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Integrin α1β1 expression is controlled by c-MYC in colorectal
cancer cells
S Boudjadi1,2, JC Carrier1,2, J-F Groulx1 and J-F Beaulieu1

The α1β1 collagen receptor is only present in a few epithelial cell types. In the intestine, it is specifically expressed in proliferating
crypt cells. This integrin has been reported to be involved in various cancers where it mediates the downstream activation of the
Ras/ERK proliferative pathway. We have recently shown that integrin α1β1 is present in two-thirds of colon adenocarcinomas, but
the mechanism by which ITGA1 expression is regulated is not known. DNA methylation, involved in ITGA1 repression during
megakaryocyte differentiation, is not the mechanism of ITGA1 regulation in colorectal cancer cells. Our in silico analysis of the ITGA1
promoter revealed two response elements for MYC, an oncogenic factor known to regulate cancer cell proliferation, invasion and
migration. In situ, the expressions of both MYC and ITGA1 are localized in the lower crypt of the normal colon and correlate in
72% of the 65 analyzed colorectal cancers. MYC pharmacological inhibition or downregulation of expression with short hairpin
RNA in HT29, T84 and SW480 cells resulted in reduced ITGA1 expression at both the transcript and protein levels. Chromatin
immunoprecipitation assays revealed that MYC was bound to the chromatin region of the ITGA1 proximal promoter, whereas MYC
overexpression enhanced ITGA1 promoter activity that was reduced with MAD co-transfection or by the disruption of the response
elements. We concluded that MYC is a key regulating factor for the control of ITGA1 expression.
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INTRODUCTION
Integrins provide dynamic cell to cell linkage and cell attachment
to extracellular matrix components. These noncovalently asso-
ciated αβ heterodimers form a large superfamily of 18 α and 8 β
subunits that can form 24 αβ units.1,2 Three decades after their
characterization at the molecular level, integrin functions are now
well known and better understood. In contrast to most other cell
receptors, they can drive inside-out as well as outside-in
signaling.3 Despite the absence of intrinsic enzymatic capability
and depending upon the integrin heterodimer, they can recruit
different scaffolding and signaling molecules and drive activation
of different pathways involved in cancer progression including cell
shape, invasion, migration, survival and proliferation.4–6 The
integrin α subunit is crucial for ligand specificity and selective
molecule recruitment. ITGA1 (integrin, α1) contains an ‘I‘ domain
involved in α1β1 binding to collagen and is crucial for recruiting
caveolin-1 and Shc to activate the Ras/MEK/ERK pathway
regulating cell proliferation.4,7,8 It has been demonstrated that
specific amino acids in the ITGA1 cytoplasmic tail are necessary to
drive various functions and pathways.9 Pro1142 and Leu1145 are
required for extracellular signal-regulated kinase (ERK) activation
and cell proliferation, whereas Lys1146 is involved in cell adhesion
and migration (activation of p38 mitogen-activated protein
kinase); interestingly, substitution of the Lys1151 positively
charged amino acid at the COOH-terminus of the α1 tail results
in a complete loss of the above functions.9

Integrin α1β1 has been reported to be involved in various
cancers. For instance, blocking ITGA1 function, but not ITGA2,
resulted in reduced cell adhesion to collagens and invasion in a
mouse breast cancer model.10 Similarly, ITGA1 and ITGA2 have

been shown to enhance cell invasion through a fibrotic
microenvironment comparable to the fibrotic matrix of hepato-
cellular carcinoma.11 Knockout mice for Itga1 display longer
survival with smaller tumors and reduced proliferation and
angiogenesis as well as enhanced cell death in lungs bearing a
Kras mutation.12 Another indication supporting a critical role for
integrin α1β1 in tumorigenicity was obtained with the demonstra-
tion in colon cancer cells that α1β1 but not α2β1 can associate
with talin and paxillin to activate focal adhesion kinase/Src,
resulting in its accumulation in focal aggregates and activation of
the p130Cas/c-Jun N-terminal kinase cascade to promote cancer
cell invasion.13

We recently reported that ITGA1 was expressed in 65% of
colorectal cancers,14 but how its expression is regulated remains
unknown. The first description of transcriptional regulation of
ITGA1 was in smooth muscle cells where the proximal promoter
containing the CArG box for the serum response factor was found
within 400 bp upstream from the translation initiation site.15 On
the other hand, Cheli et al.16 reported that ITGA1 expression is
predominantly downregulated by DNA methylation but not
histone modification during differentiation of mononuclear cells
toward the megakaryocyte lineage. Whether ITGA1 expression is
regulated by a DNA methylation-dependant mechanism in
cancers has not yet been investigated but our data showing
widespread ITGA1 expression in colorectal cancers14 suggest that
other mechanisms could prevail. Indeed, an in silico analysis of the
ITGA1 proximal promoter region revealed two CANNTG responsive
elements for the MYC transcription factor.
Interestingly, MYC expression is known to be upregulated in up

to 70% of colorectal cancers.17,18 Considering that MYC is involved
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in various aspects of cancer cell proliferation and invasion,19–21

functions where the integrin α1β1 also appears to play a role as
summarized above, in this study we have investigated the possibility
that ITGA1 expression is regulated by MYC in colorectal cancer.

RESULTS
Methylation is not the mechanism of regulation of ITGA1
expression in colorectal cancer cells
Different colon cancer cell lines were screened for ITGA1
expression at the transcript and protein levels. As summarized in
Table 1, ITGA1 was found to be highly expressed in HT29, SW480
and Caco-2/15 cells, moderately in T84 and SW620 cells and
weakly in DLD1 and HCT116 cells. As downregulation of ITGA1 has
been reported to be DNA methylation dependent in megakar-
yocytic cells,16 we treated HCT116 and DLD1 cells with 5-aza-2′-
deoxycytidine for 7 days. This treatment did not trigger ITGA1
expression as compared with dimethyl sulfoxide alone, whereas
IGFBP7, known to be epigenetically inactivated in various colon
cancer cell lines,22 was induced. Furthermore, treatment of
HCT116 cells with a bisulfite agent did not reveal methylated
CpGs in the proximal region of the ITGA1 promoter. Together,
these results strongly suggest that ITGA1 gene expression is not
regulated by DNA methylation in human colon cancer cells.

MYC regulates ITGA1 expression in colorectal cancer cells
ITGA1 regulation at the transcriptional level in colorectal cancer
cells has not been studied. The in silico analysis of its proximal
promoter revealed two putative response elements where binding
of the oncogenic transcription factor MYC could occur. In light of
this finding, we first investigated whether endogenous MYC
regulates ITGA1 expression in colorectal cancer cells. As summar-
ized in Table 1, ITGA1 expression at the protein and transcript
levels was present in five of the seven tested cell lines (Caco-2/15,
HT29, T84, SW480 and SW620), whereas MYC protein was
detected at significant levels in four of them. We therefore
selected three of the latter to further investigate the implication of
MYC on ITGA1 expression. Treatment of the HT29, T84 and SW480
cell lines with the specific MYC inhibitor 10058-F4 used at 50 μM
resulted in a significant reduction of MYC and ITGA1 at both
transcript and protein levels (Figures 1a and b), whereas the
expression of the ITGA1 partner, ITGB1, was not statistically altered
(Figure 1b).
The use of interfering short hairpin RNAs targeting MYC resulted

in a significant MYC and ITGA1 downregulation at both the
transcript (Figure 2a) and protein levels (Figure 2b) with no effect
on ITGB1 in HT29 cells. Similar results were obtained with T84 and
SW480 cells. These findings suggest that MYC could regulate
ITGA1 expression at the transcript level.

MYC binds to the ITGA1 promoter in colorectal cancer cells
To determine whether MYC associates directly to the region of the
ITGA1 promoter in native chromatin, we performed chromatin
immunoprecipitation (ChIP) assays in HT29 cells. When using anti-
c-Myc antibodies, a significant enrichment of the chromatin region
containing the two presumed response elements was observed
compared with the IgG control (Figures 3a and b). Occupancy of
the promoter by transcription factors does not indicate whether
the promoter is repressed or activated. Performing the ChIP assay
using anti-RNA-polymerase II (Pol-II) antibodies resulted in a
significant enrichment of the same chromatin region compared
with the control (Figures 3a and b). As CCND1 is a known target of
MYC,23,24 we used its promoter containing the E-box CACGTG as a
positive control. As shown in Figure 3c, there was higher
chromatin enrichment when using anti-c-Myc or anti-RNA-Pol-II
antibodies compared with the control IgG, indicating that MYC
occupies the promoter of the CCND1 gene and activates its
expression. These results strongly indicated that the ITGA1
promoter was active, as was the CCND1 promoter, at the time
of its association with the MYC transcription factor.

ITGA1 promoter activity is modulated by the MYC transcription
factor
As a first step, the responsiveness of the ITGA1 promoter to MYC
was studied in HEK293T cells that have a significant transfection
rate. As shown in Figure 4a, MYC overexpression led to a higher
activity of the ITGA1 promoter compared with the empty vector.
This activity was reduced when equal amounts of MAD, a MYC
competitor to binding with MAX,25,26 was introduced alone or
co-transfected with MYC (Figure 4a). As a result, ITGA1 promoter
activity was lower than the basal activity, suggesting that MAD
inhibited exogeneous as well as endogeneous MYC activities. This
result confirmed that MYC regulates ITGA1 expression by inducing
the activity of the ITGA1 promoter.
The transcription factor MYC controls different genes with direct

binding to the cognate hexanucleotide CACGTG named the
E-box.23,27 The promoter of ITGA1 contains two response elements
within the − 400/+315 regulatory segment relative to the
transcription start site (Figure 4b).16 The first was CAAGTG (BOX-
S1) between − 249 and − 244 bp, having only one nucleotide (A in
the place of C) different from the consensus E-box CACGTG. The
second was CAGATG (BOX-S2) from +26 to +31 bp, with a high
similarity to CACATG (at +28: G to C).23 To identify whether MYC
could bind to the two response elements BOX-S1 and BOX-S2, we
changed nucleotides to create two new sites M-BOX-S1 and
M-BOX-S2 that could not be recognized by MYC (Figure 4b, bold
letters in gray filled boxes). Mutation of the first or second site
resulted in a significant decrease of luciferase activity induced by
the ITGA1 promoter when activated by MYC compared with
the nonmutated promoter (Figure 4c). Taken together, these
results strongly suggest that MYC enhances the expression of
ITGA1 by direct control from these two sites on the proximal
promoter of the ITGA1 gene.

MYC and ITGA1 expression correlates in colorectal cancers
Having demonstrated that MYC controls ITGA1 expression in
colorectal tumor cell lines, we investigated whether MYC and
ITGA1 expression correlates in colorectal cancers. As ITGA1 is
upregulated in both tumor and peritumoral stroma,14 observation
of a possible correlation with MYC expression had to be
performed by immunohistochemistry. ITGA1 and MYC expression
were thus analyzed on tissue microarrays prepared previously
from 65 patients including tumors of all 4 stages (see Material and
methods for details) and their corresponding resection margins.
A semiquantitative system for evaluating the staining intensity
was based on the fact that both antigens are expressed in the

Table 1. Evaluation of MYC protein and ITGA1 mRNA and protein
expression levels in colorectal cancer cell lines by real-time
quantitative PCR (qPCR) and western blot

Cell line MYC protein ITGA1 transcript ITGA1 protein

Caco-2/15 +/− + ++
HCT116 ++ +/− +/−
DLD1 + +/− +/−
HT29 ++ ++ ++
SW480 ++ ++ ++
SW620 + + +
T84 + + +
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lower crypts of the normal colon. Thus, in cancers, a score of 1 was
given for a staining intensity equivalent to that in the lower half of
the normal crypt, whereas a staining intensity equivalent to that of
the upper crypt/surface epithelium was scored as 0. A score of 2
was given to a staining intensity stronger than that observed in the
normal crypt. Representative images from four patients showing
MYC and ITGA1 expression and scoring are shown in Figure 5. Only
nuclear staining for MYC and basolateral staining for ITGA1 were
considered for the scoring. Overall, as summarized in Table 2, MYC
was found to be expressed in 34 of the 65 tumors (52%), whereas
ITGA1 was present in 42 tumors (65%) as reported previously.14

MYC and ITGA1 expressions were found to be significantly
correlated in 47 patients (72.30%, weighted κ=0.70, Po0.0001;
gray boxes in Table 2). These immunohistochemical analyses
support, as observed with the cell lines, that MYC is involved in the
regulation of ITGA1 expression in colorectal cancer cells in situ.

DISCUSSION
In previous works, we have demonstrated that in the normal
human intestine, integrin α1β1 expression is restricted to the
lower crypts, the site of proliferating cells, and absent in most
other epithelial cells.28 In colorectal cancers, we found ITGA1 in
the tumor epithelium of 65% of cases.14 This proportion is
consistent with our current observation with adenocarcinoma cell
lines where ITGA1 was found to be expressed at significant levels
in five of the seven tested cell lines. However, not much is known
about the regulation of ITGA1 expression in colorectal cancer cells.
In differentiating megakaryocytes, ITGA1 expression has been
reported to be repressed by selective methylation of the proximal
promoter.16 Notwithstanding that promoter methylation exists in
these cells as illustrated with IGFBP7,22 the lack of methylated
CpGs in the proximal region of the ITGA1 promoter and the fact
that 5-aza-2′-deoxycytidine did not trigger ITGA1 expression in

Figure 1. MYC inhibition downregulates ITGA1 expression at the mRNA and protein levels in colorectal cancer cells. (a) T84, HT29 and SW480
cells were treated with the MYC inhibitor 10058-F4 used at 50 μM in dimethyl sulfoxide (DMSO; MYCi) or with DMSO alone for the indicated
times. Real-time quantitative PCR (qPCR) levels are indicated as fold changes of ITGA1 relative to the control and normalized to RPLP0 used as
housekeeping gene. (b) Representative western blot and densitometric analyses of MYC and ITGA1 expression after treatment of T84, HT29
and SW480 cells with MYCi as in (a). β-Actin (ACTB) was used as loading control. All experiments were performed in triplicate and repeated
three times. *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001.
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DLD1 and HCT116 cells suggests that ITGA1 downregulation in
colorectal cancer cells is not DNA methylation dependent.
We thus looked for other mechanisms that could explain ITGA1

upregulation in colorectal cancer cells. Regulation of ITGA1
expression at the transcriptional level was first studied in smooth
muscle cells where the ITGA1 promoter appears to be controlled
by GATA6, Nkx3.2 and serum response factor transcription factors.
However, although GATA6 has been reported to be implicated in
colon cancer progression,29 neither serum response factor, which
modulates the expression of ITGA1 at the CArG box present in the
ITGA1 promoter,15,30 nor Nkx3.2 expression have been character-
ized in colorectal cancer cells. N-Myc (MYCN), a member of the
MYC family, has been reported to downregulate ITGA1 expression
in neuroblastomas but the mechanism has not been elucidated.31

Interestingly, in the intestine MYCN is expressed in the
nonproliferating cells of the villus whereas ITGA1, as we
observed,28 and MYC32 are both expressed in the crypt,
suggesting that MYC could be involved in the regulation of
ITGA1. Incidentally, immunohistochemistry analysis of tissue
microarrays prepared from 65 patients also revealed a clear
correlation between MYC and ITGA1 expression in 72% of the
colorectal cancers, strengthening the potential functional link
between MYC and the expression of ITGA1 in situ.
The identification of two MYC response elements in the ITGA1

promoter and the functional studies presented herein suggest
that MYC is a key regulator of ITGA1 expression in colorectal
cancers. Indeed, we first observed that pharmacological inhibition
of MYC led to a significant inhibition of ITGA1 expression in three
distinct colorectal cancer cell lines. The 10058-F4 inhibitor was
used at 50 μM, a concentration that has previously been reported
to be sufficient to inhibit Myc transactivation and avoid
cytotoxicity.33–36 Despite a reduction in ITGA1 expression in the
three treated cell lines, the inhibitor induced significant MYC
downregulation only in HT29 and T84 cells. This effect could be
dose dependent and/or due to cell-specific degradation of
inactive MYC as previous studies have shown that 10058-F4
induces a dose-dependent reduction in MYC expression in some
cell types.33,34

ITGB1, the only partner of ITGA1 to form the integrin α1β1,
contains the cognate CACGTG E-box in its proximal promoter.37

MYCN reduces ITGB1 expression in neuroblastoma cells,38 but
MYC regulation of ITGB1 in intestinal epithelial cells has not been
reported. The fact that, overall, ITGB1 expression was not
significantly altered by pharmacological inhibition or short hairpin
RNA silencing of MYC suggests a minor role for this factor on the
ITGB1 promoter. It is noteworthy that a relatively weak MYC
activity has also been reported for the ITGB4 promoter in
colorectal cancer cells.39

In this context, it was important to determine whether ITGA1 is a
direct target of MYC. First, ChIP assay confirmed that endogenous
MYC binds directly to the chromatin region of the ITGA1 promoter
and the positive control CCND1. MYC is a transcription factor that
regulates a myriad of genes, ∼ 15% of all genes,20 either indirectly
by inducing factors implicated in the DNA or RNA amplification
process, thus acting as a general amplifier, or directly to regulate
genes involved in cell proliferation, differentiation, apoptosis
migration and invasion.21 MYC/MAX binding to promoters induces
MYC interaction with various factors important for RNA-Pol-II
recruitment and the elongation process.19 The presence of RNA-
Pol-II on the promoter indicates that the gene, if not active, is
ready for rapid activation.40,41 In agreement with this report, our
results showed enhanced chromatin enrichment of regions of the
ITGA1 and CCND1 promoters when RNA-Pol-II was targeted,
suggesting that both of these promoters were in an active state

Figure 2. MYC downregulation inhibits ITGA1 in colorectal cancer
cells. Cells were infected with lentivirus encoding a nontargeting
short hairpin RNA (sh Ctrl) or shRNA targeting MYC (sh MYC). Cells
were selected with puromycin (10 μg/ml) for 10 days before protein
or RNA extraction. (a) MYC and ITGA1 mRNA expression was
quantified by real-time quantitative reverse-transcriptase–PCR
(RT–qPCR) relative to RPLP0 expression. (b) Representative western
blot and densitometric analyses showing expression of MYC, ITGA1
and ITGB1 as well as ACTB used as loading control. Experiments
were performed in triplicate and repeated three times. *Po0.05,
**Po0.01, ***Po0.001.

Figure 3. MYC occupies the ITGA1 promoter. (a) ChIP assay with an
anti-human c-Myc-specific antibody or with a Pol-II antibody was
performed in HT29 cells and real-time quantitative PCR (qPCR)
amplification products were migrated on gel. Mock immunopreci-
pitation with mouse anti-IgG was performed as negative control.
(b) Enrichment of the ITGA1 promoter region containing the MYC
response elements was calculated by PCR quantification relative to
the amount of control chromatin without response element for MYC.
(c) Enrichment for the CCND1 promoter containing one complete
EBOX response element was used as a positive control. Results
represent the mean of three independent experiments, with qPCR
performed in triplicate. *Po0.05, **Po0.01.
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when associated with MYC. The reduction of ITGA1 promoter
activity by MAD as observed in the luciferase assay is consistent
with the fact that the MAD/MAX complex binds to the same MYC
response elements.25,42 Disruption of either one of the two
response elements that we identified in the ITGA1 promoter
induced a reduction in promoter activity, suggesting that both are
necessary for MYC activation on this promoter. Numerous E-boxes
other than the cognate CACGTG have been reported to be
responsive43 to MYC/MAX transactivation activity as previously
reported.23,26,43,44 A reliable finding was observed in breast cancer
for the BRCA1 promoter that contains two non-CACGTG response
elements for MYC.45 In addition, high-throughput studies usually
focus on the latter cognate element and thus underestimate other
MYC-regulated genes such as BRCA1 or ITGA1 in the present study.
MYC is known to be upregulated in colorectal cancers17,18 and is
associated with the deregulation of various signaling pathways
that contribute to promoting proliferation and invasion of
colorectal tumor cells.19–21 The fact that integrin α1β1 activates
the Ras/MEK/ERK pathway,7,9 which in turn enhances MYC
expression,46 suggests that a positive regulatory loop between
MYC and the integrin α1β1 could be a mechanism to maintain cell

proliferation. This interplay between MYC and integrins has also
been reported in colorectal cancer cells, where the antiprolifera-
tive ITGA6B splice variant inhibits MYC activity.47 MYC contribution
to cell invasion could be, in part, driven by upregulation of the
α1β1 integrin, as the latter is reported to activate FAK-Src and
p130Cas/c-Jun N-terminal kinase to enhance colon cancer cell
invasion.13 MYC regulates other integrin subunits, and regarding
the various functions and implications of integrins in colon cancer
cell proliferation, migration and survival,39,47–50 it is not surprising
that the proto-oncogene MYC modulates integrin subunits such
as ITGA6 and ITGB4 that are known to influence cancer
progression.39,51,52 We identified herein a new member of this
group by providing for the first time evidence that ITGA1 is a
direct target for MYC in cancer.

MATERIALS AND METHODS
Cell culture, MYC inhibition and lentivirus-mediated RNA
interference
Colorectal cancer cell lines T84, HT29, SW480, SW620, DLD1, HCT116,
Caco-2/15 and transformed human embryonic kidney cells (HEK293T) were
initially obtained from the American Type Culture Collection (Manassas, VA,
USA) or the original investigator (Caco-2/15) and used from original stock
kept frozen. All cells were cultured in Dulbecco’s modified Eagle’s medium
(Life Technologies, Burlington, ON, Canada) supplemented with 10% fetal
bovine serum, 2mM GlutaMAX and 10mM Hepes, except T84 cells that
were cultured in Dulbecco’s modified Eagle’s medium/F12 (Life Technol-
ogies) with 5% fetal bovine serum, 2.5 mM GlutaMAX, 15mM Hepes and
0.5 mM pyruvate.47,49,50 All cells were maintained in a 5% CO2-humidified
atmosphere at 37 °C and routinely tested for absence of mycoplasm
contamination. HCT116 cells were treated with 10 μm of 5-aza-
2′-deoxycytidine (Sigma-Aldrich, Oakville, ON, Canada) for 7 days, and
the medium was changed every 24 h. T84, HT29 and SW480 cells were
treated with the c-Myc inhibitor 10058-F4 (Sigma-Aldrich) (MYCi) at the
indicated times and concentrations. Lentivirus sequences, containing short
hairpin RNAs targeting MYC obtained from Sigma-Aldrich, were: sh1; 5′-
CCGGATCATCATCCAGGACTGTATGCTCGAGCATACAGTCCTGGATGATGATTT
TTTG-3′ and sh2; 5′-CCGGCCTGAGACAGATCAGCAACAACTCGAGTTGTTGCT
GATCTGTCTCAGGTTTTTG-3′. Viruses were prepared in HEK293T cells as
previously described.53 HT29, SW480 and T84 cells, at 60% confluence,
were infected for 48 h and selected with puromycin (2.5–10 μg/ml) for
10 days.

RNA extraction and real-time quantitative PCR
Total RNA was extracted with RiboZol reagent according to the
manufacturer’s instructions (Amresco, OH, USA), quality tested (RNA
integrity number 49.0) and reverse transcribed to complementary DNA
using Omniscript (Qiagen, Toronto, ON, Canada) as described previously.54

Complementary DNA was amplified using primers specific for ITGA1:
forward 5′-CATCAGGTGGGGATGGTAAG-3′ and reverse 5′-TGGCTCAAAATT
CATGGTCA-3′, MYC forward 5′-CCTACCCTCTCAACGACAGC-3′ and reverse
5′-CTCTGACCTTTTGCCAGGAG-3′ and RPLP0 forward 5′-GCAATGTTGCCAGT
GTCTG-3′ and reverse 5′-GCCTTGACCTTTTCAGCAA-3′. Quantitative PCR
monitored with Brilliant II SYBR QPCR Low ROX Master Mix (Agilent,
Mississauga, ON, Canada) was performed on a MX3000P Real-Time System
(Stratagene, Mississauga, ON, Canada). Relative expression of each gene,
normalized to RPLP0 expression,54 was evaluated according to the Pfaffl
method55 following MIQE guidelines.56 All experiments were performed in
triplicate and replicated three times.

Protein extraction and western blot analysis
Cells were scraped and lysed in Laemmli 1 × solution. After sonication,
equal amounts of protein extracts were loaded and separated on 10%
SDS–polyacrylamide gel electrophoresis gels under denaturing conditions
(4% β-mercaptoethanol). Proteins were transferred onto a nitrocellulose
membrane (GE Healthcare, Mississauga, ON, Canada), followed by blocking
of nonspecific binding sites with a 10% blotto/0.1% Tween solution.
Membranes were then incubated overnight at 4 °C with the following
primary antibodies: anti-human integrin α1/CD49a (1:2000, AF5676, R&D
Systems, Minneapolis, MN, USA), anti-c-Myc (1:5000, Y69, ab32072, Abcam,
Toronto, ON, Canada), anti-β1 (1:1000, BD Biosciences, Mississauga, ON,

Figure 4. MYC controls ITGA1 promoter activity at two response
elements. (a) The ITGA1 promoter coupled to a Renilla luminescent
reporter gene inserted into the pLightSwitch_Prom vector was
transfected into HEK293T cells, together with empty vector (EV), a
MYC expressing vector (MYC), the dominant negative MAD (MAD)
or both (MYC–MAD). Promoter-dependent Renilla activities were
determined as fold activation over Renilla activity with vector alone.
(b) Schematic representation of the possible response elements that
may bind the transcription factor MYC. These incomplete elements
have been named BOX-S1 and BOX-S2. Bases in bold are common
with the consensus sequence bases in the wild-type promoter. The
gray boxes represent site disruption (M-BOX-S1 and M-BOX-S2) after
base substitution (bold). (c) A promoter-gene reporter test was
performed after transient transfection of HEK293T cells with the
wild-type ITGA1 (WT) construct, or the ITGA1 promoter with a
disrupted M-BOX-S1 or M-BOX-S2. For each experiment, transfected
activators were EV or the vector encoding MYC. Results are
represented as the mean± s.e.m. from three independent experi-
ments, each performed in triplicate. *Po0.05, **Po0.01,
***Po0.001.
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Canada) and anti-β-actin (1:80 000, C4, Millipore, Etobicoke, ON, Canada) as
endogenous loading control. After washing three times with phosphate-
buffered saline/Tween 0.1%, membranes were incubated with the
appropriate horseradish peroxidase-conjugated secondary antibodies
(anti-sheep, 12-342, Millipore; anti-mouse NA931V, anti-rat NA935V and
anti-rabbit NA934V, Amersham, Mississauga, ON, Canada). Chemilumines-
cence was developed using the Immobilon Western Kit (Millipore,
WBKLS0100). All experiments were performed in triplicate and repeated
three times.

ITGA1 promoter in silico analysis and site-directed mutagenesis
The sequence between − 800 and 489 relative to the transcription start site
of the human ITGA1 promoter was analyzed for the MYC response element
E-box (CACGTG)43,57 using the MatInspector web-based search algorithm
from Genomatix Software (Munich, Germany). The promoter sequence
inserted in the pLightSwitch_prom plasmid vector was purchased from
Switch Gear Genomics (Menlo Park, CA, USA). The two sites found on the
promoter, which we named EBOX-S1 and EBOX-S2, were disrupted using
the GeneArt Site-Directed Mutagenesis System following the manufac-
turer’s instructions (Life Technologies). Pairs of oligonucleotide primers
used were: EBOX-S1: forward 5′-CGACTTCACGGTGAATTTGGACAATCCGCA
GGGGATGGAAGG-3′ and reverse 5′-CCTTCCATCCCCTGCGGATTGTCCAAAT

Figure 5. Representative immunohistochemical staining for MYC and ITGA1 expression in colon adenocarcinomas and their corresponding
resection margins. Immunostaining for MYC and ITGA1 was performed on tissue microarrays containing cancer and corresponding resection
margins for 65 patients as described in the Materials and methods. Representative staining from 4 patients (1–4) are illustrated. Row
1 illustrates patient 1 where MYC staining in the cancer was evaluated at ‘1’ (black box), as it displays a similar staining intensity to that of the
lower crypt in the resection margin (1, white box), whereas the ITGA1 staining, evaluated to be stronger than in the crypt of the resection
margin (1, white box), was scored as a ‘2’ (black box) in the cancer. In patients 2 and 3, staining intensity for both MYC and ITGA1 were scored
at 2. For patient 4, staining intensity for MYC and ITGA1 in the tumor were both comparable to the weak labeling observed on the surface
epithelium in the resection margin and were thus scored as ‘0’. For MYC and ITGA1, reference scores corresponding to the weak/negative
staining of the upper gland/surface epithelium (0 in white boxes) and staining in the lower gland (1 in white boxes) are indicated in the
margins of the images of patient 1. Black boxes display the scores that were given to each tumor for both MYC and ITGA1. Bar in upper left
panel is 100 μm.

Table 2. MYC and ITGA1 protein expression correlates in colorectal
cancers

MYC score Total

0 1 2

ITGA1 score
0 21 2 0 23
1 8 15 1 24
2 2 5 11 18

Total 31 22 12 65

Immunohistochemical expression of MYC and ITGA1 were compared with
their respective expression in the normal colonic epithelium as shown in
Figure 5 where scores of 0, 1 or 2 were attributed in the tumor relative to
the staining intensity observed in the corresponding resection margin for
the upper gland/surface epithelium (= 0), the lower half of the gland (= 1)
or stronger than the lower half of the gland (= 2). MYC and ITGA1
expressions are significantly correlated in 72.3% of the studied tumors (47
cases, weighted κ= 0.70, Po0.0001, bold values).
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TCACCGTGAAGTCG-3′ and EBOX-S2: forward 5′-CACCCTCTCAATGAAAGGG
GGACCTCCCTTTAAGGTTTGCTT-3′ and reverse 5’-AAGCAAACCTTAAAGGGA
GGTCCCCCTTTCATTGAGAGGGTG-3′. Mutations of these promoter regions
were confirmed by DNA sequencing.

Transient transfection and promoter-gene reporter assay
Plasmids were transfected using Effectine reagent following the manu-
facturer’s instructions (Qiagen). Promoter activation reported by Renilla
and luciferase activities was measured using the Dual Luciferase Reporter
Assay System (Promega, Madison, WI, USA) and quantified using a
luminometer according to the manufacturer’s instructions (Berthold,
Wildbad, Germany). The HEK293T cell line was used for all luciferase
assays. Briefly, 24 h before transfection, HEK293T cells were plated in
12-well plates at 5 × 104 cells/well. Cells were transfected, according to
each condition, with vectors expressing the Renilla-coupled ITGA1
promoter (100 ng/well), MYC (100 ng), MAD (100 ng) and firefly luciferase
(2 ng) as the transfection control. Plates were incubated at 37 °C for 48 h.
Experiments were performed in three separate experiments, each in
triplicate.

Chromatin immunoprecipitation
ChIP assay was performed as previously described.53 Briefly, HT29, SW480
and T84 cells fixed with 1% paraformaldehyde (Fisher Scientific, Ottawa,
ON, Canada) were scraped and lysed in cell lysis buffer. After nuclear
extraction, DNA was sonicated (Branson Sonifier 250, Crystal Electronics,
Newmarket, ON, Canada) to ∼ 1000 bp DNA fragments. DNA, precleared for
1 h with protein A agarose/salmon sperm DNA (Millipore), was incubated
overnight at 4 oC with anti-c-Myc (9E10 ChIP grade, Abcam), anti-RNA-Pol-II
(Millipore) or anti-IgG (Millipore) antibodies. DNA–protein–antibody com-
plexes were then collected with agarose beads and washed. Immunopre-
cipitates were then eluted and DNA–protein crosslinks were reversed at
65 oC for 16 h. Samples were then treated with RNase A (Roche
Diagnostics, Laval, QC, Canada) and proteinase K (Roche Diagnostics).
Finally, DNA fragments were purified using a QIAquick spin kit (Qiagen).
Differential chromatin enrichment was quantified using real-time quanti-
tative PCR. The ITGA1 promoter region including the two sites identified
for MYC was targeted for amplification using the forward 5′-CAGTGAGATTT
CAGAGACCAAG-3′ and reverse 5′- CTGGCTGGGCCACTTATC-3′ primers. As
the CCND1 gene (coding for CyclinD1) has been reported to be a target of
c-Myc,23 we used its promoter as a positive control and the primers were:
forward 5′-GAAACTTGCACAGGGGTTGT-3′ and reverse 5′-GCCAAAGA
ATCTCAGCGACT-3′. For a negative control segment without a MYC
response element, we used a sequence located 5- kb upstream from the
ITGA1 initiation start site; the primers were: forward 5′-GGAGGGA
GAAACACCTATTTTA-3′ and reverse 5′-GGAACTTAAACTTCACCATGAG-3′.
Results represent the mean of three independent experiments, performed
in triplicate. For illustration purposes, real-time quantitative PCR amplifica-
tion products were migrated on a 1% agarose gel (Roche Diagnostics) and
images of bands were taken using a gel documentation system (MBI,
Dorval, QC, Canada).

Tissue microarray and immunohistochemical analysis
MYC and ITGA1 expression were analyzed in adenocarcinoma tissues and
paired margins, obtained from 65 patients with their written informed
consent according to a protocol approved by the Institutional Human
Subject Review Board of the Centre Hospitalier Universitaire de
Sherbrooke. Tissue microarray preparation and characterization have been
described previously.53 Tumor staging was according to TNM (tumor, node,
metastasis) classification and the array included 8 stage 1, 23 stage 2, 26
stage 3 and 8 stage 4 tumor samples and corresponding resection margins.
The immunohistochemical procedure for ITGA1 expression was as
previously reported.14 The same protocol was used for MYC detection
except for the use of a Tris-EDTA pH 8.0/Tween-20 0.05% buffer for antigen
retrieval and incubation with anti-c-Myc rabbit primary antibody (clone
Y69, ab32072, Abcam) at 4 °C overnight followed by incubation with anti-
rabbit biotinylated secondary antibody (GE Healthcare) for 1 h at room
temperature. The staining intensity for each paired tumor was scored as 0
or 1 for staining intensity corresponding to the surface epithelium or the
lower half of the normal crypt, respectively, or 2 if stronger that the normal
crypt as illustrated in Figure 5.

Statistical analysis and presentation of results
Prism 6.04 software (GraphPad Software, San Diego, CA, USA) was used for
data presentation and statistical calculation using the Student’s paired
t-test (two sided). Results are presented as mean± s.e.m. and those with
P≤ 0.05 were considered to be statistically significant. For correlation
analysis, SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA) and
StatXact software version 6 (Cytel Software Corporation, Cambridge, MA,
USA) were used and the weighted κ (quadratic) was calculated for
correlation significance between MYC and ITGA1.
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