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1. xa�t
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2. Ã�»qMO

2.1 scRNA-seqCqÓéÑ�  çÃ�»

rs0Åw scRNA-seq CqÓéÑ �   çÃ�» [3]

x GEO w GSE76381 T� ¼¢ ïé�Å ` h { é.$
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2.4 Bimodal genes �;Mh¨; ¬R

Unimodal test � Rtî÷^�oM� dip.test�:p¤

¨; tîæ` z P ��Ç)b� { BH,jp�Oz±4

Y`h P �U 0.01�<w¨; �¬Rb� {

2.5 dpFeature �;Mh¨; ¬R

dpFeature [6] �;M� {

3. AL

�cx�Rüüs�;Mh£s`¶6t��!:¬R

wAL�\�� { ÎÄ t0`ox L = 2p 116¨; Uz

Ú¢µt0`ox L = 3p 118¨; U¬R^�h{ �è

t¬y�h¨; x� � ¨; �Klh{ îµpz �lh
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down” wÍ�� �wALpK� { Mc��ôt�È`o
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� �¤z 2,4,5�xôt�È`oM� { �x� z C\a�s

wpz Y×sôtz��qCq`oMsMôt�È`h¨

; UCq`oM�qMO\qp%ppK� { \\�px
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�×tôM��Sp;ÇwôpÍ¢`oM�¨; UÍ¢

`oM� { fw:xÎÄ qÚ¢µUf�g�z �  ¨; 
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¯ 1 �Rüüs�;Mh£s`¶6t��!:¬RpÚ¢µt0`o¬R^�h 118 ¨;

 � Enrichr t�¿ Óé�Å `hqVw “MGI Mammalian Phenotype 2017” w§Â

°æwÍ�� ��pwAL

Term Overlap P -value Adjusted P -value

MP:0000788 abnormal cerebral cortex morphology 7/145 2.45× 10−5 4.55× 10−5

MP:0003651 abnormal axon extension 5/48 9.18× 10−6 4.55× 10−3

MP:0000812 abnormal dentate gyrus morphology 5/58 2.34× 10−5 4.55× 10−3

MP:0000807 abnormal hippocampus morphology 5/86 1.56× 10−4 2.04× 10−2

MP:0000819 abnormal olfactory bulb morphology 4/48 1.83× 10−4 2.04× 10−2

¯ 2 �Rüüs�;Mh£s`¶6t��!:¬RpÎÄ t0`o¬R^�h 116 ¨; 

� Enrichr t�¿ Óé�Å `hqVw “Allen Brain Atlas down” w§Â°æwÍ��

��pwAL

Term Overlap P -value Adjusted P -value

periventricular stratum of cerebellar vermis 18/300 1.33× 10−13 3.72× 10−11

Simple lobule 18/300 1.33× 10−13 3.72× 10−11

Simple lobule, molecular layer 18/300 1.33× 10−13 3.72× 10−11

Simple lobule, granular layer 18/300 1.33× 10−13 3.72× 10−11

white matter of cerebellar vermis 18/300 1.33× 10−13 3.72× 10−11

¯ 3 �Rüüs�;Mh£s`¶6t��!:¬RpÚ¢µt0`o¬R^�h 118 ¨;

 � Enrichr t�¿ Óé�Å `hqVw “Allen Brain Atlas down” w§Â°æwÍ�

� ��pwAL

Term Overlap P -value Adjusted P -value

Pyramus (VIII), granular layer 18/300 1.81× 10−13 4.66× 10−11

Pyramus (VIII) 18/300 1.81× 10−13 4.66× 10−11

Pyramus (VIII), molecular layer 18/300 1.81× 10−13 4.66× 10−11

Paraflocculus, molecular layer 18/300 1.81× 10−13 4.66× 10−11

Cerebellar cortex 18/300 1.81× 10−13 4.66× 10−11

¯ 4 �Rüüs�;Mh£s`¶6t��!:¬RpÎÄ t0`o¬R^�h 116¨; �

Enrichr t�¿ Óé�Å `hqVw “GTEx Tissue Sample Gene Expression Profiles

down” w§Â°æwÍ�� ��pwAL
Term Overlap P -value Adjusted P -value

GTEX-Q2AG-0011-R10A-SM2HMLA brain female 40-49 years 51/1467 1.47× 10−27 3.29× 10−24

GTEX-TSE9-3026-SM3DB76 brain female 60-69 years 49/1384 1.06× 10−26 1.19× 10−23

GTEX-S7SE-0011-R10A-SM2XCDF brain male 50-59 years 44/1278 3.20× 10−23 1.43× 10−20

GTEX-QMR6-1426-SM32PLA brain male 50-59 years 41/1066 2.57× 10−23 1.43× 10−20

GTEX-RNOR-2326-SM2TF4I brain female 50-59 years 47/1484 2.02× 10−23 1.43× 10−20

¯ 5 �Rüüs�;Mh£s`¶6t��!:¬RpÚ¢µt0`o¬R^�h 118 ¨

; � Enrichr t�¿ Óé�Å `hqVw “GTEx Tissue Sample Gene Expression

Profiles down” w§Â°æwÍ�� ��pwAL
Term Overlap P -value Adjusted P -value

GTEX-U8XE-0126-SM-4E3I3 testis male 30-39 years 15/376 6.13× 10−9 3.45× 10−6

GTEX-X4XX-0011-R10B-SM46MWO brain male 60-69 years 23/938 5.25× 10−9 3.45× 10−6

GTEX-U4B1-1526-SM4DXSL testis male 40-49 years 13/282 1.23× 10−8 3.71× 10−6

GTEX-Q2AG-0011-R10A-SM2HMLA brain female 40-49 years 29/1467 5.11× 10−9 3.45× 10−6

GTEX-RNOR-2326-SM2TF4I brain female 50-59 years 29/1484 6.62× 10−9 3.45× 10−6

px� � xw8ø¼ U¬y�oM� { :tx�w)UK

�Uz �èQx�×tôM{ Ú¢µp¬y�h� � xw8

ø¼ wOjz KLF��w� � xx¶oÎÄ�p�¬y�

oM� { ¶X �w¨; CqÓéÑ�  çwrsT���

�hALpK�\q�ßQ�q z ÎÄ qÚ¢µw�èwô

wC\;Ï�
QoM�DóQxôM{

îMt\��UM�É¿ Ä ë�«�ÏR`oM�T�_

�h�tz �Rüüs�;Mh£s`¶6t��!:¬

RpÎÄ t0`o¬R^�h 116¨; qÚ¢µt0`o

¬R^�h 118¨; � RegNetwork [7] t�¿ Óé�Å

`o�h¢ $ 1£{ fwALz 7�wM����Sé`h

É¿ Ä ë�«Uj��qUZ^�oM�\qUQÌ`h{
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¯ 6 �Rüüs�;Mh£s`¶6t��!:¬RpÎÄ t0`

o¬R^�h 116¨; qÚ¢µt0`o¬R^�h 118¨;

 � Enrichr t�¿ Óé�Å `hqVw ‘Jensen TISSUES”

w Embryonic brain wAL

Term Overlap P -value Adjusted P -value

Human

Embryonic brain 71/4936 2.52× 10−16 4.07× 10−15

Mouse

Embryonic brain 75/4936 8.90× 10−20 1.06× 10−18

¯ 7 �Rüüs�;Mh£s`¶6t��!:¬RpÎÄ t0`

o¬R^�h 116 ¨; qÚ¢µt0`o¬R^�h 118 ¨

; � Enrichr t�¿ Óé�Å `hqVw “ENCODE and

ChEA Consensus TFs from ChIP-X”wAL¢ adjusetd P -

values U 0.01 �<w¨; £{  ÈxÚ¢µqÎÄ p�èt

¬y�h�w

Human ATF2, BCL3, BCLAF1, BHLHE40, BRCA1,

CEBPB, CEBPD, CHD1, CREB1, CTCF,

E2F1, E2F4, EGR1, ELF1, ETS1, FLI1, GABPA,

KAT2A, KLF4, MAX, MYC, NANOG, NELFE,

NFYA, NFYB, NR2C2, PBX3, PML, RELA,

SALL4, SIN3A, SIX5, SOX2, SP1, SPI1, TAF1,

TAF7, TCF3, USF2, YY1, ZBTB33, ZMIZ1

Mouse ATF2, BCL3, BRCA1, CEBPB, CEBPD,

CHD1, CREB1, E2F1, EGR1, KAT2A, KLF,

MAX, MYC, NELFE, PBX3, PML, RELA,

SIN3A, TAF1, TAF7, TCF3, YY1, ZMIZ1

7�tz UZ^�h8ø¼ q;ÇwôwC\qw�

ÈU7Cq rw�SùO wT�o�h{ TAF7 x;Çw

C\tOAsþÂ�(� ` oM� \ q UC�^�oM

� [8]{ KAT2A, ATF2 q TAF1xôwC\tOAsþÂ

UK�\ qUC�^�oM� [9]{ BRCA1 �ôwC\

tOAsþÂUK�\ qUC�^�oM� [10]{ °Mz

CEBPD � CREB xôìñt��`oM�\qUC�^

�oM� [11,12]{ E2F1xZ��wôwC\t��`oM

� [13]{ EGR1��hz ôpwCqUC�^�oM� [14]{

PML q SIN3A �ôwC\qw�ÈUC�^� [15, 16]z

TCF3x¸ÒåÑ� ¿ ³áwôwC\a��w/)UC�

^�oM� [17]{ Ëtz YY1xôwC\�w/)UC�^

�oM� [18]{ Ab�tÎÄ qÚ¢µp�èt��^�h

8ø¼ x�q�r¶æz ôwC\t��`oM�qMO

C�UK�wpK� { \w\qT��Rüüs�;Mh

£s`¶6t��!:¬Rx°IT RNA-seqwÃ�»T

�OAs¨; �¬Rb�À�çq`o�×t��oM�

\qU�T� {

4. �w�Oqwz±

f�px��Ox\wÃ�»·¿ Ä t;MhÔùzrw�

OsQó�K[�i�OT{ �cx highly variable genes

�¼`h{ fwALz ÎÄ t0`ox � � ¨; z Ú¢

µt0`ox �  ¨; U¬y�h{ \w:x�Rüü

ÎÄ w8ø¼ É¿ Ä ë�«

ATF2

BRCA1
CREB1

E2F1

E2F4

EGR1

ETS1

MYC

PML

RELA

SP1

SPI1

USF2

FLI1

CEBPB

NFYA
GABPA BCL3

YY1

TAF7

Ú¢µw8ø¼ É¿ Ä ë�«

Creb1

E2f1

Egr1

Rela

Brca1

Cebpb

Cebpd

Yy1

Myc

$ 1 �Rüüs�;Mh£s`¶6t��!:¬RpÎÄ t0

`o¬R^�h 116 ¨; qÚ¢µt0`o¬R^�h 118

¨; � RegNetwork t�¿ Óé�Å `hÌwM���É¿

Ä ë�« { Í� Î Ä z <� Ú¢µ { Databases,¢ M���£

Type,Evidence x All �¬|z Organism xf�g�ÎÄ q

Ú¢µ�¦�` z Confidence x High �¦�`h{

s�;Mh£s`¶6t��!:¬Rp¬y�h:q�

�SpK� z %ps:iq¥��� { îMz �èt¬y�

h¨; �� � ¨; Klh{ �èt¬y�h¨; wÂ

ùx�Rüüs�;Mh£s`¶6t��!:¬Rp�

�t¬y�hÂù��x�sM�wwz îµt¬y��t

`ox�×t�:pK�\qtx!��xsM{ °Mz �

Rüüs�;Mh£s`¶6t��!:¬Rp¬y�h

¨; qxÎÄ qÚ¢µpf�g�z hlh� ¨; `T
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�loxMsTlh{ \w\qT� z highly variable genes

p¬R^�h¨; tmMox�MU|U�Aq¥���{

f\pz �Rüüs�;Mh£s`¶6t��!:¬R

wqVq�a�O tz ¬y�h¨; w\ú¶$s%p

Q�°A`h{ fwALxTs�¼lh�wpKlh¢ Ä

`X x�Mq^æ� [1, 2] qfw Supplementary material

��°w\q £{ Ítz Bimodal gene �¼`h{ fwAL

xz ÎÄ t0`o 11344¨; z Ú¢µt0`o 10849¨

; q�bW�¨; U¬R^��\qUrlh{ \w\

qT� Bimodal gene x°IT RNA-seq T�¨; �¬

Rb�txK��MMMOpxsM\qU���� { `T

` z f\p\ú¶$s%pQ�U|b�h�z KQoÍ�

� � � ¨; cm�¬�p°A�¼�h{ �cz �èt¬

y�h¨; U�  ¨; `TsM\qUrlh{ îµt

¬y��t`ox�bW�:pxK�Uz �Rüüs�

;Mh£s`¶6t��!:¬Rp�èt¬y�h�

� ¨; z highly variable genes p�èt¬y�h� � ¨

; tX ���q ¢ ÎÄ qÚ¢µpf�g�¬y�h¨

; x�Mt����c£ Rü�<pK� z ¬Rw%pQ

�ÿ<`oM�\qU���� { îMz \ú¶$s°Ax

Ts�¼loM�\qUrlh¢ Ä`X x\j�� z �M

q^æ� [1,2] qfw Supplementary material��°w\

q £{ 7�t dpFeature �¼`h{ \�x°IT RNA-seq

wh�tßQ��hMOpK� z highly variable genes�

bimodal genes��QóUôM\qU84^�� { `T` z

îMt�lo��qÎÄ t0`ox � � � � ¨; z Ú

¢µt0`ox � � � � ¨; U¬y�o`�Mz Gü

s¨; :wÜ���txmTQsM\qU�Tlh{ f

�p�\ú¶$s%pQ�°Ab�h�z Bimodal genes

wÌw�Otz ÎÄ qÚ¢µg�g�z Í�� � � ¨; 

cm�¬�p�h{ �èt¬y�h¨; :x� � ¨; 

pK� z �Rüüs�;Mh£s`¶6t��!:¬R

� highly variable genestz�o�ísMôMÂùpKl

h{ `T` z �æsU�îMt\ú¶$s°A�æO qf

wALxU`M�wpxsTlh¢ Ä`X x\j�� z �
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