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Abstract

Background
AQP-9 is the key element of apoptosis, but its mechanism related to glucose metabolism in colon cancer
was unclear. Therefore, the role of miR-539 in regulating expression of AQP-9 and its bio-functions were
investigated.

Methods
The target gene of miR-539 was veri�ed. The cell growth, apoptosis, and proliferation of SW480 regulated
by AQP-9 and miR-539 were explored. The proteins expression associated with glucose metabolism
pathway and apoptosis-related proteins were determined. Moreover, the glucose oxidase colorimetric
method was used to measure the production of glucose in SW480.

Results
AQP9 was the target gene of miR-539. Interference on AQP-9 expression inhibited cell proliferation and
growth of SW480, promoted its apoptosis by regulating Bcl-2 family members. Meanwhile, it caused
down-expression of GOT1, GK and G6PC. Through inhibiting the expression of AQP-9 in SW480 could
reduced cellular glucose production process. The above bio-functions could be achieved by utilization of
miR-539 to suppress the expression of AQP-9, too.

Conclusion
Our work identi�ed that the utilization of siRNA of AQP-9 with miR-539 could cause inhibition of
proliferation, growth and induce apoptosis in SW480, which was associated with gluconeogenesis genes
GOT1, GK, and G6PC in the progression of cellular glucose metabolism.

Introduction
Colorectal cancer (CRC) is the second most common type of cancer in the world, resulting in
approximately 600,000 deaths each year [1]. About 90% are sporadic CRC, and the remaining are family
hereditary CRC. Genetic mutations and in�ammatory response are the major reasons for the
tumorigenesis of CRC [2]. Due to its di�cult early diagnosis, easy early metastasis, rapid development
and lack of effective therapy, the �ve-year survival of patients with distant metastasis was about 14.2%
[1, 3, 4]. The pathogenesis of CRC may be related to instability of genome and/or instability status of
epigenome, etc [4, 5].
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The vital channel-forming protein family, AQPs (aquaporins) are the key factor involved in function of
channels for water [6]. Until now, 10 AQPs were con�rmed [7], which were divided into two subgroups
based on their bio-functions. They are all selective aquaglyceroporins, glycerol and water could be
transported through these channels [8]. AQP-9 is not only permeable to water, but also none charged
solutes, such as lactate. The accumulation of lactate in cancer cells is a common charecteristics,
meanwhile the uptake of glucose increase, especially in Warburg Effect or aerobic glycolysis in normoxic
conditions [9].

AQP-9 expression may explain their con�ict to ischemic and hypoxic conditions in brain tumor, by
facilitating clearance of glycerol [10] and lactate [11] resulting from cellular damage and hypoxia,
respectively [12, 13]. Hence, AQP-9 might play a vital role in both provide enlarged tolerance for hypoxia
below pathological conditions and the energy metabolism in normal brain tissue. The morbidity and
mortality of malignant tumors in brain is closely related to the formation of oedema involved in AQP-9,
which is determined �rstly in tissue of adipose, and then leukocytes [14], brain, spleen, and liver [15, 16].
AQPs are identi�ed the promising target for treatment of cancers in recently [17–19].

Thus, the bio-functions induced by AQP-9 expression in colon cancer cell line SW480 were researched.
The cell strain of human colon cancer cell line SW480, which is widely used to search after the molecular
pathogenesis of CRC. The aim of the present study was to investigate the effect of AQP-9 on bio-
functions in CRC cells and CRC development associated with glucose metabolism.

Materials And Methods

Cell line of SW480
The human colon cell line SW480 was obtained from ATCC (American Type Culture Collection), and
cultured with DMEM medium (Gibco, Carlsbad, CA, USA) and 10% FBS (Gibco, Carlsbad, CA, USA) in a
humidi�ed incubator with 95% air, 5% CO2− humidi�ed atmosphere at 37℃.

This research was ethically approved by the Ethics Committee of Institute of Shanxi Traditional Chinese
Medicine, Hospital of Shanxi Traditional Chinese Medicine on the basis of the Declaration of Helsinki. We
clearly con�rmed that informed consents were obtained from all patients. All informed consent
documents were obtained in writing from all participants and then kept in our hospital. Moreover, the
ethical approval number was 0015–0047.

Constructure of plasmid
The plasmids of AQP-9, which could be over expression, was generated using standard techniques with
pCMV-4 plasmids and veri�ed by sequencing. Then, a total of 4 × 105 SW480 cells cultured in 6-well
plates, and transfected with plasmids (4 µg) in each well using Lipofectamine 2000.

Western Blot Analysis
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The total protein from colon cells was extracted using RIPA lysis buffer, then concentrations of total
proteins were quanti�ed with bicinchoninic acid assay. Total protein (50 µg) was added into 12% SDS-
PAGE gel, further transferred onto polyvinylidene di�uoride membranes. 5% non-fat dry milk in Tween-20
(0.1%)-containing TBS was used to block the membranes, then which was incubated with primary
antibodies against AQP-9 (1:1000; sc-14988; Santa Cruz Technologies Inc., Santa Cruz, CA), G6PC
(1:2000; sc-420443; Santa Cruz Technologies Inc., Santa Cruz, CA), GK (1:1500; sc-55496; Santa Cruz
Technologies Inc., Santa Cruz, CA), GOT1 (1:1500; ab 220871; Abcam, Cambridge, UK), anti-Bax (1:800;
sc-493; Santa Cruz, dallas, TX, USA), anti-Bcl-2 (1:1200; sc-126; Santa Cruz, dallas, TX, USA) and anti-β-
ctin (1:1000; 5174; CST, Danvers, MA, USA), further incubated using the HRP (horseradish peroxidase)-
conjugated second antibodies (1:1000; Cell Signaling Technology, Beverly, MA, USA). Blots were
visualized by electrochemiluminescence detection system (Thermo Fisher Scienti�c, Waltham, MA, USA).

The production of glucose
The productions of glucose in SW480 cells were detected with glucose oxidase colorimetric method. The
gluconeogenic medium was used to incubated for the isolated SW480 cells for 4 h [20].

Analyze viability of SW480 cells
The viability of SW480 cells was detected using CCK-8 method. Brie�y, cultured primary cortical neurons
were cultured in plates (5 × 103 cells/well). After 24 hrs of incubation, CCK-8 solutions were added into
each well. After incubation for another 16 hrs, and then absorbance (450 nm) was measured with
Microplate Reader.

Determine proliferation of SW480 cells
The proliferation of SW480 cells were detected with XTT (sodium 3'-[1-(phenylaminocarbonyl)-3, 4-
tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate) (Roche Applied Science, Mannheim,
Germany). After cultured in 96-well plates (3 × 103 cells/well) for 48 hrs, SW480 cells were dealt with
plasmids or siRNA, then cell proliferation assay was performed, the absorbance (450 nm) was measured
with microtiter plate reader (Bio-Rad)

BrdU assay and determine of mitotic entry
The transfection of siRNA or plasmids was conducted during the interval of two blocks with thyidine for
avoid the its potential effect on cell cycle. The synthesis of DNA was determined with BrdU labeling, BrdU-
positive SW480 cells were manually scored with immuno�uorescence microscope. Furthermore,
according to DNA staining using time-lapse videomicroscopy, the events of mitotic entry were recorded
through observing condensation of DNA and morphology of nucleus.

Determimation of apoptosis
Apoptotic rates of cells were determined with FITC Annexin-V Apoptosis Detection Kit I (BD, San Diego,
California, USA). Brie�y, cells were collected, washed with PBS and resuspended in binding buffer, double-
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stained with propidium iodide (PI) and Annexin V-FITC, followed by the apoptosis analysis using �ow
cytometry (BD Biosciences, San Jose, CA, USA).

Quantitative reverse transcription (qRT) PCR
RNA was extracted from cells using Trizol (Invitrogen, USA) according to the manufacturer’s instructions.
The target miRNA was obtained with mirVanaTM miRNA Isolation Kit (Invitrogen) from SW480 cells. The
reverse transcription of miR-539-5p was performed based on All-inOneTM miRNA RT-qPCR Detection Kit
(GeneCopoeia Inc., Rockville, MD, USA). QRT-PCR analysis was performed with TIANScript RT KIT
(Tiangen biotechnology co. LTD, China) on a ABI7500 (Applied Biosystems, USA). The expression of miR-
539 was normalized using U6 (forward: CTCGCTTCGGCAGCACA, reverse: AACGCTTCACGAATTTGCGT),
and the primers of miR-539-5p was GGAGAAAUUAUCCUUGGUGUGU. Each reaction was run in triplicate,
and the relative expression of each targeted gene was determined using 2−△△CT comparative method and
normalized with control of GAPDH.

Dual-luciferase reporter gene assay
The fragment at 3’-UTR region of AQP-9 with potential miR-539 binding site was cloned into pmirGlo
vector (GenePharm) containing luciferase gene. Meanwhile, the mutation vector of AQP-9 (AQP-9 mut)
was used as control. Dual-Luciferase Reporter Assay System (Promega Biotech Co., Madison, WI, USA)
was used to assess the activities of luciferase in SW480 treated with mimics of miR-539 or its inhibitors,
which were all purchased form GenePharma (Shanghai, P.R. China). The scrambled negative control RNA
(miR-NC) were used as control.

Statistics
The continuous variables with normally distribute were indicated with mean ± SD (standard deviation).
GraphPad Prism 8.0 was used to conduct statistical analysis. For comparisons between two groups,
Student’s t-test was performed. Moreover, one-way analysis of variance (ANOVA) with Kruskal-Wallis post
hoc tests were performed for multiple group comparisons to compare and analyze quantitative data.
Besides, abnormally distributed data between two groups were analyzed with Kruskal-Wallis analysis of
variance method. P < 0.05 was considered as difference with statistically signi�cance.

Results

AQP9 was the target of miR-539
The online software TargetScan (targetscan.org/, version 7.2) was used to predict the target gene of miR-
539. The luciferase activity assay was performed, and then AQP9 was veri�ed the potential aim of miR-
539 (Fig. 1A and 1B). It meant that miR-539 could straightly bind the 3’-UTR of AQP9. Moreover, the
protein expression of AQP9 down-regulated by miR-539 (Fig. 1C). The results demonstrated the mRNA of
AQP9 was the target gene of miR-539. Then, miR-539 was used as the siRNA of AQP9.
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The protein expression of GOT1, GK, G6PC, and AQP-9 in
SW480 cells
The expression level of GOT1, GK, G6PC, and AQP-9 proteins in SW480 cells treated with over-expression
AQP-9 were higher signi�cantly than SW480 cells (control). In siRNA of AQP-9 group, the expression level
of GOT1, GK, G6PC, and AQP-9 proteins decreased slightly compared to control cells (Fig. 2). It
demonstrated that over-expression of AQP-9 could promote the expression level of GOT1, GK, G6PC, and
AQP-9 proteins in SW480 cells, but siRNA of AQP-9 could reversed this phenomenon.

AQP-9 facilitated production of glucose in SW480 cells
The production of glucose in SW480 cells treated with over expression of AQP-9 obviously increased
compared to control cells (P < 0.01). But in siRNA of AQP-9 group, the production of glucose signi�cantly
reduced compared to control cells (P < 0.01) (Fig. 3). These data demonstrated the production of glucose
in SW480 cells was promoted by AQP-9 over-expression, but AQP-9 siRNA could reverse it.

Down regulation of AQP-9 inhibited proliferation and growth
of SW480 cells
CCK-8 assay was conducted to evaluate the role of over expression or down expression of AQP-9 on
growth and proliferation of SW480 cells. The absorbance of SW480 cells increased signi�cantly after
treated with pCMV-4-AQP-9 for 48 hrs (P < 0.01). But, the absorbance decreased obviously after treated
with siRNA AQP-9 (P < 0.01) (Fig. 4A). Moreover, silencing of AQP-9 in SW480 cells induced remarkable
growth suppression compared with control group based on XTT assays. However, over expression AQP-9
signi�cantly enhanced growth of SW480 cells (P < 0.01) (Fig. 4B). It con�rmed down regulation of AQP-9
expression restrained cell proliferation and growth of SW480 cells, but over expression of AQP-9
promoted it.

Down regulation of AQP-9 expression inhibited mitotic entry
of SW480 cells
Based on the results of BrdU assay, the data showed that the mitotic cells of SW480 cells was obviously
delayed by knockdown expression of AQP-9 (P 0.01). Reversely, there were not too much different
between pCMV-4 transfected group and siRNA control transfected SW480 cells about DNA synthesis (P > 
0.05). Moreover, up-regulation of AQP-9 expression in SW480 cells enhanced remarkably mitotic entry of
cells (P 0.01) (Fig. 5A). Reversely, there were not too much different between pCMV-4 transfected group
and siRNA control transfected SW480 cells about mitotic entry (P > 0.05). But, the mitotic entry of cells
was delayed obviously after treated with siRNA AQP-9 in SW480 cells (P < 0.01) (Fig. 5B). It indicated that
through inhibiting the expression of AQP-9 could induce mitotic entry of SW480 cells, moreover it could
be enhanced through up-regulation of AQP-9 expression.

The expression of AQP-9 affected apoptosis of SW480
cells
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The roles of AQP-9 over-expression or down-regulation with siRNA of AQP-9 on the distribution of cell
cycle in SW480 cells were studied using �ow cytometry. Over expression of AQP-9 induced signi�cantly
decrease of SW480 cell apoptosis (P < 0.01). Moreover, down-regulation of AQP-9 induced a signi�cantly
cell apoptosis in SW480 cells (P < 0.01) (Fig. 6). It indicated that through inhibiting the expression of AQP-
9, cell apoptosis of SW480 cells was remarkably induced, moreover it could be enhanced through up-
regulation of AQP-9 expression.

AQP-9 affected expression of apoptosis-related proteins in
SW480 cells
The proteins expression of apoptosis-related gene Bcl-2 and Bax were determined in SW480 cells. The
expression levels of Bcl-2 up-regulated by over expression of AQP-9, but decreased signi�cantly in cells
treated with siRNA of AQP-9. On the contrary, Bax expression in SW480 cells treated with over expression
of AQP-9 decreased signi�cantly, but obviously enhanced in SW480 cells treated with siRNA of AQP-9
(Fig. 7). It indicated that the apoptosis induced by down regulation of AQP-9 expression in SW480 cells
was associated with Bcl-2 family.

Discussion
AQPs are channel proteins penetrate integral plasma membrane, and belong to MIP (major intrinsic
protein). Small uncharged solutes and water can passively permeated these channels [21]. Their highly
conserved NPA (asparagine-proline-alanine) boxes structure identify its AQP, meanwhile is vital to
formation of pore for water-permeate. All AQPs have not only the special construction of hydrophobic
repeated NPA boxes and conserved six transmembrane domains, but minimal different to each other [22,
23]. Besides, the NPA motifs have only poor conservation sequences that are AQP-like [24].

Focusing on apoptotic mechanism related to AQP-9 in SW480 cells, over expression or knockdown of
AQP9 was induced. At �rst, the online software TargetScan (targetscan.org/, version 7.2) was used to
predict the target gene of miR-539. The luciferase activity assay was performed, and then AQP9 was
veri�ed the potential aim of miR-539. Our results demonstrated the mRNA of AQP9 was the target gene of
miR-539. Then, miR-539 was used as the siRNA of AQP9.

Moreover, the data con�rmed that growth, proliferation, and mitotic entry of SW480 cells were suppressed
by inhibiting expression of AQP-9, however, enhanced by over expression of AQP-9. Furthermore, the
apoptosis of SW480 cells was induced by inhibiting expression of AQP-9, and enhanced by over
expression of AQP-9. The levels of Bcl-2 increased in SW480 cells treated with over expression of AQP-9,
but decreased signi�cantly in cells treated with siRNA of AQP-9 (miR-539). On the contrary, the expression
levels of Bax decreased in SW480 cells treated with over expression of AQP-9, but obviously promoted by
siRNA of AQP-9 (miR-539). It indicated that the apoptosis induced by down regulation of AQP-9
expression in SW480 cells was associated with Bcl-2 family.
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In recent years, there were two human models about metabolism, which could be potentially utilized for
patient [25, 26]. The generic models of human metabolism were the base of context models, such as
metabolism of cancer and metabolic activities [27, 28]. The vigorous exercise and fasting induced
diminishment of glucose level in blood can activate cell gluconeogenesis. Accordingly, the production of
glucose restore the homeostasis of glucose. The induction of gluconeogenesis can be achieved by
stimulus of hormone that is associated with four gluconeogenesis in these main reactions at
transcriptional, post-translational level, even allosteric alterations. The following enzymes of G6Pase
(glucose-6-phosphatase), F1, 6BPase (fructose-1, 6-bisphosphatase), PEPCK (phosphoenolpyruvate
carboxykinase), and PC (pyruvate carboxylase) can catalyze these reactions. It is critical effect on
induction of gluconeogenesis come from these enzymes encoded by these gene through transcriptional
regulation [29].

Therefore, focus on the connection between metabolism of glucose and AQP-9, which may be related to
CRC tumorigenesis, the investigation about the role of AQP-9 in enhancing de novo synthesis of glucose,
gluconeogenesis was conducted. In an attempt to comprehensively con�rm the pathways of metabolism
associated with AQP-9, over expression and down regulation of AQP-9 were induced in cell line SW480, in
the meanwhile, the cell functions and expression levels of these glucogenic gene was studied. We
identi�ed that up-regulation of AQP-9 could induce increased expression level of GOT1, GK, and G6PC
proteins, but siRNA of AQP-9 (miR-539) reduced these expression.

It had evidences that miR-539 could induce suppression of EMT (Epithelial–Mesenchymal Transition),
migration and invasion of prostate cancer cells [30]. Cao et al. Thought that miR-539 might be involved in
the progression of ESCC (Esophageal Cancer Cells) and could be a new therapeutic target for this disease
[31]. But, in this study, our results indicated that miR-539 promotes development of colorectal cancer
through alleviating expression of AQP-9 associated with glucose metabolism.

The aims of this study were to explore associated with glucose metabolism and the methods for
treatment on CRC related to AQP-9. For the purpose of identifying the pathways of metabolism at full-
scale, which was related to the role of AQP-9 for treatment on CRC, the expression of glucogenic gene
was examined. We performed the research on glucose metabolism and the methods for treatment on
CRC related to the role of AQP-9 in enhancing de novo glucose synthesis or gluconeogenesis. Our results
con�rmed that AQP-9 could affect on the genes expression associated with gluconeogenesis. Consistent
with these above results, the production of glucose was caused through AQP-9 over-expression in SW480
cells, however, it could be reversed through down expression with AQP-9 siRNA (miR-539).

Our study indicated through knockdown regulation of AQP-9 could cause proliferation and growth
suppression of SW480 cells, which was associated with metabolic pathway involved in gluconeogenesis
gene GOT1, GK, and G6PC. These genes could enhance the metabolism of glucose. In conclusion, AQP-9
can be served as the potential novel target for treatment on CRC .
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Figure 1

AQP9 was the target gene of miR-539. The online software TargetScan (targetscan.org/, version 7.2) was
used to predict the target gene of miR-539. The luciferase activity assay was performed, and then AQP9
was veri�ed the potential aim of miR-539 (Figure A and B). It meant that miR-539 could straightly bind the
3’-UTR of AQP9. Moreover, the protein expression of AQP9 down-regulated by miR-539 (Figure C). The
results demonstrated the mRNA of AQP9 was the target gene of miR-539. Then, miR-539 was used as the
siRNA of AQP9.
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Figure 2

The expression of AQP-9, G6PC, GK and GOT1 in SW480 cells. The protein expression level of AQP-9,
G6PC, GK and GOT1 in SW480 cells treated with over expression of AQP-9 increased signi�cantly
compared with control group. At siRNA AQP-9 group, the protein expression level of AQP-9, G6PC, GK and
GOT1 decreased slightly compared with the control group. miR-539 was used as the siRNA of AQP9.
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Figure 3

AQP9 enhanced glucose production in SW480 cells. The amounts of glucose production in SW480 cells
treated with over expression of AQP-9 increased signi�cantly compared with control group (P<0.01). In
group of siRNA AQP-9, the amounts of glucose production decreased obviously compared with the
control group (P<0.01). The data are presented as means ± SD from three independent experiments.
*P<0.05, **P<0.01; P value was generated using Kruskal-Wallis ANOVA. miR-539 was used as the siRNA
of AQP9.
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Figure 4

AQP-9 promoted proliferation and growth of SW480 cells. (A) SW480 cells (3×103) were added into
plates and cultured for 24 hrs, then treated with transfection. The absorbance of SW480 cells increased
signi�cantly treated with pCMV-4-AQP-9 based on CCK-8 assay (P<0.01). But, the absorbance decreased
obviously after treated with siRNA of AQP-9 (P<0.01). (B) By XTT assays, AQP9 silenced SW480 cells
resulted in a signi�cant inhibition of cell growth when compared to that of control. However, over
expression AQP9 in SW480 cells signi�cantly promoted cell growth (P<0.01). miR-539 was used as the
siRNA of AQP9.

Figure 5
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Down regulation of AQP9 expression inhibited mitotic entry of SW480 cells. (A) The SW480 cells was
signi�cantly delayed in AQP9-knockdown SW480 cells (P 0.01) by BrdU assay. Over expression AQP9 in
SW480 cells signi�cantly promoted mitotic entry of cells (P 0.01). (B) The mitotic SW480 cells was
signi�cantly promoted by over expression of AQP9 (P 0.01). AQP9-knockdown signi�cantly delayed
mitotic entry of SW480 cells (P 0.01). miR-539 was used as the siRNA of AQP9.

Figure 6

The expression of AQP9 affected apoptosis of SW480 cells. The effect of over expression of AQP9 or
AQP9 siRNA on cell cycle distribution was determined in SW480 cells by �ow cytometry. Over expression
of AQP9 in SW480 cells induced decrease of apoptosis (P<0.01). Down-regulation of AQP9 in SW480
cells induced a signi�cantly apoptosis (P<0.01). All data are represented as mean ± SEM. miR-539 was
used as the siRNA of AQP9.
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Figure 7

AQP-9 affected expression of apoptosis-related proteins of SW480 cells. The expression levels of P53,
apoptosis-related proteins Bax, Bcl-2 and caspase-3 protein in SW480 cells were determined by Western
Blotting. The levels of Bcl-2 increased in SW480 cells treated with over expression of AQP9, but decreased
signi�cantly in cells treated with siRNA of AQP-9. On the contrary, the levels of Bax decreased in SW480
cells treated with over expression of AQP9, but increased signi�cantly in cells treated with siRNA of AQP-
9. miR-539 was used as the siRNA of AQP9.


