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Studies on biological functions of RNA modifications such as N 6-methyladenosine
(m6A) in mRNA have sprung up in recent years, while the roles of N1-methyladenosine
(m1A) in cancer progression remain largely unknown. We find m1A demethylase
ALKBH3 can regulate the glycolysis of cancer cells via a demethylation activity depen-
dent manner. Specifically, sequencing and functional studies confirm that ATP5D, one
of the most important subunit of adenosine 50-triphosphate synthase, is involved in
m1A demethylase ALKBH3-regulated glycolysis of cancer cells. The m1A modified A71
at the exon 1 of ATP5D negatively regulates its translation elongation via increasing
the binding with YTHDF1/eRF1 complex, which facilitates the release of message
RNA (mRNA) from ribosome complex. m1A also regulates mRNA stability of E2F1,
which directly binds with ATP5D promoter to initiate its transcription. Targeted spe-
cific demethylation of ATP5D m1A by dm1ACRISPR system can significantly increase
the expression of ATP5D and glycolysis of cancer cells. In vivo data confirm the roles of
m1A/ATP5D in tumor growth and cancer progression. Our study reveals a crosstalk
of mRNA m1A modification and cell metabolism, which expands the understanding of
such interplays that are essential for cancer therapeutic application.
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N1-methyladenosine (m1A) has been identified since the 1960s (1). As the predominant
modification in transfer RNA (tRNA) and ribosome RNA (rRNA), the abundance of
m1A in message RNA (mRNA) is 10 times less common than that of N 6-methyladeno-
sine (m6A) (2, 3). In mRNA, m1A has been discovered in every mRNA segment and
acts as a unique type of base methylation to block Watson–Crick base pairing and alter
mRNA structural stability (4, 5). TRMT6/TRMT61A complex in the cytosol and
TRMT10C/TRMT61B complex in the mitochondria are putative m1A methyltransfer-
ases (6). ALKBH3 has been identified as the only m1A eraser which demethylates RNA
(3, 7). Although it is prevalent, little is known about the functional roles in human dis-
eases including cancer.
Recently, metabolic alteration is gaining increasing attention in cancer research due to

the oncogenic roles to support malignant tumor initiation and progression (8). Cancer
cells heavily rely on glycolysis to obtain energy even in the presence of oxygen (9), which
is the most important feature of metabolic reprogramming in cancers. Blocking glycolysis
has been considered as an attractive therapeutic intervention to suppress cancer cell
growth and metastasis (10). Further, glycolysis can modulate tumor microenvironment
to trigger the angiogenesis and immune evasion of cancers (11, 12). Therefore, under-
standing the molecular mechanisms regulating glycolysis is essential for investigating
novel cancer therapy targets and strategies.
It has been revealed that interrelationship between metabolic reprogramming and

epigenetic alterations can modulate each other to trigger cancer progression (13). For
example, liver kinase B1 (LKB1) deficiency sensitizes cells and tumors to inhibition of
serine biosynthesis and DNA methylation (14). Further, lactate-derived lactylation of
histone lysine residues serves as an epigenetic modification that directly stimulates gene
transcription from chromatin (15). As to RNA modification, the m6A reader
YTHDC2 can regulate of hepatic lipogenesis and triglyceride homeostasis (16), while
R-2-hydroxyglutarate can attenuate aerobic glycolysis in leukemia by targeting the
FTO/m6A/PFKP/LDHB axis (17). Our recent study indicated that m6A regulates gly-
colysis of cancer cells via methylation of 50 untranslated region (50UTR) of pyruvate
dehydrogenase kinase 4 (PDK4) to regulate its translation elongation and mRNA sta-
bility (18). However, whether m1A modification can regulate the metabolic program-
ming of cancer cells and then modulate cancer development remains unknown.
Our present study reveals that m1A can positively regulate glycolysis of cancer cells

via regulation of ATP5D, a subunit of mitochondrial adenosine 50-triphosphate (ATP)
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synthase which plays an important role in coupling proton
translocation and ATP production (19). We found that m1A
methylation negatively regulates transcription and translation of
ATP5D mRNA, which results in regulation of glycolysis and
growth of cancer cells.

Results

m1A Regulated Glycolysis and Malignancy of Cancer Cells.
Since ALKBH3 has been identified as the only eraser for mRNA
m1A (3, 7), we generated ALKBH3�/� HeLa cells in our previ-
ous study (20) by using CRISPR/Cas9 editing system and SiHa
stable knockdown (KD) cells by the use of short hairpin RNA
(shRNA) (Fig. 1A). High-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) (Fig. 1B) and dot-
blot (SI Appendix, Fig. S1A) analysis showed that levels of m1A
in mRNA of ALKBH3 KD cells were significantly greater than
that in control cells. Knockdown of ALKBH3 suppressed growth
(Fig. 1C), colonization (SI Appendix, Fig. S1B), migration (SI
Appendix, Fig. S1C), and invasion (SI Appendix, Fig. S1D) of
HeLa and SiHa cells while increased chemosensitivity of HeLa
cells to doxorubicin (Dox) and cisplatin (CDDP) treatment (SI
Appendix, Fig. S1E). Cells with knockdown of ALKBH3 exhib-
ited significantly lower glucose consumption, lactate production
rate, and ATP levels than that of their control cells (Fig. 1 D–F).
Further, ALKBH3�/� HeLa (Fig. 1F) and sh-ALKBH3 SiHa
(Fig. 1G) cells displayed decreased extracellular acidification rate
(ECAR), which reflects overall glycolytic flux.
We then generated catalytically inactive ALKBH3 mutants

R122S and L177A (20). The m1A demethylation effect of
ALKBH3 had been markedly decreased by mutation of R122S
and L177A (SI Appendix, Fig. S1F and G). Further, neither
R122S nor L177A mutants had comparable effect of wild-type
(WT) ALKBH3-induced up-regulation of glucose consump-
tion, lactate production, and ATP productions (Fig. 1 I–K).
Overexpression of ALKBH3 WT constructs, while not R122S
or L177A mutant, reversed the down-regulation of glucose con-
sumption in ALKBH3�/� HeLa cells (Fig. 1L). It indicated
that ALKBH3 can positively regulate cancer metabolism in an
m1A demethylase enzyme activity-dependent manner.

ATP5D Was Involved in m1A-Regulated Glycolysis of Cancer
Cells. We next investigated potential targets involved in m1A-
regulated metabolic shift of cancer cells. First, mRNA sequenc-
ing (mRNA-seq) showed in ALKBH3�/� cells, 667 genes were
up-regulated while 252 genes were down-regulated (SI Appendix,
Table S1). Gene Set Enrichment Analysis found that the epithe-
lial mesenchymal transition (SI Appendix, Fig. S2A), angiogenesis
(SI Appendix, Fig. S2B), and xenobiotic metabolism (SI
Appendix, Fig. S2C) were also inhibited in ALKBH3�/� cells.
Considering that there were different conclusions for m1A sites in
human transcriptome (2, 3, 5), we therefore evaluated whether
the down-regulated genes were due to m1A methylation by over-
lapping analysis these genes with the previously reported m1A
methylated mRNAs.
Overlap analysis showed that nine candidates overlapping

among down-regulated genes in ALKBH3�/� HeLa cells and
m1A modified genes in three human cell lines including HeLa,
HEK293T, and HepG2 identified by Dominissini et al. (2)
(Fig. 2A and SI Appendix, Table S2). In addition, six overlapped
genes were observed between down-regulated genes in
ALKBH3�/� HeLa cells and m1A modified genes in HEK293T
identified by Li et al. (3) (Fig. 2B and SI Appendix, Table S2).
Further, eight overlapped genes were observed between down-

regulated genes in ALKBH3�/� cells and transcripts containing
an m1A-miCLIP cluster in HEK293T cells identified by Groz-
hik et al. (21) (Fig. 2C and SI Appendix, Table S2). Fifteen over-
lapped genes were observed between down-regulated genes in
ALKBH3�/� cells and m1A modified genes identified by Esteve-
Puig et al. (22) (Fig. 2D and SI Appendix, Table S2). ATP5D
was the only candidate gene simultaneously observed in four
overlap analyses, while TRIM28 was simultaneously observed in
three overlap analyses (Fig. 2E). Consistently, our m1A-seq data
revealed that there was significant enrichment of m1A in coding
sequence (CDS) regions of ATP5D in HeLa cells, further, this
enrichment was further increased in ALKBH3�/� HeLa cells as
compared with that in control (Fig. 2F), which is consistent
with that in HEK293T identified by Li et al. (3) (SI Appendix,
Fig. S2D). Knockdown of ALKBH3 can inhibit mRNA of
ATP5D and TRIM28 in both HeLa and SiHa cells (SI
Appendix, Fig. S2E), while the inhibition effect for ATP5D was
greater than that for TRIM28.

ATP5D is the δ subunit of ATP synthase which plays an
important role in coupling proton translocation and ATP pro-
duction (19, 23). m1A quantitative polymerase chain reaction
(qPCR) confirmed that an approximately threefold m1A antibody
enriched ATP5D mRNA in HeLa cells, which was increased in
ALKBH3�/� HeLa cells (Fig. 2G). Similar results were also
obtained in SiHa cells (SI Appendix, Fig. S2F). However, neither
m1A pull down enrichment nor m1A up-regulation in
ALKBH3�/� HeLa cells were observed for the negative candidate
gene ATP5A1 (SI Appendix, Fig. S2G). It indicated that ATP5D
mRNA was modified by m1A and the methylation was regulated
by ALKBH3.

ALKBH3 possesses the ability to demethylate m1A and m3C
in RNA and single-stranded DNA (7), respectively. However,
neither m3C pull down enrichment nor m3C up-regulation in
ALKBH3�/� HeLa cells were observed for ATP5D mRNA (SI
Appendix, Fig. S2H), which indicated that ALKBH3-regulated
ATP5D should be m1A-dependent rather than m3C-dependent.
Protein levels of ATP5D were decreased in ALKBH3 KD cells
(Fig. 2H). Overexpression of ALKBH3, while not R122S or
L177A, significantly increased protein expression of ATP5D
(Fig. 2I). Consistently, overexpression of ALKBH3, while not
ALKBH3-R122S or L177A, significantly suppressed the m1A
methylation of ATP5D mRNA in HeLa cells (Fig. 2J ).

In order to confirm whether ATP5D was involved in m1A-
regulated glycolysis of cancer cells, both WT and ALKBH3�/�

HeLa cells were transfected with ATP5D constructs (Fig. 2K).
Overexpression of ATP5D can reverse the down-regulation of
glucose consumption, lactate production rate, and ATP levels
(Fig. 2L) and ECAR (Fig. 2M) of ALKBH3�/� HeLa cells. It
confirmed that ATP5D is involved in m1A-regulated glycolysis
of cancer cells.

m1A Negatively Regulated Transcription and Translation of
ATP5D mRNA. We then investigated mechanisms responsible for
m1A-regulated expression of ATP5D. Quantitative real time–poly-
merase chain reaction (qRT-PCR) showed that the mature-mRNA
(Fig. 3A) and precursor-mRNA (Fig. 3B) of ATP5D were
decreased in ALKBH3 knockdown cells. There is no significant
difference for stability of mature-mRNA (SI Appendix, Fig. S3A)
or splicing rate of precursor-mRNA (SI Appendix, Fig. S3B) of
ATP5D between WT and ALKBH3�/� cells. Further, by separat-
ing nuclear and cytoplasmic RNAs (SI Appendix, Fig. S3C), we
found that there was no difference for subcellular localization of
neither mRNA (SI Appendix, Fig. S3D) nor protein (SI Appendix,
Fig. S3C) of ATP5D between WT and ALKBH3�/� HeLa cells.
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However, deletion of ALKBH3 can significantly decrease the
promoter activities of ATP5D (Fig. 3C). However, no similar
effect has been observed for pyruvate dehydrogenase kinase 4
(PDK4), one target found to be regulated by m6A in our previous
study (18) while not observed in m1A induced variated genes in
the present study (Fig. 3C). Further, nuclear run-on reverse tran-
scription PCR (RT-qPCR) assay showed that the nascent tran-
script of ATP5D in ALKBH3 KD cells were significantly less
than that in control cells (Fig. 3D). Consistently, WT ALKBH3,
while not ALKBH3 mutants R122S and L177A, can increase the
promoter activities of ATP5D in HeLa cells (Fig. 3E). It sug-
gested that m1A can negatively regulate transcription of ATP5D.
We further investigated the potential effect of m1A on trans-

lation and posttranslation of ATP5D. The half-lives of ATP5D
protein were similar between WT and ALKBH3�/� HeLa cells
(Fig. 3F). Further, co-immunoprecipitation (co-IP) analysis
showed that there is no direct protein–protein interaction
between endogenous ALKBH3 and ATP5D (SI Appendix, Fig.
S3E). However, knockdown of ALKBH3 significantly decreased
the translation efficiency of endogenous ATP5D mRNA (24)
(Fig. 3G). Consistently, WT ALKBH3, while not R122S and
L177A mutants, can increase the mRNA (Fig. 3H) and transla-
tion efficiency (Fig. 3I) of ATP5D in HeLa cells. We further
generated luciferase reporters by fusion of F-Luc and ATP5D

CDS regions in pmiR-GLO plasmid (Fig. 3J). The dual-
luciferase assay showed that translation efficiency of ATP5D in
ALKBH3�/� HeLa cells was significantly less than that in HeLa
WT cells (Fig. 3J). It suggested that m1A can negatively control
ATP5D translation.

We further checked mechanisms involved in m1A-regulated
translation of ATP5D. After performing ribosome profile, we
isolated nontranslating fraction (<40S), translation initiation
fraction (including 40S and 60S ribosomes, 80S monosomes,
<80S) and translation active polysomes (>80S) (Fig. 3K).
qPCR showed ATP5D mRNA in translation active polysomes
(>80S), rather than that in monosome, of ALKBH3�/� cells were
significantly lower than that in WT cells (Fig. 3L). Read coverage
plots of the Ribo sequencing (Ribo-seq) and RNA sequencing
(RNA-seq) data for ATP5D showed a dramatic decrease in ribo-
some occupancy in ALKBH3�/� cells (Fig. 3M). It indicated that
ALKBH3 and m1A regulated the translation elongation and/or
termination of ATP5D.

YTHDF1/eRF1 Was Involved in m1A-Regulated Translation of
ATP5D mRNA. YTHDF1/2/3 and YTHDC1 can recognize
m1A methylated mRNA to regulate translation (25–27). CLIP-
PCR showed that YTHDF1/2/3 and YTHDC1 can bind with
ATP5DmRNA, while only the binding with YTHDF1 was

Fig. 1. m1A regulated glycolysis and malig-
nancy of cancer cells. (A–C) The expression of
ALKBH3 (A), m1A/A ratio of mRNA (B), and rela-
tive fold of cell proliferation (C) of ALKBH3�/�

HeLa, sh-ALKBH3 SiHa and control cells. (D–F)
The glucose consumption (D), lactate produc-
tion (E), and ATP levels (F) in ALKBH3�/� HeLa,
sh-ALKBH3 SiHa, and control cells; (G and H)
The cellular ECAR of ALKBH3-/� HeLa (G) or
sh-ALKBH3 SiHa (H) cells and control cells. (I–K)
The glucose consumption (I), lactate production
(J), and ATP (K) levels in HeLa cells transfected
with vector control, ALKBH3, ALKBH3-R122S, or
ALKBH3-L177A constructs for 48 h. (L) WT and
ALKBH3�/� HeLa cells were transfected with
vector control, ALKBH3, ALKBH3-R122S, or
ALKBH3-L177A constructs for 48 h, the glucose
consumption was checked.
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significantly increased in ALKBH3�/� cells (Fig. 4A). Consis-
tently, increased binding between YTHDF1 and ATP5D
mRNA in sh-ALKBH3 SiHa cells have been observed by
CLIP-qPCR (Fig. 4B). It indicated that YTHDF1 may be
involved in m1A-regulated expression of ATP5D.
Subsequently, we checked the binding between ATP5D

mRNA with the key factors for translation initiation, elongation,
and termination. Results showed binding between ATP5D and
translation initiation factor eIF4E was not variated in ALKBH3�/�

cells (SI Appendix, Fig. S4A). Further, the binding between

ATP5D mRNA with two elongation factors eEF-2 or eEF-1 in
ALKBH3�/� cells was not significantly variated (SI Appendix,
Fig. S4B). We further evaluated the binding between ATP5D
mRNA with eukaryotic termination factors eRF1 and eRF3
(28). The binding of ATP5D mRNA with release factors eRF1,
while not eRF3, was significantly increased in ALKBH3�/�

HeLa (Fig. 4C) and sh-ALKBH3 SiHa (Fig. 4D) cells. It indi-
cated that knockdown of ALKBH3 can increase the binding
between ATP5D mRNA and eRF1, which resulted in enhanced
termination efficiency.

Fig. 2. ATP5 was involved in m1A-regulated glycolysis of cancer cells. (A) Venn diagram shows substantial and significant overlap among down-regulated
genes in ALKBH3�/� HeLa cells, and m1A enriched genes in HeLa, HEK293T, and HepG2 cells (2). (B–D) Venn diagram shows substantial and significant over-
lap among down-regulated genes in ALKBH3�/� HeLa cells, and (B) m1A enriched genes in HEK293T identified by Li et al. (3), (C) transcripts containing an
m1A-miCLIP cluster in HEK293T cells identified by Grozhik et al. (21), and (D) m1A modified genes identified by Esteve-Puig et al. (22). (E) Venn diagram shows
mRNAs overlap among the analysis of (A)–(D). (F) m1A peaks were enriched in CDS of ATP5D genes from m1A RIP-seq in WT or ALKBH3�/� HeLa cells. (G) m1A
RIP-qPCR analysis of ATP5D mRNA in WT and ALKBH3�/� HeLa cells. (H) The protein expression of ATP5D was measured in ALKBH3�/� HeLa or sh-ALKBH3
SiHa cells and control cells. (I and J) The expression (I) and m1A enrichment (J) of ATP5D in HeLa cells transfected with vector control (pcDNA), ALKBH3,
ALKBH3-R122S, or ALKBH3-L177A constructs for 24 h. (K and L) WT or ALKBH3�/� HeLa cells transfected with ATP5D constructs or vector control for 24 h (K) and
then the glucose consumption, lactate production, and ATP levels were checked (L). (M) The cellular ECAR in WT or ALKBH3�/� HeLa cells transfected with ATP5D
constructs or vector control for 24 h.
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RNA modification readers can interact with translation regu-
lators to modulate translation efficiency (29). Co-IP analysis
showed that YTHDF1 and eRF1, while not eEF-1/-2 or eRF3,
was significantly increased in ALKBH3�/� HeLa (Fig. 4E) and
sh-ALKBH3 SiHa (Fig. 4F) cells. The binding between
YTHDF1 and eRF1 was RNA-dependent since RNase treat-
ment can decrease this binding (Fig. 4G). We constructed
ATP5D overexpression plasmid with 2 × MS2bs and performed
co-IP analysis by HA antibody (Fig. 4H). YTHDF1/eRF1 was
more abundant in ATP5D mRNA in ALKBH3�/� cells com-
pared to control (Fig. 4I). Knockdown of YTHDF1 attenuated

ALKBH3-induced protein expression of ATP5D (Fig. 4J), while
it had no significant effect on ALKBH3 mRNA (Fig. 4K). It
suggested that YTHDF1 may recognize m1A methylated
ATP5D mRNA and recruit eRF1 to suppress translation elonga-
tion and enhance termination efficiency.

A71 at Exon 1 was the Key Site of m1A Methylation and
Translation of ATP5D. We further investigated the methylation
site of ATP5D. m1A-RIP-PCR showed that the m1A enrich-
ment of ATP5D CDS, rather than 50UTR or 30UTR, was sig-
nificantly increased in ALKBH3�/� cells (Fig. 5A), suggesting

Fig. 3. m1A negatively regulated transcription and translation of ATP5D mRNA. (A and B) The mature mRNA (A) and precursor mRNA (B) of ATP5D in
ALKBH3�/� HeLa, sh-ALKBH3 SiHa, and control cells. (C) The promoter activities of ATP5D and PDK4 in ALKBH3�/� HeLa, sh-ALKBH3 SiHa, and control cells.
(D) The nascent transcript of ATP5D in ALKBH3-/� HeLa, sh-ALKBH3 SiHa, and control cells checked by nuclear run-on assay. (E) The promoter activities of
ATP5D in HeLa cells cotransfected with promoter reporter and WT or mutant ALKBH3 constructs for 24 h. (F) WT or ALKBH3�/� HeLa cells were treated with
CHX for 0–12 h, the protein expression of ATP5D was detected (Left) and quantitatively analyzed (Right). (G) The translation efficiency of endogenous ATP5D
was checked by normalization of ATP5D protein levels to the relative mRNA abundance. (H) HeLa cells were transfected with vector control, WT, and mutant
ALKBH3 for 24 h, the mRNA of ATP5D was checked. (I) The translation efficiency of ATP5D in HeLa cells transfected with vector control, WT, and mutant
ALKBH3 for 24 h. (J) HeLa cells were transfected with pmirGLO-ATP5D reporter for 24 h. Levels of F-Luc/R-Luc, mRNA of F-Luc/R-Luc, and the relative transla-
tion efficiency of F-Luc were checked. The translation efficiency is defined as the quotient of F-Luc/R-Luc divided by mRNA abundance. (K) The polysome pro-
filing of WT or Alkbh3�/� HeLa cells were analyzed. (L) Analysis of ATP5D mRNA in <40S, 40S, 60S+80S, and polysome in WT and ALKBH3�/� HeLa cells by
qRT-PCR. (M) BedGraphs of total mRNA levels (RNA-seq) and RPFs (Ribo-seq) for the ATP5D genes in WT and ALKBH3�/� HeLa cells.
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that m1A methylation in CDS. Further, fragmented RNA m1A-
RIP-PCR showed enrichment of exon 1, rather than exon 2, 3, or
4, was significantly increased in ALKBH3�/� cells (Fig. 5B).
Further, overexpression of ALKBH3 can decrease the m1A methyla-
tion of ATP5D exon 1 (SI Appendix, Fig. S5A), while had no simi-
lar effect on ATP5D exon 2 (SI Appendix, Fig. S5B), in HeLa cells.
It suggested that the m1A methylation occurs at the exon 1 of
ATP5D mRNA.
There are 12 “A” sites in the exon 1 (SI Appendix, Fig. S5C).

Considering that m1A methylation may occur in highly struc-
tured or GC-rich regions, we mutated seven “A” sites in the
GC-rich regions to generate pmiR-GLO-exon1-WT and
exon1-Mut-1/2/3/4 (Fig. 5C). Mutation of A71, while not
others, can significantly increase the expression of F-Luc in
HeLa cells (Fig. 5D). Deletion of ALKBH3-suppressed expres-
sion of F-Luc/R-Luc was significantly reversed by the mutation
of A71, while not others (Fig. 5D). Over expression of
ALKBH3 can significantly increase the expression of F-Luc of
pmiR-GLO-exon1-WT, while this effect was markedly attenu-
ated as for pmiR-GLO-exon1-Mut2 (A71 mutation) (Fig. 5E).
Further, deletion of ALKBH3 can significantly increase the
m1A methylation of F-Luc-ALKBH3-exon1 fusion mRNA,
however, the A71 mutation can decrease the m1A methylation

of fusion mRNA and further block ALKBH3 deletion-
increased m1A of fusion mRNA (Fig. 5F). We further per-
formed m1A-induced reverse transcription (RT) arrest in the
ATP5D mRNA using the primer extension assay. RT was
arrested at m1A-71, but not at A53 or A105 (Fig. 5G), indicat-
ing m1A-71 is a true methylation residue (6, 30).

A single-base elongation- and ligation-based qPCR amplifica-
tion method (termed “SELECT”) was developed according to
the previous study (31) to confirm the site (Fig. 5H). The
results of SELECT confirmed the m1A site in the Exon1 region
of ATP5D at A71 in both HeLa and SiHa cells (Fig. 5I), while
the nearby nucleotide A65 showed no m1A modification (SI
Appendix, Fig. S5D). Our data confirmed that the m1A at A71
of the ATP5D exon 1 exists and is reversibly modified.

In addition, deletion of ALKBH3 had no significant effect
on the mRNA expression of Flag-fused WT and A71C mutant
ATP5D mRNA (Fig. 5J), however, the deletion of ALKBH3-
suppressed protein expression of ATP5D was abolished by
A71C mutant (Fig. 5K). Consistently, A71C mutant abolished
the down-regulation of translation efficiency of ATP5D in
ALKBH3�/� cells (Fig. 5L). It might be due to the mutation
of A71 to C has a great influence on the secondary structure
of ATP5D mRNA (SI Appendix, Fig. S5F). Similarly, the

Fig. 4. YTHDF1/eRF1 was involved in m1A-
regulated translation of ATP5D mRNA. (A)
CLIP-qPCR analysis of ATP5D mRNA in WT and
ALKBH3�/� HeLa cells by use of antibodies of
YTHDF1/2/3 or YTHDC1. (B) CLIP-qPCR analysis
of ATP5D mRNA in sh-control and sh-ALKBH3
Siha cells by use of antibody of YTHDF1.
(C) CLIP-qPCR analysis of ATP5D mRNA in WT
and ALKBH3�/� HeLa cells by use of antibody
of eRF1 or eRF3. (D) CLIP-qPCR analysis of
ATP5D mRNA in sh-control and sh-ALKBH3
Siha cells by use of antibody of eRF1. (E) Bind-
ing between YTHDF1 with eEF-1/2 or eRF1/3
was checked by immunoprecipitation by pull-
down of YTHDF1. (F) Binding between YTHDF1
with eRF1/3 in sh-ALKBH3 SiHa and control
cells were checked by immunoprecipitation by
pull down of YTHDF1. (G) Cell lysis of HeLa
cells were treated with or without RNase, and
the binding between YTHDF1 with eRF1 was
checked by immunoprecipitation. (H and I)
Interactions between ATP5D mRNA (β-MS2bs)
and YTHDF1/eRF1 in WT and ALKBH3�/� HeLa
cells were checked by immunoprecipitation by
pull-down with pulled recombinant HA-MS2 pro-
tein. (J and K) HeLa cells were cotransfected with
si-NC, si-YTHDF1, vector control, and ALKBH3
plasmid for 24 h, and the protein (J) and mRNA
(K) expression of ATP5D were checked.
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∼5 kcal/mol destabilization of m1A on RNA duplex may mark-
edly alter the secondary structure of ATP5D mRNA. All these
data suggested that A71 of ATP5D was the site for m1A
methylation-regulated translation.

E2F1 Was Involved in ALKBH3-Regulated Transcription of
ATP5D. The ENCODE chromatin immunoprecipitation
sequencing (ChIP-seq) data in ChIPBase (32), PROMO with
5% maximum matrix dissimilarity rate (33), and JASPAR (34)
were used to identify transcription factors (TFs) involved in
m1A regulated transcription of ATP5D. Among the identified
factors (SI Appendix, Table S3), six factors including MZF1,
CEBPB, YY1, CEBPA, E2F1, and GATA2 were overlapping
among three databases (Fig. 6A). Among the six identified fac-
tors, mRNA expression of E2F1 decreased in ALKBH3 knock-
down HeLa (Fig. 6B) and SiHa (SI Appendix, Fig. S6A) cancer
cells. Further, ALKBH3 knockdown decreased the protein
expression of E2F1 in cancer cells (Fig. 6C). Consistently, over-
expression of ALKBH3 increased the mRNA (SI Appendix, Fig.
S6B) and protein (SI Appendix, Fig. S6C) expression of E2F1.

Overexpression of E2F1 (SI Appendix, Fig. S6D) increased
the precursor mRNA (Fig. 6D) and promoter activity (Fig. 6E)
of ATP5D. In addition, overexpression of E2F1 attenuated dele-
tion of ALKBH3-induced down-regulation of ATP5D mature
mRNA (Fig. 6F) and protein (Fig. 6G). E2F1 can restore dele-
tion of ALKBH3-suppressed transcriptional activities of ATP5D
(Fig. 6H). ChIP-qPCR assays demonstrated that E2F1 had a sig-
nificant enrichment of ATP5D promoter over normal immuno-
globulin G (IgG) control (Fig. 6I), indicating a direct binding
between E2F1 and ATP5D promoter. The prediction results by
JASPAR indicated two putative sites with 85% similarity in
sequence of E2F1 binding motif (Fig. 6J). ChIP-qPCR assays
demonstrated the binding of E2F1 with putative site 1 was
much greater than that with putative site 2 in HeLa cells (Fig.
6K). We then mutant the two putative sites of ATP5D pro-
moter to generate pGL3-ATP5D-Mut 1 and pGL3-ATP5D-
Mut 2 reporter (SI Appendix, Fig. S6E). Results showed that
mutate of site 1, while not site 2, can significantly abolish E2F1-
induced expression of F-Luc in HeLa cells (Fig. 6L). It suggested
that E2F1, which was regulated by ALKBH3, can regulate the

Fig. 5. A71 at exon 1 was the key site of m1A methylation of ATP5D. (A) The m1A in ATP5D in WT and ALKBH3�/� HeLa cells were analyzed by m1A-RIP-
qPCR using fragmented RNA. (B) The m1A in ATP5D in WT and ALKBH3�/� HeLa cells was analyzed by m1A-RIP-qPCR using fragmented RNA to analyze the
m1A enrichment of different exons. (C) Schematic representation of mutated (A)–(C) exon 1 of ATP5D mRNA of pmirGLO vector to investigate the roles of
m1A in ATP5D expression. (D) The relative luciferase activity of F-Luc/R-Luc of pmirGLO-exon1-WT, or pmirGLO-exon1-Mut-1/-2/-3/-4 in WT and ALKBH3�/�

HeLa cells. (E) The relative luciferase activity of F-Luc/R-Luc of pmirGLO-exon1-WT, or pmirGLO-exon1-Mut-2 in HeLa cells cotransfected with vector control or
ALKBH3 constructs. (F) WT and ALKBH3�/� HeLa cells were transfected with pmirGLO-exon1-WT or pmirGLO-exon1-Mut-1/-2 for 24 h, and the m1A in F-Luc-
exon fusion mRNA were analyzed by m1A-RIP-qPCR. (G) The RNA primer extension shows that the A�71 is m1A methylated. Purified mRNA from HeLa cells is
immunoprecipitated by m1A antibody. (H) Illustration of the SELECT m1A detection method for specific transcripts. (I) The threshold cycle (CT) of qPCR showing
SELECT results for detecting m1A site in ATP5D at A71 in ALKBH3�/� HeLa or sh-ALKBH3 SiHa cells and control cells. (J–L) WT and ALKBH3�/� HeLa cells were
transfected with constructs of Flag-ATP5D-WT and Flag-ATP5D-A71C for 24 h, and the mRNA (J), protein (K), and translation efficiency (L) were checked.
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Fig. 6. E2F1 was responsible for m1A-regulated transcription of ATP5D. (A) Venn diagram shows the overlap of transcription factors of ATP5D predicted by
PROMO ChIPBase, and JASPAR. (B) The mRNA levels of predicted TFs in WT and ALKBH3�/� HeLa cells were checked by qRT-PCR. (C) The expression of E2F1
was checked by Western blot analysis. (D) Cells were transfected with vector control or E2F1 constructs for 24 h, and the precursor mRNA levels of ATP5D
were checked by qRT-PCR. (E) Cells were cotransfected with ATP5D promoter luciferase reporter (pGL-ATP5D) with vector control or E2F1 constructs for
24 h, and the promoter activity was checked. (F and G) WT and ALKBH3�/� HeLa cells were transfected with vector control or E2F1 constructs for 24 h, and
the mRNA (F) and protein (G) levels of ATP5D were checked. (H) WT and ALKBH3�/� HeLa cells were transfected with ATP5D promoter luciferase reporter
(pGL-ATP5D) with vector control or E2F1 constructs for 24 h, and the promoter activity was checked. (I) The binding between ATP5D promoter and E2F1 was
checked by ChIP-PCR by use of anti-E2F1 antibody. (J) Two putative sites with 85% similarity in sequence of E2F1 binding motif in promoter of ATP5D. (K) The
binding between ATP5D promoter two putative sites and E2F1 in HeLa cells was checked by ChIP-PCR by use of anti-E2F1 antibody. (L) The WT and two
mutant ATP5D promoter luciferase reporter (pGL-ATP5D) in HeLa cells transfected with vector control or E2F1 constructs. (M) m1A RIP-qPCR analysis of E2F1
mRNA in WT and ALKBH3�/� HeLa cells. (N) WT and ALKBH3�/� HeLa cells were treated with Act-D for 0–8 h, and the mRNA stability of E2F1 was checked by
qRT-PCR. (O) CLIP-qPCR analysis of E2F1 mRNA in WT and ALKBH3�/� HeLa cells by use of antibodies of YTHDF2. (P) HeLa cells were pretransfected with
si-NC or si-YTHDF2 for 24 h and then further treated Act-D for 0–8 h. The mRNA stability of E2F1 was checked by qRT-PCR.
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transcription of ATP5D via binding with the putative site at
-30 to -23 of ATP5D promoter.
Previous studies suggested that E2F1 mRNA was modified by

m1A methylation in human cells including HeLa (2), HepG2 (2),
and HEK293T cells (3). We found an approximate twofold m1A
antibody enriched E2F1 mRNA in HeLa cells, while this enrich-
ment was significantly increased in ALKBH3�/� HeLa cells (Fig.
6M). Further, knockdown of ALKBH3 decreased mRNA stability
of E2F1 (Fig. 6N), while it had no effect on its expression of pre-
cursor mRNA (SI Appendix, Fig. S6F) or protein stability (SI
Appendix, Fig. S6G). Increasing m1A levels can destabilize known
m1A-containing RNAs (27), likely through YTHDF2-mediated
mRNA decay (35). The binding between YTHDF2 and E2F1
mRNA in ALKBH3�/� cells were greater than that in WT cells
(Fig. 6O). Consistently, si-YTHDF2 can increase the mRNA sta-
bility of E2F1 (Fig. 6P). All these data suggested that E2F1 was
involved in ALKBH3-regulated transcription of ATP5D.

Targeting m1A of ATP5D by dm1ACRISPR to Regulate
Glycolysis. To specific demethylate m1A of ATP5D mRNA, we
developed the dm1ACRISPR by fusing the catalytically dead type
VI-B Cas13 enzyme with the m1A demethylase ALKBH3
according to our previous study (36) (Fig. 7A and SI Appendix,
Fig. S7A) and designed three guide RNAs (gRNAs) to target the
mRNA of ATP5D (Fig. 7B). WT Cas13b cotransfected with
three gRNAs, respectively, can significantly decrease the mRNA
levels of ATP5D (SI Appendix, Fig. S7B). However, transfection
with gRNA alone (SI Appendix, Fig. S7C) or gRNA with
dCas13b (SI Appendix, Fig. S7D) had no significant effect on the
mRNA expression of ATP5D in HeLa cells.

SELECT-qPCR (Fig. 7C) and m1A-RIP-qPCR (Fig. 7D)
showed that m1A levels of targeted site on ATP5D mRNA were
significantly decreased after transfecting cells with gRNAs, and
dCas13b-ALKBH3 in HeLa cells with gRNA-1 had the strongest
demethylation effect. Results showed that dm1ACRISPR targeting

Fig. 7. Targeting m1A of ATP5D by dm1ACRISPR reprograms metabolic of cancer cells. (A) Schematic illustration of the domain organization of the dCas13b-
ALKBH3 expression cassette and site-specific RNA targeting using dCas13b-guided fusion proteins. (B) Schematic representation of positions of m1A site within
ATP5D mRNA and the regions targeted by three gRNAs, respectively. (C) The Ct of qPCR showing SELECT results for detecting m1A site in the potential m1A site of
ATP5D. (D) The Ct of qPCR showing SELECT results for detecting m1A site in ATP5D in HeLa cells transfected with dCas13b-ALKBH3 combined with gRNA control or
gRNA1/2/3, respectively, for 24 h. (E) The protein expression of ATP5D in HeLa cells transfected with dCas13b-ALKBH3 combined with gRNA control or gRNA1/2/3,
respectively, for 24 h. (F and G) RIP-qPCR analysis of ATP5D mRNA in HeLa cells transfected with dCas13b-ALKBH3 combined with gRNA control (dC-A3) or gRNA for
ATP5D (dC-A3 + gRNA) for 24 h by use of antibodies against YTHDF1 (F) and eRF1 (G), respectively. (H and I) The mRNA expression (H) and translation efficiency (I) of
ATP5D in HeLa cells transfected with dCas13b-ALKBH3 combined with gRNA control or gRNA1/2/3, respectively, for 24 h. (J and L) The glucose consumption (J), lac-
tate production (K), and ATP levels (L) in HeLa cells transfected with gRNA control, gRNA1 for ATP5D, and dCas13b-ALKBH5 or dCas13b-ALKBH5-Mut for 24 h.
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ATP5D led to a significant up-regulation of protein expression
(Fig. 7E), while it had limited effect on mRNA expression (SI
Appendix, Fig. S7E), which was due to that the decrease of binding
between ATP5D mRNA with YTHDF1 (Fig. 7F) and eRF1 (Fig.
7G). Further, targeted demethylation of ATP5D m1A had a lim-
ited effect on mRNA levels (Fig. 7H), while increasing translation
efficiency (Fig. 7I) of ATP5D mRNA, indicating that dm1A-
CRISPR increased translation via demethylation of m1A at CDS
in the case of ATP5D.
We further generated catalytically inactive dCas13b-

ALKBH3 mutant (ALKBH3-R122S), which had no effect on
the m1A methylation of ATP5D mRNA (SI Appendix, Fig.
S7E) and its protein expression (SI Appendix, Fig. S7F),
whereas gRNA1 combined with dCas13b-ALKBH3 signifi-
cantly increased the glucose consumption (Fig. 7J), lactate pro-
duction (Fig. 7K), and ATP productions (Fig. 7L) as compared
with that of negative gRNA. However, gRNA1 for ATP5D
combined with dCas13b-ALKBH3 mutant had no significant
effect on glycolysis and ATP generation (Fig. 7J–L). This sug-
gests that targeting m1A of ATP5D by dm1ACRISPR can regu-
late the glycolysis and ATP generation of cancer cells.

m1A/ATP5D Axis Regulated Cervical Cancer Progression. We
further questioned m1A/ATP5D axis on the cancer progression.
Overexpression of ATP5D can reverse the suppressed growth
rate of ALKBH3 KD HeLa (Fig. 8A) and SiHa (SI Appendix,
Fig. S8A) cells and the suppression effect on migration (Fig.
8B) and invasion (Fig. 8C) of ALKBH3�/� HeLa cells, whereas
mutated A71C ATP5D construct had significantly less effect
than that of WT-ATP5D-reversed proliferation, migration, and
invasion of ALKBH3�/� HeLa cells (Fig. 8 A–C). Further,
HeLa WT, ALKBH3�/�, WTATP5D, ALKBH3�/� ATP5D, and
ALKBH3�/� ATP5D-Mut stable cells were used to establish xeno-
grafts (SI Appendix, Fig. S8B). Consistently, overexpression of
ATP5D can attenuate the suppression effect of ALKBH3�/� HeLa
cells on in vivo tumor growth, however, this effect was markedly
abolished by the mutant of A71C ATP5D (Fig. 8D). Immunohis-
tochemistry (IHC) showed that ALKBH3 depletion led to a lower
level of ATP5D in xenograft tumor tissues (Fig. 8E).
We investigated the possibility of a link between m1A meth-

ylation, ATP5D, and cancer development. ALKBH3 expression
in cervical cancer tissues was significantly (P < 0.01) greater
than that in normal tissues, according to Biewenga Cervix (Fig.
8F) and Pyeon Multi-Cancer (Fig. 8G) data from the Onco-
mine database. Consistently, the expression of ATP5D was sig-
nificantly (P<0.01) increased in cervical cancer tissues com-
pared with normal tissues according to the data from Scotto
Cervix (Fig. 8H) and Zhai Cervix (Fig. 8I). In addition,
YTHDF1 was also increased in in cervical cancer tissues
according to the data from Scotto Cervix (SI Appendix, Fig.
S8C) and Biewenga Cervix (SI Appendix, Fig. S8D). The
expression of ALKBH3 (Fig. 8J) and E2F1 (SI Appendix, Fig.
S8E) was positively correlated with ATP5D in cervical cancer
patients. Further, cervical cancer patients with increased expres-
sion of ALKBH3 (Fig. 8K) and ATP5D (Fig. 8L) showed
reduced overall survival (OS). This suggests that the m1A/
ATP5D axis regulates cervical cancer progression.

Discussion

As a hallmark, cancer cells heavily rely on glycolysis to obtain
energy regardless of the presence of oxygen (9). Our present
study revealed that m1A can regulate the translation and tran-
scription of ATP5D, the δ subunit of ATP synthase (19), to

regulate cancer cell glycolysis (Fig. 8M). To our knowledge, this
is the first study to reveal that m1A function as metabolic regula-
tor of cancer cells, which further confirms the important roles of
RNA medication on cancer cell glycolysis and metabolism.

Up to now, controversy has remained around the number
and function of m1A sites in the transcriptome, possibly due to
differences experimental procedures may resulting in different
quality of sequencing datasets Studies have indicated that m1A
modifies hundreds to thousand mRNAs in human cells (2, 3,
6, 25), however, Safra et al. (5) identified only 15 m1A sites in
mRNAs and long non-coding RNAs (lncRNAs), with 9 in
cytosolic mRNAs, 1 in cytosolic lncRNAs, and 5 in mitochon-
drial RNAs (mtRNAs). Here, we provide solid evidence that
ATP5D was modified at A71 of exon 1 and its expression was
regulated by m1A modification: (1) m1A-RIP-qPCR showed a
significant enrichment of ATP5D mRNA, while SELECT-
PCR confirmed the delay at qPCR for A71 of exon 1; (2)
ALKBH3 can regulate the m1A methylation and ATP5D
expression via m1A-related enzyme activities; (3) RT was
arrested at m1A-71, but not at A53 or A105 (Fig. 5G), indicat-
ing m1A-71 is a true methylation residue (6, 30); and (4)
ATP5D had been reported to be modified by m1A in human
cells by various previous studies (2, 3, 22, 37). Our data con-
firmed that the m1A at A71 of the ATP5D exon 1 exists and is
reversibly modified.

Little is known about biological function and roles of m1A in
cancers. We found that the m1A of ATP5D mRNA can recruit
m1A reader YTHDF1, which forms a complex with eRF1, to
facilitate the translation termination and decrease translation
efficiency. m1A at CDS in mtRNA can prevent the effective
translation of modified codons due to the Watson–Crick dis-
ruptive nature (5, 6). Ribosome profiling also revealed that m1A
at 50 cap and 50 UTR in nuclear mRNA may play a role in pro-
moting translation (6). Here, our results reveal that YTHDF1/
eRF1 can bind with m1A methylated mRNA to trigger mRNA
release from translation machinery, which might be a mecha-
nism which was responsible for m1A suppressed mRNA
translation.

We also found that m1A also regulates mRNA stability of
E2F1, which directly binds with ATP5D promoter to initiate
its transcription. A recent study indicated that ALKBH3-
induced m1A demethylation increases the CSF-1 mRNA stabil-
ity in breast and ovarian cancer cells to trigger cell invasion
(30). Another study suggested that m1A “reader” YTHDF3
bound to mRNA of IGF1R to promote mRNA degradation
(25). Similarly, our data show that deletion of m1A demethy-
lase ALKBH3 can decrease the mRNA stability of E2F1. The
presence of m1A at different codons may lead to not only stall-
ing of translation but also decay of the target mRNA due to
mechanisms such as no-go decay with stalled ribosomes (38).
Mechanisms involved in ALKBH3-regulated E2F1 mRNA sta-
bility need further investigation.

Collectively, our study sheds light on how m1A methylation
of RNA regulates the cell metabolic process. We cannot exclude
the possibility that other genes were also involved in m1A-regu-
lated metabolic shifting—ALKBH3 demethylates m1A and
m3C in RNA and single-stranded DNA (7)—and other factors
may also contribute to ALKBH3-regulated expression of
ATP5D. However, our study reveals a crosstalk of mRNA m1A
modification and cell metabolism, furthermore, the results
expand our understanding of m1A on mRNA expression and
indicate the direction for therapeutic application. Our data also
suggest that ALKBH3/m1A/ATP5D signals may serve as useful
target molecules for human cancer therapy.
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Materials and Methods

SELECT qPCR for m1A Detection. SELECT qPCR method was following Xiao’s
protocol (31) with slight modifications. Qubit (Thermo Fisher Scientific) with Qubit
RNA HS Assay Kit (Thermo Fisher Scientific) was used to quantified total RNAs.
Then, 1,500 ng of total RNA was mixed with 40 nM up and down primers and
5 μM dNTP in 17 μL 1× CutSmart buffer (NEB). The mixture was incubated with
the follow program: 90 °C for 1 min, 80 °C for 1 min, 70 °C for 1 min, 60 °C for
1 min, 50 °C for 1 min, and 40 °C for 6 min. The sample was further mixed with
0.5 U SplintR ligase, 10 nM ATP, and 3 μL of 0.01 U Bst 2.0 DNA polymerase
and incubated at 40 °C for 20 min and denatured at 80 °C for 20 min. After,
20 μL qPCR reaction containing 2 μL of final reaction mixture, 2× SYBR Green
Master Mix (TaKaRa), and 200 nM SELECT primers (listed in the SI Appendix) was

performed. The qPCR program was 95 °C, 5 min; (95 °C, 10 s; 60 °C, 35 s) ×
40 cycles; 95 °C, 15 s; 60 °C, 1 min; 95 °C, 15 s; 4 °C, hold. Results were calcu-
lated by normalized the threshold cycle (Ct) values of samples to their correspond-
ing Ct values of control. All assays were performed with three independent
experiments.

Design of the Guide RNAs for dm1ACRISPR. mRNA sequences of all iso-
forms of target genes were subjected to alignment analysis to identify the
common regions, which were acted as targeting candidates for gRNA design.
gRNAs targeting CDS region of ATP5D were designed, all designed gRNAs
were subject to MEGABLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to avoid
mismatching to unexpected mRNA in human genome. The sequences of
gRNAs were: gRNA1, 50-AGA ATG TTG GCG AGT CTC AC-30; gRNA2, 50-GGA

Fig. 8. m1A/ATP5D axis regulated cervical cancer progression. (A and C) The relative cell proliferation (A), migration (B), and invasion (C) of WT and
ALKBH3–/– HeLa cells transfected with vector control, ATP5D-WT, or ATP5D-A71C constructs. (D) The tumor growth curves of WT and ALKBH3–/– HeLa cells
stably transfected with vector control, ATP5D-WT, or ATP5D-A71C constructs. (E) IHC (ALKBH3 and ATP5D)-stained paraffin-embedded sections obtained
from WT and ALKBH3–/– HeLa cells. (Scale bar: 50 μM.) (F–I) The relative mRNA expression of ALKBH3 or ATP5D in Oncomine datasets. (J) Correlation
between ALKBH3 and ATP5D in cervical cancer patients (n = 169) from TCGA database. (K and L) The Kaplan-Meier survival curves of OS based on ALKBH3
(K) and ATP5D (L) expression in cervical cancer patients from TCGA database. (M) Proposed model to illustrate the mechanisms of m1A-regulated transcrip-
tion and translation of ATP5D in cancer cells.
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TCA ATG CTT CCA ATG TGG CTT GGG TTT CC-30; and gRNA3, 50-CAG TTA GGA
TCA ATG CTT CCA ATG TGG CTT GG-30.

Database Analysis. ATP5D and ALKBH3 expression in cervical cancer from
Oncomine database (Zhai Cervix, Biewenga Cervical, Scotto Cervical, and Pyeon
Multiple Cancer) was analyzed. The correlation between ATP5D and ALKBH3 was
evaluated by use of LinkedOmics (http://www.linkedomics.orglogin.php.), which
is a publicly available portal that includes multiomics data from all 32 cancer
types from The Cancer Genome Atlas (TCGA) (39). Kaplan-Meier plotter (http://
kmplot.com/analysis/) (40) was used to assess the prognostic value of ALKBH3,
ATP5D, E2F1, YTHDF1, and eRF1 expression in patients with cervical cancers.

Statistical Analyses. Data were reported as mean ± SD from at least three
independent experiments. For statistical analysis, two-tailed unpaired Student's
t test between two groups and by one-way or two-way ANOVA followed by Bon-
ferroni test for multiple comparison were performed. All statistical tests were
two-sided. Data analysis was carried out using SPSS 16.0 for Windows. A P value
of <0.05 was considered to be statistically significant. *P < 0.05, **P < 0.01;
NS, no significant.

The other methods are reported in the SI Appendix due to the length
restrictions.

Data Availability. The accession number for the high-throughput of mRNA-
seq data reported in this paper is SRP: SRP277280 (https://www.ncbi.nlm.nih.
gov/sra/?term=SRP277280) (41). The accession number for the high-throughput
of m1A-seq and Ribo-seq data reported in this paper is GEO: GSE195637

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE195637) (42) and
GSE195703 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE195703)
(43). The data underlying Fig. 8 F–O referenced during the study are available in
a public repository from The Cancer Genome Atlas website. All the other data
supporting the findings of this study are included in the article and/or
SI Appendix.
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