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# Figurel.R

# Figure 1: Overview of study design and sample characteristics

# Author: [Your Namel]
# Date: 2024-01-15

# Load libraries
library(ggplot2)
library(cowplot)
library(readr)

# Load data
sample_data <- read_csv("../Data/sample_metadata.csv")
seq_stats <- read_csv("../Data/sequencing_statistics.csv")

# Panel A: Study design schematic

# ( )

panel_a <- ggdraw() +
draw_image("../Data/study_design.png")

# Panel B: Sample distribution by diagnosis

panel_b <- ggplot(sample_data, aes(x = diagnosis, fill = diagnosis)) +

geom_bar() +
theme_cowplot() +
labs(x = "Diagnosis", y = "Number of samples")

# Panel C: Sequencing depth distribution

panel_c <- ggplot(seq_stats, aes(x = mean_depth)) +
geom_histogram(bins = 30, fill = "steelblue") +
theme_cowplot() +
labs(x = "Mean sequencing depth", y = "Count")

# Combine panels

figurel <- plot_grid(
panel_a, panel_b, panel_c,
labels = c("A", "B", "C"),
ncol = 3,
rel_widths = c(1, 1, 1)

# Save
ggsave("../Figures/Figurel_v1.pdf",
figurel,
width = 12,
height = 4,
dpi = 300)

0] ZEE AlSH5I™H Figures/Figurel _vi.pdf7t MAELCE LB FigureE M5t
Al t
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# TableS1.R
# Supplementary Table S1: Sample metadata
# Author: [Your Name]
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# Date: 2024-01-15

# Load libraries
library (openxlsx)
library(readr)
library(dplyr)

# Create a new workbook
wb <- createWorkbook()

# Sheet 1: Description
addWorksheet (wb, "Description")
description <- data.frame(
Sheet = c("Table S1A", "Table S1B", "Table Si1C"),
Description = c(
"Basic sample information (age, sex, diagnosis)",
"Quality control metrics (sequencing depth, mapping rate)",
"Additional metadata (ethnicity, medication)"
)
)

writeData(wb, "Description", description)

# Sheet 2: Table S1A - Basic information

addWorksheet (wb, "Table S1A")

basic_info <- read_csv("../Data/sample_basic_info.csv") %>%
select(sample_id, age, sex, diagnosis, batch)

writeData(wb, "Table S1A", basic_info)

# Sheet 3: Table S1B - @C metrics

addWorksheet (wb, "Table S1B")

gc_metrics <- read_csv("../Data/sample_qc_metrics.csv") %>
select(sample_id, mean_depth, mapping_rate, duplication_rate)

writeData(wb, "Table S1B", qc_metrics)

# Sheet 4: Table S1C - Additional metadata

addWorksheet (wb, "Table S1C")

additional_meta <- read_csv("../Data/sample_additional_metadata.csv") %>%
select(sample_id, ethnicity, medication, family_history)

writeData(wb, "Table S1C", additional_meta)

# Save
saveWorkbook(wb, "../Supplementary_Tables/TableS1_vl.xlsx", overwrite = TRUE)
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library(ggplot2)
library(cowplot)

# Panel A: plot

pA <- ggplot(family_data, aes(parent_SRS, child_SRS, color = group)) +
geom_point () +
theme_bw() +
labs(title = "A. Correlation of SRS scores within family")

# Panel B: schematic
pB <- ggplot() +
theme_void() +
annotate("text", x = 0.5, y = 0.5, label = "B. WFSD calculation", size = 5)

# Panel C D: Placeholder ( )
placeholder_C <- ggplot() +
theme_void() +
annotate("text", x = 0.5, y = 0.5,
label = "C. SRS deviation by genetic subgroup\\n( ",
size = 4, color = "grey60")

placeholder_D <- ggplot() +
theme_void() +
annotate("text", x = 0.5, y = 0.5,
label = "D. SRS deviation by gene category\\n( o,
size = 4, color = "grey60")

# 4
figl draft <- plot_grid(pA, pB, placeholder_C, placeholder_D,
ncol = 2, align = "hv")

ggsave("Figurel draft.pdf", figl draft, width = 10, height = 8)
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OlAl: 7|2 multi-panel Figure X

library(ggplot2)
library(cowplot)

#  theme ( )
theme_paper <- function() {
theme_bw(base_size = 10) +
theme (

panel.grid.minor = element_blank(),
plot.title = element_text(face = "bold", size = 11),
axis.title = element_text(size = 9),
legend.position = "right"

# Panel A: Scatter plot
pA <- ggplot(family_data, aes(parent_SRS, child_SRS, color = dnv_status)) +
geom_point(alpha = 0.6, size = 1.5) +
geom_smooth(method = "Im", se = TRUE) +
scale_color_manual (values = c("green4", "orange2", "purple3")) +
labs(title = "A",
x = "SRS of parents",
y = "SRS of offsprings") +
theme_paper ()

# Panel B: Distribution histogram
pB <- ggplot(wfsd_data, aes(WFSD, fill = group)) +
geom_histogram(alpha = 0.7, position = "identity", bins = 30) +
scale_fill_manual(values = c("purple3", "green3")) +
labs(title = "B",
x = "Within-family SD (WFSD)",
y = "Number of individuals") +
theme_paper ()

# Panel C: Bozplot by genetic subgroup
pC <- ggplot(genetic_subgroup, aes(group, WFSD, fill = group)) +
geom_boxplot(outlier.size = 0.5) +
scale_fill_manual(values = c("red3", "orange2", "green3")) +
labs(title = "C",
x="",
y = "Within-family SD (WFSD)") +
theme_paper() +
theme (axis.text.x = element_text(angle = 45, hjust = 1))

# Panel D: Gene category stratification
pD <- ggplot(gene_category, aes(gene_type, WFSD, fill = variant_type)) +

geom_bar(stat = "identity", position = "dodge") +
scale_fill_manual(values = c("darkred", "orange2")) +
labs(title = "D",

x = nn,

y = "Mean WFSD") +
theme_paper ()
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# 4 2z2 grid

figl <- plot_grid(pA, pB, pC, pD,
ncol = 2, nrow = 2,
align = "hv",
rel widths = c(1, 1),
rel_heights = c(1, 1))

# PDF

ggsave("Figurel WFSD.pdf", figl, width = 8, height = 7, dpi = 300)
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Figure versioning OfA|

# Verston 1: draft

ggsave("Figurel v1_draft.pdf", figl, width = 8, height = 7)

# Verstion 2:
pA <- pA + scale_color_manual(values = c("#2E8B57", "#FF8C00", "#9370DB"))
ggsave("Figurel_v2_color_revised.pdf", figl, width = 8, height = 7)
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PA <- pA + coord_cartesian(xlim = c(30, 90), ylim = c(30, 90))
ggsave("Figurel_v3_axis_adjusted.pdf", figl, width = 8, height = 7)

ggsave("Figurel v4.pdf", figl, width = 8, height = 7)
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Figure Legend 2} &4
Word 2M0|M Figure legend= L2} 20| &tA

Figure 1. Intrafamilial deviation of social responsive scale from parents.

A) Correlation of social responsiveness scale (SRS) T-scores between offspring
and parents within families. The effect of de novo variants (DNVs) may be
underestimated when the offspring exhibit milder SRS severity but their parents
have lower-than-average SRS. B) Calculation of within-family standard deviation
(WFSD) for SRS in offspring from parents. WFSD is calculated by subtracting

the mean parental SRS T-score from the offspring's score and dividing by the
general population SD. C) SRS deviation distributions among genetic subgroups
in ASD cases, showing greater deviations in carriers of de novo protein-truncating
variant (dnPTV) and missense (dnMIS). D) SRS deviations stratified by gene
category: ASD-/DD-associated genes.
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Figure Legend =t #1%|

A EQS Figure Hx|e| HIAIX| (Bold) — “Figure 1. Intrafamilial deviation of social responsive scale from
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- ZHI140| 203 H[OJE|, M W, 2 A f% MY}
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7|&stt
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L2 A2 E = 0| FigureS2 SH 22 Results MMZ O{ZAH M Li2{ZX| O|OF7|SICt. - “Error bars represent SEM
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4%}, Results — GIO|E{7} &6}A| 617|

Results MM4S & M 71 A ofO0F & L2 FALM? W2 stSO0| A HM E4 ZUEE =AMUZ X7| ARSI
StX|2t £2 Results= HX 25 HA AAStL AZfolOF ottt O FOM= Results M TX|2| HIHE O{EA|
Miof Sk=X|, 2t subsectiong {EA| HiX|ot & t =0 2 e 2y 7Is2 OF UM OE
20|11, 047|M= 2 T-0i| TSSHCt

Results2| eia] #=]: HIO|E{7} F=IZ0|Ct

Results vs Methods vs Discussion

ResultsS M7| M0l HX H2t5| off0F & 20| ULL Results, Methods, Discussion2 2tZ} CHE Hgts STt
MM iz U
Methods o{EA HE=71? We performed NMF clustering

using proteomic,
phosphoproteomic, and
acetylproteomic data

Results FAS YAME=7R We identified five multiomics
subtypes characterized by
distinct molecular pathways

Discussion FoE 20|sk=7t? These subtypes have important
implications for personalized
treatment strategies
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ResultsE 22| “Ro8 WA
AH =20A 2] GiIA|

2|7} ZHdSH 5t NSCLC &HXHe| proteogenomics S ==20|A 7k O|Ct (Song et al. 2024, Nature Com-
munications).

Z2 =l Results (Methods7} 412)):

To establish comprehensive multiomics subtypes, we integrated proteomic,

2

=71 02 ES5HOF

rob

(=3

phosphoproteomic, and acetylproteomic data and conducted non-negative matrix
factorization (NMF) clustering to identify multiomics subtypes.

O|AH2 79| ME MethodsOll =0{7t0F & LHEOICt. “To establish”, “we integrated”, “we conducted” - 0|2

HAS2 25 2PgS 28ok= A0[Ct

2HI2 Results:

We identified five multiomics subtypes: metabolic (Subtype 1), alveolar-like
(Subtype 2), proliferative (Subtype 3), hypoxic (Subtype 4), and immunogenic
(Subtype 5), characterized based on genetic mutations, clinical phenotypes,
and molecular pathways.
L2 STt OfEH 2L =KX= MethodsOi| ALt
L7t SFESO0IA At 571= ZHED

0] LHE2 MX| 0t =12, MEEYS YOIgt 7IZ2 Methodstfl 22 gLt

“HIZ 0|™ EXEE X0| Methods Z0t2 ~ XS HFMHL. NMF clusteringS O{EH| $HE=X|7}
OtLI2f, FRE LHM=XIE MOF FLICE”

_-—

“AHE3E multiomics CIO|E|E Table S122 H2|5t7|. X MUXHOZ AZ =0
2o ZELICE 12|11 MethodUl = CIO|E] Mo IFES 7|EdiFML.”

2% ResultsOil= LZ4TH, MethodsOil= 2Tt
b

Results0| X&tst AL - showed, demonstrated, revealed — observed, identified, found — consisted of,
comprised, included - differed, increased, decreased

ResultsOf] 2886t SA (Methods&): — performed, conducted, analyzed - established, constructed, devel-
oped - optimized, benchmarked, validated — collected, generated, processed

BM £39| A4 parameter AX, input/output &4 S2 BE Methods MM Z8t6H0F SHCY.

MHES 745
MM XSS LAS Hotof St
Zt subsection?| H|=0| LT LEHXO0|H =Xt9| EelS E7| O{FLCL
IHSHHS: - “Subtype identification” = “Immune cell analysis” = “Survival analysis”
7S H2 HS (Song et al. 2024, Nature CommunicationsO|A]): - “A NSCLC subtype associated with
poor prognosis and frequent metastasis” - “Proteogenomic features underlying whole-genome doubling
in NSCLC subtypes” - “Multiomics profiling of neoantigens and immune clusters”
E2 =9 EE:
1. FH|IZ0ICt - “Subtype identification”0| OtL|2t “A NSCLC subtype associated with poor prognosis”
2. YHS g - 24 WHO| ofL 2t FUS LYHAME=X]
3. BAHIE HOELCL - “A affects B” &2 “A underlying B” SE{Z HZHA H|A|
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M
— o =
ZF M40] XHAAZA| O[O AMOF BHCt, =AL7t “eff ZHAt7| O] 0|OF7|?"2tar 77| H QF FCt,
L7t shlolA H2l FHIE:

‘047 OpEEZEXIQI|, =22 M2 'NSCLC subtypes’0|11, 51 MM ’|dentification of subtypes’ 2
AER=OL. X7 | 20, 3T MA0 M Z=Z 10| LBl immune cell 244 0|0F7|HLIC}. X0
0] L2 o|o| CHE HFE0|AM Cf LH2 0[0F7|S0|1 2. 27t =2 FLoHH, OCIE7t 2% =2
SHW MO|X|7IX| 210 "0] &3 0|O] .t hAU|. o £ of?’2ty SAHL, HIZ 2MEZLICH CHEH
2lQ. MEtH, 2 3 §X|11 HEZ 'Subtype—specific immune landscape’2t= FH|Z2 FHI| MM S
AIZFBHLICE, Z12H0F 1EHmHOll A SX5HA| AIZH Subtypes 0|0F7|7} O|O{X| &

Song et al., 2024 =22| MM X 2N

=& M= “Proteogenomic analysis reveals non-small cell lung cancer subtypes predicting chromosome
instability, and tumor microenvironment”

Results MM 724: 1, Identification of subtypes in NSCLC patients by multiomics 2. A NSCLC subtype as—
sociated with poor prognosis and frequent metastasis 3. Cellular landscape of the five subtypes of NSCLC
4. Proteogenomic features underlying whole—genome doubling in NSCLC subtypes 5. Heterogeneous
immune landscapes in NSCLC 6. Multiomics profiling of neoantigens and immune clusters

S= MM0| “subtypes™2t= S FHE RIS A MMM 570 MEEIYS A4S, 0| MM S0| ZF MEEFQ)

o X 2FL H MMO| WSS MBI

o
“7_||- MMHZS I-IO-I'—[-”’ 0| A_'I!Al_ﬂ

ujn

o &E TIMT i
multiomics subtypes'2t1 =0H|Q. 31 HIE2 S MML "Kinase activity in cancer' 211 =L,
KinaseZt 0N SQ3ILH=Z RE= AFHO0| ULIQ? Mo HZAO0| ¢ Q. L7t HHTH subtypeset
kinase2| HHE MHHOFE. KTt O|aHE ZEH=2XIQ?”

Song et al., 20242 £ G|Al:

MM 20| B 2

= 0|0{M HOH T5{ LIZO| O[O X|X| GAELICH HHM MM42 "NSCLC
MIA

To replicate our subtype classification, we utilized multiomics or proteomics
data from 462 patients with NSCLC obtained from previous studies.

MM 30| 3 28

Exploring the tumor microenvironment is crucial for understanding the mechanisms
underlying cancer progression and for developing effective therapeutic strategies
to target not only cancer cells but also the surrounding microenvironment.

5 HHI AMH0] A HHI A0 A MEEY)S CHE TS EOIM AU BEks| 5|1, M i MM2 “9f
OlX| S DIMES =H0f ot=71"E HHGHHA XAARZA HAFL,

Zt MMOl A ZEOIM 2 0] LiO| KT EQB S HES| ofjof Bt
X2 Aoz 7]

=== 02 2, 2 489 HST =MUHZ AHO{EAL
X o %

=
1. Multiomics subtype identification
2. Kinase activity analysis
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3. Cell type analysis
4. Survival analysis

Xt gt “28H0| 2f ZXE7[? 1HOIA MEEHRS O|OF7|SHEt7t off Z4XL7| kinase?”
£ (Song et al. 2024, Nature Communications):

Identification of subtypes in NSCLC patients by multiomics

A NSCLC subtype associated with poor prognosis and frequent metastasis
Cellular landscape of the five subtypes of NSCLC

Proteogenomic features underlying whole-genome doubling in NSCLC subtypes
Heterogeneous immune landscapes in NSCLC

Multiomics profiling of neoantigens and immune clusters

SR} HES: “1HHOIA 57 MEERYS A7, 2H0IM S5] OIS} LI MEERS TS 24, 3HOIM MEEIH HE S4,
401 BALS AHEIIO WGD 53, 5-6H0IA B1f 817 24, =2|xo|Ll

DO WN -

= sl= sLtel tZE otolC|of
HE B2 2H2 EE 4F SHat & & Qo
“SHIHK| 833._ (manuscript MEIXOZ) ZHO| B2HR. 07| F& 2747} & 2H0|2}--- EHS

1220 E Eliz 2H2 H|SHAL otLte| W740|Lt 7HES HHsh= Ol 28 3-52 0| HRSIH.
Song et al., 20242| 2¢t 1LX GAl:
4

[ 1: Subtype -6 ]

To examine the molecular characteristics of Subtype 4, we extracted distinct
features (proteins, phosphorylation, or acetylation) of the subtypes in our
NMF clustering analysis. We found that the majority of NMF features present
in Subtype 4 were phosphorylated sites (96%, 178/186), indicating that
phospho-kinase interactions are a major signature. Therefore, we investigated
the kinase activity of this subtype using phosphoproteomic data. We found
significant enrichment of two kinases, CSNK2A1 (FDR = 2.3 x 10-7) and GSK3B
(FDR = 1.9 x 10-2), which are known to phosphorylate various proteins in
the PI3K-AKT signaling pathway, in Subtype 4 compared to other subtypes.
Upon evaluating the relationship between the activity and expression levels
of significant kinases (P < 0.05), we observed a moderate correlation.
Survival analysis based on feature expression showed that most of the
unfavorable prognostic factors were phosphorylated sites differentially
expressed in Subtype 4 (917, 104/114).

[ 2: SLK -51

Notably, STE20-like serine/threonine-protein kinase at serine 347 (SLK (S347)),
a protein phosphorylated by CSNK2A1l, was significantly upregulated in Subtype 4
(adjusted P = 8.0 x 10-3) and associated with unfavorable prognostic features
(P = 3.0 x 10-6). In the combined CPTAC dataset, we also found increased
phosphorylation of SLK (S347) in Subtype 4 and poor survival outcomes. SLK
mediates apoptosis downstream of the ErbB2 and PI3K pathways and is activated
in a CSNK2Al-dependent manner. Recent studies have reported that high SLK
expression is associated with reduced overall survival in HER2-positive patients
and in glioma. Collectively, these results suggest that SLK participates in
tumor progression and could be a key marker specific to Subtype 4.
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Zt 2CH0| Lo 2AAE WS =0 QUL A HI EHS Subtype 49| MEHHOI OlASE EXG & HI EH2 EH
F(SLK)O| CHSt AN 2M S CHELC}

Zt 2ol 51 2% = Topic Sentence

2Cto] A 2Xk(topic sentence)0| SHY 2TtO| SHAIS S0HOF SiCt,

SAt= 2 BHO A EHT 0k IiEfXNQl SES mefet 4~ QL0{0F St

Son et I., 202429 “A NSCLC subtype associated with poor prognosis” MMOA 2t 2CtO| & ZXf0t

Paragraph 1:
Paragraph 2:
Paragraph 3:
Paragraph 4:
Paragraph 5:

To examine the molecular characteristics of Subtype 4, we extracted distinct features...
Notably, STE20-like serine/threonine-protein kinase at serine 347 (SLK (S347))...
Furthermore, Subtype 4 showed a significant upregulation of leucine-rich repeat...

Subtype 4 included numerous prognostic features in the HIF-1 and PI3K-AKT signaling pathwa
We evaluated the clinical significance of Subtype 4 according to the survival rates...

Zh 2Ol A 2T 0T “Subtype 49 EXFY £ — SLK 07 — LRRFIP1 OFA — MSHY Z2 — MZES B4

SMZ 40| USRS ¥ 4 Ut

0] ArZ82| Fetda 23y

IS Hats| pEsict

Hlxol H0l= E0Sk H&tHo == THE 2|0| 7HXIL}. FetotA T2oiAl AHE5HOF SHCt.

LH7t St SOA 2] THE:
‘0|4 2ZQst MHO|MQ. TH25HH proteomicsE 2ZICH=A OtL|2} OtX| phosphoproteomicsZt
HACH= ol ZHQ.  J2{H 0| MMl H HE0|= 9f phosphoproteomics?t £Q5HX| AHO|
LtQtOFSt=AHE.”
“712|1 LtA global proteome2 E11, OX|2O 2 acetylomeS EZICtT 5t, PTM 242 E0{7IH
LT Zfzto| ofgto| LR

Song et al., 20247} {1 25l= E0S:

Neoantigen vs Cryptic MAP - Neoantigen: HMIZ SHHO|A R2ct ZL £0|X & - Cryptic MAP:
TG/HIFA AN Fefiet MHC class | 28 HEO|=

==20M 0] 25 B25| FE0HK ALEICH:

We inferred 85,430 neoantigen candidates and 775 cryptic MAPs and annotated

the origin of the cryptic MAPs based on the matched transcripts. Interestingly,

only confirmed cryptic MAPs showed a strong positive correlation with improved

survival, although the number of cryptic MAPs was notably low across patients.

HTE vs CTE (HY Z2{AH) - HTE (hot-tumor-enriched): HAMZ7} S8 “EAHR” ZY - CTE (cold-tumor-
enriched): HANZ7} M2 “IIHR" BY

20| YTY0| 23 0|R: S| AX|K Ml

=22 H=0| 0B E UEok= 247t OfLCE =X ML i XIEE T = %OIEt

=== ¢ A O HE E2ME B, oY 801S Soll T WES Olalieitt. £ 017t =2 WOt SAt=
0|70l HUE M2HS CHA| HSZICE 0| RS AUXIH 24Ql(cognitive mdex)OIEf 22 2 Qloh

Song et al., 20242 Z2 o

34



=2

=2 MM “multiomics subtypes 2t= E UTE|A AFESITH - Abstract: “-reveals five molecular
subtypes” - Introduction: “:-to define the molecular subtypes of NSCLC” - Results M4 1: “|dentification
of subtypes in NSCLC patients by multiomics” - Results MM 2: “A NSCLC subtype associated with poor
prognosis” — Results A4 3: “Cellular landscape of the five subtypes” - Discussion: “---the five NSCLC
subtypes enriched for WGD, oncogenes---”

SXt= “subtypes™2t= HOIE & WHOICH “Of, X 67 &S ESH=TL 23 ZA| O[sHBHTt
Al R0j= =2 XHI0| SSIC

[

SXO ML Mols 2SaH, Y B0{E Results 24 M0l HEkS| FloOF St
q

Song et al., 20242| & Results AIM:

We identified five multiomics subtypes: metabolic (Subtype 1), alveolar-like
(Subtype 2), proliferative (Subtype 3), hypoxic (Subtype 4), and immunogenic
(Subtype 5), characterized based on genetic mutations, clinical phenotypes,
and molecular pathways.

0] 8t 2H0| == A2 XXM DY AT E HHSICL. ZXh= 0|F “Subtype 3"S = MOICt “proliferativedt 1
JE"8 WS}

0| THX|H EXt= S Y=rt

otof 2t 7H'—"° CI2A 22M: - H MM: “multiomics subtypes” - £ZF AM: “molecular clusters”

- fol'i.* MIM: “patient groups”

XFE “0|71| 22 1717 LHE 17172t Al FI2 SO0t7tA 2HQIoHOF SHC. QIX|E 2&0| HZICY,

—

2, 22 =QIotAL: 1. M g S UEfL= 017 TR =20 SL7? 2. A0S ofH Fost

o=2c —?—
|

= ,
AtE3dt=71? 3. Figure legendUME St 8K E AH8SH=7t? 4. Supplementary Material AT 2tEl

ot == oM 22 7HES THE 80Z &
Fig vs Figure:

‘Fige M= Ak UL FigureZ2 M=AT Y=, SLSE AZFH SASULL”

i

ofH A7t A HIBIT

Cell subtype vs Molecular subtype vs Genomic subtype:

“HtZ Of2ff EH0= 'molecular subtype’O|2t= ES M1, O7|= 1Y 'subtype’IH|, EY2 5HH
ZEASLCEH”
S M- .

“Xl= molecular subtype OHAZd 2012, HLIH, RNA, protein expressionS E85H21 OlLIL|7R.
J2HM genomic subtypeO|2ts B&iS MEH £S5 201Q.7
Song et al., 20247} &gt H:

=2 MH UM 202 URE|H AFSICE: - Multiomics subtypes (X% A Subtype 1-5) - WGD (whole genome
doubling) = TMB (tumor mutational burden) = HTE/CTE (hot/cold-tumor-enriched)

ofH Of0{E HOlotH ==& TN SUSHA AHZ STt

35



Figure®t Table2| 11X HiX|
20N 2HHo = At

FigureLt Tableg 218& M= A Yt SH HAISHOF STt

2ZE 0o

——

Results are shown in Figure 2.
2HI2 0| (Song et al. 2024, Nature Communications):

We found significant enrichment of two kinases, CSNK2A1 (FDR = 2.3 x 10-7)
and GSK3B (FDR = 1.9 x 10-2), which are known to phosphorylate various
proteins in the PI3K-AKT signaling pathway, in Subtype 4 compared to other
subtypes (Fig. 2d, Supplementary Fig. 2d and Supplementary Data 2c).

THHR! A2t SAUS 220 MAlstLL, Figure= AlIZH 2015 ?{sH Q1SS

=Mz AFsit (SHEHAE..)

Figure®} Table2 220 %’éﬁfé &=

MU2 HS S 0§70F SHCE Figure 1A, 1B, 1C &MZ AHZSICHF AL
3E _uorm ot ElEr = & rEE g

| Figu
_xr SX7H HHISH], SXI21s] BROjOL BIC). S20IH 0| 8 2=

S

Song et al., 20249_| Figure Hi X|:

Results 1: Fig. la, 1b, 1c, 1d, le (Subtype identification)

Results 2: Fig. 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, 2i, 2j (Subtype 4 )
Results  3: Fig. 3a, 3b-m (Cellular landscape)

Results 4: Fig. 4a-i (WGD features)

Results 5: Fig. 5a-g (Immune landscape)

Results 6: Fig. 6a-g (Neoantigens)

= M2 =MZ HHX|E|0f RACE

=L

Figure LIZ0| 221+ LX|HOF

o

Ct
L7} shlofA E21 FHIE:

“o|EY5AL oI 9| M=£0| 0§Z0] QAELICE 07|M= GO Zut 22 S0izt A 224l (K7t OISk
o), 23 ‘%’—HOI SIEHO EA7} E|O{0F & 2 Z01R.”

ot LHIEO| FigureOllA A[ZXO 2 201 7HS5HOF ST
Supplementary vs Main Figure
Xgo| 710|E2tR1S 20150 SHot.

VS

12

=2 =
‘EASHE =8

71 M

A2 o
|m

O
-5

=0

o

MOIEOIN author guideline ECRIGHFEMIQ. Supplementary Figure 211 A=X| Fig-
ure S 2f1l ME=X] S01Z SHFEMR.”

QMO Z: - Main Figure: 3% 274 — Supplementary Figure: EX H|O|Ef, ZZ MY 7| £M

Song et al., 20242] Z4<: - Main Figures (1-6): AEEIR] Mol & 2M, ME EXN, WGD, HY &A - Supple-
mentary Figures: TMB I, &7} kinase =41, 243 Z3E Z1}
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https://www.nature.com/articles/s41467-024-54434-4

MY QA 2ol
Journal2 ZtXt9| Author guideline0| QUL F11 F0f| HIEA| X{=O| 710|E2IQIS 2J0{0f SHC}.

i_t?_lge AL8t: - Results M99 Z0| X|gt - Figure®t Table 7= X[t - Supplementary Material 4] - 218 AEIY

0] AL 7]

n

5%t Results MMZ X517

otLtel Result M4 QHOf|A], &IX|0] BF EF QHOIM O{EA SO 2 & AU Tioh LOtEA};. E2 FZE 712
Resultst= 20| BeotX| OH SALOAH HEZX| = 0 oAM= 2H 22| SPES0| 2tdet =20 G2

THES HIEOZ, 38 #o| Xy J7|&S HHEL

Results MMQ| 2ot I1X — Q71X HA
ResultsQ| StLIC| MMS St I, HE 3-4712| EHE M=Lt. 1 RHE2 ME f7|HC= HZE=LD,

227} 2ot HHE M=M =2 Kim et al. 2024, Exp Mol Med2] “Cellular landscape of neurodevelopmental
disorder genes in early neuronal lineages” MM 0|2 AL X},

2o 1: MIE £0|H enrichment I{E

Over the past decade, large-scale genomic studies have identified risk genes
associated with neurological disorders... We prioritized 14 sets of genes
previously reported to be associated with neurological disorders... Consequently,
distinct patterns of gene enrichment were detected in a cell type-specific manner.

O 2Ht2 2 IS MAISITE OfH disorder risk genes0| 01t cell type®iiA enriched &/0f QU=X| ROIZECL.
£t 2: Neuronal lineage2| HIX £

We further investigated the cellular lineages underlying the neuronal clusters
and the lineage-specific patterns of neurodevelopmental disorder risk genes.
The pseudotime trajectory built on cellular identity reflected the clustering
patterns of cells differentiating from radial glia to neuroblasts, eventually
committing to mature neurons...

=E 10 “cell type—specific”0[2t11 gL, OH| & #H S0{Ztct. Ha=3| 0{™ cell typeOl OtL|2}, cellO| 23tot=
H=(trajectory) &0IA O{EH LHE=X|E 2LF.

20 3-5: Zt Lineage2| AA| 24
Lineage 1 (excitatory neurons):

Lineage 1 represents a differentiation trajectory from radial glia to excitatory
neurons... Among the autism risk genes, those involved in transcriptional
regulation, such as RNASE1l and TCF7L2, are predominantly expressed in the early
stages of this lineage...

Lineages 2 & 3 (inhibitory neurons):

Lineages 2 and 3 represented the differentiation trajectory from radial glia
to inhibitory neurons, diverging into MGE-derived (C20) and CGE-derived (C23)
neurons. ..

Zt lineageOtCt O™ risk genesO| 0= A|F-0f| &34 % =X|, O] biological pathway?} enriched E|=XIE 71X X O =
NESlE
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https://pmc.ncbi.nlm.nih.gov/articles/PMC11541755/

J)I

SE: 1. 2 12 o{H cell typeW|M risk genesO| enriched =l=71? 2. &7t 12: 0| cell typeS0| {EA|
=712 (i neage) 3. M2 & Z lineagedllA 21X, O{H genesO|, O1tH pathway?—f SH LR =T}?

2t 2CHo| X 2X0| YA HAL|=X] F251KE - 22 1: “We prioritized 14 sets of genes-” - & 2: “We
further investigated the cellular lineages---” - 2& 3: “Lineage 1 represents---” - 2Lt 4: “Like lineage 1,
lineages 2 and 3 presented--”

“Further”, “Like” 22 AZAN7} YO, =2|X SE0| XAIHAZA O|XIC. 2F FHO| O] FHON HHT AZ0|
Hol7L, 4 #2 4= M3ote XLt

HE e
OII

2|
st

N

=0t SAMT SIEEE, =25 Ch. O{=Z SM7|E ofiofob/|= 1, dfst SMIIE
SHOFA L7t 2F2 MA|LE|, B2 Z2 Al 20| LetM, FAO| HO|=E 0| HFAM. 1M XF =22
M= SHESHA Al =72 EEot=A =20] =Lt

BHAE 2 D2MA

1EHA: 28 X 4% (3-47H 2T)

T B MM ot R N2 BEE SX| FHTLE BS 3-4H7F MO (0]2 22 FE2 XMSFE e Tt
S

HA .

OlAl: — 2 1: Risk genes?| cell type—specific enrichment — 2 2: Pseudotime trajectory | I{El - 2Ct
3: Lineage 1 &Ml 24 - 2t 4: Lineages 2 & 3 H|ul £

288%;: 2t 2ErO| A H LI (4-57H)
Z

2t SCI0| SOIZ X2 ZMSS =2INOR 4-57f MECh 2HOR OAEO0| XY ME EIX| B st
F

D Xtol
4 = To=2
2= ol o HES OEA oiorX| |2 “’”|°* Ut ot XME =2 M= SWE2 U 2
Do B H_ W) 2R7I0| (7S Al £0| SHECL. 22 2SS HMFD LM, “=2|Xo2 HZO|

‘”mw
J>|'|I

10fH 2012 HM, HHoh= ECt.
OlAl (2 3):

- Lineage 1 radial glia excitatory neuron

NEUROD6 neuroblast

- Autism risk genes (RNASE1l, TCF7L2) early stage

- Developmental delay genes peak (RAB14, MYCN later, FOXP2 postnatal)
- Wnt signaling pathway enriched (FDR = 4.79 x 10-2)

0|21 CH=f 127H01A 20742 si&) HQIET} LIRLY.
3T AIZ EF YUY R HE
Al E0H O] ZRIESS HIEC=

=S

mo

AMIES

ro

Ct.

MO

Prompt

" Results :

- Lineage 1 radial glia excitatory neuron

- NEUROD6 neuroblast

- Autism risk genes (RNASE1, TCF7L2) early stage

=2|MO2 gr=X|, 12|17 O|TFHHR Z2P7t MIAEIQUEX] Of2f 1 0121 £FBITE O] THHO| ALRH(EHAO| 43Ot
SIC}. OLE O] ZI{0] Jhs B AJZ10] ZEK|E 2L XS =28 M S0 0] ££0| OfZC. O{ZH Mofzl
70| £2 2R Ox| S XS SAIS2S 02 Se0f 2t T2k 2910 235t 30| £ K2IX| ORX]
BGTE S2S 7|0 BIH 0|20l 71 QL. UVt AAZ 2o, B2 siuSe| ZT2S Sof Zeis XSS
xoj=rt
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Ct. Ofefet 22 F0|C

FOXP2 was highly expressed at the end of the lineage, particularly in the
postnatal stage, **suggesting its critical role in late neuronal maturation
and potentially contributing to autism pathogenesis through disruption of
synaptic functionx*x*.

ZHIE off:
FOXP2 was highly expressed at the end of the lineage, particularly in the
postnatal stage.

ResultsO|Al= ZHESH AMAOH M=Cf, B2
7t ZEZE %Er 2Lt Al g HESHA 0]
HAXO| MER JEXICY

S8 AHT, GPTIE A S O

siA(“suggesting its critical role---")2 Discussiondi| 'Z0{0} 5._ Cf.

=20 2% Foll “,suggesting X" 0|2H E0{M Mol 427
A st J2{CHE L] Resultse| 2HE0| £EZF QA MINE X o*ﬂ
T St71X| GPTQ| IHEIO| QUCt ResultsS ZHd3t Iff, OpX|aHf| Q9F 2

a
(=]l
ZH:

)

Collectively, these results demonstrate that essential biological processes
are dynamically regulated throughout neurodevelopment, highlighting the
temporal specificity of differentiation.

CCL--
aT

Collectively, these results demonstrate that a foundation model trained and
fine-tuned using the atlas enables the prediction of meaningful biological
representations of gene perturbations, positioning it as a powerful

resource for dissecting the functional consequences of genetic perturbations
associated with NDDs.

0|3 Z3H% 31412 Discussiondll £3iLh. Resultsi DX S MAISHL BLIS STt 0/9 22 2 HE} 55
=201 MOICt, JHOIXO! 240 HA0J7! SHRIR, SHA{Z SES Discussiondll B %S HRIIL ResultsOiAl=
HOIE{7t 5k 51, HIO|EIZ 2|02 MEfaHH| 20| A010F BiTt,

B 3Ol B YL, AlQ| 0[S XF IS ‘2S5l 2YS IS, IS 2ol HYSS
MBI, I TEDES QRS 1) 713N HYNOI XIE, Hokst TYQASES H0/0} BT (S5 Results THEOA).
E5tLES AIBS 910121, DS Q0|2 XYHEXIS MO BLL SL LIS AWSS CIZ A 201N, 017
TLI7} St SA| RSP 01T 2HO|L, TBSPH 2ol 20| Y02 THHEl RS AS4 U0f? BA
021 $20| QOB XIKaEr 211 BOiEAE L

W7t Kim et al., 2024 == ZMd A] SPH0A| 7] ZHEL (Kim et al. 2024, Genome Medicine):
‘07| OHEH B E= oI, 525t ZAE HE o2 0| LR SLICH LR 128

“‘HIZ 2™ 2X0|M attention issuelt genetic association 0|0f7|E St=0| °H ZAL7| 0§7|A ADHD-
like phenotypesO| LI2=7% - 2&0] 0|si7} QtELICt..”

HRE O

Previous studies showed attention deficits. Genetic associations were found.
ADHD-1like phenotypes were observed in siblings.
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https://pmc.ncbi.nlm.nih.gov/articles/PMC11429951/

=HHE off:

Siblings of autistic individuals showed ADHD-like phenotypes, including
attention deficits that were genetically associated with polygenic burden
( =0.23, p =0.003).
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BESHA MMSHA M= SP8E (MBTIZES 2 ST o1 32E.)

MOEH, SHIXE MBTIZH SO 2I750| A== St &7t 2MotH HE

M= AL, A A% 20t WZHEAR. K7 Ml — At A — HEN — At o Z 2
UCH E|ZNE? A FASIHM Y23 SHUTY| HAE AHSITHEX], HiwE AIHBITHEX] Sk 0|0F|=
2t o= ELICE 021 SHE B R REIH O UL, =&% DFE7EX(0Q. O MMM Hotal A2 171K
HAIR|I7E FRA7tQ? AT YZIGHH MH FUT”

Zh MM 2F 2EEo| sl HIAIX] StLto| ESSHAL 11 HIAXIE ME 5= O BRst £[AsHe| FHI HMSSHH EC.
Kim et al., 2024 (Exp Mol Med)2| ZEE Mz

“Cellular landscape of neurodevelopmental disorder genes in early neuronal lineages” MlM: - 2Et 1
genes= E7H cell typeW|A enriched =Lt - 2 2: Neuronal lineages= &Y ©HA0f {2t diverge $tCt - 2&
3: Lineage 1 (excitatory)2| EX 1} temporal pattern — 2t 4: Lineages 2 & 3 (inhibitory)2| EZ&1t H| W

LS HHS BT M,

ol

EYS AYoILIt AEZH|CHZ oS SHYS (MBTIZE NPRI BRE--)

J

U SISO SIS IHIGET FH I, RF YO LML
AYB)C)D &MZ HHS SHOFI=EL, A) B) B' ) B" ) Z(3772) ) 7 (372 877)
0|31 TSR 57|40| 21 20| YT} T2HM S SXIEIOE HEOf St Results®l 247|0M 22 B2S

s
SOHZICt Z7HK| 7120 LHE, EISS THA| HORA Z0t27|7F 0fELE ZA| 0|2 & SH= =210] O ZREHH s Z 0]
o

1. =22 =AS I, ZA5HIX} 5H OF0[E! (|7, B|0|E, HIO|E)S DR 51X

2. QIE{YIZ BLt QIS L} QWIS It -) 57|M0j O3 ZMS U RITHICH

3. =22 EMSITH HS5IX| T, k20 SX| 962 ZOICh T2iLt 39| OB HIF BN HE 452 22 &
240[C}. BHAIBHC}

82 Z0|: L5 WXk, LT X = A

A2 oiLte] FQ ZAt= stLte| et 2Y2 2 Hlot= A0|C.

=

In children with autism, de novo PTVs were observed more frequently in females
than males in Korean cohort (RR = 2.0; P = 0.11), SSC (RR = 1.8; P = 1.1 x 10-2),
and SPARK (RR = 1.2; P = 0.32) (Fig. 20C).

O] 2&2: - ojLtel el Wzd: 0{Q0lM de novo PTVZL O Lt - M| cohort®] SA:
YYH HOIE: 2E At X8

Ko S 2XHOZ HA| -

o
Mo

FHE0|L} =HBS FO|Z MX| LA}
0| N2 MY S0| A1 otz ALt SIRYUSHA SATIE 7I2E I X5 E0|= &4=0|C}.

* “Heatmap analysis revealed-:-”
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* “The volcano plot showed: " =) Figure legendOiAM= O|ZH &4 UOLL, ResultsOlA] MOF & 2X2
OFL|CY.

¢ “GO analysis demonstrated--”

* “Our differential expression analysis found---”

* “The Seurat analysis showed:--” (Seurat2 424 2M E)
CHA O|EA: - “Gene expression differed significantly between--” - “Among 500 genes tested, 45
showed---” = “Enriched pathways included synaptic transmission and---”

Seurat, DESeq2, GSEA Z2 £ 0|52 Methods0l| O™ EICt THOF 042{20| Seurat E2| JHLXI2HH, M EIC.
=0 223 A OtLILI7}--- ResultsOl M= L7ASH AFTE ZHASHAH| MESHAL.

Mg =22 A S22 U XF =21, UT X T8t

SHS0| =23 HMH GPT7 MMSH =5t ESS0| YLt E3| “Altogether”, “Together”, “Notably”, “Surprisingly”
22 FANE EotA AHEStTt. HM= oF SPHO| == 0A L7t M| EAISH AS:

ARG HSIS: - “Altogether, the Core and Extended Atlas constitute " — “Together, these findings demon-
strate---” — “Notably, both OligoEUR and OligoEAS exhibited---" — “Surprisingly, these models achieved---”
- “In particular, telencephalic neurons exhibited---” - “Furthermore, the NOCAP contains-"

0|3 H3IS2 IR E S5 Sl 282 oli|= =2 MEELCE

T8 A

Altogether, the Core and Extended Atlas constitute a comprehensive NOCAP
annotated across hierarchical cell-type levels, designed to provide a robust

and integrated atlas, providing the foundation for all subsequent analyses.
2Y %

The Core and Extended Atlas constitute a comprehensive NOCAP annotated across
hierarchical cell-type levels (Figure 1E).

ZtZ5t0 HESICH “Notably”Lt “Surprisingly” 10| £86
ME2 EAE HO| 201 RE|L2te]| HE|: I3 S30|

3t BHA =20 L7} 7] RHE:

152l 07IMRE HZEC} FAL SHQS +ASS AMASLCE M7t ALK F2S AL, oJ0f7t
M2 HEE=X| SIHFM Q. of O] Y= ol Z[LFH, "ZINRAN S E0F7| HE LT 2ref
IAS M S A & A=, 271 FFSITT SAHKH, ZIRAD'E H E6HFMQ.”

SEQSH SAIS Mot LH, YA WA HalxX)7t SESITHE A4S THEA ot 10 RXHE Me 22 F

| 2ot 2YO|Ct 21 XiX|7t “=2tg S METIT
oI}
LS .

Y S SAL 017

» o«

“established”, “optimized”, “benchmarked” Z2 M A SAIT ResultsOA = Z|ASIGHA},
5t 5HAY =0] Of:

- O =

To optimize the Core Atlas integration, we benchmarked batch correction methods
using established evaluation metrics, effectively minimizing batch effects while
preserving biological variation.

0|72 Method0il E0{Z LIO|Lt. ResultsOlAfE:

The Core Atlas resulted in approximately 1.4 million high-quality cells
(Figure S1B).

Z02t ZHES| MAloHH Lt
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&8 3X 2% 1J5}7| (feat. HBME)
SHYS0| 2HS HS [ X St 447t T FRE of (28 2X):
To find differentially expressed genes, we performed differential expression

analysis. As a result, we observed differentially expressed genes between
groups.

0| 2Xfo| £F

4I&: 1. “To find A2t A&t 2. “we performed B” (B= AZ 37| 9|5t 2M) 3. “we observed A”
(B2 AS ’;‘J&’IED

0|4 WE0| gl= EH™o|Ct, EHAH3]| differential expre33|on analysisE S}H differentially expressed genesE
2= 7L “To find A, we did B. We found A” X £= ILOJotAt. HIZ “We found A”Z A|ZISHALE, “A dif-
fered/showed/exhibited” Z2 ZHH EHS MXL

Academic writingWl M= £2&i(contractions)a M X| Y=Lt
LH7t sholA| g2 THE:
“Academic writing0lld SEYUUS MX| &&L|C}--7
25 0f: - can’t — cannot - don’t — do not - it's — it is — isn't — is not — doesn’t — does not
, BZ& 2k0{(acronyms)= A2 7+551Ct - DNA, RNA, PCA, GSEA, GO (0|3 HEL 0K)

{7} Yole “SYL"2 isn’tLt doesn’t 22 £ (contractions)0|Ct. AX| ME EHEL HHG| E0{A

o

r

Ct.

£H0] AMEo] Fat

Results?} DiscussionOl|A] At5t= SAZf CH2LY

ResultsOf] X&st SAL: - showed, demonstrated, revealed - indicated, suggested (25t 2! - differed,
increased, decreased — assessed, evaluated, examined, tested

Discussion0| X&st SA}: - speculate, hypothesize (£&) - implies, suggests (5i41) - may, might, could
(ts9)

L7t SHA8OIH 7! AUE:

i3
£
>
0
rir
o
A
I
_O'ﬂ
rir
N

HC}assess, evaluate, investigate S 0|2 W75t H{E M= A E&LICEH

+SEH vs SSH

Arlol] T2t X{5| MEfHOF SiTt.

ResultsOlA SSEH (2217} &t 240[Lt &2 R):
We examined 500 samples...

We performed differential expression analysis...
We identified three distinct lineages...

ResultsOlA =SEH (AR ST0A STet 2atS):

Samples were clustered into three groups...
Genes were annotated using...

L= ResultstlAM 2HS & M, “We performed”, “We found”, “We observed’? Z2 SSE| 23 20t &
*EEH°' LeEgltt. RE7HE2 A, L7t LSt AS Zote A0|L7t. Tt CHE SIS0 ANES
M 3

=0T HA

St |
If= “Sanders et al. found” 0| *'°| SSH 22 MX| t=Ct OE AL AuE AgE ™ +SE=E 20

42



It was previously reported that... [1]

De novo variants have been shown to... [2,3]
0|4 LH7t =2 St= 2t0|" AEIU0|1, O BE WAIS AR CHE 4= QUL
sSH:

We conducted a quality control assessment for the WGS datasets...
We identified distinct neuronal lineages...

TSE:

Risk genes for neurodevelopmental disorders, including autism, developmental
delay, and epilepsy, are predominantly expressed in neuronal cell types.

Ci2 917 o3 (SSH):

De novo variants in autism have been shown to disrupt neuronal genes... [5]

QI2(Citation)2| X3t Al2
Hie

Previous studies ¢ig Al HIEA| 218

CHE Si71e] ZutE g e &4 Q180| HQSICt L7t Kim et al., 2024 = A| Xt== H7|= ZHEL]:
“Previous studies Lt finding0| £0{7™H citation0| AU0{0F 5HL.”
“Reference??”

ZRE o

As previously documented, DNV genes were associated with transcriptional
regulation and synaptic transmission.

=HIE of:

As previously documented, DNV genes were associated with transcriptional
regulation and synaptic transmission [2, 16, 21].

The autism and developmental delay risk genes were considerably enriched in
both excitatory and inhibitory neuronal cell types, which is consistent with
previous findings [24-26].

De novo variants in autism disrupt neuronal genes that are overexpressed in
the prefrontal cortex during the mid-fetal period [5], indicating that risk
perturbation at the molecular level precedes its clinical onset [6].

H0|0| WAL B3k HA|
=01l MZ2 HAQUKX|, 7|E AF2| HHAUQUX] B2H5| oHOF SHCt.
M22 HA:

We identified three distinct lineages diverged from radial glia and
differentiated into excitatory and inhibitory neurons.

TIE o) gl
Consistent with previous reports [23], we observed enrichment in synaptic genes.
Citation 34| SY

ME0tCt Q18 AEIYO| CH2L}, of =F WM LA |XIGHOF STt L7 SHOAH E21 ZHE

‘EllolH= == AO|ENIA authorgwdellne OIBHFEMIQ. Supplementary Figure2t A=X]| Figure
=2 oiFMe”
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Ol AEIY: — QXL text??* - BS: text [2, 3, 4] — Author—year: text (Smith et al., 2020)
Kim et al., 2024= 3 AEIY [XXHE LZEIH AHEELCY

Results 22 ZpA&! I, SlOI5HO} 5He 21

“significantly enriched”2f 12t AX| YR}, St KRl +X|Z HMSoHOF BHCH.
TRE of;

Gene expression was significantly higher in cases than controls.
SHIE of:

Gene expression was significantly higher in cases than controls (fold change = 2.3,
p = 0.001, t-test, two-sided, n = 500).

Kim et al., 2024 (Genome Medicine)? £ 0f:

In line with previous findings [58], we observed an average twofold higher
proportion of individuals with a de novo PTV among autism cases with ID compared
to those without ID in both females and males (Fig. 3A; Additional file 6: Table S5).

“twofold higher"2t= T $=X|E HA|BICE.
I CHE o

Male siblings had significantly higher scores for seven out of nine clinical
phenotypes related to autism core symptoms (total symptom severity, social
communication and restricted interest and repetitive behaviors) and significantly
lower scores for five out of seven cognitive/adaptive behaviors than female
siblings (Fig. 5C; Additional file 8: Table S7).

“seven out of nine”, “five out of seven”2 XZF3}3HLL,

‘J2|1 £% pathway?} 0{= A|Z0]| x fold 2t S22 H22=X] SSOll tHet FZXQI 240] U0{0F
1A 7*0r8. HE=0AM, (Figure 1B). In particular, [pathway name] were significantly increased
in [group] (XX fold, p=XXX, t-test, two-sided). 0[21A]1OZ 'Z0{0} &IL|C}.”

FEXA SY

M0 RExAt 730 2D o =& WA= LA FXISHOF STt

UHIMOZ: - p-value: 24F 2-3Xt2| (p = 0.001 &= p = 1.1 x 10-2) - effect sizel} fold change: A%H
1-2Xt2] (RR = 2.0, fold change = 2.3) - &8 M E= A4H™ 1XI2| (65%, 5.6%)

L
—

MZ 4 A
S 24 ZUS HAIZ U S 43 22 BAIGH0F BIC,

We analyzed samples from the top 5 brain regions by sample size (cortex: n=342,
hippocampus: n=198, cerebellum: n=156, striatum: n=89, midbrain: n=67).

L7t e =20f =71 THE:
“ME 71 U2 2MHZ A 57H regiont B4 n=XXZ HEA|”
Kim et al., 2024 (Genome Medicine)2| 0i|:
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The Korean autism WGS data consists of 673 families of total 2,255 individuals,
encompassing 21 multiplex families with more than two autistic children.

0f the 696 individuals with autism, 590 were males and 106 were females
(5.6 male-to-female ratio). Siblings included 90 male and 123 female individuals
(0.74 male-to-female ratio).

HE O59 ME =7t B=oitt.

» »

“higher”, enriched” - B3 2H HQ
Hlu F3S AHSE M= BIEA| HYE 2HE HAIGHOF SHTt.

2ZE o

lower”,

Oligogenic genes showed enrichment in synaptic transmission, comparable to
DNV genes.

=HHE off:

Oligogenic genes showed enrichment in synaptic transmission (G0:0007268, 23 genes,
adjusted p = 0.002), comparable to DNV genes (G0:0007268, 31 genes,
adjusted p = 0.001).

O SH 4TS MEV=KI & HAIGHOF STt XME0tCH 710|=2f210] oL,

Groups differed significantly (p = 0.003, T-Test, Two-sided).
Proportions were compared using Fisher's exact test (p = 0.012).

We performed permutation testing (1,000 iterations) to assess significance.

Non-significant ZatT A ICt
(o)

SAMLE RolotX| ¢2 2o &

mjo
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Although we tested for differences in PRS between groups, no significant
association was observed (p = 0.24, n = 500).

Sex ratios were similar across subtypes (p = 0.31, chi-square test).

H| W 3=X] Hetolof

ror

Ct.

De novo variants showed higher burden. (<- higher?)

De novo variants showed higher burden in cases (mean = 2.3) compared to
controls (mean = 0.8, p < 0.001, t-test).

In children with autism, de novo PTVs were observed more frequently in females
than males in Korean cohort (RR = 2.0; 0.066 variants per female and 0.033 per
male; P = 0.11).

T FTE W=, 2429] 20| FRYUX| 25 F=otCt.
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LH7F Kim et al., 2024 =t A| SHAHO| A =21 THIEL}:
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7|'O|-JC_)L.”
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Expression was significantly higher in cases (p < 0.05, t-test).

QUHIK ZEQAMS Tt [If:

This finding is particularly important because...

CC

o

rr

This represents a notable difference from previous studies.
“Significant”& SAX 2|0|Z0F AR5, YHX QM2 “important”, “notable”, “substantial” S22 E&6}AL.
EAXOZ QoJat m:

Male siblings had significantly higher scores for seven out of nine clinical
phenotypes related to autism core symptoms (p < 0.05).

Uy F24:

This finding is important for understanding sex-differential liability in autism.

6% Methods — & =& M 7|9 EELZ|Y THA|
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LSt e Ot 1, ResultsAE W42 (A EHSX| 10Igt HO L QICt X K220| RAS H=X|E Hatst
HEI2{0] 7|S5HH EICt,
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=& FAE Foly, 622 A0 Al ==Xt O2t0[& Pt B FCt, UEe| REZH ':f71|3f_’ M2tsHH =Lt
SEX|ZE " 7|A X012t M OFFEAILE Mk == A OfLICt. Methods?t 24! == MAQ ME|LIt XL
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OIAl 28

This study included 512 individuals diagnosed with autism spectrum disorder and
325 unaffected controls recruited under IRB approval (protocol #2020-0567) .
Written informed consent was obtained from all participants or legal guardians.
Clinical characteristics such as age, sex, diagnostic category, and cognitive
assessment scores were obtained from medical records (Table S1).

O] 2H2: - ME £ (512 cases, 325 controls) — IRB HS (#2020-0567) - S2|M F5 &4l (written informed
consent) — £=&I5t A& B4 (age, sex, diagnostic category, cognitive scores) — H|0|E{ £X (medical records)
- &M HE 2{X| (Table S1)

BE 4 YES 9 ULk

A2 4% U Bl0[E] WAt

o] QolA IROIAE Ho, XX, MZ SO WS AZZEE DNA, RNA, = EHITIS S50 Of
o= NE Z2E0 9 HRAES M8 BRE Y0, U0l 3R, MH 712, 53 5 KBS BHOR 7Hish

kIE IH-’T‘— YES 2HS| Hen o KEO| HUSKI(EDTA, heparin), 0 204 2HH=X|(-80°C, -20°C)
L.

Z(Illumina NovaSeq, PacBio S), read Z0|(2x150 bp, 2x100 bp),

E1I0IE1 ’.‘_* EX A H=0t AIE%‘ =
Al |E7F UTHH SIAHE T MZE = ML,

T HHE|X|(30%, 50x)E H

S X|E= StEA| ZEsiCt QSO(quaIity score 30 O|AQI read?| H|E), read depth, mapping rate Z2 7|2

0|'
—-—
—-—
O|'
NT, ::

Peripheral blood samples were collected in EDTA tubes and stored at -80°C.
Genomic DNA was extracted using QIAamp DNA Mini Kit (QIAGEN) and sequenced on
I1lumina NovaSeq 6000 (2x150 bp). Mean coverage was 30x with Q30 85%.

O|FH 2 2%0|H S2oict 48 EXH "DNAS FE511 55 4ot s|46t1--"E Ot M3 Ha+= Q.

HlolE S&2t2|(QC)

QC= HiI0JE dd 212 Alot= 71 S8t =AML, A =R0f|M= B9 B2 OHR= 0] LEHHOICE. fiLfotH
QC7t 2ot 1 79| BE 40| 2 | [5HX[7] TH=2O|Ct.

F2 QC =S H|0jH SREZ FelotH

WGS/WES QC: - Contamination (FREEMIX Zf) — Call rate (M2H2Z genotype0| 2™ = H|E) - Depth (H
7{H2|X|) - Duplicates (5% read H|&®) - Sex concordance (RMX M1 H 1= M AX| ()

RNA-seq QC: - RIN (RNA Integrity Number) — Mapping rate (reference0]| align= read H|Z) — %rRNA
(ribosomal RNA contamination) — Gene detection 3= (&310] ASE QEX} 2)

ME &= QC: - Ancestry (PCAZ &QI5t QX ancestry) — Kinship (7t& &7 &1, G| AFX| 28 RI& 2t | H)
- Phenotype consistency (214} GI0|E{Qt @7 H|0|E YX| 0fF)

QC 7IZat HIIE ME +5 FHEOZ 7|M5HOF 3Lt “FRO| K2 MES ML L2 MEH oF FL}. O 7|FC=,
2 IHE MAM=X B=to] oHOF STt

OIAl 28
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Samples with mean coverage <20x or contamination (FREEMIX) >0.05 were excluded.
RNA libraries with RIN <6.0 or mapping rate <80% were also removed. After QC,
174 WGS and 169 RNA-seq samples remained for downstream analysis.

0] 2xte:

&2 - WGS QC 7|& (coverage {20x, FREEMIX )0.05) - RNA-seq QC 7|& (RIN ¢6.0, mapping rate
(80%) - QC & 2 ME 2= (174 WGS, 169 RNA-seq)

2= Z230| B3t 7I1FE 0 U

HIolH 2| A HE

O] 2 HE, Ho| =&, M2 M HYS 7Isdts RE0ICh LA EAS ot AFF0[2HEH 0[0] 2=3ot THO|Zatel Y
Zdo|ct
A .

Reference genomei} annotation H{ES HIEA| HAISITH, GRCh3721X| GRCh382IX|, GENCODE v38QIX|
v105QIX[0] 2t Zapot b o~ ULt

AIZE 21E|E U ADEQ0 HME Hat5| M=Ct. BWA-MEM v0.7.17, GATK v4.2.0XME HEMX| SIS}

b

>
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|20l 6= £Ct. GATK Best PracticesLt nf-core IHO|Z 2101 20| Al Methods 2&S
MOj| A +F5tH EICh 0|74 HEHO| OfL|Ct BE EXtE BE WAOZ 7|&3l= AO0|LCY.

JHRet ofzio)

7|IZ SIS MAF(minor allele frequency), call rate, Hardy—Weinberg equilibrium
AlSICE,

Ml ArE 4
>

oR m

OIAl 28

Reads were aligned to GRCh38 using BWA-MEM v0.7.17. Duplicates were marked and
base quality was recalibrated using GATK v4.2.0. Joint genotyping was performed
following GATK Best Practices. Variants with call rate <90%, MAF <0.01, or
Hardy-Weinberg p < 1x10 were excluded. Variant annotation was conducted using
Ensembl VEP v105 with GENCODE v38.

0|2 22 [2 =20\ H&3t TES 50 FT5H

L O [E —

o

A

g

== O S8 2 0=2E 2| IEH0HE Yeto| 7|Sot=

[

=

A A BUME B4 T, ABE 2, SHTS T=2I5| ofioF Bttt
ML

f. Variant-level®lX|, gene-level®lX|, sample—levelIX|0f [z} 24 HIHO| 24K 3|

A2E DS HAISHC. MY 3| (linear regression), 2X|AE] 3|2 (logistic regression), 28 B & (mixed-effects
model) S 0{d 2HS MEM=X| M=Lt.

SHZk(covariates)S HIEIGI0| LIFSICE LIO|, MY ancestry principal components, batch effects S 220
LoHE B E HaE HMOj0f StCt 01| WEX|H 2A10| EfFd g HAEE 4 giCh

= = 1

CISH|w B YAl HA|SIC FDR(False Discovery Rate), Bonferroni correction, permutation—based correc-
tion & FA2 AIBM=X|, LA L2 L0Ot2 B™HH=X|(FDR € 0.05, p € 2.5 x 1000°%) M=Lt.

B ADEQ0Q MET 7|XHBICH R v4.3.0, PLINK v2.0, Python v3.9 S HAIGICL
LIQSH AQ Hl HE UL M=rf Cross-validation, permutation testing, genomic control A Z2 ZA=0|C}.
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Association tests were performed using a linear mixed model adjusting for sex,
age, and the first five ancestry principal components. Multiple testing was
controlled using the Benjamini-Hochberg procedure (FDR < 0.05). Statistical
analyses were conducted in R v4.3.0 and PLINK v2.0.

0| 2x2: - I =2 (linear mixed model) - 2HF (sex, age, 5 PCs) - CtEH| W X (Benjamini-Hochberg,
FDR ( 0.05) At 9 _+_EE$J|01 (R v4.3.0, PLINK v2.0)

WO YHE BE Y YLk

Gene Set Enrichment0f] Ci8t Xt o2

KX 258 WS functional enrichmentE LA, 0] HE MethodsOl| &AMIS| 7|&0H0F SHCY.
Gene list 1% 7|&2 Y| otTt. S YAIZHFDR, log2 fold change €)1t HEE HAS HAISHC}E “Rol0G
QXS MEHSHCY 10t M OF =t FDR < 0.05Q1X], [log2FC| > 1Q1X] XM O Z X{0{0F St

Gene ID W&t F2IC M=Ct Ensembl gene IDE HGNC symbol2 H{ZH| HEH=X|, unmappedE X At=
JHRIX|, O™ 2| annotationg AFZZHE=X| 7| R{SHCE.

Enrichment 242| MEAFaS ST} - AL HIO|EH|0]A (GO, KEGG, Reactome) — HiZ S}t g (KA
QHA? LU= QHMXIT?) - Gene set 27| H[§t (10-2000 genes) - E%’.:.*’S HXH drAl (FDR, Bonferroni) -
AL2SH I§7|X|2F A (gProfiler, enrichR, clusterProfiler)

GilAl 2%

el

Differentially expressed genes (FDR 0.05, [log2FC| 1) were mapped to
Ensembl release 105 using biomaRt. Functional enrichment was tested using
gProfiler (GO Biological Process, 10-2000 genes) with 10,000 permutations
and Benjamini-Hochberg FDR correction.

0| 2&2: - DEG M2l (FDR < 0.05, [log2FC| > 1) - ID O{Z (Ensembl 105, biomaRt) = Enrichment tool
(gProfiler) - DB && (GO Biological Process) - Gene set 27| (10-2000) - Permutation 3l4= (10,000) - 2H
HrAl (Benjamini-Hochberg FDR)

D= m2t0(E 7t XS 7tS6HESE 7|1S 5|0 UL

2dd 3 HIo|E-ZE 7184

=M= Mo do| FUELD S201CE XNE0| M2t = 0] HO| B0l BT BiC.

=M 2t4S FAISHC Nextflow, Snakemake Z2 YIE=ER #2| =7 AMEUOHH HMS M=Ct. ZiH0|H
0|0]X|(Docker, Singularity)Lt conda EZ4S AFIICHH JAx 7|25}

YAl HIO|E HZ AZ2E HMESSICE OI0|EE 370 NM&4A(dbGaP, EGA, GEO S)0| 7|EHHCHH accession num-—
bers AIO._HZL JHOIHE HS M20f Z7HE £~ QICHH “available upon reasonable request’2t1! X2 4= UX|TH
7tsotH S745k= 20| ELt.

TLE HEAE 2335 GitHub, Zenodo DO, Figshare S0 ZEE 221511 URLO|L} DOIE M3 $tct.

=4
B2 X}Z2(Supplementary Tables)S Hals| HZASIC. Table S10| MEZ HEPHESQL QC X|E7t U1, Table S20i|
KUXE SH At °'Ef 2Z0iAM HAZ5HOF ST

J
o rir

A1l analyses were executed using Nextflow v22.10 with Singularity container
(sha256:..) . Source code and configuration files are archived at Zenodo
(DOI:10.5281/zenodo.xxxxx). Raw and processed data are available through
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dbGaP accession phs003245.v1.pl. Sample metadata and QC metrics are
summarized in Table S1.

0|21 B&2: - IFEZ R =7 (Nextflow v22.10) - ZiH|0|A (Singularity, sha256) - ZE X &4 (Zenodo DOI)
- O|0|E] M&A (dbGaP accession) - £ x| (Table S1)
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appendix2.md

1. “Genomics, convergent neuroscience and progress in understanding autism spectrum disorder”
(Willsey et al., Nature Rev Neurosci, 2022)

2. “Advancing precision diagnosis in autism: Insights from large—scale genomic studies” (Kim et al.,
Mol Cells, 2025)

0| & 2|5 = 34 X}0|2 YUHL|UX|2t = Ct Satterstrom et al., 2020 =22 A HTAZ HHEGHA 21
1 Iy 2|50f|lM Satterstrom 20200| HFE|= Bl
“Contemporary association analyses---have emerged, providing the field with robust and consis-
tent results. For WES studies specifically, it has become commonplace to require a discovery P
value of less than or equal to 2.5 x 10—6-- the recent omnibus analysis by the Autism Sequenc-

ing Consortium is commonly cited as identifying 102 ASD risk genes, based on the Bayesian
FDR threshold of 0.1”

— 0] 2&0|M Satterstrom 20202 §x ASD {Hste| “H =
EAX 7|=(FDR < 0.1)2t 10270 SMXt2t= MK A7t 202 35 A0 7t £[QALC

o

Ct.

P
oz
it
I
1o
o

I
Qﬂ
rQ
1
Hu

o
UYL US

—

mjo

oF A
2 & ULt

“The initial progress in ASD gene discovery relied heavily on the identification of rare heterozy-
gous de novo mutations - However, missense de novo mutations as well as rare inherited and
somatic mutations have now also been demonstrated to carry risk”

— Satterstrom 2020 O|&0|l= =& de novo HO|2t =ZHIQIOLL 0] HALJ} missense HO|QF @& HO|TH|
HAXMCE HSIAIZIOZI G5 HRIE SHAICH= Wats HOjELC

“scRNA-seq has provided some additional granularity---ASD risk genes tend to be highly and/or
specifically expressed in developing excitatory and inhibitory neurons”

— Satterstrom 20202| Xt FF0| HAE MALAH 2412| 7|ZF HI0|HZ EEE 1 USS HOELL
= I 2|5 0f|lA Satterstrom 20200| HF &= HiAl:

“Subsequent efforts focused on integrating previously published WES datasets with SSC WES
data, culminating in the identification of 65 ASD risk genes. These efforts continued over the
years, resulting in a large—scale analysis of 35,584 WES samples in 2020. Expanding TADA to
include rare inherited variants, this study identified 102 ASD-associated genes (FDR < 0.1)"

— O{7|ME Satterstrom 20202 Sanders 2015 (6570 RMAHOIM ZTIstst A2 YXAZICE.  ME
E7H35,5684H)2t WHE SHE(TADAOH 5| | HO| Z&H0| il 7|02 ZZELH.
“Early WES studies identified the critical role of de novo PTVs in ASD--providing the first large-

scale genetic insights into the disorder. To further refine de novo association analyses and
improve gene discovery, the Autism Sequencing Consortium was established”

— Satterstrom 20202 Autism Sequencing Consortium@| ZIEHA 20| HMOZ QALEICt, i A7} OtL|2t
AN 718 2 G0 JutE0[2t= Mg ZXRSIH

1

“Early genomic investigations of ASD identified recurrent de novo CNVs in synaptic
genes---Subsequent large-scale exome sequencing revealed a significant excess of de
novo PTVs in genes governing neuronal communication (NC) and gene expression regulation
(GER)”

Satterstrom 20200] 2715t RTASE 7ISEZ F(NC vs. GER)SIEHA, 0| 277t 0|1F A719| oM EZ Xt

1. 38 QAl: £ 2|5 O Satterstrom 20202 ASD SFXL &749| “O|ME 2 Z56H, 10270 KFA 221}
SAH J|ES ARG

* 20224 2|RE O] AFE | LEHO ASUH #F" G719 ELTCZ &8
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https://pmc.ncbi.nlm.nih.gov/articles/PMC10693992/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12275934/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12275934/

* 20261 2lR= Y THL XE WL S S 7= Az 2E
3. A AE:

+ O|H: De Rubeis et al. 2014 (337§ SXX}), Sanders et al. 2015 (657 KX
- Satterstrom 2020: 10274 %X, TADA gH=Z shzt
» 0|&: Fu et al. 2022 (7274 ™K}, CNV L&), Trost et al. 2022 (5374 ST X}, WGS 7|H)
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8%t Introduction — ZI22| EtrM

ME2 =&9 HeIYOILt. SXt= MES 1M 0| G717t W Azt S 7HX7t JAE=71"E HHSH. 2|J0=
MEOA H7rol et OIS 7hsotal, OHEl= MEQ BRYC2 =F9| AYTE WSS}, M ME2 Hadl

HZS Lot 3710| OfL2L, 0| BRNS MSats Folc

£2 ME2 =XNE NILAEA Ao MAZ =Cfettt. 2 MM AlZke] HXt -_rliil’i*.ﬂ HEOZ Fo/IH,
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HEot= 37tolct, Tas| “02 HFE0| UJACY'E LIZSH= 40| ofL2t, 2HI2|4(problem statement)t H512|
o2k context)S AH5H= XO0|Ct
MEO| sliA ZX2 M| 7HX|CE:

1. W2 HiZ(Context): SAVt ¢ FHQ QM2 Olaliot== S=Ct.

2. 34 HAl(Gap): 7|1= AF0|A OFX] HotX| 25t HES Heto| Siot.

3. X Mi(Objective): 0| A7t 11 SHHS LA X2 ZQIX| MIAISHT}
MEE2 =Xl HEZ0| ‘0] =20| OCIZ 7H=7VE M0F= XLt SXH7t ResultsE 1M ZHS UX| REE,
MEO|A Hatst WakZ MIAIGHOF STt
AH| =20|A O] LRIt LA RS5H=X| ATHEXL 20184 Sciencel| WHE XHH AHESZ F0{O| HE S35} HO|

A3 (An et al. 2018, Science)? M2 0] M| 71X QA5 HEls| HO{=LL.
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https://pmc.ncbi.nlm.nih.gov/articles/PMC6432922/

S MQ1: 0] B+1= whole-genome sequencing (WGS) HIO|E1E 0|83, HIR S5t M E L& #O0|2tinher-
ited HO|E XA HOZ 2AMSICL. £38| Category-Wide Association Study (CWAS)2t= MZ2 HHES JHsH,
JIsX¥os HAEE HIESS SHES 7122 |0 AN AYHS QU0 0|2 Sol Z=2E|, 21N, J2(1 &
E0|H =H FAH0|IM ASDL} HEHE HO|S AHSICE
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7tH, ORX|20=

MEQ| 7tE gtHQl X E= HMZS(inverted pyramid)O|C. 2 FHOIA Al”OH MAt &9
t"E OlaHotA 2HELY.

THRIHR! AT HE0 Hot= YEHL. O] F2E SAPZEASAAEA "1 0 SHF7t e 2

2.t S22 HiZA(Broad context)
FHCl LMt SHEX-ALS|H 9|O0|E MIAISICE SAt7L “f O F=H|7t S8V E O|olist== F=LCt.

GIAl: ) “Autism spectrum disorder (ASD) affects 1-2% of children worldwide and presents significant
challenges for affected families and healthcare systems. Understanding the genetic architecture of ASD
is crucial for early diagnosis, intervention, and the development of targeted therapeutics.”
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0| ZHUME ST FH7I LHEE Y2 25 MASIL, AM2lH-YoH S-S HAZ L. XA “0|AH2 28
O|A

AL 2t AMS HOELD.

2320 S (Gap) HIA|
KIS7HK] L2 241t OF%] 2= 49| 755 2SIt 0] 2H0| AZE2| A4 0|Tt.

GIAl: > “While exome sequencing studies have identified over 100 high-confidence ASD risk genes, these
account for only 10-20% of cases. The majority of genetic liability remains unexplained. Recent stud-
ies suggest that noncoding regulatory variants may contribute substantially to ASD risk, but systematic
analyses integrating cell-type—specific regulatory information are lacking.”

0| EHOM= 7|E A9 HIUE STt 05| 32 HES Feo| sttt "FAS REEINE FHEHRE
XAlok= ZO|Ct,

S MAIS O oI MO| ULt 7|&E ¢S HototX| 2=Lt. “Previous studies were flawed” 7}t OtL|2} “remain
incompletely understood”2 HISCt. 2|11 HF H2 S0 OfL2t, W g4z HE = U= A% SHsS
H|A|GHOF BHCt,

2= SOl F 712 M2 CIE THUA 27| = BTt OIS SO, 8 A7t K49 SHii}
SAO| TS = QUCE 71E A7S0| £ SHY MU= XA9] A9, MHo B4 Y-OILE
YHEX A7 &H EXHot= RO 0|2 M= SUS F 2R s X0 ASHARLDE X HIY
‘RS HEEIPE, F UM S 2HOME 0T 2AaALL YRHO| EEY=I1E LHEL.

ot2t |l 2HO0| ECt. 0|H2 Hd EXIVt 8lLt. S28t A2 AYZAY| =2|X 580| RAIE=7I01X],
OfH .

AH =20M 0] £ 7HX| BHAIZ H|wdiEXt. 20183 Science =& (An et al. 2018, Science)2 Xl N 2t
TXE ARZS) X EHOAM X2 RN ST HIES5 A Z2HE MAISHL, F B SHOIAM 7|1E ¢72
SHA(HIRS 3 0|2 Het0| 22T E St SSHE JWO R MAISIT. OiX|[2 2HOIM A1e S £ UAHS
MIAIBIC}, ZE40] StLte| 2 FH|(HIF S5t YHQ| OjEM) 2 £35L7| R0, 5t 2HO=Z SAXo= 2| E LY.

HtH 20204 Cell Reports =2 (Werling et al. 2020, Cell Reports)2 Ul 24t XS ASIC & SEHoA | 2o
SN NS ZHO ZQHE MAISILE F Hf 2HOIAM = Y HHOAML XL Lo Het MAY M St
ALECH= X|AQ Zus MAISICE M| Hf 2HOAM= eQTL ¢ S2ES AFoIHN, £3|

eQTL H|O[E{7} BFdICH= 2|aAl s CHELE Wl HXj 2HO|A BrainVar 2[AAE AJWSHH A1 SHS
HSICH Of7|A SHO| & IO 2 LIECt WE YA FMX ZHO| ZHO| 0{EAH 7|0{5t=712l= YE8HH XA 9|
St 9= SO [2f eQTL H|O|E{7t EFSICH= 2[AA/UHEXN SEO|CE 0] F 30| FZXO0
UX7| IR0, F 2HOE LF0| YSH= A0| =2|NO = [ HEGIC}.
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Ol WA0| O LI27F? 22 9177} Eoteis Mo A0 22 Tk D19} SiLIO| BEfet BUS CIZCHH A 20|
2TSICE SHXIR £ JHo| SOl Bug TR, Bue| S97t BHGICIE U 2H0| O YR 4 YLt FL3
A2 2t BHO| =2|XO2 AZET, SAVI (ALY [} B2 HojZ 4 YLLirt

32 SH(Objective) HMIA|
= e =8, HE, H2HS =0 MAISIT SX7t 0| =20 RS & AUV E Feto| O[5St St

GIAl: > “In this study, we performed whole—genome sequencing of 2,000 ASD families to systematically
evaluate the contribution of noncoding variants. We integrated cell-type—specific chromatin accessibility
data from developing human brain to prioritize functional regulatory variants. Our analysis reveals that
noncoding variants in cortical neuron enhancers are significantly enriched in ASD probands and contribute
to phenotypic severity.”

O] 2HO|A= S+ CIXIRIO| ialS ZHHS| AJHokdl, AFES HIO|EQt WO SHdSs =i, 2 &UAS 0|2
ATY & AUACHAM 20| T2t THE).

O] Ml 2H(ZE2 Yl T2l S80| ijn2iS o, SXt= XIAAYA A2l =28 24 HCt. 2 20|
717t H=5 HZoks 0| AHolLy. M ZEHSE 1 LIH "N 227t 2AS €1 ALe=E


https://pmc.ncbi.nlm.nih.gov/articles/PMC6432922/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7295160/

2 LI "1 O{EA O] ZMIE 2 AU7I?"ets 220|471, 0|2t 2H0| 1 &8 MAlsks 2L,

CIEZOA HEI Z2(‘YHY)2 ZAul(Results)2t E2|(Discussion) MMOjA| 2|4=E|0{0F StC}

NES I22 EX|S M1, ZM} Eol= T US| it 'B'S Fi= Holoh F2 =22 NIOIN S22 K2
CH (TS SHH0A XGATA &l4-3iTt

GIE S0, MZ20A O|ZH MLCHH: ) “However, it remains unclear whether noncoding variants show cell-
type-specific effects during brain development.”

21t MMM =: ) “We found that regulatory variants are enriched in cortical excitatory neurons specifically
during mid-fetal development (Figure 3).”

E9| MMOAM=: ) “Our findings demonstrate that noncoding ASD variants exhibit strong cell-type and
developmental stage specificity, suggesting that---"

M M| —~ EM — 3|70 XS Sl =& MH|2| 2|S0| 2
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alElX| oo SAt= "M 0] A7t 2 R0 ”°“|-P"Ef

LS— 1L,

T2 WS SI45K| o SE0| ULk 53| MBTIZF N(XIZ)T P(RI4) H310] 2 SISS H20IM Tug
TP 2l HE0| ULk A, B, C 2N FHS LIZSHOF SH=Gl, ME0IA Mo Af218RY, BE XS Tt 43etai T
SIH K X Ol 7ALIZRE ARIGhM st 2, ol ofst, x| ol 0j2f, A3I SHoltA| - 3t 818 = el0)
B 74 2 AP T LIS S S THDIQLR, SLS| KIX| 571A) i KIAIS HOIELE SRRt MES 218 =25
OFL|Z 917 |TEi0f7} OfLCk,

HES 22 ZMEXI, A FIZ HEMQ 2T OfH LISS ZAI0| 948 0|3, Off Z22 M2t0| 520| 5EX/S
SREHOCH NEOI 91381 O FAE =2 OO O BIT}, DIof MEOIA “QEIAF IET L

Q1" ZZHCHB, Resultst| HIET 2410] 210{0F 5111, DiscussionlAf 1 HIESIT 9] 0ln|S sAfaHof sict.
Glot HEZOIA] LS A|% XOI"S IZHCIE, ZT0IK 1 A0|8 HOIFE Figure} 0{0F Bick,

JEI M2 I1'FJI._| ZZ0| Aot EQIOIM M2
= 2ES W =

_I'__EX —

HR2 YEA| 3|4=5|0{0F BtCf. TJFX| IO A= " 0] O|0F7|S THRKI?" 2t S2AHYSIT}, 2|F0= O
HAXOIC}, "MEOA At XX= ZUOIM CHEIXIX| AT 0] B2S MHGHL, ZUE FItolet' = THEE
=1

Y Ag: MES 2 2, U3 220 Holl2at. M2 2 2HE S0, 11 SHUA H7[et Z=Z0|Lt AZet 7HE
==2| O{C{0| A THA| ";E FHollE= A0IT. AMHCZ2= O[FA 2l o= QUL LH7F MEOA HE oH

WH&Q

AE22 Results® |- FigureOlA EolX|=7}? Dlscu33|on01|*1 1 HES OA| g0t
ollAlot=7t? AHZFX|Tt ResultsLt DiscussionOf| LIEILIX| 9= LHRO| JUCHH, IHES = 7tX|
SILICH MEOIM SRS AL, Zut 40| 0|58 A0|Ct.

O] AZ12|7} HelotX| §ILHH, MES THA| ThEALE 21| 195 ZFs6H0F ottt 2= MES E0[= 40| 0
2= ZNE EQG}E 70| gOIEr, 95t A2 MEO|A HE 33t Results-Discussion0ilA| = S0| Mgt
L X|oHOF BHTt= HO|LH.

“HI OilAl: LH7} K=t SHl & St H2 MEOIM “SMX HERZ 2| 518 RMXI7L XHH o ZQ8H71?7 2= EES AR

| 2/3O ol‘OHoHA1 |_-” _IH_ Oliol KOA‘IO A‘ID:loH_’ o-II:I OI‘IX'-O' 010|'° %I‘_{Rﬂf_l- j_E_I_-lEll J_,-l'O'”A-I:: 7HI:|=I
OIJX}S’-I HO| B0 2N, HEYS ._’5.8 EIX E(Supplementary Flgure)01|':'._f LLSIAIZICE. Q) FigureOfls
Cf StLie| HIEYZ O3k QUL 2I'70i= 0] EYXIE 7t XML “MEOIM HERIE 2=,
HQl Aotol= =77 O|A2 ¢+ =H0| S2Ysit= AS HOELL” 22[= WEYI EME HQ! Figure2
2711, Discussion0ME HEYI H| M S FI6HM MEL R0 &Y HOI=E +8ML. ==2 1H|0f
25E 5"P°”Ef
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o

o
MES 2 M= 24S F2lil 2 /50| 30} A0 Ol ZE AS BOF 1 40, A7 FHQ 2E EHS URL
E-1= MECIPNlaly ’—‘% MEZ2 MEL ZFO0ICH. W A7 5 & A= 2T BX2, O 220 et S Results?t
Discussion0f|lAf B2t5| MAlok= A, 2210] WS MU= =|+-ot= EO[Ct
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QEZ X 26t H 2%

MEQ A ZHE =A2| 'H 3X'E A=ZEOt0f oI}, 0] 2&0| =XIE A2 MAIZ =U5k= =0]7| IZO0|Ct.
ESAEHY A - HR 7|SH0[X| L2HME, FHQ| S2ES Heto| MBIt - §X|T BSoEK| 42, XXl
MEtS MSSIT - SXP7L I8N H?772ks 2E Q0] XIHAR-A e 28C=2 H0{7t =S St

E2 0 ) “Human genetic variation shapes individual differences in health, behavior, and disease sus—

ceptibility.’

“Autism spectrum disorder (ASD) is a highly heritable neurodevelopmental condition affecting
1 in 54 children.”

“The noncoding genome, comprising 98% of human DNA, harbors thousands of regulatory
elements that control gene expression.”

ojaiol & A 2% - 4 512 “Genetics is important.” (£2|0]51AH YEHH) - HF &2: “The rs12345 SNP
has been associated with---” (SXt7} W2tE DE) - IAE M= “In 1953, Watson and Crick discovered:--”
(EESHO|R7t QICtH 22Q)
S M= MU 1 L A7 ZHE ¢t 202 Moo}, 2. 1 dM0| | EQ8HK| =
O|22X|E AISICE 3. 282 2 222 SI0ED, “0| 2X0| W ¢FE 70| 20| ZHsI1?"E AIEeHCt

f O] 2XS MOf St=7F E AAR MHE 4~ 0{0f SHC}, X MO E M= A0] ofL2
Z10|LCt,
A

Ly

[

Oloh 2

)

o

| dl=xoR Melste

’

rr

HES Hi6] @178 Aok 22 K0l SXt9| QIXIF Mol(cognitive index)S Hats &S BTt 5, X
=2S 9l S0t EY NS S WS 4 UTS Y 08 7| 2E0 BHXIaHOF Stch. 0 g

gl XES T24FE €O
012 S01, QYA AR X SHH= HHSO| ULk 37 B0 (rare variant), ME 23 SO0I4(cell-type speci-

ficity), Q®XI ZH(gene regulation), E =2 H0|(de novo mutation), 2I3HAM(enhancer) Z2 0{S0|Ct. 0|3
0SS ME =8| Moloti! MEt K0 YXIA|7|H, SXH= ResultsES 42 [ O HESS AIAAEA AZEE 4 UL

o0

£2 HOo|= ZHEstHM T MEtS HISSICL 0|2 £0f, “Rare variants, defined as genetic variants with minor
allele frequency {1%, are increasingly recognized as important contributors to complex disease risk”2t1
MM Z=X= 5| HO7H AKX, 2|11 of ZQEHX|E SA0H| O|GHEICE OFEEZEX|Z “Cell-type-specific regula—
tory elements, such as enhancers and promoters, control when and where genes are expressed during
development’= MZ R £0|40[2t= 7HES GAI &7H DS,

I|GHOF & AL QICt, HO| §i0] ME 02 HUIH SXIt 22 =Lt “We analyzed eQTLs in iPSC-derived
neurons--"2t MM eQTLO| FAQUX| B2 = EX= 1 &7+ HE MO HHHE HF WX Fol: ZH|C “An
enhancer is a regulatory DNA sequence that increases the transcription of target genes--"= H&W5HX|2t
== SES #=hh =22 WitAMT} ofL|Ct, "ol ¢l Wat Ot A KHAAZH =0HZ0{0F oLt

[T— [T —

I3 S Sol= ME0| 22 7HES 08 20{= HH5l= <7t ULt 0E =0, regulatory element, regu—
latory region, regulatory sequence, cis-regulatory elementS 25F CI2 2012 ZAXE A2SICt £2 de novo
mutationd} spontaneous mutationg & 10| 410 £Ct. I2{H ZXtL 2|70 = L /W8S QIXIoHK] RSt}
“O|AS0] &2 AQUVE CHE AQI71?"2t= SO0| M7ICt

MEOME F2 7HE S HIEA| HTHY| MR L0 FAM, FHoll L2 LHES A Al SHOF St 1217| IsiM= E 7HX|
FQ 0SS Y5 MAlot, BsIHH SUUZ OFFX|AH| ZASHFE OF STt “We refer to these as regulatory
variants (RVs) throughout this paper"2td MRI5HH, 0| =2 HH0A RVEts AHE LA AFEE =~ UL

ofX|2 L7 B2 E0E HEoU, UF B2 ZYES STAZIE & ECh. ME X HO|X|0f 20{7t 1074 O]
M| S| =Lt J2|1 YUY 052 1T

SHOIH, ZXt= AN E 7|Y5k= Ol HHX|E Cf A1 LHE2
HO| SEA7|H, 22| S50| ZO{MM ZXI7t 22 47171 0{EL). “We performed CWAS on RVs in TF-binding



CREs using scATAC-seq data from iPSC-derived ExNs"2t= 222 7|2XMO 2 = HeotA| 2 20 20| SXH7}
=0 afalCt,

22 20X, MF2 BEMe} ZLt 20= S SE0| AL SAIO| A|M0] AZR0AM LEZCRZ, (0 OfH=
SHO|H HEE 4B 1 52 20N SAE HH0F St KMMRE JHgel Ho)ut B2 HojZ & s

X|I™(0|0] FolE 7Hae] Ht=)S MASHOF St

AZHo| M2ES HIQISICE M2 XOt2 £ 5 M 20 5-77HE 2|AEZ H2|SiCt 2t 2017t M2 OCI)M MG
S| &2l X3 g’gga I of 2Ho2 M HOIE MSettt. 12|11 0|—.— Results€} Discussion®i| A
T 07} YBE|AH AIRL=X| &Q15t t Tk M20M “regulatory variant”2 HOIHCIH, ResultsOlA ZXt7|
“regulatory mutation” @2 HHFY MX| Q=L 2019 UMM =X19| 0[5HE S= 71 712501 thaict,

S80S Holots A2 SAIE ESoks Lo|T. =7t SXM0AE 2219] 7|88, HIHE7t SA|AI= 0lsHe] TS
HMSot= A0ICt. 2| FALLE, Hatet 0 Yo = MAL Aol H2ts Helots i =20 ST L7t Zatol
FRE ot A=717"E 0E Soff U 5= A7| WEOICt,

B AE0[X|2, MZ0ILt 20k o2t T WA0] Cf2C). 3A &+ JHKA]

AENY 1: A HMHZ Q9% (past tense)

=
XML(E35| Cell, Science, Nature S T ¥& H)2 M2 OHX|240| H72| FQ WATX| O|2| AF5H= WAl

njo

GiIAl: ) “In this study, we integrated single—cell chromatin accessibility data with whole-genome sequenc-
ing from 2,000 ASD families. We identified 45 noncoding loci significantly enriched for rare variants in
cortical neuron enhancers. These variants are associated with increased ASD severity and converge on
gene regulatory networks critical for early brain development.”

A - EXPL =22 £ WUAE 0|2] L1 ResultsE g2 = ULt - A9 AWMES LUX517| £L

CHY: - ZIHE LIS 0| 2IH5IB Results AIMO| U RO LA 4 rt

AENY 2: A SEMX|2 HA| (future tense or present tense)
CHE X'2(Nature Communications, H2 2|5t X{2)2 MZ0A H7L| SXat HIMHTIX[TE 25|= WAS SESILY.

GIAl: ) “Here, we aim to investigate how noncoding regulatory variants contribute to ASD risk. We inte-
grate cell-type—specific epigenomic data with whole-genome sequencing to identify functional variants
in neurodevelopmental regulatory elements.”

™ - M20| ZHZotd, Z00)| tist 7|tHES |AIE o AT - KX 28 0| UAS [ A MeY + U

B - 2R ME0AME “impact0] BEOHX| QLY = LIEMS HE 2= AT

OfE AEfIS MENSH HOI7E?
T B3 BT SZH0, A4S MEO| DX 20| SXIA 0 &=20| 0fCI2 HoH=X| 2B FE HOI
M8 X9 1. 2E KgO| HT =2 5MS 0|=a ME OfK|Y 2EO0 OfF AEIUCIX| SOlsit. 2. Ko
author guidelinesE S0It2f, U HA2 FAIKOR MS ABIIS WEIL, 3. XE@+Lt BSHXIY =oldtaL.
S0e| B0l FRaiT

Ui HOIR| M5: Li= 2 AEK 12 AIZSIC SX7H=22| X8 HAIKIZ MZ0IA 00] 0[3H5HE, ResultsE 2100
"o ol 220 ER=IFO LBE » 7| th0lck So] Q20 STXE WiiE0] ST F2, HEOW 2
IS PN HOIEE 20| SXA HTSIC,
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SHX|2F HE2 it §9§+ A2 LYdOoICt, ofH AEMUS MEHGIE, ME MAQ| Et =2|8 SE0| AAAZA
OpX|2f 2CEO 2 0]0{&M0F S},

Introduction OfX|2} 2Et vs Abstract: {2 A| CI27}?

2 spS0| #Z2iats UROICE. Introduction®] DIXIZE 2ET} Abstract B5 #7E QofH=t], o & # 22
L8 S Me HHE LR A § NS 23, S}, 2|7 Az 2AI0| 2H5| Char,

— =, =

Abstract: =& MH|e] =&

Abstract= =& HMHQ| X
UO{OF StC}. H|O|E{H|O|A Z
SiCt,

Abstracte| = (HE 200-250¢t0}):

HE (1-283): 37 FH 5249

SH (12%): A2 ZARMET

UY (2-3F): 0t L0t ZMS AT
2 (3-428): F2 YU (XAt ET)

ZE (1-22%): a79f 202t st

Abstract OA|:

Autism spectrum disorder (ASD) is highly heritable, yet the genetic architecture remains in-
completely understood. [BiZ] Here, we performed whole-genome sequencing of 2,000 ASD
families to systematically evaluate noncoding regulatory variants. [SX] We integrated cell-
type—specific chromatin accessibility data from developing human brain and applied a novel
Category-Wide Association Study (CWAS) framework. [H'#] We identified 45 noncoding loci
significantly enriched for rare variants in cortical neuron enhancers (FDR ¢ 0.1). These variants
were associated with increased symptom severity (8 = 0.42, P = 3.2 x 10[1°) and converged on
12 gene regulatory networks critical for early cortical development. [Z22] Our findings demon-
strate that noncoding regulatory variants contribute substantially to ASD risk and highlight the
importance of cell-type—specific analyses in psychiatric genomics. [ZE]

| QOF0|Ct. X7} Abstract?t Y& A7 M, W, ATt ES 25 O[3 &

(o]
OllA AbstractZt EA|kl= A27F 7| 20, AbstractE ==t SE8XMOo = =Xl 0f

oL~

1o

PIrS!

[y = |

Introduction OX|2t 2Ct: =202

2t Introduction®| OFX|2t E2EH2 AbstractS H2 SXA17t 0¥ 2222 S0{7t= FH| HAC. Abstract= 0[0]|
HAUCHD 7Pgoty, O LA|1HQ M=t AAI2|E HIS STt

Introduction OtX|2} 2Cto| A&t

1. MEOIM RI7[3H ZUS {7 HE HYIX| THHOR Mol
2. Ag et LO[Eje} HAMo| =2y 21X

3. 9 Yol o|n|E ME2| Wt HA
Z2 A9 Introduction OFX|2} 2T OfA|:

To address these gaps, we performed whole—genome sequencing of 2,000 simplex ASD fami-
lies and integrated single—cell chromatin accessibility profiles from human fetal cortex spanning
8-24 post—conception weeks. Unlike previous genome-wide association studies that focused
on common variants, we developed a Category-Wide Association Study (CWAS) framework to
systematically test functional noncoding categories for enrichment of rare de novo and inherited
variants. This approach allowed us to identify cell-type— and developmental-stage—specific
regulatory elements contributing to ASD risk. We discovered that rare variants in cortical ex—
citatory neuron enhancers are significantly enriched in ASD probands and that variant burden
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in these regions correlates with clinical severity. These findings provide the first systematic
evidence that noncoding regulatory variants, particularly those active during early cortical neu-
rogenesis, play a substantial role in ASD etiology.

ol X10JH H|w

=0 Abstract Introduction OFX|2f 2¢

=Xt 7rd =22 X2 He AR ME HHE HS A

=t o|=H SN (=2 210/ 0faH OIEX (ME2| Z HAIE T
7ts)

#o| 200-250%H01 (M3t AS)  1-2 2H (H AMRES)

 ME 7= ("WGS £=&") THH (“2,000 simplex families”)

A Ms ELISIE N ST ES ZAne| ool 4=

ALH| T2 UMY IAAY + S =27

E Hex SEN HEN, AEH

X XIAM X2F

—_ 10O -7
. Introduction OtX|2} 2THOA T AGE LIE:
* “To address these gaps*--” — 2'A] HA|St SUintO| HAIX &
- HI0|E{2] SE&t EM: “spanning 8-24 post-conception weeks” (& A|7|E H|0|E)
- 29| ${41Y: “Unlike previous GWAS-" (7|Z A7120] XHEE)
o ZI7} ZWME LA MRE=X|: “provide the first systematic evidence:-”
2. AbstractO|AMZt g e LIE:
o M2 Anto| XA £X|: “FDR ( 0.17, “4 =0.42, P = 3.2 x 101%
- ME 37]: “2,000 families”
o 2B Q49| 74 “45 noncoding loci”, “12 gene regulatory networks”
- Z2HA8E AZ: “highlight the importance of cell-type-specific analyses”

.5 R EF AS6E SAS OEA:

X

-_—

OIOJE AH: - Abstract: “whole—genome sequencing of 2,000 ASD families” - Introduction: “2,000 simplex
ASD families* spanning 8-24 post—conception weeks”

HIHE2: — Abstract: “Category-Wide Association Study (CWAS) framework” - Introduction: “Unlike previ-
ous GWAS:--- we developed CWAS to systematically test functional categories-”

FQ WAH: - Abstract: “45 loci-+ associated with symptom severity (8 = 0.42)” - Introduction: “rare vari-
ants-- are significantly enriched--- and correlate with clinical severity”

rloh

3 129} oY
%= 1: Introduction= AbstractX{Z M7|

LI of: ) “We performed WGS. We found 45 loci. These loci are important.”

=0

Z2 0f: ) “To systematically evaluate noncoding contributions to ASD, we performed WGS of 2,000
simplex families—the largest collection of family—based WGS data with deep phenotyping. This dataset,
combined with developmental single—cell atlases, enabled us to discover that rare regulatory variants in
early cortical neurons---"

Xz
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XIO[: L}E Of= Abstract?| & AEUS J0Z 74T £ ol ME22| SH(“noncoding contributions”)S
al=gel e l[o]] = Lol === “Iargest collection with deep phenotypmg”)° 2% 5, 749 2J0](“enabled us to
discover”)E HAZSHCY,

Al4 20 AbstractZ IntroductionX{& M 7|

X LI 0: ) “To address the gap in understanding noncoding variants, which has been a longstanding
challenge in the field as noted by previous reviews, we---"

Z2 0f: ) “Here, we performed WGS of 2,000 ASD families to evaluate noncoding regulatory variants.”

XI0]: Abstract= H{Z MHO|L} 29 HE Q0| HIZ SHAOZ S0{710f §ICt. “To address the gap”O|Lt “longstand-
ing challenge” Z2 A2 AEtAUO| HEH2 SLQS|IC},
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sl ZA™M: - AbstractE HA M1, Introduction O
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0O 2 20| JA=7t? — UCHH SHLIE CHA| M2t
O Introduction0| 22| S HA|HMOZ AF5H=7}?
O AbstractOll= J1&|X -¢-x|7} I'_ Introduction0il= I|3||7f%>r &[0 AE=71?

O IntroductionO| “To address---”, “Unlike previous:--” Z- HZ B3 AIR5t=71?
HE 2: SXHAIH Met
* AbstractE 9= SX ‘0] =20| U2 7tR|7F U=74"

* Introduction OfX[2}S Q= EI}: “O|H| Results2 H0{Zt Z=H|7} £ =717

NS 9T 9 MR “ICK D B 4 UK 2Ol

J\l

OpSa): = MAMo| 2|

Abstract®} Introduction OFX|2 2EH2 22 A4S CHE F0[0| M Bi2tE = HO|C}. Abstract= HI7|0|Af LHELHE
x| XI0| 1, Introduction OHX[Z 2EH2 11 X[ £0=2 HO S07h= Y10

Abstract= 0| 717} S W=7 E SEHOZ MG, Introduction OHX|Bf 2EH2 “eff 0] AFL7F T,
OEA EMIE EU=71E MEQ| Mt KoM LI, F MM DE G QOlGHX|T, SX0| CLf27| 20 HE:

Efefof it

Z£2 =22 AbstractE A1 “SO|IFLI" 1 425t SXtIt Introductlong M “OfH| O[SHHCL" 11 L=77| 11, Results=
E0iZ I "O{EA O A0 ZEWE=X B AL = 7|HE 2A 2HELE 11 01F2 & 528 X|F0| HiZ Abstract2t
Introduction OFX[2f EEHO[CY,

- N

9%t Discussionz} Conclusion — E419| sjjA1
Discussionol 212 H|0|E 0N S&E Metot
t

5H= Z{0|C}. Results7} H|O|E{7} L5H= Z{0|2}H DiscussionS ZHAIO)|
ENOHHI |' ‘|O|E_r_ *lo-l 74-l|.0| E_I-A L |
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MHSI= Z32H0|Ct. £ Discussion Introduction¥|A] ST mEts SHLHM 5|61, “2|7t 25 20| it g2
O|A0|Ct" 2t MASHT}

U2 SMYE0| Discussiong % M “First, Second, Third, Last-"2 ZNE #AHOZ LS}, 0|3 XE
HIAZAEE 2tddtk= LS FX|2 SX0AIE X6t 7| AXMOZ CH7F2LY. Discussion2 st A1to| HHEO|
OFLIC}. IntroductionOi|A] H|A|St B gapOll EESHH, P41 70| Z= novelty2t implications AH3HOF STt
I C}2 842 Results? ZE Z ﬂfa OMOH-} SiAMst2 = A|=Ct. 2= H|0|E{7t Discussion®fl E0{& ZQ= QiCt
Z Q8 27 (key findings) 1740| 2= 8t9|(implications)0| EIE5I2E. SXIHOI ZEAS 2 1IZHS| A2kt Lt ZHEtS|
Eot= A0| 23|24 HIA|X|IE HE6HA THEL.

== OIA|2 H2= Discussion 7+

Al =29| Discussion2 BAIGHH KO LXZ HYEX}L, 22| HTAA XHH 7150 SMH0| Wate =X5t
A (Kim et al. 2025, Genome Medicine) =22 &26}0] MHo} I X} St}

Sl A4S MK MOi5LY|

0] =29| Discussion2 & SH0|A A2l A HAXIE Hets| ME ST}

“We measured the effect sizes of DNVs on behavioral symptom severity and adaptive func-
tioning considering familial background leveraging large and ancestrally diverse ASD cohorts.
This approach improved genotype—phenotype associations and led to the discovery of 18 novel
ASD-associated genes. Furthermore, we identified 11 genes with high variability in intrafamil-
ial effects:+-”

S} 291 I, 298 WENET
TB{5HK| §OP DNV 5112 Hat5| I
QEAIS LAYCF)S bI2

Al & 2= UL} Introduction®lA X|7|8t 2H|(“familial background&
off Chet B ("R2l= WFSD Y= 0|5 sHZAZ, 18712 ME2
AMZE2 =Xt Discussion?| #eks HEZ O|Hol=E =0

d

Introduction®] Eg} S|4=6}7|

0| =29 Introduction2 “DNV| BEHHY S117t 71F A0 M2t A Z2HEIC = FME M7 |HC. Discussion2
0| ZX|0i| H=fo| BTt
“The use of WFSD provided less variable and more robust associations with ASD than raw
phenotype scores, indicating improved biological interpretability.”

THed| "2 YWHO| S0 Usk=E 20| OtL2h, IntroductionOlA] HZI specificst ZZ0 CisH specificst Bg

HIAIBICL =Xk= “OF, Of A7t eS| 1 22X oA=L 22! OJsHSHA| EICt.

A H7eto| HIW E Set Y=t HS
PNZS Z

Discussion0lAl= XtA1e
H| W SHH HSSHC}:

of ZME 7|E AL H|WSIH MH2S HS

el

%= QICt. 0] =22 SFARI Gene database2t

“Comparison of gene-level effects of dnPTVs on SRS WFSD with external gene annotations
(SFARI Gene) and effect size estimates demonstrated largely consistent enrichment patterns,
supporting the validity of our approach.”
Ol HluE= F 7HK XS Sdottt. XM, Xrilef Zuut 7|1& XA UX|ghs 20 HEES =00 M, ME=2
Hr24(SPAGY, UNK, TNFRSF8 Z2 novel genes)2| SQMS HZEA|ZICE,
ROIA AN M= top candidatedi| CHEH 2 pathwaylLt disease relevanceE AHst= Z0| £5| £Q5ICt. 012
£0{ 0| =22 PTEN t0|2| domain-specific effectS AHoHH:
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https://pmc.ncbi.nlm.nih.gov/articles/PMC12366145/

“Missense variants within its phosphatase domain, particularly those affecting the substrate-
binding and Tl loop regions, exhibited significantly more severe SRS deviations'-- Consistent
with these observations, prior multi-model functional assays demonstrated that p.Thr131lle
exhibits near-complete loss-of-function-:-”

CH:3| “PTENO| S5 7F OtL|2t, “O domain®| 05 EHO|7} 9ff severe®t §1HE HO|=X|" 7|2} A M TSI},
ZFHYE 5802 M&5h|

First, Second, Third--- 4| LI& L, O] =22 FHEZ NMAAYA SEL,

1. WHE 24M: WFSD7} H L2 associationS M|S STt

2. MEst™ 82l Domain-specificzt position-specific effectl| &4

3. StA|™n} 02 Wek: Sample size, ascertainment biasE £ZI51A AZ6tE YMHOZ

4. UMH &o|: Precision interventionit genetic counseling®f| List S8
Zt FH= KNHAEA O FHE HZECL ‘2] 20| EC00 — J2HM MER YEN HAHLES LA —
SEA|2E SEAIZE U0 O A7t RS — 0] M0 O|EH S8E = U= =2|™ SES MELL
Limitation: Ht4dZ0] Of HXMA HI'Y
SIME0| A= 2= EE0| QULE “Limitation2 Y0 £XI6HA MOF 5tLER?”
25| SkAL. Limitation MM&2 BHEZ0| OFL|CE, “R2| H17t FHYPK L2t Afelst= Z7H0] OfL|2t, 7o WS
FHalks| otal Oj2f Wars MAlok= HM=FA ZZH0|Ct

ZEX| L2 Limitation

LS #ist 74: “Sample size7t ZULY”, “longitudinal dataZt OtLQUCY ME BE HLI} 7R £ Qe U SHA|=
SX0AH MER FEE FX| 4=Ct.
DHEHOZ oflZAE & Q= A ‘2= MF ZES ALEFT| IR0 QU7 CHE 4 UL = MF A7) 22X SHA|CY

0| limitation2Z M= A2 A7 2 MHE BYot= AO|CY.

CHS g7 oto|C|oje] st leE: “&% AR0ME X, Y, Z HLE FIIE 248 0L HME 2HX AT A&e
HIAlSHH, 27 SH-LX0A OF0IEKE = HOITt

HIX X0l Limitation

| =22 limitation2 L™ H|H2| £2 Of|A|CH:

4o

“SRS data were unavailable for the SPARK, which may reduce cohort diversity.”
THe5| “HIOE{7L ALY 2 BLIX| 4=L}. HIZ 0]0{A:
“However, the adjustment for these covariates did not change the relative WFSD differences
between dnPTV, dnMIS, and non-carriers.”
ZME M7|5tx], 240| sia AZ0| S FX| LAUASS H2IL}. 0= HEHN ™20|Ct, “CI0IE Q] SHAIZH UCHE)
— OfX|2t R2|= 0|2 HABFCHED — M2t A22 03| robustdtEH(E)™.
Ascertainment biasOf| Ci§t =2| T OFXt7HX|C:
“Parental SRS T-scores were lower than the general population mean, and sibling VABS scores
were higher than the general population mean, suggesting that comparisons with general popu-
lation norms might underestimate the DNV effects. However, we cannot exclude the possibility

of ascertainment bias being introduced, as participating families could have higher education
levels and lower social impairments than the broader population.”
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Bias 7ts-d= &2Io1 Q. SHX|Z Hi= 0]0{A:

“To evaluate whether such bias could systematically influence the estimated DNV effects, we
conducted exploratory analyses testing interactions between parental or sibling phenotypes
and DNV carrier status, which did not show any significant interaction effects.”

SHAIE HMIAlote], 2240] 210 2M|2 Fets FA=A 4SS AS E0EL. 0|H0] THX HIFO|C

HIOIE|2] YT HE5}7|

PE H0|Es YHMS ZH=Ct Within—family comparison2 familial backgroundE H0{5H= &0 UX[2t,
SA0| 2M 7t st ME 5 EQICh

“While WFSD provides more specific estimates of DNV effects, the substantially smaller subset
of probands with complete two—-generation or sibling phenotyping imposes a further limitation.
For example, while SRS scores were available in WFSD for a comparable number (Raw N =
2907; WFSD N = 2715), VABS data were not (Raw N = 10,232; WFSD N = 1955).”

Trade-offE ato| 2SIt “WFSD7} O HetolX|2t, M2 7t E0EL"= YUS MAlstl, “i2tM Df
HTLO|A = family phenotypingE O #0| £=X5H0f St = 7*“351 YetS MAlSH.

Future Direction: H|=IA7} O BiX disk
L Ct2 sHiE9| 2R “Future Plang LOtL} LHXOZ MO} 5tLIQ?”

et g A7 AIRIME 4K Ot

“St5 22| X cohortE F7I2 recruitdty] Y 242 £31% Z10|Ct" = grant proposal®ll £0{Z LE0|X|, Discus-
sion0fl E0{Z Li&O0| OfL|Ct. CHAI SHEX UM vieks MA|SHEL.

ZE X| 942 Future Direction

* “We will recruit 5,000 additional samples from European cohorts”
* “Future studies will validate these findings using CRISPR”
* “We plan to investigate protein—protein interactions using IP-MS”

0| EYS2 "R|71 0| BHE Y AU 2t MABITY. LT I 0]01M ZYXI0||AH| OF0|E| OIS =LY, HoHX]
US M BITES XIS THECE

WX X1 Future Direction

| =22 O0|ZA HMAIStCt:

—IO

“We suggest that future studies integrate intrafamilial deviations to account for familial back-
ground effects. WFSD may facilitate personalized variant interpretation or support genetic
counseling frameworks. Investigations into the sources of familial influence, such as inherited
variants, environmental factors, or their interplay, would deepen our understanding.”

“Future studies’2H= ZO0{E AFRSICE “Q2|717} OFL|2} “SHA|74 Lotz eheko|Ct, A& HHHEZ(CRISPR, IP-
MS)2 HMIAISHK| 2211, 7HEH Wek(integrate intrafamilial deviations, investigate sources of familial influence)2
HIAlStCt,

Lot S8 7tsdS MAlstt:

“Addressing these questions will advance our understanding of the neurobiological mechanisms
underlying ASD variability and contribute to the development of precise support and interven-—
tions.”
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‘0|3 AL o LSV O CHS broader impactS MHSIC Shast AL A|2l0] OfL 2L,

Lo
Mo

Conclusion?] 9gt: Introduction} CHEIS 0|2 = OFFR2]
A

dMS QS M| MM(Introduction, Discussion, Conclusion)O|

ZZ. 0] 200l= 0| 2X7t UL, R2|= O] 20| ot At St

Introduction: H2 M2t - F
taiElst ‘2= 0|H /e YA

Discussion: 2742|410 ,0l= 7|& Aot H|wetf O] Q|O|E Zt=Lt. SHHl=
0[2{5tH, IJIEH %8 O}

Conclusion: &2 & — 2 9|, “22|9| Y72 0|A0|11, 0l= O Z M2foj|M 0]H F&HS 0|& Aol
IntroductionZ} Conclusion2 [HEIZ O|2L}, IntroductionOI ZHY 7 |XME S RN F2 o2 Fo{ULHH, Con-
clusion2 HZHIH7| X2 Fx|Z LA M A|ZSH broader impactZ SHEHEICE

2 =29 Conclusions £At:

“Accounting for familial background enables clinicians to predict the phenotypic outcomes of
specific DNVs. This approach provides valuable insights into the biological mechanisms un-
derlying ASD, enabling precise support and effective intervention strategies for individuals and
families affected by ASD.”

SHAl HIA|X|(familial backgroundE& 112{5tH
support and intervention)2 2 2”‘*5“1} ct
O™ Q|0|E H=71" 2 DRt

Z2 Conclusion2 S |71| “So what?"0f| T3t Ef2 &Lt “GAI0] LT 20| & ZLEH71? 00| MakS HEA
HE Q17177 0| AZ0| EolH ==3 OtF 2| I, =Xt= 12| 20|E 2X5| O|aHstA| =Lt
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7IE0A
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Discussion 29| MM HzF
1. Introduction} LHXH TS 7|
Discussion2 M 7| M0, Introduction2 CHA| SlOO “HEI HEl” 222 OtS0{2},

* IntroductionO|A ¢lget A+ gap2 FAUI}?
« 227t ot Xt &t specific question2 F210I7}?
« 7|1E AFQ stA= X|&ot A2 FAQUTL?

2t =0l tHall DiscussionOlAl O{EAH| EEX| HZot2t. 2= HEO| &-EA=X| 2Rlot=s MA2AET} E Ot

2| AIE Halv|
Results2| 2= 217t 22 SQEE X Y=L,

* Primary findings: Introduction®| main question0fl %3 E5t= 2y Zit
+ Secondary findings: S0|SX|2t 24HQ| 2zt
* Negative findings: R2|6tX| ZLUX[2t Q0] QU= At

Discussion2 F=Z primary findingst| &3tCt Secondary findings= Z2tEs| Ag3dtL Supplementary Dis—
cussionZ fZ £ ULt Negative findings= S8 {0t MHMO Z =0|SIC},
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4. “Therefore”, “However”, “Moreover’S X O 2 AL25}7|

 CHOj= 2 7 BYE WEE| Bit.

— =

* Therefore/Thus: Q1dt 2tA|. “O[2 ZAut7t LIgCH [M2tA 0] Q0| =Lt
+ However/Nevertheless: CHZ. “0|2 ZHO0| QUCH, T2{Lt O] SHA: JACY
+ Moreover/Furthermore: 37}. “0|Z = £Q35}C}, ACH7} MAZ S5t

O[3 Hetof7t glo™ EHS0| Ha LEXNE 2Tt MHO = AEoH =2|X F27t B EICt,

5. Q0 IpZohA X127

M ERU2 BE HF 2N ZE 20E 230t ofl, BE 291 &0k et

T B draftE £ M Xt25t2t - “0] 2E0| main message0 7|045t=71?" - “0] 28 Q80| & TR $t7t, OfL|H
SUHOZ 2 AV - “0| HYHO| Xt O[S S=7t, OLLT SRS FEIH?
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AlZ 1: Results?] HH=

LM Ol ) “Figure 2A shows that WFSD was 3.5 in dnPTV carriers. Figure 2B shows that it was 3.3 in
dnMIS carriers. Figure 2C shows:*-”
0|7{2 Results?| BH=20|Ct, SXt= 0]0] ResultsE ARALL.

E2 0: ) “dnPTV carriers exhibited the largest deviation from their parents (3.5 WFSD), suggesting that
protein—truncating variants have the most substantial impact on phenotypic divergence from familial base—
line.

#2 RAE A5, M (interpretation)S CIgILl. “FAS YAYE=7L 7t OtL|2t "0 S 2|0|SH=7H 0
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Z£2 0f: ) “Functional assays demonstrated that p.Thr131lle exhibits near-complete loss—-of-function,
con3|stent with the severe phenotypic impact we observed. This domain-specific effect aligns with the
substrate-binding region’s known role in enzymatic activity.”

7|Z 2%9| functional data®t XH412| phenotypic data® AZBICE. £E2O0|X|2t, 2747} Y= F20|Ct,

A3 YO B

L2 of: ) “®2| A= sam
QIDIZIA S Bfolat 4 Qirt. Tl
Limitation0lA HF Z2 S LIEs6tH WX O Z HHSITt

Z£2 0ol: ) “While our approach provides more accurate effect estimates, the substantially smaller sub—
set with complete family phenotyping limits detection of rare variant effects. Future studies collecting
standardized family—based assessments will enhance power for such analyses.”

SHAIE Q17otl, 2AS D2 A9l Y2 Hetottt. U0{7t OfE 748X R|QHO|CY,

Ie size7} &1, CIE ethnicityS E&GHK| £3HCMH, longitudinal dataZt S10{A{

Discussion} Conclusion2| =3}

=29 B2 AR} 526H0F L. Introduction0] “Q2|= 0] Z20|| 2ot Xt SHF 2 AIZRECHH, Conclusion2
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