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Background: Activating autophagy promotes the invasion and progression of prostate cancer (PCa). Tetraspanin 1 (TSPAN1)
has been found to promote autophagy flux and its up-regulation can enhance the migration of PCa cells. In addition, there is a
binding relationship between TSPAN1 and the N6-methyladenosine (m6A) demethylase AlkB homolog 5 (ALKBH5). Therefore,
we wanted to know whether ALKBH5 could affect autophagy by regulating TSPAN1 expression, and thereby participate in PCa
malignant progression.
Methods: The expression of ALKBH5 and TSPAN1 in PCa was examined by quantitative real-time polymerase chain reaction
(qRT-PCR), and the functional tests included cell counting kit-8 and 5-ethynyl-2′-deoxyuridine (EdU) staining assays. The ex-
pression of autophagy-related proteins was confirmed by western blot. Detection of the m6A level of TSPAN1 was performed
using methylated RNA immunoprecipitation sequencing (MeRIP)-qPCR.
Results: ALKBH5 was significantly downregulated in PCa cells (LNCaP, DU145 and PC3 cells; p < 0.001). Overexpression of
ALKBH5 inhibited cell viability and the number of EdU-positive cells (p < 0.01, p < 0.001), decreased the ratio of microtubule-
associated protein light chain 3B (LC3B)-II/LC3B-I, and promoted P62 protein expression in LNCaP andDU145 cells (p< 0.001).
The m6A level of TSPAN1 was high in LNCaP and DU145 cells, but was inhibited by the overexpression of ALKBH5 (p< 0.001).
TSPAN1 overexpression promoted cell viability (p < 0.001), increased EdU-positive cells and the LC3B-II/LC3B-I ratio (p <

0.001, p< 0.05), reduced P62 protein expression (p< 0.05, p< 0.001), and reversed the regulation of ALKBH5 overexpression in
LNCaP and DU145 cells (p < 0.01, p < 0.001).
Conclusions: Promoting ALKBH5 expression may inhibit PCa autophagy by reducing the m6A level of TSPAN1.
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Introduction

Prostate cancer (PCa) is a common malignancy of the
urinary tract [1,2]. There have been clear trends in PCa in-
cidence and mortality in recent years [1]. Most patients
with early PCa diagnosis have a good prognosis and low
mortality [3]. Androgen deprivation therapy (ADT) is the
preferred approach in the treatment of PCa; however, there
are still some patients who develop drug resistance and
become desmoresistant (castration-resistant prostate cancer
[CRPC]), resulting in shorter survival time [4,5]. New di-
agnostic and therapeutic approaches based on the biological
and molecular mechanisms of PCa progression are needed.

Autophagy is a biological process in which organelles
and unfolded proteins, etc., that need to be degraded in the
cell are catabolized in the lysosome [6,7]. Autophagy is
associated with multiple biological processes in PCa, and
studies have shown that autophagy can promote the in-
vasion and progression of PCa and simultaneously resist
radiation-induced damage [6,8,9]. The cooperative effects
of multiple cancer suppressor genes and oncogenes are in-
volved in the development and metastasis of PCa [10,11].

Autophagy-related genes, including family with sequence
similarity 215 member A (FAM215A), FDD, MYC proto-
oncogene (MYC), Ras homolog enriched in brain (RHEB),
and autophagy related 16-like 1 (ATG16L1) have been ana-
lyzed as predictive factors for prognostic assessment of PCa
[12]. We screened the aberrantly expressed genes in PCa
using The Cancer Genome Atlas (TCGA) database, then
reviewed the literature to verify their relationship with au-
tophagy. Finally, Tetraspanin 1 (TSPAN1), a new mem-
ber of the Tetraspanins protein family, was identified and
selected to be further studied in our paper [13,14]. It has
been reported that in gastric, colon, and cervical cancers,
TSPAN1 expression levels significantly increased in tumor
tissues, and that these elevated levels were able to promote
tumor cell proliferation and invasion at the in vitro cellular
level [15–17]. Importantly, studies suggest that TSPAN1
promotes autophagic flux; specifically, TSPAN1 promotes
autophagy maturation through direct binding of two con-
served LC3-interacting region (LIR) motifs to microtubule-
associated protein light chain 3 (LC3) [14]. Although
previous studies have reported that TSPAN1 is under es-
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trogenic control, upregulation can enhance PCa migration
[18]. However, our study sought to determine whether
it could promote PCa progression through the autophagic
pathway.

N6-methyladenosine (m6A) methylation, a methyla-
tion modification on RNA molecules, is one of the most
prevalent post-transcriptional modifications [19]. Them6A
regulatory pattern is also widespread in PCa. Liu Z et al.
[20] andWang J et al. [21], for example, revealed that m6A
regulators MRTTL14 and YTH N6-methyladenosine RNA
binding protein F2 (YTHDF2) can be used as prognostic
markers in PCa. Using m6ATarget2 prediction, AlkB ho-
molog 5 (ALKBH5) was found to bind to TSPAN1 mRNA,
and ALKBH5 expression significantly decreased in PCa
[22]. The study suggested that ALKBH5 could increase
the degradation of mRNA [23]. Therefore, we speculated
that promoting ALKBH5 expression could inhibit PCa cell
autophagy by decreasing TSPAN1 stability. In our study,
we detected the effects of ALKBH5 overexpression on cell
proliferation and autophagy, and then performed additional
transfection of overexpressed TSPAN1 to explore whether
ALKBH5 could affect autophagy by regulating TSPAN1 ex-
pression.

Materials and Methods

Cells and Grouping
RWPE-1 (CRL-11609), DU145 (HTB-81), and PC3

cells (CRL-1435) were obtained from ATCC (Rockefeller,
Maryland, USA), and LNCaP cells (ACC-256) were pur-
chased from DSMZ (Konstanz, Germany). All cells
were incubated in 10%–20% fetal bovine serum (FBS;
30-2021, ATCC, USA) supplemented with RPMI 1640
(SH30096.02, Cytiva, Shanghai, China) at 37 °C, 5% CO2.
All cells were routinely tested for short tandem repeat
(STR) identification and mycoplasma contamination, and
were confirmed to be mycoplasma-free.

ALKBH5 and TSPAN1 were amplified by PCR
and then cloned into the pEX-3 (C05003) vector from
GenePharma (Shanghai, China) to construct ALKBH5 and
TSPAN1 overexpression plasmids, and the cell transfection
was performed with Lipofectamine 2000 (11668500, In-
vitrogen, Carlsbad, CA, USA). In short, ALKBH5/TSPAN1
overexpression plasmid and Lipofectamine 2000 were sep-
arately diluted in the cell medium, and the two dilutions
were then mixed and cultured for 20 min at 25 ℃, after
which the complex was incubated with LNCaP and DU145
cells for 24 h before examination of transfection efficiency
through quantitative real-time polymerase chain reaction
(qRT-PCR).

In the first part, PCa, LNCaP, and DU145 cells
were each separated into three groups (Control, NC, and
ALKBH5). Control was the normal culture group and NC
was the negative control group whose cells were transfected
with empty vector. Cells in the ALKBH5 group were trans-

fected with ALKBH5 overexpression plasmid. In the sec-
ond part, LNCaP and DU145 cells were also separately di-
vided into three groups (Control, NC, and TSPAN1). The
cells in this part were transfected with TSPAN1 overexpres-
sion plasmid (TSPAN1 group) or empty vector (NC group),
or had no treatment (Control group). In the third part,
PCa cells were divided into five groups: NC, TSPAN1,
ALKBH5, ALKBH5 +Rapamycin, and ALKBH5 + TSPAN1.
Cells in the NC group were treated as before, while cells
in the TSPAN1 and ALKBH5 groups were separately trans-
fected with TSPAN1 or ALKBH5 overexpression plasmids.
In addition, cells in the ALKBH5 + Rapamycin group were
transfected with ALKBH5 and then treated with rapamycin
(250 nM, dissolved in DMSO; T1537, TargetMol, Shang-
hai, China) for 1 h [24], and cells in the ALKBH5 + TSPAN1
group were transfected with ALKBH5 and TSPAN1 overex-
pression plasmid.

qRT-PCR
The qRT-PCR assays were conducted for deter-

mination of TSPAN1 and ALKBH5 expression, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal reference. Total RNA was
extracted from LNCaP and DU145 cells by TRIzol
solution (R0016, Beyotime, Shanghai, China). First
strand cDNA synthesis was conducted by Universal
cDNA Master (05893151001, Roche, Basel, Switzer-
land). After purification, cDNA was harvested to perform
qRT-PCR, using a real-time PCR instrument (MA-6000,
Yarui, Zhangjiagang, China) and SuperReal PreMix Plus
(SYBR Green) (FP205-02, TIANGEN, Beijing, China).
Primers were as follows (5′-3′): ALKBH5: CGGC-
GAAGGCTACACTTACG, CCACCAGCTTTTGGAT-
CACCA; TSPAN1: CATGCAGTTTGTCAACGTGGG,
CACTTGCTCTCAGTCTTAGCAC; GAPDH :
ACAACTTTGGTATCGTGGAAGG, GCCATCACGC-
CACAGTTTC.

Cell Counting Kit-8 (CCK-8)
A CCK-8 kit (A311-01), purchased from Vazyme

(Nanjing, China), was used for cell viability analysis.
LNCaP andDU145 cells (2× 104) weremixedwith CCK-8
for 4 hours. Absorbance was determined at 450 nm using a
Multiskan FC Enzyme Analyzer (1410101, Thermo Fisher,
Boston, MA, USA).

5-Ethynyl-2′-Deoxyuridine (EdU) Staining
A BeyoClick EdU Cell Proliferation Kit with Alexa

Fluor 594 (C0078L) was purchased from Beyotime
(China). LNCaP and DU145 cells were cultured in 6-well
plates and incubated for 2 hours with 2× EdU working so-
lution (20 µM) pre-warmed at 37 °C. After EdU labeling of
the cells was completed, 1 mL of fixative solution (P0098,
Beyotime, China) was added and cells were fixed for 15
min at room temperature. Cells were incubated with perme-

https://www.discovmed.com/


63

Fig. 1. AlkB homolog 5 (ALKBH5) overexpression inhibited prostate cancer (PCa) cell viability and proliferation. (A) Expression
of ALKBH5 in PCa cells (LNCaP, DU145, PC3) or normal cells (RWPE-1) was detected using quantitative real-time polymerase chain
reaction (qRT-PCR). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal reference. (B–F) ALKBH5 overex-
pression plasmids were transfected into LNCaP and DU145 cells to overexpress ALKBH5. (G,H) The effect of ALKBH5 overexpression
on LNCaP and DU145 cell viability was detected using cell counting kit-8 (CCK-8). (I–K) Cell proliferation in each group was assessed
using 5-ethynyl-2′-deoxyuridine (EdU) staining (EdU: red; Hoechst 33342: blue; Magnification ×200). ∆∆∆p < 0.001 vs. RWPE-1;
††p < 0.01, †††p < 0.001 vs. NC (negative control). n = 3.
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Fig. 2. ALKBH5 overexpression suppressed autophagy-associated proteins in PCa cells. (A–E) Autophagy-associated proteins
microtubule-associated protein light chain 3B (LC3B)-I, LC3B-II, and P62 protein levels were detected using western blot with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal reference [(A) Blots; (B–E) Protein quantification histogram]. †††p
< 0.001 vs. NC. n = 3.
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abilization solution (P0097, Beyotime, China) for 10 min
at room temperature, followed by the addition of 0.5 mL
click reaction solution for 30min at room temperature in the
dark. Nuclei staining was performed using Hoechst 33342.
EVOS M5000 (AMF5000, Invitrogen, USA) was used to
observe EdU-positive cells.

Western Blot Assay
LNCaP and DU145 cells were treated with radioim-

munoprecipitation assay (RIPA) lysis buffer (KGP702,
KeyGEN BioTECH, Nanjing, China) to collect proteins.
A bicinchoninic acid (BCA) Protein Assay Kit (ZJ101,
EpiZyme, Shanghai, China) was used to measure pro-
tein concentrations. Proteins were separated by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and then transferred to polyvinylidene
fluoride (PVDF) membranes (WJ001, WJ002, EpiZyme,
China). After being blocked by 5% fat-free milk, mem-
branes were then incubated overnight with LC3B (1/2000,
ab192890, 14/16 kDa, Abcam, Cambridge, London, UK),
P62 (1/10,000, ab109012, 62 kDa, Abcam, UK), GAPDH
(1/10,000, ab181602, 36 kDa, Abcam, UK), followed by
incubation with Goat Anti-Rabbit IgG (ab205718, 1/4000,
Abcam) at 37 °C for 2 hours. Immunoreactivity was de-
tected with electrochemiluminescence (ECL) Western Blot
Kit (CW0049M, CWBIO, Taizhou, China), followed by
visualization with the ImageQuant LAS 4000MINI Ultra-
Sensitive Chemiluminescence Imager (Sinopharm Chem-
ical Reagent Co. Ltd, Shanghai, China), and the protein
band intensity was detected using ImageJ software (3.0 ver-
sion, National Institutes of Health, Bethesda, MA, USA),
with GAPDH used as the loading control.

m6A Methylation Level Determination
To detect the level of m6A methylation of TSPAN1

mRNA in PCa cells, m6A antibodies (ab151230, Ab-
cam, UK) and Dynabeads (10015D, Invitrogen, USA) were
used for methylated RNA immunoprecipitation sequencing
(MeRIP)-qPCR. In the first part, RWPE-1, LNCaP, DU145,
and PC3 cells were used. In the second part, LNCaP and
DU145 cells were transfected with NC or ALKBH5 over-
expression plasmids. RNAs were incubated with m6A an-
tibodies, or with IgG (ab172730, Abcam, UK) as a con-
trol. The m6A RNA was extracted and subsequently re-
verse transcribed for qRT-PCR assay.

Statistics
Statistical analyses of the data were performed using

one-way analysis of variance or independent samples t test,
and the post hoc comparison was performed with the Tukey
test. Graphpad 8.0 (GraphPad Software, San Diego, CA,
USA) was used for analysis, and data were shown as mean
± standard deviation. p< 0.05 was considered to be statis-
tically significant.

Results

ALKBH5 Overexpression Inhibited PCa Cell
Viability, Proliferation and Autophagy

Fig. 1A illustrates low expression of ALKBH5 in PCa
cells, suggesting that it may be a potential diagnosticmarker
(p< 0.001, Fig. 1A). The two PCa cell lines with the highest
and lowest ALKBH5 expression, LNCaP and DU145, were
selected and transfectedwithALKBH5 overexpression plas-
mid, pending subsequent functional validation (p < 0.001,
Fig. 1B–F). We observed that ALKBH5 overexpression in-
hibited cell viability and significantly reduced the number
of EdU-positive cells (p< 0.01 and p< 0.001, Fig. 1G–K).
Previous studies have shown that autophagy promotes PCa
invasion and progression [12]. Therefore, we examined
the effect of ALKBH5 on autophagy-related proteins, and
found that ALKBH5 overexpression decreased the LC3B-
II/LC3B-I protein ratio and increased P62 expression (p <

0.001, Fig. 2A–E).

ALKBH5 Overexpression Reduced the m6A Level of
TSPAN1 in PCa Cells

It has been suggested that TSPAN1 can promote au-
tophagic flux [14], and pre-prediction revealed its binding
to ALKBH5. Fig. 3A shows that the m6A level of TSPAN1
was higher in PCa cells than in RWPE-1 cells (p < 0.001,
Fig. 3A). The mRNA level of TSPAN1 was reduced by
ALKBH5 overexpression (p < 0.001, Fig. 3B,C). In ad-
dition, ALKBH5 overexpression also suppressed the m6A
level of TSPAN1 (p < 0.001, Fig. 3D,E).

TSPAN1 Upregulation Reversed the Inhibiting Effect
of ALKBH5 Overexpression on the Viability,
Proliferation, and Autophagy of PCa Cells

Next, TSPAN1 overexpression plasmids were trans-
fected into LNCaP and DU145 cells. In both cell lines,
we observed that TSPAN1 expression in the TSPAN1 group
was markedly higher than that in the NC group (p < 0.001,
Fig. 3F,G). CCK-8 assays showed that TSPAN1 overex-
pression greatly promoted cell viability, which was further
inhibited by ALKBH5 overexpression (p < 0.01 and p <

0.001, Fig. 3H,I). Furthermore, TSPAN1 overexpression in-
creased the number of EdU-positive cells, while ALKBH5
overexpression reversed the effect of TSPAN1 on cell prolif-
eration (p < 0.001, Fig. 4A–C). Mechanistically, TSPAN1
upregulation increased the LC3B-II/ LC3B-I protein ratio
and decreased P62 expression, whereas ALKBH5 overex-
pression reversed the regulation of autophagy-related pro-
teins by TSPAN1 (p < 0.05 and p < 0.001, Fig. 5A–
E). In addition, we observed that the inhibiting effect of
ALKBH5 overexpression was offset by autophagy activa-
tor Rapamycin (p < 0.01 and p < 0.001, Fig. 5A–E). To
sum up, ALKBH5 overexpression restrained the autophagy
of PCa cells by reducing the m6A level of TSPAN1.
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Fig. 3. ALKBH5 reduced the N6-methyladenosine (m6A) level of Tetraspanin 1 (TSPAN1) to affect PCa cell viability. (A) Methy-
lated RNA immunoprecipitation sequencing (MeRIP)-qPCR was performed to detect the m6A levels of TSPAN1 in different PCa cells.
(B,C) The effect of ALKBH5 overexpression on mRNA of TSPAN1 was detected using qRT-PCR. (D,E) MeRIP-qPCR revealed that
ALKBH5 overexpression inhibited m6A modification of TSPAN1. (F,G) TSPAN1 overexpression plasmids were transfected into LNCaP
and DU145 cells. (H,I) The effect of ALKBH5 and/or TSPAN1 overexpression on PCa cell viability was detected using CCK-8. TSPAN1
overexpression greatly promoted cell viability which was further inhibited by ALKBH5 overexpression. ∆∆∆p < 0.001 vs. RWPE-1;
†††p < 0.001 vs. NC; ∗∗p < 0.01 vs. TSPAN1; ^^^p < 0.001 vs. ALKBH5. n = 3.
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Fig. 4. The effect of ALKBH5 and/or TSPAN1 overexpression on the proliferation of LNCaP and DU145 cells was assessed using
EdU staining (EdU: red; Hoechst 33342: blue). (A–C) TSPAN1 overexpression promoted the number of EdU-positive cells, while
ALKBH5 overexpression reversed the effect of TSPAN1 on cell proliferation. Magnification: ×200, scale bar = 100 µm. †††p < 0.001
vs. NC; ∗∗∗p < 0.001 vs. TSPAN1; ^^^p < 0.001 vs. ALKBH5. n = 3.

Discussion

PCa is the predominant malignant tumor in men glob-
ally [2]. Tumor recurrence after radical surgery is one of
the difficulties in clinical treatment of PCa, and there is
no absolutely effective treatment method [3]. Many stud-
ies have been conducted to demonstrate that the prognosis
of patients with limited PCa can be accessed by combining
multiple gene tests, which can guide clinical treatment [25].
In this study, we found that ALKBH5 was lowly expressed
in PCa and its upregulation inhibited PCa cell viability, pro-
liferation, and autophagy, in part by suppressing the m6A
level of TSPAN1. Our study adds a new theoretical basis for
the role of ALKBH5 and TSPAN1 in PCa.

The m6A regulatory mode is a reversible dynamic
RNA modification that maintains normal biological pro-
cesses in the organism [21]. m6A modifications are me-

diated by ALKBH5, a well-recognized m6A demethylase,
in a variety of diseases [26,27]. Previous reviews have
indicated that ALKBH5-mediated m6A demethylation af-
fects cancer progression by influencing multiple events in
RNA metabolism, and thus may serve as a potential tar-
get in cancer therapy [28]. ALKBH5 silencing also sen-
sitizes melanoma, colorectal cancer, and potentially other
cancers to cancer immunotherapy [29]. ALKBH5-mediated
m6A demethylation leads to post-transcriptional repression
of LYPD1, which attenuates the oncogenic behavior of tu-
mors [30]. ALKBH5 has also been analyzed to a small ex-
tent in PCa studies, but these mostly focused on the expres-
sion level andwere not in-depth investigations [31–33]. Re-
gardless, the potential of ALKBH5 as a biomarker in PCa
has been identified. Here, we revealed that ALKBH5 over-
expression has the ability to inhibit PCa cell viability and
proliferation.
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Fig. 5. Overexpression of ALKBH5 and/or TSPAN1 influenced autophagy-related protein expression in PCa cells. (A–E) LC3B-I,
LC3B-II, and P62 protein levels were detected using western blot. Upregulation of TSPAN1 increased the LC3B-II/LC3B-I protein ratio
and decreased P62 expression, whereas ALKBH5 overexpression reversed the effects of TSPAN1. †p < 0.05, ††p < 0.01, †††p < 0.001
vs. NC; ∗p < 0.05, ∗∗∗p < 0.001 vs. TSPAN1; ^^p < 0.01, ^^^p < 0.001 vs. ALKBH5. n = 3.
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TSPAN1 is associated with cell survival, prolifera-
tion, and invasion in tumors including PCa and involved
in chemoresistance [18,34]. Stinnesbeck M et al. [13]
have suggested that TSPAN1 is promising as an indepen-
dent prognostic indicator for PCa. Currently, no scholars
have focused on the m6A modification of TSPAN1. Here
we found high m6A levels of TSPAN1 in PCa cells. m6A
is a widespread base modification behavior on mRNA,
and m6A is a hot spot in the direction of research in re-
cent years [20,35]. We found that ALKBH5 overexpres-
sion suppressed the m6A level of TSPAN1, and thus re-
duced TSPAN1 expression. TSPAN1 overexpression pro-
moted PCa cell viability and proliferation, which is consis-
tent with previous studies [18]. Moreover, TSPAN1 overex-
pression reversed the anticancer effect of ALKBH5 in PCa
cells, further suggesting thatALKBH5 could affect PCa pro-
gression by regulating TSPAN1 m6A modification.

The importance of autophagy in PCa disease wasmen-
tioned in the introduction, and activation of autophagy ex-
acerbates PCa malignant behavior. Zhu H et al. [36] have
reported thatALKBH5 inhibits autophagy in epithelial ovar-
ian cancer. ALKBH5 is downregulated in primary Sjögren’s
syndrome and may regulate the autophagic pathway [37].
Deletion of TSPAN1 reduces autophagy in head and neck
squamous cell carcinoma and pancreatic cancer [14,38].
P62 is an important autophagy receptor and its expression
is negatively correlated with autophagy, and P62 downreg-
ulation can lead to the impairment of autophagic flux. LC3
is a classical autophagy marker; it is esterified to form LC3-
II type II protein upon autophagy activation, and the mag-
nitude of the LC3-II/I ratio can estimate the level of au-
tophagy [39,40]. Our study clearly showed that ALKBH5
promoted P62 and decreased the LC3-II/I ratio in PCa cells,
but these effects were reversed by TSPAN1 overexpression
or autophagy activator Rapamycin; this also indicated that
ALKBH5 inhibited the autophagic process by reducing the
m6A level of TSPAN1, thereby inhibiting PCa cell progres-
sion.

Our study confirms a partial mechanism of ALKBH5
and TSPAN1 in PCa cell progression, adding to the scien-
tific evidence for its future clinical diagnosis and treatment
in PCa. Nevertheless, our study has some limitations. For
example, our conclusions were obtained based on in vitro
experiments and further in vivo validation and clinical re-
search may be needed.

Conclusions

In summary, the results of this study showed that over-
expression of the ALKBH5 gene in PCa cells LNCaP and
DU145 inhibited the activation of autophagy, and the mech-
anism may be related to the downregulation of the m6A
level of TSPAN1. Our research provides a new perspective
on the molecular mechanism of PCa, and identifies poten-

tial targets for early diagnosis and prognosis of PCa. Future
studies will further analyze and verify the specific transla-
tion regulation mechanism of ALKBH5.
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