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Abstract

BACKGROUND

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors
with high mortality-to-incidence ratios. Nuclear factor erythroid 2-like 3
(NFE2L3), also known as NRF3, is a member of the cap ‘n’ collar basic-region
leucine zipper family of transcription factors. NFE2L3 is involved in the
regulation of various biological processes, whereas its role in HCC has not been
elucidated.

AIM
To explore the expression and biological function of NFE2L3 in HCC.

METHODS

We analyzed the expression of NFE2L3 in HCC tissues and its correlation with
clinicopathological parameters based on The Cancer Genome Atlas (TCGA) data
portal. Short hairpin RNA (shRNA) interference technology was utilized to knock
down NFE2L3 in vitro. Cell apoptosis, clone formation, proliferation, migration,
and invasion assays were used to identify the biological effects of NFE2L3 in
BEL-7404 and SMMC-7721 cells. The expression of epithelial-mesenchymal
transition (EMT) markers was examined by Western blot analysis.

RESULTS

TCGA analysis showed that NFE2L3 expression was significantly positively
correlated with tumor grade, T stage, and pathologic stage. The gPCR and
Western blot results showed that both the mRNA and protein levels of NFE2L3
were significantly decreased after sIRNA-mediated knockdown in BEL-7404 and
SMMC-7721 cells. The shRNA-mediated knockdown of NFE2L3 could induce
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apoptosis and inhibit the clone formation and cell proliferation of SMMC-7721
and BEL-7404 cells. NFE2L3 knockdown also significantly suppressed the
migration, invasion, and EMT of the two cell lines.

CONCLUSION
Our study showed that shRNA-mediated knockdown of NFE2L3 exhibited
tumor-suppressing effects in HCC cells.

Key words: Nuclear factor erythroid 2-like 3; Hepatocellular carcinoma; The Cancer
Genome Atlas; Short hairpin RNA; Epithelial-mesenchymal transition
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Core tip: Nuclear factor erythroid 2-like 3 (NFE2L3), as a key regulator of the cellular
stress response, is involved in the regulation of various tumors, whereas its role in
hepatocellular carcinoma (HCC) has not been elucidated. Our present study identified
that NFE2L3 was closely associated with the grade and stage of HCC patients based on
The Cancer Genome Atlas database. Furthermore, our study showed that short hairpin
RNA-mediated knockdown of NFE2L3 exhibited tumor-suppressing effects in HCC
cells.
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INTRODUCTION

Hepatocellular carcinoma (HCC), one of the most common malignant tumors, ranks
as the third leading cause of cancer-related death worldwide, resulting in at least
700000 deaths each year!”. Microvascular invasion, occult metastasis, recurrence, and
resistance to chemotherapy contribute to the poor prognosis and low survival rate of
HCC patients. Hepatitis B virus (HBV) and hepatitis C virus (HCV) infection,
alcoholic cirrhosis, non-alcoholic steatohepatitis, and the ingestion of aflatoxin Bl are
the main risk factors for HCC development!.. Current therapeutic strategies for HCC
include chemotherapy, surgical resection, liver transplantation, radiofrequency
ablation, and drug therapy!l. The mechanism of HCC is very complex, and more
research is needed to provide more detailed clues.

Nuclear factor erythroid 2-like 3 (NFE2L3), also known as NRF3, was first
identified and reported in 1999 and is a member of the cap ‘n” collar basic-region
leucine zipper family of transcription factors!’. The human NFE2L3 transcript encodes
a 694-amino acid protein that can bind to antioxidant response elements by
heterodimerizing with small musculoaponeurotic fibrosarcoma factors!®’l. NFE2L3, as
a key regulator of the cellular stress response, is expressed in a wide variety of tissues
such as the heart, brain, lung, liver, kidney, and pancreas, particularly abundant in the
placental®’l. Accumulating evidence suggests that NFE2L3 is involved in the
regulation of various biological processes, such as transcription, signal transduction,
cell cycle, growth, development, differentiation, and inflammation. In addition to
these functions, Chevillard et all'""! showed that the absence of NFE2L3 predisposes
mice to lymphoma development, suggesting a protective role for this transcription
factor in hematopoietic malignancies. Wang et all"! reported that NFE2L3 is necessary
for RCAN1-4-mediated enhanced growth and invasion, and its overexpression
independently enhances these effects in thyroid cancer cells. Chowdhury et al"”!
demonstrated that NFE2L3 promotes colon cancer cell proliferation by activating
UHMKTI1 gene expression. These findings suggest that NFE2L3 may be a crucial
regulator of cancer progression. However, the roles of NFE2L3 in HCC and their
underlying molecular mechanisms have yet to be elucidated.

In the present study, we analyzed the expression of NFE2L3 in HCC and its
correlation with clinicopathological parameters based on the Cancer Genome Atlas
(TCGA) data portal. In addition, we utilized short hairpin RNA (shRNA) interference
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technology to knock down NFE2L3 in vitro and systematically evaluated the
biological function of NFE2L3 in HCC cells.

MATERIALS AND METHODS

HCC patient data in the Cancer Genome Atlas

A total of 344 HCC patients with clinicopathological information and RNA-Seq
expression data were obtained from TCGA database (https://cancer-
genome.nih.gov/). The gene expression data were normalized using the RNA
normalization method described in TCGA National Cancer Institute (NCI) Wiki.

Cell lines and cell culture

Human HCC cell lines (SMMC-7721 and BEL-7404) were purchased from the Type
Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and
identified by short tandem repeat analysis. SMMC-7721 and BEL-7404 cells were
cultured in RPMI 1640 medium (Gibco, NY, United States) supplemented with 10%
fetal bovine serum (FBS) (Gibco, Sydney, Australia), 100 U/mL penicillin, and 100
pg/mL streptomycin (Gibco, NY, United States) and incubated at 37 °C in a
humidified atmosphere with 5% CO,.

Short hairpin RNA lentivirus infection

An NFE2L3 shRNA interference lentiviral vector was constructed and synthesized by
GeneChem Co., Ltd (Shanghai, China). The NFE2L3 shRNA interference target
sequence was 5'-AGTCAATCCCAACCACTAT-3" (shNFE2L3), and a scramble
sequence 5'-TTCTCCGAACGTGTCACGT-3" was used as a negative control (shCtrl).
The lentiviral vectors were transfected into SMMC-7721 and BEL-7404 cells according
to the manufacturer’s instructions. The cells were seeded (2 x 10° cells/mL) onto 6-
well plates and incubated for 24 h to reach 50% confluence, and then replaced with
infection medium containing lentiviral vectors at a multiplicity of infection of 10
plaque-forming units/cell. Successfully infected cells were green fluorescent protein
positive and observed under a fluorescence microscope after 72 h, and the
interference efficiency of NFE2L3 shRNA was determined using quantitative real-
time PCR (qPCR) and Western blot.

RNA extraction and real-time PCR

Total RNA was extracted with TRIzol reagent (Pufei Biotechnology, Shanghai, China).
The RNA concentration and purity were assessed using the OD260 and
0OD260/0D280 ratio, respectively, and cDNA was synthesized with M-MLV RT
(Promega, United States) according to the manufacturers’ instructions. qPCR was
performed using a SYBR Green master mix (Takara Biotechnology, Dalian, China) on
the Stratagene Mx3000P (Agilent Technologies, United States). The sequences of the
primers are as follows: NFE2L3, forward: 5'-ACACTTACCACTTACAGCCAACT-3,
reverse: 5'-CTTCGTCTGATGTCACGGAT-3’; GAPDH, forward: 5'-
TGACTTCAACAGCGACACCCA-3, reverse: 5'-CACCCTGTTGCTGTAGCCAAA-3'.
Relative mRNA levels were calculated by the comparative threshold cycle method
(225 using GAPDH as the internal control.

Flow cytometry assay

The cells were seeded (2 x 10° cells/mL) onto 6-well plates at 72 h posttransfection
and incubated to reach approximately 85% confluence. Both supernatant and
adherent cells were harvested, centrifuged, washed with D-Hanks solution, and re-
suspended at a density of 1 x 10° cells/mL in 1 x binding buffer solution. The cells
were stained with Annexin V-APC for 15 min at room temperature using the Annexin
V Apoptosis Detection Kit APC (eBioscience, San Diego, CA, United States) following
the manufacturer’s instructions. Flow cytometry was performed on a Guava easyCyte
HT system (Millipore, Billerica, MA, United States) and analyzed using Guava InCyte
software (Millipore).

Clone-forming assay

The cells were seeded (8 x 102 cells/well) onto 6-well plates at 72 h posttransfection
and cultured for 9 d with a medium change every 3 d. The cell clones were
photographed using a fluorescence microscope (Olympus, Tokyo, Japan) before the
termination of the culture. The cells were fixed with 4% paraformaldehyde for 30 min
and washed once with phosphate-buffered saline (PBS), followed by staining with
Giemsa (Sigma-Aldrich, United States). After washing with distilled deionized water
and drying completely, the cell clones were photographed with a digital camera and
then counted. Each experimental group was performed in triplicate.
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Cell proliferation assay

The cells were seeded onto 96-well plates at a density of 2 x 10° cells/well and
cultured at 37 °C in 5% CO, for 24 h. Direct counting of cells in the 96-well plates was
scanned and analyzed using a Celigo cytometer (Nexcelom, Manchester, United
Kingdom) from the next day of plating for a continuous 5 d. By adjusting the input
parameters of the analysis settings, the number of cells with green fluorescence was
accurately calculated and statistically analyzed. Cell count-fold represents the cell
count at each time point relative to the average on day 1, indicating changes in cell
proliferation. Cell growth curves were plotted based on the cell count-fold value at
different time points.

The cells were seeded onto a 96-well plate at a density of 5 x 10° cells/well and
incubated for 24 h. Then, 20 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT; Genview, Houston, TX, United States; 5 mg/mL) in PBS
was added to each well, and the cells were incubated for an additional 4 h. After
termination of incubation, the supernatants were discarded and replaced with 100 pL
dimethyl sulfoxide to dissolve the formazan crystals. The optical density values were
measured at 490 nm to estimate viable cells. OD490-fold represents the OD values at
each time point relative to the average of day 1, indicating changes in cell
proliferation.

Cell migration assay

The cell density was adjusted to 9 x 10* cells/well with basic medium. The apical
chamber was loaded with 100 pL of cell suspension, and the basolateral chamber was
supplied with 600 pL of the culture medium containing 30% FBS. After incubation for
48 h, the medium was removed from the upper chamber, and the cells were scraped
off with a cotton swab. The cells that invaded to the other side of the membrane were
fixed with 4% paraformaldehyde for 30 min, followed by staining with Giemsa
(Sigma-Aldrich, United States). Migratory cells were counted under an inverted
microscope (200 %) in at least three randomly selected fields.

Cell invasion assay

The cell density was adjusted to 5 x 10* cells/well with basic medium. Before seeding,
24-well transwell chambers with 8 um pores (Corning, United States) were coated
with Matrigel (BD Biosciences, San Jose, CA, United States), followed by the
hydration of the Matrigel matrix layer. The apical chamber was loaded with 500 pL of
cell suspension, and the basolateral chamber was supplied with 750 pL of the culture
medium containing 30% FBS. After incubation for 60 h, the medium was removed
from the upper chamber, and the cells were scraped off with a cotton swab. The cells
that invaded to the other side of the membrane were stained with Giemsa. The
invaded cells were counted under an inverted microscope in at least three randomly
selected fields.

Western blot analysis

The cells were harvested and washed twice with ice-cold PBS and then lysed using
protein RIPA lysis buffer (Beyotime, Shanghai, China). The protein concentration was
determined using a BCA protein assay kit (Beyotime, Shanghai, China). The protein
samples were mixed with 5x SDS-PAGE loading buffer (Beyotime, Shanghai, China)
and boiled for 5 min. A total of 30 pg of protein was separated using 10% SDS-PAGE
and then transferred onto polyvinylidene fluoride membranes (Merck Millipore,
Billerica, MA, United States). Subsequently, the membranes were blocked in Tris-
buffered saline/Tween 20 (TBST) solution containing 5% skim milk at room
temperature for 1 h and then incubated separately overnight at 4 °C with the
following primary antibodies: Anti-NFE2L3 (NBP2-30870, 1:200, Novus), anti-N-
Cadherin (13116, 1:1000, Cell Signaling Technology), anti-Vimentin (ab92547, 1:2500,
Abcam), anti-Snaill (3879, 1:1000, Cell Signaling Technology), anti-Snail2 (9585,
1:1000, Cell Signaling Technology), and anti-GAPDH (sc-32233, 1:2000, Santa Cruz).
GAPDH was used as the internal control to normalize protein loading. After washing
four times with TBST, the membranes were incubated for 1.5 h at room temperature
with horseradish peroxidase-conjugated AffiniPure goat anti-mouse IgG (sc-2005,
Santa Cruz) or anti-rabbit IgG (sc-2004, Santa Cruz). The protein bands were
visualized with the Pierce ECL Western Blotting Substrate kit (Thermo Scientific,
Rockford, IL, United States) after washing with TBST.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0 software (GraphPad
Prism 6.0 Software Inc., San Diego, CA, United States). We used a chi-square test to
analyze the differences between groups and the Spearman rank correlation test to
examine the correlations. Student’s t test (two-tailed) was used to determine
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significant differences between two groups. One-way analysis of variance (ANOVA),
followed by Dunn’s multiple comparison test, was used for multiple comparisons.
The data are presented as the mean + SD. Differences with P-values < 0.05 were
considered statistically significant.

RESULTS

Correlation between NFE2L3 expression and clinicopathological features

To evaluate NFE2L3 expression in HCC, we analyzed 344 HCC patients with detailed
clinicopathological information, and RNA-Seq expression data were obtained from
the TCGA database. For the statistical analysis, the patients were divided into two
groups based on the median expression level of NFE2L3: A low expression group (n =
172) and a high expression group (n = 172). The association between NFE2L3
expression and clinicopathological features are listed in Table 1, which revealed that
NFE2L3 expression was related to tumor grade (P = 0.0006), T stage (P = 0.007), and
pathologic stage (P = 0.0138). As shown in Figure 1A, the expression level of NFE2L3
in G3/4 HCC patients was significantly higher than that in G1/2 grade patients.
Figure 1B and C shows that NFE2L3 expression gradually increased with the
advancement of T stage and pathologic stage, and the difference was significant in
T3/4 patients compared to T1 patients (P < 0.01) and was also significant in stage
II/IV patients compared to stage I patients (P < 0.01). In addition, the Spearman rank
correlation analysis demonstrated that there was a significant correlation between
NFE2L3 expression and tumor grade (P < 0.0001), T stage (P = 0.0004), and pathologic
stage (P = 0.0007), but there was no significant correlation between different
clinicopathological features (Table 2).

Expression of NFE2L3 mRNA and protein in HCC cell lines

To investigate the potential role of NFE2L3, we performed shRNA interference to
knock down NFE2L3 in BEL-7404 and SMMC-7721 cells. The interference efficiency of
NFE2L3 shRNA was measured by qPCR and Western blot. As shown in Figure 2A
and B, NFE2L3 mRNA levels were significantly reduced by more than 50% (P < 0.05)
in the two cell lines infected with NFE2L3 shRNA (shNFE2L3) compared with the
negative control cells (shCtrl). Additionally, the Western blot results indicated that the
protein level of NFE2L3 was markedly decreased after saIRNA-mediated knockdown
in BEL-7404 and SMMC-7721 cells.

Role of NFE2L3 in the apoptosis, clone formation, and proliferation of HCC cells
Flow cytometry results demonstrated that the apoptosis rate of the shNFE2L3 group
was significantly higher than that of the shCtrl group in BEL-7404 and SMMC-7721
cells (P < 0.05, Figure 3A and B). The clone formation assay of BEL-7404 and SMMC-
7721 cells showed that NFE2L3 shRNA reduced the number of clones by
approximately 50% compared with those in the shCtrl group (Figure 3C and D). After
5 d of continuous detection by Celigo cytometry, the number of cells with green
fluorescence was accurately calculated and statistically analyzed. The cell count-fold
values of the shNFE2L3 group were significantly lower than those of the shCtrl group
in BEL-7404 and SMMC-7721 cells, especially on day 4 and day 5 (Figure 3E and F).
Subsequently, the MTT results revealed that the OD 490-fold values of the shNFE2L3
group in BEL-7404 and SMMC-7721 cells were significantly lower than those of the
shCtrl group on days 4 and 5 (Figure 3G and H), which are consistent with the results
detected by the Celigo cytometer.

ShRNA-mediated knockdown of NFE2L3 suppresses the migration, invasion, and
epithelial-mesenchymal transition (EMT) of HCC cells

We further explored the effect of NFE2L3 knockdown on the migration, invasion, and
EMT of HCC cells. The cell migration assay showed that compared with the shCtrl
group, shRNA-mediated knockdown of NFE2L3 in BEL-7404 and SMMC-7721 cells
resulted in markedly decreased migration ability, as indicated by a significant
reduction in the average number of migrated cells (Figure 4A and B). Furthermore,
the transwell invasion assay showed that NFE2L3 knockdown significantly weakened
the invasion capacity of BEL-7404 and SMMC-7721 cells in vitro, as evidenced by a
significant decrease in the mean number of cells that invaded through the Matrigel-
coated membrane (Figure 4C and D). As shown in Figure 4E and F, shRNA-mediated
knockdown of NFE2L3 dramatically decreased the levels of mesenchymal markers
(N-cadherin and Vimentin) and EMT transcription regulators (Snaill and Snail2) in
BEL-7404 and SMMC-7721 cells.
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Table 1 Association of nuclear factor erythroid 2-like 3 expression with clinicopathological

features of hepatocellular carcinoma patients in The Cancer Genome Atlas dataset n (%)

NFE2L3 expression
Variable Total cases P-value
Low (n=172) High (n=172)

Tumor grade 0.0006
G1/2 122 (70.9) 91 (52.9) 213
G3/4 50 (29.1) 81 (47.1) 131
T stage 0.0070
T1 100 (58.1) 71 (41.2) 171
T2 35 (20.3) 52(30.2) 87
T3/4 37 (21.5) 49 (28.5) 86
Pathologic stage 0.0138
I 98 (57.0) 71 (41.2) 169
I 35 (20.3) 50 (29.1) 85
11/1v 39 (22.7) 51(29.7) 90

NFE2L3: Nuclear factor erythroid 2-like 3.

DISCUSSION

HCC is the result of many variable etiological factors, such as HBV, HCV, alcohol,
aflatoxin, congenital and acquired metabolic diseases!"***l. Thus, HCC caused by
different risk factors may have a different molecular basis involving the loss of cell
cycle control and senescence control, the dysregulation of apoptosis, liver
inflammation, and hepatocarcinogenesis!'l. As a potent transcriptional regulator,
NFE2L3 can regulate carcinogenesis, inflammation, and stem cell differentiation by
activating or inhibiting the transcription of its target genes depending on the cellular
context!'>""]. Additionally, DNA methylation is associated with metabolic diseases!",
which are the main risk factors of HCC. Thus, the methylation level of NFE2L3 gene
may be involved in hepatocarcinogenesis. However, the role of NFE2L3 in HCC and
its underlying molecular mechanisms have not been investigated.

In the present study, we first reported the expression and biological function of
NFE2L3 in HCC. TCGA analysis showed that NFE2L3 expression was significantly
positively correlated with tumor grade, T stage, and pathologic stage. Subsequently,
we selected SMMC-7721 and BEL-7404 for shRNA interference and functional studies.
Knockdown of NFE2L3 could induce apoptosis and inhibit the clone formation and
cell proliferation of HCC cells. NFE2L3 knockdown also significantly suppressed the
migration and invasion of HCC cells. Additionally, our results showed that shRNA-
mediated knockdown of NFE2L3 dramatically decreased the levels of mesenchymal
markers (N-cadherin and Vimentin) and EMT transcription regulators (Snaill and
Snail2) in BEL-7404 and SMMC-7721 cells. EMT is essential for tumor metastasis and
involves a cellular reprogramming process in which polarized, immotile epithelial
cells lose adherent and tight junctions, exhibit increased motility, and acquire a
mesenchymal phenotype!”*’l. N-cadherin, a mesenchymal cadherin associated with
EMT, has been widely studied in various tumor types. Vimentin, as a type 3
intermediate filament protein, is also a critical EMT mesenchymal cell marker. Several
transcription factors, including the Snail/Slug family, Twist, and ZEB1, function as
molecular switches of the EMT program!*l. As a critical regulator of multiple
signaling pathways leading to EMT, the expression of Snail is closely associated with
cancer metastasis. Slug, another member of the Snail family of transcription factors,
has been characterized as a strong E-cadherin repressor and a major EMT inducer and
is correlated with distant metastasis”’. Thus, the decrease in the levels of N-cadherin,
Vimentin, Snaill, and Snail2 represents a block in the EMT process. These
observations will help us to further investigate the molecular mechanisms of NFE2L3
in HCC, which will be reported in the near future.

Based on the published literature, we speculated on the possible mechanism
underlying the role of NFE2L3 in HCC. Chenais et al”! found that NRF3 (NFE2L3)
mRNA and protein expression is upregulated by the proinflammatory cytokine tumor
necrosis factor-a (TNF-a). Huang et al™! reported that TNF-a could enhance migration
and inhibit the apoptosis of the HCC cell line HepG2 by upregulating heat shock
protein 70 (HSP70). Jing et al* indicated that TNF-a promoted HCC carcinogenesis
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Figure 1 Association of nuclear factor erythroid 2-like 3 expression with clinicopathological features of hepatocellular carcinoma patients in The Cancer
Genome Atlas dataset. A: Nuclear factor erythroid 2-like 3 (NFE2L3) expression in G1/2 (n = 213) and G3/4 (n = 131) hepatocellular carcinoma (HCC) patients; B:
NFE2L3 expression in T1 (n =171), T2 (n = 87) and T3/4 (n = 86) HCC patients; C: NFE2L3 expression in stage | (n = 169), stage Il (n = 85), and stage IlI/IV (n = 90)
HCC patients. P < 0.01, °P < 0.001. NFE2L3: Nuclear factor erythroid 2-like 3; HCC: Hepatocellular carcinoma.

through the activation of hepatic progenitor cells. Therefore, we hypothesized that the
cancer-promoting role of NFE2L3 in HCC might be regulated by TNF-a. Moreover,
Xiao et al™ indicated that NFE2L3 could directly activate the phospholipase A2,
group 7 (Pla2g7) gene at the transcriptional level. Pla2g7 was upregulated in more
than half of the tumors in hepatitis C virus-associated HCC. Pla2g7, associated with
aggressive prostate cancer, promoted prostate cancer cell migration and invasion and
was inhibited by statins”. Low et al*! found that Pla2g?7 is important in regulating
tumor cell migration and acts as a novel tumor-promoting factor in nasopharyngeal
carcinoma. It could be speculated that NFE2L3 might promote HCC cell migration
and invasion via directly activating Pla2g7 transcription. Additionally, NFE2L3 was
identified as a negative regulator of the peroxiredoxin 6 (PRDX6) promoter in human
pulmonary A549 cells by reporter gene assay!”*’l. PRDX®6, as a bifunctional enzyme
with both peroxidase and calcium-independent phospholipase A2 (iPLA2) activity,
induces S phase arrest and promotes apoptosis in HCC cells, and inhibits HCC
tumorigenicity in mice injected with cancer cells™. From these data, we hypothesized
that shRNA-mediated knockdown of NFE2L3 might induce apoptosis and inhibit
hepatocarcinogenesis through negative regulation of PRDX6. The discovery and
identification of NFE2L3 target genes are essential for understanding the molecular
mechanisms underlying their roles. Although several potential target genes of
NFE2L3 have been reported, further experiments are required to confirm whether the
genes mentioned above are genuine targets of NFE2L3 in HCC.

While our current research provides important and instructive findings, some
limitations do exist. Due to partial loss of follow-up, it was not possible to perform
survival analyses for some clinical cases. In future studies, we will expand the sample
size, strengthen follow-up, and conduct detailed analyses. In addition, we have
investigated the function of NFE2L3 at the cellular level in vitro, but no animal
experiments have been performed in vivo. We need to further validate the role of
NFE2L3 through in vivo experiments and explore the molecular mechanisms
underlying its roles in HCC.

In conclusion, we identified that NFE2L3 was closely associated with the grade and
stage of HCC patients based on the TCGA database. Furthermore, our study showed
that sShARNA-mediated knockdown of NFE2L3 exhibited tumor-suppressing effects in
HCC cells.
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Table 2 Pearson correlation coefficients for the relationship of nuclear factor erythroid 2-like 3 expression and clinicopathological

features

NFE2L3 expression Tumor grade T stage Pathologic stage
r P-value r P-value r P-value r P-value
NFE2L3 expression 1.000 0.2354 <0.0001 0.1913 0.0004 0.1811 0.0007
Tumor grade 0.2354 <0.0001 1.000 -0.0032 0.9522 -0.0069 0.8985
T stage 0.1913 0.0004 -0.0032 0.9522 1.000 0.9814 <0.0001
Pathologic stage 0.1811 0.0007 -0.0069 0.8985 0.9814 <0.0001 1.000

NFE2L3: Nuclear factor erythroid 2-like 3.
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Figure 2 Expression of nuclear factor erythroid 2-like 3 mRNA and protein in hepatocellular carcinoma cell lines. A: Nuclear factor erythroid 2-like 3 (NFE2L3)
mRNA levels in BEL-7404 and SMMC-7721 cells infected with sSANFE2L3 (NFE2L3 short hairpin RNA) were measured by qPCR; B: NFE2L3 protein levels in BEL-
7404 and SMMC-7721 cells infected with shNFE2L3 were measured by Western blot. Data shown are the mean + SEM, P < 0.05, ®P < 0.01 vs shCtrl. NFE2L3:
Nuclear factor erythroid 2-like 3; shCtrl: Negative control cells; sShANFE2L3: Nuclear factor erythroid 2-like 3 short hairpin RNA.
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Figure 3 Role of nuclear factor erythroid 2-like 3 in apoptosis, clone formation, and proliferation of hepatocellular carcinoma cells. A and B: Apoptotic cells
were stained with Annexin V-APC and measured using flow cytometry. The abscissa represents red fluorescence (RED-R-HLog), and the ordinate represents green
fluorescence (GRN-B-HLog) and cell count; C and D: Cell clones were stained with Giemsa and photographed with a digital camera. The number of clones was
accurately calculated and statistically analyzed; E and F: Successfully infected cells were green fluorescent protein positive and cell images were taken with a Celigo
cytometer for a continuous 5 d. Cell count-fold represents cell count at each time point relative to the average of day 1; G and H: OD values were measured at 490 nm
after the treatment of MTT. Cell growth curves were plotted based on OD 490-fold at different time point. Data shown are the mean + SEM. Student’s ¢ test was used
to analyze significant differences, P < 0.05, ®P < 0.01, P < 0.001 vs shCtrl. shCtrl: Negative control cells; shNFE2L3: Nuclear factor erythroid 2-like 3 short hairpin
RNA.
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Figure 4 Short hairpin RNA-mediated knockdown of nuclear factor erythroid 2-like 3 suppresses migration, invasion, and epithelial-mesenchymal
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transition of hepatocellular carcinoma cells. A and B: Cell migration assay showed that migrated cells of the shNFE2L3 group were less than that of the shCtrl
group in BEL-7404 and SMMC-7721 cells; C and D: Cell invasion assay showed that invaded cells of the shNFE2L3 group were less than that of the shCtrl group in
BEL-7404 and SMMC-7721 cells. Both cell migration and invasion were measured with transwell assays. Migrated and invaded cells were stained with Giemsa and
imaged and counted under a microscope. Scare bar = 150 ym; E and F: Snail 1, N-cadherin, Snail 2, and Vimentin protein levels were analyzed using Western blot.
GAPDH was a loading control. Data shown are the mean + SEM. Student’s ¢ test was used to analyze significant differences, P < 0.001 vs shCtrl. shCtrl: Negative
control cells; sShANFE2L3: Nuclear factor erythroid 2-like 3 short hairpin RNA.
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Research background

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors. Many factors
can induce HCC, such as viral infection, alcoholic cirrhosis, and aflatoxin, while the underlying
mechanism remains unclear. Nuclear factor erythroid 2-like 3 (NFE2L3) is a member of the cap
‘n’ collar basic-region leucine zipper family of transcription factors. Studies have shown that
NFE2L3 acts as a crucial regulator in a variety of cancer progression involving proliferation,
migration, and invasion of tumor cells.

Research motivation
The roles of NFE2L3 in HCC and their underlying molecular mechanisms have yet to be
elucidated.

Research objectives

Our study aimed to examine NFE2L3 expression in HCC and to analyze its association with
clinicopathological features, and to systematically investigate the biological effects of NFE2L3 in
HCC cell lines.

Research methods

Based on The Cancer Genome Atlas data portal, we analyzed NFE2L3 expression in 344 HCC
patients and its correlation with clinicopathological features. Short hairpin RNA (shRNA)
interference technology was utilized to knock down NFE2L3 in SMMC-7721 and BEL-7404 cells.
NFE2L3 mRNA levels were quantified using qPCR. Flow cytometry, clone-forming, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, and transwell assays were performed to
evaluate the apoptosis, clone formation, proliferation, migration, and invasion of HCC cells. The
protein levels of NFE2L3 and epithelial-mesenchymal transition (EMT) markers were examined
by Western blot.

Research results

Our results revealed that NFE2L3 expression in G3/4 HCC patients was significantly higher
than that in G1/2 grade patients, and its expression gradually increased with the advancement
of T stage and pathologic stage. The Spearman rank correlation analysis showed that NFE2L3
expression was significantly correlated with tumor grade, T stage, and pathologic stage. The
qPCR and Western blot results indicated that both mRNA and protein levels of NFE2L3 were
markedly decreased after sIRNA-mediated knockdown in BEL-7404 and SMMC-7721 cells. Flow
cytometry results demonstrated that shRNA-mediated knockdown of NFE2L3 could promote
the apoptosis of HCC cells. Meanwhile, NFE2L3 knockdown significantly suppressed the clone
formation, cell proliferation, migration, and invasion of HCC cells. Additionally, our results
showed that NFE2L3 knockdown dramatically decreased the levels of mesenchymal markers (N-
cadherin and Vimentin) and EMT transcription regulators (Snaill and Snail2) in HCC cells.

Research conclusions

The present study identified that NFE2L3 was closely associated with the grade and stage of
HCC patients, and shRNA-mediated knockdown of NFE2L3 exhibited tumor-suppressing effects
in HCC cells.

Research perspectives

Our study preliminarily explored the possible role of NFE2L3 in HCC. Future studies should
focus on the following aspects. First, we will expand the sample size, strengthen follow-up, and
conduct survival analyses. Second, animal experiments will be performed to further validate the
role of NFE2L3 in vivo. Finally, we need to further explore the molecular mechanisms underlying
its roles in HCC.
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