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Histone H3.3 sub-variant H3mm7 is required for normal skeletal muscle regeneration 
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Supplementary Figure 1 | Reproducible quantification of gene expression in the skeletal 

muscle tissue sample using CEL-Seq2. The colors indicate the Pearson correlation 

coefficients of gene expression profiles. The abbreviations are QSC (quiescent satellite cells), 

ASC (activated satellite cells) and MF (myofiber) and the numbers (−1, 2, 3) indicate the 

index of the replicates. 
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Supplementary Figure 2 | H3mm7 is expressed in satellite cells. The RNA expression levels 

of H3mm7 (allele specific PCR), H3f3a and H3f3b (RT-qPCR) in satellite cells and 

myofibers are shown (n=3). The relative expression level to H3f3a (a) and Gapdh (b). The 

abbreviations are SC (satellite cell) and MF (myofiber). Two-sided Welch’s t-test was 

performed (n=3). 
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Supplementary Figure 3 | Agarose gel electrophoresis pattern of mouse genotyping. 

H3mm7+/+ and H3mm7-/- represent the PCR products from the wild-type (Intact) and 

knockout alleles (deleted), respectively. 



 5 

 

 

Supplementary Figure 4 | H3mm7 knockout did not affect the number of satellite cells at 

day five after CTX injury. (a) Representative images of immunohistochemistry. The bars are 
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25 µm. (b) Populations of Pax7(+)/MyoD(-), Pax7(+)/MyoD(+), and Pax7(-)/MyoD(+) cells 

out of total Pax7(+) and/or MyoD(+) cells are plotted (>377 cells for each mouse). For each 

population, no significant difference was obtained between wild-type and knockout mice. (c) 

Frequency of Pax7(+) cells per regenerated myofiber containing a central nucleus is plotted 

(>1000 myofibers for each mouse). For each population, no significant difference (Wilcoxon 

signed-rank test) was obtained between wild-type and knockout mice. 
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Supplementary Figure 5 | (a) Strategy for constructing H3mm7 knockout C2C12 cells using 

the three-step deletion of the H3mm7 locus using the CRISPR/Cas9 system. The guide RNA 

was designed around the H3mm7 locus. (b) The electrophoresis pattern of genotyping on 

agarose gels. WT and H3mm7-/- represent the PCR products from the wild-type (Intact) and 

knockout alleles (1st and 3rd), respectively. 
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Supplementary Figure 6 | H3mm7-/- resulted in a reduction of multinucleated myofiber 

formation. Each dot indicates the average fusion index with the standard errors of H3mm7+/+ 

(red), H3mm7-/- (green) and rescued cells expressing H3mm7 (blue) and H3.3 (purple), 

respectively. The circles indicate each measurement. The Wilcoxon signed-rank test was 

performed to compare against the fusion-index of H3mm7+/+ at each time-point. The results 

are shown at upper-left (n=14 and p < 0.01 for every pair). 
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Supplementary Figure 7 | The H3mm7 deletion and rescued cells with over-expressed GFP-

fused H3 variants in C2C12 cells did not affect the total amount of endogenous H3. (a) 

Immunoblotting was performed to analyze whole H3 levels. Hsp90 levels were monitored as 

a loading control. The band intensities in parentheses are the ratios of the total H3 level to 

the level of Hsp90. (b) Total H3 levels in chromatin and soluble fractions. Lamin B1 levels 

were used as nuclear loading control. 
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Supplementary Figure 8 | H3mm7 knockout decreased the gene expression levels of 

skeletal muscle components during differentiation. The expression levels relative to 

H3mm7+/+ C2C12 cells at 48 h after differentiation stimuli were measured by RT qPCR. The 

error bars are ± 1 SD. All tests were performed with regard to H3mm7+/+ at 48h using two-

sided Welch’s t-test (n=3). 
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Supplementary Figure 9 | DEGs with interaction terms in si-mH2A1.2 in C2C12 cells. The 

four clusters of non-parallel patterns were extracted using the published RNA-seq data 

[NCBI SRA: SRP067391]. The data were analyzed as in Figure 2a, b (see RNA-seq data 

analysis section in Materials & Methods). The numbers of the genes in the clusters are 

indicated in parentheses. Abbreviations: MB = myoblast, MT = myotube, cond = cell 

condition (cell-type), CTL = control C2C12 cells, mH2A1.2i = MacroH2A1.2 siRNA-

transfected C2C12 cells. 
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Supplementary Figure 10 | DEGs with interaction terms in a mouse hip cartilage sample of 

Bmal1 knockout mice [NCBI SRA: ERP009958]. The data analysis was performed as shown 

above. Abbreviations: cond = cell condition (cell-type), CTL = control, WT = wild-type mice, 

KO = Bmal1 knockout mice. 
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Supplementary Figure 11 | Illustration of interaction terms in a statistical linear model. Any 

genes expression pattern in the three time points and two conditions (arbitrary six points in 

coordinates of time and expression level) can be equivalently represented as the sum of six 

individual effect terms: the reference levels (baseline; the expression level of WT at t0), the 

time effect at t1 and t2 (the differences from reference level), the main effect (an offset from 

the reference in KO condition) and two interaction terms (the extra effect) at t1 and t2. Note 

that the time-course pattern of KO becomes parallel to WT if there are no interaction terms 

(i.e., there is only the main effect; the dotted line).  
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Supplementary Figure 12 | Patterns of the variation in the basal expression level of 

housekeeping genes in the two independent clones of H3mm7+/+ C2C12 cells were extracted 

as clusters SA and SB in addition to the clusters in Figure 2b. Because the basal levels were 

different in the replicates of H3mm7+/+, DESeq2 captured the difference in average 

expression level between H3mm7-/- and H3mm7+/+. 
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Supplementary Figure 13 | NIH3T3 cells naturally lack the H3mm7 locus. The IGV 

snapshot shows the depths of genomic reads from input DNA control samples (amplicon 

sequence) around the H3mm7 gene locus. The input DNA control sample of C2C12 cells is 

shown as a control. 
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Supplementary Figure 14 | H3mm7 markedly enhanced the up-regulation (UA) and down-

regulation (DB) of genes during differentiation. (a) The differences between the average 

relative expression levels of H3.3+ and H3mm7+ cells at each time point are shown. The left 

panel from Figure 3b was added here for clarification. (b) The differences between the 

average relative expression levels of H3.3+ (left) vs. control, and H3mm7+ vs. control 

NIH3T3 cells (right) at each time point. The error bars are 95% confidence intervals of the 

differences. The asterisk marks the p-value < 0.05 (null hypothesis: the difference is 0) of a 

two-sided t-test after Bonferroni correction for multiple comparisons. 
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Supplementary Figure 15 | H3mm7 enhanced the upregulation of skeletal muscle markers 

during differentiation in NIH3T3 cells. The expression levels relative to WT cells at 48 h 

after differentiation stimuli were measured by RT qPCR. The error bars are ± 1 SD. Two-

sided Welch’s t-test was performed (n=3). 
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Supplementary Figure 16 | H3.3 and H3mm7 peaks show analogous genomic feature 

distributions in comparison with the whole genome. The GFP ChIP-seq peaks were derived 

(H3.3: 21,852 peaks, H3mm7: 19,463 peaks) with BCP software (version 1.1) by running the 

command BCP_HM, with the options -f 200 -w 200 -p 0.001. These were annotated using 

HOMER (version 4.8) by running annotatePeaks.pl with the option -annStats. The third bar 

“GRCm38” is added as a control indicating the genomic distribution of the whole HOMER 

annotations. The promoter enrichment of peaks was evaluated using the binomial test (p = 

10-918 for H3.3 and 10-702 for H3mm7 compared to the random distribution of peaks in the 

reference genome GRCm38). 
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Supplementary Figure 17 | Both GFP-H3.3 and GFP-H3mm7 signal levels were positively 

correlated to active marks and negatively correlated to repressive marks of histone 

modification. The heatmap shows the ChIP-seq signal levels (log2FC of ChIP/Input signals) 

on gene promoters (TSS ± 5 kb). The genes (rows) were ordered by GFP-H3mm7 signal 

levels. 
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Supplementary Figure 18 | Low impact of H3mm7 incorporation on histone modifications. 

The average ChIP-seq signal levels in each condition (WT/H3.3+/H3mm7+) were ordered 

by GFP-H3mm7 signal level at 48 h after MyoD infection. The log2 fold-change of ChIP-

seq signal was calculated as log2(ChIP/Input) after the median of ratio normalization of ChIP 

and the corresponding input sample. 
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Supplementary Figure 19 | Greater chromatin accessibility was acquired by H3mm7 

incorporation. The average chromatin accessibility levels of the differentially accessible 

genes (H3mm7+ vs. control NIH3T3 cells) are shown at each time point. Replicates (lot2) 

are shown as dotted lines. 
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Supplementary Figure 20 | The number of genes in cluster UA were preferentially located 

in the I-th quadrant. The heights of the bars indicate the number of genes (points) that are 

located in each quadrant in Figure 3c. 

  



 23 

 

 
 

Supplementary Figure 21 | Gene expression levels were down-regulated where the 

chromatin accessibility of a gene promoter was decreased in H3mm7-/- C2C12 cells. The X-

axis shows log2 fold-change of gene expression (H3mm7-/- to H3mm7+/+) and the Y-axis 

shows log2 fold-changes of ATAC-seq read counts (H3mm7-/- to H3mm7+/+) in gene 

promoters shown in Figure 3c. 
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Supplementary Figure 22 | Representative genes with decreased chromatin accessibility 

and the corresponding expression levels in H3mm7-/- C2C12 cells. (a) Y-axis shows 

chromatin accessibility levels of gene promoter regions, and (b) the corresponding 

expression levels (TPM; transcripts per million) of the genes over the differentiation time 

course of C2C12 cells. 
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Supplementary Figure 23 | The ectopic expression of H3.3S57A enhanced the expression 

level of myogenic genes upon differentiation. The expression level (TPM) of representative 

differentiation marker genes, Myog (early marker), Myh3 (late) and Tnnt2 (late) are shown. 

TP
M

 



 26 

 
 

Supplementary Figure 24 | Uncropped images of immunoblotting. The dotted boxes 

indicate the cropped regions presented in Supplementary Figure 7. 
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Supplementary Table 1 | The expression levels of satellite cell marker genes in H3mm7-/- 

mice were comparable to those in H3mm7+/+ mice at day 5 and 14 after CTX injury. The 

numbers show the log2 fold-changes at each comparison. The blank cells (with “-”) indicate 

that the fold-changes of the genes did not pass the statistical test (adjusted p > 0.3). The 

underlined genes are from the gene set from Figure 1a. The fitted model in DESeq2 is: 

Expression level = Intercept + Genotype effect (H3mm7+/+ or -/-) + Injury effect (+ or -) + Day 

effect (5 or 14) + Day & Injury effect (interaction). 



 28 
 



 29 
 

�
 
4!2 6�"6�: !4"06%4 4: 62594:"02� 4 .�0 �$18#4 ��137#!"
���������� %�3#&#!6�3�#86"6&�& 

 �� �
� �� 


 � 	����� � ���
���������� %�3#&#!6�2&&6!3 , �� �� 

� �� 
	� � ������ � ���
���������� %�.��A%#46&&�"8 �� �� ��� �� 
�	 � 	����� � ���
���������� '%2"& 2'�#" ��� �� ��
 �� 
�� � ������ � ���
���������� A6A'�56�3�#&,"'96'�4�A%#46&& ��� �� ��� �� 	
� � ������ � ���
��������	� %�.��!6'23# �4�A%#46&& �� �� ��� �� 	�� � 	����� � ���
���������� 2!�56�3�#&,"'96'�4�A%#46&& ��� �� �
� �� 	

 � ������ � ���
���������
 %�3#&#!2 �&!2  �&E3E"�'�2&&6!3 , �� �� �	� �� 			 � �
���� � ���
��������	� %�3#&#!2 �&!2  �&E3E"�'�3�#86"6&�& �
 �� 	

 �� 		� � 
����� � ���
��������	� %�3#&#!2 � 2%86�&E3E"�'�3�#86"6&�& �� �� 	

 �� 	�� � 
����� � ���
��������	� "4�.��A%#46&&�"8 ��� �� ��� �� ��
 � 	����� � ���

����������
#%82"#"�'%#86"�4#!A#E"5�3�#&,"'96'�4
A%#46&&

��	 �� �	� �� ��� � ������ � ���

���������
 A6A'�56�!6'23# �4�A%#46&& ��� �� �
	 �� ��� � �
���� � ���
���������� &�6 6'2 �!E&4 6�46  �5�776%6"'�2'�#" �� �� 
�	 �� ��� � ������ � ���
�������
�� %68E 2'�#"�#7�!,#'E36�5�776%6"'�2'�#" �� �� �
� �� ��� � �
���� � ���
���������� "4�.��!6'23# �4�A%#46&& ��� �� ��� �� �	� � �
���� � ���
���������� 46  E 2%�2!�56�!6'23# �4�A%#46&& ��	 �� ��
 �� ��� � ������ � ���
���������� !,#'E36�5�776%6"'�2'�#" �	 �� 	�� �� ��
 � ������ � ���
��������	� !2'E%2'�#"�#7�-01�%�.� �	 �� 
�� �� ��� � �
���� � ���
��������
� 4,'#A 2&!�4�'%2"& 2'�#" �� �� 	�
 �� ��� � ������ � ���
���������� %�3#"E4 6#A%#'6�"�4#!A 6+�3�#86"6&�& ��� �� �	� �� ��� � �
���� � ���

����������
#%82"#"�'%#86"�4#!A#E"5�!6'23# �4
A%#46&&

��� �� �

 �� ��� � ������ � ���

���������� "E4 6#'�56�A9#&A9#%, 2'�#" �
 �� 	�	 �� ��� � ������ � ���
���������� "E4 6#&�56�5�A9#&A92'6�A9#&A9#%, 2'�#" �� �� 	�� �� ��� � ������ � ���
������	��� &�6 6'2 �!E&4 6�'�&&E6�56)6 #A!6"' �� �� ��� �� ��� � 
����� � ���
���������
 &�6 6'2 �!E&4 6�#%82"�56)6 #A!6"' �� �� ��� �� ��� � 
����� � ���
���������	 A%#'6�"�7# 5�"8 	� �� �

 �� 


 
 ������ � ���
���������� �.��A%#46&&�"8 �
� �� �	� �� ��� � 
����� � ���
��������
� %68E 2'�#"�#7��!!E"6�&,&'6!�A%#46&& ��	 � ��
 � 
�� � �	���� � ���
��������		 46  �!�8%2'�#" ��� � ��� � 
�� � ������ � ���
���������� 46  �A%#�64'�#"�#%82"�-2'�#" ��
 � ��� � 
�� � ������ � ���

���������

!#)6!6"'�#7�46  �#%�&E346  E 2%
4#!A#"6"'

��� � ��� � ��� � �
���� � ��	

��������	�
%68E 2'�#"�#7�46  E 2%�4#!A#"6"'
!#)6!6"'

�
� � ��� � ��� � ������ � ���

���������� 5676"&6�%6&A#"&6 �
� � ��	 � �

 � ������ � ���
���������� %68E 2'�#"�#7� #4#!#'�#" �	� � �	� � ��� � ������ � ���
���������� %68E 2'�#"�#7�46  �!#'� �', ��� � �	� � ��� 
 ������ � ���
���������� 2"2'#!�42 �&'%E4'E%6�!#%A9#86"6&�& �
� � ��� � �
� 	 	����� � ���

������
���
2"2'#!�42 �&'%E4'E%6�7#%!2'�#"��")# )65
�"�!#%A9#86"6&�&

��� � ��� � �
� � �
���� � ��	

������	��	
6"-,!6� �"�65�%646A'#%�A%#'6�"�&�8"2 �"8
A2'9*2,

�
� � �	� � ��� 
 
����� � ��	

����������  #4#!#'�#" �
� � ��� � ��
 � ������ � ��	
���������� %68E 2'�#"�#7�46  �!�8%2'�#" ��� � �
� � ��� 
 
����� � ���
��������
� 46  E 2%�4#!A#"6"'�!#%A9#86"6&�& �
� � ��� � �	
 � 
����� � ��	
���������
 3 ##5�)6&&6 �56)6 #A!6"' ��� � ��� � �
� 
 �
���� � ���
���������� 46  �!#%A9#86"6&�& ��� � ��� � 
�� � ������ � ��	

Supplementary Table 2 | Full results of GSEA analysis for DEGs using the log2 fold-
change values of H3mm7-/- vs H3mm7+/+ in C2C12 cells. 
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Preranked GSEA analysis for gene ontology terms of biological processes was performed. 
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Supplementary Table 3 | Results of GSEA analysis for DEGs using the log2 fold-change 

values of H3mm7+ vs the control in NIH3T3 cells.  

 

Preranked GSEA analysis against gene ontology terms of biological processes was performed. 

 

 

Supplementary Table 4 | gRNA and primer list for H3mm7 locus deletion 

 

H3mm7-upstream-1st TATAGATAAAGGAATAACTACGG 

H3mm7-downstream-1st ACATCACTTATCTATTGCTTTGG 

H3mm7-upstream-2nd GGATATGTTGGTTAGCGGAAAGG 

H3mm7-downstream-2nd AGGTCTCATCTTTGGGCTGATGG 

H3mm7-upstream-3rd CCTTCGCTCTCCAACGCCAGCGC 

H3mm7-downpstream-3rd TCGTAAGTAGATATTGATATAGG 

H3mm7 genotyping primer Fw TGTTATTACCCCTGGATAAAAGCCGGAAAG 

H3mm7 genotyping primer Rv CATAATTGGATTTGGAAAAGTTTTGGCGGC 

 

 

 

 

ID Description setSize enrichmentScore NES pvalue p.adjust
GO:0007586 digestion 13 0.783 2.425 1.92E-04 0.068
GO:0022600 digestive system process 12 0.764 2.312 1.93E-04 0.068
GO:0019233 sensory perception of pain 15 0.695 2.242 3.80E-04 0.104
GO:0032943 mononuclear cell proliferation 47 0.503 2.238 1.73E-04 0.068
GO:0042493 response to drug 49 0.495 2.228 1.71E-04 0.068
GO:0070661 leukocyte proliferation 48 0.494 2.211 1.72E-04 0.068
GO:0046651 lymphocyte proliferation 45 0.495 2.183 1.73E-04 0.068
GO:0006937 regulation of muscle contraction 30 0.545 2.166 5.38E-04 0.133
GO:0006941 striated muscle contraction 28 0.540 2.105 1.26E-03 0.223
GO:0044057 regulation of system process 79 0.415 2.074 3.28E-04 0.101
GO:1901861 regulation of muscle tissue development 27 0.537 2.070 1.44E-03 0.238
GO:0032944 regulation of mononuclear cell proliferation 35 0.488 2.011 1.07E-03 0.204
GO:0003008 system process 229 0.327 1.990 1.41E-04 0.068
GO:0007155 cell adhesion 284 0.266 1.672 8.23E-04 0.185
GO:0022610 biological adhesion 286 0.263 1.652 9.59E-04 0.198
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Supplementary Table 5 | Quantitative RT-PCR primer list 

 

Des 5’-TTTCTCCACTCACAGGCTCTGACC-3’ 

5’-GAGCTGGGTTCTCTCTTAAGAGCC-3’ 

Ckm 5’-AAGTCCAATCATTGGGCTCTGTCC-3’ 

5’-ACGGACTTTTATTTAAGGCAGGGC-3’ 

Gapdh 5’-GGTTTCTTACTCCTTGGAGGCCAT-3’ 

5’-GGTTTCTTACTCCTTGGAGGCCAT-3’ 

Eef1a1 5’-CTCTGACTACCCTCCACTTGGTCG-3’ 

5’-ATTAAGACTGGGGTGGCAGGTGTT-3’ 

Myh3 5’-AAAAGGCCATCACTGACGC-3’ 

5’-CAGCTCTCTGATCCGTGTCTC-3’ 

Ryr1 

primer bank ID: 30387855a1 

5’-CAGTTTTTGCGGACGGATGAT-3’ 

5’-CACCGGCCTCCACAGTATTG-3’ 

Svil 

primer bank ID: 23346601a1 

5’-GTCCCAAAGAGACATTCGAGAAA-3’ 

5’-CTGTGTGTGTGAACGGTCCT-3’ 

Csrp3 5’-CAAGAGTCCCCTTACTCAGTTG-3’ 

5’-ACTGGATTTCTTCTGCATGGTAG-3’ 

Klhl41 5’-CAGAAACCATTCCAGTCTTGTTAC-3’ 

5’-CACTCAGATGTTACGTTATCAAGC-3’ 

Acta1 5’-TTGTGCACCGCAAATGCTTCTAGG-3’ 

5’-ATGTACACGTCAAAAACAGGCGCC-3’ 

Tnni2 5’-GAGAATCTGAGAAGGAGAACTACC-3’ 

5’-CCTTCACCTCCATGTCATATTTCT-3’ 

Tnnt2 5’-CAGAGGAGGCCAACGTAGAAG-3’ 

5’-CTCCATCGGGGATCTTGGGT-3’ 
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Supplementary Table 6 | Variant-specific quantitative RT-PCR primer list 

 

H3mm7 Forward primer 5’-TCAGACGCTATCAGAAGG-3’ 

H3f3a Forward primer 5’-CCGTGAAATCAGACGCTATCAGAAGT-3’ 

Blocker oligo 5’-GCTATCAGAAGTCCACTGAACTT-3’ 

Reverse primer 5’-CCAGACGCTGAAAGGG-3’ 

 

 

Supplementary Table 7 | Data collection and refinement statistics  

 

Table Data collection and refinement statistics
mouse nucleosome containing
H2A, H2B type3-A, H3.3, and H4

mouse nucleosome containing
H2A, H2B type 3-A, H3mm7, and H4

Data collection
Wavelength (�) 0.9800 1.1000
Space group P212121 P212121

Cell dimensions

a = 106.523 a = 105.550

b = 110.095 b = 109.380
c = 182.264 c = 176.209

�α, β, γ (°) α = β = γ = 90 α = β = γ = 90
Resolution (�) 50.00 - 2.87 (2.97 - 2.87) 50.00 - 3.45 (3.57 - 3.45)
Reflections (Unique) 49349 28747
Rmerge (�) 8.2 (50.0) 9.7 (42.6)
Mean <I /σ(I )> 21.9 (3.3) 19.7 (3.2)
Completeness (�) 99.6 (100.0) 99.3 (98.9)
Redundancy 4.2 (4.1) 5.9 (5.8)
Refinement
Resolution (�) 48.904 - 2.874 34.875 - 3.450
Rwork/free (�) 21.89 / 25.53 19.97 / 25.44
R.m.s deviations
    bond length (�) 0.010 0.011
    bond angles  (°) 1.194 1.247
B factors(�2)
    Protein 44.62 77.87
    DNA 97.75 146.36
    Solvent 41.32 -
Ramachandran plot
    residues in favorable resions (�) 97.41 96.19
    residues in allowed regions (�) 2.59 3.81
PDB ID 5XM0 5XM1
Values in parentheses are for the highest-resolution shell.
Rmerge = Σhkl Σi  | I i(hkl ) - 〈I (hkl )〉 | / Σhkl ΣiIi(hkl ), where Ii (hkl ) is the intensity of an observation and  〈I (hkl )〉 is the mean value for that reflection.

Rwork = Σhkl  ||FO| – |FC|| / Σhkl |FO|, where Fo and Fc are the observed and calculated structure-factor amplitudes, respectively.

Rfree was calculated with 5% of the data excluded from the refinement.

�a, b, c (�)


