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# Author: [Your Name]
# 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 diagnosts

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)
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# TableS1.R

# Supplementary Table S1: Sample metadata
# Author: [Your Name]

# Date: 2024-01-15
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# 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 SiC"),
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 - Q@C metrics

addWorksheet (wb, "Table S1B")

qc_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)

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

# 4 2z2 grid

figl <- plot_grid(pA, pB, pC, pD,
ncol = 2, nrow = 2,
align = "hv",
rel_widths = c(1, 1),
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rel_heights = c(1, 1))
# PDF
ggsave("Figurel WFSD.pdf", figl, width = 8, height = 7, dpi =
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Figure versioning OflA]

# Version 1: draft
ggsave("Figurel v1_draft.pdf", figl, width = 8, height = 7)

# Version 2:
pA <- pA + scale_color_manual(values = c("#2E8B57", "#FF8C00", "#9370DB"))
ggsave("Figurel v2_color_revised.pdf", figl, width = 8, height = 7)

# Version 3:

pA <- pA + coord_cartesian(xlim = c(30, 90), ylim = c(30, 90))
ggsave("Figurel_v3_axis_adjusted.pdf", figl, width = 8, height = 7)
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ggsave("Figurel final.pdf", figl, width = 8, height = 7)
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HIAIXIE MESH= M= 281t 2 IHE(A, B, C, D )0l gt &AM 4Ho = L ELC.

Figure Legend =4 4!
Word 2M0|A 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 % &%

’3& E’c‘!S Figure Tx|2] HIAIX] (Bold) - “Figure 1. Intrafamilial deviation of social responsive scale from
| =2 FigureZt MEot= A HAIXIE 7HESHH 295t - Bold X250 Figure H3 2t X5 S

2.2t %‘%"8 Ml =MZ - 2 =M= HOM 2, H0IM &t2 A=CE - (A) Panel AS| L{E- - (B) Panel
Bo| L - 2t I{20| 204F= H|0|E|, 24 EH, =2 2ntE St

3. X AIH| AH - Results MM2 HAYS ALZSH|T, Figure Legend= SMAS AFESHCE - [0 “WFSD is
calculated by--" = X “WFSD was calculated by*--” = Figure= ${X{ SXI7t 211 Q= XN HEHO|D 2 SISO R
7| &Sttt

4. 2F0l= XS LIS W M2 - “social responsiveness scale (SRS)” - “within-family standard deviation (WFSD)”
- 220{|A 0]0] Mo H2E Figure LegendOIA XS L2 W= CHA| HolsiCt

5. S B et (HQA|) - “Error bars represent standard error of the mean.” = “P0.05, P{0.01 (Student’s
t-test)” = “*P { 0.05, **P ( 0.01, ***P ( 0.001” - AI2= SH AH it QO|4F 7|59| o|0|E HA|SIC}
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6. ME 37| HA| (528 A2) - “n = 50 per group” - “Error bars represent SEM from three independent
experiments”

4% Results — G|O|E{7} L5tA| 517]

Results MM4S & M 71 A oHOF & L2 FAL? W2 SO0 A HM E4 ZAEE =AU X7| ARSI
SH|ZH 2 Results HH 25 HA GAHSIL A[ZfolOF ottt O FOIM= Results M4 TX|2| HIHE O{EA
MOF Sh=X|, 2t subsectionS OfEA| BiX[ot HASHOF SH=XIE THELE. &8 2#o| 2y 7|2 UE UM TE
A0|1, 047|*1._ 2 180 St

Results2| 24 H=|: HIO|E{7} FIS0]Ct

Results vs Methods vs Discussion

ResultsE M7| 0| MX H=t5| 5HOF & 20| ULL Results, Methods, Discussion2 2t2} CHE Hgts STt

MM iz Ol Al

Methods OlEA H=71? We performed NMF clustering
using proteomic,
phosphoproteomic, and
acetylproteomic data

Results FAS AWM= We identified five multiomics
subtypes characterized by
distinct molecular pathways

Discussion FoE 2o|sk=7t? These subtypes have important

implications for personalized
treatment strategies

Resultsz 22| “RAS WA= 012t ESSHOF S,

AHH =Z20Me] oA

2|7} 2SI NSCLC &HXte| proteogenomics 7 =2 0A 742 O|Ct (Song et al. 2024, Nature Com-
munications).

25 Results (Methods7t 412)):

To establish comprehensive multiomics subtypes, we integrated proteomic,
phosphoproteomic, and acetylproteomic data and conducted non-negative matrix
factorization (NMF) clustering to identify multiomics subtypes.

0|HE Hel ME Methodst| S0{710F & LHE0ICt. “To establish”, “we integrated”, “we conducted” - 0|
HIE2 2F Y S HEot= AO|Ct.

o= =2 O
2HIZ 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.

LA 2 STt OfEH 2L =XI= MethodsOi| ALt
L7t SHISO|A Xt 571= ZHEL:
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HZl: ResultsOj= 2T, MethodsOi|= 2ot
b

ResultsO] Xetst SAF: - showed, demonstrated, revealed — observed, identified, found — consisted of,
comprised, included - differed, increased, decreased

ResultsOf| X185t AL (Methods&): — performed, conducted, analyzed — established, constructed, devel-
oped - optimized, benchmarked, validated - collected, generated, processed

2M E19| A28, parameter AH, input/output &4l S2 PE Methods MM0]| L &H6HO0F ST,

MHSS 745
MM H=2 LAS OLoF St
Zt subsection?| M|F0| L{F LHHO0|H =XtQ| gels 27| (L.
IHSEHS: - “Subtype identification” = “Immune cell analysis” = “Survival analysis”
HZAS H2 HS (Song et al. 2024, Nature CommunicationsOf|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 EF:
1. FHIHOICt - “Subtype identification”0] OtL|2t “A NSCLC subtype associated with poor prognosis”
2. UAS Gl - 24 UHO| Ot 2 RS LAME=X
3. BAIE HOZELL - “A affects B” 2 “A underlying B” SE{Z HEM KA
M=ot 0T RS UAMEKX| Y 4= AUO0{0F BT

2} MMO| KIIAZIA| O|OIXOF BHCH EXI7H“ef 7| Of O[OF7|?"2km L77|ed OF ik,

—

“047|= OREEZER|QIE], =29 S = 'NSCLC subtypes’0|11, & MM *|dentification of subtypes’ 2
AR, L] 2B, 3EHM MMM EZ 0| Ll immune cell 24 0|07 [RHLICH AX|0f
0| Li82 0|0] CtE ARSI Lt LE2 0[0F7|S0|11Q. 2|7t =22 F1I6HH, OCIE 7t 28 =2
SEM| MO|X|Z7EX] H1 "0 G5 0|0 Cf kAU of & of?’2t:r &A1, HiZ 2[MEHLLCL COEA
20Q. MetH, 2 3HS &X|11 HEZ 'Subtype-specific immune landscape’2t= FHZ FHIY MM S
AIZFSILICE, TJ2OF 1EHIHOIN S&okA| AlZFet Subtypes 0[0F7|7} O[O X|&.”

Song et al., 2024 =22| MM X BM:

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

Results MM J14: 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
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RE MM subtypes 2t= S FHE RAISCt. A MMM 570 MEEIJIS A7M6t1, 0| MMS0| 2 MEEIY S
ENE TSt (0 F, M -_rl , WGD, MY 2tZ)0f|lM CHECT
Mol 3 2H0| ER5HH
ZH M9l A 22 olig MO Waks MIAISCt.
LH7t sHdoi[Al H71 ZHE
“Zt MNHS MU=, O] MESS 0|0{A H2™ XS] LIEO0| 0|0 X|X| 45 LICH M MMH2 'NSCLC
multiomics subtypes Erﬂ SO, 21 HEZ & MME "Kinase act|V|ty in cancer'2t E[U0 L.

Kinase7} 201X SQBICH=Z RE= Al0| QILIR? 3| G1Z0| O1E|Q, 2|7} WHs subtypes®!
kinase2| &AE HHHOLE. X2t O|SHE Rot=71XIQ?”

Song et al., 20242 £ G|\l

MM 20 H 23

To replicate our subtype classification, we utilized multiomics or proteomics

data from 462 patients with NSCLC obtained from previous studies.

MM 39 K 23

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.

S B MAMO| K B MO UG MEEIR)S CH2 TS E0A ZE5ICHT Hars| Walm, Al B M2 “f
OIAl £ DIMEHAS B0} SH=71"S MBI KIHAZH AHEICY,
2} MO A 2HOA 2 0] LIZO| XIZ LRSI S T&H5| 5HOF BT,

51}0| Alki og |

=

=== O —?—, ZF 49| MZR =MIHZE SOEAL

RE 52

1. Multiomics subtype identification

2. Kinase activity analysis

3. Cell type analysis

4. Survival analysis

SA S “2H0| A ZRE7[? 1HOIM MEELY 0[0F7 |G 7t 2f ZAL7| kinase?”
Z£2 5E (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

ST} £1S: 101 57 ABELY A7H, 221014 S5 0127} LI NSIElR] 83 2, 20A] MSErYE HE S,
401 S MEEIRIS) WGD S3, 5-6#0lAl B1of 21 24, =2|xio|u|I

DO WN -
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“S7HX 238 (manuscript HEXOZ), 2HO| B2HQ. K7|= 2% 2707t & 2HO|2t-- S8t
O|R7t ASKI?

12202 Elt= 2H2 H|otAL otLte| HA0|Lt 7HES dHolk= Ol 28 3-b2&0| HRSIT.
Song et al., 20242 2Ct X Of|A[:

[ 1: Subtype 4 - 61

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 CSNK2A1, 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.

2h 210| BLES| UAE UAS T UCH 3 WY REH2 Subtype 49] HEIHQI QIS ERIS, £ M 2T X

= = [ILENY Sy

OF7{(SLK)OHl LSt &M 241S THELL

Z} 2cto| 3 2%t = Topic Sentence
2ol M EX(topic sentence)0| oliE 2| SHAS =HOL0f S},
SAts 2 2HO A EHT S0k IiEfXQl SES mofet o~ L0{0F St

Song et al., 202429 “A NSCLC subtype associated with poor prognosis” MMOA 2t EHo| X FX0t

FEOHEE:

Paragraph 1: To examine the molecular characteristics of Subtype 4, we extracted distinct features...
Paragraph 2: Notably, STE20-like serine/threonine-protein kinase at serine 347 (SLK (S347))...
Paragraph 3: Furthermore, Subtype 4 showed a significant upregulation of leucine-rich repeat...
Paragraph 4: Subtype 4 included numerous prognostic features in the HIF-1 and PI3K-AKT signaling pathwa
Paragraph 5: We evaluated the clinical significance of Subtype 4 according to the survival rates...

2k 2510 & 2T OIT “Subtype 49 XA S — SLK 0 — LRRFIP1 01 — NS HY 22 — MES 24T
EME 240 IYUSS ¥ + AL
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H|Zoll 20l= 80k UetX 2= CHE Q|0|E 7HEICt. oA T2 AtEoH0f St

Li7t stlS0A 71 ZHE:
‘0|14 SZQst H4H0|)Q. T&olA proteomicsE EXCH=H OtL2t OFX| phosphoproteomicsZt
BAC= o Q. M 0] MMl A 2E0= A phosphoproteomics?t Q3K AHO|
LttOSt=AHE.”
‘12|10 LEM global proteome= H11, OX|UOZ acetylomes EZICH 6t11, PTM
LTt ZHzto| Q&0 T2y 7.

=

Song et al., 20247} FL&2s5l= 0{S:

Neoantigen vs Cryptic MAP — Neoantigen: HMAME SHHO|OAN {2Hst Y £0|X &2l - Cryptic MAP:
HIZH/HIFA AN 248t MHC class | 28 HEO|=

==20A 0] S5 =] #2510 ALgelLt:

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 22AH) - HTE (hot-tumor-enriched): HANZIt S25t “CLAHR” Z - CTE (cold-tumor-
enriched): HSIAN|ELI} M “X}71L” =QF

S|
2

mjo
uin

O7tH

AT

20| Ydo| S25t 0|7 S| QUX|H Aol

=22 H#3| HI0|HE LHEst= A7t OfL|Ct. SXte| MA&0| 7HHEe] X|=E 23 = 2O0|C.

=22 Y= SA= 0| HE EENE EX, sid 2012 Solf MA| LSS O[sHSttt. £ 017t HHESE WO SXt=
O|ZH0]| SIUH oHErS CHA| [M22ICt 0|42 XX MQl(cognitive lndex)OIEt £FE & UL

Song et al., 20242] £ 0f:

=& HHAM “multiomics subtypes’2t= S LE|A AFESICE: - Abstract: “-reveals five molecular
subtypes” - Introduction: “--to define the molecular subtypes of NSCLC” - Results A4 1: “|dentification
of subtypes in NSCLC patients by multiomics” — Results A4 2: “A NSCLC subtype associated with poor
prognosis” — Results AM 3: “Cellular landscape of the five subtypes” - Discussion: “--the five NSCLC
subtypes enriched for WGD, oncogenes---”

=Xh= “subtypes™2h= THO{E 2 WOIC} “Of, X 674 1&S Fot=7Lt"2t 0 SA| O|GHSHC}.
Al 20| =2 xHi0|| SIS}

= Al E0{E Results & MOl B=fo| F2lolOF otCt.
Song et al., 20242 & Results AlM:

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.

EXIO| M2IL AHO|

2 ot
—_=

r

0| 5t 2MO| =2 MAo| AX|H HYAYIS YHBITL S 0|3 “Subtype 3" 2 TOITH “proliferativedt 1
18"g Her,
ATNO| MR SXH= 2 YELt
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f‘lf 42 JNES CE2A B2H: - & MM: “multiomics subtypes” — 7t MM: “molecular clusters”
OFX[9f M- ‘patlent groups”

SXt= “O[A 22 2717 ThE 27172t A% Fl2 SOt7HA ZHIsH0F it QIX|X £EO0| HTICE

80| Y@y HIZAE:

=== U 2 2, LSS &QlotAL: 1. alidd 7HES LE= 80171 A =20 SYT7? 2. A0 E o Folot =
A& ME83H=71? 3. Figure legendlIME SIS 8012 AM5H=71? 4. Supplementary MaterialOAE L2tel
Z0E X717
80|15 SYstct
ot == LOIM 22 WEE T2 02 HololH AV =22A L fotct.
Fig vs Figure:

‘Fige M= AT AL Figure2 A=k U=, SLS AMAHAFH EQELICL”

Cell subtype vs Molecular subtype vs Genomic subtype:

“Ht2 Of2f 2&t0l= "molecular subtype’0|2t= BSS A1, 07|= 14 "subtype’ 91|, LS 5HH
EASLICE”
S M- -

“X= molecular subtype2 OFHZd ZH0tR. HLFH, RNA, protein expressiong S8t OfL|L7Q
24X genomic subtypeO|2t= BSS M= £33 201
Song et al., 20247} &st H:
=2 HH UM 202 UBET|H AFSITE - Multiomics subtypes (X% A Subtype 1-5) - WGD (whole genome
doubling) = TMB (tumor mutational burden) - HTE/CTE (hot/cold-tumor—enriched)
SHH OF1E HoI5tH == TH|0|A SUSHA ALSITY.

Figure®t Table2| 11X HiX|
SE20M HHe = AHESH

—_

—

FigureLt Tableg 218& M= A2 FEHt SH MIAISHOF STt
EHZE o

Results are shown in Figure 2.

2HIZ 0l (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).

THIHQ ARt SAUS =20 MAISHL, Figures Al 2IQ1S flsh 21 SHCt.

L-_O -

=AM 2 HF St (A E..)

Figure2} Table2 220 S&dt= =AE HSE D70} ST}, Figure 1A, 1B, 1C &M E.LBHZU} 7*Xf7l Figure
32 Ao Qf =ty =22 MOEH, XiF &X7t HHY =0, £X|25| HH20{0f STt S&£0M 220 22 FX..
O OHY S AHILE S |='?(|E._10| %.*9_“.’_“1

Song et al., 20242| Figure HiX|:
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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)

=M =MZ HiX|E|0f RACE

o L

Figure L20| 221} UX|5HOf StCt

I

L7t SHlOfA g2l ZHE:
“‘GIEMSIL O] 229 M=0| 0jEO0| HFLICE 07|M= GO 21t 227 S0iZH A 22 (M7} Ol
SICHH), 221 20| S|IEH0f| EAIZL Z|0{0F & 2 Z20t2.”

=M A LIZ0| FigureOlM A|ZHE Q= 201 7HS5HOF SHCt.

Supplementary vs Main Figure

X322 710|=2fRlE =
‘EIGHE =&
ure S 2t M=X| S0I1S 6

UHIMO = — Main Figure: si& 274 — Supplementary Figure: 22X H|O|E, 25 MY, £/t &M

Song et al., 20242] B2 - Main Figures (1-6): MEEIY Ho|, 0|& &M, M EM, WGD, HS &4 - Supple-
mentary Figures: TMB X, &7} kinase 241, 45 ZSE Ay}

Mg QAR gol
Journal2 ZtAtQ| Author guideline0] UL E11 MO BIEA| X'E2| 7H0|=2R12 21010} SHCT.

018t Atel — Results MM 9| 20| H[st - Figure®t Table 7%= XM|et — Supplementary Material 4] - QI8 AEHA
- 20| AtE 3]

5%t Results MMZ XHMd617

otLtel Result M43 QHOf|lA], &IX|0] oF EF QHOIA O{EA SMHo 2 = AQUJH0| Tiol LOtRA}). E2 =8 71
Results'= 20| BefotX| O H SALOAH HMEEX = 0 oAM= 2H 22| SHYS0| 2det =20 53

.I
THES HIYCR, 28 &9 Xy J7|&S HEL

Results MMe| & X — K7|1H HA
Results2| 31LES| M2 XhASt 1Y, BE 3-47H0) 2T HEL 1 SHSS M2 7/H02 Az E

22|71 2ot LU A= =F Kim et al. 2024, Exp Mol Med®2| “Cellular landscape of neurodevelopmental
disorder genes in early neuronal lineages” *—1!).“_‘12 01|§ ATHEX},

£t 1: MZE £0|™ enrichment I{El

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.
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0] 22 2 1S MAISICE O™ disorder risk genes0| 0™ cell typeXA enriched =] U=X| 0L
£t 2: Neuronal lineage2| HX 24

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...

= 10M “cell type—specific” 0|2t FHOL, O|X| & ZH S0{Ztct. T3] 0{™ cell typeO| OtL|2}, cellO] 23tot=
HI’“(trajectory) SO OfEA LHE=XIE 2L,
£t 3-5: Zt Lineage2| &M 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 lineageDtC} O1H risk genesO| O{= Al Zoi%[=X], {TH biological pathway?} enriched El=X|E #HEH 22

MEotrt.

21X S88: 1. 2 13 o™ cell typeOlA risk genesO| enriched El=7t? 2. 2+ 12 0] cell typeS0| 0L
=712 (li neage) 3. A& J&: Zt lineagelllA X, {™ genesO|, 0{ pathwayQP SHH WHE[=7}?

Zt 2Cto] A 2X0| oY HAL|=X| F25HK}F: - 22 1: “We prioritized 14 sets of genes-” - & 2: “We

further |nvest|gated the cellular lineages---” - 2& 3: “Lineage 1 represents---” - 2t 4: “Like lineage 1,

lineages 2 and 3 presented---”

“Further”, “Like” &2 HZA07} QI0E, =2|X SE0| AIHAHA O|0{ZICt, ZH 2EHO| O] 2HOA ST HEZ0]

EfotAL, O #HE b'*% 4S5 ot= AL

AIE &850 Results MM ZHM5}7|

S0 SAMT SIEEE, =S 2He A2 R 013 2O|C}. FO= M| SloFsh7 | 3, st 2MI|E
SHORHOLITL - 952 MAI|E], 320 22 Al S0] LIotY, B0 HO|=S Bl0| 5L T12iM M =22
M= SHESOA Al =712 2Eot=A =20] =Lt

BAE ZHg D2M A

xtA
1EA: 2 72 274 -4/ )
PIX| BF MM OtOfl R JHO| BHS SX| FHS. BE 3-4747F YOIt (02 22 FE2 MSFH oY

g

ot

x60]

7t

OilAl: — 22 1: Risk genes?| cell type-specific enrichment - 2t 2: Pseudotime trajectory M| I{El - 2t
3: Lineage 1 &M &4 - EH 4. Lineages 2 & 3 H|u &4

20HA: ZF 20| siA AT} LIH (4-57H)

Zt 2H0| S0 F2 ZuUSS =2|HRR 4-bJ M=Ct. EFHRE GHE0| 2™ MT =X|2, & 2Axet ZHA
ToE= QICh ESt HZAS OfEA ciorgX| HF noig HRJt gitt. Xg =S XY= ddsS2 &7t AZ0
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WS B2 AlZtS EHn. 2879 HE2 Al =0 UM, "=2Hoz HEO|
QE|=A UAAN?"EHLL AIGIA SHEHM, HHsi: =t

OIAl (ZE 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)

O[2{H CHEF 127H0IM 2072 slia) HRIET} L=L,
3T AIZ 2 MH Y HE
Al E0|A O] ZRIESS HIZO=Z
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AMSIER

(=3
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Prompt

" Results :

- Lineage 1 radial glia excitatory neuron

- NEUROD6 neuroblast

- Autism risk genes (RNASE1, TCF7L2) early stage

=2|M0 2 QH=X|, 12|17 O[T BT Zap} MAISIQUEX] Of2] 1 O[T 21Tt 0] TFH0f ALRH(EA)O| HsHOF
BITE O{WEA O] 2210| 748 e AjZH0| KT DL} XS =22 M SHI0|2 0] 20| OfEICt. OZH| Aozl
70| £2 2071 OfX| M2 XS SX2S 02 S8} Pt TN 2010 235t 20| 2 XHSQIX| OfX]
BRI 5213 7|QI0F BITE 0|0 2T} QT Li7h AAZ 285t B2 StS0l 2112 S So Zast 2SS
xof =t

DR, Al T2 MYSIPIN HAS E5 BECt offet 22 ZR0ITt

T2 of;

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 of:

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

A (“suggesting its critical role::-")2 Discussion0i| '20{0f ST ResultsOAl= ZHEISH AMATE ML 22
=20M 2% Flol| “,suggesting FX” 0|2H E20{M HBst= 47t "f; °'Ef 2Lt Al E2 IH=5HA oA

x4QIg BT} J12iCheL| Results®) BEHE0| £E2 Qi RUNSIX| 941, Hax0l H4S2 IS
& BIHX| GPTO| HEIO| ATt ResultsS X3 Of, OIX|Z0| 20F SES MAJBITL GPT7F AIZE MASHs OfX|a
S

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.
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0|31 Z315 3412 Discussion®l 43IL}. Results= DFXIZ ZIHE MAI5HD ZLR Ik, 019 22 2% HEY7} 55
=20] MOIC}, HOIXQI 310|E) WA 0J7! BHX|BY, AT S2L Discussiondl 'H 28 HRBITH ResultsOiM=
HI0IE{7} L5k 512, HIO|EIZ |08 FZGHA| 23| M090f BTt

ISR 9| & H2, Al9| 20|82 A Sl "RSToH 2ES Adsttt. 8%

A otHl HOl= XHYE=S
MESH. 1M DEDES QS I 718X HEXQ X B, Yoot +H4QAES H0{0F Bttt (55
t

| Results IHEOf|A]).

L CH2 AIO A '20{A, “O|A
THU|ZL SHA, BA| 2S6HAH M0E 2RO0|LE, DS 20l= 2&0] U0? FHXQ HEE HS4 JA0? A
J2 B20| JAOH X|Hafie}” 2t S20{E4T UL

LH7F Kim et al., 2024 =2 =t A| SHH0|AH| 221 FHIEL} (Kim et al. 2024, Genome Medicine):
‘07| DHEH IR E= ? ZIE HE o2 S0 LR S&LICH LR siZdge--”

“Ht2 XXM 2H0|M attention issue®t genetic association 0[0f7|12 5h=0| o ZHA7| 6§7|M ADHD-
like phenotypesO| LI2=A%E - 2&0| 057} QtELICY..”

2XE O

T
n

Previous studies showed attention deficits. Genetic associations were found.
ADHD-1like phenotypes were observed in siblings.

=HIE o
Siblings of autistic individuals showed ADHD-like phenotypes, including

attention deficits that were genetically associated with polygenic burden
( =0.23, p =0.003).

ofLtol ey L2 StLto| Fotet ZHO= HEiotAL H, of 280 23 gl= 0lf W8S A2 XI= AL

MBTI7} SQI StlS0| Atz o= A4=7t QUC}. 2HET ZE CIHYS O M= ot AO0|Ct

of ROl A| 2! ZHEL
‘M =ES MAUEH, SHEXE MBTIZH SQI XFS0| AR5 ot A7}, 2A6HH BESH RE NS O
M= AQHQ. HE Ay Eat0f2tn MZSHEAR. O7|M HEl — At A — HEN — At o Z Bt
UCH E|ZNE? A FASHEM Y2 SHTY| JAME AHSICHEX], HiwE AHBITHEX] Sk= 0|0 |=

2foli= ELICE 021 S Y R RE7HOLUZL. =2% DFEZHX0L. O MMM Hotal H2 171K
HAIX|IZF 2AA71Q? D242 YZIoHH MEH FLCL”

Z} MM, 2 2EEo| sl MIA|X] SHLtO| ZSsHKL 1 HA|XIE HEst= O 2ast A
Kim et al., 2024 (Exp Mol Med)2| EZE Mz

“Cellular landscape of neurodevelopmental disorder genes in early neuronal lineages” M. - 2tk 1
genes= £7H cell typeW|A] enriched =Lt - 2 2: Neuronal lineages= U HA0f [i2t diverge $tCt - 2H
3: Lineage 1 (excitatory)2| £ 1t temporal pattern - 2t 4: Lineages 2 & 3 (inhibitory)2| £ 1t H| W
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SHS HYSIIT} ISR WICIZ 03 SHYS (MBTIZE NP Z2E--)
U SISO IS TGHD FHY T, ST YO LZHHRIC,
> D &MZ &S SHOFBH=E, AY B ) B' ) B ) Z(8777) ) 7H(87? 877)

0|2 ZIFS2 27|40| H1T HZI0] Lt 1M ArdE &XE Q2 Mol 0F 5hi= Resultse 2M7|0M MZR 25
SO{HZICL Z7HK| 7130 LA, RIFSS CHA| TO0FM S0t27(7H HELE SA| 012 He 2210 0| ZR2tH sHZ 20|
oICt
A .

1. =22 XEMS ), 251X} K= OF0[E! (|7, B[0|Z, HIO|E)S DRz 5HA
. QIE{YIS ALk QIEYS BL} QIS AL -) 57|A0j O3t ZMES U RITHICH
3. =22 EMSITH SHH5IX| QT1, kS0 SX| 942 ZOICh TaiLt I4/{0| iR HIT BN HE 452 22 &
Z40[C}. BHAIBHC}

22| 20| 1T HX|E, HF ZXI= A

SHAS BiLte| £ = sHLI0| BEE 2RO HE6Hs ZHO|Ch

=2 To—

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).

0| 2&2: - ofLte sy w: o{H0M de novo PTVZt Ef BT} - Ml cohort®] 57: &t
YYH HOIE: 2= At 28

| S8XHOE HA| -

HO

-

SMHO|LL =HHS FO0{= MX| LKt
O| N2 S E0| Xt otz ALt SIRMENAH SMA7|E 7IEE M= X5 HO0|= A4=0]|C},
* “Heatmap analysis revealed---”
* “The volcano plot showed: " =) Figure legendOA= O|ZH &4 UOLL, ResultsOlA] MOF & 2X2
oLt
* “GO analysis demonstrated--”
* “Our differential expression analysis found---”
* “The Seurat analysis showed---” (Seurat2 A2 2M E)
CHA O|FA: - “Gene expression differed significantly between-—-” - “Among 500 genes tested, 45
showed---” = “Enriched pathways included synaptic transmission and--”

Seurat, DESeq2, GSEA &2 £ 0|52 Methods0l| O™ EICt THOF 042{20| Seurat E2| JHLXI2HH, M EICH.
=0 23 A OtLILI7}--- ResultsOl M= L7245 AFATE ZHASHAH| MESHXL.

Mg =22 A= SIS2 UR X =2t YR X3 FEEH---.

SIMES| =22 HH GPT7t MAMst =5t EHE0| XLt Eo| “Altogether”, “Together”, “Notably”, “Surprisingly”
22 FANE HEotA AHEStTt. HM= oF U0l =Z0A L7t M| EAISE AS:

AR 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 BH3IS2 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.
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The Core and Extended Atlas constitute a comprehensive NOCAP annotated across
hierarchical cell-type levels (Figure 1E).

2N 7Hotal Helolt, “Notably”Lt “Surprisingly” E*AOIE%—E-EI JEot ZHOIT 2ot MA|17t "S2kE" S HERT
=2 FAE HO| £C0 Ut HRUIE I3 S20] L.

St Sl =20] L7} 71 FHE:

oy
Hl
g'y
0= M

1521 07IMRE HZEC} AL SHQG +ASS AMASLCE M7t ALK F2S AL, 9J0f7t
M2 HEE=X| SIHFM L. of O] Y= defoli T[LHH, "ZINRAN S E0F7| HEYLICE 2ot
NS W =2 A E A=, 27 FESILHL SAHKH, "2iIRAD) E H BHFHL.”

ST A Mot LIH, AL WA ZINRK)7t RESH=E RS WA 20k 20 <AE e 228 Eo.

1 S SALE0|V]
“established”, “optimized”, “benchmarked” Z2 It F4 SAT ResultsOiA= Z[ASISHA}.
of obll ==2| 0f|:

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).

Zt2t ZHES| MAloHH Lt

&3t X 2% 10/5}7| (feat. HSMIZ})
SIME0| 2AS ME [ XIE 6t ALT} ULt ERE o (28 LX)

To find differentially expressed genes, we performed differential expression
analysis. As a result, we observed differentially expressed genes between

O] 2X9 2H™: 1. “To find A"t A& 2. “we performed B” (BE AZ &7| I8t 24) 3. “we observed A”
(A= AE UL

0|4 0| gl= E&oIct. ZHF| differential expression analysisE o™ differentially expressed genesS
&= 7CE “To find A, we did B. We found A” f2X= ILOJotXt. HIZ “We found A2 A|ZISHALE, “A dif-
fered/showed/exh|b|ted" 2 AFM Holg ML

ST CHsHo
Academic writing0l M= £2&(contractions)g MX| 4=L}.
L7t sHYolA| 52! THE:
“Academic writingOfld S-S MX| QIELIC}
HZE O: - can’t — cannot - don’t — do not — it's — it is — isn't — is not — doesn’t — does not
o, BE 20{(acronyms)= A2 7ks6ICH - DNA, RNA, PCA, GSEA, GO (0|3 ZE2 0K)

L7} &5h= “ESYU"2 isn’tLt doesn’t 22 =23 (contractions)0|Ct. AKX M2 80{E2 HHE| S0{A

r

C}.
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£HOj Mefo] Bk

Results@} DiscussionOllA] At6t= SALZt CH2CY

ResultsOf] K&t SAL: - showed, demonstrated, revealed - indicated, suggested (25t %) - differed,
increased, decreased — assessed, evaluated, examined, tested

Discussion0l X&tot SAL: - speculate, hypothesize (£%) - implies, suggests (6i4]) - may, might, could
Ot

L7} stolA ‘52l THIE:

O

EEt assess, evaluate, investigate S 0|21 W75t H{E M= A ESLIL

>\J

LSE] vs SSE
Arey0f| 2t &3] MEHBHOF it
ResultsOllAl SSEH (92|17t 5t £A0|Lt &

We examined 500 samples...
We performed differential expression analysis...
We identified three distinct lineages...

ResultsOfl M =ZEf (AF G0N STet 21HS):

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

Lt= ResultsOlA 2X2 & M, “We performed”, “We found”, “We observed” 2t Z2 SSE| 2XS 20t &
Z: =] S
=

2):

rio

+SEY HR= QlCh 27t EE2 A, 227t At A4S Hot= A0|L7t Ot CHE HRXS0| &2 ZulsS AHae
M= Sanders et al. found” O|&H Alo| SSEf 2H2 MX| =Lt OHE AL ZutE o5S W +SH|= 20k

It was previously reported that... [1]

De novo variants have been shown to... [2,3]

O|A L7t == of= =t0|Y AEHU0| Y, O] 2F YAI2 AFFDIC CHE 4= QUL
SSH:

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

+SH:

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

C2 ¢ o1 (SSE):

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

OI2(Citation)2| HXst AlE

Previous studies g A| HIEA| lg
CHE Aol ZME AFE e &t 9l

20| LRSICE LH7LKim et al., 2024 EA A| Xt &7|= FHEL}:
“Previous studies Lt finding0| £0{7'™H citation0| AU{O0F 51"

“Reference??”
EHRE o

—
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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].

Ho|o| Wt 35| TA|
2019 M22 LAHQUX], 7|Z AL H2HUQUX| B=o| oHOF StLt.
ME2 9A:

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

7|E 1] SOl

Consistent with previous reports [23], we observed enrichment in synaptic genes.

og

Citation &4l 52

-1 o
M0t 218 AEIYUO| 2L, of =2 U= L2EAH RXIHOF StCt. LH7t SHAOIA EZ! IHE:

-0

‘B0l = =& AO|EXIA author guideline EPIHFMQ. Supplementary Figure2tl A=X]| Figure
Setil M=X| E0Ig SiFML”

ol AEI: - QIHX}: text? 3 - BS: text [2, 3, 4] - Author-year: text (Smith et al., 2020)
Kim et al., 2024= 23 AEIY [RXHE L2E|AH AHRSICL.

-

Results 22 XM4&t mf, £0lI5Ho} 5H= A

sAYe B

“significantly enriched”2t10F MX| 2K}, &4 TH|ZQI ~X|S HISoHOF ST}
EZE O

Gene expression was significantly higher in cases than controls.
ZHIE 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)2| £ 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= LM $X|E M|A|SHCE,
EOHE of:
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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 HZFI3HLCY

‘12|11 £3 pathway?t 0= A[E0] x fold B2 22200 W2 =X SSO1l Chet HEAQI 40| U0{0F
1A ?E*Orﬂ. HE=0AM, (Figure 1B). In particular, [pathway name] were significantly increased
in [group] (XX fold, p=XXX, t-test, two-sided). O|ZAQZ 'Z0{0f &tL|C}”

FEXA SY
MEO RExAt 80| CI20 ot =& WoME LEEA FXAIGHOF STt

UHIMOZ: - p-value: A%H 2-3Xt2| (p = 0.001 EE= p = 1.1 x 10-2) - effect sizel} fold change: A%H
1-2Xt2| (RR = 2.0, fold change = 2.3) - Hi2&: 4 L= AxH 1Xt2] (65%, 5.6%)

()

[
cC
a

MZ & A
S 24 ZUS MAIZ = 34 MBS FAISH0F B,

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 =7l THE:
“ME 71 U2 2MHZE A 57H region}t ME L n=XXZ HEA|”
Kim et al., 2024 (Genome Medicine)2| 0|

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).

S0 MZ 47} HEICE
“higher”, “lower”, “enriched” - H&fx 27{ ©LQ

HIW 2SS ASE M= CTEA X 2HE MAISHOF St

ExREO:

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).

Ol S| ZES AFBYU=X| &4 BAISHOF BICH  XLIOICH 7}0[S2010] UOL], JH0|=alQle BoIst0] st
BTy

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

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

Non-significant Z1tT AF 5t
o,

SAMLE RolotX| ¢2 24 &

mjo
ol

H7|5H}

r

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| Hekolof

o

C}.

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 £ W=, Z429] 20| FRYUX| 25 F=totct.

“Significant’2t= 015 A8 [ - SAHIX 2|0]|
“Significant”= 15t =20
L7t Kim et al., 2024 Ztd A| SH40i|A H71 ZHEL):

"8 2H0| 42 22 U0l UK BiLle? T JiE L2 BHY0IR

x

dm W
T

Q'E

1o

27| = 23S oiE =

’

TS 21 ES TUGHEMQ. O O LHES0] S0710F &X].”

This finding is particularly important because...

CC

—

rr

This represents a notable difference from previous studies.

“Significant”& SAX Q0|20 AR5, YHHX ZQME “important”, “notable”, “substantial” 2

SAMCE R

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

U F24:

This finding is important for understanding sex-differential liability in autism.
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6. Methods — & =& 2M712| EE2|H CH|

Methods M8 =20 M 71 7| A OZ2 & = = $—E—0|Ef. ntroductlonOILf D|scu33|oni1% PRSI ESISI DR ]|
QS AT OLL, Results M HUHAS OEH HS sH
HrEIgl0] 7|5 5HH 5|Ef

—

1M LE XME =122 M= SYSUH MethodsFEf AEtil HoHTE THE AR =20|A Het 24 Y#S 2ot
=Y TS Falotll, 629 A0 WA Atet Di2t0|E{TH A H AL 2| FES(H HASIL YZhotH ET

SHX|2F "7\ AR 0|2t3L oA OFFEAILE Mk El= A OtULTt. Methods7t £46HH =& HA|Q| ME|=7t F4FICY,

SAFOH RS Z2IE AL 5 G, reviewer/t 2M2| EfFEE A Y & 87| WiZ0ICt. 0] EHOM= Methods?
2t QA5 OfEA Fdotal ZHgot=X| HAEZ Felot.
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Methods®| X E2 2& A+ A2 YA ZEHO=
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CHE B2 R0| s ZRE HBYER| HAHEX

o1 i ol 520 5 : X

0|2 0| = °'é%‘9E—‘?'—E1 02| EZatE YEZ &5l = A

Sifs 20| Y=

oAl 2

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).

0] 2X2: - MZE 2 (512 cases, 325 controls) — IRB #H& (#2020-0567) - S2A = &l (written informed
consent) — *"'of QIAF HH4 (age, sex, diagnostic category, cognitive scores) - HI0|E] X (medical records)
- AN HE 2K (Table S1)

BE T4 YES gD AL,

Az 3 A CIOJE it
Q

HEE0| QUIA HANME &M XX NIE SO ME5HM A|Z22E DNA, RNA, = SRS =50 0]
HolMe= de ZEEZ9| E': A1I$Ar§,+% XS 2Qc= glbh HO[H BF7, 4t 7|2, S XEE Se2= Mot
M FC

AME 5 Y-S 7HHS| H=rt. o REO| H/A=XI(EDTA, heparin), O 2E=0M 223H=X|(-80°C, -20°C)

GIO|E] A&t MR sHAMDH M=C A|EA E81Z(lllumina NovaSeq, PacBio §), read Z0[(2x150 bp, 2x100 bp),
Yo AH2IXI(30%, 50x)E HAISHCL AMESH 7|EJt QICHH SIAMHM M HE X=Ct

=2 I|:':".: HICA| ZEFSHCE Q30(quality score 30 O|AFQI read®| HIE), read depth, mapping rate Z2 7|2
X|HE H08tt

OIAl 28
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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|ZH 2 2%0|H S0ttt A8 EXH "DNAS FE511 s 5 oI 5|4611---"E Ot M3 HQ+= it

= o

HlolE FE2t2|(QC)
QC= HO|Ef ¥ 2= A|dot= 7k S0t BAlL. 2EA =20 M= B0 22 LR = A0| ZUHO|Cf. 2L
QC7t 246t 1 79| 2= 240] F2|0oHX|7| ZO|CH.

F2 QC =S H|0jH SREZ FelotH

WGS/WES QC: - Contamination (FREEMIX 2f) — Call rate (M2H2Z genotype0| Z™E H|E) - Depth ("
7{H2|X]) - Duplicates (B2 read H|&) - Sex concordance (X Myt H = M UX| OfF)

ol

=
RNA-seq QC: - RIN (RNA Integrity Number) - I\/Iapplng rate (reference0| alignE read H|Z) — %rRNA
(ribosomal RNA contamination) — Gene detection 3= (4310 AE= QEXl )

MZ 4% QC: - Ancestry (PCAZ &QI5t QXX ancestry) - Kinship (715 ZtA| &9, OfAIX| 26t 21X A M| H)
- Phenotype consistency (24} GI0|E{Qt @7 H|0|E YX| 0fF)

QC 7IZ1t HIIE ME +5 FHZXOZ 7|M5HOF 3Tt “FRO| K2 MES MAYCK L2 MEH OF FL}. O 7|FC=,
2 IHE MAM=X B=5] oHOF STt

OlAl 28
Samples with mean coverage <20x or contamination (FREEMIX) >0.05 were excluded.

RNA libraries with RIN <6.0 or mapping rate <807 were also removed. After QC,
174 WGS and 169 RNA-seq samples remained for downstream analysis.

0] 2&2: - WGS QC 7|& (coverage {20x, FREEMIX )0.05) - RNA-seq QC 7|Z& (RIN ¢6.0, mapping rate
(80%) - QC & 42 MZE £ (174 WGS, 169 RNA-seq)

HE= Z230| B30t 7IFE 0 U

HOIE] X2 & Y&

O] 2 HE, Ho| 2F, HN M HYS 7|&ck=s F20ICt YA FAS Sh= AZO0|2HEH 0/0] =35t THo| 22l
Z10|Ct
o\ .

Reference genomell annotation H{HS HtEA| HAISILE,  GRCh3721X| GRCh382IX|, GENCODE v382IX|
v105QIX|0)| et A7 a4 UL

AEE UTE|E U ATEQN HHME ™3t5| M=Ct. BWA-MEM v0.7.17, GATK v4.2.0X3 HZE7IX| ZEHSICt,
S ol Z4Holct,

TE SX2 O X 00| X201 215 = ZCt. GATK Best PracticesL} nf-core IH0|Z 2101 2A0f| Al Methods 2%
7142t {222 2AM0]| A +HotH 5|Et. 0|74 BHO0| OtL|C}. BEZE HXIE BZE WAIOZ J|&6h= 70|t

[Le

tl=|0| °I'IX} 2o TE 7|—.—E LSS MAF(minor allele frequency), call rate, Hardy—Weinberg equilibrium
|

I'

OlAl 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
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Ensembl VEP v105 with GENCODE v38.

0|3 22 LIE =F0l|M H|Xo 25 &0t F1I5HH &A £ = Lt 528 A 02 22| If2t0|E & &S| 7|1Edt=
20|t

SH 28 2 g

SH 24 oMz M o], M8EH BY, WS S| oiO0F ST

XM T2} 2SQIX| M=C}. Variant-level2lX|, gene-level?lX|, sample-levelIX|0] 2} 24 BIHO| 24X 5|
Ct2rt

AMEE BHS HAISH}, MY 3¢ (linear regression), 2X|AE! 3|F(logistic regression), £8 2 2(mixed—-effects
model) & O &S AE3M=X =Lt

St (covariates)=2 HIERI0| LIESHITE LIO|, MY, ancestry principal components, batch effects & 220

EotE R= B2 HO{0F STt O|A| HiX|H 2M9| B3 dS A3 & gl

CI=H|w X grAl - HA|SICEH FDR(False Discovery Rate), Bonferroni correction, permutation—based correc—
tion & FAS A=K, YA HotE HHE=XI(FDR ( 0.05, p € 2.5 x 10[1°) H=L}.

EM ADEQ0Q HEE 7|XHSICt R v4.3.0, PLINK v2.0, Python v3.9 S8 HA|SIC},
Lo AR DY AHE vHL M=C} Cross-validation, permutation testing, genomic control A Z2 ZE0|C}.
GIAl 23

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: - P4 =2 (linear mixed model) - 3HZf (sex, age, b PCs) — CtEH| W 2 (Benjamini-Hochberg,
FDR € 0.05) - AF2 AZEQ0] (R v4.3.0, PLINK v2.0)

WO YEE BE G L

Gene Set Enrichment0f| CHSt 2t 93
KU Z=2 UHE1 functional enrichmentE $YMLIHH, 0] IHE MethodsOll 25| 7|=3H0F SHCt.

Gene list 315 7| 15| StCh. SA UAIZ(FDR, log2 fold change 3)2t BEE HAS FAIGIt. “RelOjcH
QEXIZ MEHGHCY” 10F MEH OF ZICE FDR < 0.0521X], [log2FC| > 1Q1X| XX Q2 X0{0F S},

Gene ID ¥ F2I= M=Ct Ensembl gene IDE HGNC symbol2 0{EH| HEBHE=X| unmappedE XAt ®
JHOIX|, O HHQ| annotationS AFEZH=X| 7| KiSHCE

Enrichment 22| MB2AIES ZESHCH - ALE6t HIO|E{H|0|A (GO, KEGG, Reactome) - i RTX; TgH (BIX|
QEAN? sl QEXIA?) - Gene set 27| Mgt (10-2000 genes) - CHEZ™ HH dAl (FDR, Bonferroni) —
A5t 7| X|2}F A (gProfiler, enrichR, clusterProfiler)

OIAl 28:

H
Ol

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.
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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 24 (10,000) - X
HrAl (Benjamini-Hochberg FDR)

D= T0|E7L IR 7tSoteS 71520 U

Sitf ftet =20ME HHJ0| FALL S0l 20| M2tM= 0 =0 242 3Rk T

B2M S48 HAISICE Nextflow, Snakemake Z2 YJIEZL H2| THE AISUCIH HES
0|0|X|(Docker, Singularity)Lt conda EZAS AFRHCHH JHE 7|2 S}

2A| HIOJE] M2 HRE MBSt CIOIHE 370 MY2A(dbGaP, EGA, GEO S)0i| 7|Ef3CHH accession num~-
berS BAISC}. UYL 25 WZE0| S7HE 4 GICIH “available upon reasonable request”2td! XS =k QUX|2t
/tsotH &oMlet= 2101 St

2M AC HEALE 2FSIC}H GitHub, Zenodo DOI, Figshare S0| ZEE 22{% 1 URLO|L} DOIE H|3¢tct.

B2 X}=(Supplementary Tables)S Halo| HZASICt. Table S10| ME HEFHELQI QC X|E7}t U1, Table S20i
KUXE SAH A7t JCHH 2F0|A HZcHOF StLt.

OlAl 2

il

=0t ZH0|H

A1l analyses were executed using Nextflow v22.10 with Singularity container
(sha256:..) . Source code and configuration files are archived at Zenodo
(D0I:10.5281/zenodo.xxxxx) . Raw and processed data are available through
dbGaP accession phs003245.v1.pl. Sample metadata and QC metrics are
summarized in Table S1.

0] B2 - YIEELR =7 (Nextflow v22.10) - ZiH|0| (Singularity, sha256) - ZE K& A (Zenodo DOI)
- H|O|E{ M&A (dbGaP accession) - 22 2|X| (Table S1)
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ot= Mo 2H|7t gltt. 59| & JIFOIHEH’_'( A
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Best Practices,
O|Lt A E2M 2 A XRE 712t HE
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MM MEZ X3l5| 7|125H= Z40]|Ct,

MethodsE MM “0| 223 O{EA YCi2t?"2t= Y210 ECHH, O M8 LEL 24 218 ChA| 2HI6H0F St
MSCH 7190] QEHAM MX| L0, MHZ AT HHO|, Of2t0|E, HHS SQI5HKY. Methods7t EFEHSIBH LI
MMES M= Z{E BIM AAFHXICE 02{20] RAS =X BHat5| M2|2|0] YLOL], ResultsOjAl= 1 Zate H6HH
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Fo/te| WZO = HSE Y 0[0X|H, 2= HEXHC 2 W™= XX CHato| 7|F0|Ct. O 7HE2 HEEY, 0H
T2 WHEEH, O FE0A XA2 234 ZusiTnh. M3 40|, 227t Xlg BHX|2= HEE JE* 701c
JE7|0 =2E M7| M0l 7H M oo & 22 “0f CHEP7 OfC|0i M AIZE|A, XIZ OLIZHX| 2H=71 S Tfetshs
Z0|Ct. HUES ZAE Tt 2| AE F2| 7t OfL2t, O] ATt XX A2 K0|A LY A27} O{C|Of /X|oh=X| HOtl=

A0|Ct. 2|1 IR0 2 MEQ| A 2T & WK EHS A7| I8t 4|7} =L
O HoM= HIZD AL M| Ee| S StLto| A "P“OE He2 oIt ZEHE”Z A9l 210|222 IYUS TS
Helots YAE Ao, ZEXAE g M2t & 4 UES & ofH 7|22 = #E8ICt. 07| M= H =& &y
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23 Aol SHI 52: AT A Y|

23 TAR| B B Y FABIEIF S 2H5| st Z0[Ch MEQ| M 2T 017 20jo| 2 522 HUED, £
B 2EH T Q0| ZIS MGHOF BHLt, M2HN 23 TALS 0] & 2EHS M| 9J3H =2IX HiZ TARID 2 4 QUCH,
2|5 =202 2 £2 FT, AN =202 NE 27{2 ML} =22 Has| 291K 20| 02t "Ro0] YT
2910] OF%| 'O QU=7F'S T3 SO10F BT 0] XQI0| & B8 QIEZ 0| wrare XAz AFECt

£22 HIIS0| 4200] Ol0|HE EALL. =201 HAS0l 17, 1 HXISS 4210| O/01KE S80) 9l 2 =2
SYH0|X|gt Aﬁ o WSS SO 2O 20| 231 ZAfe] s#Ao|Ct

Al =48] 2l/
EZ A AHMEH HOH(ASD) R4St 2019 F 2|7 =22 02 S0{EA:

“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|85 = 34 XI0|2 YUHE|QUX|Tt, = C} Satterstrom et al., 2020 =22 a4l HIZ HHEHA OIL5HCT}
I 2|50f|M 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] ZHOIM Satterstrom 20202 Six ASD RTete| “BHE WHE"S YES A7E UYL AS
SAX 7I1Z(FDR < 0.1)2F 10271 RMXIEH= 7HA X7t 202 & A7t EULCE
“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|F0j= FZ de novo HO|Zt FZ2HIQHOLL 0| HA7} missense HO|Qt RF HHO|7}HX|
HMANMOZ ZSIA|ZIOZ M KL HO|Z SIAHICH= H2tS HOjZLC}

mjo

oF A
2 & ULt

—_

“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 RMX S£0| ML MAH| 2A2] 7|& HI0|HZE &1 JASS H0ELL
= I 2|5 0f|A Satterstrom 20200| HF &= Gl

“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)”
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https://www.notion.so/joonanlab/1e9df60d634e47a99a776c204c10db5e
https://pmc.ncbi.nlm.nih.gov/articles/PMC10693992/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12275934/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12275934/

— 07|ME& Satterstrom 20208 Sanders 2015 (657 QTANOIAM ZRigtst HRZ QX|A|ZICH A
57H35,584H)2t = SHHTADAO| 8|F# R HO| 50| s 7|02 ZZECE

“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?| ZIHH 20| HMOZ QALEICt, i A7} OtL|2t
ZAAIY 718 23 G719 JutE0[2t= ME ZXSH

MUJH

A
o

“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] 2215t RTASS 7ISEZ F(NC vs. GER)SIEHA, 0| 277t 0|1F A719| oM EZ Xt

1. 3 QAl: £ 2|8 D= Satterstrom 20202 ASD QTX} ©749| “O|ME"2 ZHF5IH, 1027 QXA 221t
sAH 71ES dXett

« 20234 2|H= 0| B8 | LHO NS 3" ¢ EURNOozE &8
« 2026 2|HE= UM TE X|E LS S 7 |E KRR HE
3. g7 AR:
* 0|H: De Rubeis et al. 2014 (337§ RTX}), Sanders et al. 2015 (657 {XXY})
- Satterstrom 2020: 10274 %X, TADA gH=Z Shzt
« O|%: Fu et al. 2022 (7274 RXXt, CNV Z£&}), Trost et al. 2022 (5374 RHX}, WGS 7|&H
O| X3 StLto| sl =F0| & 12| CtZ 2| FU|M O{EH QILl=X| FXNGIH, 1 ==0| 2OF0|A XX|St= $XI2f 0|F

= St 2~ OICt. Satterstrom 20202 “MZ WZ"0|217|ELH= “H|IHXQl 28 L&"0=Z 7|53, 0]
FE0| 0|7 B& ¢719| 7|Z2F0| =UCt.
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3 (An et al. 2018, Science)? M2 0| M| 7IX| LAE HSlg| EO:I--Ef

o2 HIZ: MES KHE AHER SOYASD)7} 52 SHSS HO|= AZLLRON0|0, 24 JHO| SHXP7L EOiSH
SO XI<IC] 712 S0 Bl 5! 01 & 4 AISo1 EiS 0| 2 DA 0l Bolo| 24 e
S

o

9
infiy

SH FA| T2{L} THetE T #HO|MO 2= ASDO| QMY QS TS| AEE 4 Qitt= ;*71| X|&stct Q1zt
KTH2| 98%E XIX|Sh= HIR S8t FHO| ST ZHO| MM Hebg Stit= 20| YA UX[TH ASDO|IM HIR S5t
$H0(2| 7|0 = MA X2 BT X| ULt 5| 7|1E2| genome-wide association study (GWAS) a2 &t
HO[0]| HEM L, 5lHSt HIRS 3} HO|2 A2 SR FIMC

2X MA: 0| 231= whole—genome sequencing (WGS) HIO|E{Z 0|25H, 2S5 HHUA E E tHO|2} inher—
ited HHO0|Z HAHOZ BMSICt E3| Category-Wide Association Study (CWAS)ZH= 22 HHES Jgts),
JISMOE HAE HIESS FHSS FHHI2E T SAN ZYHS =L} 0|8 Saff Z22H, QIgHA, J2|1 &
E0[H ZH JAH0A ASDRt HEE HO|S AlHSICE

O M| 7tX| 247 =2|MO2 HZAE Iff, SXt= "M 0| BFE SHOFFLY 2t MHAEA SZSHA Ebt MEO

TH=o| B8 XIAS LEoh= 20| Ot 2, g4t EEo| HHYS F&5oks HPYS 20iF= 2 Ot

QIEZ S YZol7| vs QAEZE Zdo}7|

M2 SMS0| MES 2 M 2SS 2720 1 0|Res 3 7I(th|nk|ng)9f 2857 |(writing)E 0K 47

MZO0ICH O & 1HE2 MZ THE THAOIH, 22 THE LA 2 FZLol0F Sirt.

2617 |= A9 EES R IPYOIC}. 0|2 2y A0 BIOFMTH of= 0| OtLCt. 25| HIHAS ZHLIt, HLIS

ORAICHE, 22 HOZ Jhe 20| 25 MeEs F2/t M. 74 S=2 JHH2 HetE LisEA 0| HO|E7t

2{glak= A 272t 20E ek UL, DIEH0IM X|ul4-2| ZZ20| St MZ2 E'J%% 2AY AT Y22
=1 ZORM, =7 Hofeh 4= glu, AH O =2t & o= QACH 2800 /S X1, LEILITLES 2= Amx

371IZ = x5 AT

.
O] TAOIME "0 OF2 XX QIA=71?7, "2 O] ZEO| SQeH?", "L B7t 7|1E AL OfEAH TEIE
ARsA aflettt, st -E—"ofo U=l ok E, LEO HAoR 429 E%% etk 20| S2aftt
AHX|oHR0| Y2tS SO =Lt 0 ﬂP‘% HLUSHK| Ot |17, 2= OIDI AE ASd J"':'OI S5 %
Z
=

=21
UCE I HES2 LIS =E) ZEMNE & 2 OIEf Otet M4 1 5HH, 5| R =28 & M= AL HR
S2EE M 4Z20] 20{X|7| = ST, JEHM M7 H0 = I d2tols MZtS 2= Q0| Q01T

AMEPIE 1 W22 =21% MME B BHOICE o IR MS WordS 71 2AES BEs EOiICh O|mRElS
27t 2 MBI M2 7|2 HOl FASS UFM AT} MU HEAOR bullet pointZ FEZ FOL
AHIBICT. QAZES TR (OFHOIA APAIS| CHECHE T2fohhd, A 2EHR IS L2 HOIX|, & ¥l 2HS ofH Zuiz

y A L= -

HAIZ ZAQIX|, OpX|9 2EH2 A2 SHS OEAH A AAXIE HA Felot= HOIC
27t HolH 1Ef°01I" TYO= Aottt SA7tOloe 4= U= =M= YEE oty 2t 2HO| g 2H2 2

o B L

NSAAEA O|MAE=E HZei. B2 80E HES| FololLl, AZS Hix[ett. & Ad2 Al =2 AHEHiA] oligt=
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https://pmc.ncbi.nlm.nih.gov/articles/PMC6432922/

ECh. 2= gelet bullet pointE A0 20 =0tE TS1, %S UE0/t= YA 2EX0IC}. O AIZL 2=
=S A=z 4= 0| Ot 2, Ao MZH0] M2 EHUE=AX! &felot +~Fot= IY0| FIEA| ELotrt

Z2 ME2 Y29 =XS YR Fe ot Z1=0I0}. X SE0| Y2totu, I CHa0f| 47| A 2512t 4240] Y2 =X
2 JEUM 2ES THSE 1L ofH, 20| MTEHX| 1L =2| 7t o TILt. HITHZ Y22 S2o| =M A7|E 018H, 1
dZS0| E0M HECH F Y 25 S0, ZH219| A[Zks ZFoH0F ettt

ME2Q 7ty gtXQl A= HaZt(inverted pyramid)O|C. &2 FHOIAM AlZfsH HXH S5617HH, OKX|2{0il=
TFHRIHQI AT HE0| =Hoh= HEHL. O] 2= SAZHASAAFA “T12iM 0] 27t 2 B S OlsHsHA 2HEL.

72 M 2T FE:

182ch: S92 HZ4(Broad context)

FHQ 5241t skEX-Ate|X o|0|S HIAIStCt. A7t “f O] FXI7t SIS Oloist=E S=LH.

[

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.”

0| ZHUME ST FHYI LHRE Y2 #2E MASIL, AM2lH-YoX S-S AF ST SXAH “0|H2 28
T Et= QMS HoEL

22T 3M(Gap) HIAl
RS LT 244} OFE R2= 29| 2t5S AR}, 0] 20| MZ9f sHO|Ct.

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 HIUtE AHESHA|LL OfH5| 32 HES Feo| ottt "FAS REEINE FHECE
X|Alot= A0|Ct.

SUMES HAIZ I Fofg Ho| ULt 7|E HFE HolSHA| =Lt “Previous studies were flawed” 7t OtL|2} “remain
incompletely understood”= HE4SIC}, 2|11 LT §2 30| OfL2L, W A2 HE &+ U= FAER s
H|A[SHOF SHCt.

HZ== SO0l & 712 M2 CHE EHQUNIM o= ottt S S0, of A7t X419 SHL
SAO| TS = ULk 71E G750 £ SHY 2MA;UCH=E XA19| BHA|Q, HETH 24 YO
YHEH AI7E H EXHots L. 0|2 M= SUSE F 2HOR LieE 0| MHARD H
‘BAUS REEINE, F N S 2HUAME O 2AALL HHO| REYE=IE T
Otu2t 4l 2EO0| ECt. 0|H2 5| X7t 8lCt. S2ot A2 Aol =X 550|
OfHct.

AH =20AM 0] £ 7HX] BHAIS H|wdiEXtE. 2018 Science =& (An et al. 2018, Science)2 MOl N 2t
TXE AESH. A Z2HOIM X 2| RMAM S0 HIES St FHO Z S MAlSHL, S HK EHO|IM 7|E S79
SHA|(HIF 338} #0|9] Hgto| 22HEE St SeHEl SO = MIAISIC), OHX|ef 2HOIA ¢ SHut £ WAHS
HMIA[StCt S840] 5tLte] 2 FH|(HIRESst I D|EM)Z £~3ot7| 0], ot EHOZ FtMo= 2| FCt

8H 20204 Cell Reports =& (Werling et al. 2020, Cell Reports)2 Y| 25 FXE ARSI} & 2HO|A | 2o
SYEY NS 2HO ZQHES MG, F B 2HOIM= 2E I-UMe XX &l Hapt MAFE et
ALECHE X|Ao ZuS MAISHC. M| HIf 2H0M= eQTL S| S2ES AFotHN | &

eQTL HIO|E{7} BESICH= 2|AAL| ZMS CHECE U] M EHOIM BrainVar 2|AAS AJWSHH ¢I712] XS

rt

N S8 = =0
Ch. 223 ME0| M 2HO|
KI=[=710IX|, S EOf o7t

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

HSICH Of7|A SEHO| &AM 2 LIECt W IPHUA XA ZH0| ZEHf| 0{EAH 7|0st=712H=s MESHH XA
Sulin} S 01 £|9] eQTL HI0|E|7t E&5iCHs 2|AA/HHEX ZE0|Ct 0] & ZU0| SEH0|HME HZEE Y
UX7| 20, F 2EHOE L0 BHSH= 40| =2|NMOZ [ HEt5iC},

Ot HAIO| O LE27F? e A7t ©Hota{= R29| 1X0f| =faf QIC} DHok 5HLtC| Hater ZUHg CHRELHH A| 2E0|
ZESICE SFX[2H & JHo SRMQI SIS CHEALE, SS9 27t SXSICHH 1| 2H0| O 2 4 . 528!
A2 2t EHO| =2|Ho 2 HAL|N, St AIHARA O2 EECE HO{Z & =Lt

32k 2X(Objective) HIA|

= 70| FH, AZ, §2HS =o HARILL SA7L 0| =20] FRE & RAIVE FE5| Olohot== Sttt

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] ZHO|A= A+ CIXIRIS| HialS ZHHS| TNk, AFES HIO|EQt WO SHdS =i, =2 &UAS 0|2
ATY & UACHAM 20| T2t THE).

Ol Ml 2TH(=2 Ul 22l 80| tjnaE o, SXh= XHAAA A2l =2|E M2 &ct. 2f 2H0| US EHe
S717t EI=5 HASk= A0| AA0|Ch A EHS 9 LH "M 227t FRXS 0 AU et= EE20| 47|41,
S 2HS AU LIE "I {EA 0| ZME 2 A7 etks 2=20| 47(1, 0|2t 2H0| 1 &8 MAlsh=s 20,
0|Z40] Hafztyol 2i0|Ct.

=

CIEZ20M HE E("HE')2 ZaH(Results)2t E2|(Discussion) MM0|A 2|4~E|0{0F St
MES ZZ2S HX|=

2
2o 22 HXs Fo|1, Zuet Eol= 1 20| (st H'S X O F2 =22 M20IN 2% Fe
CHA (S22 SUHROIA RIHAZA l4ict,

OIE S0, MZ0flA O|ZH MLCHH: ) “However, it remains unclear whether noncoding variants show cell-
type-specific effects during brain development.”

2o 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 RS Sl =& A2 2|S0| AYECE MEOA HE HE0| 20t EOI0M M2
SlEX| O H, SXt= “12HM 0] G717t 2 ZE0| BRL? 2= A2 S A FL.

LIS—1— T

T8 HYS 3|55HX| o= SHES0| ULt 53] MBTIZE N(RI2H2t P(R14]) 20| &2 SHsS
WESHA 2= YOI ULE A, B, C =MZ FH|IE LIEaH0F Sk, MEOIM Miaf aief2ty, 2=
oiC}. FHAL ZE HHLISHE AZfoHA TIaHY 2, ZHO| Ao, X|2Eo| 0|2, AtalH &t
HHE 24 20 Ate O3 HES2 FE MOIUL, shYo| XX 37|41 i E XIAS 20iEL
Ot 11 2{7|Z|C{Ot7} OFLILY.

ME2 2 XX, A HIFE BEMeL ZLt 0 LHES F40| $S N0|1, O Z2 2 4210 SEO0| SEXIE

HOFE A0ILt. MENM A 2= FHE =22 O{EH7H0|A ThA| CHIXOF SiTt. 2HoF ME0|M “RTAL HEX T}

S0 1 ZZCHH, ResultsOfl HIE S 240] QUO{0F 6111, Discussion0lM 11 IERI.9| 2|0|F dliAaH0F SHCf.

2HoF MEUM “LE AI7|E XI0I"E ASHUCHH, ZA0IM 1 X}0|S HOF= FigureZt A0{O0F BHTY.

HR2 YEA| 2|5=5|0{0F BtCf. JFX| IO A= " 0] O|0F7|S THRKI?" 2t S2AHYSIT}, 2|F0= O

HAXOIC}, "MEOA HAZS XX= ZUOIM CHRIXIX| SEATC 0] BE2S MHGHLL, Z2UE FItolet' = THEES
C

o7l

RIZFME2 2R =&

-
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= MES 2 %, I3 220 Eoll2al. MEQ & 2HE g2, 11 ZH0M X7[et Z=Z0|Lt eiget JHEO|
O{CI0IM CHA] SEot=X| FHoiE= A0|Ch. FHEHCZE= O[FA =ele £+ Ut W7t MEAM ST 44
= : EHE2 Results?| 0= FiguretlA EaliX|l=7t? DiscussionOiA 11 EHES CHA| ¢ig3dt
Mot=7t? ek MZ0A HZEHX|2 ResultsLt DiscussionOfl LHEILEX| Q4= LHE0| QUCHH, I F 71X

Mo Ho oz
0l9rg

-

Ol QA i ok
ofM

O] HZ112|7t HEISHA| LCHH, MES ChA| TS LT Ao 242 o0 Sttt 2= MES =0
2= Z2AE Hol= 20| HOICL 2%t A2 MENA HE S Results—DiscussionA] &t
UX|3HOF StCt= HO|Ct,

AH| oAl: LH7t X5t Ml F S B2 ME20M “REXL HEKZ 2| §{E SMXIJt XHH 0| 5287127 2H= ZES AL
MEQ| 2/32 OGHA HEXZ 0|22 5242 MM, 58 QA Atz ZAFCE M AN = HE
QHALe| HO| BIEDH M6t HEYT 242 EXXta(Supplementary Figure)Ol|2t TSIA|ZACE HIQ! Figurell=
T StLtS| HERYT J8 T UACL 270 = 0] SLXIE E718A XHIMLE “MEOAM HEYIE Z=M=0l, A
ool Aol P=7t? O|A2 H7e =H0| E2Hs5I = A2 HUELL” 2= HEHZ 242 Q! FigureZ
=711, DiscussionOIME HEYT 2HQ| siME FIt6iM MELQ| 20| 21H Holes MLt =22 1H0F
2| RE SUUCE

NEZ £ M= A2 22D 42 50| 3L} XHA0| O ZE A8 BEHFT A1, A
ATt SHX|ZF £E2 MEint ZFSO0|CH W H7t EHe o = HECEX|YD, T
Discussion0llA & J740| YEIZ MU Z 3|ot= HO|C},

™

__IJ.
P |

=

Hel RE sHES OEY
0l CHgt &2 Results@t

MO

>\I

QEZ X 2L X 2

MEQ A ZHE A 'H 3X'E AZZOt0f StCt. 0] 20| SAHE 12| MA|= =ot= £0(7| MEO|Ct.
ESAEHY U - HR 7|&H0[X| Z2HME, FHIQ| S2ES Heto| M. - §X|T BSoEK| 42, XXl
WM2tS MBS - SA7L I2A 772l EE S10] AIHARA T2 EH2E J0{7HES St

E£2 oAl: ) “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.”

IO & M 2% - L §12: “Genetics is important.” (R2|0|51AH YEIX) - 42 £ “The rs12345 SNP
has been associated with---” (SXt7} W2tE DE) - IAE A& “In 1953, Watson and Crick discovered:--”
EHs 0|R7} lCtH 22Q)

AN EAS M= AN U 1 W 77t LR sM0IL 2N St 2YCE FOISICt 2. 1 SH40| & ZQ8HK| =
SO|22X|E AlsiT 3. 22 2 0| Lf HFE E7|0f| S5 LEst71?"E 2ot

=
BN SUMOZ M= Z{0| OFL|EL Q= MO Z MEHH=

LI

o A=

ME2 He=ol A7
o2 ol =0t E

=2 2l O

W X|=8 1= 0|,

Q
i
oz
=
0
o
=
I
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OIE S0, 28A AFZNM Xt SESH= JHES0] ULt 3|F HO|(rare variant), ME 23 £0[d(cell-type speci-
ficity), MXI ZH(gene regulation), E =2 H0|(de novo mutation), 2I3HAM(enhancer) Z2 0{S0|Ct. 0|3
E0{S2 ME =0 Molotyl wet K04 YIX|A7|H, SXH= ResultsE 212 M O] WESS AHAAEA AZS 5 UL

Z£2 HOo|= ZHEstHM T M2tS 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”2t11
MM Z=X= 5| HO7H AKX, 2|11 of ZQEHX|E SA|0H| O|GHEICE DREEZEX|Z “Cell-type-specific regula—
tory elements, such as enhancers and promoters, control when and where genes are expressed during
development’= ME S8 £E0|40|2t= 7HES KA SHH MHSHTT,

I|oHOF & JAIE QUL Mo| gio] M2 20 E HilotH SX/t 242 A=t “We analyzed eQTLs in iPSC—derived
neurons--"2td MM eQTLO| FAQUX| B2 = EX= 1 &7+ HE MO HHHE HF WX FolE ZH|C “An
enhancer is a regulatory DNA sequence that increases the transcription of target genes--"= H&l6tX|qt
=22 SES #cht =22 WatA7} OfL|Ct o= G712 M Ot A XIHAE A =0FZ0{0f ofCt.

30 eSS Solle MEON 22 JHEE 02 802 Motz Z27t ULt HlE S04, regulatory element, regu-
latory region, regulatory sequence, cis— regulatory elementgE 25 OHE S0{Q AXH AtESIC. 2 de novo
mutationZ} spontaneous mutation2 & ©10| M0 £2CF 12{H SKALt 2|50 = £ 92 QUX[SHA| St}
“O|AS0] &2 AQUVE CHE AQI7?"2t= SO0| M2ICt

— AL

MEWIH" L WA S HEA M L0 SHAM, Flo| LIS ES &A 47| oHOF STt 11217| flshM= Z 7HA|
=2 B0{S2 TS| MAlstL, “'Rér':f”“' S%IE’E*E OFRX|H| ZLAIBHFOF SICE “We refer to these as regulatory
variants (RVs) throughout this paper’2t1l MASIH, 0|F =2 HMAM|0|AM RVEts A0S L2TH ALEE £ UL

SHA|TH S B2 E0{E HYoiHL, HE B2 SYUL *E SHAIZIH ot ECH MZE 3 0| X0 2F017t 107 0|4
SHOIH, Stz AN E 7|Yot= Ol HUXIZE CF AT LHIE2 K[ S0{2X| g4=Cf J2|1 EUY 80HES UR

O| SXA7|H, 2X9| S50| ZOMM SA7L 22 %'7|7r O{&LCt. “We performed CWAS on RVs in TF-binding
CRES using scATAC-seq data from iPSC-derived ExNs™2t= 282 7|aXM 0 2 = Mol 2, 2F)] 20| SX}7t
0| slict,

=2 20X, MZ2 2242t ZLt 20= S 50| AT SAQ| AH0| AXR0|A RLEZROZ, 2{0|Af Of2H=

SE0|0 YEE 3Lt 1 58 S0M SX7t B0 ok AHMZ2 Mol Foat wEA 3oiE 5 A=
XIFH(0[0] Feld g2l H=)S ZASHO0F B,

_I.

r|o °|

HEXMOI MefE MRS MZE X028 £ F, i 80 5-77HE 2|AER HE|SICt 2F 017t MZ OC|0M MS
SYoh=A| ool X5 STE M o 2YO2 WY FO|E MSeitt. 121 0I-.- Results@} Discussion0fl A
1 80{7F LA ArREI"XI StolSt r Ik MZ20M “regulatory variant”2 HOIMCHH, ResultslA ZXt7|
“regulatory mutation” Q& HHY MX]| ©, 09| LY 2 FAt2| O[HE &&= 71E 7IEI*°| B 24 Ct.

rIr

5 El. =2 Hd — 1L
E0{E Fot= A2 SAE ESoh= YO|Ch 1—‘:'r7r SXA= 19| 7|2|5, HIME7t SXO|AI= Ol UES
HIZ3Hs Z0ICh 12|11 ROl Patst 80] Mol KX AHAlS] Mzte Halste HE T20| ELt. ‘U7t Hats|
FOS Yot A=7177E BUE Soff &l = U7 rrHTou:r
QIEZ NiX|3f BEF — ‘RRS HETF vs ‘PAS I AU

a}
MZ9O| OfX|at BH2 =2 MA|Q| Wats EE X2[0|X|2, MLo|Lt 2ot w2t F2 WAl0| C2Ct IH F JHX|
AEHA0| ALCH:
AEIY 1: A7 HMHE 2 (past tense)
S

U= ML(E9| Cell,
MSSHCt

rlo

cience, Nature § 1EH XHE)2 ME OtX|Z0| Ao £ WANX| 02| UZ5h= YAS

GIAl: > “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.”
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B - AP =22 £ LHS 0|2] Y1 ResultsE 8= = ULt - A2 YHEE UXol7|

[=]
CHY: - ZTHS 1S 20| ZH5IR Results M40] $1=HO2 LA 4 Qlrt.

i
L

AEFY 2: ¢ SX7IX| 2t HIA| (future tense or present tense)
CH2 X2(Nature Communications, E2 2|5t X{€)2 MZ0A 1712 SXut HIHIX|TH 8fs|= YAlS SISt

GiIAl: ) “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.”

ZE: - MZ20| ZHZstal, 20| et 7|tHE S | & UL,

M
CHY: - U2 KDoA “impact0]| HEHSHK| QAL = M=

-

- Ol %] 2ot &20| U= [ R M= 4= ULt

s 5 UL,

HJIO

Of AEfOIZ Menst 210177

£ T2 D SRS, HAS MEO| 0XI2t 230| SXI0Z 0] =20] 0fC|2 S5H=X| £H3| 22FE ZHOIT,

4EM ZY 1. B8 K| H2 =8 SHS A0lHR, ME DI 20| ol ALtglolx) goisict 2 Mo
author guidelinesS E0I512t UL ML PAHOZ ME AEIUS HRlth. 3. AEHALE BEXIRIY =0f3f2t.

Z20p2| 50| S50t

L 7HOI™ MS: L= =2 AR 1S ALSSIT. SAVE=E9] 2 HAIXIZE ME0|A 0]0] Olaistl, ResultsE $12H
“0f9A O Z2E20f| TEY=IN 0 HSY = AY| WZ0IC}. So| LA AAXY YYE0| STt 2, MEMAM 2
J8E UM E0FE A0 SX0|1A 2=

ofX|2F HEH2 eltt. S99 A2 Z&F0|T. o AEIYS MEISHE, MZ2 TX|Ql E0t =2|X SE0| NAAEA
Opx|= EBQE O[O{X{0F Bt

Introduction OfX|2F 2& vs Abstract: {2 Ct27}?

o =0| sZ2{5t= ZZ0|Ct. Introduction| OFX|8} 2CHt Abstract 25 HAFLE Qofot=0|, 2 & H &2
E Z\ .|a-| ‘—7717"77P A|-*' C MMe 22X Exh j_a|_l k|§ I:CI,HLl0| 2|_|-J§j°| |:_|-§|:|-_

o SIA
2 sy
LS M
Has M AME= =8 =

Abstract: =2 Mi|e| Y&

Abstracte =2 Mx|Q| SOl Q0F0|Ct. SA}7| Abstract@t QT E HO| HiA, i ZHW} HEZ DE Ofagt 4=
QL0{0F S}, H|O|E{H|O|A ZIAHOA AbstractZh HA|Zl= A7 Z7| THZ0, AbstractE E—Erﬂf SO = ZXalof
SiCt.

Abstract?] = (2. 200-250EH0]):

1. HiZ (1-28%): 917 FH2 52X
2. 2X (12%): RIS TR
3. el (2-32%): Off HOIEIS 2MS Agstert

4. Zut (3-42%H): A (X ZE
5. 42 (1-22%): g:r19| o|o|et ete
Abstract G|A|:

Autism spectrum disorder (ASD) is highly heritable, yet the genetic architecture remains in-
completely understood. [H{Z] 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. [2] We identified 45 noncoding loci
significantly enriched for rare variants in cortical neuron enhancers (FDR ¢ 0.1). These variants

57



were associated with increased symptom severity (8 = 0.42, P = 3.2 x 101°) and converged on
12 gene regulatory networks critical for early cortical development. [Z2H 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. [ZZ]
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“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+”
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“The use of WFSD provided less variable and more robust associations with ASD than raw
phenotype scores, indicating improved biological interpretability.”
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“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.”
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“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-:-”
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“SRS data were unavailable for the SPARK, which may reduce cohort diversity.”
TS| “CIO|Ef7L UL 2 ELHA| Y=Lt HEZ 0]0{A:

“However, the adjustment for these covariates did not change the relative WFSD differences
between dnPTV, dnMIS, and non—carriers.”

EHE M7I5t5], 2240]| iy A20 FES FX| EUSS 22T 0|= HEYX H20ICt. “HIOIE 2| BHAI7} UCHY)
— SHX| 22| = 0|5 ABAUCHED — W2t ZE2 0T5| robustSIEHE)”.

Ascertainment bias0i| C{gt =2|= OFRIIX|CE:

“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.”

Bias 7t5dS &%/t QIERITt. SFX|Z HEZ O|0{Al:

“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.”
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“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).”
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* “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”
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“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.”
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HIAISICE,
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“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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“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.”
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LHE of: ) “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|22 Results| £F=0|Ct. SXH= 0]0] ResultsS AL

E2 0of: ) “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—

”
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A4 20 &5t speculation
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Z£2 0ol: ) “Functional assays demonstrated that p.Thr131lle exhibits near-complete loss—of-function,
consistent with the severe phenotypic impact we observed. This domain-specific effect aligns with the
substrate-binding region’s known role in enzymatic activity.”
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Z£2 0f: ) “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 Q1otl, 2AS D2 Ao Y2 [Etottt. U0{7t O 748X R|2HO|Ct,

Ie size7t &1, T2 ethnicityS E&6HK| 23O, longitudinal dataZt 10{Af

Discussion} Conclusion?| X3}

=29 22 A&} 526H0F STt Introduction0] “RE|= 0] HZ0f| Bt S 2 A|RSHCHH, Conclusion2

[E———

‘o= IE*71| UL 2 OFF 2|5t}
S1H0I Conclusion?| F+&:

SHA WA THZIE (1-223): “We demonstrated that--”
HHHEX 7|0 (1-22%): “This approach enabled---”
MESHH /UMY Fo| (2—3—5—’8)1 “These findings provide---”
Ol MY (1-22%): “Future integration of--”

HHE 5-62%, ot =H=E Mot/ OrF 2|ttt M22 FEE F76H| ¢4, 0/0] = I?_ LHES bigger picture®|
UM THLAMSI} SEXH= =22 SO MZISH}, “0] GIls 2012 4t 4§ﬂE 2 o =2 7}? Conclusion2 0|

O = [ ————]

T ZE0 et Hekotd 7|0 H= g MSoH0F Sttt

=

el N

65



Discussion2 g1 ZA2|C}

Resultse= ZHZX0| 11 SZX{0|0{0F SICt. SHX|Zt Discussion CI2LCE, Of7|Me= YAI9| A, SAlO| S&F SAIQ|
HIMZ B0 E 4 QICt. £2 Discussiong M= 158iX= Had| HI0|EHE HEdl= 42 oMLt 252 HI0|E FH ol
=7{FI MESHH o|0|§ H11, J{E X7t OohE 4= = narrative2 2H=LY. IntroductiontA] SR 220 E6lE,
SAO| ME22 HE2S SOELL Aol 717 e Lo = girt, RE ZE0| Ha L QiCt. ofX|T ZA0| &6t
ZZ0| off ZQSHX|, 20| nt5tS LA §t 2 AOZ LIOIZIA St=X| MHE 4= AO{OF SICL. Discussions £
o, AAZOA 202k “1H T 0| =28 = SAL 7|9 HAX|= SAU7E?" 1 SHLtS| HIAXIE SHezE BE
EHE #4052t LHX|= 25| B2t

Y419l HO|E = FatCt. O|X| F410] e XiH|Ct.

10%. o] 2 =25 ?lol0]

O] WIHE M7| M, SHYSO0| Of2{7HX| 2210} DI=HS FACH HEES ME M A=, R ZES0] %A §

L, S

57171 ?loH, O] Y= LOHRICE.

mjo

ococo— =2
styo| e

02 =28 XNE 1), ¢ 20| 2 YA OUF, OIH LHGHOF siLi?
TS IISO|X|SH, SIOIS SH= SPMOIZ 1A FR8 URO|C, SIS SI1X| =22 Ml ekl 519 ¢
=20} i TREE0|A AW SC| AI0 ENE =2, ZY 2712 HLEM, 0127 HetiMoAs xgo| 2o
G171 72{0{0) S25ICF HEA AMHO| £ "YSRF B WY (07 TS A MM MSSICE soj B,
CHSIRIMS SA OI0|S 714 ST LI HIQBITE Li= 0] HIRS SHISHZ| XiZ: MIBIL, oimae AxAte
ZORA, L2fot QMRS QIEAIAZT, O0IS0| £7| I8t HIAMO| WES 2o A Xei2 TOEC, SiRXte
=22 7140 UHIT ZOp, XA0| HED M S DISS AT =22 ML HHH 420 Lios
2 RN =22 2o,
OFE| L#I51X] 942 7H4-017(0f, YOI} e2hS TEIX|, £ T SX|= BEC T2 1 ASH2 511 42 S90]
QICt. TSN OIRZIXICE. JYPRUEIE|O|PIE A%0| S1M0| HEZ B H2S 5t 47(0] 7| 52 6f2,
MRl URL|S 5t MOB, OIE|LI0| SO7I0F BTk 12|11 A%ALS] 2043t A2 B0 AL 02
TSR0l ZISte Sy T 1 7AI0| 515 Q2 7|7H0| 24Tt KISS 0]0] HOf, XiAlo| M22 oS HEFIC, U
$EH0|7| BHAIDH BUMOE 2010|5111 42 A7 AT BHOFRI). CHSIRI0] HS SOI2 SHISS “A= ALf2fs
SIS WEE WS WL Ol 27 HAU "BE LAMSLICN 21T al0f o= ROol 2Lt 0% WstxoBE
OfEXIRH, D28 MYt WaS HITE BUN ZHO|J|T ol
SAMT} HrA| F o] C2Ct
MAFIPYO| SIS of 1818 SOt =S KNE A RECL I3k 1XXIR =22 MSSD A 2
AIZ10] 20| SZBIC} 92| ATMS SN FHS HHGHTIS AN SYSOIA BRI 012 513, Ao

HIAFIREO| CHEHR Y2 oF 3ES0t St9IE obAl Zl=Hl (S8l 82 55), 0 Al7ISe &4 2MO| =28 g8 &
ULt HE Y& AFAANIE 3| H7|ZhS 01 7|0, AADH|t o] A7t & Y= & 4= RUCE 0 of
OfE et =HE HTAANM, =210 M H A9| (Y| SA=C =2 DF2tetX| 11 2U6HOF ottt L= 0|H0| 2 Yt
Zot=H 9t F=20|2t YZtotl, sl X|uls= Al 11216k =9oHOFStCt.

=2 zho| Efelatol

66


https://product.kyobobook.co.kr/detail/S000214054179

o

S AMAE M= 9f8febk|E, I31|0IE1% X2 ZAGICE 2H O =2t 0|07 |7t

o|7{ 2747t L= W77k EA0 HE0H oA

HO|X|T, ’é‘%"*olﬂf HE X M O Mol 20E H=0 & 8 OAs O 20E
W7t L™, A-19| WICH7} M= Z40|Ct Z1H|OF “’5.“82 SIS i

ULt O A|-0| 0|2 H, 3—.02._ MO ZH|5H0} & &IQIS0| H0|7| AIKFEILE, OfH X7} 2410] LB,

A S B XOfOf sk=X| 0] 2L

HL I
©Ho
12
0x
=2
rr
L]
on |
o
30
ful
oo
re
= ]

o 10

H>

\J
S
rlo
o

==
o
rir
N
4

o

b

[8 nd it 4
o
-I> s
N
T
Jok
oﬂ
_O'E
rr
=
o J
k=]
0
:>E l_|
|n
o=
I An

o

ro

ANME Xulslt SSHFAASD 7tset 715 0|E0] SQoIL i &2 AF2 TUM T 84S

1, Yeks Aottt EX Mottt 23 B0 2 4 A=, F71Hel 0|20] RS LRIsHELD.

tAAME =22 EelEE =0I= o @Sttt 18|10 SSAFAS
|

[ o o =
2|7t Zot= &0|L =7t HO|Ef 245 HFot= 0] 0|S0] AS

Ae th=712 AMlZoltt. 25 OEA oti, DIAE CHAl B4, 2
0] S8, 0|A2 FoiM EMI O[OF7[SF2ALH.

dmofy ORHI <ndsn =

orrk 40 1x
Q'E

ro -|0 o

-

H

H o
Inre

4

OIC|E{2} 2|7017t 2= A
=2g S05i8, o/Ele} 2702t £ BES SaH0} Bit. 0] 52 M2 T2 RS 2Lt
s

= 24 =29 noveltyS =Lt 0] A7t sid MEQ| SXSUHA M22 FAS & + i’AE 2 M29 AT IO
2l

:I':

RE71? 25| S0|12R717 OCHE 28 278 2 7tX[7t U=X|E HEA HEeTt, J2iM £ S HE Lo
desk rejectlong Hh= AL ULt OCE= 2 EH2 =22 XN2[6H0F ot7|0f, HRIA0| ZL5ICt. Abstract@t Intro-
duction, 12|21 Main Figure=0| B25t11 A5 Q10{0} ST

2/70l= § #O| 2Ct. ¢72| Efgd, YHES MY

124, o] Y, 22/ BRI BE3) . 2ol s
S0Fo| HE710|7|0], RS ALt i=2|x lof /K] Sort. J24A 21H0] THES U2 S7HE D, 12 20|,
HE=(@X5) & AS5HH LIHK|7|E S,

T HE 2F noveltyS Q06 20= H2 SSHO|L. “0[0] €T A" S H=ots A7 = Sdiot/| oLt ohX|2t
novelty/t & HEXHY U= gLt 71ZE YES MZE2 HIO[E{0] HE0IAL, ME2 ZE=0M ZZotAL, K2 =2&

 HOM MZ2 insightE FE AT 25| 2/0| QICt.

sHAO| KIZ:
= o =10

FH R0 O 7|z 2 MYot= A0l ESMQ?
=== Adottt BH, Xx Q&8ss ==230| LI2C. 7f”f3 HEH, SSX AAS0| 22 AO0|T. 12|11 ZA[0
1RARZ HOL}, S SAPE EIPILE SRGITA A7t E ARISE g 20/t 13 ARSe| 2AEES 5-79
YL stoh= A EL.
FHRUE MYY [[H'— O] AFZHO| L T E Of= ZHOIM (RHRIAH) HOISX| M2 = 20| S25ITt. KIS
2|7t ArE et YHES WS A, 2|7t Atet ZEH0[L S0l Tish 221 A 3_ AL, 22 22|t H|% fHIOIF—LE
C}2 0| Yl M2 52 1218 4 9t
o, LR IR M%*(’E*% 71, Z2 37 UWEYI)2 Lisk= Al ECL 01|E|E17} conflict of interests 22{&
Q7| H0|C}. L3, 4 Qe big names FHot= A Y| HOIC OS2 HIEY|0f 2|FE ¢ & & AU,
SIEE=gT=) mtr?c% 29Ik,

67



Sz2| mLa

ST SESOAH A 28 A 2 ¢ FU(2E #HH0| oo E E)E B —’F—E A SQsitt. 22 2=
SO &5IHM 7HX[E GI7HE=E, LWt Of'r_l CHE A0l W =& &S W O 20 ESote ofE =
SOl = A SQ05IH.

Ltot 712 AFFRIE ot 1 ,
20FE Al ELL 72 FHE 3fE %EE 7I%I*°| EI HYS ©OotE Z0|
HEHE DEMsE A0IC}. 52 YE = UL,

1247] 2ot A0 MZ B Xt BT, '—fE C 1 ot S 7|0F ot A E317t ZYX0]7|2 5HE,
O] MEMMS F1#7| OfFEL. M2 &= —E—RFE UE=E A2 X=u+9| RO|7|= StX|T, YIS AAZE L EH5HOF
SiC}. L7t HX =271l ZUE HOFH, US| W7t =50] B M 1 AFE0] 7|7H0] ${01Z Z0|CH.

S&9| LEMS BS M= YOXO0| ZX| YA}, “0] £=20| Olsh7t ot eHQ™2h= HS
OISOt T A0l Oal = HCHH, 2[R0 Olo 2 & 7ts-§0| 2Lt EEE': 11|
SHRIBH 2|45t 25t 9f T3 ISHO| LISH=X| M2Zislss 242 7Hx17} QL

) = AT

J
b m\l
2 10
Jor
I
lo
ol
X
=2
g
"
2
I
fir e

H

B2 1. Daily Paper Summary Program — 25111 2}7|

et sts SHZ ol SIRATYSS Aot == 7| &8 S0/7| Z2IHS M=l REEQ S22 =23
S EE o5 ot7| flsiH,

OF BICHD AZIBICE. BHRISH 171 QlABIXIBITIX| Alzt0] Q2 Zalct. =22 of3) M
31T, S 20F0| =201k XIZE M= 801 (aka 243t AFE2|)E 010} 3Tt 12/3 £20|

021 0@ TH20| SHYSO| HS =22 ST BE SIS 0fsfsra] SIACIT 2T =22 27| AISIBIR, FA)
HOIXIZ &717|% OfZICt. J2iA =28 {1 Q0rst= FA0] OfL2t, 205t ol NS RHBITL @M =21}
FI43X17] 9I5101, T2/ XHMO| SH= ETO| OfHet =2 S0 SHBH=XIZ Tiofshs Z0ICk
| B 1002 S9F 0 100749 =22 QK= 212 SHE M5 SE2(2S Hert
1. =28 4To}7|
O =22 AT PubMedlt Google Scholardl SOI7EM 94T HS 79SS 91 HMBICE L= Web of
Science (WoS)2 SHYSOIA| FBICH, st 90|Ifo] £ st TAZ AO|ES S3) SOI7IH HAS 4 QiC,
WoSHME K0t RZatol 2440) JiSaict IRICE 9 Zutsien, =201 ofrlol FUISISER|, e g (12
20 i3f g e WSIFER] I + U0k S8l B2 M| HUE 17 =28 NSHORRIL, 554 0

N2l £2HE =22 ME5ix,

Nature, Nature Genetics, Nature Neuroscience,

Nature Medicine, Nature Communications, Nature Machine Intelligence
Cell, Neuron, Cell Genomics, Cell Reports Medicine

Science, Science Translational Medicine, Science Advances

Genome Biology, Genome Medicine, American Journal of Human Genetics
JAMA, Lancet

Molecular Psychiatry, Biological Psychiatry

Cancer Discovery, Cancer Research

gM 22 RE =22 HESIAL L3 22 71ES Liot0] MESHT)
A

1. M=0] Z0|2 JEO = (0] 411 H24I?)

2. %2 24 o|Lof &7t (2023, 2024, 2025)

3. Qo ZE Mol E72HE =2. Research Article 22 Resources =2 ME4
MEHSER| =L

4. 2180| 0| B =2 (H, OIF 20| S+

—

==
[
| =
—

o
[
=
(L

OII

tXt. Reviewlt PerspectiveES

=
==

o]

2474 0Y == ALH

68



5. (MEHALY) 50 ZO0| FOPZICHEH, X=F 22 MASS 2 € 0|t XXt S0 “Joon-Yong An”7t
UCHHA, “Z W7t 2|2 St =2E &, 0| MXIQ| =22 107HLt Z/ULE". IO, 0| 5% KMAk= 21
O] Aol =25 MH5t LH22E otH ECt.

=2 2130 E0{7tA PDF It S CtREH=Ct, PDF OIS JZ Al £ (ChatGPT, Gemini, Claude, NotebookLM
S0l HYZESICE &, 47| Mol AlIAl HA Q92 AJIZICE. O|ZA 1003 100HES =29 =F2 29|
Oldliot2{d okX| 241, O] IpHE HHE6HH S#S =0/= AO|C M2 =2 Xt 200 2=3dHX|= 24 0|C}.

= = G2 Sto. 0|2] 22 95iFH, M2 M 72 01822 222 = & UL

T, | —=

2. AM F|191E HolI|

1HO| =2 ZMA|, AIE 7|7t S SR = ULCE “Li= A STA 7t 2ta0] L= "2t 5FH, “Autism
Genetics” &2 “Autism Genomics’2 ZMGHH =L 7]0f 7|REE H2tsHA] “Autism AND whole genome
sequencing” Q2 AT =Lt

O ZAMS o= M A7t IS8 4 ULt Genetics2hiz A2 HX| RTA| A7 & oLz}, S5 ZHO[LL 0|0
HARLENK| ZLEter 22 Q17| MFO0ICE J2iM XS 10-20Y Y= ZAM ZuoM MESH =2 3= ofglg 5
ULt O] FHUHM RI7IX| LES HSaHOFSH=M, 23 7|fIES Hols YAI0ITh. 7t “Autism Genetics™ 2t11
g dMotCht, RIMK| REAISS HOMM, oig RHAE 71260 AMUE e s U, HME HAKLE
Al Z2 F|YEE '20IM AHAMS =& QUL E2 ATS| MZR 7|1HER FHE HMoI0 =23 Q5T 012
TRt Zetot0] etz UL 22A 7tset ZM 7|1fEs §il AREA Bdot=A EL.

A

T
22 0| BEIM LR TASHS L7ICHH (E5] MBTIZt ST, SF SIME)2 X|Tul4=9t AO|510], ZM 7|ESE =
Bh=H £Ct
| s =3 .

oKl
|5
[m

3. Al}j Al2et o
Ol ZEDEE JIMHE SAGH AFESLCt.

Figure
7
1. (Background) :
2. (Research Question):
3. (Data / Sample):
4. 1 (Result & Implication 1):
5. 2 (Result & Implication 2):
6. 3 (Result & Implication 3):
7. 4 (Result & Implication 4):
Figure
( PDF )
nnn
AlQ] AltE =FE Y71 Hol| 2= AP 7H2(pre—-map) E AISITE XB0= 2940t B =28 otk ECt X2
=== ot HEA £= AT STt
(100% &) A2 O|2Lt E HAH =2 ofot= A 2 OfL|2t, =22 X2 FHE HZoHH

no
mjo
oz 4>
$Q
__r'|_
>
Hu
mto

0 k=1
= [ = = —
SA =t 8|0 0EFEL =& §7| 2|]0] 4|8, IHRE HSS ot $H0{0F oiCt,

69



/ 8|2 (My Thought)

7t

2t
Alel Q9f8 Hi1 tH &, SHWH =0 Xpile| M2t ot = H7ICh. “9H Ol IS MS7tr”, "0 ALt7t Qojsk= A
Z =ICh XM= Ao 20|17t ULt 20| X =58 4 L2
b AHZESE A °'EF" AsI0|Ct.

M2t2 HA6H 2 Z0ITh. S 71 HEEo| ofLiz 2

8 / ( )

HSU T20| U2 25 ULk YA M SE YTt DL HUR WAL G123 S4 MLt BH, 0 SR
Zzol 0| Zafict. 1210 22t $TE 7S 7ie] G0l M $E QN DA U2 ATAZM AT B
A5, gAo| =0 HIS0| HAXIE 27t0[Ct

5. Notion0f| 7|Z35}7|

OOFJ"-P MZtE Notion0f| 7|1S5tCt. ==& 100 4= 20| ZHCt. of Hoj| 30=, S5tF of HO|H 374 3™ 9
20%H =io,
O] A|7|2] ZH= “ZO0| O[a"7} OfL| 2t “e=3HX|= ZA”0|C}.
01—
EL S| == A= d3 FRI/E gtH) Lt ‘42H108H)
11/02Nature Rare coding variants shape [&F]Jautism, synapse, (GPT “ZANet uieh
Genetics  synaptic regulation in autism rare variant Q9% Al719 #AE O

LH) Aot ACt”

()]
>
]
10

- B2 3022 71X 2A, xf2t2] 2240 o= EO

)
|, === CtA| BO{EXL O H0l= ==t FigureS MTS| =Lt OlM =22 ';J*.J Z A7} OtLEt,
U= 010F7|7t EC}. Of 22 X[O[7} 7| 2| REE &M Ct. SEX|2H100ME ZSM77HX|= O
P MX| 94=Ct 2|04, PDF 2H 22|10 00t té*OfE ECt (01242 62 O] & & UL A S5t
M st A0

2 918 7128 X% oZsis o] YTt XS Figurett” YOIE Ola} SE =20) At
2 X 4 20|}, WHZ 0[5} Ol =20] UCk OF22| Nature, Sciencedl Sl =20/0i%

[ 200| ST, “OF A OFRISICE. Lt R5H|."2k1 M245HX| QoL EICt. Bref HAlo| M)
29| 10| LK CiA| BRI STk, XSS X Qhisk= KX 0IR00 sl L2 2 2

o MO
=

()
T
_|
fo
19
mjo
4n

o[oj 74

K
o
I
o W I:o
- O
rez A M
o_> K

JI one

=g

ol
=

410= M

A i

L

[0 X
rr
.|
E

r|.||0 Jon

=
=
L

S A0jIe, 100
QT QiCt.

7. 017

0| 2O B2 =22 A5
2 100H2 “20f5t1 =" A
E

0f 30=, 7HEA ot M. O] &

| 1= 0| OILICt =23 FRHoIX| A UEE A, ijY2| SES UEE HO|L.
| 4

%
Ct. 21 100%0| X|L}Et| SICHSEE{= XIOIARIA “Ql T QOFs}

[
=
(e]

A
| 20[TH, FL2 =M =2 UM 23 SR Y= A0l £ S AOICt

70



4
i
N
rr
Mo
mjo
ojo
no
rir

Oh

;-

In
mjo
do
ro
N
=]

n

L= 2813 1807] S04 QEBIS, 2N, S2A0EE AFE
RIYECE J2ILt 2517|0] £ T2 IS LB, S0 SHYES 2010| TES2|QS Hu3irt, ZES2|oL
£718l =22 MeislM, Y =20 Hl0|ES oM, 2AGHD HIOEIS AlZBlots HO0IT 0] 2 WSt
SISO MBS, UM HSO2 D2 IHUT HSI|T SHXIZH SR SUSS 0 YN XHSO2 st
=28 9loj=Ct

SIS 0| XIZ SHe TSS “HAH 80| of =22 910{0F 51LER?"0ICK. L= 0l0f et 23t 2 o412 21
QICk. TYSHS QY MO, 1 XS || OFLIZ}, WHO| B 0[5HaHOf SITHs ZOICk J20F SIS S T3t
FHIRIZ Y 4 It I3H=22 SESX|0| S2EIH, 1 SEXls H2XIAS DR X2, 2 Z3H AMIO| 9l6(X|7|
Slof ZHEIC. 20M7IC 21417], J2|3 AZ10] Ik £2 3} 017 =22 M SMYXIL, OIS 4E310)
WHGHS 0 SiLQ| BTE 27|9la) CIYE XIAI0| 27EC, JHU|E =22 20| 2K XAS M6t $3)
TEQIO, 32 HIHS X HObM 218 4 QICk CIS0| 2F Altol= Al 7158 012510] S WS seysol
SEOIN 224 UL

‘T4, =22 SHI0) JhAILE 42 OfH7IR7721T 2 SH0| UCID, “Si 1f =22 RAOB, TSIRI0) Tz
=28 9IS 4 QILY2tT HokE $iTh =22 8% U S YTk T2 L7H 312 231 20 AZots =2
9l= ¥iS Halsiol, 28 Hoi=Ct

== &

Sts =22 T F 7HX| REOZ LiFLH: ¢ =2(research article)lt 2|7 =Z(review article). 22| EM1}
o= YWHO| Ct22 2, MK 0] Xt0|E O|s5h= 20| ZQSICL

AR =2 A7

AT =29 X

ST =22 JHEE $E6t AYS S-S F, 1 ANE SiASH YHSH= =20|0t. YHNoR OZl 22 1AE
M=Ct:

= gt 20X, olig S-S TS| BT -
ME, 22(HY I 2, ZES 22 2-32T2E T - LEHOo = HO 7|E 200-300H0 = 29 ECt

Ol ALBSH MY WS HAMIS| 7|&8tCh - Sh&X|0tCH BiX| Y{X|7F THE = UL
0| Z AL Supplementary Material(25X2)0| €=2 HIECt

Results (Z3}) - 32 Solf 2H&SH ANE MAISHCH - ZHefst Mg k67 | & ST - “C| 0| B 7 A Xt0H| A| 2SI X}
Stz 4701 s STt

Discussion (£2|/ZE) - Z1i0i| L3t d5HMQI siMS HSTICt - "B} HO|HE dhMsts YA'S 20EL -
At F A Adhet 7|1Z Hek| H| w7t ESHECE

References (B 28) - =2 X4 A| Q185 L2 ¢ E2Q S=20|Ct

F}E
HO
of
N
A
rir
!
k=
HO
ro
dn
|

E8HQI 67 =2 97| MY
1E00: TH 23 motst|
=22 XS Y U= OIS M2 Y=Ct

1. RIS 97| 970 SAl ZRIS Mol

2. Z2(Abstract) A7|: 70| FF| 52 OlaHBiCt

3. Results MMO| AHISE 47| HE 5-7740] 4440] LOD, 2t MM HS2 WB2IA A2|Z0| IAS HSF2

A9 SES EoEL

71



O7|7HX| §i11 LY, O] =2 0| =
At 22 IFY0ICE =2 0|H
HE 0|ZH ot &S ot 7|

2CHA1: A2 Xim SR 97|

IAES S20| 9f7|HCH, Figure(12)2t Table(E)E SAUOR Y= X0| YW SSHOICE 2t T} EE 270
INENEEEE R

A= HolH=X| Jdsi=Ct. Orx| Faflt EEtOtE BI| Hoj| 27HES 52
JHs ZE HPAS0| FrotAU SQokX| K8 + UL 0l 28 HeUe = N0I7|01|,
CHSHCY.

o
[

o

ol _|

2t FigureL} TableS &BIAL: - O] BIO[E{7} OIS HOIZREX| Olof3iC - 2-32 %O L2 AIROIH XYY + US
A HeIEC) - SEA| Eole] ool HeIRCH (=20 242 J0Hs W7 B)

0] BEOIM Al 50| E22 HE AE ULt HE =22 XS 9= SIS =209 PDFS AXILE S2iF1
"QOrigay 1 SHHE|, T3 OF LM 2t FigureS LY S2/BIM 2t RES MGISI2LD 5fR. BHof AlS| 0|
LIS OfZICIR, “TH3HD 1813 SHo| £Z0IM Figure 1AS M2l FHE2 282 st HS 0] HEol
278 5f2 0j2120| 0[5HE 4 Y= $EOZ HHS SIS HoIC,

347 Metx| 97|

Methods'= MS9l 7K - =2 47| ZBXHE MethodsS HSEE MMIGH 948 TRt 9ict - 22 2ofo| =22
Of2 M 9Irt £91, BEHMO® AZE|= WHS0| 20|7| ANSIC - O S0, o Alndl =22 012 B ot ol
‘OlE B 7SS ASHEIR", “ABY Z0|depth)= oieUk P2 IS WEIO] oIt - H2B0f Ofayt o
Sl oo NSl b 2SS O oMM ZENL AOINS TIOHL - ¥S SIS0 EXIZ E22
9OPiCITL U2 YALL B0/2 U= FLES Y 20| MTh SIHXI7} ORIt SR 2o} 2 2ops B Clofsl
Ao 7152 ARSI 12N 7159 2017} S20| ERSIX| YSHZ =20 AT + ULt AN 2017}
SEGIX| 048 4 QICh MY A JIS0IL7L T2 XSA AB WHOILL 714 XiFlol TSI S Bt ¢irk

Hli?_ U =255 %‘EFE._, F2 71&0] =0 2L,

Introduction2 LSO Z0| YA - =& 27| ZEXHA Introduction2 2M&=2|7t Lt - AbstractE 241 HIZ
Figure/TableZ 7t= 70| Gl E8X0|Ct - AbstractS QO M MAISH LIE0| AMX| CIO|E2t 2&6H=X| Eolsh2rt -

XS OF 942 2 QICk Ol Of2{=0| M2 SEYU A& YT, =20] IR MOl HY A& ULk - GHXIEH 0] TS

HH=ESICE 2 IHEIO] 20|7| A =FSHTE

=2 4717t Y=8iX|H Introduction0] HEE117t EIC - Z £ |ntroduction2 SHY FX|0f CHS OJL| 2[5 &2

STt - J8 =258 2O0tM 29| 714 WA, BH X 58 BMIC - L= £2 Introduction EHSS SAIGHA

DOMFL, HAISHR BHE6HA =Lt - OtX| 3 -E—’é!%ol LH 240] & m7kX| 2d3|= A0|Ct

ATHA|: ALK} F=XEY|

=22 WX XKcorresponding author, 2E OtX|%} KX}C| 0|2 7|A5ILL FH 3HEEF T St oY 20Fe
= (=4

HE27t2tE, et FHQ =22 o B YEIUS A0IC}. OiX| O“RP HHEM EZX|E =AMUZ BX, o S7AY
02 =22 At =MUZ HOH 1 20| =2|7F O{EA LToliZt=Xl & = AL

A7 =29 37
A =20 Z0|0f 2 20| ULt - Full-length article: YEHX0I A3 =2 — Short communication / Brief
report: ZtESH A ANE HEH YHSH= B2 FEHQ =2 - Sh=X[0tCt BRO0| A7 CHE 4= UCt

2lF == 7|

25 =22 EX

2|2 =E(review article, = 34 =2)2 £ g7 T 2|4 S&2 SEEO = H2|st ==0|C}. 8t H E= 0
Ho| ME7I7t a4 MO 8 ol AR =22 i1 B A= 0|Ct,

2|8 =29 Z MH2 HuES(References)0| ol 202 52 =& F50|2t= HMO|Ct. £35| Nature Reviews,
Trends in - A|2|X 22 1EH 2|5 NE2 2 2|0t

C} tF E2 S Qo0 IR FEoiCt R2[Li2t
3t3|0|AM 2F5H= Experimental & Molecular Medicine O|Lt Molecules and Cells 2t Z2 XYz £2 2|5
0

==0| 0| =220 0|2 t&X0M 2R E el b5

72



S8H0 28 =2 97| M=
MM CEo|2 LI 247]
25 =22 ot ol EMZ 222 ofX| XL EE 100M0| 7712 HTE AJ45H7| ME0| 20| I Lt CHA O|Z A
Fstct:

1. StLte] MME MEiSIT (RS 3-470 EHOR 714)

2. O MMM Qg E A7 =22 SlF0| st MY gl=Ct

3. A4 =E2 oM EFst HAOZ =L} Abstract — Figures/Tables

4. =910 2XtO 2 LIA| M5t
Felg o B: - st ZZ0| OfL0{E ELf - ot=2, F0, 32 8o Zdei ElCt - 5238 A2 Y =34,
2 I 1ES| 5= A0|CH - £ FH|0f st ALS2| 2A|, 3SH, XI0|H0| EY [[H77RI A&t
59| 2|7 =2 H|u5}7|
g7 =2k Xﬂfgl ‘_'-x*ﬂf Q=7 BHEECE MEtM: - 22 FHQ 2|F =28 2-3™ MEISIT - H|X5t MMS
H|WSHH =0t - 2F XXp7F o & % tZRotdl, O 2HS FSh=X| DSt
2|F =29 IjH 11?‘2.*3}7 [
03 2|R =22 Sttt EH S0|=22 M2 L5 ot 22 MAt 2 o 2|F0M 74 Al W8 I SO
25| FAISH 3271 HL. Ol= ol ST 200 =2 = IEI— i3 YHS0| UCH= 2fojct.
0| 38 MEHS OS5I It HH: - £ X0 TS “LiTHe] 2E"0| M717| ARSI - O3] 2|52 £2 RESS
Zeots sH0| MLt - L= A 2|17 =22 £ [, 2% 2|17 =& ¥ Hg U&si O 22 EEE F1I5HH
Ehd3ict
Qo i3t o
1. 80{ de|

=

Ch - Y22t EWE TH WO 7|Sottt - 24 019| Folot Mats el HO{=L - Nature
ox YEHZ B0 HHS MSoH | STt

515 308, 67HHO| I - XSVl T 0T UDISILS - SHK|D 512 3024 75| 67HYEH 581 M0 t=0f =
SHAMEICt - TMEEH TP ILIE, Of2] JHES0| HIZE7| ARG A0|S 7P ot - XISZS eltt. RESGH0)
10|t

3. 4= 97]o] &

0242 =22 HOIET ChA| YLt - 5t 10 OlaH5H21 BHA| Q4=Tt - CFS ' CHA] HOJZCH - DIE0| 2K Breain
SOiCHECY - 2R “OfsH” 3= £710] 20

4 °lE
== 87| ZEAP} B35 ot ds BE WS AHOHA OloHidtad= Z0|Th SHX|2E: - XS EE| 100% OJsHE 4~ §f
- HIxet =28 O H2EAM Olsi=E =0{ZiC - “0lai2] &

rr 2

ZEXIE Pt 4F 48 g
FAk 2R =2 ot M M8 - Y A= FHQ 2M 2R =23 Hehh - oFF 3024 oF MM =0 - Oat7t ¢t
E|0 MECH M SET Diofsttt

73



Fxp: 617 =2 3W Q7| - 2% =20|N HFE A7 =2 5 WS MEBITL - 2 =20| Abstract®} FiguresS
SAO2 Qirt - 2 FigureS 2-32H02 Q0f5ts A& BiCt

3FXL 2 XA =& F£H - S0|22 A+ =22 WAMAE H=H - I HAQ TE =& 2-3HS A0 =0 -
ATt O EH LHCHRRA=R A2t =22 Felott

AFX} HlwotH 97| - 22 FHQ| ¢+ =& 2HS M - £ =F2 H2HY, 21, 2= H|wsi} - ISHL
XO0|HS Mot

SR 7= 2

=0

17171 0 HE =5 X[H: — Introduction= AFMIS| 217 A&ISHEE - Methods 2| MIS: AFEYS H| WSt | A|RESHT}
— DiscussionO|Af X{AtQ| SHA4 1} SHAIMS HIHXMO = YIS} — 2Q1Tto| HAGHE S4d5t7| ARGt

EEICTY
=2 9l YSrY AT J|20ILh M0l RIS HIRE HMY HAUT X, SHIZ WHOR RFs|
OB Lt S 4 QT

7|of5HAL: - g 278HX| T PRSI SSICH - HAS 8 WO O[3H5H2] X T HALE TorSiCt - o
22 JO2 WOHSOIX| 2T EQI0| A0|Z KPYRSHCt - 512 301, 6B SXISIR st #alS ZaE 20/t
=2 97| £26] MBS S50t 20| OfLICL SHH MIYNS HRD, TN 2A21 7|90, 23 201t
o7 TS BHS0{7H= OIFOICE. 0] 7H0[E7t 1 09| FUHO| E7|S iRt

SEERE
== H7[0] Cioll & €11 HCHH OF Atz SS F1IokAL

AM XI= - https://youtu.be/joY4CAUT1TMA - https://youtu.be/Kllo6B14cNE - https://youtu.be/cllPOGIgxaE
S271 2 - H0|HE ¥2|/S8XC= ¢j= WS L0t

=]
= - O
O] Atz=2 et AHUM =& 47| HEtS MABIEZ, 2R10H S= S = ol ==0] 2 A0

74


https://madscientist.wordpress.com/2016/04/26/%ED%8E%98%EC%9D%B4%ED%8D%BC%EB%A5%BC-%EB%B9%A8%EB%A6%AC-%ED%9A%A8%EC%9C%A8%EC%A0%81%EC%9C%BC%EB%A1%9C-%EC%9D%BD%EB%8A%94-%EB%B0%A9%EB%B2%95%EC%9D%84-%EC%95%8C%EB%A0%A4%EC%A3%BC%EB%A7%88/

	나의 첫 논문 쓰기
	이 책에 대하여
	누구를 위한 책인가
	주의사항
	목차
	문의 및 피드백

	1장. 나의 이야기를 만들기
	처음 논문을 썼던 시절
	연구를 통해 이야기를 배우다
	나를 사로잡은 질문
	질문을 이어 쓰다
	이 책을 통해 전하고 싶은 것

	2장. 논문 작성 시작하기
	논문 작성의 순서
	논문 폴더 만들기
	논문 폴더의 기본 구조
	폴더 이름 정하기
	드롭박스(Dropbox)에 폴더 만들기
	기본 폴더 구조 만들기
	Figures 폴더
	Supplementary_Figures 폴더
	Supplementary_Tables 폴더
	Scripts 폴더

	원고 MS 워드 파일 만들기
	Main Manuscript 파일
	버전 관리 규칙

	EndNote 라이브러리 관리
	EndNote 라이브러리 파일 위치
	EndNote 사용 팁

	공동저자와 원고 공유하기
	언제 공유할까?
	워드 파일의 Track Changes 기능
	본인(1저자)이 원고를 업데이트할 때
	다른 사람의 원고를 수정할 때 (공동연구자, 공동저자의 경우)
	실전 예시: 버전 관리 워크플로우

	실전 예시: 논문 폴더 완성본
	이 부분에서 학생들이 하는 흔한 실수들
	파일 관리 실수
	초기 준비 실수
	협업 실수

	학생들이 자주 묻는 질문
	언제 논문 폴더를 만들어야 하나?
	어느 시점에 저널을 결정하는 것이 좋을까?
	논문 전체 분량은 어떤 기준으로 정하나?
	Figure를 먼저 그리고 본문을 쓰는 것이 효율적인가, 아니면 본문을 먼저 작성한 뒤 Figure를 그리는 것이 좋을까?
	Figure 작업 시 사용하는 툴(예: Illustrator)은 새로 배워야 하나?
	Main Figure와 Supplementary Figure를 구분할 때, 어떤 기준으로 배치 결정을 하나?


	3장. Figure 작성하기 — 시각화로 생각하기
	Figure는 논문의 설계도다
	얼개부터 그려라: 초안 Figure의 힘
	Figure 의 구성요소
	Figure를 그리기 전, 손으로 그려보면서, 스케치를 할 수 있다.
	멀티패널은 꼭 Script로 그려야 한다.
	예시: 기본 multi-panel Figure 작성

	Figure는 자주, 여러번 수정할 수 있다.
	Figure versioning 예시

	Illustrator를 사용한 추가 편집
	실전 팁

	Figure 삽입하고 Figure Legend 작성하기
	Figure 파일 삽입 형식
	Figure Legend란?
	Figure Legend 작성 형식
	Figure Legend 작성 원칙


	4장. Results — 데이터가 말하게 하기
	Results의 핵심 원칙: 데이터가 주인공이다
	섹션들을 구성하기
	문단 구성의 원칙
	문단 한개는 하나의 완결된 아이디어
	각 문단의 첫 문장 = Topic Sentence

	용어 사용의 정확성과 일관성
	개념을 명확히 구분한다
	용어 일관성이 중요한 이유: 독자의 인지적 색인
	용어를 통일한다

	Figure와 Table의 효과적 배치
	본문에서 구체적으로 언급한다
	순서대로 언급한다 (당연하게도..)
	Figure 내용이 본문과 일치해야 한다

	저널별 요구사항 확인

	5장. Results 섹션을 작성하기
	Results 섹션의 문단 구조 — 유기적 연결
	AI를 활용하여 Results 섹션 작성하기
	문장 작성할 때 우리가 자주하던 실수들
	중요한 결과를 여러 문장에 분산시키지 말자
	과도하게 세세하게 적는 학생들 (MBTI가 S 혹은 ST 인 경우들..)
	문장을 작성하다가 안드로메다로 여행한 학생들 (MBTI가 NP인 경우들…)
	문장의 길이: 너무 짧지도, 너무 길지도 않게
	분석명이나 도구명을 주어로 쓰지 말자
	처음 논문을 쓰는 학생들은 너무 자주 놀라고, 너무 자주 주목한다….
	과정 중심 동사 줄이기
	순환 구조 문장 피하기 (feat. 펀쿨섹좌)
	줄임말에 대하여
	단어 선택의 정확성
	수동태 vs 능동태
	인용(Citation)의 적절한 사용

	Results 문장을 작성할 때, 확인해야 하는 것
	통계값은 필수
	유효숫자 통일
	샘플 수 명시
	“higher”, “lower”, “enriched” - 정량적 근거 필요
	사용한 통계 방법을 명시할 것
	Non-significant 결과도 언급한다
	비교 대상을 명확히
	“Significant”라는 용어를 사용할 때 - 통계적 의미


	6장. Methods — 첫 논문 글쓰기의 튜토리얼 단계
	연구 설계와 환자 모집
	시료 수집 및 데이터 생산
	데이터 품질관리(QC)
	데이터 처리 및 정렬
	통계 분석 및 모델링
	Gene Set Enrichment에 대한 작성 요령
	재현성 및 데이터·코드 가용성
	Methods를 쓸 때의 마음가짐

	7장. 참고문헌 조사 및 서지 관리
	문헌 조사의 목적과 흐름: 연구의 계보 읽기
	데이터베이스 탐색 전략
	EndNote를 이용한 논문 관리
	서지 관리의 습관

	8장. Introduction — 질문의 탄생
	인트로란 무엇인가
	인트로를 생각하기 vs 인트로를 작성하기
	인트로의 역삼각형 구조: 세 개의 문단
	1문단: 넓은 배경(Broad context)
	2문단: 공백(Gap) 제시
	3문단: 목적(Objective) 제시

	인트로에서 던진 질문(‘떡밥’)은 결과(Results)와 토의(Discussion) 섹션에서 회수되어야 한다
	인트로 첫 문단, 첫 문장
	인트로에서 주요 단어를 정의하여 독자의 머릿속에 색인시키는 방법
	인트로 마지막 문단 — ‘무엇을 했는가’ vs ‘무엇을 할 것인가’
	스타일 1: 연구 전체를 요약 (past tense)
	스타일 2: 연구 목적까지만 제시 (future tense or present tense)
	어떤 스타일을 선택할 것인가?

	Introduction 마지막 문단 vs Abstract: 어떻게 다른가?
	Abstract: 논문 전체의 압축본
	Introduction 마지막 문단: 논문으로의 전환점
	핵심 차이점 비교
	실전 작성 전략

	흔한 실수와 해결법
	실전 연습
	마무리: 두 섹션의 관계

	9장. Discussion과 Conclusion — 당신의 해석
	논문 예시로 배우는 Discussion 구조
	핵심 발견을 먼저 선언하기
	Introduction의 떡밥 회수하기
	사전 연구와의 비교를 통한 맥락 제공
	주제별 흐름으로 서술하기

	Limitation: 반성문이 아닌 발전적 비평
	좋지 않은 Limitation
	발전적인 Limitation
	데이터의 양면성 설명하기

	Future Direction: 계획서가 아닌 발전 방향
	좋지 않은 Future Direction
	발전적인 Future Direction

	Conclusion의 역할: Introduction과 대칭을 이루는 마무리
	Discussion 작성의 실전 전략
	1. Introduction과 대조표 만들기
	2. 결과의 위계를 정하기
	3. 문단 단위로 주제 관리하기
	4. “Therefore”, “However”, “Moreover”를 전략적으로 사용하기
	5. 초안에서 과감하게 자르기

	흔한 실수와 해결책
	실수 1: Results의 반복
	실수 2: 과도한 speculation
	실수 3: 방어적 태도

	Discussion과 Conclusion의 조화
	Discussion은 당신의 목소리다

	10장. 당신의 첫번째 논문을 위하여
	방향성의 설정
	논문 작성의 타임라인
	에디터와 리뷰어가 보는 것
	추천 리뷰어의 선정
	동료의 피드백

	부록 1. Daily Paper Summary Program — 요약하고 읽기
	1. 논문을 쇼핑하기
	2. 검색 키워드 정하기
	3. AI에 사용할 프롬프트
	4. 나의 생각 / 의문 (My Thought)
	5. Notion에 기록하기
	6. 시간의 분배: 절대로 30분을 넘기지 말것, 차라리 딸깍만 해도 된다
	7. 마무리

	부록 2: 논문을 처음 읽는 학생들을 위한 가이드
	논문의 종류
	연구 논문 읽기
	연구 논문의 구조
	효율적인 연구 논문 읽기 전략
	연구 논문의 종류

	리뷰 논문 읽기
	리뷰 논문의 특징
	효율적인 리뷰 논문 읽기 전략

	일반적인 팁과 조언
	1. 용어 정리
	2. 꾸준함이 핵심
	3. 반복 읽기의 힘
	4. 완벽주의를 버린다

	실전 연습 가이드
	초보자를 위한 4주 실천 계획
	중급자로 가는 길

	마무리하며
	더 읽어볼 자료


