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Diabetes is related to higher risk of multiple cancers. This study aimed to explore the effect and mechanism of
diabetes on liver metastasis of CRC.

Overall and liver metastasis-free survival in diabetic and non-diabetic CRC patients were compared by Kaplan-
Meier analysis. Expression of avp6 was detected by immunohistochemistry in clinical specimens. Effects of hy-
perglycemia on a6 expression in colon cancer cells were assessed by western blot, real-time PCR, and flowcy-
tometry. Effects of hyperglycemia on migration and invasion were demonstrated by Transwell assay. Expression
and activity of MMP-9 and MMP-2 were determined by real-time PCR and gelatin zymography. Liver metastat-
ic nodules were counted and 6 expression was detected by western blot in a liver metastasis mouse model.
CRC patients with diabetes had poorer overall and liver metastasis-free survival, and diabetes was associat-
ed with higher a6 expression in CRC specimens. Hyperglycemia promoted the invasion and migration of co-
lon cancer cells, and upregulated the expression and activity of MMP-9, which were attenuated by inhibition
of avf6. Hyperglycemia upregulated the expression of $6 and cell surface expression of awp6, which was re-
duced by ERK inhibitor. The in vitro results were confirmed in vivo in the mouse model.

Our study demonstrated the enhancing effect of hyperglycemia on liver metastasis of CRC, and showed that
avp6 was involved in this process, suggesting that control of glucose levels and inhibition of avp6 can reduce
the risk of liver metastasis in diabetic CRC patients.
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Background

Colorectal cancer (CRC) and type 2 diabetes (T2DM) are among
the most common diseases in the world. According to the
Diabetes Atlas, Eighth Edition (2017), the number of diabet-
ic adults was about 425 million (about 1 in 11), which will in-
crease to 629 million by 2045 [1]. Colorectal cancer is the sec-
ond leading cause of cancer-related death, the main cause of
which is liver metastasis.

Several studies have shown that diabetes is related to a signif-
icant increase in the risk and mortality rates of various cancers,
such as pancreatic, breast, lung, urinary system, and gastric
cancer [2-6]. Type 2 diabetes and colorectal cancer have sim-
ilar risk factors, including obesity, lack of exercise, a Western-
style diet, smoking, visceral adiposity, and aging. Several stud-
ies have revealed that diabetes increases the risk of colorectal
cancer and leads to a poor prognosis. A large-cohort study, in
which a total of 985 815 subjects (including 104 343 diabet-
ic patients) were undergoing follow-up from 1998 to 2009,
showed that the incidence of colorectal cancer increased in di-
abetic people independently of hypertension, hyperlipidemia,
and gout [7]. A study of 741 patients with colorectal cancer
found that the overall and median survival rates of diabetic
patients were significantly lower than in non-diabetic patients,
while poorly controlled glycemic status (determined by glyco-
sylated hemoglobin levels) independently predicted a worse
outcome [8]. In an experimental animal study, colon cancer
was induced by 1,2-dimethylhydrazine, and the average num-
ber of colon tumors in diabetic rats was significantly higher
than that in non-diabetic rats [9]. Moreover, angiotensin acti-
vation induced by hyperglycemia could promote liver metas-
tasis of colon cancer, and the combination of anti-angioten-
sin and hypoglycemic treatments synergistically inhibited liver
metastasis [10,11]. A recent study showed that diabetes-com-
plicated CRC patients were associated with advanced lympho-
vascular invasion and higher risk of liver metastasis, in which
biglycan-rich cancer stroma may be involved [12]. These stud-
ies suggested a potential role of diabetes and hyperglycemia
in liver metastasis of CRC. However, data on the impact of di-
abetes on liver metastasis of colorectal cancer and its under-
lying mechanism is still limited.

The process of liver metastasis is composed of several inter-
related and complex steps, such as detachment from the pri-
mary site, invasion, migration, intravasation, extravasation,
and proliferation [13]. Integrins are transmembrane glycopro-
tein receptors composed of a and B subunits, and can regu-
late cell migration, invasion, and adhesion by transmitting bi-
ological signals [14]. The p6 subunit can only covalently bind
to the av subunit to form the integrin avp6, which is high-
ly expressed in epithelial malignant tumors [15]. Our previ-
ous studies demonstrated that awvp6 plays an important role
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in migration, invasion, apoptosis, and metastasis of colorec-
tal cancer [16-23].

The CXCL12/CXCR4 axis displays dual effects in diabetes-
associated complications, including protective and adverse
effects [24,25]. Considering the important role of avp6 in
CXCL12/CXCR4 axis-induced liver metastasis of CRC in our
previous study [26], we speculate that diabetes can promote
liver metastasis of colorectal cancer through integrin avpé.
The aim of this study was to investigate the effect of diabe-
tes mellitus on liver metastasis of colorectal cancer and its un-
derlying mechanism.

Material and Methods

Patient Management and Follow-up

Patients with stage Il or Il colorectal cancer were enrolled at
the Department of General Surgery of Qilu Hospital from 2009
to 2012. The inclusion criteria were as follows: (1) undergoing
radical resection of CRC and standard chemotherapy after op-
eration; (2) diagnosis of CRC with stage Il or Il according to
TNM system confirmed by at least 2 pathologists; (3) without
distant metastasis at first diagnosis; (4) fasting blood glucose
level >126 mg/d|, postprandial blood glucose level >200 mg/d|,
HbA1c level >6.5%, or taking drugs for diabetes. The exclusion
criteria were as follows: (1) receiving neoadjuvant chemothera-
py or radiotherapy; (2) loss to follow-up within 6 months after
surgery; (3) developing another primary malignant tumor dur-
ing follow-up. Finally, 56 diabetic and 147 non-diabetic patients
with CRC were included in this study. Postoperative follow-up,
including blood tests and imaging examination, was carried
out until December 2017. This study adhered to the tenants
of the Declaration of Helsinki. The research protocol was ap-
proved by the Ethics Committee of Qilu hospital of Shandong
University (grant number KYLL-2015-158) and we obtained
signed informed consent from all participants.

Tissue Microarray (TMA) and Immunohistochemistry

According to hematoxylin-eosin staining, the representative ar-
eas of colorectal cancer were obtained from the paraffin-em-
bedded tissue blocks, and tissue microarray was constructed
using Tissue Microarrayer. After deparaffinization and anti-
gen repair in sodium citrate buffer solution at 95 for 15 min,
the paraffin sections were washed with distilled water, im-
mersed in 3% hydrogen peroxide, and blocked with 5% bo-
vine serum albumin. The sections were incubated with primary
antibody of avp6 (clone 442.5C4, Calbiochem, CA, USA) at 4
overnight, incubated with HRP-conjugated secondary antibody
on the second day, and then stained with 3,3-diaminobenzi-
dine (DAB) for 5 min. Normal mouse IgG served as a negative
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control of the primary antibody. Immunostaining of avf6 was
scored using previously described methods [27]. The intensi-
ty score was divided into O (no staining), 1 (weak staining), 2
(medium staining), and 3 (strong staining). The score for per-
centage of positive cells was divided into 0 (0%), 1 (1-25%),
2 (26-50%), 3 (51-75%), and 4 (76-100%). The final immuno-
histochemistry score (IHS) was determined by the product of
intensity score and percentage score. Immunostaining with
an IHS score 0-3 was considered as negative, and with an [HS
score >3 was considered as positive.

Cell Culture and Interference

Human colon cancer cell lines WiDr and HT29 (ATCC, USA), and
Balb/c mouse-derived colon cancer cells CT26, were cultured
in DMEM containing 10% fetal bovine serum (Gibco) with 5%
CO, at 37°C. Colon cancer cells were stimulated with normal
glucose (5.5 mM) and high glucose (15, 20, and 25 mM) for
24 h. Medium containing 5.5 mM glucose and 19.5 mM man-
nitol served as an osmotic control. To inhibit expression of
avf36, cells were treated by transient transfection with specif-
ic SiRNA (GenePharma) in Opti-MEM Medium (Invitrogen, CA,
USA) using Lipofectamine 2000 (Invitrogen, CA, USA), and ex-
periments were then performed 24 h later. To inhibit activa-
tion of ERK, cells were pretreated with 20 umol/L U0126 (Cell
Signaling Technology, MA, USA). Colon cancer cell lines HT-29,
WiDr, and CT26 used in this study were routinely authenticat-
ed by short tandem repeat DNA profiling.

Quantitative Real-time PCR (qRT-PCR)

Total RNA was extracted from colon cancer cells with Trizol
reagent (Invitrogen, CA). First-strand cDNA was obtained us-
ing a RevertAid™ kit (Fermentas). Then, real-time PCR was car-
ried out with SsoFast EvaGreen Supermix (Bio-Rad, CA, USA)
using an 1Q5 Real-Time PCR cycler (Bio-Rad). GAPDH served
as an internal control. The primers for integrin 6, matrix me-
talloproteinase-2 (MMP-2), and metalloproteinase-9 (MMP-9)
were as described in our previous studies [26,28]. Relative fold
change of mRNA expression was calculated by 224" method.

Western Blot

Equal amounts of protein extracted from colon cancer cells by
RIPA lysis buffer were separated on 10% SDS-PAGE. The pro-
tein was then transferred to a nitrocellulose membrane, which
was blocked with 5% nonfat milk. Then, the membrane was in-
cubated at 4°C overnight with the primary antibodies, includ-
ing anti-B6 (C-19, Santa Cruz, CA, USA), anti-av (P2W7, Santa
Cruz, CA, USA), anti-ERK1/2 (Cell Signaling Technology, MA,
USA), and anti-phospho-ERK1/2 (Cell Signaling Technology,
MA, USA). After washing with TBST buffer, the membrane was
incubated with horseradish peroxidase-conjugated secondary
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antibodies at room temperature for 1 h. Protein expression
was visualized by chemiluminescence (Millipore, USA). B-ac-
tin was used as the loading control.

Flow Cytometry

The colon cancer cell suspension (100 pl per group) with an in-
tensity of 1x106 cells/ml was blocked by goat serum on ice for
30 min and washed twice with PBS buffer. Then, a6 mono-
clonal antibody E7P6 (Chemicon, CA, USA) was added to co-
lon cancer cells and incubated on ice for 20 min, followed by
incubation with FITC-labeled goat anti-mouse 1gG on ice for
20 min. The surface expression of avf6 was detected by flow
cytometry (FACSCalibur, BD) and analyzed by FlowJo software.

Migration and Invasion Assay

The membrane of Transwell chambers (Corning) was precoat-
ed with 10 pg/ml fibronectin. The colon cancer cells in loga-
rithmic growth phase were starved in serum-free medium for
12 h and resuspended in serum-free medium to 2x10° cells/ml.
We added 500 pl cell suspension into the upper chamber and
600 ul medium with 10% fetal bovine serum was added to the
lower chamber. Both upper and lower chambers were supple-
mented with different concentrations of glucose and cultured
at 37°C for 24 h. Cells on the upper surface of the basement
membrane were gently wiped away, and cells on the lower sur-
face were fixed with 4% paraformaldehyde and stained with
0.1% crystal violet for 20 min. The average number of cells
in 5 randomly selected high-power fields was calculated per
group. To avoid the effect of cell proliferation, the final num-
ber of migrating cells was adjusted by cell proliferation rate.
The invasion assay was conducted in a similar way, but the
membrane was precoated with Matrigel.

Gelatin Zymography

Cell-free supernatants were harvested from HT-29 cells pre-
treated with different concentrations of glucose and siRNA.
Samples with equivalent amount of protein were reconstitut-
ed in loading buffer and subjected to electrophoresis in 10%
SDS-PAGE containing 0.1% gelatin. After washing twice with
2.5% Triton X-100, the gels were incubated in activation buffer
(15 mM CaCl,, 50 mM NaCl, 50 mM Tris-HCl, pH 7.5) at 37°C
overnight, and stained with Coomassie blue solution. Then,
gels were destained with 45% methanol and 10% acetic acid.
The band intensities were quantified with Image J software.

Mouse Models of Diabetes and Liver Metastasis
Diabetes was induced in Balb/c mice (8 weeks old) by intra-

peritoneal injection of 50 mg/kg streptozotocin (STZ, Sigma,
St. Louis, MO) dissolved in 0.1 ml citrate buffer (pH 4.5) for 5
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Table 1. Comparison of clinicopathological parameters between non-DM group and DM group.

Clinical factor No. Non-DM DM p**
No. of patients 203 147 56
CGender
"""" Mae 19 79 3 NS
"""" Female e e 2
CAge
"""" w s e 3 NS
"""" % 1 s a
Clocation
"""" Clon e 16 a6 NS
"""" Rectum a3 10
CDifferentiation”
"""" wel 23
—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— NS
Moderate 137 99 38
"""" Poor x5 7

pT2 29 21 8
—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— NS

pT3 134 98 36
"""" A w0 2w 1
Clymphnodestatus
"""" o .~—~~~~_16 19 2
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr NS

pN1 51 37 14
"""" N2 a1
CAICCstageatdiagnosis®
"""" . 16 79 27 ns
"""" w7 e 2
Clymphovascularinvasion®
"""" Nme 105 & 2 00w
"""" Present 98 e 35
Clvermetastasis™
"""" Nwe 1% 11 29 002
"""" Present 73 4 2

* Clinicopathological diagnosis is determined according to TNM system confirmed by at least two pathologists; ** liver metastasis is
diagnosed through imaging examination of CT or MR; *** p value was calculated by Chi-square test. NS — no significance.

consecutive days [29], while mice injected with citrate buffer 6 shRNA group (n=10). In the diabetes and metformin group,
served as the control. Random blood glucose measurements metformin (50 mg/kg body mass/day) was administered oral-
were made 5 days later, and mice with blood glucose at least ly in diabetic mice. In the diabetes and 36 shRNA group, p6-
16 mmol/L were considered as diabetic mice. Then, mice were specific ShRNA was injected via the tail vein in diabetic mice.
divided into 4 groups: control group (n=10), diabetes group Balb/c-derived colon cancer cells CT26 in logarithmic growth
(n=10), diabetes and metformin group (n=10), and diabetes and phase were harvested and washed with serum-free medium,
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Figure 1. Kaplan-Meier analysis of liver metastasis-free survival (LMFS) and overall survival (OS) for CRC patients with diabetes

mellitus (DM group) and without diabetes mellitus (non-DM group). (A) LMFS curve of stage Il patients (P<0.01). (B) LMFS
curve of stage Ill patients (P<0.01). (C) OS curve of stage Il patients (P<0.01). (D) OS curve of stage Ill patients (P<0.01).

Significance of difference was evaluated by log-rank test.

and then resuspended in PBS with a concentration of 2x10°
cells/ml. Each mouse was injected with 0.2 ml cell suspension
via the spleen. Twenty days after injection, the mice were sac-
rificed to observe the number of intrahepatic metastases. All
animal experiments strictly followed the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health and Shandong University, and was ap-
proved by the Ethics Committee of Qilu hospital of Shandong
University (grant number KYLL-2015-158).

Statistical Analysis

Survival curves were demonstrated using the Kaplan-Meier
method, and the significance of differences was evaluated by
the log-rank test. The statistical significance of other data was
analyzed by one-way ANOVA, chi-square test, or t test. P<0.05
was considered statistically significant. Data analysis was per-
formed with SPSS 16.0 software and presented as mean+SD.
Data are representative of at least 3 independent experiments.
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Results

Effects of DM on Liver Metastasis and Overall Survival in
CRC Patients

Of the 203 stage II-lll CRC patients, 56 had DM and the remain-
ing 147 patients did not. These CRC patients were separated
into 2 groups: those with DM (DM group) and those without
DM (non-DM group). Clinicopathological factors were compared
between the 2 groups. No significant difference was found in
cell differentiation, tumor invasion, lymph node invasion, or
tumor stage. However, a significant difference was found in
lymphovascular invasion (P<0.05) and liver metastasis (P<0.05)
between the DM group and non-DM group (Table 1). The liver
metastasis-free survival curve demonstrated a significant dif-
ference in time from surgery to hepatic relapse between the
2 groups (P<0.01), and patients with DM were more likely to
develop liver metastasis (Figure 1A, 1B). Moreover, the over-
all survival curve also showed a significant difference in the
overall survival time between the 2 groups (P<0.01), and sug-
gested that prognosis was particularly unfavorable for patients
with DM (Figure 1C, 1D).
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Figure 2. Immunohistochemical expression of cwvf6 in DM group and non-DM group. (A) Immunostaining of awf36 in representative
colorectal cancer tissues of the DM group and non-DM group (x40). Bar=20 pum. (B) Box-and-whisker graph demonstrated
that immunohistochemistry scores (IHS) of avp6 in the DM group were significantly higher than in the non-DM group.
(C) Representative hematoxylin-eosin (HE) and immunohistochemical (IH) image of tissue microarray. * P<0.01 vs non-DM group.

Effects of DM on Expression of Integrin avf36 in CRC
Patients

To explore the potential mechanism of DM in CRC progression,
the expression of integrin avp6 was evaluated in the 203 pri-
mary CRC samples. Tissue microarray was constructed using the
paraffin-embedded tissue blocks, with 203 CRC points evenly
distributed in 8 sections (Figure 2C). Integrin avf6 was posi-
tively expressed in 34 samples (60.7%) of the DM group and in
65 samples (44.2%) of the non-DM group, and its expression
was observed both in the cytoplasm and membrane of cancer
cells (Figure 2A). Analysis of the immunohistochemistry scores
(IHS) of avp6 using the Mann-Whitney test showed that the
expression of avf6 was significantly higher in the DM group
than in the non-DM group (P<0.01, Figure 2B).

High Glucose Induced Upregulation of Integrin avf36
Through ERK Pathway

The aforementioned data indicated a correlation between DM
and integrin awvp6 in CRC tissues. To investigate the effect of
high glucose on avp6 expression, we examined the mRNA
and protein expression of avf6 in medium with a physiolog-
ical glucose level (5.5 mM glucose), hyperglycemic level (15,
20, and 25 mM glucose), or osmotic control (5.5 mM glucose
and 19.5 mM mannitol). Real-time-PCR analysis demonstrated
that high glucose induced a dose-dependent upregulation of
integrin 6 at mRNA levels in HT-29 and WiDr cells (P<0.05),
but had no effect on av (Figure 3A, 3B). However, the osmot-
ic control medium had no effect on 6 expression compared
with a physiological glucose level. Similar results were shown
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Figure 3. High glucose induced upregulation of integrin $6. HT-29 and WiDr cells were incubated with medium containing various
concentrations of glucose for 24 h, and expression of integrin 6 and o was measured by real-time PCR (A, B) and western
blot (C, D). (E) Expression of integrin 1, $3, and p5 was detected by real-time PCR in HT-29 cells. Mean+SD of 3 independent

experiments. * P<0.05 vs control. OC — osmotic control; NG — normal glucose; HG — high glucose.
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Figure 4. The ERK pathway was involved in high-glucose-induced upregulation of integrin avp6. (A, B) HT-29 and WiDr cells were
incubated with normal glucose, high-glucose, and osmotic control medium, and expression of total-ERK (t-ERK) and
phospho-ERK (p-ERK) was determined by western blot. (C-E) HT-29 and WiDr cells were pretreated with ERK-specific inhibitor
U0126 for 30 min followed by stimulation with high-glucose medium for 24 h, and protein (C, D) and mRNA (E) expression of
B6 subunit was detected by western blot and real-time PCR. (F) Cell surface expression of integrin avp6 was detected by flow
cytometry in HT-29 cells. * P<0.05 vs NG. # P<0.05 vs HG. NG — normal glucose; HG — high glucose.

by western blot (Figure 3C, 3D). We then explored the po-
tential signaling pathways induced by high glucose. Western
blot showed that stimulation of HT-29 or WiDr cells with high
glucose increased the phosphorylation of ERK 1/2 (P<0.05,
Figure 4A, 4B). Inhibition of the ERK pathway by U0126 effec-
tively attenuated high-glucose-induced upregulation of 6 at
protein and mRNA levels (P<0.05, Figure 4C-4E). The 6 sub-
unit can only bind to av to form the integrin avp6, and p6 up-
regulation results in increased avp6 on the cell surface despite
unchanged awv expression [30]. Flow cytometry demonstrated

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

that high glucose upregulated surface expression of avf6 in
HT-29 cells, which was inhibited by U0126 (P<0.05, Figure 4F).
In addition, hyperglycemia also increased mRNA expression of
integrin B3 (P<0.05), but had no effect on 1 and B5 (Figure 3E).

Integrin av36 was Involved in High-glucose-induced CRC
Cell Migration

Cell migration and invasion are essential for liver metasta-
sis of CRC cells. Migration assay showed that high glucose
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Figure 5. High glucose induced colon cancer cells migration and invasion through integrin avf6. HT-29 and WiDr cells were transfected
with B6 siRNA (si-p6) or negative control (si-NC) for 24 h. Cell migration (A, B) and cells invasion (C, D) ability was measured

with Transwell assay. * P<0.05 vs NG. # P<0.05 vs HG.

significantly induced HT-29 and WiDr cells migration on fibro-
nectin compared with normal glucose medium (P<0.05), but
osmotic control had no effect. Inhibition of avfB6 expression
by siRNA attenuated high-glucose-induced migration (P<0.05,
Figure 5A, 5B). These data indicated that high glucose promot-
ed the migration of CRC cells through upregulation of avfé.

High Glucose Enhanced Invasive Ability of CRC Cells
Through ovfB6-induced Upregulation of MMP-9

The effects of high glucose on invasion of CRC cells were
then examined. Invasion assay showed that high glucose
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significantly increased the invasion ability of WiDr and HT-
29 cells compared with normal glucose medium, which was
markedly attenuated by pretreatment with 6 siRNA (P<0.05,
Figure 5C, 5D). Metalloproteinase-2 (MMP-2) and metallopro-
teinase-9 (MMP-9) played an important role in CRC cell inva-
sion. Real-time PCR and gelatin zymography demonstrated
that high glucose increased the activity and mRNA expres-
sion of MMP-9 but not MMP-2, and 36 siRNA markedly atten-
uated this effect (P<0.05, Figure 6). These data suggest that
ovp6-mediated MMP-9 upregulation, and activation may be
involved in high-glucose-induced invasion.
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Figure 6. High glucose increased mRNA expression and activity of MMP-9. HT-29 cells were transfected with 6 siRNA or negative
control for 24 h, and cells were incubated in normal glucose, high-glucose, or osmotic control medium. (A, B) mRNA
expression of metalloproteinase-9 (MMP-9) and metalloproteinase-2 (MMP-2) was measured by real-time PCR. (C-E) Cell
supernatant was collected, and the activity of MMP-9 and MMP-2 was determined by gelatin zymography. * P<0.05 vs NG.
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Effect of Diabetes on Liver Metastasis and Expression of
Integrin 36 in the Mouse Model

To verify the effect of diabetes on liver metastasis in vivo, a
liver metastasis model was conducted in diabetic and control
mice using Balb/c-derived colon cancer cells CT26. The number
of liver metastatic nodules in diabetic mice was significantly
greater than that in the control group, which was attenuated
by metformin- or B6-specific ShRNA (P<0.05, Figure 7A, 7B).
The expression of 36 was increased in diabetic mice, and the
effect was attenuated by metformin- or p6-specific ShRNA
(P<0.05, Figure 7C).

Discussion

Over the last few decades, the incidence of diabetes and
colorectal cancer has increased globally. Previous studies
have shown a linkage between the risk of colorectal cancer

and diabetes [31], but the impact of diabetes on colorectal
cancer prognosis, especially liver metastasis, is not clear. In
the present study, we focused on the effect and underlying
mechanism of diabetes on liver metastasis of colorectal can-
cer. By analyzing colorectal cancer specimens, we demonstrat-
ed that diabetic patients had a shorter liver metastasis-free
survival and overall survival compared with non-diabetic pa-
tients, and diabetes was associated with higher avfB6 expres-
sion in CRC specimens. Hyperglycemia promoted the migra-
tion and invasion of CRC cells through upregulation of avp6
via the ERK pathway in vitro.

In our experiment, we followed up 203 stage II-lll CRC pa-
tients and found that CRC patients with diabetes had shorter
liver metastasis-free survival and overall survival, suggesting
that diabetic patients are more prone to develop liver metas-
tasis. These results are in good agreement with previous re-
ports [10,11,32]. A meta-analysis by Mills et al revealed that
CRC patients with diabetes have a significantly increased risk
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Figure 7. Diabetes promoted liver metastasis through integrin avf36 in the mouse model. (A) Liver metastasis was induced by
intrasplenic injection of CT26 cells. (B) The number of liver metastatic nodules in each group is shown. (C) Protein expression
of 6 was detected by western blot. * P<0.05 vs control. # P<0.05 vs DM. DM — diabetic mice; DM+MET — diabetic mice
treated with oral administration of metformin; DM+sh-B6 — diabetic mice treated by injection of 6 shRNA.

of cancer-specific and all-cause mortality, and have significant-
ly reduced disease-free survival [33].

The process of liver metastasis is composed of several com-
plex steps, such as detachment from the primary site, inva-
sion, migration, intravasation, extravasation, and proliferation.
In the process, migration and invasion play important roles. As
a kind of adhesion receptor, integrin awvf6 is associated with
several aggressive behaviors of CRC, including cell migration,
invasion, adhesion, proliferation, apoptosis, and chemoresis-
tance [16,22,23,26,34]. Due to the poor prognosis of CRC pa-
tients with diabetes, radio-chemo-therapy after surgery is par-
ticularly important for them. Integrin a6 is also involved in
the radio-chemo-therapy for various cancers, especially CRC.
Proton radiotherapy can inhibit the metastatic potential of HT-
29 colon cancer cells by downregulating the expression of in-
tegrins, such as a5p1, a6p4, avp3, and avp6, and by modu-
lating integrin trafficking and its downstream signaling [35].
Integrin avp6-targeted photodynamic therapy showed an in-
hibitive effect against tumor formation and metastasis [36].
Integrin avp6 is associated with chemoresistance of colorectal
and breast cancer [37,38], and B6-targeted immunoliposomes
can improve chemoresistance by mediating tumor-specific

drug delivery [39]. In this study, we detected the expression
of avp6 in CRC specimens, and found that diabetic patients
displayed higher avf6 expression than non-diabetic patients.
These results suggest integrin awvf6 is involved in diabetes-
induced liver metastasis of CRC.

The linkage between CRC and diabetes may result from hyper-
insulinemia, hyperglycemia, DM therapy, and the DM microen-
vironment [31]. Several studies demonstrated that hypergly-
cemia is an independent risk factor for many kinds of cancers,
although its underlying mechanism was still unclear [40,41].
Thus, we further investigated the effect of hyperglycemia on
malignant behaviors of CRC cells and potential mechanisms in
vitro. In our study, high glucose promoted the migration and
invasion of colorectal cancer cells, and upregulated the expres-
sion and activity of MMP-9, and these enhanced effects were
significantly attenuated by inhibition of avp6. Thus, it is plau-
sible that hyperglycemia promotes CRC cells migration and in-
vasion via integrin avf6. As mentioned above, avp6 expres-
sion was correlated with the state of diabetes, so we further
explored the effect of hyperglycemia on expression of avfé.
As expected, hyperglycemia upregulated the expression of f6
subunit at mRNA and protein levels, as well as the expression
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of integrin awvf6 on the cell surface. Moreover, inhibition of
the ERK signal pathway significantly reduced hyperglycemia-
induced upregulation of avp6. Moreover, the in vitro results
were verified in vivo by the liver metastatic model in diabetic
mice. These results suggest that hyperglycemia promotes CRC
metastasis through upregulation of a6 via the ERK pathway,
in addition to direct effects of hyperglycemia such as energy
source and the Warburg effect.

Furthermore, some cytokines, such as CXCL12 and TGF-B1,
were reported to be increased in diabetic patients and play
an important role both in diabetes-related complications and
liver metastasis of CRC [24-26,42-44]. Interestingly, integrin
avfB6 can activate TGF-B1 by binding to latency-associated
peptide (LAP), and TGF-B1 conversely upregulates 6 expres-
sion by binding to its gene promoter through the TGF-B1 sig-
naling mediator Smad3 [45,46], indicating a positive feedback
loop between TGF-B1 and avf6. In addition, our previous study
demonstrated that CXCL12 promotes liver metastasis of CRC
by increasing avp6 expression [26]. These data suggest that
crosstalk between avp6 and cytokines may play an important
role in diabetes-induced liver metastasis of CRC, which needs
to be further explored in future research.
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Conclusions

In conclusion, this study highlights the enhancing effect of di-
abetes and hyperglycemia on the liver metastasis of CRC, and
upregulation of integrin avf36 was shown to be an underlying
mechanism. Control of glucose levels and inhibition of a6
may be of benefit in the treatment and prevention of liver me-
tastasis in CRC patients with diabetes.
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