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Tropism between hepatic and pulmonary metastases
in colorectal cancers
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Abstract. In metastatic colorectal cancers, tumor cells are
disseminated prior to surgical resection of the primary tumor
but remain dormant until proper colonization mechanisms
are activated. To identify the colonization mechanisms of
the metastatic tumors, we conducted a pairwise comparison
between primary colorectal cancers and metastatic tumors
(n=12 pairs), including six hepatic pairs and six pulmonary
pairs. The mRNA levels of 224 genes previously reported
to be associated with metastasis, cytokines and angiogenesis
were quantitatively determined by PCR arrays. Among them,
27 genes were duplicated or triplicated to show consistent
expression. Unsupervised hierarchical clustering of the
Ct values of metastasis-related genes revealed that liver metas-
tases were indistinguishable from primary colorectal cancers
(n=5/6), whereas lung metastases were highly diversified from
one another and from the primary tumors (n=6/6). Cytokines
and receptor gene expression array data also confirmed the
divergence of pulmonary metastases from primary colorectal
cancers (n=6/6). Heat map analyses of ACt values of the
metastasis-related genes identified a 17-gene tropism signature
that was sufficient not only to distinguish liver and the lung
metastases, but also reconstituted the clustering of primary
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tumors with the hepatic metastases (n=17/18). In this pilot
experiment, pulmonary metastases were significantly diverged
from hepatic metastases that were indistinguishable from
primary colorectal cancers. Further genomic and clinical
studies are in progress to evaluate the potential of the tropism
signature as a therapeutic target to inhibit the colonization of
metastatic colorectal cancers.

Introduction

Metastasis proceeds through a multi-step process that can
be divided into dissemination and colonization stages (1-3).
Dissemination frequently occurs at early stages where dissem-
inated tumor cells (DTCs) are detected in the peripheral blood
or in the bone marrow (4-9). This is further supported by a high
recurrence rate in certain types of cancers (10-12), providing
a rationale for systemic adjuvant chemotherapy (13,14). In
contrast, colonization mechanisms are later activated at
the metastatic site (15,16), frequently after several years of
dormancy (9). Colonization mechanisms can be acquired
de novo in the primary tumors, and these clones might be
selected, evolved and expanded at the metastatic sites (17).
Another possibility is that these characteristics do not exist
in the primary tumors but are induced by interaction with the
metastatic microenvironments (18,19), as supported by altered
drug responsiveness when co-cultured with stromal cells
(20-22) or when grafted to different organs (23). Regardless of
when the colonization mechanisms evolve, they are activated
in a metastatic site-specific manner. Recently, we conducted
a longitudinal comparison during colon-to-lung metastasis
to identify the molecular mechanisms of colonization at the
gene expression level (24). In the present study, we performed
similar expression analyses with additional genes and samples
including colon-to-liver metastases and compared them with
those from colon-to-lung metastases.

The two most frequent target organs of metastatic colorectal
cancers (mCRCs) are the liver and the lung (25,26), but the
underlying metastatic tropism and the mechanisms deter-
mining which organ to metastasize remain controversial. In
Paget's seed and soil hypothesis, metastatic clones are selected
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for their ability to grow in distant microenvironments (27-30),
as supported by punctuated parallel evolution (15,16,31). On
the other hand, clinicians frequently observe microscopic
portal vein thrombi trapped in the microvasculature of the
liver, suggesting the importance of the anatomy of the blood
flow for hepatic tropism (25,32,33). The former hypothesis
suggests that the newly activated colonization mechanism in
the distant microenvironment is the key element during metas-
tasis, whereas the latter suggests that the dissemination route
plays a key role. Gene expression analyses of over 200 genes
with known functions in metastasis, chemokine signals and
angiogenesis might be sufficient to reveal the activated path-
ways. Nonetheless, relevant clinical samples are difficult to
obtain because of the rarity of metastasectomy and decreasing
integrity of the samples during the latent years. Fortunately,
current trends toward more aggressive metastasectomy (34)
may generate more clinical samples in the future.

The liver and the lung have different tissue structures, resi-
dent cell types (35,36) and growth stimulants that are released.
For example, IGFI, IGF2, HGF, MST (HGF-like) activator
and RARRES? are expressed at significantly higher levels in
the liver, whereas GDF10, CSHI, BTG2, LTBP2, VWF, CSF3,
IL6, FIGF, HBEGF, endothelinl, LTF, WIFP2 and VIM are
higher in the lung (37). Hepatectomy has been reported to
stimulate not only regeneration of the liver, but also the growth
of colorectal cancers in animal experiments (38), indicating
that wound healing signals in the liver might be conducive
to mCRC cell growth. Indeed, HGF and its receptor MET
were identified as prognostic markers for hepatic metastasis
in CRCs (39,40). In lung cancers, the prediction of metastasis
with primary tumor gene expression signatures has resulted
in limited success (41), raising the possibility that the meta-
static potential of lung cancer may not be predetermined in
the primary tumor. Taken together, it is likely that different
colonization mechanisms are activated in different microenvi-
ronments, and here we provide molecular evidence suggesting

Table I. Summary of clinical information.

that multiple distinct colonization mechanisms are activated in
the lung in contrast to the liver that requires little change to be
colonized by colorectal cancers.

Materials and methods

Patient and sample selection. Twelve pairs of primary colon
tumor samples and matched hepatic or pulmonary metastases
were collected from 12 patients (Table I) by surgical resection
conducted at Samsung Medical Center between 2001 and 2008.
The institutional review board approved the study protocol
and prior consent was obtained from all patients. A clinical
coordinator reviewed all medical records. Tumor specimens
were stained with hematoxylin and eosin (H&E) and examined
by a pathologist to remove necrotic tissue and/or intervening
stromal tissues and were classified according to the World
Health Organization histopathological criteria. After necrotic
regions were removed and the tumor masses were snap-frozen
and stored in liquid nitrogen. Specimens were examined by
pathologists to select the specimens with >90% cancer cell
content for RNA extraction and gene expression analyses.

Gene expression profiling using the RT? Profiler™ PCR
array. To extract total-RNA from the tumor specimens, the
NucleoSpin RNA kit was used following the manufacturer's
protocol. Only RNA samples with a RIN value >7.0 were used
as templates for cDNA synthesis using the RT? First Strand
kit (Cat. no. C-03; SABiosciences). Human tumor metastasis
(PAHS-028), chemokines (PAHS-022) and angiogenesis
(PAHS-024) finder RT? profiler PCR arrays and RT?> SYBR-
Green/Rox PCR Master mix (APMMO12C and PA-012-24;
SABiosciences) were used to quantitatively analyze the gene
expression levels of 84 metastasis genes (APC, BRMSI, CCL7,
CD44, CDHI, CDHI11, CDH6, CDKN2A, CHD4, COL4A2,
CST7, CTBPI, CTNNAI, CTSK, CTSLI, CXCLI2, CXCRA4,
DENR, EPHB2, ETV4, EWSRI, FAT, FGFR4, FLT4, FNI,

Primary tumor

Metastatic tumor

Case Gender Age (years) Size (cm) pStage® Primary site Size® (cm) Metastatic site
1 M 72 7.7 1T S colon 35 Liver
2 M 47 10.0 111 Lower rectum 4.3 Liver
3 F 66 2.7 111 Lower rectum 2.7 Liver
4 F 69 6.0 I Colon 1.7 Liver
5 F 70 4.8 I Colon 2.7 Liver
6 M 59 9.0 1T Colon 4.0 Liver
7 F 36 4.8 I Lower rectum 2.0 Lung
8 F 49 44 III Lower rectum 34 Lung
9 F 57 52 III Upper rectum 30 Lung
10 M 65 35 I Lower rectum 32 Lung
11 M 70 35 II Upper rectum 1.8 Lung
12 F 53 52 III S-colon 10 Lung

*pStage at the time of the primary surgery; "diameter of the largest tumor nodule.
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Figure 1. Metastatic tropism of CRCs: divergence between pulmonary and hepatic metastases. Unbiased hierarchical clustering with Ct values from 24 tumor
samples. (A) All 84 genes from the metastasis array were used to generate the clustergram. All CRCs (primary tumors) formed one cluster with hepatic
metastases. Lung groups 7-12 (pulmonary metastases) diverged from one another and from the other tumors. (B) The 17-tropism signature reconstructed the
pulmonary divergence. In the order of most remote: Lung 8, followed by Lung 12 and Liver 6, and Lungs 7,9, 10 and 11. Similarity between the hepatic and
primary CRCs was also reconstructed. Stratification within this group seems to depend on minute and insignificant differences. CRC 1-6, primary colorectal
cancers matching Livers 1-6 (hepatic metastases). CRC 7-12, primary colorectal cancers matching Lungs 7-12 (pulmonary metastases). Liver 6 was an
exceptional case to cluster with Lung 12. Red box, clusters formed by CRCs and Liver.

FXYD5, GNRHI, KISSIR, HGF, HPSE, HRAS, HTATIP2,
IGF1, IL18, ILIB, ILSRB, ITGA7, ITGB3, CD82, KISSI,
KRAS, RPSA, MCAM, MDM?2, MET, METAP2, MGATS,
MMPI0, MMPI11, MMPI13, MMP2, MMP3, MMP7, MMP9,
MTAI, MTSSI, MYC, MYCLI, NF2, NMEI, NME2, NME4,
NR4A3, PLAUR, PNN, PTEN, RBI1, RORB, SET, SMAD?2,
SMAD4, SRC, SSTR2, SYK, TCF20, TGFBI, TIMP2, TIMP3,
TIMP4, TNFSF10, TP53, TRPMI1, TSHR, VEGFA), 84 chemo-
kines and receptor genes (CCLI, CCLII, CCL13, CCLI5,
CCLI6, CCL17,CCLIS8, CCLI9, CCL2, CCL3, CCL4, CCL5,
CCL7, CCLS, CXCLI, CXCLI0, CXCLI1, CXCLI2, CXCLI3,
CXCL2, CXCL3, CXCL5, CXCL6, CXCL9, CCRI, CCR2,
CCR3, CCR4, CCRS5, CCR6, CCR7, CCRS, CCRI0, CCRLI,
CCRL2, CXCR3, CXCR4, CXCR6, CYFIP2, APLNR, BDNF,
C5, C5AR1 GPR77, CCBP2, CKLF, CMTMI1, CMTM?2,
CMTM3, CMTM4, CMKLRI, CSF3, CX3CLI, CX3CRI,
TYMP, GDF5, GPR31, HCARI, HIFIA, IL13, IL16, ILIS,
ILIA, IL4, IL8, CXCRI, LTB4R, MMP2, MMP7, MYDSS,
NFKBI, AIMPI, SDF2, SLIT2, TCPI10, TLR2, TLR4, TNF,

TNFRSFIA, TNFSFI4, TREMI, VHL, XCLI, XCRI), 84
angiogenesis genes (ANGPTI, ANGPT2, ANPEP, TYMP,
EREG, FGFI, FGF2, FIGF, FLTI, JAGI, KDR, LAMAS,
NRPI, NRP2, PGF, PLXDCI, STABI, VEGFA, VEGFC,
ANGPTL3, BAIl, COL4A3, ILS, LAMAS5, NRPI, NRP2,
STABI, ANGPTL4, PECAMI, PF4, PROK2, SERPINFI,
TNFAIP2, HAND2, SPHKI, CCL11, CCL2, CXCLI, CXCLI0,
CXCL3, CXCL5, CXCL6, CXCL9, IFNAI, IFNBI, IFNG,
ILIB, IL6, MDK, TNF, SIPRI1, EFNAI, EFNA3, EFNB2, EGF,
EPHB4, FGFR3, HGF, IGF1, ITGB3, PDGFA, TEK, TGFA,
TGFBI, TGFB2, TGFBRI, CCL11, CDHS, COLISAI, SIPRI,
ENG, ITGAV, ITGB3, THBSI, THBS2, LECTI, LEP, MMP2,
MMP9, PLAU, PLG, TIMPI, TIMP2, TIMP3, AKTI, HIFIA,
HPSE, IDI1, ID3, NOTCH4, PTGSI). Five housekeeping
genes (B2M, HPRTI, RPLI3A, GAPDH, ACTB) and MMP2
were triplicated, and twenty-seven genes were d (CCL7,
CXCLI2, CXCR4, HGF, IGF1, IL18, ILIB, ITGB3, MMP2,
MMP3, MMP9, TGFBI, TIMP2, TIMP3, VEGFA, TYMP,
CCLI1I, CCL2, CXCLI, CXCLI0, CXCL3, CXCL5, CXCLS6,
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Table II. mCRC tropism signature.

No. Gene symbol Fold change
1 APC 6.23
2 MMP2 423
3 RORB 401
4 SSTR2 3.56
5 ITGA7 2.84
6 RB1 2.58
7 PTEN 1.92
8 TRPM1 1.92
9 NR4A3 1.83
10 SRC 1.53
11 FN1 1.52
12 TIMP2 -1.56
13 MMP9 -1.59
14 CD82 -1.71
15 RPSA -1.72
16 CCL7 -1.93
17 MYC -2.02

CXCL9, TIMP2, TIMP3, HIFIA, HPSE). Negative controls
for contamination were included in the 96-well PCR arrays.
RT-PCR was conducted using an ABI 7300 Real Time PCR
system (Applied Biosystems).

Data analysis. Ct values >35 were considered to indicate either
reaction failure or absence of expression and were excluded
from the data analyses. The amount of sample loaded per well
was estimated and normalized according to the expression
levels of six housekeeping genes. Differential gene expression
was estimated as follows: ACt = Ctgyng metastasesy = Clicolon primary)
and fold change =22V, Quantitative analyses including hier-
archical clustering, heat map analyses and volcano plots of the
array data for the primary colon and metastatic tumors were
conducted using Web-based PCR array data analysis software
(http://www.sabiosciences.com). The metastatic signature
tropism was selected by progressive removal of redundant
genes from the metastasis arrays for the maintenance of the
original clustering pattern. Removal of any single gene from
the 17-gene signature disrupted the original clustering pattern.

Results

Quantitative gene expression. The gene expression level of
224 genes was determined quantitatively for a total of 24 CRC
tumors, 12 pairs of primary-to-metastatic tumors including six
colon-to-liver (no. 1-6) pairs and six colon-to-lung (no. 7-12)
pairs. Ct values were normalized against the deviation from
the median of the five housekeeping genes. The Ct values for
27 duplicate or 6 triplicate genes were highly reproducible for
assayable genes (41) with activated expression. For those genes
with expression at basal levels or lower, Ct values >35 were
collectively considered as no expression and were excluded
from further analysis. Among the assayable genes, the average
correlation between duplicates was 0.92.
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Figure 2. Hierarchical clustering of chemokine- and angiogenesis-related
genes. (A) Phylogenetic tree from clustergram of 84 chemokines and receptors
in 6 cases with pulmonary metastases. Due to shortage of mRNA amount,
data for hepatic cases were not generated. (B) Phylogenetic tree from cluster-
gram of 84 angiogenesis genes did not stratify hepatic and pulmonary cases.

Metastatic tropism: hepatic vs. pulmonary CRC metastases
of CRCs. To overview the relative similarities or differences
among the samples, an unsupervised two-dimensional hier-
archical clustering was conducted with the Ct values. In the
metastasis array data, all hepatic metastases formed closely
related clusters with the primary CRCs with one exception of
Liver 6 (Fig. 1A). The clinical information was examined to
determine the possibility of Liver 6 being a secondary metas-
tasis from pulmonary metastasis, but no pulmonary metastasis
was detected in that patient. Among the six cases of hepatic
metastases, only one original tumor pair was clustered together
(CRC4 and Liver 4) and the rest clustered with a tumor from
a different patient, indicating that the similarities between the
hepatic metastases and the primary CRCs were greater than the
person-to-person diversities in the tested samples. In contrast to
the hepatic metastases, the pulmonary metastases were highly
diversified from one another and from the primary colorectal
tumors (Fig. 1A). To identify potential markers for tropism, heat
map analyses were performed with the ACt values between the
hepatic and pulmonary metastases (data not shown). Forty-six
genes were differentially regulated (>1.5-fold) when the hepatic
and pulmonary metastases were compared. From the listed
genes, those with similar expression patterns were removed to
finalize the 17-gene tropism signature (Table IT). To confirm that
the tropism signature was sufficient to distinguish the hepatic
from the pulmonary metastases, all of the 24 tumor samples
were analyzed again by unsupervised hierarchical clustering
(Fig. 1B). The 17-gene signature not only distinguished the
liver metastases from the lung metastases, but also clustered
primary CRCs with the hepatic metastases, reconstituting the
clustergram of 84 metastasis genes. Chemokine array data
were obtained only for the pulmonary metastases and their
primary CRCs due to a shortage of RNA samples. Hierarchical
clustering of the chemokine array data also showed that the
pulmonary metastases were diversified from the primary
CRC:s (Fig. 2A). Tropism genes could not be identified from
the hepatic metastases due to the lack of chemokine array



£z SPANDIDOS
) PUBLICATIONS

A 20 - . B 160
140 -
150 -
o~
g 120 -
0 =
B 100 - s
3 S 100 -
=~
— L]
= =11]
< 50 - _,‘:‘:" 80 -
‘6’1) 0
g =
[=]
-5 =% 60 -
= 0 - r
<
40 -
-50 -
_100 - J U o
& $o & %
I, S L &
NN N

Figure 3. Overall activation of angiogenesis-related genes in pulmonary
metastases. (A) All 84 angiogenesis array data sets were used. The majority
of genes were upregulated in the pulmonary metastases, in contrast to hepatic
metastases with balanced up- and downregulation. (B) Sum of fold-change
values and visualization of the overall up- or downregulation. Hepatic metas-
tases showed little upregulation compared with CRCs, but the pulmonary
metastases showed significant (150-fold) overall upregulation. Relative
amounts of RNA samples were determined and normalized by the expres-
sion levels of B2M, GAPDH, ACTB and RPLI13A, fold change was calculated
by the 22 method and the data were plotted. No significant array-to-array
difference was detected in the quality and quantity of mRNA.

data. Nonetheless, expression profiling of the 17-tropism genes
was sufficient to distinguish the hepatic and pulmonary CRC
metastases and to show similarity between the hepatic and
primary CRC:s in the tested samples.

Overall activation of angiogenic pathways in pulmonary
metastases. To examine the possible role of angiogenic path-
ways in late steps of colonization, supporting the growth of
micrometastases into a detectible size, angiogenesis array data
were obtained for all 24 tumor samples. Unlike the metastasis
array and the chemokine array data, hierarchical clustering
of the angiogenesis array data did not group the pulmonary
metastases and the hepatic metastases into separate clus-
ters (Fig. 2B). However, when overall gene expression was
examined between these groups, the total fold change was
significantly upregulated (~150-fold) during colon-to-lung
metastasis compared to colon-to-liver metastasis (Fig. 3).
These data indicate that the diversity of angiogenic pathways
is activated in the tested samples of pulmonary metastases.

Discussion

In metastatic cases, primary tumor surgical specimens are
already equipped with dissemination mechanisms; therefore,
longitudinal comparison with actively colonizing metastatic
tumors would unveil the colonization mechanisms of the
micrometastases. In this study we compared six pairs of colon-
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to-lung metastases with colon-to-liver metastases to understand
how colonization mechanisms differ in the liver and the lung,
the two most frequent target organs for metastatic CRCs.

Unsupervised hierarchical clustering of the metastasis
array data revealed that the pulmonary and hepatic metastases
were intrinsically different, with the exception of Liver 6
that clustered with Lung 12. All 84 metastasis array genes
were not required for distinction between the two groups.
Among the differentially expressed genes, a minimal 17-gene
tropism signature was determined and was shown to sepa-
rately cluster these two sample groups (Fig. 1). Interestingly,
clustergrams with either 84 metastasis genes or 17 tropism
genes demonstrated that all primary CRCs were similar to
the hepatic metastases. These data suggest that the divergence
of pulmonary metastases was not an over-interpretation of
technical artifacts, such as major stromal contamination or
random/uncontrolled events that can occur in any collection
of samples. In addition, significant divergence did not occur
in the primary tumors. If divergence of metastatic potential
is manifested in the primary tumors, gene expression profiles
of the primary tumors should be able to predict recurrence,
which is not the case in lung cancers (41). Lastly, the liver and
colon might have such similar microenvironments that little
change is needed for CRCs to cross-colonize between them,
which is consistent with previous reports (42) and a classical
view of passive transport to amiable microenvironments in
the liver via the portal vein (32,33). Although the number of
samples tested was too small to exert a definitive conclusion,
the divergence of pulmonary metastases from one another
raises the possibility that there might be multiple distinct
metastatic microenvironments in the lung.

Angiogenesis needs to be activated for both primary
and metastatic tumors to grow into a detectible size, and
consequently not specific to either metastatic colonization or
tropism. Our data showed that the expression profiles of angio-
genesis-related genes were not specific to the tumors formed
in the liver, the lung or the colorectal microenvironments.
Nonetheless, overall expression in the pulmonary metastases
was ~150-fold higher than those in the hepatic metastases and
the primary CRCs (Fig. 3). This might be an adaptive change to
the relatively sterile microenvironments of the lung compared
with the strong regenerative potentials found in the liver and
the digestive track.

In this study we examined differentially activated genes
during colon-to-liver and colon-to-lung metastases to learn
that pulmonary metastases were highly diversified in contrary
to hepatic metastases that were indistinguishable from primary
CRCs and identified a 17-gene tropism signature. Our data
suggest that pulmonary metastases need different therapeutics
from hepatic metastases and primary CRCs; however, further
clinical studies with larger sample sizes are required to vali-
date this conclusion.
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