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N6-methyladenosine (m®A) modification is the most abundant modification on eukaryotic
RNA. In recent years, lots of studies have reported that m8A modification and m8A RNA
methylation regulators were involved in cancer progression. However, the m®A level and
its regulators in esophageal cancer (ESCA) remain poorly understood. In this study, we
analyzed the expression of mPA regulators using The Cancer Genome Atlas data and
found 14 of 19 mPA regulators are significantly increased in ESCA samples. Then we
performed a univariate Cox regression analysis and LASSO (least absolute shrinkage
and selection operator) Cox regression model to investigate the prognostic role of mfA
regulators in ESCA, and the results indicated that a two-gene prognostic signature
including ALKBH5 and HNRNPA2B1 could predict overall survival of ESCA patients.
Moreover, HNRNPA2B1 is higher expressed in high-risk scores subtype of ESCA,
indicating that HNRNPA2B1 may be involved in ESCA development. Subsequently,
we confirmed that the level of m8A and HNRNPA2B1 was significantly increased in
ESCA. We also found that HNRNPA2B1 expression positively correlated with tumor
diameter and lymphatic metastasis of ESCA. Moreover, functional study showed that
knockdown of HNRNPA2B1 inhibited the proliferation, migration, and invasion of ESCA.
Mechanistically, we found that knockdown of HNRNPA2B1 inhibited the expression of
de novo fatty acid synthetic enzymes, ACLY and ACC1, and subsequently suppressed
cellular lipid accumulation. In conclusion, our study provides critical clues to understand
the role of m8A and its regulators in ESCA. Moreover, HNRNPA2B1 functions as an
oncogenic factor in promoting ESCA progression via up-regulation of fatty acid synthesis
enzymes ACLY and ACC1, and it may be a promising prognostic biomarker and
therapeutic target for human ESCA.
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FIGURE 6 | HNRNPA2B1 promotes ESCC cell proliferation. (A) The HNRNPA2B1 knockdown efficiency was verified at the mRNA levels in ECA109 and TE10 cells by
gRT-PCR assay. (B) The HNRNPA2B1 knockdown efficiency was verified at the protein levels in ECA109 and TE10 cells by Western blot assay. (C) CCK8 assays
showed the growth of ECA109 and TE10 cells upon HNRNPA2B1 knockdown. (D) Knockdown of HNRNPA2B1 impaired the colony formation ability of ECA109 and
TE10 cells (upper panel). Quantification of the colony formation assay results (bottom panel). (E) EdU assays showed the growth of ECA109 and TE10 cells upon
HNRNPA2B1 knockdown (left panel). Quantification of the EdU-positive cell results (right panel). Scale bars, 100 um. *P < 0.05, **P < 0.01, and ***P < 0.001.

correlated with HNRNPA2B1 expression in ESCA patients using
TCGA data (Supplementary Table 2). Then we analyzed the
pathway of these related genes via the Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment, which showed the
pathways included Peroxisome Proliferator-Activated Receptors
(PPAR) signaling pathway and fat digestion and absorption
(Figure 8A). As shown in Figure 4F, it was suggested that the
HNRNPA2BI1 level was significantly higher in extreme obese
subgroup than other subgroups. Therefore, we investigated
whether HNRNPA2B1 could regulate fatty acid metabolism
to promote ESCC malignant process. Next, we detected the
major enzymes involved in de novo fatty acid synthesis, fatty
acid P-oxidation and fatty acid uptake, revealing that de
novo fatty acid synthetic enzymes ACLY, and ACC1 were

markedly decreased when knockdown of HNRNPA2BI in
both two ESCC cells (Figure 8B). Moreover, we also found
that the expression of HNRNPA2B1 was positively correlated
with the expressions of ACLY and ACCl in ESCA TCGA
data via online bioinformatics tool (http://gepia.cancer-pku.cn/,
Figure 8C). Meanwhile, knockdown of HNRNPA2B1 suppressed
cellular lipid accumulation by staining Nile red in ESCC cells
(Figure 8D). Further, we added OA (oleate) into ESCC cells
(Supplementary Figure 4A), and the results showed that OA
promoted ESCC cell proliferation, migration, and invasion,
whereas knockdown of HNRNPA2B1 inhibited OA-induced the
malignant process (Figures 8E,F). Collectively, the results reveal
that HNRNPA2BI1 functions as an oncogenic factor promoting
ESCC progression via acceleration of fatty acid synthesis.
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FIGURE 7 | HNRNPA2B1 promotes ESCC cell migration and invasion. (A,B) Knockdown of HNRNPA2B1 impaired the migration ability of ECA109 cells (A) and TE10
cells (B) via wound healing assay (left panel). Quantification of the wound healing assay results (right panel). (C,D) Knockdown of HNRNPA2B1 impaired the migration
ability of ECA109 cells (C) and TE10 cells (D) via Transwell assay (upper panel). Quantification of the Transwell assay results (bottom panel). *P < 0.05, **P < 0.01,
and ***P < 0.001.

DISCUSSION The m®A modification has become a hot research topic in

RNA modification-mediated epigenetic regulation, which was
ESCA, as a common digestive tract tumor, is a serious threat  jssociated with the expression of gene and disease development,
to human health and contributes to poor prognosis (2, 26).  including cancer (33, 34). The m®A modification is dynamically
The significant regional difference is the main epidemiological  regulated via the methyltransferases and demethylases (12, 35).
characteristic of ESCA (27). There are two main subtypes in  Meanwhile, the m®A “readers” could recognize m®A-modified
ESCA, called ESCC and EAC, respectively (27, 28). ESCC is  sites and regulate RNA function. Recent studies have shown
mainly in the East Asian population, whereas EAC mainly  that m®A modification and its regulators play an important
occurs in Western countries (29). About half of the newly  role in various cancers (33). Previous study has systematically
diagnosed ESCA cases in the world occur in China every year  characterized the molecular alterations and clinical relevance of
(30, 31). ESCA is considered to be a multifactor, multigene, and 20 m®A RNA regulators across 33 cancer types, and they found
multistage complicated disease (27). Its occurrence is closely  that m°A regulators were found to be potentially useful for
related to chronic nitrosamine stimulation, inflammation and prognostic stratification and identified IGF2BP3 as a potential
trauma, genetic and epigenetic modification, and other factors  oncogene across multiple cancer types (36). However, the m®A
(29, 32). Operation, radiotherapy, and chemotherapy are still  Jevel and its regulators in ESCA have not been systematically
the main treatment methods for ESCA, but inoperableness  reported yet. In the present study, we demonstrated that the
and radiochemotherapy resistance limit the clinical effect  expression levels of five writers (METTL16, WTAP, METTLS3,
(29). Therefore, identification of new molecular markers and ~ KIAA1429, and RBM15) and nine readers (YTHDF1/2/3,
therapeutic targets is still an urgent need. YTHDC1, IGF2BP1/2/3, HNRNPC, and HNRNPA2BI) were
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FIGURE 8 | HNRNPA2B1 promotes ESCC progression by regulation of fatty acid metabolism. (A) The genes correlated with HNRNPA2B1 expression in ESCA
patients were analyzed using TCGA dataset and then the pathway of these genes via KEGG enrichment. (B) The mRNA levels of major enzymes in de novo fatty acid
synthesis (FASN, ACLY, SCD1, and ACC1), fatty acid B-oxidation (MCAD and CPT1A), and fatty acid uptake (CD36 and FABP5) were detected in ECA109 and TE10
cells upon HNRNPA2B1 knockdown. (C) The correlations of HNRNPA2B1 expression with ACLY and ACC1 via online bioinformatics tool (http://gepia.cancer-pku.
cn/) are analyzed. (D) Cellular neutral lipids were measured in ECA109 cells and TE10 cells upon HNRNPA2B1 knockdown by Nile red staining, Scale bars, 100 um.
(E,F) OA promoted ESCC cell proliferation, migration, and invasion, whereas knockdown of HNRNPA2B1 inhibited OA-induced ESCC cell proliferation, migration, and
invasion. *P < 0.05, **P < 0.01, and ***P < 0.001.

significantly increased in ESCA tissues, whereas no significant
difference was found for the two erasers (FTO and ALKBH5), and
most of RNA m®A regulators in our study were overlapped with
the previous study (36). Meanwhile, we analyzed the PPI among
19 m®A regulators, which could be systematically and directly

helpful to analyze the interaction between these regulators.
Herein, we found there are direct or indirect interactions among
the 19 m®A regulators, and the writers METTL3, METTLI14,
WTAP, and KIAA1429 and the erasers FTO and ALKBH5
may localized in the center of regulatory network. It was also
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demonstrated that the relationship between most of the m®A
RNA methylation regulators is positively correlated, and the
KIAA1429 and YTHDEF3 genes are most relevant. Subsequently,
we confirmed that the RNA m°A levels were significantly
higher in 18 cancerous tissues than corresponding normal
tissues in ESCC patients via a dot blot assay. These results
suggest that RNA m®A modification may be involved in the
ESCA development.

We then analyzed the relationship between RNA m°®A
regulators and OS in ESCA via the consistent clustering analysis,
and the results showed that cluster 1 had a shorter OS than
cluster 2. In addition, the univariate Cox regression analysis
and LASSO Cox regression data indicated that a two-gene
prognostic signature including ALKBH5 and HNRNPA2B1
could predict OS of ESCA patients. Moreover, high expression
of HNRNPA2BI1 and low expression of ALKBH5 were indicated
as the risk factor for the survival of ESCA, and the combination
of these two factors showed more predictive potential than
the alone, although the ROC curve did not show robust
prediction within 4 and 5 years, which because of that
there are too few patients in the fourth and fifth years,
which may lead to the instability of the ROC curve. It is
reported that HNRNPA2B1 could selectively bind to mC®A-
containing transcripts via the “m®A-switch,” a mechanism in
which m®A weakens Watson-Crick base pairing to destabilize
the RNA hairpin structure and thereby exposes the single
stranded hnRNP binding motif (37). HNRNPA2B1 has been
reported to be a RNA-binding protein involved in different
cancer progression (38-40). HNRNPA2B1 could interact with
LINCO01234 to promote lung cancer progression (38). It also
reported that HNRNPA2B1 promoted malignant capability and
inhibited apoptosis via down-regulation of Lin28B expression
in ovarian cancer (39). In this study, we also found that
HNRNPA2B1 was significantly increased in cancerous tissues
of ESCC using TCGA data, which was confirmed in our
own samples. Furthermore, we found that HNRNPA2B1
expression positively correlated with tumor diameter and
lymphatic metastasis of ESCC. Intriguingly, it was shown
that knockdown of HNRNPA2BI inhibited the proliferation,
migration, and invasion of ESCC cell lines, which suggest
that HNRNPA2B1 may be critical in the development and
progression of ESCA.

Further, we analyzed the KEGG enrichment of genes, which
were correlated with HNRNPA2B1 expression in ESCA patients
using TCGA data. The data indicated that HNRNPA2B1 may be
involved in fatty acid metabolism of ESCA. We also found that
the HNRNPA2BI level was significantly higher in extreme obese
subgroup than other subgroups. The abnormal lipid metabolism
of tumor cells is mainly manifested in the activation of de
novo synthesis and oxidative metabolism of fatty acids, which
provide the necessary raw materials for tumor cell proliferation
(41, 42). The key enzymes related to lipid metabolism play a
key role in the abnormal lipid metabolism of tumor cells (43,
44). Subsequently, we detected the expression of major enzymes

involved in de novo fatty acid synthesis, fatty acid $-oxidation,
and fatty acid uptake, revealing that de novo fatty acid synthetic
enzymes ACLY and ACC1 were markedly positively regulated
by HNRNPA2B1. However, the expression of FASN, fatty acid
uptake, and fatty acid oxidation genes is inconsistent in the
two ESCC cell lines with HNRNPA2B1 deficiency, which may
be due to the heterogeneity of the two different ESCC cells. In
addition, knockdown of HNRNPA2BI1 suppressed cellular lipid
accumulation. Collectively, the results reveal that HNRNPA2B1
could accelerate fatty acid synthesis via up-regulation of de novo
fatty acid synthetic enzymes ACLY and ACCI1.

In summary, our findings reveal that the levels of m®A and its
regulator HNRNPA2B1 were significantly increased in cancerous
tissues of ESCA, and overexpression of HNRNPA2B1 promotes
ESCA progression via up-regulation of de novo fatty acid
synthetic enzymes ACLY and ACCI. Therefore, HNRNPA2B1
may be a promising prognostic biomarker and therapeutic target
for human ESCA.
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