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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Cynomolgus-rhesus hybrid macaques is a powerful platform to investigate imprinting.

- Location information of ASE genes can be obtained using hybrid strategy.

- Identification of ASE genes benefits understanding the association between imprinting and neuropsychiatric disorders.
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Genomic imprinting can lead to allele-specific expression (ASE), where
one allele is preferentially expressed more than the other. Perturbations
in genomic imprinting or ASE genes have been widely observed across
various neurological disorders, notably autism spectrum disorder
(ASD). In this study, we crossed rhesus cynomolgus monkeys to produce
hybrid monkeys and established a framework to evaluate their allele-spe-
cific gene expression patterns using the parental genomes as a refer-
ence. Our proof-of-concept analysis of the hybrid monkeys identified
353 genes with allele-biased expression in the brain, enabling us to
determine the chromosomal locations of ASE clusters. Importantly, we
confirmed a significant enrichment of ASE genes associated with
neuropsychiatric disorders, including ASD, highlighting the potential of
hybrid monkey models in advancing our understanding of genomic
imprinting.

INTRODUCTION
Genomic imprinting is an epigenetic mechanism that results in the parent-of-

origin monoallelic expression of specific genes in mammals. It plays a critical
role in various aspects of brain function, including cell fate determination and
behavior.1,2 The brain has thus become a key focus of imprinting-related
research3–5 due to its potential significance. Imprinting defects have been
identified in two prominent neurological disorders, Prader-Willi syndrome and
Angelman syndrome, both of which are linked to the deletion of a paternally
imprinted region.6 In addition, mutations in imprinted genes have been associ-
ated with cognitive disabilities, including myoclonus dystonia syndrome (related
to paternal SGCE mutations),7 Birk-Barel syndrome (related to maternal
KCNK9 mutations),8 and intellectual disability (related to paternal TRAPPC9
mutations).9

Allele-specific expression (ASE) is a type of imprinting characterized by subtle
shifts in the expression ratio rather than complete silencing of one allele.5,10 In
mouse studies, ASE can be detected using a method that distinguishes among
alleles in crossed hybrids of inbredmouse strains based on technical and biolog-
ical variation.3,5,10 However, this method is not applicable to human research.
Current detection of human and monkey ASE relies on in vitro experimental sys-
tems11,12 or large-scale profiling of postmortem tissues.10,13 The formermay not
fully represent in-vivo-biased signatures, while the latter requires an extremely
large number of samples (100–600)10,13,14 to overcome unrelated sources of
noise, such as ancestry.

Given the similarities between macaque monkeys and humans in terms of
their genome, development, physiology, and anatomy, macaques are a valuable
animal model for identifying ASE genes in primates. In line with this, we used a
hybrid monkey approach by breeding cynomolgus and rhesus monkeys, as
hybridmonkeys derived from crab-eating and rhesusmonkeys occur naturally.15

We analyzed a small group of brain samples from hybrid monkey individuals us-
ing a customized data analysis pipeline. As a proof-of-concept, we applied this
strategy to identify ASE genes in three brain regions: prefrontal cortex, parietal
cortex, and cerebellum. Our approach allowed us to identify 353 ASE genes in
the hybrid monkey brains, some of which correspond to orthologs with aberrant
expression patterns observed in patients with neuropsychiatric disorders. Impor-

tantly, we identified several well-known genes associatedwith ASD susceptibility,
including hub genes NRXN1 and NRXN3, that exhibit ASE. Our findings highlight
the significance of genetic variations and epigenetic dysregulation in the patho-
genesis of ASD.

RESULTS
Workflow for identifying ASE genes in hybrid monkeys
Old-world monkeys, such as cynomolgus monkeys (Macaca fascicularis,

Mfas) and rhesus monkeys (Macaca mulatta, Mmul), share similarities in their
physiology and reproductive biology, and possess 21 pairs of chromosomes.
We hypothesized that, by mating Mfas and Mmul, we could generate hybrid
monkeys that would provide informative single-nucleotide polymorphisms
(SNPs) distinguishable based on their parental origin, as previously demon-
strated in hybrid mouse strains (C57BL/6J x CAST) (Figure 1A). To test this
hypothesis, we performed whole-genome sequencing (WGS) on the parental
animals to assess genetic variants and transcriptome sequencing on the hybrid
offspring to estimate allelic bias. Because of the superior genome annotation of
the Mmul genome assembly (Mmul_8.0.1)16 relative to that of Mfas (Macaca_
fascicularis_5.0, mfas5.0), we mapped all sequencing reads to the Mmul
assembly.
To validate the hypothesis that hybrid monkeys harbor more informative

SNPs for ASE detection, we sequenced the genomic DNA from 15 ma-
caques (7 Mfas and 8 Mmul) and called only SNPs (no indels) using clean
reads. Using all the WGS data, we simulated offspring of monkey mating
and found that hybrid offspring resulting from mating between Mfas and
Mmul had approximately 50% more informative SNPs than Mmul offspring,
resulting from mating between Mmuls (Figure 1B). Furthermore, most infor-
mative SNPs detected in Mmul offspring (96.1%) were also detected in our
hybrid offspring (Figure 1C). At the gene level, 93% of annotated genes
harbored more informative SNPs in hybrid offspring compared with Mmul
offspring (Figure 1C). These observations of an abundance of readily distin-
guishable SNPs provide strong support for the hypothesis that this hybrid
strategy should enable straightforward ASE detection, which encouraged
us to generate hybrid monkeys.
Weperformed intracytoplasmic sperm injection (ICSI) bymicroinjecting sperm

fromMfas into oocytes fromMmul, and vice versa, and transplanted embryos at
the 1- to 4-cell stage into 13 surrogates (10 Mfas, 3 Mmul) (Tables S1 and S2).
The resulting F1 hybrids obtained from crosses between Mfas and Mmul were
designated as F1i (F1 initial cross, with Mfas as the father and Mmul as the
mother) or F1r (F1 reciprocal cross, with Mmul as the father and Mfas as the
mother) (Figure 1A). We obtained 6 live pups and 11 aborted fetuses
(Table S1). The birth rate for hybrids was 35.3% (6/17), similar to the birth rate
for Mfas monkeys when ICSI was employed.17 Post-birth, the hybrids survived
normally and displayed phenotypic characteristics that were a combination of
cynomolgus and rhesus; for instance, exhibiting an intermediate body weight
(5.92 ± 0.83 kg), head circumference (27.46 ± 1.15 cm), and tail length
(36.98 ± 1.45 cm) (Figure 1D).
Given the well-characterized ASE gene IGF2R in fibroblasts from a mouse

hybrid,4,5 we chose to use isolated fibroblasts as a model for our ASE detection
framework (Figure 2A). Accordingly, we developed a customized pipeline, called
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the fast imprint detector (FID), based on a previous study of ASE in mice (Fig-
ure 2B).5 To identify informative SNPs, we utilized WGS reads from the parents
of hybrid monkeys, consisting of four cynomolgus and five rhesus macaques
(Figure S1A). Using these informative SNPs, we analyzed RNA sequencing
(RNA-seq) reads from the fibroblasts of six hybrid monkeys (four F1i and two
F1r) to estimate expression bias and distinguish parental origin. We generated
an average of 34.3 million reads (34.3 ± 0.8) per sample, and the meanmapping
rate (85.91% ± 0.30%) was sufficient to support our subsequent analyses
(Figures S1A and S1B).18

In light of obvious cross-individual variation of parental allelic bias reported in a
previous study,14 we compared allelic bias between F1i and F1r hybrids at the in-
dividual level. Each F1i was compared with both F1r, resulting in eight compari-
sons. For each comparison, the biaswas assessed using a chi-squared test, with
a p value less than 0.05 in both F1i and F1r. We applied four filters to produce
highly accurate and reproducible results: (1) a read count-based filter (coverage
of RNA-seq R10), (2) a ratio-based filter (biased ratio R0.7), (3) a comparison-
based filter (significant/total comparison R2/3), and (4) an SNP-based filter
(gene with R2 biased SNPs) (Figure 2B and methods). In total, 124 genes (ra-
tio > 0.7) demonstrated significant ASE in fibroblasts, including the canonical
paternally imprinted genes IGF2R andH19 inmonkeys,19which had biased ratios
of more than 0.95 (Figures 2C and S1C).

Afterward, our framework was applied to peripheral blood mononuclear cells
(PBMCs) obtained from 6 hybrid individuals (4 F1i and 2 F1r) for ASE detection,
resulting in the identification of 140 ASE genes (ratio > 0.7) (Figure 2B). Notably,
previously reported ASE genes such as GNAS, TRAPPC9, ZDBF2, SNRPN, and
KCNQ1 were among those identified. Encouraged by these results, we aimed
to extend our framework to the nervous system.

Brain atlas of ASE genes
We collected samples from three different brain regions (prefrontal cortex, pa-

rietal cortex, and cerebellum) of 6 aborted fetuses (5 F1i, 1 Fir) (Table S2) and uti-
lized FID for ASE gene detection. In total, 15 RNA-seq samples of the brain (4 F1i
and 1 F1r per region) passed quality control, and we used 7 WGS datasets from
their parents (4 Mfas and 3Mmul) to identify inherited SNPs (Tables S1 and S2).
After applying the aforementioned data-processing steps to the fibroblast and

PBMC samples, we detected a total of 353 ASE genes (ratio > 0.7) in the brain,
including 144 in the prefrontal cortex, 162 in the parietal cortex, and 185 in the
cerebellum (Figures 2B, S1D, and S1E). These genes included well-known
brain-specific ASE genes, such as GRB10, MEST, MAGEL2, and TRAPPC9, as
well as ASE genes associated with various diseases such as KCNK9 and SGCE
(Figure 2D; Table S3).
Remarkably, our brain atlas of ASE genes encompasses several genes that

play vital roles in synaptic and epigenetic regulation, such as NRXN1, SHANK2,
DNMT3A, and SULT4A1. Furthermore, our analysis identified ASE genes involved
in diverse cellular processes, including cytoskeleton regulation (ANK3), potas-
sium voltage-gated channel (KCNQ3), solute carriers (SLC1A2), and cyclin-depen-
dent kinases (CDK8), which are essential for cell survival and signal transduction
(Table S3). Therefore, our study successfully uncovered ASE genes originating
from distinct types of cells and tissues, including fibroblasts, PBMCs, and three
different brain regions. We observed a high degree of origin specificity among
ASE genes, as demonstrated by the identification of only 16 maternal and
23 paternal ASE genes conserved across all three brain regions. Moreover,
only three genes exhibited ASE in all five sample origins (Figure 2E; Table S3),
highlighting the tissue-specific nature of ASE genes consistent with previous
findings in humans and mice.10,20

We searched for clustered ASE genes, defined as sets of >2 ASE genes
located within a 1-megabase (MB) genomic region. This window size was based
on previous reports of well-characterized ASE gene clusters such as H19-IGF2,
Dlk1-Mest, and Mest-Copg2.5 We identified a total of 215 ASE cluster loci (Fig-
ure S1F), with the highest number of clusters (28) found on chromosome 19,
while no clusters were found on chromosome 18, consistent with previous find-
ings in mice that ASE clusters are non-randomly distributed throughout the
genome (Figures 2F, S1F, and S1G).5,10 Our hybrid-based approach enabled
us to generate an atlas of brain-specific ASE genes, which will prove invaluable
in enhancing our understanding of the origins and underlying mechanisms
of ASE.

ASE gene confirmation in cynomolgus monkeys
To assess the accuracy of ASE gene detection using our hybrid monkey

strategy, we performed targeted deep sequencing analysis of SNPs. We utilized
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Figure 1. Generation of hybrid monkeys (A) Schematic for generation of hybrid monkeys. (B) The number of informative SNPs of hybrid offspring and Mmul offspring. Each plot
represents onemonkey. (C) Comparison of mapped SNPs (upper) and genes (bottom) between hybrid monkey andMmul. Top: “hybrid only,” hybrid-specific informative SNPs; “Mmul
only,” rhesus-specific informative SNPs; overlap, shared SNPs between hybrid and Mmul monkeys. Bottom: after SNP mapping to genes. (D) Feature measurements of Mfas, hybrid,
and Mmul for weight, respiration frequency, body temperature, head circumference, and tail length. Significance is determined via unpaired Student’s two-tailed test. *p < 0.05,
**p < 0.01, ***p < 0.001.
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cDNA extracted from brain tissues of six Mfas fetuses, specifically the prefron-
tal cortex, parietal cortex, cerebellum, and V1 (Figure 3A; Table S4). Our analysis
focused on 14 genes of interest (GOIs) that are associated with synaptic
regulation (NRXN-NLGN-SHANK axis-related genes, e.g., NRXN3 and SHANK2),
epigenetic regulation (e.g., KMT2C and MED13L), and signal transduction (e.g.,
GMP6A and VSNL1) (Figure 3B). To determine allelic bias, we calculated the
read count ratio of each GOI’s individual SNPs (with at least two SNPs per
GOI) based on deep sequencing reads using the read count ratio found in a pre-
vious human study.14 We then calculated the gene bias ratio by averaging the
SNP bias ratios (Figure S2A; Table S5). Our analysis revealed that all 14 GOIs
displayed biased expression of at least 0.7 in at least one brain region (Fig-
ure 3B; Table S5), confirming that these GOIs are ASE genes in Mfas monkey
brains.

Given that DNA methylation is a well-established mechanism for imprinting
and regulating parent-of-origin expression,21 we analyzed differentially
methylated regions (DMRs) in the brains of Mfas monkeys using a published
DNA methylation dataset. Our goal was to assess the validity of the ASE
genes identified by our hybrid monkey strategy.12 Using a 10-kilobase cutoff
from a DMR to a gene body, we detected 2,359 DMR-related genes in the

cortex and cerebellum. Notably, 107 out of the 353 ASE genes in our atlas
were found to overlap with DMR-related genes, including SNRPN and PEG3
(Figures 3C and 3D), suggesting that their regulation may be controlled by
their associated DMRs. These results, combined with our deep sequencing
analysis, support the authenticity of the ASE genes identified by our hybrid
strategy.

Enrichment of brain ASE genes in ASD signatures
As anticipated, the ASE gene set obtained from hybrids and their orthologs in

humans exhibited similar expression patterns across the three brain regions
(Figure 3E), indicating significant developmental similarities between the two
species. Previous studies have suggested that dysregulation of ASE may
contribute to neuropsychiatric disorders.2 To investigate the potential roles
of brain ASE genes in these disorders, we performed an enrichment analysis
using risk genes curated from the DisGeNET database. Our finding showed
that the ASE genes were significantly enriched for susceptibility genes
associated with disorders such as ASD, BD, and epilepsy (Figures 3F, S2B,
and S2C).

Figure 2. Establishment of a hybrid monkey strategy for ASE detection (A) Quantifying allelic bias of expression in hybrid individuals using an RNA-seq read count ratio statistic. The
strength of bias toward the expression of the maternal (red) or paternal (blue) allele of a tested gene in individual (F1i or F1r) is gauged based on the count of RNA-seq reads carrying
the reference allele (small closed circles) and the count of reads carrying an alternative allele (open squares), at all SNPs for which the individual is heterozygous. Si, SNPs; gray
rectangles, exons. (B) Framework for identifying ASE genes. The numbers of SNPs and genes for tissues are listed on the right of the flow chart. Fibroblast/PBMC and brain are
separated by a solid line. For fibroblasts and PBMCs, 6 RNA-seq samples of livemonkeys and 9WGS of parents were used. For brain regions, 15 RNA-seq samples of abortedmonkeys
and 8 WGS datasets of parents were used. (C) Illustration showing the fibroblasts and PBMCs of live hybrid monkeys (left) and IGV viewer showing the maternal representative ASE
genes, IGF2R (right). y axis, the maternal bias ratio (ranging from 0.5 to 1.0). Average indicated average bias ratio at each SNP. F1i, one representative F1i monkey; F1r, one
representative F1r monkey. (D) Illustration showing the brain regions of aborted hybrid monkeys (left) and IGV viewer showing the parternal representative ASE genes, GRB10 (right).
y axis, the maternal, paternal, and average bias ratio at each SNPs (ranging from 0.5 to 1.0). F1i, one representative F1i monkey; F1r, one representative F1r monkey. (E) Heatmap
showing detected ASE genes. Red rectangles, maternal genes; blue rectangles, paternal genes. (F) Genomic location of detected ASE genes across genome: maternal biased genes
(red) and paternal biased genes (blue).
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Since our ASE datawere obtained from embryonic-stage hybridmonkeys, we
focused on investigating the potential involvement of ASE genes in ASD, a disor-
der associated with brain development.22 We analyzed various ASD gene sets,
including genes linked to autism susceptibility from the SFARI database23 and
differentially expressed genes between ASD patients and healthy controls at
the bulk tissue level.24 Our analysis revealed that ASE genes were significantly
enriched for genes implicated in autism susceptibility (SFARI). Moreover, we
identified 17 ASE genes with significantly decreased expression levels in the
cortices of ASD patients, such as SULT4A1, and KCNJ3. These findings are
consistent with previous reports that genes exhibiting ASE in ASD tend to be
downregulated (Table S3).13

A recent study investigated the relationship between changes in gene expres-
sion related to ASD and clinical severity in specific types of brain cells. The study
found that changes in upper-layer neurons are linked to the severity of ASD.25

Building on this finding, we investigated whether brain ASE genes are dysregu-
lated in specific cell types. Our study showed that brain ASE genes are more
frequently over-represented among the sets of differentially expressed genes de-

tected in specific cell types, such as L4 excitatory neurons, L2/3 excitatory neu-
rons, and VIP-expressing interneurons (IN-VIP). (Figures 3G and S2D). Moreover,
we found a significant correlation between ASD-specific ASE genes and clinical
phenotypes (Figure 3G). Interestingly, we also detected enrichment in non-
neuronal brain cells, including microglia and protoplasmic astrocytes. This
finding is consistent with a recent report suggesting that astrocyte development
and survival are regulated by imprinting in a cell-type-specific manner (Fig-
ure S2D; Table S3).3

We utilized the STRING database26 to conduct a protein-protein interaction
(PPI) analysis of the ASE gene set and discovered a significant clustering of
ASE genes. The PPI network consisted of two distinct modules: an imprinted
module and a neuronal communicationmodule (Figures S2F and S2G). Previous
studies have implicated gene regulation and synaptic development in the patho-
genesis of ASD27,28 and, as such, we further grouped the ASE genes into estab-
lished functional modules based on gene ontology terms. These modules
included “gene expression regulation” (54 genes), “neuronal communication”
(41 genes), and “cytoskeleton” (19 genes) (Figure 3E; Table S3). These results

A
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Figure 3. ASE genes are confirmed in cynomolgus and enriched in ASD signatures (A) Illustration showing four tested brain regions from six aborted Mfas. (B) Fourteen GOIs are
confirmed as ASE genes in Mfas monkey brains. Numbers in boxes, the average biased ratios of each gene for Mfas or hybrids. (C) Venn diagram showing the enrichment between
ASE genes and DMRs. (D) IGV viewer showing a representative ASE gene and its predicted DMR. AG/PG, an androgenetic/parthenogenetic haploid embryo at the 16-cell stage; Cor
and Cere, the cortex and cerebellum, respectively. (E) Interspecies divergence,measured as difference in gene expression, between humans andmacaques in each brain region across
multiple stages. (F) Bubble matrix with ASE genes of different tissues showing differential enrichment on diseases. (G) Hierarchical clustering of ASD patients based on individual fold
changes in gene expression level in L2/3 neurons and L4 neurons. Average clinical scores, prevalence of epilepsy, proportion of nonverbal subjects, and age and gender composition
are shown below the heatmaps. A, social interactions; B, communication; C, repetitive behavior; D, abnormal development.
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are in line with previous studies that have identified convergent molecular abnor-
malities in ASD.29,22

In light of our detection of dysregulated ASE in ASD patients,13,30,31 we con-
ducted a comparison between our ASE genes and those from a large-scale
profiling study involving 263 postmortem brains of ASD patients.13 Our results
revealed that our brain ASE genes were significantly enriched in the previous
ASE dataset, with 108 out of 314 (34.39%) demonstrating ASE in ASD patients
(Figures S2H and S2I). Notably, two of these genes, NRXN1 and NRXN3, have
roles in neuronal communication. In ASD patients, NRXN1 was upregulated in
L4 excitatory neurons and in the IN-VIP (Figure 3G),25 whileNRXN3was downre-
gulated in the cortex (Figure S2J).13

Analysis of brain biopsies of macaque support our hybrid strategy
To confirm and clarify our findings, we performed RNA-seq analysis using

published data from rhesus macaque brain.32 Initially, we collected datasets
for the frontal lobe, parietal lobe, and cerebellum from three macaque brains
(Table S6). In contrast to the FID pipeline applied for hybrid ASE detection,
the rhesus macaque data did not have their parental WGS data available. To
detect ASE, we employed an ASE pipeline based on SNP bias (Figure S3A).
The number of ASE genes identified in the downloaded data overlapped among
the three brain regions was significantly higher than the gene set produced by
the hybrids (Figure S3B), suggesting that the hybrid approach generates a
more precise ASE gene set. We also tested the enrichment level between
gene sets generated from monkey brain biopsies and hybrids. The results indi-
cated that the ASE genes detected in brain biopsies largely overlapped with our
biased genes (Figures S3B and S3C), providing further support for the credibility
of our results.

DISCUSSION
In summary, our study demonstrates the feasibility of in vivo primate ASE

identification using a hybrid monkey strategy. Notably, our findings suggest
that the limited overlap observed among existing human databases of im-
printed genes underscores the significance of using an inbred strategy for
ASE detection in non-human primates (Figure S1H). By leveraging this hybrid
approach, we detected 353 genes exhibiting significant ASE signals in the brain,
and our analysis supports previous profiling studies implicating ASE genes in
ASD pathogenesis.

We summarize three advantages of our hybrid monkey strategy over previ-
ous approaches for primate ASE detection: (1) in vivo analysis allows for the
detection of spatiotemporally resolved physiological ASE status in any tissue
of interest, (2) our approach is less resource consuming, as we need fewer
than 10 hybrid individuals compared with large-scale profiling (requiring
100–600 individuals), and (3) our strategy is reproducible, as the generated
hybrid monkeys are models with a stable genetic background, while human
sampling populations may exhibit significant genetic variations between
different studies.

MATERIALS AND METHODS
Animal ethics statements

Healthy female cynomolgus and rhesus monkeys (M. fascicularis and M. mulatta) with

regular menstrual cycles were selected for this study. All animals were housed in the sunny

room. The use and care of animals complied with the guideline of Center for Excellent in

Brain Science and Intelligence Technology, Chinese Academy of Science, which approved

the ethics application (ER-SIBS-221106P and CEBSIT-2020014).

Monkey oocytes collection, ICSI, embryo injection, and embryo culturing
For monkey oocyte collection, procedures of ICSI, embryo injection, and culturing has

been described in a previous publication.33 In brief, from day 3 of menstrual cycle, healthy

female monkeys began to receive 25 IU recombinant human follitropin twice daily for 7–

8 days. On day 11 of the menstrual cycle, 1,000 IU human chorionic gonadotropin was

injected, and oocytes were aspirated from ovarian follicles 36 h later.

Monkey embryos were cultured in HECM-9 medium at 37�C under 5% CO2. The em-

bryos were transferred to HECM-9+5% FBS medium after reaching the eight-cell stage

and the medium was changed every other day until the embryo reached the blastocyst

stage. For embryo transfer, females with synchronous menstrual cycle whose ovaries

had a stigma or fresh corpus luteum were used as surrogates. Embryos (at two-cell to

blastocyst stage) were transferred to the oviduct. After performing ICSI, we typically

perform embryo transplantation either 1 or 2 days after ICSI, depending on the surrogate

availability. Thus, some embryos were transferred 1 day after ICSI at the one- to two-

cell stage, and some embryos were transferred 2 days after ICSI at the two- to four-

cell stage.

WGS process
GenomicDNAwas extractedby the phenol-chloroformmethod.Onehundrednanograms

of DNA was fragmented using a Covaris LE220 (Covaris), size selected (300–550 bp), end

repaired, A-tailed, and adapter ligated. Libraries were sequenced using the HiSeq X Ten plat-

form (Illumina) as paired-end 100 base reads. For WGS data, adaptors of sequenced reads

were firstly trimmedbyTrimmomatic (v.0.39) with parameters PE ILLUMINACLIP: adapters/

TruSeq3-PE-2.fa:2:30:10:8:True SLIDINGWINDOW:5:15 LEADING:5 TRAILING:5 MIN-

LEN:50.16 The variant calling pipeline of Genome Analysis Toolkit (GATK) was then applied

following this protocol (https://software.broadinstitute.org/gatk/best-practices). The

trimmed reads were mapped to the reference genome of rheMac8 (M. mulatta) using

BWA-memwith default parameters.34 Aligned readswere converted to BAM files and sorted

based on genome position after marking duplicates using the Picard toolkit. The raw BAM

files were refined by base quality score recalibration using default parameters. The variant

calling (SNPs and indels) was performed with the HaplotypeCaller module. Then, 15 gvcf

fileswere combined into a single file and the SNPs andshort insertionsanddeletions (indels)

were selected and filtered. Only SNPS that provided information about parent and offspring

(informative SNPs) were used for subsequent analysis.

Transcriptome profiling of monkey samples
First, 27 samples from fibroblasts, PBMCs, and brains were collected for next-generation

sequencing. After total RNA extraction using TRIzol regeant (Vazyme Biotech, RC112), we

produced cRNA, and then utilized TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme

Biotech, TD501) and TruePrep Index Kit V2 for Illumina (Vazyme Biotech, TD202) according

to standard protocol to generate bulk RNA-seq library. All samples were sequenced by Illu-

mina XTen in the facility of Omics Core, Bio-Med Big Data Centerv, SINH, CAS.

RNA-seq processing
For RNA-seq data, adaptors of paired-end sequenced readswere trimmedbyTrimGalore

with parameters

-a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC
-a2 AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
–paired –stringency 3 –phred33. Adaptor trimmed reads were then cut the first
10 bp reads using the FASTX-Toolkit. Then all the processed reads were mapped
to the reference genome of rheMac8 (M. mulatta) using STAR35 with parameters
–runMode alignReads –runThreadN 8 –outSAMattributes All –outSAMtype BAM
SortedByCoordinate –limitBAMsortRAM 62000000000 –outSAMunmapped Within
–outReadsUnmapped Fastx.35 Aligned reads were converted to BAM files and sorted
based on genomic position. The base frequency at each positionwas extracted using
thempileupmodule of SAMtools.36 In addition, expression values represented by frag-
ments per kilobase permillion and read countswere calculated by Cufflinks37 and fea-
tureCounts,38 respectively, based on the annotations from Ensemble database.

Targeted deep sequencing
Each allele-biased target site was amplified from monkey cDNA using Phanta Max

SuperFidelity DNA Polymerase (Vazyme Biotech). Deep sequencing and analysis were per-

formed using the Hi-TOM service (http://www.hi-tom.net/hi-tom/). Amplified sequences

and primers were used for targeted deep sequencing and are listed in Table S7.

Identification of biased genes
We cross-referenced the F1 hybrid reads with the informative SNPs identified in WGS

analysis of parents. For each cross of cynomolgus and rhesus monkeys, we defined that

informative SNPs are loci where parental alleles can be distinguished based on Mendel’s

law of inheritance. Specially, we calculated the number of informative SNPs from each

parent pair of hybridmonkeys and compared them to those in crosses between rhesusma-

caques. Then, SNP site base calls (fromGATK) of informative SNPswere used to assign the

reads as paternal and maternal specific. For each informative SNP with sufficient reads

(number of readsR10), we calculated the number of reads harboring paternal alleles and

maternal alleles in F1i and F1r. Then we estimated the bias of parental origin using chi-

squared tests in both F1i and F1rmonkeys. Only SNP siteswith the samepaternal/maternal

bias (maternal/paternal reads/total reads, range from 0 to 1) and p < 0.05 both in F1i and

F1r are considered as SNPs exhibiting a significant parental bias (biased SNPs). For each

tissue, we performed multiple comparisons between F1i and F1r samples and only SNP
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sites that are significant in two-thirds of the comparisons are considered as biased SNPs.

Then,wemapped the biased SNPs to gene loci and geneswithR2 biasedSNPs are defined

as biased gene.

PPI network analysis
PPIs of the ASE genes in brainwere obtained fromSTRING database (v.11).26 The cluster

in the humanASEPPI network was identified via theMarkov cluster algorithm39 with default

parameters, resulting in 298 nodes with 562 edges connected (p < 1 3 10�16).

DMRs analysis
The raw fastq files were downloaded from ENA database (https://www.ebi.ac.uk/ena/

browser/view/PRJNA668521?show=reads) and the same pipeline was applied to identify

the DMRs in two brain regions (cortex and cerebellum) ofM. fascicularis.12 The geneswithin

10 kilobase pairs of each DMR are considered as DMR-related genes.

Gene set enrichment analysis
Two disease-related gene sets were used to perform the over-represented disease anal-

ysis. One was collected from DisGeNET database (https://www.disgenet.org/)40 and the

other includes genes related to 64 diseases across the 6 categories.41 In addition, several

autism gene sets were also accessed: (1) ASD risk genes in SFARI database (https://

gene.sfari.org/), (2) differentially expressed genes between autism and healthy samples at

both bulk tissue24 and cell-type level,25 and (3) allele-specific genes detected between

ASD and control samples.13 Functional enrichments of gene sets were performed using a

two-sided Fisher’s exact test with OR > 1 and FDR-adjusted p < 0.05.

Statistical analysis
Statistical analysis was performed using R software (v.4.1.0) (https://www.R-project.

org/). Adjusted p < 0.05 was considered significant for all the analysis.
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