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Bile acid reflux and subsequent caudal-related homeobox 2
(CDX2) activation contribute to gastric intestinal metaplasia
(IM), a precursor of gastric cancer; however, the mechanism
underlying this phenomenon is unclear. Here, we demon-
strate that alkylation repair homolog protein 5 (ALKBH5),
a major RNA NS-adenosine demethylase, is required for
bile acid-induced gastric IM. Mechanistically, we revealed
the N6—methyladenosine (m®A) modification profile in
gastric IM for the first time and identified ZNF333 as a
novel m°A target of ALKBH5. ALKBH5 was shown to de-
methylate ZNF333 mRNA, leading to enhanced ZNF333
expression by abolishing m®A-YTHDF2-dependent mRNA
degradation. In addition, ALKBHS5 activated CDX2 and
downstream intestinal markers by targeting the ZNF333/
CYLD axis and activating NF-kB signaling. Reciprocally,
p65, the key transcription factor of the canonical NF-kB
pathway, enhanced the transcription activity of ALKBHS5
in the nucleus, thus forming a positive feedforward circuit.
Furthermore, ALKBH5 levels were positively correlated with
ZNF333 and CDX2 levels in IM tissues, indicating signifi-
cant clinical relevance. Collectively, our findings suggest
that an m®A modification-associated positive feedforward
loop between ALKBH5 and NF-kB signaling is involved in
generating the IM phenotype of gastric epithelial cells. Tar-
geting the ALKBH5/ZNF333/CYLD/CDX2 axis may be a
useful therapeutic strategy for gastric IM in patients with
bile regurgitation.

INTRODUCTION

Gastric intestinal metaplasia (IM), which replaces the gastric mucosa
by epithelium-resembling intestinal morphology, is a well-recognized
precancerous condition." Patients with IM are at increased risk for
gastric cancer (GC), with an estimated annual risk of 0.13%-0.25%/
year.” As a precursor to intestinal-type GC, research on IM is imper-
ative and fast growing.
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Some chronic environmental stimulants, such as chronic infection
with Helicobacter pylori and bile reflux, are considered drivers of
IM.>* The effect of Helicobacter pylori infection on IM remains
controversial.”” However, it is noteworthy that both gastric IM and
Barrett’s metaplasia of the esophagus, another type of IM, are the
result of bile acid reflux.”® This strongly suggests a key regulatory
role of bile acid reflux in IM.

1 5,6

The exact molecular mechanism responsible for bile acid-induced IM
remains unclear. Accumulating evidence suggests a trigger effect of
caudal-related homeobox 2 (CDX2) on IM.>'* As an intestine-spe-
cific transcription factor, CDX2 promotes IM by upregulating the
expression of Kriippel-like factor4 (KLF4), VILLIN (VIL1), and
MUCIN 2 (MUC2)."'"'* The expression of these genes is generally
accepted as a hallmark of the IM process. The nuclear factor kB
(NF-kB) pathway is also involved in this process.'*"*

N°-Methyladenosine (m°®A), which is the most prominent chemical
modification of RNA in eukaryotes, is a reversible and dynamic
mark that regulates gene expression at the post-transcriptional
level."”” In mammals, m®A modification is catalyzed by the m°A
methyltransferases of methyltransferase-like 3 (METTL3), Wilms’
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tumor 1-associated protein (WTAP), and METTLI14. Demethyla-
tion into adenosine occurs via alkylation repair homolog protein 5
(ALKBHS5) or fat mass and obesity-associated factor (FTO).'e718
Recently, this newly discovered mechanism has been reported to
play a critical role in regulating RNA fate, including mRNA stability
and splicing, nuclear export, translation, microRNA processing and
RNA-protein interactions,'”>* and is crucial for biological and dis-
ease processes, such as stemness maintenance and differentiation,
fertility, stress response, immunomodulation, and tumorigen-
esis.”> > We previously unveiled the METTL3-mediated m°A
modification profile in GC for the first time and confirmed the dys-
regulation of m®A in the epithelial-mesenchymal transition (EMT)
process and metastasis.”” However, the definite role of m°A in
gastric IM has never been studied.

In this study, we demonstrate that ALKBH5, an important demethyl-
transferase of RNA m®A modification, is a crucial regulator of the IM
phenotype. Based on these results, we hypothesize that the ALKBH5-
mediated m®A mechanism and downstream molecular changes may
promote the process of bile acid-induced gastric IM.

RESULTS

Bile acids induce intestinal marker expression in gastric cells
Through preliminary experiments, peak levels of the key IM marker
CDX2 were observed after the end of bile acid stimulation and
replacement with normal medium for 48 h (Figures SIA and S1B).
Therefore, to explore the possible effects of bile acids on the gastric
IM process, we treated the gastric epithelial cell line GES-1 with three
types of bile acids, namely, cholic acid (CA), deoxycholic acid (DCA),
and chenodeoxycholic acid (CDCA) at different times or different
doses after substituting normal medium for 48 h (Figure 1A). The
IM phenotype was then determined by evaluating the expression of
the intestinal markers CDX2, VIL1, and KLF4 by quantitative real-
time-polymerase chain reaction (PCR). There was no significant
difference in the expression of IM markers at each time point in cells
without bile acid treatment (Figure S1C). We found that all three
types of bile acids, particularly CDCA, induced the expression of in-
testinal markers in a time- and dose-dependent manner (Figures 1B
and 1C). Therefore, CDCA was adopted as a powerful stimulus in
subsequent experiments. In addition, treatment with CDCA resulted
in an elevated expression of CDX2 at the protein level, as indicated by
western blotting analysis. CDX2 has been reported to be highly ex-
pressed in the colon cancer cell lines LOVO and Caco2.”**’ We found
that the expression of CDX2 in CDCA-treated GES-1 cells was com-
parable to that in LOVO and Caco2 cells (Figure S1D). These findings
were further confirmed by confocal immunofluorescence microscopy
(Figure 1D). Collectively, CDCA induced an IM phenotype in GES-1
cells.

ALKBHS is required for gastric IM

We previously demonstrated that m°A modification promotes the
EMT process of GC. Therefore, we next determined whether m°A
plays a role in precancerous lesions. The expression of the major
m®A-modification enzymes in gastric IM was explored using quanti-

tative real-time-PCR. As a result, ALKBH5 was significantly upregu-
lated in GES-1 cells after treatment with CDCA (Figures 2A and 2B).
According to the western blotting analysis, the expression of
ALKBHS5 positively correlated with CDX2 expression. Among the
cell lines cultured, GES-1 and MGCB803 cells expressed low levels of
ALKBHS5 and CDX2. By contrast, AGS cells showed a high expression
of ALKBH5 and CDX2 (Figure 2C). To validate whether ALKBHS5 is
required for gastric IM, we performed loss- and gain-of-function
studies and found that ALKBHS5 overexpression caused a significant
increase in expression of CDX2 and the downstream intestine-spe-
cific markers VIL1 and KLF4 in GES-1 and MGC803 cells (Figure 2D).
However, knockdown of ALKBHS5 led to the opposite result in AGS
cells (Figure 2E). Interestingly, we observed that the depletion of
ALKBHS abolished the expression of gastric IM markers induced
by CDCA (Figure 2F). Next, we measured ALKBHS5 levels in the
gastric IM tissue microarray (TMA) samples that included 80 cases
(cohort 1) using immunohistochemistry (IHC). ALKBH5 immunore-
activity was predominantly positive in the majority of gastric IM spec-
imens (Figure 2G). Among these tissues, 42 (52.5%) and 18 (22.5%)
displayed strong and weak staining, respectively (Figure 2H). To
further validate these results, we detected ALKBHS5 expression in
an additional 48 paired paraffin-embedded gastric IM tissues (cohort
2) and confirmed that ALKBH5 was significantly overexpressed in IM
tissues as compared with adjacent normal gastric tissues (Figures 21
and 2J). Overall, these data indicate that ALKBHS5 facilitates gastric
IM induced by bile acids.

ZNF333 is a direct target of ALKBHS5 in bile acid-induced gastric
M

To identify the transcripts regulated by m®A, we profiled m®A distri-
bution at the transcriptome level in control or CDCA-treated GES-1
cells through m°A sequencing. Similar overall m°A patterns were
observed in the two cell groups (Figures 3A and 3B; Figures S2A
and S2B). Similarly, no significant difference in total m®A levels
was observed between the control and CDCA-treated GES-1 cells
(Figure 3C). Next, we analyzed the m®A-sequencing data. In total,
méA—sequencing identified 63,093 and 52,188 m°A peaks in the con-
trol and CDCA-treated cells, respectively (Figure 3D; Figures S2C and
S$2D). In contrast to the unique peaks observed in the control (49.6%)
and treated (39.0%) groups, 11.4% peaks were found in both groups
(Figure 3E). When m°A methylomes were mapped, the m°A
consensus motif of GGAC (RRACH) was found to be highly enriched
within m°®A sites (Figure 3F). As ALKBH5 is an RNA demethylase, we
focused on m®A peaks with diminished sizes. In GES-1 cells treated
with CDCA, 2,994 peaks were found to be diminished (Figure 3G).
We found that the differentially expressed m°®A-modified transcripts
were involved in nucleic acid binding, catalytic activity, DNA binding,
pathways in cancer, metabolic pathways, cell cycle, and RNA trans-
port (Figures S2E and S2F). To compare the gene expression profile
following CDCA treatment in GES-1 cells, RNA-sequencing analysis
was performed. A total of 1,818 transcripts were differentially ex-
pressed (|log, (fold change)| > 1) (Figure 3H; Table S1). Next, we as-
certained whether these altered transcripts were a consequence of
m®A modification. It has been reported that ALKBH5 demethylates
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Figure 1. Bile acids induce intestinal metaplasia (IM) phenotype in gastric cells

(A) The gastric epithelial cell line GES-1 was treated with bile acids to establish an IM model. (B) The expression of CDX2, VIL1, and KLF4 were increased following bile acids
treatment in a time-dependent manner. Time point: 12, 24, 36, and 48 h at 50 uM. (C) The expression of CDX2, VIL1, and KLF4 were increased following bile acids treatment
in a dose-dependent manner. Dosage: 25, 50, 75, and 100 uM for 24 h. (D) The localization and expression of CDX2, VIL1, and KLF4 were confirmed by confocal
immunofluorescent assay in GES-1 cells treated with 100 uM CDCA for 48 h. Scale bars: 50 um. Each experiment was performed in triplicate. *p < 0.05, **p < 0.01, ***p <
0.001.

the target mRNA, leading to enhanced transcript expression.”””'

Thus, elevated transcripts with diminished m°A levels were selected
in our study. Filtering the 2,994 diminished m°A peaks with the
644 elevated transcripts resulted in the identification of 27 peaks
harbored by 24 transcripts (Figure 3G). Importantly, the m°A modi-
fication of 6 gene transcripts—LIPT1, ZMYM5, ZNF333, DICERI-
AS1, ARRDC3-ASI1 and LOC101927497—was decreased by >9-fold
(Table S2). Among these genes, a sharp decrease in the size of the
m°A peaks was detected around the exon of ZNF333 mRNA
(chr19: 14829096-14829367) in CDCA-treated cells as compared to
the control (Figure 3I), and the expression of ZNF333 increased in
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response to CDCA (Figure 3]). Intriguingly, ZNF333 mRNA levels
were abolished by the inhibition of ALKBH5 (Figure 3K). Thus,
ZNF333 may be a direct target of ALKBH5 and was selected for the
subsequent study on CDCA-induced IM.

ALKBHS5 maintains ZNF333 expression in gastric IM

To further characterize the regulation of ZNF333 expression by
ALKBHS5, quantitative real-time-PCR and western blotting analyses
were performed. Both GES-1 and MGC803 cells with ectopic
expression of ALKBH5 exhibited an increase in ZNF333 at both
the mRNA and protein levels (Figures 4A-4C). Reciprocally,
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Figure 2. Gain of IM features correlates with ALKBH5 expression
(A) ALKBHS5 was upregulated significantly in response to 100 uM CDCA treatment for 48 h evaluated by quantitative real-time-PCR in GES-1 cells. (B) ALKBH5 expression
was determined by western blot in GES-1 cells treated with different types of bile acids. (C) Western blot analysis of ALKBH5 and CDX2 in different cell lines. (D and E)

(legend continued on next page)
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knockdown of ALKBHS5 reduced ZNF333 expression in AGS cells
(Figures 4D and 4E). Through immunofluorescence analysis, we
identified the nuclear colocalization of ALKBH5 and ZNF333 in
cells in which overexpression of ALKBH5 upregulated ZNF333
levels, whereas depletion of ALKBH5 mediated the loss of
ZNF333 (Figures 4F and 4G). In addition, CDCA induced immuno-
fluorescence staining of ZNF333 in GES-1 cells, which was abro-
gated by the introduction of sh-ALKBH5 lentiviral transduction
(Figure 4H). We also validated ZNF333 expression in the IM
TMA (cohort 1). Based on the results of immunohistochemical se-
rial section staining, the level of ZNF333 co-expressed with
ALKBHS5, was frequently elevated in gastric IM tissues (Figures 41
and 4J). These data revealed that ALKBH5 positively regulates
ZNF333 expression in gastric IM.

ALKBHS5 increases ZNF333 expression by abolishing m°A-
YTHDF2-dependent mRNA degradation

To reveal the m®A-related regulatory mechanism of ZNF333 expres-
sion by ALKBHS5, we validated the m®A-sequencing data using m°A
methylated RNA immunoprecipitation (MeRIP) quantitative real-
time-PCR. The m°A-specific antibody dramatically reduced the
enrichment of ZNF333 mRNA upon ALKBHS5 overexpression (Fig-
ure 5A) while remarkably increasing the enrichment of ZNF333
mRNA levels upon ALKBH5 knockdown (Figure 5B). In addition,
unlike wild-type ALKBH5, the catalytically inactive mutant
ALKBHS5 overexpression could not regulate ZNF333 expression at
both the mRNA and protein levels (Figures 5C-5F). Moreover,
increased expression of ZNF333 mRNA was observed when the
global methylation inhibitor 3-deazaadenosine (DAA) was intro-
duced (Figure 5G). These findings suggest that ALKBH5 mainly
modulates ZNF333 expression through its demethylation activity.
The function of m°A in modulating RNA expression is executed
mostly by the reader proteins.”> Recent evidence has demonstrated
the regulation of YTHDF2 on the targets of ALKBH5.”' As ex-
pected, the YTHDEF2 binding site was close to the m®A modification
region of ZNF333 as revealed by our m®A-sequencing (Figure 5H).
We found that the overexpression of YITHDF2 partially counter-
acted the effects of elevated ALKBHS5 levels on the expression of
ZNF333 at both mRNA and protein levels in GES-1 cells (Figures
5I and 5]). Conversely, the reduced expression of ALKBH5
decreased ZNF333 expression, and inhibition of YTHDEF2 reversed
this decrease in AGS cells (Figures 5K and 5L) and CDCA-treated
GES-1 cells (Figures S3A and S3B). Furthermore, knockdown of
ALKBH5 weakened the stability of ZNF333 mRNA, whereas
knockdown of YTHDEF2 strengthened the stability of ZNF333
mRNA in sh-ALKBHS5 cells (Figure 5M). These results suggest
that YTHDF2-mediated RNA decay controls the expression of
ZNF333. In other words, ALKBH5 increases ZNF333 expression
by abolishing m°®A-YTHDF2-dependent mRNA degradation.

Molecular Therapy: Nucleic Acids

ALKBHS5 regulates gastric IM through a ZNF333-NF-«B pathway
To obtain a better understanding of the potential regulatory role of the
ALKBH5/ZNF333 axis in gastric IM, we performed RNA sequencing
to analyze the gene expression profile affected by the overexpression of
ZNF333 and found 460 dysregulated genes in the treated cells as
compared with the control (Figures 6A and 6B). Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis showed that the
NF-kB, p53, vascular endothelial growth factor (VEGF), and
mitogen-activated protein kinase (MAPK) pathways were signifi-
cantly enriched in ZNF333 overexpressing cells (Figure 6C). A
pathway reporter array that included the aforementioned signaling
pathways was used for further validation. The results showed that
NE-kB signaling was significantly activated by ZNF333 (Figure 6D).
Further studies revealed that silencing ALKBH5 reduced the expres-
sion of ZNF333 and phosphorylation of p65, while the inhibition of
p65 phosphorylation by Bay, a specific inhibitor of NF-kB signaling,
decreased the expression of gastric IM markers induced by ALKBH5
(Figures 6E and 6F). In addition, the role of ALKBHS5 in promoting
the redistribution of p65 to nuclear localization was confirmed by
confocal immunofluorescence assays (Figures 6G and 6H; Figures
S4A and $4B). To determine whether the effects of ALKBH5 on NF-
kB signaling and gastric IM were specifically attributed to the
ALKBHS5/ZNF333 axis, GES-1 cells were transduced with lentiviruses
carrying ALKBH5 and/or sh-ZNF333, and AGS cells were transduced
with lentiviruses carrying sh-ALKBH5 and/or ZNF333. Western blot-
ting analysis showed that knockdown of ZNF333 partly counteracted
the activation of NF-«B signaling and the acceleration of the IM
phenotype caused by ALKBH5 overexpression (Figure 6I). In contrast,
elevation of ZNF333 expression recapitulated the levels of phosphor-
ylated (p-) p65 and gastric IM markers in sh-ALKBHS5 cells (Figure 6]).
In addition, through a luciferase reporter assay, we observed that
CDCA treatment activated NF-«kB signaling, which was repressed by
the depletion of ALKBH5 or ZNF333 (Figure 6K). These results
demonstrate a bile acid-induced gastric IM process involving the
ALKBHS5/ZNF333/NF-kB signaling axis.

ZNF333/CYLD axis activates NF-«xB pathway and CDX2
expression

As the largest transcription factor family in the human genome, zinc
finger proteins exhibit a wide variety of functions involving transcrip-
tional activation or repression effects.’>** Thus, we assessed the
transcriptional activity of ZNF333 by fusing its full length to the
DNA-binding domain of Gal4 in GES-1 and AGS cells (Figure 7A).
Using the Gal4-driven luciferase reporter system, we found that
ZNF333 markedly repressed reporter activity in a dose-dependent
manner (Figures 7B and 7C). In addition, the overexpression of
FLAG-ZNF333 did not influence the activity of the Gal4-driven re-
porter (Figure S5A), demonstrating that ZNF333 physically binds
to DNA to exert its transcriptional repressive function.

ALKBHS overexpression or knockdown influenced the expression levels of IM markers in the western blot assay. (F) The expression of gastric IM markers was determined by
quantitative real-time-PCR in GES-1 cells treatment with CDCA (100 uM for 48 h) and/or transfected with lentiviruses carrying sh-ALKBHS5. Each experiment was performed
in triplicate. (G and H) Representative images of IHC staining for ALKBHS5 protein on a TMA constructed from 80 gastric IM tissues (cohort 1). (land J) The levels of ALKBH5 in
48 gastric IM tissues and paired normal tissues (cohort 2) were determined by IHC staining. Scale bars: 100 pm. **p < 0.01, **p < 0.001.
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Figure 3. Identification of potential target of ALKBHS5 in bile acid-induced gastric IM

(A and B) Similar overall m®A patterns were observed in control or CDCA-treated GES-1 cells. Incubating dosage: 100 uM, time: 48 h. (C) m®A dot blot assay was performed in
control or CDCA-treated GES-1 cells. MB, methylene blue. (D) Number of m®A peaks in control and CDCA-treated cells. (E) Number of common or unique m®A peaks
identified in mA sequencing in control and CDCA-treated cells. (F) Top consensus motifidentified by HOMER with m°A seqencing peaks in GES-1 cells with or without CDCA
treatment. (G) Filtering the diminished m®A peaks with the upregulated genes in CDCA-treated GES-1 cells identified the potential direct targets of ALKBH5. (H) RNA
sequencing was performed in CDCA-treated GES-1 cells as compared with the control. (I) Treatment with CDCA diminishes m®A modification of ZNF333 mRNA in GES-1
cells. (J) The mRNA level of ZNF333 was mostly increased in CDCA-treated cells (100 uM for 48 h) compared to the control. (K) The expression of ZNF333 was determined by
quantitative real-time-PCR in GES-1 cell treatment with CDCA (100 uM for 48 h) and/or transfected with lentiviruses carrying sh-ALKBHS5. **p < 0.01.

ZNF333 recognizes the consensus binding site ATAAT (Fig-
ure S5B).”> We searched the human genome with the motif for
ZNF333 using Find Individual Motif Occurrences (FIMO), a software
tool for scanning DNA or protein sequences with motifs described as
position-specific scoring matrices,’® and identified a potential binding
site on the promoter of CYLD (in the range of —952 to —944 bp),

which negatively regulates the NF-kB pathway by inhibiting the
IKK complex.””*® Chromatin immunoprecipitation (ChIP) assays
verified that ZNF333 directly binds to this region of the CYLD pro-
moter (Figures S5C and S5D). To explore the correlation between
the ZNF333/CYLD axis and NF-kB pathway, we conducted an
immunofluorescence assay and confirmed that elevated levels of
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CYLD significantly inhibited the nuclear translocation of p65 upon
stimulation with tumor necrosis factor o (TNF-a) (Figure S5E).
Further studies revealed that ectopic expression of ZNF333 resulted
in decreased mRNA and protein levels of CYLD, whereas knockdown
of ZNF333 increased CYLD levels (Figures 7D-7F). In addition,
silencing CYLD or overexpression of ZNF333 activated NF-kB
signaling and the downstream targets, which were considerably atten-
uated by the restoration of CYLD (Figures 7G and S5F-S5H). These
data demonstrate that ZNF333 promotes canonical NF-kB signaling
via transcriptional repression of CYLD. We further revealed that
CDX2 was positively correlated with the expression of p-p65 in 48
gastric IM tissues (cohort 2) (Figures 7H and 7I), consistent with
recent studies.'>”” Bioinformatics analysis of the promoter region
of CDX2 by JASPAR (jaspar.genereg.net) predicted a DNA-binding
element for p65 (Figure 7]). A ChIP assay confirmed that the enrich-
ment of p65 in this region was considerably increased in GES-1 cells
treated with CDCA (Figure 7K). These results suggest that the
ZNF333/CYLD axis mediates the upregulation of NF-kB signaling
transcriptionally activated CDX2 in CDCA-stimulated gastric cells.
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p65-mediated activation of ALKBH5 transcription in gastric IM
Accumulating evidence has shown that functional feedforward cir-
cuits are involved in biological processes.” Intriguingly, in our prelim-
inary exploration, ALKBH5 expression was markedly increased when
NEF-kB signaling was activated by using a specific signaling activator
TNF-a. Conversely, Bay, which is an inhibitor of NF-kB signaling,
repressed the levels of ALKBH5 (Figures 7L-7N). These clues inspired
us to speculate on a possible feedforward loop between ALKBH5 and
NEF-kB signaling. To validate our hypothesis, a series of luciferase re-
porter plasmids containing the truncated ALKBH5 promoter were
transfected into CDCA-treated GES-1 cells. The results showed that
CDCA-mediated ALKBHS5 regulation was controlled by putative
NEF-kB binding sites (Figure 70).The ChIP assay confirmed that p65
directly bound to the 2 regions (—673 to —664 bp and —1314 to
—1305 bp). In addition, the anti-p65 antibody dramatically enriched
ALKBHS expression in cells treated with CDCA compared to the con-
trol (Figures 7P and 7Q). These data suggest that p65 binds to the
ALKBH5 promoter and accelerates ALKBH5 transcription, thus
forming a positive feedback loop in bile acid-induced gastric IM.
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Figure 5. ALKBH5 regulates ZNF333 expression through suppressing m°A/YTHDF2-mediated mRNA decay

(A and B) RIP with anti-m®A antibody was performed in GES-1 and AGS cells. m®A demethylation modification on ZNF333 was enhanced by ALKBH5 overexpression,
whereas it was depleted upon ALKBH5 knockdown. (C and D) The mRNA levels of ZNF333 were measured via quantitative real-time-PCR in wild-type or catalytic mutant
ALKBHS5-overexpressing cells. (E and F) Western blotting of ZNF333 in cells transfected with control, wild-type, or mutant ALKBH5 plasmid. (G) The mRNA levels of ZNF333
were measured in both GES-1 and MGC803 cells after treatment with 3-deazaadenosine (DAA). (H) m°A sequencing identification of m®A modification in ZNF333 mRNA near
the YTHDF2 binding site. (I and J) ZNF333 and YTHDF2 expressions were examined by quantitative real-time-PCR and western blot in GES-1 cells transfected with len-
tiviruses carrying ALKBH5 and/or YTHDF2. (K and L) ZNF333 and YTHDF2 expression were examined by quantitative real-time-PCR and western blot in AGS cells
transfected with lentiviruses carrying sh-ALKBH5 and/or sh-YTHDF2. (M) gPCR analysis of the mRNA stability of ZNF333 in AGS cells with or without ALKBH5 knockdown in
combination with or without knockdown of YTHDF2. Each experiment was performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001.

ALKBH5/ZNF333/CDX2 pathway is characteristic of IM tissues

To evaluate the clinical relevance of the signaling axis previously
described, 48 pairs of gastric IM tissues (cohort 2) were used for
further immunohistochemical staining (Figure 8A). Elevated expres-
sion of ALKBH5, ZNF333, and CDX2 was observed, with a concur-

rent low level of CYLD in gastric IM tissues as compared with adja-
cent normal mucosa (Figures 8B-8E). The IM cases were then
divided into high and low groups based on the expression of
ALKBHS5, ZNF333, CYLD, and CDX2. As expected, ALKBHS5 expres-
sion was positively correlated with ZNF333 and CDX2 and negatively
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Figure 6. ALKBH5 regulates gastric IM through a ZNF333-NF-kB pathway

(A and B) RNA sequencing was performed in GES-1 cells with or without ZNF333 overexpression. In the heatmap, numbers 1-4 represent the color scale: 1-2 represents the
color from dark green to light green, 3-4 represents the color from orange to red. Red: increased expression, green: decreased expression. (C) KEGG pathway analysis in
GES-1 cells with ZNF333 overexpression. (D) Signaling pathway reporter array was carried out for seeking the relative pathway associated with ZNF333. (E) The levels of
ZNF338, p65, and p-p65 were detected by western blot in AGS cells with or without ALKBH5 knockdown. (F) The levels of p-p65 and IM markers were examined by western
blot in GES-1 cells with ALKBH5 overexpression together with dimethylsulfoxide (DMSO) or NF-«B signaling inhibitor Bay (1 uM). (G and H) The role of ALKBHS5 in promoting
the redistribution of p65 to nuclear localization was confirmed via immunofluorescence assay. Scale bars: 50 um. (l) The protein levels of p-p65 and IM markers were

(legend continued on next page)
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correlated with CYLD expression (Figures 8F-8H). Finally, another
20 pairs of gastric IM tissues (cohort 3) were collected and identified
(Figure 8I). To further support the results of cohort 2, we extracted
RNA from cohort 3 and performed quantitative real-time-PCR as-
says. Similarly, the mRNA levels of ALKBH5, ZNF333, and CDX2
were upregulated in gastric IM tissues, whereas CYLD mRNA levels
were significantly decreased (Figures 8]-8M). ALKBH5 transcript
levels were co-expressed with ZNF333 and CDX2 mRNA levels.
Reciprocally, an inverse correlation was observed between ALKBH5
and CYLD at the mRNA level (Figures 8N-8P). Overall, these find-
ings suggest that the ALKBH5/ZNF333/CDX2 pathway is responsible
for human gastric IM (Figure 8Q).

DISCUSSION

Bile reflux is considered a precursor of gastric IM. Currently, the
expression of CDX2 and its downstream intestinal markers are
generally accepted as hallmarks of the IM process.'" To clarify
the precise mechanism of transformation to IM in gastric epithe-
lium, we successfully established an IM model in the normal
gastric epithelial cell line GES-1 through the stimulation of bile
acids, which was consistent with previous studies.'” The latest
evidence indicates that m°®A modulators, including “writers”
(METTL3, METTL14, KIAA1429, and WTAP), “readers”
(YTHDF1/2/3, YTHDCI, eIF3, and HNRNPA2B1), and “erasers”
(ALKBHS5 and FTO) have critical and diverse functions in physio-
logical and pathological processes.*' However, the dysregulation of
m®A in human IM remains unclear. Here, we filled this gap with
studies confirming the upregulation of the m°A modulator
ALKBH5 in bile acid-induced gastric IM. ALKBHS5-mediated
m®A demethylation-maintained mRNA stability and thus could in-
crease transcript levels.’”® In the present study, based on the RNA
and m°A sequencing experiments, we filtered the candidate tran-
scripts and identified ZNF333 as a downstream target of
ALKBHS5-mediated m®A modification in gastric cells with an intes-
tine-like phenotype, which was further confirmed by MeRIP. We
found that the epigenetic regulation of ZNF333 by ALKBHS5 ap-
peared to be mediated by abolishing m°A-YTHDF2-dependent
mRNA degradation, because (1) knockdown of ALKBH5 decreased
the mRNA level and stability of ZNF333; (2) the binding site of the
m°A reader YTHDEF2 was close to the m°A modification region in
ZNF333; (3) knockdown of YTHDF2 increased the mRNA level
and stability of ZNF333, thus reversing the effect of ALKBHS5
knockdown; and (4) overexpression of YTHDF2 decreased the
mRNA levels of ZNF333, attenuating the effect of elevated
ALKBH5 expression. In addition, Gene Ontology (GO) and
KEGG analyses of m°A sequencing showed the enrichment of
some biological processes beyond our knowledge in bile acid-
treated cells as compared with the control, indicating the possible
involvement of other m°A mechanisms in gastric IM.

ZNF333 is a member of a subfamily of zinc finger proteins with a mo-
lecular weight of 75.5 kDa and is localized on chromosome 19p13.1.
Despite the transcriptional repressive ability of ZNF333, as previously
reported, its function has been unknown until now."” In the present
study, ectopic expression of ZNF333 was detected in bile acid-
induced gastric IM. Its transcriptional repressive activity was
confirmed using the luciferase reporter system. Moreover, by means
of KEGG pathway analysis of the transcriptome-sequencing data,
we identified the enrichment of NF-kB signaling in ZNF333-overex-
pressing cells and further showed evidence that ALKBH5-mediated
m°A demethylation in epigenetic activation of ZNF333 transcription
represses CYLD, thus accelerating NF-«B signaling. We also observed
NEF-kB-mediated CDX2 transcriptional activation in gastric IM,
which was consistent with recent studies.”> Accumulating studies
have demonstrated the existence of functional feedforward loops.
The expression of ALKBH5 was upregulated or downregulated by
the introduction of an NF-kB signaling activator or inhibitor in
GES-1 cells, respectively, strongly implying that this loop mechanism
is involved. As expected, the transcriptional activation of ALKBH5 by
NF-kB was validated using luciferase reporter and ChIP assays.
Finally, we identified the active ALKBH5/ZNF333/CYLD/CDX2
pathway in gastric IM tissues, indicating its clinical significance.

In our study, CDCA treatment largely increased ALKBH5 expression
but did not alter the expression of other major m°A-modification en-
zymes, such as METTL3, METTL14, METTL16, FTO, and WTAP.
Presumably, the increase in ALKBH5 expression could alter the total
mPA levels or distribution. However, there was no difference in total
m®A RNA and overall m®A patterns between the control and CDCA-
treated groups. The possible explanation for this is as follows: on the
one hand, while protein levels of ALKBH5 are significantly upregu-
lated, its enzyme activity may not be enough to cause changes in total
m°A levels; on the other hand, the m°®A process is dynamic and
reversible. Whether other potential m°A modification enzymes or
novel modulators compensate for their roles when ALKBHS5 is genet-
ically upregulated in bile acid-induced gastric cells remains uncertain.
Thus, an interesting and significant future study is needed to further
determine their potential modulation.

We identified that an m°A-associated positive feedforward loop be-
tween ALKBH5 and NF-kB signaling is involved in IM development.
To the best of our knowledge, this is the first study to elucidate the
m°A modification profile in human gastric IM. The newly identified
ALKBHS5/ZNF333/NF-kB pathway further improves the currently
hypothesized mechanism underlying the regulation of CDX2 and
provides several new insights into the early detection and prevention
of GC. Targeting ALKBH5 and ZNF333 may be a useful preventive
and therapeutic strategy for gastric IM in patients with bile regurgita-
tion and therefore may have great value for clinical transformation.

measured by western blot analysis in GES-1 cells transfected with lentiviruses carrying ALKBH5 and/or sh-ZNF333. (J) The protein levels of p-p65 and IM markers were
measured by western blot analysis in AGS cells transfected with lentiviruses carrying sh-ALKBH5 and/or ZNF333. (K) CDCA (100 uM for 48 h) treated GES-1 cells infected
with lentiviruses carrying sh-ALKBH5 and/or sh-ZNF333, along with transfected with a NF-«kB-luciferase reporter vector. Then, Luciferase reporter assay was performed to
measure the NF-kB-luciferase activity. Each experiment was performed in triplicate. *“p < 0.01.
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Figure 7. The positive feedforward loop between ALKBH5 and NF-«B signaling in gastric IM

(A) The schematic diagram showing the Gal4-luciferase reporter. (B and C) GES-1
plasmids together with the Gal4-luciferase reporter. Luciferase reporter assay was
expression or knockdown were measured by quantitative real-time-PCR. (F) ZNF333

and AGS cells were transfected with different amounts of Gal4-ZNF333 expression
performed after 48 h. (D and E) ZNF333 and CYLD transcripts upon ZNF333 over-
and CYLD protein levels upon ZNF333 overexpression or knockdown were measured

by western blotting analysis. (G) Luciferase reporter assay was performed to detect the signaling activity in GES-1 cells transfected with the NF-kB-Iuciferase reporter, along
with si-CYLD and/or ZNF333 and/or CYLD. (H) Association between p-p65 and CDX2 levels in 48 gastric IM tissues (Cohort 2). (I) The representative images of IHC staining
for p-p65 and CDX2 in pathologic serial sections of gastric IM tissues and paired normal tissues. Scale bars: 100 pm. (J and K) p65 bound specifically to the CDX2 promoter in
GES-1 cells. (L-N) ALKBHS5 expression was measured in GES-1 cells treated with 10 ng/mL TNF-a.for 24 h or in AGS cells treated with 1 uM Bay for 24 h by quantitative real-
time-PCR and western blot analysis, respectively. (O) Luciferase reporter assay for GES-1 cells transfected with reporter plasmids containing serially truncated ALKBH5
promoter constructs and then treated with 100 pM for 48 h. (P and Q) The binding sites of p65 on ALKBH5 promoter were identified via ChIP assay. Each experiment was

performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001.

MATERIALS AND METHODS

Cell culture and specimens

Human GC cell lines MGC803, MKN28, MKN45, and AGS and
gastric epithelial cell line GES-1 were acquired from the Shanghai
Institute of Biochemistry and Cell Biology, Chinese Academy of Sci-
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ences (Shanghai, China). They were cultured in RPMI 1640 medium
(GIBCO BRL, Grand Island, NY, USA).

An IM TMA containing 80 cases (ST8017a, cohort 1) was purchased
from Alenabio Biotech (Xi’an, China). Paraffin-embedded samples of
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Figure 8. ALKBH5/ZNF333/CDX2 pathway is responsible for gastric IM

(A) Representative IHC staining of ZNF333, CYLD, and CDX2 in pathologic serial sections of gastric IM tissues with low or high ALKBH5 expression. Scale bars: 100 um. (B-E)
IHC staining analysis for ALKBH5, ZNF333, CYLD, and CDX2 in 48 gastric IM tissues and paired normal tissues (cohort 2).
levels in 48 gastric IM tissues. (G) Association between ALKBH5 and CYLD levels in 48 gastric IM tissues. (H) Association between ALKBH5 and CDX2 levels in 48 gastric IM
tissues. (I) Representative HE staining images of 20 pairs of gastric IM and normal tissues (cohort 3) Scale bars: 100 um. (J-M) The mRNA levels of ALKBH5, ZNF333, CYLD,
and CDX2 in 20 pairs of gastric IM and normal tissues. (N) Positive correlation between ALKBH5 mRNA level and ZNF333 mRNA level in 20 pairs of gastric IM and normal
tissues. (O) Negative correlation between ALKBH5 mRNA level and CYLD mRNA level in 20 pairs of gastric IM and normal tissues. (P) Positive correlation between ALKBH5
mRNA level and CDX2 mRNA level in 20 pairs of gastric IM and normal tissues. (Q) A schematic model of ALKBH5-NF-kB signaling circuit in gastric IM cells. Bile acid-induced
ALKBHS5 enhances ZNF333 levels through an mEA-YTHDF2-dependent manner. ZNF333 suppresses the expression of CYLD and abrogates its inhibition on NF-kB
signaling. Activation of p65 not only promotes the expression of intestinal markers but also enhances the transcription activity of ALKBHS in the nucleus, thus forming an mPA-

associated positive feedforward circuit. *“p < 0.01, ***p < 0.001.

gastric IM tissues and paired adjacent normal mucosa were obtained
from 48 patients (IM 48, normal 48, cohort 2) at Shanghai Renji Hos-
pital. All of the specimens were histopathologically confirmed by two
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(F) Association between ALKBH5 and ZNF333

pathologists. Another 40 RNA samples of IM and paired normal mu-
cosa (IM 20, normal 20, cohort 3) were also collected. This study was
approved by the ethics committee of Renji Hospital.
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Quantitative real-time PCR and plasmid construction
Quantitative real-time-PCR was conducted as previously described.**
The results were normalized to the mRNA expression of human glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). For plasmid
construction, small interfering RNA (siRNA) specifically targeting
CYLD and non-targeting control (si-NC) were synthesized by Ribo-
Bio Technology (Guangzhou, China). The control short hairpin RNA
(shRNA), ALKBH5 shRNA1/2, ZNF333 shRNA, ALKBH5 overex-
pressing lentivirus, ZNF333 overexpressing lentivirus, CYLD overex-
pressing lentivirus, and all plasmids were constructed using OBIO
Technology (Shanghai, China). The detailed sequences of primers
used are listed in Tables S3 and S4.

IHC

The THC assay was conducted with antibodies against human
ALKBH5 (Abcam), ZNF333 (Invitrogen), CYLD (Abcam), CDX2
(Abcam), or p-p65 (CST). The final staining was divided into three
grades (negative, weak, and strong) based on the staining intensity
and area.”” The staining intensity was scored as 0 (no staining), 1
(weak), or 2 (strong). The staining area was scored as follows: 0 (<
10% positive staining), 1 (11%-25% positive staining), 2 (26%-50%
positive staining), 3 (51%-75% positive staining), and 4 (=>75% pos-
itive staining). Staining intensity and staining area were summed up
to give a final total score index: an overall score of <3 was defined as
negative expression, of >3-<6 as weak expression, and of >6 as
strong expression. It was also divided into high-expression (strong
staining) and low-expression (negative and weak staining) groups.

Confocal immunofluorescence assay

Cells were fixed in 1% formaldehyde for 20 min and permeabilized
with Triton X-100 (0.2%) for 5 min. Next, cells were washed 3 times
in PBS, blocked for 1 h with 2% BSA, and incubated with primary an-
tibodies specific for ALKBH5 (Abcam), ZNF333 (Invitrogen), p65
(CST), CDX2 (Abcam), VIL1 (Abcam), and KLF4 (Abcam) for 2 h.
They were then washed 3 times in PBS and incubated with secondary
antibodies for 1 h at room temperature.

Dot blot

After extraction using an RNeasy mini kit, RNA samples were spotted
onto a Hybond-N* membrane (GE Healthcare, Chicago, IL, USA)
and crosslinked. The membrane was then incubated in blocking
buffer for 2 h and with specific anti-m°A antibody (Abcam) overnight
at 4°C. It was then washed, incubated with an anti-mouse antibody,
and washed again. Finally, the membrane was developed using west-
ern blotting detection reagent. Methylene blue was used as the loading
control.

Luciferase reporter assay

Cells were transfected with luciferase reporter and the indicated
expression was constructed in 24-well plates. The activities of firefly
luciferase and renilla luciferase in cell extracts were measured 48 h af-
ter transfection. Firefly luciferase activities were normalized to those
of renilla luciferase. The results were analyzed using a dual-luciferase
reporter gene assay system (Promega, Madison, W1, USA).
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Western blot

Cell lysates were immunoblotted with primary antibodies targeting
ALKBHS5 (Abcam), ZNF333 (Invitrogen), CDX2 (Abcam), VIL1 (Ab-
cam), KLF4 (Abcam), YTHDF2 (Abcam), p65 (CST), p-p65 (CST),
FLAG (CST), and GAPDH (Abcam). The intensity of the fluores-
cence was detected using a chemiluminescence system (Amersham
Biosciences, Piscataway, NJ, USA), and quantified using Quantity
One software (Bio-Rad, USA).

RNA sequencing, m°A sequencing, and MeRIP assays

m°A and RNA-sequencings were performed using RiboBio Technol-
ogy (Guangzhou, China). m°A antibody immunoprecipitation RNA
was quality controlled with QubitTM (Thermo Fisher Scientific,
USA) and Agilent 2200 TapeStation (Agilent Technologies, USA).
Then, 100 ng RNA was used for library building following the NEB-
Next Ultra RNA Library Prep Kit protocol for Illumina (NEB, USA).
The final library product was assessed and then sequenced on Illu-
mina platformat pair end reads for 150 bp. The clean reads underwent
rRNA deleting through RNAcentral to obtain effective reads. Effec-
tive reads form input sample can be used for RNA sequencing anal-
ysis, the reads count value of each transcript was calculated by HT Seq,
and then the FPKM (fragments per kilobase of transcript per million
mapped reads) value was estimated. The GO and KEGG analyses with
adjusted p < 0.05 were considered statistically significant. The m°A
sequencing and RNA sequencing datasets were submitted to the
GEO database under the accession number GSE179185.

The MeRIP assay was performed according to a previously reported
protocol.*® Poly-A-purified RNA was fragmented and immunopre-
cipitated with anti-m6A antibody (Abcam). Immunoprecipitated
RNA was washed, eluted with m®A nucleotide solution, purified,
and analyzed by quantitative real-time-PCR.

mRNA stability assay

The transcriptional inhibitor actinomycin D was used in this assay.
Samples were harvested at different times after treatment with
2 uM actinomycin D.*® The total RNA was isolated using an RNeasy
Plus Mini Kit (QIAGEN, Valencia, CA, USA). Given that HPRT1
mRNA is not modified by m®A, is rarely affected by actinomycin
D, and is not bound by YTHDEF2, the data were normalized to the
HPRT1 housekeeping gene.'**

ChIP assay

ChIP assay was conducted using a ChIP Assay Kit (Millipore, Bed-
ford, MA, USA). Chromatin was immunoprecipitated with specific
antibodies. Precipitated DNA samples were purified and analyzed
by qPCR. The detailed sequences of primers used for ChIP-PCR
are shown in Table S5.

Statistical analysis

For continuous data, Student’s t test and one-way ANOV A were used
to compare differences. Categorical data were compared using the
chi-square test. Spearman’s correlation was used to assess the corre-
lations between gene expression levels. All of the statistical analyses
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were performed using SPSS version 19.0 software (SPSS, Chicago, IL,
USA). p < 0.05 was considered statistically significant.
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