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Supplementary Fig. 1  
(a) The SNP report from dbSNP database. The single nucleotide variation (rs762662114) 
responsible for modern human specific amino acid in NOVA1 (197th Val). Alternate allele 
frequencies in the total number of samples for each genome project are shown. (b) MAF analysis 
in the NOVA1 gene across human ancestries. SNPs detected in the genome analysis of 121,410 
modern humans on the NOVA1 CDS, along with the NOVA1 protein structure. Each SNP is color-
coded by ethnicity. SNP corresponding to the 197th amino acid (ancient human-type variant) is 
indicated by a star. Source data are provided as a Source Data file. 
 
 
 
 
 
 
  



 

Supplementary Fig. 2 
Comparison of Normalized Tajima’s D values. The closer the normalized Tajima’s D value 
approaches -1, the greater the likelihood that the gene has undergone strong purifying selection1. 
The first gene set includes NOVA1 and NOVA2, and closest protein-coding NOVA1-neighboring 
genes (FOXG1 and STXBP6) on chr14. Each gray dot indicates a gene in each gene list. The 
normalized Tajima’s D value for NOVA1 (red) is -0.9993. The second gene set includes all genes 
on chr.14 where NOVA1 is located. These gene sets are also shown in Figure 1d. The third and 
fourth gene sets are based on Meyer’s report2, with genes related to the 260 human-specific single-
nucleotide changes (SNCs) that cause fixed amino acid substitutions in well-defined human coding 
sequence, or to the subset of these genes (eight among the 260 SNCs) whose function is associated 
with brain function or nervous system development. The fifth gene set is based on Trujillo’s 
report3, with genes associated with 61 autosomal fixed derived mutations in all humans compared 
to Neanderthal genomes and Denisovan genome. The sixth and seventh gene sets include human 
RNA binding proteins (RBPs) with KH domain or all annotated RBPs. 
 
 
 
  



 
 

Supplementary Fig. 3 
Recent burst of coalescence of a sweep for NOVA1 197V. The left tree shows the NOVA1 SNP, 
with the shortened branches and burst of relatively recent coalescence events leading to the modern 
humans (reflecting a rise in frequency of the derived allele). The right tree shows FRMD8 for 
contrast, with longer branches and delayed coalescence: more typical of what would be expected 
in the absence of a selective sweep. The sampled ARGs included two Yoruba (HGDP00927, 
SS6004475), two Mbuti (SS6004471, HGDP0456), and two San (HGDP01029, SS6004473) 
individuals, as well as the Altai Neanderthal and Denisovan sequences and a chimpanzee outgroup 
(panTro4). The numbers following the samples represent the separate haplotypes from each 
individual. Red lines indicate derived allele. 
 
  



 

Supplementary Fig. 4 
Generation of humanized Nova1 mice (Nova1hu/hu). (a) Overview of the strategy to generate mice 
with a modern human-specific amino acid substitution in NOVA1 protein. Using CRISPR/Cas9, 
nucleotide substitutions (that lead to a single amino acid change from Isoleucine to Valine) are 
introduced. Two silent mutations were introduced for genotyping. (b) DNA sequencing of Nova1 
allele in wild-type mice and in mice in which correct knock-in was introduced (Nova1hu). (c) 
Genotyping of Nova1hu/hu mice using restriction enzymes. The introduction of silent mutations 
creates a BtsIa recognition site. Nova1hu allele is distinguished from wild-type Nova1 allele by 
restriction enzyme treatment after PCR. (d) The gRNA sequence and predicted off-target site 
information predicted by CRISPR direct (https://crispr.dbcls.jp/). There are 10 potential off target 
loci with mismatches outside of the PAM+12mer core sequences. (e) The genomic sequencing of 
the potential off target (POT) loci. Alignment of each genotype and reference genome for the 
genomic sequence of 100 bases around the POTs are shown. Asterisks indicate identical 
nucleotides. All POT sites were identical between genotypes and the reference genome, with the 
target site (responsible for I197V substitution) being the only detectable edits.  



 
 
 



 
 



Supplementary Fig. 5 
Comprehensive gene expression analysis in the brain. (a) Global correlation matrix of gene 
expression levels between brain samples: midbrain at E18.5, cortex, midbrain, cerebellum at P21 
in Nova1hu/hu and Nova1wt/wt mice. Heatmap showing correlation coefficients for log2 (TPM+1), 
color intensity and the size of the circle are proportional to the correlation coefficients. (b) 
Principal component analysis of gene expression levels between samples. The X axis is the first 
principal component, and the Y axis is the second principal component, with a percentage of 
variances explained by each component approximately 53% and 29%, respectively. The ellipses 
indicate confidence ellipses around group mean points (large dot). (c) Principal component 
analysis of gene expression levels in each corresponding sample (age and brain region). (d) Gene 
expression correlations between Nova1wt/wt and Nova1hu/hu in corresponding brain regions and age. 
Scatterplots of gene expressions measured in average TPMs are shown. The axes are shown in 
log2 scales. The red dot indicates a differentially expressed gene between genotypes (p<0.05, 
FDR<0.1). The yellow dot indicates Nova1 gene. Pearson correlation is reported on top of the 
plots. The upper two plots (midbrain) are identical with Figure 2c. (e) Principal component 
analysis of gene expression levels between Nova1ko/ko and Nova1wt/wt midbrain at E18.5. The RNA 
sequencing data are from GEO (GSE69711). The first principal component is 37.5%, and the 
second principal component is 18.6%, respectively. The ellipses indicate confidence ellipses 
around group mean points (large markers). (f) Gene expression correlations. Scatterplots of gene 
expressions measured in average TPMs are shown. The axes are shown in log2 scales. The yellow 
dot indicates Nova1 gene. Pearson correlation is reported on top of the plots. (left) Nova1wt/wt and 
Nova1ko/ko at E18.5 midbrain. The red dots indicate differentially expressed genes between 
genotypes (FDR<0.05) (see Supplemental Table 18). (right) Nova1wt/wt and Nova1hu/hu at E18.5 
midbrain (the same with top left panel in d). The green dots indicate differentially expressed genes 
in the comparison between Nova1wt/wt and Nova1ko/ko (left panel, corresponding to the red dot). The 
midbrain sample of E18.5, Nova1ko/ko N=3, Nova1wt/wt N=3, Nova1hu/hu N=6, Nova1wt/wt N=6. The 
cortex, midbrain, and cerebellum samples of P21, Nova1hu/hu N=4, Nova1wt/wt N=4, respectively.  
 
 
 
 
  



 
 

Supplementary Fig. 6 
Comparison of NOVA1 protein expression between the brains of Nova1wt/wt and Nova1hu/hu mice. 
(a) Comparison of NOVA1 protein expression in dissected 3-week-old mouse brain tissues. 
Expression of NOVA proteins were analyzed by immunoblotted on cortex (cx), midbrain (mid), 
and cerebellum (cb) by panNOVA antibody, NOVA1 antibody recognizing the N-terminus and 
the C-terminus, respectively. The predicted NOVA1/2 protein isoforms are listed in the notes. 
Source data are provided as a Source Data file. (b) NOVA1 protein expression in Nova1wt/wt and 
Nova1hu/hu mice. Immunostaining for NOVA1 protein in sagittal sections of the brain at 3 and 12 
weeks of age, respectively. 
 
  



 

Supplementary Fig. 7 
KH domain sequence alignment. Figure adapted from Lewis et al., 2000 with modifications4. Each 
RNA binding protein and comprising KH domain number are listed on the left. Secondary 
structural elements were based on the X-ray structure. Color coding scheme: yellow, invariant 
GXXG motif; purple, hydrophobic core (aliphatic α/β platform). Functional classifications: A, 
aliphatic stacking interaction; S, side chain–base hydrogen bond, including water-mediated 
contacts; M, protein backbone–base hydrogen bond; *, van der Waals contact. Amino acids on the 
red background are those for which loss of protein function was reported due to substitution in the 
hydrophobic core. Amino acids on the green background indicate the 197th valine of NOVA1, 
which is unique to modern humans. 
 
 
 
 
 
  



 
 



Supplementary Fig. 8 
NOVA1-CLIP analysis in 3-week-old mouse cortex and cerebellum. (a-e) cortex samples. (f-j) 
cerebellum samples. (a, f) Representative images of autoradiography in NOVA1-CLIP of 3-week-
old Nova1wt/wt and Nova1hu/hu mice. The yellow line indicates NOVA1 protein size, and the red 
enclosing line indicates where RNA was extracted by sectioning. Source data are provided as a 
Source Data file. (b, g) Distribution of NOVA1 CLIP peaks on the genome. (c, h) The most 
enriched binding sequence from NOVA1 CLIP peak (upper part) and frequency of that sequence 
(UCAU) present around the binding site (lower part). (d, i) Scatterplot of CLIP tag number per 
peak between Nova1wt/wt and Nova1hu/hu. The axes are shown in log2 scales. R square value is 
shown. (e) Gene annotation analysis of NOVA1 bound transcripts. Transcripts with the top 100 
peak height (read count) in each genotype were analyzed. Genes expressed in the P21 cortex were 
used as background for analysis. The term “behavior” is indicated with a black arrowhead. (j) 
Gene annotation analysis of NOVA1 bound transcripts. Transcripts with the top 1% peak height 
(read count) in each genotype were analyzed. Genes expressed in the P21 cerebellum were used 
as background for analysis. The term “behavior” is indicated with a black arrowhead. The cortex 
and cerebellum samples of P21, Nova1hu/hu N=3, Nova1wt/wt N=3, respectively. 
 
 
 
  



 
 

Supplementary Fig. 9  
Predicted structural model caused by I197V substitution in the KH2 domain of NOVA1. (a) 3D 
structure prediction by AlphaFold2 (https://alphafold.ebi.ac.uk/), showing the expanded KH2 
domain of NOVA1. The 197th amino acid is centered, and its proximal amino acids (<5 Å) are 



colored in pink. In this model, the change from isoleucine to valine results in the loss of contact 
with the amino acid residues at H1 and H3 due to the loss of one carbon chain of the amino acid 
side chain. (b) Illustration of the amino acids surrounding I197V relative to the secondary structure 
sequence of KH2. Amino acids structurally proximal to the 197th amino acid (<5 Å) predicted by 
AlphaFold2 are colored in pink. Corresponding to Fig. 1e. (c-d) Structures of models based on 
crystallographic data, in which the 197th amino acid is adjacent to amino acids involved in KH-
domain-RNA interactions (Q32 in c, equivalent to the relative position of amino acid 198 in KH1) 
or KH-domain-protein interactions (M32 in d, equivalent to amino acid 198 in KH2).  The models 
are from Figure 9 of Teplova et al., 20115. 
 
 
 
  



 
 



Supplementary Fig. 10 
NOVA1 immunostaining in the mouse brain. Immunostaining for NOVA1 (green) and DAPI 
(blue) in postnatal day 21 (P21) and 0 (P0) mouse brain. The scale bars indicate 500µm. The 
corresponding brain regions are indicated in the orange characters. CTX: cortex, HIP: 
hippocampus, CP: Caudate putamen, TH: thalamus, HY: hypothalamus, MB: midbrain, CB: 
cerebellum. The images of NOVA1 staining of P21 mouse brain are corresponding to Figure 3a.  
 
 
 
 
 
 
 
  



 
 
Supplementary Fig. 11 
NOVA1 protein expression in dissected mouse brain. Western blotting for NOVA1, panNOVA 
and ACTB proteins in dissected brain regions of adult mouse brain. Proteins and isoforms 
corresponding to each band are listed on the right. The highly expressed NOVA1 in the 
hypothalamus, substantia nigra and periaqueductal gray is Exon4 minus isoform6. Three biological 
replicates are shown. The NOVA1 and ACTB plots in replicate 2 are corresponding to Fig 3b. 
Source data are provided as a Source Data file. 
 
 
  



 
 

Supplementary Fig. 12 
Vocal behavior related transcripts showing differential AS in Nova1hu/hu mice. AS exons are 
colored in yellow. Information of each AS event is described below the IGV snapshots; Gene 
name, AS exon number, AS type, percent spliced-in value (PSI, the percent of transcripts that 
include a specific AS exon), percent change (∆I, ∆PSI; Nova1hu/hu vs. Nova1wt/wt) and p-value. AS 
splicing events are classified into the following types: Cassette exon (cass), alternative 5’ splice 
site (alt5), alternative 3’ splice site (alt3), tandem cassette (taca), mutually exclusive exons (mutx). 
 
 
 
  



 

Supplementary Fig. 13 
The resampling analysis for differential AS events in Nova1hu/hu mice. (a) The 650 random 
resampling were repeated 1000 times from a list of transcripts detected in the RNAseq dataset to 
calculate the number of transcripts those annotated in the behavior category in gene ontology 
database (https://geneontology.org/). The histogram shows the density of the number of transcripts 
detected for each resampling, the boxplots at the top show the distribution features (median and 
quartiles (box) and maximum minimum (whiskers) and outliers (dots)). The green triangle 
indicates mean value (21.6) of the resampling. The red triangle indicates the number of transcripts 
detected in this study (27). The number of trials that exceeded the number of 27 was 99, 9.9% 
probability, indicating the number of transcripts detected in this study is higher than the average 
number of transcripts detected by chance. (b) The 27 random resampling were repeated 1000 times 
from the 843 transcripts annotated as the behavior category in the gene ontology database to 
calculate the number of transcripts those annotated in the vocalization category. The green triangle 
indicates the mean value (0.711) of the resampling. The red triangle indicates the number of 
transcripts detected in this study (4). Four trials detected the same number of transcripts as the 
observed number of transcripts 4, and zero trials exceeded 4, the probability is less than 4%, 
indicating the number of transcripts detected in this study is higher than the number of transcripts 
detected by chance with the 5% level of significance. Source data are provided as a Source Data 
file. 
 
  



 

Supplementary Fig.14 
NOVA1-CLIP binding peaks in vocalization related transcripts. (a) A list of genes classified to be 
involved in vocal behavior in gene ontology analysis. Genes for which NOVA1 binding was 
detected on the transcript in CLIP analysis were marked (check mark). The threshold for NOVA1 
binding was a peak detected in all three biological replicates with peak height greater than 10. For 
P21 samples (cortex, midbrain, cerebellum), the gene was marked if it meets the above criteria in 
either Nova1hu/hu or Nova1wt/wt. (b) Examples of vocalization-related genes with NOVA1 CLIP 
peaks on their transcripts. 
 
 
 
 
 
 
 
 
  



 

 

Supplementary Fig. 15 
USV characteristics in pups and adults. (a) Syllable composition (left) and amplitude (right) for 
each syllable in pup USVs. Data is represented as boxplots. Each open circle indicates data from 
a single pup. p-values were calculated by Wilcoxon rank sum test and corrected with Bonferroni 
method. * p value <0.05. Nova1hu/hu N=41, Nova1hu/wt N=23, Nova1wt/wt N=40 pups. (b) Example 
of bimodal distributions in peak frequency (Fq) in pup USVs. Density plots of start, minimum, 



mean, and maximum Fq for syllable “d” observed in each genotype. (c) Density plots of minimal 
and maximum Fq for jump syllables (“d”, “u”, “m”) observed in each genotype. Arrows indicate 
high Fqmax syllables above 100kHz. (d) Density plots of Fqmin and Fqmax in adult USVs. Two 
Gaussians (blue and orange lines) fitted are overlaid. The Fqmax plot is corresponding to Figure 4h. 
The Gaussian centers (green and red circles) and weights are labeled. The black star indicates 
100kHz cutoff of high and low Fqmax USVs. (e) Examples of mouse USVs spanning the high-
frequency regions from previous studies. Figures from Vogel et.al., 20197. and Grimsley et al., 
20118. USVs with signals above 100 kHz are indicated by orange arrows.  
 
 
  



 
 

Supplementary Fig. 16  
Playback behavioral experiments for pup USVs. (a) Apparatus used for neonatal mouse vocal 
selection tests with nursing mother mice. The box consists of three rooms connected by a 
passageway through which the mouse can pass, and a speaker is attached to each room at each 
end. (b) Overview of the neonatal mouse vocal selection test with mother mice. Nursing mother 
mouse of Nova1wt/wt or Nova1hu/hu was placed in the center of the room and their behavior was 
recorded while vocal recordings of neonatal mice were played. Vocal recordings of Nova1wt/wt or 
Nova1hu/hu neonatal mice were randomly played from speakers at both ends, respectively. To 
exclude direction preference, the recordings played from each speaker were switched after a one-
minute break. (c) Vocal recordings of neonatal mice used in the experiments. The recordings were 
arranged from the data of the pup-USV test to reflect the overall parameters of each genotype 
(Nova1wt/wt or Nova1hu/hu). (d) Comparison of the time the mother mouse stayed in the room where 
the recording of each neonatal mouse was played. Bars indicate mean ± standard error; dots 
indicate values for each individual. The time spent in each room by the same individual is 
connected by a line. (e) Comparison of the number of times the mother mouse entered the room 
where each neonatal mouse recording was played. Bars indicate mean ± standard error; dots 
indicate values for each individual. The time spent in each room by the same individual is 
connected by a line. Nova1wt/wt mother: N=32, Nova1hu/hu mother: N=29. Source data are provided 
as a Source Data file. 
 
 
  



 

Supplementary Fig. 17 
(a) Rotarod performance test. (left) illustration of the test. To measure the locomotor performance 
(motor coordination), mice were placed on an elevated revolving rod that accelerates at a constant 
rate (4 to 40rpm in 300sec). The time it took the animals to fall were recorded. Tests were 
performed three times and the average value were calculated. (middle) Results in NOVA1 
deficiency mouse model (cKO mice: Tajima et al., 20239).  (right) Results in humanized NOVA1 
mice. The bar graph represent mean ± standard deviation. The dot indicates average time for one 
mouse. Gad2CreNova1fl/wt N=4, Gad2CreNova1fl/fl N=5, Nova1wt/wt N=3, Nova1hu/hu N=3. Source 
data are provided as a Source Data file. 
(b) Y-maze test. (left) illustration of the test and calculation for the alternation rate. Mice were 
allowed to freely explore a Y-shaped maze for 8 minutes. The number of entries into the arms and 
the number of triads were recorded to calculate the percentage of alternation. Alternations are 
consecutive entries into each arm of the Y-maze without any repeats (e.g., arm 1 -> 2 ->3). (middle) 
results in NOVA1 deficiency mouse model (cKO mice) The data is from Tajima et al., 20239. 
(right) results in humanized NOVA1 mice. The alteration rates and total number of entries into 
arms during the tests are represented as boxplots with the minimum score, first quartile, median, 
third quartile, and maximum score. Each dot indicates data from a single mouse. Gad2CreNova1fl/wt 



N=7, Gad2CreNova1fl/fl N=8, Nova1wt/wt N=18, Nova1hu/wt N=23, Nova1hu/hu N=18. Source data are 
provided as a Source Data file. 
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