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Abstract: Aquaporins (AQPs) are the primary essential protein constructing intact cell membrane channel which se-
lectively transfers water through cell membranes. AQPs play essential function as ion and water transport channels 
that are related to metabolic pathways which are recognized as counter-tumorigenic such as fatty acid oxidation 
and that provide for carcinoma development (such as PPP (the pentose phosphate pathway) and glycolysis). Maybe 
AQP9 is a promoter factor on tumorigenesis of hepatocellular carcinoma (HCC). However, the mechanism was un-
known. To attempt to completely expound metabolic pathways related to AQP9, we performed the research on role 
of AQP9 in promoting de novo synthesis of glucose (gluconeogenesis). AQP9 overexpression or knockdown was 
induced in Liver cancer cells lines, the expression of glucogenic gene and cell function was examined. Our results 
suggested a role of AQP9 in enhancing de novo synthesis of glucose (gluconeogenesis) in hepatoma cell lines. It 
showed that AQP9-dependent induction of genes has taken part in both supplying glucogenic precursors (glutamic-
oxaloacetic transaminase 1 (GOT1) and glycerol kinase (GK) and gluconeogenesis (G6PC, PCK2) by examining 
glucogenic gene expression. Hence, AQP9 increased hepatic glucose production (HGP) and affected cell function in 
hepatoma cells. These results reveal AQP9 as a new regulator of glucose production and cell function. AQP9 may 
facilitate the export of gluscose and avoid being shunted to pro-cancerous pathways such as the PPP and glycolysis. 
Therefore, our discovery indicates AQP9 may restrain tumorigenesis by one of metabolic pathway.
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Introduction 

Hepatocellular carcinoma (HCC) is one of prime 
reasons of cancer-related deaths and the fifth 
most universal cancer all over world. In the 
majority of cases, HCC develops as a result of 
chronic inflammation and cirrhosis caused by 
viral hepatitis B and C, ethanol, or aflatoxins [1]. 
HCC is associated with a very poor prognosis 
[2], because only a limited number of patients 
are eligible for potentially curative treatment 
options such as surgical resection followed by 
orthotopic liver transplantation. Therefore, it is 
necessary that offering effective treatment 
strategies for a lot of patients with advanced 
HCC [3-5]. 

For a long time, hepatocarcinogenesis has 
been considered to be the result of different 
genetic alterations that ultimately lead to malig-

nant transformation [6]. Nowadays, cancer 
development is no longer thought to be induced 
only by genetic and genomic alterations, but 
also should be closely associated with lipid 
metabolism [7, 8]. Upon the studies of 
Karagozian indicate, the progress of nonalco-
holic steatohepatitis, hepatic stem cell activa-
tion, and hepatocarcinogenesis will emerge 
under merely high-fat lifestyle in wild-type mice 
[9]. In recent years, metabolism in cancer 
research becomes increasingly important, par-
ticularly the lipid metabolism. It is believed that 
the de novo fatty acid synthesis plays essential 
part in cancer development [10]. Sphingolipids 
which belong to a family of membrane lipids are 
bioactive molecules that involve in diverse func-
tions controlling essential cellular processes 
such as cell differentiation, cell division, and 
cell death [11]. It is not astonishing that sphin-
golipids play key roles in diverse pathological 
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processes because of that most of these cel-
lular processes form the several fundamental 
pathologies, for instance Alzheimer’s disease, 
hepatocellular carcinoma, and diabetes [11].

Aquaporins (AQPs) serve as water channels 
that belong to channel-forming integral pro-
teins [12]. By now, more than 10 AQPs have 
been recognized [13]. As functional studies 
show, the members of the AQP family have 
been differentiated into two subgroups: aqua-
glyceroporins that transport water as well as 
glycerol and AQPs that are selective water 
channels [14]. Lately, a liver-specific aquaglyc-
eroporin was recognized and called AQP9 as 
well [15]. The regulation and significance of 
AQP9 in pathophysiological and physiological 
status relevant to hepatocellular carcinoma 
have not been illustrated. Aquaporins are found 
to mainly function as molecular transporters 
and involve in many disease progresses such 
as various chronic kidney disease, systemic 
disease and cancers [16-18]. Recent studies 
suggest that Aquaporins could be a promising 
drug target [19, 20].

In the current study of normal liver, in its pro-
moter region, it had been demonstrated  
that insulin made negative effect on insulin 
response element (IRE) to inhibit the expres-
sion of the AQP9 gene [21], in adipose tissue, 
such as the regulation of AQPap/7 [22, 23]. The 
physiological inhibition of glycerol released 
from gluconeogenesis and fat in liver by feeding 
may be caused by the harmonious regulations 
of AQPap/7 and AQP9. HCC is linked with 
reduced AQP9 expression and plasma mem-
brane water permeability that correspond to 
some HCC cells failed to reply to apoptotic stim-
ulation. Hepatocytes quickly react to osmotic 
challenge via AQP-dependent water movement 
and suffered for cell death under apoptotic 
stimulation [24]. Upon these studies, we pur-
posed to find out changes in function and 
expression of AQPs in hepatoma cell lines and 
verify if AQP expression gets involved in various 
of glucose metabolism related to carcinogene-
sis of HCC.

Materials and methods

Culture cells 

We cultured human liver cancer cell lines  
Huh7 and HepG2 from ATCC, USA in Dulbecco’s 

modified Eagle’s medium (DMEM) provided 
with 1% penicillin-streptomycin-neomycin (PSN) 
Antibiotic Mixture (Invitrogen, Carlsbad, CA, 
USA) and 10% fetal bovine serum (FBS) (Gibco 
BRL Co.Ltd., USA) in a humidified 5% CO2 at 
37°C.

Plasmid and transfection 

PcDNA 4-AQP9 (gifts from Leonard Guarente, 
USA) was the expression plasmid. Lipo2000 
was purchased from Life Technologies 
(Carlsbad, CA), siRNAs (Invitrogen, California, 
USA) was used to subculture and transfect 
cells. After 48 and 72 hrs, cells were observed 
by microscopy and taken to biochemical 
analyses.

SiRNA and quantitation of mRNAs

The isolated siRNA sc-42371 (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) were used 
to silence AQP9 expression. Controls involved 
in liposomes formulated without siRNA. The 
concentration of SiRNA was 0.58 µg per 1.5 × 
105 cells. In mammalian cells, synthetic siRNA 
at this concentration dose not lead to any IFN 
response [25].

Antibodies and immunoblotting 

Immunoblotting was conducted with a variety 
of antibodies in indicated dilutions: AQP9 anti-
body (Santa Cruz, 1:500 dilution), β-actin 
(Santa Cruz, 1:1,000), G6PC (Sigma Aldrich, 
1:500), PCK2 (Abcam, 1:500), GK (Santa Cruz, 
1:500), PECK (Santa Cruz, 1:500) and GOT1 
(Sigma Aldrich, 1:500), respectively. 

Detection of hepatic glucose production 

It took 24 hours to cultivate Densely-plated 
HepG2 cells in glucogenic medium [26]. The 
glucose secretion of HepG2 was detected 
through the glucose oxidase colorimetric meth-
od. It took 24 hours to incubate and isolate 
Hepatocytes in gluconeogenic medium [26]. 
The Glucose secretion of hepatocytes was also 
detected through the glucose oxidase colori-
metric method. All results were repeated for 
three times. Each bar expresses an average  
of three triplicates. A significant difference 
(P<0.05) between columns was measured by a 
student’s t-test and were distinguished by an 
asterisk. 
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BrdU and mitotic entry assay

The siRNA and plasmids were transfected into 
cells so that we could measure direct influence 
of AQP9 on mitotic entry. It synchronized both 
cells by double thymidine block. Cells were 
transfected with siRNA (AQP9 and control) with 
Lipofectamine 2000 (Invitrogen) after 19 hrs 
cultivation and rinsed 4 times with fresh medi-
um. Cells were rinsed twice and cultivated in 
extra 5 hours’ fresh medium when DNA-lipid 
mixture was incubated for 3 hrs. By the end, 
cells were planted in DMEM with thymidine and 
puromycin for the second capture. When cells 
were cultivated in 16 hours’ fresh medium, they 
were taken into the cell cycle to incubate. Cells 
were immobilized at predetermine time points 
and for specific determine. 

DNA synthesis was measured by BrdU labeling. 
Cells were marked with 50 µM BrdU, and then 
delivered at predetermine time points. After 
washed with PBS, cells were incubated with 
Carnoy’s fixative. DNA was denatured with HCl, 
and then cells were marked with anti-BrdU anti-
body overnight. Cells were incubated with Texas 
Red-conjugated anti-mouse goat IgG for 30 min 
at RT after washed with PBS. BrdU positive 

cells were counted with immunofluorescence 
microscope after washed. 

Cells were handled in the same time as 
described above. It made use of Openlab soft-
ware to arrested Real-time images each 10 
min. Over expression of AQP9, AQP9-depleted 
cells and mitotic events of control were 
observed based on morphology. More than 
1,000 cells of control or over expression of 
AQP9 and AQP9-depleted cells were analyzed 
for each experiment. Alternatively, nocodazole 
(100 ng/ml) was put into the medium on the 
following of release, and then cells were marked 
with Hoechst 33258. Mitotic cells were scored 
according to DNA condensation and morpholo-
gy of nuclear. 

Cell growth and proliferation assay

Cell growth was determined by evaluating DNA 
synthesis with the BrdU incorporation assay 
and XTT assay. For proliferation assay and the 
cell growth, 1×104 cells/well in 96-well plates 
were transfected. After 48 hrs, incorporated 
BrdU and XTT were detected with microtiter 
plate reader at 450 nm. 

Analyze the viability of cells

We used the CCK-8 assay kit to confirm cell 
viability. After pretreated, cells were incubated 
with or without H2O2. Then CCK-8 solution was 
put into each well of the plate to incubate. After 
1 hr at 37°C in the dark, we use a multiwall 
plate reader at 450 nm of absorbance to deter-
mine cell viability.

Determination of apoptosis 

Upon illustration of the manufacturer, we made 
use of fluorescence-activated cell sorting 
(FACS) with Annexin V to identify the apoptotic 
cells. The detection of activated caspases 
could verify Apoptosis. 

Statistics

The consecutive normally distributed variables 
were showed as means ± SD. We conducted 
comparison of quantitative data among groups 
with t-tests or ANOVA (analysis of variance). 
Medians were compared with determine differ-
ences among groups not normally distributed 
through Kruskal-Wallis ANOVA. If necessary for 

Figure 1. The expression of AQP9 affect the expres-
sion of gluconeogenesis related genes. Treated 
with pcDNA 4-AQP9 caused obviously up-regulation 
in hepatoma cell line HepG2. The siRNA of AQP9 
caused reduction reduction in AQP9 protein at 48 
hrs posttransfection. Thus, AQP9 siRNA selectively si-
lences AQP9 expression. In HepG2 cells, the expres-
sion of G6PC, PCK2, GK and GOT1 was significantly 
increased when AQP9 was over-expression; thus, 
down-regulation of AQP9 inhibited the expression of 
G6PC, PCK2, GK and GOT1.
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qualitative data, χ2 test was involved. 
Spearman’s non-parametric correlation was 
used to evaluate the degree of association 
between variables and SPSS (version 18.0, 
USA) was used to conduct all statistical analy-
ses. P<0.05 was regarded as statistically 
significant.

Results

Over expression and interference of AQP9

Over expression AQP9 with pcDNA 4-AQP9 
induced obviously up-regulation in hepatoma 
cell line HepG2 (Figure 1). The siRNA of AQP9 
lead to low expression of AQP9 protein (Figure 
1). Hence, AQP9 siRNA selectively silences 
AQP9 expression. 

AQP9 affect the expression of gluconeogen-
esis related genes

In HepG2 cells, the expression of gluconeogen-
esis involve in genes G6PC, PCK2, GK and 
GOT1 was significantly increased when AQP9 

was over-expression; thus, down-regulation of 
AQP9 inhibited the expression of G6PC, PCK2, 
GK and GOT1 (Figure 1).

AQP9 enhances hepatic glucose production

It took 24 hours to incubate densely-plated 
HepG2 cells in glucogenic medium. Use the glu-
cose oxidase colorimetric method to detect the 
glucose secreted to the media. It took 4 hours 
to incubate and isolate hepatocytes in gluco-
neogenic medium. The way of measure glucose 
secreted to the media by hepatocytes is the 
same as HepG2.

Under over expression of AQP9 treatment, 
HepG2 cells were found to improve hepatic glu-
cose production (HGP) (Figure 2). Moreover, 
down-regulation of AQP9 inhibited HGP.

Over expression of AQP9 promotes mitotic en-
try of HepG2

Figure 3A showed that mitotic cells were 
delayed significantly in AQP9-knockdown 
HepG2 cells (P<0.001). On the contrary, HepG2 
cells transfected with siRNA control and 
pCDNA4 have no differences in DNA synthesis 
(P>0.05). HepG2 cells with over expression 
AQP9 were significantly facilitated mitotic entry 
of cells (P<0.001).

The mitotic cells was obviously promoted by 
over expression of AQP9 (P<0.01) (Figure 3B). 
On the contrary, HepG2 cells treated with siRNA 
control and pCDNA4 have no differences in 
DNA synthesis (P>0.05), and HepG2 cells with 
AQP9-knockdown significantly delayed mitotic 
entry of HepG2 cells (P<0.01). 

Over expression of AQP9 promotes cell growth 
and proliferation 

Down-regulation of AQP9 in HepG2 lead to a 
meaning suppression of cell growth by XTT 
assays. However, over expression AQP9 signifi-
cantly accelerated growth of HepG2 cells 
(P<0.001) (Figure 4A). We use CCK-8 assay to 
measure cell viability. Down-regulation of AQP9 
restrained proliferation of HepG2 cells (P<0.01), 
and over expression of AQP9 facilitated prolif-
eration of HepG2 cells (P<0.01) (Figure 4B). 

AQP9 affected cell apoptosis 

We made use of flow cytometry in HepG2 cells 
to detect the role of over expression of AQP9 or 

Figure 2. AQP9 enhances hepatic glucose produc-
tion. It took 24 hrs to incubate densely-plated HepG2 
cells in glucogenic medium. Use the glucose oxidase 
colorimetric method to detect the glucose secreted 
to the media. It took 4 hrs to incubate and isolate 
hepatocytes in gluconeogenic medium. The way of 
measure glucose secreted to the media of hepato-
cytes is the same as that of HepG2. All results were 
repeated for three times. A significant difference 
(P<0.05) between columns was determined by a stu-
dent’s t-test and were distinguished by an asterisk.
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Figure 3. Over expression of AQP9 enhances mitotic entry of HepG2. (A) The mitotic cells were delayed signifi-
cantly in AQP9-knockdown HepG2 cells (P<0.001). On the contrary, HepG2 cells transfected with siRNA control and 
pCDNA4 have no differences in DNA synthesis (P>0.05). HepG2 cells with over expression AQP9 were significantly 
facilitated mitotic entry of cells (P<0.001). (B) The mitotic cells were obviously promoted by over expression of AQP9 
(P<0.01) (B). On the contrary, HepG2 cells treated with siRNA control and pCDNA4 have no differences in DNA syn-
thesis (P>0.05), and HepG2 cells with AQP9-knockdown significantly delayed mitotic entry of HepG2 cells (P<0.01). 
All data are represented as mean ± SEM.

Figure 4. Over expression of AQP9 enhances cell growth and proliferation. A. Down-regulation of AQP9 in HepG2 
lead to a meaning suppression of cell growth by XTT assays. However, over expression AQP9 significantly acceler-
ated growth of HepG2 cells (P<0.001). B. We use CCK-8 assay to measure cell viability. Down-regulation of AQP9 
restrained proliferation of HepG2 cells (P<0.01), and over expression of AQP9 facilitated proliferation of HepG2 cells 
(P<0.01). All data are represented as mean ± SEM.
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siRNA of AQP9 on cell cycle. Over expression of 
AQP9 induced decrease of apoptosis in HepG2 
cells (P<0.01). Down-regulation of AQP9 in- 
duced a significantly apoptosis in HepG2 cells 
(P<0.001) (Figure 5).

Discussion

AQPs are the crucial intrinsic protein (MIP), and 
passively pervaded by small, uncharged sol-
utes and water [27, 28]. It have been identified 
that AQPs was channel proteins of integral plas-
ma membrane according to their highly con-
served dual NPA (asparagine-proline-alanine) 
boxes, which was the key formation for water-
permeating pore. Only minimal or modest iden-
tity is owned by the sequences of conventional 
AQPs, but all AQPs share hydrophobic NPA box-
like repeats and conserved six transmembrane 
domains [29, 30]. Moreover, it was showed that 
some AQP-like sequences just have poor con-
servation sequence of NPA motifs [31]. NPA 
motifs in AQPs are necessary to water permeat-
ing cell membranes [28].

Recently, their potential clinical utility has  
been demonstrated and two models of hu- 
man metabolism were published [32, 33]. 

Generating context specific models such as 
cancer metabolism and liver metabolic activi-
ties [34] have also been regards as the founda-
tion of generic human models [35]. While blood 
glucose levels decrease (fasting or vigorous 
exercise), it will soon restoring glucose homeo-
stasis because of gluconeogenesis activated  
in hepatocytes. According mechanism of hor-
mones stimulate gluconeogenesis, gluconeo-
genesis is comprised of four main reactions, 
including allosteric, post-translational and  
transcriptional alterations. It is catalyzed by  
some key enzymes, such as glucose-6- 
phosphatase (G6Pase), 6-bisphosphatase (F1, 
6BPase), fructose-1, pyruvate carboxylase  
(PC) and phosphoenolpyruvate carboxykinase 
(PEPCK). The key effective induction of gluco-
neogenesis is regulation of encoding these 
enzymes in transcriptional level [36]. The gluco-
genic precursors are provided by liver with 
these alterations concomitantly, which are 
transformed pyruvate into glucogenic pathway 
from extrahepatic tissues. The main precursors 
include glycerol, alanine and lactate. 

Focusing on the relationship between AQP9 
and glucose metabolism on tumorigenesis of 
hepatocellular carcinoma, we performed the 
research on role of AQP9 in promoting gluco-
neogenesis (de novo synthesis of glucose). In 
order to completely define metabolic pathways 
related to AQP9, overexpression or knockdown 
of AQP9 was produced in HepG2 cells, and the 
expression of glucogenic gene and cell function 
was examined. AQP9 was found to influence 
the expression levels of related gluconeogene-
sis genes. In HepG2 cells, the expression levels 
of related gluconeogenesis genes G6PC, PCK2, 
GK and GOT1 was significantly increased when 
AQP9 was over-expression; thus, down-regula-
tion of AQP9 inhibited the expression of G6PC, 
PCK2, GK and GOT1. Then, AQP9 enhances 
hepatic glucose production through metabo-
lism pathway related to G6PC, PCK2, GK and 
GOT1. HepG2 cells were found to increase 
hepatic glucose production (HGP) under over 
expression of AQP9 treatment, but down-regu-
lation of AQP9 inhibited HGP.

Over expression of AQP9 promoted mitotic 
entry of HepG2. Compared with the control 
group, AQP9-knockdown HepG2 cells was sig-
nificantly delayed to enter to mitotic cells, how-
ever, the result that over expression AQP9 com-

Figure 5. The expression of AQP9 affected cell apop-
tosis. We made use of flow cytometry in HepG2 
cells to detect the role of over expression of AQP9 
or siRNA of AQP9 on cell cycle. Over expression of 
AQP9 induced decrease of apoptosis in HepG2 cells 
(P<0.01). Down-regulation of AQP9 induced a signifi-
cantly apoptosis in HepG2 cells (P<0.001). All data 
are represented as mean ± SEM.
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pared with the control group was complete 
opposite to the former.

Moreover, compared with cell growth and prolif-
eration of the control group, the results from 
XTT assays demonstrated that silencing of 
AQP9 led to a significant suppression in HepG2 
cells. However, over expression AQP9 signifi-
cantly promoted cell growth and proliferation of 
HepG2 cells. It suggested that over expression 
of AQP9 augmented cell growth and prolifera-
tion. Moreover, over expression of AQP9 in 
HepG2 cells induced decrease of apoptosis, 
and silencing of AQP9 caused obviously apop-
tosis of HepG2 cells. It demonstrated that the 
expression of AQP9 affected cell apoptosis. 

Our results suggested that AQP9 in hepatoma 
cell lines play role in promoting de novo synthe-
sis of glucose or gluconeogenesis. Through the 
detection of glucogenic gene expression, It 
revealed that AQP9-dependent induction of 
genes involved in supplying glucogenic precur-
sors, such as glutamic-oxaloacetic transami-
nase 1 (GOT1), glycerol kinase (GK) and both 
gluconeogenesis (G6PC, PCK2). In a word, 
AQP9 affected cell function and promoted 
hepatic glucose production (HGP) in hepatoma 
cells. These findings exhibited that AQP9 play  
a novel regulator of cell function and glucose 
production. AQP9 may facilitate the export of 
glucose and avoid being converted to the PPP 
or glycolysis etc. pro-cancerous pathways. 
Accordingly, this work suggested that AQP9 
may inhibit tumorigenesis through a metabolic 
pathway. 

Acknowledgements

This work was supported by grants from the 
National Natural Science Foundation of China 
(No. 30600524). The study sponsors had no 
involvement in the study.

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Weiyan Zhang, De- 
partment of Infectious Disease, The First Hospital of 
Tsinghua University, Beijing 100016, China. E-mail: 
weiyanzhanghrh@163.com 

References

[1] Herold C, Reck T, Fischler P, Ott R, Radespiel-
Troeger M, Ganslmayer M, Hohenberger W, 
Hahn EG, Schuppan D. Prognosis of a large 

cohort of patients with hepatocellular carcino-
ma in a single European centre. Liver 2002; 
22: 23-28.

[2] Okuda K. Hepatocellular carcinoma. J Hepatol 
2000; 32: 225-237.

[3] Lei Y, Liu H, Yang Y, Wang X, Ren N, Li B, Liu S, 
Cheng J, Fu X, Zhang J. Interaction of LHBs with 
C53 promotes hepatocyte mitotic entry: A nov-
el mechanism for HBV-induced hepatocellular 
carcinoma. Oncol Rep 2012; 27: 151-159.

[4] Wang H, Liu H, Chen K, Xiao J, He K, Zhang J, 
Xiang G. SIRT1 promotes  tumorigenesis of 
hepatocellular carcinoma through PI3K/PTEN/
AKT signalling. Oncol Rep 2012; 28: 311-318.

[5] Feng Z, Li H, Liu S, Cheng J, Xiang G, Zhang J. 
FAM172A induces S phase arrest of HepG2 
cells via Notch 3. Oncol Rep 2013; 29: 1154-
1160. 

[6] Bhalla KN. Epigenetic and chromatin modifiers 
as targeted therapy of hematologic malignan-
cies. J Clin Oncol 2005; 23: 3971-3993.

[7] Dowman JK, Hopkins LJ, Reynolds GM, 
Nikolaou N, Armstrong MJ, Shaw JC, Houlihan 
DD, Lalor PF, Tomlinson JW, Hübscher SG, 
Newsome PN. Development of Hepatocellular 
Carcinoma in a Murine Model of Nonalcoholic 
Steatohepatitis Induced by Use of a High-Fat/
Fructose Diet and Sedentary Lifestyle. Am J 
Pathol 2014; 184: 1550-1561. 

[8] Zhang H, Feng Z, Huang R, Xia Z, Xiang G, 
Zhang J. MicroRNA-449 suppresses prolifera-
tion of hepatoma cell lines through blockade 
lipid metabolic pathway related to SIRT1. Int J 
Oncol 2014; 45: 2143-52. 

[9] Karagozian R, Derdák Z and Baffy G. Obesity-
associated mechanisms of hepatocarcinogen-
esis. Metabolism 2014; 63: 607-17.

[10] Qin H and Ruan ZH. The Role of Monoacyl- 
glycerol Lipase (MAGL) in the Cancer Progress. 
Cell Biochem Biophys 2014; 70: 33-6.

[11] Pralhada Rao R, Vaidyanathan N, Rengasamy 
M, Mammen Oommen A, Somaiya N and 
Jagannath MR. Sphingolipid metabolic path-
way: an overview of major roles played in hu-
man diseases. J Lipids 2013; 2013: 178910. 

[12] Engel A, Fujiyoshi Y and Agre P. The importance 
of aquaporin water channel protein structures. 
EMBO J 2000; 19: 800-806.

[13] Verkman AS and Mitra AK. Structure and func-
tion of aquaporin water channels. Am J Physiol 
2000; 278: F13-F28.

[14] Kuriyama H, Kawamoto S, Ishida N, Ohno I, 
Mita S, Matsuzawa Y, Matsubara K, Okubo K. 
Molecular cloning and expression of a novel 
human aquaporin from adipose tissue with 
glycerol permeability. Biochem Biophys Res 
Commun 1997; 241: 53-55.

[15] Tsukaguchi H, Shayakul C, Berger UV, 
Mackenzie B, Devidas S, Guggino WB, van 
Hoek AN, Hediger MA. Molecular characteriza-

mailto:weiyanzhanghrh@163.com


AQP9 related to carcinogenic in HCC through regulating glucose metabolism

4908 Int J Clin Exp Pathol 2016;9(4):4901-4908

tion of a broad selectivity neutral solute chan-
nel. J Biol Chem 1998; 273: 24737-24743.

[16] Ishibashi K, Hara S and Kondo S. Aquaporin 
water channels in mammals. Clin Exp Nephrol 
2009; 13: 107-117.

[17] Ribatti D, Ranieri G, Annese T and Nico B. 
Aquaporins in cancer. Biochim Biophys Acta 
2014; 1840: 1550-1553.

[18] Holmes RP. The role of renal water channels in 
health and disease. Mol Aspects Med 2012; 
33: 547-552.

[19] Huber VJ, Tsujita M and Nakada T. Aquaporins 
in drug discovery and pharmacotherapy. Mol 
Aspects Med 2012; 33: 691-703.

[20] Wang F, Feng XC, Li YM, Yang H and Ma TH. 
Aquaporins as potential drug targets. Acta 
Pharmacol Sin 2006; 27: 395-401.

[21] O’brien RM, Streeper RS, Ayala JE, Stadelmaier 
BT and Hornbuckle LA. Insulin-regulated gene 
expression. Biochem Soc Trans 2001; 29: 
552-558.

[22] Kishida K, Shimomura I, Kondo H, Kuriyama H, 
Makino Y, Nishizawa H, Maeda N, Matsuda M, 
Ouchi N, Kihara S, Kurachi Y, Funahashi T, 
Matsuzawa Y. Genomic structure and insulin-
mediated repression of the aquaporin adipose 
(AQPap), adipose-specific glycerol channel. J 
Biol Chem 2001; 276: 36251-36260.

[23] Kondo H, Shimomura I, Kishida K, Kuriyama H, 
Makino Y, Nishizawa H, Matsuda M, Maeda N, 
Nagaretani H, Kihara S, Kurachi Y, Nakamura 
T, Funahashi T, Matsuzawa Y. Human aquapo-
rin adipose (AQPap) gene. Eur J Biochem 
2002; 269: 1814-1826.

[24] Jablonski EM, Mattocks MA, Sokolov E, 
Koniaris LG, Hughes FM Jr, Fausto N, Pierce 
RH, McKillop IH. Decreased aquaporin expres-
sion leads to increased resistance to apopto-
sis in hepatocellular carcinoma. Cancer Lett 
2006; 250: 36-46.

[25] Kim DH, Longo M, Han Y, Lundberg P, Cantin E 
and Rossi JJ. Interferon induction by siRNAs 
and ssRNAs synthesised by phage polymerase. 
Nat Biotechnol 2004; 22: 321-325.

[26] Yoon JC, Puigserver P, Chen G, Donovan J, Wu 
Z, Rhee J, Adelmant G, Stafford J, Kahn CR, 
Granner DK, Newgard CB, Spiegelman BM. 
Control of hepatic gluconeogenesis through 
the transcriptional coactivator PGC-1. Nature 
2001; 413: 131-138.

[27] Beitz E. Aquaporins from pathogenic protozoan 
parasites: structure, function and potential for 
chemotherapy. Biol Cell 2005; 97: 373-383.

[28] Zeuthen T. How water molecules pass through 
aquaporins. Trends Biochem Sci 2001; 26: 77-
79.

[29] Zardoya R. Phylogeny and evolution of the ma-
jor intrinsic protein family. Biol Cell 2005; 97: 
397-414.

[30] Verkman AS, Mitra AK. Structure and function 
of aquaporin water channels. Am J Physiol 
Renal Physiol 2000; 278: F13-F28.

[31] Ishibashi K. Aquaporin subfamily with unusual 
NPA boxes. Biochim Biophys Acta 2006; 1758: 
989-993.

[32] Duarte NC, Becker SA, Jamshidi N, Thiele I, Mo 
ML, Vo TD, Srivas R, Palsson BØ. Global recon-
struction of the human metabolic network 
based on genomic and bibliomic data. Proc 
Natl Acad Sci U S A 2007; 104: 1777-1782.

[33] Ma H, Sorokin A, Mazein A, Selkov A, Selkov E, 
Demin O, Goryanin I. The Edinburgh human 
metabolic network reconstruction and its func-
tional analysis. Mol Syst Biol 2007; 3: 135.

[34] Jerby L, Shlomi T and Ruppin E. Computational 
reconstruction of tissue specific metabolic 
models: application to human liver metabo-
lism. Mol Syst Biol 2010; 6: 401.

[35] Frezza C, Zheng L, Folger O, Rajagopalan KN, 
MacKenzie ED, Jerby L, Micaroni M, Chaneton 
B, Adam J, Hedley A, Kalna G, Tomlinson IP, 
Pollard PJ, Watson DG, Deberardinis RJ, Shlomi 
T, Ruppin E, Gottlieb E. Haemoxygenase is syn-
thetically lethal with the tumour suppressor 
fumarate hydratase. Nature 2011; 477: 225-
228.

[36] Jitrapakdee S. Transcription factors and coact-
ivators controlling nutrient and hormonal  
regulation of hepatic gluconeogenesis. Int J 
Biochem Cell Biol 2012; 44: 33-45.


