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The molecular mechanisms underlying colorectal cancer (CRC) tumorigenesis remain incompletely understood,
partially contributing to the mortality of CRC. Advances in identification of novel mechanisms are therefore in an urgent
need to fill the gap of our knowledge in CRC development. Here, we performed both in vitro and in vivo experiments
along with in silico analysis to identify a new regulatory circuit that stimulated CRC tumorigenesis. In this report, we, for
the first time, analyzed the correlation of FIH-1 level with clinicopathological features of CRC. The finding that FIH-1 was
not only significantly decreased in tumor tissue as compared with the adjacent normal tissue but also was significantly
correlated with tumor T stage status, indicated the role of FIH-1 as a tumor suppressor in CRC development. Moreover, we
found the expression of miR-31, a short non-coding RNA which played a critical role in CRC development, was negatively
correlated with FIH-1 expression in CRC samples and cell lines. Together with the result from luciferase report assay, it was
demonstrated that miR-31 could directly regulate FIH-1 expression in CRC. This miR-31/FIH-1 nexus was further shown
to control cell proliferation, migration and invasion in vitro and to control tumor growth in vivo. Additionally, correlation
of the miR-31 expression with clinicopathologic features in CRC samples was examined in support of the driving role of
newly identified miR-31/FIH-1 nexus in CRC tumorigenesis. These findings highlight the critical role of miR-31/FIH-1 nexus

in CRC and reveal the contribution of miR-31 to CRC development by targeting FIH-1.

Introduction

Colorectal cancer (CRC) is one of the most common cancers
and the third leading cause of cancer-related deaths worldwide.!
However, the molecular mechanisms underlying CRC tumori-
genesis remain elusive. Therefore, importance lies in the identi-
fication of the specific molecular mechanisms underlying CRC
development. Insights gained from these mechanistic studies are
important for the development of new strategies and therapeutic
targets for effective treatment of CRC.

Hypoxia-inducible transcription factor la (HIF-1av) is a mas-
ter regulator of oxygen homeostasis, which under hypoxic con-
ditions, controls angiogenesis, erythropoiesis, and glycolysis via
transcriptional activation of target 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 malignant

tumor cells and regulates cellular glycolytic activity.> Also, over-
expression and activation of HIF-la is associated with tumor
angiogenesis, tumor cell proliferation, and tumor cell invasion in
CRC.* Previous studies illustrated that HIF-1la could activate
a transcription program that promoted aggressive tumor phe-
notypes by triggering the expression of critical genes, including
vascular endothelial growth factor (VEGF), lactate dehydroge-
nase A (LDH-A), glucose transporter 1 (GLUT1), and others.°
As a key regulator of HIF-1a, factor inhibiting HIF-1a (FIH-1)
hydroxylates HIF-la protein at asparagine 803, inactivates the
C-terminal transactivation domain (C-TAD) region, suppresses
its interaction with transcription coactivators, and reduces the
transcriptional activity of the protein.”? Recently, several studies
identified that FIH-1 was also associated with neoplastic progres-
sion by repressing the HIF-1a pathway.''? Hence, the FIH-HIF
cascade plays a critical role in cancer development and the factors
that influence this axis should be elucidated to generate more
effective therapeutic targets for CRC patients.
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Figure 1. FIH-1 and miR-31 expressions in human CRC tissues and their correlation. (A) Clinical correlation of FIH-1 mRNA expression and T stage of CRC
in the TCGA sample cohort. (B) mRNA expression of FIH-1 was decreased in 25 CRC tissues compared with their corresponding normal tissues. (C) miR-31
level was increased in those above 25 CRC tissues compared with their corresponding normal tissues. (D) Expression patterns of FIH-1 with miR-31 in

50 samples including CRC tissues and their corresponding normal tissues.

The molecular mechanisms that underlie FIH-HIF aberra-
tion remain unclear and the regulatory factors that control FIH-1
expression are not fully understood. MicroRNA (miRNA) are
a class of 19-24 nt short non-coding RNAs, which regulate
translation and degradation of target mRNAs by direct interac-
tion with 3’-untranslated region (3"UTR) of the target mRNA.
Up until now, miRNA are known as a vital factor in carcino-
genesis and tumor progression, and many miRNA were found
aberrantly expressed in various tumor types. In CRC, miR-31
functions as an oncogenic miRNA, and has been shown to be
associated with tumor prognosis.”* In the present study, we
identified that FIH-1 expression was negatively correlated with
miR-31 and was directly regulated by miR-31 in CRC. Aberra-
tion of the miR-31/FIH-1 nexus was further shown to control
cell proliferation, migration and invasion in CRC cell lines and
was found to control tumor growth in HCT116 xenografts. Cor-
relation of the miR-31 expression with clinicopathologic features
in CRC samples was further examined in support of the driving

www.landesbioscience.com

role of newly identified miR-31/FIH-1 nexus in CRC tumorigen-
esis. Together, our data provide strong evidence that the miR-31/
FIH-1 nexus plays a critical role in human CRC tumorigenesis
and indicate that miR-31 contributes to CRC development by
targeting FIH-1.

Results

FIH-1 expression is correlated with CRC pathologic and
miR-31

We first investigated the clinical correlation of FIH-1 mRNA
expression in The Cancer Genome Atlas (TCGA) sample
cohort”® and found that FIH-1 mRNA expression was signifi-
cantly correlated with tumor T stage status (2 samples having no
T stage information, Fig. 1A, T1/2 vs. T3/4, P = 0.03, unpaired
¢ test with Welch correction). By using real-time PCR, we fur-
ther screened FIH-1 mRNA expression in 25 pairs of CRC and
their corresponding adjacent normal tissues. The mRNA level of
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Figure 2. FIH-1 is one of the miR-31 targets and is negatively regulated by miR-31. (A) FIH-1 expression in HCT116 or SW1116 cells after transfection
with anti-miR-31 siRNA or miR-31 mimics detected by western blotting. (B) FIH-1 expression was negatively correlated with miR-31 in 3 pairs of CRC
tumor and peritumor tissues. (C) Predicted consequential pairing of target 3'UTR region of FIH-1 (wild-type or mutated) and miR-31 mature sequence.
Luciferase activity on the presence of both wild-type FIH-1 3'UTR or mutant and miR-31 was compared with the control.

FIH-1 was significantly downregulated in the CRC samples,
compared with the adjacent normal samples. This result indepen-
dently confirmed the role of FIH-1 mRNA in CRC tumorigen-
esis (Fig. 1B). Meanwhile, miR-31 expression was significantly
higher in CRC tumors (Fig. 1C). We then found that the FIH-1
mRNA expression was significantly and negatively correlated
with miR-31 expression by analyzing the above 50 paired CRC
and adjacent normal tissues (Fig. 1D, »=-0.383, = 0.006), sug-
gesting that FIH-1 might be the downstream target of miR-31.

FIH-1 is a target of miR-31

Both Target Scan and Pictar systems predicted FIH-1,
an important hypoxia-associated gene, to be a putative tar-
get of miR-31. To verify whether miR-31 directly targeted
FIH-1 mRNA in CRC tumors and cell lines, in vitro and in
silico analysis were conducted. First, siRNA against miR-31
or control was transfected into HCT116 and SW1116 cells,
and we found that inhibited expression of miR-31 increased
FIH-1 protein levels in both lines (Fig. 2A). Then, miR-31
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mimic or control was transfected into the above 2 cell lines. We
found that forced expression of miR-31 decreased FIH-1 pro-
tein levels in both cell lines consistently (Fig. 2A). To further
confirm the regulatory relationship between miR-31 and FIH-1,
we examined the expression of FIH-1 in CRC samples and their
corresponding normal tissues. Using QRT-PCR, we found FIH-1
mRNA was negatively correlated with miR-31 (Fig. 2B). This
trend was also observed when we employed western blotting and
immunohistochemistry (IHC) to detect FIH-1 protein levels in
these tissues (Fig. 2B; Fig. S1). To evaluate the ability of miR-
31 binding to the 3'UTR of FIH-1, we performed a luciferase
reporter assay and observed a significant decrease (Fig. 2C) in
luciferase activity in the presence of miR-31-FIH-1 in HCT116
cell, compared with the controls. To validate whether FIH-1
was a direct target of miR-31, we mutated the miR-31 binding
sites in the 3'UTR of FIH-1 and observed the loss of repression
(Fig. 2C). Taken together, the data suggested that FIH-1 was a
direct target of miR-31.
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Figure 3. Effect of miR-31/FIH-1 nexus on proliferation, migration, invasion of HCT116 and SW1116 cells. (A) The transfection efficiency of anti-miR-31
siRNA and the promotion of FIH-1 expression in HCT116 and SW1116 cells. (B) Inhibition of miR-31 (promotion of FIH-1 expression) had significant effect
on decreasing proliferation rate of both cell lines. (C) Wound closure was delayed in cells transfected with anti-miR-31 siRNA as compared with nega-
tive control in 24 h time points in both types of CRC cells. (D) Representative fields of invasion (down) or migration (up) cells on the membrane was on
the left (magnification of 200x). Average invasion or migration cell number per field was on the right. The invasion or migration cell number of HCT116
and SW1116 transfected with anti-miR-31 siRNA was drastically decreased than that transfected with pairing negative control. **P < 0.01, ***P < 0.001.

MiR-31/FIH-1 nexus promotes CRC cell proliferation,
migration, and invasion in vitro by regulating FIH-1

Thus far we have shown that miR-31 can directly regulate
FIH-1 expression in both CRC tissue and cell lines. We then
examined the biological role of the miR-31/FIH-1 nexus in vitro
by performing functional assays. First, siRNA against miR-31
was transfected in HCT116 and SW1116 cell lines. We observed
a decrease of miR-31 levels and a subsequent increase of FIH-1
protein levels (Fig. 3A), which was consistent with observation
stated above. As a consequence, a significant decrease in cell
proliferation was observed in both cell lines after transfection of
siRNA against miR-31 (Fig. 3B). A subsequent wound-healing
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assay showed that the rate of wound-healing of miR-31 knocked
down cells was significantly slower than that of untreated cells
(Fig. 3C). At 24 h, a wound in HCT116 cells was almost closed,
while cells treated with siRNA against miR-31 still showed a
noticeable wound. A similar trend was observed in SW1116 cells,
though not so prominent as HCT116 cells, probably because
of the difference in FIH-1 protein levels in these two cell lines
(Fig. 3A). Furthermore, downregulation of miR-31 along with
upregulation of FIH-1 resulted in significant inhibition of
HCT116 and SW1116 cell migration and invasion evaluated via
cell migration and invasion assays (Fig. 3D). Taken together,
the data suggested that the miR-31/FIH-1 nexus that newly
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Figure 4. MiR-31/FIH-1 nexus controls the tumor growth of HCT116 xenografts in vivo. (A) Downexpression of miR-31 strikingly decreased the growth of
HCT116 cells xenografted in nude mice. (B) The tumors were much bigger in control group than that in miR-31 knockdown group. (C) The tumors were
much heavier in control group than that in miR-31 knockdown (miR-31KD) group. (D) Representative H&E-stained sections of the subcutaneous tumor
tissues collected from control and miR-31KD groups were shown (up). FIH-1 expressions in the subcutaneous tumor tissues collected from control and
miR-31KD groups were detected by IHC (middle, magnification of 200x) and western blotting (down). *P < 0.05, **P < 0.01.

identified in CRC from this study played an oncogenetic role in
CRC development.

MiR-31/FIH-1 nexus controls the tumor growth of HCT116
xenografts in vivo

To further investigate whether the miR-31/FIH-1 nexus
affects tumor formation in vivo, HCT116 cells were stably trans-
fected with anti-miR-31-LV or anti-NC-LV. The cells were then
implanted subcutaneously into nude mice and the tumors were
monitored every 4 d. At the end of the fourth week, all mice were
sacrificed, and the tumor volumes and weights were measured.
There was a significant difference in average tumor volume and
weight between the two groups (Fig. 4A). The tumors were larger
and heavier in the control group than those in the miR-31 knock-
down group (Fig. 4B and C). To further determine whether
the growth inhibition was through FIH-1, we performed IHC
and western blotting assay on tumor tissues, and found that the
expression level of FIH-1 protein was increased in the tumors of
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miR-31 knock-down mice (Fig. 4D). These data agreed with in
vitro results implicating the role of miR-31 and FIH-1 in CRC
tumorigenesis.

Increased miR-31 expression in CRC tissue is associated
with disease progression and poor prognosis

Both the in vitro and in vivo results from this study strongly
suggested that the miR31/FIH-1 nexus played an oncogenic role
in CRC tumorigenesis. Given the fact that miR-31 acts as the
driving element of this nexus, we speculated that miR-31 expres-
sion might be a prognostic factor in CRC patient samples. To
prove above speculation, we collected 66 CRC patient samples
including the 25 samples shown in Figure 1 with well-annotated
clinical information (Table S1), and measured the relative levels
of miR-31 expression by using real-time PCR. Statistical analysis
showed that high miR-31 expression was significantly correlated
with invading depth (2 < 0.001, Fig. 5A), lymph node involve-
ment (P = 0.012, Fig. 5B), and metastasis (” = 0.007, Fig. 5C).
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Figure 5. Increased miR-31 expression in CRC tissue is associated with disease progression and poor prognosis. (A) Increased miR-31 expression was
correlated with CRC invading depth. (B) Increased miR-31 expression was correlated with CRC lymph node involvement. (C) Increased miR-31 expression
was correlated with CRC metastasis. (D) Kaplan-Meier survival curves for CRC patients. The patients with high miR-31 expression had worse prognosis

than those with low miR-31 expression.

Kaplan—Meier analysis showed that the patients with high miR-
31 expression had worse prognosis than those with low miR-31
expression (P = 0.026, Fig. 5D). These data suggest that miR-31
is a potential therapeutic target for CRC patient treatment.

Discussion

HIF-1a controls the expression of several genes during adap-
tation to hypoxic conditions and also plays a pivotal role in main-
taining cellular activities during normoxia. HIF-la is constitu-
tively activated in malignant tumor cells. Previous studies dem-
onstrated that HIF-la expression was associated with human
cancer progression and was overexpressed in colon, breast, gas-
tric, lung, skin, ovarian, pancreatic, prostate, and renal carci-
nomas.'>"” The activity or stability of HIF-la is maintained by
FIH-1. Hydroxylation of HIF-1a by FIH-1 blocks the association
of HIF-lae with the transcriptional co-activators, thus inhibit-
ing transcriptional activation. However, the clinical correlation
and biological role of FIH-1 expression in CRC have not been
reported yet. In this study, we, for the first time, analyzed the
correlation of FIH-1 level with clinicopathological features of
CRC. We found that FIH-1 expression not only significantly
decreased in tumor tissues as compared with the adjacent normal
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tissues, but was also significantly correlated with tumor T stage
status. This result suggests the role of FIH-1 as tumor suppressor
in CRC development.

Recently, accumulated evidence suggests that miRNA regu-
late gene expression through posttranscriptional mechanisms,
and are involved in both normoxia and hypoxia.'®” In this
study, we found that miR-31 was highly expressed in CRC tis-
sues and was significantly associated with tumor development
and prognosis, consistent with previous reports.'* In addi-
tion, previous studies demonstrated that miR-31 was upregu-
lated, even in premalignant lesions such as colonic adenomas,
which were the target lesions of CRC screening.?*?' By analyz-
ing clinical data, miR-31 expression was obviously upregulated
in CRC tissues, as expected. Results from both in silico analy-
sis and functional assays strongly suggested that miR-31 could
directly target FIH-1 and regulate FIH-1 expression in vitro and
in vivo. Aberration in this miR-31/FIH-1 nexus was shown to
alter cell proliferation, migration, and invasion in CRC cell lines
and to alter tumor growth in HCT116 xenografts. This regula-
tory nexus agrees with previous studies that had shown FIH-1
was the target gene of miR-31."%22% In light of these observa-
tions, we consider that upregulation of miR-31 suppresses FIH-1
expression and causes HIF-la activation in CRC. We believe
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that this newly identified pathway plays a critical role in CRC
progression.

In support of the driving role of the miR-31/FIH-1 nexus in
CRC tumorigenesis, we further examined miR-31 expression
levels in CRC patient samples and found miR-31 level was sig-
nificantly correlated with CRC TNM stages. Additionally, the
Kaplan—Meier survival curve showed that the patients with high
miR-31 expression exhibited poorer prognosis, suggesting that
miR-31 expression was also associated with the clinical outcome
of CRC patients.

This study identifies a new regulatory network of the miR-31/
FIH-1 nexus that is not reported in CRC. Additionally, the miR-
31/FIH-1 nexus importantly functions as an oncogenic role in
CRC tumor development. Further considerations are needed to
determine how miR-31 regulates the metabolism of CRC in nor-
moxic and hypoxic conditions. Nevertheless, our data illustrates
the important finding that miR-31 contributes to CRC develop-
ment and progression through FIH-1 mediated HIF-1a activa-
tion in tumor regions. Further understanding of the pathogenic
significance of miR-31/FIH-1 nexus may 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. Human
CRC samples and their paired noncancerous matched tissues
were collected at the time of surgical resection, immediately
snapfrozen in liquid nitrogen and stored at -80 °C. The patients’
clinicopathological data were also collected (Table S1). In addi-
tion, a total of 244 CRC samples with both gene expression data
and clinical data were obtained from TCGA."

Cell culture

HCT116 and SW1116 human CRC cells were obtained from
the Institute of Cell Biology at the Chinese Academy of Sciences.
HCT116 cells were cultured in McCoy’s 5A medium supple-
mented with 10% fetal bovine serum (FBS), whereas SW1116
cells were cultured in L15 medium supplemented with 10% FBS.
All cells were cultured in a humidified incubator at 37 °C with
5% CO,.

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 miR-31, U6, FIH, and GAPDH were from
Applied Biosciences. All reactions, including the no template
controls, were run in triplicate. After the reactions were com-
pleted, the CT values were determined using fixed threshold set-
tings. Data were analyzed using the 2-*“T method.

Proliferation assay

Cells were plated in 96-well plates with 1 x 10° cells/well in
regular growth medium. Proliferation of cancer cells was mea-
sured 5 d after treatment by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay.
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Wound healing assay

Cells (1 x 10° per well) were seeded in 6-well plates and grown
to confluence. Then, the cells were wounded with a pipette tip.
After being washed with PBS for three times, the cells were cul-
tured in full medium and allowed to close the wound for 24 h.
Photos of the wound were taken immediately after scratching 24
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 over-
night under sterile conditions. Then, 1 x 10> cells were plated
in the top chamber. Both assays were performed according to
standard procedures.

Knockdown of miR-31

The siRNA against miR-31 and negative control were pur-
chased from Pharma Gene. Cells were seeded at 2 x 10° per
well in 6-well plates and allowed to attach for at least 16 h. The
siRNA or negative control was transfected using lipofectamine
2000 (Invitrogen). The stable cell lines were established by lenti-
viral infection.?* Anti-miR-31-LV and anti-NC-LV were obtained
from GeneChem.

Luciferase reporter assay

To test the targeting activity of miR-31, the 3’ untranslated
region (3"UTR) sequence of FIH-1 containing predictive miR-31
target sites was cloned into the p-MIR-reporter plasmid (3'UTR-
WT). The mutant FIH-1 3’"UTR reporter vector (3'UTR-MT)
that lacked the binding sites for miR-31 was created through
site-directed mutagenesis using a QuikChange kit (Stratagene).
Luciferase reporter assay was performed as described previously.?
Each transfection experiment was performed in triplicate.

Protein extraction and western blotting

Cellular proteins were extracted and separated in SDS-PAGE
gels, and western blot analyses were performed according to stan-
dard procedures as previously described.”* Western blotting of
GAPDH on the same membrane was used as a loading control.
The antibodies used were anti-FIH-1 (1:500) and anti-GAPDH
(1:1000), both from Santa Cruz Biotechnology.

Immunodeficient mouse xenograft tumor model

All animal experiments were performed according to the reg-
ulations of PR China and Fudan University, and approved by the
animal care and use committee of Fudan University. HCT116
cells, which were infected with anti-miR-31-LV or anti-NC-LV,
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
(5 mice per group). Tumor volume (V) was measured every 4 d
and it was calculated as V'= (length x width?)/2. The mice were
sacrificed at 28 d post-implantation; then xenograft tumors were
removed for further investigation.

Histological analyses

After mice were sacrificed according to experimental protocol,
tumor tissues were isolated, fixed, and embedded in paraffin for
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histopathological analysis. Hematoxylin and eosin (H&E) stain-
ing and immunohistochemistery were performed according to
standard procedures. Imaging from tumor tissue was detected
with microscope.

Statistical analysis

All experiments were performed in triplicate. Differences
between groups were calculated using the Student ¢ test or the
Fisher exact test. Additionally, P < 0.05 was selected to indicate

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