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Abstract 

Background N6-methyladenosine (m6A) is a prevalent modification of mRNA and is known to play important roles 
in tumorigenesis in many types of cancer. The function of N6-methyladenosine (m6A) RNA methylation depends on 
a variety of methyltransferases and demethylases. AlkB homolog 5 (ALKBH5) is a demethylase, and its biological func-
tion has not been completely explored in HCC.

Results ALKBH5 is downregulated and has antitumor effects in HCC cells. In addition, Progestin and AdipoQ Recep-
tor 4 (PAQR4) was identified as a downstream target of ALKBH5 based on transcriptome sequencing and validation 
studies. We found that ALKBH5 decreases PAQR4 mRNA and protein expression in an N6-methyladenosine (m6A)-
dependent manner. The study also showed that ALKBH5 changes PAQR4 expression via the m6A reader IGF2BP1. In 
both in vivo and in vitro experiments, PAQR4 showed a strong association with the development of HCC. Finally, we 
found that PAQR4 interacts with AKT and enhances PI3K/AKT pathway activation.

Conclusions ALKBH5 inhibits HCC growth by downregulating PAQR4 expression in an m6A-dependent manner, 
therefore suppressing PI3K/AKT pathway activation.
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Background
Hepatocellular carcinoma (HCC) is still one of the most 
prevalent malignancies and is the fifth leading cause of 
cancer death worldwide [1, 2]. Despite achievements in 
the prevention of HCC, the incidence rate of HCC world-
wide is still rising, while the incidence rate of HCC has 
been declining in some areas in recent years [3–5]. To 
date, some patients have benefited from current advances 
in standardized treatment. However, the long-term  sur-
vival rate of patients with HCC is low [6], which is attrib-
uted to a weak response to chemotherapeutic agents and 
to metastasis and recurrence of hepatic cancers after 
resection [7, 8]. The abovementioned situations have 
inevitably led to treatment failure in HCC. Therefore, we 
need to explore the specific mechanisms involved in the 
recurrence and development of HCC.
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As a unique RNA modification, m6A modification was 
first identified in the 1970s. However, it was after the dis-
covery of FTO as the first RNA demethylase in 2011 [9] 
that the methylation of RNA was regarded as a reversible 
process. Since then, research on m6A RNA modification 
has arisen to fill the gap in this field. Dynamic regula-
tion of RNA methylation mainly depends on ‘‘writers’’ 
and ‘‘erasers’’, which function as dedicated RNA methyl-
transferases and demethylases, respectively [10]. In the 
past few years, with the development of high-through-
put  sequencing  technology and new anti-m6A  antibod-
ies, the role of m6A modification in hepatic cancers has 
been increasingly discussed [11].

In HCC, the m6A methyltransferase methyltrans-
ferase-like 3 (METTL3) contributes to HCC progression 
by methylation of SOCS2 and Snail [12, 13]. Similarly, the 
methyltransferase methyltransferase-like 14 (METTL14) 
suppresses metastasis in HCC by modulating the meth-
ylation levels of microRNA 126 and USP48 [7, 14]. How-
ever, the potential roles of the demethylases fat-mass and 
obesity-associated protein (FTO) and AlkB homolog 5 
(ALKBH5) in HCC have remained unexamined. There 
have been few studies of FTO in liver cancer, while the 
results of studies of ALKBH5 in HCC are inconclusive 
[15].

ALKBH5 was first reported as a mammalian demeth-
ylase in 2013 [16]. Soon after that, many studies were 
conducted on ALKBH5. ALKBH5 maintains the tumo-
rigenicity of glioblastoma stem-like cells (GSCs) through 
the regulation of FOXM1 in a methylation-dependent 
manner [17]. In intrahepatic cholangiocarcinoma (ICC), 
ALKBH5 regulates the tumor immune microenviron-
ment and immunotherapeutic efficacy via modulating 
the methylation  of PD-L1 mRNA [18–20]. In ovarian 
cancer, ALKBH5 promotes cisplatin resistance in cancer 
cells by modifying its m6A target gene JAK2 to activate 
the JAK2/STAT3 signaling pathway[21]. These findings 
demonstrate that ALKBH5 is involved in carcinogenesis, 
tumor formation and the immune microenvironment in 
many types of cancer. In HCC, the malignancy of hepa-
tocellular carcinoma cells is suppressed by ALKBH5 via 
m6A-guided suppression of the oncogenic driver LYPD1 
[22]. However, another article reported that ALKBH5 
promotes hepatocellular carcinogenesis in HBV-related 
HCC and catalyzes m6A demethylation of HBx mRNA to 
sustain its expression [23]. Thus, the role of ALKBH5 in 
HCC remains to be clarified.

Here, we found that ALKBH5 expression was 
decreased in HCC tissues. We discovered that ALKBH5 
suppressed HCC cell proliferation and invasion in vitro. 
By transcriptome sequencing and subsequent valida-
tion through filtering, we found that PAQR4 mRNA was 
methylated and modified by ALKBH5, which influenced 

the stability of PAQR4 mRNA in an IGF2BP1-dependent 
manner. Additionally, we suggested that PAQR4 can pro-
mote the proliferation, migration, and invasion of HCC 
cells in  vivo and in  vitro. Furthermore, we found that 
PAQR4 promoted the malignant behavior of HCC cells 
through the PI3K/AKT signaling pathway. Overall, we 
found that PAQR4, a target gene of ALKBH5 for demeth-
ylation, promotes HCC cell proliferation, migration, and 
invasion via the PI3K/AKT signaling pathway.

Results
The ALKBH5 protein level is decreased in HCC 
and suppresses HCC proliferation and invasion
To investigate the function of ALKBH5 in HCC, we 
first measured the protein level of ALKBH5 in 67 pairs 
of patient tumor and adjacent tissues. The results 
showed that the ALKBH5 protein level was significantly 
decreased in HCC (Fig.  1A), consistent with the results 
of previous studies [22]. Herein, we generated ALKBH5 
overexpression and knockdown cell lines to investigate 
the biological functions of ALKBH5 in HCC. CCK8 
and EdU incorporation assays were performed to assess 
the proliferation of the corresponding HCC cell lines. 
The results showed that overexpression of ALKBH5 
inhibited the proliferation of HLF and 97H cells, while 
knockdown of ALKBH5 in LM3 cells showed the oppo-
site effect (Fig.  1B–E, Additional file  1A). Similarly, the 
results of the migration, invasion, and wound healing 
assays indicated that overexpression of ALKBH5 reduced 
the migration and invasion of HLF and 97H cells, while 
knockdown of ALKBH5 in LM3 cells showed the oppo-
site effects (Fig. 1F–I, Additional file 1B-C).

PAQR4 was downregulated by ALKBH5‑mediated m6A 
modification
To investigate the potential mechanisms by which 
ALKBH5 inhibits HCC cell proliferation and inva-
sion, mRNA transcriptome sequencing was performed 
in HLF vector cells and HLF ALKBH5-overexpressing 
cells. RNA-seq analysis was used to identify possible 
ALKBH5 target genes (Fig.  2A). We focused on the 
top 6 downregulated genes: ISG15, HERC6, SYT14, 
PAQR4, TAP1, and FYB1 (Fig.  2B). Then, we per-
formed RT–qPCR analysis to  verify the downregula-
tion of these genes in ALKBH5-overexpressing HLF 
cells (Fig. 2C). To confirm which genes are regulated by 
ALKBH5-mediated N6-methyladenosine (m6A) modi-
fication, MeRIP assays were performed. The results 
indicated that the m6A level of PAQR4 was the highest 
in HLF cells (Fig. 2D). We found that the protein level 
of PAQR4 was increased after ALKBH5 knockdown 
but decreased after ALKBH5 overexpression (Fig.  2E). 
According to a previous study, ALKBH5 H204A 
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Fig. 1 ALKBH5 is decreased in HCC and suppress HCC proliferation and invasion in vitro. A Protein level of ALKBH5 was detected by Western bolt 
assay in paired HCC samples (n = 60). CCK8 and EdU assays confirmed that overexpression of ALKBH5 inhibit proliferation of 97H and HLF (B, D and 
Additional file 1A), whereas knockdown of ALKBH5 promoted cell proliferation in LM3 (C, E and Additional file 1A). Transwell and wound healing 
assays showed that overexpression of ALKBH5 suppress the capability of migration and invasion in 97H and HLF (F, H and Additional file 1B, C). In 
contract, knockdown of ALKBH5 promoted migration and invasion in LM3 (G, I and Additional file 1B, C). GAPDH was used as internal controls in 
Western blotting analysis. *P < 0.05, **P < 0.01, ***P < 0.001
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exhibited complete loss of demethylase activity rela-
tive to that of ALKBH5-WT [16]. After transfection of 
ALKBH5-WT or ALKBH5-H204A in HEK293T cells, 
we found that ALKBH5-WT but not ALKBH5-H204A 
decreased the mRNA level of PAQR4 (Fig.  2F), which 
indicated that demethylation of ALKBH5 reduced the 
expression of PAQR4. The results of co-transfection of 
PAQR4 with either ALKBH5-WT or ALKBH5-H204A 

in HEK293T cells provided further evidence supporting 
our conclusion (Fig. 2G–H).

We constructed the psiCHECK-PAQR4 luciferase 
reporter plasmid to detect the effect of m6A modifica-
tion on PAQR4 expression. To construct the mutant 
forms of PAQR4, all five predicted methylation regions 
in the PAQR4 CDS and its 3′UTR were replaced 
as  shown  in  the  Fig.  3A. Then, the PAQR4-WT or 

Fig. 2 ALKBH5 suppressed m6A modification of PAQR4 mRNA. A The heat map exhibited the changed genes of transcriptome sequencing after 
ALKBH5 overexpression. B, C RT–qPCR analysis showed the six altered target genes with ALKBH5 knockdown or ALKBH5 overexpression. D The 
result of m6A abundances in mRNA transcripts of ALKBH5 target genes was shown. E Western blot analysis showed the protein level of PAQR4 
with overexpression of ALKBH5 and knockdown of ALKBH5 in HCC cells. F–H RT–qPCR analysis and Western blot verified both mRNA and protein 
expression of PAQR4 was decreased when co-transfected with ALKBH5-WT but not with ALKBH5-H204A. GAPDH was used as internal controls in 
Western blotting and RT–qPCR analysis. *P < 0.05, **P < 0.01, ***P < 0.001
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PAQR4-MUT plasmid was co-transfected with ALKBH5 
or si-ALKBH5. The results indicated that the translation 
efficiency of PAQR4 was negatively correlated with the 
expression of ALKBH5 (Fig.  3B). MeRIP-qPCR analysis 
was then performed to reveal the correlation between the 
protein level of ALKBH5 and the m6A level of PAQR4. 
The m6A level of PAQR4 decreased when ALKBH5 was 
overexpressed. Conversely, when ALKBH5 was knocked 
down, the m6A level of PAQR4 increased (Fig.  3C). 
Furthermore, we discovered that overexpression of 
ALKBH5 reduced the PAQR4 mRNA degradation rate, 
whereas knockdown of ALKBH5 accelerated this process 
(Fig.  3D). In our research, it was shown that ALKBH5 
expression was related to the decreased m6A meth-
ylation level of PAQR4, which led to decreased PAQR4 
mRNA stability. Previous research has shown that m6A 
“readers” in the YTHDF and IGF2BP families might play 
key roles in mRNA methylation and in mRNA stability, 
translation, and/or localization [24]. Here, we discovered 
that when IGF2BP1 was knocked down, the mRNA level 
of PAQR4 was reduced (Fig.  3E). This finding was con-
sistent with the role of IGF2BP1 proposed in previous 
reports [25]. We then used a RIP assay and observed that 
PAQR4 mRNA was enriched in IGF2BP1-overexpress-
ing cells, implying that PAQR4 mRNA may be degraded 
through interaction with IGF2BP1 (Fig. 3F). To validated 
that ALKBH5 and IGF2BP1 are really relevant with 
PAQR4, correlation analyses were performed to show 
that ALKBH5 was negative correlated with PAQR4 and 
IGF2BP1 was positive correlated with that of PAQR4 in 
the HCC samples (Fig. 3G–I). In summary, PAQR4 was 
downregulated by ALKBH5-mediated m6A modification 
in an IGF2BP1-dependent manner.

PAQR4 promoted HCC cell proliferation in vivo and in vitro
To investigate the biological function of PAQR4 in HCC, 
PAQR4 was overexpressed in Hep3B and HLF cells and 
knocked down in HLF and 97H cells. The CCK8 and 
EdU incorporation assays showed that overexpression 
of PAQR4 promoted the proliferation of Hep3B and 
HLF cells and that knockdown of PAQR4 suppressed the 
proliferation of HLF and 97H cells (Fig.  4A–E). In  vivo 

experiments were also completed to demonstrate these 
findings (Fig.  4F). The tumor weight and tumor volume 
in the PAQR4 overexpression group were substantially 
higher than those in the control group in the subcuta-
neous xenograft model (Fig.  4G and H). Correspond-
ingly, PAQR4 overexpression was associated with higher 
expression levels of the proliferation indices Ki-67 and 
PCNA, according to immunohistochemistry (IHC) 
(Fig. 4I).

PAQR4 promoted the migration and invasion of HCC cells 
in vitro and promoted HCC metastasis in vivo
The wound healing, migration, and invasion assays 
showed that PAQR4 promoted the migration and inva-
sion of Hep3B and HLF cells and that knockdown of 
PAQR4 suppressed the migration and invasion of HLF 
and 97H cells (Fig. 5A–D and Additional file 2A, B). Since 
epithelial-mesenchymal transition (EMT) is of great 
importance in the migration and invasion of HCC cells 
[26], we hypothesized that PAQR4 may promote migra-
tion and invasion by stimulating EMT signaling. Our 
data obtained from immunofluorescence staining and 
Western blot analysis indicated that the epithelial marker 
E-cadherin was upregulated in PAQR4-overexpressing 
Hep3B and HLF cells, while the mesenchymal marker 
vimentin was downregulated in PAQR4-overexpressing 
Hep3B and HLF cells (Fig.  5E and F). Consistent with 
these findings, the staining results in tumor tissues also 
showed the same trend (Fig. 5I). Collectively, these find-
ings suggested that overexpression of PAQR4 activates 
EMT in HCC. Moreover, overexpression of PAQR4 sig-
nificantly increased the formation of intrahepatic meta-
static foci compared to that in the control group in the 
intrahepatic HCC implantation model (Fig.  5G and H). 
Taken together, these results suggested that overexpres-
sion of PAQR4 promotes the metastasis of HCC cells.

To further confirm that the protective effect of 
ALKBH5 could be blocked by the overexpression of 
PAQR4, corresponding functional rescue assays were 
performed. As EdU and CCK8 assays showed, overex-
pression of ALKBH5 decreased the proliferation capac-
ity in 2 HCC cell lines, while co-overexpressed of PAQR4 

(See figure on next page.)
Fig. 3 ALKBH5 downregulated PAQR4-mediated with IGF2BP1 in a m6A dependent manner. A Schematic representation exhibited totally 5 
possible sites of m6A motifs in PAQR4 mRNA, and all of these positions were muted as described then constructed into psiCHECK-Vector plasmids 
to investigate the m6A roles on PAQR4 expression. PAQR4-WT was constructed into psiCHECK-Vector plasmids as control. B The psiCHECK 
PAQR4-MUT and psiCHECK PAQR4-WT plasmids were transfected into wild-type or ALKBH5-overexpression HLF cells and ALKBH5-knockdown LM3 
cells for 24 h. Fluorescence intensity represented changes in PAQR4 transcriptional activity. C MeRIP-qPCR analysis indicated ALKBH5 overexpression 
abolish m6a modification on PAQR4 mRNA in HLF cells while ALKBH5 knockdown enriched m6a modification on PAQR4 mRNA. D Actinomycin 
D (ActD) assay showed overexpression of PAQR4 accelerate the degradation of mRNA whereas this process slowed down after ALKBH5 was 
knockdown. E PAQR4 expression was measured via RT–qPCR in two IGF2BP1 knockdown HCC cells. F The result of RIP-qPCR indicated that IGF2BP1 
could bind to PAQR4 mRNA in HLF and LM3 cells. GAPDH was used as internal controls in qPCR analysis. G Representative immunohistochemical 
staining images of ALHBH5, IGF2BP1 and PAQR4 in human HCC tissues; scale bar: 200 μm. H Correlation analysis between ALHBH5 and PAQR4 in 
human HCC tissues. I Correlation analysis between IGF2BP1 and PAQR4 in human HCC tissues. *P < 0.05, **P < 0.01, ***P < 0.001
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reverted this phenomenon (Additional file  3A and B). 
Wound healing and transwell assays showed that overex-
pression of ALKBH5 decreased the invasion and migra-
tion ability, while co-overexpressed of PAQR4 reverted 

this phenomenon (Additional file 3C and D). To sum up, 
the protective effect caused by upregulation of ALKBH5 
in HCC cell lines may achieved by reducing the effect of 
PAQR4.

Fig. 3 (See legend on previous page.)
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Fig. 4 PAQR4 promoted HCC cells proliferation in vivo and in vitro. CCK8 and EdU assays confirmed that overexpression of PAQR4 promote 
proliferation in Hep3B and HLF cells (A, C and E), whereas knockdown of ALKBH5 repressed cell proliferation in HLF and 97H cells (B, D and E). F 
Representative images of tumor xenograft models using PAQR4-overexpressing HLF cells (n = 5), HLF-Vector cells were used as control. (G and H) 
Tumor weight and volume of PAQR4-overexpressing and control group were shown. I The Immunohistochemistry (IHC) assays showed expression 
of ki-67 and PCNA in the tumor xenograft model. Scale bar, 20 μm (40 ×). *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 5 PAQR4 promoted the migration and invasion capability of HCC cells in vitro and promoted HCC metastasis in vivo. Transwell and wound 
healing assays showed that overexpression of PAQR4 promote the capability of migration and invasion in Hep3B and HLF cells (A, C and Additional 
file 2A and B). Knockdown of PAQR4 suppress the capability of migration and invasion in HLF and 97H cells (B, D and Additional file 2A and B). 
Immunofluorescence and Western blot analysis EMT markers like E-ca, N-ca, Vimentin in Hep3B and HLF cells (E, F). Representative images of 
intrahepatic metastasis model using PAQR4-overexpressing HLF cells (n = 5), HLF-Vector cells were used as control (G). The numbers of metastasis 
nodules (H). The Immunohistochemistry (IHC) assays showed expression of EMT markers E-ca and N-ca on tumor sections. Scale bar, 20 μm (40 ×). i 
*P < 0.05, **P < 0.01, ***P < 0.001
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PAQR4 promoted the development of HCC by activating 
AKT
To further explore how PAQR4 promotes the develop-
ment of HCC, silver staining and subsequent mass spec-
trometry were performed to identify potential binding 
partners of PAQR4 (Fig.  6A). Interestingly, we found 
that the characteristic peptides of AKT were identi-
fied by mass spectrometry. In line with this result, we 
conducted exogenous co-IP assays in HEK293T cells 
(Fig.  6B) and performed an immunofluorescence assay, 
thus showing the colocalization of PAQR4 and AKT 
in the cytoplasm (Fig.  6C). The results of both of these 
assays suggested an interaction between PAQR4 and 
AKT. In previous studies, it has been shown that PAQR4 
promotes tumorigenesis and metastasis via the PI3K/
AKT pathway in hepatocellular carcinoma and prostate 
cancer [27, 28]. We detected the activation of AKT in 
wild-type and PAQR4-overexpressing HCC cells stimu-
lated with or without Insulin-like growth factor-1 (IGF-
1), which is regarded as an activator of the AKT pathway 
[29, 30]. The Western blot analysis results revealed that 
PAQR4 overexpression increased the phosphorylation of 
AKT regardless of IGF-1 stimulation (Fig.  6D). We also 
knocked down AKT in PAQR4-overexpressing HCC cells 
to evaluate cell proliferation, migration, and invasion. 
Knockdown AKT significantly prevented the increases in 
proliferation, migration, and invasion induced by PAQR4 
overexpression in HCC cells (Fig.  6E–I, Additional 
file  4A–C). Taken together, these data suggested that 
PAQR4 enhanced proliferation, migration, and invasion 
by activating AKT in HCC cells (see Additional file 5).

High expression of PAQR4 is associated with poor 
prognosis in HCC
To explore the potential implications of PAQR4 in the 
prognosis of patients with HCC, we elected to perform 
studies of PAQR4 data from multiple databases. The data 
from The Cancer Genome Atlas (TCGA) database indi-
cated that the PAQR4 level was significantly increased in 
tumor tissues (Fig. 7A). In the same database, the results 
of Kaplan–Meier analysis revealed that high expression 
of PAQR4 was significantly correlated with shorter OS 
and DFS times (Fig.  7B, C). In addition, in six different 
GSE datasets, PAQR4 was found to be highly expressed in 
HCC patients (Fig. 7D). Interestingly, our study showed 
that a higher expression level of PAQR4 was detected in 
HCC tumor tissues than in the adjacent normal tissues 
in the diethylnitrosamine (DEN)-induced mouse model 
(Fig.  7E). IHC staining of a total of 108 pairs of clinical 
HCC tissues demonstrated that the expression of PAQR4 
was significantly increased in tumor tissues (Fig.  7F). 
Patients with higher PAQR4 expression levels exhibited 
worse prognoses, and the same was true in our cohort 

(Fig.  7G, H). These clinical data supported our finding 
that high expression of PAQR4 was associated with poor 
prognosis in HCC. Together, our results demonstrated 
that ALKBH5- mediated demethylation of PAQR4 
mRNA resulted in downregulation of PAQR4. This study 
also implies that PAQR4 plays an important role in HCC 
development and is an important biomarker for poor 
prognosis in HCC (Fig. 7I).

Discussion
For decades, an increasing number of studies have shown 
that m6A mRNA modification affects the biology of 
normal and tumor cells [31–34]. STM2457, a new bio-
available inhibitor of METTL3, was developed in 2021 
as a new drug to treat myeloid leukemia [35]. As the first 
methylase-targeted anticancer drug, it was proven to be 
effective and safe in vivo, constituting an example of suc-
cessfully using m6A as a therapeutic target [36]. In the 
present study, we found that the expression of ALKBH5 
was decreased in HCC. Overexpression of ALKBH5 
suppressed the proliferation, migration, and invasion of 
HCC cells in vitro, while knockdown of ALKBH5 exhib-
ited the opposite effects. As shown in our previous pub-
lication [22], in  vivo experiments to demonstrate the 
antitumor effect of ALKBH5 were not repeated in this 
study. The data  from transcriptome analyses inspired us 
to search for possible downstream targets of ALKBH5. 
After verification of mRNA and protein levels, we estab-
lished PAQR4 as our research target of an ALKBH5 sub-
strate molecule. Subsequently, we observed that the effect 
of ALKBH5 on PAQR4 was dependent on the activity of 
the enzyme and was abolished by the ALKBH5 H204A 
mutation, which suggests that the function of ALKBH5 
was mediated through m6A modification. The results 
of MeRIP analysis and the luciferase  reporter assay also 
confirmed this conclusion. After identifying the eraser 
of m6A in PAQR4 mRNA and clarifying its effects on 
PAQR4, we next looked for the m6A reader, which can 
“recognize” PAQR4 mRNA methylation. YTH domain-
containing proteins and insulin-like growth factor pro-
teins function as m6A readers to regulate mRNA stability 
and translation [12, 24, 37–40]. Surprisingly, we found 
that IGF2BP1 bound to PAQR4 mRNA and prevented 
its degradation. However, other potential m6A readers 
of PAQR4 have not been identified and require further 
investigation.

Progestin and AdipoQ Receptor 4 (PAQR4) belongs 
to the progestin and adipoQ receptor family. This fam-
ily includes 11 proteins (PAQR1 to PAQR11) that encode 
functional receptors, as their names suggest [41]. In 
recent studies, PAQR4 was demonstrated to act as an 
oncogene in multiple cancers. PAQR4 was discovered 
to disrupt the interaction between Nrf2 and Keap1 in 
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Fig. 6 PAQR4 promoted the development of HCC by activating AKT. A Silver staining indicated PAQR4 may interact with AKT. B 
Co-immunoprecipitation (Co-IP) assay identified the interaction between PAQR4 and AKT. C The colocalization of PAQR4 and AKT was observed 
by immunofluorescence in HLF and HepG2 cells. D Western blot analysis showed activation of AKT pathway with or without IGF-1 stimulation 
when PAQR4 was overexpressed. (E, F and Additional file 4A) CCK8 and EdU assays showed knockdown of AKT reduce proliferation caused by 
overexpression of PAQR4. (G, H and Additional file 4B, C) Transwell and wound healing assays showed that knockdown of AKT reduce increased 
migration and invasion capability caused by overexpression of PAQR4. GAPDH was used as internal controls in Western blotting analysis. *P < 0.05, 
**P < 0.01, ***P < 0.001
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Fig. 7 High expression of PAQR4 is associated with poor prognosis in HCC. A PAQR4 expression in the normal and HCC data were obtained from 
TCGA and the (B, C) Kaplan–Meier survival curves disease-free survival of patients with HCC from TCGA. D PAQR4 expression in human HCC data 
were obtained from 6 GEO datasets. E PAQR4 expression in DEN-induced mouse liver cancer. F Representative images of Immunohistochemistry 
(IHC) from human HCC samples and the expression of PAQR4 was compared between Adjacent tissue and tumor tissue according to the IHC 
scoring. G, H Kaplan–Meier survival curves and disease-free survival of patients with HCC from Tongji cohort. i Schematic representation of a model 
for the role of PAQR4 in HCC. *P < 0.05, **P < 0.01, ***P < 0.001
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non-small-cell lung cancer (NSCLC), preventing Nrf2 
protein degradation and thereby decreasing the sensi-
tivity of malignant cells to chemotherapy [42]. PAQR4 
inhibits SKP2-mediated ubiquitination of CDK4 by com-
petitive binding to the binding site, contributing to can-
cer cell proliferation and carcinogenesis [43]. In breast 
cancer, PAQR4 was discovered to be located in the Golgi 
apparatus, where it reduces cytotoxicity and generates 
S1P to aid cell development [44]. In HCC, PAQR4 pro-
motes the development of HCC through the PI3K/AKT 
pathway [27], as also shown in our study. In this research, 
we demonstrated that PAQR4 promotes the proliferation, 
invasion, and metastasis of HCC cells in vivo and in vitro. 
We found that the expression of PAQR4 was significantly 
upregulated in our patient cohort and in TCGA data. 
In the diethylnitrosamine (Den)-induced mouse model 
of liver cancer, we also observed high expression levels 
of PAQR4 and found that it was correlated with shorter 
overall survival and disease-free survival rates. These 
data indicate that PAQR4 might be used as a prognostic 
factor in HCC patients.

Overall, AKT signaling has many biological functions 
in normal and tumor cells [29, 45]. Particularly in HCC, 
AKT is regarded as a “driver” of cancer development and 
malignant behaviors [46, 47]. In this study, we found that 
overexpression of PAQR4 facilitated but knockdown of 
PAQR4 counteracted the activation of AKT. In addition, 
we knocked down AKT in PAQR4-overexpressing can-
cer cells in  vitro and found that the proliferation, inva-
sion, and migration of these cells were restored. Based 
on our existing data, we concluded that PAQR4 may 
exert its tumor-promoting effects by activating the AKT 
pathway in HCC. This conclusion may be further sup-
ported by using the PI3K/AKT signaling-specific inhibi-
tor LY294002 in mice in future experiments.

Conclusions
In our studies, we found that ALKBH5 inhibits HCC 
growth by downregulating PAQR4 expression in an 
IGF2BP1-dependent manner. Furthermore, we found 
that PAQR4 enhanced proliferation, migration, and inva-
sion by activating AKT in HCC cells.

Methods
Clinical samples or patients and specimens
All HCC specimens and paired adjacent normal tissues 
were collected from patients who underwent curative 
surgical resection between 2012 and 2017 at the Hepatic 
Surgery Center, Tongji Hospital of Huazhong University 
of Science and Technology (HUST; Wuhan, China). A 
set of 108 pairs of HCC and adjacent normal tissues were 
used for immunohistochemistry (IHC) and prognostic 
analysis. Another 80 pairs of HCC and adjacent normal 

tissues were used for Western blotting (WB) to detect the 
expression of PAQR4. Informed consent for the use of 
human material was obtained from each patient, and the 
study was approved by the Ethics Committee of Tongji 
Hospital of HUST.

Animal models
The animal experimental protocols and ethical consid-
erations were approved by the Institutional Animal Care 
and Treatment Committee of Huazhong University of 
Science and Technology. Four-week-old male BALB/c 
nude mice were purchased from HFK BioTechnology 
and maintained under specific pathogen-free condi-
tions. For the subcutaneous xenograft model, 1 ×  106 
tumor  cells were resuspended in 100 μL of DMEM and 
then injected  into  the axilla of each  mouse (n = 5 mice 
per group). The mice were sacrificed after 2  weeks, the 
tumor weight was recorded, and the tumor volume was 
calculated according to the following equation: vol-
ume = 1/2*(length × width2). After the experiment, 
the specimens were fixed with 4% formaldehyde. For 
the intrahepatic tumor implantation model, 1 ×  106 
tumor  cells were resuspended in 100  μL of DMEM and 
then inoculated  under the capsule of the right lobe of 
the liver (n = 5 mice per group). The mice were sacrificed 
after 4  weeks, and the tumors were removed and sub-
jected to HE staining.

Cell lines and cell culture
The HCC cell lines LM3, HepG2, and HEK293T were 
purchased from the China Center for Type Culture Col-
lection (Wuhan, China), and the HCC cell lines HLF, 
Hep3B, and 97H were obtained from the Hepatic Surgery 
Center, Tongji Hospital of Huazhong University of Sci-
ence and Technology (HUST; Wuhan, China). All of the 
above cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, Grand Island, NY) supple-
mented with 10% fetal bovine serum (FBS; Gibco, Grand 
Island, NY) and incubated in 5%  CO2 at 37 °C.

In vitro cell proliferation assays
An EdU Cell Proliferation Kit (Beyotime) was used to 
evaluate cell proliferation in vitro. Cells were plated into 
24-well plates at a density of 4.0 ×  105 cells per plate. 
After  adherent  growth, EdU (10  μM) was added to the 
cells and incubated at 37 °C for 1 h. Then, PBS was used 
to remove the DMEM and preserve the EdU probe. Cells 
were fixed with 4% formaldehyde for 30 min. After being 
washed twice with PBS, the cells were permeabilized in 
0.3% Triton X-100 for 10  min. Click Additive Solution 
was then added to the cultured cells and incubated at 
room temperature in the dark for 30  min. Nuclei were 
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stained with Hoechst for 10 min. Images were acquired 
by microscopy.

Colony formation assay
HCC cells were seeded into 6-well plates (200 cells/well) 
and further cultured at 37 °C for 2 weeks. The cells were 
then fixed with 4% formaldehyde for 30 min and stained 
with 0.1% crystal violet for 15  min. Then, the colonies 
were counted.

CCK8 assay
The in vitro HCC cell viability assay was conducted using 
a Cell Counting Kit-8 (CCK8). Cells were seeded into 
96-well plates (100 cells/well) at 37 °C in 5%  CO2. Then, 
100 µl of CCK8 solution diluted tenfold with DMEM was 
added to each plate and incubated at 37 °C for 1 h. Cell 
proliferation activity was then evaluated with a micro-
plate reader.

Migration and invasion assays
According to the manufacturer’s protocol, Transwell 
migration and invasion assays were performed using 
a 24-well Transwell plate containing membranes with 
8-μm pores (Costar, Cambridge, MA). For the migration 
assay, 3 ×  104 cells resuspended in 100  µl of serum-free 
DMEM were seeded in the upper chambers, while 700 µl 
of DMEM containing 10% fetal bovine serum (FBS) was 
placed in the lower chambers. For the invasion assay, the 
membranes in the upper chambers were first coated with 
50 μL of a 1:4 mixture of Matrigel (BD Biosciences, USA): 
DMEM. Then, 3 ×  104 cells resuspended in 100  µl of 
serum-free DMEM were seeded in the upper chambers, 
while 700 µl of DMEM containing 10% FBS was placed in 
the lower chambers. After culture for 24 h in 5%  CO2 at 
37  °C, the cells that passed through the lower surface 
of the membranes were fixed with 4% formaldehyde 
for 30  min at room temperature and then stained with 
0.1% crystal violet at room temperature for 15 min. The 
cells were imaged by bright-field microscopy and then 
counted with ImageJ software (NIH open source image 
processing software). Each experiment was repeated at 
least 3 times.

Wound healing assay
A wound healing assay was used to evaluate the cell 
migration ability in  vitro. HCC cells were seeded in 
6-well plates at 90% to 100% confluence. Sterilized 10 
μL pipette tips were used to scratch across the surface 
of the plate to create an artificial wound. The cells were 
then washed with PBS 3 times to remove detached cells 
and cell debris. This step was followed by imaging using 
a bright-field microscope 0 h and 24 h after the scratch 
was made. Each experiment was repeated at least 3 times.

Western blotting (WB)
Cells were lysed with RIPA buffer containing protease 
inhibitor cocktail and phosphatase inhibitor cocktail 
(MedChemExpress, USA) at 4  °C for 30  min. Protein 
concentrations in the cell lysates were quantified by using 
a BCA Protein Assay Kit (Thermo Fisher Scientific). 
Briefly, equal amounts of protein were then separated 
by SDS–PAGE (Boster Biological Technology, Wuhan, 
China) and transferred to polyvinylidene fluoride (PVDF) 
membranes (Millipore, USA). The membranes were 
blocked with 5% bovine serum albumin (BSA) at 37  °C 
for 60  min and then incubated with primary antibodies 
at 4  °C overnight. Next, the membranes were incubated 
with goat anti-rabbit or goat anti-mouse immunoglobu-
lin as secondary antibodies at 37  °C for 1 h. Finally, the 
membranes were visualized with an ECL detection sys-
tem (Bio-Rad Laboratories). Image Lab™ 4.0 software 
was used to analyze the Western blot band densities, and 
GAPDH was used as the control for normalization to the 
protein content.

Antibodies and reagents
Primary antibodies against PAQR4 (13401-1-AP for WB 
and IHC), GAPDH (60004-1-Ig for WB), and ALKBH5 
(16837–1-AP for WB) were purchased from Proteintech 
(Wuhan, Hubei, China). Primary antibodies against Flag 
(F1804 for WB and IP) and HA (H6908 for WB and IP) 
were purchased from Sigma (St. Louis, MO, USA). Pri-
mary antibodies against AKT (#4691 for WB and IF), 
phospho-Akt (Ser473) (#4060 for WB), Vimentin (#5741 
for WB, IF and IHC), and Snail  (#3879 for WB) were 
purchased from CST (Danvers, MA, USA). Primary 
antibodies against E-cadherin (#610182 for WB, IF 
and IHC) and N-cadherin (#610920 for WB) were pur-
chased from BD Biosciences (NJ, USA). Primary anti-
body against IGF2BP1 (#A1517 for IHC) was purchased 
from ABclonal (Wuhan, Hubei, China). Primary antibody 
against ALKBH5 (#ab195377 for IHC) was purchased 
from Abcam Technology.

Coimmunoprecipitation (co‑IP)
Cells were lysed in IP lysis buffer containing protease 
inhibitor cocktail and phosphatase inhibitor cocktail 
(MedChemExpress, USA) at 4  °C for 30  min. After-
ward, the cell lysates were immunoprecipitated with the 
indicated antibodies at 4  °C overnight. On the second 
day, the lysates were incubated with Magnetic Agarose 
Beads (Biolinkedin, Shanghai, China) for 1  h prior to 3 
washes with Binding/Washing buffer (0.5  M NaCl and 
20 mM  Na2HPO4, pH 7.0). The washed beads were eluted 
with 2 × loading buffer and then subjected to Western 
blot analysis. The protein interacting with PAQR4 was 
screened by immunoprecipitation, silver staining and 
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mass spectrometry. Cell extracts from 293 T cells trans-
fected with Flag-tagged PAQR4 or Flag-tagged vector 
were immunoprecipitated with anti-Flag antibody. The 
corresponding IP experiment steps were described above 
and samples were carried out silver staining to ensure 
samples quality. Then eluted proteins were identified by 
mass spectrometry.

Immunofluorescence (IF) analysis
A total of 3 ×  105 cells were seeded into glass dishes, and 
8  h later, the cells were fixed with 4% formaldehyde for 
15 min at room temperature. Then, the cells were washed 
3 times and permeabilized with 0.1% Triton X-100 for 
30  min. After blocking with 5% bovine serum albumin 
(BSA) at 37 °C for 60 min, the cells were incubated with a 
primary antibody overnight at 4 °C. The next day, the cells 
were washed three times and incubated with a fluores-
cent secondary antibody for 2 h at room temperature in 
the dark. Finally, nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI; Sigma–Aldrich) for 8 min. Images 
were acquired with a laser scanning confocal microscope.

Immunohistochemistry (IHC)
Tumor tissues were fixed with 4% formaldehyde for 1 day 
at room temperature, embedded in paraffin and sliced 
into sections. The paraffin sections were first warmed 
to 65  °C for 30  min and then placed sequentially into 
xylene, xylene, 100% alcohol, 100% alcohol, 95% alcohol, 
90% alcohol, 80% alcohol, and 70% alcohol for  dewax-
ing. Then, the slices were heated to 95  °C for 30  min 
for antigen repair. After the slices were cooled to room 
temperature and then washed 3 times with PBS, they 
were immersed in 3%  H2O2 for 10 min to quench endog-
enous peroxidase activity. The slices were blocked with 
5% bovine serum albumin at 37  °C for 60 min and then 
incubated with primary antibodies at 4 °C overnight. On 
the second day, after being washed 3 times with PBS, 
the slices were incubated with a horseradish peroxidase 
(HRP)-conjugated secondary antibody for 1  h. Finally, 
DAB (Dako; Agilent Technologies, Inc.) was used to visu-
alize staining. Staining was observed under a microscope 
after hematoxylin counterstaining, dehydration, and seal-
ing of the slices. Immunohistochemical staining scoring 
of human HCC samples was performed by two patholo-
gists in double blind. In each example, five visual fields 
were examined under a microscope, and scores were 
assigned based on the number of positive cells and the 
staining intensity. If fewer than 5% of the total cells are 
stained, the number of positive cells receives a score of 0, 
26% to 50%, 51% to 75%, and 76% to 100%, respectively. 
According to the staining intensity standard, 0 is color-
less, 1 is pale yellow, 2 is brown, and 3 is brown. The final 
staining score is the product of two scores.

RNA extraction and RT–qPCR
RNA was extracted by using a FastPure Cell/Tissue Total 
RNA Isolation Kit (Vazyme) following the manufacturer’s 
instructions. cDNA libraries were prepared by using HiS-
cript II Q Select RT SuperMix for qPCR (Vazyme). Then, 
the number of transcripts was quantified with the CFX96 
Touch™ Real-Time PCR Detection System (Bio-Rad, Her-
cules, CA, USA) by using ChamQ SYBR qPCR Master Mix 
(Vazyme) following the manufacturer’s instructions. The 
amounts of target gene transcripts were normalized to the 
internal gene GAPDH. Each experiment was repeated at 
least 3 times. The All primers used were as follows: GAPDH-
F, 5′-GAC AAG CTT CCC GTT CTC AG-3′; GAPDH-R, 
5′-GAG TCA ACG GAT TTG GTC GT-3′; PAQR4-F, 5′-FTAC 
CTG CAC AAC GAA CTG GG-3′; PAQR4-R, 5′ -AAG AGG 
TGA TAG AGC ACG GAG-3′; ISG-15-F, 5′ -CGC AGA TCA 
CCC AGA AGA TCG-3′; ISG-15-R, 5′ -TTC GTC GCA TTT 
GTC CAC CA-3′; HERC6-F, 5′ -CCC TCA GTG GGC GTA 
ATG TC-3′; HERC6-R, 5′ -AGA GCG ATT GTC TCC AAA 
TGTG-3′; SYT14-F, 5′ -AAA TAC AGT CCT CTA TCG 
GCAGA-3′; SYT14-R, 5′ -TTG GGC ACT TGT TAT ATG 
AGCAT-3′; TAP1-F, 5′ -CTG GGG AAG TCA CCC TAC C-3′; 
TAP1-R, 5′ -CAG AGG CTC CCG AGT TTG TG-3′; FYB1-F, 
5′ -GCA GGC CAA AGA TTC GGA AC-3′; FYB1-R, 5′ -GGA 
GGC CAG GGA AAT GTA GG-3′; ALKBH5-F, 5′ -CGG CGA 
AGG CTA CAC TTA CG-3′; ALKBH5-R, 5′ -CCA CCA GCT 
TTT GGA TCA CCA-3′; IGF2BP1-F, 5′ -GCG GCC AGT TCT 
TGG TCA A-3′; IGF2BP1-R, 5′ -TTG GGC ACC GAA TGT 
TCA ATC-3′.

Plasmid construction and transfection
The human PAQR4 or ALKBH5 sequence was tagged 
with Flag or HA at the N-terminus and inserted into the 
pcDNA3.1 vector (Invitrogen, USA). Short hairpin RNAs 
(shRNAs) targeting PAQR4 and ALKBH5 were inserted 
into the pcDNA3.1 vector to construct knockdown plas-
mids. The ALKBH5 H204A sequence was constructed by 
site-directed mutagenesis. Human PAQR4 and ALKBH5 
were also inserted into the pLenti vector (Invitrogen, 
USA) to construct overexpression plasmids. All the 
above plasmids were confirmed by DNA sequencing. 
A lentiviral system was used to construct cell lines with 
stable knockdown and overexpression. Small interfering 
RNA (siRNA) oligos were designed by RiboBio (Guang-
zhou, China) for gene silencing. Lipo3000 (Invitrogen) 
was used in all of the above transfections according to 
the manufacturer’s recommendations. The sequences of 
the siRNAs are summarized as follows: PAQR4 si-1, GCA 
GGC TCC GTG CTC TAT CAC; PAQR4 si-2, CGT CTT 
GCT CTG AGA GTT CAA; ALKBH5 si-1, GCT GCA AGT 
TCC AGT TCA A; ALKBH5 si-2, CCT CAG GAA GAC 
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AAG ATT AGA; IGF2BP1 si-1, GGC TCA GTA TGG TAC 
AGT A; IGF2BP1 si-2, TGA AGA TCC TGG CCC ATA A.

RNA immunoprecipitation (RIP) assays
Cells were washed twice with precooled PBS and then 
digested with RIP buffer. After ultrasonic lysis and cen-
trifugation at 4 °C for 15 min, 20 µL of each sample was 
removed as input. Different antibodies were added sepa-
rately to the remaining samples, and IgG was also added 
as the negative control. After overnight incubation at 
4  °C, magnetic beads were added to each sample. After 
magnetic beads were added, the samples were incubated 
at 4  °C for 4  h. After 4 washes with buffer, TRIzol was 
added to the tube to extract RNA. RNA was reverse tran-
scribed into cDNA for subsequent experiments.

Statistical analysis
Statistical analyses of all data were carried out using 
GraphPad Prism 8.3.0 (GraphPad, La Jolla, CA, USA) 
software. All values are expressed as the means ± SEMs. 
Comparisons between two groups were performed 
by two-tailed Student’s t test or one-way or two-way 
ANOVA. The Kaplan–Meier method with the log-rank 
test was used to assess survival in different subgroups. 
Differences between groups were considered significant 
when the p value was < 0.05.
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