet activation
and complement and coagulation cascades, are likely
to play a role in this. Finally, a large proportion of
the enriched pathways were enriched in the metabo-
lism system, including glucagon signaling pathway,
bile secretion and ABC transporters. This is probably
due to the importance of glucose homeostasis and bil-
iary metabolism in liver microenvironment [37], liver
metastases are highly glycolytic and consume local
glucose. While the significantly enriched FOXO sign-
aling pathway also plays an important part in the inte-
gration of insulin signaling with glucose homeostasis
[38]. Various ABC transporters in the liver are key
players that safeguard hepatocytes and avoid toxicity
due to over-accumulation of bile acid [39]. The combi-
nation of an alternative ABC transporter with a novel
substrate may prove an effective chemo-preventive or
therapeutic strategy.
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Genes and pathways mediating metastasis of different
cancers to the lung

Lung is the second most common metastasis site.
Tumors of the breast, colon, pancreas, and liver all tend
to metastasize to the lung [40]. Using functional enrich-
ment analysis with a 5% FDR threshold, 18 KEGG signal-
ing pathways (as shown in Table 5) and 139 GO biologic
processes (Additional file 1: Tables S6 and S7) were iden-
tified that are specific to lung metastasis, some pathways
involved in lung-specific dissemination and colonization
were illustrated in Fig. 3.

The broad surface area and numerous capillaries of
lung tissue provide opportunities for cancer cells to
adhere, extravasate, and colonize [40]. The significantly
enriched cell adhesion molecules (CAMs) pathway has
an important role in adhesion of cancer cells to the vas-
cular endothelium [41] and can be induced by the sig-
nificantly enriched JAK-STAT and NF-kappa B signaling
pathways in endothelial cell [42]. The endothelial layer in
the lung also has tight junctions between endothelial cells
and an intact basement membrane; thus, it represents a
more restrictive barrier for extravasation compared with
bone or liver [2]. The significantly enriched JAK-STAT
might be involved in modulating permeability via effects
on cell proliferation [43]. Finally, in the colonization
stage, immune responses interact with inflammation,
angiogenesis, and cancerized stroma, remodeling the

Table 5 KEGG pathways enriched for lung metastasis specific genes

DEG KEGG pathway FDR? %Genes® (%) #Genes*©

Up-regulated JAK-STAT signaling pathway 0.002 7 11
Cell cycle 0.022 5 6
Glycolysis/gluconeogenesis 0.032 6 4

Down-regulated Hematopoietic cell lineage <0.001 12 12
Cytokine-cytokine receptor interaction <0.001 7 21
Toll-like receptor signaling pathway <0.001 11 11
TNF signaling pathway <0.001 10 11
Leukocyte transendothelial migration 0.001 9 10
NF-kappa B signaling pathway 0.002 9 9
T cell receptor signaling pathway 0.002 9 9
Natural killer cell mediated cytotoxicity 0.006 7 9
B cell receptor signaling pathway 0.006 9 7
Chemokine signaling pathway 0.006 6 11
Complement and coagulation cascades 0.006 8 7
Adherens junction 0.010 8 6
NOD-like receptor signaling pathway 0.012 6 10
Th17 cell differentiation 0.016 7 7
Cell adhesion molecules (CAMs) 0.024 5 8

? The p-values corrected with Benjamini-Hochberg
b The percentage of associated genes in each signaling pathway

¢ The number of associated genes in each signaling pathway
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microenvironment to favor colonization [44]. The natu-
ral killer cell-mediated cytotoxicity pathway is enriched
by significantly down-regulated lung metastasis genes,
there is a consensus that natural killer cells exert cyto-
toxicity against metastatic tumor cells [45]. Activation of
epithelial-mesenchymal transition in tumor cells during
the metastasis cascade is accompanied by altered cell-
surface ligands, recognizable by T cell infiltration, which
is crucial to tumor microenvironments and has been
extensively studied in primary tumors [46]. However, T
cell-dependent mechanisms involved in organ-specific
metastasis remain underexplored.

Validation of brain-specific metastasis genes in primary
breast tumor

Genes and pathways related to organ-specific metasta-
sis are expected to be both biologically meaningful and
clinically relevant. Taking brain-specific metastasis as an
example, the corresponding genes and pathways might
be expressed uniquely by a subgroup of patients that suf-
fered metastasis to the brain and associated with clinical
outcome.

To test this, the validation dataset GSE2034 of 286 pri-
mary tumors from breast cancer patients was taken from
the GEO database. The clinical data of these patients was
obtained from a previous report [12], including follow-
up observations of metastasis site and metastasis-free
survival time. A univariate Cox proportional hazards
model was constructed to correlate the expression lev-
els of brain-specific metastasis genes with survival out-
comes. Overall, 28% of 1612 brain-specific metastasis
genes were significantly associated with metastasis-free
survival. For each pathway enriched with respect to the
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1612 brain-specific metastasis genes (Table 3), the risk
index was calculated as a linear combination of the gene
expression values for the brain-specific metastasis genes
involved in this pathway, weighted by their estimated
regression coefficients in Cox proportional hazards
regression modeling [47]. Using the median risk index
value as a cut-off point to distinguish high- and low-risk
groups, 13 out of 16 pathways showed a significant differ-
ence in metastasis-free survival between the two groups
(log rank test, p<0.05). For example, the tight junction
pathway distinguished patients at high risk from those
at low risk of developing brain metastases (Fig. 4b; log
rank test, p<1.0E—06). Furthermore, the brain-specific
metastasis genes involved in the tight junction pathway
were used to cluster the dataset hierarchically; most of
the brain metastasis patients (marked with asterisks)
were clustered together (Fig. 4a). Manual inspection of
branches in the dendrogram revealed a group of primary
tumors concordantly expressing many elements of these
genes, especially high expression of TUBA4A and MSN.
These results indicated that a clinically relevant subgroup
of patients express certain combinations of brain metas-
tasis signature genes and show differences in metastasis-
free survival compared with other patients.

Discussion

The mechanisms by which different tumor types spread
to specific organs, and the identification of the genes and
pathways involved, is an emerging topic of investigation
in current cancer research. We have systematically ana-
lyzed organ-specific metastasis with respect to several
organs across all available primary sites. For each metas-
tasis site, we focused on the common DEGs and enriched
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pathways across all primary sites. This approach has the
potential to identify genes that are specific to the target
organ rather than to the primary tumor type. Rank-based
method RankComp was used for DEG identification,
which enabled us to enlarge the sample size and compare
samples collected from different cohorts and microarray
platforms. However, DEGs were identified only among
the genes detected by all platforms; other potential DEGs
could have been missed.

We identified a set of genes and pathways that char-
acterized organ-specific metastasis for each metastasis
site. Many of the genes identified had not previously been
linked to organ-specific metastasis. For example, 53 of
the identified brain-specific metastasis genes overlapped
with the 243 genes involved in breast cancer metastasis
to the brain reported by Bos et al. [12]. The additional
genes, including members of the GABAR family, the
glutamate receptor family, and the cholinergic receptor
family, which were enriched in the neuroactive ligand-
receptor interaction pathway, could have important roles
in the colonization process in metastasis to the brain.
As another example, 15 of the identified lung-specific
metastasis genes overlapped with the 95 genes involved
in breast cancer metastasis to the lung reported by Minn
et al. [11]. The newly identified lung-specific metastasis
genes and pathways revealed characteristics at different
stages of the lung-specific metastasis process. For exam-
ple, the CAMs pathway enables cancer cells to attach to
the endothelium in the target organ, and the Ig-CAMs
(ICAM1, ICAM3) have important roles in this process
[41].

The organ-specific metastasis-related pathways identi-
fied for each target organ in this study were not necessar-
ily exclusive of each other, possibly owing to the similar
characteristics shared by different metastasis organs. For
example, the JAK-STAT signaling pathway was enriched
in both lung-specific and brain-specific metastasis. This
might be due to the functional similarity of the vascu-
lature in the lungs and brain, constituted by a continu-
ous layer of endothelial cells with well-developed tight
junctions [48]; whereas the microvasculature in liver is
fenestrated. Moreover, tight junction enriched in brain-
specific metastases and adherens junction, CAMs sign-
aling pathway enriched in lung-specific metastases
provided further evidence that brain and lung metastatic
cells need to overcome tight vascular barriers to colonize
their target organs. The common pathways also could be
induced by multifunctional genes that cooperate with
cancer-specific metastasis genes. The pathways enriched
by these multifunctional genes reflect general enhance-
ments in the process of metastasis. For example, the
PI3K-Akt signaling pathway, which was enriched in both
brain and liver metastasis, has multiple roles in regulating
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survival, cell growth, differentiation, cellular metabolism,
and cytoskeletal reorganization of cells in cancer. Moreo-
ver, it is noteworthy that, many biology pathways, such as
Inositol phosphate metabolism, Wnt signaling pathway,
PI3K-Akt signaling pathway, Tight junction, MAPK sign-
aling pathway, TGF-beta signaling pathway and Ras sign-
aling pathway, were strongly associated with cell polarity
in the process of metastasis.

Organ-specific metastasis is an intriguing but com-
plex problem. Attempts to understand this phenomenon
molecularly have yielded many useful gene markers.
However, to our knowledge, these markers tended to
explore the diversity of primary cancer metastases,
especially for breast cancer metastases. In contrast, our
approach more tended to capture the required molecu-
lar alterations to colonize and adapt to certain metastasis
organs. Many identified genes and pathways are of pre-
viously unknown relevance to organ-specific metastasis.
Further investigations of the mechanisms that mediate
site-specific metastasis are likely to lead to the identifica-
tion of new targets for therapy.

Conclusion

In this article, we attempted to explore the commonal-
ity of different primary tumors metastasizing to the same
organ. For each organ, a substantial proportion of DEGs
that metastasized from different primary sites were over-
lapped. These organ-specific metastasis genes revealed
an interplay between the molecular characteristics of the
cancer cells and those of the target organ. Specifically,
the neuroactive ligand-receptor interaction pathway and
HIF-1 signaling pathway were found to have prominent
roles in adapting to the target organ environment in brain
and liver metastases, respectively. The identified organ-
specific metastasis genes and pathways were validated
using a primary breast tumor dataset. Survival and clus-
ter analysis showed that organ-specific metastasis genes
and pathways tended to be expressed uniquely by a sub-
group of patients having metastasis to the target organ,
and were associated with the clinical outcome.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512967-020-02696-z.

Additional file 1: Table S1. Brain-, Liver- and Lung-specific metasta-

sis genes compared to corresponding control tissues. Table S2. Gene
Ontology (GO) biology processes enriched for up-regulated brain-specific
metastasis genes. Table S3. Gene Ontology (GO) biology processes
enriched for down-regulated brain-specific metastasis genes. Table S4.
Gene Ontology (GO) biology processes enriched for up-regulated
liver-specific metastasis genes. Table S5. Gene Ontology (GO) biol-

ogy processes enriched for down-regulated liver-specific metastasis
genes. Table S6. Gene Ontology (GO) biology processes enriched for



https://doi.org/10.1186/s12967-020-02696-z
https://doi.org/10.1186/s12967-020-02696-z

Zhang et al. J Trans| Med (2021) 19:31

up-regulated lung-specific metastasis genes. Table S7. Gene Ontol-
ogy (GO) biology processes enriched for down-regulated lung-specific
metastasis genes.

Abbreviations

DEG: Differentially expressed genes; FDR: False discovery rate; KEGG: Kyoto
Encyclopedia of Genes and Genomes; GO: Gene ontology; GEO: Gene Expres-
sion Omnibus; SAM: Significance analysis of microarrays.

Acknowledgements
Not applicable.

Authors’ contributions

Conceptualization: XG and YX; methodology: LZ and XG; formal analysis: LZ;
writing—original draft preparation: LZ; writing—review and editing: MF, FN,
XG and YX; supervision: LL; project administration: LL. All authors have agreed
to the published version of the manuscript. All authors read and approved the
final manuscript.

Funding

This research was funded by the National Natural Science Foundation of China
(Grant Numbers 61701150, 61731008 and 61871428) and Natural Science
Foundation of Zhejiang Province (LJ19H180001).

Availability of data and materials
All data generated or analysed during this study are included in this article
and its Additional file.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Institute of Biomedical Engineering and Instrumentation, Hangzhou Dianzi
University, Hangzhou 310000, China. 2 Computer, Electrical and Mathemati-
cal Sciences and Engineering Division (CEMSE), Computational Bioscience
Research Center (CBRC), King Abdullah University of Science and Technol-
ogy (KAUST), Thuwal 23955-6900, Saudi Arabia. > Cancer Systems Biology
Center, The China-Japan Union Hospital, Jilin University, Changchun 130033,
China. * MOE Key Laboratory of Symbolic Computation and Knowledge
Engineering, College of Computer Science and Technology, Jilin University,
Changchun 130012, China. > Computational Systems Biology Lab, Depart-
ment of Biochemistry and Molecular Biology and Institute of Bioinformatics,
University of Georgia, Athens, GA 30602, USA.

Received: 3 September 2020 Accepted: 30 December 2020
Published online: 07 January 2021

References

1. Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. Sci-
ence. 2011;331(6024):1559-64.

2. GaoY,Bado |, Wang H, Zhang W, Rosen JM, Zhang XH. Metastasis

organotropism: redefining the congenial soil. Dev Cell. 2019;49(3):375-91.

3. Paget S.The distribution of secondary growths in cancer of the breast.
Cancer Metastasis Rev. 1989;8(2):98-101.

4. Akhtar M, Haider A, Rashid S, Al-Nabet A. Paget’s “seed and soil” theory
of cancer metastasis: an idea whose time has come. Adv Anat Pathol.
2019;26(1):69-74.

5. LiuQ Zhang H, Jiang X, Qian C, Liu Z, Luo D. Factors involved in cancer
metastasis: a better understanding to “seed and soil” hypothesis. Mol
Cancer. 2017;16(1):176.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 10 of 11

Kitadai Y, Sasaki T, Kuwai T, Nakamura T, Bucana CD, Fidler l). Targeting the
expression of platelet-derived growth factor receptor by reactive stroma
inhibits growth and metastasis of human colon carcinoma. Am J Pathol.
2006;169(6):2054-65.

Monzon FA, Dumur Cl. Diagnosis of uncertain primary tumors with the
Pathwork tissue-of-origin test. Expert Rev Mol Diagn. 2010;10(1):17-25.
Monzon FA, Medeiros F, Lyons-Weiler M, Henner WD. Identification of tis-
sue of origin in carcinoma of unknown primary with a microarray-based
gene expression test. Diagn Pathol. 2010;5:3.

Harrell JC, Prat A, Parker JS, Fan C, He X, Carey L, Anders C, Ewend M,
Perou CM. Genomic analysis identifies unique signatures predictive of
brain, lung, and liver relapse. Breast Cancer Res Treat. 2012;132(2):523-35.
KangY, Siegel PM, Shu W, Drobnjak M, Kakonen SM, Cordon-Cardo C,
Guise TA, Massague J. A multigenic program mediating breast cancer
metastasis to bone. Cancer Cell. 2003;3(6):537-49.

. Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD, Viale A, Olshen AB,

Gerald WL, Massague J. Genes that mediate breast cancer metastasis to
lung. Nature. 2005;436(7050):518-24.

Bos PD, Zhang XH, Nadal C, Shu W, Gomis RR, Nguyen DX, Minn AJ, van
de Vijver MJ, Gerald WL, Foekens JA, et al. Genes that mediate breast
cancer metastasis to the brain. Nature. 2009;459(7249):1005-9.

Weigelt B, Peterse JL, van 't Veer LJ. Breast cancer metastasis: markers and
models. Nat Rev Cancer. 2005;5(8):591-602.

Chen W, Hoffmann AD, Liu H, Liu X. Organotropism: new insights into
molecular mechanisms of breast cancer metastasis. NPJ Precis Oncol.
2018;2(1)4.

Nguyen DX, Bos PD, Massague J. Metastasis: from dissemination to organ-
specific colonization. Nat Rev Cancer. 2009;9(4):274-84.

Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res.
2002;30(1):207-10.

Heider A, Alt R. virtualArray: a R/bioconductor package to merge raw
data from different microarray platforms. BMC Bioinform. 2013;14:75.
Leek JT, Scharpf RB, Bravo HC, Simcha D, Langmead B, Johnson WE,
Geman D, Baggerly K, Irizarry RA. Tackling the widespread and criti-

cal impact of batch effects in high-throughput data. Nat Rev Genet.
2010;11(10):733-9.

. Wang H, Sun Q, Zhao W, Qi L, GuY, Li P, Zhang M, Li Y, Liu SL, Guo Z.

Individual-level analysis of differential expression of genes and pathways
for personalized medicine. Bioinformatics. 2015;31(1):62-8.

Guan Q, Chen R, Yan H, Cai H, GuoY, Li M, Li X, Tong M, Ao L, Li H, et al.
Differential expression analysis for individual cancer samples based on
robust within-sample relative gene expression orderings across multiple
profiling platforms. Oncotarget. 2016;7(42):68909-20.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practi-
cal and powerful approach to multiple testing. J R Stat Soc Ser B.
1995;57(1):289-300.

Kulinskaya E, Staudte RG. Confidence intervals for the standardized
effect arising in the comparison of two normal populations. Stat Med.
2007,26(14):2853-71.

Marot G, Foulley JL, Mayer CD, Jaffrezic F. Moderated effect size and
P-value combinations for microarray meta-analyses. Bioinformatics.
2009;25(20):2692-9.

Hong G, Zhang W, Li H, Shen X, Guo Z. Separate enrichment analy-

sis of pathways for up- and downregulated genes. J R Soc Interface.
2014;11(92):20130950.

Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. KEGG:

kyoto encyclopedia of genes and genomes. Nucleic Acids Res.
1999,27(1):29-34.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis

AP, Dolinski K, Dwight SS, Eppig JT, et al. Gene ontology: tool for the
unification of biology. The Gene Ontology Consortium. Nat Genet.
2000;25(1):25-9.

Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, Frid-
man WH, Pages F, Trajanoski Z, Galon J. ClueGO: a Cytoscape plug-in to
decipher functionally grouped gene ontology and pathway annotation
networks. Bioinformatics. 2009;25(8):1091-3.

Gupta GP, Massague J. Cancer metastasis: building a framework. Cell.
2006;127(4):679-95.

Obermeier B, Daneman R, Ransohoff RM. Development, maintenance
and disruption of the blood-brain barrier. Nat Med. 2013;19(12):1584-96.



Zhang et al. J Transl Med

30.

31.

32.

33
34

35.

36.

37.
38.
39.

40.

41.

(2021) 19:31

JiaW, Lu R, Martin TA, Jiang WG. The role of claudin-5 in blood-brain bar-
rier (BBB) and brain metastases (review). Mol Med Rep. 2014;9(3):779-85.
Neman J, Termini J, Wilczynski S, Vaidehi N, Choy C, Kowolik CM, Li H,
Hambrecht AC, Roberts E, Jandial R. Human breast cancer metastases

to the brain display GABAergic properties in the neural niche. Proc Natl
Acad Sci USA. 2014;111(3):984-9.

Zhou L, Gao HF, Liu DS, Feng JY, Gao DD, Xia W. Gene expression profiling
of brain metastatic cell from triple negative breast cancer: understanding
the molecular events. Gene. 2018,640:21-7.

Shankar J, Nabi IR. Actin cytoskeleton regulation of epithelial mesenchy-
mal transition in metastatic cancer cells. PLoS ONE. 2015;10(3):e0119954.
Pannekoek WJ, Post A, Bos JL. Rap1 signaling in endothelial barrier con-
trol. Cell Adh Migr. 2014;8(2):100-7.

Ghasemi R, Grassadonia A, Tinari N, Piccolo E, Natoli C, Tomao F, lacobelli
S. Tumor-derived microvesicles: the metastasomes. Med Hypotheses.
2013;80(1):75-82.

Lee TH, D'Asti E, Magnus N, Al-Nedawi K, Meehan B, Rak J. Microvesicles
as mediators of intercellular communication in cancer—the emerging
science of cellular “debris” Semin Immunopathol. 2011;33(5):455-67.

Han HS, Kang G, Kim JS, Choi BH, Koo SH. Regulation of glucose metabo-
lism from a liver-centric perspective. Exp Mol Med. 2016;48:e218.

Lee S, Dong HH. FoxO integration of insulin signaling with glucose and
lipid metabolism. J Endocrinol. 2017;233(2):R67-79.

Wang R, Sheps JA, Ling V. ABC transporters, bile acids, and inflammatory
stress in liver cancer. Curr Pharm Biotechnol. 2011;12(4):636-46.

Langley RR, Fidler 1J. The seed and soil hypothesis revisited—the role of
tumor-stroma interactions in metastasis to different organs. Int J Cancer.
2011;128(11):2527-35.

Cavallaro U, Christofori G. Cell adhesion and signalling by cadherins and
Ig-CAMs in cancer. Nat Rev Cancer. 2004;4(2):118-32.

42.

43.

44,

45.

46.

47.

48.

Page 11 of 11

Lian'S,LuY, ChengY,YuT, Xie X, Liang H, Ye Y, Jia L. S-Nitrosocaptopril
interrupts adhesion of cancer cells to vascular endothelium by suppress-
ing cell adhesion molecules via inhibition of the NF-small ka, CyrillicB
and JAK/STAT signal pathways in endothelial cells. Eur J Pharmacol.
2016;791:62-71.

Ma SC, Li Q, Peng JY, Zhouwen JL, Diao JF, Niu JX, Wang X, Guan XD, Jia
W, Jiang WG. Claudin-5 regulates blood-brain barrier permeability by
modifying brain microvascular endothelial cell proliferation, migration,
and adhesion to prevent lung cancer metastasis. CNS Neurosci Ther.
2017,23(12):947-60.

Altorki NK, Markowitz GJ, Gao D, Port JL, Saxena A, Stiles B, McGraw T,
Mittal V. The lung microenvironment: an important regulator of tumour
growth and metastasis. Nat Rev Cancer. 2019;19(1):9-31.

Shi FD, Ljunggren HG, La Cava A, Van Kaer L. Organ-specific features of
natural killer cells. Nat Rev Immunol. 2011;11(10):658-71.

Nan X, Wang J, Liu HN, Wong STC, Zhao H. Epithelial-mesenchymal
plasticity in organotropism metastasis and tumor immune escape. J Clin
Med. 2019;8(5):747.

Beer DG, Kardia SL, Huang CC, Giordano TJ, Levin AM, Misek DE, Lin

L, Chen G, Gharib TG, Thomas DG, et al. Gene-expression profiles

predict survival of patients with lung adenocarcinoma. Nat Med.
2002;8(8):816-24.

Lorusso G, Ruegg C. New insights into the mechanisms of organ-specific
breast cancer metastasis. Semin Cancer Biol. 2012;22(3):226-33.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Transcriptomic analysis identifies organ-specific metastasis genes and pathways across different primary sites
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Datasets
	Dataset integration and DEG detection
	Quantification and statistical analysis of DEG detection
	Organ-specific metastasis gene identification and function analysis

	Results
	High percentage overlapping DEGs among primary cancer metastases to the same organ
	Genes and pathways mediating metastasis of different cancers to the brain
	Genes and pathways mediating metastasis of different cancers to the liver
	Genes and pathways mediating metastasis of different cancers to the lung
	Validation of brain-specific metastasis genes in primary breast tumor

	Discussion
	Conclusion
	Acknowledgements
	References




