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Abstract

AIM: To investigate the function of Pea3 in colorectal
carcinoma (CRC) invasion and metastatic potential.

METHODS: The expression of Pea3 during clinical
progression of human CRC was investigated using On-
comine Research Edition. To assay Pea3 expression
in established CRC cell lines, we performed western
blotting of cell lysates. We employed shRNA-mediated
knockdown of Pea3 in HCT116 (HCT) and LS174T CRC
cells which was confirmed by real-time quantitative
PCR (gPCR) and western blotting. Transwell invasion
assays, MTS proliferation assays, anoikis assays, and
fluorometric matrix metalloprotease (MMP) assays were
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performed to determine the effects of Pea3 knockdown
on invasion, proliferation, anoikis and MMP activity in
CRC cells /n vitro. Alterations in epithelial-mesenchymal
transition (EMT) and matrix metalloprotease (MMP)
mRNA levels were determined by qPCR. CRC cells were
injected into the flanks of nude mice to generate xeno-
grafts and tumor growth monitored with serial calliper
measurements. To assay metastatic potential, CRC cells
were injected into the spleen of nude mice, and histo-
logical analysis performed on the livers 21 d later.

RESULTS: We demonstrated that reduction of Pea3
expression in CRC cells significantly impaired their in-
vasive capacity (HCT.shPea3, 0.28 £+ 0.04 fold, P <
0.01; LS.shPea3, 0.15 + 0.04 fold; SW.shPea3, 0.23
+ 0.03, P < 0.01), reduced anoikis resistance (HCT.
shPea3 75.4% % 1.9% viable cells vs HCT.shCtrl 88.6%
+ 0.6% viable cells, P < 0.01; LS.shPea3 71.7% + 0.5%
viable cells vs LS.Ctrl 89.6% % 0.3% viable cells, P <
0.005, but had no effect on proliferation (HCT.shCtrl
AUC 5098 + 123 vs HCT.shPea3 5689 + 151, P < 0.05;
LS.shCtrl AUC 5600 + 324.1 vs LS.shPea3 6423 + 400,
P < 0.05). In vivo, HCT.shPea3 and HCT.shCtrl tumour
xenografts grew at a similar rate (HCT.shPea3 2.64 +
0.82 fold vs HCT.shCtrl 2.88 + 0.80 fold, 2 > 0.05). In
keeping with a pro-metastatic function for Pea3 in CRC,
several EMT markers and MMPs were downregulated
in shPea3-expressing cells, suggesting that Pea3 may
exert its effects through these processes. A reduction in
overall MMP activity was observed in HCT.shPea3 cells
compared to their control counterparts (HCT.shPea3
0.61 £ 0.04 fold, # < 0.005). This translated /n vivo
to the complete absence of metastases in the livers
of mice that were grafted with CRC cells lacking Pea3.
Conversely, CRC cells expressing Pea3 formed liver me-
tastases in all mice.

CONCLUSION: Our study implicates Pea3 as a media-
tor of metastases, and provides a biological rationale
for the adverse prognosis associated with elevated
Pea3 expression in human CRC.
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Core tip: Colorectal carcinoma (CRC) is one of the lead-
ing causes of cancer mortality. Pea3 is a transcription
factor that has been implicated in the pathogenesis
of CRC. We demonstrate that Pea3 directly influences
metastatic potential in CRC using a model of liver me-
tastases. We provide supporting findings that CRC inva-
siveness, anoikis and matrix metalloproteinase activity
are influenced by Pea3, and that this may collectively
contribute to altered metastatic potential. Our research
provides an important biological rationale to explain
previously reported clinical findings that elevated Pea3
expression in human tumors is correlated with increased
metastatic potential and decreased overall survival.
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INTRODUCTION

Colorectal adenocarcinoma describes cancers of glandular

origin that arise in the colon, rectum and anus. As normal
glandular cells accumulate neoplastic changes, dysplastic
cells transition through the classical, step-wise normal-
adenoma-adenocarcinoma sequence. Some of the most
common genetic abnormalities in colorectal carcinoma
(CRC) occur in genes whose products are involved in vi-
tal signalling cascades, such as the WNT'/B-catenin path-
way (APC gene), the MAPK and PI3K pathways (KRAS
gene), and the TGF-f signalling pathway (SMAD4),
while other gene products are involved in DNA damage
pathways (TP53 gene, MLLH1/2 genes)". Importantly,
our evolving understanding of these mechanisms, as well
as of other intersecting pathways directs advances in the
development of prognostic markers and targeted therapy
for CRC™. Thus, identification of novel molecules in-
volved in CRC catcinogenesis is a crucial endeavour.

One such molecular marker is Pea3 (E1AF/ETV4),
which is a transcription factor of the ETS family™. Pea3
is clustered with ETV1 and ETV5 in the Pea3 subfam-
ily (reviewed in™). Molecular cloning of the human Pes3
gene (as E1AF) was first described in 1993, and various
reports have been published on the physiological roles
of Pea3 in development, such as in organogenesis of
the kidney”, mammary gland"”, and limb buds". Impor-
tantly, an association of Pea3 with oncogenesis has also
been described by vatrious groups, in that the expression
of Pea3 may correlate with HER2/Neu overexpression,
increased tumour grade and adverse prognosis in breast
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cancer” !, Similarly, Pea3 and the other two subfam-
ily members have been studied in the context of other
tumours such as prostate, esophageal, gastric and lung
cancer!”" (and reviewed inm). Perhaps unsurprisingly,
the correlation of Pea3 overexpression in CRC progno-
sis was also published; overall and disease-free survival
periods were shorter in patients with Pea3-positive tu-
mours"”. Various matrix metalloproteases (MMPs) and
cyclooxygenase-2 (COX-2) have been suggested as pos-
sible transcriptional targets of Pea3™™. Pea3 has been
demonstrated to function as a mediator in different ma-

. . . . 20,21
lignancies including breast cancer™*!!

cancer™, prostate cancet”™, and fibrosarcoma

While research to date establishes Pea3 as a promis-
ing prognostic marker in CRC™'" to our knowledge,
there have been no studies directly investigating the bio-
logical function and associated mechanisms of Pea3 in
CRC tumorigenicity and metastases. Here, we report our
findings using shRNA-mediated interference of Pea3 ex-
pression in human CRC cell lines. We show that reduced
levels of Pea3 decrease the ability of CRC cells to invade
through basement membrane matrix, as well as to survive
in anchorage-independent conditions. Strikingly, CRC xe-
nografts with reduced Pea3 expression suffer a significant
disadvantage in their ability to form liver metastases. To
our knowledge, this is the first report to utilize sShRNA
interference and a metastatic xenograft model to study
the role of Pea3 in CRC. We believe that our findings
provide a rationale for the adverse prognosis associated
with elevated Pea3 expression in human CRC.

, non-small cell lung
[24]

MATERIALS AND METHODS

Cell lines and cell culture

Human colorectal adenocarcinoma (LS174T, 1L.S180,
HCT116, SW480, SW1222, SW620, COLO 205, 293T)
cell lines were purchased from American Type Culture
Collection (ATCC; VA, United States). Eatly passage cell
lines were cultured in Dulbecco’s modified Eagle medium
(DMEM) containing 4.5 g/L glucose (Invitrogen, On-
tario, Canada) supplemented with 10% fetal bovine se-
rum (FBS) (Invitrogen, Ontario, Canada) and penicillin-
streptomycin (Invitrogen, Ontario, Canada); the culture
medium is hereafter referred to as 10% DMEM. Cells
were maintained in a 37 C incubator with 5% COsz. Cell
lines were passaged before they reached 75% conflu-
ency and were regularly tested with MycoAlert (Lonza,
Ontario, Canada) to ensure the absence of mycoplasma
contamination. Cell morphology was regularly checked.

Transcriptome analysis of Pea3 expression in normal-
adenocarcinoma sequence

Oncomine™ (Compendia Bioscience, Ann Arbor, MI)
was used for analysis and visualization.

Generation of shPea3 cells

Human Pea3-specific and scramble control shRNA cas-
settes in retroviral vectors were purchased from Origene
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Table 1 Primer sequences used in quantitative polymerase chain reaction analysis

Target gene Forward Reverse

GAPDH ACCCACTCCTCCACCTTTGA CATACCAGGAAATGAGCTTGACAA
PEA3 AGGAGACGTGGCTCGCTGA AACCTAGCTTTCCACAGCCCC
FSP1 TGATCCTGACTGCTGTCATGG TACTCTTGGAAGTCCACCTCG
TWIST GACCTCGGGGCCATCCACACC CGCCGCCGCCGCCACAGC
VIMENTIN GCGTGACGTACGTCAGCAATATGA GTTCCAGGGACTCATTGGTTCCTT
SLUG ACGCCTCCAAAAAGCCAAACTACA CTTCAGGGCGCCCAGGCTCACATA
SNAIL AGGCCCTGGCTGCTACAAG TGCCCTCCCTCCACAGAAAT
ZEB-1 TTGCCGCTGTTGCTGATGTG GTGCCCTGCCTCTGGTCCTC
E-CADHERIN CTTCACCGACTTACCTACT GTGCCATACACTTAATTCTC
MMP1 ATTCTACTGATATCGGGGCTTTGA ATGTCCTTGGGGTATCCGTGTAG
MMP2 TATTTGATGGCATCGCTCAG GCCTCGTATACCGCATCAAT
MMP3 ATGCCCACTTTGATGATGATGAAC CCACGCCTGAAGGAAGAGATG
MMP7 TGCTCACTTCGATGAGGATG TGGGGATCTCCATTTCCATA
MMP9 TTGACAGCGACAAGAAGTGG CCCTCAGTGAAGCGGTACAT
MMP10 GAGTGGGGCAGCAAAAGAGGAG TGGGCCATCAAAAGAGTAAAAGTC
MMP13 CTTCGGCTTAGAGGTGACTGG TTTTGCCGGTGTAGGTGTAGATAG
MMP14 AGGCCGACATCATGATCTTCTTTG GGTGGGGTTTTTGGGTTTATCAGG
TIMP1 ACCCCCGCCATGGAGAGTGTC CCGGAAGAAAGATGGGAGTG
TIMP2 CGCAGCAAACACATCCGTAGAAGG CCGAGGAGGGGGCCGTGTAGATAA
TIMP3 CCCTTCGGCACGCTGGTCTACA TCAGCGGGAAGGGAGGGAAGTG
TIMP4 CGTCGGGGCGGGATTGG ACTGCTTCTGGCTGTTGGCTTCTA

Sequences were designed with Primer 3 software (http:/ / primer3.sourceforge.net/) or with the DNASTAR Lasergene Suite (Madison, WI, United States).
Sequences were checked against the human transcript database via PrimerBlast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) for cross-amplifica-

tion of unintended transcripts. MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor of metalloproteinase.

(Rockville, MD, United States). For the generation of
transfectants, 3 X 10° cells were seeded into 6-well plates,
then 16 h later, vectors encoding shPea3 or the control
shRNA were transiently transfected into SW480 cells us-
ing Lipofectamine 2000 (Invitrogen, Ontario, Canada)
as per manufacturer’s recommendations, and 24 h later,
the transfectants were used for cell lysates, proliferation
assays, invasion assays, and/or anoikis assays (described
below). Transductants were generated using 293T cell
supernatant. Briefly, retroviral transductants were gener-
ated wia triple-transfection of 293T cells using the Lipo-
fectamine 2000 reagent (Invitrogen, Ontario, Canada)
with a retroviral vector encoding the Pea3-shRNA, or
control shRNA, as well as the I”SV-G gag/pol and env
vectors. Supernatants were collected at 48 h. 2 x 10’
HCT116 were spin-infected in 6-well plates using the
retroviral supernatants, 20% DMEM, and 8 },Lg/ mL of
polybrene at 1000 g for 1.5 h. Transductants were selected
and maintained using puromycin (50 pg/mL). For the
comparison of shPea3 with the variant shRNA, we tran-
siently transfected HCT116 or SW480 cells with the con-
structs encoding the respective Pea3 shRNA or control
shRNA constructs using the protocol described above.

Real-time quantitative PCR

Total RNA was extracted using the RNeasy Mini kit
(Qiagen, Ontario, Canada) and cDNA synthesized us-
ing Omniscript RT kit (Qiagen, Ontario, Canada) as per
manufacturer’s instructions. Expression levels of genes
of interest were quantified through quantitative real-time
PCR using the SYBR Select (Life Technologies, Ontatrio,
Canada) on the StepOnePlus Real-time PCR system.
Expression levels were calculated using the comparative
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Ct method via StepOne Software (Life Technologies, On-
tario, Canada), and relative expression levels normalized
to GAPDH. Primer sequences are listed in Table 1.

Western blotting

Cells were lysed in ice-cold radioimmunoassay precipita-
tion assay (RIPA) lysis buffer [50 mmol/L Tris pH7.5,
150 mmol/L NaCl, 2 mmol/L EDTA Ph 8.0, 0.5% (v/v)
Triton X-100, and Complete protease inhibitor cocktail
(Roche, Quebec, Canada)]. Cell debris and insoluble
material were removed by centrifugation at 12000 g at
4 °C for 20 min. Following protein quantitation using
the Bradford protein assay (Bio-Rad, Ontatio, Canada),
25 g of lysate was loaded per lane and proteins resolved
by 4%-20% gradient SDS-PAGE gel, wet-transferred
to polyvinylidene fluoride membranes (EMD Millipore,
MA, United States), and the membranes were incubated
in 5% nonfat dry milk in Tris-buffered saline Tween-20
(ITBST) (10 mmol/L Tris-Base, 150 mmol/L NaCl, 0.05%
Tween-20; pH 7.4) for 1 h at room temperature to block
nonspecific antibody binding, followed by incubation
with primary antibody in 5% milk in TBST overnight at
4 C with gentle agitation. The membranes were washed
three times for 10 min each in TBST, then incubated in
TBST at room temperature for 1 h, followed by three
10-min washes with TBST. Protein-antibody binding on
the membranes was detected with the use of enhanced
chemiluminescence (ECL) Plus solution (GE Healthcare
Life Sciences, Quebec, Canada) followed by exposute of
the membranes to X-ray film (FujiFilm, Ontario, Canada).
Anti-human-B-actin antibodies were purchased from Cell
Signalling Technology (Danvers, MA, United States) and

anti-human-Pea3 antibodies were purchased from Santa
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Cruz Biotechnology (Paso Robles, CA, United States);
secondary antibodies were purchased from Jackson Im-
munoResearch (West Grove, PA, United States).

Matrigel transwell invasion assay

Cells were serum starved cells overnight (0.1% DMEM),
then 2 X 10 cells were seeded on top of 8 um transwell
inserts (BD Biosciences, Ontario, Canada) with 0.1%
DMEM and pre-coated with Matrigel basement mem-
brane matrix (Becton, Dickinson and Company, Ontario,
Canada) under 1% O2; 10% DMEM was used as a che-
moattractant. After 24 h cells that had invaded through
the Matrigel coated transwell inserts were fixed, stained
by Kwik-Diff Stain (Thermo Fisher Scientific, Ontario,
Canada) and number of invading cells counted under 10x
objective power of a Leica DM LB2 microscope (Leica
Microsystems, Ontario, Canada).

In vitro cellular proliferation assay

Cells were plated in increasing numbers in 96-well plates
in 10% DMEM. After 72 h of incubation, the number
of viable cells was quantified by the MTS assay (CellTitre
96" AQueous Cell Proliferation Assay, Promega Corpora-
tion, WI, United States) according to the manufacturer’s
instructions, and absorbance at 495 nm was measured us-
ing the Benchmark Plus multi-well plate reader (Bio Rad
Laboratories Inc., Toronto, Canada).

Anoikis assay

Cells were plated on 6-well ultra-low attachment plates
(Corning Incorporated, Tewksbury, MA, United States)
for 2-5 d under usual tissue culture conditions. Cell death

was analyzed by dye exclusion using a cell counter or
FACS analysis.

MMP activity assay

The fluorometric generic MMP kit was purchased from
AnaSpec (Fremont, CA, United States). For cell lysates,
10° cells were plated in 100-mm petri dishes for 24 h, and
cell lysis procedure was cartied out in a 0.1% Triton (v/v)
solution according to manufacturer’s recommendations.
Lysates were incubated for 3 h with 1 mmol/I. APMA,
and cleavage of the fluorometric MMP reagent was as-
sessed using a standard plate reader.

Mice

All experiments involving mice were performed accord-
ing to University of Toronto and Sunnybrook Research
Institute guidelines, using a peer-reviewed animal pro-
tocol. Balb/c athymic nude mice were putrchased from
Hatlan (Ontario, Canada).

In vivo tumour growth assay

Five million (HCT-scr, HCT-shPea3, LS-scr, LS-shPea3)
cells were resuspended in 50 pL of FBS-free culture me-
dium and mixed with 50 pL. Matrigel (Becton, Dickinson
and Company, Ontario, Canada) and injected subcutane-
ously into the right flanks of 6- to 7-wk-old female athy-
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mic nude mice (Hatlan, Ontatio, Canada). Caliper mea-
surements were made and tumour growth was plotted as
fold increase in size compared to starting,

In vivo liver metastasis assay

Briefly, 1 million cells (HCT116-scr or HCT116-shPea3)
were resuspended in 20 pL. of FBS-free culture medium
and injected into the spleens of 6- to 7-wk-old female
athymic nude mice (Harlan, Ontario, Canada). Three
weeks following injection, mice were euthanized by cervi-
cal dislocation, and their livers were collected for H&E
staining (see below).

Immunohistochemistry

Five micron tumour sections were stained with haema-
. . . o le6)

toxylin and eosin, as previously described ™.

Statistical analysis

All statistical tests were two-sided, and the statistical anal-
ysis was performed using the GraphPad Prism version 5.0
program (GraphPad Software, CA, United States). Statis-
tical significance was defined as P << 0.05. The Student
#test was used to compare the mean values between two
groups. Data are presented as mean values with standard
deviations.

RESULTS

Pea3 transcript expression is increased through the
adenoma-carcinoma sequence

In order to investigate the expression of Pea3 during the
clinical progression of benign colon to malignant CRC
in humans, we performed data mining using Oncomine
(Compendia Bioscience, Ann Arbor, MI), a repository
of gene expression profiles of normal and cancer tis-
sues. Interestingly, Pea3 expression increased through the
normal-adenoma-carcinoma sequence (Figure 1A), sug-
gesting a role for Pea3 in the carcinogenesis of CRC.

Pea3 expression in CRC cell lines and Pea3 shRNA

We then assayed a panel of human CRC cell lines for
Pea3 protein expression by western blotting, Our results
showed detectable Pea3 expression in a number of es-
tablished CRC cell lines (Figure 1B). From this panel,
we chose the HCT116, LS174T, and SW480 cell lines, all
of which express Pea3, to study Pea3 function in CRC.
We utilised Pea3-specific shRNA to interfere with Pea3
expression in the HCT116 and SW480 cell lines (Figure
2A). Using quantitative PCR (qPCR), we observed a sig-
nificant reduction in Pea3 expression in the Pea3-shRNA
cell lines (Figure 2B; HCT.shPea3, 0.15 £ 0.01 fold,;
LS.shPea3, 0.51 £ 0.02 fold; SW.shPea3 0.22 £ 0.02 fold,
P < 0.005) relative to their control-shRNA counterparts
(HCT.shCtrl, LS.shCtrl, SW.shCtrl), thereby validating our
RNA interference strategy. Similarly, western blot analysis
showed reduced Pea3 protein levels in the Pea3-shRNA
cells relative to control-shRNA cells (Figure 2C). We also
tested a variant Pea3-shRNA with a different nucleotide
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Figure 1 Pea3 expression in normal-adenoma-carcinoma (colon) and human colorectal carcinoma cell lines. A: Box plot of Pea3 transcript expression in nor-
mal colon tissue, adenoma, and adenocarcinoma samples. Oncomine™ compendium was utilized for analysis (Skrzypczak 2 colon sample set). Expression is shown
as logz transformation of median-centered intensity. Black line represents the median; blue box, 25/75 percentile; bars, 10/90 percentile; dots, minimum and maximum
values; B: Western blot analysis of Pea3 expression in human colorectal cancer cell lines. Shown are blots for Pea3 and B-actin loading control. Representative of
three independent experiments.
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Figure 2 Generation and characterization of short hairpin RNA (shRNA)-mediated interference with Pea3 expression. A: Nucleotide alignment of Pea3
sequence with shRNA. The shown Pea3 sequence is identical in four published Pea3 splice variants (accession numbers NM_001986.2, NM_001079675.1,
NM_001261437.1 and NM_001261438.1). Vertical lines indicate complementary bases; B: Quantitative polymerase chain reaction (qQPCR) analysis of Pea3 expres-
sion in HCT116, LS174T, and SW480 cells expressing Pea3-specific ShRNA (HCT.shPea3, LS.shPea3, and SW.shPea3) or control shRNA (HCT.shCtrl, LS.shCtrl, and
SW.shCtrl). Obtained ACt values are normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) values, and expression is shown as fold change in Pea3
expression relative to cells expressing control shCtrl, °P < 0.01 vs control SARNA; C: Western blot analysis of Pea3 expression in HCT116, LS174T and SW480 cells
expressing Pea3-specific ShRNA (HCT.shPea3, LS.shPea3, and SW.shPea3) or control shRNA (HCT.shCtrl, LS.shCtrl, and SW.shCtrl). Shown are blots for Pea3 and
[B-actin loading control. Representative of three independent experiments; D: Western blot analysis of Pea3 expression in HCT116 cells expressing two different Pea3-
specific ShRNA [HCT.shPea3 and HCT.shPea3(v2)] or control shRNA (HCT.shCtrl). Shown are blots for Pea3 and f-actin loading control. Representative of three
independent experiments.

sequence [shPea3(v2)] in its ability to result in a reduction ~ Functional consequences of reduction of Pea3

of Pea3 expression. In comparison to the original Pea3- expression in vitro

shRNA construct we used, transfection of shPea3(v2) To assess the functional consequences of shRNA-medi-
construct into the HCT116 cells resulted in a modest ated silencing of Pea3, we carried out a number of 2 vitro
but reproducible reduction of Pea3 protein (Figure 2D). functional assays. As the ability of cancer cells to invade
Thus, the Pea3-shRINA was successful in reducing Pea3 from their primary site and then into tissues at the site of
transcript and protein levels in these cell lines. metastasis is a crucial step in the formation of metasta-
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ses”™™ we tested the invasive capacity of Pea3-shRNA

cell lines using a transwell invasion assay. Briefly, serum-
starved cells were seeded on transwell inserts coated with
basement membrane matrix, serum-supplemented culture
medium was used as a chemoattractant, and 24 h later,
cells that had invaded through the inserts were count-
ed?. In keeping with a pro-metastatic role for Pea3, the
number of cells invading through the inserts was sig-
nificantly reduced in shPea3 cells in comparison to the
control counterparts (Figure 3A; HCT.shPea3, 0.28 & 0.04
fold; LS.shPea3, 0.15 £ 0.04 fold; SW.shPea3, 0.23 + 0.03,
P < 0.01). To exclude a phenomenological effect of the
particular shRNA construct we used in these assays, we
also tested ability of the shPea3(v2) construct to affect
in vitro invasion. In keeping with our observations with
the original shPea3 construct, HCT116 and SW480 cells
transfected with the shPea3(v2) construct also displayed a
significant reduction in their ability to invade (Figure 3A;
HCT.shPea3(v2), 0.71 £ 0.01 fold; SW.shPea3(v2), 0.46
1 0.02 fold P < 0.005). Thus, Pea3 expression confers a
distinct advantage in the ability of CRC cells to invade
in vitro. Another phenotype necessary in the generation
of metastases from the primary tumour is the ability to
overcome anchorage-dependent cell death, or anoikis™
We thus carried out anoikis studies, where we assessed
the ability of these CRC cells to survive in non-adherent
culture conditions. Similar to the invasion assay, fewer vi-
able cells were observed in HCT.shPea3 and LS.shPea3
cells compared to control cells (Figure 3B; HCT.shPea3
75.4% £ 1.9% s HCT.shCtxl 88.6% £ 0.6%, P < 0.01;
LS.shPea3 71.7% % 0.5% vs LS.Ctrl 89.6% £ 0.3%, P <
0.005). Of note, we were unable to induce anoikis in SW
cells in our culture conditions (greater than 95% cell vi-
ability), and thus, we were unable to conclude whether
Pea3 influences anoikis tresistance in these cells. There-
fore, Pea3 is also involved in providing CRC cells with the
ability to survive in an anchorage-independent manner.
Lastly, we tested the impact of Pea3 expression on cell
proliferation using a MTS assay. In this context, however,
HCT:shCttl cells did not possess a proliferative advantage
over the shPea3 cells in vitro (Figure 3C left panel, HCT.
shCtrl AUC 5098 * 123 »s HCT'shPEA3 5689 £ 151, P
< 0.05). Similarly, the proliferative capacities of LS.shCtrl
(Figure 3C right panel, LS.shCtrl AUC 5600 £ 324.1 »s
LS.shPEA3 6423 £400, P < 0.05) and SW.shCtrl cells
(data not shown) did not statistically differ from their
shPea3 counterparts. To address the influence of Pea3
expression on CRC proliferation iz vivo, we generated
subcutaneous xenografts in the flanks of Balb/c athymic
nude mice, and monitored tumour growth. The HCT.
shPea3 and HCT.shCtrl tumours grew at a similar rate
(Figure 3D, HCT.shPea3 2.64 *+ 0.82 fold s»s HCT.shCttl
2.88 £ 0.80 fold, P > 0.05). Interestingly, LS.shPea3 tu-
mours grew faster than their shCttl counterparts (Figure
3D, LS.shPea3 4.62 + 1.37 fold »s LS.shCtrl 2.80 + 0.69
fold, P < 0.05). Collectively, our 7z vitro and in vivo results
indicate that the loss of Pea3 expression is not associated
with a proliferative disadvantage. However, Pea3 expres-
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sion contributes to CRC cell invasiveness and increased
anoikis resistance, which support a pro-metastatic role

for Pea3 in CRC.

In vivo metastatic potential of Pea3-reduced CRC cells
Given our 7 vitro findings, we hypothesized that Pea3-
expressing CRC tumours may possess a metastatic advan-
tage. Since liver is the primary site of CRC metastasis in
patients, we utilized an 7z vivo model of liver metastasis.
We injected HCT cells into the spleens of Balb/c athy-
mic nude mice and enumerated liver metastases”"*. His-
tological analysis of the livers at 21 d following splenic
injection revealed that mice injected with HCT.shPea3
cells formed no metastases in the livers, while all mice
injected with HCT.shCtrl cells showed metastases (Figure
4A, P < 0.05). Our observations indicated that reduction
of Pea3 expression greatly impairs metastatic potential in
the HCT cell line, confirming a prominent role for Pea3
in promoting liver metastases in CRC.

Potential downstream targets of Pea3

Since our data indicated that Pea3 expression increased
the ability of CRC cells to invade (i vitro) and to estab-
lish liver metastases (i vivo), we explored the potential
mechanisms of Pea3 action. The two pathways we inves-
tigated were epithelial to mesenchymal transition (EMT),
and MMP expression, which are two important processes
implicated in CRC metastasis” . We performed qPCR
analysis of mRNA expression of common EMT markers
and MMPs in HCT.shPea3 cells relative to HCT.shCtrl
cells (Figure 4B). In keeping with a pro-metastatic role
for Pea3, several EMT markers and MMPs were down-
regulated in shPea3-expressing cells, suggesting that Pea3
may exert its effects through these processes (Figure 4B).
In contrast to HCT116, the SW480 cell line expressed
fewer of these markers, and the levels of reduction were
much more modest, possibly as a result of transient
expression of the shPea3 construct (Figure 4B). We car-
ried out fluorometric MMP activity assays and identified
a reduction in overall MMP activity in HCT.shPea3 cells
compared to their control counterparts (Figure 4C; HCT.
shPea3 0.61 * 0.04 fold, P < 0.005). Thus, Pea3 may
potentially modulate EMT and MMPs to confer a pro-
metastatic phenotype in CRC.

DISCUSSION

Colorectal cancer is one of the most prevalent cancers

in the world, and a leading cause of cancer death, largely
due to its propensity for early metastatic spread. In line
with its significance, a large body of research has been
devoted to studying various aspects of CRC biology, in-
cluding identification of novel prognostic markers and
drug targets, as well as their respective mechanisms of
action. Pea3 is one such marker, which is being explored
in the context of human CRC as well as in other cancers
(reviewed in™). Previous reports on the association of in-
creased Pea3 expression in tumours with reduced patient
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Figure 3 Characterization of invasiveness, anoikis resistance, and proliferative capacity of colorectal carcinoma cells expressing the short hairpin RNA
Pea3 (shPea3) construct. A: Representative images of the 24-h transwell invasion assay using HCT.shPea3, HCT.shPea3(v2) and HCT.shCtrl cells with quantifica-
tion of the transwell invasion assays. Data are shown as fold change in invasion of shPea3 or shPea3(v2) expressing cells relative to their shCtrl counterparts. °P <
0.01, HCT.shCtrl vs HCT.shPea3; °P < 0.01, LS.shCtrl vs LS.shPea3; ‘P < 0.01, SW.shCtrl vs SW.shPea3; "P < 0.01, LS.shCtrl vs LS.shPea3; B: Anoikis assay using
the stable HCT116 and LS174T transductants. Cell death was assessed using dye exclusion, and the fraction of surviving cells after 2 d (HCT116) or 5 d (LS174T)
was plotted. °P < 0.01, HCT.shCtrl vs HCT.shPea3; °P < 0.01, LS.shCtrl vs LS.shPea3; C: In vitro proliferation assay of HCT.shPea3 and HCT.shCtrl cells (left panel),
as well as LS.shPea3 and LS.shCltrl cells (right panel). Cells were plated in 96-wells in 4-fold dilution series, followed by OD reading at 495 nm for quantification (shown).
Area under curve analysis was performed for statistical significance; D: In vivo tumour xenograft growth assay of HCT.shPea3 and LS.shPea3 cells. 5 x 10° cells were
injected s.c. into the flanks of mice (8 per group) and calliper measurements of the tumours were taken. Shown are fold change in tumour sizes compared to day zero.
Dotted horizontal line indicates 3-fold starting tumour size. *P < 0.05 vs final tumour measurements. Statistical analysis was performed using Student’s t-test for the
final tumour measurements.

survival constitutes an important clinical observation and
establishes Pea3 as a compelling molecular target to study
in cancer™™. Previous research directed at elucidating
the mechanism(s) of action for Pea3 in CRC implicated
MMP-1 and MMP-7 as downstream effectors’ """, while
others suggest that signalling pathways such as osteopon-

. . 35,36
tin are involved” ",
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To date, no study has yet directly investigated the ir
vivo function of Pea3 in CRC using a metastatic model.
As far as we are aware this is the first report to directly
study the effects of Pea3 expression by using shRNA-
mediated knockdown technology in CRC both i vitro and
in vivo. Our results demonstrate that a reduction in Pea3
levels results in a significant decline in the cells’ ability to
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Figure 4 In vivo xenograft assay for the formation of liver metastases by HCT.shPea3 cells, and differential expression of epithelial-mesenchymal transi-
tion markers and matrix metalloproteases. A: Ten million HCT cells were injected into spleens of athymic nude mice (4 per group), and livers were analyzed by
immunohistochemistry (haematoxylin and eosin) at 21-d post injection. Representative images of metastases from the HCT.shCtrl cohort. Black arrows indicate the
metastatic mass. Scale bar indicates 200 um. Summary of the metastases observed in the shPea3 vs shCtrl cohort. Result of the * test is shown; B: qPCR analysis
of select epithelial-mesenchymal transition markers and a panel of MMP transcripts in HCT116 (top panel) or SW480 cells (bottom panel). Obtained ACt values are
normalized to GAPDH values, and expression is shown as fold change in Pea3 expression relative to cells expressing control shCtrl. @ indicates expression is below
detection threshold (Ct > 32 cycles). Targets that display differential expression between shPea3 and shCtrl consistently of at least 20% are underlined and bolded.
Dashed horizontal line indicates the expression of the shCtrl cohort. Representative of three independent experiments; C: Results of the generic MMP activity assay,
given as relative light units normalized to the amount of total protein in the sample. Data shown as fold change in MMP activity of HCT.shPea3 expressing cells rela-

tive to HCT.shCtrl. Representative of four independent experiments. MMP: Matrix metalloproteases.

invade 77 vitro. Interestingly, this deficiency is also paral-
leled by a reduction in the transcript levels of two MMPs
(MMP-7 and MMP-14) and a decline in total MMP
activity. Thus, our results corroborate previous studies
that reported a positive regulatory role for Pea3 in MMP
expression“i’”’m’asj. Nonetheless, we cannot formally rule
out the possibility that Pea3 may promote MMP action
via additional mechanisms such as transcriptional repres-
sion of MMP inhibitors ot stimulation of MMP activa-
tors that have yet to be identified.

We demonstrate for the first time that interference
with Pea3 expression significantly impairs the ability of
CRC cells to form liver metastases. This provides impoz-
tant experimental evidence to explain the previously re-
ported clinical findings regarding the association of Pea3
with overall survival and distant metastases in CRC!"”.
Thus, this study provides a meaningful contribution to
our understanding of the role of Pea3 in CRC. We em-
ployed female mice for our studies, and although to our
knowledge, CRC cells are not estrogen or androgen-de-
pendent for their growth, future studies could utilize both
male and female mice to rule out any gender-specific dif-
ferences for Pea3 in CRC tumorigenesis and metastasis.

A potential involvement of Fspl (S100A4) constitutes
yet another interesting observation in our study. Previ-
ously, Fspl has been suggested to positively regulate the
expression of MMPs in certain cancers, such as MMP-9
in thyroid cancer and osteocarcinoma", and MMP-13
in breast cancer”. Therefore, it is possible that PEA3
may regulate MMP expression through the regulation of
Fspl. Moreover, Fspl has been suggested to promote
metastasis (reviewed in'*) by increasing angiogenesis,
tissue invasion, and cell motility. Thus, if Fspl is indeed
regulated by Pea3, this may provide the cancer cells with
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multiple advantages in forming metastases. While not
formally tested, it is interesting to speculate that the de-
crease in anoikis resistance observed in Pea3-shRNA cells
may also stem from a reduction in Fsp1 expression.

Currently, we perceive a number of avenues regarding
future research on Pea3 in cancer. The potential utility of
Pea3 as a prognostic marker has already been considered
in CRC"™™ as well as in additional cancers”. Future re-
search will be needed to identify other cancers in which
Pea3 may play a pro-metastatic role in attempt to estab-
lish a more complete framework of the importance of
Pea3 in cancer. From a clinical standpoint, the frequency
of Pea3 overexpression in these cancers and its impact on
patient outcomes will have to be established. However,
research on Pea3 in cancer does not necessarily have to
be limited to prognostics. While targeting of intracellular
molecules in cancer therapeutics is challenging, the po-
tential utility of RINA interference is already being evalu-
ated in solid tumours™. Furthermore, identification of
downstream targets may also yield potential drug targets.
For this purpose, future research should aim to identify
transcriptional targets of Pea3, and given our findings on
MMP activity and anoikis resistance, molecules known to
be involved in these pathways,such as Fsp1l and MMP-14,
would be promising targets.
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Background

Colorectal carcinoma (CRC) is a leading cause of cancer mortality largely due
to its propensity for early metastatic spread. There is a need to understand the
biological mechanisms underlying the process of CRC metastasis to assist in
the future development of targeted therapies.

Research frontiers
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correlated with distant metastasis, and reduced overall survival, making Pea3
a compelling target to study in CRC. Engagement of epithelial-mesenchymal
transition (EMT) and matrix-metalloproteases (MMPs) downstream of Pea3
have been previously implicated as processes involved in metastatic spread.

Innovations and breakthroughs

The authors have demonstrated that interference with Pea3 expression sig-
nificantly impairs the ability of CRC cells to form liver metastases. Additionally,
Pea3 is required for efficient invasiveness, induction of MMP activity, and ex-
pression of certain EMT markers. Together, this provides important experimen-
tal evidence to explain the previously reported clinical findings regarding the
correlation of Pea3 with overall survival and distant metastases in CRC.

Applications

Pea3 is required for efficient metastatic spread in CRC and thus implicates it as
a promising therapeutic target.

Terminology

Epithelial-mesenchymal transition is the process through which epithelial cells
lose cell polarity and adhesion, and gain migratory and invasive properties
which can promote metastasis. Matrix metalloproteases are involved in degrad-
ing the components of the extracellular matrix which may promote cancer cell
migration, invasion and survival.

Peer review

In this manuscript, the author investigated the biological function of Pea3 in
CRC and explored some possible mechanisms of Pea3 in CRC. This has not
been reported in the literature previously and warrants publication, and this
study is original and has some clinical significance.
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