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to stimulate ENO1-dependent glycolysis
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Abstract

Background: Lung adenocarcinoma (LUAD) is the most common subtype of lung cancer. Patient prognosis is poor,
and the existing therapeutic strategies for LUAD are far from satisfactory. Recently, targeting N6-methyladenosine
(m°®A) modification of RNA has been suggested as a potential strategy to impede tumor progression. However, the
roles of m°A modification in LUAD tumorigenesis is unknown.

Methods: Global m°A levels and expressions of m®A writers, erasers and readers were evaluated by RNA methylation
assay, dot blot, immunoblotting, immunohistochemistry and ELISA in human LUAD, mouse models and cell lines. Cell
viability, 3D-spheroid generation, in vivo LUAD formation, experiments in cell- and patient-derived xenograft mice and
survival analysis were conducted to explore the impact of m%A on LUAD. The RNA-protein interactions, translation,
putative m°A sites and glycolysis were explored in the investigation of the mechanism underlying how m°A stimu-
lates tumorigenesis.

Results: The elevation of global m°A level in most human LUAD specimens resulted from the combined upregula-
tion of mPA writer methyltransferase 3 (METTL3) and downregulation of eraser alkB homolog 5 (ALKBH5). Elevated
global mPA level was associated with a poor overall survival in LUAD patients. Reducing mA levels by knocking

out METTL3 and overexpressing ALKBH5 suppressed 3D-spheroid generation in LUAD cells and intra-pulmonary
tumor formation in mice. Mechanistically, m°A-dependent stimulation of glycolysis and tumorigenesis occurred via
enolase 1 (ENOT1). ENOT mRNA was mPA methylated at 359 A, which facilitated it's binding with the m°OA reader YTH
Né-methyladenosine RNA binding protein 1 (YTHDF1) and resulted in enhanced translation of ENO1. ENO1 positively
correlated with METTL3 and global mOA levels, and negatively correlated with ALKBH5 in human LUAD. In addition,
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in LUAD.

~

mP°A-dependent elevation of ENO1 was associated with LUAD progression. In preclinical models, tumors with a higher
global m®A level showed a more sensitive response to the inhibition of pan-methylation, glycolysis and ENO activity

Conclusions: The m°A-dependent stimulation of glycolysis and tumorigenesis in LUAD is at least partially orches-
trated by the upregulation of METTL3, downregulation of ALKBH5, and stimulation of YTHDF 1-mediated ENO1 trans-
lation. Blocking this mechanism may represent a potential treatment strategy for m°A-dependent LUAD.

Keywords: METTL3, ALKBH5, YTHDF1, translation, lung cancer, RNA-protein interaction

Background

Lung cancer is the first leading cause of cancer-related
death worldwide [1], Non-small cell lung cancer
(NSCLC) is the major histopathology subtype of lung
cancer [2] and lung adenocarcinoma (LUAD) comprises
approximately 60% of all NSCLC cases [3]. The progno-
sis of patients with LUAD, especially those at advanced
stages, is poor. Ineffective therapeutic strategies and drug
resistance are the main factors that contribute to tumor
progression and the poor prognosis of LUAD patients.
Therefore, better understanding of the mechanisms
underlying LUAD progression are critical to identify
potential new therapeutic targets for LUAD patients.

The m°A methylation is the most prevalent post-tran-
scriptional modification within eukaryotic RNA [4]. It’s
exciting that targeting m®A modification is considered
as a promising way to impede tumor progression [5]. The
processes of m®A methylation are dynamic and regulated
by “writers’, “erasers” and “readers’, the so-called WER
system. Writers and erasers oppositely catalyze m°A
methylation, because they are methyltransferases and
demethylases, respectively, and together coordinate m®A
methylation status [6, 7]. While writers and erasers are
considered as the regulators of m®A modification, read-
ers are the terminal effectors of m°®A reasoning that these
enzymes recognize and guide m®A methylated RNAs
for final outcome [8, 9]. METTL3, methyltransferase
14 (METTL14) and WT1 associated protein (WTAP)
are the core components of the writer complex, while
ALKBHS5 and FTO alpha-ketoglutarate dependent dioxy-
genase (FTO) are responsible for the function as of eras-
ers [10, 11]. Members of the YTH and insulin like growth
factor 2 mRNA binding protein (IGF2BP) families and
heterogeneous nuclear ribonucleoprotein A2/B1 (hnRN-
PA2B1) function as readers [12, 13]. Emerging studies
have demonstrated that m®A modification and the WER
system are critical for tumor initiation and progression
[14, 15]; however, whether and how the coordination of
WER systems influences m®A-dependent LUAD tumori-
genesis is currently incompletely known.

Increased glycolysis, which involves elevated glucose
uptake and lactate production is a hallmark of can-
cer metabolism [16]. Elevation glycolysis is regarded as

an adaptation of cancer cells to the hypoxic microen-
vironment, thus providing continuous energy to pro-
mote cell proliferation, invasion and migration [17, 18].
The enolase (ENO) family, which catalyzes the genera-
tion of phosphoenolpyruvate (PEP) from 2-phospho-
d-glycerate (2-PGA), is the key player that increases the
global levels of glycolysis [19]. Targeting glycolysis has
been explored as a therapeutic approach for cancer [20].
Emerging studies have revealed that m®A modification
is associated with tumor initiation and progression, and
m®A-dependent glycolysis is important for tumor pro-
gression in colorectal and gastric cancers [14, 21, 22].
However, the regulation of m°A and its relationship to
glycolysis in LUAD remains unknown.

In this study, the regulations and functions of m°A
modification were investigated via cell-based experi-
ments, mice and three independent cohorts of human
LUAD. The effects of m®A and the involved m°A read-
ers were also investigated. We uncovered that ENO1-
dependent glycolysis is critical for m°A to stimulate
LUAD progression, and this effect is mediated via the
mPA reader YTHDFI1. In preclinical mice models, new
treatment strategies against high m®A-level LUAD were
also explored in the present study.

Materials and methods

Human tissue samples

Clinical tissue specimens of cohort#1 and #3 were
obtained from Shanghai Chest Hospital (Shang-
hai, China) and tissue microarray slides loaded with
LUAD from cohort#2 were purchased from Shang-
hai OUTDO Biotech LTD (Shanghai, China). All the
basal information of patients is provided in Supplemen-
tary Tables 1, 2 and 3. Written informed consents were
obtained from each patient, and the study was approved
by the ethics and research committees of the Shanghai
Chest Hospital.

Cell culture, reagents and plasmids

The human lung epithelial cell line BEAS-2B, human
bronchial epithelial cell line 16HBE, human LUAD cell
lines A549, NCI-H1299, PC-9, NCI-H1975, NCI-H441,
NCI-H1650, HCC827, NCI-H292, NCI-H2030, A427
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and Calu-1, and the Murine Lewis lung cancer cell (LLC)
line were obtained as described in our previous stud-
ies [23, 24]. All cells were routinely cultured in DMEM
(Gibco, Carlsbad, CA, USA) supplemented with 10% FBS
(HyClone, Logan, UT, USA) and 1% penicillin-strepto-
mycin (Invitrogen, Carlsbad, CA, USA). The reagents
used in this study were as follows: cycloheximide (CHX,
#C7698, Sigma, St Louis, MO, USA), ActinomycinD
(ActD, #HY17559, MedChemExpress, Monmouth, NJ,
USA) and 3-deazaadenosine (DAA, #S0787, Selleck, Hou-
ston, TX, USA). For CRISPR-Cas9 knockout of ALKBHS5,
FTO, METTL3, ENOI and YTHDF]I, single guide RNAs
(sgRNAs) were cloned into the LentiCrisprV2 plasmid.
Lentiviral-based METTL3, METTL14, WTAP, ALKBH5
and YTHDF1 expressing plasmids were purchased from
GeneCopoeia Biotech (Rockville, MD, USA). Plasmids
expressing sgRNA-resistant wild-type ENO1 or 359 A
mutatnt (ENO1¥T and ENO1M", respectively) were gen-
erated by Zuorun Biotech (Shanghai, China). Sequences
encoding wild-type YTHDF1 or YTHDF1 lacking the
YTH-domain were cloned into the pCDNA3.1(+)-HA
vectors. The sequences for sgRNA and primers are listed
in Supplementary Tables 4.

Quantitative real-time PCR (qPCR),12909 Immunoblotting
(I1B), Immunofluorescence (IF), Immunohistochemistry
(IHC) and Enzyme-liked Immunsorbent assay (ELISA)

For qPCR, total RNA was extracted using TRIzol reagent
(Invitrogen) and cDNA was synthesized using HiScript
I RT SuperMix (Vazyme, Nanjing, China). The reaction
was performed using the universal SYBR qPCR Master
Mix (Vazyme). IB, IF and IHC were performed follow-
ing conventional protocols. IHC scores were calculated
as we described previously [24]. Besides IB, METTLS3,
ALKBH5, METTL14, WTAP, YTHDF1, ENO1 and FTO
were also measured using ELISA kits from Lichen Bio-
tech (Shanghai, China). The qPCR primer sequences and
antibody information for IB, IF and IHC are listed in Sup-
plementary Tables 5-6.

Analysis of translation efficiency

The translation efficiency of endogenous ENO1 was cal-
culated as the ratios between the levels of ENO1 protein
and ENOI mRNA. The translation efficiency of the exog-
enous ENO1-LUC was calculated as the ratios between
luciferase activity that measured from a reporter using
the dual luciferase reporter gene assay kit (Promega,
Madison, W1, USA) and the levels of ENOI-LUC mRNA.
For the construction of the reporter, the partial ENOI
open reading frame (ORF) sequences with or without
mutation at 359 A were cloned upstream of luciferase-
coding region in the pmir-GLO-based plasmids (Zuorun
Biotech).
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Cell invasion, cell viability and 3D-spheroid formation
assays

Transwell assay was performed to determine cell invasion
ability following the conventional protocols. Cell viability
was measured using the CellTilter-Glo cell viability assay
kit (Promega, #G9682) in accordance with the manufac-
turer’s instructions. The 3D-spheroids were generated
and cultured as we described previously [23, 24].

Measurement of global m®A

The global m6A measured in the present study is specific
to mRNA. Firstly, total mRNA was purified using the
Dynabeads mRNA purification kit (Invitrogen). Global
mRNA m°A levels were measured by the EpiQuick
m®A RNA methylation assay kit (Abcam, #ab185912,
Cambridge, MA, USA). For dot blot assays, mRNA
was denatured and spotted on Biodyne ® Nylon Trans-
fer Membranes followed by crossing-linked using UVP
for 10 min. The anti-m®A antibody (Synaptic Systems,
#202,003, Goettingen, Germany) was finally used to
measure m°A levels.

Photoactivatable ribonucleoside-enhanced

crosslinking and immunoprecipitation (PAR-CLIP), RNA
Immunoprecipitation (RIP) and RNA pull-down assay
PAR-CLIP and RIP experiments were performed as we
previously described [23, 24]. The antibodies were as
follows: anti-HA (Abcam, ab#1424), anti-m°A (Synaptic
Systems, #202,003), anti-YTHDF1 (Abcam, #ab220162)
and control IgG (Abcam, ab#172,730). The qPCR assay
was performed to detect ENOI mRNA and the data were
normalized to the input. The primers are listed in Sup-
plementary Table 5.

For RNA pull-down assays, biotin-labeled partial
ENOI ORF with or without artificial m®A modification at
359 A were synthesized by Takara (Dalian, China). Bio-
tin-labeled RNA was incubated with cell lysates at 4 °C
overnight. Streptavidin magnetic beads (Life Technolo-
gies, Carlsbad, CA, USA) were added to the reaction for
1 h. After washing, the enriched proteins were subjected
into IB analysis.

Polysome profiling

Cells were incubated with CHX (10 pg/ml) at 37 °C for
15 min. The cells were then lysed and subjected into
10-50% sucrose-gradient centrifugation for fractionation.
Total RNA was finally extracted using TRIzol reagent
and subjected into qPCR analysis. The primers used for
detecting RNA are listed in Supplementary Table 5.

Measurements of the decay of mRNA and protein
To evaluate the half-lives of mRNA and protein, cells
were treated with ActD (5 pg/ml) or CHX (10 pg/ml)
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for indicated time. The expressions of ENO1 mRNA and
protein were then determined by qPCR and IB assay,
respectively.

Measurement of glycolysis

The levels of ENOI1 activity, lactate production, pyru-
vate, ATP and PEP were measured using kits which were
purchased from Biovision (Milpitas, CA, USA) accord-
ing to the manufacturer’s instructions. Glucose uptake
was measured using glucose analog 2-NBDG (Selleck,
#58914). Extracellular acidification rate assay (ECAR)
and oxygen consumption rate (OCR) were analyzed using
the extracellular flux analyzer XF96 (Seahorse Biosci-
ence, Billerica, MA, USA) with the glycolysis stress test
kit (Agilent, # 103020-100Wilmington, DE, USA) and
mitochondrial stress test kit (Agilent, # 103015-100),
respectively.

Mouse experiments

The conditional Cre-driven Mettl3  knockout
(Mettl3~/~) mice were obtained from Cyagen (Santa
Clara, CA, USA). The Cre-driven Kras®?P/*; p53R172H/+
(KP) mice were obtained as descried in our previous
study [24]. KP and Mettl3~~ mice were bred to gen-
erate KPM~/~ mice. Afterwards, the KP and KPM~/~
mice were intranasally infected under anesthesia with
adeno-associated virus type 5 (AAV5) expressing Cre
to initiate lung tumorigenesis along with ALKBHS5-
expressing AAV5 or Empty AAV5 to generate KPE,
KPA, KPEM~'~ and KPAM~'~ spontaneous LUAD
mouse models. For generation of LLC-based intra-pul-
monary tumor mouse models, 1 x 10’ LLC cells were
injected into C57BL/6 mice via the tail vein. The num-
bers of intra-pulmonary tumor foci were counted after
dissection.

For cell-derived xenograft (CDX) mouse models,
1.0 x 107 H1299 or 1.5 x 107 H1975 cells were subcuta-
neously injected into 4-6-week-old athymic nude mice.
The tumors were monitored at indicated time points
and isolated for further analysis after sacrifice. For
patient-derived xenograft (PDX) mouse models, were
constructed similar as described in our previous studies
[23, 24].

After CDX"?? and PDX xenografts were generated
and reached similar sizes, DMSO, DAA (50 mg/kg),
2-Deoxy-D-glucose (2DG, Selleck, #S4701, 1000 mg/
kg) or ENOblock (Selleck, #S7443, 20 mg/kg) were
administrated every other day. For the experiments in
Fig. 70, KPE mice were administrated with DMSO, DAA
(25 mg/kg), 2DG (500 mg/kg) or ENOblock (10 mg/kg)
once a week for 2 months. All mouse experiments were
approved by the institutional ethics committee of Shang-
hai Chest Hospital.
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Proteomics and bioinformatics

Proteomics were performed by Oebiotech LTD (Shang-
hai, China) to identify differential protein expression
profiling. The data from Kaplan-Meier plotter database
(http://www.kmplot.com) was extracted for analyzing
survival information of LUAD with different expression
levels of ENOL.

Data availability

The raw data of proteomics have been deposited to the
ProteomeXchange Consortium via the iProX partner
repository with the data set identifier PXD027632 and
PXD027633.

Statistical analysis

Student’s t-test, one-way ANOVA, two-way ANOVA,
Chi-square tests, Pearson analysis, Spearman rank-corre-
lation analysis and log-rank tests were used to perform
statistical analysis. The results are presented as mean £
SEMs from three independent experiments or indicated
samples. *p<0.05, **p<0.01 were considered statistically
significant and N.S. indicates no significance.

Results

M®A levels in LUAD are determined by METTL3

and ALKBH5

To manifest the roles of m°A in LUAD, global mPA levels
were examined in matched adjacent-tumor tissues from
LUAD patients. In cohort #1(n=192), global m°®A lev-
els were upregulated in LUAD compared with levels in
matched adjacent tissues (Fig. 1 A). The ratio of m°®A lev-
els in tumor/adjacent tissues was more than 1.5 in 57.8%
(111/192) of LUAD patients, whereas only 15.6% (30/192)
of patients showed a ratio of less than 0.8 (Fig. 1B), sug-
gesting that the elevation of m®A level is quite common
in LUAD tumors.

Global m°A levels are determined by writers and
erasers. Among the three major components of the
writer complex, only METTL3 was upregulated in
LUAD as determined by ELISA (Fig. 1 C); METTL14
and WTAP were expressed at similar levels in adja-
cent and tumor tissues (Supplementary Fig. 1 A-B).
For the two major erasers, i.e. ALKBH5 and FTO,
only ALKBH5 was downregulated in LUAD (Fig. 1D
and Supplementary Fig. 1 C). To validate the ELISA
results, we examined protein expressions in ran-
domly chosen LUAD specimens using IB and IHC.
The results were consistent with the ELISA results.
METTL3 was upregulated while ALKBH5 was down-
regulated in tumors compared with levels in adjacent
tissues in all the tested specimens (Fig. 1E and Sup-
plementary Fig. 1D). Then, further found that global
mPA levels were positively correlated with METTL3
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and negatively correlated with ALKBH5 in LUAD
(Fig. 1 F-G). In contrast, global m°®A levels were not
well correlated with METTL14, WTAP and FTO (Sup-
plementary Fig. 1E-G). We next examined METTL3
and ALKBHS5 expressions in the specimens with a
tumor/adjacent tissue global m°A ratio of more than
1.5 (Fig. 1B). We found that 50.5% (56/111) of samples
demonstrated both upregulated-METTL3 and down-
regulated-ALKBH5 expressions (Fig. 1 H), in which
ones also had the highest global m°A levels as com-
pared with those with merely upregulated-METTL3 or
downregulated-ALKBH5 (Fig. 1I). In established cell
lines, all the tested LUAD cell lines acquired higher
global m°A levels in comparison to either BEAS-
2B cells, a lung epithelial cell line or 16HBE, a bron-
chial epithelial cell line (Supplementary Fig. 1 H-I);
this might also because of upregulated-METTL3 and
downregulated-ALKBHS5 expressions (Supplementary
Fig. 1 J). Among the LUAD cell lines, H1975 cells had
the highest global m°A level while H1299 cells had the
lowest m°A level (Supplementary Fig. 1 H). METTL3
was knocked out in H1975 cells while was ectopi-
cally expressed in H1299 cells. By contrast, ALKBH5
was overexpressed in H1975 cells while was knocked
out in H1299 cells. Global m°®A levels were reduced
to the lowest level in H1975 cells with simultaneous
METTL3 silencing and ALKBH5 overexpression com-
pared with levels in cells with modulation of only one
protein (Fig. 1 J). The opposite outcome was observed
once upon METTL3 and ALKBH5 were simultane-
ously overexpressed and knocked out in H1299 cells
(Fig. 1 K). However, the global m°A levels were unlikely
regulated by METTL3 and ALKBH5 in BEAS-2B cells,
suggesting that the regulation of m°®A levels in lung
epithelial cells might be different from that in LUAD
cells. We also found that the stimulation of global m°A
levels from overexpression of METTL14 and WTAP
and knockout of FTO were not as obvious as those by
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overexpression of METTL3 and knockout of ALKBH5
in H1299 cells (Fig. 1 K and Supplementary Fig. 1 K-L).
Together, these results strongly indicated that m°A lev-
els in LUAD are regulated by METTL3 and ALKBHS5.

We next examined the clinical outcome of LUAD
patients with varied METTL3 and ALKBHS5 expressions
in cohort #2, which included patients that were followed
up for 120 months following curative surgery. Patients
with both upregulated-METTL3 and downrergulated-
ALKBHS5 still accounted for the largest proportion of
the LUAD patient group (45.2%, 84/186, Fig. 1 L). These
LUAD patients showed a shorter survival compared with
patients with only upregulated-METTL3 or downregu-
lated-ALKBHS5 (Fig. 1 M).

m®A-dependent pro-glycolytic outcomes are synergized

by upregulation of METTL3 and downregulation

of ALKBH5

The above findings showed that the combination of
upregulated-METTL3 and downregulated-ALKBH5
was associated with highest global m®A levels in LUAD
(Fig. 1). We next explored whether this combination
has pro-tumorigenic functions in KP mice, which are
useful models to study LUAD in vivo [25, 26]. Mettl3
was further knocked out in KP mice to establish
KPM~'~ mice. KP and KPM~'~ mice were then intra-
nasally infected with AAV5-Cre to initiate LUAD and
co-infected with empty or AAV5 expressing ALKBH5
to generate KPE, KPA, KPEM~'~, and KPAM ™'~ mice,
respectively (Fig. 2 A and Supplementary Fig. 2 A).
Tumor growth was monitored for 9 weeks after infec-
tion. We found that the occurrence of intra-pulmonary
tumors in KPAM ™'~ mice was markedly later than that
in KPE, KPEM~~ and KPA mice (Fig. 2B). The tumor
burden and numbers of tumor foci in lung were also
much reduced following either Mett/3 knockout (KPE
vs. KPEM~'7) or ALKBH5 overexpression (KPE vs.
KPA), and greater effects were observed in the group

(See figure on next page.)

Fig. 1 Global m®A was modulated by METTL3 and ALKBHS in LUAD.(A) Global m°A levels were measured by m°A methylation assay in tumor

and matched-adjacent tissues from LUAD patients. (B) The percentage of LUAD in cohort #1 with distinct tumor/adjacent ratio of global m°A, as
indicated. (C-D) METTL3 (C) and ALKBH5 (D) protein levels in tumor and matched-adjacent tissues from LUAD patients, as measured by ELISA. (E)
IB of METTL3 and ALKBHS5 in tumor and matched-adjacent tissues from 12 LUAD patients. (F-G) Correlation between global m®A and METTLS3 (F),
and between global m%A and ALKBHS5 (G) in LUAD patients. The global m®A and protein levels were calculated as the ratios between tumor and
matched-adjacent tissues. (H) The percentage of cases with different METTL3 and ALKBHS expressions, as indicated, in LUAD with high global moA
levels. (I) The global m®A levels in different groups with indicated METTL3 and ALKBHS5 expression from LUAD with high global m°A levels. (J) Global
mOA levels in control and H1975 cells with separate or combined METTL3 knockout and ALKBH5 overexpression. (K) Global m°A levels in control
and H1299 cells with separate or combined METTL3 overexpression and ALKBH5 knockout. (L-M) Percentage (L) and overall survival (M) of LUAD
patients with different METTL3 and ALKBH5 expression, as indicated in cohort #2. Statistical analysis was performed using t-test (A, C, D), spearman
rank-correlation analysis (F, G), one-way ANOVA (I-K) and log-rank test (M). Data are presented as means £ SEMs from indicated samples or three
independent experiments. **p < 0.01, indicates statistical significance
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with both Mett/3 knockout and ALKBH5 upregula-
tion compared with that in mice modulated for either
protein alone (KPEM '~ and KPA vs. KPAM ™/, Fig. 2
C-D). Moreover, mice with both Mettl3 knockout or
ALKBHS5 upregulation showed the longest survival
time compared with that of the other experimental
groups (Fig. 2E). These results indicated that the com-
bination of upregulated METTL3 and downregulated
ALKBHS5 plays powerful pro-tumorigenic effects in
LUAD.

KPAM™~ mice are spontaneous LUAD models,
which can reflect the opposite capacities of Mettl3
and ALKBHS5 to transform lung epithelium to LUAD
in vivo. To evaluate the roles of Mettl3 and ALKBH5
in affecting the malignancy of established lung cancer
cells in vivo Mettl3 and ALKBH5 were pre-knocked out
and pre-overexpressed separately or in combination in
LLC cells, a murine lung cancer cell line, before tail
injection. Synergized suppression of intra-pulmonary
tumor formation was observed upon knocking out
Mettl3 and overexpressing ALKBH5 simultaneously
(Fig. 2 F-G and Supplementary Fig. 1B), indicating that
Mettl3 and ALKBHS5 are critical for maintaining trans-
formative phenotypes in murine lung cancer cells.

After elucidating the critical roles of Mettl3 and
ALKBHS5 in mice and murine lung cancer cells, we
next evaluated their functions in human LUAD cells.
As shown in Supplementary Fig. 2 C-D, either knock-
ing METTL3 out or overexpressing ALKBH5 led to
a suppression of cell viability in H1975 cells. While
increased cell viability was observed in H1299 cells
with either METTL3 overexpression or ALKBH5
knockout (Supplementary Fig. 2E-F). Similar out-
comes were observed in 3D culture conditions and
CDX mouse models (Fig. 2 H-J and Supplementary
Fig. 2G-H). Expectedly, co-manipulating METTL3
and ALKBHS5 synergized those effects (Fig. 2H-J and
Supplementary Fig. 2 C-H). These data provided addi-
tional experimental evidences showing that the roles of
METTL3 and ALKBHS5 are conserved among species.
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ENO1 is associated with m°A levels to boost LUAD
progression

The combination of upregulated METTL3 with downregu-
lated ALKBH5 elevates global m°A levels and stimulates
tumorigenesis in LUAD (Figs. 1 and 2). We next explore
the potential m°®A effectors that are critical for LUAD. By
proteomics, 29 proteins were identified to be upregulated
in LUAD with higher m°A levels as compared to those
with lower levels. Additionally, 438 proteins were elevated
in tumors compared with matched adjacent tissues from
LUAD patients. A total of 14 proteins overlapped between
these two sample sets, and we ranked these 14 proteins
using the average fold change and p value from the two
independent proteomic experiments (Fig. 3 A and Supple-
mentary Fig. 3 A). The top five ranked proteins, enolasel
(ENOL1), napsin A aspartic peptidase (NAPSA), heat shock
protein family E member 1 (HSPE1), alpha-L-fucosidase
1 (FUCA1) and ATP synthase inhibitory factor subunit 1
(ATP5IF1), were further analyzed in established lung epi-
thelial BEAS-2B cells and LUAD H1299 and H1975 cells.
Similar to the proteomics (Fig. 3 A), these 5 proteins were
all upregulated in H1299 and H1975 cells in comparison
with BEAS-2B cells (Supplementary Fig. 3B). To inves-
tigate whether the five proteins are regulated by m°A,
METTL3 and ALKBH5 were knocked out and overex-
pressed in H1975 and H1299 cells. The single manipulat-
ing of METTL3 or ALKBH5 expression had no influence
on HSPE1, FUCA1 and ATP5IF1 protein expression, while
the combined manipulation of METTL3 and ALKBHS5 sig-
nificantly altered the expression of all five proteins (Supple-
mentary Fig. 3 C-D). ENOL1 was the top ranked protein and
showed most sensitivity to the alteration of METTL3 and
ALKBHS5 (Fig. 3 A and Supplementary Fig. 3 A-D). There-
fore, ENO1 was selected for subsequently study.

We next investigated whether ENOL is linked with
m®A. Among the three ENO family members, i.e.
ENO1, ENO2 and ENOS3, only ENOI1 expression
was regulated by METTL3 and ALKBH5 in H1975
and H1299 cells (Fig. 3B). Data from clinical LUAD
specimens also demonstrated a definite m®A-ENO1
regulatory relationship, but not for ENO2 and ENO3
(Supplementary Fig. 3E). A significant correla-
tion between global m°A levels and ENO1 protein

(See figure on next page.)

Fig. 2 The roles of METTL3 and ALKBHS5 in LUAD tumorigenesis.(A) Schematic presentation of the construction of KP-based mice models and the
principle timeframe for the experiments. (B) Tumor occurrence time in different KP-based mice models, as indicated. Mice were monitored from the
6" to 14" weeks post infection. (C) Representative images of H&E staining for lung bearing tumors in indicated KP-based mice models. Black arrow
indicates tumor foci. (D-E) Number of tumors (D) and overall survival (E) in indicated KP-based mice models (n=6/group). (F-G) Representative
images of lungs bearing tumors (F) and numbers of tumors in lung (G) from mice following tail injection of LLC cells with distinct modulations,

as indicated. n=6/group, black arrow indicates tumor. (H-J) Images of xenografts that generated by H1975 cells under different modulations

(H). The tumor weights (I) and volume (J) were also examined (n=8/group). Statistical analysis was performed using one-way ANOVA (B, D, G, I),
log-rank test (E) and two-way ANOVA (J). Data are presented as means & SEMs from indicated samples. **p < 0.01 and *p<0.05 indicates statistical
significance
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expression was also revealed among LUAD cell lines
(Supplementary Fig. 3 F). Therefore, the control of
other two members in the m°A regulatory system was
excluded. Besides expression, the activity of ENO1
could also be regulated by METTL3 and ALKBH5
(Fig. 3 C). Like global m®A (Fig. 1 J-K), stimulation
to ENO1 was synergized by combined overexpress-
ing METTL3 and knocking out ALKBH5 in H1299
cells (Fig. 4B-C). A tissue microarray assay (TMA) and
data from Fig. 1 A revealed a significant global m°A
levels-ENO1 correlation in LUAD (Fig. 3D-E and Sup-
plementary Fig. 3 F G). We also observed a greater
downregulation of Enol in KPAM~'~ compared with
levels in the other mouse groups (Fig. 3 F-H). Further-
more, the levels of global m°A and ENO1 were both
associated with tumor stage progression in LUAD
(Fig. 3I-]J). In Fig. 1M, we've demonstrated that a
higher global m°®A level resulted from upregulated-
METTL3 and downregulated-ALKBH5 was indicative
of a poorer overall survival. Here, the data not only
from Kaplan-Meier Plotter public database [27], but
also from ours, i.e. cohort #2, all supported that ENO1
is equally important to determine overall survival
(Fig. 3 L-M). Together, these data indicated that ENO1
is associated with m®A levels and their functions to
clinical outcome are closely linked with each other in
LUAD.

As known, the function of ENOI1 is determined by
its subcellular localization [28]. Cytoplasmic localiza-
tion of ENO1 was detected in 70.3% (135/192) of tested
LUAD specimens and 29.7% (57/192) of LUAD speci-
mens demonstrated a nuclear ENO1 subcellular locali-
zation (Supplementary Fig. 3H). Nuclear-ENO1 acts as
a transcription factor to stimulate ¢-MYC transcription
[29]. We found that alteration of m°A by METTL3 and
ALKBHS5 had no impact on ¢-MYC mRNA expression in
H1975 and H1299 cells (Supplementary Fig. 3I). How-
ever, combined METTL3 overexpression and ALKBH5
knockout facilitated restriction of ENO1 in the cyto-
plasm (Supplementary Fig. 3 J). These results suggest
that cytoplasmic ENO1 may be involved in m®A-boosted
LUAD tumorigenesis.
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Increased m®A levels lead to increased glycolysis via ENO1
Previous studies showed that cytoplasmic ENO1 func-
tions in modulating glycolysis [30, 31]. We therefore
hypothesized that change in m°A levels may promote
LUAD development through influencing glycolysis.
ENOL1 catalyzes the generation of PEP from 2-PGA
(illustrated in Fig. 4 A and Ref. [19, 32]). If the role of
mP°A levels is ENO1-dependent, a high level of mlA
could facilitate 2-PGA consumption and stimulate
generation of PEP and its downstream metabolites.
We thus compared metabolites between LUAD tis-
sues with low and high global m°A levels. Except for
a reduction of 2-PGA, the inductions of PEP and its
downstream pyruvate were observed in LUAD speci-
mens with a higher global m°®A level (Fig. 4B-D).
Release of ATP is not a specific event for glycolysis,
however, we found that ATP release was elevated by
m®A levels (Fig. 4E). In the analysis of the same LUAD
specimens from Fig. 1I, an increased level of global
mPA was found to elevate concentrations of PEP,
pyruvate and ATP and reduce 2-PGA (Supplemen-
tary Fig. 4 A). Besides, except ENOI1, the expressions
of other enzymes in the glycolysis were unaffected by
mPA levels in H1975 and H1299 cells (illustrated in
Fig. 4 A and Supplementary Fig. 4B-C). These data
hinted a role of m°®A levels in stimulating glycolysis via
ENO1 in LUAD.

We next examined whether the suppression of glyco-
lysis caused by reducing m°A levels could be rescued by
ENO1 in human LUAD cells. To this end, m°A levels were
suppressed by METTL3 knockout and ALKBHS5 overex-
pression before compensating with or without ENO1 in
H1975 cells. The suppressed-global m®A levels were not
rescued by ENO1 (Supplementary Fig. 4D-E), suggest-
ing that ENO1 cannot feedback regulate m®A. However,
the redcued ENOL1 activity could be fully compensated
in H1975 cells (Fig. 4 F). Besides PEP and ATDP, glucose
uptake and lactate production were also examined. The
results demonstrated glycolysis inhibition following m®A
suppression, and this was rescued by ENO1 (Fig. 4 F).
Glycolysis is accompanied by an increase of ECAR and a
decrease of OCR [33]. Suppression of m°A levels led to a
significant reduction of ECAR but an induction of OCR,

(See figure on next page.)

Fig. 3 Association between m®A and ENO1 and the link with clinical outcome. (A) Venn diagram of proteomics showing candidates that were
elevated in LUAD and upregulated by m®A. (B) ENO family expression and mCA levels in H1975 and H1299 cells with indicated treatment, as
measured by IB and dot blot, respectively. (C) ENO1 activity in H1975 and H1299 cells with different treatments, as indicated. (D) Correlation
between global m®A and ENOT1 in LUAD. (E) The percentage of LUAD expressing different levels of ENO1 in those with different tumor/adjacent
global m°A ratios. (F-H) IHC (F), heatmap (G) and IB (H) showing Eno1 expression in spontaneous LUAD from indicated KP-based mice. In panel

G, the average levels of Eno1 in 20 fields of view are shown. Scale bar, 100 um. (I-J) The percentage of patients at different stages in cohort #1

with different levels of global m®A (I) and ENO1 (J). (L-M) Overall survival of LUAD patients with high and low levels of ENO1, as analyzed from the
data from Kaplan-Meier Plotter database (L) and our own (M) by log-rank test. Statistical analysis was performed using one-way ANOVA (C) and
Chi-squared test (E, 1, J). Data are presented as means =+ SEMs from three independent experiments (C). **p < 0.01 indicates statistical significance
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which was rescued by ENO1 (Fig. 4G-H). These results
suggested that a reduction of ENOI is a prerequisite for
the inactivation of glycolysis following suppression of
m°A levels.

To further support the important role of ENO1 for
m®A-stimulated glycolysis, we pre-knocked out ENO1 in
H1299 cells examined glycolysis following overexpression
of METTL3 and knocking out ALKBH5. Global m°A lev-
els were still elevated even when ENO1 was knocked out
(Supplementary Fig. 4F-G). However, while ENO1 activ-
ity was reduced to an almost undetectable level following
ENO1 knockout, this was not rescued by overexpress-
ing MELLT3 and knocking ALKBH5 out at all (Fig. 41),
suggesting that m®A levels are ineffective in modulating
ENOL1 in the absence of this target itself. Furthermore,
loss of ENO1 eliminated the capacity of m®A to stimulate
glycolysis (Fig. 41-K). Thus, these data once again eluci-
dated that ENOL is the genuine target of m°®A to boost
glycolysis in LUAD cells.

Then, we investigated whether ENO1-dependent m°A
stimulation of glycolysis is powerful enough to influence
transformative phenotypes in 3D-cultured LUAD cells.
We found that cell proliferation and invasion abilities
were positively modulated by m°A levels in H1975 and
H1299 cells in an ENO1-dependent manner (Fig. 4 L-M,
Supplementary Fig. 4 H-K). Thus, we speculated that
m®A levels induce tumorigenesis at least in part through
its control of ENO1-dependent glycolysis in LUAD cells.

MEA methylation stimulates translation of ENO1

and glycolysis via 359 A in LUAD cells

Our results indicate that ENOI is regulated by m°A
(Fig. 3). We further explored the underlying mecha-
nism. Treatment of DAA, a pan-methylation inhibitor,
resulted in a significant reduction of ENO1 protein but
not mRNA in LUAD H1650 and H1975 cells (Fig. 5A and
Supplementary Fig. 5A). At genetic levels, alteration of
METTL3 and ALKBHS5 did not influence ENOI mRNA
expression in H1975 and H1299 cells (Supplementary
Fig. 5B-C). An influence of METTL3 and ALKBH5 on
the decay of ENOI mRNA was also excluded (Supple-
mentary Fig. 5D-G). CHX chase experiments showed
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that the half-lives of ENO1 protein were compara-
ble between H1975 and H1299 cells (Supplementary
Fig. 5H), although the global m°A levels were varied
(Supplementary Fig. 1H-I). Experiments in H1975 and
H1299 cells with alteration of METTL3 and ALKBH5
also demonstrated that m°A-dependent regulation of
ENO1 protein did not occur by the regulation of pro-
tein half-life (Supplementary Fig. 5I). We next examined
whether m°A-dependent regulation of ENOI protein
involves translation. Polysome profiling analysis dem-
onstrated that only ploysomes, but not 80S monosome,
40S and 60S ribosome subunitswere reduced following
combined METTL3 knockout and ALKBH5 overexpres-
sion in H1975 cells (Fig. 5B). By assessing the association
of ENOI mRNA with the ribosome, we observed that
only the association of ENOI mRNA to the polysome
was reduced by suppression of m°A levels in H1975 cells
(Fig. 5C). By contrast, increased polysome concentration
and ENOI mRNA association with polysome were found
following lifting m°A by combined ALKBH5 knockout
and METTL3 overexpression in H1299 cells (Fig. 5D-
E). Moreover, the translation efficiency of ENO1 was
increased by m°A in a dose-dependent manner in H1299
cells (Supplementary Fig. 5]). These data suggested that
ENOI protein is upregulated by m®A through increased
translation efficiency.

Previous studies showed that the translation of tar-
get mRNAs is enhanced following m°A methylation of
the ORF region [34]. Analysis using the SRAMP online
software predicted, five potential m®A sites, i.e. 359A,
392A, 895A, 973A and 1242A, within the ORF of ENOI
mRNAwere predicted (Fig. 5F). RIP experiments using
anti-m°®A antibodies demonstrated that only the region
around the 359A was positioned to be m°A methylated
(Fig. 5F and Supplementary Fig. 5K). Moreover, enrich-
ments of the region around the 359A site were changeable
and the degrees were positively associated with the levels
of m®A in H1975 and H1299 cells, these results were not
observed in an unrelated control region (Supplemen-
tary Fig. 5L-M). To precisely elucidate the importance of
359A in the m®A-dependent regulation of ENO1 trans-
lation, we replaced the adenosine (A) with a guanosine

(See figure on next page.)

N.S. indicates no significance

Fig. 4 MC°A-dependent regulation of glycolysis and 3D-spheroid formation via ENO1.Schematic representation of glycolysis processes. (B-E) The
2-PGA (B), PEP (C), Pyruvate (D) and ATP (E) levels in LUAD tissues with low or high global m°A levels. (F-H) ENO1 activity (F), PEP (F), glucose uptake
(F), lactate production (F), ATP (F), ECAR (G) and OCR (H) in the presence or absence of METTL3 knockout and ALKBH5 overexpression, with or
without ENO1 compensation in H1975 cells, as indicated. (I-K) ENO1 activity (1), PEP (I), glucose uptake (1), lactate production (I), ATP (I), ECAR (J)
and OCR (K) in control and ENO17~ H1299 cells with or without ALKBH5 knockout and METTL3 overexpression. (L) 3D-spheroid formation that
generated from H1975 cells with or without METTL3 knockout and ALKBH5 overexpression, in the presence or absence of compensation for ENO1.
Scale bar, 100 um. (M) 3D-spheroid formation that generated from control and ENOT7"H1299 cells with or without ALKBH5 knockout and METTL3
overexpression. Scale bar, 100 um. Statistical analysis was performed using t test (B-E), one-way ANOVA (F, I, L, M) and two-way ANOVA (G, H, J, K).
Data are presented as means & SEMs from indicated samples or three independent experiments. **p < 0.01 indicates statistical significance and
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(G), and reconstituted ENO17" H1299 cells with this
mutant other than the wild type (WT) ENO1. We found
that once upon the 359A was replaced, the basal level
of ENO1 protein and translation efficiency were sig-
nificantly reduced, and notably, and the m®A-dependent
induction of translation was totally blocked (Fig. 5@G).
Similar findings were observed in examining the transla-
tion efficiency of an exogenous ENOI-LUC fusion mRNA
by testing luciferase activity and the mRNA level using a
pmir-GLO-based luciferase reporter, which contains WT'
or mutant partial ENOI ORF cloned upstream the lucif-
erase-coding region (Fig. 5H-I). Functional experiments
showed that the 359A is also critical for sustaining ENO1
activity and m®A-dependent stimulation of glycolysis and
3D-spheroid formation (Fig. 5]-O). These results demon-
strated that the 359A is essential for the m°A modifica-
tion to stimulate ENO1 translation and function.

The m°A reader YTHDF1 is essential for executing
m®A-dependent stimulation of ENO1 translation

and function

MOA readers are terminal effectors for m®A methyla-
tion [35, 36]. We next investigated the m®A reader that
is required for the translation of ENOI1, by perform-
ing RNA pull-down assays using a partial ENOI ORF
RNA with or without artificially modified m°A at 359
sites were performed. Several m°A readers includ-
ing those belonging to the YTHfamily (YTHDCI,
YTHDC2, YTHDF1, YTHDF2 and YTHDEF3), IGF2BP
family (IGF2BP1, IGF2BP2 and IGF2BP3) and hnRN-
PA2B1 were screened, and only YTHDF1 specifically
bound with m°A-methylated ENOI mRNA (Fig. 6A).
The YTH domain is essential for YTH family proteins
to recognize m°A-methylated RNAs [37]. HA-tagged
WT YTHDF1 and mutant YTHDF1 without the YTH-
domain (YTHDFIAYTH) were expressed in H1299 cells
before HA-taggedYTHDF1 was immunoprecipitated
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by anti-HA antibodies in PAR-CLIP experiments. The
results showed that YTH-domain was required for
YTHDF1 binding with RNA, and this interaction was
increased by inducing m°A levels through ALKBHS5
knockout and METTL3 overexpression in H1299 cells
(Fig. 6B). In addition, the ENOI mRNA-YTHDF1 inter-
actions was strengthened in response to induction of
m®A in a dose-dependent manner (Fig. 6B and Supple-
mentary Fig. 6A). RIP experiments further demonstrated
that the ENOI mRNA-YTHDFI1 interactions was posi-
tively regulated by m®A levels in H1975 and H1299 cells
(Fig. 6C and Supplementary Fig. 6B). Together, these
results indicate that YTHDF1 prefers binding with ENO1
mRNA following m®A methylation.

Reasoning that m°®A stimulates ENOI1 translation
(Fig. 5G-I), we wondered whether this is via YTHDF1.
Using the luciferase reporter described in Fig. 5H, we
found that the translation of ENO1 was induced by
YTHDF1; however, it was blocked upon replacement of
359A with a G (Fig. 6D). Compared to the WT H1299
cells, knocking out YTHDF1 significantly reduced
ENOL1 protein expression and diminished the induc-
tion of ENO1 translation by lifting global m°®A (Fig. 6E
and Supplementary Fig. 6C), suggesting that m°®A stim-
ulated-ENOL1 translation requires YTHDF1. We further
evaluated endogenous ENOI mRNA, and found that the
m®A-dependent inductions of ENOI mRNA-polysome
association and ENOL1 translation were all blocked fol-
lowing knocking out YTHDF1 (Fig. 6F-G). Sequential
recruitment of a series of translation initiation factors,
for example, eukaryotic translation initiation factor 3
(EIF3E), triggers translation of a certain target mRNA
[38, 39]. We found that overexpressing YTHDF1 facili-
tated EIF3E recruitment to the ENOI mRNA (Fig. 6H).
These data suggested that YTHDF1 is required for
m®A-dependent stimulation of ENOI1 translation..

(See figure on next page.)

Fig. 5 M®Amethylation of ENOT mRNA was critical for its translation and glycolysis.(A) Representative IB images of ENO1 in H1650 and H1975
cells treated with DMSO or DAA (100 pM, 24h). (B) Polysome profiling in H1975 cells with or without combined METTL3 knockout and ALKBH5

overexpression. (C) Ribosome-associated ENOT mRNA in H1975 cells with or without combined METTL3 knockout and ALKBH5 overexpression. (D)
Polysome profiling inH1299 cells with or without combined ALKBH5 knockout and METTL3 overexpression. (E) Ribosome-associated ENOT mRNA
in H1299 cells with or without combined ALKBH5 knockout and METTL3 overexpression. (F) Prediction and verification of potential mOA sites within
ENOT mRNA, as predicted by SRAMP online software and verified by RIP experiments using anti-m°A antibodies. (G) ENO1 protein expression and
translation efficiency in ENO17~H1299 cells that reconstituted with WT or Mut ENOT (359A to 359G), with or without combined ALKBH5 knockout
and METTL3 overexpression. (H) Schematic presentation of the construction of the pmir-GLO-ENO1 reporter containing ENOT partial ORF region
with or without 359A mutation. (I) Translation efficiency of ENOT-LUC fusion mRNA, as calculated by the ratios between luciferase activities and
mMRNA levels in H1299 cells with or without combined ALKBH5 knockout and METTL3 overexpression. (J-L) ENO1 activity (J), PEP (J), glucose
uptake (J), lactate production (J), ATP (J), ECAR (K) and OCR (L) in ENO17~H1299 cells reconstituted with WT or Mut ENO1 (359A to 359G), with or
without combined ALKBH5 knockout and METTL3 overexpression. (M-O) Representative images (M), number (N) and size (O) of 3D-spheroids that
generated by ENOT” H1299 cells reconstituted with WT or Mut ENO1 (359A to 359G), with or without combined ALKBH5 knockout and METTL3
overexpression. Scale bar, 100 pm. Statistical analysis was performed using t test (C, E), one-way ANOVA (G, I, J, N, O) and two-way ANOVA (K, L).
Data are presented as means £ SEMs from three independent experiments. **p < 0.01, *p<0.05 indicates statistical significance and N.S. indicates
no significance
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We then functionally examined whether YTHDF1 is
linked with glycolysis and the transformative pheno-
types of LUAD cells. Increasing global m®A levels failed
toinduce ENO1 activity in H1299 cells with YTHDF1
knocked out (Fig. 6I). Similar findings were observed for
the concentrations of PEP and ATP concentrations, glu-
cose uptake, lactate production, ECAR and OCR (Fig. 6I-
]), demonstrating that YTHDF1-associated stimulation
of ENOLI activity is essential for m®A-inducedglycolysis.
YTHDF1 was also required for the m®A-dependent
generation and growth of 3D-spheroids (Fig. 6K-M).
Together, these results indicate that YTHDF1 is impor-
tant for m°A-induced glycolysis and tumorigenesis in
LUAD cells.

Clinical and translational significance of the current study

Our results demonstrated that the relationship between
ENO1 and m®A plays critical roles to stimulate glycolysis
and is pro-tumorigenic in established LUAD cells (Figs. 3,
4, 5 and 6). We next explored whether this mechanism
occurs in human LUAD. We found that ENO1 was
upregulated in LUAD specimens in cohort #1 (n=192)
(Fig. 7A). However, the levels of YTHDF1 were similar
in LUAD and matched adjacent tissues (Fig. 7B), suggest-
ing that YTHDF1 regulation of ENO1 is merely followed
by the alteration of global m°A levels. Combined with
the data in Fig. 1A-D, further experiments showed that
ENOL1 positively correlated with METTL3 and global
m®A levels and negatively correlated with ALKBH5 in
LUAD (Fig. 7C-E), suggesting that an upregulated-ENO1
expression is indeed a result from elevated global m°A
levels that is coordinately modulated by the upregulation
of METTL3 and downregulation of ALKBH5. In cohort
#3, which contains randomly recruited LUAD patients
with accurate tumor progression information, we found
that except YTHDF1, ENO1, METTL3 and global m°A
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levels were positively while ALKBH5 was negatively
associated with tumor stages (Fig. 7F-]), further demon-
strating the important roles of m®A and ENO1 in tumor
progression.

Because activation of ENO1-dependent glycolysis is
one of terminal effects from inducing global m°A levels
(Figs. 4, 5 and 6), we wondered whether LUADs with
higher global m°A levels are more sensitive to the inhi-
bition to global m®A, glycolysis and ENO1. To address
these questions, we constructed CDX mouse models
generated from H1299 cells with or without combined
knocking out of ALKBH5 and METTL3 overexpression.
As expected, CDX models with varied global mPA levels
were obtained, and the higher m°A levels in tumors were
associated with faster tumor growth in vivo (Fig. 7K-
L). We also treated mice with DAA (a pan-methylation
inhibitor), 2DG (a glycolysis inhibitor) and ENOblock (a
pan-ENO inhibitor),respectively, and found that tumor
growth was suppressed more significantly and even
regressed in tumors with higher m°®A levels (Fig. 7K-L
and Supplementary Fig. 7A). Notably, the mice body-
weights were not affected by the treatment (Fig. 7M).
We also performed experiments in PDX mouse mod-
els, which more accurately reflect the real tumor situ-
ation of patients, were also used. We found that DAA,
2DG and ENOblock showed more significant inhibi-
tion against the tumor of PDX#2, which demonstrated a
higher global m°A level than that of PDX#1 (Fig. 7 N-O
and Supplementary Fig. 7B). The bodyweights of PDX-
bearing mice were not affected by treatment (Fig. 7P).
Furthermore, spontaneous LUAD in KPE mice was
inhibited by DAA, 2DG and ENOblock (Fig. 7Q), and
these mice showed improved survival (Fig. 7R). Together,
these findings indicate that inhibition of m°A, glycolysis
and ENO is helpful to treat LUAD, especially tumors
with higher global m°A levels, with minimum toxicity.

(See figure on next page.)

Fig. 6 MCA reader YTHDF1 was essential for m®A to stimulate ENO1 translation and function.(A) Association of m°A readers, as indicated, with
ENO1 partial ORF region with or without artificially mSA-methylated 359A, as measured by IB following RNA pull-down experiment. (B) YTHDF1
interaction with ENOT mRNA, as measured by PAR-CLIP experiment using anti-HA antibodies in H1299 cells expressing HA-tagged YTHDF1 with or
without YTH-domain, and treated with or without combined ALKBH5 knockout and METTL3 overexpression. RNA labeled with biotin was visualized
by the chemiluminescent nucleic acid detection module. ENOT mRNA levels in the pulled down products were verified by gPCR. (C) Association
between YTHDF1 and ENOT mRNA in H1975 cells with or without combined METTL3 knockout and ALKBH5 overexpression, and in H1299 cells
with or without combined ALKBH5 knockout and METTL3 overexpression, as measured by RIP experiments using anti-YTHDF1 and IgG antibodies.
(D) Translation efficiency of ENOT-LUC fusion mRNA in H1975 cells transfected with WT or Mut pmir-GLO-ENO1 reporter, and overexpressed with
or without YTHDF 1. (E) Translation efficiency of ENOT-LUC fusion mRNA in WT and YTHDF1-KO H1299 cells with or without combined ALKBH5
knockout and METTL3 overexpression. (F-G) Polysome-associated ENOT mRNA (F) and translation efficiency of endogenous ENOT mRNA (G) in
WTand YTHDF1-KO H1299 cells with or without combined ALKBH5 knockout and METTL3 overexpression. (H) The recruitment of EIF3E at ENOT
mRNA in H1975 cells with or without YTHDF 1 overexpression, as measured by RIP using anti-EIF3E and control IgG antibodies. (I-J) ENOT1 activity
(1), PEP (1), glucose uptake (1), lactate production (1), ATP (1), ECAR (J) and OCR (J) in WT and YTHDF1-KO H1299 cells with or without combined
ALKBH5 knockout and METTL3 overexpression. (K-M) Representative images (K), numbers (L) and size (M) of 3D-spheroids that generated by

WT and YTHDF1-KO H1299 cells with or without combined ALKBH5 knockout and METTL3 overexpression. Scale bar, 100 um. Statistical analysis
was performed using t test (B, C, H), one-way ANOVA (D-G, I, L, M) and two-way ANOVA (J). Data are presented as means £ SEMs from three
independent experiments. **p < 0.01, *p<0.05 indicates statistical significance and N.S. indicates no significance
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Discussion

As an epigenetic regulator, m°A modifications, mediated
by the WER system, are abundant in RNA [40]. Previous
studies have linked m®A modifications to the develop-
ment of lung cancer [41]. Several reports showed that
m®A writers act as oncogenic-proteins to elevate global
m®A levels [42, 43], while m°A erasers decrease global
m®A levels and act as tumor suppressors [44]. Compared
to the writers and erasers, m®Areaders are terminal effec-
tors of the m®A modifications. Previous studies showed
that the m°A readers YTHDC2 and YTHDF2, are criti-
cal for LUAD tumorigenesis [24, 45]. Increasing reports
have demonstrated the importance of m®A modification
and its regulators in lung tumorigenesis. For example,
METTL3 is upregulated in lung cancer and required for
tumor growth, invasion, survival and progression [46,
47], while ALKBH5 has the opposite effects [44]. How-
ever, to the best of our knowledge, existing studies of the
WER system in LUAD are relatively scattered, and no
study has comprehensively delineated how the WER sys-
tem is orchestrated and functions in the tumorigenesis
of LUAD. In the present study, our findings establish a
model underlying the coordination of m®A modification
by the WER to stimulate LUAD tumorigenesis (Fig. 8).
We demonstrated that the elevated globalm®A levels in
LUAD are the results of the combined upregulation of
the writer METTL3 and the downregulation of the eraser
ALKBHS5 in a large proportion of the LUAD specimens.
The roles of the reader YTHDF1 to stimulate translation
of ENOL1 and subsequent glycolysis are essential for m°A
modifications to boost LUAD tumorigenesis.

In this study, we found that ENOI mRNA is m°A
methylated in LUAD, and this is also essential for the
stimulation of ENOL1 translation. Cytoplasmically local-
ized ENOL1 functions as a metabolic enzyme that par-
ticipates in glycolysis [48]. We found that ENO1 was
localized in the cytoplasm of most LUAD specimens,
which is consistent with the findings from other studies
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demonstrating that ENO1 majorly acts to stimulate
glycolysis in the cytoplasm [48]. A truncated version
of ENO1 with a molecular weight of 37 kDa is also be
translated from ENOI mRNA [49]. This protein tends
to be localized in the nucleus and binds the c-MYC pro-
moter, functioning as a tumor suppressor [50]. Whether
ENOL tends to be translated from full length of ENOI
mRNA in LUAD has not yet been verified and needs to
be investigated in the future. However, we found that
the transcription of ¢-MYC,which is driven by nuclear
ENOL, is largely not m°A-dependent, indicating that
ENO1 may not act as a nuclear transcription factor in
LUAD. ENOLI is upregulated in various cancers, and the
mechanism depends on the cancer type. For example,
ENOL is upregulated via WW domain binding protein2
(WBP2) in glioma cancer cells [51]; however, the upreg-
ulation of ENOI1 is ubiquitin-dependent in colorectal
cancer cells [52]. Here, we show that the ENOL is upreg-
ulated in LUAD cells through an m°®A-dependent mech-
anism. Hence, our findings expend our understanding of
the complicated regulatory mechanism of ENOL1.

ENOL1 is involved inmultiple pro-tumorigenic and pro-
glycolytic processes, such as but not limited to tumor
growth, metastasis and migration [53]. ENO1 functions
via activating Wnt/p-catenin, AMPK/mTOR and PI3K/
AKT signaling in lung tumorigenesis [54-56]. How-
ever, no study has linked ENO1 with m°A modification
in LUAD. In other words, we are able to provide another
proof supporting that the occurrence of LUAD is not a
merely result from disorder of a single signaling cascade.

Active glycolysis is essential for tumor growth in both
aerobic and hypoxic environments, with high rates of glu-
cose uptake and lactate production regardless of the oxygen
supply [57]. This metabolic reprogramming supports cancer
cell growth by supplying resources to support the exces-
sive energy demands of tumors [58]. A prior study demon-
strated that m®A modifications of c-MYC mRNA promote
glycolysis and tumor growth in LUAD [59]. Our study also

(See figure on next page.)

statistical significance and N.S. indicates no significance

Fig. 7 Clinical and translation significance of the study.(A-B) ENO1 and YTHDF1 protein expression in adjacent and matched-tumor tissues from
LUAD patients of cohort #1 (n=192). (C-E) Correlations between METTL3 and ENO1 (C), ENO1 and global m°A (D), and between ALKBH5 and ENO1
(E) in cohort #1. The protein and mC°A levels were calculated as the ratios between that from tumor and matched-adjacent tissues. (F-J) ENO1 (F),
YTHDF1 (G), METTL3 (H), global mOA level (I) and ALKBHS5 (J) in LUAD with indicated tumor stages from cohort #3 (n=20/group). (K-M) CDX that
generated by H1299 cells with or without combined ALKBH5 knockout and METTL3 overexpression followed by administrating mice with DMSO,
DAA (50mg/kg), 2DG (1000mg/kg) or ENOblock (20mg/kg). The global m®A levels (K), representative images of xenografts (K), tumor volume

(L) and mice weights (M) were graphed and shown (n=6/group). Scale bar, 1cm. (N-P) PDX mice models with high and low global mOA levels
were administrated with DMSO, DAA (50mg/kg), 2DG (1000mg/kg) or ENOblock (20mg/kg). The global mOA levels (N), representative images of
xenografts (N), tumor volume (0) and mice weight (P) were graphed and shown. (n=6/group). Scale bar, 1cm. (Q-R) Representative H&E images of
spontaneous LUAD in KPE mice following being infected with AVV5 expressing Cre and administrated with DMSO, DAA (25mg/kg), 2-DG (500mg/
kg) or ENOblock (10mg/kg), as indicated (Q). The overall survival curves for KPE mice with established LUAD following drug administration are

also shown in panel P R (n=6/group). Statistical analysis was performed using t test (A, B, K, N), spearman rank-correlation analysis (C-E), one-way
ANOVA (F-J, M, P), two-way ANOVA (L, O) and log-rank tests (R). Data are presented as means £ SEMs from indicated samples. **p < 0.01 indicates
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Fig. 8 Schematic presentation of the study.Briefly, elevated-global
mPA levels that determined by upregulated-METTL3 and
downregulated-ALKBHS facilitate m5A methylation of mRNA, such
as ENOT in LUAD. M®A reader YTHDF1 is prone to interact with
mPA-methylated ENOT mRNA, by which leads to a stimulation of
ENO1 translation. Increased ENOT in turn causes reinforcement in

glycolysis and tumor growth in LUAD

establishes the close relationship between the METTL3-
ALKBH5-YTHDF1 m®A axis and ENO1 as another impor-
tant stimulator of m®A-dependent glycolysis. Increased
glycolysis is a hallmark of tumor progression. Therefore,
the role of m®A in glycolysis demonstrated here sug-
gests an important mechanism in theregulation of LUAD
tumorigenesis.

The destinies of mRNA transcripts with m®A modi-
fications is determined by the diverse m°A readers [7].
For example, the m°A reader YTHDC2 accelerates the
decay of target mRNAs [23, 24]. In contrast, those read-
ers belonging to the IGF2BP family tend to prolong the
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half-lives of specific mRNAs after m®A methylation [8,
60]. Unlike other readers, YTHDF1 promotes ribosome
loading and translation of m®A methylated mRNAs [61,
62]. Our findings showed that the translation of ENO1
is promoted by YTHDF1. Notably, YTHDF1 has been
linked with NSCLC progression [63]. Therefore, the
m®A-mediated LUAD progression identified in this study
might occur in an YTHDF1-dependent manner.

Given the importance of m®A and ENO1-dependent
glycolysis in the tumorigenesis and progression of LUAD,
the inhibition of m®A, glycolysis and ENO1 may repre-
sent new therapeutic strategies for those LUAD patients
with higher m®A levels. Emerging studies have revealed
that methylation inhibitors, such as DAA or glycolysis
inhibitors, such as 2DG are capable of suppressing trans-
formative phenotypes in vitro [64, 65]. However, it is
unknown how the effects of these inhibitors in LUAD.
Our results from CDX and PDX mouse models bearing
LUADdemonstrated that targeting pan-methylation, gly-
colysis and even directly against ENO are helpful for the
treatments of m®A-elevated LUAD. These results high-
light the translation significance of the present study.

Conclusions

The m®A-dependent stimulation of glycolysis and tum-
origenesis in LUAD is at least partially orchestrated
by the upregulation of METTL3, downregulation of
ALKBHS5, andstimulation of YTHDF1-mediated ENO1
translation (Fig. 8). Blocking this mechanism may be a
helpful strategy to treat m°A-dependent LUAD.

Abbreviations

LUAD: lung adenocarcinoma; m°A: N6-methyladenosine; METTL3: meth-
yltransferase 3; ALKBHS: alkB homolog 5; ENO1: enolase 1; YTHDF1: YTH
N6-methyladenosine RNA binding protein 1; NSCLC: non-small cell lung can-
cer; METTL14: Methyltransferase 14; WTAP: WT1 associated protein; FTO: FTO
alpha-ketoglutarate dependent dioxygenase; HNRNPA2B1: heterogeneous
nuclear ribonucleoprotein A2/B1.; IGF2BP: insulin like growth factor 2 mRNA
binding protein; ENO: enolase; PEP: phosphoenolpyruvate; 2-PGA: 2-phospho-
d-glycerate; LLC: Lewis lung cancer cell; gPCR: Quantitative real-time PCR; IB:
Immunoblotting; IHC: Immunohistochemical Immunohistochemistry; ELISA:
Enzyme-liked Immunsorbent assay; ORF: open reading frame; PAR-CLIP: Pho-
toactivatable ribonucleoside-enhanced crosslinking and immunoprecipita-
tion; RIP: RNA Immunoprecipitation; ECAR: Extracellular acidification rate assay;
CDX: cell-derived xenograft; PDX: patient-derived xenograft; NAPSA: napsin

A aspartic peptidase; HSPE1: heat shock protein family E member 1; FUCAT:
alpha-L-fucosidase 1; ATP5IF1: ATP synthase inhibitory factor subunit 1; TMA:
tissue microarray assay; G: guanosine; WT: wild type; Mut: mutant; WBP2: WW
domain binding protein2.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513046-021-02200-5.

Additional file 1.
Additional file 2.



https://doi.org/10.1186/s13046-021-02200-5
https://doi.org/10.1186/s13046-021-02200-5

Ma et al. J Exp Clin Cancer Res (2022) 41:36

Acknowledgements
None.

Authors’ contributions

JYW, YCY, and JJX contributed to the conception and design of the study
proposal. LFM, XFX, XZ, KKY, XX, XTT, YYM, FYM, XXL, SSG, SYQ, YKW, JTC,
WXG, YL performed experiments. LFM, XFX and XZ performed data analysis,
KKY, XX, XTT, YYM and XXL performed bioinformatics analysis, SSG, SYQ,
YKW, JTC, WXG, YL analyzed and discussed data. JYW, LFM, and XZ wrote
and revised the manuscript. The author(s) read and approved the final
manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(81871907, 81822029, 82173015, 82102792, 81872288, 81902315, 81902869,
81774291), Shanghai Municipal Education Commission—Gaofeng Clini-

cal Medicine (20191834), Project of Clinical Research Supporting System,
Clinical Medicine First-class Discipline, Talent training plan of Shanghai Chest
Hospital in 2020 (to Lifang Ma and Xiao Zhang), Shanghai Sailing Program
(19YF1444800) and Science and technology commission of Shanghai munici-
pality project (21140902800). Excellent Talents Nurture Project of Shanghai
Chest Hospital (2021YNZYJ01, 2021YNZYY02, 2021YNZYYO01).

Availability of data and materials
The data that support the findings of this study are available from correspond-
ing author upon reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics committee of Shanghai Chest Hospital.
Each participant signed informed consent before participating in this study.

Consent for publication
All the authors approved the publication.

Competing interests
The authors declare no potential conflicts of interest.

Author details

'Department of Clinical Laboratory Medicine, Shanghai Chest Hospital, Shang-
hai Jiao Tong University, No. 241 West Huaihai Road, 200030 Shanghai, China.
2Shanghai Institute of Thoracic Oncology, Shanghai Chest Hospital, Shanghai
Jiao Tong University, No. 241 West Huaihai Road, 200030 Shanghai, China.
3Department of Clinical Laboratory Medicine, Shanghai Tenth People’s Hos-
pital of Tongji University, 200072 Shanghai, China. “Department of Bio-bank,
Shanghai Chest Hospital, Shanghai Jiao Tong University, 200030 Shanghai,
China. *Nursing Department, Shanghai Chest Hospital, Shanghai Jiao Tong
University, 200030 Shanghai, China. ®Department of Respiratory Medicine,
Shanghai Chest Hospital, Shanghai Jiao Tong University, No. 241 West Huaihai
Road, 200030 Shanghai, China.

Received: 30 August 2021 Accepted: 26 November 2021
Published online: 25 January 2022

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin
2021;71:209-49.

2. WanglL, LiX RenY, Geng H, Zhang Q, Cao L, et al. Cancer-associated
fibroblasts contribute to cisplatin resistance by modulating ANXA3 in
lung cancer cells. Cancer Sci 2019;110:1609-20.

3. LiR LiuJ, Fang Z Liang Z, Chen X. Identification of Mutations Related to
Cisplatin-Resistance and Prognosis of Patients With Lung Adenocarci-
noma. Front Pharmacol 2020;11:572627.

4. Huang H, Weng H, Chen J. The Biogenesis and Precise Control of RNA
m(6)A Methylation. Trends Genet 2020;36:44-52.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 20 of 21

Wang M, Liu J, Zhao Y, He R, Xu X, Guo X, et al. Upregulation of METTL14
mediates the elevation of PERP mRNA N(6) adenosine methylation
promoting the growth and metastasis of pancreatic cancer. Mol Cancer
2020;19:130.

Shi H, Wei J, He C. Where, When, and How: Context-Dependent
Functions of RNA Methylation Writers, Readers, and Erasers. Mol Cell
2019;74:640-50.

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.

Huang H, Weng H, Sun' W, Qin X, Shi H, Wu H, et al. Publisher Correction:
Recognition of RNA N(6)-methyladenosine by IGF2BP proteins enhances
mMRNA stability and translation. Nat Cell Biol 2020;22:1288.

Wang T, Kong S, Tao M, Ju S. The potential role of RNA N6-methyladeno-
sine in Cancer progression. Mol Cancer 2020;19:88.

Deng X, Su R, Weng H, Huang H, Li Z, Chen J. RNA N(6)-methyladenosine
modification in cancers: current status and perspectives. Cell Res
2018;28:507-17.

. Ma C, Chang M, Lv H, Zhang ZW, Zhang W, He X, et al. RNA m(6)A meth-

ylation participates in regulation of postnatal development of the mouse
cerebellum. Genome Biol 2018;19:68.

Zhao'Y, ShiY, Shen H, Xie W. m(6)A-binding proteins: the emerging crucial
performers in epigenetics. J Hematol Oncol 2020;13:35.

Tong J, Flavell RA, Li HB. RNA m(6)A modification and its function in
diseases. Front Med 2018;12:481-9.

Shen C, Xuan B,Yan T, MaY, Xu P, Tian X, et al. m(6)A-dependent glycolysis
enhances colorectal cancer progression. Mol Cancer 2020;19:72.

Xie S, Chen' W, Chen K, Chang Y, Yang F, Lin A, et al. Emerging roles of RNA
methylation in gastrointestinal cancers. Cancer Cell Int 2020;20:585.
Ward PS, Thompson CB. Metabolic reprogramming: a cancer hallmark
even warburg did not anticipate. Cancer Cell 2012;21:297-308.

Birkeland ES, Koch LM, Dechant R. Another Consequence of the Warburg
Effect? Metabolic Regulation of Na(+)/H(+) Exchangers May Link Aerobic
Glycolysis to Cell Growth. Front Oncol 2020;10:1561.

Reuss AM, Groos D, Buchfelder M, Savaskan N. The Acidic Brain-Glycolytic
Switch in the Microenvironment of Malignant Glioma. Int J Mol Sci
2021;22.

Wang L, Bi R, Yin H, Liu H, Li L. ENOT1 silencing impaires hypoxia-induced
gemcitabine chemoresistance associated with redox modulation in
pancreatic cancer cells. Am J Transl Res 2019;11:4470-80.

Mertens RT, Parkin S, Awuah SG. Cancer cell-selective modulation of
mitochondrial respiration and metabolism by potent organogold(iii)
dithiocarbamates. Chem Sci 2020;11:10465-82.

Wang Q, Chen C, Ding Q, Zhao Y, Wang Z, Chen J, et al. METTL3-mediated
m(6)A modification of HDGF mRNA promotes gastric cancer progression
and has prognostic significance. Gut 2020;69:1193-205.

Jia R, Chai P, Wang S, Sun B, Xu Y, Yang Y, et al. m(6)A modification sup-
presses ocular melanoma through modulating HINT2 mRNA translation.
Mol Cancer 2019;18:161.

Ma L, Zhang X, Yu K, Xu X, Chen T, ShiY, et al. Targeting SLC3A2 subunit
of system XC(-) is essential for m(6)A reader YTHDC2 to be an endog-
enous ferroptosis inducer in lung adenocarcinoma. Free Radic Biol Med
2021;168:25-43.

Ma L, ChenT, Zhang X, Miao Y, Tian X, Yu K, et al. The m(6)A reader
YTHDC2 inhibits lung adenocarcinoma tumorigenesis by suppressing
SLC7A11-dependent antioxidant function. Redox Biol 2021;38:101801.
Tammela T, Sanchez-Rivera FJ, Cetinbas NM, Wu K, Joshi NS, Helenius K,
et al. AWnt-producing niche drives proliferative potential and progres-
sion in lung adenocarcinoma. Nature 2017;545:355-9.

Jin C, Lagoudas GK, Zhao C, Bullman S, Bhutkar A, Hu B, et al. Commensal
Microbiota Promote Lung Cancer Development via gammadelta T Cells.
Cell 2019;176:998-1013 el6.

Gyorffy B. Survival analysis across the entire transcriptome identifies
biomarkers with the highest prognostic power in breast cancer. Comput
Struct Biotechnol J 2021;19:4101-9.

Didiasova M, Schaefer L, Wygrecka M. When Place Matters: Shut-

tling of Enolase-1 Across Cellular Compartments. Front Cell Dev Biol
2019;7:61.

Czogalla B, Partenheimer A, Badmann S, Schmoeckel E, Mayr D, Kolben

T, et al. Nuclear Enolase-1/ MBP-1 expression and its association with the
Wnt signaling in epithelial ovarian cancer. Transl Oncol 2021;14:100910.



Ma et al. J Exp Clin Cancer Res

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

(2022) 41:36

Choi J, Kim H, KimY, Jang M, Jeon J, Hwang YI, et al. The Anti-inflamma-
tory Effect of GV1001 Mediated by the Downregulation of ENO1-induced
Pro-inflammatory Cytokine Production. Immune Netw 2015;15:291-303.
Dai J, Zhou Q, Chen J, Rexius-Hall ML, Rehman J, Zhou G. Alpha-enolase
regulates the malignant phenotype of pulmonary artery smooth muscle
cells via the AMPK-Akt pathway. Nat Commun 2018;9:3850.

Leonard PG, Satani N, Maxwell D, Lin YH, Hammoudi N, Peng Z, et al.
SF2312 is a natural phosphonate inhibitor of enolase. Nat Chem Biol
2016;12:1053-8.

Vaughan RA, Gannon NP, Garcia-Smith R, Licon-Munoz Y, Barberena MA,
Bisoffi M, et al. beta-alanine suppresses malignant breast epithelial cell
aggressiveness through alterations in metabolism and cellular acidity

in vitro. Mol Cancer 2014;13:14.

Zhang Z, Luo K, Zou Z, Qiu M, Tian J, Sieh L, et al. Genetic analyses sup-
port the contribution of mMRNA N(6)-methyladenosine (m(6)A) modifica-
tion to human disease heritability. Nat Genet 2020,52:939-49.

Dixit D, Prager BC, Gimple RC, Poh HX, Wang Y, Wu Q, et al. The RNA m6A
Reader YTHDF2 Maintains Oncogene Expression and Is a Targetable
Dependency in Glioblastoma Stem Cells. Cancer Discov 2021;11:480-99.
Kan L, Grozhik AV, Vedanayagam J, Patil DP, Pang N, Lim KS, et al. The m(6)
A pathway facilitates sex determination in Drosophila. Nat Commun
2017,8:15737.

Hu BB, Wang XY, Gu XY, Zou C, Gao ZJ, Zhang H, et al. N(6)-methyladen-
osine (M(6)A) RNA modification in gastrointestinal tract cancers: roles,
mechanisms, and applications. Mol Cancer 2019;18:178.

LinY, Li F, Huang L, Polte C, Duan H, Fang J, et al. elF3 Associates with 80S
Ribosomes to Promote Translation Elongation, Mitochondrial Homeosta-
sis, and Muscle Health. Mol Cell 2020;79:575-87 e7.

Chiluiza D, Bargo S, Callahan R, Rhoads RE. Expression of truncated
eukaryotic initiation factor 3e (elF3e) resulting from integration of mouse
mammary tumor virus (MMTV) causes a shift from cap-dependent to
cap-independent translation. J Biol Chem 2011;286:31288-96.

Desrosiers R, Friderici K, Rottman F. Identification of methylated nucleo-
sides in messenger RNA from Novikoff hepatoma cells. Proc Natl Acad Sci
USA1974;71:3971-5.

Qian X, Yang J, Qiu Q, Li X, Jiang C, Li J, et al. LCAT3, a novel m6A-regu-
lated long non-coding RNA, plays an oncogenic role in lung cancer via
binding with FUBP1 to activate c-MYC. J Hematol Oncol 2021;14:112.
Cheng C,WuY, Xiao T, Xue J, Sun J, Xia H, et al. METTL3-mediated m(6)A
modification of ZBTB4 mRNA is involved in the smoking-induced EMT in
cancer of the lung. Mol Ther Nucleic Acids 2021;23:487-500.

Shen, Li C, Zhou L, Huang JA. G protein-coupled oestrogen recep-

tor promotes cell growth of non-small cell lung cancer cells via YAP1/
QKI/circNOTCH1/m6A methylated NOTCH1 signalling. J Cell Mol Med
2021,25:284-96.

Jin D, Guo J,Wu Y, Yang L, Wang X, Du J, et al. m(6)A 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.

LiY, Sheng H, Ma F, Wu Q, Huang J, Chen Q, et al. RNA m(6)A reader
YTHDF2 facilitates lung adenocarcinoma cell proliferation and metastasis
by targeting the AXIN1/Wnt/beta-catenin signaling. Cell Death Dis
2021;12:479.

Lin S, Choe J, Du P, Triboulet R, Gregory RI. The m(6)A Methyltrans-

ferase METTL3 Promotes Translation in Human Cancer Cells. Mol Cell
2016;,62:335-45.

Zhang, Liu S, ZhaoT, Dang C. METTL3mediated m6A modification of
Bcl2 mRNA promotes nonsmall cell lung cancer progression. Oncol Rep
2021;46.

Zhou J, Zhang S, Chen Z, He Z, Xu Y, Li Z. CircRNA-ENO1 promoted glyco-
lysis and tumor progression in lung adenocarcinoma through upregulat-
ing its host gene ENO1. Cell Death Dis 2019;10:885.

Lo Presti M, Ferro A, Contino F, Mazzarella C, Sbacchi S, Roz E, et al. Myc
promoter-binding protein-1 (MBP-1) is a novel potential prognostic
marker in invasive ductal breast carcinoma. PLoS One 2010;5:212961.
Feo S, Arcuri D, Piddini E, Passantino R, Giallongo A. ENO1 gene product
binds to the c-myc promoter and acts as a transcriptional repressor:
relationship with Myc promoter-binding protein 1 (MBP-1). FEBS Lett
2000;473:47-52.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 21 of 21

Chen S, Zhang Y, Wang H, Zeng YY, Li Z, Li ML, et al. WW domain-binding
protein 2 acts as an oncogene by modulating the activity of the glyco-
lytic enzyme ENOT1 in glioma. Cell Death Dis 2018;9:347.

HuT, Liu H, Liang Z, Wang F, Zhou C, Zheng X, et al. Tumor-intrinsic CD47
signal regulates glycolysis and promotes colorectal cancer cell growth
and metastasis. Theranostics 2020;10:4056-72.

Fu QF, LiuY, FanY, Hua SN, Qu HY, Dong SW, et al. Alpha-enolase pro-
motes cell glycolysis, growth, migration, and invasion in non-small cell
lung cancer through FAK-mediated PI3K/AKT pathway. J Hematol Oncol
2015;8:22.

Li HJ, Ke FY, Lin CC, Lu MY, Kuo YH, Wang YP, et al. ENO1 promotes lung
cancer metastasis via HGFR and WNT signaling-driven epithelial-mesen-
chymal transition. Cancer Res 2021.

Shu X, Cao KY, Liu HQ, Yu L, Sun LX, Yang ZH, et al. Alpha-enolase (ENO1),
identified as an antigen to monoclonal antibody 12C7, promotes the self-
renewal and malignant phenotype of lung cancer stem cells by AMPK/
mTOR pathway. Stem Cell Res Ther 2021;12:119.

Chen R, Li D, Zheng M, Chen B, Wei T, Wang Y, et al. FGFRL1 affects
chemoresistance of small-cell lung cancer by modulating the PI3K/Akt
pathway via ENO1. J Cell Mol Med 2020;,24:2123-34.

Liberti MV, Locasale JW. The Warburg Effect: How Does it Benefit Cancer
Cells? Trends Biochem Sci 2016;41:211-8.

LiL, LiangY,Kang L, LiuY,Gao S, Chen S, et al. Transcriptional Regulation
of the Warburg Effect in Cancer by SIX1. Cancer Cell 2018;33:368-85 e7.
Yang X, Shao F, Guo D, Wang W, Wang J, Zhu R, et al. WNT/beta-catenin-
suppressed FTO expression increases m(6)A of c-Myc mRNA to promote
tumor cell glycolysis and tumorigenesis. Cell Death Dis 2021;12:462.
Manieri NA, Drylewicz MR, Miyoshi H, Stappenbeck TS. Igf2bp1 is required
for full induction of Ptgs2 mRNA in colonic mesenchymal stem cells in
mice. Gastroenterology 2012;143:110-21 e10.

ShiH, Zhang X, Weng YL, Lu Z, LiuY, Lu Z, et al. m(6)A facilitates hip-
pocampus-dependent learning and memory through YTHDF1. Nature
2018;563:249-53.

Zhuang M, Li X, Zhu J, Zhang J, Niu F, Liang F, et al. The m6A reader
YTHDF1 regulates axon guidance through translational control of
Robo3.1 expression. Nucleic Acids Res 2019;47:4765-77.

ShiY,Fan'S,Wu M, Zuo Z, Li X, Jiang L, et al. YTHDF1 links hypoxia
adaptation and non-small cell lung cancer progression. Nat Commun
2019;10:4892.

Jeong SY, Ahn SG, Lee JH, Kim HS, Kim JW, Rhim H, et al. 3-deazaadeno-
sine, a S-adenosylhomocysteine hydrolase inhibitor, has dual effects

on NF-kappaB regulation. Inhibition of NF-kappaB transcriptional
activity and promotion of IkappaBalpha degradation. J Biol Chem
1999;274:18981-8.

Zhu Z, Jiang W, McGinley JN, Thompson HJ. 2-Deoxyglucose as an energy
restriction mimetic agent: effects on mammary carcinogenesis and on
mammary tumor cell growth in vitro. Cancer Res. 2005;65:7023-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The essential roles of m6A RNA modification to stimulate ENO1-dependent glycolysis and tumorigenesis in lung adenocarcinoma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Human tissue samples
	Cell culture, reagents and plasmids
	Quantitative real-time PCR (qPCR),12909 Immunoblotting (IB), Immunofluorescence (IF), Immunohistochemistry (IHC) and Enzyme-liked Immunsorbent assay (ELISA)
	Analysis of translation efficiency
	Cell invasion, cell viability and 3D-spheroid formation assays
	Measurement of global m6A
	Photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP), RNA Immunoprecipitation (RIP) and RNA pull-down assay
	Polysome profiling
	Measurements of the decay of mRNA and protein
	Measurement of glycolysis
	Mouse experiments
	Proteomics and bioinformatics
	Data availability
	Statistical analysis

	Results
	M6A levels in LUAD are determined by METTL3 and ALKBH5
	m6A-dependent pro-glycolytic outcomes are synergized by upregulation of METTL3 and downregulation of ALKBH5
	ENO1 is associated with m6A levels to boost LUAD progression
	Increased m6A levels lead to increased glycolysis via ENO1
	M6A methylation stimulates translation of ENO1 and glycolysis via 359 A in LUAD cells
	The m6A reader YTHDF1 is essential for executing m6A-dependent stimulation of ENO1 translation and function
	Clinical and translational significance of the current study

	Discussion
	Conclusions
	Acknowledgements
	References


