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Why do humans have so few genes?
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Table 1 The genome size and protein-coding gene number comparison among some model species. (Statistical data from GENCODE v24!",
Ensembl v84[®, Ensembl Plants v31*”, Ensembl Fungi v31™*” and Ensembl Bacteria v311'")
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620



I SR IR - BB 48 3 55— LB L0 57 (coacti vator) 45 X
S 4 i IR B ek, T R B0 SR IR T U S — e
% BEL & 4 (corepressor) 55 [K - H A S ik /b 3 PR A 7 55% .
I T ol 2 T ) 2 s DR T LG o o 4 5 A R ATl
H 2 RIhRE, ©ATRENE X 40 M) B 15 5 e S RN PR 5
S50 W AN TR 0L 280, DT S 30 1 32 Bl 25 A B R 3 3
VAR, T AT 3 DAY it a2 BT A A —
BT s, ENMRZESEX N REEXE
sl S R A AR TP A B 67 | 7 s vh
(e X AE R J7 X n o3 MR s 7 | s L DU A
Y 2145, e E S A R R B (A FE SR ) A
HARBIVRER, AT LA I P SRR bR | A i R AT
AT AN B IRSY . — AR fE A BT — a3
T, JashFHA Y 25y, mikgsE o] IR 1k —A4
SR AR, VR 51 e R Aot 3k R Y 22 5 R
AL I N T L L SRS R RIEPE. Ak, —
A FER AT LA ZA G SR AT, 7= AN R B i
SEAR, XFPZ G G AR NI R S rp T2 AT
1ERy 2,

2.2 SARZAEMIEREE S )G

B DR AR 5% SR G S 2 1A R A5 B RNA =) 2 ),
AT T B — B i T oA R R HE HL g, X
TR FERNAY BY 32 5 0T 48 85 3 . RNAZi 58 Ml
RNABi %, — 52 A NN — L X B (FR R
AR YA SR H R TR, 1 — e X B (R N
)RS INRE, ST P T B 58 B HE B A 3
DR A4 25 P 2 B e 9 AN e e, R I R [ A ) A s s
PR BT N T EAT BY A AR IR B RNA 4
T — A A0 L 55 S W TE A AS [R) 4 4fE
ANERF R EER B, EE2RAFAEFREST, 8
SR E B H 05 2, (LR N R G A T R T
BOH . ALE KR A AR, DA A F N [F] A R
RNA 7= 4 3 — 5§13 il 2L A A 6] T B i A G 2R
P TE N, 04 959% 0 £ 4 B LR e kA T
AR, I H R A #AN 1k —Fh AT AR 5 g K
L B 5 i (60.7%)M FN L RS T (42%) 1 #B EE £
RNA 1% 1] A5 B $ 4 3 R S PR B Bh T — A B % 5%
SN, B RS E 200004 A2 1 TR DR AL SR AN
THREBARRIAE A=Y, LaEn i . HE0mk
BRI, BT, FREESHEH KRR
B 2ok B R SR ) DscamdE R, B A 2444

T, WIEH AP AR TR ZFh T AR N, RES
77 A A 38000 AR 1A, R H T B AR R A Y
MBI TTNGE N2 B A & B A A B H e %
(3621 )y NN, R4 v AR 8S Em To07 X, &
72 A R [l A A B v 1k AR B R R T T AR B
TE 45 A Wy v B0 HL AT B B AR B S, SR Pk
BIPEAE RS0, SH ] AR BY B0 R P & A 1 B LR
B, W A ZEHBEMENLA ZE400E. BT W, mRNA R AT
A5 B AR R P AR A A 2R R B R R

RNA B ] 25 87 332 20 RNAZ> 1A By 1 45 7 4%
P, 54575 N T, TMHRNA S —FEZ 1)
i T X ——RNAZ 45 7T L3 i 2l 28 RNA i 5 5 371
() 77 2k SR B S W B A B RE N, B S A A
J B B TR F7 5 | EF f H F R A AT EAE Y
OCA DA T e 3B 5 R 1 i 1 B D TR 4 S 1) B
H AN R, 3600 T 3% K =9 i ml AR P L2 e . B
w, N #k G R (B (3 K APOB) TE JH I 9% B 4 K 1
EAR, TAE/Mg 2t RNA G585 B Bk 0 10
Z KU X RNAR 55 72 M e e P 110 3 45 e 38 [N
SR AR EE I, T RE R R
RERITEZMEARSCE Rk EmEREER.
PTAESR, RNAJEH {5 RNA(MRNA) B i 1) 2 il
HERE R T mRNA LR FEAS [7] 2 7 1 2= L& 1,
T HL 3% L4841 5 mRNA Y 2 2 A 5 3 2% U)X
Z. fln, BT mRNAKS IE 7454 i B 54k 2z b,
MRNA A A7 1) {5 PR 1 g 16 FTmBA & 1 . 5B % 1)
P HA e, B2 S AT AR 1Y, BT
TR 22 T 23l S 0 38 I I 34 4% A 920,

3 ABEEHH R B —— RS AL

JEER T i ADRNASE B (AR i A JE ), J&—2K LU
EGMIERNAN L= i L A, Fil4n, tRNAFIrRNAZR
JE ARG A L R B SOk KWLk, AfT—EIAN
A A AR S A AL 22 R PR O 1 3 A R 2R B H
RNAE 11515 B AL 1 1 8] o0 7, Br LA AT e 4
K TE R IR H R E AL . SR T 5T A B3 7 A i
NZEFEL RS, KBk JE R I 4 RS R 4 )y 97
) 2%. 17 98% L K 4 J7 5 #f 2 A 8 (1 i S I, =
B4 DNAS il FIE PR ik 4 oo | 1%
S AN LA K K AR GRS L Rl T A g A R TR
A M B ] SEAE, A S DR A b o A TR ) R
B, WK ML A R m R . AR A A

621



a4 % B B 2017HE3A H62% L7

Z /AR g EE N, EATEA WL 5 8 T AN A
B AR 2T RE, EATAY EE A a2 — B A R
ESiOE S

19934E LAk, T RNA(microRNA) Al /Ny 11 3
RNA(SIRNA) & B, #5578 T RNAA T 19 3L K 15 1
2 B L K A i 40 M PN 3 il A7 7E I RNA T R &
A= /N4> 7 RNA(snoRNA) (1 Kk #2 & 3 & HiAr S 1Y
RNAZIHDIRE R B, W2 N A KR, 2R+
3 2 5 RNA B 22 UL ] 4% D) et e A A 4R E . 72N
e FL PR A TR a0 R v R s, BT B4 A 4 A RNA B H
FITIBEA IR A B, 51k T A& . RER
FKAE 19984F-“ Taf ] 21t 20 () RNABH 75 19 25 L09UK 75 1L
ARG, RIS A RN TR e S
snoRNA R FLAEE, $&H T S5 AY“RNAZEHEH 5
FF P 2R DR A 2 g a5 P O S T R e R
FrAURNAZLH & H I RE I RNA#TST IR, 2003494 ,
% FH B RN H AT B A 8 7 AZEDNA TG
HRH4453H81” (The Encyclopedia of DNA Elements
Project), & 7 fif 1 A 28 3 K 41+ 98% 1) I 25 1 I 4
)75, IR RIS R R, K 2180%i) A\ 253k
[RL2H 7 0 AT DA i s, i AR Z 10 IR B AT
“Br P DNA”, I M rfr 2% 5 H 184004 Al 2 £ 3k [ 22,
AR, Bl BT — AR il P B R B Pk R,
K B 22 (4 AN [) A 2 %) I 2 A RNA L TR 9 26 5 Ok
4T BT AR rRNA, tRNA, snRNAFIsnoRNAZ 4k,
AR T LL AN T /NE 4 B RNA(SncRNA) . K
I 2 i5 RNA (INCRNA) FLFR R RNA (circRNA) 55 #i75 £
TRMBLH Y. TESncRNA T, BF5E8 R BB 1Y
& microRNA, siRNA il 5 Piwi & [ H {E ) RNA
(PiIRNA) = K&, miRBaseXk i )5 2 (v21) e 55 i A2
microRNA R 14 3L [ 245 18814, 1 f 30T (W 5% 124
W E T 34940 T U microRNART A, H i K38 7 4R 2
ANER SRR A AR 2. MW
SIRNA Il piRNA 3= %2 3% 35 T IR Jif 1 200 i A A= 56 240 e,
1M PIRNAZ 3 W) AR A7 19— 2EsneRNA, B FZ LUK
B A FE TR A p . A WF 58 R B N2 piRNA
% H 2498 477 A2 1 /N B piRNA £ 35 807 LU
1O AR A AN B pi RNAA: B 7 2 AR, A
TN BIHEI A 2 pi RNA B8 H BRI 114074

INCRNA & JE 4 i RNAZ G H i — K2, "B
EMINREM S AR R R BB AN AR, SEAM
FERATH, KFBSPINCRNA SR SFHE A . B )

622

T = RERE, RBAKEMHEITEMNK. HAr
INCRNA % 5E 1) J7 ¥ ] i e oL UE i 2 MF i 2, AR
W55 2 A9 IncRNAZL 4 2 A S A7 [A]. dndeepBase
v 2. 05548 A i 252 19 N 25 IncRNA %K & 244 19000
AN 57— X503 o (0 KRR A B F 58 X — BT
P25 245 600001128 circRNA 2 — 2 H A R ik 1Y
FEHRIIRNA, BRI G 08 T 206 5 0 s 3 2
Bk, B EET RN, AR AL Tk
PSR 21 v 2975 180004 Jé vz fit 7 4 #8 i 65000
A~circRNAZE K29 i 5L A (pseudogene) 1, 12 3 2 i
RNAZR G R EE RO, ERREl b ek T
JEA BE R T RE AN (A D BE O, R T 5 5
A T1Re ) 8 3 AL — 2R AR AT RNA. 36 K 4]
JEA L ) AR | Al ARG | 30 S I R A IR S S
FEH AR EZER, B4 H 2713000~
14500500, fi5 3 [ ELAT A AR, AL 1 R R i = 2R
B/ AE 4 5 RNA B T 6 15 76 g8 /s . )
s 5 PR fe 5 114 siRNA 5 35 [R] 3% 8 1) 48 7 45 LA
e By e s A7 R B2,

PG AT L, N 28 g A 3 TR 1% 8 H K T g
EEPERNMEE. BT AREEFEYE R
PRI ZH R HME DI R O g As BE f, BATE & PLAY A 2K
FFIEARE S, HEES R KIL—A". B p i
R Z2W, VFZIncRNA (f1 15— circRNA) 24T Zm i 5
Jk Bt J1B, o n] U A sncRNABYRTIARY, tRNAZE
2 i 78 2% 7k RNATE B A5 1 vl Lk 1 310 1= A
T LA IR 5 B B0 I 2 A RNALSY, i 2 1 R R [N
BN F ATUTR X 380 658 7= A= 37 69 o8 2 3F 9 14
RNAPE circRNAJKCHS 4K 2 RN, X e N 78
BRI TR G e 25 T BRR e 1, AR T Y
I 2 iy RNAR. 33 19 ol AN ] 28 780 35 D) ) 4 T 5 Ak 13
BT BE R 41 i) — Be DNA 51 B A 4wt &2 T I RE 7
YIRns I, NG N T XS B SO g ERE,
FER T 56 R 2] o D RE e A1) X R . AR TR 4
VRN MR B RE AR (B R 52 3 R 4] ) 8 O
X HE AT T Re X 8 R 4 H T4 = — ik

A A NSEEH B Q0 P K ) AF g 5 R e 2
AR, B RNA BAR AL E 1, H
EHUEAVSNALESHE TS0, 25
TILT A (40 s 3. A8 2 A RNAGE 32 A 548
w5 HE A RS R I e A Koy 1 2 A Wk
PEFH M IRE, W T — P HAERSRNAS & H



PR ) a8 L 15 B R iR s 4% . K i R gn 5
RNA T 8 UF SE 7 40 i A5 R [R] A T g, B 46 58
LR AL . RNARY BT AN T A8 87 82 | RNAE M
Mgmi . A, Foits. REARENE.
TG ARAF AL | AR 1h | S 25 S5 4 R 28
F A BRAE L R MWL AR R, 2 AR i3t
RLEAT PRSP RGBS R S,
T ARGt I K B AL 5 A YA R 2R & AR
BER. ANRER G EYHA LM E £
A AE S i L R, 5 7R T Al g s 3 R 3 A= 9
A2 2k . ORE EAE A R ) R R S O i A R R Y
fEH.

4 gLk

R IE R A b A R 1R R R
RENFTA, H2 AL R AR B, B AP
)5 Ze M O A AL e T2 1 B R E, iR R
KSR AL 15 I 2 R . X — R A PR
Mo (1) PR AR ST AR S U R . o ok B PR

RPN

53 114 5 DR 3R e — S A 1 UL IR A% 9 1 P 4
NRENFEG-ARZHINE T, PLRE T
Xk 8 DA s i mRNA R A4 N 35 7 FAD 8 7 A e
PETHEIN T, N —ASFE P A] LU= A JLAFP 2= L+ Fl il
F RSB, ORI 7 N ZE 8 BT i 2R
(i) fENRFENARIRE A B X, fFEER
ARG RNAZE N, BN A AR L5 5% 1)
A98%LL I, 25 TR A5 BRI 4edy . ZEINFRIL
4% S A S RE A 5 TR .

BTH 2, NREER LR —> w4 AL i 8
F U -RNAZE R ALET . AR, B 00 2 A% 2 A ) K
R B S AR A M A o B R B BT RE, AN
TH¥A A A oy T AR R R R, —FAR TR
T LAY HR R A A R R B N D FE I A A &4
FNTIRE. AR A SRR, ACH ZEHE R K Y
MBS, 7 EL ik Wb AR A M T it 35 X B D g
HAGR R LA, 2020 AR A Bk 1 — iU R AT 55
AL 2 AT AR 0 M A i N SIS A5 e A AR W 2 D A R T Y
2 i (R K I RE 190 26 figk A

o O B~ W N B

931-945

Kauffman S A. Metabolic stability and epigenesis in randomly constructed genetic nets. J Theor Biol, 1969, 22: 437-467

Ohno S. An argument for the genetic simplicity of man and other mammals. JHum Evol, 1972, 1: 651-662

Goodfellow P. A big book of the human genome: Complementary endeavours. Nature, 1995, 377: 285-286

Venter JC, Adams M D, Myers E W, et al. The sequence of the human genome. Science, 2001, 291: 1304-1351

Lander E S, Linton L M, Birren B, et al. Initial sequencing and analysis of the human genome. Nature, 2001, 409: 860-921

The International Human Genome Sequencing Consortium. Finishing the euchromatic sequence of the human genome. Nature, 2004, 431:

7 Harrow J, Frankish A, Gonzalez JM, et al. GENCODE: The reference human genome annotation for The ENCODE Project. Genome Res,

2012, 22: 1760-1774

8 Ezkurdia |, Juan D, Rodriguez J M, et al. Multiple evidence strands suggest that there may be as few as 19000 human protein-coding

genes. Hum Mol Genet, 2014, 23: 5866-5878

9 YatesA, Akanni W, Amode M R, et al. Ensembl 2016. Nucleic Acids Res, 2016, 44: D710-D716
10 Kersey P J, Allen J E, Christensen M, et al. Ensembl Genomes 2013: Scaling up access to genome-wide data. Nucleic Acids Res, 2014,

42: D546-D552

11 King M C, Wilson A C. Evolution at two levelsin humans and chimpanzees. Science, 1975, 188: 107-116
12 Forrest A R, Kawaji H, Rehli M, et a. A promoter-level mammalian expression atlas. Nature, 2014, 507: 462—470
13 Pan Q, Shai O, LeeL J, et al. Deep surveying of alternative splicing complexity in the human transcriptome by high-throughput sequenc-

ing. Nat Genet, 2008, 40: 1413-1415

14 Graveley B R, Brooks A N, Carlson J W, et al. The developmental transcriptome of Drosophila melanogaster. Nature, 2011, 471:

473-479

15 Filichkin SA, Priest H D, Givan S A, et al. Genome-wide mapping of alternative splicing in Arabidopsis thaliana. Genome Res, 2010, 20:

45-58

16 Schmucker D, Clemens J C, Shu H, et al. Drosophila DSCAM is an axon guidance receptor exhibiting extraordinary molecular diversity.

Cell, 2000, 101: 671-684

623



M % h B 201738 He2k HTH

17
18

19

20

21

22
23

24

25

26
27

28
29

30
31

32

33

34

35

36

37

624

Li S, Mason C E. The pivotal regulatory landscape of RNA modifications. Annu Rev Genomics Hum Genet, 2014, 15: 127-150

Chiu Y L, Greene W C. The APOBECS3 cytidine deaminases: An innate defensive network opposing exogenous retroviruses and endoge-
nous retroelements. Annu Rev Immunol, 2008, 26: 317—-353

Schwartz S, Bernstein D A, Mumbach M R, et al. Transcriptome-wide mapping reveals widespread dynamic-regulated pseudouridylation
of ncRNA and mRNA. Cell, 2014, 159: 148-162

Aguilo F, Zhang F, Sancho A, et al. Coordination of m(6)A mRNA methylation and gene transcription by ZFP217 regulates pluripotency
and reprogramming. Cell Stem Cell, 2015, 17: 689-704

Jin'Y X. The 109th Xiangshan conference: Brief introduction of RNA researches towards the 21st century. Acta Bioch Bioph Sin, 1999,
31: 119-123 [4: B . 109 A& 2= AR IHE &—"1 7] 21 24219 RNA FF5E" 6. 4% 54 Y 3 2% 4, 1999, 31: 119-123]
The ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human genome. Nature, 2012, 489: 57-74
Kozomara A, Griffiths-Jones S. miRBase: Annotating high confidence microRNAs using deep sequencing data. Nucleic Acids Res, 2014,
42: D68-D73

Londin E, Loher P, Telonis A G, et al. Analysis of 13 cell types reveals evidence for the expression of numerous novel primate- and tis-
sue-specific microRNAs. Proc Natl Acad Sci USA, 2015, 112;: E1106-E1115

Girard A, Sachidanandam R, Hannon G J, et al. A germline-specific class of small RNAs binds mammalian Piwi proteins. Nature, 2006,
442: 199-202

Leslie M. Cell biology. The immune system’s compact genomic counterpart. Science, 2013, 339: 25-27

Zheng L L, Li JH, Wu J, et al. deepBase v2.0: Identification, expression, evolution and function of small RNAs, LncRNAs and circular
RNAs from deep-sequencing data. Nucleic Acids Res, 2016, 44: D196-D202

lyer M K, Niknafs Y S, Malik R, et al. The landscape of long noncoding RNAs in the human transcriptome. Nat Genet, 2015, 47: 199-208
Rybak-Wolf A, Stottmeister C, Glazar P, et al. Circular RNAs in the mammalian brain are highly abundant, conserved, and dynamically
expressed. Mol Cell, 2015, 58: 870-885

Pei B, Sisu C, Frankish A, et al. The GENCODE pseudogene resource. Genome Biol, 2012, 13: R51

WenY Z, Zheng L L, Liao JY, et a. Pseudogene-derived small interference RNAs regulate gene expression in African Trypanosoma
brucei. Proc Natl Acad Sci USA, 2011, 108: 8345-8350

Tam O H, Aravin A A, Stein P, et al. Pseudogene-derived small interfering RNAS regulate gene expression in mouse oocytes. Nature,
2008, 453: 534-538

Ji Z, Song R, Regev A, et al. Many IncRNAs, 5’UTRs, and pseudogenes are translated and some are likely to express functional proteins.
Elife, 2015, 4: e08890

Wilusz J E, Freier SM, Spector D L. 3’ end processing of along nuclear-retained noncoding RNA yields a tRNA-like cytoplasmic RNA.
Cell, 2008, 135: 919-932

Li Y, Luo J, Zhou H, et al. Stress-induced tRNA-derived RNAs: a novel class of small RNAs in the primitive eukaryote Giardia lamblia.
Nucleic Acids Res, 2008, 36: 6048—-6055

Chirn G W, Rahman R, Sytnikova Y A, et al. Conserved piRNA expression from a distinct set of piRNA cluster loci in eutherian mam-
mals. PLoS Genet, 2015, 11: €1005652

Guo J U, Agarwal V, Guo H, et al. Expanded identification and characterization of mammalian circular RNAs. Genome Biol, 2014, 15:
409



Summary for * AN Z

What don’t we know about human genes?
LIU Shun & QU LiangHu'

Sate Key Laboratory of Biocontrol, Sun Yat-sen University, Guangzhou 510275, China
* Corresponding author, E-mail: Issglh@mail.sysu.edu.cn

In the past fifty years, biologists have begun to estimate protein-coding capacity of human genomes and the estimated
human gene number fluctuated in a shrunken trend, ranging from two million to 25000 recognized by the Human
Genome Project. This number fell to 19000 in recent studies, which suggested that human genes were even less than the
nematode worm Caenorhabditis elegans. Apparently, the complexity and flexibility of higher mammal genomes are far
more underestimated than they were once considered, which cannot be merely interpreted as the protein-coding gene
counts. Scientists now hold the belief that the widening differences among higher organisms are primarily caused by the
regulation of gene expression at the molecular levels, including transcriptional regulation and post-transcriptional
regulation. With regard to human genome, two major strategies are for these processes. One is through the alternative
splicing of exons and introns of pre-mRNAs transcribed from human genome, one gene may produce multiple protein
isoforms, thus greatly increased the complexity of proteome. The phenomenon, over the past years, has unambiguously
become one of the main reasons why human genome manifests such complexity with so few protein-coding genes. The
second, there actually exist an enormous amount of active non-coding RNAs (ncRNAS) from non-protein coding regions
that account for approximately 98% of the human genome, which form a highly intricate RNA regulatory network to
make human genome more complicated. With the implementation of the encyclopedia of DNA elements (ENCODE)
project, biologists surprisingly find that the ncRNA species are diverse, including snoRNAs, microRNAS, piRNAS,
IncRNAs and circRNAs. They take part in maintaining the whole genetic information, regulating gene expression and
congtituting functional complexesin cells. Besides, novel classes of ncRNAs and various cis-RNA elements are expected
to be discovered and identified. All together raise the fact that the human genome can be divided into many DNA regions
which harbor potentials of transcribing multi-functional RNA products. But how transcription machinery determines
which section of DNA sequences to read as multi-functional at particular time point still remains a mystery. Although the
task of perceiving the significance of ncRNA's role that ncRNAs play is just beginning, further studies on the structure
and function of these RNAs will facilitate the understanding human genes. In summary, human genome is operated as
highly sophisticated protein and RNA-producing machinery, which contains huge amount of ncRNA genes besides the
protein-coding genes. To understand the operation of human genome, we not only need to clarify the variety and counts
of genes, but also need to explore their function and expression regulation.

human genome, protein-coding gene, regulation of gene expression, non-coding RNA, regulatory network
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