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Abstract
NDRG2 is a tumor suppressor, highly expressed in normal tissues but down-regulated in many cancers. This enzyme was involved in glycolysis by
regulating glycolytic enzymes in ccRCC and colorectal cancer. However, the mechanism of NDRG2 regulating glycolysis is still not clear, and the
function of NDRG2 in liver tumor glycolysis is completely unknown. In the present study, we �rst demonstrated the low expression of NDRG2 in liver
tumor tissues and found that the survival rate of patients was negatively correlated with the expression of NDRG2. Subsequently, based on NDRG2
overexpressed and knockdown cell lines, NDRG2 was shown to have the ability to inhibit glycolysis in liver cancer cells. Finally, SIRT1, a
deacetylase that plays important role in glycolysis regulation, is negatively regulated by NDRG2 in liver tumors. Our data enrich the understanding
of the role of NDRG2 in tumor growth and improve the mechanism by which NDRG2 regulates glycolysis.

Introduction
Liver cancer ranks among the top three malignant tumors in terms of mortality due to its high heterogeneity, high mortality, strong invasiveness,
di�cult cure, and poor prognosis(1).

As we know, NDRG2 (N-Myc downstream-regulated gene 2) is a tumor suppressor and was observed that down-regulated or even lost in various
types of cancer(2, 3). The overexpression of NDRG2 can inhibit the growth, and promote the apoptosis of cancer cells(4). Moreover, in the liver
tumor, researchers have demonstrated that overexpression of NDRG2 can inhibit cell migration and invasion by down-regulating CD24
expression(5) and MMPs (matrix metalloproteinase) (6, 7). All these reports proved the correlation between NDRG2 and liver cancer metastasis.

The glycolysis is a hallmark of cancer cells after metabolic reprogramming(8, 9). Two studies reported the regulatory roles of NDRG2 on glycolysis
in colorectal cancer cells(10, 11). The overexpression of NDRG2 in colorectal cancer cells reduced glucose consumption, lactate production, and
increased oxygen consumption; knockdown of NDRG2 increased glucose consumption, lactate production increased, and decreased oxygen
consumption, suggesting that NDRG2 has an inhibitory effect on glucose glycolysis metabolism of tumor cells. Studies show that NDRG2 reduces
colorectal cancer cells proliferation maybe because NDRG2 can reduce glucose uptake by down-regulating glucose transport and metabolism-
related enzymes such as HK2, PKM2, GLUT1, and LDHA, and up-regulating the expression of TNXIP. Wei Shi et al also demonstrated that NDRG2
inhibits glycolysis in ccRCC in the same way(12). However, whether SIRT1 plays the same role in liver cancer remains unclear.

SIRT1(Silent Mating Type Information Regulator 1, SIRT1) belongs to the Sirtuin family and is an NAD + dependent histone deacetylase (13–15).
SIRT1-mediated deacetylation inhibits the functions of multiple tumor suppressors, including P53(16), P73(17), and HIC1(18), suggesting that
SIRT1 plays a promotive role in tumorigenesis and progression. Emerging studies have shown that tumor progression affected by SIRT1 may be an
important way of regulating glycolysis. SIRT1 stimulates the expression of glycolysis-related genes, such as GLUT1 and GAPDH, and thus
promotes glycolysis in tumors(19–21). What’s more, SIRT1 can also interact with GAPDH and retains it in the cytosol, thus protecting the enzyme
from nuclear translocation, and promoting glycolysis(22). Based on the above reports, whether there is a possible correlation between NDRG2 and
SIRT1 has aroused our attention.

In the present study, we focused on the roles of NDRG2 in regulating glycolysis and in regulating SIRT1 expression in liver cancer cells. Our data
indicate a novel pathway of NDRG2 regulates glycolysis in liver tumors.

Materials And Methods
Patient information and tissue specimens

This research was approved by the Ethics Committee of Air Force Medical University. Fresh specimens of hepatocellular carcinoma were collected
from 143 patients in Tang Du Hospital of Air Force Medical University (Xi 'an, China) from 2004 to 2008. Liver tumor tissue was obtained from
resected tumor and con�rmed by pathological examination. According to the classi�cation guidelines of the American Joint Cancer
Committee/International Alliance for Cancer Control (AJCC/UICC), liver tumor specimens were staged. Classi�cation and histopathological
classi�cation of liver specimens are based on WHO standards.

Immunohistochemistry

As mentioned earlier, immunohistochemical staining was performed to evaluate the protein expression of NDRG2 (23). For immunohistochemistry,
formalin-�xed tumor tissues were embedded in para�n, and serial 4 mm sections were obtained by Leica microtome. For staining, tumor sections
were dewaxed in toluene, rehydrated in an ethanol gradient, permeabilized in citrate buffer (pH 6.0), quenched with 3% H2O2 for 5 minutes to
eliminate endogenous peroxidase activity, washed in PBS, incubated with different antibodies overnight, and then incubated with biotinylated goat
anti-rat or anti-rabbit IgG antibody for 15 minutes. After washing, sections were incubated with streptavidin peroxidase, lightly stained with
hematoxylin, and observed under the microscope.

Cell lines and cell culture
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HepG2 and SMMC-7721 cells were purchased from Merck Millipore (USA). In the atmosphere of the incubator (5% CO2, 21% O2, and 74% N2), cells
were cultured in Dulbecco's modi�ed Eagle medium (DMEM, Invitrogen Life Technologies, CA, USA) supplemented with 10% fetal bovine serum
(FBS, Invitrogen Life Technologies, Carlsbad, USA) at 37°C.

Lentivirus generation and infection

In our laboratory, the ViraPower lentivirus system of Invitrogen was used to construct the recombinant lentivirus vector. cDNAs of human NDRG2
were cloned and subcloned into vector pLenti6. The short hairpin RNA(shRNA) of anti-human NDRG2 was designed by a small interfering RNA
design program, and then subcloned into the EcoR I/Age I site of the pLKO-TRC vector. The speci�c shRNA sequence of NDRG2 is as follows:

shNDRG2-1 forward:

5′-CCGGGAGGACATGCAGGAAATCATTCTCGAGAATGATTTCCTGCATGTCCTCTTTTTG-3′;

shNDRG2-1 reverse:

5′-AATTCAAAAAGAGGACATGCAGGAAATCATTCTCGAGAATGATTTCCTGCATGTCCTC-3′;

shNDRG2-2 forward:

5′-
CGGGATCCAAAAAAGCCACCTCAAGCGTCCGTCCTAGCAACAGCAAGCTTCCTGTTGCCAGGACAGACGCCTGAGGCGGCGGTGTTTCGTCCTTTCCACAA-
3'

shNDRG2-2 reverse:

5′- CCCTCGAGCCCCAGTGGAA- 3’

The sequences for the control nonsense shRNA were as follows:

control forward:

5′-CCGGAAGGTCTTGTCCTCATCAACACTCGAGTGTTGATGAGGACAAGACCTTTTTTTG-3′;

control reverse:

5′–AATTCAAAAAAAGGTCTTGTCCTCATCAACACTCGAGTGTTGATGAGGACAAGACCTT-3′.

According to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA), HEK-293T cells were transfected with lentiviral vectors of pLenti6-
Cherry/NDRG2, pLKO-Scramble/NDRG2-shRNA, PAX2 and PMD2G using Lipofectamine 2000. After 48 hours, the lentivirus supernatant was
collected and �ltered (0.45 μm �lter; Millipore, Billerica, MA, USA), and added to HepG2/SMMC-7721 cells in the presence of 2 g/ml of Oryzanol
(Sigma-Aldridge, USA) or 1 g/ml of poly (amine) (Sigma-Aldridge, USA) for 6 to 8 hours. Carry out two rounds of infection. After infection, the cells
that survived the treatment were selected for one week, and then the expression of NDRG2 was analyzed by protein blot.

Western blot analysis

The cells were harvested from 60 mm Petri dishes. Lysates of collected cells were prepared by lysis in 200 ml RIPA buffer (0.05 M Tris- HCl [pH 7.4],
0.15 M NaCl, 0.25% deoxycholic acid, 1% Nonidet P-40, 1 mM EDTA, 1 mM benzyl sulfonyl �uoride, 10 mg/ml aprotinin and 10 mg/ml leupeptin),
which Protein concentration was measured by protein assay of bicinchoninic acid (BCA). Separated by protein SDS-PAGE and transferred to
nitrocellulose membrane. The membrane was saturated with Tris buffer saline containing 0.1% tween 20 and 3% bovine serum albumin (TBST-
BSA), and then detected with appropriate antibodies: NDRG2 (1:2000, Cell Signaling Technology, Danvers, MA, USA), β -actin (1:2000, Cell Signaling
Technology, USA), SIRT1 (1: 1000 Cell Signaling Technology, USA), followed by incubation with a species-matching secondary antibody. The bands
were detected using enhanced chemiluminescence (Pierce Rockford, IL, USA) or the Odyssey imaging system (LiCor Biosciences). The band
strength was quanti�ed by Kodak Digital Science 1D 3.0 (Eastman Kodak, New Haven, CT).

Measurement of glucose uptake, lactate production, LDH activity, and oxygen consumption rate

Cells were inoculated in 6-well plates at a density of 2 × 105 cells per well and incubated at 37°C for 24h. Glucose and lactic acid concentrations in
the culture medium were measured by glucose test kit (Invitrogen) and lactic acid test kit (Nanjing Jiancheng Bioengineering, China). The harvested
cells were digested with 0.25% trypsin and washed with PBS. The cell suspension was homogenized on ice. According to the manufacturer's
suggestion, LDH activity was measured by colorimetric assay using a speci�c test kit (Solarbio, Beijing, China). The absorbance of LDH was
measured at 450 nm. The LDH activity in the control group was normalized to 1.0.
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Cell activity and oxygen consumption rate (OCR) were measured by a hippocampus XFe 96 extracellular �ux analyzer (Hippocampus Bioscience
Company). Experiment according to the manufacturer's suggestion. OCR was examined by using the Mito stress test kit of hippocampus XF cells
(Hippocampus Bioscience). In short, 2×105 cells were spread on the hippocampal plate, kept overnight, and then washed with hippocampal buffer.
Next, the hippocampus buffer containing oligomycin, p- tri�uoromethoxy carbonyl cyanide phenylhydrazone (FCCP), and rotenone + antimycin A
(Rot+AA) was injected sequentially. The results were analyzed by XF-96 wave (Hippocampus Bioscience). All experiments were repeated at least 3
times.

Statistical analysis

Chi-square test or Fisher exact test and Student t-test were used to determining the signi�cance of differences between groups. Kaplan-Meier
analysis and log-rank test were used to analyze the survival rate. The T-test method was used to compare the differences between the two groups,
and the variance analysis method was used to compare the number of �brotic nodules between the two groups. SPSS software version 16.0
(Chicago, USA) was used for statistical analysis. The signi�cance was based on the value of P<0.05.

Results

NDRG2 expression is down-regulated inlivertumor
NDRG2 was reported as a tumor suppressor, its expression was reduced in many tumor cells. Here, we �rst analyzed the information on NDRG2
mRNA levels in patients using Gene Expression Omnibus (GEO), a database repository of gene expression pro�les. As shown in Fig. 1A-D, the mRNA
level of NDRG2 (P < 0.05) was signi�cantly decreased in liver tumors compared with peritumor from four sub-database (GSE14520, GSE22058,
GSE25097, GSE36376). The protein level of NDRG2 was assessed in 143 liver carcinoma tissues and corresponding non-carcinoma tissues. The
results of immunohistochemical staining showed that distinct staining can be detected in the cytoplasm of non-carcinoma tissues, but no staining
or feeble staining can be detected in the liver tumor tissues(Fig. 1E). Such we conclude NDRG2 as a tumor suppressor is down-regulated in both
mRNA and protein levels in liver tumors.

Correlation between NDRG2 expression and prognostic of liver cancer patients
We then investigated the correlation between NDRG2 expression and survival status of liver cancer patients using Kaplan-Meier curves. Figure 2
shows that patients with higher NDRG2 expression exhibited well overall survival (OS) (p < 0.001), Disease-speci�c survival (DSS) (p < 0.001), and
relapse-free survival (RFS) (p < 0.01) compared with those with lower NDRG2 expression level. In detail, the mean OS of patients with high and low
NDRG2 protein expression levels was 81.9 and 38.3 months, respectively. The mean DSS of patients with high and low NDRG2 protein expression
levels was 84.7and 56.5 months, respectively. The mean RFS of patients with high and low NDRG2 protein expression levels was 37.2 and 15.17
months, respectively.

NDRG2 inhibits glycolysis in liver cancer cells
Glycolysis is a major feature of tumor cell metastasis (8, 9). To prove whether NDRG2 can also inhibit glycolysis in liver cancer cells as in colorectal
cancer cells(10), we constructed two liver cancer cell lines with stable knockdown and overexpression of NDRG2 by using NDRG2-shRNA plasmid
and NDRG2 eukaryotic expression plasmid, respectively (Fig. 3A and 3B). According to our data, overexpression of NDRG2 in liver cancer cell lines
(SMMC-7721) inhibited glycolysis as suggested by decreased glucose uptake rate, decreased lactate production, decreased LDH activity, and
increased oxygen consumption rate (OCR) (Figs. 3C-F).

Furthermore, NDRG2 knockdown by shRNA in liver cancer cells (HepG2) promoted glycolysis as indicated by increased glucose uptake rate,
increased lactate production, increased LDH activity, and decreased oxygen consumption rate (OCR) (Fig. 3G). Taken together, these data
demonstrated that NDRG2 inhibited glycolysis in liver cancer cells.

SIRT1 was down-regulated by NDRG2
To further explore the mechanism of NDRG2’s involvement in glucose metabolism, the protein interaction network of NDRG2 was achieved using
the STRING database (https://string-db.org/) (Fig. 4A). Impressively, SIRT1, a histone deacetylase that has been shown to play an important
regulatory role in glucose metastasis (24), was found in this network despite without known or predicted interactions with NDRG2. Hence, we
conceived that there was a correlation between NDRG2 and SIRT1 that may contribute to glucose metastasis in liver cancer cells. Subsequent
western blot analysis proved that SIRT1 expression was increased in NDRG2 knockdown cells but was decreased in NDRG2 overexpressed cells
(Figs. 4B and 4C). Our experimental data suggested the expression of SIRT1 was negatively correlated with that of NDRG2.

Discussion
NDRG2 is already known as a tumor suppressor, is involved in energy metabolism, especially glycosemetabolism(25, 26). In this study, the mRNA
and protein expression levels of NDRG2 were analyzed in liver carcinoma tissues or non-carcinoma tissues, the results recon�rmed its down-
expression in liver tumors (Fig. 1).
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Recently, NDRG2 was involved in cellular glucose metabolism through insulin signal transduction based on the reports that NDRG2 is a substrate of
kinase Akt and SGK1 (serum- and glucocorticoid-induced kinase 1)(27, 28). According to the Warburg effect, cancer cells are more prone to
glycolysis than oxidative phosphorylation for glucose metabolism(29, 30). Glycolysis contributes to cancer progression(29), and glycolysis
inhibition is emerging as a promising area of cancer therapy(31). Up to now, including in our study, NDRG2 has been shown to signi�cantly inhibit
glycolysis of tumor cells in colorectal cancer(10, 11), ccRCC(12), and liver cancer (Fig. 3C-F). In the light of these reports, the suppression of
glycolysis by NDRG2 is the result of the regulation of glycolysis-related genes. Detailly, NDRG2 was �rstly identi�ed in breast cancer to decrease
glucose uptake via promoting GLUT1 protein degradation without affecting GLUT1 transcription(32). Subsequently, the expression of glycolysis-
related hexokinase 2 (HK2), pyruvate kinase M2 isoform (PKM2), and lactate dehydrogenase A (LDHA) were proved to be signi�cantly suppressed
by NDRG2 in colorectal cancer cells and ccRCC cells (10, 12). Moreover, NDRG2 could stimulate the TXINP expression to reduce glucose
uptake(11).

Interestingly, although NDRG2 is named as an N-Mycdownstream-regulated gene it is not repressed by transcription factor N-Myc but by C-Myc(10,
33). C-Myc is known as a viral oncogene in cancer energy metabolism(34, 35) and mainly promotes glycolysis of cancer cells through up-regulating
glycolysis genes expressions, such as LDH, HK2, GLUT1, and PKM2 (3). In addition, HIF-1 and P53, the two other transcription factors, also play
crucial parts in tumorigenesis, could regulate the expression of glycolytic genes(36). HIF-1 promotes but P53 hinders these genes' expression(37,
38). Moreover, HIF-1 and P53 show negative and positive regulatory effects on NDRG2, respectively(39–42). Hence, we believe that the regulation
of NDRG2 on glycolysis �ux is accomplished by cooperating with C-Myc, HIF-1, and P53 to regulate the expression of glycolytic genes.

Sirtuins(SIRT1-7) play important roles in the Warburg effect and can regulate the glycolytic genes through their various effects(21). Sirtuins could
directly regulate the expression of glycolytic enzymes, alter the enzymatic activity of glycolytic genes via multiple post-translational modi�cations
and affect the sub-location of these enzymes(19, 21, 43, 44). For example, SIRT1was shown to promote the expression of GLUT1, GAPDH, and
LDHA to bene�t glycolysis(19, 43), interact with GAPDH, and keep it in the cytosol and thus promoting glycolysis expression(22). NDRG2 and SIRT1
showed opposite regulatory effects on the glycolytic enzyme, and this result may be due to the negative regulation of SIRT1 by NDRG2 (Fig. 4B-4C).
The regulatory effects between SIRT1 and glycolytic regulators are opposite to that between NDRG2 and glycolytic regulators. The expression of
SIRT1 increases through the C-Myc binding to the SIRT1 promoter, and then deacetylate C-Myc, and then stimulate the transcriptional activity of C-
Myc(21); SIRT1-mediated deacetylation suppresses the functions of P53 (45). Overall, ndrg2 and sirt1, as a pair of negative regulatory genes, are
opposite in the regulation of tumor glycolysis.
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Figure 2
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Figure 3
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Figure 4
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