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ABSTRACT 
 

Esophageal squamous cell carcinoma (ESCC) is a highly malignant gastrointestinal cancer with a high recurrence 
rate and poor prognosis. Although N6-methyladenosine (m6A), the most abundant epitranscriptomic 
modification of mRNAs, has been implicated in several cancers, little is known about its participation in ESCC 
progression. We found reduced expression of ALKBH5, an m6A demethylase, in ESCC tissue specimens with a 
more pronounced effect in T3-T4, N1-N3, clinical stages III–IV, and histological grade III tumors, suggesting its 
involvement in advanced stages of ESCC. Exogenous expression of ALKBH5 inhibited the in vitro proliferation of 
ESCC cells, whereas depletion of endogenous ALKBH5 markedly enhanced ESCC cell proliferation in vitro. This 
suggests ALKBH5 exerts anti-proliferative effects on ESCC growth. Furthermore, ALKBH5 overexpression 
suppressed tumor growth of Eca-109 cells in nude mice; conversely, depletion of endogenous ALKBH5 
accelerated tumor growth of TE-13 cells in vivo. The growth-inhibitory effects of ALKBH5 overexpression are 
partly attributed to a G1-phase arrest. In addition, ALKBH5 overexpression reduced the in vitro migration and 
invasion of ESCC cells. Altogether, our findings demonstrate that the loss of ALKBH5 expression contributes to 
ESCC malignancy. 
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INTRODUCTION 
 

Esophageal squamous cell carcinoma (ESCC) is a 

highly aggressive histological subtype of esophageal 

cancer reported in Asia, with China having one of the 

highest morbidity and mortality rates [1–3]. The 

mainstay of treatment includes surgical resection, 

radiotherapy, and chemotherapy [1–3]; however, these 

are associated with unsatisfactory clinical outcomes due 

to adverse effects and limited efficacy. A detailed 

understanding of ESCC immunobiology would be 

useful in developing efficient prognostic biomarkers 

and therapeutic targets that can detect the tumor at an 

early stage, consequently resulting in early diagnosis 

and treatment. 

 

In mammals, m6A modification of mRNAs is catalyzed 

by a methyltransferase complex consisting of METTL3 

and METTL14 (m6A writers) and removed by two 

independent demethylases, namely FTO and ALKBH5 

(m6A erasers) [4–7]. The effect on target mRNAs 

depends on the activity of m6A-binding proteins 

(readers)—YTH domain-containing family proteins 

YTHDF1/2/3, YTHDC1, and YTHDC2; RNA-binding 

proteins—that have been implicated in several aspects 

of mRNA metabolism, including mRNA splicing, 

localization, translation, and decay [4–7]. The m6A 

modification on mRNAs regulates several physiological 

and pathological processes such as embryonic stem cell 

fate [8, 9], somatic cell reprogramming and 

pluripotency [10], hematopoietic stem/progenitor cell 

lineage specification and differentiation [11–13], axon 

regeneration [14], sex determination [15, 16], T cell 

homeostasis [17], innate immunity [18], DNA damage 

[19], and spermatogenesis [20]. 

 

Numerous studies have demonstrated the association of 

mRNA m6A modification with malignant progression 

of several tumors, including leukemia, lung cancer, 

breast cancer, colorectal cancer, hepatocellular 

carcinoma, glioma, prostate cancer, melanoma, 

endometrial cancer, ovarian cancer, and ESCC [4–7, 

21–24]. For instance, upregulated expression of 

METTL3 in ESCC is associated with poor survival, 

making it an effective independent predictor of disease-

free and overall survival of ESCC patients [24]. A 

recent study revealed that rs2416282, a single 

nucleotide polymorphism in the promoter of m6A 

reader YTHDC2, contributed to ESCC risk by 

regulating YTHDC2 expression [22]. Moreover, 

YTHDC2 knockdown substantially increased ESCC 

cell proliferation by affecting several cancer-related 

signaling pathways [22]. Similarly, upregulated 

expression of FTO in ESCC tissues is indicative of its 

oncogenic potential, as evident from increased 

proliferation and migration of ESCC cells [23]. 

ALKBH5 is implicated in various physiological and 

pathological processes including DNA damage [25], 

autophagy [26, 27], ferroptosis [28], innate immune 

response [29], brain development [30], cardiomyocyte 

proliferation and heart regeneration [31], ossification 

[32], osteogenic differentiation [33], systemic lupus 

erythematosus [34], diabetes [35], reproductive system 

diseases [36], rheumatoid arthritis [37], Hirschsprung's 

disease [38], recurrent miscarriage [39], and cancers 

[28, 40–49]. We investigated the effects of ALKBH5 on 

the proliferation, tumorigenicity, migration, and 

invasion of ESCC cells. 

 

RESULTS 
 

Reduced ALKBH5 expression is frequently detected 

in ESCC tissue 

 

To study the involvement of ALKBH5 in ESCC 

progression, we first checked the expression of 

ALKBH5 protein in 206 paraffin-embedded, archived 

ESCC specimens and 31 adjacent non-cancerous 

tissues (NT) by immunohistochemistry (IHC). Low 

expression of ALKBH5 was detected in 1 NT sample 

(3%) (Figure 1A-a and Table 1) and 150 ESCC 

specimens (73%) (Figure 1A-b, c, 1B, and Table 1; P 

< 0.01). Western blotting revealed reduced ALKBH5 

expression in 20 fresh ESCC specimens compared 

with adjacent non-cancerous tissues (Figure 1C, 1D). 

Furthermore, IHC revealed ALKBH5 protein to be 

primarily located in the nucleus of cancer cells 

(Figure 1A, 1E). 

 

Reduced ALKBH5 expression is positively 

correlated with advanced ESCC 

 

Table 2 shows the relationship between ALKBH5 

expression and several clinicopathologic charac-

teristics of ESCC patients. Although no association 

was identified between ALKBH5 expression and age 

(P = 0.524) and sex (P = 1.000) using 206 ESCC 

samples (Table 2), ALKBH5 expression was inversely 

correlated with tumor size (T classification; P = 

0.006), lymph node invasion (N classification, P = 

0.019), clinical stage (I–II versus III–IV, P = 0.027), 

and histological grade (P = 0.023) in these patients 

(Figure 1E, 1F and Table 2). Reduced expression of 

ALKBH5 was more frequently observed in T3–T4, 

N1–N3, clinical stage III–IV, and histological grade III 

tumors than in T1–T2, N0, clinical stage I–II, and 

histological grade I–II tumors (Figure 1E, 1F and 

Table 2), indicating ALKBH5 loss as a major 

molecular event in advanced cases of ESCC. 

Altogether, these results suggested the involvement of 

ALKBH5 in the progression of ESCC. 
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Figure 1. ALKBH5 was downregulated in ESCC tissue specimens, and its downregulation was associated with advanced 
TNM and clinical stages of ESCC. (A) Representative immunohistochemistry images showing ALKBH5 protein expression in adjacent 

non-tumor (NT) and ESCC tissue specimens. (a) High expression of ALKBH5 in adjacent non-tumor (NT) specimens. (b) High expression of 
ALKBH5 in ESCC specimens. (c) Low expression of ALKBH5 in ESCC specimens. The brown staining indicates ALKBH5 immunoreactivity. (B) 
IHC assay revealed lower ALKBH5 expression in ESCC tissue specimens than in the adjacent healthy tissues (P < 0.01, ᵡ2 test). (C) Western 
blots showing ALKBH5 protein expression in ESCC specimens and paired adjacent NT biopsies. (D) Western  revealed lower ALKBH5 
expression in ESCC tissue specimens than in the adjacent healthy tissues. (E) Representative images of ALKBH5 expression in ESCC 
biopsies with different TNM and clinical stages. High expression of ALKBH5 was observed in clinical stages I (a), T2 (c), N0 (e), M0 (g) and 
histological grade II (i) of ESCC biopsies, whereas low expression of ALKBH5 was detected in clinical stages III (b), T4 (d), N1 (f), and M1 
(h), and histological grade III (j). (F) Numbers and percentages of disease cases with high or low expression of ALKBH5 according to 
different clinicopathological features. 
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Table 1. Expression of ALKHB5 in 31 non-cancerous epithelial tissues and 206 
ESC tissues. 

Variables n 
ALKBH5 expression 

χ2 P 
Low (n, %) High (n, %) 

non-cancerous epithelial tissues 31 1(3) 30(97) 
56.44 <0.001 

ESCC 206 150(73) 56(27) 

 

Table 2. Correlation between ALKHB5 expression and the clinicopathological 
features in 206 ESC patients. 

Characteristics Case No.(n) 
ALKBH5 expression 

χ2 P 
High (n,%) Low (n,%) 

Sex      

 Female 30 8(27) 22(73) 
0.005 1.000 

 Male 176 48(27) 128(73) 

Age (years)      

 <50 32 7(22) 25(78) 
0.540 0.524 

 ≥50 174 49(28) 125(72) 

Histological grade      

 I + II 148 47(32) 101(68) 
5.552 0.023 

 III 58 9(16) 49(84) 

T classification      

 T1-T2 42 19(45) 23(55) 
8.687 0.006 

 T3-T4 164 37(23) 127(77) 

N classification      

 N0 100 35(35) 65(65) 
5.997 0.019 

 N1-N3 106 21(20) 85(80) 

Clinical stage      

 I - II 116 39(34) 77(66) 
5.556 0.027 

 III-IV 90 17(19) 73(81) 

 

ALKBH5 overexpression inhibits the proliferation of 

ESCC cells in vitro 

 

The T classification data (Figure 1E, 1F and Table 2) 

revealed downregulated ALKBH5 in large-sized 

tumors, indicating an essential function of ALKBH5 in 

tumor growth. This observation prompted us to perform 

gain-of-function experiments to explore the effects of 

ALKBH5 on ESCC cell growth. Quantitative reverse 

transcriptase-polymerase chain reaction (qRT-PCR) and 

western blotting confirmed the successful over-

expression of ALKBH5 transgene in TE-13, Eca-109, 

and KYSE-150 cells (Figure 2A, 2B). The colony 

formation assay showed that ALKBH5-expressing TE-

13, Eca-109, and KYSE-150 cells displayed 

considerably fewer and smaller colonies compared with 

vector-expressing cells (Figure 2C, 2D; P < 0.01). 

These results suggested that re-expression of ALKBH5 

markedly suppressed ESCC cell proliferation in vitro. 

RNAi-induced ALKBH5 silencing promotes ESCC 

cell proliferation in vitro 
 

Because ALKBH5 was downregulated in ESCC tissue 

specimens (Figure 1A–1D and Table 1), we proposed 

that the loss of ALKBH5 expression was associated 

with ESCC progression. Thus, we next performed loss-

of-function experiments to further examine the effects 

of loss of ALKBH5 function on ESCC cell growth. 

Both shRNA-ALKBH5-1 and shRNA-ALKBH5-2 

specifically knocked down the expression of 

endogenous ALKBH5 mRNA (Figure 3A) and protein 

(Figure 3B) in both TE-13 and Eca-109 cells. The 

clonogenic assay revealed that shALKBH5-expressing 

TE-13 and Eca-109 cells formed larger colonies 

compared with shSCR-expressing cells (Figure 3C, 3D; 
P < 0.01 or 0.001). In summary, these findings showed 

that the loss of ALKBH5 expression promoted the 

growth of ESCC cells in vitro. 
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Figure 2. ALKBH5 overexpression suppressed in vitro proliferation and in vivo tumorigenesis of ESCC cells. (A, B) qRT-PCR (A) 

and western blot (B) analysis of ALKBH5 expression in vector-expressing (LV-con) and ALKBH5-expressing (LV-ALKBH5) ESCC cells (i.e., TE-13, 
Eca-109, and KYSE-150 cells). (C, D) A colony formation assay was performed to study the proliferation ability of vector- and ALKBH5-
expressing ESCC cells. Left panels show representative images of colony formation assay (C) and right panels signify the total colony count 
(D). (E, F) Effects of ALKBH5 overexpression on cell cycle distribution in TE-13, Eca-109, and KYSE-150 cells. (G–I) ALKBH5 overexpression 
suppressed tumor growth of Eca-109 cells in nude mice. Vector- or ALKBH5-expressing Eca-109 cells were subcutaneously injected into the 
left and right dorsal thighs of mice, respectively. (G) Representative image of tumors formed. (H) Growth curve of tumor volumes. (I) Tumors 
were weighed. 
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Figure 3. RNAi-induced silencing of endogenous ALKBH5 promoted in vitro proliferation and in vivo tumorigenesis of ESCC 
cells. (A, B) qRT-PCR (A) and western blot (B) analysis of ALKBH5 expression in shSCR-expressing (LV-shSCR) and shALKBH5-expressing (LV-
shALKBH5-1 and LV-shALKBH5-2) ESCC cells (TE-13 and Eca-109 cells). (C, D) A colony formation assay was performed to study the 
proliferation ability of shSCR- and shALKBH5-expressing ESCC cells. Left panels show representative images of colony formation assay (C) and 
right panels signify the total colony count (D). (E, F) Effects of RNAi-induced ALKBH5 silencing on cell cycle distribution in TE-13 and Eca-109 
cells. (G–I) ALKBH5 knockdown enhanced tumor growth of TE-13 cells in nude mice. shSCR- or shALKBH5-expressing TE-13 cells were 
subcutaneously injected into the left and right dorsal thighs of mice, respectively. (G) Representative image of tumors formed. (H) Growth 
curve of tumor volumes. (I) Tumors were weighed. 
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Ectopic expression of ALKBH5 suppresses in vivo 

tumorigenicity of ESCC cells 

 

To further examine the growth-inhibiting effects of 

ALKBH5 on ESCC cells in vivo, we performed 

subcutaneous tumor xenograft experiments in nude 

mice. Vector- and ALKBH5-expressing Eca-109 cells 

or shSCR- and shALKBH5-expressing TE-13 cells 

were subcutaneously injected into the dorsal flank of 

nude mice. The tumor size (Figure 2G), tumor volume 

(Figure 2H), and tumor weight (Figure 2I) were 

noticeably larger in tumors induced by vector-

expressing cells compared with those induced by 

ALKBH5-expressing cells. On the contrary, the 

depletion of endogenous ALKBH5 remarkably 

accelerated tumor growth in vivo (Figure 3G–3I). 

Altogether, these results demonstrated that ALKBH5 

negatively regulated the in vivo tumorigenicity of ESCC 

cells. 

 

ALKBH5 inhibits the G1-S phase transition of 

ESCC cells 

 

Based on the growth inhibitory properties of ALKBH5, 

we next examined the cell-cycle distribution of vector- 

and ALKBH5-expressing ESCC cells. Compared with 

vector control, TE-13, Eca-109, and KYSE-150 cells 

overexpressing ALKBH5 displayed an increased 

percentage of cells in the G1/G0 phase and fewer cells 

in S and G2/M phases (Figure 2E, 2F; P < 0.05 or 0.01). 

Our results suggested that growth-suppressive effects of 

ALKBH5 overexpression were partly ascribed to a G1-

phase arrest. 

 

To further study the mechanism of ALKBH5 silencing 

in promoting ESCC cell growth, we analyzed the cell-

cycle distribution using propidium iodide (PI) staining. 

As shown in Figure 3E, 3F, ALKBH5 depletion in TE-

13 and Eca-109 cells markedly decreased the proportion 

of G1/G0 phase cells, and simultaneously increased the 

proportion of S phase cells. Thus, ALKBH5 silencing 

promoted the G1-S phase transition of ESCC cells. 

Altogether, these findings showed that ALKBH5 altered 

the cell cycle distribution of ESCC cells. 

 

ALKBH5 overexpression dramatically reduces the 

migration and invasion ability of ESCC cells 

 

To study whether ALKBH5 overexpression directly 

suppressed the invasion and migration ability of ESCC 

cells, we examined the phenotypic changes in ESCC 

cells following ectopic expression of ALKBH5. 

Wound-healing assays showed that exogenous 
expression of ALKBH5 reduced the migration of TE-

13, Eca-109, and KYSE-150 cells (Figure 4A–4D). As 

indicated in Figure 4E, 4F, Transwell and Boyden 

assays showed increased migration and invasion 

abilities of ALKBH5-expressing TE-13, Eca-109, and 

KYSE-150 cells as compared with vector-expressing 

cells. Altogether, these findings suggested that 

ALKBH5 overexpression inhibited the migration and 

invasion of ESCC cells in vitro. 
 

ALKBH5 silencing enhances ESCC cell migration 

and invasion in vitro 
 

Because ALKBH5 was frequently under-expressed in 

N1-N3 tumors than in N0 tumors (Figure 1E, 1F and 

Table 2), we next explored the effects of ALKBH5 

knockdown on cell migration and invasion of ESCC 

cells. Wound-healing assays demonstrated that 

ALKBH5 silencing promoted the migration of both TE-

13 and Eca-109 cells (Figure 5A, 5B). Transwell 

migration and Boyden invasion assays showed that the 

shRNA-induced knockdown of endogenous ALKBH5 

dramatically promoted the migration (Figure 5C, 5D) 

and invasion (Figure 5E, 5F) of TE-13 and Eca-109 

cells. Altogether, the suppression of endogenous 

ALKBH5 expression enhanced the migration and 

invasion of ESCC cells. 

 

DISCUSSION 
 

In mammalian cells, m6A writers (METTL3, and 

METTL14) and m6A erasers (FTO and ALKBH5) 

catalyze the methylation and demethylation of m6A 

modification of mRNAs, respectively [4–7, 21]. In 

addition, m6A reader proteins (YTHDF1/2/3, YTHDC1, 

and YTHDC2; RNA-binding proteins) selectively 

recognize and bind to m6A-methylated mRNAs at m6A 

sites and decide the fate of modified target mRNAs  

[4–7, 21]. These three categories of m6A regulatory 

proteins have been associated with malignant 

progression of various cancers, including leukemia, 

lung cancer [4–7, 21], breast cancer, colorectal  

cancer, hepatocellular carcinoma, glioma, prostate 

cancer, melanoma, endometrial cancer, and ovarian 

cancer. However, their functions in ESCC have been 

relatively less investigated [22–24]. We demonstrated 

the downregulated expression of ALKBH5 in human 

ESCC tissue specimens using IHC and western blotting. 

Furthermore, ALKBH5 expression inversely correlated 

with the tumor size, lymph node invasion, clinical stage, 

and histological grade in ESCC patients. ALKBH5 

negatively regulated the proliferation, tumorigenicity, 

migration, and invasion of ESCC cells. These findings 

implied that ALKBH5 functions as a tumor suppressor 

in ESCC progression. 
 

Depending on the cell type, ALKBH5 exhibits 

divergent functions in cancers. For example, ALKBH5 

functions as a tumor suppressor in ESCC (this study), 
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Figure 4. Ectopic expression of ALKBH5 inhibited the migration and invasion of ESCC cells in vitro. (A–D) Wound healing assays 
were performed in ALKBH5-expressing ESCC cells. The migration ability was determined by measuring the distance from the boundary of the 
scratch created to the cell-free space after 24 h. (E, F) The migratory and invasive activities of ALKBH5-expressing ESCC cells based on 
transwell migration and Boyden invasion assays, respectively. The average number of cells per field was calculated from three independent 
experiments (original magnification: ×200). 
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hepatocellular carcinoma [40], pancreatic cancer  

[43, 46], and lung cancer [44], whereas it exerts pro-

tumorigenic effects on leukemia [45, 50], glioblastoma 

[51], and breast cancer [52]. ALKBH5 is known to 

suppress malignant hepatocellular carcinoma cells by 

epigenetically inhibiting LYPD1 via m6A modification 

[40]. ALKBH5 overexpression repressed pancreatic 

cancer tumorigenesis by reducing WIF-1 RNA 

methylation and inactivating Wnt signaling [46]. 

Furthermore, its overexpression abolished m6A-

YTHDF2 modification and post-transcriptionally 

activated PER1 to hinder the progression of pancreatic 

cancer [43]. Its antiproliferative and anti-metastatic 

functions in lung cancer are attributed to YTHDF-

dependent reduced YAP expression [44]. In contrast, 

hypoxia induces m6A-demethylation of NANOG 

 

 
 

Figure 5. RNAi-induced ALKBH5 silencing enhanced the migration and invasion of ESCC cells in vitro. (A, B) Wound healing 
assays were performed in shALKBH5-expressing ESCC cells. The migration ability was determined by measuring the distance from the 
boundary of the scratch to the cell-free space after 36 h and 48 h. (C, D) The migration ability of shALKBH5-expressing ESCC cells using the 
transwell migration assay. The average number of cells per field was calculated from three independent experiments (original magnification: 
×200). (E, F) The invasive ability of shALKBH5-expressing ESCC cells using the Boyden invasion assay. The average number of cells per field 
was calculated from three independent experiments (original magnification: ×200). 
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mRNA in a HIF- and ALKBH5-dependent manner to 

cause breast cancer stem cell phenotype [52]. Similarly, 

ALKBH5 contributes to lung cancer cell proliferation 

and metastasis following intermittent hypoxia by 

inducing the expression of FOXM1 protein in an m6A-

dependent manner [53]. ALKBH5-induced over-

expression of FOXM1 contributes to the tumorigenicity 

of glioblastoma stem-like cells [51]. In addition, 

ALKBH5 is known to post-transcriptionally regulate 

TACC3 to promote tumorigenesis and cancer stem cell 

self-renewal in acute myeloid leukemia (AML) [45], 

whereas the KDM4C-ALKBH5-AXL signaling axis 

participates in chromatin alterations in AML leukemia 

stem cells [50]. Moreover, the ectopic expression of 

ALKBH5 activates the EGFR-PIK3CA-AKT-mTOR 

signaling pathway and stabilizes BCL 2 mRNA to 

prevent autophagy of epithelial ovarian cancer cells 

[26]. 
 

Promoter hypermethylation of tumor suppressor genes 

is frequently reported in cancer cells [54, 55]. We 

identified ALKBH5 as a tumor suppressor, whose 

expression was dramatically diminished in human 

ESCC clinical specimens. Further, its ability to prevent 

proliferation, tumorigenicity, migration, and invasion of 

ESCC cells confirmed its tumor-suppressive potential in 

ESCC cells, executed via epigenetic silencing of 

ALKBH5 promoter. 
 

In conclusion, ALKBH5 functions as a tumor 

suppressor in the pathogenesis of ESCC. We believe 

ALKBH5 can be a promising therapeutic target for 

advanced ESCC. Further functional studies, using a 

combination of MeRIP-seq or miCLIP-seq and RNA-

seq assays, to demonstrate the involvement of m6A-

modified mRNAs in ESCC are warranted to validate its 

therapeutic potential. 

 

MATERIALS AND METHODS 
 

Clinical specimens 

 

This study was performed using paired ESCC and 

adjacent non-cancerous tissue samples (n = 20) 

obtained from the Department of Thoracic Surgery, 

Nanfang Hospital, Southern Medical University, 

Guangzhou, China. The study was conducted as per the 

protocols approved by the institutional review board of 

the Second Affiliated Hospital of Guilin Medical 

University and Southern Medical University and 

complied with patient data safety guidelines. Informed 

consent was obtained from the patients. The inclusion 

criteria for the study were: (1) pathological diagnosis of 
ESCC without metastasis to distant organs; (2) no 

anticancer therapy before surgery; (3) matched healthy 

tissue samples (obtained from an area more than 5 cm 

from the tumor lesion margin) and absence of tumor 

cells in healthy tissues as confirmed by histo-

pathological examination. The Edmondson–Steiner (E–

S) grading system was used for the histological grading 

of tumors. 

 

A tissue chip consisting of formalin-fixed, paraffin-

embedded 206 ESCC tissues and corresponding 

adjacent tissue punches was provided by Guilin Fanpu 

Biotechnology Co., Ltd. These samples were obtained 

between 2006 and 2010 from patients with primary 

ESCC and age ranging from 28 to 78 years (mean = 

58.5 years) at diagnosis. Other information collected 

included patients’ histopathologic and raw survival 

data. 

 

Histological analysis and immunohistochemistry 

 

Samples (human tumor xenografts established in nude 

mice, human ESCC clinical specimens, and adjacent 

healthy tissues) were fixed in 4% paraformaldehyde 

(PFA), prepared in a phosphate buffer, overnight at  

4° C. The samples were embedded in paraffin, sectioned 

into 5 mm thick pieces, mounted on slides, dewaxed, 

and deparaffinized. Hematoxylin and eosin staining 

(H&E staining) was performed as per the standard 

protocols. 

 

For immunohistochemical staining, samples were 

deparaffinized and rehydrated. Afterward, sections were 

treated under high pressure in a citrate buffer (pH 6.0) 

for 2 min for antigen retrieval. Bovine serum albumin 

(1%) and H2O2 (15 min at room temperature) were used 

to inhibit non-specific staining and quench endogenous 

peroxidase activity, respectively. Next, the sections 

were incubated with anti-ALKBH5 antibody (Sigma, 

HPA007196) overnight at 4° C. PBS served as the 

negative control. Subsequently, the sections were 

incubated with secondary antibody conjugated to HRP. 

The complex was visualized with DAB and counter-

stained with hematoxylin. 

 

We referred to published standards for defining the low 

and high expression of ALKBH5 [56–58]. Tumor cells 

were graded depending on the staining intensity: 0 = no 

staining; 1= poor staining; 2 = moderate staining; and 3 

= strong staining. Further, positive staining ratio, 

defined as ALKBH5-positive tumor cells/total number 

of tumor cells × 100%, was graded as 0 = negative 

tumor cells; 1 = less than 10% positive; 2 = 10–50% 

positive; and 3 = more than 50% positive. The positive 

staining grade was multiplied by intensity grade (0, 1, 2, 

3, 4, 6, and 9) to obtain the staining results. Grades of 

≦4 and ≧6 were regarded as low and high expression, 

respectively. All grading was performed blindly by two 

pathologists. 
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Cell lines and cell culture 

 

Human ESCC cell lines, namely TE-13, KYSE-150, 

and Eca-109, were a kind gift from Prof. Jun Li 

(Zhongshan School of Medicine, Sun Yat-Sen 

University). HEK293T cell line was procured from the 

American Type Culture Collection (ATCC). All cell 

lines were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM)(Corning) supplemented with 10% 

fetal bovine serum (FBS) (Biological Industries) at  

37° C in a humidified incubator containing 5% CO2. 

 

Plasmids, lentivirus production, and lentiviral 

transduction for generating stable cell lines 

 

Lentiviral short-hairpin RNA (shRNA) constructs for 

human ALKBH5 were generated using the pLKO.1-puro 

cloning vector (Addgene, Cambridge, MA, USA) 

following manufacturer’s instructions. Oligonucleotides 

used for human ALKBH5 were shALKBH5-1, 

GAAAGGCTGTTGGCATCAATA and shALKBH5-2, 

CCTCAGGAAGACAAGATTAGA. ALKBH5 lentiviral 

expression plasmids (referred to as pLV-ALKBH5) were 

constructed by cloning the full-length open reading 

frames (ORFs) of human ALKBH5 gene (NM_017758.3) 

into the lentiviral expression plasmid pEX-NEG-Lv183 

(GeneCopoeia, Guangzhou, China). To produce 

lentiviruses, 293T cells were co-transfected with 

lentiviral vectors and lentiviral packaging plasmids 

psPAX2 and pMD2G (Addgene) as previously described 

[53]. Finally, the ESCC cells were infected with these 

lentivirus particles. 

 

RNA isolation and quantitative real-time PCR 

 

Total RNA was isolated and reverse transcribed, 

following which qRT-PCR was performed as previously 

described [59]. The following primers were used: 

ALKBH5 forward primer: 5’-CGGCGAAGGCTACAC 

TTACG-3’; ALKBH5 reverse primer: 5’-CCACCAGC 

TTTTGGATCACCA-3’; GAPDH forward primer: 5’- 

ACCCAGAAGACTGTGGATGG-3’; and GAPDH 

reverse primer: 5’-TCTAGACGGCAGGTCAGGTC-

3’. GAPDH was used as the reference gene against 

which all samples were normalized. Relative fold 

change was calculated using the 2- ΔΔCt method. 

 

Western blotting 

 

Total protein was isolated and the lysate was prepared. 

The proteins were separated using sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). The separated proteins were transferred to a 
polyvinylidene difluoride (PVDF) membrane. The blots 

were incubated with anti-GAPDH (Proteintech, 1:1000) 

or anti-ALKBH5 (Sigma, HPA007196, 1:1000) 

antibody, followed by incubation with HRP-labeled 

secondary antibodies. Enhanced chemiluminescence 

(ECL) (Cat. No: KGP1122, KeyGen Biotech) was used 

to visualize the protein bands. βactin was used as a 

loading control. 

 

Colony formation assay 

 

For the clonogenic assay, 500 cells/well were plated in 

6-well plates and grown for 10 to 12 days. Afterward, 

colony formation assay was performed using a 

previously described method [59]. 

 

Cell cycle analysis 

 

For cell cycle analysis, 2 × 105 cells per well were 

plated in 6-well plates. The cells were stained with PI 

and cell cycle distribution was studied using flow 

cytometry [59, 60]. 

 

Tumor xenografts in animals 

 

Male BALB/c nude mice (3–4 weeks old) were 

purchased from the Medical Laboratory Animal Center 

of Guangdong Province and were fed autoclaved water 

and laboratory rodent chow. Vector- or ALKBH5-

expressing Eca-109 cells (1.5 × 107 cells) or shSCR- or 

shALKBH5-expressing TE-13 cells (1.5 × 107 cells) 

were subcutaneously injected into the left or right dorsal 

thigh of the mice, respectively. The animals were 

monitored daily, and tumor volumes were measured 

using a caliper. Tumor volume was calculated using the 

following formula: volume = 1/2 (width2 × length) 0.5 × 

width2 × length. All animals were sacrificed on the 14th 

day after transplantation. All animal experiments  

were performed in strict accordance with the 

recommendations in the Guide for the Care and Use of 

Laboratory Animals and were approved by the Ethics 

Committee of the Southern Medical University. 

 

Wound healing assay 

 

The cells were grown to near confluence in 6-well 

plates, followed by starvation in a serum-free medium 

for 24 h. A wound was created on the cell monolayer 

using a sterile 200 µL microtip. The cells were again 

starved for 48 h. The cells were observed under an 

inverted microscope (Nikon, Japan), and images of 

scratch areas were captured at 0, 24, 36, and 48 h to 

study the migration of cells to the wound area. 

 

Transwell migration and Boyden invasion assays 

 
Transwell migration and Boyden invasion assays were 

performed using the methods described previously. 

For the transwell migration assay, vector- or 
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ALKBH5-expressing ESCC cells (2 × 105) or shSCR- 

or shALKBH5-expressing ESCC cells (2 × 105) were 

seeded into the upper chamber of the transwell insert 

(Corning) with serum-free DMEM. For the Boyden 

invasion assay, the upper chamber was coated with 

Matrigel (BD Biosciences). DMEM with 10% FBS 

was added to the lower compartment as a 

chemoattractant. Cells were allowed to migrate for 17 

h and 20 h in the transwell migration and Boyden 

invasion assays, respectively. 

 

Statistical analysis 

 

Data from three independent experiments are presented 

as mean ± standard deviation (SD). Statistical analysis 

was performed using SPSS 16.0. Statistical significance 

was assessed by Student’s t-test (*P < 0.05, **P < 0.01, 

and #P < 0.001; NS: not significant). 

 

Abbreviations 
 

ATCC: American Type Culture Collection; DMEM: 

Dulbecco’s modified Eagle’s medium; ECL: enhanced 

chemiluminescence; ESCC: esophageal squamous cell 

carcinoma; FBS: fetal bovine serum; H&E: hematoxylin 

and eosin; m6A: N6-methyladenosine; IHC: immuno-

histochemistry; IRB: institutional review board; PFA: 

paraformaldehyde; PVDF: polyvinylidene difluoride; 

qRT-PCR: quantitative real-time polymerase chain 

reaction; RNAi: RNA interference; SDS-PAGE: sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis; 

shRNA: short-hairpin RNA; SP: streptavidin-

peroxidase; TMA: tissue microarray. 

 

AUTHOR CONTRIBUTIONS 
 

The study was conceptualized and designed by DX, YS, 

KCC, XLL, and TXF. The experiments were performed 

and results were analyzed by TXF, YL, SJX, JWX, 

TYL, JXZ, XYL, YLL, SHH, JSJ, and YGT. DX, YS, 

XLL, TXF, and YL wrote the manuscript. All authors 

read and approved the final manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

FUNDING 
 

This work was supported by the National Natural 

Science Foundation of China (Grant nos. 81872209, 

82173299, 81672689, 81372896, and 81172587 to DX; 

grant nos. 81600086 and 81770100 to Y. Sun; grant 

nos. 81600488 and 81870602 to XLL; grant no. 

81702778 to JSJ; grant nos. 82060500, 81760491, and 

81560441 to SJX), the Natural Science Foundation of 

Guangdong Province of China (Grant no. 

2014A030313294 to DX), the Science and Technology 

Planning Project of Guangdong Province of China 

(Grant nos. 2017A010105017, 2013B060300013, and 

2009B060300008 to DX; grant no. 2017A030303018 to 

JSJ; grant no. 2015A030302024 to XLL), the China 

Postdoctoral Science Foundation (Grant nos. 

2015M572338, 2016T90792, 2017M622740, and 

2018T110884 to XLL, the Medical Scientific Research 

Foundation of Guangdong Province of China (Grant no. 

A2017420 to JSJ), the Guangdong Basic and Applied 

Basic Research Fund Project (Grant no. 

2019A1515011503 to YGT), the Basic Research 

Foundation of Yunnan Province Local Universities 

(Grant No. 202001BA070001-063 to JWX), and the 

Science and Technology Planning Project of Kunming 

City of China (Grant no. 2019-1-S-25318000001329 to 

JWX). 

 

Editorial note 

 
&This corresponding author has a verified history of 

publications using a personal email address for 

correspondence. 

 

REFERENCES 
 
1. Ohashi S, Miyamoto S, Kikuchi O, Goto T, Amanuma Y, 

Muto M. Recent Advances From Basic and Clinical 
Studies of Esophageal Squamous Cell Carcinoma. 
Gastroenterology. 2015; 149:1700–15. 

 https://doi.org/10.1053/j.gastro.2015.08.054 
PMID:26376349 

2. Johnson DE, Burtness B, Leemans CR, Lui VW, Bauman 
JE, Grandis JR. Head and neck squamous cell 
carcinoma. Nat Rev Dis Primers. 2020; 6:92. 

 https://doi.org/10.1038/s41572-020-00224-3 
PMID:33243986 

3. Yang YM, Hong P, Xu WW, He QY, Li B. Advances in 
targeted therapy for esophageal cancer. Signal 
Transduct Target Ther. 2020; 5:229. 

 https://doi.org/10.1038/s41392-020-00323-3 
PMID:33028804 

4. He L, Li H, Wu A, Peng Y, Shu G, Yin G. Functions of N6-
methyladenosine and its role in cancer. Mol Cancer. 
2019; 18:176. 

 https://doi.org/10.1186/s12943-019-1109-9 
PMID:31801551 

5. Huang H, Weng H, Chen J. m6A Modification in Coding 
and Non-coding RNAs: Roles and Therapeutic 
Implications in Cancer. Cancer Cell. 2020; 37:270–88. 

 https://doi.org/10.1016/j.ccell.2020.02.004 
PMID:32183948 

https://doi.org/10.1053/j.gastro.2015.08.054
https://pubmed.ncbi.nlm.nih.gov/26376349
https://doi.org/10.1038/s41572-020-00224-3
https://pubmed.ncbi.nlm.nih.gov/33243986
https://doi.org/10.1038/s41392-020-00323-3
https://pubmed.ncbi.nlm.nih.gov/33028804
https://doi.org/10.1186/s12943-019-1109-9
https://pubmed.ncbi.nlm.nih.gov/31801551
https://doi.org/10.1016/j.ccell.2020.02.004
https://pubmed.ncbi.nlm.nih.gov/32183948


 

www.aging-us.com 21509 AGING 

6. Livneh I, Moshitch-Moshkovitz S, Amariglio N, Rechavi 
G, Dominissini D. The m6A epitranscriptome: 
transcriptome plasticity in brain development and 
function. Nat Rev Neurosci. 2020; 21:36–51. 

 https://doi.org/10.1038/s41583-019-0244-z 
PMID:31804615 

7. Yang Y, Hsu PJ, Chen YS, Yang YG. Dynamic 
transcriptomic m6A decoration: writers, erasers, 
readers and functions in RNA metabolism. Cell Res. 
2018; 28:616–24. 

 https://doi.org/10.1038/s41422-018-0040-8 
PMID:29789545 

8. Batista PJ, Molinie B, Wang J, Qu K, Zhang J, Li L, Bouley 
DM, Lujan E, Haddad B, Daneshvar K, Carter AC, Flynn 
RA, Zhou C, et al. m6A RNA modification controls cell 
fate transition in mammalian embryonic stem cells. 
Cell Stem Cell. 2014; 15:707–19. 

 https://doi.org/10.1016/j.stem.2014.09.019 
PMID:25456834 

9. Geula S, Moshitch-Moshkovitz S, Dominissini D, 
Mansour AA, Kol N, Salmon-Divon M, Hershkovitz V, 
Peer E, Mor N, Manor YS, Ben-Haim MS, Eyal E, Yunger 
S, et al. Stem cells. m6A mRNA methylation facilitates 
resolution of naïve pluripotency toward differentiation. 
Science. 2015; 347:1002–06. 

 https://doi.org/10.1126/science.1261417 
PMID:25569111 

10. Chen T, Hao YJ, Zhang Y, Li MM, Wang M, Han W, Wu 
Y, Lv Y, Hao J, Wang L, Li A, Yang Y, Jin KX, et al. m(6)A 
RNA methylation is regulated by microRNAs and 
promotes reprogramming to pluripotency. Cell Stem 
Cell. 2015; 16:289–301. 

 https://doi.org/10.1016/j.stem.2015.01.016 
PMID:25683224 

11. Lv J, Zhang Y, Gao S, Zhang C, Chen Y, Li W, Yang YG, 
Zhou Q, Liu F. Endothelial-specific m6A modulates 
mouse hematopoietic stem and progenitor cell 
development via Notch signaling. Cell Res. 2018; 
28:249–52. 

 https://doi.org/10.1038/cr.2017.143 PMID:29148543 

12. Zhang C, Chen Y, Sun B, Wang L, Yang Y, Ma D, Lv J, 
Heng J, Ding Y, Xue Y, Lu X, Xiao W, Yang YG, Liu F. m6A 
modulates haematopoietic stem and progenitor cell 
specification. Nature. 2017; 549:273–76. 

 https://doi.org/10.1038/nature23883  
PMID:28869969 

13. Weng H, Huang H, Wu H, Qin X, Zhao BS, Dong L, Shi H, 
Skibbe J, Shen C, Hu C, Sheng Y, Wang Y, Wunderlich 
M, et al. METTL14 Inhibits Hematopoietic 
Stem/Progenitor Differentiation and Promotes 
Leukemogenesis via mRNA m6A Modification. Cell 
Stem Cell. 2018; 22:191–205.e9. 

 https://doi.org/10.1016/j.stem.2017.11.016 

PMID:29290617 

14. Weng YL, Wang X, An R, Cassin J, Vissers C, Liu Y, Liu Y, 
Xu T, Wang X, Wong SZ, Joseph J, Dore LC, Dong Q, et 
al. Epitranscriptomic m6A Regulation of Axon 
Regeneration in the Adult Mammalian Nervous 
System. Neuron. 2018; 97:313–25.e6. 

 https://doi.org/10.1016/j.neuron.2017.12.036 
PMID:29346752 

15. Haussmann IU, Bodi Z, Sanchez-Moran E, Mongan NP, 
Archer N, Fray RG, Soller M. m6A potentiates Sxl 
alternative pre-mRNA splicing for robust Drosophila 
sex determination. Nature. 2016; 540:301–04. 

 https://doi.org/10.1038/nature20577 PMID:27919081 

16. Lence T, Akhtar J, Bayer M, Schmid K, Spindler L, Ho 
CH, Kreim N, Andrade-Navarro MA, Poeck B, Helm M, 
Roignant JY. m6A modulates neuronal functions and 
sex determination in Drosophila. Nature. 2016; 
540:242–47. 

 https://doi.org/10.1038/nature20568 PMID:27919077 

17. Li HB, Tong J, Zhu S, Batista PJ, Duffy EE, Zhao J, Bailis 
W, Cao G, Kroehling L, Chen Y, Wang G, Broughton JP, 
Chen YG, et al. m6A mRNA methylation controls T cell 
homeostasis by targeting the IL-7/STAT5/SOCS 
pathways. Nature. 2017; 548:338–42. 

 https://doi.org/10.1038/nature23450 PMID:28792938 

18. Zheng Q, Hou J, Zhou Y, Li Z, Cao X. The RNA helicase 
DDX46 inhibits innate immunity by entrapping m6A-
demethylated antiviral transcripts in the nucleus. Nat 
Immunol. 2017; 18:1094–103. 

 https://doi.org/10.1038/ni.3830 PMID:28846086 

19. Xiang Y, Laurent B, Hsu CH, Nachtergaele S, Lu Z, Sheng 
W, Xu C, Chen H, Ouyang J, Wang S, Ling D, Hsu PH, 
Zou L, et al. RNA m6A methylation regulates the 
ultraviolet-induced DNA damage response. Nature. 
2017; 543:573–76. 

 https://doi.org/10.1038/nature21671 PMID:28297716 

20. Hsu PJ, Zhu Y, Ma H, Guo Y, Shi X, Liu Y, Qi M, Lu Z, 
Shi H, Wang J, Cheng Y, Luo G, Dai Q, et al. Ythdc2 is 
an N6-methyladenosine binding protein that 
regulates mammalian spermatogenesis. Cell Res. 
2017; 27:1115–27. 

 https://doi.org/10.1038/cr.2017.99  
PMID:28809393 

21. Lan Q, Liu PY, Haase J, Bell JL, Hüttelmaier S, Liu T. The 
Critical Role of RNA m6A Methylation in Cancer. Cancer 
Res. 2019; 79:1285–92. 

 https://doi.org/10.1158/0008-5472.CAN-18-2965 
PMID:30894375 

22. Yang N, Ying P, Tian J, Wang X, Mei S, Zou D, Peng X, 
Gong Y, Yang Y, Zhu Y, Ke J, Zhong R, Chang J, Miao X. 
Genetic variants in m6A modification genes are 
associated with esophageal squamous-cell carcinoma 

https://doi.org/10.1038/s41583-019-0244-z
https://pubmed.ncbi.nlm.nih.gov/31804615
https://doi.org/10.1038/s41422-018-0040-8
https://pubmed.ncbi.nlm.nih.gov/29789545
https://doi.org/10.1016/j.stem.2014.09.019
https://pubmed.ncbi.nlm.nih.gov/25456834
https://doi.org/10.1126/science.1261417
https://pubmed.ncbi.nlm.nih.gov/25569111
https://doi.org/10.1016/j.stem.2015.01.016
https://pubmed.ncbi.nlm.nih.gov/25683224
https://doi.org/10.1038/cr.2017.143
https://pubmed.ncbi.nlm.nih.gov/29148543
https://doi.org/10.1038/nature23883
https://pubmed.ncbi.nlm.nih.gov/28869969
https://doi.org/10.1016/j.stem.2017.11.016
https://pubmed.ncbi.nlm.nih.gov/29290617
https://doi.org/10.1016/j.neuron.2017.12.036
https://pubmed.ncbi.nlm.nih.gov/29346752
https://doi.org/10.1038/nature20577
https://pubmed.ncbi.nlm.nih.gov/27919081
https://doi.org/10.1038/nature20568
https://pubmed.ncbi.nlm.nih.gov/27919077
https://doi.org/10.1038/nature23450
https://pubmed.ncbi.nlm.nih.gov/28792938
https://doi.org/10.1038/ni.3830
https://pubmed.ncbi.nlm.nih.gov/28846086
https://doi.org/10.1038/nature21671
https://pubmed.ncbi.nlm.nih.gov/28297716
https://doi.org/10.1038/cr.2017.99
https://pubmed.ncbi.nlm.nih.gov/28809393
https://doi.org/10.1158/0008-5472.CAN-18-2965
https://pubmed.ncbi.nlm.nih.gov/30894375


 

www.aging-us.com 21510 AGING 

in the Chinese population. Carcinogenesis. 2020; 
41:761–68. 

 https://doi.org/10.1093/carcin/bgaa012 
PMID:32047883 

23. Liu S, Huang M, Chen Z, Chen J, Chao Q, Yin X, Quan M. 
FTO promotes cell proliferation and migration in 
esophageal squamous cell carcinoma through up-
regulation of MMP13. Exp Cell Res. 2020; 389:111894. 

 https://doi.org/10.1016/j.yexcr.2020.111894 
PMID:32035950 

24. Xia TL, Yan SM, Yuan L, Zeng MS. Upregulation of 
METTL3 Expression Predicts Poor Prognosis in Patients 
with Esophageal Squamous Cell Carcinoma. Cancer 
Manag Res. 2020; 12:5729–37. 

 https://doi.org/10.2147/CMAR.S245019 
PMID:32765076 

25. Yu F, Wei J, Cui X, Yu C, Ni W, Bungert J, Wu L, He C, 
Qian Z. Post-translational modification of RNA m6A 
demethylase ALKBH5 regulates ROS-induced DNA 
damage response. Nucleic Acids Res. 2021; 
49:5779–97. 

 https://doi.org/10.1093/nar/gkab415  
PMID:34048572 

26. Zhu H, Gan X, Jiang X, Diao S, Wu H, Hu J. ALKBH5 
inhibited autophagy of epithelial ovarian cancer 
through miR-7 and BCL-2. J Exp Clin Cancer Res. 2019; 
38:163. 

 https://doi.org/10.1186/s13046-019-1159-2 
PMID:30987661 

27. Song H, Feng X, Zhang H, Luo Y, Huang J, Lin M, Jin J, 
Ding X, Wu S, Huang H, Yu T, Zhang M, Hong H, et al. 
METTL3 and ALKBH5 oppositely regulate m6A 
modification of TFEB mRNA, which dictates the fate of 
hypoxia/reoxygenation-treated cardiomyocytes. 
Autophagy. 2019; 15:1419–37. 

 https://doi.org/10.1080/15548627.2019.1586246 
PMID:30870073 

28. Liu Z, Wang Q, Wang X, Xu Z, Wei X, Li J. Circular RNA 
cIARS regulates ferroptosis in HCC cells through 
interacting with RNA binding protein ALKBH5. Cell 
Death Discov. 2020; 6:72. 

 https://doi.org/10.1038/s41420-020-00306-x 
PMID:32802409 

29. Chen G, Zhao Q, Yuan B, Wang B, Zhang Y, Li Z, Du S, 
Zeng Z. ALKBH5-modified HMGB1-STING Activation 
Contributes to Radiation Induced Liver Disease via 
Innate Immune Response. Int J Radiat Oncol Biol Phys. 
2021; 111:P491–501. 

 https://doi.org/10.1016/j.ijrobp.2021.05.115 
PMID:34044094 

30. Du T, Li G, Yang J, Ma K. RNA demethylase Alkbh5 is 
widely expressed in neurons and decreased during 

brain development. Brain Res Bull. 2020; 163:150–59. 
 https://doi.org/10.1016/j.brainresbull.2020.07.018 

PMID:32717204 

31. Han Z, Wang X, Xu Z, Cao Y, Gong R, Yu Y, Yu Y, Guo X, 
Liu S, Yu M, Ma W, Zhao Y, Xu J, et al. ALKBH5 
regulates cardiomyocyte proliferation and heart 
regeneration by demethylating the mRNA of YTHDF1. 
Theranostics. 2021; 11:3000–16. 

 https://doi.org/10.7150/thno.47354 PMID:33456585 

32. Wang HF, Kuang MJ, Han SJ, Wang AB, Qiu J, Wang F, 
Tan BY, Wang DC. BMP2 Modified by the m6A 
Demethylation Enzyme ALKBH5 in the Ossification of 
the Ligamentum Flavum Through the AKT Signaling 
Pathway. Calcif Tissue Int. 2020; 106:486–93. 

 https://doi.org/10.1007/s00223-019-00654-6 
PMID:31897529 

33. Yu J, Shen L, Liu Y, Ming H, Zhu X, Chu M, Lin J. The 
m6A methyltransferase METTL3 cooperates with 
demethylase ALKBH5 to regulate osteogenic 
differentiation through NF-κB signaling. Mol Cell 
Biochem. 2020; 463:203–10. 

 https://doi.org/10.1007/s11010-019-03641-5 
PMID:31643040 

34. Luo Q, Gao Y, Zhang L, Rao J, Guo Y, Huang Z, Li J. 
Decreased ALKBH5, FTO, and YTHDF2 in Peripheral 
Blood Are as Risk Factors for Rheumatoid Arthritis. 
Biomed Res Int. 2020; 2020:5735279. 

 https://doi.org/10.1155/2020/5735279 
PMID:32884942 

35. Shen F, Huang W, Huang JT, Xiong J, Yang Y, Wu K, Jia 
GF, Chen J, Feng YQ, Yuan BF, Liu SM. Decreased N(6)-
methyladenosine in peripheral blood RNA from 
diabetic patients is associated with FTO expression 
rather than ALKBH5. J Clin Endocrinol Metab. 2015; 
100:E148–54. 

 https://doi.org/10.1210/jc.2014-1893 PMID:25303482 

36. Tang C, Klukovich R, Peng H, Wang Z, Yu T, Zhang Y, 
Zheng H, Klungland A, Yan W. ALKBH5-dependent m6A 
demethylation controls splicing and stability of long 3'-
UTR mRNAs in male germ cells. Proc Natl Acad Sci USA. 
2018; 115:E325–33. 

 https://doi.org/10.1073/pnas.1717794115 
PMID:29279410 

37. Luo Q, Fu B, Zhang L, Guo Y, Huang Z, Li J. Decreased 
Peripheral Blood ALKBH5 Correlates with Markers of 
Autoimmune Response in Systemic Lupus 
Erythematosus. Dis Markers. 2020; 2020:8193895. 

 https://doi.org/10.1155/2020/8193895 
PMID:32685056 

38. Wang B, Fang X, Sun X, Du C, Zhou L, Lv X, Li Y, Li H, 
Tang W. m6A demethylase ALKBH5 suppresses 
proliferation and migration of enteric neural crest cells 

https://doi.org/10.1093/carcin/bgaa012
https://pubmed.ncbi.nlm.nih.gov/32047883
https://doi.org/10.1016/j.yexcr.2020.111894
https://pubmed.ncbi.nlm.nih.gov/32035950
https://doi.org/10.2147/CMAR.S245019
https://pubmed.ncbi.nlm.nih.gov/32765076
https://doi.org/10.1093/nar/gkab415
https://pubmed.ncbi.nlm.nih.gov/34048572
https://doi.org/10.1186/s13046-019-1159-2
https://pubmed.ncbi.nlm.nih.gov/30987661
https://doi.org/10.1080/15548627.2019.1586246
https://pubmed.ncbi.nlm.nih.gov/30870073
https://doi.org/10.1038/s41420-020-00306-x
https://pubmed.ncbi.nlm.nih.gov/32802409
https://doi.org/10.1016/j.ijrobp.2021.05.115
https://pubmed.ncbi.nlm.nih.gov/34044094
https://doi.org/10.1016/j.brainresbull.2020.07.018
https://pubmed.ncbi.nlm.nih.gov/32717204
https://doi.org/10.7150/thno.47354
https://pubmed.ncbi.nlm.nih.gov/33456585
https://doi.org/10.1007/s00223-019-00654-6
https://pubmed.ncbi.nlm.nih.gov/31897529
https://doi.org/10.1007/s11010-019-03641-5
https://pubmed.ncbi.nlm.nih.gov/31643040
https://doi.org/10.1155/2020/5735279
https://pubmed.ncbi.nlm.nih.gov/32884942
https://doi.org/10.1210/jc.2014-1893
https://pubmed.ncbi.nlm.nih.gov/25303482
https://doi.org/10.1073/pnas.1717794115
https://pubmed.ncbi.nlm.nih.gov/29279410
https://doi.org/10.1155/2020/8193895
https://pubmed.ncbi.nlm.nih.gov/32685056


 

www.aging-us.com 21511 AGING 

by regulating TAGLN in Hirschsprung’s disease. Life Sci. 
2021; 278:119577. 

 https://doi.org/10.1016/j.lfs.2021.119577 
PMID:33961858 

39. Li XC, Jin F, Wang BY, Yin XJ, Hong W, Tian FJ. The m6A 
demethylase ALKBH5 controls trophoblast invasion at 
the maternal-fetal interface by regulating the stability 
of CYR61 mRNA. Theranostics. 2019; 9:3853–65. 

 https://doi.org/10.7150/thno.31868  
PMID:31281518 

40. Chen Y, Zhao Y, Chen J, Peng C, Zhang Y, Tong R, Cheng 
Q, Yang B, Feng X, Lu Y, Xie H, Zhou L, Wu J, Zheng S. 
ALKBH5 suppresses malignancy of hepatocellular 
carcinoma via m6A-guided epigenetic inhibition of 
LYPD1. Mol Cancer. 2020; 19:123. 

 https://doi.org/10.1186/s12943-020-01239-w 
PMID:32772918 

41. Li N, Kang Y, Wang L, Huff S, Tang R, Hui H, Agrawal K, 
Gonzalez GM, Wang Y, Patel SP, Rana TM. ALKBH5 
regulates anti-PD-1 therapy response by modulating 
lactate and suppressive immune cell accumulation in 
tumor microenvironment. Proc Natl Acad Sci USA. 
2020; 117:20159–70. 

 https://doi.org/10.1073/pnas.1918986117 
PMID:32747553 

42. Liu B, Zhou J, Wang C, Chi Y, Wei Q, Fu Z, Lian C, Huang 
Q, Liao C, Yang Z, Zeng H, Xu N, Guo H. LncRNA 
SOX2OT promotes temozolomide resistance by 
elevating SOX2 expression via ALKBH5-mediated 
epigenetic regulation in glioblastoma. Cell Death Dis. 
2020; 11:384. 

 https://doi.org/10.1038/s41419-020-2540-y 
PMID:32439916 

43. Guo X, Li K, Jiang W, Hu Y, Xiao W, Huang Y, Feng Y, 
Pan Q, Wan R. RNA demethylase ALKBH5 prevents 
pancreatic cancer progression by posttranscriptional 
activation of PER1 in an m6A-YTHDF2-dependent 
manner. Mol Cancer. 2020; 19:91. 

 https://doi.org/10.1186/s12943-020-01158-w 
PMID:32429928 

44. Jin D, Guo J, Wu Y, Yang L, Wang X, Du J, Dai J, Chen W, 
Gong K, Miao S, Li X, Sun H. m6A demethylase ALKBH5 
inhibits tumor growth and metastasis by reducing 
YTHDFs-mediated YAP expression and inhibiting miR-
107/LATS2-mediated YAP activity in NSCLC. Mol 
Cancer. 2020; 19:40. 

 https://doi.org/10.1186/s12943-020-01161-1 
PMID:32106857 

45. Shen C, Sheng Y, Zhu AC, Robinson S, Jiang X, Dong L, 
Chen H, Su R, Yin Z, Li W, Deng X, Chen Y, Hu YC, et al. 
RNA Demethylase ALKBH5 Selectively Promotes 
Tumorigenesis and Cancer Stem Cell Self-Renewal  
in Acute Myeloid Leukemia. Cell Stem Cell. 2020; 

27:64–80.e9. 
 https://doi.org/10.1016/j.stem.2020.04.009 

PMID:32402250 

46. Tang B, Yang Y, Kang M, Wang Y, Wang Y, Bi Y, He S, 
Shimamoto F. m6A demethylase ALKBH5 inhibits 
pancreatic cancer tumorigenesis by decreasing WIF-1 
RNA methylation and mediating Wnt signaling. Mol 
Cancer. 2020; 19:3. 

 https://doi.org/10.1186/s12943-019-1128-6 
PMID:31906946 

47. Yuan Y, Yan G, He M, Lei H, Li L, Wang Y, He X, Li G, 
Wang Q, Gao Y, Qu Z, Mei Z, Shen Z, et al. ALKBH5 
suppresses tumor progression via an m6A-dependent 
epigenetic silencing of pre-miR-181b-1/YAP signaling 
axis in osteosarcoma. Cell Death Dis. 2021; 12:60. 

 https://doi.org/10.1038/s41419-020-03315-x 
PMID:33431791 

48. Panneerdoss S, Eedunuri VK, Yadav P, Timilsina S, 
Rajamanickam S, Viswanadhapalli S, Abdelfattah N, 
Onyeagucha BC, Cui X, Lai Z, Mohammad TA, Gupta YK, 
Huang TH, et al. Cross-talk among writers, readers, and 
erasers of m6A regulates cancer growth and 
progression. Sci Adv. 2018; 4:eaar8263. 

 https://doi.org/10.1126/sciadv.aar8263 
PMID:30306128 

49. Wang J, Wang J, Gu Q, Ma Y, Yang Y, Zhu J, Zhang Q. 
The biological function of m6A demethylase ALKBH5 
and its role in human disease. Cancer Cell Int. 2020; 
20:347. 

 https://doi.org/10.1186/s12935-020-01450-1 
PMID:32742194 

50. Wang J, Li Y, Wang P, Han G, Zhang T, Chang J, Yin R, 
Shan Y, Wen J, Xie X, Feng M, Wang Q, Hu J, et al. 
Leukemogenic Chromatin Alterations Promote AML 
Leukemia Stem Cells via a KDM4C-ALKBH5-AXL 
Signaling Axis. Cell Stem Cell. 2020; 27:81–97.e8. 

 https://doi.org/10.1016/j.stem.2020.04.001 
PMID:32402251 

51. Zhang S, Zhao BS, Zhou A, Lin K, Zheng S, Lu Z, Chen Y, 
Sulman EP, Xie K, Bögler O, Majumder S, He C, Huang 
S. m6A Demethylase ALKBH5 Maintains Tumorigenicity 
of Glioblastoma Stem-like Cells by Sustaining FOXM1 
Expression and Cell Proliferation Program. Cancer Cell. 
2017; 31:591–606.e6. 

 https://doi.org/10.1016/j.ccell.2017.02.013 
PMID:28344040 

52. Zhang C, Samanta D, Lu H, Bullen JW, Zhang H, Chen I, 
He X, Semenza GL. Hypoxia induces the breast cancer 
stem cell phenotype by HIF-dependent and ALKBH5-
mediated m6A-demethylation of NANOG mRNA. Proc 
Natl Acad Sci USA. 2016; 113:E2047–56. 

 https://doi.org/10.1073/pnas.1602883113 
PMID:27001847 

https://doi.org/10.1016/j.lfs.2021.119577
https://pubmed.ncbi.nlm.nih.gov/33961858
https://doi.org/10.7150/thno.31868
https://pubmed.ncbi.nlm.nih.gov/31281518
https://doi.org/10.1186/s12943-020-01239-w
https://pubmed.ncbi.nlm.nih.gov/32772918
https://doi.org/10.1073/pnas.1918986117
https://pubmed.ncbi.nlm.nih.gov/32747553
https://doi.org/10.1038/s41419-020-2540-y
https://pubmed.ncbi.nlm.nih.gov/32439916
https://doi.org/10.1186/s12943-020-01158-w
https://pubmed.ncbi.nlm.nih.gov/32429928
https://doi.org/10.1186/s12943-020-01161-1
https://pubmed.ncbi.nlm.nih.gov/32106857
https://doi.org/10.1016/j.stem.2020.04.009
https://pubmed.ncbi.nlm.nih.gov/32402250
https://doi.org/10.1186/s12943-019-1128-6
https://pubmed.ncbi.nlm.nih.gov/31906946
https://doi.org/10.1038/s41419-020-03315-x
https://pubmed.ncbi.nlm.nih.gov/33431791
https://doi.org/10.1126/sciadv.aar8263
https://pubmed.ncbi.nlm.nih.gov/30306128
https://doi.org/10.1186/s12935-020-01450-1
https://pubmed.ncbi.nlm.nih.gov/32742194
https://doi.org/10.1016/j.stem.2020.04.001
https://pubmed.ncbi.nlm.nih.gov/32402251
https://doi.org/10.1016/j.ccell.2017.02.013
https://pubmed.ncbi.nlm.nih.gov/28344040
https://doi.org/10.1073/pnas.1602883113
https://pubmed.ncbi.nlm.nih.gov/27001847


 

www.aging-us.com 21512 AGING 

53. Chao Y, Shang J, Ji W. ALKBH5-m6A-FOXM1 signaling 
axis promotes proliferation and invasion of lung 
adenocarcinoma cells under intermittent hypoxia. 
Biochem Biophys Res Commun. 2020; 521:499–506. 

 https://doi.org/10.1016/j.bbrc.2019.10.145 
PMID:31677788 

54. Morgan AE, Davies TJ, Mc Auley MT. The role of DNA 
methylation in ageing and cancer. Proc Nutr Soc. 2018; 
77:412–22. 

 https://doi.org/10.1017/S0029665118000150 
PMID:29708096 

55. Pfeifer GP. Defining Driver DNA Methylation Changes 
in Human Cancer. Int J Mol Sci. 2018; 19:1166. 

 https://doi.org/10.3390/ijms19041166 
PMID:29649096 

56. Hao WC, Zhong QL, Pang WQ, Dian MJ, Li J, Han LX, 
Zhao WT, Zhang XL, Xiao SJ, Xiao D, Lin XL, Jia JS. MST4 
inhibits human hepatocellular carcinoma cell 
proliferation and induces cell cycle arrest via 
suppression of PI3K/AKT pathway. J Cancer. 2020; 
11:5106–17. 

 https://doi.org/10.7150/jca.45822 PMID:32742458 

57. Lin TY, Chen Y, Jia JS, Zhou C, Lian M, Wen YT, Li XY, 
Chen HW, Lin XL, Zhang XL, Xiao SJ, Sun Y, Xiao D. Loss 
of Cirbp expression is correlated with the malignant 
progression and poor prognosis in nasopharyngeal 
carcinoma. Cancer Manag Res. 2019; 11:6959–69. 

 https://doi.org/10.2147/CMAR.S211389 
PMID:31413636 

58. Qin YJ, Lin TY, Lin XL, Liu Y, Zhao WT, Li XY, Lian M, 
Chen HW, Li YL, Zhang XL, Xiao D, Jia JS, Sun Y. Loss of 
PDK4 expression promotes proliferation, 
tumorigenicity, motility and invasion of hepatocellular 
carcinoma cells. J Cancer. 2020; 11:4397–405. 

 https://doi.org/10.7150/jca.43459  
PMID:32489458 

59. Zhao WT, Lin XL, Liu Y, Han LX, Li J, Lin TY, Shi JW, 
Wang SC, Lian M, Chen HW, Sun Y, Xu K, Jia JS, et al. 
miR-26a promotes hepatocellular carcinoma 
invasion and metastasis by inhibiting PTEN and 
inhibits cell growth by repressing EZH2. Lab Invest. 
2019; 99:1484–500. 

 https://doi.org/10.1038/s41374-019-0270-5 
PMID:31201367 

60. Zhao M, Luo R, Liu Y, Gao L, Fu Z, Fu Q, Luo X, Chen Y, 
Deng X, Liang Z, Li X, Cheng C, Liu Z, Fang W. miR-3188 
regulates nasopharyngeal carcinoma proliferation and 
chemosensitivity through a FOXO1-modulated positive 
feedback loop with mTOR-p-PI3K/AKT-c-JUN. Nat 
Commun. 2016; 7:11309. 

 https://doi.org/10.1038/ncomms11309 
PMID:27095304 

https://doi.org/10.1016/j.bbrc.2019.10.145
https://pubmed.ncbi.nlm.nih.gov/31677788
https://doi.org/10.1017/S0029665118000150
https://pubmed.ncbi.nlm.nih.gov/29708096
https://doi.org/10.3390/ijms19041166
https://pubmed.ncbi.nlm.nih.gov/29649096
https://doi.org/10.7150/jca.45822
https://pubmed.ncbi.nlm.nih.gov/32742458
https://doi.org/10.2147/CMAR.S211389
https://pubmed.ncbi.nlm.nih.gov/31413636
https://doi.org/10.7150/jca.43459
https://pubmed.ncbi.nlm.nih.gov/32489458
https://doi.org/10.1038/s41374-019-0270-5
https://pubmed.ncbi.nlm.nih.gov/31201367
https://doi.org/10.1038/ncomms11309
https://pubmed.ncbi.nlm.nih.gov/27095304

