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Colorectal cancer (CRC) is one of the most common cancers worldwide. The molecular mechanisms underlying CRC
development involve a multistep process with the accumulation of both genetic and epigenetic changes. To deeply
understand CRC tumorigenesis and progression, advances in identification of novel mechanisms and key factors are
therefore in an urgent need. Here, we examined the correlation of factor inhibiting HIF-1a (FIH-1) expression with
clinicopathological features of CRC. The finding that FIH-1 was not only significantly decreased in tumor tissue but also
was significantly correlated with tumor invading depth, lymph node involvement, and metastasis suggested the role of
FIH-1 as a tumor suppressor in CRC development. To further support the above hypothesis, we performed both in vitro
and in vivo experiments to identify the role of FIH-1 in CRC development. FIH-1 was found to inhibit CRC cell
proliferation, migration, invasion, and colony formation in vitro. FIH-1 was also shown to repress LOVO xenograft tumor
growth in vivo. To decipher the mechanism, we examined the expression level of HIF-1a and its target genes. We found
that FIH-1 was able to inhibit HIF1a mediated transcription of GLUT1 and VEGF in CRC cells. The above observation
points to the possibility that loss or decreased expression of FIH-1 gene may lead to a constitutive activation of HIF1a
and an alteration of HIF-1 targets such as GLUT-1 and VEGF. These findings highlight the critical role of FIH-1 in CRC and

indicate FIH-1 functions as a tumor suppressor in human CRC by repressing HIF1a pathway.

Introduction

Colorectal cancer (CRC) is the third most frequent cause of
cancer-related death worldwide." The molecular mechanisms
underlying CRC development involve a multistep process with
the accumulation of both genetic and epigenetic Changes,2
including alternations in the Hypoxia-inducible transcription
factor 1o (HIF-1at) pathway. HIF 1ot acts as a master regulator of
transcriptional response to low oxygen, which is able to respond
to a wide range of environmental oxygen concentrations, and
control angiogenesis, erythropoiesis, and glycolysis via alterations
in at least 300 oxygen-responsive genes.” Additionally, HIF-1a
also plays a pivotal role in maintaining cellular activities even
during normoxia.* According to the Warburg effect, a hallmark
of malignant tumors that characterized by increased activity of
aerobic glycolysis, HIF-1a is constitutively activated in malig-
nant tumor cells and regulates cellular glycolytic activity.”” Fur-
thermore, it was reported that HIF-la could activate a

transcription program that promoted aggressive tumor pheno-
types by triggering the expression of critical genes, including vas-
cular endothelial growth factor (VEGFE), and glucose transporter 1
(GLUT1).2 As a key regulator of HIF-1a, factor inhibiting HIF-
lo (FIH-1) catalyzes an asparagine hydroxylation step that con-
trols the association of HIF-la transcription factors with CBP/
p300 transcriptional co-activators, and reduces the transcrip-
tional activity of HIF-1a.”'" Recently, several studies identified
that FIH-1 was associated with neoplastic progression and might
be a candidate tumor suppressor.lz’14 However, little is known
about the role of FIH-1 in human CRC.

In the previous study, we firstly identified that FIH-1 was
downregulated in CRC tissue, compared to the normal colorectal
tissue.'> Furthermore, we reported FIH-1 mRNA expression was
significantly correlated with tumor T stage status by analysis of
The Cancer Genome Atlas (TCGA) sample cohort. In the pres-
ent study, the correlation of the FIH-1 protein expression level
with CRC clinicopathologic features in our sample cohort was
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examined in support of the tumor suppressor role of FIH-1 in
CRC progression. The FIH-1 expression was further shown to
control cell proliferation, migration and invasion in CRC cell
lines and was found to affect the tumor growth in LOVO xeno-
grafts. Together, our data provide strong evidence that aberration
of the FIH-1 expression plays a critical role in human CRC
tumorigenesis and indicate that FIH-1 inhibits CRC develop-
ment by repressing HIF-1a pathway.

Results

FIH-1 is downregulated in CRC and is a predictor for CRC
prognosis

Although we examined the mRNA level of FIH-1 expression
in CRC in the previous study, the data about FIH-1 protein
expression were unavailable. Furthermore, the data we reported
before about the correlation of FIH-1 mRNA expression and
tumor T stage status were from TCGA sample cohort, not from
Chinese sample cohort of our hospital. To determine FIH-1’s
role in CRC tumorigenesis, we evaluated FIH-1 protein expres-
sion in a large set of 90 colorectal tissue samples from our hospi-
tal by IHC analysis on a set of tissue microarrays (TMAs). Using
IHC, FIH-1 was shown to localize in both cytoplasm and
nucleus of colorectal cells. In the CRC samples, FIH-1 protein
expression was significantly downregulated, compared with the
adjacent normal samples (P < 0.001, Fig. 1A). This result inde-
pendently suggested the role of FIH-1 as a tumor suppressor in
CRC. In addition, Kaplan-Meier test was employed to analyze
the follow-up data and showed that the patients with downregu-
lation of FIH-1 had poorer prognosis than those without down-
regulation of FIH-1 (p = 0.012, Fig. 1B).

Decreased FIH-1 expression in CRC tissue is associated with
disease progression

Given the fact that FIH-1 acts as the key factor in CRC biol-
ogy, we speculated that FIH-1 expression might play a critical role
in suppressing CRC progression. To prove this speculation, we
examined the above 90 CRC patient samples with well-annotated
clinical information, and analyzed the correlation between FIH-1
protein level and clinicopathology. In addition, we randomly
selected 25 pairs of CRC and adjacent normal samples and mea-
sured the mRNA level of FIH-1 expression. IHC analysis showed
that FIH-1 expression was significantly lower in CRC samples of
T(3 + 4) stage (Table 1, Fig. 2B), N(1 + 2) stage (Table 1,
Fig. 2C), and M1 stage (Table 1, Fig. 2D) than in CRC samples
of T(1 4+ 2)NOMO stage (Table 1, Fig. 2A). The low mRNA level
of FIH-1 expression was also significantly correlated with invading
depth, lymph node involvement, and metastasis (Fig. 2E). Corre-
lations between the FIH-1 expression level and clinicopathologic
characteristics of CRC are summarized in Table 1.

Increased FIH-1 inhibits CRC cell proliferation, migration,
invasion and colony formation 7z vitro

Thus far we have shown that FIH-1 plays a critical role in
both CRC tumorigenesis and progression. We then examined

www.taylorandfrancis.com

Cancer Biology & Therapy

the biological role of FIH-1 #n vitro by performing functional
assays. First, FIH-1 overexpression plasmids were transfected
into LOVO and SW1116 cell lines. We observed an increase of
FIH-1 levels. As a consequence, a significant decrease in cell pro-
liferation was observed in both cell lines (Fig. 3A). A subsequent
wound-healing assay showed that the rate of wound-healing of
FIH-1 upregulated cells was significantly slower than that of
untreated cells (Fig. 3B). At 18h, a wound in LOVO cells was
almost closed, while cells treated with FIH-1 overexpression plas-
mids still showed a noticeable wound. A similar trend was
observed in SW1116 cells. Furthermore, upregulation of FIH-1
resulted in significant inhibition of LOVO and SW1116 cell
migration and invasion evaluated via cell migration and invasion
assays (Fig. 3C). Colony formation ability was also inhibited by
upregulating FIH-1 in both cell lines (Fig. 3D). Taken together,
the data suggested that FIH-1 played a tumor suppressor role in
CRC development.

Increased FIH-1 decreases GLUT-1 and VEGF expression
levels in LOVO and SW1116

LOVO and SW1116 cells were transiently transfected with
plasmid expressing FIH-1, and expression levels of HIF-1a and
target genes of HIF-1a, including GLUT-1 ¢ were examined.
First, we found HIF-1a expression was not altered after overex-
pressing FIH-1. But we observed a decrease in the level of GLUT-
1 mRNA (Fig. 4A). Furthermore, we also observed a decrease in
the level of GLUT-1 protein in both cell lines (Fig. 4B).

Apart from GLUT-1, we also examined FIH-1 regulation on
VEGF expression, another HIF-1a target gene.” Like GLUT-1,
overexpression of FIH-1 in LOVO and SW1116 cells downregu-
lated VEGF mRNA and protein levels (Fig. 4C and 4D).

FIH-1 controls the tumor growth of LOVO xenografts
in vivo

To further investigate whether FIH-1 affects tcumor formation
in vivo, LOVO cells were stably transfected with LV.FIH-1 and
LV.Empty. The cells were then implanted subcutaneously into
nude mice and the tumors were monitored every 4 days. At the
end of the fourth week, all mice were sacrificed, and the tumor
volumes and weights were measured. There was a significant dif-
ference in average tumor volume and weight between the 2
groups (Fig. 5B and 5C). The tumors were larger and heavier in
the control group than those in the FIH-1 upregulated group.
To further determine whether the growth inhibition was through
FIH-1, we performed IHC staining on tumor tissues. We found
that the expression level of FIH-1 was increased in the tumors of
nude mice injected by FIH-1 upregulated LOVO cells, while the
expression levels of GLUT1 and VEGF were decreased
(Fig. 5D). These data agreed with in vitro results implicating the
role of FIH-1 in CRC tumorigenesis and progression.

Discussion

HIF-1a regulates the expression of several genes during adap-
tation to hypoxic conditions and also plays a pivotal role in
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Figure 1. FIH-1 is downregulated in human CRC tissues and is a predictor for CRC prognosis. (A)
Protein level of FIH-1 expression was significantly decreased in CRC tissues comparing with their
corresponding nontumor tissues. (B) Downregulation of FIH-1 defined a poor prognosis of CRC.

tein level was downregulated in CRC, com-
pared with the adjacent normal samples.
Furthermore, CRC with downregulation
of FIH-1 had a poor prognosis. These results implicated that
FIH-1 might play an important role in CRC progression. To fur-
ther support this hypothesis, we analyzed the correlation of FIH-
1 expression with clinicopathological features of CRC by using
our independent data. Both in protein and mRNA expression
levels, the downregulation of FIH-1 was significantly correlated
with CRC invading depth, lymph node involvement, and metas-
tasis. These data supplement our previous results and indicate
that FIH-1 protein may suppress CRC progression and loss of
FIH-1 expression is a critical event in human CRC.

In support of the potential tumor suppressor role of the FIH-1
in CRC tumorigenesis and progression, we exogenously upregu-
lated FIH-1 in LOVO and SW1116 cells, and found FIH-1
overexpression was shown to repress CRC cell proliferation,
migration, invasion, and colony information. To decipher the
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mechanism, we examined the expression levels of HIF-1a and its
target genes. The most well studied HIF-1a activated growth fac-
tors regulate endothelial cell proliferation and blood vessel forma-
tion. HIF-1a activates transcription of VEGF and one of its
receptors, VEGF receptor 1.> VEGF is a key angiogenic factor
that is secreted by cancer cells and normal cells in response to
hypoxia.”! In addition to VEGF, the glucose transporters
GLUT1 that mediates cellular glucose uptake has been also
shown to be regulated by HIF-la.** Studies indicate that
increased glycolysis is a normal response to proliferation, and
that migrating cells also use this pathway as an energy source.”
In this study, we found HIF-1a expression was not altered after
overexpressing FIH-1, but we observed decreased expression of
GLUT-1 and VEGF in the level of both mRNA and protein,
which underscored FIH-1 ability to inhibit HIF-mediated gene
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Table 1. Clinicopathologic correlation of FIH-1 down-regulation in human CRCs

FIH-1
No down regulation no. of cases(n = 32) Down regulation no. of cases(n = 58) P value
Age(year)
>60(73) 25 48 0.591
<60(17) 7 10
Gender
Male (47) 15 32 0.451
Female (43) 17 26
Localization
Proximal (44) 17 27 0.550
Distal (46) 15 31
Tumor and Depth
14+2(9) 6 3 0.048
3+4(81) 26 55
Lymph-node involvement
No (56) 29 27 <0.001
Yes (34) 3 31
Metastasis
No (76) 31 45 0.012
Yes (14) 1 13
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Figure 2. Decreased FIH-1 expression in CRC tissue is associated with disease progression. (A) FIH-1 expression pattern in T2NOMO stage CRC sample. (B)
FIH-1 expression pattern in T3 stage CRC sample. (C) FIH-1 expression pattern in N2 stage CRC sample. (D) FIH-1 expression pattern in M1 stage CRC sam-
ple. (E) Low mRNA level of FIH-1 expression was significantly correlated with CRC invading depth, lymph node involvement, and metastasis.
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Figure 3. Effect of FIH-1 overexpression on proliferation, migration, invasion of LOVO and SW1116 cells. (A) Overexpression of FIH-1 had significant effect
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transcription in CRC. Mahon et al. reported that interaction of
FIH-1 and VHL could repress HIF-1a transactivation domain
function.'® Additionally, Wang et al. found overexpressing FIH-
1 could interfere with HIF function and reduce the expression of
GLUT-1 and VEGF.** In light of these observations, we con-
sider that upregulation of FIH-1 may inhibit HIF-1a activation
and suppress the HIF-1a pathway in CRC.

To confirm the results of in vitro assays, the LOVO xenograft
experiment was performed. The tumors were bigger and heavier
in nude mice injected by control cells than in those injected by
LOVO cells with upregulated FIH-1. IHC staining results
showed that the expression level of FIH-1 protein was increased
in tumors of nude mice injected by FIH-1 upregulated LOVO
cells, while the expression levels of GLUT1 and VEGF were
decreased. These data agreed with 77z vitro results implicating the
role of FIH-1 in CRC tumorigenesis and progression. Overex-
pression of FIH-1 in LOVO cells repressed HIF-1a activation,
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caused downregulation of GLUT1 and VEGF, inhibited cellular
glucose uptake and angiogenesis, and affected xenografts.

In the present study, one of the limitations is that the experi-
ments under hypoxia are not performed. However, previous
reports demonstrated that unlike other hydroxylases, FIH-1 had
the ability to function even at substantially low oxygen concen-
trations.” Active FIH-1 could also interfere with HIF function
at a certain hypoxic stage.”” In this respect, the absence of FIH-1
expression and activity may be a necessary step for HIF function
in CRC.*

In summary, the results from this study suggest that FIH-1
functions as a tumor suppressor in human CRC development.
Loss of FIH-1 expression that affects HIF mediated gene tran-
scription is a crucial event in CRC tumorigenesis and progres-
sion, which was not reported in CRC before (Fig. 6). Further
in-depth studies are needed to examine FIH-1 regulates tran-
scriptional activation of HIF-la under hypoxic conditions in
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Figure 4. Increased FIH-1 decreases GLUT-1 and VEGF expression levels in LOVO and SW1116. (A) Increased FIH-1
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from Gene Chem. Cells
were seeded at 2 x 10° per
well in 6-well plates and
allowed to attach for at least
16 hours. The overexpres-

sion plasmid or negative

CRC. Nevertheless, our data indicate that FIH-1 may play a
tumor suppressor role in CRC tumorigenesis and progression
through repressing HIF-1a pathway. Further understanding of
the pathogenic significance of loss of FIH-1 can contribute to a
better diagnosis and treatment of CRC.

Materials and Methods

Patient samples
Written informed consent was obtained from each patient and
the investigation was approved by the institutional review board

of Zhongshan Hospital, Shanghai Fudan University. Total 90
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control transfected
using lipofectamine 2000 (Invitrogen). The stable cell lines were
established by lentiviral infection.'”” LV.FIH-1 and LV.Empty

were obtained from GeneChem.

was

Proliferation assay

Cells were plated in 96-well plates with 1 x 107 cells/well in
regular growth medium. Proliferation of cancer cells was mea-
sured 5 days after treatment by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay.

‘Wound healing assay

Cells (1 x 10’ per well) were seeded in 6-well plates and
grown to confluence. The cells were pretreated with Mitomycin
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Figure 6. Schematic of the described interaction between FIH-1 and HIF-
1a, along with a brief description of the portion of the HIF-1a pathway
mentioned in the article.
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being washed with PBS for 3 times, the cells were cultured in full
medium and allowed to close the wound for 18 h. Photos of the
wound were taken immediately after scratching 18 h later in the
same marked location of the dish.

Cell migration and invasion assays

A 24-well transwell plate (8-mm pore size, Corning) was used
to measure each cell line’s migratory and invasive ability. For the
migration assay, 5 x 10% cells were plated in the top chamber
lined with a non-coated membrane. For the invasion assay,
chamber inserts were coated with 200 mg/ml of Matrigel and
dried overnight under sterile conditions. Then, 1 x 10° cells
were plated in the top chamber. In both assays, cells were sus-
pended in medium without serum, and medium supplemented
with serum was used as a chemo-attractant in the lower chamber.
After incubation at 37°C for 24 h, the top chambers were wiped
with cotton wool to remove the nonmigratory or noninvasive
cells. The invading cells on the underside of the membrane were
fixed in 4% Paraformaldehyde for 15 min, airdried, stained in
Giemsa (Jiancheng Bioengineering Institute), and counted under
a microscope.
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Colony formation assay

Colony formation assay in soft agar was carried out according
to standard procedures. The cells were mixed with tissue culture
media containing 0.6% agar to result in a final agar concentration
of 0.4%. Cell suspension 1 mL was immediately plated in 6-well
plates coated with 1 mL/well of 0.6% agar in tissue culture
media. The colonies were counted in triplicate on day 15 after
plating.

RNA extraction and qRT-PCR Assay

Total RNA was isolated using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. TagMan real-time
PCR assays for FIH-1, HIF-1a,, GLUT1, VEGF, and GAPDH
were from Takara Bio. All reactions, including the no template
controls, were run in triplicate. After the reactions were com-
pleted, the CT values were determined by using fixed threshold
settings. Data were analyzed using the 2°“" method.

Western blotting

Cellular proteins were extracted and separated in SDS-PAGE
gels, and western blot analyses were performed according to stan-
dard procedures. Western blotting of GAPDH on the same
membrane was used as a loading control. The antibodies used
were anti-FIH-1 (ab92498, 1:1000), anti-HIFla (ab51608,
1:1000), anti-GLUT1 (ab652, 1:2000), anti-VEGF (ab1316,
1:1000), and anti-GAPDH (ab37168, 1:5000), from Abcam.

Histological analyses

After mice were sacrificed according to experimental protocol,
tumor tissues were isolated, fixed, and embedded in paraffin for
histopathological analysis. Immunohistochemistery (IHC) was
performed according to standard procedures. The antibodies used
were the same as in protein gel blotting. Imaging from tumor tis-
sue was detected with microscope. Compared to the paired normal
tissue, downregulation of FIH-1 in CRC tissue was defined by
IHC staining. No-downregulation of FIH-1 was defined as no dif-
ferences of IHC staining between CRC tissue and its paired nor-
mal tissue, or upregulation of FIH-1 in CRC tissue.
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Immunodeficient mouse xenograft tumor model

All animal experiments were performed according to the regu-
lations of P.R. China and Fudan University, and approved by
the animal care and use committee of Fudan University. LOVO
cells, which were infected with LV.FIH-1 and LV.Empty, were
harvested and injected subcutaneously into the right flank of
male nude (nu/nu) mice (2 x 10° viable tumor cells/mouse).
The animals were equally divided into control and treated groups
(8 mice per group). After subcutaneous implantation of cells, ani-
mals were observed daily for tumor growth and subcutaneous
tumors were measured on 4, 8, 12, 16, 20, 24, and 28 days.
Each tumor volume was calculated according to the following
equation: V(mm?®) = D? (mm?) x L (mm)/2, where D and L
were the smallest and the largest perpendicular tumor diameters,
respectively. The mice were sacrificed at 28 days post-implanta-
tion (one mouse of the control group died and there were 7 mice
in control group finally); then xenograft tumors were removed
for further investigation.

Statistical analysis

All experiments were performed in triplicate. Differences
between groups were calculated using Student’s t test, Chi-square
test, or Fisher’s exact test. Additionally, 2 < 0.05 was selected to

indicate a significant difference. These data were analyzed using
SPSS version 17.0.
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