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Abstract 

N 

6 -methyladenonsine (m 

6 A) is ubiquitously distributed in mammalian mRNA. Ho w e v er, the precise in v olv ement of m 

6 A in early de v elopment 
has yet to be fully elucidated. Here, we report that deletion of the m 

6 A demethylase ALKBH5 in human embryonic stem cells (hESCs) se v erely 
impairs definitive endoderm (DE) differentiation. ALKBH5 −/ − hESCs fail to undergo the primitive streak (PS) intermediate transition that precedes 
endoderm specification. Mechanistically, w e sho w that ALKBH5 deficiency induces m 

6 A h ypermeth ylation around the 3 ′ untranslated region 
(3 ′ UTR) of GA T A6 transcripts and destabilizes GA T A6 mRNA in a YTHDF2-dependent manner . Moreover , GA T A6 binds to the promoters of 
critical regulatory genes in v olv ed in Wnt / β-catenin signaling transduction, including the canonical Wnt antagonist DKK1 and DKK4 , which are 
unexpectedly repressed upon the dysregulation of GA T A6 mRNA metabolism. Remarkably , DKK1 and DKK4 both exhibit a pleiotropic effect in 
modulating the Wnt / β-catenin cascade and guard the endogenous signaling activation underlying DE formation as potential downstream targets 
of the ALKBH5-GA T A6 regulation. Here, we unravel a role of ALKBH5 in human endoderm formation in vitro by modulating the canonical Wnt 
signaling logic through the pre viously unrecogniz ed functions of DKK1 / 4, thus capturing a more comprehensive role of m 

6 A in early human 
embryogenesis. 
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Introduction 

The reversible mRNA modification m 

6 A is mediated by
a METTL3 / METTL14 heterodimer ( 1 ), removed by FTO
and ALKBH5 ( 2 ,3 ), and recognized by its readers, such as
YTH domain and IGF2BP proteins ( 4 ,5 ), to regulate post-
transcriptionally gene activity ( 6 ). These m 

6 A effectors have
been implicated in cellular processes during development and
pathological conditions ( 6–8 ). However, distinct functions of
m 

6 A effectors in many biological processes need to be care-
fully interpreted due to the context-complexities, such as ex-
ternal stimuli, localization of the effectors and especially cell-
type-specific responses( 9 ). 

ALKBH5 is a recently discovered m 

6 A demethylase 3 .
Unlike the better-known demethylase FTO, ALKBH5 has
no catalytic activity towards N 

6 -2 

′ -O-dimethyladenosine
(m 

6 A m 

) ( 10 ). Interestingly, ALKBH5 seems to be dispens-
able for normal development because its knockout or KO
mice are normal in development and physiology, except for
a mild defect in spermatogenesis ( 3 ). In contrast, ALKBH5
dysregulation has been reported in diverse disease contexts,
such as glioblastoma, pancreatic cancer, breast cancer, dia-
betes and reproductive system diseases ( 11 ). It was not until
several years ago that broad interest in the biological func-
tions of ALKBH5 resurged in stem cell fields, such as cardiac
lineage commitment of hESCs ( 12 ), pancreatic differentiation
and islet organogenesis ( 13 ) and hematopoietic stem cell self-
renewal ( 14 ,15 ). Nevertheless, the advance in the understand-
ing of ALKBH5 functions during early embryonic develop-
ment still lags far behind that of the other m 

6 A effectors, even
including FTO ( 6 ). It requires more investigations to system-
atically dissect the biological significance of ALKBH5 in on-
togenesis and early cell fate decisions. 

The commitment of the DE germ layer during gastrula-
tion is one of the most representative events in early cell fate
specification ( 16 ,17 ). In mouse embryogenesis, the pluripo-
tent epiblast cells (E5.5) ingress through the primitive streak
and subsequently undergo an epithelial-to-mesenchymal tran-
sition (EMT) to become mesoderm or definitive endoderm
(E7.0–7.5), which is a prerequisite for further differentiat-
ing into mature endodermal organs, including the thyroid,
thymus, lungs, liver and pancreas ( 18 ,19 ). In the past few
years, multiple hESC-based differentiation methods towards
DE have been stably established ( 20–23 ), which furnish feasi-
ble and tunable platforms for investigating early human em-
bryogenesis and development in vitro . Moreover, prompted by
the booming of gene-editing strategies and high-throughput
analyses, DE formation has been well-characterized to be or-
chestrated by the crosstalk of specific transcription factors,
epigenetic regulators and signaling pathways ( 23 ). Although
functional studies of the SMAD2 / 3 interactome and mutation
assessments via base editors have reported the relationship be-
tween human endoderm differentiation and loss of m 

6 A mod-
ification ( 24 ,25 ), it still lacks evidence to explain the biologi-
cal significance of m 

6 A hypermethylation state in human early
endoderm fate. Until now, there are few mechanistic links con-
necting m 

6 A-demethylase activities to DE differentiation. 
Here, we report that ALKBH5 is required for DE forma-

tion in an in vitro human ESC model. Specifically, GATA6
mRNA acts as a potential target of ALKBH5, being destabi-
lized by the m 

6 A reader YTHDF2 underlying PS specification.
We further demonstrate that ALKBH5 deficiency suppresses
the proper expression level of DKK1 and DKK4 through the
aberrant GATA6 mRNA degradation, thereby disrupting the
Wnt / β-catenin signaling pathway and underlying the devel- 
opmental defects. Together, our data support the notion that 
the ALKBH5–GA T A6–DKK1 / DKK4–Wnt / β–catenin regula- 
tory pathway modulates human in vitro DE induction, and we 
propose that the distinct role of m 

6 A regulators in early hu- 
man embryogenesis should be analyzed in greater detail with 

the available hESC / iPSC models. 

Materials and methods 

Cell culture 

Human ESC (hESC) lines H9 and their derivate knockout 
cell lines were maintained in mTeSR1 (STEMCELL Technolo- 
gies, 85850) on Matrigel (Corning, 354230)-coated plates.
hESCs were from Wi Cell and provided from Guangzhou In- 
stitute of Biomedicine and Health (GIBH). Human embryonic 
kidney 293T (HEK293T) cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) / high glucose (Hyclone,
SH30243.01) supplemented with 10% fetal bovine serum 

(FBS) (NATOCOR), 1% GlutaMax (Invitrogen, 35050061),
1% nonessential amino acids (NEAA, Invitrogen, 11140050) 
and 1 × penicillin / streptomycin (Thermo Fisher Scientific,
15140122). HEK293T were from ATCC. All cells were main- 
tained at 37 

◦C and 5% CO 2 . 

Generation of knockout cell lines 

For depletion of ALKBH5 and DKK4 , the corresponding sgR- 
NAs were designed online ( https://crispr.cos.uni-heidelberg. 
de ) to target their first exons and inserted into the plasmid 

pX330. The knockout strategy for them was based on ho- 
mologous recombination as previously described ( 26 ). The 
right arm and left homologous arm fused with designed stop 

codons for ALKBH5 and DKK4 were amplified from the ge- 
nomic DNA of wild-type H9 hESCs via PCR and inserted 

into the donor plasmids. A PGK-puromycin cassette flanked 

by LoxP sequences located between the insertion sites of 
left and right homologous arms. After constructed, hESCs 
were electroporated with 4 μg donor-plasmids and 4 μg 
sgRNA-plasmids for ALKBH5 and DKK4 , respectively. Then 

the electroporated hESCs were seeded onto Matrigel-coated 

plates with the treatment of Y-27632 (10 μM, TargetMol,
T1725) for 1 day. Positive clones were selected with 1 μg / ml 
puromycin (Gibco, A1113803) in mTeSR1. The knockout 
of GATA6 and DKK1 were based on lentiviral infection 

and non-homologous end-joining (NHEJ). The corresponding 
sgRNAs of GATA6 and DKK1 were designed online ( https: 
//crispr.cos.uni-heidelberg.de ) to target their first exons and 

inserted into the lentiviral plasmid LentiCas9-v2. The sgRNA- 
containing lentiviruses were produced in HEK293T cells us- 
ing polyethylenimine (PEI, Proteintech, B600070)-mediated 

transfection. hESCs were introduced with lentiviruses express- 
ing sgRNAs towards the corresponding genes and the negative 
control sgNT. The infected cells were selected with 2 μg / ml 
puromycin (Gibco, A1113803). The identification for knock- 
out cell lines was performed by genotyping or western blot 
analysis. All primer sequences for the indicated sgRNAs and 

homologous arms were listed at Supplementary Table S1 . 

Commercial trilineage differentiation from hESCs 

To initially assess the ability of WT and the established hESC 

to differentiate into the three germ layers: ectoderm, meso- 
derm, and endoderm, we performed parallel and specialized 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
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nduction assays using the STEMdiff™ Trilineage Differenti-
tion Kit (STEMCELL Technologies, 05230). Cells were feed-
ng daily with lineage-specific medium and were collected for
urther identification at the endpoint of each assay. All exper-
ments were performed with three independent replicates. 

hemically defined neuroectoderm differentiation 

rom hESCs 

T and ALKBH5 

−/ − hESCs at 95–100% cell conflu-
nce were seeded onto Matrigel-coated 12-well plates in
TeSR1 medium. We initiated neurodifferentiation the
ext day and cultured the cells in N2B27 medium (50%
MEM / F12 medium (Gibco, 10565018), 50% neurobasal
edium (Gibco, 21103049), 0.5% N2 (Gibco, 17502048),
% B27 (Gibco, 17504044), 1% nonessential amino acids
NEAA, Invitrogen, 11140050), 1% GlutaMax (Invitrogen,
5050061), 5 μg / ml insulin (Selleck, S6955), 1 μg / ml heparin
Sigma, H3149)) supplemented with 5 μM SB431542 (Sell-
ck, S1067) and 5 μM dorsomorphin (Selleck, S7840). The
edium was changed every 2 days. After 8 days of induction,

he cells were sampled for further identification. All experi-
ents were performed with three independent replicates. 

hemically defined mesoderm differentiation from 

ESCs 

o initiate early mesoderm differentiation, cells were cultured
n RPMI-B27 medium (RPMI1640 (Gibco, C11875500BT),
% B27 (Gibco, 17504044)) supplemented with 100 ng / ml
ctivin A (Peprotech, 120-14) and 10 ng / ml BMP4 (R&D
ystems, 314-BP-500) for 3 days. The medium was changed
very day. After 3-day induction, the cells were collected for
urther identification. All experiments were performed with
hree independent replicates. 

hemically defined DE differentiation from hESCs 

o initiate DE differentiation, hESCs were cultured for 3 days
n RPMI1640 (Gibco, C11875500BT) / B27 (Insulin minus,
ibco, A1895601) medium supplemented with 100 ng / ml Ac-

ivin A (Peprotech, 120-14) on Matrigel (Corning, 354230)-
oated plates ( 21 ). These cells were collected at different time-
oint for further experiments according to the corresponding
xperimental designs. In the Chir99021-rescued DE differenti-
tion, hESCs were treated with 3 μM Chir99021 for the first
4 h under our DE differentiation strategy. All experiments
ere performed with three independent replicates. 

enotyping for knockout cell lines 

enomic DNA of wild-type H9 and its derivate knockout cells
as extracted with TIANamp Genomic DNA Kit (Tiangen,
P304-03) for PCR identification. Phanta Max Master Mix

Vazyme, P525-03) were used in all PCR reactions. Primer
et of each gene including F1 and R1 was used to amplify a
.5–3.5 kb product for identifying the targeted integration.
rimer set of each gene including F2 and R2 was used to
mplify a 2.1–3.0 kb product for identifying whether ran-
om integration occurred. All primer sequences were listed in
upplementary Table S1 . 

low cytometry analysis 

ells were dissociated with Accutase (STEMCELL Tech-
ologies, 7920) for 8 min at 37 

◦C and fixed with 4%
paraformaldehyde for 20 min at RT. After washed twice,
the cell samples were blocked and permeabilized using PBS
(Gibco, C10010500BT) supplemented with 10% FBS (NA-
TOCOR) and 0.3% Trition X-100 for 20 min at 4 

◦C. Af-
ter washed twice, cells were incubated with primary antibod-
ies and isotype controls for 30 min at 37 

◦C. After washed,
cells were incubated with secondary antibodies for 30 min at
37 

◦C. The cells were washed twice and then analyzed using
the CytoFLEX flow cytometer (BD Biosciences). All experi-
ments were performed with three independent replicates. All
antibodies used in this analysis were listed in Supplementary 
Table S2 . 

RNA extraction and quantitative real-time 

(qRT)-PCR 

Total RNA was isolated utilizing FastPure Cell / Tissue Total
RNA Isolation Kit V2 (Vazyme, RC112-01) according to the
manufacturer’s instructions and quantified by Multiskan Sky-
High Microplate Spectrophotometer (Thermo Fisher Scien-
tific). The isolated RNA samples were reverse transcribed em-
ploying HiScript II Q RT SuperMix for qPCR (Vazyme, R222-
01) according to the manufacturer’s instructions. Then qRT-
PCR were performed using ChamQ Universal SYBR qPCR
Master Mix (Vazyme, Q711-03) by CFX96 Touch Real-
Time PCR Detection system (Bio-Rad). All experiments were
performed with three independent replicates. All primer se-
quences were listed in Supplementary Table S3 . 

Western blot analysis 

Cells were lysed on ice in RIPA buffer (Sigma, V900854). The
whole cell extracts were separated by SDS-PAGE and trans-
ferred onto the PVDF membrane (Millipore, IPVH00010).
After blocked with 5% skimmed milk powder (PSAITONG,
S10191) for 2 h at RT, membranes were then stained with
primary antibodies overnight at 4 

◦C and incubated with sec-
ondary antibodies for 1.5 h at RT. After washed thrice, mem-
branes were detected using BeyoECL Plus kit by ChemiDoc
Imaging System (Bio-Rad). All experiments were performed
with three independent replicates. The antibodies and their
dilutions were listed in Supplementary Table S2 . The quanti-
tative analysis of western blots is based on the gray value of
the indicated proteins normalized to the loading controls. The
gray value of each lane is measured by ImageJ. 

Immunofluorescence assay 

Cells were fixed with 4% paraformaldehyde (BBI, E672002-
0500) for 30 min at RT. After washed thrice, the
cell samples were blocked and permeabilized using PBS
(Gibco, C10010500BT) supplemented with 3% BSA (Sigma,
V900933) and 0.2% Triton X-100 (Sigma, X100) for 40
min at RT. After washed thrice, cells were then incubated
with primary antibodies overnight at 4 

◦C and with secondary
antibodies for 1 h at RT. Images were captured with Axio
Vert.A1 Microscope (Zeiss) or Confocal Microscope LSM
900 (Zeiss). All experiments were performed with three in-
dependent replicates. All antibodies and their dilutions were
listed at Supplementary Table S2 . The quantitative analysis of
IF images is based on the fluorescence intensity of the indi-
cated proteins measured by ImageJ. Two-sided Wilcoxon test
adjusted for multiple comparisons. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
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AP staining 

Wild-type H9 and ALKBH5 

−/ − hESCs were cultured on
Matrigel-coated plates for alkaline phosphatase (ALP) as-
say. The cell samples were fixed with 4% paraformaldehyde
(BBI, E672002-0500) for 20 min at room temperature. Af-
ter washed thrice with 1 × TBST, the cells were staining with
BCIP / NBI working buffer (Beyotime, C3206) supplemented
with BCIP solution (Beyotime, C3206) and NBT solution
(Beyotime, C3206) for 20 min. The processed samples were
washed once and used for further detection. The AP stain-
ing was conducted according to the manufacturer’s instruc-
tions. All experiments were performed with three independent
replicates. 

Teratoma formation 

The experiments involving animal research for teratoma for-
mation has been reviewed and approved by IACUC at West-
lake University (AP#23-109-PDQ). In our experiments, the
culturing wild-type H9 and ALKBH5 

−/ − hESCs were di-
gested by Accutase (STEMCELL Technologies, 7920) for
7 min at 37 

◦C and resuspended in DMEM / F12 (Hyclone,
SH30023.01) with 50% Matrigel (Corning, 354230), and
then injected subcutaneously into immuno-deficient mice. The
mice used here (male, 5–6 weeks, NCG) were purchased
from GemPharmatech. The animal manipulations were per-
formed according to the applicable guidelines and regulations
of Westlake University, Hangzhou, China. Teratomas were de-
tected after 6–8 weeks and fixed in 4% paraformaldehyde,
and then stained with hematoxylin / eosin (H&E). The sizes of
tumors were all within 2.2 × 2.2 cm. All experiments were
performed with three independent replicates. 

Rescue experiments 

The rescue experiments were based on lentiviral infection. The
designed lentiviruses were produced in HEK293T cells us-
ing polyethylenimine (PEI, Proteintech, B600070)-mediated
transfection. For ordinary rescue experiments, cells were in-
fected with lentiviruses expressing the CDS cassettes of the
corresponding genes and the indicated controls described
above. For inducible rescue experiments, cells were infected
with lentiviruses expressing the CDS cassettes of the corre-
sponding genes and the indicated controls, the expression of
which were switched by the treatment of 1 μg / ml doxycy-
cline (DOX, MCE, HY-N0565B)( 27 ). After 2 days, the in-
fected cells were selected with 1 μg / ml puromycin or 10
μg / ml blasticidin S according to the experiment designs. For
inducible systems for DKK1 / DKK4 rescue experiments, cells
were treated with different doses of DOX (1 μg / ml DOX,
0.1 μg / ml DO X, DO X-free) to achieve different levels of
DKK1 / DKK4 expression. All primer sequences of the CDS
cassettes and controls were listed at Supplementary Table S1 .

Generation of knockdown cell lines 

The generation of knockdown cell lines was based on lentivi-
ral infection. The construction of the designed lentiviruses was
conducted as described above. hESCs were introduced with
lentiviruses expressing shRNAs towards the corresponding
genes and the negative control shScramble. After two days, the
infected cells were selected with 1 μg / ml puromycin (Gibco,
A1113803) or 10 μg / ml blasticidin S (Beyotime, ST018) ac-
cording to the experiment designs. All sequences of shRNAs 
and controls were listed at Supplementary Table S1 . 

RNA stability assays 

Wild-type H9 and ALKBH5 

−/ − cells were treated with 10 

μg / ml transcription inhibitor Actinomycin D (MCE, HY- 
17559) at 36h of DE differentiation and collected at differ- 
ent timepoints (0, 1, 2 and 3 h). The total RNA extraction,
RNA reverse transcription and qRT-PCR analyses were ma- 
nipulated as described above. The data analyses were con- 
ducted according to a previously published paper( 28 ). Specif- 
ically, the Ct average of each timepoint were normalized to 

the Ct average of t = 0 to obtain �Ct value ( �Ct = aver- 
age Ct of each time point – average Ct of t = 0). The rela- 
tive mRNA abundance of each timepoint was calculated and 

shown as the value of 2 

(–�Ct) . The mRNA decay rates were de- 
termined by non-linear regression curve fitting (one-phase de- 
cay) using GraphPad Prism. The primer sequences were listed 

in Supplementary Table S4 . All assays were performed with 

three independent experiments. 

Global m 

6 A quantification 

The total RNA extraction of the collected cell samples was 
conducted as described above. The quantification of RNA 

concentration was performed by Qubit 4.0 Flourometer 
(Thermo Fisher Scientific). After that, the quantification of 
m 

6 A RNA methylation level in RNA samples was performed 

by an enzyme-linked immunosorbent assay (ELISA)-based 

colorimetric assay utilizing EpiQuik™ m 

6 A RNA Methyla- 
tion Quantification Kit (Colorimetric, Epigentek, P -9005) ac- 
cording to the manufacturer’s instructions. In brief, RNA sam- 
ples were bound to strip well with binding solution for 90 

min at RT. After washed, each well was incubated sequen- 
tially with capture antibody, detection antibody, and enhancer 
solution. Then color developing solution was added and ab- 
sorbance was measured in 450 nm. Finally, to determine the 
relative m6A RNA methylation status, a calculation for the 
percentage of m 

6 A in the total RNA was carried out using the 
following formula: 

m 

6 A% = 

(
Sample OD − NC OD 

)
/ S 

( PC DO − NC OD ) / P 

× 100% 

S is the amount of input sample RNA in ng. 
P is the amount of input positive control in ng. 

MeRIP-qPCR 

The total RNA extraction of the collected cell samples 
was conducted as described above. The quantification of 
RNA concentration was performed by Qubit 4.0 Flourom- 
eter (Thermo Fisher Scientific). The m 

6 A RNA enrichment 
of all prepared RNA samples were conducted using EpiQuik 

CUT&RUN m 

6 A RNA enrichment Kit (Epigentek, P -9018) 
according to the manufacturer’s instructions. Briefly, a certain 

amount of RNA was firstly separated from the extracted RNA 

as Input and m 

6 A-containing RNA was then immunocap- 
tured from the remaining total RNA as IP. The input samples 
were cleaved for RNA release, while the IP samples were un- 
der sequential cleavage and protein digestion. The input and 

IP samples were released and recovered using the RNA pu- 
rification solution and RNA binding beads. The final eluted 

RNA was prepared for the following reverse transcription 

and qRT-PCR, which were conducted as described above. All 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
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xperiments were performed with three independent repli-
ates. All primer sequences used in this assay were listed at
upplementary Table S4 . 

THDF2-RIP-qPCR 

he RIP in this experiment was performed using EZ-Manga
IP Kit (Merck, 17–701) according to the manufacturer’s in-

tructions. Briefly, about 1 × 10 

7 cells at 36 h of DE differ-
ntiation were harvested and lysed in RIP lysis buffer. A cer-
ain amount of samples was separated from the lysed samples
s Input and the remaining samples were immunoprecipitated
ith the antibody against YTHDF2 (Proteintech, 24744-1-
P) by protein A / G magnetic beads. Then the bound com-
lexes were immobilized with magnet and washed for several
imes. Finally, RNA from Input and IP samples were purified
nd prepared for reverse transcription and qRT-PCR anal-
ses, which were conducted as described above. All experi-
ents were performed with three independent replicates. All
rimer sequences and antibodies used in this assay were listed
t Supplementary Tables S2 and S4 . 

uciferase reporter assay 

o establish the designed luciferase reporter system, the Firefly
uciferase cassette of pmirGLO luciferase vector (miaolingbio)
as fused with the wild-type or mutated GATA6 -3 

′ UTR, re-
pectively. Then we cotransfected the constructed luciferase
ectors with the PLK O .1 vector expressing shRNAs against
LKBH5 or the negative control shScramble into 293T cells.
he mutated GA T A6-3 

′ UTR is synthesized by GenScript. To
nfer the differences in mRNA stability among the experimen-
al groups, we measured the mRNA abundance of the Firefly
uciferase at 48h by qPCR analysis, while the mRNA abun-
ance of Renilla luciferase served as controls for normaliza-
ion. All primer sequences used in this assay were listed at
upplementary Table S4 . 

NA-seq library construction and data analysis 

otal RNA was extracted from cells using FastPure
ell / Tissue Total RNA Isolation Kit V2 (Vazyme, RC112-01)

ollowing the manufacturer’s instructions. For RNA-seq, at
east 500 ng of RNA was used for sequencing library construc-
ion and was sequenced on an Illumina Novaseq PE150 plat-
orm. The construction of RNA-seq libraries and sequencing
ere conducted by Novogene. For data analysis, the RNA-seq

eads were aligned to the gencode (hg38) transcriptome using
owtie2 (v2.2.5) and RSEM (v1.3.0). mRNA level was cal-
ulated using EDASeq (v2.4.1). The differentially expressed
enes were identified by DESeq2 (v1.42.0). 

eRIP-seq library construction and data analysis 

he total RNA extraction of the collected cell samples
as conducted as described above. The quantification of
NA concentration was performed by Qubit 4.0 Flourom-

ter (Thermo Fisher Scientific). Briefly, mRNAs were frag-
ented into about 100-nt fragments and immunoprecipi-

ated with 4–5 μg m 

6 A antibody, both input and IP products
ere subjected to library construction (Illumina). The con-

truction of MeRIP-seq libraries and the following sequenc-
ng were conducted by Novogene. For analysis, the MeRIP-
eq raw data were trimmed for adapters using the TrimGa-
ore v.0.6.6. Trimmed reads were aligned to human gene with
STAR aligner with reference human genome hg38. Peaks were
called using exomePeak2 software with the default parameters
and annotated by ChIPseeker software. 

CUT&Tag library construction and data analysis 

CUT&Tag library construction was performed using Hyper-
active Universal CUT&Tag Assay Kit for Illumina (Vazyme,
TD903). For each experiment, around 10 000 living cells were
obtained and mixed with activated Concanavalin A beads,
followed by sequential incubation with primary and sec-
ondary antibodies. After washed, the beads were resuspended
in pA(G)-Tn5 buffer supplemented with 10 mM MgCl 2 for
DNA fagmentation. Next, DNA fragments were indexed us-
ing TruePrep Index Kit V2 for Illumina (Vazyme, TD202)
and amplified by PCR. After purified by VAHTS DNA Clean
Beads (Vazyme, N411-01), the libraries were subjected to Il-
lumina Novaseq instruments for sequencing. All antibodies
used in this study were listed in Supplementary Table S2 . The
CUT&Tag reads were mapped to the hg38 reference genome
using bowtie2 (v2.4.5). SAMtools (v1.16.1) was used to re-
move the repetitive, low sequencing quality (mapq < 30) and
the mitochondrial DNA mapped reads in the total mapped
reads. The value was further compressed into a binary format
for downstream analysis and data visualization. Peak calling
was performed using MACS3 (3.0.0b1) and the binding motif
enrichment were analyzed by Homer. 

Statistical analysis 

The statistical analysis was done using Prism v8.3.0 software.
Two-tailed unpaired Student’s t -test is used to determine the
significance between two groups. Results were presented as
mean ± SD calculated by GraphPad Prism at least three bi-
ological repeats. P < 0.05 is considered to indicate a statisti-
cally significant value. * P < 0.05, ** P < 0.01, *** P < 0.001,
**** P < 0.0001. No statistical method was used to prede-
termine sample size. No specific randomization or blinding
protocols were used. 

Results 

ALKBH5 is essential for human DE differentiation 

m 

6 A modifications have been implicated in many disease pro-
cesses and biological systems. Notably, recent studies have un-
derscored multifaceted and tunable features of m 

6 A functions
under different methylation levels ( 9 , 29 , 30 ), posing a require-
ment to refine their distinct effects with more concerns on the
methylation status. We propose that m 

6 A may play a system-
atic role in cell fate decisions. To test this idea and avoid the
possible interference by m 

6 A m 

which could be mediated by the
m 

6 A demethylase FTO, we focused on another demethylase
ALKBH5 with m 

6 A as its only-known substrate to investigate
the function of m 

6 A hypermethylation in early embryonic de-
velopment. To begin with, we knocked out ALKBH5 by gene-
editing via CRISPR / Cas9 system( 26 ) and analyzed its role in
early embryonic development ( Supplementary Figure S1 A) in
hESC H9. The PCR genotyping, q-RT PCR quantification and
western blot analysis indicate ALKBH5 is indeed deficient in
the resulting ALKBH5 

−/ − hESCs ( Supplementary Figure S1 B,
C; Figure 1 A). We selected two colonies ( ALKBH5 

−/ −-1 and
ALKBH5 

−/ −-2) for the further investigation. Interestingly,
ALKBH5 

−/ - hESCs appear to be morphologically indistin-
guishable from wild-type (WT) hESCs and maintain high

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
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Figure 1. ALKBH5 depletion impairs DE differentiation from hESCs. ( A ) Detection on the expression levels of ALKBH5 proteins in WT and ALKBH5 −/ −

hESCs by western blot analysis. The images are representative of three independent replicates. GAPDH serves as a loading control. ( B ) Overview of the 
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RNA and protein levels of pluripotency markers based
n qRT-PCR, immunofluorescence, and alkaline phosphatase
AP) staining ( Supplementary Figure S1 D–G). Additionally,
he cell-cycle and teratoma formation analysis indicate that
LKBH5 

−/ - hESCs retain similar cell-cycle distribution and
n vivo three germ-layer differentiation propensities to WT
ESCs ( Supplementary Figure S1 H, I). 
We next performed a commercially-available trilineage

ifferentiation assay on WT and ALKBH5 

−/ − hESCs
 Supplementary Figure S2 A). At the endpoint, we observed
hat loss of ALKBH5 has no remarkable influence on early
euroectoderm and mesoderm differentiation based on the in-
reased mRNA abundance of their lineage-specific markers,
ut impacts endoderm induction ( Supplementary Figure S2 B,
). Consistently, the embryonic body (EB) formation assay,
hich can mimic early embryonic development in vitro and
ssess the capacity of hESC differentiation( 31 ), reveals that
he EB spheres formed by ALKBH5 

−/ − hESC exhibit smaller
izes than those from WT hESCs ( Supplementary Figure S2 D).
he mRNA levels of endodermal specific markers SOX17 and
OXA2 in ALKBH5 

−/ − cells were repressed at the eight-day
ndpoint while the neuroectodermal and mesodermal markers
xhibited a discernible upregulation ( Supplementary Figure 
2 E). Together, these results suggest that ALKBH5 regulates
ndoderm differentiation specifically in early embryonic de-
elopment in vitro . To obtain a more comprehensive under-
tanding on the functions of ALKBH5 and its molecular mech-
nisms, we attempted to utilize chemically defined approaches
o examine the influence of ALKBH5 on trilineage differenti-
tion. We then initiated default early-neuroectoderm differ-
ntiation from WT and ALKBH5 

−/ − hESCs by dually inhibit-
ng the TGF- β and BMP signaling( 32 ) ( Supplementary Figure 
2 F). For mesoderm induction, BMP4, which has been iden-
ified as a specific determinant for mesoderm fate, was em-
loyed together with the TGF- β signal Activin-A to generate
arly mesodermal subtypes( 23 ) ( Supplementary Figure S2 F).
t the endpoint of the assays, we performed RNA-seq on
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ctivin A-mediated, chemically defined DE differentiation strategy for hESCs. h
ere fed by RPMI1640 / B27 medium supplemented with Activin A (100 ng / ml)

ollected for further identification. PS specification occurs from 24 to 48 h acco
ore details. ( C ) qRT-PCR analysis on the mRNA levels of DE-specific markers 
ean ± SD (standard deviation), two-sided, unpaired t test; n = 3 independent

lot analysis on the protein levels of SOX17 and FOXA2 in WT and ALKBH5 −/ −

epresentative of three independent replicates. GAPDH serves as a loading con
n western blots of SOX17 and FOXA2, based on the relative gray value norma
npaired t test; n = 3 independent experiments. **** P < 0.0 0 01. ( E ) Immunos
epleted cells at day 3 of DE differentiation. W ild-t ype H9 (WT) derivates serve
eplicates. Scale bar , 1 00 μm. T he violin plots on the right panel sho w the quan
andom nuclei. n = 20 nuclei, from three biologically triplicated experiments. Tw
*** P < 0.0 0 01. ( F ) Volcano plot of transcriptome analyses between WT and A
s controls. Every single point represents a transcript. ‘ P = 0.01’ and ‘fold chan
hange > 4); blue, decreased transcripts ( P < 0.01, fold change < 0.25). ( G ) GO
ersus WT cells (D3) under DE differentiation. ( H ) Western blot analysis on ALK
-day DE induction. A5, ALKBH5; dA5, inactive ALKBH5 (dALKBH5). WT + GFP
epresentative of three independent replicates. GAPDH serves as a loading con
arkers SOX17 and FOXA2 by qRT-PCR among the indicated groups (D3) in the

erve as vector controls. Data are mean ± SD, two-sided, unpaired t test; n = 3
n the protein le v els of SOX17 and FOXA2 in ALKBH5- and dALKBH5-restored 
f three independent replicates. Scale bar, 20 μm. The quantitative analysis (th
roteins within random nuclei. n = 20 nuclei, from at least three biologically trip
omparisons. **** P < 0.0 0 01. ( K ) The protein expression levels of SOX17 and 
E induction. The images are representative of three independent replicates. W

oading control. The histogram at the bottom panel shows the quantitative anal
 alue normaliz ed to G APDH. Dat a are mean ± SD (st andard deviation), t w o-sid
the collected WT and ALKBH5 

−/ − samples. As shown in
Supplementary Figure S2 G, the mRNA abundance of specific
neuroectodermal and mesodermal markers in ALKBH5 

−/ −

cells is remarkably decreased in the corresponding induction
assays as WT controls, consistent with the outcomes from the
commercial assays and EB formation. 

It has been reported that the TGF- β signal Activin A alone
is sufficient to induce DE differentiation( 20 ,21 ). To further
define the function of ALKBH5 in endoderm formation and
eliminate the intrusive external contexts( 9 ), we utilized the
Activin A-mediated system (Figure 1 B) to differentiate WT
and the manipulated hESCs into DEs. Surprisingly, we de-
tected that the diversion of ALKBH5 

−/ − hESCs towards DE
are accompanied with a loss of cell viability, and the remain-
ing cells exhibit more flat and mesenchymal-like morphol-
ogy compared with controls ( Supplementary Figure S3 A). The
mRNA and protein levels of endoderm-specific markers, such
as SO X17, FO XA2 and CXCR4, are repressed in ALKBH5 

−/ -

hESCs compared to WT cells (Figure 1 C–E). Based on cur-
rent knowledge of mouse embryogenesis, the emergence of
anterior primitive streak (APS) (E6.5) is a prerequisite for DE
(E7.0–E7.5) generation( 18 ,33 ). To see if ALKBH5 plays any
role in APS, we performed qRT-PCR and immunofluorescence
experiments and show that loss of ALKBH5 also fails to ac-
tivate the expression of APS-specific transcripts and proteins
during DE specification ( Supplementary Figure S3 B, C). We
next performed transcriptome analyses on the samples at day
3 by RNA-seq for and identified a total of 346 increased tran-
scripts and 259 decreased transcripts in ALKBH5 

−/ −-1 cells
( P < 0.01; fold change > 4) (Figure 1 F; Supplementary Figure 
S3 D). The gene-ontology (GO) analysis reveals that these de-
creased mRNAs are enriched for diverse biological processes,
including embryonic organ development, anterior / posterior
pattern specification, gastrulation and endoderm development
(Figure 1 G; Supplementary Figure S3 E). In addition, the in-
creased mRNAs are mainly associated with muscle tissue de-
velopment, lipid metabolic processes and wounding regula-
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ESCs maintained in mTesR1 medium under monolayer conditions (D0) 
 for 3 days. At the endpoint of this differentiation (D3), the samples were 
rding to previous studies ( 50 ). See ‘Material and Methods’ sections for 
in WT and ALKBH5 −/ − cells (D3) under DE induction. Data are 
 experiments. **** P < 0.0 0 01. WT cells serve as controls. ( D ) Western 
cells at day 3 of DE differentiation (upper panel). The images are 
trol. The histogram at the bottom panel shows the quantitative analysis 
lized to GAPDH. Data are mean ± SD (standard deviation), two-sided, 
taining for the DE-specific markers SOX17 and FOXA2 in ALKBH5 
 as controls. The images are representative of three independent 
titativ e analy sis on fluorescence intensity of the indicated proteins within 
o-sided Wilcoxon test adjusted for multiple comparisons. 

LKBH5 −/ −-1 samples collected at day 3 of DE formation. WT cells serve 
ge = 4’ are used as threshold. Red, increased transcripts ( P < 0.01, fold 
 analysis of transcripts with at 4-fold decrease in ALKBH5 −/ −-1 cells (D3) 
BH5 protein levels of ALKBH5- and dALKBH5-restored A5KO cells after 
 and A5KO + GFP serve as vector controls. The images are 
trol. ( I ) Transcriptional analysis on the mRNA abundance of DE-specific 
 rescue experiments under DE induction. WT + GFP and A5KO + GFP 
 independent experiments. **** P < 0.0 0 01. ( J ) Immunost aining analysis 
A5KO cells after 3-day DE differentiation. The images are representative 
e right panel) is based on the fluorescence intensity of the indicated 
licated experiments. Two-sided Wilcoxon test adjusted for multiple 

FOXA2 in A5KO cells upon ALKBH5 and dALKBH5 restoration after 3-day 
T + GFP and A5KO + GFP serve as vector controls. GAPDH serves as a 

ysis on western blots of SOX17 and FOXA2, based on the relative gray 
ed, unpaired t test; n = 3 independent e xperiments. **** P < 0.0 0 01. 
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tion, which might be related to mesodermal development and
cell stress responses ( Supplementary Figure S3 F, G). Combined
with the transcriptome analyses on differentiated samples dur-
ing neuroectoderm and mesoderm induction, we mapped the
trajectory of three-germ-layer differentiation ( Supplementary 
Figure S3 H). Specifically, ALKBH5 depleted cells are not able
to exhibit similar transcriptomic patterns with WT controls
under early endoderm differentiation. 

To further probe the role of ALKBH5 in APS-DE lin-
eage cell fate decisions, we attempted to rescue the de-
fect in ALKBH5 

−/ - hESCs by lentiviral-infected overexpres-
sion. We also introduced Cre in ALKBH5 

−/ −-1 so that we
could remove the puromycin cassette for later characteriza-
tion and designated the manipulated cells as A5KO cells.
As controls, we infected WT and A5KO hESCs with the
same lentiviral backbone carrying the GFP expression cas-
sette. As another control, we also included demethylase-
inactive ALKBH5 (H204) (dA5)( 3 ) (Figure 1 H). As expected,
restoration by ALKBH5, but not dA5, specifically rescues the
ALKBH5 

−/ − defect, as evidenced by analyses on the mRNA
abundance and protein expression of endodermal markers, as
well as APS markers (Figure 1 I–K; Supplementary Figure S3 I).
Taken together, our consequences suggest that ALKBH5 is re-
quired for APS-DE cell fate decisions in hESC-based early de-
velopment models. 

ALKBH5 drives the PS intermediate transition 

during DE formation 

It is commonly known that DE generation necessitates the PS
formation and anteriorizing. To define how ALKBH5 regu-
lates the APS-DE determination ( 16 ,17 ), we sampled at in-
tervals of 12 h and show that the mRNA levels of most PS
and APS-specific markers in WT cells rise dynamically at 36 h,
compared to A5KO cells (Figure 2 A; Supplementary Figure 
S4 A), suggesting an underlying role of ALKBH5 in modulat-
ing the PS formation at a very early stage. Hence, during the
Activin A-mediated DE differentiation (Figure 1 B), we col-
lected the WT and A5KO samples at the 36 h timepoint and
performed qRT-PCR and immunofluorescence to detect the
mRNA and protein levels of typical PS markers T and MIXL1,
as well as APS-specific markers, such as GSC, EOMES and
LHX1, which demonstrates that they fail to rise under Ac-
tivin stimulation (Figure 2 B, C; Supplementary Figure S4 B, C).
Further global transcriptome analyses utilizing RNA-seq dis-
play that KO of ALKBH5 leads to robust changes between the
transcriptomes of WT and A5KO samples at 36 h ( P < 0.01,
fold change > 4) (Figure 2 D), whereby the decreased tran-
scripts include PS / APS and endoderm-specific transcription
factors, as well as key regulators of Wnt / β-catenin pathway,
implying the possible role of Wnt / β-catenin pathway during
PS specification upon ALKBH5 deficiency (Figure 2 E). Con-
sistently, GO analysis reveals the decreased transcripts are
related to early developmental processes during gastrulation
(Figure 2 F, left), whereby the reduced mRNAs in the top GO
terms are predominantly PS and APS-specific, also indicat-
ing the requirement of ALKBH5 for specifying endodermal
derivates (Figure 2 F, right). The increased transcripts appear
to be associated with muscle cell development and filament or-
ganization. ( Supplementary Figure S4 D). These results further
reveal that ALKBH5 drives the PS / APS specification during

DE differentiation. 
GA T A6 mRNA as an ALKBH5 target for m 

6 A 

demethylation 

To define specific targets of ALKBH5, we performed an 

enzyme-linked immunosorbent assay (ELISA)-based colori- 
metric assay to detect m 

6 A methylation status on differenti- 
ating samples at 36 h, the time point from which dynamic 
differential expression initiated as shown above. As expected,
global m 

6 A methylation level is elevated in ALKBH5 KO 

cells ( Supplementary Figure S5 A), compared with controls.
We then profiled the m 

6 A methylomes by means of MeRIP- 
seq on samples at 36h. A total of 13 611 and 10 907 peaks 
were identified in WT and A5KO samples, respectively, with a 
common enrichment around coding sequence (CDS), 3 

′ UTR 

and stop codon. In addition, we observed a similar pattern of 
m 

6 A peak distribution among WT and A5KO cells, whereas 
ALKBH5 depletion mainly increased the m 

6 A peak density in 

CDS ( Supplementary Figure S5 B). In total, loss of ALKBH5 

results in m 

6 A hypermethylation around 2386 transcripts 
specifically compared to WT cells (fold change > 1.5). 

To find out the downstream targets of ALKBH5, we per- 
formed an integrative analysis of MeRIP-seq and RNA-seq 

(Figure 3 A). Compared with the increased mRNAs identi- 
fied by RNA-seq, the 94 decreased mRNAs ( P < 0.01, fold 

change > 2) are more relevant to PS and DE formation.
The overlapping of m 

6 A-hypermethylated mRNAs and tran- 
scripts with 2-fold reduction eventually reveals 23 putative 
specific targets of ALKBH5 (Figure 3 B), including GATA6 ,
FOXA2 , COL6A1 and APCDD1 (Figure 3 C), which served 

as critical regulatory factors in lineage commitment and en- 
doderm development based on previously published data ( 34–
37 ). To narrow down these downstream targets, we performed 

qPCR analyses on WT and A5KO samples at 36h under DE 

induction, and finally identified 18 candidates with 2-fold 

downregulation ( Supplementary Figure S5 C). Then, we estab- 
lished the doxycycline (DOX)-dependent overexpression sys- 
tem for these candidates individually to test their rescue ef- 
fect to the endoderm defect under ALKBH5 depletion. How- 
ever, only GATA6 restoration can fully rescue the aberrant 
DE differentiation, as evidenced by the elevated mRNA lev- 
els of SOX17 and FOXA2 ( Supplementary Figure S5 C, D).
Besides, we performed a combined restoration for four genes 
( ROR2 , SHISAL2B, DAB1 , NODAL ) which appear to have 
mild rescue responses on A5KO cells but eventually failed 

to observe a successful rescue effect by this combined action 

( Supplementary Figure S5 D). For the most potential candi- 
date GATA6 , whose mRNA abundance has been identified to 

be decreased at PS stage (Figure 3 D), we further confirmed 

its m 

6 A-hypermethylated status at the same stage by MeRIP- 
qPCR (Figure 3 E). Thus, we next focus on GA T A6 and at- 
tempted to figure out whether GA T A6 significantly influences 
DE induction in a m 

6 A-dependent manner. 
GA T A6 is a well-characterized pioneer transcription factor 

and has been implicated in tuning human endoderm develop- 
ment in vivo and in vitro ( 34 ,38 ). However, little is known 

about the mechanistic links between GA T A6 and m 

6 A mod- 
ification. Upon the inducible restoration of GA T A6 by DOX 

( Supplementary Figure S5 E, F), we observed that the mRNA 

and protein levels of DE-specific markers and APS-specific 
markers are remarkably upregulated in A5KO cells at day 3 

during DE induction (Figure 3 F; Supplementary Figure S5 G),
further confirming GA T A6 is capable of rescuing ALKBH5 

deficiency. To further verify the regulatory role of GA T A6, we 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data


Nucleic Acids Research , 2024, Vol. 52, No. 18 10887 

T
MIXL1
GSC
HHEX
EOMES
LHX1
GATA4
GATA6
CER1
FOXA2
SOX17
FZD8
APCDD1
WNT3
DKK1
DKK4
SNAI1

Z score

P
S

A
P

S
D

E
W

nt

2
1.5
1
0.5
0
-0.5
-1

WT ALKBH5-/--1 ALKBH5-/--2
E

EOMES

ACTC1

ACTA1DKK430

40

A5KO vs WT (36h)

GSC CCN1

GATA6 T DKK1

FOXA20

10

20

−10 −5 0 5 10

41 decreased 43 increased

−L
og

10
 (p

-v
al

ue
)

Log2 (fold change)

D

PS markers (36h)

T MIXL1 FOXA2
0.0

0.5

1.0

1.5

R
el

at
iv

e 
to

 e
xp

re
ss

io
n 

to
 W

T

WT
A5KO

**** **** ****

B

A

0h 24h 36h 48h 60h 72h
0

100

200

300

400

500
MIXL1

WT
A5KO

0h 24h 36h 48h 60h 72h
0

50

100

150

200

250
EOMES

WT
A5KO

0h 24h 36h 48h 60h 72h
0

50

100

150

200

250
T

R
el

at
iv

e 
ex

pr
es

si
on

 to
 D

0

WT
A5KO

0h 24h 36h 48h 60h 72h
0

500

1000

1500
GSC

WT
A5KO

R
el

at
iv

e 
ex

pr
es

si
on

 to
 D

0

R
el

at
iv

e 
ex

pr
es

si
on

 to
 D

0

R
el

at
iv

e 
ex

pr
es

si
on

 to
 D

0

PS and APS-specific markers

endoderm development

endoderm formation

mesoderm development

formation of primary germ layer

cell fate specification

anterior/posterior pattern specification

cell fate commitment

pattern specification process

regionalization

gastrulation

0.20 0.25 0.30
GeneRatio

4e−07

3e−07

2e−07

1e−07

p.adjust

Count
6
7
8
9
10
11

Decreased mRNAs in A5KO cells (36h)

F

Description geneID

gastrulation CER1/TBXT/MIXL1/EOMES/GSC/GATA6/LHX1/SOX17/FOXA2/DKK1/TENM4

regionalization CER1/TBXT/EOMES/GSC/LHX1/SOX17/FOXA2/ROR2/DKK1/BTG2

pattern specification 
process CER1/TBXT/EOMES/GSC/LHX1/SOX17/FOXA2/ROR2/DKK1/BTG2

cell fate commitment TBXT/EOMES/GSC/GATA6/SOX17/FOXA2/ROR2/DKK1/TENM4

anterior/posterior pattern 
specification CER1/TBXT/LHX1/SOX17/FOXA2/ROR2/DKK1/BTG2

cell fate specification TBXT/EOMES/GSC/SOX17/FOXA2/DKK1/TENM4

foramrion of primary 
germ layer TBXT/MIXL1/EOMES/GATA6/LHX1/SOX17/DKK1

mesoderm development CER1/TBXT/MIXL1/EOMES/LHX1/SOX17/DKK1

endoderm formation MIXL1/EOMES/GATA6/LHX1/SOX17/DKK1

endoderm development MIXL1/EOMES/GATA6/LHX1/SOX17/DKK1

Anterior primitive streakPrimitive streak Definitive endoderm

Top GO terms of decreased transcripts in A5KO cells (36h) 

DAPI T FOXA2 MERGE

W
T

A
5K

O

C

0

20

40

60

WT A5KO

****
T

0

10

20

30

40

WT A5KO

****
FOXA2

In
te

ns
ity

 v
al

ue
In

te
ns

ity
 v

al
ue
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Figure 4. DKK1 / DKK4 guard the Wnt / β-catenin cascade through the ALKBH5-GA T A6 regulation. ( A ) Integrated genome viewer captures representative 
Wnt associated regulators and targets that exhibit GA T A6 occupancy . ( B ) P rotein le v els of activ e and global β-CATENIN in differentiated cells (36 h) upon 
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hese regulators we found DKK1 and DKK4 , which were pre-
iously reported as typical Wnt antagonists, are also remark-
bly repressed at PS stage ( Supplementary Figure S6 A). In ad-
ition, the motif analysis of GA T A6-CUT&Tag demonstrates
hat the canonical GA T A6-binding motif (A / T) GA T AAG
A / G / C) are enriched at the promoters of DKK1 and DKK4
 Supplementary Figure S6 B). DKK1 and DKK4 are secreted
lycoproteins from the Dickkopf (DKK) family and contain a
ignal peptide with two conserved cysteine-rich domains ( 44 )
mplicated in cancer progression and tumorigenesis through
eceptors LRP5 / 6 to inhibit the canonical Wnt / β-catenin cas-
ade by blocking the Wnt-LRP5 / 6 interaction ( 37 ). In em-
ryogenesis, DKK1 also plays a pivotal role in several de-
elopmental events, such as antero-posterior axial pattern-
ng and bone formation, by orchestrating the Wnt signaling
radients ( 44 ). However, the role of DKK4 in embryonic de-
elopment has not been widely explored thus far. To eval-
ate whether DKK4 has the capacity to regulate DE differ-
ntiation, we generated DKK4 

−/ − hESCs by CRISPR / Cas9
ystem ( Supplementary Figure S6 C, D; Figure 4 D). However,
KK4 deficiency merely contributes to a mild repression on

he mRNA levels of APS and DE markers under DE differen-
iation and this defect gradually disappears after several pas-
ages of DKK4 

−/ − hESCs ( Supplementary Figure S6 E). Sur-
risingly, transcriptomic analyses on WT and DKK4 

−/ − dif-
erentiated samples at day 3 detect a striking increase of DKK1
ranscripts ( Supplementary Figure S6 E). Given that DKK1
s structurally and functionally comparable to DKK4 ( 44 ),
e speculated that DKK1 could compensate DE suppression
pon DKK4 depletion through their potential redundancy
n modulating Wnt / β-catenin signaling pathway. To verify
his hypothesis, we constructed DKK4 

−/ −/ DKK1 

−/ − hESCs
 DKK1 / DKK4 -dKO) by an additional introduction of DKK1 -
gRNAs into DKK4 

−/ − hESCs ( Supplementary Figure S6 F;
igure 4 E) and discovered a dynamic change on the transcrip-
ome patterns between WT and DKK1 / DKK4 -dKO cells at
S stage during DE induction ( Supplementary Figure S6 G).
specially, the mRNA levels of PS and DE-specific markers in
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
LKBH5 depletion by the western blot analysis. W ild-t ype H9 cells (WT) serve 

epresentative of three independent replicates. The histogram on the right pan
-CATENIN, based on the relative gray value normalized to GAPDH. Data are m
** P < 0.001. ( C ) Immunofluorescence analysis shows decreased nuclear accu
ells serve as controls. The images are representative of three independent rep
ased on the nuclear / cytoplasmic ratio in fluorescence intensity of β-CATENIN
 xperiments. Tw o-sided Wilco x on test adjusted f or multiple comparisons. ****
ESCs by immunofluorescence analysis. The images are representative of thre
uantitativ e analy sis is built on the mean intensity of DKK4 in each group from 

npaired t test. **** P < 0.0 0 01. ( E ) Western blot analysis for DKK1 and DKK4 
mages are representative of three independent replicates. ( F ) qRT-PCR analysi
pon DKK4 KO and DKK1 / 4 double-KO (dKO) during DE induction. WT cells wit
ean ± SD, two-sided, unpaired t test; n = 4 independent experiments. **** P
-catenin in DKK1 / 4 -dKO derivates (36 h) under DE induction. WT cells with no

epresentative of three independent replicates. Scale bar, 20 μm. The quantitat
n fluorescence intensity of β-CATENIN. n = 20 nuclei / cytoplasm, from three b

ultiple comparisons. **** P < 0.0 0 01. ( H ) Heatmap visualization for transcript
LKBH5 −/ − cells with different doses of DKK1 / DKK4 restoration. ( I ) Immunoflu
ontrols and A5KO cells with different doses of DKK1 / DKK4 restoration. The im
m. The violin plots at the bottom panel show the quantitative analysis on fluor
uclei, from three biologically triplicated experiments. Two-sided Wilcoxon test
rotein le v els of activ e and global β-CATENIN le v els b y the w estern blot analy s
ifferent le v els. G APDH serv es as a loading control. T he images are representa
hows the quantitative analysis on western blots of active and global β-CATEN
ean ± SD, two-sided, unpaired t test; n = 3 independent experiments. **** P
DKK4 

−/ − cells at 36h and 72h are remarkably repressed upon
DKK1 depletion, respectively (Figure 4 F). By immunofluores-
cence analysis, we show that DKK4 / DKK1 depletion leads
to the lack of nuclear accumulation of β-CATENIN at 36h
during DE differentiation(Figure 4 G), suggesting DKK1 and
DKK4 could positively regulate the canonical Wnt / β-catenin
pathway, which is different from its reported inhibitory ef-
fects ( 37 ,44 ). 

To clarify whether DKK1 or DKK4 is the downstream tar-
get of the ALKBH5-GA T A6 regulation, we attempted to re-
store DKK1 and DKK4 individually by gene-overexpression.
However, overexpression of DKK1 and DKK4 both fail to res-
cue the aberrant endoderm induction caused by ALKBH5 de-
ficiency ( Supplementary Figure S6 F). Given the canonical roles
of DKK1 and DKK4 as Wnt antagonists, we suppose that the
overexpressed DKK1 or DKK4 , the content of which far out-
class that in WT cells ( Supplementary Figure S6 H), might ex-
ert an inhibitory effect on the Wnt / β-catenin signaling path-
way as previously reported, thus suppressing DE differentia-
tion. To verify this hypothesis systematically, we utilized sev-
eral approaches, including constitutive overexpression (cOE)
and inducible overexpression (iOE), to restore different doses
of DKK1 / 4 during DE induction ( Supplementary Figure S6 I).
Notably, we also introduced lower DKK1 / 4 restoration by the
DOX-free treatment in the inducible system ( Supplementary 
Figure S6 I). As expected, we achieved different mRNA lev-
els of DKK1 or DKK4 via these rescued strategies, among
which the restored content of DKK1 / 4 by leaky expression
(LE) from the DOX-free inducible system exhibited the same
order of magnitude as their normal levels in WT cells at PS
stage during DE formation, compared with other approaches
( Supplementary Figure S6 J). Additionally, only the restoration
by a modest level of DKK1 or DKK4 under LE, which is much
closer to their wildtype levels, successfully rescues the DE de-
fect upon ALKBH5 depletion, as evidenced by the mRNA
and protein levels of DE-specific markers ( Supplementary 
Figure S6 K; Figure 4 H, I). However, the mRNA abundance of
GATA6 is not to be increased as other lineage-specific genes
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
as controls. GAPDH serves as a loading control. The images are 
el shows the quantitative analysis on western blots of active and global 
ean ± SD, two-sided, unpaired t test; n = 3 independent experiments. 
mulation of β-catenin in A5KO derivates (36 h) under DE induction. WT 
licates. Scale bar, 20 μm. The quantitative analysis on the right panel is 
. n = 20 nuclei / cytoplasm, from three biologically triplicated 
 P < 0.0 0 01. ( D ) Detection on DKK4 protein le v el in WT and DKK4 −/ −

e independent replicates. Scale bar, 20 μm. The histogram about the 
biological triplicated e xperiments. Dat a are mean ± SD, t wo-sided, 
of the manipulated cells upon DKK4 and DKK4 / DKK1 depletion. The 
s on the mRNA levels of PS and DE-specific genes in hESC-derivates 
h the nontarget-sgRNA (WT + sgNT) serve as controls. Data are 
 < 0.0 0 01. ( G ) Immunofluorescence analysis for nuclear accumulation of 
ntarget-sgRNA (WT + sgNT) serve as controls. The images are 
ive analysis on the right panel is based on the nuclear / cytoplasmic ratio 
iologically triplicated experiments. Two-sided Wilcoxon test adjusted for 
omic dynamics by hierarchical clustering among WT controls and 
orescence analysis on the protein levels of DE-specific markers for WT 
ages are representative of three independent replicates. Scale bar, 20 
escence intensity of the indicated proteins within random nuclei. n = 20 
 adjusted for multiple comparisons. **** P < 0.0 0 01. ( J ) Detection on the 
is f or WT controls and A5KO cells with DKK1 / DKK4 restoration at 
tiv e of three independent replicates. T he histogram on the right panel 
IN, based on the relative gray value normalized to GAPDH. Data are 
 < 0.0 0 01. 
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Figure 5. Chir99021 rescues the aberrant DE formation mediated by ALKBH5. ( A ) Overview of the Chir treatment at the first day of DE differentiation 
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fter DKK1 or DKK4 rescue ( Supplementary Figure S6 L), im-
lying an upstream regulatory role of GA T A6 to DKK1 and
KK4. To validate the influence of DKK1 / 4 rescue on the
nt / β-catenin signaling pathway, we performed western blot

nalysis on WT and rescued samples at the 36h timepoint of
E differentiation. Expectedly, we observed a discernible in-

rease in the protein level of active β-CATENIN upon a mod-
st restoration of DKK1 or DKK4 by LE in A5KO cells (Fig-
re 4 J). Combined with the blockade of Wnt / β-catenin path-
ay triggered by DKK1 / 4 depletion (Figure 4 G), we propose

hat during DE formation, a proper level of DKK1 / 4 is re-
uired for the transduction of canonical Wnt signaling cas-
ade to support the PS / APS intermediate transition, whereas
igh-dose or loss of DKK1 / 4 both exert inhibitory effects
n the Wnt / β-catenin pathway, thus thwarting the endo-
erm development. Collectively, these data uncover a dose-
ependent effect of DKK1 / 4 in regulating the Wnt / β-catenin
ascade and suggest a novel role of DKK1 / 4 as a potential
arget of the ALKBH5-GA T A6 regulation to govern the DE
ifferentiation. 
Chir99021 (Chir) is an inhibitor of GSK-3 β and serves as a

obust agonist of canonical Wnt / β-catenin pathway( 23 ). To
urther confirm whether the ALKBH5-mediated inhibition on

nt / β-catenin pathway plays a dominant role in impeding
E development, we introduced Chir99021 (3 μM) into DE
ifferentiation of WT and A5KO hESCs from day 0 to day
 (Figure 5 A), and reveal that Chir can almost completely
escue DE induction in A5KO cells. As shown in Figure 5 B
nd C, the A5KO groups with Chir express high mRNA and
rotein levels of lineage-specific markers at PS and DE stage,
imilar to controls. Notably, these rescued ALKBH5-depleted
ells also exhibit a similar transcriptome pattern to controls
Figure 5 D, E). In contrast, we show that the treatment of
MP4 (20 ng / ml), bFGF (20ng / ml) or high-dose Activin A

200 ng / ml) fail to fully rescue ALKBH5 KO defects (Figure
 F). Moreover, by qPCR analyses, we observed that GATA6
RNA in ALKBH5 

−/ − cells is not as upregulated as the other
ineage-specific markers under Chir treatment at PS stage (Fig-
re 5 G). Based on our results, we propose that a previously un-
ecognized ALKBH5-GA T A6-DKK1 / DKK4 regulatory path-
ay is upstream of the endogenous Wnt / β-catenin pathway

n orchestrating DE development. 

 

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ctivin A (100 ng / ml) and Chir (3 μM) to initiate DE differentiation. After 1 day, 
ells were cultured in RPMI1640 / B27 medium supplemented with Activin A (10
he samples were collected for further identification. PS specification occurs at
etails. ( B ) qRT-PCR analysis on the mRNA levels of DE- (left panel) and APS-sp
f DE induction upon Chir99021 treatment. The group ‘A5KO + DMSO’ serves 

ndependent experiments. **** P < 0.0 0 01. ( C ) P rotein le v els of DE-specific ma
reatment. The images are representative of three independent replicates. Scal
lots on the right panel show the quantitative analysis on fluorescence intensit
iologically triplicated experiments. Two-sided Wilcoxon test adjusted for multip
RNA abundance of PS / APS / DE-specific genes in WT and A5KO cells upon C
ean ± SD from three independent replicates. SOX17 , FOXA2 and CXCR4 , DE

ZD8 , APS-specific markers. ( E ) Heatmap visualization for transcriptomic dynam
hir99021 treatment during DE differentiation. ( F ) mRNA le v els of DE-lineage g
g / ml), bFGF (20 ng / ml) and Activin A (200 ng / ml). Data are mean ± SD, two-s
 G ) qPCR analysis on the mRNA le v el of GA T A6 and APS-specific markers in WT
 of DE induction. Data are mean ± SD, two-sided, unpaired t test; n = 3 indep
odel for the ALKBH5–GA T A6–DKK1 / 4–Wnt / β-catenin regulation pathway in d

anel). The bottom panel shows the aberrant DE differentiation upon ALKBH5 d
 ypermeth ylation around the 3 ′ UTR of GA T A6 transcripts and accelerates their 
y sregulation of G A T A6 mRNA metabolism represses DKK1 and DKK4, both of
nally thwarting PS specification from hESCs and in turn impeding the PS-APS-
Discussion 

m 

6 A is emerging as a critical epigenetic modification to
regulate mRNA dynamics and impact cellular function in
normal and pathological processes. Critical regulators of
m 

6 A include writer / eraser / reader involving METTLE3 / 14,
FTO / ALKBH5, YTHDF2 have been well established, while
their multifaced roles under different contexts complicates our
understanding of the real biology of m 

6 A methylation. In this
report, we delineate the molecular mechanism and regulatory
pathway linking m 

6 A modification to cell fate decision with
hESC-based in vitro model. We propose a previously unrec-
ognized ALKBH5-GA T A6-DKK1 / DKK4-Wnt / β-catenin reg-
ulatory pathway in specifying the early cell fate decisions from
pluripotent state to definitive endoderm (Figure 5 H). We be-
lieve that similar pathways may be established for other cell
lineages through similar analyses. 

TGF- β/ Nodal signaling pathway, which can be emulated
by Activin A treatment, is important for DE development ( 20 ).
Notably, Activin A is the only known morphogen that can
induce DE formation alone in vitro , while Chir99021 serves
as a Wnt activator in multiple differentiation strategies. It
has been reported that Chir99021 helps maximize PS speci-
fication and eventually increases the efficiency of DE acqui-
sition ( 23 ). However, treatment with or without Chir99021
provides DE induction with 2 different contexts, probably
producing distinct results under the same m 

6 A regulation. In
our system, we readily observed striking impacts triggered
by Wnt inhibition upon ALKBH5 depletion during PS and
DE differentiation, whereas ALKBH5 

−/ − hESCs treated with
Chir99021 exhibits normal differentiation capacities towards
DEs, indistinguishable from WT hESCs. Remarkably, the DE
developmental defect upon ALKBH5 depletion is almost en-
tirely rescued by Chir99021 treatment. It should be noted
that most of the previous investigations of ALKBH5 on early
embryonic development involved Wnt activation (emulated
by Chir99021 or other Wnt activators) in their differentia-
tion protocols ( 12 ,13 ). Besides, the intrinsic regulatory net-
work in vivo may immediately rescue the signaling dysreg-
ulation caused by ALKBH5 silencing. That is possibly why
the role of ALKBH5 in early endoderm development has not
been reported until our current work. Our results help to
clarify the understanding on the role of ALKBH5 in early
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Chir was withdrawn from the induction system, and the differentiating 
0 ng / ml) for the rest 2 days. At the endpoint of this differentiation (D3), 
 day 1 in this approach( 23 ). See ‘Material and methods’ sections for more 
ecific (right panel) markers in WT and A5KO differentiated cells at day 3 
as a control. Data are mean ± SD, two-sided, unpaired t test; n = 3 
rkers SOX17 and FOXA2 in WT and A5KO derivates (D3) under Chir99021 
e bar, 100 μm. The group ‘A5KO + DMSO’ serves as a control. The violin 
y of SOX17 and FOXA2 within random nuclei. n = 20 nuclei, from three 
le comparisons. **** P < 0.0 0 01. ( D ) Time-course detection for the 

hir99021 treatment during DE formation. The data represent the 
-specific markers; T , PS-specific markers; HHEX , GSC , EOMES and 
ics by hierarchy clustering for WT and A5KO cells with or without 

enes in WT and A5KO cells under the indicated treatment of BMP4 (20 
ided, unpaired t test; n = 4 independent experiments. **** P < 0.0 0 01. 
 and A5K O diff erentiated cells with or without Chir99021 treatment at 36 
endent experiments. **** P < 0.0 0 01. ( H ) Schematic representation of a 
riving PS specification during DE differentiation from hESCs (upper 
eficiency . Briefly , during DE differentiation, loss of ALKBH5 induces m 

6 A 

decay predominantly through YTHDF2-mediated destabilization. The 
 which at a proper le v el are required f or the Wnt / β-catenin cascade, thus 
DE transition. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae707#supplementary-data
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endoderm development, and emphasizes the importance of
context-complexities in m 

6 A functions. 
GA T A6 is a critical pioneer transcription factor in modulat-

ing multiple developmental processes, especially its role in in
vitro DE differentiation ( 34 ,45 ). Significantly, it has been re-
ported that GA T A6 is essential for DE formation from human-
induced pluripotent cells (hiPSCs) and modulated endoderm
fate by controlling chromatin accessibility during differentia-
tion( 34 ). However, few studies have mentioned the relation-
ship between GA T A6 and m 

6 A modification in human em-
bryonic development thus far. In our study, we utilized the
overlapped analysis of RNA-seq and MeRIP-seq to identify
GATA6 as a direct target of ALKBH5. Hyper m 

6 A methy-
lation at 3 

′ UTR upon ALKBH5 deficiency accelerates the
mRNA decay of GATA6 in a YTHDF2-dependent manner.
In addition, previous studies reported that GATA6 knock-
down triggered a loss of endoderm viability and repressed ex-
pression of endodermal mRNAs in the absence of Wnt acti-
vators. These defects are consistent with the phenotypes de-
scribed in our research, further confirming the upstream role
of ALKBH5 regulation on GATA6 mRNA. More importantly,
we reveal an unexpected role of the previously recognized an-
tagonist DKK4 / DKK1 in activating Wnt / β-catenin cascade
by investigating GA T A6 in our models. Here, our study il-
lustrates novel m 

6 A-mediated mechanisms via GA T A6 regula-
tion in endoderm development and builds up a bond between
GA T A6 and m 

6 A-demthylase activities. 
There are several interesting issues to be fully clarified in

our study. For example, we preferentially focused on down-
regulated genes upon ALKBH5 depletion in light of their
close connections with endoderm induction. However, we also
detected a large amount of activated genes under ALKBH5
K O . These genes contain typical regulators involved in cellu-
lar metabolism, cell death and stress responses, which prob-
ably play unrecognized roles during DE differentiation. In
addition, our data reveal that the critical Wnt regulators
DKK1 and DKK4 execute different functions in regulating
the Wnt / β-catenin pathway in a dose-dependent manner. Pre-
viously, DKK4 and DKK1 served as Wnt inhibitors exclu-
sively by their competitive binding with the Wnt coreceptor
LRP5 / 6 ( 37 ,44 ). Moreover, DKK4 and DKK1 has also been
identified as Wnt target genes ( 46–48 ), engaging in a nega-
tive feedback loop to modulate the Wnt / β-catenin cascade.
Nonetheless, several studies have reported that DKK2, also a
member of the DKK family, could alter its functions accord-
ing to different conditions and activate the Wnt / β-catenin sig-
naling cascade under a high expression level of LRP5 / 6 ( 49 ).
In our study, we propose a possible model for DKK1 / 4 reg-
ulation, in which DKK1 / 4 serves as the Wnt inhibitors at a
high-dose, but maintain the Wnt / β-catenin signaling trans-
duction at a modest, or lower-dose. Besides, loss of DKK1
and DKK4 leads to the disruption of the endogenous signal-
ing cascade. Our findings about the dose-dependent effects of
DKK1 / DKK4 offer a new perspective for defining their bi-
ological functions. Yet, it requires further investigations to
explore the molecular mechanisms for the pleiotropic regu-
lations of DKK1 / DKK4 to the Wnt / β-catenin pathway. 

In conclusion, we first clarify the role of ALKBH5 and its
underlying mechanisms during PS specification and DE for-
mation. These findings are conducive to further exploration
of ALKBH5 in other aspects of cell differentiation and organ
development. Moreover, our refinements on the understand-
ing of ALKBH5 break its ‘nonfunctional’ stereotypes in early
embryonic development and provide new enlightenment for 
future investigations on m 

6 A biology. 
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