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What genetic changes made us uniquely human?
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% K #5007 4 #T A 2 (Homo sapiens)#n 2 12 JE (Pan troglodytes) 7~ 5 2 J&, A EAE# bR H g TR
SRR RA. AN RERRERT M A A RR? HI0F K, B RA XM ARKENEE
AFF, ARHFCERATHLEFUARBEALTZENERABETMALE T ARRERNRELRT, A FXERD
X Z, ZRXAFENEE, AR EAREENEL S, XURRATHREERTAS TR PET E R
HHENEREABPEETER SAXBEXANTAFAFEEAR. AXENXANREEANBALERX
AEZERROKR. B, XPUNFT AR EERBERAZELARMNTE S S 6T 2000 R 4% 3 F 2 Y AL o

RAKFEFRREMEBU KR, RN 77 R T AR P R AR R A o R A

Kol

“HAR" % A& (Homo sapiens) iy — s 4 Fik e
X —FRIF ) ok & o AR HHE S E—JE AR K
A L H A B R 1Y H R — AR B SR B BRI 2 A1,
AN HAGEHATE. EROREE., BRWIES .
A 0 AR DL R A R S SRR L IR A AT
2V BT N R A ? K LUORIFEA
AR AW S NG <t 511 =S L SN S = 2 1
2 SRR T TH R W AR B X — N2 B B AR AR ()
ML DB R B, BT ARER L AR RN
AR H e R ) SR W 2 N SR S Y R PR IR
(P RN U YNE S TR I B o | e P/ B U
B an, NS Ak P5 S P 28 44 4 i Y o34k AN
ER . B A Tm . AR R, DLOH A i 2
(7= HE A, RS RN () el AR R A B A R 2 1A% AR
PR 3 A N Rl A N R 2 R R A4 5
i, MRANRCLE R T RE NKFE T 0B EA
S8 gk, RECT LAY A FEH i K F

ANEpRA, HAEE, FREAAE, EREX, EREL

MY CAE | e PR R IR IR KT ek s | R P 25k R A
H % (gene duplication). X 4>t f& 4 il 7K - B9 2 728
A T He BN R R L. b, M A
Hogm BB OR WL, W5 N AT LD A
CRISPR/Cas9ixX £ ffj 5 = 23 1 12 A KF N 2 ke 5 1 35k
A8 55 AN B 5256 8h Y (/) B (Mus - muscul us) Fl1 Bk
i (Macaca mulatta)) £ it & (1) 3 R 41 e (anifs 7 2 20
HET 40 ie (induced pluripotent stem cells, iPSCs)), &,
BT VR AR I 3 RN BRIV -, 1 I % 3 e AR
ST RGBS, 556, WG RT LUR
BT R v (AN 4y B #R £ (molecular inver-
sion probe, MIP))4k & AR 7 N EBR AR Tk
FEACTE I 98 AR i 16, IF X0 0 16 B A9 H 28 & A = AEA
IRPEAT I B2 R RIFSE.
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() JE R P 0 2 i 2 D RE AR, 1 3 6 AH 07 2 (1 )
RER ARt A 25 R R A R AR 4k, RPEE (A s TR (Rt
XA B IA kg 5 DR 24 A DX 27 ) el A 4 S 3 o S 2
FIR R A, P A AN R I AR s, R A2 21 A 2%
VeV ok [ 2 T k.l ek AR HIEHE AR K
KEHAIPH], WL T V23 H e N
ZFN R SCIE BRI, s BN 55 5 Ak
M RPEG . AURRMS ST . A SRR . e, K
b 2 B RNE S RS A i .

N HEAR R R b, 2 A RO B
RFIEZ —. S b, IR AN R T — &5
oG 7% AH Gk PR v B 37 56 TR 1 J& MCPHL I
ASPMEE ], 3 T A~ 3 PR 7E NS Hp A T R 2 2k 58 AR 41
25| & JE K ME/INKE (primary microcephaly). 751
X 28 5 5 7%, MCPHLHIASPM £ K 4R 52 3 1F % #:4F
A2 il dn, A SR B SR (Pan troglodytes) 73
B2 J5, MCPHLIEEHTE AZE ™= A4 T 9 N2RFEH1
LIRSS AE, 3k o 58 A8 1] G 78 N 2 K i Ak oot A v
S AR AR I,

3 — A N R 50 8 1 0T 80 AR S 04 461 R
FR R 185 BN B FOXP2IE N . FOXP23E K 7E A\ 2w
1) 9748 o R BUR AL YERY IR T B IG . 8 X R [ 4
Fift (6] () FOXP2J7 8], WIF 9% 34 & B % 3k TR 1) I 1) Al A
FAEEARSE, (B AZRRBER S 2 5, N
RAET AR SR SO AR S, 7E AN T
FE Wyl Je 2 4B 4 NP E R B AAFTE X AR 78,
& B I PN T BEAE A JS R A i A L ) 3 gl [
SE R T UL RS K N B R ) A R R A6 a5 R
b, % BRAET X P > 28 A8 A8 A5 A /0N B 48 2 fi 1) 2
A R ZE A e 221,

BN A0 W AWNE BN NE IV U E YNGR S
AL, BFFEN B B4l T 874 S 7E BLAR A
o AE TR 4 S 0 A FE R 7 ) A S 118 S B R PR R 4
IS E B i 9 B R I ) e 42 & A X sl -0 i 2= v 3
Ho Y 3/ 35 (K] (CASCS,  KIF18AFI SPAGS) A Y 15 Al
g = X IR ER K, 1 H -5 KW R )2 kB e A g
MO 225y 240 I g AR 1) 0 4 T e ML oG TR R AE
22 5y A, G5 RR R Y 43 540 ) D8 #2424 M
o324I Ak Sk 7 A HAT 8 BE R T A 2R A A A 2
FEAE A 20T, X R 2 R 3 e R R AR
PRI, 30 4 35 D) T A N 28 R Ak i A v LA
AR,

2 FERFR KA

19694F, BrittenfilDavidson?*21 & S 45 1 4y il )
FANY 22 5 0] HE 3 2= B TR TR By U R AR
[, 19754, KingMWilsonl2hisc— (B 4 i 28 A2
ALY, TR SRR E e —IE AR KEZ
(] 7Y & Y 2 5 ] BB 2 32 2t SR N A SRR R 22 7
TR Y. ST N G S R AR RN RS s B R
5P, AHRAE NS AN H T 9 2R 0 A e X B0k -
KRR R AT 8. Pollardds A P>247E 20064F i
i AR R IRN AT 5], & LT —HAEN
2% of hin 3 4k % X 5 (human accelerated regions,
HARS), iX £ HARSK 2 AR &b 7E J PR i 9 428 X 45
Prabhakar % A 22t J55 St 35 4 5% 5 51 AT T 2%
LA 52 I 2] T — b Ay A b s BE AR SE, H
FE N e Ak 19 3F 46 85 7 51 (human - accel erated
conserved noncoding sequences, HACNSs). [fi)5, —
SE RIS R I — S ) AE N 2 e s Ak Y 3 g
Feo el 5 Ty, WFSE & BHARIX 8 g — g6 A
KR S R AR T e SR T AT 2 GCHY & PR i 4 1 5%
(biased gene conversion, BGC)1& i, X FIATHIGC
B4 1 58 T} v 5 3 PR A7 B T e R 04 2L, R AR
MEIX 20T A1, 3 3o I & B 7 vk, Kostka®i: A2
2N KER 7 B HARSIX 8 28 748 J2: [ SR BE#F 19 45
T AT 6 2 [ 8K 36 455 R 35 DA i - 2 2 A% 3 [m] 4 H 9
ZEIR.

NP AR AR G B 3 31) G0 el 52 ma N S 4 S
[ R R PEA W2 ZANF 9T 2138 3 D RE SE e X LA b &
P AYHARSHIHACNSs#Ef7 T #F5%. Prabhakar%: A %9
i 3 /)y B2 56 iF B HACNSL(E] Pollard 5 X 9 HAR2)
ER— T P AT S B A EEEH.
g o, 5 DL R R R P S AR e, A28
35 TG PE B, XS /R HACNSLAT BB 7E AR E
SEATE PR i EE AR . [AIAERY, 20154FBoyd
25 N3O0 3 /0N B D e R 06 2 R HARGRE % 1% 58 F zd8
P k. 5REEMRET I, NREERM
HARSHE % I PR b 28 i A4 48 B A9 X Bk o 4, e 6™ A=
HT 22 1 Bl 28 50 R HE K A R A L X T AUF 5 R
HARS ] B 7E A\ S Ak 1ok 75 i 25 0 A 35 b 2 #54E H.

ARk, BE A AR T A 1 BEAIK DL B 4% B S
BHEASZARMFWEEE, KRG TIFZ2H 00y
BAR, WChiP-SeqfIATAC-Seqs. i izt 43 #r 20 % 14
f& 1fii F1DNase 1 8 SUB A o I 7 A7 By T 48 2] 5 8 7%
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SRS X, ST RE A BE 0 XL BN, Git-
telman: A\ BUTE T I8 53 0 ] — i DNase T #5037 24
WU ) 7 s i 58 N2 v i g £k %) 30 48 IX 0 7E 1800
TTASFBEEAL 5 PRI 3] T 5240 N84S e i1k
Y DX IR, 3 4L FE 31 AT R 2 s A S MR DX, AT RERN
NS ) R 4 T e A 6.

UTAER, WF9E o b AR ATEE N R KM
Z P 5 ke R L 81 . /NRNA(microRNA)
FHK3E 2 5 RNA(INCRNA) 25 76 A 2 gk Ak i 72 v il g
W BAEEEH. R —Fh 2 0 DNA 1 7
K, Wi —FhE LA s AL PR AL, 52w 5 Y
BSR4 . DNAH LA TT LU DNA RS, M52
M DNA 55 S TS HE A ML &, Nis| LA
Reid. NAAEN R KAV Z R W H 4K -
FRERFEZER, FEERNERBREZES. ARER
PR % B A X A 2 AR i 2 AL 7 A T AR K
i, WESEE R ANZE L SRR ARG 3 1 R i K Hiki
BEA AT T RN A S R A SR, R B T 85
A NS Y B IR AR b X 3 (differentially methyl-
ated region, DMR). 3 & [X 5 n] B i 1o 52 i — 2L fi 28
RREFHTF5ZE625MMa kB8 RELE. %
53 $ s AE 2 A rh 200 358 4% 728 A0 % N 28 IR i e U5 1Y)
A A

MicroRNA (1) 7 20 Y& 28 AL il 2 T 47 5k 2 B Y —
MR FE R R B T, B TR INcRNA S 3 2 3%
R AT DL 58 4 1 Hb 25 A A OC 28 ) g A 3 DR X D 1Y
microRNA M i 1] 55 microRNA X # 55 X 25 1 4 1 1Y
Wi, EEE AR E, TR RN, —FREK
ZHE S IncRNA  (IncND) -5 miR-143-3p77- 75 i 2 1
FEHLHL, AT xs RAE KM B 2 W ik BoA f 24k
FHIE. B SR HORTE A & BB A I 45 R 15 5800 A
FFEFIINCRNA, (ESEAE S —Fh B i 5L H 2 A 4 21
PFFEHLE, INCRNA [T 25 35 5 1T RE X A S ¢ 2 78
A 2 Tk

3 B AF 9 R D] 1) 3R 3K TR 45 O T R — KO
A, — AN B A Rk R TR AE Y B
HE B ARG, (HAE =g oS A v HIEEASAR T, Qe
Lo N 1) = i e ? B BR kA
WE 5T N B BLAE AT LA F) DA e 0 0K /) 42 4 4K 2 R
(chromosome conformation capture, 3C) Jky Kfi it £
e AR F BRI e (o 4K il = dE 25 4, A i 7 AR Y L IR
e 45 134390 L, P Y R v e e £ 1A
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¥ % 48 3K (high-throughput  chromosome  conformation
capture, Hi-C)FA. WFFE A 53 FI FH H [ 1 376 40 i,
SR 5 FH R il 14 P9 VDT (an Hind T B0 45 R Bef, 7E
DNAZK i b b A=W 823, 15 2 e O R A7 v il
B Hy e, BFSE N B RT AR A0 A e ik =
AELSH A E . ANAHT, I R 28 AL B
Geschwind 32 56 2 B FI] I Hi-CHE AR Xt A2 IR Jif # 28
K e WA B 2 T RN Rl BRI M R AT T ek
SRS AT B P A M 28 o A, R T N EE
A IR FTEAR KA T P EZIEN. Ak, 7]
RIS HA AR N R A A% R A& & B Be i ik 20 2Lk AT
G312 BIHI-CI 7, A P ] e 72 R 45 4 25 5, T
3 7% TR Gt 1R = 2 KT Y DR R 5 A N Ak R
IAER].

3 FEMWZEX

FE AL R R — B S R R AR R R B O
o T AT SN mR P I O AN B R s R &
b BRI, (A5 3 R R & 1) g al MBI 1R 4k (gene 1oss).
19994F Ol son i - B84 i} less-is-more {13, fthilk Ky
FENERAE N b R I E TR, B
PN T — B A L N T BE A B, AR
FAR Z SARFAR AR FFAE (AR R 1 B & M58 RIWT
A5 39,

W5 & B, 78 ANJSdEfbad f vp — Se L PR i 5 2
SECT AR R B, 5 HAREISA
N LE A ™ 8. B 9T & BAE K 24 24007 4E 1
WA MYHLI6JE R 3 4 & AR BRI L, T3
N O AENY. HE— I BFSE & B, MYH163E [H 2=
2R B IR () 72 N 28 34k i) 51 L 3] (29 50077 4E iF), B
MBI S 1 2 J5 k= 2k 7. MYHL162E A (1
FRMAG AL R oE g LR AL, T AE 46 /D,
M — 2 S BN ) RS, Ay B 2 A B R it
TaSm. Jy— T, WA EE R MYHL6H) & K 7E
HAbW A A &4z, I HE @ LA B A I A 2 A
PSRRI, 7E—BEAT 2%, W4 ¥ (Leporidae) fil4s
Fl (Macropus) L A S L iy R AL, Bk, A
MYH 163 P 1) 2 2R BRI A 2 il 2 o 18 DR 0 B
DR B & B, N R £R B P S KRTHAPLIE K
KEATE24TT AR/ R G, 15 N AR R E R KKK
b, A ) TR e 7 g A e A R

CMAH J [X] Fif fith — Ffr 48] i 3 1807 53— Ve Y& iR



(Neu5Ge), ‘&2 55 45 20 it A K 240 it 5 9 J5 A4 22 ]
A AR, #F98 & B0, KL1E28007 4E 2 /i i TAlu
FE 5 B4R A S BT A CMAHEL B B R 3L R AL, 78 %,
N4t 2 KB T AR B TR R, BT
N RS M. RSB 5T & B e 22 1
X —FE AR BN —HE 2 25 T Ui AE .

B —A T 1] T APOCLEE A 7E A b iy
£ APOCLE—MEIREH, FES5IREAMMR
W 78R JE A WA APOCLEE UL, 43 9 4 i 1F 171
FEXMEIREA. B2, EAanREEam
APOCLIE K 7 N 2K itk Al ad At v & A= 9828, 7= T —
AMRRTLOE B, [ E A R B A
A RIEEMRYS. APOCLIE P 1y 2 75 A\ BT IR TE
L, W R WX Fh £ 25 15 R Pk BRAE A 5
ik o A T e 5 A D 147491,

4 JFEWEE

FEHEELFEANRE S B B HEEEH.
WA AR N R KRG, R ARk
T e NI R S A DR DL B RO g
oA, FEA3Z: (1) W ALEm—3, RIS
HEZ A, Hh—A¥ IRk, KThige. Hmxf
RUR SR . (1) 38 1 75 DU B0AY 8 s ke L
FIHE RV (gene dosage effect). Hiit, ol & —
M| ¥ DUF1220. DUF1220/2 NBPFE [H 5 i B A
() — A Gk (domain). BF9Y B, 78 R K25k ki
T, DUF1220%% #4485 1 #% D1 BORIN 25 5 R /DN S 30 IE
FOEBO S KK B A B ST R I, e & AR Y
iR 2 BAR K — 263 g X e A
FERA, RN G R X — it & A Fhrh B 293501
DUF1220%% U1, L 3AR A B AT 9272 DUF1220%% 1
Bk &, vE—ESE T DUF12204% DS ALK 25
K/NIE M S BB E2, (i) 38 1 42 4 40 2l 0 5L [N A
Wk el IR A R Taen . i,
SRGAP2IEL A, ZFEHEM A TC TR . sk DL K5
fik i) & B 457 B EEAVEH . SRGAP2FE Ntk
SRR R A 3R A . 7E 34077 4 T SRGAP2 Kk A
o — W H B I T SRGAP2B. i J5 7E 240 J7 4F Hij
SRGAP2B X &A= H I i T SRGAP2C. i ii — K &
58 Kk AR 10007 4E Z i, SRGAP2BIHE i+ #R43 Fr BL i) #
52T AR 25 78 () SRGAP2DI. HlF g A B N K HE R
() SRGAP2CHS I i A/INE T, B3/ N E B IA

K Y B FFEL (neoteny) I F L. % A SRGAP2CH; Il it
T /N B P 2ot R, IF HAE A 2 5
EHINBY, O i pEss 20, Bl SRGAP2C H A
43 SRGAP2A (1) 45 ¥ 1y %1, & 0 g %% 4 1 ) 1l
SRGAP2A I Jyfig, e [R] I8 5 HE A4 b 28 50 24 A A0 910 il
PR Ay 2 T 55— AU ) T ARHGAP11B
A, ARHGAPL1BIE K JE 7 K 2950007 4 [if A2 Fil &
PR 53 B 2 i 38 2ok 38 43 8 52 A0 Je 4 DL ARHGAPL1AKE
HIE L HY. ARHGAP11BH: /> ARHGAPLIA SR [ K it
() 756 R IR, B8 2 (& Clin A 4710 & IR 41
W HT RS, o ARHGAPL1B H A 267/ 2 KL 1k
H A, A H & RhoGAPH II6E, B b B A B3 4
ARHGAP11BW GEHEfL ] T BT aE. % sk 410 o by
W, ARHGAP11BTE A 25 K ik SV Z IX 3 (1) #if 28 Tip 44
Y MR BE RS NS IED], ARHGAPL1BTE
S kR RN IR N DR DO I 7198 o S ala o AP A L EZ2Y )
T4, fif SVZ i & B 15 n 30%,; %% A ARHGAP11B
FE PR B /N BB J2 R BE B n o FL R i B — e A
f ) (8], X 26 % B I ARHGAPL1ABIE [H 75 A ik 25
T N2 F Y A AR AR A4 .

HEG A Ik, BFSE# & PR K 2 80k N & 52 4 2
X E R, BVRZ R AR S B2 )5
R I B P AR A A, AT BT Lokt
BRAR G PR 21 52 2% X 3 i 5 D1 850728 S B 5k 2. 2016
4F, Eichlersz i % B3 1 % A2 Y (0 & 16p11.2 1% 1,
PEAT AL A0, $R3 T BAR AR S A9 BOLA2E K 1Y
R, X—HEKALAEE2820FZ 0. it —&
1) 1) 44 S 56 3IE B, BOLARSEL PR 7 A\ 2 i IR i T 40 g
A 25 T 40 6 0 2 B e Ak B, T AE B 28 o0 4 i
HR IR, 33Ut I BOLA2JE [H 7 A 28 K iji #h 22 4 4=
K BET e KA.

5 ANFFES A e LsiE

NREE R AL A S B AW 2R Th e B — R AR
IRESCS 25 0. B L9 n B R A D & e, Xt
DRI 2L 049 K ) o 2 A0 A R R BT PR R AR SR N B
BUAE AT LA 3 i PSCsAN 2 37 A R Ak 3% 3 K sh W (/N B
VSR S5 ) 9 3 420 560 I 3k S0 70 Sy Sk 11 D) B I 4R

H 20064F H A<l 24 K 1 H R 7 1 5 i R
FHRCET 2 20 i 5 5 2 e T A Lok, 3 104F 1) &
JEAERLIE B AT LA B 404k 0 40 i35 7 A 4% b
AU A B, Gk 22 R A A R R 05 BIFSE
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NG AT DL AR R N R K 2 O =R KR i R £F
eSS R 2 a8 TAlM, SRS AR 4 L3075 oK,
i 5 ) oA A R e JE R 4. 20134, Marchetto
4t N\ 150 2 11 BRI R 2 H 7 BRRUE (Pank paniscus) Y
() B 0K 82T 4 20 M B D5 3 Z e T4 i, 20154F,
GallegosL & 55 (/3 il idt 37 1 74 AR RN 74 N 2K 35
SLBET MR, 2Tk, PrescottZ APUF] A%
B 1Y iPSCshE 5 th M & B dil . S K19
Otani 25 A\ 2RI A . SRR FUGRAE 191 PSCsTE 2D
3D AR Z b % ph e T IR 40 B, Jf B8 71X 3
A ] ot 25 7 A 40 34 B 3 A 1) 2 S5 B K i 2%
RN

FIHIPSCsH] L) v il R A A W1 RAE R XERS, T
HIERGLH S, SR, 7640 MK Jo kAR Ar i S B2
SRR T | 1 RN . 2K ] CRISPR/Cas94s
FSE L e NI DR NS o AR NG AN S he e i
ML AL, S NRAL A shi A DT 76 15 14
I3 M NS S o A8 S5 14 266 R0 A ) e 2 v (03841,

B 1 38 3 5 PN g Y T B R N 2R S R AR A
KW TIREfE S, WFFE N B3 AT LUA) R A a8 4% 24 1)
T BOAE N A v 0 2 5 45 2 AR B AN, Il i 52
182 AT R R S 0 2 5 S KT S T S B PR 5
ARl R MR, HAT, MR AR T ER T 2
R L B AR T B R KR AR U 5 N 25T 2 HoAth 3
YIREA R AR B 575 . Blan, il &k R B MIPRY
5 3 ) FH UG B T4 B R T e 5] 41l 35 2% 4 R g 32 [
Xk, ARG HEATY AR E Y. XA IR L
B R 688 I R RIS A 7 32 118) AR, Bl v R L TE N
SRR v 07 0 10 22 10 35 TR S g e ke e AR 189, 3% 0 vk
B T RS AL AT R R AR (R BAh, iRt BN i B
My ER B EZ E S, JFFAEEH TEIEARKSE
TR o R AT AR 2 725 i 1E

6 JE

ANEHIEARKEERL ENERFBT AL
RS R A, T AN . H
BRI DRk SRR R, AR5 10 8t 1% A48 5 v] DULZEAS
FIR K A, HAREMAEHR R, REBEEs
ANHEMT BT g —2. i, FOXP2ILR %& A= i B4~
N S A S R AR Sl 2 B T Vi 3 TR 3 A R Y
Ak, A FOXP2AS B il j& — A5 St 7. BF9E &
PR, FOXP23E 4 ity X Hf () — 4~ AE 5 ST B A7 o5, 76 B4
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NP RAT R4, T XA AL F POU3F24 &
Ak, DR 2 SO W3 P ek 0 AR 1109,

554 % LA e B i N S TR A I T B0 A L
AN RA 2 (o = K ) i 5 XA 7 471 7y 20 26 )
REERIA AR R, HEr, KREHFEE AN 75k
PR T AR B, B AP AR 24
PN (11105 o N (A7 1 v NI 2 (S S s T A D5 53
AR KB BE R . WL 4 4 0k i, 3k
R 2H v 42 BT A AR G . B g AR
JP 3 AR A RE i DX A Tl 8. = AR b B A e
BRI B AR R B I A T AR R s, B
BRI, =AU AR R R EAWT TR B
AR A=A 5 G A O S R A A Y
ATEEMEE— 2P, R TR 2 NSRS 5
A5, AR R RS R R BEE = A AR Y R
DL KL 2] e 9 A e iy ek, X R R R 4 )7 1)
BR 32 0 2 T A

Bifi 75 Y (AR K A AR B AR 1 & J, BF5E N D n]
PAX 25 A~ W () 4% b 4L 2L R A0 M A7 Hi-CI T, F
T3 1 40 ol ) A G €0 (R = 2 258 g K S 35 DR 9 48 10 2
St SR T HI-Cll P 75 220G 4, X —HARAE AR
AEE N R A2 O H & KAg) 08 1z TS AR 32 3 BR 1.
R AR ARAS RS B 0 BCHE TR BT T S AN i
XA ) BBURA % T PR A A RS ) o ofe 1002 L ¢ R e
(. B2 Hi-CI T 76 46 7 (kA #0428 A% (Macaca
fascicularis)) I /& AT LASZIRAY . ] L3R BUCAER i i 1Y
TR WA G i 2L 2 R A7 HI-Cll e, JE 1 N E A B9 A 2K
5 i Hi-CHECHE EAT LB, 4kt e 5 10 = 4k oK
N Y= W=7 o VI

AR AR O &R T2 AR infE
SR 33X 2L 48 S S B D) fig I SRATS SR B ML
D R SR I FH R A g 8 AR KRR R SR8 5 A
2N iPSCsHIE A 3l 4 (an /)N BRI S5 ) oA B T 1
HH 3ok S AR S5 iy 38 B A0 S L R FEAE FH R 43 BIL
FIFAE N K 2 5 35 PR 44 55 ) ) A R A0 98 N 28
R TR (4N I ) 1) a5t A% SE Al L AT /N BRUAE AR G 1 B X
YIRS, A BRI R RE. 7
Ai, FFMIPE J5 sk 4s 4 AR, Al e AR ik
AT KABEA B 2 A8 G e . [) A 3 — 2 ARt mT LA FH 21
e FREAR A, TT LIS R SRR A T RFEAR T, R
TS S 85 i R ) B e 2 98 A48 i AN AR I R A7 I S e Y
FTrReJy RS

=
25t
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Genetic bases of human unique traits

LUO Xin"?, ZHANG DongQin*? & SU Bing"
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2Kunming College of Life Science, University of Chinese Academy of Sciences, Kunming 650223, China
* Corresponding author, E-mail: sub@mail.kiz.ac.cn

Being human, we possess unique biological features, such as the big brain, upright walking and sophisticated language,
which set us apart from our close relatives, the non-human primates since our divergence from the Pan lineage
approximately 5 million years ago. Scientists have attempted to solve the mystery of our unique phenotypic traits with
approaches from paleoanthropology, anatomy, psychology, behavior and social cognition etc. However, the answers are
embedded in our genetic makeup. What are the genetic changes in our genome that make us human? By comparing the
genomes of humans and nonhuman primates, scientists have identified a lot of genetic changes that might have
contributed to the human-specific traits. These genetic changes work at different genetic levels, including sequence
changes in protein-coding genes, gene expression changes, gene losses and gene duplications. Natural selection is the
driving force pushing fixation of these genetic changes during human evolution, and they may have important
contribution to human’s unique phenotypes. In this review, we mainly discuss the relationship between human-specific
phenotypes and genetic changes. We summarize our current findings and understandings of genes with human-specific
mutations and their possible functional effects. For example, a set of brain-size regulating genes have been identified and
many of them showed strong signatures of Darwinian positive selection during primate evolution and human origin.
These human-specific mutations likely work their ways through human brain development and eventually form a large
brain. Another fascinating example is the language gene FOXP2 that has two human specific mutations, which may lead
to aunique developmental pattern change of the human brain region responsible for human language ability. Furthermore,
besides protein coding genes, there are other genetic changes, and many identified fast-evolving regions in the human
genome are not located in the coding sequences. Instead they are distributed in regulatory sequences likely involved in
gene expression regulation which affect the temporal and spatia pattern of human development. Finally, we introduce the
recent advance of technologies that can be used to study the functional outcomes of the human specific mutations. These
technologies provide useful tools that may reproduce the scenes of human evolution in the laboratory. The in vitro
analysis of humanized iPSCs can to some extend mimic the in vivo development of the human brain. Notably, the newly
developed gene editing tools including CRISPR-Cas9 and TALEN are promising in studying the human-specific traits
using transgenic animal models, especially the transgenic monkey models which may provide much more mechanistic
information than the traditional mouse model. The human-specific genetic changes accumulated during human evolution
occurred at different levels, but they must work together to produce the human-specific traits. Future studies may
establish the links by figuring out how changes at different genetic levels coordinate with each other to make us human.

human unique phenotype, coding gene, gene expression regulation, geneloss, gene duplication
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