Text S1. Additional methods, results and discussion.
1. Methods
1.1. [bookmark: _Hlk126854190]Clinical report
[bookmark: _Hlk126854381]The proband was noted as presenting reduced spontaneous eye contacts and gastrointestinal discomforts (constipation, gastroesophageal reflux, and a halitosis in the morning) at 5-months of age. The affected boy of Han Chinese was born full term (birth weight: 3,200 g, 50th percentile; length: 52 cm, 50-85th percentile) without major prenatal/postnatal complications or congenital findings. The physical development seemed over growth in his infanthood [1 month and 10 days old: weight 5,200 g (50-85thpercentile), length 60 cm (97th percentile), and head circumference 40.4 cm (> 97th percentile) separately; 2 years old: weight 17.5 kg (>97th percentile), length 104 cm (>97th percentile), and head circumference 52 cm (> 97th percentile) separately] without facial or corporeal dysmorphic features. At age 5 months and 15 months, he had magnetic resonance imaging (MRI) scans, and macrocephaly and brain-development retardation were noted (Fig.S1AB).
Developmentally, the boy could sit alone at 10 months, and walk alone at 1 year and 6 months despite with immature gait. The subject’s parents approached the doctor when he was 6 months old due to the developmental delays and reduced eye contact, and he was diagnosed at 2 years and 6 months of age, presenting weak social interactions with poor eye contact, stereotypic behaviors, and retarded language development (1 year and 6 months of age). At his latest clinical assessment, he displayed a certain improvement in spontaneous eye contact, still weak verbal communication and normal gait. He had a standard IQ, fast learning, and poor emotional regulation.
He was assessed by using Bayley scales at 2 years and 8 months old and showed that both cognitive and motor ability was delayed [< 50 (22–23 months) and 55 (19 months), respectively]; PDMS-2: balance ability (20 months), locomotion (17 months), grasping (23 months), V-M integration (21 months), and standardized motor quotients: GMQ (53), FMQ (76), TMQ (59). His ADOS communication scores: 4 (Cut-Off autism = 3, ASD = 2); social interaction score: 6 (Cut-Off autism = 6, ASD = 4), suggesting that he was in the range of the autistic spectrum.
1.2. Zebrafish care and husbandry
All experiments and animal caring were performed as our reported previously [1] and were approved by the Animal Care and Use Committee at Zhejiang University School of Medicine (#16779), following the Guide for the Care and Use of Laboratory Zebrafish by the China Zebrafish Resource Center. Zebrafish was housed in a modular zebrafish system (Haisheng, China) in a 10-h dark / 14-h light cycle, and the fish were kept in filtered and UV sterilized water (28 ± 0.5 °C). The fertilized embryos (≤ 50) were kept in Petri dishes (90 mm in diameter) containing embryonic media (E3) (pH = 7.0) in an incubator (28 °C). Change the water twice a day (in the morning and evening). At 5 days post fertilization (dpf), put them into a breeding tank (700 ml, n ≤ 50). They were fed with different particle sizes feeds according to the age. The pH value of circulating water is 7.0 - 8.0; the conductivity is generally about 500 - 800 µS / cm.
1.3. Generation of frk-/- mutant zebrafish
Then the founders were screened by polymerase chain reaction (PCR) and restriction enzyme digestion. The DNA was extracted from the tail tissues of adult fish [2 months post fertilization (mpf)] by 50 mM NaOH for 30 min in 95 °C. Taq green mix (P222-AA, Vamzy, China) was used to perform the PCR according to the manufacturer’s protocol. The thermal cycles were as follows: pre-denaturation at 95 °C for 5 min, then 35 cycles at 95 °C for 20 s, 57 °C for 15 s, and 72 °C extension for 20 s, then 72 °C for 3 min, 4 °C holding. Then the PCR products were digested in restriction enzyme XmaI mix (#R0180V, NEB, USA) overnight (37 °C). The digestive products were separated by DNA gel electrophoresis, and the PCR products of WT can be cut in to two fragments by XmaI, while of the mutants can’t.
1.4. Tg (frk-/--HuC:EGFP+/+) transgenic line 
The Tg (HuC: EGFP+/-) transgenic line was bought from China Zebrafish Resource Center (#CZ160). The frk-/- zebrafish was crossed with the HuC: EGFP+/- to obtain frk+/--HuC: EGFP+/- line. In order to collect enough eggs efficiently for the EGFP imaging, we crossed Tg(frk+/--HuC:EGFP+/-) with Tg(frk+/--HuC:EGFP+/-) to obtain Tg(frk-/--HuC:EGFP+/+). 

1.5. Quantitative real-time PCR (qRT-PCR)
qRT-PCR was performed with 4 - 8 zebrafish in each biological sample. The total RNA was extracted from the larvae or adult fish brain by TRIZOL reagent (DINGGUO, China). Reverse transcription was performed with PrimeScriptTM RT Reagent Kit (RR036A, TaKaRa, Japan), and qRT-PCR was performed using a StepOnePlusTM apparatus (ABI, USA) and TB Green Premix Ex TaqTM (RR420A, TaKaRa, Japan) according to the manufacturer’s instructions. The thermal cycles were as follows: pre-denaturation at 95 °C for 30 s, then 40 cycles at 95 °C for 5 s, 60 °C for 15 s, and 60 °C extension for 30 s. The relative gene expression was normalized to an endogenous housekeeping gene (β-actin) and the formula 2−△△Ct was calculated using the comparative Ct method. The primers used in this study are listed in Additional file 1: Table S1-S2.
1.6. [bookmark: _Hlk152243660]Whole-mount in situ hybridization (WISH)
WISH for frk was performed by using digoxigenin (DIG)-labeled riboprobes as described previously (Thisse and Thisse, 2008). Primer sequences for frk sense and antisense probes were listed in Additional file 1: Table S3. Embryos were fixed at several stages [2 cells, 1 k cells, 4 hours post-fertilization (hpf), 6 hpf, 10 hpf, 24 hpf, 48 hpf and 72 hpf] in 4 % paraformaldehyde. DIG UTP–labeled RNA riboprobes were made from linearized constructs using the DIG RNA Labeling Kit (SP6/T7) (11175025910, Roche, Germany). Sense and antisense RNA probe-stained larvae were imaged by confocal microscope (Leica S9i, Leica, Germany) and the photos were captured by LAS V4.13 software (n = 8-10).
1.7. Behavioral tests and analysis 
1.7.1. General locomotor activity for larvae
The larvae (3, 5 and 7 dpf) were put into a 24-well plate (Fig.S2A), while the 21-dpf larvae into a 6-well plate (Fig.S2B). Larvae were habituated for 30 min (one fish per well) and recorded for another 30 min. The distances traveled by the larvae were measured, which presenting the fish’s general locomotor activity.
1.7.2. Shoaling behavior for larvae
Fish form a social gathering called shoaling, which measures their social cohesion, usually composed of fish with similar features [2]. The fish (7, 14 and 21 dpf, n = 4) were put into Petri dishes (85 mm in diameter) for 1-min acclimation and recorded for 10 min (Fig.S2D) [3]. The social cohesion was assessed by measuring the inter-fish distances.
1.7.3. Social preference test for larvae
[bookmark: OLE_LINK16][bookmark: _Hlk91170680][bookmark: _Hlk91170664]The social preference test for larvae (7, 14 and 21 dpf) was carried out as described by Dreosti et al [4] (Fig.S2E). Transparent U-shaped plastic tank was used, which consists of three compartments: the central area (the bottom of the U-shaped tank, i.e., the Middle zone), the left/right side of the tank [social cluing zone (SC), i.e., near the social stimuli side; none social cluing zone (NSC), i.e., far away from the social stimuli side], which were separated by two glass barriers located at both side of the tank (3 cm away from the bottom). Briefly, after 1-min acclimation in the Middle zone, a single fish was permitted to interact with a group of three fish placed in one of two side compartments for another 6 min [4, 5]. Each fish was subjected to with and without social stimulus separately, and the time fish spent in the SC with social stimulus was considered to be their sociability. To eliminate the influence of their preference for one side in the behavior test, we excluded those fish whose absolute value [(one side frames – the other side frames)/total frames] was greater than 0.5 in the test without social stimulus (see File S1-Excel- ‘Social preference test’ sheet; Fig.S2E). 
1.7.4. Inattentive behavior test for larvae
Inattentive behavior test was done[5] to examine the response of larvae to an aversive stimulus as their cognitions. A moving red bar displayed by PowerPoint slides was used as an aversive stimulus. In brief, place a plate with lanes in the center on a digital display, put 10 larvae (7 and 14 dpf) into each lane for acclimation (30 min) with blank white background, and followed by the aversive stimulation (30 min) with moving red bars in the lower half of plate (Fig. S2C). The number of larvae in the upper half of plate (i.e., avoiding the aversive stimulus) was counted after every 2 min. Inattentive behavior was normalized the number of aversive stimulus period over acclimatization period:
Larvae in upper half over acclimatization (%) = (Aversive stimulus – Acclimatization) / acclimatization x 100%
1.7.5. Novel tank test for adult zebrafish
Novel tank test was performed by using a transparent tank (24 × 16 × 16 cm) with 12 cm-height of water[6]. Briefly, each fish (3 mpf) was tested for 10 min and recorded from the side (HD Digital Camera, China). For analysis, the tank was divided into top, middle and bottom zones, and the time spent by the fish in each zone per minute, the times of crossing through different zones and the total travel distances were measured.
1.7.6. Social preference test for adult zebrafish
Social preference test was performed by using the tank (50 × 10 × 10 cm) [7] containing five compartments (separated by transparent plastic plates): the stimulus-fish area, near stimulus-fish area (I), central area (II), away from stimulus-fish area (III)  and reference area [8]. Briefly, after 1-min acclimation in the central area, each fish (3 mpf) was permitted to interact with three strangers placed in stimulus-fish area for another 10 min (recorded from the top view). The time fish spend in the “I” area with social stimulus is considered to be their sociability. To eliminate the influence of their preference for one side in the behavior test, we excluded those fish whose absolute value [(one side frames – the other side frames)/total frames] was greater than 0.5 in the test without social stimulus (see File S1-Excel- ‘Social preference test’ sheet). In addition, gender differences were also evaluated.
1.7.7. Shoaling behavior for adult zebrafish
To evaluate the shoal behavior of adult zebrafish, we modified the methods previously reported[9]. A group of fish (n = 4, 3 mpf) was put together into a novel tank (29 × 18 × 19 cm) with 1 min-acclimation and recorded for 10 min. The social cohesion was evaluated by measuring the inter-fish distances during the test.
1.8. BrdU immunofluorescence staining 
For immunofluorescence staining to detect BrdU, sections were incubated in 0.3 % Triton X-100 (PBS-T) for permeabilizing. Next, sections were incubated in 2 N HCl at 37 °C for 30 min, stopped by washing in 0.1 M borate buffer (2 × 10 min), and followed by washing in PBS-T (6 × 10 min). After blocking for 30 min (blocking buffer, P0260, Beyotime, China) at room temperature, sections were incubated overnight at 4 °C with sheep anti-BrdU primary antibody (NB500-235, NOVUS, USA; 1: 200). After washing with PBS-T (6 × 10 min), sections were incubated with donkey anti-sheep 594 secondary antibody (713-585-003, Jackson, USA) (1: 800) for 2 h at room temperature. Then sections washed in PBS-T (10× 10 min), and counterstained with DAPI for nucleus staining (10min).
1.9. RNA-Sequencing and analysis
Sample preparation and total RNA extraction were followed the requirement by the RNA-sequencing company (BGI Genomics Co., Ltd, China). Total RNA was extracted from the larvae (5 dpf). A total of 10 - 15 larvae from the same group were pooled as one biological sample, and was qualified and quantified using a Nano Drop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, USA). RNA-Sequencing library was prepared using TruSeq™ RNA sample preparation kit (lllumina, USA). Briefly, after being fragmented of purified-DNA, first-strand cDNA was generated, followed by the second-strand cDNA synthesis and end repairing. Using PCR-amplification to gain double stranded PCR products, which were denatured and circularized by splint oligo sequence to get the final library [single strand circle DNA (ssCir DNA)]. This library was then amplified with phi29 to make DNA nanoball (DNB). Finally, the DNBs were loaded into a patterned nanoarray, and 50-bases reads with single-end were generated on a BGIseq500 platform (BGI-Shenzhen, China).
The sequencing data was filtered with SOAPnuke (v1.5.2) (https://github.com/BGI-flexlab/SOAPnuke). After mapping the clean reads to the reference genome by using HISAT2 (v2.0.4) (http://www.ccb.jhu.edu/software/hisat/index.shtml), Bowtie2 (v2.2.5) (http://bowtiebio.sourceforge.net/%20Bowtie2%20/index.shtml) was used to align them. The expression level of genes was calculated by RSEM (v1.2.12) (https://github.com/deweylab/RSEM), and DEGs were detected by using the DESeq2(v1.4.5) (http://www.bioconductor.org/packages/release/bioc/html/ DESeq2.html) (Q value ≤ 0.05). Gene ontology (GO) (http://www.geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.kegg.jp/) enrichment analysis of DEGs was performed by Phyper (https://en.wikipedia.org/wiki/Hypergeometric_distribution). Finally, PPI in DEG enrichment pathways were detected by using STRING database (https://string-db.org/) [10].
The differential co-expressed genes of frk-/- /WT groups were confirmed by qRT-PCR. Total RNA was extracted from the larvae (5 dpf), and a total of 8 - 10 larvae for the same group were pooled as one biological sample. qRT-PCR was performed as described above. The primer sequences used are listed in Table S2.
2. Results
2.1. [bookmark: _Hlk126846769]Intragenic mutation of FRK, CHD8 and NLGN4X in an ASD patient
[bookmark: _Hlk126850151]Genetic analyses were performed, and exome sequencing revealed a heterozygous missense mutation, c.1677C>A (p.M559I) in CHD8 gene which was further validated by Sanger sequencing. Interestingly, it was also found a maternal hemizygote missense mutation, c.1777G>A (p.L593F) in NLGN4X gene, and a maternal heterozygous missense mutation, c.1287A>C (p.Y429X) in FRK gene, both were confirmed by Sanger sequencing in him and his mother who did not showed any symptoms. Variants determined to be pathogenic which was classified basing on American College of Medical Genetics and Genomics guideline (Fig.S1C; Fig. S9ABC).
2.2. [bookmark: _Hlk126851672][bookmark: OLE_LINK2]Unviability, deformity and other features of frk-/- zebrafish
[bookmark: _Hlk126851711]The percentage of unviable embryos/larvae was evaluated as previously reported[11], basing on the total number of embryos/larvae that died or were dysmorphic (not associated with the expected phenotype) after 1 dpf (n = 500, 5 batches of experiments). The percentage of deformity were measured from the survival. Compared with the WT larvae, an increased proportion of frk-/- mutants died (frk-/-: 42 % vs WT: 6.6 %) (Fig.S8A). The deformity including severe developmental delay, pericardial edema, and scoliosis was increased (in total, frk-/-: 10.23 % vs WT: 2.3 %) (Fig.8A, B). Gender differences in social behavior of frk-/- zebrafish
The ASD prevalence in male is higher than that in female in humans [12]. Therefore, we compared the social behavior between male and female in frk-/- zebrafish. We found that there were no significant differences between the gender (Fig.S5A-C). We also did not find that frk-/- fish had a directional selectivity in the tank during the social preference test (Fig.S3B1-2).
2.3. Bioinformatics supports for editing frk to explore its functions and potential mechanisms in zebrafish
[bookmark: _Hlk118267654]Zebrafish and human genomes are highly conserved [13]. The frk mutant mice has been generated and characterized previously [14], but the phenotype is not obvious. Hence, we ask whether zebrafish could be used to study the biological function of frk? We selected the most typical subtype of FRK protein (Table S6-S7; Fig S7) from human, mouse and Danio rerio on UniProt (UniProt.org), and compared them by the Clustal Omega (ebi.ac.uk/Tools/msa/clustalo/). We found that the three proteins are highly conserved, especially of the SH2 and protein kinase domains (Table S8). The human FRK protein has a high homology with the mouse (89.31%) (Table S8). However, the phenotype changed of frk null mice was not evident [14], and this might be caused by the overlapping of gene functions [14]. Although the expression of FRK in the brain is lower than that in other tissues, it could be detected in the human and zebrafish brain, but not in the mice brain (UniProt.org). The homology of zebrafish frk sequence to human is lower than that of mouse (zebrafish: 60.4% vs mice: 89.31%), which is still relatively high for zebrafish. All together, these indicate that its function in zebrafish is most similar to that of human beings (Table S8), and the using of zebrafish for editing frk to explore its functions and potential mechanisms has a sufficient bioinformatics support.
3. Discussion
[bookmark: _Hlk119762719]According to the epidemiology of ASD, the prevalence in male is generally higher than that in female (4: 1) [15]. It may be related to gene difference on X chromosome or sex hormone. There are many ASD-risk genes on the X chromosome, such as FRM1, NLGN4X  [16, 17]. For female, when the gene on one X chromosome mutates, the allele on the other X chromosome can be compensated. Therefore, the phenotype of ASD in female is less obvious than that in male. In addition, estrogen plays an important role in the development of neurons. It was found that the significant increase of testosterone and its precursor levels affected RORA's regulation of aromatase expression, thereby inhibiting the process of androgen transforming into estrogen, and affecting cerebellar Purkinje cell function [18]. Sexual hormones can also affect glial neuronal interaction through neuroimmunity [19, 20]. In terms of ASD caused by FRK mutation, there is no evidence to show both are involved. Our results suggest that the effects of frk-knockout on social interaction have no significant difference between the gender.
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Fig. S1
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[bookmark: _Hlk126850449]Fig. S1 Whole gene exon sequencing detected an intragenic mutation of FRK, CHD8, and NLGN4X in an ASD patient. (A) Pictures of the index case, who displays developmental delay and ASD. (B) MRI features at 5 and 15 months. (C) Schematic of genes showing the region of the mutations.



Fig. S2
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Fig. S2. Test mold used in larval behavioral experiments. (A-B) General locomotor activity molds. (A) The 24-well plate was employed in 3, 5, 7 dpf larvae with each well having an inner diameter of 18mm. (B) This was a 6-well plate and each well had an inner diameter of 36mm used during 21dpf. (C) Inattentive Behavior Test: The test assembly consist of plastic tray measuring 200mm×150 mm. In this tray 150 ml agarose gel (2% in E3 media) was poured onto which 5 depressions (lanes) were made using glass slides, with final dimension of each lane as 75mm×25mm×5 mm, the gel was allowed to cool. The plate was positioned over the center of digital screen and the red bar was allowed to move on the lower half of the plate. (D) Shoaling assay. It was a circular petri dish with an inner diameter of 850mm. (E) Social Interaction Test: the mold was divided into 3 chambers with specific dimensions, zone I, zone II and zone III. Zone I and III was the same,14mm×11mm. Zone II was a U-shape. It was further divided into three zone, SC, middle, and NSC zone. The SC and NSC zone were the same: 14mmx15mm, and the middle zone was 40mmx6mm.

Fig. S3
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[bookmark: _Hlk117620092][bookmark: _Hlk118749333]Fig S3. Both larvae and adults had no orientation selectivity to tanks in social preference test. (A) larvae showed no significance in orientation selectivity. Social preference index (SPI) was used to evaluate the direction preference in larvae, which was calculated by the formula [(one side frames – the other side frames)/Total frames]. The difference was not significant among 3 stages. (B1-2) There was no significance in orientation selectivity in social interaction assay at 3 mpf zebrafish. (B1) The tank for social preference test and the representative tracking in comparison between the WT and frk-/-. (B2) No difference in orientation selectivity was seen in adult WT and frk-/- zebrafish.

Fig. S4
[image: ]
[bookmark: _Hlk118749388]Fig. S4 There was no difference in the inattentive behavior test between 7 dpf WT and frk-/- larvae. Plotting of the percentages of larvae away from the ‘aversive’ zone every two minutes during the aversive stimulus phase at 7 dpf, and there was no difference in the inattentive behavior test between 7 dpf WT and frk-/- larvae.





Fig. S5
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Fig. S5. frk-/--induced social disorder did not be related to gender. The time the fish spent in zone I (A), zone II (B) and zone III (C). There was no difference between frk-/- male and female adults. But knockout of frk-/- induced an impaired sociability in adult zebrafish compared to WT. Data were presented as mean ± SEM. * P < 0.01, ** P < 0.001 by Student’s t test.

Fig. S6
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[bookmark: _Hlk117624916]Fig. S6. Transcriptomic characterization of the brains of frk-/- fish. (A) The volcano map of DEGs between the frk-/- group and WT group at 5 dpf. Red indicated up-regulated genes, green indicated down-regulated genes, and grey indicated indifferent genes. (B) The overall distribution of DEGs between the frk-/- group and WT group at 5 dpf. Red and blue represent up-regulated and down-regulated changes, respectively, in the clustering analysis. The color intensity is directly proportional to the levels of changes.






Fig. S7 [image: ]
Fig. S7. Comparison of FRK protein sequence homology in different species. Enter the FRK protein sequences corresponding to the three organisms of human, mouse and zebrafish in the Clustal Omega database. The protein sequences are shown in the figure. The left side is the corresponding number of the three proteins, here is the corresponding code of UniProt; the right side is the amino acid sequence number of the rightmost column of the protein in the row; "-", the missing sequence; "*", the sequence is consistent and highly conserved; ":", the sequence conservation of the site is high; ".", the sequence conservation of the site is low.

Fig. S8
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[bookmark: _Hlk126851511]Fig. S8 Unviability, deformity, and other features of frk-/- mutant zebrafish. (A) High ratios of death, and deformity (severe developmental delay, pericardial edema and scoliosis) were seen in frk-/- larvae within 3 dpf. Chi-square test. (B) Representative deformity. * P < 0.05.






Fig. S9A
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Fig. S9B
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Fig. S9C
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Fig. S9ABC. Genetic testing report for the affected child with ASD.


Table S1
gRNA gene target sequence, primers for PCR genotyping and qRT-PCR
	Item
	Exon/Intron
	Sequence (5’-3’)
	Amplification Length(bp)
	Annealing temp (℃)
	

	
	
	
	
	
	

	gRNA target:
frk
	ex2
	GGAACTGTGAAAGTCAGCCCGGG
	/
	          /
	

	PCR
genotyping
	in1
in2
	GAATAGGAAAGTGGCGAGTCTG
CCAATGTTTTCAACCTTCGTCA
	505
	
	57.7
56

	RT-qPCR
	
	
	
	
	

	frk

EGFP

β-actin

Ki67

Caspase-3

Bcl-2a

Baxa

Mmp9

gja8a
	
	ATGCTGGATTGCTGGAAGGA
TTGCGTCATCGTAAGAGGTG
TGAAGCACTGCACGCCGTAGG
TACGGCAAGCTGACCCTGAAG
CCCAAGGCCAACAGGGAAA
GGTACGACCGGAGGCATACA
CGGCTCTATTGCTGGCTTCA
TGTGCTGCAAATCCTGGGAA
CCAGGGTCAACCATAAAGTAGC
TCTTTGGTGAGCATTGAGACGA
TGGATGACTGACTACCTGAAC
GTATGAAAACGGGTGGAAC
GTGTATGAGCGTGTTCGTC
CGGCTGAAGATTAGAGTTGT
TACGGTAATGCTGAGGGTGC
AAGCTCACTGGGACAGAAGC
TATACGTGGGCCATGCTGTC
ACTTCTTGCTCCCCTTCGTG
	109
100
111
177
106
120
183
162
165
	
	57.6
55.4
61.47
59.52
57.4
59.5
60.45
60.18
58.72
59.96
56.76
54.01
56.49
55.19
59.82
59.96
59.89
59.96



Table S2
primers for RNA-seq DEGs RT-qPCR
	Gene symbol
	Primer
	Sequence (5’-3’)
	Accession No

	prodha
tdo2b	
ldlrb
pdk2b
hnrpkl
alg6
lin7b
cyp27a1
tp53
h2afx
rad51	
ucp1
setd3
apoa4b.3
cyp51
eif4a1a
cyp24a1
epdl1
fdps
	F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
	AGGACCCCGAGTGTATGGAT
ACACTTGGCTTCATCTGCGT
TTTTTGGGAGGAACGCTTCAAT
TTGTTGACGCCTCCTTGGGA
ACGACAGCGTCTAATCCCAC
TCGCTGTCCGTCCAGTAGAT
AAGAGCCGCTGAATGTAGCA
TCACAATGGCGGACGAACTC
GGGGCTATCGAGAATGAGCA
ACAAAAGAAGCGCCAGCAAG
TCTTTGCGTCTTGCTGGGTT
GCGCTTCGTAATCCCCAAAC
ATGCACACCCGAGAGTTGTT
CCCCCTGGAATGACCCTAGA
GTACCTCAACAGCATGCTTCA
TCTCGAAGAGAATGGACGCAA C
CGCGGATTTGCTTTGTGGAT
CGTTTTGCGCCATTGCTTTG
AAGGCTAAGACTCGCAGCTC
CCCACTCGCTCAGCATAGTT
TGCGTCTCGCTGATGAGTTT
ACCGTGTAGTTGATGCGTGT
GGTGTGGGCAGACGATACAA
CTCGTGATGTTCGGCAGAGT
GAAGACCCAGAAATCGGGCA
TCCCTTTCTGCTTCTTGCGT
ACCAGCTCGCTTCTCTGTATG
TGCACAGTTAGGAAACTAGACTTA
CAGTATGGTCCGGTGGTGAG
CGAACACAGGTGTGGTGAGT
TGAGGGTATCCGGCAGTTCT
AACGGTAAAGTCCCTTGCGT
CAAGACGTGGAAGGACCACA
GGTGAGGTTGCCGTTATGGA
CGTAATGCAACACTCCTGGC
GCCGGTCTGTTCTGTGTAGT
AGCTAGAGGCATGTTACGGC
ATCGCATGGGCATTTCCAGA
	XM_005160994
NM_199856
XM_017356726 
NM_200996
NM_212991
NM_001003784 
NM_001020733 
NM_001045304
NM_001271820
NM_201073
NM_213206
NM_199523
NM_200054
 NM_001386381
 NM_001001730 
NM_198366.2
NM_001089458.1
NM_001293702.1
NM_001025471.1



Table S3
[bookmark: _Hlk118712202] frk RNA probe used in WISH
	Item
	Sequence (5’-3’)
	Amplification
Length(bp)

	
Antisense
Probe
	ccggaaacuugguuccuucuuuggccucguaaacauuauccucauuguccaucugaaauacucgugccaggccgaaguccgccaccuuacacacauuguuaucccccacuagaacauugcgagccgcgagaucccuguggauguaguucugcaguuccagguaagccaugccugaggccaccugggcucccaugucaaucugaucagacaugcggaggguugcaccucggucauucugcagauacuccaguagacuuccguugcucaugagcucugugaug
	

      281

	
Sense
Probe
	caucacagagcucaugagcaacggaagucuacuggaguaucugcagaaugaccgaggugcaacccuccgcaugucugaucagauugacaugggagcccagguggccucaggcauggcuuaccuggaacugcagaacuacauccacagggaucucgcggcucgcaauguucuagugggggauaacaauguguguaagguggcggacuucggccuggcacgaguauuucagauggacaaugaggauaauguuuacgaggccaaagaaggaaccaaguuuccgg
	

281



[bookmark: _Hlk117602939]Table S4
ASD-related differential genes
	Gene symbol
	Log2FC
	Q value
	Gene score
	Gene/others
	Related Genes

	prodha
tdo2b
ldlrb
pdk2b
hnrpkl
alg6
lin7b
cyp27a1
tp53
h2afx
rad51
	1.257790462
1.337011818
-1.354187658
1.606880183
-1.222630893
-1.079376229
2.213589497
2.002020899
-1.422258832
-1.463122999
1.290819803
	1.20E-24
1.66E-31
1.33E-24
1.01E-79
2.88E-42
2.66E-12
5.24E-41
1.09E-28
1.75E-67
1.71E-15
1.10E-19
		2S

	2

	3

	2

	2S

	S

	2

	S


/
/
/
	Gene
Gene
Gene
Gene
Gene
Gene
Gene
Gene
Related functions
Related functions
Related functions
	/
/
/
/
/
/
/
/
USP7*
UIMC1
BRCA2


Note: 
1. Gene Score=S, S= SYNDROMIC
The syndromic category includes mutations that are associated with a substantial degree of increased risk and consistently linked to additional characteristics not required for an ASD diagnosis. If there is independent evidence implicating a gene in idiopathic ASD, it will be listed as “#S” (e.g., 2S, 3S). If there is no such independent evidence, the gene will be listed simply as “S”;
2. Gene Score=1, High Confidence; Gene Score=2, Strong Candidate; Gene Score=2, Suggestive Candidate;
3. USP7*: USP7, ZNF385B, CUL7, PYHIN1, RNF38, PPM1D;

[bookmark: _Hlk117603259][bookmark: _Hlk118746278]Table S5
Top10 differential genes
	Gene symbol
	Log2FC
	Q value

	ucp1
setd3
apoa4b.3
cyp51
eif4a1a
cyp24a1
pdk2b
epdl1
fdps
tp53
	2.168457399
2.214776742
-2.591297237
-2.197145554
-1.207988522
1.686752434
1.606880183
-1.548447695
-1.523882822
-1.422258832
	3.47E-262
8.49E-199
2.85E-112
2.73E-104
1.60E-88
2.40E-82
1.01E-79
4.50E-71
1.94E-69
1.75E-67



[bookmark: _Hlk118746297]Table S6
Protein homology analysis of zebrafish frk and human FRK
	Gene
	NCBI reference mRNA number
	NCBI reference protein number
	Amino acid
	vs. human FRK protein

	
	
	
	
	Query
cover (%)
	Identity (%)
	Accession (human FRK)

	frk
	XM_021468553.1
	XP_021324228.1
	512
	
	89
	64.64
	NP_002022.1



Table S7
[bookmark: _Hlk118746336][bookmark: _Hlk152246663]UniProt Amino Acid Coding Sequence
	>sp|P42685|FRK_HUMAN Tyrosine-protein kinase FRK OS=Homo sapiens OX=9606 GN=FRK PE=1 SV=1

	>sp|Q922K9|FRK_MOUSE Tyrosine-protein kinase FRK OS=Mus musculus OX=10090 GN=Frk PE=1 SV=3

	>tr|E7F1M5|E7F1M5_DANRE Tyrosine-protein kinase OS=Danio rerio OX=7955 GN=fynrk PE=3 SV=2




[bookmark: _Hlk118746352]Table S8
[bookmark: _Hlk152246725]Analysis of Sequence Homology Alignment of FRK Proteins in Different Species
	Species
	Gene
	Full
	SH3
	SH2
	Protein Kinase

	Human
	FRK
	100%
	100%
	100%
	100%

	Mouse
	Frk
	89.31%
	86.96%
	84.95%
	95.74%

	Zebrafish
	frk
	60.4%
	48.44%
	54.84%
	72.87%


[bookmark: _Hlk152246780]

Text S2.  Basic data (n, M ± SD/SEM) of each group for Figure 1-5.

Fig.1A
	WT

	Age
	n
	M±SEM

	2 cells
	6
	[bookmark: OLE_LINK1]0.002155±0.0007733

	1k cells
	6
	0.000921±0.0001553

	4 hpf
	6
	0.002487±0.0002202

	6 hpf
	6
	0.008681±0.001834

	10 hpf
	6
	0.01018±0.002475

	24 hpf
	6
	0.008776±0.0008012

	48 hpf
	6
	0.0188±0.001489

	72 hpf
	6
	0.01385±0.002375



Fig.1E
	Group
	n
	M±SEM

	WT
	6
	1.000±0.09960

	frk-/-
	6
	0.3328±0.02725


	
	
	
	
	


Fig.1I
	WT
	frk-/-

	Group
	n
	M±SEM
	Group
	n
	M±SEM

	5 dpf eye distance
	28
	1.000±0.01744
	5 dpf eye distance
	27
	1.058±0.009791

	3 mpf brain weight
	22
	1.000±0.04039
	3 mpf brain weight
	22
	0.9870±0.03529

	3 mpf brain size
	22
	1.000±0.03945
	3 mpf brain size
	22
	0.9560±0.03241



Fig.2A2
	WT
	frk-/-

	Group
	n
	M±SEM
	Group
	n
	M±SEM

	7 dpf
	90
	3.546±0.06931
	7 dpf
	90
	3.878±0.08102

	14 dpf
	84
	3.645±0.1041
	14 dpf
	84
	4.084±0.06779

	21 dpf
	90
	3.607±0.09944
	21 dpf
	90
	4.083±0.07003



Fig.2B2
	WT
	frk-/-

	Group
	n
	M±SEM
	Group
	n
	M±SEM

	7 dpf
	29
	72.82±16.26
	7 dpf
	41
	89.39±12.62

	14 dpf
	45
	[bookmark: _Hlk121219688]128.9±14.91
	14 dpf
	45
	[bookmark: _Hlk121219702]80.06±10.85

	21 dpf
	50
	184.2±16.57
	21 dpf
	48
	[bookmark: OLE_LINK6]132.0±16.30


	
	
	
	
	


Fig.2B3
	WT
	frk-/-

	Group
	n
	M±SEM
	Group
	n
	M±SEM

	7 dpf
	29
	188.4±16.46
	7 dpf
	41
	193.6±12.03

	14 dpf
	45
	[bookmark: _Hlk121219847]180.4±13.49
	14 dpf
	45
	191.0±11.98

	21 dpf
	50
	130.1±12.63
	21 dpf
	48
	130.9±11.99



Fig.2B4
	[bookmark: OLE_LINK3]WT
	frk-/-

	Group
	n
	M±SEM
	Group
	n
	M±SEM

	7 dpf
	29
	98.83±16.27
	7 dpf
	41
	77.02±9.741

	14 dpf
	45
	[bookmark: _Hlk121219873]50.73±6.899
	14 dpf
	45
	[bookmark: _Hlk121219891]88.93±12.67

	21 dpf
	50
	[bookmark: _Hlk121219911]45.71±9.730
	21 dpf
	48
	[bookmark: _Hlk121219925]97.15±11.62



Fig.2C1
	WT
	frk-/-

	Group
	n
	M±SEM
	Group
	n
	M±SEM

	7 dpf
	29
	29.16±5.918
	7 dpf
	33
	27.82±4.191

	14 dpf
	20
	[bookmark: _Hlk121220542]61.39±7.366
	14 dpf
	26
	[bookmark: _Hlk121220560]26.41±3.945



Fig.2C2
	WT
	frk-/-

	Time
	n
	M±SEM
	Time
	n
	M±SEM

	2 min
	20
	81.08±17.60
	2 min
	26
	34.64±5.518

	4 min
	20
	48.16±8.541
	4 min
	26
	28.25±8.512

	6 min
	20
	62.58±16.56
	6 min
	26
	46.60±9.131

	8 min
10 min
12 min
14 min
16 min
18 min
20 min
22 min
24 min
26 min
28 min
30 min
	20
20
20
20
20
20
20
20
20
20
20
20
	97.00±17.69
59.88±17.75
68.07±17.95
110.9±34.29
80.85±25.18
40.93±16.36
57.43±16.12
61.30±27.31
48.99±18.48
37.00±26.83
23.67±10.00
41.56±15.40
	8 min
10 min
12 min
14 min
16 min
18 min
20 min
22 min
24 min
26 min
28 min
30 min
	26
26
26
26
26
26
26
26
26
26
26
26
	43.01±9.408
31.92±8.801
28.60±7.321
65.34±21.05
35.33±14.71
37.50±8.141
36.68±10.16
40.27±9.536
29.43±8.209
31.44±9.598
35.95±10.07
33.79±7.839



Fig.2D
	WT
	frk-/-

	Group
	n
	M±SEM
	Group
	n
	M±SEM

	3 dpf
	20
	3.984±1.351
	3 dpf
	20
	5.249±1.319

	5 dpf
	24
	44.48±12.87
	5 dpf
	21
	59.13±18.85

	7 dpf
	21
	[bookmark: _Hlk121229798]116.8±14.35
	7 dpf
	30
	[bookmark: _Hlk121229816]228.0±14.25

	21 dpf
	36
	[bookmark: _Hlk121229857]159.0±11.47
	21 dpf
	40
	[bookmark: _Hlk121229873]223.2±17.77



Fig.2E1
	Group
	n
	M±SEM

	[bookmark: _Hlk121230277]WT
	6
	1.000±0.09960

	frk-/-
	6
	[bookmark: _Hlk121230299]0.3328±0.02725

	frk-/- NES
	6
	[bookmark: _Hlk121230328]3.440±0.8089



Fig.2E2
	Group
	n
	M±SEM

	[bookmark: _Hlk121230727]WT
	28
	1.000±0.01744

	frk-/-
	27
	[bookmark: _Hlk121230748]1.058±0.009791

	frk-/- NES
	19
	[bookmark: _Hlk121230763]1.017±0.02702



Fig.2F2
	Group
	n
	M±SEM

	frk-/-
	48
	[bookmark: _Hlk121231089]4.180±0.06210

	frk-/- NES
	36
	[bookmark: _Hlk121231105]3.957±0.06089



Fig.2G2
	frk-/-
	frk-/- NES

	Zone
	n
	M±SEM
	Zone
	n
	M±SEM

	SC
	20
	[bookmark: _Hlk121231265]84.77±17.60
	SC
	19
	[bookmark: _Hlk121231280]175.2±28.55

	Middle
	20
	180.2±14.06
	Middle
	19
	150.9±23.99

	NSC
	20
	[bookmark: _Hlk121231355]95.07±15.76
	NSC
	19
	[bookmark: _Hlk121231368]33.88±9.804



Fig.3A2
	WT
	frk-/-

	Zone
	n
	M±SEM
	Zone
	n
	M±SEM

	I
	34
	[bookmark: _Hlk121231554]461.7±20.38
	I
	28
	[bookmark: _Hlk121231570]314.3±20.94

	II
	34
	[bookmark: _Hlk121231608]86.45±14.17
	II
	28
	[bookmark: _Hlk121231623]170.8±12.60

	III
	34
	[bookmark: _Hlk121231649]51.83±9.042
	III
	28
	[bookmark: _Hlk121231662]114.9±12.54



Fig.3A3
	WT
	frk-/-

	Zone transfer
	n
	M±SEM
	Zone
	n
	M±SEM

	III to II
	34
	[bookmark: _Hlk121232084]11.18±1.832
	III to II
	28
	[bookmark: _Hlk121232096]16.35±2.749

	II to I
	34
	[bookmark: _Hlk121232150]32.32±2.342
	II to I
	28
	[bookmark: _Hlk121232167]39.32±3.586



Fig.3B2
	Group
	n
	M±SEM

	WT
	114
	[bookmark: _Hlk121232250]8.006±0.1972

	frk-/-
	114
	[bookmark: _Hlk121232265]9.002±0.2101



Fig.3C2
	WT
	frk-/-

	Time
	n
	M±SEM
	Time
	n
	M±SEM

	1 min
	34
	50.68±3.071
	1 min
	32
	18.72±3.813

	2 min
	34
	41.11±3.708
	2 min
	32
	15.56±3.251

	3 min
	34
	37.55±3.816
	3 min
	32
	16.29±3.118

	4 min
5 min
6 min
7 min
8 min
9 min
10 min
	34
34
34
34
34
34
34
	34.09±3.796
29.69±3.488
29.89±3.255
26.68±2.973
26.91±2.852
27.92±2.487
25.07±2.912
	4 min
5 min
6 min
7 min
8 min
9 min
10 min
	32
32
32
32
32
32
32
	18.09±2.724
17.50±2.775
16.09±2.817
15.11±2.173
13.81±2.023
16.26±2.152
13.37±2.123



Fig.3C3
	WT
	frk-/-

	Time
	n
	M±SEM
	Time
	n
	M±SEM

	1 min
	34
	6.769±2.020
	1 min
	32
	19.51±2.738

	2 min
	34
	11.28±2.120
	2 min
	32
	23.43±2.944

	3 min
	34
	13.01±2.312
	3 min
	32
	22.82±2.776

	4 min
5 min
6 min
7 min
8 min
9 min
10 min
	34
34
34
34
34
34
34
	15.07±2.085
16.27±1.729
17.65±1.847
17.80±1.900
19.70±1.905
21.57±1.781
21.28±1.971
	4 min
5 min
6 min
7 min
8 min
9 min
10 min
	32
32
32
32
32
32
32
	21.21±2.208
20.17±2.211
19.90±2.031
19.15±1.852
19.10±1.708
18.18±1.781
20.37±1.898



Fig.3C4
	WT
	frk-/-

	Time
	n
	M±SEM
	Time
	n
	M±SEM

	1 min
	34
	2.556±1.355
	1 min
	32
	21.78±3.658

	2 min
	34
	7.619±2.160
	2 min
	32
	21.01±3.359

	3 min
	34
	9.444±2.113
	3 min
	32
	20.89±3.446

	4 min
5 min
6 min
7 min
8 min
9 min
10 min
	34
34
34
34
34
34
34
	10.84±2.512
14.04±2.639
12.46±2.160
15.52±2.405
13.38±2.242
10.51±1.998
13.66±2.056
	4 min
5 min
6 min
7 min
8 min
9 min
10 min
	32
32
32
32
32
32
32
	20.71±3.260
22.33±3.266
24.01±3.187
25.74±2.786
27.09±2.784
25.56±2.964
26.26±2.832



Fig.3C5
	Group
	n
	M±SEM

	WT
	34
	[bookmark: _Hlk121232567]2321±126.4

	frk-/-
	32
	[bookmark: _Hlk121232585]2960±110.7



Fig.5C6
	Group
	n
	M±SEM

	WT
	34
	46.59±5.042

	frk-/-
	32
	65.91±8.108



Fig.3C7
	Group
	n
	M±SEM

	WT
	34
	31.19±3.533

	frk-/-
	32
	60.47±5.579



[bookmark: OLE_LINK5]Fig.4A3
	WT
	frk-/-

	[bookmark: OLE_LINK4]Gene
	n
	M±SEM
	Gene
	n
	M±SEM

	ldlrb
	4
	1.000±0.1371
	ldlrb
	4
	0.4331±0.02895

	pdk2b
	4
	1.000±0.1736
	pdk2b
	4
	2.028±0.2570

	hnrpkl
	4
	1.000±0.1996
	hnrpkl
	4
	0.5029±0.08271

	alg6
lin7b
prodha
h2afx
rad51
tp53
	4
4
4
5
5
4
	1.000±0.2239
1.000±0.1590
1.000±0.09953
1.000±0.1634
1.000±0.1024
1.000±0.1167
	alg6
lin7b
prodha
h2afx
rad51
tp53
	4
4
4
5
5
4
	0.5063±0.1234
1.756±0.1595
0.7923±0.1514
0.3294±0.03405
2.058±0.6143
0.3899±0.07054



Fig.4A4
	WT
	frk-/-

	Gene
	n
	M±SEM
	Gene
	n
	M±SEM

	ucp1
	4
	1.000±0.06447
	ucp1
	5
	6.677±1.026

	setd3
	4
	1.000±0.09189
	setd3
	4
	0.8829±0.2154

	apoa4b.3
	4
	1.000±0.1354
	apoa4b.3
	4
	0.3178±0.04290

	cyp51
eif4a1a
cyp24a1
pdk2b
epdl1
fdps
tp53
	4
4
4
4
4
4
4
	1.000±0.1457
1.000±0.1914
1.000±0.1131
1.000±0.1736
1.000±0.1589
1.000±0.1209
1.000±0.1167
	cyp51
eif4a1a
cyp24a1
pdk2b
epdl1
fdps
tp53
	4
4
4
4
4
4
4
	0.2317±0.01563
0.2328±0.04728
1.801±0.2599
2.028±0.2570
0.3317±0.02909
0.2300±0.02015
0.3899±0.07054



Fig.5A2
	WT-Huc:EGFP
	frk-/- Huc:EGFP

	Age
	n
	M±SEM
	Age
	n
	M±SEM

	1 dpf
	4
	[bookmark: _Hlk121232899]1.000±0.2616
	1 dpf
	4
	[bookmark: _Hlk121232913]3.967±0.5268

	2 dpf
	4
	[bookmark: _Hlk121233012]1.000±0.1551
	2 dpf
	4
	[bookmark: _Hlk121233031]2.486±0.4037

	3 dpf
	4
	[bookmark: _Hlk121233109]1.000±0.1949
	3 dpf
	4
	[bookmark: _Hlk121233121]2.194±0.2027



Fig.5B1
	WT
	frk-/-

	Gene
	n
	M±SEM
	Gene
	n
	M±SEM

	Ki67
	4
	[bookmark: _Hlk121233192]1.000±0.1404
	Ki67
	4
	[bookmark: _Hlk121233204]1.455±0.03704

	Caspase-3
	4
	1.000±0.1333
	Caspase-3
	4
	1.356±0.2446

	Bcl2
Bax
Bcl2/Bax
Mmp9
Gja8a
	4
4
4
4
4
	1.000±0.0520
1.000±0.09120
1.000±0.08400
1.000±0.03666
1.000±0.05518
	Bcl2
Bax
Bcl2/Bax
Mmp9
Gja8a
	4
4
4
4
4
	1.210±0.1031
1.184±0.05501
0.9976±0.03971
0.9952±0.05015
0.9917±0.07677



Fig.5B3
	Group
	n
	M±SEM

	[bookmark: _Hlk121233287]WT
	30
	21.97±2.261

	frk-/-
	29
	[bookmark: _Hlk121233307]68.52±6.180



Fig.5C1
	tp53
	Cyp24a1

	Group
	n
	M±SEM
	Group
	n
	M±SEM

	frk-/-
	4
	[bookmark: _Hlk121233512]1.000±0.1342
	frk-/-
	4
	[bookmark: _Hlk121233859]1.000±0.05399

	frk-/-/-cyp24a1(KCZ 0.1μg/L)
	4
	[bookmark: _Hlk121233540]3.266±0.4703
	frk-/-/-cyp24a1(KCZ 0.1μg/L)
	4
	[bookmark: _Hlk121233876]1.124±0.06553

	frk-/-/-cyp24a1(KCZ 1μg/L)
	4
	[bookmark: _Hlk121233564]3.282±0.7713
	frk-/-/-cyp24a1(KCZ 1μg/L)
	4
	[bookmark: _Hlk121233891]0.6024±0.06482

	frk-/-/+tp53(Kevetrin HCl 170μM)
frk-/-/+tp53(Kevetrin HCl 340μM)
	4
4
	[bookmark: _Hlk121233580]3.036±0.3047
[bookmark: _Hlk121233602]2.281±0.1165
	frk-/-/+tp53(Kevetrin HCl 170μM)
frk-/-/+tp53(Kevetrin HCl 340μM)
	4
4
	[bookmark: _Hlk121233908]1.341±0.09591
[bookmark: _Hlk121233925]0.6212±0.09069



Fig.5D2
	frk-/-
	frk-/-/-cyp24a1(KCZ 1μg/L)

	Zone
	n
	M±SEM
	Zone
	n
	M±SEM

	SC
	16
	[bookmark: _Hlk121234342]105.6±28.54
	SC
	15
	[bookmark: _Hlk121234358]204.9±32.86

	Middle
	16
	137.5±20.82
	Middle
	15
	100.1±23.39

	NSC
	16
	[bookmark: _Hlk121234470]116.9±21.08
	NSC
	15
	[bookmark: _Hlk121234488]54.96±19.26



Fig.5D3
	frk-/-
	frk-/-/+tp53(Kevetrin HCl 340μM)

	Zone
	n
	M±SEM
	Zone
	n
	M±SEM

	SC
	16
	105.6±28.54
	SC
	18
	100.2±28.78

	Middle
	16
	137.5±20.82
	Middle
	18
	152.8±23.96

	NSC
	16
	116.9±21.08
	NSC
	18
	107.0±24.27
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