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Abstract
Our previous studies have revealed that the human FOXF1 gene, encoding a transcription factor
member of the forkhead box (FOX) family, functions as a tumor suppressor and its expression is
frequently silenced in breast cancer via DNA hypermethylation. Moreover, we recently reported
that FOXF1 expression is preferentially silenced in colorectal cancer cell lines with inactive p53
and knockdown of FOXF1 caused genomic instability in FOXF1-expressing colorectal cancer
cells with a defect in the p53-p21WAF1 checkpoint, suggesting that FOXF1 plays a key role in
colorectal tumorigenesis. Given that the in vivo role of FOXF1 in colorectal cancer remains
unknown, the study here was aimed at delineating the clinical relevance of FOXF1 in colorectal
adenocarcinomas. To characterize FOXF1 protein expression in colorectal cancer, designed tissue
microarrays, comprising 50 cases of primary colorectal adenocarcinoma paired with matched
adjacent normal tissue, were utilized in the immunohistochemistry (IHC) study. The IHC results
showed that for adjacent normal colorectal tissue, the FOXF1 protein was only detected in stroma,
not in epithelium, with either cytoplasmic staining (70% of total cases) or a mix of cytoplasmic
and nuclear staining (6%). In contrast, for colorectal adenocarcinomas, FOXF1 staining was
predominately identified in the cytoplasm of tumor epithelial cells (40% of total cases) and tumor-
associated stromal cells of some cases (10%) also exhibited FOXF1 positivity in their cytoplasm.
Cytoplasmic FOXF1 protein expression in tumor epithelial cells positively correlated with the
histologic grade, depth of invasion, stage and lymphatic metastasis of colorectal adenocarcinomas
(p < 0.05). Moreover, in silico meta-analysis of Oncomine’s cancer microarray database indicates
that FOXF1 mRNA is overexpressed in a significant subset of colorectal adenocarcinoma tumors
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compared with normal colorectal tissue and other types of cancers. Our findings for the first time
have revealed that the FOXF1 protein is overexpressed as well as mislocalized in cancerous
epithelial cells and underexpressed/lost in tumor-associated stromal fibroblasts of colorectal
adenocarcinomas, and suggest that FOXF1 is a potential prognostic marker due to its association
with the malignancy and metastasis of colorectal cancer.
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Introduction
As one of the major causes of cancer-related mortality in the world (Jemal et al., 2010),
colorectal cancer is surgically curable at early stages, but this advanced disease at the
metastatic stage is associated with high mortality rates. In spite of advances in the
chemotherapeutic regimens and combined radiotherapy for the treatment of advanced
colorectal cancer (Aggarwal and Chu, 2005), surgery is still the only curative form of
treatment. Furthermore, the development of the current therapeutic concepts, especially for
late-stage colorectal tumors, is immature and far from optimal. Therefore, even though
mortality rates have improved, the discovery of new biomarkers for predicting malignancy
as well as prognosis and the identification of new therapeutic targets are still urgently
needed for colorectal cancer.

Forkhead box (FOX) proteins function as transcription factors with the evolutionarily
conserved DNA-binding domain termed forkhead box or the winged helix domain
(Hannenhalli and Kaestner, 2009; Katoh and Katoh, 2004; Lai et al., 1993). Through the
transcriptional control of gene expression, many FOX protein members have been
documented to play imperative roles in embryonic development as well as organogenesis
and also in the regulation of a variety of physiological processes, such as cell cycle
progression, cell survival, cellular metabolism, life span, and immune responses (Carlsson
and Mahlapuu, 2002; Hannenhalli and Kaestner, 2009; van der Horst and Burgering, 2007).
Consequently, dysregulating the functions, subcellular localization and expression of FOX
transcription factors leads to the development and progression of diseases, in particular
cancer (Hannenhalli and Kaestner, 2009; Myatt and Lam, 2007).

The human FOXF1 gene, previously named as Forkhead RElated ACtivator (FREAC)-1
(Hellqvist et al., 1996), encodes a homologue of the mouse forkhead box-F1 (Foxf1)
transcription factor. Gene knockout studies have shown that the function of mouse Foxf1 is
indispensable for organ morphogenesis, including the lung, liver, gallbladder, esophagus,
and trachea (Kalinichenko et al., 2003; Kalinichenko et al., 2002; Mahlapuu et al., 2001a).
Despite the largely unknown role of FOXF1 in cancer, several lines of evidence have linked
human FOXF1 function to tumorigenesis (Lo et al., 2010; Nilsson et al., 2010; Saito et al.,
2010). In lung cancer, FOXF1 regulates cancer-associated fibroblasts to stimulate cancer
cell migration and xenograft tumor growth (Saito et al., 2010). Besides its oncogenic role in
tumor-associated stromal fibroblasts, another evidence has shown that ectopic
overexpression of FoxF1 in a mouse mammary epithelial cell line induced epithelial-to-
mesenchymal transition (EMT), which in turn increased invasiveness of epithelial cells in
vitro, and enhanced growth of breast carcinoma xenograft tumors (Nilsson et al., 2010). In
contrast to these oncogenic roles of FOXF1 mentioned above, we recently discovered that
human FOXF1 plays a novel tumor-suppressor role in cell-cycle regulation of mammary
epithelial cells, which is frequently silenced in breast cancer through epigenetic
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mechanisms. Analogous to our findings, it has been found that FOXF1 expression is
underexpressed in prostate cancer (Watson et al., 2004). Our and other studies, taken
together, suggest that FOXF1 may play a dual role in tumorigenesis as an oncogene or a
tumor suppressor gene depending on tissue cell types and disease stages. In addition to the
relevance of FOXF1 in lung and breast cancers, we recently have revealed that FOXF1
expression is predominantly silenced in colorectal cancer cell lines with the inactive p53
gene (Lo et al., 2012). By using wild-type, p53-null and p21WAF1-null HCT116 colorectal
cancer cell line models, we have demonstrated that knockdown of FOXF1 by siRNA led to
DNA over-replication (a mechanism causing genomic instability) in colorectal cancer cells
with a defect in the p53-p21WAF1 checkpoint (Lo et al., 2012). Hence, our findings imply
that FOXF1 might play a key role in colorectal carcinogenesis. To unravel the clinical
relevance of FOXF1 in colorectal cancer, this study was aimed at identifying the distribution
of expressed FOXF1 proteins in the tumor tissue of colorectal cancer patients and
delineating its correlation with clinicopathological data.

Materials and Methods
Transfection

The colorectal carcinoma cell lines, DLD-1 and HCT116, were obtained from ATCC
(American Type Culture Collection, Manassas, VA, USA) and cultured in suitable mediums
according to the ATCC online instructions. For transfection, 6×105 DLD-1 cells (or 2×105

HCT116 cells) cultured in 6-well cell culture plates were transfected with 4 μg of
hemagglutinin (HA)-tagged FOXF1 expression plasmid DNA using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Twenty four hours after transfection, transfected cells
were re-plated back into the wells of 6-well cell culture plates containing coverslips. After
24-hour incubation, transfected cells on coverslips were fixed by 2% formaldehyde for 30
min at 4°C and then permeabilized in ice-cold 100% methanol for 10 min at −20°C. After
fixation, the fixed cells were subjected to immunostaining assays.

Immunofluorescence (IF) and immunocytochemistry (ICC) assays
IF assays were performed as previously described (Lo et al., 2010). In brief, methanol-fixed
cells were rehydrated in 1×PBS for 10 min and then incubated in the blocking solution
(1×PBS containing 10% goat serum) for 30 min. After blocking, cells were subjected to
primary (anti-FOXF1 antibody, ARP32296_T100, Aviva System Biology, San Diego, CA,
USA) and then secondary (Alexa series, invitrogen) antibody reactions according to
manufacturer’s instructions. After immunostaining, nuclear DNA of cells was stained with
10μg/ml 4′6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO) and
coverslips were mounted on slides in mounting medium (Vecta Shield, Vector Laboratories,
Burlingame, CA, USA). Immunostained cells on slides were examined under a fluorescence
microscope (Nikon Eclipse E800). ICC assays were performed in the same way as
previously described immunohistochemistry (IHC) assays (Lo et al., 2010) except omitting
deparaffinization with xylene and a series of procedures specialized for tissue sections such
as the dehydration-rehydration cycle, Epitope Retrieval and microwave heating. Briefly, the
endogenous peroxidase of cells was blocked by 0.3% H2O2 in methanol. The non-specific
stain was blocked by 10% of normal goat serum for 20 min. Primary antibodies were then
applied at the concentration of 1 μg/ml for the anti-FOXF1 antibody (rabbit polyclonal,
ARP32296_T100, Aviva System Biology) and 0.5 μg/ml for the anti-HA tag rabbit
monoclonal antibody (Cell signaling, Danvers, MA, USA). 1 μg/ml of rabbit IgG was
included in assays as a negative control. The avidin-biotin-peroxidase complex (ABC)
method (Vector Laboratories) was used in the following secondary antibody detection and
color developing according to manufacturer’s instructions. Counterstain was done by
staining fixed cells on coverslips with DAKO hematoxylin (Dako, Carpinteria, CA, USA).
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After counterstaining, stained cells were dehydrated in ethanol, and then mounted on slides
with the mounting solution (SecureMount™, Thermo Fisher Scientific Company, Waltham,
MA, USA) after the complete dryness of stained cells.

Human colorectal cancer tissue microarrays
A tissue microarray (TMA) containing 50 cases of primary colorectal adenocarcinoma
paired with adjacent noncancerous tissue (≤ 1.5 cm away from the tumor) was used in the
study. The tissue samples from colorectal cancer patients (43 to 80 years old with a mean
age of 65 ± 9 years) who underwent surgery between January 2010 and June 2010 were
provided by the Chonnam National University Hwasun Hospital National Biobank of Korea,
a member of the National Biobank of Korea, which is supported by the Ministry of Health,
Welfare and Family Affairs. Characterization of clinicpathological features of patients was
based on the Cancer staging system from the American Joint Committee. All tissue samples
were obtained with informed consent from patients under institutional review board-
approved protocols. TMA slides were constructed with a custom-built precision instrument
(Beecher Instruments Inc., Sun Prairie, WI, USA). Three core tissue biopsies exhibiting
carcinoma with a diameter of 2 mm were punched from individual donor paraffin-embedded
tissue blocks and precisely arrayed into a new recipient block. Normal colorectal tissue from
two representative areas of donor tissue blocks was taken and served as a baseline control.
Four-micron sections of TMA blocks were cut and placed on polylysine-coated slides. These
slides were used for IHC analysis.

Immunohistochemistry (IHC) analysis of colorectal cancer tissue microarrays
Automated IHC staining of a TMA slide with the anti-FOXF1 antibody (1:50 dilution) or
with the anti-p53 antibody (clone DO-7, 1:50 dilution, Dako) was performed by using the
Bond-max system (Leica Microsystems, Buffalo Grove, IL, USA) according to
manufacturer’s instructions. The anti-p53 antibody is able to detect both the wild-type and
mutant-type p53 proteins. The FOXF1 or p53 staining of tissue was interpreted as positive
when >10% of tumor or stromal cells exhibited positive staining (Dix et al., 1994). The
correlation between FOXF1 protein expression and clinicopathological characteristics of
colorectal cancer patients was analyzed by the chi-square test (χ2 test) using the SPSS
statistical software (version 11.5 for windows, SPSS Inc., Chicago, IL, USA).

In silico analysis of FOXF1 gene expression in a variety of cancers
We used Oncomine’s Cancer Microarray Database (Rhodes et al., 2004) (http://
www.oncomine.org) to perform the in silico analysis of the FOXF1 gene expression in
normal colon, colorectal adenoma, colorectal adenocarcinoma and other cancers. The Mann-
Whitney test was used to evaluate the statistical differences of FOXF1 expression between
normal colon tissue and different groups of colorectal adenocarcinomas.

Results
Validation of the anti-FOXF1 antibody

The anti-FOXF1 antibody (Cat. No. ARP32296_T100) used in this study was obtained from
the Aviva System Biology and had been characterized with breast cancer cell lines and
tumors (Lo et al., 2010). To further validate whether this antibody can specifically detect the
FOXF1 protein in colorectal carcinoma cells, we performed IF assays to analyze the protein
expression of HA-tagged FOXF1 in colorectal cancer cell lines DLD-1 and HCT116. As
shown in Fig. 1A, HA-tagged FOXF1-transfected DLD-1 cells exhibited nuclear FOXF1
staining in IF assays. To further confirm whether this anti-FOXF1 antibody works well in
the immunostaining system for IHC assays, HCT116 cells were transfected with the HA-
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tagged FOXF1 expression plasmid DNA and then subjected to ICC assays based on the
traditional IHC protocol with some modifications as described in “Materials and Methods”.
The anti-HA antibody and rabbit IgG immunoglobin were included in ICC assays as positive
and negative controls. Consistent with the anti-HA staining results, the anti-FOXF1 antibody
specifically detected expressed FOXF1 proteins in the nuclei of transfected HCT116 cells
(Fig. 1B). These testing results, taken together, have demonstrated that this anti-FOXF1
antibody can unambiguously detect functional FOXF1 proteins in the cell nucleus.

Characterization of FOXF1 staining patterns in colorectal cancer tissue microarrays
Given that in vivo FOXF1 expression in colorectal carcinomas has never been characterized
and reported before, we performed IHC analysis of colorectal tumor TMA including 50
cases of colorectal adenocarcinomas as well as their corresponding, adjacent normal
colorectal tissue to examine FOXF1 protein expression patterns in colorectal tumors and
adjacent normal colonic mucosa. The IHC results of FOXF1 expression patterns in tissue
cell types (epithelial and stromal cells) and their subcellular localization (nuclear and
cytoplasmic) were summarized in Table 1 and the representative staining images are shown
in Figs. 2, 3 and 4. In adjacent normal colonic mucosa specimens, FOXF1 staining was only
observed in stromal cells of 76% of examined cases and no staining in intestinal epithelial
cells of any examined cases (Table 1). The FOXF1 staining in stromal cells of normal
colorectal tissue was predominantly localized in the cytoplasm of examined cases (70%) and
few cases (6%) manifested a mosaic of nuclear and cytoplasmic FOXF1 staining in tissue
(Table 1 and Fig. 2). For FOXF1-positive colorectal adenocarcinoma specimens (40% of all
cases), FOXF1 staining was unexpectedly observed exclusively in the cytoplasm of tumor
epithelial cells (Table 1, Figs. 3 and 4), whereas tumor-associated stromal cells of 90% of
examined cases were FOXF1-negative and remaining 10% of positive cases showed weak,
cytoplasmic FOXF1 staining (Table 1 and Fig. 4). These observations indicate that the
FOXF1 protein is overexpressed and mislocalized in the cytoplasm of tumor epithelial cells
in a significant subset of examined colorectal adenocarcinoma cases and the majority of
tumor tissue samples underexpressed/lost FOXF1 in tumor-associated stromal cells.

The correlation between FOXF1 staining and clinicopathological data of colorectal cancers
The results from IHC analysis of colorectal adenocarcinoma TMA were analyzed to reveal
the correlation between FOXF1 protein staining patterns and clinicopathological
characteristics of colorectal cancer patients. Due to the limited sample size, the correlation
between the FOXF1 IHC positivity in adjacent normal colorectal tissue samples and
clinicopathological characteristics of colorectal cancer patients is not statistically significant
(data not shown). In contrast, the FOXF1 IHC positivity in tumor epithelial cells of
colorectal adenocarcinoma tissue samples was statistically associated with higher histologic
grades, more invasive status, advanced stages and lymphatic metastasis (Table 2). These
results indicate that overexpression of the mislocalized FOXF1 protein in colorectal tumor
epithelial cells positively correlates with poor prognostic factors. Given our previous
findings indicating the positive correlation between FOXF1 expression and the functional
status of p53 in colorectal cancer cell lines (Lo et al., 2012), we examined the relationship
between FOXF1 and p53 IHC positivity. As shown in Table 2, this tumor sample cohort did
not exhibit the statistically significant correlation between FOXF1 and p53 protein
expression.

FOXF1 mRNA expression in normal colon, benign and malignant colorectal tumors
Due to the limited sensitivity of the FOXF1 antibody, the expression range of the FOXF1
gene in colorectal tumors could not be completely elucidated by IHC analysis. To reveal the
overall expression status of FOXF1 in colorectal tumors, in silico meta-analysis of
Oncomine’s microarray datasets was performed. Skrzypczak’s and Kaiser’s microarray
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datasets (Kaiser et al., 2007; Skrzypczak et al., 2010) were analyzed to examine FOXF1
mRNA expression in normal colon, colorectal adenoma (benign) and colorectal
adenocarcinoma (malignant). As shown in Fig. 5A, meta-analysis of Skrzypczak’s dataset
showed that FOXF1 was overexpressed in colorectal adenocarcinomas compared with
normal colorectal tissue and adenoma specimens. In Kaiser’s microarray dataset, meta-
analysis showed that FOXF1 was expressed in a broad range from underexpression (the low
dataset) to overexpression (the high dataset) in colorectal adenocarcinoma specimens
compared with normal colon tissue samples (Fig. 5B and 5C). In comparison to Kaiser’s
dataset, Skrzypczak’s dataset only displayed FOXF1 overexpression in colorectal
adenocarcinoma (Fig. 5). This might be attributable to the small sample size of colorectal
adenocarcinomas in Skrzypczak’s microarray dataset. Overall these in silico expression
analysis results indicate that FOXF1 is either underexpressed or overexpressed in a
significant subset of colorectal adenocarcinoma tumors.

FOXF1 expression in colorectal cancer compared with other cancer types
Our previous studies have provided comprehensive results to show that FOXF1 expression
is frequently silenced in breast cancer via epigenetic mechanisms. However, in this study we
found that the FOXF1 protein was overexpressed and functionally inactivated by
cytoplasmic sequestration in a significant portion of analyzed colorectal cancer cases. Our
studies of breast and colorectal cancers raise a possibility that FOXF1 can be functionally
inactivated by either epigenetic silencing or cytoplasmic mislocalization; therefore FOXF1
expression levels in different types of cancers may exhibit either underexpression or
overexpression. To demonstrate this possibility, in silico analysis of FOXF1 expression in a
variety of cancers was performed using Oncomine’s Cancer Microarray Database. Indeed,
meta-analysis of two different multi-cancer microarray dataset sources (Su et al., 2001;
Bittner’s microarray dataset was not yet published) consistently showed that overall FOXF1
was underexpressed in breast and ovarian cancers and overexpressed in bladder, colorectal,
pancreatic and prostate cancers (Fig. 6).

Discussion
It is known that mammalian Foxf1 is predominately expressed in mesenchymal cell types
and its functions are crucial for generation of mesoderm-derived tissues (Mahlapuu et al.,
2001b). Moreover, animal genetic knockout studies have shown that Foxf factors play key
roles in controlling gut development by enhancing the production of extracellular matrices
from intestinal fibroblasts and negatively regulating mesenchymal Wnt expression that in
turn weakens Wnt-β-catenin signaling in intestinal epithelium (Ormestad et al., 2006). These
Foxf-regulated events are indispensable for maintaining the normal functionality of
intestinal fibroblasts and the polarization as well as proliferation rate of intestinal epithelial
cells, which are essential for the homeostasis and integrity of gut tissue (Ormestad et al.,
2006). In the light of these critical roles of Foxf proteins in gut development, alterations in
their expression and subcellular localization might be engaged in promoting intestinal
tumorigenesis. In our studies, we for the first time found that tumor-associated stromal
fibroblasts of most examined colorectal adenocarcinoma cases lost or underexpressed
FOXF1 compared with normal stromal fibroblasts of their corresponding adjacent normal
colorectal tissue. Therefore, these observations are in line with our hypothesis that loss of
(or a reduction in) FOXF1 expression in stromal fibroblasts may participate in colorectal
oncogenesis. Although the mechanism leading to silencing of FOXF1 expression in stromal
cells is currently unknown and needs to be further investigated, aberrations in stroma-
epithelium interactions may be a potential mechanism accounting for this phenomenon as it
has been known that epithelium can regulate expression of Foxf factors in stromal
fibroblasts via its secreted hedgehog ligands (Mahlapuu et al., 2001a; Ormestad et al., 2006).
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Identification of alterations in the interactions between stromal and epithelial cells will be a
promising direction to address underlying mechanisms giving rise to silencing of FOXF1
expression in tumor-associated stromal cells.

Intriguingly, the FOXF1 IHC staining in the majority of adjacent normal colorectal tissue
cases (70%) is cytoplasmic only and few tissue cases (6%) showed a mosaic of nuclear and
cytoplasmic FOXF1 staining. Given that this observation is not consistent with the fact that
functional FOXF1 is localized in the nucleus, we reexamined the FOXF1 IHC staining in 5
normal colorectal tissue specimens from patients without colorectal cancer. The results
manifested a mix of nuclear and cytoplasmic FOXF1 staining patterns in all of these normal
colonic mucosa specimens (data not shown). These findings suggest that the subcellular
localization of FOXF1 in normal stromal fibroblasts of colorectal mucosa is dynamically
regulated, which is more likely through paracrine effects (e.g., from epithelium). Based on
these studies, we posited that the dynamic regulation of nucleo-cytoplasmic shuttling of the
FOXF1 protein is disturbed in stroma of normal colorectal tissue adjacent to colorectal
tumor tissue. Whether this abnormal phenomenon is caused by the paracrine effects from
colorectal tumor cells will be an interesting issue and needs further studies to address it.

Unexpectedly, our novel findings from the IHC study of FOXF1 protein expression showed
cytoplasmic mislocalization of overexpressed FOXF1 proteins in a significant subset of
colorectal adenocaricinomas (40%), indicating that besides epigenetic silencing (Lo et al.,
2010), aberrant mislocalization of FOXF1 to cytoplasm is another pathological mechanism
to inactivate nuclear FOXF1 functions. Consistently, in silico meta-analysis of expression
microarray datasets of colorectal tumors from Oncomine’s microarray database also
indicates that FOXF1 mRNA expression was either underexpressed or overexpressed in a
significant subset of colorectal adenocarcinomas compared with normal counterparts.
According to IHC analysis of the FOXF1 protein expression pattern in colorectal tumors,
FOXF1 mRNA must be overexpressed in colorectal tumor epithelial cells, not in tumor-
associated stromal cells. In contrast, FOXF1-expressing breast carcinomas exhibit both
nuclear and cytoplasmic FOXF1 staining in tumor epithelial cells, similar to IHC staining
patterns of normal mammary ducts (Lo et al., 2010). Furthermore, ductal breast carcinomas
only manifest underexpressed FOXF1 profiles compared with normal breast tissue (Lo et al.,
2010). Meta-analysis of multi-cancer expression microarray datasets also has revealed that
overall colorectal cancers expressed much higher levels of FOXF1 mRNA than breast
cancers. Therefore, carcinomas derived from different tissue origins may have their
favorable mechanisms to inactivate nuclear functions of FOXF1, either gene silencing via
epigenetic mechanisms or protein mislocalization via unknown mechanisms. In breast
cancer, the epigenetic mechanism is preferentially engaged in silencing of FOXF1
expression in breast cancer epithelial cells, whereas the cytoplasmic mislocalization
mechanism is found to actively participate in inactivating nuclear FOXF1 functions in
colorectal tumor epithelial cells. Further studies are required to reveal the mechanisms
leading to overexpression as well as cytoplasmic mislocalization of FOXF1 in colorectal
cancer epithelial cells and whether cytoplasmic FOXF1 plays a functional role in colorectal
carcinogenesis.

Our clinical association studies indicate that cytoplasmic FOXF1 protein expression in
tumor epithelial cells positively correlated with poor prognostic factor of colorectal
adenocarcinomas such as the higher histologic grades, more invasive status, advanced stages
and lymphatic metastasis. These findings suggest that cytoplasmic FOXF1 is a potential
indicator to predict the prognosis of colorectal adenocarcinomas. Given that there are no
available survival data for colorectal tumor tissue microarrays established in 2010, we are
unable to evaluate whether FOXF1 can serve as a prognostic biomarker to predict the
outcomes of colorectal cancer patients. Therefore, a study of a large number of colorectal
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cancer cases with the long-term survival information is mandatory to evaluate the prognostic
value of FOXF1 protein expression. In our studies, we did not find any significant
correlation between FOXF1 and p53 protein expression. Our previously published studies
indicate that FOXF1 expression is preferentially silenced in colorectal cancer cell lines with
inactive p53 (Lo et al., 2012). It is well accepted that nuclear p53 IHC positivity in tumor
tissue usually indicates the overexpressed p53 mutant protein. We assumed that p53-positive
tumor cases express lower levels of FOXF1 compared with normal counterparts. However,
the anti-FOXF1 antibody used in this study was unable to detect FOXF1 in adjacent normal
colonic epithelium, similar to the situation that endogenous p53 levels were undetectable in
epithelium of all examined normal tissue cases as the DO-7 antibody was used in IHC.
Therefore, quantitative RT-PCR analysis of FOXF1 expression in conjunction with single-
strand conformation polymorphism (SSCP) and IHC analyses of the p53 gene is a better
strategy to address this connection. The FOXF1 IHC positivity identified in p53-positive
tumor tissue cases is not against our hypothesis due to the reason that overexpressed FOXF1
proteins lose their nuclear transcriptional function by being sequestered in the cytoplasm of
tumor epithelial cells. Collectively, our studies indicate that FOXF1 overexpression in
colorectal tumor epithelial cells was not related to the p53 IHC positivity.

In summary, this is the first study to unravel that the FOXF1 protein is frequently
overexpressed in colorectal tumor epithelial cells and underexpressed/lost in tumor-
associated stromal fibroblasts. Importantly, we identified that overexpressed FOXF1
proteins are mislocalized in the cytoplasm of tumor epithelial cells, which positively
correlates with poor prognostic factors of colorectal cancer. Therefore, these lines of
evidence suggest that cytoplasmic mislocalization of overexpressed FOXF1 is a novel
biomarker potentially used for the prognosis of colorectal adenocarcinomas.
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Fig. 1.
The anti-FOXF1 antibody specifically stains nuclear FOXF1 proteins in FOXF1-transfected
colorectal cancer cells. (A) Immunofluorescence analysis of ectopic expression of HA-
tagged FOXF1 in DLD-1 colorectal cancer cells using the anti-FOXF1 antibody. The left
panel is HA-FOXF1-transfected DLD-1 cells stained with the anti-FOXF1 antibody and the
goat anti-rabbit IgG Alexa 568 antibody. The right panel is the co-staining of cells with the
DNA staining dye DAPI. (B) Immunocytochemistry analysis of HA-tagged FOXF1
expression in HCT116 colorectal cancer cells using either the anti-FOXF1 or anti-HA
antibody. HA-FOXF1-transfected HCT116 cells stained with rabbit IgG and the anti-HA
antibody served as negative and positive controls, respectively, in comparison with those
stained with the anti-FOXF1 antibody. Immunocytochemistry analysis was performed as
described in “Materials and Methods”.
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Fig. 2.
The FOXF1 expression pattern in adjacent normal human colorectal mucosa. (A) A
representative case of adjacent normal human colorectal mucosa specimens showed FOXF1
staining predominantly in the cytoplasm of stromal cells. (B) A representative case of
adjacent normal human colorectal mucosa specimens showed a heterogeneous pattern of
nuclear and cytoplasmic FOXF1 staining in stromal cells.
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Fig. 3.
FOXF1 protein expression patterns in colorectal adenocarcinoma tumors. IHC analysis of
FOXF1 protein expression in colorectal tumor TMA exhibited negative staining (A) or a
homogeneous staining pattern at different intensities in the cytoplasm of tumor epithelial
cells (B – weak, C – strong).
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Fig. 4.
Detailed FOXF1 protein expression patterns in human colorectal adenocarcinoma tumors.
Four types of FOXF1 staining results were found in IHC analysis of colorectal tumors,
including FOXF1 positivity in the cytoplasm of both tumor epithelial and stromal cells (A),
tumor epithelial cells only (B), tumor stromal cells only (C) and FOXF1 negativity in both
tumor epithelial and stromal cells (D).
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Fig. 5.
In silico analysis of FOXF1 mRNA expression in normal colon, benign and malignant
colorectal tumors. The in silico expression data of the FOXF1 gene in normal colon, benign
and malignant colorectal tumors were plotted based on Oncomine’s meta-analysis of
previously published Skrzypczak’s (A) and Kaiser’s (B) microarray datasets. Y-axis units
are normalized expression values on a log2 scale and the expression level of the FOXF1
gene was normalized across all microarray studies. The 25th and 75th percentiles are
indicated by a vertical box and the 10th and 90th percentiles are depicted by error bars. The
median of a dataset is shown as a horizontal line within a box. Outliers (indicated by dots)
are also shown. The statistical analyses of differences between normal colon tissue,
colorectal adenomas and carcinomas are indicated in the plot. The tissue samples in (A) are
the following: 1-normal colon (n=10); 2-colorectal adenoma (n=5); 3-colorectal carcinoma
(n=5). The tissue samples in (B) are the following: 1-normal colon (n=5); 2-colorectal
adenocarcinoma (n=41). (C) FOXF1 expression data from Kaiser’s microarray dataset were
plotted as a dot plot based on the expression classification of colorectal tumors (classified as
low, medium and high). The statistical analyses of differences between normal colon tissue
and different groups of colorectal tumors are indicated in the plot. The number of cases in
each data group is indicated in parentheses. The median of a dataset is depicted by a
horizontal line.
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Fig. 6.
In silico analysis of FOXF1 mRNA expression in a variety of cancers. Meta-analysis of
FOXF1 gene expression using Bittner’s and Su’s multi-cancer expression microarray
datasets from Oncomine’s microarray database are shown in (A) and (B), respectively. The
FOXF1 expression level was normalized across all cancer microarray datasets. Y-axis units,
percentiles, medians and outliers are indicated as described in Fig. 5. Cancer types in (A) are
the following: 1-bladder cancer (n=32); 2-breast cancer (n=328); 3-cervical cancer (n=35);
4-colorectal cancer (n=330); 5-esophageal cancer (n=7); 6-gastric cancer (n=7); 7-head and
neck cancer (n=41); 8-kidney cancer (n=254); 9-lung cancer (n=107); 10-lymphoma (n=19);
11-ovarian cancer (n=166); 12-pancreatic cancer (n=19); 13-prostate cancer (n=59). Cancer
types in (B) are the following: 1-bladder cancer (n=8); 2-clear cell renal cell carcinoma
(n=11); 3-colorectal adenocarcinoma (n=23); 4-ductal breast carcinoma (n=26); 5-lung
adenocarcinoma (n=14); 6-ovarian serous surface papillary carcinoma (n=27); 7-pancreatic
adenocarcinoma (n=6); 8-prostate adenocarcinoma (n=26); 9-squamous cell lung carcinoma
(n=14).
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Table 1

Protein expression of FOXF1 in adjacent normal colonic mucosa and colorectal adenocarcinomas.

Tissue type (n) Cell type Subcellular localization FOXF1 (+) (%)

Normal colon (50) Epithelial Nuclear 0

Cytoplasmic 0

Mixed 0

Stromal Nuclear 0

Cytoplasmic 35 (70)

Mixed 3 (6)

Adenocarcinomas (50) Epithelial Nuclear 0

Cytoplasmic 20 (40)

Mixed 0

Stromal Nuclear 0

Cytoplasmic 5 (10)

Mixed 0
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Table 2

Correlation between FOXF1 protein expression in colorectal adenocarcinomas and clinicopathological
features.

Clinicopathological Characteristics n FOXF1(+) (%) χ2/P value

Age (years)

 < 65 21 7 (33.3) 0.670/0.413

 ≥ 65 29 13 (44.8)

Gender

 Male 27 13 (48.1) 1.624/0.203

 Female 23 7 (30.4)

Grade*

 G1 29 8 (27.6) 4.433/0.0352

 G2–G3 21 12 (57.1)

Depth of Invasion

 T1–T2 6 0 (0.0) 4.545/0.033

 T3–T4 44 20 (45.5)

Stage

 I 6 0 (0.0) 7.579/0.0226

 II 30 11 (36.7)

 III 14 9 (64.3)

Lymphatic Metastasis

 No 36 11 (30.6) 4.778/0.0288

 Yes 14 9 (64.3)

p53

 Positive 27 13 (48.1) 1.624/0.203

 Negative 23 7 (30.4)

*
G1: well differentiated, G2: moderately differentiated, G3: poorly differentiated.
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