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Abstract

Lactate, which is synthesized as an end product by lactate dehydrogenase A (LDHA) from
pyruvate during anaerobic glycolysis, has attracted attention for its energy metabolism and
oxidant effects. A novel histone modification-mediated gene regulation mechanism termed
lactylation by lactate was recently discovered. The present study examined the involvement
of histone lactylation in undifferentiated cells that underwent differentiation into osteoblasts.
C2C12 cells cultured in medium with a high glucose content (4500 mg/L) showed increases
in marker genes (Runx2, Sp7, Tnap) indicating BMP-2-induced osteoblast differentiation
and ALP staining activity, as well as histone lactylation as compared to those cultured in
medium with a low glucose content (900 mg/L). Furthermore, C2C12 cells stimulated with
the LDH inhibitor oxamate had reduced levels of BMP-2-induced osteoblast differentiation
and histone lactylation, while addition of lactate to C2C12 cells cultured in low glucose
medium resulted in partial restoration of osteoblast differentiation and histone lactylation.
These results indicate that lactate synthesized by LDHA during glucose metabolism is
important for osteoblast differentiation of C2C12 cells induced by BMP-2. Additionally,
silencing of p300, a possible modifier of histone lactylation, also inhibited osteoblast differ-
entiation and reduced histone lactylation. Together, these findings suggest a role of histone
lactylation in promotion of undifferentiated cells to undergo differentiation into osteoblasts.

Introduction

Production of lactate, a metabolite of anaerobic glycolysis, increases when demand for oxygen
and ATP exceeds cellular supply, such as with exercise or infection [1]. It was previously con-
sidered to be a by-product, though is now known to be used intracellularly or released into
adjacent organs as an energy source [2, 3]. Lactate has also been found to promote osteoblast
differentiation via stabilization of oxia-inducible factor-1o (HIF-10t) and GPR81-PKC-AKkt sig-
naling [4, 5], while a recent study presented findings showing that lactylation by lactate is
caused by a modification of histones and involved in epigenetics [6].

The term epigenetics refers to regulation of gene expression without alteration of gene
sequence [7]. Typical epigenetic modifications include DNA methylation and histone
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modifications, with the former involving binding of methyl groups to DNA and regulation of
gene expression [8-10]. On the other hand, histones are proteins that bind to DNA, and his-
tone modifications play important roles in regulating changes in the higher-order structure of
chromosomes and maintenance of cell fate through various chemical modifications, such as
phosphorylation, acetylation, methylation, and ubiquitination, as well as others [11-14].

Histones are important for epigenetics, in which gene expression is regulated by acquired
modifications of chromatin, and recently lactylation by lactate was found to be a novel modifi-
cation of histones [6]. Lactylation is a modification in which a substructure of lactyl CoA binds
to the lysine of histone proteins. As for the role of histone lactylation, when macrophages
become polarized to M1 (inflammatory type) due to bacterial infection, the glycolytic system is
stimulated, and lactate production and lactylation of lysine residues in histones are increased.
This results in induction of gene expression necessary for polarization to M2, which is respon-
sible for the convergence of inflammation [6]. Others have reported that the tumor metabolite
lactate promotes tumorigenesis by modulating MOESIN lactation and enhancing TGF- sig-
naling in regulatory T cells [15] and that histone lactylation contributes to tumorigenesis by
facilitating YTHDEF2 expression for development of ocular melanoma [16]. In other words,
lactate is not only a byproduct of glycolysis, but also an important molecule that regulates gene
expression through histone modification.

In our previous study, small interfering RNA (siRNA)-mediated knockdown of monocar-
boxylate transporter 1 (MCT), a transporter of monocarboxylates (lactate, pyruvate, ketone
bodies, etc.), was found to suppress osteoblast differentiation in the myoblast cell line C2C12
via activation of p53 [17]. It was also shown that MCT inhibition and knockdown inhibited
osteoclast differentiation and function. MctI knockdown in macrophages promoted RANKL-
induced osteoclastogenesis, whereas Mct2 knockdown inhibited it. In mature osteoclasts, Mct2
knockdown reduced the number of osteoclasts and suppressed bone resorption. Together,
these results indicate that MCT'1 is a negative regulator and MCT?2 a positive regulator of oste-
oclast differentiation, as previously suggested [18]. Thus, it is considered that intracellular and
extracellular transport of monocarboxylates, typified by lactate, by MCTs are key factors for
differentiation of osteoblasts and osteoclasts, which are important for bone remodeling. How-
ever, the detailed mechanism of gene regulation by monocarboxylate transport for osteoblast
differentiation remains largely unknown. Based on results of the present study, it is suggested
that lactate production by glucose metabolism regulates osteoblast differentiation through epi-
genetics other than energy metabolism.

Results

High glucose level in C2C12 cells promoted osteoblast differentiation and
increased histone lactylation

C2C12 cells are commonly cultured in medium with a high concentration of glucose (4500
mg/L) for maintenance and differentiation. BMP-2 stimulation inhibits C2C12 cells from dif-
ferentiating into myotube cells and induces their conversion into osteoblast-like cells [19, 20].
First, to confirm changes in osteoblast differentiation due to differences in glucose metabo-
lism, C2C12 cells were placed into high or low glucose (900 mg/L) medium, and osteoblast dif-
ferentiation was induced by BMP-2. The results showed that high glucose increased both
intracellular and extracellular lactate levels as compared to low glucose (Fig 1a). Furthermore,
the number of alkaline phosphatase (ALP)-positive cells was increased and ALP activity
enhanced when cultured in high glucose as compared to low glucose medium (Fig 1b). Inter-
estingly, C2C12 cells cultured in high glucose medium showed upregulated expression of the
transcription factors Runx2 (Runx2) and Osterix (Sp7), which are required for osteoblast
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Fig 1. High glucose concentration promoted osteoblast differentiation and increased histone lactylation levels in C2C12
cells. C2C12 cells were incubated for 72 (a right, b, ¢) or 24 (a left, d) hours after addition of BMP-2 (150 ng/ml) into medium
with a high (4500 mg/L) or low (900 mg/L) glucose concentration. Amounts of (a) lactate, and (b) ALP staining and activity are
shown. (c) Osteoblast differentiation marker genes were determined using real-time RT-PCR. (d) Expression of lactyl lysine after
addition of BMP-2 was evaluated by western blotting. Data are expressed as mean + SD (n = 3-5). *, **Significantly different from
control group (*p <0.05, **p <0.01).

https://doi.org/10.1371/journal.pone.0293676.9001
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differentiation, as well as of ALP (Tnap), a specific osteoblast differentiation gene (Fig 1c).
Next, histone proteins from C2C12 cells cultured in high or low glucose medium were
extracted, and histone lactylation was detected using an anti-lactyl-lysine antibody. The results
showed that C2C12 cells cultured in high glucose medium had a greater level of histone lacty-
lation (17 and 15 kDa bands) than those cultured in low glucose medium (Fig 1d).

Inhibition of lactate dehydrogenase A caused inhibition of osteoblast
differentiation and reduced histone lactylation

Lactate dehydrogenase A (LDHA) is an enzyme that converts pyruvate produced in the glyco-
lytic system to lactate [21], while oxamidic acid (oxamate) is an LDHA inhibitor. Oxamate was
added to medium at different concentrations (0, 5, 10, 20 mM), then lactate levels in cell lysate
or medium used to culture C2C12 cells were measured. Both intracellular and extracellular
concentrations of lactate were found to be decreased in an oxamate concentration-dependent
manner (Fig 2a). Furthermore, oxamate decreased alkaline phosphatase (ALP)-positive cells
and inhibited ALP activity in a concentration-dependent manner (Fig 2b), with Sp7 and Tnap
mRNA expressions in C2C12 cells were downregulated. However, Runx2 mRNA expression
was not changed in C2C12 cells with addition of oxamate (Fig 2c), whereas histone lactylation
levels (17 and 15 kDa bands) were reduced (Fig 2d). In contrast, histone acetylation levels were
unchanged by Oxamate (S1 Fig). Histone acetylation was not detected band of 15 kDa.

Reduced lactate production by low glucose partially responsible for
suppression of osteoblast differentiation

Next, whether lactate production is involved in osteoblast-like cell differentiation of C2C12
cells was examined by culturing in low glucose medium. First, lactate (10 or 20 mM) was
added to cells cultured in low glucose medium with BMP-2, and the concentrations of intracel-
lular and extracellular lactate in cell lysates and medium were measured(Fig 3a). Extracellular
lactate in cultures of C2C12 cells cultured in low-glucose medium was increased by lactate
addition, while the intracellular lactate concentration was also found to be partially recovered
with addition of lactate as compared to cultures performed with high gulucose medium. Fur-
thermore, suppression of BMP-2 introduced ALP activity in C2C12 cells induced by the low
glucose medium was recovered by addition of lactate (Fig 3b). Additionally, the expression of
Runx2 mRNA was completely recovered when lactate was added to cultures with low glucose
as compared to high glucose medium. While the expressions of Sp7 and Tnap mRNA tended
to upregulated when lactate was added as compared to low glucose medium only, those expres-
sion levels were lower than seen in high glucose medium (Fig 3c). Addition of lactate to low
glucose medium also increased the histone lactylation levels (17 and 15 kDa bands) as com-
pared to C2C12 cells cultured in low glucose medium, though those were lower than seen with
high glucose medium (Fig 3d).

Osteoblast differentiation by histone lactylation regulated by p300

Histone acetyltransferase (p300) has been reported as a possible enzyme for promoting the
function of histone lactyl transferase [6, 22]. Introduction of Ep300 siRNA into C2C12 cells
resulted in knockdown of Ep300 mRNA expression by approximately 75% (S2 Fig). In con-
trast, extracellular and intracellular lactate concentrations were not changed by Ep300 siRNA
(Fig 4a). We also found that ALP-positive cells were decreased and ALP activity was sup-
pressed with use of Ep300 siRNA (Fig 4b), while the expressions of Sp7 and Tnap mRNAs
were also decreased. Although the difference was not statistically significant, expression of
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Fig 2. Inhibition of LDHA reduced osteoblast differentiation and lactyl lysine levels. C2C12 cells were incubated for 72 (a right,
b, c) or 24 (a left, d) hours after addition of BMP-2 with oxamate. Amounts of (a) lactate, and (b) ALP staining and activity are
shown. (c) Osteoblast differentiation marker genes were determined using real-time RT-PCR. (d) Expression of lactyl lysine after
addition of BMP-2 and oxamate was evaluated by western blotting. Data are expressed as mean + SD (n = 3). *, **Significantly
different from control group (*p <0.05, **p <0.01). NS, not significant.

https://doi.org/10.1371/journal.pone.0293676.9002
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Fig 3. Lactate recovered suppression of osteoblast differentiation and decreased histone lactylation levels caused by low
glucose. C2C12 cells were incubated for 72 (a right, b, ¢) or 24 (a left, d) hours after placing in medium with a high or low
glucose concentration in the absence or presence of lactate. Amounts of (a) lactate, and (b) ALP staining and activity are
shown. (c) Osteoblast differentiation marker genes were determined using real-time RT-PCR. (d) Expression of lactyl lysine
under the same conditions was evaluated by western blotting. Data are expressed as mean + SD (n = 3-4). *, **Significantly
different from control group (*p <0.05, **p <0.01). ND: not detected.

https://doi.org/10.1371/journal.pone.0293676.9003
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Fig 4. Ep300 siRNA suppressed osteoblast differentiation and decreased histone lactylation levels. Following introduction
of Ep300 siRNA, C2C12 cells were cultured for 72 (a right, b, c¢) or 24 (a left, d) hours after addition of BMP-2 to the medium.
Amounts of (a) lactate, and (b) ALP staining and activity are shown. (c) Osteoblast differentiation marker genes were
determined using real-time RT-PCR. (d) Expression of lactyl lysine under the same conditions was evaluated by western
blotting. Data are expressed as mean + SD (n = 3-5). *, **Significantly different from control group (*p <0.05, **p <0.01). NS,
not significant.

https://doi.org/10.1371/journal.pone.0293676.9004
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Runx2 mRNA was decreased in C2C12 cells by Ep300 siRNA (Fig 4c) and histone lactylation
levels (17 and 15 kDa bands) were also reduced (Fig 4d). Additionally, histone acetylation lev-
els were reduced by addition of Ep300 siRNA (S3 Fig). Histone acetylation was not detected
band of 15 kDa.

Discussion

The present findings demonstrate that lactate produced by glucose metabolism promotes dif-
ferentiation of cells to osteoblasts at an early stage by histone modification via p300. It is
known that lactate promotes osteoblast differentiation by stabilization of hypoxia inducible
factor 1a (HIF-1a) [4]. Another study that examined the pre-osteoblast cell line MC3T3-E1
found that PTH treatment-mediated osteoblast differentiation was promoted by positive feed-
back via GPR81-PKC-Akt signaling due to increased lactate production [5]. However, there
are few reports regarding osteoblast differentiation via histone modification by lactate.

In the present study, undifferentiated C2C12 cells were used to examine changes in histone
lactylation and mRNA expression during the early stage of differentiation. The results showed
that increased glucose metabolism increased osteoblast differentiation and histone lactylation
(Fig 1b-1d), while inhibition of LDHA decreased those (Fig 2b-2d), thus indicating that intra-
cellular lactate production is required for osteoblast differentiation. Furthermore, osteoblast
differentiation and histone lactylation, which are decreased with a low level of glucose, were
partially restored by addition of lactate (Fig 3b-3d). Those results indicate that an environ-
ment that includes low glucose leads to a lower level of energy production due to reduced gly-
colysis, while lack of lactate production reduces osteoblast differentiation. Notably, lactate
production by glucose metabolism was found to positively regulate osteoblast differentiation
through p300-mediated histone lactylation (Fig 4b—4d).

Use of different glucose concentrations resulted in alterations of the mRNA expression of
transcription factors such as Runx2 and Sp7, important for determining osteoblast differentia-
tion (Fig 1c). However, oxamate and p300, which regulate histone lactylation, were not found
to be involved in changes in Runx2 mRNA, though may be involved in Sp7 changes (Figs 2c
and 4c). It is thus speculated that alterations in Runx2 mRNA caused by changes in glucose
concentration involve actions of lactate other than lactate-induced histone lactylation, such as
energy metabolism and oxidative actions. The present results indicate that histone lactylation
regulates Sp7 rather than Runx2. Although Sp7 (Osterix) is a downstream gene of Runx2, a
previous study found that Osterix”~ mice showed complete absence of osteoblasts, demonstrat-
ing Osterix as a transcription factor essential for osteoblast differentiation [23]. However, in
the present experiments, when lactate was added to low glucose medium, Runx2 mRNA levels
recovered to the same level as seen in the high glucose medium, but the increases in Sp7 and
Tnap mRNA levels were small (Fig 3c). There are two possible reasons for this. First, a partial
restoration of histone lactylation was noted when lactate was added to low glucose as com-
pared to high glucose medium (Fig 3d). Second, the post-gene expression metabolism of
Runx2 may be involved. A prior report noted that glucose uptake by Glutl promotes osteoblast
differentiation by suppressing AMPK-dependent proteasomal degradation of Runx2 [24] and
it is conceivable that the present results may have also been due to AMPK-dependent proteaso-
mal degradation of Runx2 by use of low glucose medium. Therefore, it is conceivable that the
mRNA expression levels of Sp7 and Tnap, downstream genes of Runx2, were slightly increased
by histone lactylation. Nevertheless, the detailed mechanism remains to be elucidated.

Since p300 is a histone acetyltransferase, inhibition of osteoblast differentiation by p300
knockdown may involve histone acetylation [25, 26]. Ep300 siRNA was found to decrease his-
tone lactylation and acetylation levels (Fig 4d, S3 Fig). On the other hand, oxamate decreased
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only histone lactylation levels, while histone acetylation levels were not changed (Fig 2d, S1
Fig). In addition, osteoblast differentiation genes (Sp7, Tnap) were decreased in the presence
of oxamate. Based on these findings, it is considered that lactate produced during the process
of glucose metabolism regulates histone lactylation levels via p300 and promotes osteoblast dif-
ferentiation. A recent report also noted that histone lactylation (H3K18lac) in MC3T3-E1 cells
promotes osteoblast differentiation via regulation of JunB expression at the late differentiation
stage [27], with the present findings providing support for those results.

In conclusion, the results of the present study show that lactate produced during glucose
metabolism regulates osteoblast differentiation from undifferentiated cells through the epige-
netics of histone modification.

Materials and methods
Reagents

Recombinant human BMP-2 was obtained from R&D Systems. D-glucose, L-lactic acid, and
oxamate (LDHA inhibitor) were purchased from FUJIFILM Wako Pure Chemical Corpora-
tion. The PanKla antibody (PTM1401RM) and PanKac (PTM101) were obtained from PTM
Biolabs and the histone H3 antibody (ab1791) from Abcam. siRNA used for knockdown of tar-
get mRNA (Silencer®™ Select siRN'A) was obtained from Thermo Fisher Scientific, Inc.

Cell culture

C2C12 cells were purchased from RIKEN BioResource Center (C2C12 #RCB0987) and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM, FUJIFILM Wako Pure Chemical Cor-
poration) supplemented with 15% fetal bovine serum (FBS) for cell proliferation. For
osteoblast differentiation, C2C12 cells were stimulated with DMEM supplemented with 2.5%
FBS and 150 ng/ml rhBMP-2.

ALP activity staining

C2C12 cells were seeded into 96-well plates at 1 x 10* cells/well and cultured in the presence of
BMP-2 for 72 hours. Transfection of the cells with siRNA was performed at the time of seeding
into the plates. Oxamate was added and pretreatment performed for two to three hours before
the start of differentiation, then the culture medium was replaced with differentiation medium
with Oxamate included. Cells were fixed for 30 minutes in 4% paraformaldehyde and washed
with PBS, then incubated for 30 minutes at 37°C with 100 mmol/L Tris-HCl buffer (pH 8.5)
containing 270 pmol/L naphthol AS-MX phosphate (Sigma-Aldrich) and 1.4 mmol/L Fast
blue BB (Sigma-Aldrich). After washing with tap water, they were observed under a micro-
scope. The scale bar shown in the figures represents 100 um.

Determination of ALP activity

The conditions for cell culturing were the same as for ALP activity staining, noted above. For
determination of ALP activity, cells were washed with PBS and homogenized with 100 uL of
NP-40 under sonication. After incubation at 37°C for 30 minutes, absorbance was measured at
405 nm.

Determination of extracellular and intracellular lactate

After 24 hours or 72 hours of culturing of C2C12 cells, cell lysate or medium supernatant sam-
ples were obtained and absorbance measured at a wavelength of 450 nm using a Lactate Assay
Kit-WST (Dojindo), according to the manufacturer’s instructions.
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Real-time RT-PCR

Total RNA was extracted from C2C12 cells using TRIzol reagent (Invitrogen), according to
the manufacturer’s instructions, then reverse transcription reactions were performed using
ReverTra ACE RT qPCR master Mix (Toyobo). Quantitative real-time RT-PCR was per-
formed using a TagManTM Gene Expression Assay (Gapdh, Mm99999915_g1; Tnap,
MmO00475834_m1; Runx2, Mm00501584_m1; Sp7, Mm04209856_m1; Ep300,
Mm00625535_m1). Gene signals were normalized against the amplified signal of Gapdh.

Western blot analysis

C2C12 cells were seeded into six-well plates at 5 x 10° cells/well and cultured in the presence
of BMP-2 for 24 hours. Histone proteins were extracted from cells using an Epi Quik Total
Histone Extraction Kit (Epigen Tek), according to the manufacturer’s instructions. Histone
proteins were subjected to SDS-PAGE (10% polyacrylamide gel) under a reducing condition.
The samples were placed in Mini-PROTEAN TGX gel and electrophoresis was performed,
then the proteins were transferred to PVDF membranes and treated with primary antibodies
for one hour, followed by secondary antibodies against Rabbit IgG (GE Healthcare) for on
hour. Immunoreactive bands were visualized by an enhanced chemiluminescence reaction
using an ECL Prime Western Blot Detection System (GE Healthcare). The intensity of the
chemiluminescent bands was quantitatively analyzed using Versa Doc 5000 MP (Bio-Rad Lab-
oratories). The ratio of the histone band intensity of lactyl lysine (Pan Kla) at approximately 17
and 15 kDa to the histone protein band intensity of total histone H3 was calculated. The band
at approximately 17 kDa contained histone H2A, H2B, and H3 proteins, while that at approxi-
mately 15 kDa contained histone H4 proteins.

Statistical analysis

Values are expressed as the mean + SD. Student’s ¢-test was used for comparisons between two
groups. One-way ANOV A with post-hoc Tukey test was performed for comparing results
from three or more groups. P-values less than 0.05 were considered to be statistically signifi-
cant. All statistical analyses were performed with EZR or Microsoft™ Excel™ 2019 MSO. In
the graph shown in Fig 3¢ (Sp7/Gapdh), the low glucose group was ND, thus Student’s t-test
was used to compare the high glucose group with the low glucose with lactate added group.

Supporting information

S1 Fig. Inhibition of LDH was not changed histone acetylation levels in C2C12 cells.
C2C12 cells were incubated for 24 hours after addition of BMP-2 (150 ng/ml) with Oxamate.
Amounts of expression of acetyl lysine after addition of BMP-2 and oxamate was evaluated by
western blotting. Data are expressed as mean + SD (n = 3). *, **Significantly different from
control group (*p <0.05, **p <0.01).

(PDF)

S2 Fig. Ep300 siRNA decreased expression of Ep300 mRNA in C2C12 cells. Following intro-
duction of Ep300 siRNA, C2C12 cells were cultured for 72 hours after addition of BMP-2 to
the medium. Expression of mRNA for Ep300 were analyzed by real-time PCR. Amplification
signals from the gene was normalized that of Gapdh. Data are expressed as mean + SD (n = 3).
*, **Significantly different from control group (*p <0.05, **p <0.01).

(PDF)
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S3 Fig. Ep300 siRNA decreased histone acetylation levels in C2C12 cells. Following intro-
duction of Ep300 siRNA, C2C12 cells were cultured for 24 hours after addition of BMP-2 to
the medium. Amounts of expression of acetyl lysine was evaluated by western blotting. Data
are expressed as mean + SD (n = 3). *, **Significantly different from control group (*p <0.05,
*p <0.01).

(PDF)
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(PDF)

Author Contributions

Conceptualization: Kiyohito Sasa.

Formal analysis: Erika Minami.

Funding acquisition: Kiyohito Sasa.

Investigation: Erika Minami, Kiyohito Sasa, Ryota Kawai, Hiroshi Yoshida.
Project administration: Haruhisa Nakano, Koutaro Maki, Ryutaro Kamijo.
Supervision: Ryutaro Kamijo.

Validation: Erika Minami.

Writing - original draft: Kiyohito Sasa, Atsushi Yamada.

References

1. LevyB, Gibot S, Franck P, Cravoisy A, Bollaert PE. Relation between muscle Na+K+ ATPase activity
and raised lactate concentrations in septic shock: a prospective study. Lancet. 2005; 365(9462):871-5.
Epub 2005/03/09. https://doi.org/10.1016/S0140-6736(05)71045-X PMID: 15752531.

2. Brooks GA. Lactate shuttles in nature. Biochem Soc Trans. 2002; 30(2):258—64. Epub 2002/05/25.
https://doi.org/10.1042/bst0300258 PMID: 12023861.

3. Brooks GA. Cell-cell and intracellular lactate shuttles. J Physiol. 2009; 587 (Pt 23):5591-600. Epub
2009/10/07. https://doi.org/10.1113/jphysiol.2009.178350 PMID: 19805739.

4. WuY,WangM, FengH, PengY, SunJ, Qu X, et al. Lactate induces osteoblast differentiation by stabili-
zation of HIF 1a. Mol Cell Endocrinol. 2017; 452:84—92. Epub 2017/05/26. https://doi.org/10.1016/j.
mce.2017.05.017 PMID: 28536031.

5. WuY,WangM, ZhangK, Li Y, Xu M, Tang S, et al. Lactate enhanced the effect of parathyroid hormone
on osteoblast differentiation via GPR81-PKC-Akt signaling. Biochem Biophys Res Commun. 2018; 503
(2):737-43. Epub 2018/06/19. https://doi.org/10.1016/j.bbrc.2018.06.069 PMID: 29913143.

6. ZhangD, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic regulation of gene expression by
histone lactylation. Nature. 2019; 574(7779):575-80. Epub 2019/10/28. https://doi.org/10.1038/
541586-019-1678-1 PMID: 31645732.

7. Jaenisch R, Bird A. Epigenetic regulation of gene expression: How the genome integrates intrinsic and
environmental signals. Nature Genetics. 2003; 33(3S):245-54. https://doi.org/10.1038/ng1089 PMID:
12610534

8. Holliday R, Pugh JE. DNA modification mechanisms and gene activity during development. Science.
1975; 187(4173):226-32. Epub 1975/01/24. PMID: 1111098

9. Compere SJ, Palmiter RD. DNA methylation controls the inducibility of the mouse metallothionein-I
gene lymphoid cells. Cell. 1981; 25(1):233—40. Epub 1981/07/01. https://doi.org/10.1016/0092-8674
(81)90248-8 PMID: 6168387

10. Suzuki MM, Bird A. DNA methylation landscapes: provocative insights from epigenomics. Nat Rev
Genet. 2008; 9(6):465-76. Epub 2008/05/09. https://doi.org/10.1038/nrg2341 PMID: 18463664.

11. Kouzarides T. Chromatin modifications and their function. Cell. 2007; 128(4):693-705. Epub 2007/02/
27. https://doi.org/10.1016/j.cell.2007.02.005 PMID: 17320507.

PLOS ONE | https://doi.org/10.1371/journal.pone.0293676 December 5, 2023 11/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293676.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293676.s004
https://doi.org/10.1016/S0140-6736%2805%2971045-X
http://www.ncbi.nlm.nih.gov/pubmed/15752531
https://doi.org/10.1042/bst0300258
http://www.ncbi.nlm.nih.gov/pubmed/12023861
https://doi.org/10.1113/jphysiol.2009.178350
http://www.ncbi.nlm.nih.gov/pubmed/19805739
https://doi.org/10.1016/j.mce.2017.05.017
https://doi.org/10.1016/j.mce.2017.05.017
http://www.ncbi.nlm.nih.gov/pubmed/28536031
https://doi.org/10.1016/j.bbrc.2018.06.069
http://www.ncbi.nlm.nih.gov/pubmed/29913143
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
http://www.ncbi.nlm.nih.gov/pubmed/31645732
https://doi.org/10.1038/ng1089
http://www.ncbi.nlm.nih.gov/pubmed/12610534
http://www.ncbi.nlm.nih.gov/pubmed/1111098
https://doi.org/10.1016/0092-8674%2881%2990248-8
https://doi.org/10.1016/0092-8674%2881%2990248-8
http://www.ncbi.nlm.nih.gov/pubmed/6168387
https://doi.org/10.1038/nrg2341
http://www.ncbi.nlm.nih.gov/pubmed/18463664
https://doi.org/10.1016/j.cell.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17320507
https://doi.org/10.1371/journal.pone.0293676

PLOS ONE

Lactate-induced histone lactylation by p300 promotes osteoblast differentiation

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Alifrey VG, Faulkner R, Mirsky AE. ACETYLATION AND METHYLATION OF HISTONES AND THEIR
POSSIBLE ROLE IN THE REGULATION OF RNA SYNTHESIS. Proc Natl Acad Sci U S A. 1964; 51
(5):786—94. Epub 1964/05/01. https://doi.org/10.1073/pnas.51.5.786 PMID: 14172992.

Wu Q, Ng HH. Mark the transition: chromatin modifications and cell fate decision. Cell Res. 2011; 21
(10):1388—90. Epub 2011/09/21. https://doi.org/10.1038/cr.2011.154 PMID: 21931356.

Xie W, Schultz MD, Lister R, Hou Z, Rajagopal N, Ray P, et al. Epigenomic analysis of multilineage dif-
ferentiation of human embryonic stem cells. Cell. 2013; 153(5):1134—48. Epub 2013/05/15. https://doi.
org/10.1016/j.cell.2013.04.022 PMID: 23664764.

GuJ, Zhou J, Chen Q, Xu X, Gao J, Li X, et al. Tumor metabolite lactate promotes tumorigenesis by
modulating MOESIN lactylation and enhancing TGF- signaling in regulatory T cells. Cell Reports.
2022; 39(12). https://doi.org/10.1016/j.celrep.2022.110986 PMID: 35732125

Yu J, Chai P, Xie M, Ge S, Ruan J, Fan X, et al. Histone lactylation drives oncogenesis by facilitating m
(6)A reader protein YTHDF2 expression in ocular melanoma. Genome Biol. 2021; 22(1):85. Epub 2021/
03/18. https://doi.org/10.1186/s13059-021-02308-z PMID: 33726814.

Sasa K, Yoshimura K, Yamada A, Suzuki D, Miyamoto Y, Imai H, et al. Monocarboxylate transporter-1
promotes osteoblast differentiation via suppression of p53, a negative regulator of osteoblast differenti-
ation. Sci Rep. 2018; 8(1):10579. Epub 2018/07/14. https://doi.org/10.1038/s41598-018-28605-5
PMID: 30002387.

Imai H, Yoshimura K, Miyamoto Y, Sasa K, Sugano M, Chatani M, et al. Roles of monocarboxylate
transporter subtypes in promotion and suppression of osteoclast differentiation and survival on bone.
Sci Rep. 2019; 9(1):15608. Epub 2019/11/02. https://doi.org/10.1038/s41598-019-52128-2 PMID:
31666601.

Nojima J, Kanomata K, Takada Y, Fukuda T, Kokabu S, Ohte S, et al. Dual roles of smad proteins in the
conversion from myoblasts to osteoblastic cells by bone morphogenetic proteins. J Biol Chem. 2010;
285(20):15577-86. Epub 2010/03/17. https://doi.org/10.1074/jbc.M109.028019 PMID: 20231279.

Katagiri T, Yamaguchi A, Komaki M, Abe E, Takahashi N, Ikeda T, et al. Bone morphogenetic protein-2
converts the differentiation pathway of C2C12 myoblasts into the osteoblast lineage. J Cell Biol. 1994;
127(6 Pt 1):1755-66. Epub 1994/12/01. https://doi.org/10.1083/jcb.127.6.1755 PMID: 7798324.

Valvona CJ, Fillmore HL, Nunn PB, Pilkington GJ. The Regulation and Function of Lactate Dehydroge-
nase A: Therapeutic Potential in Brain Tumor. Brain Pathol. 2016; 26(1):3—17. Epub 2015/08/14.
https://doi.org/10.1111/bpa.12299 PMID: 26269128.

CuiH, Xie N, Banerjee S, Ge J, Jiang D, Dey T, et al. Lung Myofibroblasts Promote Macrophage Profi-
brotic Activity through Lactate-induced Histone Lactylation. Am J Respir Cell Mol Biol. 2021; 64(1):115—
25. Epub 2020/10/20. https://doi.org/10.1165/rcmb.2020-03600C PMID: 33074715.

Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, Behringer RR, et al. The novel zinc finger-contain-
ing transcription factor osterix is required for osteoblast differentiation and bone formation. Cell. 2002;
108(1):17-29. Epub 2002/01/17. https://doi.org/10.1016/s0092-8674(01)00622-5 PMID: 11792318.

Wei J, Shimazu J, Makinistoglu MP, Maurizi A, Kajimura D, Zong H, et al. Glucose Uptake and Runx2
Synergize to Orchestrate Osteoblast Differentiation and Bone Formation. Cell. 2015; 161(7):1576-91.
Epub 2015/06/20. https://doi.org/10.1016/j.cell.2015.05.029 PMID: 26091038.

Krishnan RH, Sadu L, Das UR, Satishkumar S, Pranav Adithya S, Saranya |, et al. Role of p300, a his-
tone acetyltransferase enzyme, in osteoblast differentiation. Differentiation. 2022; 124:43-51. Epub
2022/02/19. https://doi.org/10.1016/j.diff.2022.02.002 PMID: 35180610.

Lee M, Partridge NC. Parathyroid hormone activation of matrix metalloproteinase-13 transcription
requires the histone acetyltransferase activity of p300 and PCAF and p300-dependent acetylation of
PCAF. J Biol Chem. 2010; 285(49):38014—22. Epub 2010/09/28. https://doi.org/10.1074/jbc.M110.
142141 PMID: 20870727.

Nian F, QianY, Xu F, Yang M, Wang H, Zhang Z. LDHA promotes osteoblast differentiation through his-
tone lactylation. Biochem Biophys Res Commun. 2022; 615:31-5. Epub 2022/05/24. https://doi.org/10.
1016/j.bbrc.2022.05.028 PMID: 35605402.

PLOS ONE | https://doi.org/10.1371/journal.pone.0293676 December 5, 2023 12/12


https://doi.org/10.1073/pnas.51.5.786
http://www.ncbi.nlm.nih.gov/pubmed/14172992
https://doi.org/10.1038/cr.2011.154
http://www.ncbi.nlm.nih.gov/pubmed/21931356
https://doi.org/10.1016/j.cell.2013.04.022
https://doi.org/10.1016/j.cell.2013.04.022
http://www.ncbi.nlm.nih.gov/pubmed/23664764
https://doi.org/10.1016/j.celrep.2022.110986
http://www.ncbi.nlm.nih.gov/pubmed/35732125
https://doi.org/10.1186/s13059-021-02308-z
http://www.ncbi.nlm.nih.gov/pubmed/33726814
https://doi.org/10.1038/s41598-018-28605-5
http://www.ncbi.nlm.nih.gov/pubmed/30002387
https://doi.org/10.1038/s41598-019-52128-2
http://www.ncbi.nlm.nih.gov/pubmed/31666601
https://doi.org/10.1074/jbc.M109.028019
http://www.ncbi.nlm.nih.gov/pubmed/20231279
https://doi.org/10.1083/jcb.127.6.1755
http://www.ncbi.nlm.nih.gov/pubmed/7798324
https://doi.org/10.1111/bpa.12299
http://www.ncbi.nlm.nih.gov/pubmed/26269128
https://doi.org/10.1165/rcmb.2020-0360OC
http://www.ncbi.nlm.nih.gov/pubmed/33074715
https://doi.org/10.1016/s0092-8674%2801%2900622-5
http://www.ncbi.nlm.nih.gov/pubmed/11792318
https://doi.org/10.1016/j.cell.2015.05.029
http://www.ncbi.nlm.nih.gov/pubmed/26091038
https://doi.org/10.1016/j.diff.2022.02.002
http://www.ncbi.nlm.nih.gov/pubmed/35180610
https://doi.org/10.1074/jbc.M110.142141
https://doi.org/10.1074/jbc.M110.142141
http://www.ncbi.nlm.nih.gov/pubmed/20870727
https://doi.org/10.1016/j.bbrc.2022.05.028
https://doi.org/10.1016/j.bbrc.2022.05.028
http://www.ncbi.nlm.nih.gov/pubmed/35605402
https://doi.org/10.1371/journal.pone.0293676

