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Abstract
Reactive oxygen species (ROS) derived from aberrant tumor metabolism could con-
tribute to tumor invasion and metastasis. NAD(P)HX Epimerase (NAXE), an epime-
rase that allows the repair of damaged forms of antioxidant NADPH, is a potential 
cellular ROS scavenger and its role in tumor development is still elusive. Here, we 
found that NAXE is significantly downregulated in hepatocellular carcinoma (HCC) 
tissues and cell lines. NAXE downregulation is associated with poor clinicopatho-
logical characteristics and is an independent risk factor for overall and disease- free 
survival of HCC patients after liver resection. In addition, low NAXE expression could 
identify worse prognosis of HCC patients before vascular invasion or in early stages 
of disease. In particularly, low NAXE expression in HCC is markedly associated with 
microvascular invasion (MVI) and its combination with MVI predicts poorer prog-
nosis of HCC patients after liver resection. Furthermore, in vitro and in vivo experi-
ments both showed that knockdown of NAXE expression in HCC cells promoted 
migration, invasion, and metastasis by inducing epithelial- mesenchymal transition 
(EMT), whereas NAXE overexpression causes the opposite effects. Mechanistically, 
low NAXE expression reduced NADPH levels and further caused ROS level increase 
and hypoxia- inducible factor- 1α (HIF- 1α) activation, thereby promoting invasion and 
metastasis of HCC by facilitating EMT. What is more, the tumor- promoting effect 
of NAXE knockdown in HCC xenograft can be abolished by giving mice N- acetyl- 
l- cysteine (NAC) in drinking water. Taken together, our findings uncovered a tumor 
suppressor role for NAXE in HCC by scavenging excessive ROS and inhibiting tumor- 
promoting signaling pathways, suggesting a new strategy for HCC therapy by target-
ing redox signaling.
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1  | INTRODUC TION

Liver cancer is predicted to be the sixth most commonly diagnosed 
cancer and was the fourth leading cause of cancer death world-
wide in 2018 of which HCC accounted for 75%- 85% of total cases.1 
Particularly in China, liver cancer was the second leading cause of 
cancer- related years of life lost.2 Although various strategies have 
been explored to prolong life expectancy of HCC patients, postoper-
ative recurrence and metastasis are still major obstacles to improve 
survival of patients with HCC.3 Therefore, it is imperative to elu-
cidate new regulatory mechanisms of recurrence and metastasis in 
HCC and further provide the foundation for targeted therapies.

Reprogrammed metabolism has been deemed an emerging hall-
mark of cancer.4 Aberrant metabolism will generate excessive by-
products, for example ROS, to promote cancer progression by various 
mechanisms, including EMT.5,6 Therefore, scavenging excessive ROS 
would be an effective way to suppress tumor progression. NADPH is 
a well known antioxidant that could counteract ROS by maintaining 
the redox status of glutathione and thioredoxin.7 However, NADPH 
is often damaged by enzymatic or heat- dependent hydration during 
cellular metabolism.8 In addition, damaged NADPH could inhibit glu-
cose 6- phosphate dehydrogenase, which is a key enzyme for pro-
duction of NADPH.9

By retrieving previous publications, we found that NAD(P)HX 
Epimerase (NAXE) could act as an epimerase to allow the repair of 
damaged NADPH, thereby eliminating the toxic effect of metabolic 
intermediates.8 Some studies have shown that NAXE gene muta-
tion causes devastating infantile encephalopathy or neurometabolic 
disorder, indicating the important role of NAXE in oxidative stress 
conditions.10- 12 NAXE is localized in mitochondria and the cytosol, 13 
which is consistent with the major sources of ROS.14 These facts in-
dicate NAXE may maintain cellular redox balance by participating in 
the nicotinamide nucleotide repair system. NAXE downregulation is 
associated with a degree of malignancy in intestinal tumors and could 
promote colon cancer cell- mediated tumor growth and metastasis.15 
Normal liver has relative high expression and epimerase activity of 
NAXE,13,16 but its role in HCC has never been elucidated to date.

In this study, we found that low NAXE expression predicts poor 
prognosis of HCC and is closely associated with MVI. Functionally, 
low NAXE expression promotes HCC invasion and metastasis in vitro 
and in vivo. Mechanism exploration revealed that NAXE downregu-
lation in HCC could reduce NADPH level and further result in ROS 
elevation, thereby stabilizing HIF- 1α protein and promoting invasion 
and metastasis by inducing EMT. What is more, NAC could signifi-
cantly inhibit tumor growth and metastasis in a NAXE knockdown 
cell derived xenograft.

2  | MATERIAL AND METHODS

2.1 | HCC patients and tissue specimens

In total, 172 specimens were randomly selected from HCC patients 
who had received curative liver resection at the Department of 
Surgery, Xiangya Hospital of Central South University from January 
2008 to December 2012 and further enrolled into the training 
cohort (Figure S1A). In addition, another 30 pairs of randomly 
selected snap- frozen HCC specimens and adjacent nontumorous 
liver tissues (ANLTs) from this same HCC patient group were used 
to analysis NAXE mRNA and protein expression. Beyond that, 120 
specimens in the validation cohort collected from January 2008 
to December 2012 were randomly selected from HCC patients 
who had received liver resection at Department of Abdominal 
Surgical Oncology, Affiliated Cancer Hospital of Xiangya School of 
Medicine, Central South University (Figure S1A). None of enrolled 
patients had received any preoperative anticancer treatment. All 
research protocols followed the REporting recommendations for 
tumor MARKer prognostic studies (REMARK) guidelines for report-
ing prognostic biomarkers in cancer17 and was approved by eth-
ics committee of Xiangya Hospital and Affiliated Cancer Hospital 
of Xiangya School of Medicine at Central South University. 
Informed consent in writing was obtained from each patient and 
the study protocol conformed to the ethical guidelines of the 1975 
Declaration of Helsinki.

K E Y W O R D S

epithelial- mesenchymal transition, microvascular invasion, prognosis, redox signaling, solitary 
large hepatocellular carcinoma

F I G U R E  1   NAXE is significantly downregulated in HCC and is a promising prognostic marker for HCC. A, The mRNA and protein 
expression of NAXE in HCC tissues analyzed by qRT- PCR and western blot. N495 indicates normal liver tissue. B, NAXE mRNA expression in 
patients with or without MVI and in SHCC, SLHCC and NHCC subgroups. C, The mRNA and protein expression of NAXE in L02 and HCC cell 
lines analyzed by qRT- PCR and western blot. D, Representative immunohistochemistry images of NAXE in ANLT, HCC, and MVI. The black 
frames in the lower right corner show a higher magnification of the corresponding images. E and F, Kaplan- Meier analysis (log- rank test) for 
OS and DFS of HCC patients in training cohort (E) and validation cohort (F) according to NAXE expression level. G, Survival curves of HCC 
patients in training and validation cohort with high NAXE expression and absence of MVI or with low NAXE expression and presence of 
MVI. ANLT, adjacent nontumor liver tissue; MVI, microvascular invasion; NHCC, nodular HCC; SHCC, small HCC; SLHCC, solitary large HCC
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Clinicopathological 
variables

Training cohort Validation cohort

n

NAXE 
expression

P- 
value n

NAXE 
expression

P- 
valueLow High Low High

Gender

Female 46 25 21 28 13 15

Male 126 77 49 .424 92 58 34 .117

Age (y)

≥60 43 27 16 32 18 14

<60 129 75 54 .591 88 53 35 .695

HBsAg

Negative 23 11 12 14 5 9

Positive 149 91 58 .229 106 66 40 .057

Liver cirrhosis

Absence 52 27 25 40 21 19

Presence 120 75 45 .195 80 50 30 .293

AFP

<20 μg/L 67 36 31 44 24 20

≥20 μg/L 105 66 39 .235 76 47 29 .433

Tumor number

Solitary 97 49 48 72 34 38

Multiple 75 53 22 .008 48 37 11 .001

Tumor size

≤5 cm 79 39 40 57 28 29

>5 cm 93 63 30 .015 63 43 20 .033

Microvascular invasion

Absence 95 42 53 67 31 36

Presence 77 60 17 .000 53 40 13 .001

Macrovascular invasion

Absence 135 76 59 94 54 40

Presence 37 26 11 .125 26 17 9 .466

Capsular formation

Absence 80 57 23 58 42 16

Presence 92 45 47 .003 62 29 33 .004

Child- Pugh

A 110 68 42 79 44 35

B 62 34 28 .371 41 27 14 .283

Edmondson- Steiner grade

I- II 96 48 48 64 33 31

III- IV 76 54 22 .005 56 38 18 .070

TNM stage

I- II 104 53 51 75 38 37

III- IV 68 49 19 .006 45 33 12 .014

BCLC stage

0- A 81 40 41 53 25 28

B- C 91 62 29 .012 67 46 21 .017

Abbreviations: AFP, alpha- fetoprotein; BCLC, Barcelona Clinic Liver Cancer; HBsAg, hepatitis B 
surface antigen; TNM, tumor node metastasis.
Significant results (P < .05) are given in bold.

TA B L E  1   The association of NAXE 
expression with clinicopathological 
characteristics of HCC in training and 
validation cohort
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TA B L E  2   Univariate and multivariate analysis of risk factors associated with OS and DFS of HCC patients in training cohort

Variables

OS DFS

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

HR (95% CI) P- value HR (95% CI) P- value HR (95% CI) P- value HR (95% CI)
P- 
value

Gender

Female 1 1

Male 1.296 
(0.891- 1.884)

.175 NA 1.247 
(0.858- 1.813)

.247 NA

Age (y)

<60 1 1

≥60 1.239 
(0.849- 1.807)

.266 NA 1.277 
(0.881- 1.852)

.196 NA

HBsAg

Negative 1 1

Positive 1.325 
(0.814- 2.156)

.257 NA 1.441 
(0.865- 2.401)

.160 NA

Liver cirrhosis

Absence 1 1

Presence 1.352 
(0.936- 1.953)

.108 NA 1.296 
(0.899- 1.868)

.166 NA

AFP

<20 μg/L 1 1

≥20 μg/L 1.293 
(0.915- 1.826)

.145 NA 1.339 
(0.947- 1.893)

.099 NA

Tumor number

Solitary 1 1 1 1

Multiple 2.030 
(1.443- 2.855)

.000 1.982 
(1.388- 2.829)

.000 1.793 
(1.279- 2.514)

.001 1.710 
(1.198- 2.440)

.003

Tumor size

≤5 cm 1 1

>5 cm 1.333 
(0.955- 1.863)

.091 NA 1.283 
(0.919- 1.790)

.143 NA

Microvascular invasion

Absence 1 1 1 1

Presence 2.120 
(1.509- 2.980)

.000 1.733 
(1.131- 2.655)

.012 2.074 
(1.475- 2.915)

.000 1.730 
(1.130- 2.651)

.012

Macrovascular invasion

Absence 1 1 1 1

Presence 2.180 
(1.450- 3.276)

.000 1.651 
(0.975- 2.713)

.052 2.053 
(1.367- 3.082)

.001 1.484 
(0.901- 2.446)

.121

Capsular formation

Presence 1 1

Absence 1.282 
(0.919- 1.789)

.144 NA 1.179 
(0.845- 1.645)

.332 NA

Child- Pugh

A 1 1

B 1.286 
(0.910- 1.818)

.154 NA 1.239 
(0.875- 1.754)

.227 NA

(Continues)
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2.2 | Statistical analysis

Statistical analyses were performed using Statistical Product and 
Service Solutions (SPSS) version 20.0 (IBM) and GraphPad Prism 6 
(GraphPad Software). Data were presented as the mean ± stand-
ard deviation (SD) from at least 3 independent experiments. The 
differences of quantitative data were compared using Student t 
test for 2 groups or by one- way ANOVA for more than 2 groups. 
Categorical data were analyzed by the χ2 test or Fisher exact test. 
Correlations between different protein expression levels were an-
alyzed using Spearman's rank analysis. Survival curves were con-
structed using the Kaplan- Meier method and evaluated using the 
log- rank test. Univariate and multivariate analysis were analyzed 
by Cox proportional hazard regression model to identify independ-
ent risk factors. All tests were 2- tailed and a P- value of < .05 was 
considered as statistically significant. A complete description of 
the methods is available in Supporting Material and Methods.

3  | RESULTS

3.1 | NAXE is significantly downregulated in HCC 
tissues and cell lines

mRNA and protein expression of NAXE was frequently down-
regulated in HCC tissues compared with ANLTs (Figure 1A). HCC 
without MVI had higher NAXE expression than that with MVI 
(Figure 1B). Similarly, HCC tissues without MVI or with MVI had 
significantly low expression of NAXE than ANLTs (Figure S1B). 
Our previous researches had found and defined a specific HCC 
subtype named SLHCC with relatively favorable prognosis similar 
to small HCC (SHCC).18 Further studies showed that the gene ex-
pression profile of SLHCC was different to nodular HCC (NHCC) 
with poor prognosis.19,20 NAXE expression in SLHCC and SHCC is 
markedly higher than in NHCC, but there was no significant dif-
ference between SLHCC and SHCC (Figure 1B). Further analysis 

Variables

OS DFS

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

HR (95% CI) P- value HR (95% CI) P- value HR (95% CI) P- value HR (95% CI)
P- 
value

Edmondson- Steiner grade

I- II 1 1 1 1

III- IV 1.726 
(1.236- 2.411)

.001 1.556 (1.086- 
2.230)

.016 1.794 
(1.285- 2.503)

.001 1.639 
(1.149- 2.338)

.006

TNM stage

I- II 1 1 1 1

III- IV 1.642 
(1.170- 2.305)

.004 1.934 
(1.318- 2.837)

.001 1.664 
(1.188- 2.332)

.003 1.877 
(1.287- 2.740)

.001

BCLC stage

0- A 1 1 1 1

B- C 1.584 
(1.129- 2.222)

.008 1.509 
(1.047- 2.175)

.027 1.615 
(1.151- 2.265)

.006 1.518 
(1.054- 2.186)

.025

NAXE expression

Low 1 1 1 1

High 0.444 
(0.309- 0.637)

.000 0.605 
(0.395- 0.926)

.021 0.466 
(0.328- 0.664)

.000 0.640 
(0.421- 0.971)

.036

Abbreviations: AFP, alpha- fetoprotein; BCLC, Barcelona Clinic Liver Cancer; CI, confidence interval; HBsAg, hepatitis B surface antigen; HR, hazard 
ratio; NA, not applicable; TNM, tumor node metastasis.
Significant results (P < .05) are given in bold.

TA B L E  2   (Continued)

F I G U R E  2   Low NAXE expression promotes proliferation, migration, and invasion of HCC in vitro and in vivo. A and B, Effects of NAXE 
knockdown and overexpression on cell proliferation rate (A) and colony formation capacity (B). The data are quantified in Figure S3C. 
*P < .05; **P < .01. C, Wound healing and transwell invasion assays are performed to detect migratory and invasive ability of indicated cells. 
The data are quantified in Figure S3D,E. D and E, Subcutaneous tumors (D) and orthotopic tumors (E) from HepG2shNAXE, Huh7NAXE, and 
their control cells are shown in the upper and lower 2 panels respectively. Tumors size is measured 3 times and compared in the right bar 
graphs with mean ± SD. F, Representative images of mice intrahepatic metastatic nodules and lung tissue sections in each group. Incidence 
rate (the number of mice with intrahepatic or pulmonary metastasis/total number of mice used in each group, n = 5) of intrahepatic or lung 
metastasis in each group is shown in the right bar graphs
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showed there was no significant difference between ANLTs and 
SHCC, but NAXE was significantly lower in SLHCC and NHCC com-
pared with ANLTs (Figure S1C). NAXE expression of early HCC and 
advanced HCC was significantly lower than ANLTs (Figure S1D). 

Moreover, we could also observe that NAXE downregulation was 
more obvious in HCC with MVI, advanced HCC, and NHCC. All 
HCC cell lines had lower NAXE expression than L02, an immortal-
ized human normal liver cell line. Lowly invasive and metastatic 
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HepG2 and SMMC- 7721 cell lines had higher NAXE expression 
than highly invasive and metastatic Huh7 and HCCLM3 cell lines 
(Figure 1C).21- 24 In cancer, CpG island hypermethylation in pro-
moter regions could lead to silencing of tumor suppressor genes.25 
Therefore, we speculated that downregulation of NAXE in HCC 
may be associated with CpG island methylation. Interestingly, we 
found there was a CpG island in the promoter region of the NAXE 
gene (Figure S1E). Further results showed that the methylation 
level of HCC tumor tissues was significantly higher than that of 
the corresponding ANLTs (Figure S1F), which indicated that CpG 
island hypermethylation may be the cause for NAXE downregu-
lation in HCC. IHC staining showed that NAXE protein expres-
sion decreased progressively from ANLT, tumor tissue, to MVI 
(Figure 1D). These data proved that NAXE expression in HCC was 
frequently suppressed, suggesting that its downregulation may 
play a certain role in HCC development.

3.2 | Low NAXE expression correlates with poor 
clinicopathological characteristics and predicts poor 
prognosis of HCC patients

We then asked whether NAXE downregulation in HCC was associ-
ated with poor clinicopathological features and prognosis of HCC 
patients. There were no significant differences in baseline char-
acteristics among the 2 cohorts (Table S1). In the training cohort, 
NAXE expression was significantly lower in HCC patients with 
larger tumor size (P = .015), multiple tumor numbers (P = .008), 
MVI (P < .001), no capsular formation (P = .003), higher pathologi-
cal grade (P = .005), advanced TNM stage (P = .006), and Barcelona 
Clinic Liver Cancer Stage (BCLC) (P = .012) (Table 1). Moreover, 
patients in the low NAXE expression group had significantly 
shorter OS and DFS than those in the high NAXE expression group 
from the training cohort (Figure 1E). Univariate and multivariate 
analysis revealed that low NAXE expression was an independent 
risk factor for both OS and DFS in the training cohort (Table 2). 
Similar conclusions were further verified in the validation cohort 
(Figure 1F; Tables 1 and S2). Then, we further analyzed the prog-
nosis of specific subgroups of HCC patients stratified according 
to MVI, macrovascular invasion, and BCLC stage. The results in 
the training and overall cohorts showed that low NAXE expression 
could discriminate patients with a poor prognosis before the pres-
ence of MVI, macrovascular invasion, or in the early BCLC stage 
(Figure S2A- C). What is more, patients with low NAXE expression 
and MVI had a statistically more significant reduction in OS and 

DFS in the training and validation cohorts compared with those 
with high NAXE expression and non- MVI (Figure 1G). These data 
confirmed that low NAXE expression was a worthy prognostic bio-
marker for HCC patients after liver resection.

3.3 | Low NAXE expression promotes HCC 
proliferation, migration, and invasiveness in vitro

To further understand the biological function of NAXE in HCC, 
NAXE expression in HepG2 cells was silenced using shRNA and in 
Huh7 cells with endogenous lower NAXE expression NAXE was 
stably overexpressed. NAXE expression levels in these cell lines 
was tested using qRT- PCR and western blotting (Figure S3A,B). 
The proliferation rate for HepG2shNAXE was significantly faster 
than for HepG2control (Figure 2A) and, as expected, colonies de-
rived from HepG2shNAXE were also significantly more numerous 
than in from control cells (Figure 2B and quantified in Figure S3C). 
In contrast, proliferation rate and colony formation capacity of 
Huh7NAXE were clearly suppressed (Figure 2A,B and quantified in 
Figure S3C). In addition, NAXE downregulation in HepG2 potently 
promoted wound closure and transwell invasive capacity, whereas 
NAXE overexpression in Huh7 significantly inhibited its intrinsic 
highly migratory and invasive capacity (Figure 2C and quantified in 
Figure S3D,E). All of these results revealed that low NAXE expres-
sion could promote HCC cell proliferation, migration, and invasion 
in vitro.

3.4 | Low NAXE expression facilitates HCC 
progression in vivo

We then examined whether low NAXE expression could promote 
HCC growth and metastasis in vivo by mouse subcutaneous and or-
thotopic xenograft model. First, NAXE expression levels in xenograft 
tumors were examined by IHC (Figure S4A). The final volume of sub-
cutaneous tumors formed by HepG2shNAXE was significantly larger 
than that formed by HepG2control. In contrast, Huh7NAXE- derived 
xenografts had markedly smaller tumor sizes than the Huh7control- 
derived xenografts (Figure 2D). Consistently, the liver orthotopic 
xenograft model also revealed similar results, corresponding to 
subcutaneous tumors (Figure 2E). H&E staining of the orthotopic 
tumor boundary showed that HepG2shNAXE- derived and Huh7control- 
derived tumors had a more invasive edge than tumors derived from 
HepG2control and Huh7NAXE, respectively (Figure S4B). We further 

F I G U R E  3   Low NAXE expression promotes EMT in HCC. A, Representative cellular morphology of HepG2shNAXE, Huh7NAXE, and their 
control cells. B, Cytoskeleton of indicated cells is visualized by staining F- actin with rhodamine- phalloidin. DAPI was used to stain nuclei. 
C, Fold change of mRNA expression for epithelial and mesenchymal markers, as well as EMT- associated transcription factors is compared 
in NAXE- interfered HCC cells. **P < .01; ***P < .001; n.s., no significant difference. D, Protein expression of epithelial and mesenchymal 
markers, as well as EMT- associated transcription factors is detected by western blot. E, Representative immunofluorescence images of 
E- cadherin, vimentin, and Twist in indicated cells. The nuclei are stained by DAPI. F, Serial sections of HCC tissues with high or low NAXE 
expression are immunostained to detect E- cadherin, vimentin and Twist expression. The black frames in the lower right corner show higher 
magnification of corresponding images
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assessed the role of NAXE in HCC metastasis in vivo by serial sec-
tioning of liver and lung. Figure 2F shows representative images of 
intrahepatic metastasis nodules and pulmonary metastasis for each 

group. As was indicated, NAXE overexpression could reduce intra-
hepatic and pulmonary metastasis, whereas NAXE downregulation 
could promote HCC metastasis. Together, these results revealed 
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that NAXE could inhibit HCC growth and dampen distant metastasis 
in vivo.

3.5 | Downregulation of NAXE expression induces 
EMT in HCC

Compared with the oval shape of HepG2control cells, we found that 
HepG2shNAXE exhibited a spindle- like appearance. In contrast, the 
Huh7control with fibroblastic- like morphology transformed to a typical 
epithelial phenotype after overexpressing NAXE (Figure 3A). In ad-
dition, fluorescence of cytoskeleton revealed that HepG2shNAXE dis-
played a threadlike F- actin filament compared with the HepG2control, 
whereas Huh7NAXE presented a circular and shrinkable F- actin fiber 
compared with Huh7control (Figure 3B). To our knowledge, the mor-
phological hallmark of EMT is that the cobblestone appearance of 
epithelial cells transforms to a mesenchymal cell fusiform shape. 
EMT is an important biological process not only in critical phases 
of embryogenesis but also in tumor formation and evolution.26,27 
Knockdown of NAXE expression in HepG2 dramatically downregu-
lated mRNA and protein levels of the epithelial marker E- cadherin, 
whereas mesenchymal markers, such as vimentin and N- cadherin, 
were significantly upregulated. In addition, only Twist expression, 
but not other 2 classical EMT- associated transcription factors, Snail 
and ZEB, was increased after inhibiting NAXE expression in HepG2. 
In contrast, NAXE overexpression in Huh7 cells induced the oppo-
site results (Figure 3C- E). What is more, IHC for HCC serial sections 
showed that NAXE expression positively correlated with E- cadherin 
expression and negatively correlated with vimentin and Twist ex-
pression (Figures 3F and S5A,B). These results suggested that down-
regulation of NAXE could promote HCC progression by inducing 
EMT.

3.6 | NAXE inhibits HIF- 1α signaling by promoting 
proteasomal degradation in HCC

To gain insights into the molecular mechanisms by which NAXE 
inhibit HCC progression, we adopted a Cignal Finder Cancer 
10- Pathway Reporter Array and results indicated that NAXE could 
dramatically attenuate hypoxia signaling (Figure 4A). The core regu-
lators of the hypoxia signaling pathway were hypoxia- inducible fac-
tors, which included 2 major alpha subunits (HIF- 1α and HIF- 2α) and 
one common beta subunit (HIF- 1β). Active HIFs are heterodimeric 
transcription factors that contain one alpha subunit and one beta 
subunit.28,29 Interestingly, knockdown or overexpression of NAXE 

caused no altered in mRNA expression of 3 subunits, whereas 
HIF- 1α protein, but not HIF- 2α and HIF- 1β protein, was significantly 
altered (Figure 4B). The inhibition of HIF- 1α protein expression by 
NAXE was further confirmed by IF analysis (Figure 4C). Next, we de-
tected the HIF- 1α protein levels in either the presence or absence of 
proteasome inhibitor MG132. MG132 significantly increased HIF- 1α 
protein levels in HepG2control and Huh7NAXE and these were even 
higher in HepG2shNAXE and Huh7control (Figure 4D). What is more, 
through IF analysis, we found that undegraded cytoplasmic HIF- 1α 
protein in NAXE knocked- down cells was translocated to the nu-
cleus, this was further confirmed by western blot using cytoplasmic 
and nuclear fractions (Figure S6A). Next, we overexpressed a HIF- 1α 
mutant with constitutive activation even in aerobic atmosphere 
in HepG2 cells30 and depleted endogenous expression of HIF- 1α 
in Huh7 cells using shRNA (Figure S6B). However, manipulation 
of HIF- 1α expression in both 2 cell lines caused no altered NAXE 
expression, indicating that HIF- 1α existed downstream of NAXE 
(Figure S6C). IHC for clinical specimens of HCC also revealed a nega-
tive correlation between NAXE and HIF- 1α (Figures 4E and S6D). 
HIF- 1α is well known angiogenic transcription factor that induces 
the expression of vascular endothelial growth factor (VEGF).31 Here, 
qRT- PCR and western blot results showed that the knockdown of 
NAXE in HepG2 cells increased VEGF expression, while NAXE over-
expression in Huh7 cells decreased its expression (Figure S6E). In 
addition, the tube formation ability of HUVEC was increased after 
culture in conditioned medium obtained from HepG2shANXE cells and 
was decreased after using conditioned medium from Huh7NAXE cells 
(Figure S6F). These results strongly suggested that downregulation 
of NAXE could activate HIF- 1α signaling in HCC.

3.7 | Activated HIF- 1α signaling is associated with 
NAXE downregulation- induced HCC migration, 
invasion, and EMT

Much evidence has shown that HIF- 1α plays a critical role in me-
diating tumor progression, including the EMT process.32 We next 
questioned whether HIF- 1α signaling was instrumental in low NAXE 
induced HCC progression. We first transfected HepG2shNAXE with 
HIF- 1α shRNA lentivirus and overexpressed the above- mentioned 
HIF- 1α mutant in Huh7NAXE cells (Figure S7A). Interestingly, NAXE 
knockdown- induced cell migration and invasion in HepG2 cells could 
be re- inhibited by HIF- 1α downregulation (Figure 5A; quantified in 
Figure S7B). What is more, NAXE downregulation caused a mes-
enchymal phenotype in HepG2 cells that could also be reversed by 
depletion of HIF- 1α (Figure 5B,C). Consistently, upregulated HIF- 1α 

F I G U R E  4   NAXE inhibits HIF- 1α signaling by promoting proteasomal degradation in HCC. A, Crucial tumor- associated signaling pathways 
influenced by NAXE are analyzed by Cignal Finder Cancer 10- Pathway Reporter Array in NAXE- interfered cell lines. **P <.01. B, mRNA fold 
change and protein expression of 3 HIF subunits are analyzed by qRT- PCR and western blot respectively. n.s., no significant difference. C, 
Immunofluorescence analysis of HIF- 1α protein and its subcellular localization in HepG2shNAXE, Huh7NAXE, and their control cells. DAPI was 
used to stain nuclei. D, Western blots for HIF- 1α with the lysate of HepG2shNAXE, Huh7NAXE, and their control cells after treated with the 
presence or absence of MG- 132 (10 μmol/L) for 6 h. E, Representative immunohistochemistry images of NAXE and HIF- 1α using serial HCC 
sections
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mutant in HepG2control cells significantly promoted its migration, in-
vasion, and EMT process (Figure 5A- C; quantified in Figure S7B). In 
contrast, suppressed migration and invasion capacity and epithelial 
features induced by NAXE overexpression in Huh7 cells were re-
covered by ectopic expression of the HIF- 1α mutant (Figure 5A- C; 
quantified in Figure S7C). In addition, we also knocked down HIF- 2α 
in HepG2shNAXE cells. Wound healing assay (Figure S7D), transwell 
assay (Figure S7E) and western blot (Figure S7F) all showed that 
knockdown of HIF- 2α could not reverse the increased migratory, in-
vasive ability and EMT of HepG2shNAXE cells, indicating that HIF- 2α 
was not the downstream key effector protein of NAXE. Furthermore, 
IHC analysis for consecutive sections of mouse liver orthotopic tu-
mors showed that tumors with high NAXE expression exhibited high 
expression of E- cadherin and low expression of HIF- 1α, vimentin, and 
Twist, whereas reverse relationships were observed in low NAXE ex-
pression xenografts (Figure 5D). What is more, IHC for intrahepatic 
metastatic nodules derived from low NAXE expression tumors also 
showed these relationships (Figure 5E). These results proved that 
HIF- 1α plays an important role in mediating NAXE downregulation- 
induced HCC migration, invasion, and EMT.

3.8 | NAXE inhibits HIF- 1α signaling by eliminating 
ROS in HCC

The fact that hypoxia environment could stabilize HIF- 1α protein had 
been widely accepted.33 However, in this study, we found that NAXE 
downregulation could stabilize HIF- 1α in a normoxic environment. 
Previous studies have reported that ROS could stabilize HIF- 1α in 
normoxia34,35 and we had inferred that low NAXE expression may 
cause cellular oxidative stress, leading us to ask whether ROS was 
critical for NAXE downregulation- mediated HIF- 1α stabilization. 
Therefore, we first tested ROS levels in HepG2shNAXE, Huh7NAXE, 
and their control cells by using 2,7- dichlorofluorescin diacetate 
(DCFH- DA). Indeed, downregulation of NAXE in HepG2 cells in-
creased ROS levels, whereas overexpression of NAXE in Huh7 cells 
significantly reduced ROS levels (Figure 6A). Contrary to the changes 
in ROS levels, NADPH levels decreased after downregulating NAXE 
expression in HepG2 and increased after upregulating NAXE expres-
sion in Huh7 (Figure S8A, left panel). Moreover, the ratio of damaged 
NADPH/total NADPH was increased in HepG2shNAXE cells com-
pared with control cells, while this ratio was decreased after overex-
pressing NAXE in Huh7 cells (Figure S8B, right panel). Interestingly, 
HIF- 1α protein levels in HepG2shNAXE returned to the levels of the 
control cells after treatment with NAC, a well known antioxidant 
used to scavenge ROS36 (Figure 6B). Additionally, treating Huh7NAXE 

with H2O2 restored HIF- 1α protein expression dramatically. As ex-
pected, increasing ROS levels in HepG2 control cells or decreasing 
ROS levels in Huh7 cells also increased or decreased HIF- 1α protein 
levels. However, mRNA expression of HIF- 1α was not altered after 
treatment with NAC or H2O2 (Figure 6B). Eliminating ROS by NAC 
in HepG2shNAXE promoted epithelial transformation and reversed its 
increased wound healing and transwell capacity. Furthermore, treat-
ment of HepG2control with H2O2 alone induced EMT and increased 
its migration and invasion ability. (Figures 6B- D and S8B, and quanti-
fied in Figure S8C) In contrast, adding H2O2 into Huh7NAXE or NAC 
into Huh7control caused the opposite effects (Figures 6B- D and S8B, 
and quantified in Figure S8D). Finally, to explore potential interven-
tion measures for NAXE downregulation, we used NAC treatment by 
adding NAC into the mouse drinking water. The results showed that 
NAC could significantly inhibit tumor growth (Figure 6E) and me-
tastasis (Figure 6F) of orthotopic tumors derived from HepG2shNAXE 
and Huh7control cells with low NAXE expression, indicating that NAC 
may be a potential therapy to reverse poor outcomes of NAXE 
downregulation in HCC. Taken together, these data supported the 
idea that low NAXE expression decreased NADPH levels and further 
contributed to ROS increase, thereby allowing HIF- 1α stabilization 
and activating its transcriptional activity to promote HCC invasion 
and metastasis (Figure 7).

4  | DISCUSSION

Apolipoprotein A- I- Binding Protein (AIBP) was first identified in 
screening proteins that interacted with apolipoprotein A- I (apoA- I).16 
Further research revealed that AIBP could accelerate cholesterol ef-
flux from endothelial cells or macrophages to inhibit angiogenesis, 
instruct hematopoietic stem cells, or reduce atherosclerosis.37- 39 
However, Marbaix et al demonstrated that AIBP, which distributes in 
mitochondria and cytosol but is not secreted to extracellular space, 
could catalyze epimerization of R to S forms of NADPHX to repair 
damaged nicotinamide nucleotides.8,13 The AIBP gene was now re-
named NAXE by the Human Genome Organisation (HUGO) Gene 
Nomenclature Committee, which has caused controversy about its 
function.40 NAXE expression is relatively high in normal liver and 
the HCC cell line HepG2 and liver possesses high activity for both 
cholesterol metabolism and NADPHX epimerase.16 Previous study 
have revealed that, in HepG2, NAXE is mainly localized intracellu-
larly with low levels secreted from cells and that its secretion fol-
lows a constitutive pattern unaffected by incubation with apoA- I or 
high- density lipoprotein (HDL).16 Indeed, our results also showed 
high NAXE expression in normal liver, ANLT, and L02 cells, and its 

F I G U R E  5   Low NAXE expression promotes HCC migration, invasion, and EMT by activating HIF- 1α signaling. A, Representative images 
of cytomorphology, migration and invasion assay for NAXE- interfered cells and control cells with HIF- 1α expression inhibited or restored. 
The data are quantified in Figure S7B,C. B, Fluorescence images of cytoskeleton, E- cadherin, vimentin, and Twist for indicated cells with 
either HIF- 1α re- inhibited or re- introduced. Nuclei are identified by DAPI. C, The protein expression of EMT markers and Twist in indicated 
cells with either HIF- 1α re- inhibited or re- introduced. D and E, Representative immunohistochemistry images of indicated molecules using 
consecutive sections of liver orthotopic tumors (D) and intrahepatic metastatic nodule (E). The black frames in the lower right corner show 
higher magnification of corresponding images
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subcellular distribution revealed by IHC was mainly localized in the 
cytoplasm. These facts indicated that the function of NAXE in liver 
was mainly localized in the cytoplasm. The discrepancy of this pre-
sent study with previous findings could be explained reasonably by 
the fact that, contrary to endothelial cells or macrophages using 
HDL to promote cholesterol efflux, liver is an organ mainly involved 
in HDL cholesterol intake and biliary secretion.41 Conversely, these 
results may also suggest that there is distinct role for NAXE in dif-
ferent tissues or organs.

NAXE expression was downregulated in HCC and low NAXE 
expression was associated with poor clinicopathological character-
istics and was also an independent risk factor for both OS and DFS. 
In the early stages of disease, patients with HCC with a relatively 
favorable prognosis could be further stratified into 2 groups with 
significantly different prognoses, which would be useful for clini-
cal decision making. The analysis between subgroups revealed that 
NAXE downregulation occurred in the early stages of HCC, and was 
further decreased with development of HCC. This information indi-
cated that early events leading to tumorigenesis may also contrib-
uted to NAXE downregulation and that its downregulation played 
an important role in promoting the progression of HCC, suggesting 

that NAXE could be an ideal target for intervention for HCC treat-
ment. Some other interesting phenomena attracted our attention 
too. First, NAXE expression in NHCC was significantly lower than 
in SLHCC and SHCC and our previous study had demonstrated that 
NHCC had the greatest metastatic potential among the 3 HCC sub-
types.18 Second, HCC cell lines with higher metastatic capacity had 
relative lower NAXE expression. Third, NAXE protein expression 
decreased progressively from ANLT, HCC tissue, to MVI, which is 
a well known predictor for HCC metastasis.42 Fourth, low NAXE 
expression was associated with MVI and its combination with MVI 
predicted poorer prognosis of HCC patients. These results indicated 
that low NAXE expression may promote HCC invasive and metasta-
sis. Indeed, our functional experiments confirmed that NAXE down-
regulation clearly promoted HCC migration and invasion in vitro, as 
well as progression in vivo. These results compelled us to explore 
the mechanisms by which NAXE downregulation promoted HCC 
progression.

Recently, accumulating evidence has indicated that EMT is asso-
ciated with a cancer metastatic cascade.26,43 Moreover, EMT could 
potentiate tumor angiogenesis and intravasation, thereby allowing 
the formation of MVI.44,45 Intriguingly, we found that NAXE could 

F I G U R E  6   NAXE inhibits HIF- 1α signaling by eliminating ROS in HCC. A, Representative images show ROS level in indicated cells. 
DCFH- DA is used as a probe to detect ROS level. The nuclei are stained by DAPI. B, mRNA and protein expression of indicated molecules 
in HepG2shNAXE, Huh7NAXE, and their control cells with either presence or absence of NAC (10 mmol/L) or H2O2 (5 μmol/L) treatment. 
**P < .01. C, IF analysis shows expression of E- cadherin and vimentin in NAXE- interfered cells and their control cells after treated with 
H2O2 (5 μmol/L) or NAC (10 mmol/L) or mock treatment. D, Wound- heal and transwell assays respectively show the influence of H2O2 
(5 μmol/L) or NAC (10 mmol/L) on migration and invasion capacity of HepG2shNAXE, Huh7NAXE, and their control cells. The data are quantified 
in Figure S8C,D. E, Mice bearing orthotopic tumors derived from HepG2shNAXE and Huh7control cells are treated with NAC by adding into 
drinking water (supplement with 40 mmol/L NAC for the entire duration of experiment), which could reverse HCC growth and metastasis 
caused by NAXE downregulation. F, Representative mice lung tissue sections from HepG2shNAXE and Huh7control cells treated with or without 
NAC. The incidence rate of lung metastasis is shown in right bar graphs

F I G U R E  7   Graphical table of contents. The schematic diagram indicates NAXE downregulation in HCC stabilizes HIF- 1α and facilitates it 
nuclear translocation by elevating ROS level. The consequent activation of EMT process further promotes invasion and metastasis of HCC
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maintain the epithelial phenotype of HCC cells. We also revealed 
that low NAXE expression activated HIF- 1α signaling even in aer-
obic environments and further facilitated HCC invasion, metasta-
sis, and EMT. HIF- 1α plays a critical role in tumor angiogenesis and 
metastasis by regulating multiple critical steps within angiogenesis 
and the metastatic cascade, including EMT processes.32 Therefore, 
HIF- 1α signaling activation resulting from NAXE downregulation in 
HCC could activate the EMT process and also stimulate angiogene-
sis, thereby combining to promote vascular invasion, which may be 
the molecular foundation of NAXE’s discrimination ability for poor 
prognosis before the presence of vascular invasion. That is to say, 
early downregulation of NAXE may be a “marker” of MVI formation 
in the future.

Prolyl- hydroxylase- domain proteins (PHDs) could hydroxylate 
HIF- 1a for degradation by the proteasome and require O2, ferrous 
iron [Fe(II)] for full function. The downregulation of NAXE in HCC 
could lead to ROS accumulation, which could directly oxidate fer-
rous iron in PHDs. Oxidative PHDs cannot hydroxylate HIF- 1a for 
degradation by the proteasome even in aerobic conditions.46 Some 
studies have shown that loss- of- function of some genes could result 
in ROS elevation and further stabilize HIF- 1α in normoxic condi-
tions.47,48 Therefore, NAXE downregulation in HCC could contrib-
ute to ROS accumulation and further PHD inactivation, which 
would finally lead to HIF- 1a stabilization. In addition to HIF- 1α, ex-
cess ROS could activate many signaling pathways associated with 
EMT of tumor cells, such as TP53, AP- 1, NF- κB, HSF1, and so on. It 
is improbable that all these signaling are activated simultaneously 
and to what extent these signals is differentially activated by oxida-
tive stress is uncertain.49 Here, we found that just hypoxic signaling 
was altered by NAXE in HCC. Different signaling is likely to respond 
to distinct threshold levels of ROS concentration. In addition, sub-
cellular compartmentation of oxidative stress could also affect the 
activation of redox signaling.50 Mitochondria is a major source of 
ROS and there is crosstalk between HIF- 1α and mitochondria.51 
Although more research is needed, we speculated that an appropri-
ate ROS level caused by NAXE downregulation and its subcellular 
localization may jointly lead to the activation of hypoxic signaling. 
Previous studies have reported that NAC administration could in-
hibit tumor formation in a xenograft model.52,53 In this study, we 
found that NAC administration in mouse drinking water signifi-
cantly inhibited tumor growth and metastasis caused by NAXE 
downregulation. It means that, for HCC patients with low NAXE 
expression, NAC treatment would provide a promising avenue to 
inhibit HCC progression. Taken together, our study uncovered the 
suppressive role of NAXE in HCC and the clinical significance of 
NAXE may lie not only in its role for prediction of prognosis but also 
in its role for targeted therapy.
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