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Table 3

Summary of genetic variations of CESTAT and var 1A7 exon 1s and their flanking regions detected in this study

SNP identification

This study NCBI (dbSNP)  JSNP Location

o
MPJ6_CS10021

MPJ6_CS1004 153815583 IMS-JST175943 - Exon1(5"-UTR)

MPJ6_CS1006 1528494177 Exon1(5"-UTR)

MPJ6_CS

MPJ6_C51010 1528515828 Exon1(5"-UTR)

MPJ6_C51012

Intron 1 )

MPJ6_CS1016 1512149359

Position
From the translational
initiation site or the

NT_010498.15 nearest exon

9481241

9481205

9481168

9481152

9481148

s

Amino acid
change

Nucleotide change and
flanking sequences (5’ to 3’)

Allele frequency
(n = 354)*

999: g g
aactctgggeggygetgggeG/Tecagggetggacageacagt

99 ga g
acagtccctctgaactgcacA/Ggagacctcgcaggecccgag

g9

Ala5Ala

lle7Val

CES1A1 variant
(CE51A2 type)

var1A1

varlAl

varlA1

*Number of chromosomes. tNovel variation detected in this study.
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Table 4
Frequency of CES1A2(/1A3) promoter SNP —816A>C in Japanese cancer
patients

CES1A2 and 143 -816A>C

Number
of subjects

Genotype Allele frequenc

E

Genotype

1A2/1A3 40/166 (24.1%)

not significant (Table 5). The CEST genotypes explained
22.6% of variability in the final model among all the vari-
ables and 11.3% of total variability in the AUC ratio.

Effects of CES1 genotypes on SN-38 AUC

and toxicity

To clarify the clinical importance of CEST genotyping for
irinotecan therapy, the effects of CEST genotypes or SNPs
on AUC levels of the active metabolite SN-38 and neutro-
penia were examined in the non-UGT+/+ patients. In this
non-UGT+/+ population, significantly higher AUC ratios of
(SN-38 + SN-38G)/irinotecan were also observed in the
patients with three or four functional CEST genes (P =
0.0234, Mann-Whitney test) as observed in all the patients
treated with irinotecan monotherapy (Figure 3a). With
increased number of functional CEST genes, an increasing
trend of SN-38 AUC/dose was observed in patients receiv-
ing irinotecan monotherapy (1.4-fold for four genes vs.
two genes; P = 0,080, JT test) (Figure 4). However, multiple
regression analysis revealed no statistically significant con-
tribution of CEST genotypes to SN-38 AUC/dose although
UGT1A17%6 or *28” and ABCB1*2/*2 showed significant con-
tributions [10]. Regarding neutropenia, a higher incidence
(though statistically insignificant) for grade 3/4 neutrope-
nia in patients with four functional CEST genes was
observed (50% for four genes and 16% for two or three
genes, P = 0.09, Fisher's exact test). The effects of the SNPs
(=75G>T, —30G>A and —~816A>C) on SN-38 AUC or inci-
dence grade 3/4 neutropenia were not significant (data
not shown). In platinum-containing regimens, no signifi-
cant effects of the CEST genotypes on SN-38 AUC/dose or
incidence of grade 3/4 neutropenia were detected in the
non-UGT+/+ patients (data not shown).

Discussion

Recent pharmacogenetic studies on irinotecan have shown
the clinical significance of UGT1AT ¥6 and *28 in Japanese
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patients [7,8] and UGT1A1*28 in Caucasians [5, 6] for severe
neutropenia. Subsequent studies have revealed additional
genetic factors including transporters [10-12]. However,
the clinical importance of genotypes of the irinotecan-
activating enzymes CEST and CES2 is still uncertain.

Since the hydrolytic activity of CES2 for irinotecan was
reported to be much higher than that of CES1 [2], most
studies have focused on the clinical significance of CES2
polymorphisms in irinotecan therapy [13, 14, 22]. We pre-
viously identified minor CES2 genetic variations in Japa-
nese, including CES2*2 [100C>T (R34W)] and CES2*5 [1A>T
(M1L)] which caused low in vitro expression/function of
CES2 [13, 14] and also exhibited reduced in vivo CES activ-
ity in irinotecan-treated patients [14] (also see Figure 3a).
However, the major CES2 haplotypes in Japanese, *7b
(IVS10-108G>A and 1749A>G, frequency = 0.233) and *Ic
(-363C>G, IVS10-108G>A and IVS10-87G>A, frequency =
0.027), did not show any significant effects on irinotecan
PK [14].No clinical significance of CES2 polymorphisms has
been reported in Caucasians [22]. Neither CEST nor CES2
SNPs affecting their mRNA expression in normal colonic
mucosa were found in European and African populations
[23]. Since precise structures of the CEST genes and their
promoter regions had not been elucidated, evaluation of
the roles of the CEST genotypes in irinotecan therapy has
been rather difficult.

In the present study, the frequencies of individual CES1
genes (1A1, variAl, 1A2 and 1A3) (Table 2) were almost
comparable with the previous report in the Japanese
population (0.748, 0.252, 0.313 and 0.687, respectively)
[16].To our knowledge, the present study is the first report
suggesting a possible effect of CEST genotypes on irinote-
can PK. This study showed that the AUC ratio [(SN-38 +
SN-38G)/irinotecan], and probably in vivo CES activity, was
elevated depending on the number of functional CEST
genes (1A7, var1A1 and 1A2) in patients treated by irino-
tecan monotherapy (100 or 150mgm™ irinotecan)
{Figure 3a). This gene-dose effect was not clearly shown
in the platinum-containing combination therapy (60-
70 mg m~ irinotecan), where renal excretion of irinotecan
and its metabolites (especially SN-38G) is highly enhanced
by a large volume of infusion fluid. However, the median
renal excretion ratio [(SN-38 + SN-38G)/irinotecan] in
patients with four functional genes was 1.37-fold higher
than that in patients with two or three functional genes in
the platinum-containing therapy (data not shown), sup-
porting a partial but significant contribution of the CES1s
to activate irinotecan.The present study showed no signifi-
cant differences in the AUC ratios between 1A7 and var1A1
(Figure 3a), indicating a common upstream region may be
involved in regulation of gene expression of 7A7 and
var1A1.The previous reports showed the expression levels
of CESTA2 were lower than those of CES1A1 [17] and sug-
gested that CESTA2 mRNA was derived mainly from tran-
scription of var1A1 rather than the original 1A2[15,16].The
present study, on the other hand, has suggested that the
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Figure 3

Association of CEST diplotypes (A) or SNPs (B-D) with AUC ratio [(SN-38 + SN-38G)/irinotecan], an in vivo index of CES activity, in Japanese cancer patients
treated with irinotecan monotherapy (n = 58).’CEST gene number’ means the number of functional genes (1A1,var1AT and 1A2). Higher AUC ratios were
observed in patients with three or four functional CEST genes than with two functional genes (P = 0.0134, Mann-Whitney test) in (A). Patients with CES2*5
[CES2 1AST (M1L)] (CES2*5) and CES2*2 [CES2 100C>T (R34W)1 (CES2*2) were found to have reduced CES activity in our previous study [13, 14]

Table 5
Multiple regression analysis of AUC ratio [(SN-38 + SN-38G)/irinotecan}* in
Japanese cancer patients treated with irinotecan monotherapy

Coefficient SE

Variable

0.016 0.0215

0.038

CES1 functional gene (n =3 or 4)

r2 = 0.500, Intercept = —0.248, n = 58. * Values after logarithmic conversion
were used. T Grade 1 or greater for both GOT and ALP. ¥ ABCBT*2 [2677G>T

(AB93S)].
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1A2 transcript could contribute to the total CES activity
because the [(SN-38 + SN-38G)/irinotecan] AUC ratios of
patients without 7A2 (with two functional CEST genes)
were lower than those with 7A2 (with three or four func-
tional genes) (Figure 3a). However, it must be noted that
the increase in the AUC ratio by three or four functional
CES1 genes was only 20% compared with two functional
genes (Figure 3a), and that such alterations might be
masked by other non-genetic factors. In fact, hepatic and
renal function, irinotecan dosage and smoking history
were found to be potent contributors to this parameter
(Table 5).

—816A>C SNP in 1A2 was reported to be associated
with imidapril efficacy and a higher promoter activity for
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Figure 4

Association of CEST genotypes with SN-38 AUC/dose in UGT(—/— and +/-) patients treated with irinotecan monotherapy (n = 51)."CEST gene number’ means
the number of functional genes (1A1,var1AT and 1A2).One patient with an outlying value who had ABCB1*2 [2677G>T (A893S)] and *14 [2677G>T (A893S)
and 1345G>A 230 (E448K)] was excluded from this analysis [10]. A slightly increasing trend in SN-38 AUC(/dose) was observed depending on functional CES1
gene number. (P =0.080, Jonckheere-Terpstra test). The patients with CES2*5 [CES2 TA>T (M1L)] (CES2*5) and CES2*2 [CES2 100C>T (R34W)] (CES2*2) [13,14]

are marked

CES1A2[18] and had strong linkage with SNPs in the proxi-
mal promoter region (between —62 to —32) which resulted
in additional Sp1 binding sites in the 1A2 promoter region
[19]. However, our current study showed no significant
effect of —-816A>C on the AUC ratio. This can be explained
by our finding that —816C and several linked SNPs were
mostly located on the CESTA3 psuedogene but not the
functional 1A2 gene.
. We newly detected three SNPs (-258C>T,—-233C>A and
—161A>G) in the 5-flanking region and one SNP (-30 G>A)
in the 5”-UTR of CEST1AT (Table 3). The effect of =30 G>A on
the AUC ratio was not significant (Figure 3c). The frequen-
cies of three other SNPs in the 5’-flanking region were very
low (0.003-0.014) which made statistical analysis difficult.
. These SNPs are not located in the putative transcriptional
regulatory regions of CES1A7, the binding sites of transcrip-
tion factors Sp1 and C/EBP [17]. The AUC ratios of the
patients with these SNPs were within the 25th-75th per-
centiles except that slightly higher values were shown
in the two -258T patients who received platinum-
combination therapy (data not shown). Thus, clinical
impact of these SNPs would be small.

With respect to the clinicalimportance of CEST genotyp-
ing for irinotecan therapy, the effects of CEST genotypes on
the AUC level of the active metabolite SN-38 and incidence
of grade 3/4 neutropenia should be considered. Since the
patients homozygous for UGTTAT*6 or *28 (UGT+/+: *6/*6,
*6/*28 and *28/%28) showed higher SN-38 AUC/dose levels
and severe neutropenia[7],we examined the effects of CEST
genotypes and SNPs in the non-UGT+/+ patients.Increasing

trends of SN-38 AUC/dose (Figure 4) and incidence of grade
3/4 neutropenia were observed depending on the func-
tional CEST gene number in patients with irinotecan mono-
therapy although statistical significance was not obtained.
For the platinum-containing regimens, no significant
effects of CEST genotypes were shown.Thus, although pos-
sible effects of the CEST genotypes on neutropenia could
not be excluded in irinotecan monotherapy, this study was
still insufficient to establish the clinical importance of CES7
genotyping in irinotecan therapy. Since the sample size will
be twice that of the present study to detect a statistically
significant decrease of absolute neutrophil counts in the
patients with fourfunctional CEST genes,future clinical data
obtained in a larger number of patients could clarify this
point.

In conclusion, this study suggests that the total number
of functional CESTA genes could influence the formation
of the active metabolite of irinotecan in Japanese cancer
patients.
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This prospective study used antibody suspension bead arrays to
identify biomarkers capable of predicting post-operative recur-
rence with distal metastasis in patients with colorectal cancer. One
hundred colorectal cancer patients who underwent surgery were
enrolled in this study. The median follow-up period was 3.9 years.
The pre-operative plasma concentrations of 24 angiogenesis-
related molecules were analyzed with regard to the TNM stage
and the development of post-operative recurrence. The concentra-
tions of half of the examined molecules (13/24) increased sig-
nificantly according to the TNM stage (P < 0.05). Meanwhile, a
multivariate logistic regression analysis revealed that the concen-
trations of vascular cell adhesion molecule 1 (VCAM-1) and plas-
minogen activator inhibitor-1 (PAI-1) were significantly higher in
the post-operative recurrence group. The VCAM-1 and PAI-1 model
discriminated post-operative recurrence with an area under the
curve of 0.82, a sensitivity of 0.75, and a specificity of 0.73. A
leave-one-out cross-validation was applied to the model to assess
the prediction performance, and the result indicated that the
cross-validated error rate was 12.5% (12/96). In conclusion, our
results demonstrate that antibody suspension bead arrays are a
powerful tool to screen biomarkers in the clinical setting, and the
plasma levels of VCAM-1 and PAI-1 together may be a promising
biomarker for predicting post-operative recurrence in patients
with colorectal cancer. (Cancer Sci 2010; 101: 1886-1890)

C olorectal cancer (CRC) is one of the leading causes of
death in Japan (http://ganjoho.ncc.go.jp/public/statistics/
index.html) and Western countries.™ Despite recent advances in
adjuvant chemotherapy and surgical techniques, 20-40% of
patients die because of metastasis after curative surgery. )
Tumor-node-metastasis (TNM) staging is well established and
the most reliable system for predicting the outcome of CRC. In
particular, the TNM staging system works very well for predict-
ing the outcome of early stage I cancers and advanced stage IV
cancers. However, the 5-year survival rate varies from 44% to
83% within TNM stage III, indicating that a wide variation in
outcomes exists within each stage as a result of biological heter-
ogeneity.”” Thus, highly accurate predictors of post-operative
recurrence are needed for patients with CRC who undergo cura-
tive surgery, as such predictors would likely contribute to the
further improvement of the 5-year survival rate by justifying the
addition of intensive adjuvant chemotherapy to the therapeutic
regimens of subgroups with a high risk of post-operative recur-
rence. Therefore, the prediction of post-operative recurrence is
regarded as one of the most important research themes in clini-
cal settings and has been extensively studied, with particular
attention given to the investigation of various molecular prog-
nostic factors.

Cancer S¢i | August2010 | vol. 101 | no.8 | 1886-1890

In addition to the TNM stage, the carcinoembryonic antigen
(CEA) level is routinely used to monitor recurrence in patients
with CRC.® A large clinical study demonstrated that pre-opera-
tive CEA levels provide prognostic information in addition to
that provided by the TNM staging system and determined that
the pre-operative CEA level was an independent predictor of
survival and recurrence.”® However, the study concluded that
although an elevated pre-operative CEA Ievel (>5 mg/mL) may
be correlated with a poor prognosis, the available data was
insufficient to support the use of the CEA level for detenmmng
whether a patient should undergo adjuvant therapy.® Other
molecular markers, including the K-Ras mutation status,’ 7)
rmcrosatelhte instability,® the loss of heterogeneity at 18q,"
and p53,%% have been examined with regard to predicting the
outcome of subgroups; unfortunately, none of these molecular
markers are suitable for routine clinical use. Thus, further inves-
tigations of novel molecular markers are eagerly awaited.

The Bio-Plex suspension array system (Bio-Rad Laboratories,
Hercules, CA, USA) utilizes a series of color-coded beads, each
of which is coupled to a unique antibody specific for a biochem-
ical marker. This assay is capable of measuring the levels of
multiple targets in a single well of a 96-well microplate using as
little as 12.5 pL of serum, plasma, or other matrix. In the present
study, 24 angiogenesis-related markers from this assay panel
were used to evaluate plasma proteins and their potential associ-
ations with disease progression and the recurrence of CRC.

Materials and Methods

Patient selection. Patients with histologically confirmed colo-
rectal cancer who were between the ages of 20 and 80 years and
who were scheduled to undergo surgery were eligible for enroll-
ment in this study. Additional inclusion criteria included "an
Eastern Cooperative Oncology Group performance status of
0-2. All the patients in this series underwent surgery. This pro-
spective study was approved by the Institutional Review Board
of the National Cancer Center Hospital and written informed
consent was obtained from all the patients.

Clinical and pathologic features. Clinical features including
age, sex, primary site of tumor, histologic type of tumor, TNM
stage, and post-operative recurrence were recorded. A patholo-
gist reviewed the microscopic slides. Post-operative recurrence
was defined when distant metastasis was observed. The median
follow-up period of post-operative recurrence was 3.9 years.

7To whom correspondence should be addressed.
E-mail: knishio@med.kindai.ac.jp
8These authors contributed equally to this work.
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Preparation of plasma samples. Two milliliters of whole blood
were collected into EDTA-containing tubes before surgery
(within 2 weeks) and were centrifuged at 1500 g for 10 min to
obtain the plasma samples. The samples were stored at —80°C
until further use.

Angiogenesis-related molecules. The 24 plasma markers used
in this study were as follows: interleukin 6 receptor (IL-6R),
matrix metallopeptidase 9 (MMP-9), TIMP metallopeptidase
inhibitor 1 (TIMP-1), TIMP metallopeptidase inhibitor 2 (TIMP-
2), endostatin, P-selectin, intercellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), Tie-2,
plasminogen activator inhibitor-1 (PAI-1), macrophage migra-
tion inhibitory factor (MIF), plasminogen activator urokinase
receptor (UPAR), angiopoietin 2 (Ang-2), follistatin, hepatocyte
growth factor (HGF), interleukin 8 (IL-8), colony stimulating
factor 3 (G-CSF), platelet-derived growth factor beta polypep-
tide (PDGF-BB), vascular endothelial growth factor (VEGE),
leptin, platelet/endothelial cell adhesion molecule (PECAM-1),
interleukin 12 (IL-12), fibroblast growth factor 2 (FGF-basic),
and tumor necrosis factor (TNF-o). Ang-2, Follistatin, The nine
markers of HGF, IL-8, PDGF-BB, VEGF, Leptin, PECAM-1,
and G-CSF are commercially available as the Human Premixed
Angiogenesis (9) panel (Bio-Rad Laboratories). The others are
available for customization or in developing markers.

Antibody suspension bead arrays system. The plasma concen-
trations of each molecule were measured using a Bio-Plex sus-
pension array system (Bio-Rad Laboratories), which permits the
simultaneous measurement of multiple circulating proteins in a
single well using only 12.5 pl. of plasma. The assay was per-
formed according to the manufacturer’s instructions and a previ-
ously described method."? All plasma samples were diluted 1
in 4 with the appropriate diluents prior to assay. The samples
were tested in duplicate.

Statistical analysis. The correlations between the plasma
concentrations and the TNM stages were analyzed using a
linear trend analysis and the proportional odds model. In the lin-
ear trend analysis, we used a one-way aNova model with a linear
contrast, which consisted of the TMN stage scores. A r-test was
used to compare the post-operative recurrence and the no recur-
rence groups. In the multivariate analysis, an analysis was per-
formed for all the plasma markers but not for the clinical
variables because too many explanatory variables for the sample
size were included in this study. A logistic regression analysis
was used to examine statistical differences according to post-
operative recurrence and a stepwise method was used to select
the most useful explanatory parameters. Analyses were
performed using SAS software version 9.1.3 (SAS Institute,
Cary, NC, USA). A P-value of <0.05 was considered statisti-
cally significant.

Results

Patient results. A total of 100 consecutive patients were
enrolled in this study. The median age of the enrolled patients
was 59 years (range, 31-79 years). Among them, 96 patients
received curative operations and four patients had distal metas-
tasis and received palliative operations. Eleven patients devel-
oped recurrences with distal metastasis during the follow-up
period. Table 1 summarizes the characteristics of the patients
and their tumors. .

Plasma concentrations of 24 angiogenesis-related molecules.
We measured the plasma concentrations of 24 angiogenesis-
related molecules: IL-6R, MMP-9, TIMP-1, TIMP-2, endostatin,
P-selectin, ICAM-1, VCAM-1, Tie-2, PAI-1, MIF, uPAR,
Ang-2, follistatin, HGF, IL-8, G-CSF, PDGF-BB, VEGF, leptin,
PECAM-1, IL-12, FGF-basic, and TNF-a (Table 2). Overall,
98.5% of the plasma samples were successfully quantified using
a standard curve.

Yamada et al.

Table 1. Patient characteristics
Curative ope.
Characteristics e — Palliative ope. Total
Rec+ Rec—
Age (years)
260 6 42 2 50
<60 5 43 2 50
Sex
Male 3 54 3 65
Female 8 31 1 35
Primary site
Colon 8 40 1 49
Rectum 3 45 3 51
Hist. type
Well diff. 8 59 3 70
Others 3 26 1 30
TNM stage
1 1 26 - 27
i 2 22 - 24
1] 8 37 - 45
v - - 4 4
Total 1" 85 4 100

Hist. type, histology of primary tumor; Rec+, post-operative
recurrence (+); Rec—, post-operative recurrence (-).

Tumor-node-metastasis (TNM) stage and plasma concentrations
of angiogenesis-related molecules. The TNM stage can be
accurately used to stratify patients at a high risk for cancer pro-
gression and is thought to reflect the malignant potential of each
tumor. To estimate the contributions of the angiogenesis-related
molecules to the malignant potentials of the tumors, we exam-
ined the correlation between the plasma concentrations of each
molecule and the TNM stage. A linear trend analysis showed
that the plasma concentrations of 13 molecules increased signifi-
cantly with an increasing TNM stage (P < 0.05): IL-6R, TIMP-
1, TIMP-2, P-selectin, Tie-2, PAI-1, uPAR, Ang-2, follistatin,
HGF, IL-8, PDGF-BB, and VEGF (Table 3). Next, we per-
formed an exploratory multivariate analysis using a proportional
odds model with the TNM stage (I-IV) assigned as the objective
variable and each of the angiogenesis-related molecules
assigned as explanatory variables. The multivariate analysis
identified TIMP-1, P-selectin, Ang-2, HGF, IL-8, PDGF-BB,
and VEGF as being significantly correlated with the TNM stage.
These results indicated that the plasma concentrations of several
molecules increased significantly with an increasing TNM stage,
strongly suggesting that these molecules might be candidate
biomarkers for an unfavorable outcome in patients with CRC.

Post-operative recurrence and plasma concentrations of
angiogenesis-related molecules. To predict post-operative recur-
rence using this system, we analyzed the 96 patients with CRC
who underwent curative operations, excluding the four patients
with distal metastasis. Among these 96 patients, 11 developed
recurrences during the follow-up period; the remaining 85
patients did not show any signs of recurrence. When the plasma
levels of the angiogenesis-related molecules were compared
between the patients with recurrences and those without recur-
rences, r-tests demonstrated that the plasma concentrations
of IL-6R (63.2 = 13.8 and 51.3 + 17.0 ng/mL, respectively),
P-selectin (76.1 + 24.4 and 60.0 + 24.8 ng/ml., respectively),
VCAM-1 (1639 + 61.0 and 134.6 + 35.0 ng/mL, respec-
tively), and PAI-1 (28.2 + 15.4 and 19.8 + 10.2 ng/mL, respec-
tively) were significantly higher among the patients with
recurrences (Fig. 1a—d, Table 4). A multivariate logistic regres-
sion analysis revealed that the plasma concentrations of VCAM-
1 and PAI-1 were significantly higher among the patients with
recurrences (P = 0.039 and P = 0.028, respectively). A stepwise
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Table 2. Plasma concentrations of 24 angiogenesis-related molecules
in 100 colorectal cancers

Table 3. Tumor-node-metastasis (TNM) stage and plasma

concentrations in 100 colorectal cancers

Univariate  Multivariate

Range Percentile TNM stage
Moleculess ~ ——————  Average (SD) 25% Molecules
pg/mL Median  75% ! 1l H v P-value P-value

IL-6R 23-149 54 (18) 42 52 62 IL-6R 50 57 52 76 0.01 n.s.
MMP-9 6-189 35 (27) 20 27 41 MMP-9 34 50 28 33 n.s. n.s.
TIMP-1 44-283 117 (35) 96 118 135 TIMP-1 107 122 114 185 <0.0001 0.02
TIMP-2 9-47 24 (5) 21 24 28 TIMP-2 24 24 24 33 0.003 n.s.
Endostatin 90-456 187 (64) 140 177 223 Endostatin 184 198 182 201 n.s. n.s.
P-selectin 0-164 64 (27) 48 62 78 P-selectin 56 67 63 109 0.0003 0.04
ICAM-1 103-605 282 (81) 225 270 317 {CAM-1 276 315 266 298 n.s. n.s.
VCAM-1 76-333 138 (40) 110 135 163 VCAM-1 135 136 141 144 n.s. n.s.
Tie-2 9-1070 143 (164) 48 73 182 Tie-2 116 162 129 375 0.005 n.s.
PAI-1 3-65 21 (12) 14 19 26 PAI-1 18 24 21 38 0.003 n.s.
MIF 0-120 53 (26) 44 59 69 MIF 53 55 51 78 n.s. n.s.
uPAR 1-130 24 (23) 8 15 37 uPAR 20 27 22 53 0.01 ns.
Ang-2 0-6147 1381 (1337) 415 938 2197 Ang-2 978 1458 1447 2914 0.007 0.03
Follistatin 235-2903 924 (614) 502 686 1197 Follistatin 778 953 928 1704 0.006 n.s.
HGF 201-12213 2700 (2516) 1076 1628 3930  HGF 1933 2932 2803 5342 0.01 0.04
IL-8 5-234 52 (41) 24 34 74 IL-8 38 56 53 108 0.002 0.02
G-CSF 0-4775 832 (1133) 79 247 1161 G-CSF 595 1114 797 1132 n.s. n.s.
PDGF-BB 6-6219 737 (831) 220 439 922 PDGF-BB 442 822 802 1483 0.02 0.03
VEGF 0-724 186 (164) 67 120 262 VEGF 129 209 192 375 0.006 0.03
Leptin 0-32847 3155 (4433) 1149 2134 3851 Leptin 3236 2815 3235 3752 n.s. n.s.
PECAM-1 1188-15837 5562 (3472) 2901 4487 7348 PECAM-1 5026 5914 5625 6356 n.s. n.s.
1L-12 0-32 5 (6) 2 3 6 IL-12 3 8 5 5 n.s. n.s.
FGF-basic 0-235 21 (30) 4 13 25 FGF-basic 19 32 16 28 n.s. n.s.
TNF-o 0-72 4 (9) 1 2 4  TNF-a ’ 4 6 3 2 n.s. ns.

The concentrations are ng/mL for interleukin 6 receptor (IL-6R),
matrix metallopeptidase 9 (MMP-9), TIMP metallopeptidase inhibitor 1
(TIMP-1), TIMP-2, endostatin, P-selectin, intercellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), Tie-
2, plasminogen activator inhibitor-1 (PAI-1), macrophage migration
inhibitory factor (MIF), and plasminogen activator urokinase receptor
(uPAR), and the others are pg/mL. FGF-basic, fibroblast growth factor
2; G-CSF, colony stimulating factor 3; HGF, hepatocyte growth factor;
PDGF-BB, platelet-derived growth factor beta polypeptide; PECAM-1,
platelet/endothelial cell adhesion molecule; TNF-a, tumor necrosis
factor; VEGF, vascular endothelial growth factor.

method selected VCAM-1 and PAI-1 as the most useful explan-
atory parameters, suggesting that the combination of these two
molecules might synergistically improve the prediction of post-
operative recurrence. Finally, a prediction model incorporating
VCAM-1 and PAI-1 successfully discriminated post-operative
recurrence, with an area under the curve (AUC) of 0.82, a sensi-
tivity of 0.75, and a specificity of 0.73 (Fig. 2a). To assess the
prediction performance, a leave-one-out cross-validation was
applied to the model. The cross-validated error rate was 12.5%
(12/96). In stage III patients, the prediction model had a sensi-
tivity of 0.625 (5/8) and a specificity of 0.865 (32/37) for pre-
dicting post-operative recurrence (Fig. S2). On the other hand,
when apparent distal metastases of CRCs were applied to the
VCAM-I/PAI-I prediction model, three out of four metastatic
cases were determined as ‘‘recurrence (+) cases’’. These results
suggest that apparent metastatic tumors could be discriminated
using the model. Although a validation study is necessary, our
results raise the possibility that the combined use of the pre-
operative plasma concentrations of VCAM-1 and PAI-1 might
be useful for predicting post-operative recurrence in patients
with CRC. Finally, we retrospectively analyzed the plasma PAI-
1 concentrations of metastatic and non-metastatic CRC in
another study of an independent cohort using conventional
ELISA. The plasma concentrations in the metastatic CRC
patients were significantly higher than those in the non-meta-
static patients (P = 0.005), even in the independent cohort
(Fig. S1). The CEA level was not significantly different between

1888

Values indicate the average. Univariate: linear trend analysis,
multivariate: proportional odds model. The concentrations are ng/mL
for interleukin 6 receptor (IL-6R), matrix metallopeptidase 9 (MMP-9),
TIMP metallopeptidase inhibitor 1 (TIMP-1), TIMP-2, endostatin,
P-selectin, intercellular adhesion molecule 1 (ICAM-1), vascular cell
adhesion molecule 1 (VCAM-1), Tie-2, plasminogen activator inhibitor-
1 (PAI-1), macrophage migration inhibitory factor (MIF), and
plasminogen activator urokinase receptor (UPAR), and the others are
pg/mL. FGF-hasic, fibroblast growth factor 2; G-CSF, colony
stimulating factor 3; HGF, hepatocyte growth factor; n.s., not
significant; PDGF-BB, platelet-derived growth factor beta polypeptide;
PECAM-1, platelet/endothelial cell adhesion molecule; TNF-¢, tumor
necrosis factor; VEGF, vascular endothelial growth factor.

the recurrence (+) versus the recurrence (—) groups (P = 0.335)
in our study.

Discussion

Vascular cell adhesion molecule 1 (VCAM-1)/CD106 is a mem-
ber of the Ig superfamily and encodes a cell surface sialoglyco-
protein expressed by cytokine-activated endothelium. This type
I membrane protein mediates leukocyte-endothelial cell adhe-
sion and signal transduction, and may play a role in the develop-
ment of atherosclerosis'® and rheumatoid arthritis."® In the
field of oncology, accumulating evidence suggests that VCAM-
1 is associated with a poor outcome.”*” Recently, Shariat
et al.*® reported that standard clinical variables alone exhibited
an accuracy of 71.6% for predicting the risk of biochemical
recurrence following a radical prostatectomy in patients with
prostate cancer, whereas the addition of preoperative blood lev-
els of TGF-B1, sIL-6R, IL-6, VCAM-1, VEGF, endoglin, and
uPA increased the predictive accuracy by 15-86.6%. Vascular
endothelial growth factor (VEGF) and uPA were not significant
predictors of post-operative recurrence in our data set for CRC,
but VCAM-1 and sIL-6R were significant, consistent with Shari-
at’s study. The mechanism by which VCAM-1 mediates an
unfavorable phenotype remains unclear, but the most probable
explanation is that the tumor cells escape T-cell immunity by
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Fig. 1. The concentrations of (a) interleukin 6 receptor (IL-6R), (b) P-selectin, (c) vascular cell adhesion molecule 1 (VCAM-1), and (d)
plasminogen activator inhibitor-1 (PAI-1) were significantly higher in the recurrence group in colorectal cancer. The upper bar, box, and lower
bar represent the 90%, 75%, 50%, 25% and 10% percentiles. The plasma concentrations of each molecule were measured using a Bio-Plex

suspension array system. Rec, recurrence.

Table 4. Results of multivariate analysis for recurrence after curative
surgery in 96 colorectal cancers

Recurrence* Univariate Multivariate
Molecules t-test Logistic Stepwise
+ —
P-value P-value P-value

IL-6R 63 51 0.03 n.s.

MMP-9 37 35 n.s. n.s.

TIMP-1 119 113 n.s. n.s.

TIMP-2 25 24 ns. n.s.

Endostatin 193 186 n.s. n.s.

P-selectin 76 60 0.04 n.s.

ICAM-1 285 281 ns. n.s.

VCAM-1 164 135 0.02 0.039 0.009
Tie-2 183 127 n.s. n.s.

PAI-1 28.3 19.8 0.02 0.005 0.005
MIF 64 51 n.s. n.s.

uPAR 30 21 n.s. n.s.

Ang-2 1514 1292 ns. n.s.

Follistatin 962 883 n.s. n.s.

HGF 3155 2517 n.s. ns.

IL-8 53 49 n.s. n.s.

G-CSF 892 810 n.s. n.s.

PDGF-BB 972 671 ns. n.s.

VEGF 211 174 n.s. n.s.

Leptin 2623 3196 n.s. ns.

PECAM-1 6159 5447 ns. n.s.

IL-12 4 5 n.s. n.s.

FGF-basic 16 22 n.s. n.s.

TNF-a 4 4 n.s. ns.

*Values indicate the average. Recurrence, post-operative recurrence;
logistic, logistic regression model. The concentrations are ng/mL for
interleukin 6 receptor (IL-6R), matrix metallopeptidase 9 (MMP-9),
TIMP metallopeptidase inhibitor 1 (TIMP-1), TIMP-2, endostatin,
P-selectin, intercellular adhesion molecule 1 (ICAM-1), vascular cell
adhesion molecule 1 (VCAM-1), Tie-2, plasminogen activator inhibitor-
1 (PAI-1), macrophage migration inhibitory factor (MIF), and
plasminogen activator urokinase receptor (UPAR), and the others are
pg/mL. FGF-basic, fibroblast growth factor 2; G-CSF, colony
stimulating factor 3; HGF, hepatocyte growth factor; n.s., not
significant; PDGF-BB, platelet-derived growth factor beta polypeptide;
PECAM-1, platelet/endothelial cell adhesion molecule; TNF-o, tumor
necrosis factor; VEGF, vascular endothelial growth factor.

overexpressing the endothelial cell adhesion molecule VCAM-
1, which normally mediates leukocyte extravasation to sites of
tissue inflammation.®®

Plasminogen activator inhibitor-1 (PAI-1)/SERPINE1
belongs to the plasmin/plasminogen system and is secreted
into the blood, where it prevents the generation of plasmin,
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VCAM-1 and PAI-1 model
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Fig. 2. The receiver-operator curve (ROC) for post-operative

recurrence. A stepwise method selected vascular cell adhesion
molecule 1 (VCAM-1) and plasminogen activator inhibitor-1 (PAl-1) as
the most useful explanatory parameters; these two molecules were
subsequently used to construct a prediction model. The ROC indicates
the results of this model, which was capable of discriminating post-
operative recurrence with an area under the curve (AUC) of 0.82, a
sensitivity of 0.75, and a specificity of 0.73.

promoting the persistence and expansion of thrombi.®” Plas-
minogen activator inhibitor-1 (PAI-1) is known as tumor biolog-
ical prognostic factor and has been thoroughly validated with
regard to its clinical utility in breast cancer.**® The 2007
Breast Tumor Markers Guidelines recommend that uPA/PAI-1
be measured using an ELISA with a minimum of 300 mg of
fresh or frozen breast cancer tissue for determining the progno-
sis of patients with newly diagnosed, node-negative breast can-
cer. Furthermore, CMF-based adjuvant chemotherapy provides a
substantial benefit, compared with observation alone, in patients
with a high risk of recurrence as determined by the presence of
high levels of uPA and PAI-1.*® Previous reports have demon-
strated that higher levels of PAI-1, but not PAI-2, are associated
with large tumors, metastatic stage, and a worse prognosis in
patients with CRC.?*2 Qur study differed in that it evaluated
the clinical parameter of post-operative recurrence in a prospec-
tive study. The biological mechanism by which PAI-1 promotes
tumor progression is thought to involve a reduction in cell
adhesion to the extracellular matrix as a consequence of excess
PAI-1 interfering with uPAR binding to vitronectin, thereby
facilitating cell invasion and migration.®” Interestingly, accu-
mulating data indicate that both VCAM-1 and PAI-1 promote
tumor metastasis and cellular adhesion. These activities are
likely involved in post-operative recurrence. We plan to perform
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a validation study to predict post-operative recurrence using the
plasma concentrations of VCAM-1 and PAI-1 in the near future.
In conclusion, we have demonstrated that a combination pre-
diction model] based on the plasma concentrations of VCAM-1
and PAI-1 was a useful biomarker for predicting post-operative
recurrence in patients with colorectal cancer. Our strategy,
which utilizes a multiplex immunoassay system, may be a
powerful tool for identifying biomarkers in clinical settings.
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FOXQ1 Is Overexpressed in Colorectal Cancer and Enhances
Tumorigenicity and Tumor Growth
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Abstract

Forkhead box Q1 (FOXQ1) is a member of the forkhead transcription factor family, and it has recently
been proposed to participate in gastric acid secretion and mucin gene expression in mice. However, the
role of FOXQ1 in humans and especially in cancer cells remains unknown. We found that FOXQI mRNA
is overexpressed in clinical specimens of colorectal cancer (CRC; 28-fold/colonic mucosa). A microarray
analysis revealed that the knockdown of FOXQI using small interfering RNA resulted in a decrease in
Pp21CPHWARL oynression, and a reporter assay and a chromatin immunoprecipitation assay showed that
p21 was one of the target genes of FOXQl. Stable FOXQl-overexpressing cells (H1299/FOXQ1) exhibited
elevated levels of p21 expression and inhibition of apoptosis induced by doxorubicin or camptothecin.
Although cellular proliferation was decreased in H1299/FOXQ1 cells in vitro, H1299/FOXQ1 cells signifi-
cantly increased tumorigenicity [enhanced green fluorescent protein (EGFP): 2/15, FOXQI: 7/15] and en-
hanced tumor growth (437 + 301 versus 1735 + 769 mm® P < 0.001) in vivo. Meanwhile, stable p21
knockdown of H1299/FOXQ1 cells increased tumor growth, suggesting that FOXQI promotes tumor
growth independent of p2l1. Microarray analysis of H1299/EGFP and H1299/FOXQ1l revealed that FOXQl
overexpression upregulated several genes that have positive roles for tumor growth, including VEGFA,
WNT34, RSPO2, and BCLI1IA. CD31 and terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling staining of the tumor specimens showed that FOXQl overexpression mediated the angiogenic
and antiapoptotic effect in vivo. In conclusion, FOXQ1 is overexpressed in CRC and enhances tumorige-
nicity and tumor growth presumably through its angiogenic and antiapoptotic effects. Our findings show
that FOXQ1 is a new member of the cancer-related FOX family. Cancer Res; 70(5); 2053-63. ©2010 AACR

Introduction

The forkhead box (Fox) gene family is a large and diverse
group of transcription factors that share certain characteris-
tics of a conserved, ~100 amino acid DNA-binding motif
known as the forkhead or winged helix domain; over 100
proteins with forkhead domains have been identified, com-
prising at least 17 subclasses to date (1). The Fox gene family
plays various important roles, not only in biological pro-
cesses including development, metabolism, immunology,
and senescence but also in cancer development (2, 3).
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Forkhead box Q1 (FOXQI, also known as HFH1) is a
member of the FOX gene family and contains the core
DNA binding domain, whereas the flanking wings of FOXQ1
contribute to its sequence specificity (4). As a transcription
factor, FOXQ1 is known to repress the promoter activity of
smooth muscle-specific genes, such as telokin and SM22a,
in A10 vascular muscle cells (5), and FOXQ1 expression is
regulated by Hoxal in embryonic stem cells (6). The bio-
logical function of Foxql has been clearly identified in hair
follicle differentiation in satin (sa) homozygous mice (7); in-
terestingly, satin mice also exhibit suppressed natural killer
cell function and T-cell function, suggesting a relation with
immunology. Satin mice have provided evidence that
Hoxcl3 regulates foxql expression and that “cross-talk”
occurs between Homeobox and Fox (8). Foxql mRNA is
widely expressed in murine tissues, with particularly high
expression levels in the stomach and bladder (5). Recently,
two important findings have been reported regarding its in-
volvement in stomach surface cells. Foxql-deficient mice
exhibit a lack of gastric acid secretion in response to vari-
ous secretagogue stimuli (9). On the other hand, Foxql reg-
ulates gastric MUC5AC synthesis, providing clues as to the
lineage-specific cell differentiation in gastric surface epithe-
lia (10). Despite accumulating evidence supporting the bio-
logical function of the murine foxql gene in hair follicle
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morphogenesis and gastric epithelial cells, no data regard-
ing the cellular and biological functions of human FOXQI,
especially in cancer cells, are available.

p21 Y WARL (horeafter called p21) is 2 member of the cip/
kip family of cyclin kinase inhibitors, and initial reports have
shown that p21 functions as a G; cyclin kinase inhibitor
(11, 12) and a downstream molecule of p53 (13). p21 pos-
sesses a variety of cellular functions, including the negative
modulation of cell cycle progression (14), cellular differenti-
ation (15), and the regulation of p53-dependent antiapoptosis
(reviewed in ref. 16). The expression of p21 is regulated by
both p53-dependent and p53-independent mechanisms at
the transcriptional level. Other regulatory mechanisms of
p21 expression involve proteasome-mediated degradation,
mRNA stability, alterations in the epigenetic silencing of
the p21 promoter, and secondary decreases resulting from
viral activity targeting p53, such as the activities of human
papilloma virus and hepatitis C virus (17). However, its
expression is considered to be regulated mainly at the tran-
scriptional level (18). Accumulating data indicate that many
molecules from diverse signaling pathways can activate or
repress the p21 promoter, including p53, transforming
growth factor-g (TGF-), c-jun, Myc, Sp1/Sp3, signal trans-
ducers and activators of transcriptions, CAAT/enhancer
binding protein-o (C/EBP-), C/EBP-B, basic helix-loop-helix
proteins, and myogenic differentiation 1 (reviewed in ref. 19).
Thus, p21 is integrally involved in both cell cycle and apopto-
sis; therefore, identifying its regulatory molecules is of great
importance.

We performed a microarray analysis of clinical samples of
paired colorectal cancer (CRC) specimens and normal colon-
ic mucosa specimens to identify genes that were over-
expressed in CRC. Our results revealed that FOXQI gene
expression was ~28-fold higher in CRC than in normal colon-
ic mucosa, and we hypothesized that FOXQ1 may play a role
in CRC. In the present study, we investigated the biological
function of FOXQL.

Materials and Methods

Antibodies. The following antibodies were used: anti-p21,
anti-p53, anti-cdk2, anti-cdk4, anti-cyclin D, anti-phos-
phorylated Rb, anti-poly(ADP-ribose) polymerase (PARP),
anti-cleaved PARP, anti-caspase-3, anti-cleaved caspase-3,
secondary antibodies, and Myc-tag mouse antibody (Cell Sig-
naling), as well as anti-B-actin (Santa Cruz Biotechnology).
A mouse anti-CD31 monoclonal antibody was purchased
from BD Biosciences.

Cell lines and cultures. The DLD-1, MKN74, H1299,
SBC3, and U251 cell lines were cultured in RPMI 1640
(Sigma). The WiDr, CoLo320DM, and human embryonic
kidney cell line 293 (HEK293) cell lines were cultured in
DMEM (Sigma), and the LoVo cell line was cultured in
Ham/F12 medium [Life Technologies Bethesda Research
Laboratories (BRL)]. All media were supplemented with
10% heat-inactivated fetal bovine serum (Life Technologies
BRL), and the cell lines were maintained in a 5% CO,-
humidified atmosphere at 37°C.

Patients and samples. Paired CRC and noncancerous co-
lonic mucosa samples were evaluated using a microarray
analysis in the first consecutive 10 patients. These samples
and another 36 CRC samples were analyzed using real-time
reverse transcription-PCR (RT-PCR). The RNA extraction
method and the quality check protocol have been previously
described (20). This study was approved by the institutional
review board of the National Cancer Center Hospital, and
written informed consent was obtained from all the patients.

Plasmid construction, viral production, and stable
transfectants. The cDNA fragment encoding human full-
length FOXQ1 was isolated using PCR and Prime STAR
HS DNA polymerase (TaKaRa) with 5-GGG AAT TCG
CGG CCA TGA AGT TGG AGG TCT TCG TC-3’ and 5'-
CCC TCG AGC GCT ACT CAG GCT AGG AGC GTC TCC
AC-3' sense and antisense primers, respectively. The meth-
ods used in this section have been previously described
(21). Short hairpin RNA (shRNA) targeting p21 was con-
structed using oligonucleotides encoding small interfering
RNA (siRNA) directed against p21 and a nonspecific target
as follows: 5'-CTA AGA GTG CTG GGC ATT TTT-3' for p21
shRNA and 5'-TGT TCG CAG TAC GGT AAT GTT-3'
for control shRNA. They were cloned into an RNAi-Ready
pSIREN-RetroQZsGreen vector (Clontech) according to
manufacturer’s protocol. The stable transfectants expressing
enhanced green fluorescent protein (EGFP) or FOXQ1 or
FOXQ1 with shRNA targeting p21 for each cell line were
designated as HEK293/EGFP, HEK293/FOXQ1, CoL0320/
EGFP, CoL0320/FOXQ1, H1299/EGFP, H1299/F0XQl,
H1299/FOXQ1/sh-control, and H1299/FOXQ1/sh-p21. The
FOXQ1 human cDNA was tagged at the NH, terminus with
the myc epitope using the pCMV-Myc vector (Clontech) for
chromatin immunoprecipitation (ChIP) assay.

SiRNA transfection. Two different sequences of siRNA tar-
geting human FOXQI and negative control siRNA were pur-
chased from QIAGEN. The sequences of FOXQ1 and control
siRNA were as follows: FOXQ1#1 sense, 5'-CCA UCA AAC
GUG CCU UAA A-3 and antisense, 5'-UUU AAG GCA CGU
UUG AUG G-3’; FOXQ1#4 sense, 5'-CGC GGA CUU UGC ACU
UUG A-3’ and antisense, 5'-UCA AAG UGC AAA GUC CGC
G-3'; control siRNA (scramble) sense, 5-UUC UCC GAA
CGU GUC ACG U-3' and antisense, 5-ACG UGA CAC GUU
CGG AGA A-3'; control siRNA (GFP) sense, 5'-GCA AGC UGA
CCC UGA AGU UCA U-3’ and antisense, 5'-GAA CUU CAG
GGU CAG CUU GCC G-3’. The methods of transfection have
been previously described (22).

Real-time RT-PCR and Western blot analysis. The meth-
ods used in this section have been previously described
(21). The primers used for real-time RT-PCR were pur-
chased from Takara as follows: FOXQ1 forward, 5-CGC
GGA CTT TGC ACT TTG AA-3' and reverse, 5'-AGC TTT
AAG GCA CGT TTG ATG GAG-3'; p21 forward, 5’-TCC
AGC GAC CTIT CCT CAT CCA C-3' and reverse, 5-TCC
ATA GCC TCT ACT GCC ACC ATC-3'; glyceraldehyde-3-
phosphate dehydrogenase (GAPD) forward, 5'-GCA CCG
TCA AGG CTG AGA AC-3' and reverse, 5-ATG GTG GTG
AAG ACG CCA GT-3'. The experiment was performed in
triplicate.
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Luciferase reporter assay. The human p21 promoter
reporter vector was constructed according to a previously
described method (13). The p21 promoter fragment was
cut between the Kpnl and Xhol restriction sites and was
transferred into the Iuciferase reporter vector pGL4.14 (Pro-
mega). All sequences were verified using DNA sequencing,
The empty and p21 promoter-containing reporter vectors
were designated as pGL4.14-mock and pGL4.14-p21, respec-
tively. All the samples were examined in triplicate.

ChIP. ChIP was carried out using the ChIP-IT Express
Enzymatic kit (Active Motif) according to manufacturer's
protocol. HEK293 cells were transfected with empty vector
(Myc) or Myc-tagged FOXQ1 vector. The putative region of
the p21 promoter (-2264 to -1971) was amplified with the
following primers: 5-TTG AGC TCT GGC ATA GAA GA-3’
(forward) and 5’-TAC CCA GAC ACA CTC TAA GG-3' (re-
verse). As a negative control, the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) second intron promoter was am-
plified with the following primers: 5’-AAT GAA TGG GCA
GCC GTIT AG-3’ (forward) and 5’-AGC TAG CCT CGC TCC
ACCTGA C-3' (reverse).

Xenograft studies. Two separate xenograft studies were
performed independently. Nude mice (BALB/c nu/nu;

6-week-old females; CLEA Japan, Inc.) were used for the
in vivo studies and were cared for in accordance with the re-
commendations for the Handling of Laboratory Animals for
Biomedical Research compiled by the Committee on Safety
and Ethical Handling Regulations for Laboratory Animals
Experiments, Kinki University. The ethical procedures fol-
lowed and met the requirements of the United Kingdom
Coordinating Committee on Cancer Research guidelines
(23). To assess tumorigenicity, suspensions of 1 x 10°
H1299/EGFP or H1299/FOXQ1 cells (in 0.1 mL PBS) were
s.c. injected into the left or right flanks of nude mice (z =
15), respectively. To evaluate tumor growth, a suspension
of 6 x 10° H1299/EGFP, H1299/FOXQ1, H1299/FOXQ1/sh-
control, and H1299/FOXQ1/sh-p21 cells (in 0.1 mL PBS) were
s.c. inoculated (z = 10) into nude mice. The tumor volume
was calculated as length x width? x 0.5, The tumor formation
was assessed every 2 to 3 d. At the end of the experiment, the
mice were sacrificed and the xenografts were resected, fixed
in 10% buffered formalin for 6 to 10 h, and processed for
histologic analysis.

Immunohistochemical and immunofluorescence
staining. The methods used in this section have been
previously described (24, 25).
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Figure 1. FOXQ1 expression in CRC. A, mRNA expression of FOXQT obtained from a microarray analysis of 10 CRC and paired normal mucosa specimens.
The values indicate the normalized signal intensity. B, the mRNA expression levels of FOXQ7 were determined using real-time RT-PCR for 10 paired
and an additional 36 CRC samples. C, the mRNA expression levels of FOXQ17 were determined using a real-time RT-PCR analysis of human normal tissue
(left) and 30 human cancer cell lines, HEK293, and human umbilical vascular endothelial cell (HUVEC) cell lines (right). GC, gastric cancer; LC, lung

cancer; Rel mRNA, normalized mRNA expression levels (FOXQT/GAPD x 10%).
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promoter activity by FOXQ1. Luciferase vectors with either an empty or p21 promoter (pGL4.14-mock or pGL4.14-p21) were transiently cotransfected with a
mock or FOXQ1 expression plasmid (pcDNA3.1-mock or pcDNA3.1-FOXQ1) expressing B-galactosidase as an internal control. The results were
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Microarray analysis. The microarray procedure and anal- scription factor, was upregulated by 28-fold in the CRC speci-
ysis were performed according to the Affymetrix protocols mens (Fig. 1A), exhibiting the fourth highest level of upregu-
and BRB Array Tools software, Ver. 3.3.0,* developed by lation [after interleukin-8, matrix metalloproteinase-1 (MMP),
Dr. Richard Simon and Dr. Amy Peng, as reported previously and MMP-3]. Real-time RT-PCR for the 10 paired samples
(21, 26). and an additional 36 CRC samples showed that FOXQI

Statistical analysis. The statistical analyses were per- mRBRNA was markedly overexpressed in the CRC samples
formed using Microsoft Excel (Microsoft) to calculate the but was only expressed at a very low level in noncancerous
SD and to test for statistically significant differences between colonic mucosa (P < 0.001; Fig. 1B). The average levels of
the samples using a Student's £ test. A P value of <0.05 was FOXQI expression were 299 + 326 and 4.0 + 5.0 (x10%/GAPD),
considered statistically significant. respectively.

FOXQI expression in normal tissues and cancer cell
Results lines. To investigate the expression of FOXQI, we analyzed
the mRNA expression levels of FOXQI in panels of human

FOXQI1 mRNA was overexpressed in CRCs. A microarray normal tissues and cancer cell lines using real-time RT-
analysis for 10 paired CRC samples identified 30 genes as be- PCR. High levels of FOXQI expression were observed in the
ing significantly upregulated by >10-fold in CRC (P < 0.001; stomach, salivary gland, prostate, trachea, and fetal liver
Supplementary Table S1). FOXQI, an uncharacterized tran- among the 24 normal tissues that were examined (Fig. 1C,

left). Relatively weak expression levels were detected in

brain-derived tissues, kidney, lung, placenta, and thyroid

gland. These results were consistent with those of a previous
* http://linus.ncinih.gov/BRB-ArrayTools html report (27).

Cancer Res; 70(5) March 1, 2010 Cancer Research

Downloaded from cancerres.aacrjournals.org onRMarch 20, 2013. © 2010 American Association for Cancer
esearch.

_.93._.



Published OnlineFirst February 9, 2010; DOI: 10.1158/0008-5472.CAN-09-2161

FOXQ1 Promotes Tumorigenicity and Tumor Growth

In the cancer cell line panel, the mRNA expression levels of
FOXQI were higher in gastric cancer, CRC, and lung cancer
cell lines than in the other cancer cell lines, indicating that
the expression of FOXQI varies among specific cancers
(Fig. 1C, right). Interestingly, the overexpression of FOXQI
in CRC arose from normal colonic mucosa with very low
expression levels during carcinogenesis.

P21 is a target gene of FOXQI. To examine the function
of FOXQ1 as a transcription factor and to explore its target
genes, we performed a microarray analysis using a CRC cell
line, DLD-1, transfected with FOXQl-targeting siRNA or
control siRNA. Two sequences of FOXQ1-siRNA, FQ#1 and

FQ#4, were used to exclude the off-target effect of siRNA.
Real-time RT-PCR showed that both sequences of FOXQI-
siRNA suppressed FOXQI mRNA expression by ~80% in
DLD-1 cells (Fig. 2A); thus, FQ#4 was used as the FOXQI-
siRNA in the following experiments. A microarray analysis
showed that 19 genes were downregulated by FOXQ1-siRNA
(Fig. 2B; Supplementary Table S2); p21 was the fifth most-
downregulated gene. Because p21 is a key regulator of cell
cycle and apoptosis, we focused on p21 as a target molecule
of FOXQl.

To confirm the microarray data, p21 downregulation by
FOXQ1-siRNA was examined using real-time RT-PCR and a
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Figure 3. p21 induction by FOXQ1 and p53 status in cancer cells. The seven cell lines were transfected with control-siRNA or FOXQ1-siRNA for 24 h,
and the cells were exposed to doxorubicin at a final concentration of 0.5 or 1 pmol/L for a further 24 h to enhance p21 induction. Western blot

analyses for p21 and p53 were performed in three p53—-wild type cell lines (A), three p53-mutant cell lines (B), and one p53-null cell line (C). The experiment

was performed in duplicate. D, immunofiuorescence p21 staining and 4',6-diamidino-2-phenylindole (DAPI) staining for H1299 cells transfected
with control-siRNA (top) or FOXQ1-siRNA (bottom) for 48 h. Scr, scramble-siRNA (control); FQ#4, FOXQ1-targeting siRNA. -Actin was used as an

internal control.
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FOXQ1, H1299/FOXQ1. *, P < 0.05.

Western blot analysis in DLD-1 cells. The results indicated
that both sequences of FOXQ1-siRNA (FQ#1 and FQ#4)
downregulated p21 expression at both the mRNA and pro-
tein levels. In addition, we confirmed the downregulation
of p21 by FOXQ1-siRNA in other cell lines (WiDr and
HEK293), obtaining similar results (Supplementary Fig. S1).
FOXQ1 directly increases the transcription activity of
p21. We performed a luciferase reporter assay to determine
whether FOXQ1 regulates p21 expression at the transcrip-
tional level. A 2.4-kb section of the p21 promoter region

was subcloned into a luciferase vector according to a
previously described method (13, 28). The p21 promoter
activity was increased by >8-fold when cotransfected with
a FOXQ1 expression vector, compared with an empty vector
(Fig. 2C). To determine whether FOXQ1 directly binds to
p21 promoter, we transfected Myc or Myc-tagged FOXQ1
vectors into HEK293 cells and then conducted ChIP experi-
ments. A segment of the p2] promoter containing putative
FOXQ1 binding site (-2264 to -1971) is precipitated with
specific antibody, only if, FOXQ1l was induced (Fig. 2D).
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The result indicates that FOXQ1 binds to the p21 promoter
and upregulates p21 transcriptional activity.
p53-independent p21 induction by FOXQI in cancer
cells. Because p53 is the most important regulatory mole-
cule of p21, we examined the downregulation of p21 by
FOXQI1-siRNA in several cell lines with p53-wild type,
p53-mutant, or p53-null statuses. These cell lines were
transfected with control-siRNA or FOXQ1-siRNA, and p21
induction was enhanced by doxorubicin (29-31). The
experiments were performed using three p53-wild type cell
lines, three p53-mutation cell lines, and one p53-null cell
line (Fig. 3A-C). Without doxorubicin exposure, all seven
cell lines showed that p21 expression was downregulated
by FOXQ1-siRNA. Notably, with doxorubicin exposure,
considerable p21 downregulation by FOXQ1-siRNA was
observed in the p53-mutation and p53-null cell lines,
compared with in the p53-wild type cell lines. In the p53-
null H1299 cell line, FOXQ1-siRNA completely suppressed

p21 expression. These results suggest:that p21 induction
by FOXQ1 is p53 independent. An immunofluorescence
study of p21 in H1299 cells also showed that p21 was
completely downregulated by FOXQ1-siRNA (Fig. 3D).

Overexpression of FOXQI increases p21 expression and
exhibits an antiapoptotic effect in cancer cells. Next, we
established a stable FOXQI-overexpressing cell line to con-
firm the induction of p21 expression by FOXQ1 and to detect
any changes in the cellular phenotype of the cancer cells.
FOXQI overexpression induced p21 expression (both mRNA
and protein) in HEK293 and CoL0320 cells (Supplementary
Fig. S1). Notably, p21 protein expression was markedly in-
duced by >10-fold in the H1299/FOXQ1 cells (Supplementary
Fig, S1). These results indicated that FOXQ1 robustly induces
p21 expression, consistent with the findings of the siRNA
study.

p21 induces an antiapoptotic effect and exerts a protec-
tive role against apoptosis induced by DNA damage. To
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staining of tumor specimens was also shown. C, stable p21 knockdown or control cells obtained from H1299/FOXQ1 cells (H1299/FOXQ1/sh-control
and H1299/FOXQ1/sh-p21) were evaluated for cellular growth and immunoblotting analysis. D, a total of 6 x 10° H1299/FOXQ1/sh-control or
H1299/FOXQ1/sh-p21 cells were s.c. inoculated into the right flank of each mouse to evaluate the tumor growth (n = 10). *, P < 0.05.
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Figure 6. FOXQ1 promotes angiogenic and antiapoptotic effects in vivo. A, microarray analysis for H1289/EGFP or H1299/FOXQ1 cells. The upregulated
genes over 4-fold by FOXQ1 were shown in the list. B, the mRNA expression levels of VEGFA were determined using a real-time RT-PCR analysis. Rel
mMRNA, normalized mRNA expression levels (VEGFA/GAPD x 10%. VEGF, CD31, TUNEL, and p21 staining of tumor specimens inoculated with H1299/EGFP
or H1299/FOXQ1 cells. Microvessel density (MVD) was determined by CD31-positive endothelial cells in tumor specimens using computer-assisted
image analysis (Image J software package). C, diagram of a proposed mechanism of FOXQ1 for tumorigenicity and tumor growth. *, P < 0.05.

elucidate the role of apoptosis induced by FOXQl in
cancer cells, we examined the apoptotic effect in H1299/
EGFP and H1299/FOXQ1 cells using anticancer drugs. The
overexpression of FOXQI inhibited the apoptosis induced
by doxorubicin (H1299/EGFP: 7.9 + 1.9%, H1299/FOXQl:
2.7 £ 0.7%; Fig. 4A). Similarly, camptothecin-induced
apoptosis was also inhibited in FOXQ1l-overexpressing cells
(H1299/EGFP: 74 + 2.1%, H1299/FOXQl: 2.5 + 1.0%; Fig. 4B).
Western blotting revealed that FOXQI1 overexpression
decreased the levels of cleaved caspase-3 and cleaved PARP
induced by doxorubicin (Fig. 4C). These results are consis-
tent with those obtained using flow cytometry.
Overexpression of FOXQ1 decreases cellular prolifera-
tion but enhances tumorigenicity and tumor growth
in vivo. Stable H1299/FOXQ1 cells showed decreased cellular

proliferation compared with control cells in vitro (Fig. 5A).
Expressions of Cdk4, cyclin D1, and Cdk2 were decreased
by FOXQ1 expression in H1299/FOXQ1 cells and resulted in
a decrease of phosphorylated Rb expression (Fig. 5A). To
examine the biological functions of FOXQ1 overexpression
in vivo, we evaluated tumorigenicity and tumor growth using
H1299/EGFP or H1299/FOXQ1 cells. H1299/FOXQ1 cells ex-
hibited a significantly elevated level of tumorigenesis in vivo
(GFP 2/15, FOXQ1 7/15, P < 0.05; Fig. 5B). In addition, the
tumor volume was markedly larger in H1299/FOXQ1 cells
than in H1299/EGFP cells (EGFP: 437 + 301, FOXQ1: 1735 *
769 mm®, P < 0.001; Fig. 5B) on day 25.

p21 does not contribute to FOXQ1-mediated tumor
growth in vivo. Because emerging evidence has indicated
that p21 may have dual functions with regard to tumor
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progression and the suppression of cancer cells (32, 33), the
shRNA targeting p21 or shRNA control viral vectors were fur-
ther introduced into the H1299/FOXQI cells to elucidate the
involvement of p21 in increased FOXQl-mediated tumorige-
nicity and tumor growth in vivo. Stable H1299/FOXQ1/sh-p21
cells were slightly increased in cellular proliferation in vitro
(Fig. 5C). In addition, tumor growth of H1299/FOXQ1/sh-p21
cells was increased compared with control cells iz vivo (Fig.
5D). The results clearly indicate that p21 has negative roles
for cellular proliferation and tumor growth in FOXQl-overex-
pressing cells, suggesting that p21 does not contribute to
FOXQl-mediated tumor growth in FOXQl-overexpressing
cells in vivo,

Overexpression of FOXQI1 promotes angiogenesis and
antiapoptosis in vivo. To gain an insight into the mecha-
nism by which FOXQI enhances tumor growth in vivo, we
performed the microarray analysis on H1299/EGFP and
H1299/FOXQ1 cells. Fifty-two genes were upregulated over
4-fold by overexpression of FOXQ1 including several genes
that have positive roles for tumor growth, such as VEGFA,
WNT34, RSP02, and BCL11A (Fig. 6A). Overexpression of
FOXQ1 upregulated the VEGFA expression for 4.4-fold, sug-
gesting the possibility of enhanced angiogenesis. Real-time
RT-PCR for these cells and vascular endothelial growth factor
(VEGF) staining of tumor specimens confirmed the result
(Fig. 6B). Furthermore, CD31 staining of the tumor spe-
cimens showed that FOXQ1 overexpression significantly
increased the angiogenesis in vivo.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) and p21 immunostaining of the
tumor specimens showed that p21 expression was increased
and apoptosis was inhibited in H1299/FOXQ1 cells (Fig. 6B).
These results strongly suggest that FOXQ1 promotes tumor-
igenicity and tumor growth with its angiogenic and antia-
poptotic properties in vivo (Fig. 6C).

Discussion

FOX transcription factors are an evolutionarily conserved
superfamily that control a wide spectrum of biological pro-
cesses. Several Fox gene family members are involved in the
etiology of cancer. Only the FOXO family has been regarded
as bona fide tumor suppressors that promote apoptosis and
cell cycle arrest at G (34, 35). The loss of FOXO function ob-
served in alveolar thabdomyosarcoma through chromosomal
translocation was first identified in relation to cancer. Many
target genes of FOXO have been reported to date, including
p21, cyclin D, Bim, TRAIL, and ER-a (36). On the other hand,
the overexpression of FOXM is observed in head and neck
cancer, breast cancer, and cervical cancer, and it enhances
proliferation and tumor growth in vitro (37), suggesting that
FOXM may be an oncogene. Although the available evidence
is not conclusive, FOXP, FOXC, and FOXA have been linked
to tumorigenesis and progression of certain cancers (36).
Thus, the FOX family is thought to act as either an oncogene
or a tumor suppressor. In the present study, we showed
that the overexpression of FOXQI played a tumor-promoting
role in CRC.

The p21 promoter region contains several definitive DNA
regulatory elements, such as the p53-binding domain, E-box,
Smad binding element, and TGF- response elements. In the
case of the other FOX family member FOXO, a recent report
showed that the p21 promoter contains a consensus fork-
head binding element (GGATCC) immediately upstream of
the first Smad binding element and that the FOXO and Smad
complexes activate p21 expression, whereas the FOXG1 pro-
tein binds to FOXO and blocks p21 induction (38). On the
other hand, the consensus binding sequence (5’-NA(A/T)
TGTTTA(G/T)(A/T)T-3') has been defined for human FOXQ1
(4). The p21 promoter region contains several putative
FOXQ1 binding sites according to its consensus binding se-
quence. Indeed, we have shown that FOXQ1 binds to a seg-
ment of the p21 promoter, indicating that FOXQ1 directly
transactivates the p21 gene expression. .

The initial descriptions of p21 were thought to indicate a
tumor suppressor-like role, and p21 was almost solely re-
garded as a modulator with the principal function of inhibit-
ing a cyclin-dependent kinase activity and, hence, cell cycle
progression, because it was originally identified as a media-
tor of p53-induced growth arrest. However, emerging evi-
dence has indicated that p21 may have dual functions with
regard to tumor progression and the suppression of cancer
cells, with examples of other genes with dual functions in-
cluding TGF-B, Notch, Runx3, E2F, and p21 (32). Besides its
growth inhibitory role, p21 is known to have a positive effect
on cell proliferation (39-41). A more recent study on leuke-
mic stem cells showed a p21-dependent cellular response
that leads to reversible cell cycle arrest and DNA repair;
such data clearly illustrate the oncogenic potential of p21
(33). We have shown that p21 has negative roles for tumor
growth using FOXQ1-overexpressing cells with knockdown
of p21 (Fig. 5D).

Recently, accumulating evidence has shown that FOX
transcriptional factors are involved in VEGF regulation and
angiogenesis. For example, forkhead has exhibited a positive
role in mediating induction of VEGF (42-44). In the present
study, we identified VEGFA as a candidate target gene of
FOXQl by microarray analysis and showed that FOXQI1
increased angiogenesis in vivo. Interestingly, although over-
expression of FOXQ1 decreases cellular proliferation
in vitro, it enhances tumorigenicity and tumor growth in vivo.
‘We consider that this discrepancy can be explained by these
angiogenic and antiapoptotic effects of FOXQ1 contribute to
enhanced tumor growth in vivo, although p21 negatively
functions.

We showed that the overexpression of FOXQI inhibited
doxorubicin-induced and camptothecin-induced apoptosis
in p53-inactivated cancer cells. Therefore, we speculated
that FOXQ1 might be a new determinant factor of resistance
to drug-induced apoptosis and might represent a poor
prognostic factor for CRC patients.

In conclusion, FOXQ1 is markedly overexpressed in CRC
and enhances tumorigenicity and tumor growth in vivo.
We have elucidated a biological function of FOXQ1, which
directly upregulates p21 transcription and promotes angio-
genesis and antiapoptosis. Our findings support FOXQ1
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