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Abstract

Background—NMetastases are the primary cause of cancer treatment failure and death, yet
metastatic mechanisms remain incompletely understood.

Methods—We studied the molecular basis of head and neck cancer metastasis by
transcriptionally profiling 70 samples from 27 patients—matching normal adjacent tissue, primary
tumor, and cervical lymph node metastases.

Results—We identified tumor-associated expression signatures common to both primary tumors
and metastases. Use of matching metastases revealed an additional 46 dysregulated genes
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associated solely with head and neck cancer metastasis. However, despite being metastasis-
specific in our sample set, these 46 genes are concordant with genes previously discovered in
primary tumors that metastasized.

Conclusions—Although our data and related studies show that most of the metastatic potential
appears to be inherent to the primary tumor, they are also consistent with the notion that a limited
number of additional clonal changes are necessary to yield the final metastatic cell(s), albeit in a
variable temporal order.
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For most solid tumors, tumorigenesis occurs as a multistep process including both genetic
and epi-genetic alterations, which together provide cancer cells with a selective growth
advantage. Transformation of normal cells into malignant cells is characterized by a limited
set of acquired capabilities, which are likely shared among different tumor types.? However,
metastases to distant organ sites are ultimately responsible for most cancer deaths.? Despite
much progress, important questions about metastatic progression remain to be answered.2-4
With respect to metastatic origins, 2 conflicting views have been proposed. The “rare
metastatic variants” model holds that rare metastatic cells preexist within the primary tumor
and subsequently progress to metastases by the process of selection.>¢ This model has
recently been challenged by the results of global gene expression profiling in various cancer
types. These studies have provided evidence for the independent evolution of 2 classes of
primary tumors, those that are predisposed to metastasize and those that are not (“primary
tumor predisposition” model).”~11 We have attempted to address the mechanism(s) of
metastasis using expression profiling of genetically matched primary tumors, lymph node
metastases, and adjacent normal tissue.

In this study, we focused on squamous cell carcinoma (SCC) of the head and neck (HNSCC)
as a prototypic epithelial solid tumor.12-14 Several molecular alterations associated with
HNSCC have been identified, but a complete understanding of the complex molecular
events underlying tumori-genesis and metastasis is still lacking.13:1%.16 Cervical lymph node
metastases are the single most adverse independent prognostic indicator for local recurrence
and/or distant metastasis.1’” A reliable method to identify those tumors most likely to recur
or to produce distant metastases would significantly enhance the choice of effective
treatment options and, therefore, outcomes for the patients.

Several groups have attempted to predict lymph node metastases retrospectively by
identifying a metastatic signature in primary tumor tissues. However, in the majority of
these studies, the predictive signatures have not been compared with the expression
signature that is actually present in the metastases themselves. To identify the genetic
changes underlying HNSCC tumor initiation, progression, and metastasis directly, we
generated comprehensive expression profiles for 70 samples, including primary tumors,
genetically matched normal adjacent mucosae and genetically matched cervical lymph node
metastases. Rigorous statistical analysis revealed unique expression profiles differentiating
normal mucosae from primary tumor and metastatic lesions. Genetically matched primary
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tumor/metastasis samples (ie, from the same patients) showed highly correlated individual
profiles, consistent with the notion that the metastatic potential is already encoded in the
primary tumor. However, we also identified 46 genes whose dysregulated expression was
specific for head and neck cancer metastasis, suggesting that the acquisition of an additional
limited number of clonal changes results in the final metastatic cell(s). Findings are
compared with those of other published studies, and the implications for the metastatic
process in solid tumors and the utility for clinical prognostication based on gene expression
in primary tumors are discussed.

PATIENTS AND METHODS

Patient Biopsy Samples

Informed consent was obtained from all patients prior to sample collection in accordance
with the guidelines set by the Institutional Review Board of The Ohio State University
(OSU). Biopsy samples from surgical resections were collected and banked through the
OSU Head and Neck Cancer Tissue Bank. For each patient, the primary tumor, matching
metastatic lymph node, and adjacent normal mucosa were collected at the same time and
processed concurrently to minimize confounding clinical or technical variability. Primary
tumor tissue and tissue from meta-static lymph nodes were subject to examination by a
board-certified pathologist to confirm tissue histology and cellular representation. Clinically
appearing tumor tissue was taken distant from the tumor margin and was macro-dissected to
provide tissue that contains >70% tumor cells. Normal tissue was clinically appearing
normal adjacent tissue taken at least 3 cm from the tumor margin, usually contralateral. All
samples were immediately placed on ice and, after removal of portions needed for
pathological diagnosis, were snap-frozen in liquid nitrogen within 30 minutes of
devascularization. Snap-frozen samples were held at —80°C for long-term storage. We used
samples from 5 representative anatomical locations (8 larynx, 8 tongue, 6 pharynx, 5 tonsil,
1 palate) from 27 patients. For 1 patient, we had tumor samples before (N13, P13) and after
treatment (N3, P3, M3). Supplementary Table S1 summarizes the clinical and demographic
features of the patients.

Sample Preparation

In all, we profiled 70 samples from 27 patients—28 primary tumors, 28 matching normal
adjacent mucosae, and 14 matching lymph node metastases. RNA was extracted from snap-
frozen tissue samples using the TriZol Rea-gent (Invitrogen, Carlsbad, CA) according to the
manufacturer's suggestions. RNA was further purified using the RNeasy kit (Qiagen,
Valencia, CA). For hybridization to the HuGeneFL and U95Av2 GeneChip arrays
(Affymetrix, Santa Clara, CA) cRNA target preparation was according to the Affymetrix
protocol. Thirty-five samples (12 normal adjacent mucosae, 12 primary tumors, and 11
metastatic lymph nodes from the same patients) were profiled on the HuGeneFL platform,
and 35 samples (16 normal adjacent mucosae, 16 primary tumors, and 3 metastatic lymph
nodes from the same patients) were profiled using the U95Av2 platform, interrogating
approximately 6600 and 12,500 genes, respectively.
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Data Analysis Across Platforms

All original GeneChip.cel files are available at Array Express (accession number: E-
MEXP-44; www.ebi.ac.uk/ arrayexpress/). The .cel files were processed and quantified with
the dChip analysis package using the Li-Wong full model (Supplementary Data S1 and
$2).18.19 This choice was based on our previous finding that this method produced the most
reliable results for the analysis of oligonucleotide arrays.2% All statistical analyses were
performed with MATLAB (MathWorks, Natick, MA). We analyzed the 2 datasets generated
on the HuGeneFL and U95Av2 platforms using standard exploratory techniques, including
principal component analysis (PCA), pairwise distance matrix (PDM), and hierarchical
cluster (HC) analyses. To contrast the different sample types (normal adjacent tissue,
primary tumor, and lymph node metastasis), we combined the 2 datasets to generate a list of
genes shared between the 2 GeneChip platforms (Supplementary Data S3).

To combine data from multiple probe sets across both platforms, we used a “pseudo” probe
set approach (Supplementary Data S4).21 Briefly, the probe sequence information supplied
by Affymetrix was used to identify individual probes with identical sequences present on
both GeneChip platforms. Common probes were matched against the latest build of
UniGene to assemble pseudo probe sets consisting of all common probes mapping to a given
UniGene cluster. Because HuGeneFL and U95Av2 interrogate 20 and 16 probes per probe
set/gene, respectively, the number of common probes in a pseudo probeset can vary.
Therefore, computations were performed only on pseudo probe sets with at least 3 probes,
interrogating a total of 4509 unique genes with 7871 pseudo probe sets. We used the robust
multichip average (RMA) methodology?2 for quantification of pseudo probe set intensities.
RMA enables correction of spatial effects on individual chips and matching of values across
chip types using quantile normalization. After combining the data using this approach,
quantifications for the 2 chip types are on the same scale.

To analyze combined results for primary tumor and normal adjacent tissue samples for the
genes shared between array types, we used nonpara-metric tests, which do not require the
gene quantification values to be the same across array types, including a sign test that counts
the number of times the gene expression in primary tumor is higher or lower than the gene
expression in the paired normal adjacent tissue sample. We focused on those genes for
which the sign of the difference was the same in at least 25 of 28 pairs (90%). This cutoff is
conservative in that the chance of a given gene being higher in 25/28 primary tumor samples
is 1.3720 e-05. Adjusting for multiple comparisons, the number of differentially expressed
genes to be expected by chance is 0.1, whereas we actually see several hundred genes. A
parallel argument can be made for the genes found to be higher in normal adjacent tissue
than primary tumor samples. The sign test exploits the paired nature of the data by using just
the paired differences as inputs. In this respect, the test is more specific than PCA, which
does not take into consideration the patient-to-patient heterogeneity. We also used
approaches that did not exploit the paired nature of the samples, such as Wilcoxon rank sum
tests used to compare normal adjacent tissue and primary tumor samples within the same
array type and then combined the p values.
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For the primary tumor versus lymph node metastasis comparison, we first used a sign test
that exploited the paired nature of the data similar to the test used for the normal adjacent
tissue versus primary tumor comparison. For comparisons within a chip type, we also
applied signed rank tests to exploit the magnitude order. Applying the sign test, we first
focused on genes found to be higher in metastases in at least 12 of 14 cases (86%). With this
cutoff, the chance of a given gene being higher in 12/14 lymph node metastasis samples is
6.4697 e-03. A Wilcoxon rank sum test that ignores the paired nature was also used to
compare normal adjacent tissue versus lymph node metastasis samples.

Normal Adjacent Tissue is Distinct from Primary Tumor and Metastasis

Using nonparametric tests to identify differentially expressed genes and comparing the
primary tumors with their genetically matched normal adjacent mucosae, we identified 414
probe sets, representing 345 unique genes, which showed significant gene expression
differences in the same direction in at least 25 of 28 samples (p value = 1.372 x 10~25)
(Supplementary Table S2). We also applied the rank filter to the pseudo probe set data and
identified 338 distinct Unigene clusters (genes). Of these 338 genes, 249 were also on the
345-gene list, using the Entrez Gene ID as the common identifier (Supplementary Table S2).
Among these were several genes previously implicated in HNSCC carcinogenesis, including
EGFR, CCNBL, and STAT1.14:23-25

Genetically Matched Primary Tumors and Metastases Share a Common Expression Profile

To determine the overall relationships between samples, we performed PCA (Figure 1A)
and paired distance matrix (PDM, Figure 1B) analysis using all genes from the pseudo probe
set approach (4509) and all 70 samples. PCA revealed specific gene signatures that
distinguished primary tumors and metastases from normal adjacent tissue. PDM analysis
showed more variation among the primary tumors and the metastases than among the
genetically matched normal adjacent tissue. Yet, at the same time, high correlation between
primary tumor and metastasis from the same patients was clearly apparent (reflected in 2
diagonal lines of blue squares comparing lymph node metastasis and primary tumor in
Figure 1B). Two-way hierarchical cluster analysis based on the 338 tumor-specific genes
obtained from the pseudo probe set approach confirmed the primary tumor/metastasis
pairing for the majority of samples (9 of 14). Interestingly, 2 primary tumors extracted from
the same patient before and after treatment (P13 and P3) clustered closely as well (Figure 2).
When we performed hierarchical clustering by chip type using the 345 unique genes
obtained using a rank test, sample clustering was consistent with that obtained for all
samples combined; 10 of 14 primary tumors were paired with their corresponding
metastases (data not shown) indicating the robustness across platforms. In fact, this degree
of clustering (10/14 or 71%) is nearly as high as that obtained by comparing 2 separate
biopsies of the same primary tumor by expression profile clustering (80% to 90%).26

Identification of Metastasis-Specific Genes Through Paired Analysis

To identify genes specifically associated with the metastatic process, we compared the 14
available cervical lymph node metastases to their genetically matched primary tumors.
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Because of patient-to-patient heterogeneity in gene expression levels, the use of genetically
unmatched primary tumors and metastases or retrospective analysis of primaries alone can
be confounding. Figure 3 shows examples of variation in expression levels across individual
samples for several representative genes. For each patient sample set, the general trend of
dysregulation was the same. However, the range of actual levels for primary tumor and
lymph node metastasis across all sets of sample overlaps, resulting in a loss of sensitivity if
the paired nature of the data is ignored. To determine the power of a nonpaired relative to a
paired analysis in identifying dysregulated genes, we evaluated 3 statistical tests— the
Wilcoxon rank sum test, which uses a non-paired approach, and the signed rank test and sign
test, both of which take advantage of the paired nature of our sample set. Both of the latter
tests, which utilize the paired design, perform statistically better than the Wilcoxon rank sum
test, which ignores the paired design (data not shown).

To combine data for all 14 lymph node metastases generated on the 2 different platforms,
we used the sign test to perform the paired analysis. We identified genes that showed
statistically significant differences in at least 11 of 14 samples (p value = .0287) between
primary tumors and matching metastases (Supplementary Table S3). Because many of the
genes that were different by the sign test had absolute differences that were relatively small,
an additional filter of a mean-fold change of > 1.5 was applied. This resulted in a list of 46
metastasis genes—16 upregulated and 30 downregulated (Table 1). Ten of the 46 genes
were represented by at least 2 probe sets. Several of these genes are known to be involved in
the metastatic process of other tumor types, including ENPP2 and CXCR4, both of which
were upregulated, and IL24, which was downregulated.2’-29 Interestingly, of the 46
metastasis-specific genes, 9 (20%) are muscle-related genes, the highest single dysregulated
functional category. This is possibly associated with the increased locomotory and invasive
phenotypes of metastatic cells.30

Comparison of Head and Neck Cancer Metastasis-Specific Genes with Other Published
Head and Neck Cancer Metastasis Signatures

A variety of approaches have been undertaken to define a metastasis signature in HNSCC.
Most groups have approached the question using primary tumors only, along with
supervised analyses to identify genes that are differentially expressed in primary tumors
associated with lymph node metastases, versus those without lymph node metastases, versus
those without lymph node metastases.31-3% Another approach compared immortal with
mortal cell lines established from HNSCC samples.36 A third approach, similar to ours,
compared matched primary tumors to metastases and identified a single differentially
expressed gene, MTA1.37 The specific details of these studies are compared in
Supplementary Table S4. Comparing the resulting lists of differentially expressed genes
from these reports with each other and with our 46-gene list yielded relatively few
overlapping genes (Supplementary Figure S2). However, when cellular processes and
pathways, as opposed to individual gene products, were compared between all of these
studies, including ours, the results were strikingly similar. Using Ingenuity Pathway
Analysis (Ingenuity Systems; www.ingenuity.com), genes involved in cellular processes
including cancer, cell cycle, and cell-to-cell signaling were disproportionately
overrepresented on gene lists from all 7 studies. Their degree of overrepresentation was
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generally similar, as indicated by the similarity in the significance level. Results of the
comparison are shown in Supplementary Figure S1.

DISCUSSION

Although the primary risk factors for HNSCC (tobacco and alcohol consumption) are well
recognized, and considerable progress has been made, understanding of the molecular events
and mechanisms underlying the multistep carcinogenesis process in HNSCC is still
incomplete and prognosis continues to be poor. The identification of genes and pathways
involved in tumor initiation, progression and especially metastasis is therefore an important
goal. Several groups have published distinct gene expression signatures associated with the
presence of lymph node or distant metastases.31-3%:38 We profiled genetically matched
uninvolved adjacent tissues, primary tumors and metastatic lymph nodes from a
representative set of HNSCC patients. To our knowledge, this is the largest data set yet
utilizing such genetically matched samples.39-41

Genes Associated with Tumor Progression

Genes that showed concordant levels of dysregulation in the primary tumors and metastases
relative to their matched normal tissues are likely involved in tumor initiation and
maintenance. Tumor progression in this sample set appeared to be particularly associated
with the dysregulation of genes involved in cell adhesion, cell-cycle regulation, and
remodeling of the extracellular matrix (ECM) and cytoskeleton. Some of the dysregulated
genes and cellular pathways in HNSCC are shared with other solid tumors, suggesting that
there are a limited number of cellular functions and pathways contributing directly to tumor
initiation and progression. The identification of genes previously implicated in other
cancers, and HNSCC specifically, confirms the validity of our approach. In addition, we
identified several genes not previously associated with HNSCC tumorigenesis, some of
which constitute potential HNSCC bio-markers.

Primary Tumors are Very Similar to Their Corresponding Lymph Node Metastasis

SCC of the head and neck can be considered a prototypic solid tumor of epithelial origin that
results from the accumulation of multiple genetic and epigenetic alterations.1>42 As with
many other solid tumors, the presence of cervical lymph node metastasis is considered the
single most important indicator for local recurrence and/or distant metastasis.1” The
remarkable similarity that we observed between primary tumor and lymph node metastasis
of the same patient, reflected in the paired clustering for the majority of samples, is
consistent with the notion that the metastatic potential is already encoded in the bulk of the
primary tumor. This finding tends to contradict the “rare metastatic variants” model and
supports the “primary tumor predisposition” model.

Genes Associated with Metastasis

Despite the high similarity between primary tumors and matched metastases, incorporating
genetically matched samples in our study design enabled us to overcome inter-patient tumor
heterogeneity and identify 46 genes that were significantly differentially expressed in lymph
node metastases of HNSCC patients. Some of the 46 genes, and the cellular pathways in
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which their protein products function, have been implicated in tumor progression and
metastasis in previous studies. These include genes that individually have been correlated
with metastatic behavior and organ-specific metastasis in other cancers of epithelial origin.
Several of these genes (ENPP2, CXCR4, LTF, S100A2, and 1L24) have been identified as
mechanistically important in the cascade of events that drives metastasis, and many of the
other genes on our list have been implicated in tumorigenesis.#3-47 However, most of them
were previously unrecognized as genes contributing to the development of HNSCC
metastasis.

Whether our newly identified metastasis-associated genes contribute functionally to
metastatic progression, not only in HNSCC but in other cancers as well, will require further
study. Nonetheless, our findings are encouraging, because they suggest the involvement of a
limited set of genes and pathways that might be common therapeutic targets in different
solid cancers. We were able to identify these genes because of our paired design, which
enabled us to overcome inter-tumor heterogeneity, a confounding factor in the analysis of
unmatched samples.

Comparison with Previously Published Studies

Given that several HNSCC metastatic signatures have now been published,31-36 it appeared
worthwhile to examine the studies for overlap as a means to derive information that may
have been missed in the analysis of any single study in isolation. These HNSCC metastatic
signatures were derived using several different profiling platforms and analytical approaches
(ie, supervised analysis of primary tumor signatures based on association with presence of
lymph node metastases, comparison of immortal versus mortal HNSCC samples, and in our
case, comparison of metastases with paired primary tumors). These diverse study designs
can explain some of the discrepancies seen in the direction of gene expression changes and
strengthen the significance of the genes that are independently discovered in multiple studies
(Supplementary Figure S2). Similarities seen between all 7 studies when pathways, rather
than individual gene products, were compared indicates that higher-level systems analysis
will likely be essential for the understanding and development of clinical applications from
primary gene expression data. Interestingly, the metastasis signatures for different solid
tumors19 and ours for HNSCC, showed a similar enrichment of muscle-related and
metallothionein genes. The fact that tumor progression is reflected in the remodeling of the
ECM is consistent with the observations that epithelial-mesenchymal interactions are
critical factors of tumor cell behavior.#8-50 The theme that is emerging is one of loss of cell
adhesion and acquisition of increased cell motility, which endows the cell with the ability to
migrate, invade, and home to specific organs—in the case of HNSCC, first lung then bone.

Progression to Metastasis in HNSCC

Clearly, head and neck cancer tumorigenesis is a multistep process that results from the
accumulation of multiple genetic and epigenetic alterations. Together, these events provide
the tumor cell with a selective growth advantage, which drives the development of the
primary tumor and metastasis. The striking similarity of the expression profiles between
primary tumors and their genetically matched metastases, and the identification of the 46
metastasis-specific genes together support the hypothesis that, compared with the
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development of the primary tumor, fewer additional clonal changes are necessary to yield
metastatic cells. Expression profiling of cancer cell lines selected in vivo for their metastatic
potential also indicated that changes in only a limited humber of genes and cellular functions
underlie the acquisition of the metastatic phenotype.#451.52 Similarity between our
metastatic signature (derived from metastases themselves) and other metastatic signatures
(derived from primary tumors alone) suggests that the order of these changes may be
variable, because our study found these expression changes only in metastases, but others
identified them as already present in the primary tumor. This “variable order” metastasis
progression model would be in contrast to current models of cancer progression, in which
events in tumorigenesis are proposed to occur in the same sequence every time a tumor
arises.

Further studies, especially using multiple primary tumors and metastases from patients with
different clinical histories, will be needed to clarify the role of specific genes and their
cellular pathways to the overall metastatic potential. Our results on lymph node metastases
should also be extended to distant metastases to identify genes responsible for the
establishment and maintenance of metastasis.

In conclusion, our data provide experimental evidence for the model recently proposed by
Hynes®3 that postulates the development of meta-static variants from a metastasis-prone
primary tumor cell population. Moreover, our data extend this model by indicating that the
sum of the changes in pathways and processes, rather than the specific genes or the order in
which changes occur, determines the final metastatic outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Analyses of expression profiles generated from the 4509 pseudo probe set genes. (A)

Principal component analysis (PCA) showing all 70 samples plotted for the first 3 principal
components derived using the expression matrix. The expression values for each gene were
log-transformed and centered before computing the principal components. Green dots are
normals, yellows are primary tumors, and reds are metastases; lines also join matched
primary tumors and metastases. There is a clear separation between the genetically matching
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normal adjacent samples and tumor samples (primary tumors and metastases). Most
metastases are closer to their corresponding primary tumors than to other metastasis profiles.
(B) Pairwise distance matrix (PDM) between all 70 samples, using Euclidean distance
applied to robust multichip average (RMA) quantifications of all 4509 pseudo probe set
genes. The order of normals (N), primary tumors (P), and metastases (M) is the same within
blocks. Distances between normals and tumors of all types are greater than distances
between normals and other normals, or between tumors and other tumors. The comparison
of primary tumors with metastases provided evidence for a tumor-specific signature
indicated by shorter distances from primary tumors to their corresponding metastases
compared with other metastases. This closer relatedness is visible as a darker blue diagonal
in the primary tumor versus lymph node metastasis comparison in the upper left corner of
the block of distances between primary tumor and lymph node metastasis.
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FIGURE 2.

Two-way hierarchical cluster analysis of gene expression profiles generated on pseudo
probe set gene expression data. Hierarchical clustering of all 70 samples (cell lines to the
side) from both chip types using Euclidean distance and complete linkage applied to robust
multichip average (RMA) quantifications of the 338 pseudo-probe sets passing the rank
filter. Normals (N) cluster to the left, tumors to the right. Of particular interest is that most
primary tumors (P) and lymph node metastases (M) from the same patient show pairing (9
of 14, 64% highlighted by thicker lines). Two primary tumor samples obtained from the
same patient before and after treatment (P13 and P3) are also very near in the hierarchical
samples cluster, suggesting a patient-specific tumor signature.
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FIGURE 3.
Expression levels for specific genes in sets of genetically matching normal adjacent

mucosae (@), primary tumors (00), and metastatic lymph nodes (*). The data plotted for
different sample sets (S) show considerable variation in expression levels across individual
sets for the same gene in the same tissue types. For each patient sample set, the general trend
of dysregulation (overexpression or underexpression) is in the same direction, whereas
levels across all patient sets overlap. The plots highlight the utility of the matched-based
analysis approach, which improves the sensitivity of the analysis. Representative genes (A)
overexpressed (OSF-2) or (B) underexpressed (KER4) in primary tumor and lymph node
metastasis relative to their genetically matched normal adjacent tissue sample, in ascending
order of expression in the normal tissue. Representative genes (C) overexpressed (CYP1B)
or (D) under-expressed (MMP3) in lymph node metastasis relative to their genetically
matched primary tumor sample, in ascending order of expression in the primary tumor.
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