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LncRNA SLC7A11-AS1 promotes the progression of hepatocellular carcinoma 
by mediating KLF9 ubiquitination 
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Hepatocellular carcinoma (HCC) is a malignant tumor, which seriously threatens the life of patients. LncRNA SLC7A11-
AS1 was reported to be abnormally expressed in HCC. Here, the functions and relative molecular regulatory mechanism of 
SLC7A11-AS1 in HCC were investigated. Nude mice and HCC cells were used as the experimental subjects. Knockdown 
or overexpression of exogenous genes was conducted in HCC cells. RT-qPCR, IHC, and western blot were employed to 
evaluate the abundance of genes and proteins. �e malignant behaviors were evaluated using CCK-8, clone formation, 
wound-healing, and Transwell. �e locations of SLC7A11-AS1 and KLF9 in cells were determined by FISH and IF assays. 
�e total m6A level was evaluated by dot-blot assay. m6A modi�cation of SLC7A11-AS1 was detected using RNA MeRIP. 
�e interactions among molecules were validated by RIP, ChIP, dual luciferase reporter assay, and co-IP. SLC7A11-AS1 was 
elevated apparently in HCC cells and HCC tissues from mice. SLC7A11-AS1 silencing could suppress HCC progression, 
which was validated in in vivo and in vitro experiments. Furthermore, METTL3 mediated m6A modi�cation of SLC7A11-
AS1 to elevate its expression. In addition, SLC7A11-AS1 downregulated KLF9 expression by a�ecting STUB1-mediated 
ubiquitination degradation and KLF9 enhanced PHLPP2 expression to inactivate the AKT pathway. Eventually, rescue 
experiments revealed that KLF9 knockdown abolished SLC7A11-AS1 silencing-mediated suppression of HCC progression 
in vivo and in vitro. Our results unveiled that m6A-modi�ed SLC7A11-AS1 promoted HCC progression by regulating the 
STUB1/KLF9/PHLPP2/AKT axis, indicating that targeting SLC7A11-AS1 might alleviate HCC progression.
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Liver cancer is one of the most common malignancies 
worldwide, ranking 7th in morbidity and 2nd in mortality [1]. 
Hepatocellular carcinoma (HCC) is the main type of liver 
cancer. �e relatively insidious symptoms of HCC lead to 
di�culties in early diagnosis and frequent intrahepatic and 
extrahepatic metastasis, which is the main cause of poor 
prognosis [2]. At present, e�ective approaches for HCC 
treatment include surgical resection, liver transplantation, 
radiofrequency ablation, pharmacotherapy, etc. [3], however, 
the mortality rate of HCC is still not negligible. Malignant 
behaviors, such as in�nite proliferation, strong capabilities 
of migration, invasion and metastasis of HCC cells, promote 
the rapid progression of HCC [4]. �erefore, it is possible 
to �nd ways to inhibit HCC progression by exploring the 
molecular mechanisms that in�uence the growth and metas-
tasis of HCC cells.

Long non-coding RNAs (lncRNAs) are important compo-
nents of non-coding RNAs. Massive evidence has determined 
that a large number of lncRNAs, such as lncRNA-TUG1 and 
lncRNA AC026401.3, play momentous roles in regulating 
HCC progression [5–7]. SLC7A11-AS1 was determined to be 
highly expressed in HCC through transcriptome sequencing 
[8], suggesting SLC7A11-AS1 might be implicated in HCC 
progression. Currently, the function and mechanism of 
SLC7A11-AS1 in HCC have not been reported, which 
deserves to be investigated. In recent years, growing studies 
have con�rmed that lncRNAs can be modi�ed by N6-methyl-
adenosine (m6A) to participate in regulating pathological 
process [9]. m6A modi�cation is reversible, mediated by 
methyltransferase, demethylase, and m6A binding proteins, 
a�ecting post-transcriptional gene regulation processes such 
as RNA splicing, stability, and degradation [10]. However, 
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whether SLC7A11-AS1 is modi�ed by m6A in HCC has not 
been explored.

Krüppel-like factor 9 (KLF9), belonging to the KLF 
transcriptional factor family, has been extensively investi-
gated in tumors. For example, KLF9 was reported to play 
suppressing roles in multi-tumors including non-small 
cell lung cancer, ovarian cancer, gastric cancer [11–13]. As 
expected, KLF9 as a suppressor for HCC has been reported. 
Sun et al. revealed that KLF9 expression was reduced in 
clinical specimens of HCC and KLF9 suppressed HCC cell 
growth through increasing p53 stability [14]. It is well known 
that protein degradation could be achieved by ubiquitin 
modi�cation [15]. We predicted various ubiquitination 
enzymes, including STIP1 homology and U-box containing 
protein 1 (STUB1), could interact with KLF9 through 
Ubibroswer, suggesting that ubiquitination enzymes, such 
as STUB1, might mediate KLF9 ubiquitination. STUB1 is an 
E3 ubiquitin-protein ligase, which mediates the ubiquitina-
tion of protein substrates. For instance, SMAD3 and RIPK3 
were proved to be substrates for STUB1 [16, 17]. We specu-
lated that STUB1 mediated KLF9 ubiquitination in HCC. 
Previous studies revealed that STUB1-mediated ubiqui-
tination degradation of protein substrates was regulated 
by lncRNAs [18, 19]. However, there is no evidence of 
SLC7A11-AS1 regulating STUB1-mediated ubiquitination 
degradation.

Pleckstrin homology domain leucine-rich repeat protein 
phosphatases (PHLPPs), including two members PHLPP1 
and PHLPP2, are serine/threonine protein phosphatases, 
which are implicated in suppressing the malignant behaviors 
of tumors through dephosphorylation of AKT [20–22]. As 
previously reported, berberine promoted the expression of 
PHLPP2, which suppressed Akt phosphorylation to stimulate 
apoptosis of hepatoma cells [23], suggesting PHLPP2 served 
as a suppressor in HCC through mediating Akt dephosphor-
ylation. hTFtarget database predicted that KLF9 might be a 
potential transcription factor for PHLPP2, however, these 
relationships need to be further explored in HCC.

Based on these evidences, we reasonably hypothesize that 
SLC7A11-AS1 is modi�ed with m6A to regulate STUB1-
mediated KLF9 ubiquitination and KLF9 regulates PHLPP2 
expression to a�ect the AKT pathway, thereby promoting 
the progression of HCC. Our �ndings might provide novel 
potential markers to restrain the progression of HCC.

Materials and methods

Tumor formation in nude mice. Animal experiments 
were approved by the ethics committee of �e First A�liated 
Hospital of Gannan Medical University. �e BALB/c nude 
mice (male, 15–20 g, 5–6 weeks old) were purchased from 
Hunan SJA Laboratory Animal Co., Ltd.  MHCC97H cells 
were infected with lentivirus carrying sh-NC or sh-SLC7A11-
AS1, sh-SLC7A11-AS1 combined sh-KLF9, which were 
subcutaneously injected into nude mice for tumor forma-

tion. �e tumor volume was evaluated every �ve days for 5 
consecutive weeks. A�er 5 weeks, mice were sacri�ced and 
tumor tissues were removed for subsequent experiments. 
In addition, to evaluate the pulmonary metastatic ability of 
MHCC97H cells in mice, MHCC97H cells with indicated 
transfection were injected into nude mice through the tail 
vein. 6 weeks later, the metastatic ability was evaluated by 
observing lung tissue and conducting HE staining. 

Fluorescence in situ hybridization (FISH). To localize 
the cellular distribution of SLC7A11-AS1, FISH assay was 
conducted. Cy5-labeled SLC7A11-AS1 probe was synthe-
sized by Servicebio (China). Referring to previous studies 
[24, 25], tumor tissues from mice and cell samples were 
processed in steps. �en, the SLC7A11-AS1 probe was used 
to incubate the samples. DAPI was used to stain cell nuclei. A 
�uorescence microscope (OLYMPUS, Japan) was employed 
to detect �uorescence intensity.

RT-qPCR. Total RNA was acquired from cells and tissues 
of mice using the TRIzol reagent (Beyotime, China). cDNA 
synthesis was performed using Script Reverse Transcrip-
tion Reagent Kit (TaKaRa, China).  qPCR process was 
implemented by SYBR Premix Ex Taq II Kit (TaKaRa). 
�e primer sequences were as follows: SLC7A11-AS1 
(F): CCTGGGGGAAAAACAACATGAA; SLC7A11-
AS1 (R): CGTGAGGTGCCTCCCTGATA; PHLPP2 
(F): CTTACATCTCGTCCTTTGCACT; PHLPP2 (R): 
GGTCGTTCAGTAGGTTCCAGTC; KLF9 (F): AACAC-
GCCTCCGAAAAGAGG; KLF9 (R): TCGTCTGAGC-
GGGAGAACTT; GAPDH (F): AGGTCGGAGTCAACG-
GATTT; GAPDH (R): TGACGGTGCCATGGAATTTG. 
2−ΔΔCt formula and GAPDH as reference gene were used to 
calculate the relative expression of targeted genes.

Immunohistochemistry (IHC). HCC tissues from mice 
were �xed using 4% paraformaldehyde and then embedded 
with para�n. �en, about 5 μm sections were prepared. 
A�er retrieving the antigen, the sections were blocked with 
1% BSA. �e sections were incubated with antibodies against 
Ki-67 (ab15580, Abcam, UK), KLF9 (710921, �ermo Fisher 
Scienti�c, USA), and PHLPP2 (ab227673, Abcam) overnight 
at 4 °C. �e sections were then incubated with HRP-labeled 
antibodies for 1 h at room temperature. �e sections were 
counterstained with diaminobenzidine (DAB). Finally, the 
images were acquired using a Nikon digital camera system 
(Japan) combined with an Olympus microscope (Japan).

Hematoxylin and eosin (H&E) staining. HCC tissues 
from mice were cut into 5 µm thick serial sections a�er 
�xation with 4% paraformaldehyde solution and embedded 
with para�n. Sections were stained with hematoxylin and 
then stained with eosin (Beyotime). �e stained sections 
were imaged using an optical microscope with a camera 
(Olympus, Japan).

Cell culture. Hep 3B2.1-7 and MHCC97H cells were 
obtained from ATCC (USA). Bel-7405 cells were purchased 
from the Cell Bank of the Type Culture Preservation 
Committee of the Chinese Academy of Sciences (China). 
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293T, LO2, Hep 3B2.1-7, HepG2, Huh7, and Bel-7405 cells 
were obtained from the Cell Bank of Chinese Academy 
of Sciences (China). All cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Thermo Fisher Scientific) 
supplemented with 10% FBS (Thermo Fisher Scientific) and 
1% antibiotics (Beyotime) under the condition of 5% CO2 
and 37 °C.

Cell transfection. The small interfering RNA targeting 
METTL3 (si-METTL3), the short hairpin RNA targeting 
SLC7A11-AS1 (sh-SLC7A11-AS1) or KLF9 (sh-KLF9), 
overexpression vector of KLF9 (oe-KLF9) or STUB1 
(oe-STUB1) as well as their negative control group (si-NC, 
sh-NC, oe-NC) were obtained from GenePharma (China).

The detailed sequences were as follows: si-METTL3: 
UCGCUUUACCUCAAUCAACUC, sh-SLC7A11-AS1: 
AATTGcaaatcataactacatttaagTCAAGAGcttaaatgtagttat-
gatttgTTTTTT, sh-KLF9: AATTGctcccatctcaaagcccat-
taTCAAGAGtaatgggctttgagatgggagTTTTTT. Huh7 
and MHCC97H cells were seeded into 6-well plates and 
incubated overnight. Then, cells were transfected with the 
above sequences or plasmids for 48 h using Lipofectamine™ 
3000 (Invitrogen, USA) following the instructions.

Cell count kit-8 (CCK-8) assay. Huh7 and MHCC97H 
cells underwent different transfections and were seeded into 
96-well plates and cultured for 24 h, 48 h, 72 h, and 96 h, 
respectively. CCK-8 solution (10 μl, Beyotime) was added 
into each well for 2 h incubation. The absorbance was 
detected by a spectrophotometer (Bio-Rad, Hercules, USA) 
at 450 nm.

Clone formation assay. Huh7 and MHCC97H cells 
with different transfections were seeded into 6-well plates 
and incubated at 37 °C. 2 weeks later, methanol was applied 
for the fixation of cells and 0.1% crystalized violet (Sigma-
Aldrich, USA) was used for staining of cells. The cloned cells 
were observed and calculated under an optical microscope 
with a camera (Olympus, Japan).

Wound-healing assay. Huh7 and MHCC97H cells under-
went different transfections and were plated on 6-well plates 
with cellular monolayers overnight. Subsequently, cells were 
scraped with a micropipette tip. PBS solution washed cells 
and cells were continually cultured for 48 h. The scratched 
widths were observed under an optical microscope with a 
camera and recorded at 0 and 48 h.

Transwell assay. A 24-well Transwell insert system 
(Corning, USA) was employed to evaluate the invasion 
ability of Huh7 and MHCC97H cells. The top Transwell 
chamber was covered with Matrigel (Becton Dickinson 
Biosciences, USA). Huh7 and MHCC97H cells were seeded 
onto the upper chamber containing serum-free DMEM 
and the lower chamber was added with DMEM and 10% 
FBS. After 24 h, the invaded cells on the below side of the 
chamber were fixed with 95% alcohol. 1% crystal violet 
(Sigma-Aldrich, USA) staining was performed to stain the 
invaded cells. An optical microscope with a camera was 
employed to observe invaded cells.

RNA m6A dot-blot assay. Total RNA was denatured at 
65 °C for 5 min. Then, the samples were spotted onto an NT 
membrane. After cross-linking with UV and blocking with 
5% skim milk, NT membranes were incubated with m6A 
antibody (ab208577, Abcam) overnight at 4 °C. HRP‐labeled 
secondary antibody was added to the NT membrane for 1 
h at room temperature. The membrane incubated with ECL 
chemiluminescent reagent (Beyotime) was visualized using 
the chemiluminescence imaging analysis system (Tanon, 
China).

m6A immunoprecipitation (MeRIP). Total RNA was 
isolated from Huh7 and MHCC97H cells using TRIzol 
regent. Anti-m6A (ab208577, Abcam) or anti-IgG (ab172730, 
Abcam) conjugated with A/G magnetic beads were applied 
for incubating RNA samples. Subsequently, RNA was precip-
itated by beads and then eluted. The precipitated RNA was 
detected by qRT-PCR after elution and purification.

RNA immunoprecipitation (RIP) assay. Huh7 and 
MHCC97H cells were lysed with RIP lysis buffer. The super-
natants were obtained after centrifugation. The magnetic 
beads conjugated with antibodies anti-METTL3 (ab195352, 
Abcam), anti-KLF9 (ab227920, Abcam), anti-STUB1 
(ab134064, Abcam), or IgG (ab172730, Abcam) were added 
into the supernatants. IgG acted as a control.  The beads-
bound complexes of RNA were eluted with elution buffer. 
Then, immune-precipitated RNAs were determined using 
qRT-PCR.

Western blot. The total protein was extracted from 
Huh7 and MHCC97H cells using RIPA buffer (Beyotime). 
After quantification of the protein concentration using a 
BCA protein kit (Beyotime), the proteins were separated 
by SDS-PAGE and then were transferred onto the PVDF 
membrane. After blocking with 5% BSA for 1 h, the PVDF 
membrane was incubated with primary antibodies including 
METTL3 (ab195352, 1:1000, Abcam), KLF9 (NBP2-
45511, 1:1000, Novus, USA), PHLPP2 (ab227673, 1:400, 
Abcam), AKT (10176-2-AP, 1:5000, Proteintech, China), 
p-AKT (28731-1-AP, 1:3000, Proteintech), Ubiquitin 
(ab134953, 1:5000, Abcam), and GAPDH (ab8245, 1:5000, 
Abcam) overnight at 4 °C. Subsequently, the HRP-conju-
gated secondary antibody was applied to incubate the 
PVDF membrane for 1 h. ECL chemiluminescent reagent 
(Beyotime) and Odyssey Clx Imaging System (Licor Biosci-
ences, USA) were employed to detect protein bands. The 
densitometry analysis was estimated by ImageJ.

Immunofluorescence (IF). Huh7 and MHCC97H cells 
transfected with HA-KLF9 were subjected to fixation using 
4% PFA. 0.1% Triton X-100 was applied for permeabili-
zation for cells. After blocking with 5% BSA, the primary 
antibody against HA (ab1424, 1:200, Abcam) was used for 
cell incubation overnight at 4 °C. After PBST washing of 
Huh7 and MHCC97H cells three times, Cy5-conjugated 
secondary antibodies were added, and DAPI stained cell 
nuclei. The images were pictured using a fluorescence 
microscope.
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of two groups and one-way analysis of variance (ANOVA) 
was applied to conduct the comparison of three or more 
groups. A p-value <0.05 was regarded as a statistically signi�-
cant di�erence.

Results

SLC7A11-AS1 knockdown restrained cell viability, 
proliferation, migration, and invasion of HCC. Firstly, 
SLC7A11-AS1 expression was detected in a normal liver cell 
line (LO2 cells) and HCC cell lines (Hep 3B2.1-7, HepG2, 
Huh7, Bel-7405, and MHCC97H cells). �e results displayed 
that the SLC7A11-AS1 expression was elevated in HCC cells 
to varying degrees relative to LO2 cells, and the elevation was 
most signi�cant in Huh7 and MHCC97H cells (Figure 1A). 
�erefore, these two cell lines were chosen for subse-
quent experiments. FISH assay determined that SLC7A11-
AS1 primarily located in the cell cytoplasm of Huh7 and 
MHCC97H cells (Figure 1B). In addition, the nucleo-
plasmic separation experiment con�rmed that SLC7A11-
AS1 was expressed in both the nucleus and cytoplasm, but 
mainly in the cytoplasm (Figure 1C). To investigate the 
functions of SLC7A11-AS1 in HCC cells, SLC7A11-AS1 was 
knocked down using sh-SLC7A11-AS1 transfection in Huh7 
and MHCC97H cells (Figure 1D). SLC7A11-AS1 downregu-
lation apparently suppressed cell viability, number of cell 
clones, cell migration, and invasion (Figures 1E–1H). In 
total, SLC7A11-AS1 silencing could impair the cell prolifera-
tion, migration, and invasion of HCC cells.

SLC7A11-AS1 knockdown suppressed tumor growth 
and metastasis of HCC. Here, SLC7A11-AS1 was silenced 
successfully in MHCC97H cells using sh-SLC7A11-AS1 
transfection (Supplementary Figure S1A). To explore the 
role of SLC7A11-AS1 in HCC, BALB/c nude mice under-
went subcutaneous injection with MHCC97H cells, which 
were stably transfected with sh-SLC7A11-AS1. 5 weeks 
later, the tumor tissues were isolated. We observed that 
the tumor size and weight in the sh-SLC7A11-AS1 group 
were greatly decreased compared to the sh-NC group 
(Figures  2A-2C). FISH assay revealed SLC7A11-AS1 
expression was evidently declined in the sh-SLC7A11-
AS1 group and the main location of SLC7A11-AS1 was in 
the cell cytoplasm (Figure  2D). Meanwhile, the decreased 
SLC7A11-AS1 expression in the sh-SLC7A11-AS1 group 
was determined by RT-qPCR (Figure 2E). SLC7A11-AS1 
silencing notably suppressed Ki-67 (a marker of prolifera-
tion) expression, which was evidenced by IHC (Figure 2F). 
In addition, the e�ect of SLC7A11-AS1 on tumor metastasis 
was investigated. MHCC97H cells with sh-SLC7A11-AS1 
stable transfection were injected into nude mice through the 
tail vein. �e results displayed that the number of pulmo-
nary metastatic nodules in the sh-SLC7A11-AS1 group was 
reduced observably (Figure 2G, 2H). Altogether, SLC7A11-
AS1 downregulation e�ectively inhibited tumor growth and 
metastasis of HCC. 

Chromatin immunoprecipitation (ChIP) assay. Huh7 
and MHCC97H cells were subjected to cross-linking reaction 
with 1% PFA. Chromatin was sonicated to acquire around 
200–800 bp fragments. �e fragments were incubated with 
the primary antibody KLF9 (ab227920, Abcam) or IgG 
(ab172730, Abcam) at 4 °C overnight. �en, the immuno-
precipitated samples were subjected to washing, reversal of 
cross-linking, and DNA isolation. �e immunoprecipitated 
DNA was analyzed using PCR.

Dual-luciferase reporter assay. �e wild‐type and mutant 
PHLPP2 promoter sequences (PHLPP2-WT, PHLPP2-
MUT) were cloned into a psiCheck2 vector (Promega, 
Beijing, China). PHLPP2-WT/PHLPP2-MUT and oe-KLF9 
were co-transfected into 293T cells using Lipofectamine 3000 
Reagent (Invitrogen). Finally, luciferase activity was tested 
using the dual-luciferase reporter assay system (Promega, 
Beijing, China).

Co-immunoprecipitation (Co-IP) assay. Firstly, Huh7 
and MHCC97H cells were extracted with Co-IP bu�er. 
�e lysates were incubated overnight with the antibodies 
including IgG (ab172730, Abcam) or KLF9 (ab227920, 
Abcam) antibodies conjugated to Protein A/G beads (Santa 
Cruz Biotechnology, USA). A�erward, the proteins pulled 
down by the magnetic beads were eluted and then detected 
by western blot.

IF-FISH assay. According to a previous study, we 
conducted an IF-FISH assay [26]. In brief, Huh7 and 
MHCC97H cells transfected with HA-KLF9 were �xed with 
4% PFA and permeabilized with 0.5% Triton X-100. �en, 
HA (ab1424, 1:200, Abcam), STUB1 (ab134064, 1:300, 
Abcam), and �uorescent-tagged secondary antibodies were 
used to incubate cells. A�er the antibody incubation, cells 
were �xed with 4% paraformaldehyde and dehydrated in an 
ethanol series of 70%, 95%, and 100%. �e dehydrated cells 
were then hybridized with a Cy5-labeled SLC7A11-AS1 
probe. Images were acquired with a �uorescence microscope 
(OLYMPUS, Japan).

Cycloheximide (CHX)-chase assay. To explore whether 
SLC7A11-AS1 a�ects the stability of KLF9 protein, 12.5 
μg/ml CHX (Selleck Chemicals), an inhibitor of protein 
synthesis, was added into cells. �e protein expression of 
KLF9 was determined by western blot analysis at 0, 2, 4, and 
8 h.

Nucleo-plasmic separation experiment. To detect 
the distribution of SLC7A11-AS1 and KLF9 and interac-
tions between KLF9 and SLC7A11-AS1/STUB1 in cells, 
nuclear and cytoplasmic of Huh7 and MHCC97H cells were 
separated using PARIS™ Kit (Invitrogen, USA). �en, nuclear 
and cytoplasmic RNAs were reverse-transcribed into cDNAs. 
�e distribution of SLC7A11-AS1 and KLF9 was detected by 
RT-qPCR and the interactions between KLF9 and SLC7A11-
AS1/STUB1 were validated by RIP and Co-IP assay.

Statistical analysis. All data were presented as means ± 
standard deviation (SD). Using GraphPad Prism 9 analyzed 
all data. Student’s t-test was used to analyze the comparison 
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Figure 1. SLC7A11-AS1 knockdown restrained cell viability, proliferation, migration, and invasion of HCC. A) RT-qPCR measured the expression 
of SLC7A11-AS1 in LO2 cells and HCC cell lines. B) FISH assay determined the location of SLC7A11-AS1 in Huh7 and MHCC97H cells. Huh7 and 
MHCC97H cells were transfected with sh-SLC7A11-AS1 or sh-NC. C) �e location of SLC7A11-AS1 was detected using a nucleo-plasmic separation 
experiment. D) RT-qPCR measured SLC7A11-AS1 expression. E) CCK-8 assay detected cell viability. F) Clone formation examined cell proliferation. 
G) Wound-healing tested cell migration. H) Transwell determined cell invasion.
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SLC7A11-AS1 was regulated by m6A modi�cation. It 
was reported that m6A modi�cation of lncRNAs could a�ect 
the development of tumors such as HCC [27]. �erefore, we 
employed SRAMP to predict the m6A site of SLC7A11-AS1 
and we found that it had a potential m6A site (Supplemen-
tary Figure S2A). �en, m6A dot blot was conducted and 
higher levels of global m6A were observed in Huh7 and 
MHCC97H cells compared to LO2 cells (Figure 3A). MeRIP-
PCR further determined that the m6A level of SLC7A11-AS1 
was elevated in Huh7 and MHCC97H cells compared to that 
in LO2 cells (Figure 3B). Encouragingly, METTL3 could 
achieve successful enrichment of SLC7A11-AS1 through the 
RIP assay (Figure 3C), suggesting an interaction between 
METTL3 and SLC7A11-AS1. si-METTL3 transfection into 
Huh7 and MHCC97H cells resulted in decreased METTL3 

protein expression (Figure 3D). Furthermore, METTL3 
knockdown decreased the m6A level and expression of 
SLC7A11-AS1 in Huh7 and MHCC97H cells (Figures 3E, 
3F). �ese above results suggested that METTL3 mediated 
SLC7A11-AS1 m6A modi�cation and enhanced SLC7A11-
AS1 expression.

KLF9 activated PHLPP2 transcription to inhibit the 
AKT pathway. Transcription factor KLF9 was identi�ed as 
a suppressor of HCC [14]. We were curious to explore the 
speci�c molecular regulatory mechanism of KLF9 in HCC. 
IF assay and nucleo-plasmic separation experiment revealed 
that the majority of KLF9 was localized in the cell nucleus, 
but it was also partially expressed in the cytoplasm (Figures 
4A, 4B). hTFtarget database predicated KLF9 had potential 
site on PHLPP2 promoter (Figure 4C). KLF9 could enrich 

Figure 2. SLC7A11-AS1 knockdown suppressed tumor growth and metastasis of HCC. sh-SLC7A11-AS1-transfected MHCC97H cells were injected 
subcutaneously into BALB/c nude mice. A) �e images of tumors in mice. B) Tumor sizes. C) Tumor weight. D) FISH assay determined the expres-
sion and location of SLC7A11-AS1. E) RT-qPCR measured the expression of SLC7A11-AS1. F) IHC detected Ki-67 expression. sh-SLC7A11-AS1-
transfected MHCC97H cells were injected into nude mice through the tail vein. G) �e images of the lungs of nude mice. H) H&E staining evaluated 
metastatic pulmonary nodules.
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the PHLPP2 promoter evidenced by using ChIP-PCR assay 
(Figure 4D). Simultaneously, dual-luciferase assay showed 
that overexpression of KLF9 enhanced luciferase activity in 
the PHLPP2-WT group of 293T cells (Figure 4E). Moreover, 
KLF9 overexpression led to increased PHLPP2 at mRNA and 
protein levels (Figures 4F, 4G). Of note, western blot exhib-
ited that KLF9 overexpression elevated the level of KLF9 
and inhibited the phosphorylation level of AKT (Figure 4F). 
Collectively, KLF9 enhanced PHLPP2 expression by inter-
acting with the PHLPP2 promoter to inactivate the AKT 
pathway.

SLC7A11-AS1 promoted STUB1-mediated ubiquitina-
tion degradation of KLF9. Based on the above-mentioned 
results, we raised the question of whether KLF9 is involved 
in SLC7A11-AS1-mediated tumor progression. To address 
this question, �rstly, SLC7A11-AS1 expression was silenced 
using sh-SLC7A11-AS1 transfection. When SLC7A11-AS1 
was silenced, the mRNA expression of KLF9 had no in�u-
ences (Supplementary Figure S3). However, the protein 
level of KLF9 was greatly elevated a�er silencing SLC7A11-

AS1 (Figure 5A). Further experiments determined that 
SLC7A11-AS1 depletion attenuated the ubiquitination of 
KLF9 (Figure 5B, Supplementary Figure S4). In addition, 
a�er CHX treatment, SLC7A11-AS1 silencing observ-
ably inhibited the decay of KLF9 protein (Supplementary 
Figure S5). Ubibroswer predicted that various ubiquitina-
tion enzymes including SMURF1, SKP2, BTRC, MDM2, 
SMURF2, BRCA1, STUB1, FBXW11, SYVN1, and TRAF2 
might be involved in regulating ubiquitination of KLF9 
(Supplementary Figure S2B). Co-IP assay validated that 
KLF9 could interact with SKP2, BTRC, and STUB1 in 
Huh7 cells, but we only observed that STUB1 precipitated 
by KLF9 antibody was decreased following SLC7A11-AS1 
knockdown (Supplementary Figure S6). Figure 5C shows 
that SLC7A11-AS1 knockdown suppressed the interac-
tion between KLF9 and STUB1 in Huh7 and MHCC97H 
cells. Of note, a previous study indicated that lncRNA as 
a sca�old could regulate STUB1-mediated ubiquitination 
[19]. As expected, catRAPID predicted that SLC7A11-AS1 
had a potential combination with STUB1 and KLF9 (Supple-

Figure 3. SLC7A11-AS1 was regulated by m6A modi�cation. A) m6A dot blot examined levels of global m6A in LO2, Huh7, and MHCC97H cells. B) 
MeRIP-PCR determined levels of SLC7A11-AS1 m6A in Huh7 and MHCC97H cells. C) RIP assay validated the interaction between SLC7A11-AS1 and 
METTL3. D) Western blot detected METTL3 in si-METTL3-transfected Huh7 and MHCC97H cells. E) MeRIP-PCR determined levels of SLC7A11-
AS1 m6A in si-METTL3-transfected Huh7 and MHCC97H cells. F) RT-qPCR measured the expression of SLC7A11-AS1 in si-METTL3-transfected 
Huh7 and MHCC97H cells.
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mentary Figures S2C, S2D). Furthermore, the IF-FISH assay 
revealed that SLC7A11-AS1 and KLF9 were co-located in 
the cytoplasm (Supplementary Figure S7A). Similarly, the 
co-location of SLC7A11-AS1 and STUB1 was validated in 
the cytoplasm (Supplementary Figure S7B). Further experi-
ments found KLF9 and STUB1 also co-localized in the 
cytoplasm (Supplementary Figure S7C). �en, we separated 
the cytoplasm of Huh7 and MHCC97H cells. Co-IP 
revealed the combination between KLF9 and STUB1 in the 
cytoplasm (Supplementary Figure S7D). RIP assay revealed 

KLF9 and STUB1 enriched SLC7A11-AS1 in Huh7 and 
MHCC97H cells (Figure 5D, Supplementary Figure S7E). In 
addition, SLC7A11-AS1 sense could pull down KLF9 and 
STUB1 in Huh7 and MHCC97H cells (Figure 5E). �ese 
results validated that SLC7A11-AS1 interacted with KLF9 
and STUB1. Subsequently, oe-STUB1 was transfected into 
SLC7A11-AS1-silenced MHCC97H cells. SLC7A11-AS1 
knockdown increased the KLF9 protein level and inhibited 
the ubiquitination of KLF9, while STUB1 overexpression 
decreased the KLF9 protein level and enhanced the ubiqui-

Figure 4. KLF9 activated PHLPP2 transcription to inhibit the AKT pathway. A) IF assay examined the location of KLF9 in Huh7 and MHCC97H cells. 
B) �e location of KLF9 was detected using a nucleo-plasmic separation experiment. C) hTFtarget database predicated the binding sequences between 
KLF9 and PHLPP2 promoter. D, E) ChIP assay and dual luciferase assay veri�ed the interaction between KLF9 and PHLPP2 promoter. Huh7 and 
MHCC97H cells were transfected with oe-KLF9 or oe-NC. F) RT-qPCR detected the expression of PHLPP2. G) Western blot evaluated protein levels 
of KLF9, PHLPP2, AKT, and p-AKT.
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tination of KLF9. Of note, sh-SLC7A11-AS1 in combination 
with oe-STUB1 transfection failed to reverse SLC7A11-AS1 
knockdown-mediated promotion of KLF9 at the protein 
level and suppression of KLF9 ubiquitination (Figures 5F, 
5G). Taken together, SLC7A11-AS1 played an important 
regulatory role in the STUB1-mediated ubiquitination 
degradation of KLF9.

SLC7A11-AS1 accelerated cell viability, proliferation, 
migration, and invasion of HCC cells by decreasing the 
KLF9 expression. To investigate whether KLF9 is implicated 
in SLC7A11-AS1-mediated malignant behaviors of HCC 
cells, rescue experiments were conducted. sh-SLC7A11-AS1 
with or without sh-KLF9 were transfected into Huh7 and 
MHCC97H cells. SLC7A11-AS1 expression was evidently 
declined by sh-SLC7A11-AS1 transfection, however, KLF9 

knockdown failed to in�uence SLC7A11-AS1 expres-
sion (Figure 6A). SLC7A11-AS1 depletion apparently 
elevated KLF9 and PHLPP2 protein levels while decreasing 
the p-AKT protein level, whereas these alterations were 
abolished by KLF9 silencing (Figure 6B). SLC7A11-AS1 
depletion-mediated suppressing in�uences on cell viability, 
proliferation, migration, and invasion were compromised by 
KLF9 silencing (Figures 6C–6F). To sum up, SLC7A11-AS1 
suppression restrained malignant behaviors of HCC cells 
through elevating KLF9 expression.

SLC7A11-AS1 accelerated tumor growth and metas-
tasis in vivo by decreasing the KLF9 expression. We estab-
lished in vivo experiments to validate the results, which 
were obtained in vitro. MHCC97H cells were subjected to 
sh-SLC7A11-AS1 or in combination with sh-KLF9 trans-

Figure 5. SLC7A11-AS1 promoted STUB1-mediated ubiquitination degradation of KLF9. A) Western blot evaluated the protein levels of KLF9 in 
sh-SLC7A11-AS1-transfected Huh7 and MHCC97H cells. B) Western blot detected KLF9 ubiquitination in sh-SLC7A11-AS1-transfected Huh7 and 
MHCC97H cells. C) Co-IP validated the interaction between KLF9 and STUB1. D, E) RIP and RNA pulldown veri�ed the interaction of KLF9/SL-
C7A11-AS1 and STUB1/SLC7A11-AS1 in Huh7 and MHCC97H cells. oe-STUB1 was transfected into SLC7A11-AS1-silenced MHCC97H cells. F) 
Western blot evaluated protein levels of KLF9. G) Western blot detected KLF9 ubiquitination.
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Figure 6. SLC7A11-AS1 accelerated cell viability, proliferation, migration, and invasion of HCC cells by decreasing the KLF9 expression. sh-KLF9 was 
transfected into SLC7A11-AS1-silenced Huh7 and MHCC97H cells. A) RT-qPCR detected the expression of SLC7A11-AS1. B) Western blot evaluated 
protein levels of KLF9, PHLPP2, AKT, and p-AKT. C) CCK-8 assay detected cell viability. D) Clone formation examined cell proliferation. E) Wound-
healing tested cell migration. F) Transwell determined cell invasion.

fection. Western blot exhibited that the protein level of 
KLF9 was elevated by sh-SLC7A11-AS1, but sh-KLF9 
transfection reversed the e�ect of sh-SLC7A11-AS1 on 
KLF9 protein level (Supplementary Figure S1B). �e trans-

fected cells were injected subcutaneously into BALB/c nude 
mice. �e tumors were removed from the mice 5 weeks 
a�er inoculation. SLC7A11-AS1 depletion notably dimin-
ished tumor size and weight, which were reversed by KLF9 
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knockdown (Figures  7A–7C). SLC7A11-AS1 depletion-
mediated suppression of Ki67 and elevation of KLF9 and 
PHLPP2 were attenuated by KLF9 knockdown (Figure 
7D). In addition, MHCC97H cells with sh-SLC7A11-AS1 
transfection or together with sh-KLF9 transfection were 
injected into nude mice through the tail vein to investigate 
the metastatic ability of HCC cells. We observed that KLF9 
knockdown abrogated SLC7A11-AS1 depletion-mediated 
attenuation of metastasis ability to lungs (Figures 7E, 7F). 
�ese observations suggested that SLC7A11-AS1 depletion 
suppressed tumor growth and metastasis through increasing 
KLF9 expression.

Discussion

Due to its extremely high malignancy and rapid progres-
sion, HCC poses a serious threat to the life of patients. It 
has been reported that the 5-year survival rate of HCC 
patients a�er surgical resection of larger tumors was 
merely approximately 30% [28]. �erefore, seeking e�ective 
methods to improve the prognosis of HCC patients deserve 
to be explored. In this study, we found that SLC7A11-AS1 
promoted tumor growth and metastasis of HCC in vivo. 
Moreover, in vitro experiments revealed that SLC7A11-
AS1 accelerated cell viability, proliferation, migration, and 

Figure 7. SLC7A11-AS1 accelerated tumor growth and metastasis in vivo through decreasing KLF9 expression. MHCC97H cells transfected with sh-
SLC7A11-AS1 or in combination with sh-KLF9 were injected subcutaneously into BALB/c nude mice. A) �e images of tumors in mice. B) Tumor sizes. 
C) Tumor weight. D) IHC detected Ki-67, KLF9, and PHLPP2 expression. MHCC97H cells transfected with sh-SLC7A11-AS1 or in combination with 
sh-KLF9 were injected into nude mice through the tail vein. E) �e images of the lungs of nude mice. F) HE staining evaluated metastatic pulmonary 
nodules.
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invasion of HCC by targeting the STUB1/KLF9/PHLPP2/
AKT axis.

Growing evidences have con�rmed that lncRNAs 
a�ected HCC progression by regulating the malignant 
characteristics of HCC [29]. For instance, lncRNA LIPCAR 
was enhanced observably in HCC cells and facilitated 
HCC cell growth and metastasis [30]. Lin et al. proposed 
that increased lncRNA COX7C-5 expression in HCC 
patients was positively related to unfavorable prognosis 
and lncRNA COX7C-5 knockdown notably suppressed 
malignant behaviors of HCC through regulating miR-581/
ZEB2 axis [31]. SLC7A11-AS1 was identi�ed to have abnor-
mally high expression in multi-tumors including breast 
cancer, pancreatic cancer, and HCC [32–34]. On the whole, 
there are few studies on SLC7A11-AS1 in tumors, and the 
molecular mechanism of SLC7A11-AS1 and why it was 
highly expressed in various tumors are not clear. Here, the 
role of SLC7A11-AS1 in HCC and its upstream regulatory 
mechanism was focused on. Our �ndings revealed that 
SLC7A11-AS1 had abnormally high expression in �ve HCC 
cell lines including HepG2, Huh7, Bel-7405, Hep 3B2.1-7, 
and MHCC97H cells. SLC7A11-AS1 knockdown evidently 
suppressed cell viability, proliferation, migration, and 
invasion in vitro and inhibited tumor growth and metastasis 
in vivo. Furthermore, higher levels of m6A modi�cation 
of SLC7A11-AS1 were observed in Huh7 and MHCC97H 
cells. m6A modi�cation is the most common modi�cation 
in mRNA and non-coding RNA relating to a�ect cancers 
[35, 36]. As previously reported, METTL3 was responsible 
for m6A modi�cation of lncRNA ILF3-AS1 and enhanced 
lncRNA ILF3-AS1 expression, which promoted HCC 
progression [37]. In the current study, METTL3, a crucial 
methylase, mediated SLC7A11-AS1 m6A modi�cation to 
elevate SLC7A11-AS1 expression in HCC, which might be 
one of the reasons for the high expression of SLC7A11-AS1 
in HCC.

Transcription factor KLF9 has been widely explored 
in tumors. For instance, miRNA-494-3p decreased KLF9 
expression to facilitate the progression of bladder cancer 
[38]; KLF9 regulated by TPTEP1/miR-548d-3p axis inhib-
ited cell migration and invasion of gastric cancer [39]; 
miR-889-5p could downregulate KLF9 expression to accel-
erate HCC progression [40], which demonstrated that 
KLF9 had abnormally low expression and KLF9 overexpres-
sion generated the suppressing in�uence on the progres-
sion of tumors including HCC. Here, we explored the 
downstream target of KLF9. PHLPP2 is a phosphatase, and 
massive studies have found that the expression of PHLPP2 
was decreased in multi-tumors, such as oral squamous cell 
carcinoma, lung cancer [41, 42]. A review suggested that 
PHLPP2 had a favorable prognosis for lung cancer, breast 
cancer, and colon cancer [43]. Moreover, a study published 
in 2018 proposed that berberine inhibited the AKT pathway 
to suppress HCC progression by enhancing PHLPP2 expres-
sion [23], suggesting PHLPP2 plays a suppressing role in 

HCC. �rough bioinformatics analysis, ChIP-PCR, and 
dual-luciferase assay experiments, PHLPP2 was determined 
as a targeted gene of transcription factor KLF9 and positively 
regulated by KLF9. Notably, many studies have pointed out 
that PHLPP2 could mediate AKT dephosphorylation to 
inactivate the AKT activity in tumors including HCC and 
activation of the AKT pathway is positively correlated with 
tumor progression [22, 23, 44]. In this work, KLF9 overex-
pression elevated PHLPP2 expression and decreased p-AKT 
in Huh7 and MHCC97H cells. Taken together, the inhibition 
of HCC progression by KLF9 was achieved by mediating the 
PHLPP2/AKT axis.

Intriguingly, we found KLF9 mRNA expression was 
not changed while its protein level was increased in HCC 
cells when SLC7A11-AS1 was knockdown. As is well-
known, ubiquitination refers to the process of linking 
ubiquitin molecules to protein substrates under a series of 
special enzymes including ubiquitin-activating enzyme E1, 
ubiquitin-binding enzyme E2, ubiquitin ligase E3, further 
degrading protein substrates [45]. �erefore, we thought 
SLC7A11-AS1 might regulate the protein level of KLF9 
by ubiquitination of KLF9. Furthermore, SLC7A11-AS1 
silencing suppressed the ubiquitination of KLF9 in HCC 
cells. Ubiquitin ligase E3 determines the speci�c recognition 
of target proteins and plays an important role in the ubiquitin 
pathway [46]. Previous studies have evidenced that lncRNAs 
could mediate the ubiquitination of proteins in the ubiquitin 
ligase E3-dependent manner, thus participating in regulating 
pathological conditions [47]. For instance, LINC00926 
enhanced STUB1 (ubiquitin ligase E3)-mediated PGK1 
ubiquitination to decrease PGK1 level in breast cancer [18]. 
LncRNA MTSS1-AS was reported to decrease MZF1 level by 
regulating STUB1-mediated MZF1 ubiquitination in pancre-
atic cancer [19]. In our study, we found that KLF9 was the 
substrate of STUB1 by Ubibroswer predication and Co-IP 
experiments. SLC7A11-AS1 could interact with STUB1 and 
KLF9. However, we have not further explored the speci�c 
binding region among SLC7A11-AS1, STUB1, and KLF9, 
which will be the direction of our next research. Moreover, 
biological experiments exhibited that KLF9 knockdown 
could abolish sh-SLC7A11-AS1-mediated suppressing in�u-
ences on cell viability, proliferation, migration and invasion 
of HCC cells, and tumor growth and metastasis of mice. 
�erefore, our �ndings revealed that SLC7A11-AS1 knock-
down inhibited STUB1-mediated KLF9 ubiquitination, 
thereby restraining HCC progression.

Based on these results, we summarized that SLC7A11-
AS1, regulated by m6A modi�cation, promoted STUB1-
mediated KLF9 ubiquitination degradation, which inhibited 
PHLPP2 transcription to activate AKT pathway, eventually 
accelerating HCC progression. Our �ndings might provide 
new therapeutic targets for HCC treatment.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure S1. �e expression 
of SLC7A11-AS1 and KLF9. A) RT-qPCR 
detected the expression of SLC7A11-AS1 
in MHCC97H cells transfected with sh-
SLC7A11-AS1 or sh-NC. B) Western blot 
detected KLF9 level in MHCC97H cells 
transfected with sh-SLC7A11-AS1 or in 
combination with sh-KLF9.

Supplementary Figure S2. �e binding sites among METTL3, SL-
C7A11-AS1, KLF9 and STUB1. A) SRAMP predicted the m6A site 
of SLC7A11-AS1. B) Ubibroswer predicted between various ubiq-
uitination enzymes and KLF9. C, D) catRAPID predicted interac-
tions of SLC7A11-AS1/STUB1 and SLC7A11-AS1/KLF9.
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Supplementary Figure S3. �e mRNA expression of KLF9. RT-qPCR ex-
amined the expression of KLF9 in MHCC97H cells transfected with sh-
SLC7A11-AS1 or sh-NC.

Supplementary Figure S4. �e e�ect of KLF9 ubiquitination in sh-SL-
C7A11-AS1-transfected Huh7 and MHCC97H cells. Western blot de-
tected KLF9 ubiquitination in sh-SLC7A11-AS1-transfected Huh7 and 
MHCC97H cells.

Supplementary Figure S5. SLC7A11-AS1 silencing a�ected the decay of KLF9 protein. Western blot detected KLF9 protein in Huh7 and MHCC97H 
cells a�er CHX treatment for 0, 2, 4 and 8 h.

Supplementary Figure S6. �e interactions of various ubiquitination enzymes and KLF9. Co-IP assay veri�ed the interactions of various ubiquitina-
tion enzymes and KLF9.
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Supplementary Figure S7. �e binding relationship of SLC7A11-AS1, KLF9 and STUB1 in cytoplasm of Huh7 and MHCC97H cells. A, B) IF-FISH as-
say was used to detect co-location of SLC7A11-AS1 and KLF9/STUB1 in Huh7 and MHCC97H cells. Red indicated the location of SLC7A11-AS1 and 
green indicated the location of KLF9 or STUB1. C) IF assay was applied to examine co-location of KLF9 and STUB1 in Huh7 and MHCC97H cells. D) 
Co-IP was used to validate the interaction between KLF9 and STUB1. E) RIP was used to validate the interaction between SLC7A11-AS1 and KLF9/
STUB1.
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