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NOVA2 regulates the properties of liver cancer stem cells and 
lenvatinib resistance in hepatocellular carcinoma via the Wnt 
pathway
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Background: The regulation of cancer stem cells (CSCs) is influenced by RNA-binding proteins (RBPs). 
The present study sought to investigate the role of NOVA2 in the processes of self-renewal, carcinogenesis, 
and lenvatinib resistance in liver CSCs.
Methods: Neuro-oncological ventral antigen 2 (NOVA2) expression in liver CSCs was examined by real-
time polymerase chain reaction (PCR). In vitro experiments were used to assess the effects of NOVA2 on 
liver CSC expansion and lenvatinib resistance.
Results: In our study, the expression of the RBP NOVA2 was higher in CSCs. NOVA2 also increased the 
capacity for self-renewal and carcinogenesis of the liver CSCs via the Wnt pathway. Further, suppressing 
the Wnt pathway leads to desensitization of the hepatocellular carcinoma (HCC) cells that overexpress 
NOVA2 to apoptosis caused by lenvatinib. Analyzing patient data confirmed reduced levels of NOVA2 and 
therefore we speculate that NOVA2 may serve as a potential indicator for response to lenvatinib in patients 
with HCC. Methyltransferase-like 3 (METTL3) and YTH N6-methyladenosine RNA-binding protein 1 
(YTHDF1)-dependent N6-methyladenosine (m6A) methylation were linked to upregulation of NOVA2 in 
HCC. Furthermore, it was shown that the expression of METTL3 was elevated in cellular models of type 2 
diabetes mellitus (T2DM).
Conclusions: NOVA2 is involved in the process of liver CSC self-renewal and carcinogenesis. In addition, 
NOVA2 expression may help identify patients with a higher chance of benefiting from lenvatinib treatment 
and can be a promising therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) continues to be a 
significant global concern in the context of liver disease 
(1-3). Lenvatinib was recently approved as a targeted 
therapeutic agent for the management of advanced HCC (4). 
However, previous studies have shown that some individuals 
with HCC have limited sensitivity to lenvatinib (5,6). Thus, 
investigating resistance mechanisms is crucial.

Cancer stem cells (CSCs), also known as tumor-initiation 
cells (T-ICs), are a subpopulation of cancer cells with the 
ability to proliferate indefinitely and undergo self-renewal 
(7,8). A considerable body of evidence suggests that CSCs 
regulate several biological processes associated with cancers, 
such as recurrence, proliferation, initiation, metastasis, and 
the development of treatment resistance (9-11). Previous 
studies identified CSCs as the primary determinant of 
tumor metastasis and recurrence (12-14). To date, the 
precise mechanism by which liver CSCs are involved in 
carcinogenesis remains unclear.

A study has shown that RNA-binding proteins (RBPs) 
that regulate RNA modification and quality are important 
factors in the progression and development of cancer (15). 
Neuro-oncological ventral antigen 2 (NOVA2), an RBP, is a 
constituent of the NOVA gene family and plays a significant 
role in the viability and maturation of motoneurons (or 

motor neurons) (16). According to a previous research, 
NOVA2 is involved in the development of several types of 
cancer (17), the precise function of NOVA2 in liver CSCs 
remains unknown. The present study sought to investigate 
the role of NOVA2 in the processes of self-renewal, 
carcinogenesis, and lenvatinib resistance in liver CSCs. We 
present this article in accordance with the MDAR reporting 
checklist (available at https://jgo.amegroups.com/article/
view/10.21037/jgo-24-145/rc).

Methods

HCC samples

T h e  s t u d y  g r o u p  c o m p r i s e d  3 0  p a t i e n t s  ( t h e 
histopathological types of the resected HCCs include 
15 trabecular, six trabecular, five pseudoglandular duct, 
and four patchy types) who received adjuvant lenvatinib 
therapy (due to postoperative recurrence and inability to 
undergo surgical treatment, the patient received lenvatinib 
treatment) after surgical intervention for primary HCC 
(median survival time was 23.16 months, and the 5-year 
survival proportion was 44%) at the Eastern Hepatobiliary 
Surgery Hospital from 2012 to 2020. The study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). Informed consent was obtained 
from all the patients, and the study was approved by 
the ethics committee of Eastern Hepatobiliary Surgery 
Hospital, Naval Medical University (No. EHBHKY2024-
K014-P001).

Cell culture and treatments

The L02, Huh7, and Hep3B cell lines were cultivated 
in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), 2 mM 
of L-glutamine, and 25 µg/L of gentamicin. The cells were 
incubated at 37 ℃ in a 5% carbon dioxide incubator. The 
HCC cells were infected with lentivirus that had either 
NOVA2 knockdown or NOVA2 overexpression constructs, 
or a control lentivirus obtained from Ribobio (Shanghai, 
China). The resulting transfected cells that showed stability 
were screened using puromycin. The cells were cultivated 
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for 24 hours in DMEM supplemented with 5 mM of 
glucosamine (G1514, Sigma-Aldrich, Shanghai, China) 
to establish a cellular model of type 2 diabetes mellitus 
(T2DM).

Lenvatinib-resistant cells

Lenvatinib-resistant cell lines derived from HCC cells 
were incubated with lenvatinib (S1164, Selleck, Houston, 
TX, USA) at a concentration slightly lower than their 
half-maximal inhibitory concentration (0.25 μM/L). 
The concentration of lenvatinib was gradually increased 
by 0.2 μM/L per week over 9 months. Three cell lines 
that exhibited resistance to lenvatinib were acquired and 
then sustained by ongoing cultivation in the presence of 
lenvatinib.

Spheroid assays

The HCC cells were cultured in 96-well ultra-low 
attachment culture plates (Corning Incorporated Life 
Sciences, Corning, NY, USA) at a density of 300 cells per 
well (18). The number of spheroids was determined, and 
representative perspectives were provided.

In vitro limiting dilution assays

The HCC cells were cultivated in 96-well ultra-low 
attachment culture plates and seeded at different densities 
of 2, 4, 8, 16, 32, and 64 cells/well, with eight replicates. 
DMEM/Ham’s F 12 nutrient medium (Gibco, Grand 
Island, NY, USA), supplemented with 1% FBS, 20 ng/mL  
of basic fibroblast growth factor, and 20 ng/mL of epidermal 
growth factor was used as the culture medium. The cells 
remained in this culture medium for 1 week, we used 
ELDA software (18) (http://bioinf.wehi.edu.au/software/
elda/index.html) to evaluate the percentage of CSCs.

Flow cytometry

To identify CD133 and CD90 positive cells, we incubated 
cells from the HCC tumors and cells from patients’ HCC 
with primary antibodies against CD133 (Biolegend, 
Inc., San Diego, CA, USA) or CD90 (Biolegend, Inc.) 
for 30 minutes at ambient temperature. The cells were 
subsequently analyzed with flow cytometry with a MoFlo 
XDP cell sorter (Beckman Coulter, Indianapolis, IN, USA), 
following the guidelines provided by the manufacturer.

Apoptosis assays

A 10 μM dose of lenvatinib was applied to the HCC cells 
for 48 hours. The cells were stained with Annexin V and 
7-amino actinomycin D (Beyotime, Shanghai, China) for 
15 minutes at room temperature and kept in the dark. The 
apoptotic cells were identified using the Annexin V-FITC 
Apoptosis Detection Kit I (BD Pharmingen, San Diego, 
CA, USA) and a flow cytometry, following the guidelines 
provided by the manufacturer.

RNA immunoprecipitation (RIP) assays

A Magna RIP RBP Immunoprecipitation Kit (17-701, 
Millipore, Bedford, MA, USA) was used for the RIP 
experiments as described previously (18).

Luciferase reporter assays

The luciferase reporter assays were performed following an 
established protocol (18).

Real-time polymerase chain reaction (PCR)

Total RNA was isolated from the cells using a methodology 
outlined in a previous study (18). Subsequently, the RNA 
was subjected to reverse transcription using the M-MLV 
RTase cDNA Synthesis Kit (Promega, Madison, WI, USA). 
The real-time PCR study was conducted using Roche’s 
SYBR Green PCR Kit in conjunction with the LightCycler 
480 System (Roche, Basel, Switzerland). The PCR primers 
were obtained from Shanghai Yuanzhi Biotechnology Co., 
Ltd. (Shanghai, China).

Western blot assays

The assays were performed using a previously reported 
method (18). A LI-COR imaging system (LI-COR 
Biosciences, Shanghai, China) was used to detect the 
fluorescence intensity.

Statistical analysis

We present our data with mean ± standard deviation 
(SD). For the statistical analyses we used GraphPad Prism 
software (GraphPad Software, Inc., La Jolla, CA, USA). 
A P value of less than 0.05 was considered statistically 
significant.
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Results

NOVA2 is upregulated in liver CSCs

Figure 1A,1B shows a strong correlation between the levels 
of NOVA2 and the expression of CD133 and CD90; both 
are well-recognized markers for liver CSCs (19). These 
findings were observed in the tumor cells isolated from 
the primary HCC tissues. Expression of NOVA2 was 
significantly increased in CD133+ and CD90+ HCC cells 
compared to CD133− or CD90− HCC cells (Figure 1C,1D). 
Further, the expression of NOVA2 was higher in the HCC 
spheres than in the adherent HCC cells (Figure 1E). The 
level of NOVA2 increased progressively in successive 
passages of HCC spheroids (Figure 1F).

NOVA2 enhanced liver CSCs and self-renewal

To evaluate the possible role of NOVA2 in liver CSCs, 
the HCC cells were infected with a NOVA2 knockdown 
virus (Figure 2A). Figure 2B,2C displays that the cells with 
inhibited expression of NOVA2 show a reduced expression 
of the CSC markers. The self-renewal capacity was 

restrained, the proportion of CSCs was decreased in the 
NOVA2 knockdown cells (Figure 2D,2E). Conversely, the 
CSC markers were increased, the self-renewal capacity was 
intensified, the proportion of CSCs was increased in the 
NOVA2 overexpressed cells (Figure 3A-3E).

NOVA2 increased liver CSC self-renewal by activating the 
Wnt pathway

The Wnt/β-catenin pathway is a common process in 
CSCs (20). This study examined the potential of NOVA2 
to promote liver CSCs by activating the Wnt pathway. 
The TOP/FOP-flash luciferase experiment showed 
that the inhibition of NOVA2 resulted in suppressed 
Wnt signaling activation (Figure 4A). Additionally, the 
knockdown of NOVA2 decreased AXIN2, c-MYC, 
and cyclin D1 levels (Figure 4B). The administration of 
adavivint, a Wnt inhibitor, also resulted in a reduction of 
the observed enhanced self-renewal capability in HCC cells 
overexpressing NOVA2. Further, the proportion of CSCs 
were elevated in the NOVA2 overexpressing cells compared 
to the control cells (Figure 4C,4D).
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NOVA2 determines lenvatinib response in HCC cells

CSCs  p l ay  a  c ruc i a l  ro l e  in  the  modu la t ion  o f 
chemoresistance (21). NOVA2 was significantly elevated 
in the HCC cell lines that developed a resistance to 
lenvatinib (Figure 5A). Additionally, as Figure 5B shows, 
the administration of adavivint counteracted the reduced 
sensitivity of HCC cells overexpressing NOVA2 to 
lenvatinib-induced cell apoptosis. Notably, Adjuvant 
treatment with lenvatinib in HCC patients with low 
NOVA2 expression achieved a better prognosis than 
patients with high NOVA2 expression (Figure 5C).

N6-methyladenosine (m6A) RNA methylation mediates 
NOVA2 increases in HCC

The underly ing mechanism by which NOVA2 is 

upregulated in HCC was explored. As Figure 6A shows, 
NOVA2 expression was not affected by histone acetylation 
or DNA methylation. Further, the knockdown of Dicer did 
not result in any significant alteration in NOVA2 expression 
in HCC (Figure 6B). Subsequently, the role of RNA 
methylation was explored. Specifically, the downregulation 
of m6A-methylases, such as the methyltransferase-like 3 
(METTL3), but not other methylases, such as METTL14 
or Wilms’  tumor 1-associat ing protein (WTAP), 
significantly reduced the expression of NOVA2. On the 
other hand, downregulation of m6A-demethylases, such as 
the fat mass and obesity-associated (FTO) protein or AlkB 
homolog 5 (ALKBH5) protein, did not significantly affect 
the expression of NOVA2. Using the SRAMP website (http://
www.cuilab.cn/sramp/), a total of eight m6A-methylation 
locations were identified in the messenger RNA (mRNA) 
sequence of NOVA2 (Figure 6C,6D). METTL3 caused an 
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increase in the hyper-methylation of NOVA2 m6A-peak-6 
and -7 in the HCC cell lines (Figure 6E). MRNA stability 
is regulated by “reader proteins”, which are influenced by 
RNA m6A modification (21). The downregulation of YTH 
N6-methyladenosine RNA-binding protein 1 (YTHDF1), 
rather than insulin-like growth factor 2 mRNA-binding 
protein 1 (IGF2BP1), IGF2BP2, IGF2BP3, YTHDF2, 
or YTHDF3, led to a significant decrease in NOVA2 
expression (Figure 6F,6G). In addition, the RIP investigation 
suggested an interaction between YTHDF1 and NOVA2 
mRNA in HCC cells (Figure 6H). Further, in the HCC cells 
with YTHDF1 knockdown, the half-life of the NOVA2 
transcripts was shortened (Figure 6I).

METTL3 expression was increased in patients with T2DM 
and the T2DM cell models

Insulin resistance is considered the most prominent 
clinical-pathological characteristic of T2DM, and it can 

be triggered by prolonged exposure to elevated amounts 
of glucose or glucosamine. Human hepatic carcinoma 
cells (Huh7) and non-tumor liver cells (L02) were used 
to establish a cellular model of T2DM. The cells were 
exposed to elevated glucose levels for 24 hours, and glucose 
uptake and glucose consumption experiments were then 
performed. The capacity of the cells to absorb glucose was 
significantly reduced when the cells were incubated in a 
medium with consistently high glucose levels, as shown by 
the decreased glucose consumption in response to insulin 
(Figure 7A,7B). Measurements were made to ascertain 
the expression levels of METTL3 in the two cell types 
linked to T2DM to explore the function of this protein in 
this specific process. The analysis showed that METTL3 
expression was significantly increased in both models 
(Figure 7C). Conversely, the two cell lines were subjected 
to glucosamine, a known inducer of insulin resistance, for 
24 hours, and the upregulation of METTL3 was observed 
(Figure 7D). Thus, the overexpression of METTL3, 
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caused by prolonged exposure to high amounts of glucose 
or glucosamine, is linked to the suppression of glucose 
absorption in cell models of T2DM.

Discussion

Recently, a growing body of data has indicated that RBPs 
play crucial roles in regulating CSCs or T-ICs (22-25). 
A previous study has shown that NOVA2 is involved in 
the pathogenesis of many types of cancer (17). However, 
the precise function of NOVA2 in liver CSCs remained 
unclear. The findings of our study shed light on the pivotal 

role of NOVA2 in regulating the properties of CSCs and 
influencing resistance to lenvatinib in HCC. This significant 
insight into the molecular mechanisms underlying HCC 
treatment opens new avenues for therapeutic interventions. 
Identifying NOVA2 as a critical player in lenvatinib 
resistance suggests that combination therapies involving 
NOVA2 inhibition could enhance the efficacy of existing 
treatment strategies.

m6A is a common internal alteration in mRNA molecules, 
particularly in mammalian cells, and it mostly occurs in 
the last exon of mRNA sequences (26). The methylation 
process is regulated by proteins known as “writer”, “eraser”, 
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and “reader” proteins (27). The m6A methyltransferase 
complex primarily comprises METTL3, METTL14, and 
WTAP, which function as “writers” that are responsible 
for facilitating methylation reactions. Conversely, FTO 
and ALKBH5 serve as demethylases, and play the role of 
“erasers”. The m6A methylated mRNA is recognition by 
certain “reader” proteins, such as YTHDF1, YTHDF2, 
and YTHDF3. This recognition process has implications 
for several aspects of mRNA function, including stability, 
translation, nuclear transportation, and splicing (28).

Several m6A targets have been implicated in various 
biological processes, including cellular differentiation, stem-
cell self-renewal, cell tissue development, circadian-rhythm 
regulation, response to ultraviolet-induced DNA damage, 
T-cell homeostasis maintenance, the postnatal development 
of the mouse cerebellum, the modulation of the innate 
immune response, the promotion of mouse fertility, and 
the facilitation of dendritic cell antigen presentation (29). 
The crucial regulatory functions of RBPs in cell survival, 
migration, and death have been well-documented (30). 
This study presents the first documented evidence of a new 
m6A mutation of NOVA2 in HCC. This study showed 
that the expression of NOVA2 was modulated by a m6A 
modification in the mRNA. Further, our findings indicated 
that the primary enzyme responsible for regulating NOVA2 
mRNA levels through m6A modification is METTL3. The 
m6A alteration affects several aspects of mRNA, including 
nuclear export, splicing, stability, and the translation of 
certain target mRNAs. These effects are contingent on the 
specific proteins involved in the recognition process, such 
as YTHDF1, YTHDF2, and YTHDF3 (18). This study 
also showed that the METTL3-induced overexpression of 
NOVA2 mRNA slowed down the degradation of NOVA2 
mRNA, which is dependent on the m6A reader protein 
YTHDF1. This study was also the first to establish the 
association between m6A alteration and the deregulation 
of NOVA2 in HCC. There are various types of RNA 
methylation modifications, and in future research, we will 
delve deeper into whether NOVA2 are affected by other 
types of RNA methylation modifications.

Lenvatinib, an orally administered multi-kinase inhibitor, 
has been approved as a first-line therapy for HCC (31,32). 
However, a significant number of patients with advanced 
HCC develop resistance to lenvatinib progression shortly 
after the treatment is initiated. Thus, the underlying 
biological mechanisms that contribute to the development 
of resistance to lenvatinib need to be investigated, and 
reliable biomarkers that may accurately predict patients’ 

response to lenvatinib treatment need to be identified.
This study showed that HCC cells with increased 

expression levels of NOVA2 exhibited reduced sensitivity to 
lenvatinib. In addition, 30 HCC patients who had surgery 
and received adjuvant lenvatinib exhibited elevated levels 
of NOVA2 expression had reduced overall survival after 
receiving lenvatinib treatment. Thus, the expression of 
NOVA2 in HCC tumors should be considered to identify 
individuals who may derive therapeutic benefits from 
lenvatinib treatment.

Conclusions

NOVA2 is involved in the process of liver CSC self-renewal 
and carcinogenesis. In addition, NOVA2 is associated with 
lenvatinib resistance in HCC patients. Thus, NOVA2 
expression may help identify patients with a higher chance 
of benefiting from lenvatinib treatment and can be a 
promising therapeutic target for HCC. This study owned 
its limitations, as two different types of samples are used-
patients and cell lines models. The use of cell lines does not 
allow to understand how the tumoural microenvironment 
may interfere with treatment response in this study.
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