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Abstract

The process of induced pluripotent stem cells (iPSCs) reprogramming involves several crucial events, including the mesenchymal-epithelial
transition (MET), activation of pluripotent genes, metabolic reprogramming, and epigenetic rewiring. Although these events intricately interact
and influence each other, the specific element that regulates the reprogramming network remains unclear. Dux, a factor known to promote
totipotency during the transition from embryonic stem cells (ESC) to 2C-like ESC (2CLC), has not been extensively studied in the context of
iPSC reprogramming. In this study, we demonstrate that the modification of H3K18la induced by Dux overexpression controls the metabolism-
H3K18la-MET network, enhancing the efficiency of iPSC reprogramming through a metabolic switch and the recruitment of p300 via its C-
terminal domain. Furthermore, our proteomic analysis of H3K18la immunoprecipitation experiment uncovers the specific recruitment of Brg1
during reprogramming, with both H3K18la and Brg1 being enriched on the promoters of genes associated with pluripotency and epithelial
junction. In summary, our study has demonstrated the significant role of Dux-induced H3K18la in the early reprogramming process, highlighting
its function as a potent trigger. Additionally, our research has revealed, for the first time, the binding of Brg1 to H3K18la, indicating its role as a
reader of histone lactylation.
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Introduction

The role of Dux in embryonic development has garnered sig-
nificant attention in recent years due to its ability to facilitate
the conversion of ESCs into totipotent-like stem cells with en-
hanced developmental potential (1). In the context of mouse
embryonic development, Dux mRNA exhibits high transcrip-
tion levels specifically during the early 2-cell stage, coinciding
with the initiation of the first wave of zygotic genome activa-
tion (ZGA) (2). While it has been demonstrated that Dux is
not indispensable for ZGA, certain evidence suggests its cru-
cial involvement in the transition of 2CLCs (3,4). 2CLCs rep-
resent a subset of ESCs that exhibit spontaneous expression
of mouse 2-cell embryo-specific genes and repeats. In com-
parison to ESC, 2CLCs exhibit higher levels of H3K27ac,
H3K4me3 and H3K4mel modifications (5). Furthermore,
2CLCs have been shown to possess an expanded pluripotency
compared to ESC, as they contribute not only to all three
germ layers but also to the trophectoderm (TE) in chimera as-
says (6). Previous reports have indicated that the transition of
2CLGCs is initiated by the downregulation of Myc and Dnmt1,
leading to an increase in Dux expression. Furthermore, the
exit from the 2CLCs state is initiated by the inhibition of
Dux mRNA by Smg7/Upfl (7,8). These findings emphasize
the crucial role of Dux in the acquisition of totipotency.
Additionally, Dux makes significant contributions to the
advancement of somatic cell nuclear transfer (SCNT) repro-
gramming. Dux demonstrates the ability to enhance the ex-
pression of ZGA genes in 2-cell SCNT embryos by improving
the H3K9ac and H3K27ac modification, resulting in higher
rates of pre- and post-implantation development (9-11). In
a broader context, the N-terminus of the Dux protein con-
sists of two highly conserved adjacent DNA binding home-
odomains, while the C-terminus of Dux recruits CBP/p300,
which facilitates the accumulation of histone H3 acetylation
(10,12). The promotion of histone H3 acetylation has been
previously established as a means to increase the efficiency
of iPSC reprogramming (13). It has been demonstrated that
Duxbl facilitates MET in muscle stem cells (14), which is a cru-
cial step in the early stage of iPSC reprogramming (15). Fur-
thermore, other characteristic genes known to promote 2CLC
have also been discovered to enhance iPSC reprogramming
through the promotion of H3 acylation or metabolic rewiring

(16,17). Consequently, we propose the hypothesis that Dux
may play a role in promoting iPSC reprogramming, particu-
larly during the initial stages.

The establishment of iPSCs entails the reprogramming of
differentiated somatic cells into a pluripotent state. Although
Yamanaka factors possess the potential to reprogram all dif-
ferentiated somatic cells, the successful completion of the re-
programming process necessitates the occurrence of multi-
ple events in a sequential or simultaneous manner. Conse-
quently, a significant proportion of cells fail to complete re-
programming and become trapped in the initial stages, leading
to diminished reprogramming efficiency. The conventional re-
programming processes for iPSCs encompass various pivotal
events operating at distinct regulatory levels. At the chromatin
level, there is a rapid closure of many specific open sites re-
lated to fibroblasts during the early stage of reprogramming,
while numerous sites associated with pluripotency become
open in the later stage (18). At the epigenetic level, there is
a decrease in the overall genomic methylation level, accom-
panied by a gradual increase in the acetylation of histone H3
and H4 (11). At the transcription level, there is a significant
decrease in somatic-related genes during the first transcription
wave, followed by a predominant increase in pluripotency-
related genes during the second transcription wave (18-20).
At the metabolic level, there is a transition in the primary en-
ergy supply pathway from oxidative phosphorylation (OX-
PHOS) commonly utilized by somatic cells to aerobic glycoly-
sis, which is favoured by stem cells. This transition is referred
to as the OXPHOS to glycolysis switch (OGS) (21). At the
morphological level, cells undergo MET process, wherein they
transform from fibroblast-like cells to epithelial-like cells. This
transformation is accompanied by significant gene expression
changes, particularly in cell adhesion molecules such as Cdh1,
also known as E-cadherin (15). Hence, we posited the exis-
tence of a fundamental factor during the initial phase of repro-
gramming that propels the progression of stem cell-associated
processes towards the attainment of pluripotency.

Epigenetic regulation encompasses various crucial mech-
anisms, among which histone post-translational modifica-
tion (PTM) holds significance. Specifically, histone acetyla-
tion modification, extensively investigated, is presumed to fa-
cilitate transcription by counteracting the positive charge on
the lysine side chain or enlisting specific reader proteins (22).
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In addition to t Dux, there is a consensus in the academic
community that metabolites have the ability to influence the
extent of histone post-translational modification (23). One
such metabolite is lactate, which is a major product of gly-
colysis. Lactate-CoA, in particular, can serve as a substrate
for histone modifications, thereby modulating the accessibil-
ity of DNA molecules and subsequently regulating gene ex-
pression (24). In a study conducted in 2019, Zhang et al. ef-
fectively employed high-performance liquid chromatography-
mass spectrometry (LC/MS) tandem technology to success-
fully detect histone lysine lactylation. By utilizing the hypoxia
and macrophage polarization model, they verified that lactate
served as a substrate for the production of histone lactyla-
tion. Additionally, they made the groundbreaking discovery
that the modification of lysine 18 on histone H3 (H3K18la)
by lactate directly regulated gene expression at the chromoso-
mal level and acted as an active transcriptional modification.
Following this, scientists conducted a comparison of the en-
richment of H3K18la, H3K27ac, H3K4me3, and H3K27me3
in cells derived from different germ layers, focusing on vari-
ous transcription elements throughout the entire genome. The
study revealed that H3K18la plays a crucial role in regulating
the distribution of the transcriptional component, particularly
at the enhancers of tissue-specific genes (25).

Previous investigations on the functionality of histone lacty-
lation primarily concentrated on tissues and cells experienc-
ing metabolite alterations within specific microenvironments,
such as those associated with metabolic shifts in tumor cells,
immune cells, and stem cells during specific biological activ-
ities (26). Stem cells, in particular, exhibit distinct metabolic
traits compared to somatic cells, as they persistently rely on
glycolysis as their primary energy source even under aerobic
conditions. The phenomenon commonly known as the “War-
burg Effect’ involves the pivotal role of lactate dehydroge-
nase (Ldha) as a significant regulator (27). Recent research
has indicated that lactylation affects glycolysis-related genes,
including Ldha, thereby enhancing their expression and facil-
itating the generation of additional substrates for lactylation.
This process establishes a positive feedback loop, resulting
in an increased lactylation modification (26). Notably, stud-
ies have demonstrated that promoting glycolysis during re-
programming enhances the efficiency of iPSC reprogramming
(28). However, the role of histone lactylation in the process of
iPSC reprogramming remains uncertain.

Numerous well-established histone modifying enzymes ex-
ist, including p300, which acts as a lactyltransferase responsi-
ble for histone lactylation (24). The reduction of histone lysine
lactylation, specifically H3K18 and H4KS3, is observed when
classic HDAC1-3 and SIRT1-3 enzymes are present, indicat-
ing that these classic HDACs function as effective ‘erasers’ of
lysine lactylation in vitro (29). However, the identification of
a ‘reader’ for lactylation remains unreported in the literature.
In the context of histone acetylation and deacetylation, three
primary domains have been implicated in the recognition pro-
cess: the bromine domain (BD), the double PHD finger (DPF)
domain, and the YEATS domain. The BD module, known for
its conservation, binds to acetylated lysine residues on his-
tones. Given the conservation of binding specificity among
bromine domain homologs and the structural, functional, and
evolutionary similarities between histone lactylation and his-
tone acetylation, it is plausible to hypothesize that proteins
containing the BD module may also serve as ‘readers’ for his-
tone lactylation.
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In the current investigation, it was observed that transient
Dux overexpression (Dux OE) resulted in an enhancement of
iPSC reprogramming efficiency through the upregulation of
H3K18la level. The study established a connection between
OGS, histone lactylation, and MET via H3K18la during the
initial stages of reprogramming, highlighting the crucial role
of H3K18la in successful reprogramming. Specifically, Dux fa-
cilitated an increase in H3K18la levels by promoting OGS and
utilizing its C-terminal to recruit p300. Subsequently, Brg1 in-
teracted with H3K18la, which was enriched on the promoters
of MET-related genes, acting as a reader of lactylation to fa-
cilitate the reprogramming process.

Materials and methods

Cell culture

The animal feeding and experimental procedures were ap-
proved by the Ethics Committees of Harbin Medical Univer-
sity. The 4F2A-MEF cells, which expressed a Dox-inducible
polycistronic 4F2A cassette, were derived from E13.5 em-
bryos obtained from 4F2A mice purchased from Jackson Lab-
oratory (USA). The Feeder-MEF cells were derived from E13.5
embryos obtained by crossing female C57BL/6 mice with
male DBA/2 mice purchased from Vital River Laboratories
(China). The MEF, HEK293T, and plate-E cells were cultured
in DMEM/high glucose supplemented with FBS, penicillin-
streptomycin, and L-glutamine. The mouse iPSC was main-
tained in Knockout DMEM supplemented with various com-
ponents including KOSR and LIF.

Plasmids construction

Dux-related plasmids were constructed, amplified, purified,
and quantified as previously described (10). The pMX-
based retroviral vectors Oct3/4 (Addgene plasmid #13367),
Sox2 (Addgene plasmid #13367), Klf4 (Addgene plasmid
#13370), and c-Myc (Addgene plasmid #13375) were ob-
tained from Addgene. The Lenti CRISPR V2 (Addgene
Plasmid #52961), psPAX2 (Addgene Plasmid #12260), and
pCMV-VSV-G (Addgene Plasmid #8454) were acquired from
Addgene. The pHAGE2-TetOminiCMV-OSKM plasmid (Ad-
dgene plasmid #136541) was generously provided by Wu
Guangming from Guangzhou Laboratory. Additionally, the
pLV-CMV-mSmarca4 plasmid was purchased from Vector
Builder.

Virus infection

Plat-E cells were transfected with Oct3/4, Sox2, Klf4 and c-
Myc plasmids using the Lipofectamine® 3000 Transfection
Kit. The supernatant containing the virus was collected and
filtered at 48 h and 72 h post-infection, and subsequently used
to infect target cells with polybrene for 48 h. HEK293T cells
were transfected with pHAGE2-TetOminiCMV-OSKM plas-
mid along with packaging plasmids psPAX2 and pCMV-VSV-
G. The sgBrgl synthesized by Synbio Technologies following
the Target Guide Sequence Cloning Protocol was cloned into
the lentiviral vector lentiCRISPR v2.

In vitro transcription and mRNA transfection

The in vitro transcription of the reagent kits was conducted
using the mMESSAGE-mMACHINE T7 Ultra Kit (Ther-
moFisher). The concentration of mRNA was determined us-
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ing the Nanodrop 2000C (ThermoFisher) and the samples
were stored at -80°C for future utilization. The Lipofectamine
RNAiMax Reagent (Invitrogen) was employed according to
the manufacturer’s instructions for mRNA transfection, and
the efficacy and dependability of transfection were assessed
through quantitative real-time PCR.

iPSCs generation and AKP staining

Reprogramming efficiency was assessed through alkaline
phosphatase (AKP) staining during the late stage of induction
in this study. Three different methods were employed to in-
duce iPSCs.

Firstly, the supernatants of retroviral-infected plate-E cells
were used to infect MEF cells for 48 h. Subsequently, 4 x 10*
cells were transferred into a 6-well plate with feeder cells and
cultured until reprogramming Day 0. The resulting colonies
were stained with AKP and counted on Day 10.

Secondly, the supernatants of lentiviral-infected HEK293T
cells were used to infect MEF cells for 48 h. Following this,
4 x 10* cells were transferred into a 6-well plate with feeder
cells the day before use, and treated with 0.1% doxycycline.

Thirdly, on the day prior to usage, 4 x 10* 4F2A MFF cells
were seeded onto a 6-well plate alongside feeder cells. Subse-
quently, the cells were subjected to a treatment of 0.1% doxy-
cycline, resulting in their definitive reprogramming on Day
0. At Day 10, the colonies were stained using AP and sub-
sequently quantified.

Glycolysis-stress tests

Glycolysis-stress tests were conducted using an XFe8 Analyzer
system (Seahorse Bioscience) in accordance with the manufac-
turer’s instructions. Prior to measurement, cells were seeded
onto gelatin-coated 8-well plates the day before. The medium
was then changed to XF Base Medium supplemented with
1 mM of L-glutamine and 10mM of glucose, and equilibrated
for 1 h at 37°C without CO; supply. ECAR was measured by
sequentially adding 10 mM of glucose, 2uM of oligomycin,
and 100 mM of 2-deoxyglucose to the medium.

Intracellular lactate concentration

The intracellular lactate concentrations were quantified utiliz-
ing a lactate assay kit (Sigma-Aldrich, cat. #MAK064) accord-
ing to the manufacturer’s guidelines. To summarize, cellular
samples were homogenized in Lactate Assay Buffer and com-
bined with a Master Reaction Mix containing Lactate Probes.
The absorbance was assessed at 570 nm (As70), and the lac-
tate concentration was determined by referencing a standard
curve.

Immunoprecipitation (IP)

For each sample, cells were lysed using a Pierce™ Classic
Magnetic IP/Co-IP Kit (Thermo Scientific #88804) according
to the manufacturer’s instructions. The resulting lysates were
then incubated with a specific antibody overnight at 4°C, fol-
lowed by incubation with Pierce Protein A/G Magnetic Beads
for 1 h at room temperature. The elution process was car-
ried out using Lane Marker Sample Buffer, which was diluted
5-fold with purified water, for 30 min at room temperature.
Protein loading buffer was subsequently added to each sam-
ple, and the samples were heated at 105°C in a heating block
for 10 min before being stored at —40°C for future use.
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Chromatin immunoprecipitation (ChIP) gPCR

ChIP assays were conducted using the SimpleChIP® Enzy-
matic Chromatin IP Kit (Magnetic Beads) (Cell signaling tech-
nology #9003s) according to the manufacturer’s instructions.
Initially, the cells were cross-linked with 1% formaldehyde
(Sigma) and subsequently quenched with 0.125 M of glycine.
The lysed cells were then subjected to ChIP buffer and soni-
cated to obtain cross-linked chromatin. A portion of the chro-
matin samples was digested and the DNA concentration was
determined. The diluted samples were incubated with specific
antibodies, followed by the addition of protein G beads and
further incubation. The chromatin was subsequently eluted
and de-crosslinked. DNA was purified using a Purification Kit,
followed by RT-qPCR analysis on the immunoprecipitated
DNA using specific primers listed in Supplementary Table 1.

Immunofluorescence staining and images analysis

The cells were fixed in 4% paraformaldehyde at 4°C, then
blocked with 2% BSA in PBST. Subsequently, the cells were
incubated with primary antibodies overnight at 4°C and sec-
ond antibodies for 1 h. After washing, the cells were mounted
with ProLong™ Gold Antifade Mountant with DAPI and im-
aged using Nikon TE2000-U and Nikon ECLIPSE Ti-U mi-
croscopes. Image analysis was conducted using Image].

Western blots and analysis

Protein samples were subjected to separation using 12.5%
SDS-polyacrylamide electrophoresis gels, followed by transfer
onto a polyvinyl difluoride membrane (Millipore). The mem-
branes were subsequently blocked in a solution of 5% skim
milk diluted in PBST (0.1% Tween 20 in PBS) for a duration
of 1 h at room temperature. Following this, the membranes
were incubated with specific primary antibodies at a dilution
recommended in the accompanying instructions, overnight at
a temperature of 4°C. The blots were then washed and incu-
bated with the corresponding secondary antibody for a du-
ration of 1 h at room temperature. All images were captured
using the ChemiDoc™ Imaging System (BIO-RAD) and sub-
sequently analyzed using Image].

Total RNA extraction and RT-PCR

The extraction of total cellular RNA was conducted in ac-
cordance with a TRIzol-Based protocol, and subsequent re-
verse transcription was carried out using the TransScript®
All-in-One First-Strand ¢cDNA Synthesis SuperMix for gPCR
(One-Step gDNA Removal) kit (Transgen #AT341-03) fol-
lowing the guidelines provided by the manufacturer. Real-
time PCR was performed using the TransStart® Top Green
qPCR SuperMix (Transgen #AQ131-01) as the manufac-
turer’s instructions, and the analysis was conducted on the
CFX96 Real-time System (Bio-Rad). The primers are listed in
Supplementary Table 1.

RNA-seq

RNA extraction was conducted using a TRIzol-based proto-
col. Subsequently, libraries were prepared following the guide-
lines provided by the Illumina TruSeq RNA Sample Prepa-
ration kit. Sequencing was carried out on a MiSeq instru-
ment at Shanghai Majorbio Bio-Pharm Technology. The ob-
tained data were subjected to analysis using Trimmatic soft-
ware (v0.39), hisat2 software (v2.1.0), and feature Counts
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software (v1.6.0). The repeat sequence was annotated utiliz-
ing the RepeatMask GTF file available on the UCSC website.
The Counts matrix obtained is utilized as the input data file
for gene differential expression analysis through the utiliza-
tion of the R package DESeq2. Transcripts meeting the criteria
of I logo FC | > 1.5 and FDR < 0.05 are identified and labeled
as differential transcripts. The data used in this study are at
Supplementary Table 2.

CUT&Tag

To perform CUT & Tag analysis, we utilized the Hyperac-
tive InSitu Universal CUT&Tag Assay Kit for Illumina Pro
(Vazyme Biotech #TD904-02). A total of 10 000 cells were
collected as samples for the experimental group, with two
replicates conducted. Subsequently, the prepared libraries un-
derwent PCR amplification after extraction using phenol-
chloroform and ethanol precipitation. The PCR cycling condi-
tions consisted of an initial step at 72°C for 5 min, followed by
denaturation at 98°C for 30 s. This was succeeded by 14 cycles
of denaturation at 98°C for 10 s and annealing at 60°C for 30
s. The amplification process was completed by performing a
final extension step at a temperature of 72°C for a duration
of 1 min, followed by holding the samples at a temperature
of 4°C. For the purpose of post-PCR cleanup, a volume of
DNA clean beads equal to 1.5 times the volume of the DNA
was utilized. In order to guarantee a thorough and precise se-
quencing analysis, all libraries that were prepared underwent
sequencing on the Illumina Nova Seq 6000 platform, while
strictly adhering to the manufacturer’s guidelines.

ChlP-seq and CUT&Tag analysis

The ChIP-seq and CUT&Tag data utilized in this study
were obtained from publicly available databases, specifi-
cally the ENA (https://www.ebi.ac.uk/ena/browser/) or NCBI
(https://www.ncbi.nlm.nih.gov/sra/) Download. The acquired
data underwent analysis using Trimmatic software (v0.39),
Bowtie2 software (v2.3.4.1) and Macs2 software (v2.1.1).
The R package of ChIPseeker was employed for the analy-
sis and processing of the ‘.mappedPeak’ file. Additionally, the
bedGraphToBigWig tool was utilized to convert ‘.bdg’ files
to “.bw’ files for compatibility with UCSC. Finally, the sorted
bam file or bw file was visualized using IGV software (v2.8.2).
The data used in this study are at Supplementary Table 2.

4D-FastDIA quantitative proteomics

The 4D-FastDIA quantitative proteomics analysis experi-
ments were conducted at PTM BIO. The data are available in
Pride database (PXD043547). In brief, the project commenced
by subjecting raw LC-MS datasets to a database search using
DIA-NN 1.8, yielding matrices with Normalized protein in-
tensity. The intensities (I) were then centralized and converted
to relative quantitative values (R) using the specified formula
(i for samples, j for proteins). Rij = Iij/Mean (Ij).

Sample preparation involved enzymolysis, adding DTT at
56°C for 30 min, followed by IAM treatment in the dark for
15 min. TEAB-diluted urea and trypsin (1:50 ratio) facilitated
overnight digestion, followed by a 1:100 trypsin addition for
a 4-h hydrolysis. The resulting trypsin peptide, dissolved in
solvent A, was injected into a self-made column. Peptide sep-
aration on a nanoElute UHPLC system employed a gradient
from 6% to 80% solvent B over 70 min, with subsequent anal-
ysis on a tims TOF Pro mass spectrometer. Operating in PASEF
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mode, the system focused on precursor ions within a defined
m/z range.

Molecular docking

Molecular docking encompasses the utilization of computa-
tional software to simulate the interplay between molecules.
In the present investigation, the AlphaFold software was em-
ployed to simulate the protein sequences of Brgl and H3.
Subsequently, the HDCOK program was utilized for protein—
protein and protein-DNA/RNA docking, whereby the struc-
ture with the most favorable score was chosen for subse-
quent analysis. The Docking core employs iterative functions
ITScorePP or ITScorePR to compute scores, with more nega-
tive values indicating heightened binding and interaction. Ad-
ditionally, a confidence score is defined to denote the proba-
bility of molecule binding. The Brgl protein and unmodified
H3 protein exhibited an optimal docking score of —257.78,
accompanied by a confidence score of 0.896. Conversely, the
Brg1 protein and K19-modified H3 protein displayed an op-
timal docking score of -310.50, with a confidence score of
0.961. These findings substantiate the reliability of the com-
plex models and indicate a substantial likelihood of binding.

Statistics

The WB, Co-IP, AKP staining and IF experiments were re-
peated at least three times. The qPCR and ChIP-qPCR exper-
iments were repeated at least three times with three replicates
every time. The CUT&Tag experiment was conducted on two
occasions, while RNA-seq and IP-MS experiments were con-
ducted three times. The resulting data were analyzed using
a bioinformatic approach. Additional data were subjected to
Student’s t-test and presented as mean + standard deviation.
Statistical significance was determined based on P values, with
" P < 0.05 considered statistically significant, ~* P < 0.01
considered highly significant, and *** P < 0.001 considered
extremely significant. All statistical analyses were carried out
using GraphPad Prism 8.0.2.

Results

Dux increases iPSCs reprogramming efficiency by
metabolism rewiring

Multiple studies have demonstrated the ability of Dux to re-
duce DNA methylation across the entire genome (30) and re-
cruit p300 to enhance acetylation (10). However, the poten-
tial of Dux to effectively promote iPSCs reprogramming re-
mains uncertain due to the induction of apoptosis with pro-
longed expression of Dux (7). The precise dosage and timing
of Dux expression have been shown to be crucial for regulat-
ing the developmental process (31). In this study, we used a
retrovirus strategy to create iPSCs and a lentiviral system to
overexpress Dux at specific times during reprogramming. We
found that Dux OF on Days 24 significantly increased repro-
gramming efficiency (Figure 1A, B), with iPSC colonies show-
ing normal pluripotency marker expression. Additionally, we
conducted immunofluorescence and HE staining on embry-
onic bodies and Nude mice teratoma assay, which revealed
the presence of three-layer markers both in vivo and in vitro
(Supplementary Figure 1A-C). Our experiments showed that
Dux OE during early reprogramming stages positively affects
iPSCs generation.
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Figure 1. Dux promoted iPSCs reprogramming efficiency by metabolic remodeling. (A) Schematic diagram of classic Yamanaka factors reprogramming
method with Dux OE on different time points. (B) AKP staining was conducted to visualize iPSCs clones with Dux OE at different time points. A
statistical chart was generated to display the number of clones in each dish. Bars represent the mean and SD of n = 4 independent experiments. (C)
RNA-seq analyses showed gene expression in Cluster 6 by Mfuzz clustering. MEF, D4, and iPSC each represented distinct stages of reprogramming,
while Dux represented Dux OE during reprogramming on Days 2-4, and sampled on D4. (D) KEGG analysis showed genes enrichment in Cluster 6. (E)
RNA-seq analyses showed glycolysis-related gene expression with Dux OE. (F) gPCR showed gene expression on glycolysis-related genes with Dux OE.
Bars represent the mean and SD of n = 3 independent experiments. (G) Lactic probe assay indicated the concentration level of lactate with Dux OE.
Bars represent the mean and SD of n = 3 independent experiments. (H) LDH assay showed at optical density at 490nm with Dux OE. Bars represent
the mean and SD of n = 3 independent experiments. (I) The ECAR difference between MEF, D4, Dux D4 and iPSC were diagramed. ECAR presented
parameters of the glycolytic pathway: glycolysis, glycolytic capacity, glycolytic reserve. (J) The statistical chart represented the ECAR difference
between MEF and iPSC. Bars represent the mean and SD of n = 3 independent experiments. (K) The statistical chart showed the ECAR difference
between Dux D4, and the control group. Bars represent the mean and SD of n = 3 independent experiments. (L) WB showed H3K18la levels in MEF,
iPSCs, and cells during iPSCs reprogramming with Dux OE. The histogram analysis showed the relative statistical values of H3K18la for each group.
Bars represent the mean and SD of n = 3 independent experiments. (M) Immunofluorescence staining showed the level of H3K18la modification during
reprogramming. The line graph displayed the mean fluorescence intensity at every time point. Bars represent the mean and SD of n = 3 independent
experiments. (N) CUT&Tag analysis showed genomic enrichment for H3K18la on MEF, D4, Dux D4 and iPSCs. (O) Immunofluorescence staining
indicated H3K18la modification with Dux mutants. The histogram analysis displayed mean fluorescence intensity in each group. Bars represent the
mean and SD of n = 3 independent experiments. "P < 0.05, P < 0.01, " P < 0.001. t-test.
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Subsequently, we examined the gene expression patterns
in the non-reprogrammed state (MEFs), early reprogrammed
state (Day 4), and fully reprogrammed state (iPSCs). Stable re-
programming progress was achieved using tetO-4F2A MEE
Reprogramming was initiated with doxycycline induction for
48h, followed by Dux OE for another 48h. The time win-
dow of reprogramming Day 2-Day 4 was studied for its im-
pact on iPSCs reprogramming using RNA-seq. We performed
a pseudo-time analysis by Fuzzy c-means algorithm (Mfuzz),
a temporal cluster method that enables the calculation of the
probability of each gene in every cluster (32). We supposed
Dux OE on reprogramming Day 2-Day 4 (Dux D4) as an
intermediate state between Day 4 and iPSC, and we got 10
distinct clusters (Supplementary Figure 1D). Cluster6, which
including 4632 genes, exhibited a consistent increase in ex-
pression throughout the reprogramming process (Figure 1C).
Genes in cluster6 revealed that a majority of them were found
to be grouped within metabolic pathways according to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
(Figure 1D). This finding implies that as reprogramming pro-
gresses, the expression of these genes increases gradually, facil-
itated by Dux and linked to the metabolism pathway in iPSCs
development. We analyzed public data and used KEGG to find
that genes enriched in Dux in ESC are also enriched in MAPK
and HIF-1 signaling pathways, whereas the p38 MAPK path-
way could enhance glycolysis (33), and the HIF-1/LDH path-
way could promote lactate production (34), suggesting a
link between Dux and glycolysis (Supplementary Figure 1E).
Heatmap showed the expression level of glycolysis-related
genes in Dux D4 and D4 groups (gene set was downloaded
from REACTOME [REACTOME_GLYCOLYSIS, R-MMU-
70171]), Loga (FPKM + 1) matrix was used as input, and
scaled by rows. We found that glycolysis-related genes were
mainly upregulated with Dux OE (Figure 1E). The corre-
lation between Dux and metabolic processes suggested that
Dux might promote reprogramming by regulating glycolysis
metabolism pathway.

Notably, quantitative polymerase chain reaction (qPCR)
analysis demonstrated that Dux significantly augmented the
transcriptional activity of glycolytic genes in the early phases
of reprogramming (Figure 1F). Moreover, Dux OE led to an
augmentation in lactate secretion (Figure 1G). The activity
of lactate dehydrogenase was enhanced with Dux OE, as as-
sessed through a colorimetric assay (Figure 1H). The extracel-
lular acidification rate (ECAR) was measured using the Sea-
horse assay, whereby the glycolytic capacity was determined
by calculating the disparity between post-Oligomycin ECAR
and baseline ECAR. The outcomes revealed a significant dis-
parity in the levels of Glycolysis, Glycolytic capacity and Gly-
colytic reserve between MEF and iPSCs. The administration of
Dux OE resulted in a notable elevation in the overall levels of
ECAR, particularly in terms of Glycolysis level and Glycolytic
capacity, surpassing those observed in the control group (Fig-
ure 1I-K). These collective observations indicated that Dux
played a significant role in promoting the reprogramming of
iPSCs by facilitating OGS.

During iPSCs reprogramming, OGS induces changes in
metabolic products, leading to the accumulation of glycolysis-
derived products, which in turn triggers the accumulation of a
newly discovered type of histone modification—histone lacty-
lation (24). Dux, known to promote OGS, was also found to
facilitate the promotion of H3K18la during reprogramming
(Figure 1L, Supplementary Figure 1F). Furthermore, we ob-
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served a gradual accumulation of H3K18la as reprogramming
progressed, with significantly higher fluorescence intensity de-
tected after Dux OE at each time point (Figure 1M). Subse-
quently, we performed Cleavage Under Targets and Tagmen-
tation (CUT& Tag) detection on MEF, D4, Dux D4 and iPSCs,
our data indicated a gradual accumulation of H3K18la en-
richment on genes throughout the programming process, with
Dux promoting the enrichment of H3K18la on the genome
(Figure 1N).

p300 functions as a lactyltransferase, specifically targeting
H3K18 for both acetylation and lactylation (24). Additionally,
the C-terminal domain of Dux plays a crucial role in recruit-
ing p300, thereby increasing the levels of genomic H3K27ac
and H3K9ac (10). In order to investigate the specific contri-
bution of Dux domains in promoting H3K18la, a series of
Dux mutant plasmids were generated, each lacking different
domain (Supplementary Figure 1G). These mutant plasmids
were then utilized to produce mRNA through an in vitro
transcription process, and subsequently transfected into cells.
Our study revealed that Dux mutants lacking both N-terminal
homology domains (DuxA1&2) exhibited a loss of nuclear
localization (Supplementary Figure 1H). Conversely, the ab-
sence of the C-terminal domain (Dux AC and Dux HD1&2)
prevented Dux mutant mRNA from elevating the level of
H3K18la (Figure 10). Following this, we conducted an anal-
ysis of the CUT& Tag data pertaining to mutations in the Dux
domain in ESC available in publicly accessible databases. Our
findings revealed a notable decrease in the binding capacity
of Dux to genes associated with glycolysis and pluripotency
in instances where the last 14 amino acids in the C-terminus
of Dux were mutated (Supplementary Figure 2A). These re-
sults indicate that H3K18la accumulates during iPSCs repro-
gramming, and Dux facilitates the increase in H3K18la levels
through its C-terminal domain.

H3K18la modification affects iPSC reprogramming
efficiency

The findings suggest that Dux may regulate H3K18la lev-
els, potentially enhancing reprogramming. Various lactylation
regulators were used to study H3K18la’s role in iPSCs repro-
gramming including sodium dichloroacetate (DCA), sodium
oxamate, rotenone, sodium lactate (NaLa), iP300w and TSA
(Supplementary Table 3). DCA and sodium oxamate inhibit
glycolysis by affecting pyruvate dehydrogenase and lactate de-
hydrogenase, while Rotenone and Nala promote glycolysis.
These compounds can impact reprogramming and pluripo-
tency by regulating glycolysis efficiency (21,35,36). Impor-
tantly, it should be noted that DCA, sodium oxamate, and
Rotenone have been shown to regulate genomic pan lacty-
lation but not pan acylation (24). The enzymes p300 and
HDAC1-3 were previously identified as ‘writers” and ‘erasers’
of lactylation, respectively. To modulate the H3K18la levels,
we utilized the p300 inhibitor iP300w and the HDAC in-
hibitor TSA (Figure 2A).

To investigate the impact of H3K18la, inhibitors were uti-
lized during the initial reprogrammed stage to assess the effi-
ciency of Dux. The subsequent immunofluorescence and West-
ern blotting analyses demonstrated that DCA, sodium oxam-
ate, and iP300w led to a reduction in H3K18la levels, whereas
Nala, Rotenone, and TSA resulted in an increase in H3K18la
levels (Figure 2B, Supplementary Figure 2B). Furthermore,
the impact of DCA, sodium oxamate, Nala, and rotenone on
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Figure 2. The dynamic change of H3K18la during reprogramming was regulated by modifying the histone modification enzymes and glycose substrates.
(A) The diagram showed H3K18la regulators by regulating the main glycolysis metabolism process and lactylation modification enzyme. (B)
Immunofluorescence showed H3K18la levels with different regulators in the early reprogramming. (C) AKP staining indicated clones monitored by
different regulators at various time points. (D) The histogram showed AP* clone numbers with H3K18la regulators on different time points during
reprogramming. Bars represent the mean and SD of n = 3 independent experiments. (E) WB showed the level of H3K18la treated with TSA combined
with DCA or Oxamate on reprogramming Day 2-Day 4. The histogram analysis showed the relative statistical values of H3K18la for each group. Bars
represent the mean and SD of n = 4 independent experiments. (F) AKP staining showed clones treated with TSA combined with DCA or Oxamate. The
histogram presented the AP + clone numbers. Bars represent the mean and SD of n = 4 independent experiments. (G) WB showed the level of
H3K18la treated with iP300w combined with Nala or Rotenone on reprogramming Day 2-Day 4. The histogram analysis showed the relative statistical
values of H3K18la for each group. Bars represent the mean and SD of n = 4 independent experiments. (H) AKP staining showed clones treated with
iP300w combined with Nala or Rotenone. The histogram presented the AP + clone numbers. Bars represent the mean and SD of n = 4 independent
experiments. (I) Public bioinformatic data analysis showed the enrichment of H3K18la, H3K27ac, H3K4me3 and H3K27me3 on pluripotent-related
genes. (J) CUT&Tag analysis showed the enrichment of H3K18la on pluripotent-related genes in MEF, D4, Dux D4 and iPSC. (K) ChIP-gPCR of H3K18la
enrichment on pluripotent-related genes during reprogramming. Bars represent the mean and SD of n = 3 independent experiments. (L) ChIP-gPCR of
H3K18la enrichment on pluripotent-related genes in reprogramming Day 4 with H3K18la regulated. Bars represent the mean and SD of n=3
independent experiments. "P < 0.05, ""P < 0.01, " P < 0.001. t-test.
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H3K18ac was found to be negligible, as indicated by the ab-
sence of any noticeable effect on its level. Conversely, iP300w
was observed to decrease the level of H3K18ac, while TSA was
found to enhance its level (Supplementary Figure 2C). Addi-
tionally, DCA and sodium oxamate were found to decrease the
secretion of lactate by cells, whereas Nala and rotenone were
found to increase lactate secretion. Notably, the administra-
tion of iP300w or TSA did not yield any significant alteration
in lactate secretion (Supplementary Figure 2D).

Henceforth, we examine a groupset of small molecule drugs
including DCA, Sodium oxamate, Rotenone, and Nala that
can regulate H3K18la by affecting OGS. Additionally, an-
other groupset of small molecule drugs including, iP300w
and TSA, can regulate H3K18la modification by modulat-
ing histone lactyltransferase P300 and histone delactyltrans-
ferase HDAC (modification enzyme). Consequently, we desig-
nate these drugs as the regulators of H3K18la. We subjected
cells to treatment with said regulators at various time inter-
vals and quantified the quantity of AP* clones on Day 10. Our
findings demonstrated a notable alteration in the number of
AP* clones following administration of these regulators dur-
ing the initial stages of reprogramming (Days 0-2 and Days 2—
4). The downregulation of H3K18la resulted in a decrease in
the number of AP* clones, while the upregulation of H3K18la
using Nala and Rotenone significantly increased the number
of AP* clones in the early stages of reprogramming. Although
TSA also increased the number of AP* clones, this effect was
not statistically significant (Figure 2C, D). These findings sug-
gested a crucial role for H3K18la in iPSC reprogramming, par-
ticularly in the initial stages of the process.

The above results demonstrated the regulation of H3K18la
by affecting through the modulation of OGS and histone
modification enzyme, ultimately impacting iPSCs reprogram-
ming efficiency. Our approach involved the utilization of a
drug combination strategy to manipulate H3K18la via his-
tone modification enzymes based on OGS regulation. Subse-
quently, we evaluated the effects of early-stage H3K18la regu-
lation on the efficiency of reprogramming. To investigate this
matter, we devised two contrasting sets of experiments. The
initial group encompassed negative regulators of glycolysis,
including DCA and sodium oxamate, with the inclusion of
TSA to enhance H3K18la modification levels. Conversely, the
second group comprised positive regulators of glycolysis, in-
cluding Nala and Rotenone, with the use of iP300w to reduce
H3K18la modification levels. The 4F2A MEF cells were sub-
jected to treatment with these regulators from reprogramming
Day 2 to Day 4. The first set of experiments indicated that
when treated with DCA or Sodium oxamate to reduce cellu-
lar H3K18la levels, TSA was unable to restore the levels of
H3K18la modification (Figure 2E). In the second set of exper-
iment, Nala and Rotenone were able to reverse the decrease
in H3K18la caused by iP300w (Figure 2G). Both experiments
emphasize the importance of OGS in H3K18la modification.
Consistent with expectations, the number of AP* clones ex-
hibited a similar pattern to the level of H3K18la. The repro-
gramming efficiency treated with TSA is not restored follow-
ing the impact of DCA and Sodium oxamate, whereas Nala or
Rotenone can mitigate the influence of iP300w on reprogram-
ming efficiency. The observed changes in H3K18la levels dur-
ing early reprogramming further emphasize the significant role
of H3K18la in early reprogramming. Additionally, it is note-
worthy that elevated glycolytic levels can regulate H3K18la
modification, even in the absence of p300 inhibition. It is pos-

5537

sible that other lactyltransferase compensated for the deple-
tion of p300 and increased the H3K18la level (Figure 2F, H).

To confirm H3K18la’ role in reprogramming, we com-
pared our CUT&Tag data with publicly ChIP-seq data and
found enrichment of H3K18la on glycolysis and pluripo-
tency genes, which increased as reprogramming advanced
(Supplementary Figure 2E). The utilization of the Integrated
Genome Viewer (IGV) facilitated the identification of histone
modification enrichment on genes. Our analysis revealed a
significant enrichment of active histone modifications, specif-
ically H3K18la, H3K27ac, and H3K4me3, on the promot-
ers of pluripotency marker genes PouSfl (also referred to
as Oct4), Sall4, Sox2 and Nanog in mouse ESC. Addition-
ally, we observed a lack of enrichment of the repressive hi-
stone modification H3K27me3 at the loci of pluripotency-
related genes (Figure 2I). To analysis these results, we con-
ducted a CUT&Tag analysis of H3K18la enrichment. Our
findings demonstrated a consistent pattern of H3K18la en-
richment at the pluripotent genes’ promoters, in line with
publicly available data. Notably, as the reprogramming pro-
cess advanced, there was a gradual accumulation of H3K18la
at the pluripotent gene promoter, with a significant enrich-
ment observed in iPSCs (Figure 2], Supplementary Figure 4G).
Subsequently, an analysis was conducted on the ChIP-qPCR
data pertaining to loci enrichment, revealing a notable dis-
parity in H3K18la enrichment at the promoters of Oct4 and
Sall4 between MEF and iPSCs. Specifically, on reprogramming
Day 4, the level of H3K18la enrichment surpassed that of
MEE, yet it did not attain the level observed in iPSCs (Fig-
ure 2K). This observation implies a gradual accumulation of
H3K18la at promoters of genes associated with pluripotency
throughout the reprogramming process. Lastly, Nala exhib-
ited an upregulation in the enrichment of H3K18la on Oct4
and Sall4 promoters, whereas DCA downregulated it during
early reprogramming (Figure 2L). In conclusion, our find-
ings highlight the specific enrichment of H3K18la in genes
associated with pluripotency through the actions of lactyl-
transferase and glycolysis substrates during the early stage of
reprogramming.

H3K18la promotes mesenchymal-epithelial
transition

MET played a pivotal role in the initial reprogramming of
iPSCs. Considering the observed impacts of H3K18la reg-
ulators during the early phase of reprogramming, it raised
the question of whether their influence on early reprogram-
ming occurred through the regulation of MET. Activation
of cadherin 1 (Cdh1 or E-cadherin) is a well-established in-
dicator of MET. Consequently, this section aimed to assess
whether H3K18la facilitated early reprogramming by pro-
moting MET. The pHAGE2-TetOminiCMV-OSKM plasmid,
which was transfected with lentivirus, was prepared for the
purpose of this study. In this reprogramming system, the
observation of cell morphology was facilitated. Throughout
the reprogramming process, the fibroblast-like shape cells
gradually transformed into a paving stone-like appearance
(Supplementary Figure 3A). Additionally, E-cadherin protein
exhibited a significant increase (Supplementary Figure 3B).
Through the application of H3K18la regulators to cells
from reprogramming Day 0-4, we observed a variation in the
quantity of cells undergoing MET (Figure 3A). Additionally,
the downregulation of E-cadherin was observed when treated
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Figure 3. H3K18la promotes mesenchymal-epithelial transition. (A) The cellular morphology was observed under light microscopy following treatment
with H3K18la regulators during the early stages of reprogramming. (B) WB showed E-cadherin level treated with H3K18la regulators in early
reprogramming. The statistical graph showed E-cadherin relative expression. Bars represent the mean and SD of n = 4 independent experiments. (C)
WB showed E-cadherin level when treated with TSA combined with DCA or sodium oxamate in the early reprogramming. The histogram analysis
indicated the relative statistical values of E-cadherin for each group. Bars represent the mean and SD of n = 4 independent experiments. (D) WB
showed E-cadherin level when treated with iP300w combined with Nala or Rotenone in the early reprogramming. The histogram analysis showed the
relative statistical values of E-cadherin for each group. Bars represent the mean and SD of n = 4 independent experiments. (E) Public bioinformatic
analysis showed the enrichment of H3K18la, H3K27ac, H3K4me3, and H3K27me3 epithelial-related genes. (F) CUT&Tag analysis showed the
enrichment of H3K18la on epithelial-related genes in MEF, D4, Dux D4 and iPSC. (G) ChIP-gPCR showed H3K18la enrichment on epithelial-related genes
during reprogramming. Bars represent the mean and SD of n = 3 independent experiments. (H) ChIP-gPCR showed H3K18la enrichment on
epithelial-related genes in reprogramming Day 4 with H3K18la regulators. Bars represent the mean and SD of n = 3 independent experiments. " P <

0.05, P < 0.01, 7 P < 0.001. t-test.
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with DCA, sodium oxamate, and iP300w, as illustrated in
Figure 3B. The modulation of E-cadherin appeared to align
with the levels of H3K18la when utilized in conjunction with
H3K18la regulators (Figure 3C, D).

Subsequent investigations confirmed the presence of
H3K18la enrichment at gene loci associated with epithelial
junction. Based on the findings of bioinformatics analysis, it
was observed that epithelial-related gene locations in ESCs
exhibited significant enrichments of H3K18la, H3K27ac and
H3K4me3, while no significant enrichment of H3K27me3
was observed (Figure 3E). We compared CUT&Tag data
for H3K18la during reprogramming and found gradual ac-
cumulation at epithelial-related genes. In iPSC, H3K18la
was significantly enriched at the epithelial genes’ promoters
(Figure 3F, Supplementary Figure 4H). Mesenchymal-related
gene loci did not show significant enrichments of H3K18la,
H3K27ac and H3K4me3. Enrichment was observed at the
Snail gene locus, but the distinction between activated and re-
pressed modifications was unclear. Bivalent histone modifica-
tion was observed at the Twist1 gene locus, indicating tran-
scriptional suppression (Supplementary Figure 3C). Our data
showed that, there was no significant difference in the enrich-
ment of H3K18la at these sites during the reprogramming
process (Supplementary Figure 3D). Subsequent ChIP-qPCR
assays demonstrated notable disparities in H3K18la enrich-
ment on genes associated with epithelial junction. H3K18la
levels reached a magnitude similar to that observed in iPSCs.
Remarkably, the accumulation of H3K18la progressively in-
tensified at the promoters of epithelial-related genes during
reprogramming process (Figure 3G). The results of this study
also demonstrated that the administration of H3K18la regu-
lators led to a notable increase in the presence of H3K18la
at the promoters of genes associated with epithelial junction.
Specifically, Nala was observed to enhance the enrichment of
H3K18la in epithelial-related genes, whereas DCA resulted
in a decrease in H3K18la enrichment at these specific sites
(Figure 3H). Comparing the outcomes suggests that H3K18la
modification boosts reprogramming efficiency by promoting
cellular MET. This research highlights the importance of a
network involving OGS, H3K18la and MET, with H3K18la
being crucial in the early stages of reprogramming.

Dux facilitates H3K18la dynamic changes during
reprogramming by promoting H3K18la enrichment
on epithelial-related genes

These aforementioned outcomes established the regulatory
role of H3K18la in epithelial-related and pluripotent-related
genes during the early stages of reprogramming. To investi-
gate whether Dux modulated H3K18la through OGS or the
recruitment of p300, additional experiments were conducted.
Dux increased the level of H3K18la modification during re-
programming D2-D4, but H3K18la level could not promoted
by Dux with the existence of DCA. However, when iP300w
consumed p300, Dux rescued H3K18la levels (Figure 4A).
AP* clones displayed a similar pattern in the level of H3K18la
when treated with H3K18la regulators and Dux (Figure 4B).
We also tested the effect of Dux on H3K18la enrichment, and
ChIP-qPCR demonstrated that in the early stages of repro-
gramming, Dux OE led to a slight enhancement in the enrich-
ment of H3K18la on pluripotent genes, although this increase
was not statistically significant (Figure 4C). The findings sug-
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gested that Dux facilitated H3K18la modification mostly by
upregulating p300 rather than promoting OGS.

Nine-quadrant scatter plot showed the relationship be-
tween differential expression genes (DEGs) in Dux D4 com-
pared to D4 (LogaFoldChange > 1 & P4 < 0.05), and the
DEGs in iPSC compared to MEFE. Dux downstream genes
Zscan4 cluster and epithelial-related genes Cdh1 and Cldn4
were found in the upper right quadrant, which represented
the both up-regulated genes in the two groups (Figure 4D).
Consequently, we speculated that Dux contributed to MET
through H3K18la. Dux OE resulted in an elevation of E-
cadherin (Figure 4E) and an upregulation of genes associ-
ated with epithelial junction, while simultaneously down-
regulating genes associated with mesenchymal characteristics
(Supplementary Figure 4A, B). Additionally the regulation of
E-cadherin exhibited a similar pattern to that of H3K18la in
response to various regulators. DCA and iP300w decreased
the level of E-cadherin, and Dux was able to rescue the effect
of iP300w on E-cadherin, while not having the same rescuing
effect on DCA (Figure 4F). Furthermore, ChIP-qPCR analy-
sis revealed a slight increase in the enrichment of H3K18la
with Dux OE, although this increase did not reach statisti-
cal significance (Figure 4G). The administration of DCA re-
sulted in a reduction in the enrichment of H3K18la on genes
linked to pluripotency and epithelial junction, whereas Dux
OE successfully restored the levels of H3K18la (Figure 4H).
Additionally, the enrichment of H3K27ac increased with re-
programming, and Dux significantly enhanced the enrichment
of H3K27ac on these genes (Supplementary Figure 4C-F). In-
terestingly, the enrichment of H3K18la on epithelial-related
genes on early reprogramming showed a pronounced changes
compared to H3K27ac (Figure 3G, Supplementary Figure 4E).
This suggests that H3K18la plays a unique role in regulat-
ing pluripotent and epithelial-related genes, particularly in the
early stage of reprogramming.

H3K18la has distinct binding proteins in MEF and
iPSC

Our study has identified an OGS-H3K18la-MET network
thatis involved in a series of reprogramming events, which can
be modulated by manipulating the H3K18la modification. To
explore the proteins that interact with H3K18la, we employed
co-immunoprecipitation (Co-IP) experiments in conjunction
with 4D-FastDIA LC-MS/MS analysis. Our focus was specif-
ically on investigating the proteins that bind to H3K18la in
iPSCs and MEFs. The Pearson correlation coefficient test was
utilized to evaluate the correlations, demonstrating the experi-
ment samples’ commendable reproducibility (Figure SA). Fur-
thermore, principal component analysis revealed significant
distinctions between the proteins associated with H3K18la
in iPSC and MEF (Figure 5B). Based on variations in protein
level, we categorized proteins with distinct concentrations in
MEF and iPSC into four groups (Q1-Q4). Subsequently, we
conducted a screening of differential proteins, identifying 975
proteins (Q4) with intensity in iPSC more than double that
in MEF, at a significance level of P < 0.05 (Figure 5C). Our
analysis of molecular function indicated that the Q4 proteins
primarily participate in RNA/DNA binding, chromatin bind-
ing, and histone binding (Figure 5D, Supplementary Figure
5A). H3K18la exhibited a tendency to interact specifically
with proteins containing the Helicase conserved C-terminal
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Figure 4. Dux facilitates H3K18la dynamic changes during reprogramming. (A) WB showed the level of H3K18la in combination with Dux OE and DCA or
iP300w. The histogram analysis displayed the relative statistical values of H3K18la for each group. Bars represent the mean and SD of n=4
independent experiments. (B) AKP staining showed clones treated with Dux OE, DCA, and iP300w. The histogram analysis of the AP + clones in each

group. Bars represent the mean and SD of n = 4 independent experiments.

(C) ChIP-gPCR of H3K18la enrichment on pluripotent-related genes on Dux

D4. Bars represent the mean and SD of n = 3 independent experiments. (D) Nine-quadrant scatter plot showed the relationship between differential
expression genes (DEGs) in Dux D4 compared to D4 (Log,FoldChange > 1 & P,qj < 0.05), and the DEGs in iPSC compared to MEF. (E) WB showed the
level of E-cadherin with Dux OE. The histogram analysis indicated the relative statistical values of E-cadherin for each group. Bars represent the mean
and SD of n = 3 independent experiments. (F) WB showed the level of E-cadherin in combination with Dux OE and DCA or iP300w. The histogram

analysis displayed the relative statistical values of E-cadherin for each group.

Bars represent the mean and SD of n = 4 independent experiments. (G)

ChIP-gPCR showed H3K18la enrichment on epithelial-related genes with Dux OE. Bars represent the mean and SD of n = 3 independent experiments.
(H) ChIP-gPCR showed H3K18la enrichment on epithelial-related genes and pluripotent-related genes with H3K18la regulated. Bars represent the mean
and SD of n = 3 independent experiments. “P < 0.05, P < 0.01, """ P < 0.001. t-test.
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Figure 5. H3K18la interacts with chromatin remodeling complex Brg1 in early reprogramming. (A) Pearson’s correlation coefficient was analyzed to
evaluate the repeatability of individual samples. (B) Principal component analysis indicated the difference between MEF and iPSC. (C) The protein was
divided into four groups according to the differential expression (Q1-Q4), and Q4 represented that the protein expression in iPSC was twice that in MEF,
and P < 0.05. (D)The molecular function of proteins interacted with H3K18la. (E) Protein domains interacted with H3K18la. (F) WB showed Brg1 protein
level in MEF and iPSC. The histogram analysis displayed the relative statistical values of Brg1 in MEF and iPSC. Bars represent the mean and SD of n=3
independent experiments. (G) Co-IP showed H3K18la interaction with Brg1. (H) Co-IP showed Brg1 interaction with H3K18la. (I) Interaction mode of Brg1
protein and unmodified H3 protein. (J) Interaction mode of Brg1 protein and K19 lactated modified H3 protein “P < 0.05, P < 0.01, """ P < 0.001. t-test.
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domain, DEAD/DEAH box helicase, and SNF2-related do-
main in iPSCs (Figure SE, Supplementary Figure 5B).

It is worth noting that the switch/sucrose non-fermentable
(SWI/SNF) complex, also known as the Brg1/Brm-associated
factor (BAF), is considered essential for chromatin remod-
elling (37). The complex includes an ATPase subunit, a con-
served core, and a variant subunit. Several BAF complex
family members were found among Q4 proteins, includ-
ing Smarca4 (also known as Brgl), Smarcb1, Smarccl (also
known as Bafl155), Smarce, and Aridla/b. Furthermore, it
has been established that ESC harboring a distinct variant
of the BAF complex, referred to as esBAF, exhibit the pres-
ence of Smarca4 but not Smarca2 (also known as Brm) (38).
Our findings, however, did not detect Brm among the Q4 pro-
teins. The esBAF complex plays a crucial role as a fundamen-
tal constituent of the core pluripotent transcriptional machin-
ery. Its specific constituents are capable of interacting with
pluripotent factors such as Oct4 (39), Nanog (40) and Sox2
(41), thereby facilitating the maintenance of ESCs’ pluripo-
tency and iPSCs reprogramming. Brg1, as the enzymatic sub-
unit of BAF complexes, played a crucial role in the func-
tion of the BAF complex. Previous studies have demonstrated
that chromatin remodeling factors, such as Brgl, Baf155 and
INO80, which interact with Oct4, promote reprogramming
at the chromatin level (42). Furthermore, the Brg1-containing
bromodomain interacts with chromatin through its binding to
acetylated histones or transcription factors (43). Considering
the potential role of H3K18la as a binding site for Brgl, we
hypothesized that Brgl functions as a reader of lactylation,
thereby enhancing the accessibility and transcriptional activ-
ity of nucleosomes.

To validate this hypothesis, we investigated the differential
protein levels of Brg1l between MEF and iPSC, and evaluated
the binding of H3K18la in both cell types. However, our find-
ings indicated that there was no significant distinction in the
levels of Brgl protein between somatic cells and stem cells
(Figure SF). Co-IP assays revealed a strong association be-
tween H3K18la and Brgl in iPSCs, not in MEFs (Figure 5G
and H). The interaction occurred early in reprogramming, in-
dicating a difference in Brg1-H3K18la interaction between so-
matic and pluripotent cells.

The protein sequences of Brgl and H3 were computa-
tionally generated using the AlphaFold software, and their
binding capabilities were compared both before and after
the introduction of the lactic acid group (notably, the model
construction incorporated methionine at the first translation
start site, resulting in lysine being positioned at position
19). The findings revealed that the unmodified H3 protein
established nine distinct groups of hydrogen bond interac-
tions with the N-terminal region of the Brgl protein, encom-
passing Thr11, Met106, Pro171, Glu520, Lys524, Arg528,
Met531, Glu533 and Tyr552. However, the binding of K19
carrying modified H3 protein to Brgl protein resulted in the
formation of 13 distinct groups of hydrogen bond interac-
tions at the same binding position, involving Pro5, Asp6,
Pro171, GIn205, Glu520, Lys524, Arg528, Met531, Tyr552,
Ser935 and Thr938. The presence of a higher number of hy-
drogen bond interactions suggested a stronger binding affin-
ity between Brg1 and K19-modified H3 protein (Figure 51, J).
Given the known involvement of Brgl in acetylation and the
similarities between acetylation and lactylation, it was plausi-
ble to hypothesize that Brg1 might act as a ‘reader’ for lactyla-
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tion. The findings of our study demonstrated that Brg1 exhib-
ited a stronger affinity for the H3K18la-modified histone vari-
ant compared to unmodified H3, implying its potential role
as a histone lactylation reader. Furthermore, our results sug-
gest that Brgl’s interaction with H3K18la is likely involved
in chromatin remodeling complexes, thereby potentially facil-
itating the accessibility of chromatin regions associated with
genes related to epithelial function.

Brg1 works as a reader of H3K18la in the early
reprogramming

Based on the published data, a distinct disparity in the en-
richment of Brgl at pluripotent genes and epithelial genes
was evident between MEF and ESC. Conversely, no significant
variation in Brgl enrichment was observed in mesenchymal-
related genes between MEF and ESC (Figure 6A). Although
there was some enrichment of Brgl on the Snail gene locus,
the differentiation between MEF and ESCs in terms of Brgl
enrichment was not statistically significant (Figure 6A). Con-
sequently, ChIP-qPCR analysis was conducted on loci that ex-
hibited enrichment according to the bioinformatics data. Brg1
was found to be associated with the process of reprogramming
at the pluripotent genes and epithelial genes, including Oct4,
Sall4, Cdh1, Cldn3, Cldn4 and Epcam (Figure 6B, C).

Subsequently, the relationship between H3K18la and Brgl
was investigated through the examination of Brgl OE or
knockout (KO). It was observed that during the early stages of
reprogramming, Brgl OE led to an increase in H3K18la lev-
els, whereas Brg1 knockout resulted in a decrease in H3K18la
levels (Figure 6D, E). However, no significant changes in Brgl
were observed in relation to the H3K18la regulators or Dux
OE (Figure 6F, G). The present study aimed to examine the im-
pact of regulating Brg1 during the initial stages of reprogram-
ming on the efficacy of iPSC reprogramming. The findings re-
vealed that Brgl OE resulted in the anticipated enhancement
of iPSC reprogramming efficiency. Conversely, knockout of
Brgl led to a reduction in the formation of AP* clones dur-
ing iPSCs reprogramming (Figure 6H).

Furthermore, the outcomes indicated that while Dux OE
did not alter the level of Brgl, it did promote the accumu-
lation of Brgl at genes associated with pluripotency and ep-
ithelial junction (Figure 61, J). In a similar vein, the impact of
H3K18la on the protein level of Brgl was found to be negli-
gible. However, it was observed that H3K18la played a cru-
cial role in modulating the enrichment of Brgl (Figure 6], K).
Although no significant differences were detected in the en-
richment on pluripotent-related genes, the accumulation of
Brg1 at epithelial-related genes was found to be regulated by
H3K18la and could be restored through Dux OE (Figure 6L).
These findings provide insight into the dual functionality of
Brgl, serving as both a regulator and a reader of H3K18la.

The co-localization of H3K18la and Brgl was observed at
pluripotent-related and epithelial-related genes, leading to the
facilitation of cellular MET. The modulation of H3K18la dur-
ing the initial phases of reprogramming ultimately influenced
the efficacy of iPSCs reprogramming (Figure 7).

Discussion

The efficiency of reprogramming iPSCs has not yet
reached a satisfactory level. Previous research has primarily
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Figure 6. Brg1 works as a reader of H3K18la in the early reprogramming. (A) Public bioinformatic data analysis displayed the enrichment of Brg1 in MEF
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reprogramming. Bars represent the mean and SD of n = 3 independent experiments. (C) ChIP-gPCR showed Brg1 enrichment on epithelial-related
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The histogram analysis showed the relative statistical values of Brg1 and H3K18la in each group. Bars represent the mean and SD of n = 3 independent
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concentrated on crucial events occurring during the initial
stages of reprogramming, aiming to enhance iPSC efficiency
by controlling key processes. These include the transient
activation of mitoflashes to initiate Nanog activation (44),
the modulation of histone lysine demethylation through the
temporary opening of mitochondrial permeability transition
pores (45), and the regulation of essential enzymes in the
TCA cycle to facilitate histone H3 acetylation, ultimately
leading to the relaxation of pluripotent gene chromatin
(46). Furthermore, it is worth mentioning that the induction
process of chemical-induced pluripotent stem cells (ciPSC)
differs fundamentally from the conventional Yamanaka
factor-induced reprogramming (47). Notably, while one study
has highlighted the role of Dux in promoting ciPSC repro-
gramming, it is important to acknowledge that this process
involves the emergence of an intermediate state resembling
extra-embryonic endodermal cells, commonly referred to as
the XEN-like phase. This particular stage of development
distinguishes ciPSC from traditional reprogramming methods
and provides notable benefits by enhancing their effective-
ness. The presence of Dux has the potential to enhance ciPSC
reprogramming efficiency by promoting the formation of this
crucial state (48). KLF-4 has been shown to be the main driver
for a metabolic switch in iPSCs and other reprogramming
systems (49,50), and KLF-4 has also believed to have a pos-
itive role in regulating MET (15). Therefore, a comparative

analysis of the genes regulated by KLF-4 and Dux during
reprogramming was conducted, revealing distinct regulatory
patterns for each transcription factor (Data not shown).
Our RNA-seq analysis further demonstrated a significant
upregulation of Klf4 expression upon Dux overexpression
during reprogramming. Additionally, CUT&tag data from
ESC indicated enrichment of Dux in the distal region of Klf4,
suggesting a potential regulatory relationship between the
two factors (51) (data not shown). Our research sheds light
on the role of Dux in augmenting the efficiency of iPSCs
reprogramming induced by the classic Yamanaka factors. The
temporary Dux OE was observed to improve the efficiency of
conventional iPSCs reprogramming by upregulating H3K18la
modification during the initial stage of reprogramming.

The findings of our study elucidate the significant role
played by H3K18la during the initial phase of reprogram-
ming. It is worth noting that prior research has only briefly
touched upon the association between histone lactylation and
iPSC reprogramming. Specifically, Glis1 was found to induce
metabolic remodeling in the early stages of reprogramming,
while the late stages were characterized by multi-level epige-
netic modifications, including the accumulation of H3K18la
and H3K27ac in pluripotency genes such as Oct4 and Sall4
(52). However, the complete elucidation of the specific mech-
anism through which H3K18la enhances reprogramming effi-
ciency remains insufficient. Our investigation has contributed
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to the advancement of our comprehension regarding the func-
tional importance of H3K18la in the initial phases of iPSC
reprogramming, thereby highlighting its indispensable role in
this procedure. In summary, our research has unveiled a com-
plex OGS-H3K18la-MET cascade network that is activated
by H3K18la during the initiation of iPSC reprogramming.
This study investigates the regulatory mechanisms of glycol-
ysis metabolism involving regulators and Dux OE, as well as
the impact of H3K18la modification on reprogramming effi-
ciency. Furthermore, our results reveal the interaction between
the bromine-containing protein Brg1 and H3K18la, leading to
its accumulation on MET-related gene promoters and func-
tioning as a lactylation ‘reader’ through its bromine domain
binding lactyl-lysine residues.

The focus of histone modification lies in the examination
of the “Writer,) ‘Reader, and ‘Eraser’ components involved
in this process. Notably, there exist three prominent fami-
lies of histone acetyltransferases: p300/CREB binding protein
(p300/CBP) (53), MYST (Moz, Ybf2, Sas2 and Tip60) (54),
and GNAT (GCNS related N-acetyltransferases) (55). Recent
investigations into various complexes formed by p300 with
crotonyl coenzyme A, propionyl coenzyme A, and butyryl
coenzyme A have provided insights into the structural foun-
dation of p300-mediated histone lysine acylation (56). Hence,
the function of p300/CBP has been expanded beyond acetyl-
transferase to encompass more prevalent acyltransferase ac-
tivities. A recent investigation has identified additional histone
lactylation “Writers’ apart from p300/CBP—MOF and GCNS5
(57). In line with this study, our own research demonstrated
that even when the p300 inhibitor iP300w was administered
to decrease the modifying enzyme of H3K18la and increase
La-CoA, there was still a significant enhancement in the level
of H3K18la. This suggests the existence of other lactylation
Writers, aside from p300, that regulate the level of H3K18la.

The protein that possesses the ability to identify and bind
to specific epigenetic modifications is commonly referred to
as ‘readers’. Within the context of histone acetylation and
deacetylation reading, three primary domains are involved:
bromine domain (BD) (43), double PHD finger (DPF) (58) and
YEATS (59). Recent research has demonstrated that muta-
tions in acetylated readers can result in aberrant cell fate
(60). Furthermore, investigations are currently underway to
explore novel acylation-modified readers, such as DPF and
YEATS, which serve as specific benzoylation readers (61).
In recent years, the study of the BAF complex has pro-
gressed gradually. The structure of the BAF complex was pre-
cisely described in a 2020 Nature article using cryo-electron
microscopy. It was demonstrated that the bromodomain of
SMARCAZ2/4 has the ability to bind directly to histone nucle-
osomes (37). In our experiments, we utilized IP combined with
mass spectrometry to identify most of the components of the
BAF complex in iPSC. Concurrently, we explored the increas-
ing binding ability of Brgl to H3K18la as the reprogramming
progresses. Further research could investigate whether there
is a recruitment relationship between Brgl and H3K18la on
target genes, and whether the binding of Brgl and H3K18la
is domain-specific.

However, the lactylation ‘reader’ remains an area of lim-
ited research. Our research, in conjunction with previous stud-
ies, has identified numerous parallels between histone lactyla-
tion and acetylation, such as shared mechanisms of action,
common origins, and the enzymes responsible for modify-
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ing histones (25,62,63). In fact, acetylation and lactylation
exhibit distinct regulatory mechanisms, as evidenced in our
manuscript. In our study, a series of protocols were used
to alter lactylation without affecting acetylation. Specifically,
small molecules capable of modulating lactylation through
OGS do not exert the same influence on acetylation (24)
(Supplementary Figure 2B, C). Furthermore, the temporal dy-
namics of acetylation and lactylation differ in the context of
iPSC reprogramming. Our findings indicate that H3K27ac
levels are elevated slightly on Oct4/Cdh1 and other genes in
the initial stages of reprogramming (Supplementary Figure

4E/F). However, H3K18la showed a significantly increase on
Oct4/Cdh1 (Figures 3G, 2K). Consequently, we posit that
H3K18la and H3K27ac play distinct roles in enhancing the
expression of pluripotent genes and MET-related genes dur-
ing iPSC reprogramming. Nevertheless, it is imperative to val-
idate these observations through comprehensive assessment
of reprogramming progress at a genomic scale and the overall
extent of multi-modification site changes.

The metabolic disturbance not only affects epigenetic
changes through metabolic rewiring, but it also involves the
transfer of various metabolic enzymes from the cytoplasm
or mitochondria to the nucleus. These enzymes actively par-
ticipate in modifying histones and DNA through processes
such as methylation, acetylation, succinylation, crotonylation,
phosphorylation, and glycosylation. Consequently, these mod-
ifications alter the chromatin structure and regulate the tran-
scription of genes. For instance, the activation of growth fac-
tor receptors such as Egfr, Fgfr and Pdgfr can induce the
translocation of pyruvate kinase M2 (Pkm2) into the nucleus.
This translocated Pkm2 then binds and activates {3-catenin
(23) and phosphorylated histone H3 (64), which subsequently
promotes the expression of genes related to glycolysis. This
activation also enhances glucose uptake and lactic acid pro-
duction, known as the Warburg effect (65,66). Additionally,
during reprogramming, the intermediates of the TCA cycle,
namely Pyruvate Dehydrogenase E1 Subunit Alpha 1 (Pdhal),
pyruvate carboxylase (Pcb), aconitase 2 (Aco2), citrate syn-
thase (Cs) and isocitrate dehydrogenase 3 (Idh3), gradually
translocate to the nucleus. The nuclear translocation of Pdhal
resulted in an elevation of acetyl coenzyme A levels within the
nucleus, thereby facilitating histone H3 acetylation and induc-
ing chromatin remodeling of pluripotent genes. Additionally,
nuclear-located Pdhal played a crucial role in promoting the
transition from the Prime-Naive state to a more differenti-
ated state, as well as activating genes associated with the 2-
cell stage, ultimately enabling cells to acquire totipotency (46).
These findings collectively suggest that the nuclear translo-
cation of glycolytic metabolic enzymes operates as a positive
feedback mechanism in the regulation of glycolytic processes.
However, the presence of nuclear translocation in Ldha re-
mains uncertain due to the regulation of cell metabolism dur-
ing reprogramming. It is hypothesized that the translocation
of Ldha into the nucleus may induce the presence of histone
lactylation substrate La-CoA in the nucleus. Further investi-
gation can be conducted to explore this aspect of the findings.

Data availability

IP/MS that supports the findings of this study are avail-
able in Pride database (PXD043547), RNA-sequencing and
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CUT&Tag data are available through GEO (GSE251642).
Data from public databases are available in this table.

Data type Data source Introduction

CUT&Tag GSE195856 (25)  H3K18la enrichment in mESCs

ChIP-seq GSE87279 (67) Dux enrichment in C2C12 cell

lines

CUT&Tag GSE195856 (25)  H3K27ac enrichment in mESCs

CUT&Tag GSE195856 (25)  H3K4me3 enrichment in mESCs

CUT&Tag GSE195856 (25)  H3K27me3 enrichment in mESCs

ChIP-seq GSE111264 (68)  Brgl enrichment in mESCs

ChIP-seq GSE83295 (38) Brgl enrichment in MEF cells

CUT&Tag GSM7019131 Dux C3 + 14 rep 1 mCherry in
(51) mESCs

CUT&Tag GSM7019132 Dux C3 + 14 rep 2 mCherry in
(51) mESCs

CUT&Tag GSM7019133 Dux C3delt14 rep 1 mCherry in
(51) mESCs

CUT&Tag GSM7019134 Dux C3delt14 rep 2 mCherry in
(51) mESCs

CUT&Tag GSM7019127 Dux FL rep 1 mCherry in mESCs
(51)

CUT&Tag GSM7019128 Dux FL rep 2 mCherry in mESCs
(51)

Supplementary data

Supplementary Data are available at NAR Online.
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