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ABSTRACT

Histone H3mm18 is a non-allelic H3 variant ex-
pressed in skeletal muscle and brain in mice. How-
ever, its function has remained enigmatic. We found
that H3mm18 is incorporated into chromatin in cells
with low efficiency, as compared to H3.3. We deter-
mined the structures of the nucleosome core parti-
cle (NCP) containing H3mm18 by cryo-electron mi-
croscopy, which revealed that the entry/exit DNA re-
gions are drastically disordered in the H3mm18 NCP.
Consistently, the H3mm18 NCP is substantially un-
stable in vitro. The forced expression of H3mm18 in
mouse myoblast C2C12 cells markedly suppressed
muscle differentiation. A transcriptome analysis re-
vealed that the forced expression of H3mm18 af-
fected the expression of multiple genes, and sup-
pressed a group of genes involved in muscle devel-
opment. These results suggest a novel gene expres-
sion regulation system in which the chromatin land-
scape is altered by the formation of unusual nucle-
osomes with a histone variant, H3mm18, and pro-
vide important insight into understanding transcrip-
tion regulation by chromatin.

GRAPHICAL ABSTRACT

INTRODUCTION

In eukaryotes, genomic DNA is accommodated within the
nucleus, where it is compacted as chromatin (1). Histones
H2A, H2B, H3 and H4 are the major protein components
of chromatin, and form an elemental structural unit of
chromatin termed the nucleosome (1). Histones form het-
erodimers, H2A–H2B and H3–H4, and two each of the
H2A–H2B and H3–H4 dimers establish the histone oc-
tamer in the nucleosome (2). Approximately 150 bp of
DNA are left-handedly wrapped around the histone oc-
tamer, forming the nucleosome core particle (NCP) (3).

The nucleosome is an essential architecture to compact
genomic DNA, but it generally inhibits genomic DNA func-
tions, such as transcription, replication, recombination and
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repair (4–6). The nucleosome-dependent gene suppression
may provide more versatility of gene expression in individ-
ual tissues and cells, and play an essential role in the epige-
netic regulation of genes (7–10). To accomplish this, nucleo-
somes must have diverse structures, stabilities, and positions
in the genome (11–13).

Histone variants have from a few to 50% amino acid sub-
stitutions as compared to canonical histones, and are ma-
jor factors in nucleosome diversity (14–19). Multiple copies
of the canonical histone genes are encoded in the genome,
and expressed in the S-phase of the cell cycle (19–24). In
contrast, histone variants are encoded outside the canon-
ical histone gene clusters, as non-allelic isoforms, and are
produced in a cell-cycle independent manner (22–26). We
previously identified fourteen histone H3 variants, includ-
ing a testis-specific H3t variant, by the in silico hybridiza-
tion method in mice (27). H3t is an orthologue of hu-
man H3T (27,28). The other thirteen histone H3 variants,
named H3mm6–18, are evolutionally derived from H3.3
(27). H3mm7, H3mm11, H3mm12, H3mm13 and H3mm16
are efficiently incorporated into chromatin, and their distri-
bution in genomic regions is similar to that of H3.3 (27).
H3mm7 reportedly plays a central role in skeletal muscle
regeneration (29). On the other hand, H3mm6, H3mm8,
H3mm9, H3mm10, H3mm14, H3mm15, H3mm17 and
H3mm18 have nearly homogenous distributions in nuclei,
suggesting that these variants are highly mobile (27).

H3mm18 is expressed in skeletal muscle and brain (27),
but its structure and function have remained elusive. In the
present study, we determined the structure, characteristics,
and functional significance of the H3mm18 nucleosome,
and provide insights into understanding genome regulation
by histone variant-mediated alterations of the chromatin ar-
chitecture.

MATERIALS AND METHODS

Incorporation of H3mm18 within cellular chromatin

NIH3T3 cells expressing EGFP-tagged H3.3 or H3mm18
were generated as previously reported (25,29). Cells were
seeded in 35-mm glass-bottom dishes (Matsunami Glass),
stained with bisbenzimide H33342 fluorochrome trihy-
drochloride (Hoechst) (Nacalai Tesque), and imaged using
a fluorescence microscope (BZ-X700; Keyence).

Purification of histones

Mouse histones H2A, H2B, H3.3 and H4 were bacterially
produced and purified by the method described previously
(30). The DNA fragment encoding mouse H3mm18 was lig-
ated into the pET15b vector at the NdeI-BamHI sites. Af-
ter transformation of Escherichia coli strain (BL21) cells,
H3mm18 was produced as an N-terminally hexa-histidine
tagged protein. The cells carrying the H3mm18 expression
vector were cultured in LB medium and disrupted by soni-
cation, and then the pellet was collected by centrifugation.
The pellet was resuspended in buffer A (50 mM Tris–HCl,
pH 8.0, 500 mM NaCl, 5% glycerol and 7 M guanidine hy-
drochloride), and the H3mm18 protein was recovered in the
soluble fraction under denaturing conditions. The H3mm18

protein was then mixed with nickel-nitrilotriacetic acid (Ni-
NTA) beads (QIAGEN) in buffer A, and the beads were
packed into an Econo-Column (Bio-Rad). The beads were
washed with buffer B (50 mM Tris–HCl, pH 8.0, 500 mM
NaCl, 6 M urea, 5% glycerol and 10 mM imidazole), fol-
lowed by buffer B containing 25 mM imidazole. H3mm18
was then eluted by a linear gradient of imidazole from 25
to 500 mM in buffer B. The hexa-histidine tag was removed
by thrombin protease treatment. After the tag cleavage, 30
mM 2-mercaptoethanol was added to reduce the cysteine
residues of H3mm18. The H3mm18 protein was applied
to a MonoS cation exchange column, and the column was
washed with buffer C (20 mM sodium acetate, 6 M urea, 5
mM 2-mercaptoethanol, 1 mM EDTA, and 200 mM NaCl).
The H3mm18 protein was eluted by a linear gradient of 200
mM to 900 mM NaCl in buffer C. The eluted H3mm18 pro-
tein was desalted, lyophilized, and stored at 4◦C. The molec-
ular weight of the purified H3mm18 protein was confirmed
by MALDI-TOF mass spectrometry (Supplementary Fig-
ure S1A). The H3.3 mutants, R40C, R53S, R40C R53S,
R72L R83C, I124T and C-term (R128G, R129Y, R131C,
G132R and R134C), were constructed by site-directed mu-
tagenesis with the pET15b-H3.3 expression vector as the
template, and prepared by the method described previously
(30).

Reconstitution and purification of NCPs

The H2A–H2B, and H3–H4 complexes were prepared as
described previously (30). NCPs were reconstituted by the
salt-dialysis method with H2A–H2B and H3–H4, in the
presence of the 145 bp Widom 601 DNA (31), as described
previously (30). The reconstituted NCPs were purified by
preparative native polyacrylamide gel electrophoresis using
a Prep Cell apparatus, and the buffer was exchanged to 20
mM Tris–HCl buffer (pH 7.5) containing 5% glycerol us-
ing an Amicon Ultra 30K centrifugal concentrator (Merck
Millipore). The purified NCPs were stored at –80◦C.

Preparation of the PL2-6 single-chain antibody fragment

The DNA fragment encoding the light chain variable do-
main and heavy chain variable domain of the PL2-6 mon-
oclonal antibody was subcloned into the pET-15b vec-
tor. In the resulting PL2-6 single-chain antibody vari-
able fragment (scFv), the light chain variable domain
and heavy chain variable domain were connected with a
(GGGGS)3 linker peptide, as described previously (32).
Expression and purification of PL2-6 scFv were per-
formed according to the method described previously
(33). PL2-6 scFv was expressed in Escherichia coli BL21-
CodonPlus(DE3)-RIPL cells by induction with isopropyl
�-D-1-thiogalactopyranoside (200 nM). The cells were har-
vested and disrupted by sonication. The PL2-6 scFv peptide
was obtained in the insoluble fraction, and recovered in 100
mM Tris–HCl buffer (pH 8.0), containing 2 mM EDTA,
1 mM dithiothreitol and 6M guanidine hydrochloride. Af-
ter centrifugation, the supernatant was concentrated to 10
ml, and added to 1,000 ml of refolding buffer, containing
100 mM Tris–HCl buffer (pH 9.5), 1 mM EDTA, and 0.5
M arginine. The refolding solution containing the PL2-6
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scFv peptide was adjusted to pH 9.5 by adding HCl, and
oxidized glutathione (final concentration 551 mg/ml) was
added. The resulting solution was incubated at 4◦C for 48 h,
and then dialyzed twice against 20 mM Tris–HCl buffer (pH
7.5) containing 113 mM urea for 16 h. After dialysis, the pH
value of the sample solution was adjusted to 7.8 by adding
HCl. The supernatant was obtained by centrifugation, and
then clarified by passage through a 0.45 �m filter (Thermo
Fisher Scientific). The resulting soluble fraction contain-
ing the PL2-6 scFv peptide was mixed with SP Sepharose
Fast Flow resin (4 ml) (GE Healthcare). The resin bound to
the PL2-6 scFv peptide was packed into an Econo-Column
(Bio-Rad), and was washed with 150 ml of 20 mM Tris–
HCl buffer (pH 7.5), followed by 20 ml of 20 mM Tris–HCl
buffer (pH 7.5) containing 100 mM NaCl. The PL2-6 scFv
peptide was eluted with 20 mM Tris–HCl buffer (pH 7.4)
containing 300 mM NaCl. The resulting PL2-6 scFv pep-
tide was mixed with 5 ml of nickel-nitrilotriacetic acid (Ni-
NTA) beads (QIAGEN), and the slurry was packed into an
Econo-Column (Bio-Rad). The beads were washed with Ni
buffer (20 mM TrisvHCl (pH 7.4), 300 mM NaCl, and 40
mM imidazole). The PL2-6 scFv peptide was then eluted
by a linear gradient of imidazole from 40 to 250 mM in
Ni buffer. The PL2-6 scFv peptide was further purified by
gel filtration chromatography on a Hiload 16/600 Superdex
75 (GE Healthcare) column equilibrated with 20 mM Tris–
HCl buffer (pH 7.4), containing 150 mM NaCl and 1 mM
EDTA. The purified PL2-6 scFv peptide was flash-frozen in
liquid nitrogen and stored at –80◦C.

Structure analysis by cryo-EM

The purified nucleosome containing H3mm18 was fixed by
the gradient fixation (GraFix) method (34). The sucrose and
paraformaldehyde gradient solution was prepared with low
sucrose concentration buffer (10 mM HEPES–NaOH (pH
7.5), 20 mM NaCl, 1 mM dithiothreitol and 5% sucrose)
and high sucrose concentration buffer (10 mM HEPES–
NaOH (pH 7.5), 20 mM NaCl, 1 mM dithiothreitol, 20%
sucrose and 4% paraformaldehyde), using a gradient master
instrument (SKB). The NCP sample (0.4 nmol) was loaded
on the top of the gradient solution, and fractionated by cen-
trifugation at 27 000 rpm at 4◦C for 16 h, using a Beckman
SW41 rotor. The fractions containing the NCP were col-
lected and desalted on a PD-10 column (GE Healthcare)
equilibrated with 20 mM HEPES–KOH (pH 7.5) buffer,
containing 50 mM potassium acetate, 0.2 �M zinc acetate,
and 0.1 mM Tris(2-carboxyethyl)phosphine. The sample
was then concentrated to 10.6 �M by an Amicon Ultra
30K centrifugal concentrator (Merck Millipore), and was
plunge frozen by vitrification using a Vitrobot Mark IV
(Thermo Fisher Scientific) on a Quantifoil R1.2/1.3 copper
grid, which had been glow discharged for 1 min by a PIB-10
Bombarder (Vacuum Device Inc.). For the H3mm18 NCP
with PL2-6 scFv, the H3mm18 NCP and PL2-6 scFv were
mixed at a 1:4 molar ratio in reaction solution (20 mM Tris–
HCl (pH 7.5), 34.5 mM NaCl, 0.858% glycerol, 230 �M
EDTA and 770 �M dithiothreitol). The reaction mixture
was incubated at 25◦C for 30 min, and then plunge frozen
by vitrification using a Vitrobot Mark IV (Thermo Fisher

Scientific) on an UltraAufoil R1.2/1.3 300 mesh grid, which
had been plasma cleaned for 30 s by a Solarus II (Gatan).

Cryo-EM data collection

Cryo-EM data of the crosslinked H3mm18 NCP prepared
by GraFix and the non-crosslinked H3mm18 NCP with
PL2-6 scFv were collected using the SerialEM automa-
tion software (35) on KriosG3i and KriosG4 microscopes
(Thermo Fisher Scientific), operating at 300 kV at a nomi-
nal magnification of 81 000× (pixel sizes of 1.1 and 1.06 Å),
with defocus ranging from −1.0 to −2.5 �m, respectively.
Digital micrographs of the crosslinked H3mm18 NCP and
the non-crosslinked H3mm18 NCP were recorded with 5.6
and 4.5 s exposure times on a K3 BioQuantum direct detec-
tion camera (Gatan) in the energy-filter TEM mode with a
25 eV slit, at a total dose of ∼57 electrons per Å2 with a
total of 40 frames, respectively.

Image processing

In total, 10 006 movies for the crosslinked H3mm18 NCP,
and 4914 movies for the non-crosslinked H3mm18 NCP
were aligned using MOTIONCOR2 (36), with dose weight-
ing. The estimation of the contrast transfer function (CTF)
was performed by CTFFIND4 (37) from digital micro-
graphs with dose weighting. RELION 3.1 (38) was used for
all subsequent image processing. In total, 3 584 929 parti-
cles of the crosslinked H3mm18 NCP, and 790 901 parti-
cles of the non-crosslinked H3mm18 NCP were picked au-
tomatically, followed by 2D classification to remove junk
particles, resulting in the selection of 2 317 022 particles
of the crosslinked H3mm18 NCP, and 629 528 particles
of the non-crosslinked H3mm18 NCP. For the crosslinked
H3mm18 NCP, the crystal structure of a canonical NCP
(PDB: 3LZ0, (39)) was low-pass filtered to 60 Å, and used
as an initial reference model. After the first round of 3D
classification, 274 546 particles were selected for 3D refine-
ment, followed by particle polishing and CTF refinement.
The final map of the crosslinked H3mm18 NCP was sharp-
ened with a B-factor (−51.3 Å2). For the non-crosslinked
H3mm18 NCP, the ab initio model generated by Relion was
low-pass filtered to 60 Å, and used as the initial reference
model. After the first round of 3D classification, 224 465
particles were selected for 3D refinement, followed by parti-
cle polishing and CTF refinement. The final map of the non-
crosslinked H3mm18 NCP was sharpened with a B-factor
(−149.9 Å2). The resolutions of the final 3D maps were esti-
mated by the gold standard Fourier Shell Correlation (FSC)
at FSC = 0.143 (40), and normalized with MAPMAN (41).
The local resolution maps were calculated by RELION 3.1,
and visualized with UCSF Chimera (42). The details of the
processing statistics for the crosslinked H3mm18 NCP and
the non-crosslinked H3mm18 NCP are shown in Table 1.

Model building

The atomic model of the crosslinked H3mm18 NCP was
built based on the crystal structure of the Xenopus lae-
vis NCP containing the Widom 601 positioning sequence
(PDB ID: 3LZ0, (39)). The atomic coordinates of the
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Table 1. Cryo-EM data collection, processing, refinement and validation
statistics

Sample

H3mm18
nucleosome

(EMD-30631)
(PDB 7DBH)

H3mm18
nucleosome
with PL2-6

(EMD-31882)
(PDB 7VBM)

Data collection
Electron microscope KriosG3i KriosG4
Camera K3 K3
Pixel size (Å/pix) 1.1 1.06
Defocus range (�m) -1.0 to -2.5 -1.0 to -2.5
Exposure time (second) 5.6 4.5
Total dose (e/Å2) 57 57
Movie frames (no.) 40 40
Total micrographs (no.) 10 006 4914
Reconstruction
Software Relion 3.1 Relion 3.1
Particles for 2D classification 3 584 929 790 901
Particles for 3D classification 2 317 022 629 528
Particles in the final map (no.) 274 546 224 465
Symmetry C1 C1
Final resolution (Å) 3.6 3.4
FSC threshold 0.143 0.143
Map sharpening B factor (Å2) -51.3 -149.9
Model building
Software Coot Coot
Refinement
Software Phenix Phenix, ISOLDE
Model composition
Protein 697 677
Nucleotide 252 252
Validation
MolProbity score 1.78 0.99
Clash score 11.67 2.18
R.m.s. deviations
Bond lengths (Å) 0.007 0.006
Bond angles (˚) 0.851 0.911
Ramachandran plot
Favored (%) 96.77 98.03
Allowed (%) 3.23 1.97
Outliers (%) 0 0

X. laevis NCP were fitted to the cryo-EM map of the
H3mm18 NCP by the Cryo fit program (43). The amino
acid residues of the histones were adjusted into the mouse
histones. The resulting atomic model was refined using
phenix real space refine (44) against the cryo-EM map, and
edited manually with COOT (45). For the non-crosslinked
H3mm18 NCP structure aided by PL2-6 scFv, the final
model of the crosslinked H3mm18 NCP structure was
used as the starting model. The model was refined by
phenix real space refine (44) and manually rebuilt using
interactive molecular dynamics flexible fitting with the
ISOLDE software (46). The final models of the crosslinked
and non-crosslinked H3mm18 NCP structures were vali-
dated by the MolProbity program ((47); Table 1). Structural
figures were prepared with PyMOL (The PyMOL Molecu-
lar Graphics System, Version 2.0, Schrödinger, LLC.), and
ChimeraX (48).

Thermal stability assay

The NCP samples (2.25 �g for DNA) were subjected to
a thermal stability assay. The assay was performed in
19 �l of reaction solution (17 mM Tris–HCl (pH 7.5),

0.85 mM dithiothreitol, 4.25% glycerol, 100 mM NaCl and
5× SYPRO Orange (SIGMA-Aldrich)) as described pre-
viously (49). The samples were tested with a temperature
gradient from 25◦C to 95◦C in steps of 1◦C/min. The flu-
orescence signal of the SYPRO Orange was detected by a
Step One Plus real-time PCR instrument (Applied Biosys-
tems). Normalization of the signal was performed as fol-
lows: F(T)normalized = [F(T) – F(26)]/[F(95) – F(26)], where
F(T) indicates the fluorescence signal intensity at a particu-
lar temperature.

MNase assay

The NCP samples (1.4 �g) were subjected to the MNase
assay in 70 �l of reaction solution (50 mM Tris–HCl (pH
8.0), 1.9 mM dithiothreitol, 2.5% glycerol, 25 mM NaCl and
2.5 mM CaCl2). After an incubation at 37◦C for the indi-
cated time, each aliquot (10 �l) was taken and mixed with
5 �l of the reaction stop solution (20 mM Tris–HCl (pH
8.0), 20 mM EDTA, 0.1% SDS, and 0.48 mg/ml proteinase
K (SIGMA-Aldrich)). The resulting DNA fragments were
analyzed by native-polyacrylamide gel electrophoresis with
ethidium bromide staining. The gel images were obtained
with an Amersham imager (GE Healthcare).

Plasmids for differentiation assay and transcriptome analysis

The expression vectors for the N-terminally EGFP-tagged
histones H3.3 and H3mm18 were described previously
(27), and are based on the Tet Expression Vector pT2A-
TRETIBI bidirectionally expressing EGFP-fused proteins
and NeoR. The expression vectors for C-terminally EGFP-
tagged histone H3.3 and H3mm18 were also constructed
with a similar subcloning strategy, except that the Puro
expression cassette was inserted instead of NeoR. To gener-
ate stably expressing cells, these plasmids were transfected
together with pCAGGS-TP and pT2A-CAG-rtTA2S-M2,
as described previously (27). For the H3mm18 reporter
constructs, using genomic DNA extracted from mouse
tails as the template, the corresponding genomic regions
were PCR amplified with a common forward primer
(5′-AAAGAATTCTGTTCGGAGCCTTCGCAGC-
3′) and specific reverse primers as follows: 5′-
CCCGGATCCTTAAGCACATTCTCTGCATATG-3′, 5′-
CCCGGATCCATGTATTTTAATAGCAAACTTACAGG-
3′, 5′-AAAGGATCCCCTTCATTACCCTCTGGTCC-3′,
and 5′-CCCCTGCAGTTAAGCACATTCTCTGCATATG-
3′ for �UTR-GA, �GA, H3mm18 and 18-pA, re-
spectively. These fragments were inserted into the
pT2A-TRETIBI/EGFP-H3.3 vector, previously di-
gested with either EcoRI and BglII or EcoRI and
PstI.

Cells

C2C12 and NIH3T3 cells were purchased from the Amer-
ican Type Culture Collection (ATCC). C2C12 cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 20% fetal bovine serum. For differentia-
tion, cells were transferred to DMEM containing 2% horse
serum upon reaching confluence. NIH3T3 cells were grown
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in DMEM supplemented with 10% calf serum. Introduc-
tion of MyoD into NIH3T3 cells was accomplished using
retroviral vectors, as described previously (29).

The H3mm18 knockout (KO) C2C12 cells were gener-
ated by the electroporation of reconstituted Cas9-crRNA-
tracrRNA ribonucleoprotein complexes, according to
IDT’s protocol. Briefly, equimolar concentrations of Alt-R
CRISPR-Cas9 cRNA and Alt-R CRISPR-Cas9 tracrRNA
(IDT) were heated at 95◦C for 5 min, followed by cool-
ing to RT for duplex formation. The ribonucleoprotein
complexes were formed by mixing crRNA:tracrRNA
duplex and Alt-R S.p. HiFi Cas9 Nuclease (IDT), and
electroporated into cells using a Neon Transfection System
(Invitrogen) according to the manufacturer’s instruc-
tions. On the following day, the cells were single-cell
sorted into 96-well plates, using a fluorescence-activated
cell sorter (SH800, Sony), for clonal isolation. We de-
signed four crRNAs targeting the H3mm18 gene, two
for upstream (5′-GAGCTGTCTCACCTAGATGT-3′
and 5′-ATATAGCCACACTCGGACAC-3′), and two
for downstream (5′-TGTGCTAAGAAAGCCCGGTA-
3′ and 5′-GGTTTATTAAGACCCAACGA-3′), which
were introduced together into the cells in a single
electroporation.

Plasmid transfection was performed using the Lipofec-
tamine 2000 Transfection Reagent (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. For tran-
sient transfection, cells were collected at 24 h post trans-
fection. To generate stable transfectants, cells were cultured
for 14–21 days in the presence of 1 �g/ml of puromycin or
1 mg/mL G418, together with 1 �g/ml doxycycline (Dox)
for the Tet-On system. EGFP-positive cells were selected by
the cell sorter.

Quantitative RT-PCR (RT-qPCR)

Total RNA was extracted from cells using Sepasol-RNA
I Super G (Nacalai Tesque) and reverse-transcribed with
PrimeScript II Reverse Transcriptase (Takara) and either
an oligo-dT primer or a random 6-mer, according to the
manufacturers’ protocols. Real-time PCR amplification
and detection were performed using Thunderbird qPCR
Mix (Toyobo) in the PikoReal Real-Time PCR System
(Thermo Fisher Scientific) under the following thermocy-
cling conditions: 30 sec at 95◦C, 45 cycles of 5 s at 95◦C,
30 s at 65◦C and 20 s at 72◦C. The primers used are as
follows: 5′-CTCAGGACTTCAAAACAGATCTGT-3′
and 5′-CGCATATGCGGCCTGCTAGTTGGG-3′ for
H3mm18, 5′-ATCAGCCATGATGGATACTTTCTC-
3′ and 5′-GTTCTTTTTGTCAAGACCGACCT-3′ for
NeoR, and 5′-CTCTGACTACCCTCCACTTGGTCG-3′
and 5′-ATTAAGACTGGGGTGGCAGGTGTT-3′ for
Eef1a1, 5′-GACTTCAACAGCAACTCCCACTCT-3′
and 5′- GGTTTCTTACTCCTTGGAGGCCAT-3′ for
Gapdh, 5′-AAGTCCAATCATTGGGCTCTGTCC-3′
and 5′-ACGGACTTTTATTTAAGGCAGGGC-3′ for
Ckm, 5′-TTGTGCACCGCAAATGCTTCTAGG-3′ and
5′-ATGTACACGTCAAAAACAGGCGCC-3′ for Acta1,
and 5′-AAAGCCATCACTTCTGTAGCAGGG-3′ and
5′-TCTCTGGACTCCATCTTTCTCTCC-3′ for Myog.

Generation of antibodies against H3mm18

Rat monoclonal antibodies against H3mm18 were gener-
ated. The specific peptide (KQTARKSTGDKAPR, amino
acids 4–17) was synthesized for use as an antigen (Eu-
rofins). Hybridoma cells were isolated by limiting dilution
and screened using culture supernatants in ICC on NIH3T3
cells expressing either EGFP-tagged H3mm18 or H3.3 (as
a control). Positive clones were single-cell isolated by the
cell sorter and again screened as above. Specificities of anti-
bodies were assessed by immunoblotting and immunocyto-
chemistry. Clone 1C8-7C11 was used in this study.

Immunocytochemistry (ICC)

ICC was performed as described previously (29), with the
following modifications. Cells were grown in ibidi 24-well
plates (�-Plate 24 Well Black) or on round cover glasses
(Matsunami), and fixed with 4% paraformaldehyde in PBS
for 10 min at RT. Cells were visualized with a Keyence BZ-
X710 microscope system. Mouse anti-MyHC (eBioscience,
MF20, 1:1000) was used.

Biochemical fractionation and immunoprecipitation (IP)

Biochemical fractionations for preparing chromatin-
unbound and chromatin fractionations were performed
essentially as described previously (50). Briefly, cells were
suspended in low salt extraction buffer (20 mM Tris–HCl
[pH 7.5], 100 mM KCl, 0.4 mM EDTA, 0.1% Triton X-100,
10% glycerol, 1 mM �-mercaptoethanol) supplemented
with a cOmplete ULTRA mini Protease Inhibitor Cocktail
Tablet (Roche). After Dounce homogenization, the soluble
chromatin-unbound fraction was separated by centrifu-
gation at 14 000 × g at 4◦C for 30 min, using a tabletop
centrifuge. The insoluble pellet was then suspended in
High salt extraction buffer (20 mM HEPES–KOH [pH
7.4], 400 mM KCl, 5 mM MgCl2, 0.1% Tween 20, 10%
glycerol, 1 mM �-mercaptoethanol) supplemented with
a cOmplete ULTRA mini Protease Inhibitor Cocktail
Tablet, and subjected to brief sonication. The solubilized
chromatin fraction was collected after centrifugation at top
speed at 4◦C for 30 min, using a tabletop centrifuge. For
IP experiments, antibodies (mouse anti-GFP (clone 34F6,
KISHIDA, 2 �g per sample), rabbit anti-DDDDK/FLAG
(MBL, PM020, 1 �l per sample), and rat anti-H3mm18
(clone 1C8-7C11, 2 �g per sample)) were mixed with
Dynabeads Protein G (Invitrogen) in PBS-T (0.05% Tween
20 in PBS) and rotated at 4◦C for 1 hr. After washing with
PBS-T, the beads were added to the chromatin-unbound
fractions prepared as described above, and rotated at
4◦C for 2 h. The beads were then washed three times
with ice-cold Low salt extraction buffer. Finally, elution
buffer (100 mM glycine–HCl [pH 2.5], 150 mM NaCl) was
added to the beads to obtain the precipitated complexes,
followed by neutralization with 1 M Tris–HCl [pH 8.0].
The following western blotting was performed as described
previously (29). Antibodies used for immunoblotting were
as follows: rabbit anti-Hsp90 (Santa Cruz, H-114, 1:2000),
rabbit anti-GFP (BioAcademia, 60-011, 1:1000), mouse
anti-GFP (Nacalai, GF200, 1:500), rat anti-H3mm18
(clone 1C8-7C11, 2 mg/ml, 1:1000), mouse anti-MyHC
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(eBioscience, MF20, 1:1000), rabbit anti-Myogenin (Santa
Cruz, M-225, 1:100), rat anti-MyoD (KISHIDA, 5F11,
1:1000), rabbit anti-DDDDK/FLAG (MBL, PM020,
1:1000), and rabbit anti-DAXX (Santa Cruz, M-112,
1:1500).

Transcriptome analysis using CEL-Seq2

CEL-Seq2 for C2C12 samples was carried out as de-
scribed previously (29,51). Sequencing was performed using
a HiSeq PE Rapid Cluster Kit v2 (Illumina) in an Illumina
HiSeq 1500 system with 15 cycles for read 1 and 36 cycles
for read 2. The extraction of sample barcodes and unique-
molecular-identifiers (UMIs) was performed using UMI-
tools (version 1.0.1) (52) with the command “umi tools
extract -I r1.fastq ––read2-in = r2.fastq ––bc-pattern =
NNNNNNCCCCCC ––read2-stdout”. The reads were
trimmed using the Cutadapt (version 2.6) wrapper, Trim
Galore (version 0.6.6), with the option “-a GATCGTCG-
GACT”. The reads were mapped to the reference genome
(GRCm38, pre-built HISAT2 index, genome snp tran) us-
ing the aligning software HISAT2 (version 2.1.0) (53–55).
The featureCounts software (version 2.0.1) (56) was used
to obtain read counts per gene. Note that UMIs were not
used and mitochondrial genes were excluded in the follow-
ing analysis. The DESeq2 software (1.28.1) (57) was used to
obtain the normalized counts and log2 Fold changes and to
extract DEGs that met Benjamini and Hochberg corrected
Wald P < 0.1. In the MA plots, the means of normalized
counts show the average expression levels for samples used
in the log2 Fold changes. Genes with log2 Fold changes over
5 and under −5 were plotted in triangles at 5 and −5, re-
spectively in all MA plots. The Gene Ontology (GO) analy-
sis was performed using R package clusterProfiler (version
3.16.1) (58) with the settings: OrgDb = “org.Mm.eg.db”,
keyType = ‘ENSEMBL’, ont = “BP”, pAdjustMethod =
“BH”, pvalueCutoff = 0.1, qvalueCutoff = 1.0. The gene
ratio is the percentage of the genes in the GO term in the
identified genes among the cluster. The heatmap shows the
row (gene)-wise Z scores for regularized variance-stabilizing
transformed counts (calculated by vst function in DESeq2)
of the selected genes.

Transcriptome analysis using BRB-Seq

BRB-Seq was performed as described previously (59), ex-
cept that the cDNA was synthesized with RT primers for
CEL-Seq2 (51) instead of those described in the origi-
nal BRB-Seq protocol. Sequencing was performed using a
HiSeq PE Rapid Cluster Kit v2 (Illumina) in an Illumina
HiSeq 1500 system with the following cycles: 15 cycles for
read 1 and 40 cycles for read 2 for NIH3T3 samples.

The extraction of sample barcodes and unique-
molecular-identifiers (UMIs) was performed using UMI-
tools (version 1.0.1) (52) with the following commands:
umi tools extract -I r1.fastq ––read2-in = r2.fastq ––bc-
pattern = NNNNNNCCCCCCCCC ––read2-stdout.
The reads were trimmed using the Cutadapt (version 2.6)
wrapper Trim Galore (version 0.6.6), with the option
-a GATCGTCGGACT. The reads were mapped by the
aligning software HISAT2 (version 2.1.0) (55) to the

reference genome (GRCm38, pre-built HISAT2 index,
genome snp tran). The mapped reads were sorted by
SAMtools (version 1.9-170) (60). Read counts per gene
were obtained using featureCounts (version 2.0.1) (56).
Note that UMIs were not used and mitochondrial chro-
mosome genes were excluded in the following analysis.
The DESeq2 software (1.28.1) (57) was used to calculate
normalized counts and log2 fold changes and to extract
DEGs that met the following criteria: Benjamini and
Hochberg corrected Wald P < 0.1. Means of normalized
counts in MA plots are the average expression levels for
samples used in log2 fold changes. Genes with log2 fold
changes over 5 and under −5 were plotted with triangles at
5 and −5, respectively, in all MA plots.

Chromatin profiling using ATAC-Seq

ATAC-Seq was performed as described previously (29). Se-
quencing was performed with an Illumina NovaSeq 6000
system with 51 cycles for both read 1 and read 2, using the
following kits (Illumina): NovaSeq 6000 S2 Reagent Kit for
ATAC-Seq.

Raw sequencing data were trimmed using the Cutadapt
(version 2.6) (61) wrapper Trim Galore (version 0.6.6), with
the option ––2colour 20. The reads were mapped by the
aligning software Bowtie2 (version 2.3.5.1) (62) to the ref-
erence genome (UCSC mm10, Bowtie 2 index), and the
uniquely mapped reads were retained for the following anal-
yses. The mapped reads were sorted by SAMtools (version
1.9-170) (60). For the visualization of ATAC-Seq signals
on the Integrative Genomics Viewer (bigwig), read counts
of 100 bp bins in the genome were normalized as counts
per million (CPM) and counts of each bin were smoothed
with a 1000 bp window by the deepTools software (version
3.3.0) (63) with the options: bamCoverage ––binSize 100
––normalizeUsing CPM ––smoothLength 1000. The bed-
tools software (version 2.29.2) (64) with the “multicov” op-
tion was used to count the ATAC-Seq reads within 5 kb
± TSS regions of the first exons. The DESeq2 software
(1.28.1) (57) was used to calculate log2 fold changes for each
5 kb ± TSS region.

For the plots of fold changes of gene expression and
ATAC peak signals on the TSS, genes with means of nor-
malized counts of BRB-Seq at each time point that were
over 50 (colored blue) were used. Black dots indicate the 54
downregulated DEGs at 48 hours of differentiation. The 2D
kernel density of the total genes (colored blue) was drawn
by the stat density2d function in ggplot2. The 95% confi-
dence ellipses of the 54 downregulated DEGs at 48 hours
(red) and total genes (blue) were drawn by the stat ellipse
function.

RESULTS

H3mm18 is incorporated into chromatin with low efficiency
in cells

H3mm18 contains 12 amino acid differences, at posi-
tions 13, 40, 53, 58, 72, 83, 124, 128, 129, 131, 132 and
134, as compared to H3.3. The Asp13, Cys40, Ser53,
Ser58, Leu72, Cys83, Thr124, Gly128, Tyr129, Cys131,
Arg132 and Cys134 residues of H3mm18 correspond to
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the Gly13, Arg40, Arg53, Thr58, Arg72, Arg83, Ile124,
Arg128, Arg129, Arg131, Gly132 and Arg134 residues of
H3.3, respectively (Figure 1A). These substitutions replace
many basic Arg residues of H3.3 with neutral residues in
H3mm18. The Arg residues play a key role in the histone-
DNA interactions in the nucleosome (3).

To test whether H3mm18 is incorporated into chromatin
in cells, EGFP-tagged H3mm18 or H3.3 was expressed
in NIH3T3 cells. In interphase cells, both EGFP-tagged
H3.3 and H3mm18 were localized in the nucleus (Fig-
ure 1B, C). In mitotic cells, the EGFP-tagged H3.3 sub-
stantially accumulated in the region that overlapped with
the genomic DNA stained with bisbenzimide H33342 fluo-
rochrome trihydrochloride (Hoechst), indicating that H3.3
is efficiently incorporated into chromatin in cells (Figure
1B). Interestingly, the chromatin incorporation of EGFP-
tagged H3mm18 was also observed in mitotic cells, al-
though its efficiency was low as compared to EGFP-tagged
H3.3 (Figure 1C). Therefore, H3mm18 has the potential to
be incorporated into chromatin in cells.

The cryo-EM structure of the NCP containing H3mm18

To study the structural consequences of the H3mm18 in-
corporation into nucleosomes, we purified H3mm18 as a
recombinant protein. The molecular weight of the recom-
binant H3mm18 protein was confirmed by MALDI-TOF
mass spectrometry (Supplementary Figure S1A). The puri-
fied H3mm18 migrated faster than H3.3 in a sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
analysis (Supplementary Figure S1B). H3mm18 formed a
nucleosome core particle (NCP) with histones H2A, H2B,
H4, and the 145 bp Widom 601 DNA (31,65). The migra-
tion of the H3mm18 NCP in a native polyacrylamide gel
electrophoresis analysis was clearly slower than that of the
H3.3 NCP (Supplementary Figure S1C). This suggested
that structure and/or physical properties of the H3mm18
NCP may be different from those of the H3.3 NCP.

We obtained the H3mm18 NCP structure with a
crosslinked sample, prepared by the GraFix method, at 3.6
Å resolution (Figure 2A, Supplementary Figure S2, and
Table 1). We also prepared the H3mm18 NCP sample for
the cryo-EM analysis in the presence of the PL2-6 single-
chain antibody variable fragment (scFv), which stabilizes
the cryo-EM nucleosome sample by binding to the acidic
patch of the NCP (32). We determined the H3mm18 NCP
structure at 3.4 Å resolution without crosslinking (Supple-
mentary Figures S3, S4, and Table 1). The overall H3mm18
NCP structures are similar between the crosslinked and
non-crosslinked samples. In both H3mm18 NCP structures,
the entry/exit regions of the nucleosomal DNA are drasti-
cally disordered, and the central 125−130 bp region of the
DNA is visibly wrapped around the histone octamer (Fig-
ures 2A, B, and Supplementary Figure S3). In contrast, in
the H3.3 NCP, the entry/exit DNA regions are captured by
the �N helix of H3, and 145 bp of DNA are clearly visible
(Figure 2C) (4,29,65–67).

Intriguingly, the EM density of the H3mm18 �N helix
was ambiguous (Figure 2B), suggesting that the �N helix
region is unstable in the H3mm18 NCP. In the H3.3 NCP,
the H3 Arg53 residue in the �N helix is suggested to play an

important role in maintaining the histone-DNA contacts at
the entry/exit DNA regions (68) (Figure 2C). Since the H3
Arg53 residue is replaced by a Ser residue in H3mm18, the
histone-DNA contact at the H3 position 53 may be abol-
ished in the H3mm18 NCP (Figure 2B). In the H3.3 NCP,
the H3 Arg40, Arg72 and Arg83 residues directly bind to
the DNA backbone (Figure 2D and E, right panels). In
H3mm18, the neutral Cys40, Leu72 and Cys83 residues re-
place these basic Arg residues, and may reduce the histone-
DNA contacts at these sites (Figure 2D and E, left panels).
These histone−DNA interactions missing in the H3mm18
NCP may reduce its stability.

The H3mm18 NCP is extremely unstable

The cryo-EM structure of the H3mm18 NCP revealed un-
usual DNA flexibility at the entry/exit regions. To test
whether this characteristic is actually maintained in solu-
tion, we performed a micrococcal nuclease (MNase) as-
say. Since MNase preferentially digests the DNA end re-
gions detached from the histone surface in the NCP, the
DNA region tightly bound to the histone surface is gener-
ally protected from MNase (Figure 3A). As shown in Fig-
ure 3B, the DNA ends of the H3mm18 NCP were quite
susceptible to MNase, as compared to those of the H3.3
NCP. These results are perfectly consistent with the cryo-
EM structure of the H3mm18 NCP, in which the entry/exit
DNA regions are flexibly disordered and exposed to the
solvent.

In the H3mm18 NCP structure, we found fewer histone–
DNA interactions, which may cause the instability of the
H3mm18 NCP. We then tested the thermal stability of the
H3mm18 NCP. In this assay, the histones released from
the NCP by thermal denaturation are detected by binding
SYPRO Orange fluorescent dye (Figure 3C). As shown in
Figure 3D, the H3mm18 NCP was drastically unstable as
compared with the H3.3 NCP. In fact, the H3mm18 NCP
became denatured at a temperature about 10◦C lower than
that of the H3.3 NCP (Figure 3D). Therefore, we concluded
that the H3mm18 NCP is extremely unstable, probably by
the reduced histone-DNA interactions, as observed in its
cryo-EM structure (Figure 2B, D and E, left panels).

Contributions of the H3mm18 residues to the DNA flexibility
and instability of the H3mm18 NCP

We next tested whether the H3mm18-specific histone–DNA
interactions are responsible for the DNA end flexibility
and thermal stability of the H3mm18 NCP. To do so,
we prepared the NCPs containing the H3.3 mutants, in
which the Arg40, Arg53, Arg72 and Arg83 residues were re-
placed by the corresponding H3mm18 residues (H3.3R40C,
H3.3R53S, H3.3R40C R53S and H3.3R72L R83C) (Sup-
plementary Figure S6). The NCP containing the H3.3 C-
terminal mutant (H3.3C-term), in which the H3.3 Arg128,
Arg129, Arg131, Gly132 and Arg134 residues were replaced
by the corresponding H3mm18 Gly128, Tyr129, Cys131,
Arg132 and Cys134 residues, respectively, was also prepared
(Supplementary Figure S6). In addition, the NCP contain-
ing the H3.3I124T mutant, in which the H3.3 Ile124 residue
was replaced by the corresponding H3mm18 Thr residue,
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Figure 1. H3mm18 is incorporated into chromatin in cells. (A) Amino acid sequence alignment of H3.3 and H3mm18. The conserved residues between
H3.3 and H3mm18 are represented with yellow boxes, and the H3mm18-specific residues are represented with pink boxes. The chaperone-recognition motif
conserved between H3.3 and H3mm18 is marked by a red bracket. (B, C) NIH3T3 cells producing EGFP-tagged H3.3 (B) or H3mm18 (C). Genomic DNA
was visualized by staining with bisbenzimide H33342 fluorochrome trihydrochloride (Hoechst).

was prepared (Supplementary Figure S6). The MNase as-
say revealed that the H3.3 Arg40 and Arg53 double re-
placements clearly enhanced the DNA end susceptibility
(Figure 4A). The H3.3 Arg40 or Arg53 single replacement
also enhanced the DNA end susceptibility, although the
effect of each single replacement was somewhat weak as
compared to the double replacements (Figure 4B). These
results suggested that the replacement of the Arg40 and
Arg53 residues to neutral Cys and Ser in H3mm18, respec-
tively, may be responsible for the DNA end flexibility in
the H3mm18 NCP. On the other hand, the H3.3C-term
mutations and the H3.3I124T mutation did not substan-
tially affect the MNase susceptibility at the DNA ends (Fig-
ure 4C). However, interestingly, the NCP containing the
H3.3R72L R83C mutation revealed the presence of a new
cleavage site, thus producing an ∼90–95 bp DNA fragment
(Figure 4A). This may be caused by the enhanced MNase

susceptibility around positions 72 and 83 (superhelical lo-
cation (SHL) 2.5) of H3.3 in the NCP, suggesting that the
histone-DNA interaction around the SHL2.5 may be weak-
ened by the basic to neutral substitutions at these positions
(Figure 2E).

The substitutions of the H3.3 Arg40, Arg53, Arg72 and
Arg83 residues and the H3.3C-term mutations reduced the
thermal stability of the H3.3 NCP (Figure 5A–F). However,
the NCPs containing these amino acid substitutions were
still more stable than the H3mm18 NCP (Figure 5B–F and
H). Therefore, these H3.3 Arg residues directly bound to
the nucleosomal DNA contribute to the H3.3 NCP stabil-
ity, but each contribution is apparently partial. It should
be noted that the thermal stability of the NCP containing
the H3.3I124T substitution was not significantly affected
(Figure 5G). The H3mm18 Thr124 residue is located in
the hydrophobic cluster formed with H4 (Supplementary
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Figure 2. Cryo-EM structure of the NCP containing H3mm18. (A) The cryo-EM density map of the H3mm18 NCP. Histones H3mm18, H2A, H2B and
H4 are colored pink, yellow, salmon pink, and green, respectively. DNA is colored gray and light green. (B) An entry/exit DNA region of the H3mm18
NCP. A close-up view is shown in the right panel. The H3mm18 Ser53 residue is colored cyan. The cryo-EM map is colored gray. The dashed lines show
the putative DNA region that is disordered in the H3mm18 NCP. (C) An entry/exit DNA region of the H3.3 NCP (PDB ID: 5XM0). A close-up view is
shown in the right panel. The H3 Arg53 residue is colored cyan. (D) Comparison of the entry/exit regions between the H3mm18 NCP (left panel) and
H3.3 NCP (right panel). In the left panel, the thick dashed line with the putative Cys40 position shows the N-terminal disordered region of H3mm18 in the
NCP. (E) Structural comparison around positions 72 and 83 in the H3mm18 NCP (left panel) and H3.3 NCP (right panel). In the left panel, the H3mm18
Leu72 and Cys83 residues are shown in cyan with side chains. In the right panel, the H3 Arg72 and Arg83 residues are shown in cyan with side chains.
Possible hydrogen bonds are shown with dashed lines.
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Figure 3. DNA end flexibility and instability of the H3mm18 NCP. (A) Schematic representation of the micrococcal nuclease (MNase) treatment assay.
In this assay, the NCP is incubated in the presence of MNase, which preferentially digests the DNA regions detached from the histone proteins. After
deproteinization, the resulting DNA fragment is analyzed by native-PAGE. (–) A representative gel image of the MNase treatment assay. The H3.3 (lanes
2-7) and H3mm18 (lanes 8-13) NCPs were incubated in the presence of MNase for 0, 3, 6, 9, 12 and 15 min. The resulting DNA fragments were analyzed
by native-PAGE with ethidium bromide staining. The results were confirmed by two additional, independent experiments (Supplementary Figure S5). (C)
Schematic representation of the thermal stability assay. In this assay, the histone proteins dissociated from the NCP by thermal denaturation are detected
by the SYPRO Orange fluorescent dye, which binds the hydrophobic surface of the histones. (D) Normalized fluorescence intensity curves of thermal
disruption of the H3.3 and H3mm18 NCPs. The error bars indicate the S.D. (n = 3).
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Figure 4. MNase treatment assay of the NCPs containing the H3.3 mutants. (A) The NCPs containing H3.3 (lanes 2–7), H3.3R40C R53S (lanes 8–13)
and H3.3R72L R83C (lanes 14–19) were incubated in the presence of MNase for 0, 3, 6, 9, 12 and 15 min. (B) The experiments with the NCPs containing
H3.3 (lanes 2–7), H3.3R40C (lanes 8–13) and H3.3R53S (lanes 14–19). (C) The experiments with the NCPs containing H3.3 (lanes 2–7), H3.3I124T (lanes
8–13) and H3.3C-term (lanes 14–19). The resulting DNA fragments were deproteinized and analyzed by native-PAGE with ethidium bromide staining.
The results were confirmed by three additional independent experiments. The arrow in panel (A) indicates the band (90-95 base pairs) corresponding to
the DNA fragment produced by MNase cleavage around SHL2.5.

Figure S7), but may not substantially weaken the hydropho-
bic interaction in the NCP.

Forced expression of H3mm18 suppresses myogenic differen-
tiation

We next tested whether the unusual H3mm18 nucleosome
formation affects the cellular function. H3mm18 is weakly
but specifically expressed in skeletal muscle (27), suggesting
its function in skeletal muscle differentiation. In previous
studies, we have analyzed the physiological functions of the
forced expression of specific histones (27,69,70). We applied
this approach to evaluate the skeletal muscle differentiation
potential through morphological changes and a transcrip-
tome analysis, using skeletal myoblast C2C12 cells stably ex-
pressing H3mm18 (Figure 6A).

We also evaluated the physiological impact of H3mm18
on skeletal muscle differentiation. We quantified the
H3mm18 expression level using the published RNA-seq
data, which revealed that H3mm18 was dominantly ex-
pressed in quiescent satellite cells and downregulated upon
differentiation (Supplementary Figure S8A) (71). Since
H3mm18 expression was not detected in C2C12 cells (Sup-
plementary Figure S8B), we established C2C12 cells that
stably expressed EGFP-tagged H3mm18 (EGFP-H3mm18)
or H3.3 (EGFP-H3.3), following the deletion of the endoge-
nous H3mm18 gene locus by CRISPR/Cas9 (Supplemen-

tary Figure S8C and D), to avoid unfavorable endogenous
H3mm18 expression. The H3mm18 KO cells showed myo-
genic and housekeeping gene expressions at the same levels
of WT cells (Supplementary Figure S8E–G). Interestingly,
an immunocytochemistry (ICC) analysis demonstrated that
the number of cells positive for MyHC, a marker of skele-
tal muscle differentiation, was obviously reduced among
the EGFP–H3mm18-expressing cells at 72 h of differenti-
ation. A fusion index analysis indicated a significant reduc-
tion (P < 0.001) in multinucleated myofiber formations in
EGFP–H3mm18-expressing cells (20%), whereas EGFP- or
EGFP–H3.3-expressing cells showed similar levels to the
controls (60–80%) (Figure 6B). Furthermore, the ectopic
expression of H3mm18 repressed MyHC and Myog, mark-
ers of skeletal muscle differentiation, to protein levels below
those of the differentiated condition (Figure 6C). These re-
sults suggested that the ectopic expression of H3mm18 sup-
presses the differentiation of C2C12 cells.

Forced expression of H3mm18 alters transcriptome in C2C12
cells

Our previous analyses revealed that the forced expression
of H3.3 and its subvariant H3mm7 enhances gene expres-
sion genome-wide and activates skeletal muscle differentia-
tion through chromatin incorporation (29). In contrast, the
forced expression of H3mm18 suppressed skeletal muscle



Nucleic Acids Research, 2022, Vol. 50, No. 1 83

Figure 5. Thermal stability assay of the NCPs containing the H3.3 mutants. (A) Normalized fluorescence intensity curve of thermal disruption of the
H3.3 NCP, presented with open circles. The error bars indicate the S.D. (n = 4). (B–G) Normalized fluorescence intensity curves of thermal disruption
of the NCPs containing H3.3R40C (B), H3.3R53S (C), H3.3R40C R53S (D), H3.3R72L R83C (E), H3.3C-term (F), H3.3I124T (G) and H3mm18 (H),
presented with closed circles. The error bars indicate the S.D. (n = 4). For comparison, the results with the H3.3 NCP shown in panel (A) are presented in
gray. The error bars indicate the S.D. (n = 4).
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Figure 6. Ectopic expression of H3mm18 suppresses myogenic differentiation in C2C12 cells. (A) Schematic illustration of the ectopic expression experi-
ment. (B) ICC analysis of differentiated C2C12 cells. C2C12 cells expressing EGFP, EGFP-tagged H3.3 or H3mm18 (green in bottom images, N-terminally
tagged) were differentiated for 72 h and stained with antibodies for the indicated proteins. To evaluate the fusion index, the total nuclei and those in MyHC-
positive myotubes were counted for each field of view (FOV, >300 nuclei for each FOV, three FOVs for each cell type). Fusion index is graphed as %
MyHC-containing nuclei. ***P < 0.001; one-way analysis of variance (ANOVA). (C) Immunoblot analysis of undifferentiated (Undiff) and differentiated
(Diff) C2C12 cells expressing EGFP or EGFP-H3mm18.

differentiation in C2C12 cells. To explore the mechanism of
this H3mm18-induced suppression of skeletal muscle dif-
ferentiation, we performed a transcriptome analysis using
CEL-Seq2 to identify the genes affected by H3mm18.

We detected differentially expressed genes (DEGs) that
were altered by the forced expression of H3mm18 in C2C12
cells before and after differentiation. The results showed
that many DEGs were detected in post-differentiated cells
(up: 1092, down: 1106) (Figure 7A). Similar numbers of
DEGs were detected in both suppressed and enhanced ex-
pression. These results suggested that H3mm18 may act on
genes that are induced and repressed during differentiation.
We then used gene ontology (GO) to analyze the character-
istics of the 2198 DEGs after the induction of differentia-
tion. The data showed that the inhibitory group contains
many terms that are highly relevant to muscle tissue, in-
cluding muscle cell differentiation, muscle system process,
and muscle tissue development (Figure 7B). These results
indicated a tendency for suppressed gene expression dur-
ing skeletal muscle differentiation. Conversely, the DEGs
showing enhanced gene expression included a wide range
of categories, and no specific categories were enriched.
Consistently, we confirmed that certain individual genes,
which are representatively upregulated among terminal dif-
ferentiation markers of differentiation, were markedly sup-
pressed: Acta1 (log2FC: −2.07, FDR: 0.000039), Tnnt2
(log2FC: −2.20, FDR: 0.00028), Tnni2 (log2FC: −2.24,
FDR: 0.0007), and Myh3 (log2FC: −1.98, FDR: 0.049)

(Figures 7C and Supplementary Figure S9). Furthermore,
the expression of Myog (log2FC: −1.70, FDR: 0.0000018),
a downstream factor of MyoD that regulates these genes,
was also repressed. This indicated that the genes related to
skeletal muscle differentiation are extensively repressed at
the upstream regulatory level, probably through the altered
chromatin conformation by the incorporation of the forced
expressed H3mm18, whereas no significant effect was ob-
served for genes that are ubiquitously expressed.

H3mm18 affects myogenic lineage gene expression

To determine whether the native functions of H3mm18 are
affected, we used a MyoD-induced skeletal muscle differ-
entiation system with NIH3T3 cells for discriminating the
myogenic dependency of H3mm18 function (29,69). We es-
tablished NIH3T3 cells that express N-terminally EGFP-
tagged H3mm18 (EGFP–H3mm18) dependent on doxycy-
cline (Dox) (Figure 8A and B). Next, we performed a set
of RNAseq for UI (uninfected), 0, 24 and 48 h after dif-
ferentiation upon MyoD induction with or without Dox.
The transcriptome changes upon H3mm18 production were
observed at 0, 24 and 48 h of differentiation, but not for
UI, which did not have MyoD induction (Figure 8D). The
ICC analysis showed that the number of MyHC-positive
cells, a marker of late myogenesis, was reduced by the Dox
treatment at 48 h of differentiation (Figure 8C). These
results suggested that the effect of H3mm18 is dependent
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Figure 7. Ectopic expression of H3mm18 alters the transcription status in C2C12 cells. (A) Transcriptome analysis using CEL-Seq2. MA plots showing the
effects of differential expressions of EGFP-H3mm18 on proliferative and differentiated states. Differentially expressed genes (DEGs) are depicted in red.
(B) Gene ontology (GO) analysis on DEGs in differentiated cells. Top 10 GO terms for upregulated DEGs (left) and down-regulated DEGs (right panel)
are listed. (C) A heatmap showing expression patterns of up- or down-regulated DEGs upon H3mm18 expression during differentiation. Actb, Gapdh, and
Rpl27 are shown as non-DEG, housekeeping genes.

on MyoD-driven gene expression upon skeletal muscle dif-
ferentiation.

We performed further ATAC-seq analyses to evaluate the
chromatin accessibility of MyoD-induced NIH3T3 cells,
at UI and 48 h after differentiation. We will describe a
representative ATAC-seq result on the Myh3 gene locus.
H3mm18 expression caused a decrease in the chromatin
accessibility around the Myh3 gene at 48 h, while no sig-
nificant change was observed at UI (Figure 8E). The de-
creased chromatin accessibility was also found in 54 genes
downregulated by H3mm18 expression at 48 h (Figure 8F).
Decreased chromatin accessibility is generally considered
to correlate with gene suppression. Therefore, these results
are consistent with the idea that forced H3mm18 expres-
sion downregulated a class of genes through the decreased
chromatin accessibility. The H3mm18 incorporated in chro-
matin may induce the formation of an inaccessible chro-
matin architecture by the specific structural properties of

its NCP, or by the rapid exchange of the incorporated
H3mm18 to H3.1 or H3.2, although the mechanism has not
been clarified yet.

H3mm18 interacts with the H3.3 chaperone

Since H3.3 and H3mm18 share the chaperone-recognition
domain of H3.3 (the Ala–Ala–Ile–Gly motif) (18,27) (Fig-
ure 1A), we examined the association of H3mm18 to the
H3.3 chaperone. A representative H3.3 chaperone, DAXX,
was tagged with FLAG and expressed in the NIH 3T3
cells. Co-immunoprecipitation assays were performed with
EGFP-tagged H3.1, H3.3 or H3mm18. H3mm18 is a highly
unstable protein, and therefore a proteasome inhibitor
(MG-132) was used to stabilize the protein, as in our pre-
vious study (27). The data showed that the FLAG-tagged
DAXX co-immunoprecipitated with the H3mm18 protein
but not with EGFP-tagged H3.1, which has a different
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Figure 8. H3mm18 expression alters chromatin structures on myogenic gene loci during differentiation. (A) Schematic illustration of trans-differentiation
experiments. NIH3T3 cells, expressing a doxycycline (Dox)-inducible EGFP-H3mm18 construct, were cultured with or without Dox for 24 h and subjected
to retroviral infection-expressing MyoD. Differentiation was induced after 30 h of the retroviral infection. UI (UnInfected) indicates the time before
retroviral infection, and 0, 24 and 48 h indicate the times after differentiation induction. (B) Immunoblot analysis of NIH3T3 EGFP-H3mm18 cells. (C)
Immunocytochemistry (ICC) analysis of NIH3T3 EGFP-H3mm18 cells ectopically expressing MyoD. Cells at UI and 48 h were stained with an anti-
MyHC antibody. DNA was counterstained with Hoechst 33342. Scale bar: 50 �m. (D) MA plots showing the time-series transcriptome profiles of the
trans-differentiation experiments. (E) Representative genome browser images of ATAC-Seq at the Myh3 gene locus. (F) Time-series correlation analysis
of the effects of transcriptome and open-chromatin profile alterations on H3mm18 expression. Fold changes of gene expression and ATAC peak signals
on the TSS are plotted. Black dots indicate the 54 downregulated DEGs at 48 hours of differentiation. Red and blue ellipses indicate the 95% confidence
intervals of the 54 DEGs in (D) and total genes, respectively.

chaperone recognition motif (Figure 9A). Reciprocal exper-
iments were also performed to confirm the specific bind-
ing of H3mm18 to DAXX, as well as to H3.3 (Figure 9B).
H3mm18 was detected with the original monoclonal anti-
body, which was validated as shown in Supplementary Fig-
ure S10A and B. These results indicated that H3mm18 can
be recognized by an H3.3 chaperone.

DISCUSSION

H3mm18 is one of the Mus musculus H3 variants identified
by in silico hybridization screening (27). However, its struc-
tural and biochemical characteristics have remained enig-
matic. In the present study, we first found that H3mm18 was
incorporated into chromatin in cells, although with very low
efficiency as compared to H3.3 (Figure 1B, C). Consistently,
the H3mm18 NCP was substantially unstable in vitro (Fig-

ure 3D). The NCP instability found in the H3mm18 NCP
may play a role in the regulation of genomic DNA func-
tion in chromatin. Actually, our results demonstrated that
the forced expression of H3mm18 drastically suppressed the
differentiation of C2C12 myoblasts into myotubes, by caus-
ing distinctive changes in the gene expression profile (Fig-
ures 6 and 7). These results suggested that H3mm18 may
function to regulate the appropriate gene expression profile
for muscle differentiation by altering the chromatin confor-
mation with the unusual H3mm18 NCP formation.

Among H3 variants, the human histone H3T and H3.5
variants, which are produced in testicular cells, form unsta-
ble NCPs (72,73). Previous studies revealed that the H3T
Val111 and H3.5 Leu103 residues are responsible for the
NCP instability (72,73). These residues are located in the
four-helix bundle formed between H3 and H3 in the nucle-
osome. Amino acid substitutions in or near the four-helix
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Figure 9. H3mm18 interacts with H3.3 chaperones. (A) Coimmunoprecipitation with FLAG-tagged DAXX. NIH3T3 cells expressing the N-terminally
EGFP-tagged histone H3.1, H3.3 or H3mm18 were infected with retroviral vectors for C-terminally FLAG-tagged DAXX, and then treated with 5 �M
MG132 for 6 h. Chromatin-unbound fractions were prepared and subjected to the immunoprecipitation (IP) assay using the anti-FLAG antibody. Input
fractions and precipitates were analyzed by western blotting using the indicated antibodies. (B) IP for interaction with endogenous DAXX. NIH3T3 cells
expressing the N-terminally EGFP-tagged histone H3.1, H3.3 or H3mm18 were treated with 5 �M MG132 for 6 h and subjected to IP, using anti-GFP or
anti-H3mm18 antibodies.

bundle region, such as Sin2 mutations, destabilize the nu-
cleosome (74,75). The Sin2 mutations can relieve the re-
quirement of a nucleosome remodeler for transcription (74),
suggesting that the NCP instability induced by the histone
mutations may reduce the nucleosome barrier during tran-
scription (5,9–10,76,77). In the four-helix bundle region, an
amino acid substitution at position 124 is found in the hu-
man H3.Y variant (78,79), which contains the hydropho-
bic Met124 residue. Interestingly, the H3.Y-specific Met124
residue plays a role in enhancing the stability of the NCP
(80). The H3mm18-specific Thr124 residue is also present
in this position. However, the substitution of the hydropho-
bic H3.3 Ile124 residue with the hydrophilic Thr124 residue
did not significantly reduce the H3.3 NCP stability (Figure
5G). In the H3mm18 NCP structure, the H3mm18 Thr124
residue is involved in the hydrophobic cluster with H4, and
the Ile to Thr substitution at position 124 may not sub-
stantially affect the structure of this hydrophobic cluster
(Supplementary Figure S7). The Thr124 residue may some-
what weaken the hydrophobic histone-histone interactions
in the four-helix bundle, but not to the point of inducing
detectable NCP instability by the H3.3 I124T substitution.
The weakened hydrophobic interaction with the Thr124
residue in the NCP may be magnified in combinations with
the other amino acid substitutions of H3mm18.

The cryo-EM structures of the H3mm18 NCP revealed
that H3mm18 induced drastic structural changes in the
entry/exit DNA regions, when it was incorporated into the
nucleosome (Figures 2 and Supplementary Figure S3). Pre-
vious studies on other histone variants suggested the impor-
tance of the flexible nucleosomal DNA ends in physiologi-
cal functions. A representative example is the NCP contain-
ing the centromere-specific histone H3 variant, CENP-A.
In the CENP-A NCP, the entry/exit DNA regions are flex-
ible (81,82). Human CENP-A contains a Lys amino acid

substitution at position 53, which corresponds to the Arg
residue in the canonical H3. A molecular dynamics simula-
tion study suggested that the CENP-A Lys53 residue may
play a role in unwrapping the entry/exit DNA regions in
the NCP (68). In H3mm18, the 53rd residue is replaced by
Ser, which may weaken the histone-DNA contacts at the
entry/exit DNA regions, and function in the DNA end flex-
ibility, together with the Cys40 residue (Figure 4A). Asym-
metric DNA detachment of the DNA ends has been re-
ported in the cryo-EM analysis of the CENP-A NCP (83).
Similarly, the asymmetric DNA detachment is also obvious
in the H3mm18 NCPs (Figures 2A and Supplementary Fig-
ure S3). Intriguingly, the CENP-A mutant, which abolishes
the entry/exit DNA flexibility in the NCP, exhibited seri-
ous defects in the centromere function in cells (84). This in-
dicated that the entry/exit DNA flexibility of the CENP-A
NCP actually functions to maintain active centromeres in
cells. The DNA end flexibility of the CENP-A nucleosome
suppresses the nucleosome binding of the linker histone H1,
and the H1 elimination from the CENP-A nucleosome may
play an important role in the establishment of functional
centromeres (84). The DNA flexibility at the nucleosomal
entry/exit regions has also been reported in the NCPs con-
taining other histone variants, such as human H3.Y (78),
mouse H3t (28), human H2A.B (85–87), human H2A.Z
(88) and mouse H2A.L.2 (89,90). Since the entry/exit DNA
flexibility affects the nucleosome arrangement in polynucle-
osomes (91), the linker histone-nucleosome binding (78,92),
and nucleosome remodeling (93), the unusual entry/exit
DNA flexibility and asymmetry found in the H3mm18 NCP
may affect the high-order chromatin architecture around
the genomic region with this histone variant.

Substantial DNA end flexibility has been reported in the
NCP containing a histone H2A variant, H2A.B (formerly
H2A.Bbd), which is incorporated into chromatin at repli-
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cation and repair sites (86,94,95). H2A.B is efficiently ex-
changed in cells (95,96), probably through the formation
of the open NCP conformation (87). The DNA end flexi-
bility of the H2A.B NCP has been observed by cryo-EM
(97). Deletions of the H2A C-terminal domain (docking do-
main) resulted in high flexibility of the nucleosomal DNA
ends (83), indicating that the enhanced DNA-end flexibil-
ity of the H2A.B NCP may be responsible for the short-
ened C-terminal domain, which directly binds to the N-
terminal region of H3. Interestingly, the N-terminal regions
of H3mm18 were flexibly disordered in the H3mm18 NCP
(Figures 2 and Supplementary Figure S3). This suggests
that the interaction between the H3mm18 N-terminal do-
main and the H2A C-terminal domain may be weakened
in the H3mm18 NCP, and thus may enhance the DNA end
flexibility.

Our transcriptome analyses revealed that the forced ex-
pression of H3mm18 alters the transcription status of genes
by both up- and down-regulation (Figure 7). In this situa-
tion, H3mm18 may be widely incorporated in the genome.
The nucleosome is the major roadblock for transcription
by RNA polymerase II (76,77). Considering the instabil-
ity of the H3mm18 NCP, the up-regulation of genes by the
forced H3mm18 expression may be explained by the allevi-
ation of the nucleosome barrier during transcription, due to
the incorporation of the unstable H3mm18 nucleosome in
the coding and/or regulatory regions of up-regulated genes.
However, under the forced H3mm18 expression conditions,
we also found many genes, including myogenic genes, that
were down-regulated (Figure 7). This may occur by three
possible pathways. First, the unstable H3mm18 nucleo-
somes formed around the genes involved in muscle differ-
entiation may be exchanged by the nucleosomes contain-
ing H3.1 and H3.2, which have a propensity to repress tran-
scription (23). The H3mm18 nucleosome assembled around
the down-regulated genes may also be replaced by histone
H3 with suppressive post-translational modifications (93).
Second, the unusual structure of the H3mm18 nucleosome
may change the higher order chromatin conformation from
an active to suppressive form in the transcribed regions
of the genome. Third, H3mm18 may compete with H3.3
for binding to histone chaperones, such as DAXX (Figure
9), and thus indirectly inhibit the transcriptionally active
chromatin containing H3.3. These possibilities are consis-
tent with the observation that the chromatin accessibilities
around the TSSs of downregulated myogenic DEGs were
reduced by the stable expression of H3mm18 (Figure 8E
and F). These aberrant chromatin compositions and con-
formations induced by H3mm18 may affect gene expres-
sion.

In the NIH3T3 trans-differentiation system, overexpres-
sion of H3mm18 did not affect the overall transcriptome of
NIH3T3. However, the MyoD-induced transcriptome alter-
ation was impaired by H3mm18 overexpression, resulting in
the suppression of differentiation. This is different from the
effect of H3mm7, which is independent of myogenic gene
expression upon ectopic MyoD expression (29). Although
H3mm7 and H3mm18 both form NCPs, the H3mm18 NCP
exhibited drastically unstable characteristics as compared
to the H3mm7 NCP (Figures 3 and 5). The DNA end flexi-
bility of the H3mm18 NCP may also be higher than that of

the H3mm7 NCP (Figures 2–4). These differences between
the H3mm18 and H3mm7 NCPs may explain why H3mm18
has very limited potential for chromatin incorporation, un-
like H3mm7 (29). It is also possible that H3mm18 has an-
other function besides serving as an architectural chromatin
component. Further studies are awaited to clarify the mech-
anism by which H3mm18 regulates genes in chromatin.
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