
Identification and RNAi of Second-Tier Genes Implicated in
Invasiveness. To identify second-tier genes (i.e., genes downstream
of ADAM21 , CCR9 , and CD53) involved in tumor cell invasiveness,
we expression profiled HT29 cells that were perturbed with the
same siRNAs used in the Matrigel phenotyping assay. To
interrogate a greater number of genes, we used a custom human
cDNA microarray containing f32,000 elements. Among the seven
siRNA treatment groups (in addition to three negative control
groups: GPFi-122 siRNA and two scrambled siRNA sequences), an F
test with a 1% false discovery rate identified 1,911 genes across the
seven treatment groups that were significantly differentially
regulated compared with the negative control groups. We once
again utilized pattern matching (21) to identify a common set of
genes that were phenotypically anchored to weak invasivity in
response to siRNA treatment (i.e., genes that were only down-
regulated by ADAM21 , CCR9 , and CD53 siRNA treatments; Fig. 4A).
Our hypothesis was that the gene products of ADAM21 , CCR9 , and
CD53 cooperatively up-regulate a core set of downstream
invasiveness genes (i.e., second-tier genes). Hence, RNAi knock-
down of any one of these three genes would lead to a decreased
expression of this core set and subsequent loss of invasiveness.
When we compared the profiles of ADAM21 , CCR9 , and CD53
knockdowns to the GPF negative control, a total of 76 genes were
identified by pattern matching as second-tier candidates (Fig. 4B).
The number of candidate genes declined to 10 when we further
restricted the second-tier genes to match a pattern of low
expression in the ADAM21 , CCR9 , and CD53 knockdowns but high
relative expression in the GFP negative control and knockdowns
for Sp100 , PRDM2 , RBP1 , and SAS (Fig. 4A and C). To recall,
knockdown of Sp100 , PRDM2 , RBP1 , and SAS had no effect on
HT29 cell invasiveness and hence we would predict that the
downstream genes affected by these knockdowns do not play a

critical role in invasiveness. From a practical point of view, this
method of pattern restriction allows us to prioritize which genes to
subsequently target.
Of the 10 identified second-tier genes, we targeted glutaminase,

ribosomal protein L32, cytokeratin 20, DEAD/H box polypeptide,
and transcription factor Dp-1 for a second round of RNAi
knockdown and Matrigel assays (Fig. 5). Knockdown of each of
these genes led to a decrease in HT29 colon cancer cell invasiveness,
supporting our contention of a gene transcriptional circuitry that is
involved in at least one aspect of tumorigenesis, namely cellular
invasiveness. For each gene, two independent siRNAs were designed
to target different parts of the mRNA molecule (Fig. 5). This was
done to ensure that ‘‘off-target’’ effects were not responsible for
the suppression of invasiveness because it is unlikely that two
independent siRNAs against the same transcript will target a
common off-target transcript leading to the same phenotype (24).

Discussion

As an early member of a signal transduction cascade, Src exerts
pleotropic effects on cell behavior through a number of pathways
(1). As a result, the expression of a number of genes is altered and
some of these alterations are expected to modify the cancer
phenotype. We attempted not only to identify those genes whose
expression is altered through increased Src activity but also those
genes whose altered expression participated in the metastatic
phenotype of the cell. Hence, it was critical that a panel of cancer
cell lines could be statistically segregated, at the very least, into
high and low metastatic phenotypes. Phenotypic segregation of cell
line panels has been successfully applied to other metrics of cancer,
such as anchorage-independent cell growth and foci formation
(14, 18). Having separated cell lines according to their invasivity,
pattern matching was imposed to identify candidate causal genes.
Whereas this strategy helps narrow the list of implicated genes, a
drawback of microarray studies has been the lack of functional
validation. With this in mind, RNAi technology was included to
knockdown the expression of tiered candidate genes in cancer cells
that were subsequently screened for a loss of function.
We have identified a subset of c-Src up-regulated first-tier genes

(ADAM21 , CCR9 , and CD53) imparting invasive properties to
cancer cells. However, it should be noted that not all genes
identified in the first round of experimentation seem to participate
in invasion, as knockdown of the transcripts for Sp100 , PRDM2 ,
RBP1 , and SAS did not reduce invasiveness. Notwithstanding, we
can begin constructing a model of the ‘‘invasive cancer cell’’ along
with its transcriptional circuitry based on the known cellular roles
of the RNAi-validated first-tier genes and/or their gene family
members (Fig. 6). It is important to note that our validated genes
have not previously been linked experimentally to invasion. CCR9 is
a member of the G-protein-coupled receptor family capable of
coupling to arrestin via the h-g subunits of Gi and activating
extracellular signal-regulated kinase1/2, resulting presumably in
direct effects on the cytoskeletal architecture and secondary effects
on gene expression to facilitate chemotaxis/migration (25–27).
CD53 belongs to a family of transmembrane proteins, collectively
known as tetraspanins, that facilitate either promigratory or
antimigratory activity (again via both cytoskeketal effects and
secondary gene expression changes) depending on which tetra-
spanin family member is complexed to which integrin heterodimer
(28–30). The surface proteins from the ADAM family are known
facilitators of cell migration/invasiveness by proteolytic cleavage of

Figure 5. Effect of specific second-tier gene knockdowns on invasive
potential. Genes were identified for the next round of knockdown experiments
based on the analysis summarized in Fig. 4. HT29 cells were transfected
with the indicated second-tier siRNA species and were allowed to grow and
invade Matrigel over a 96-hour period. GFPi-122 siRNA served as a negative
control as well as scrambled siRNA sequences of ADAMi-565 (CONT-2 ) and
DEADi-1261 (CONT-3 ). Columns, mean of three independent experiments;
bars, SE. *, Significantly different from negative control treated cells (P < 0.05)
by ANOVA and post hoc Tukey test. GFPi-122, CONT-2, and CONT-3 siRNA
treatments were not significantly different from each other (P > 0.05).
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