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 CHOOXODU  PHFKDQLVPV  DQG  JHQHWLF  XQGHUSLQQLQJV  RI  PRVW  FRPSOH[  GLVHDVHV  DQG  WUDLWV 

 DUH  QRW  ZHOO  XQGHUVWRRG.  0RVW  GLVHDVHV  DOVR  YDU\  LQ  WKHLU  LQFLGHQFH  DQG  SUHVHQWDWLRQ  LQ 

 SHRSOH  RI  GLIIHUHQW  DJHV  DQG  VH[HV,  \HW  LW  LV  VWLOO  ODUJHO\  XQFOHDU  KRZ  DJH  DQG  VH[ 

 LQIOXHQFH  QRUPDO  WLVVXH  SK\VLRORJ\  DQG  GLVHDVH  DW  WKH  PROHFXODU  OHYHO.  AGGLWLRQDOO\, 

 ZKLOH  ZH  QHHG  UHVHDUFK  RUJDQLVPV  WR  H[SHULPHQWDOO\  VWXG\  PDQ\  DVSHFWV  RI  KXPDQ 

 GLVHDVH  HWLRORJ\,  FKRRVLQJ  WKH  EHVW  JHQHV  DQG  FRQGLWLRQV  LQ  D  PRGHO  RUJDQLVP  IRU  VXFK 

 VWXGLHV  LV  GLIILFXOW  GXH  WR  RXU  LQFRPSOHWH  NQRZOHGJH  RI  IXQFWLRQDO  DQG  SKHQRW\SLF 

 FRQVHUYDWLRQ  DFURVV  VSHFLHV.  7KH  JRDO  RI  P\  UHVHDUFK  LV  WR  DGGUHVV  WKHVH  FKDOOHQJHV 

 WRZDUGV  JDLQLQJ  D  V\VWHPDWLF  XQGHUVWDQGLQJ  RI  WKH  JHQHWLF  HWLRORJ\  RI  FRPSOH[  GLVHDVHV 

 DQG  WUDLWV.  I  KDYH  ZRUNHG  WRZDUGV  WKLV  JRDO  E\  GHYHORSLQJ  FRPSXWDWLRQDO  IUDPHZRUNV 

 FDSDEOH  RI  OHYHUDJLQJ  PDVVLYH  DPRXQWV  RI  SXEOLFO\-DYDLODEOH  JHQRPLF  GDWD  ZLWK  SULRU 

 NQRZOHGJH  XVLQJ  QHWZRUN  DQDO\VLV  DQG  PDFKLQH  OHDUQLQJ.  7KHVH  DSSURDFKHV  KDYH  VKHG 

 OLJKW  RQ  WKH  JHQRPLF  VLJQDWXUHV,  SDWKZD\V,  DQG  LQWHUDFWLRQV  WKDW  FKDUDFWHUL]H  WKH 

 DJH/VH[  ELDVHV  DQG  FURVV-VSHFLHV  DQDORJV  RI  FRPSOH[  GLVHDVHV  DQG  WUDLWV.  I  PDNH  DOO 

 WKH  FRGH  WR  UHSURGXFH  WKHVH  DSSURDFKHV  DYDLODEOH  E\  JLWKXE  DQG  KDYH  SURYLGHG  WRROV  WR 

 PDNH  WKH  UHVXOWV  VHDUFKDEOH  E\  VFLHQWLVWV  LQYHVWLJDWLQJ  WKHVH  LPSRUWDQW  ELRORJLFDO 

 IDFWRUV.  CROOHFWLYHO\,  WKLV  UHVHDUFK  ZLOO  KHOS  EXLOG  LQIUDVWUXFWXUH  IRU  DGYDQFLQJ  ELRPHGLFDO 

 UHVHDUFK LQWR WKH HUD RI SUHFLVLRQ PHGLFLQH. 



 This dissertation is dedicated to the inqXisitiYe little girl I Xsed to be, Zho had bigger 
 dreams than I coXld hope to liYe Xp to bXt ZoXld haYe been so proXd to be a scientist. 

 Also to m\ parents, Carrie and Brogan Johnson, and m\ siblings, T\ler, Paige and 
 Solei, for being sXpportiYe and sXch a big part of the person I tXrned oXt to be. Finall\, 

 this dissertation is dedicated to m\ hXsband, Rile\ Mattes, Zho has groZn Zith me, 
 cheered me on, and been m\ best friend since Ze met. 
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 ACK12:LEDGE0E176 

 I  ZRXOd  OiNe  WR  WhaQN  aQd  acNQRZOedge  Whe  SeRSOe  ZhR  heOSed  P\  deYeORSPeQW  aV  a 

 VcieQWiVW  WR  SUeSaUe  Pe  fRU  gUadXaWe  VchRRO  aW  CeQWUaO  MichigaQ  UQiYeUViW\,  DU.  AMiW 

 ShaUPa  aQd  DU.  DRXgOaV  SZaQVRQ,  aQd  aW  NaQRS\QWhRQV  LLC,  DU.  DRQaOd  TRPaOia,  DU. 

 DaYid  HedVWUaQd  aQd  LiQda  Ni[RQ.  I  ZRXOd  aOVR  OiNe  WR  WhaQN  P\  cRPPiWWee  PePbeUV, 

 DUV.  AP\  RaOVWRQ,  JiaQURQg  WaQg,  DaYid  AUQRVWi,  aQd  ChaUOeV  HRRgVWUaWeQ,  fRU  WheiU 

 iQSXW  RQ  P\  UeVeaUch  ideaV,  SURfeVViRQaO  deYeORSPeQW  RSSRUWXQiWieV,  aQd  ZiVdRP  iQ 

 RWheU  aVSecWV  Rf  RbWaiQiQg  a  PhD.  I  WhaQN  DU.  ShiQ-HaQ  ShiX  fRU  cRQWUibXWiQg  ideaV  aQd 

 feedbacN  WR  P\  cRPSUeheQViYe  SURSRVaO  aQd  DU.  JaQaQi  RaYi  fRU  PeQWRUVhiS  aQd 

 VXSSRUW  WhURXghRXW  P\  PhD.  The  hXQdUedV  Rf  OabV  WhaW  SURdXce  daWa  fURP  PaQ\ 

 e[SeUiPeQW  W\SeV  haYe  aOVR  cRQWUibXWed  VigQificaQWO\  WR  WhiV  ZRUN.  I  ZRXOd  OiNe  WR  WhaQN  aOO 

 SaVW  aQd  SUeVeQW  PePbeUV  Rf  Whe  KUiVhQaQ  Oab  fRU  WheiU  heOS,  feedbacN,  aQd  PRUaO 

 VXSSRUW  aV  I  cRPSOeWed  WhiV  ZRUN.  SSecificaOO\  I  ZaQW  WR  WhaQN  DU.  ChUiV  MaQcXVR  fRU  hiV 

 heOS  ZheQ  I  ZaV  OeaUQiQg  WR  cRde,  RffeUV  WR  be  a  VRXQdiQg  bRaUd,  aQd  cRQWiQXed  VXSSRUW 

 WhURXghRXW  P\  eQWiUe  diVVeUWaWiRQ  ZRUN;  DU.  SWeShaQie  HicNe\  fRU  VhaUiQg  heU  e[SeUWiVe  iQ 

 e[SeUiPeQWaO  ZRUN,  ZUiWiQg  feedbacN,  aQd  RYeUaOO  VXSSRUW  ViQce  Vhe  MRiQed  Whe  Oab;  DU. 

 SaUah  PeUciYaO  fRU  heU  PaWhePaWiciaQ¶V  SeUVSecWiYe  aQd  eQcRXUagePeQW;  NaW  HaZNiQV 

 fRU  hiV  heOS  ZiWh  SaUaOOeO  cRPSXWiQg  aQd  gUeaW  PRUaO  VXSSRUW;  ReP\  LiX  fRU  hiV  WhRXghWfXO 

 cRPPeQWV  aQd  VXSSRUW;  AOe[  McKiP  fRU  hiV  ZUiWiQg  feedbacN  aQd  VXSSRUWiYe  cRPPeQWV; 

 aQd  HaR  YXaQ  fRU  hiV  eQWhXViaVP  iQ  cRQWiQXiQg  ZRUN  RQ  cRe[SUeVViRQ  QeWZRUNV.  FiQaOO\, 

 I  ZRXOd  OiNe  WR  VSecificaOO\  WhaQN  P\  adYiVRU,  DU.  AUMXQ  KUiVhQaQ,  fRU  aOZa\V  beOieYiQg  iQ 

 Pe eYeQ ZheQ I dRXbWed P\VeOf aQd bXiOdiQg a faQWaVWic Oab fRU VXSSRUW. 
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 OYeUYLeZ 

 RecenW  laUge-Vcale  VWXdieV  haYe  dRcXmenWed  hXndUedV  Rf  geneWic  YaUianWV  and 

 ShenRW\SeV  aVVRciaWed  ZiWh  YaUiRXV  diVeaVeV  and  cRmSle[  WUaiWV  in  an  effRUW  WR  gain  a 

 SRSXlaWiRn-leYel  XndeUVWanding  Rf  hXman  healWh  and  diVeaVe  [1±5]  .  TheVe  aVVRciaWiRnV 

 cRnWinXe  WR  be  caWalRged,  UeYealing  mRUe  chaVmV  in  RXU  knRZledge  Rf  Whe  UelaWiRnVhiSV 

 beWZeen  genRmic  YaUiaWiRn,  biRlRgical  SaWhZa\V,  WiVVXe  Sh\ViRlRg\,  and  WUaiW  YaUiaWiRn. 

 ThiV  knRZledge  iV  cUiWical  fRU  imSURYing  RXU  abiliW\  WR  diagnRVe  and  WUeaW  cRmSle[ 

 diVeaVeV.  In  addiWiRn,  a  majRU  meWhRd  Rf  VWXd\ing  SaUWicXlaU  faceWV  Rf  hXman  diVeaVe  iV 

 WhURXgh  Whe  XVe  Rf  mRdel  RUganiVmV,  bXW  WUanVfeUUing  knRZledge  gleaned  fURm  WheVe 

 RUganiVmV  back  WR  hXman  biRlRgical  inVighW  iV  RfWen  challenging  [6]  .  The  gRal  Rf  WhiV  PhD 

 UeVeaUch  iV  WR  SURYide  inVighW  inWR  Whe  genRmic  VignaWXUeV,  SaWhZa\V,  and  inWeUacWiRnV 

 WhaW  chaUacWeUi]e  Whe  age/Ve[  biaVeV  and  cURVV-VSecieV  analRgV  Rf  cRmSle[  diVeaVeV 

 and  WUaiWV.  ThiV  chaSWeU  Zill  SURYide  Whe  neceVVaU\  backgURXnd  and  cRnWe[W  fRU  WheVe 

 UeVeaUch  gRalV,  fRllRZed  b\  Whe  TXeVWiRnV  and  RbjecWiYeV  Rf  Whe  VWXd\,  and  cRnclXding 

 ZiWh Whe Vignificance. 

 BacNgURXQd 

 InWeUeVW  in  SUeciViRn  medicine  haV  VRaUed  RYeU  Whe  SaVW  decade  [1,7,8]  .  PUeciViRn 

 medicine  VWUiYeV  WR  aSSURach  diVeaVe  SUeYenWiRn  and  WUeaWmenW  in  a  Za\  WhaW  WakeV  inWR 

 accRXnW  indiYidXal  YaUiabiliW\  in  geneWic  backgURXnd,  enYiURnmenWal  facWRUV,  and  lifeVW\le 

 chRiceV  ZiWh  Whe  gRal  Rf  SURYiding  beWWeU  healWh  RXWcRmeV  fRU  all  indiYidXalV.  DeVSiWe  WhiV 

 incUeaVed  inWeUeVW,  Ze  VWill  lack  a  SRSXlaWiRn-leYel  XndeUVWanding  Rf  cellXlaU  mechaniVmV 

 and  geneWic  XndeUSinningV  Rf  mRVW  cRmSle[  diVeaVeV  and  WUaiWV.  WiWhRXW  a 
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 cRPSUeKeQVLYe  IUaPeZRUN  WR  deOLQeaWe  UeOaWLRQVKLSV  beWZeeQ  JeQRPLc  YaULaWLRQ, 

 e[SUeVVLRQ  VLJQaWXUeV,  JeQe  LQWeUacWLRQV  aQd  SaWKZa\V,  ceOOXOaU  QeWZRUNV  aQd 

 SK\VLRORJLcaO  IXQcWLRQ,  Ze  OacN  WKe  WRROV  WR  bULQJ  SUecLVLRQ  PedLcLQe  WR  aOO  aUeaV  RI 

 KXPaQ dLVeaVe SUeYeQWLRQ aQd WUeaWPeQW. 

 AJe  aQd  Ve[  aUe  WZR  bLRORJLcaO  YaULabOeV  WKaW  KaYe  beeQ  WLed  WR  YaULaWLRQ  LQ  WKe 

 LQcLdeQce,  SUeVeQWaWLRQ,  aQd  WUeaWPeQW  UeVSRQVe  RI  cRPSOe[  WUaLWV  aQd  dLVeaVeV  [9±11]  , 

 \eW  LW  LV  VWLOO  OaUJeO\  XQcOeaU  KRZ  aJe  aQd  Ve[  LQIOXeQce  QRUPaO  WLVVXe  SK\VLRORJ\  aQd 

 dLVeaVe  aW  WKe  PROecXOaU  OeYeO.  TKLV  LV  OaUJeO\  a  UeVXOW  RI  aJe  aQd  Ve[  eIIecWV  RIWeQ  beLQJ 

 KLVWRULcaOO\  LJQRUed  LQ  baVLc  aQd  cOLQLcaO  VWXdLeV  [12,13]  .  Se[  KaV  beeQ  eVSecLaOO\ 

 QeJOecWed,  dXe  WR  VeYeUaO  IacWRUV.  A  VWXd\  LQ  WKe  eaUO\  1970V  eVWabOLVKed  WKaW  IOXcWXaWLQJ 

 OeYeOV  RI  RYaULaQ  KRUPRQeV  cRXOd  dLIIeU  b\  XS  WR  IRXUIROd  LQ  URdeQWV  [14]  .  AVVXPLQJ  WKaW 

 WKeVe  KRUPRQaO  dLIIeUeQceV  ZRXOd  Oead  WR  PRUe  dLIILcXOW\  LQ  aQaO\]LQJ  daWa,  VcLeQWLVWV 

 OaUJeO\  cKRVe  WR  aYRLd  WKe  LVVXe  b\  cKRRVLQJ  WR  XVe  PaOe  aQLPaOV  LQ  WKeLU  UeVeaUcK  [15]  . 

 TKLV  LVVXe  ZaV  IXUWKeU  cRPSRXQded  b\  WKe  1977  FRRd  aQd  DUXJ  AdPLQLVWUaWLRQ  (FDA) 

 SROLc\  UecRPPeQdLQJ  WKaW  ZRPeQ  RI  cKLOdbeaULQJ  SRWeQWLaO  be  e[cOXded  IURP  PKaVe  I 

 aQd  II  dUXJ  WULaOV.  TKLV  SROLc\  ZaV  QRW  UeYeUVed  XQWLO  1993,  ZKeQ  WKe  FDA  UeTXLUed  daWa 

 aQaO\VLV  WR  LQcOXde  JeQdeU  eIIecW  [16]  .  HRZeYeU,  WKe  NaWLRQaO  IQVWLWXWeV  RI  HeaOWK  dLd  QRW 

 VWaUW  UeTXLULQJ  WKe  XVe  RI  IePaOe  aQLPaOV  LQ  SUecOLQLcaO  VWXdLeV  XQWLO  2014  [12]  .  TKaW  VaPe 

 \eaU,  PUeQdeUJaVW  aQd  cROOeaJXeV  UeOeaVed  a  PeWa-aQaO\VLV  RI  aOPRVW  300  VWXdLeV  XVLQJ 

 PLce  aV  UeVeaUcK  VXbMecWV  WKaW  VKRZed  daWa  cROOecWed  IURP  IePaOe  PLce  dLd  QRW  YaU\  aQ\ 

 PRUe  WKaQ  daWa  IURP  PaOeV  aQd  VRPeWLPeV  eYeQ  VKRZed  OeVV  YaULaWLRQ,  UeJaUdOeVV  RI 

 WKe  eVWURXV  c\cOe  [17]  .  A  IROORZ-XS  VWXd\  LQ  2016  UeSOLcaWed  WKLV  UeVXOW  LQ  aQ  LQYeVWLJaWLRQ 

 RI  UaW  VWXdLeV  [18]  .  TKeVe  SROLc\  cKaQJeV  aQd  VWXdLeV  dLVSeOOLQJ  WKe  QRWLRQ  WKaW 
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 hRUPRQeV  aUe  a  ³fePaOe  SURbOeP´  iQ  aQiPaO  UeVeaUch  aUe  VWeSV  iQ  Whe  UighW  diUecWiRQ,  bXW 

 WheUe iV VWiOO ZRUN WR be dRQe WR RYeUcRPe \eaUV Rf QegOecW. 

 AOWhRXgh  age  aV  a  biRORgicaO  YaUiabOe  haV  QRW  VXffeUed  aV  V\VWePaWic  e[cOXViRQ  aV  Ve[,  iW 

 iV  VWiOO  XQdeUcRQVideUed  iQ  baVic  VWXdieV  aQd  cOiQicaO  WUiaOV  [13]  .  FRU  iQVWaQce,  ROdeU  adXOWV 

 aUe  YaVWO\  XQdeUUeSUeVeQWed  iQ  cOiQicaO  dUXg  WUiaOV  iQ  VSiWe  Rf  WheiU  RYeUUeSUeVeQWaWiRQ  iQ 

 cRQVXPSWiRQ  Rf  SUeVcUiSWiRQ  dUXgV  [19]  ,  aQd  adROeVceQWV  aQd  \RXQg  adXOWV  (ageV  15-39) 

 aUe  OeVV  OiNeO\  WR  SaUWiciSaWe  iQ  caQceU  cOiQicaO  WUiaOV  cRPSaUed  WR  \RXQgeU  chiOdUeQ  aQd 

 ROdeU  adXOWV  [20]  .  IQ  addiWiRQ  WR  Whe  SURbOeP  WhaW  age  aQd  Ve[  aUe  bRWh  hiVWRUicaOO\ 

 XQdeUVWXdied  biRORgicaO  facWRUV  RQ  WheiU  RZQ,  PaQ\  VWXdieV  accRXQW  fRU  RQe  RU  Whe  RWheU, 

 bXW  RQO\  accRXQWiQg  fRU  RQe  caQ  \ieOd  aQ  iQcRPSOeWe  XQdeUVWaQdiQg.  AQ  e[aPSOe  iV  WhaW 

 ZRPeQ  haYe  a  ORZeU  iQcideQce  Rf  VWURNe  WhaQ  PeQ  befRUe  PeQRSaXVe,  bXW  afWeUZaUdV 

 SUeYaOeQce  Rf  VWURNe  iV  higheU  iQ  ZRPeQ  [21]  .  A  ViPiOaU  WUeQd  iV  RbVeUYed  fRU  aVWhPa, 

 ZheUe  SUeYaOeQce  iV  higheU  iQ  bR\V  WhaQ  giUOV  aV  chiOdUeQ,  bXW  PRUe  cRPPRQ  iQ  ZRPeQ 

 WhaQ PeQ iQ adXOWhRRd  [22]  . 

 NeZ  VWXdieV  aUe  QRZ  begiQQiQg  WR  XQcRYeU  VRPe  Rf  Whe  geQeWic  baViV  WhaW  XQdeUOieV  age 

 aQd  Ve[  diffeUeQceV  iQ  WUeaWPeQW  UeVSRQVe,  WiVVXe  fXQcWiRQ,  SheQRW\SeV,  aQd  diVeaVeV 

 [11,23±30]  ,  bXW  QeZ  daWa  iV  QRW  eQRXgh  WR  XQifRUPO\  addUeVV  RXWVWaQdiQg  TXeVWiRQV 

 abRXW  fePaOe  aQd  PaOe  biRORg\  acURVV  Whe  eQWiUe  OifeVSaQ.  We  aOVR  Qeed  WR  OeYeUage  Whe 

 hXQdUedV  Rf  WhRXVaQdV  Rf  e[iVWiQg  geQe  e[SUeVViRQ  SURfiOeV  WhaW  haYe  beeQ  geQeUaWed 

 RYeU  Whe  SaVW  25  \eaUV  aQd  deSRViWed  iQ  SXbOic  UeSRViWRUieV  [31±34]  .  TheVe  VaPSOeV 

 caSWXUe  geQe  e[SUeVViRQ  XQdeU  WhRXVaQdV  Rf  cRQdiWiRQV,  iQcOXdiQg  diffeUeQW  VWageV  Rf 

 diVeaVe  aQd  deYeORSPeQW.  IW  haV  aOUead\  beeQ  ZeOO  eVWabOiVhed  b\  PePbeUV  iQ  RXU 

 gURXS  [35±37]  aQd  RWheU  gURXSV  [38,39]  WhaW  iQWegUaWiQg  OaUge-VcaOe  -RPic  daWa, 
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 paUWicXlaUl\  WUanVcUipWomeV,  and  combining  Whem  ZiWh  Whe  VcaWWeUed  pUioU  knoZledge  WhaW 

 Ze  do  haYe,  can  lead  Wo  majoU  bUeakWhUoXghV  in  delineaWing  gene  fXncWion  and 

 inWeUacWionV  in  Vpecific  biological  conWe[WV.  IW  WheUefoUe  VWandV  Wo  UeaVon  WhaW  WheVe  daWa 

 can  alVo  be  leYeUaged  Wo  pUoYide  compUehenViYe  fUameZoUkV  WhaW  Zill  help  in  gaining 

 inVighWV inWo age- and Ve[-Vpecific molecXlaU paWhZa\V in YaUioXV WiVVXeV aV Zell. 

 The  fUameZoUkV  cUeaWed  b\  compXWaWional  meWhodV  WhaW  can  XVe  maVViYe  amoXnWV  of 

 WUanVcUipWomic  daWa  and  limiWed  pUioU  knoZledge  pUoYide  YalXable  WoolV  foU  h\poWheViV 

 geneUaWion  and  VWXd\ing  biological  pUoceVVeV,  bXW  WheVe  h\poWheVeV  mXVW  be 

 e[peUimenWall\  WeVWed  foU  YalidaWion.  Man\  of  WheVe  e[peUimenWV  neceVVaU\  Wo 

 XndeUVWand  cellXlaU  pUoceVVeV  and  geneWic  inWeUacWionV  dUiYing  Whe  e[pUeVVion  of  diVeaVe 

 aUe  impoVVible  Wo  peUfoUm  in  hXmanV,  Vo  Ze  mXVW  XVe  model  oUganiVmV  Wo  fXncWionall\ 

 chaUacWeUi]e  WheVe  inWeUacWionV  in  YiYo  .  The  ideal  in  YiYo  model  foU  VWXd\ing  a  paUWicXlaU 

 faceW  of  hXman  diVeaVe  VhoXld,  foU  Whe  moVW  paUW,  UeplicaWe  a  hXman  phenoW\pe  and 

 VhaUe  Whe  geneWic  XndeUpinningV  and  mechaniVm  of  acWion.  HoZeYeU,  chooVing  Whe  beVW 

 phenoW\pe  in  a  model  oUganiVm  Wo  VWXd\  an\  giYen  hXman  diVeaVe  oU  WUaiW  iV  difficXlW  dXe 

 Wo  oXU  incompleWe  knoZledge  of  Whe  UelaWionVhipV  beWZeen  phenoW\peV,  geneV,  and 

 condiWionV acUoVV VpecieV  [40,41]  . 

 RHVHaUcK TXHVWLRQV 

 The  incUeaVed  effoUWV  Wo  caWalog  genomic  YaUianWV  and  phenoW\peV  aVVociaWed  ZiWh  a 

 Zide  YaUieW\  of  comple[  WUaiWV  and  diVeaVeV  offeUV  an  oppoUWXniW\  Wo  XVe  WhiV  infoUmaWion 

 Wo  infoUm  compXWaWional  modelV.  MembeUV  of  oXU  gUoXp  [35,42]  and  oWheUV  [43,44]  haYe 

 UecenWl\  deYeloped  appUoacheV  foU  combining  laUge  genomic  daWa  collecWionV  ZiWh 

 e[iVWing  fXncWional  aVVociaWionV  Wo  bUidge  Vome  of  Whe  gapV  in  oXU  XndeUVWanding  of  hoZ 
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 geQeWLc  YaULaQWV,  bLRORgLcaO  SaWKZa\V,  WLVVXe  fXQcWLRQ,  aQd  WUaLW  YaULaWLRQ  aUe  UeOaWed  WR 

 eacK  RWKeU.  KULVKQaQ  eW  aO  dePRQVWUaWed  WKe  YaOXe  Rf  OeYeUagLQg  cRPSXWaWLRQaO  PRdeOV 

 aQd  OaUge  SXbOLc  WUaQVcULSWRPe  daWa  fRU  cRQWe[W-VSecLfLc  bLRORg\  b\  XVLQg  WKe  fLUVW 

 WLVVXe-VSecLfLc  geQe  LQWeUacWLRQ  QeWZRUNV  WR  SUedLcW  QRYeO  caQdLdaWe  geQeV, 

 bUaLQ-VSecLfLc  SaWKZa\V,  aQd  deYeORSPeQWaO  VWageV  UeOaWed  WR  aXWLVP  VSecWUXP  dLVRUdeU 

 [42]  .  TKLV  VWXd\  VKRZed  WKaW  XVLQg  a  WLVVXe-VSecLfLc  geQe  LQWeUacWLRQ  QeWZRUN  fRU  WKe 

 WLVVXe  PRVW  affecWed  b\  WKe  dLVRUdeU  LPSURYeV  RXU  abLOLW\  WR  LdeQWLf\  WKe  PRVW  UeOeYaQW 

 geQeV  aQd  SaWKZa\V  fRU  fXUWKeU  LQTXLU\.  SRPe  Rf  WKeVe  SUedLcWLRQV  KaYe  aOUead\  beeQ 

 e[SeULPeQWaOO\ YaOLdaWed. 

 If  WLVVXe-VSecLfLcLW\  LV  abOe  WR  eQKaQce  WKe  LQVLgKW  Ze  aUe  abOe  WR  deULYe  fURP 

 cRPSXWaWLRQaO  PRdeOV,  Ze  VKRXOd  be  abOe  WR  fXUWKeU  bRRVW  WKeLU  accXUac\  b\ 

 LQcRUSRUaWLQg  RWKeU  bLRORgLcaO  cRQWe[WV  VXcK  aV  age  aQd  Ve[,  ZKLcK  KaYe  SURYeQ  WR  be 

 cUXcLaO  facWRUV  fRU  SUeYaOeQce  aQd  PaQLfeVWaWLRQ  Rf  dLVeaVe  aV  ZeOO  aV  WUeaWPeQW 

 UeVSRQVe.  HRZeYeU,  WZR  OaUge  RbVWacOeV  VWaQd  LQ  WKe  Za\  Rf  bXLOdLQg  age-  aQd 

 Ve[-VSecLfLc  geQe  LQWeUacWLRQ  QeWZRUNV  WR  VWXd\  KRZ  WKeVe  facWRUV  LQfOXeQce  ceOOXOaU 

 SURceVVeV aQd WKe geQeWLc eWLRORg\ Rf cRPSOe[ dLVeaVeV/WUaLWV. 

 TKe  fLUVW  RbVWacOe  LV  WKaW  ZKLOe  GUeeQe,  KULVKQaQ,  WRQg  aQd  WeaP  ZeUe  abOe  WR  LQWegUaWe 

 WUaQVcULSWRPLc  daWa  WR  bXLOd  a  WLVVXe-VSecLfLc  geQe  LQWeUacWLRQ  QeWZRUN,  WKe\  dLd  VR  XVLQg 

 PLcURaUUa\  daWa,  ZLWKRXW  aQ\  RNA-VeT  daWa  [35]  .  SLQce  WKe  WLPe  WKLV  VWXd\  ZaV 

 SXbOLVKed,  WKe  aPRXQW  Rf  RNA-VeT  daWa  beLQg  deSRVLWed  LQ  SXbOLc  UeSRVLWRULeV  KaV 

 e[SRQeQWLaOO\  LQcUeaVed.  AV  Rf  OcWRbeU  2022,  WKe  ARCHS4  [45]  UeSRVLWRU\  cRQWaLQV  RYeU 

 620,000  KXPaQ  RNA-VeT  VaPSOeV.  TKLV  daWa  LV  ULcK  ZLWK  cRQWe[W-VSecLfLc  LQfRUPaWLRQ 

 WKaW  VKRXOd  QRW  be  XQdeUXVed.  TKe  RXWVWaQdLQg  TXeVWLRQ  LV  hRZ  caQ  Ze  beVW  bXiOd 
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 cRe[SUeVViRQ  QeWZRUNV  fURP  heWeURgeQeRXV  RNA-VeT  daWa  WhaW  cRPeV  fURP  PRVWO\ 

 VPaOO  e[SeUiPeQWV  geQeUaWed  b\  iQdiYidXaO  OabV,  ZiWh  a  UaQge  Rf  VeTXeQciQg  deSWhV  aQd 

 TXaOiWieV,  aV  ZeOO  aV  high-TXaOiW\  cRQVRUWiXP  daWa?  TheVe  cRe[SUeVViRn  neWZRUkV  can 

 When  be  inWegUaWed  inWR  high-fideliW\  gene  inWeUacWiRn  neWZRUkV  ZiWh  machine  leaUning  in 

 Whe  Vame  Za\  GUeene,  KUiVhnan,  WRng  and  cRlleagXeV  bXilW  WheiU  WiVVXe-VSecific 

 neWZRUkV. 

 Figure  1.1.  Missing  metadata.  PURSRUWiRQ  Rf  VaPSOeV  ([-a[iV)  fURP  eighW  PajRU  hXPaQ  geQe-e[SUeVViRQ 

 SOaWfRUPV (\-a[iV) WhaW Oack iQfRUPaWiRQ abRXW Ve[ RU age. 

 The  VecRnd  RbVWacle  iV  WhaW  ideall\  Ze  ZRXld  emSlR\  all  aYailable  WUanVcUiSWRmeV  fRU  Whe 

 mRVW  accXUaWe  UeVXlWing  gene  inWeUacWiRn  neWZRUk,  bXW  Whe  YaVW  majRUiW\  Rf  bRWh 

 micURaUUa\  and  RNA-VeT  VamSleV  in  SXblic  UeSRViWRUieV  aUe  miVVing  infRUmaWiRn  abRXW 

 bRWh  age  and  Ve[  (  FLJ.  1.1  ).  Lee  and  cRlleagXeV  haYe  demRnVWUaWed  WhaW  iW  iV  SRVVible  WR 

 SUedicW  WiVVXe  Rf  RUigin  fURm  gene  e[SUeVViRn  daWa  [36]  ,  and  Ve[  iV  TXiWe  eaV\  WR  SUedicW 
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 JLYHQ  H[SUHVVLRQ  RI  VH[  FKURPRVRPH  JHQHV.  SR,  WKH  UHPDLQLQJ  TXHVWLRQ  LV  caQ  age  RU 

 age  gURXS  be  SUedicWed  XViQg  RQl\  Whe  geQe  e[SUeVViRQ  YalXeV?  WLWK  WKH  DELOLW\  WR 

 SUHGLFW  DJH  XVLQJ  RQO\  JHQH  H[SUHVVLRQ,  ZH  ZLOO  EH  DEOH  WR  LQIHU  ERWK  DJH  DQG  VH[  IRU 

 KXQGUHGV  RI  WKRXVDQGV  RI  WUDQVFULSWRPHV,  UHQGHULQJ  DOO  RI  WKHP  DYDLODEOH  IRU  WKH  VWXG\  RI 

 DJH-  DQG  VH[-VSHFLILF  SURFHVVHV  DQG  GLVHDVH  PHFKDQLVPV.  FXUWKHU,  LI  GHYLVHG  FRUUHFWO\, 

 RXU  SUHGLFWLRQ  PRGHOV  FRXOG  EH  ELRORJLFDOO\  LQWHUSUHWDEOH,  i.e.  WKH  PRGHO  ZLOO  OLNHO\  \LHOG 

 WKH  VWUHQJWK  DQG  GLUHFWLRQ  RI  LPSRUWDQFH  RI  DOO  WKH  JHQHV  LQ  WKH  JHQRPH  IRU  HDFK  DJH 

 JURXS  LQ  HDFK  VH[.  TKLV  EHJV  DQRWKHU  TXHVWLRQ,  ZhaW  dR  WheVe  geQe  VigQaWXUeV  Well  XV 

 abRXW  age-  aQd  Ve[-VSecific  biRlRgical  cRQWe[WV?  WH  FDQ  XVH  H[SHULPHQWDOO\-YDOLGDWHG 

 JHQHVHWV  IURP  GLIIHUHQW  GLVHDVHV,  FRPSOH[  WUDLWV,  SKHQRW\SHV,  WLVVXHV,  DQG  FHOO  W\SHV  WR 

 LQYHVWLJDWH WKLV TXHVWLRQ. 

 PXEOLF  UHSRVLWRULHV  DUH  QRW  OLPLWHG  WR  RQO\  KXPDQ  GDWD.  TKHUH  DUH  DOVR  ZHOO  RYHU  D  PLOOLRQ 

 VDPSOHV  IURP  PRGHO  RUJDQLVPV  FRYHULQJ  D  UDQJH  RI  PXWDWLRQV,  SKHQRW\SHV, 

 GHYHORSPHQWDO  VWDJHV,  WLVVXHV,  DQG  H[SHULPHQWDO  FRQGLWLRQV  [33,45]  .  TKHVH  H[SUHVVLRQ 

 SURILOHV  UHSUHVHQW  D  ZLGH  YDULHW\  RI  ELRORJLFDO  FRQWH[WV  ZH  KDYH  DYDLODEOH  WR  VWXG\ 

 KXPDQ  SK\VLRORJ\  DQG  GLVHDVH  HWLRORJ\.  AV  SUHYLRXVO\  PHQWLRQHG,  WKH  LGHDO  DQLPDO 

 PRGHO  IRU  VWXG\LQJ  D  VSHFLILF  DVSHFW  RI  KXPDQ  ELRORJ\  VKRXOG  QRW  RQO\  GLVSOD\  WKH 

 GHVLUHG  SKHQRW\SH  EXW  WKH  XQGHUO\LQJ  PHFKDQLVP  VKRXOG  DOVR  EH  DV  VLPLODU  DV  SRVVLEOH. 

 AOWKRXJK  D  VLPLODU  H[SUHVVLRQ  SDWWHUQ  GRHV  QRW  JXDUDQWHH  WKH  VDPH  XQGHUO\LQJ 

 PHFKDQLVP,  D  PRGHO  V\VWHP  WKDW  FDQ  UHSOLFDWH  WKH  WUDQVFULSWRPLF  ODQGVFDSH  RI  D  KXPDQ 

 VDPSOH  LV  WKH  EHVW  VWDUWLQJ  SRLQW  WR  VWXG\  D  GLVHDVH,  WUDLW,  RU  WUHDWPHQW  UHVSRQVH  RI 

 LQWHUHVW.  SR,  WKH  TXHVWLRQ  LV,  caQ  Ze  XWili]e  maVViYe  SXblic  WUaQVcUiSWRmic  daWa  WR  ideQWif\ 

 aQalRgRXV  VamSleV,  aQd  WheUefRUe  biRlRgical  cRQWe[WV  aQd  SheQRW\SeV  iQ  mRdel  VSecieV 
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 WhaW  aUe  PRVW  SeUWiQeQW  WR  hXPaQ  WUaiWV  aQd  diVeaVeV?  AcKLeYLQJ  WKLV  JRaO  ZRXOd  JLYe  XV 

 WKe  abLOLW\  WR  fLQd  JeQeWLc/e[SeULPeQWaO  cRQdLWLRQV  WKaW  PRVW  cORVeO\  PaWcK  cRPSOe[  WUaLWV 

 aQd  dLVeaVeV  LQ  KXPaQV  LQ  PROecXOaU  PecKaQLVPV,  LPSURYLQJ  RXU  abLOLW\  WR  WUaQVOaWe 

 fXQcWLRQaO  UeVXOWV  LQ  PRdeO  RUJaQLVPV  bacN  WR  KXPaQV.  PURPLQeQW  aSSURacKeV  fRU 

 PaSSLQJ  UeOaWed  SKeQRW\SeV  acURVV  VSecLeV  UeO\  RQ  VePaQWLc  VLPLOaULW\  [46]  Rf 

 SKeQRW\SLc  deVcULSWLRQV,  RU  cRQVLdeU  WKe  QXPbeU  Rf  VKaUed  KRPRORJRXV  JeQeV  WKaW  aUe 

 aQQRWaWed  WR  eacK  SKeQRW\Se  [47]  .  SePaQWLc  VLPLOaULW\  PeWKRdV  LJQRUe  WKe  JeQeWLc 

 cRQWe[W  Rf  WKe  WUaLWV  aQd  SKeQRW\SeV  cRPSOeWeO\  b\  deSeQdLQJ  RQO\  RQ  WKe  We[W 

 deVcULSWLRQ  Rf  WKe  SKeQRW\Se,  ZKLOe  PeWKRdV  WKaW  UeO\  RQ  KRPRORJRXV  JeQe  RYeUOaS  faLO 

 LQ  PaQ\  caVeV  dXe  WR  RXU  SaUWLaO  NQRZOedJe  Rf  WKe  JeQeV  aVVRcLaWed  ZLWK  aQ\  JLYeQ  WUaLW 

 RU  SKeQRW\Se.  TR  RYeUcRPe  WKeVe  OLPLWaWLRQV,  PXOWLSOe  VWXdLeV  KaYe  SURSRVed  dLUecWO\ 

 PaWcKLQJ  VaPSOeV  acURVV  VSecLeV  baVed  RQ  WKeLU  e[SUeVVLRQ  SURfLOeV  [48±51]  .  HRZeYeU, 

 aV  JeQe  e[SUeVVLRQ  SURJUaPV  aUe  VKaUed  acURVV  WLVVXeV,  WUaLWV,  aQd  dLVeaVeV,  WKeVe 

 PeWKRdV  dR  QRW  SOace  ePSKaVLV  RQ  cRQWe[W-VSecLfLc  PROecXOaU  VLJQaOV.  TKe  aUea  Rf 

 VXSeUYLVed  PacKLQe  OeaUQLQJ  (ML)  LV  aQ  eQWLcLQJ  fUaPeZRUN  fRU  WacNOLQJ  WKLV  SURbOeP. 

 SSecLfLcaOO\,  b\  XVLQJ  QRW  RQO\  WUaQVcULSWRPeV  fURP  a  JLYeQ  cRQWe[W  (Va\,  dLVeaVe)  bXW 

 aOVR  WUaQVcULSWRPeV  fURP  RWKeU  cRQWe[WV  aV  a  cRQWUaVW,  ML-baVed  PeWKRdV  caQ 

 aXWRPaWLcaOO\  LVROaWe  cRQWe[W-VSecLfLc  JeQe  e[SUeVVLRQ  VLJQaWXUe,  ZKLcK  caQ  WKeQ  be 

 XVed  WR  fLQd  VaPSOeV  LQ  PRdeO  RUJaQLVPV  ZKeUe  WKLV  VLJQaWXUe  LV  acWLYe,  WKeUeb\  SRLQWLQJ 

 WR PecKaQLVWLcaOO\-eTXLYaOeQW PRdeO V\VWePV. 

 RHVHaUcK VXPPaU\ 

 IQ  CKaSWeU  2,  I  addUeVV  WKe  TXeVWLRQ:  hRZ  caQ  Ze  beVW  bXiOd  cRe[SUeVViRQ  QeWZRUkV 

 fURP  heWeURgeQeRXV  RNA-VeT  daWa  WhaW  cRPeV  fURP  PRVWO\  VPaOO  e[SeUiPeQWV 
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 geneUaWed  b\  indiYidXal  labV,  ZiWh  a  Uange  Rf  VeTXencing  deSWhV  and  TXaliWieV,  aV  Zell 

 aV  high-TXaliW\  cRnVRUWiXm  daWa?  IQ  WhLV  chaSWeU,  I  eOabRUaWe  RQ  Whe  PRVW  accXUaWe  aQd 

 URbXVW  PeWhRdV  WR  bXLOd  cRe[SUeVVLRQ  QeWZRUNV  fURP  RNA-VeT  daWa.  I  WeVW  PXOWLSOe 

 QRUPaOL]aWLRQ  aQd  QeWZRUN  WUaQVfRUPaWLRQ  WechQLTXeV  aQd  WheLU  cRPbLQaWLRQV  WR  PaNe 

 cRQcUeWe UecRPPeQdaWLRQV Rf ZheQ aQd hRZ WR XVe WheVe WechQLTXeV. 

 IQ  ChaSWeU  3,  I  addUeVV  WZR  TXeVWLRQV:  (1)  can  age  RU  age  Uange  be  SUedicWed  XVing  Rnl\ 

 Whe  gene  e[SUeVViRn  YalXeV?  AQd  (2)  ZhaW  dR  WheVe  gene  VignaWXUeV  Well  XV  abRXW  age- 

 and  Ve[-VSecific  biRlRgical  cRnWe[WV?  HeUe,  I  cXUaWe  abRXW  30,000  SULPaU\  hXPaQ 

 WUaQVcULSWRPeV  aQd  XVe  WheVe  SURfLOeV  WR  WUaLQ  PachLQe  OeaUQLQg  (ML)  PRdeOV  WR  SUedLcW 

 age  gURXS.  I  aOVR  LQYeVWLgaWe  age-  aQd  Ve[-bLaVed  geQe  VLgQaWXUeV  OeaUQed  b\  WheVe  ML 

 PRdeOV  XVLQg  e[SeULPeQWaOO\-YaOLdaWed  geQeVeWV  fRU  deWeUPLQLQg  eQULchPeQW  Rf  PXOWLSOe 

 bLRORgLcaO cRQWe[WV LQ dLffeUeQW age aQd Ve[ gURXSV. 

 IQ  ChaSWeU  4,  I  addUeVV  Whe  TXeVWLRQ:  can  Ze  XWili]e  maVViYe  SXblic  WUanVcUiSWRmic  daWa 

 WR  idenWif\  analRgRXV  VamSleV,  and  WheUefRUe  biRlRgical  cRnWe[WV  and  ShenRW\SeV  acURVV 

 VSecieV?  IQ  WhLV  chaSWeU  I  deVcULbe  RXU  effRUWV  WR  XVe  ML  LQ  PaSSLQg  WUaQVcULSWRPLc 

 OaQdVcaSeV aQd SheQRW\SeV acURVV VSecLeV WR LPSURYe fXQcWLRQaO NQRZOedge WUaQVfeU. 

 SLJQLILcaQcH 

 FLUVW,  Ze  addUeVV  a  gaS  LQ  Whe  OLWeUaWXUe  LQYROYLQg  Whe  XVe  Rf  Whe  cRQWLQXRXVO\  gURZLQg 

 RNA-VeT  daWa  LQ  bXLOdLQg  cRe[SUeVVLRQ  QeWZRUNV.  ThLV  ZRUN  gLYeV  cRPSXWaWLRQaO 

 bLRORgLVWV  cOeaU  dLUecWLRQV  fRU  hRZ  beVW  WR  LQWegUaWe  WUaQVcULSWRPe-baVed  QeWZRUNV  LQWR 

 WheLU  fUaPeZRUN.  SecRQd,  WR  Whe  beVW  Rf  RXU  NQRZOedge,  Ze  SUeVeQW  Whe  fLUVW  VWXd\  WR 

 XWLOL]e  WeQV  Rf  WhRXVaQdV  Rf  SXbOLcO\-aYaLOabOe  hXPaQ  geQe  e[SUeVVLRQ  SURfLOeV  LQ  Whe 

 VWXd\  Rf  hRZ  bLRORgLcaO  SURceVVeV  chaQge  aORQg  Whe  OLfeVSaQ  LQ  bRWh  Ve[eV.  ThLV  ZRUN 
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 ZLOO  HQabOH  WKH  SUHGLFWLRQ  RI  aJH  aQG  VH[  OabHOV  IRU  SXbOLF  H[SUHVVLRQ  SURILOHV  WKaW  OaFN 

 WKLV  LQIRUPaWLRQ,  UHQGHULQJ  WKHVH  VaPSOHV  aYaLOabOH  WR  VWXG\  aJH-  aQG  VH[-VSHFLILF 

 JHQRPLFV  IRU  WKH  ILUVW  WLPH.  AGGLWLRQaOO\,  WKHVH  aJH-  aQG  VH[-OabHOOHG  WUaQVFULSWRPLF 

 GaWaVHWV  HQabOH  FRPSXWaWLRQaO  UHVHaUFKHUV  WR  PaNH  SUHGLFWLRQV  abRXW  JHQHV  aQG 

 SaWKZa\V  LQ  aJH-,  VH[-  aQG  VSHFLHV-VSHFLILF  FRQWH[WV,  eYen  if  Whose  genes  and  paWhZa\s 

 haYe  neYer  been  fXncWionall\  characWeri]ed  .  TKLUG,  RXU  FXUUHQW  aQaO\VHV  RI 

 WUaQVFULSWRPHV  aFURVV  VSHFLHV  KLJKOLJKWV  NH\  FKaOOHQJHV  LQ  XVLQJ  ML  WR  aVVRFLaWH 

 VaPSOHV  aFURVV  VSHFLHV,  SRLQWLQJ  WR  bRWK  WHFKQLFaO/H[SHULPHQWaO  IaFWRUV  aV  ZHOO  aV 

 bLRORJLFaO  FRQVHUYaWLRQ  WKaW  QHHG  WR  bH  WaNHQ  LQWR  aFFRXQW  LQ  IXWXUH  ZRUN  b\  XV  aQG 

 RWKHUV. 

 AFURVV  aOO  WKHVH  SURMHFWV,  ZH  UHOHaVH  FRGH  WR  UHSURGXFH  RXU  PHWKRGV  aQG  UHVXOWV  VR 

 RWKHU  FRPSXWaWLRQaO  bLRORJLVWV  aUH  abOH  WR  YHULI\  RXU  ZRUN  aQG  bXLOG  XSRQ  aQG  LPSURYH 

 RXU  PHWKRGV.  WH  ZLOO  PaNH  RXU  aJH-  aQG  VH[-VSHFLILF  JHQH  VLJQaWXUHV,  H[SUHVVLRQ 

 LQIRUPaWLRQV,  aQG  HQULFKHG  bLRORJLFaO  JHQHVHWV  aYaLOabOH  IRU  TXHU\  IRU  UHVHaUFKHUV 

 VWXG\LQJ  WKHVH  bLRORJLFaO  YaULabOHV.  IQ  WKH  QHaU  IXWXUH,  XSRQ  FRPSOHWLRQ  RI  WKH 

 FURVV-VSHFLHV  PaSSLQJ  ZRUN,  ZH  ZLOO  aOVR  SURYLGH  bLRPHGLFaO  UHVHaUFKHUV  ZLWK  WRROV  WKaW 

 HQabOH  WKHP  WR  VHaUFK  aFURVV  VSHFLHV  IRU  VaPSOHV  ZLWK  VLPLOaU  H[SUHVVLRQ  SaWWHUQV  WR  a 

 TXHU\  WUaQVFULSWRPH  IURP  aQ\  VSHFLHV  WR  aLG  LQ  FKRRVLQJ  VXLWabOH  H[SHULPHQWaO  VHWWLQJV. 

 CROOHFWLYHO\,  FRPSOHWLRQ  RI  WKHVH  aLPV  ZLOO  KHOS  bXLOG  WKH  LQIUaVWUXFWXUH  IRU  aGYaQFLQJ 

 bLRPHGLFaO  UHVHaUFK  LQWR  WKH  HUa  RI  SUHFLVLRQ  PHGLFLQH,  bHQHILWWLQJ  WKH  SXbOLF  WKaW  KHOSV 

 IXQG WKLV ZRUN. 
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 2SHQ AFFHVV 5HVRXUFH IRU IGHQWLI\LQJ WKH CDXVHV RI D :LGH 5DQJH RI CRPSOH[ 
 DLVHDVHV RI MLGGOH DQG 2OG AJH. 3LR6 MHG >IQWHUQHW@. 2015 >FLWHG 2019 AXJ 4@;12. 
 AYDLODEOH IURP:  KWWSV://ZZZ.QFEL.QOP.QLK.JRY/SPF/DUWLFOHV/3MC4380465/ 

 2. BHUQDEHX E, CDQHOD-;DQGUL 2, 5DZOLN K, 7DOHQWL A, 3UHQGHUJDVW J, 7HQHVD A. 6H[ 
 GLIIHUHQFHV LQ JHQHWLF DUFKLWHFWXUH LQ WKH 8K BLREDQN. 1DW GHQHW. 2021;53:1283±9. 

 3. DHQQ\ JC, 5LWFKLH MD, BDVIRUG MA, 3XOOH\ JM, BDVWDUDFKH L, BURZQ-GHQWU\ K, HW DO. 
 3KH:A6: GHPRQVWUDWLQJ WKH IHDVLELOLW\ RI D SKHQRPH-ZLGH VFDQ WR GLVFRYHU 
 JHQH±GLVHDVH DVVRFLDWLRQV. BLRLQIRUPDWLFV. 2010;26:1205±10. 

 4. LHN M, KDUF]HZVNL KJ, MLQLNHO E9, 6DPRFKD KE, BDQNV E, FHQQHOO 7, HW DO. AQDO\VLV 
 RI SURWHLQ-FRGLQJ JHQHWLF YDULDWLRQ LQ 60,706 KXPDQV. 1DWXUH. 2016;536:285±91. 

 5. MDFAUWKXU J, BRZOHU E, CHUH]R M, GLO L, HDOO 3, HDVWLQJV E, HW DO. 7KH QHZ 
 1HG5I-EBI CDWDORJ RI SXEOLVKHG JHQRPH-ZLGH DVVRFLDWLRQ VWXGLHV (G:A6 CDWDORJ). 
 1XFOHLF AFLGV 5HV. 2017;45:D896±901. 

 6. MFGRQLJOH 3, 5XJJHUL B. AQLPDO PRGHOV RI KXPDQ GLVHDVH: CKDOOHQJHV LQ HQDEOLQJ 
 WUDQVODWLRQ. BLRFKHP 3KDUPDFRO. 2014;87:162±71. 

 7. 7KH ³AOO RI 8V´ 5HVHDUFK 3URJUDP. 1 EQJO J MHG. MDVVDFKXVHWWV MHGLFDO 6RFLHW\; 
 2019;381:668±76. 

 8. AVKOH\ EA. 7RZDUGV SUHFLVLRQ PHGLFLQH. 1DW 5HY GHQHW. 1DWXUH 3XEOLVKLQJ GURXS; 
 2016;17:507±22. 

 9. 2EHU C, LRLVHO DA, GLODG <. 6H[-VSHFLILF JHQHWLF DUFKLWHFWXUH RI KXPDQ GLVHDVH. 1DW 
 5HY GHQHW. 1DWXUH 3XEOLVKLQJ GURXS; 2008;9:911±22. 

 10. KKUDPWVRYD EA, DDYLV LK, 6WUDQJHU BE. 7KH UROH RI VH[ LQ WKH JHQRPLFV RI KXPDQ 
 FRPSOH[ WUDLWV. 1DW 5HY GHQHW. 2018;1. 

 11. CHQNR E, <RRQ J, KHGHY 6, 6WDQNRYLF G, 9DVLOMHYLF =, KUOMDQDF G, HW DO. 6H[ 
 DLIIHUHQFHV LQ 2XWFRPHV AIWHU 67EMI: EIIHFW MRGLILFDWLRQ E\ 7UHDWPHQW 6WUDWHJ\ DQG 
 AJH. JAMA IQWHUQ MHG. 2018;178:632±9. 

 12. COD\WRQ JA, CROOLQV F6. 3ROLF\: 1IH WR EDODQFH VH[ LQ FHOO DQG DQLPDO VWXGLHV. 1DW 
 1HZV. 2014;509:282. 

 13. 7DQQHQEDXP C, DD\ D. AJH DQG VH[ LQ GUXJ GHYHORSPHQW DQG WHVWLQJ IRU DGXOWV. 
 3KDUPDFRO 5HV. 2017;121:83±93. 
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 14. 6KDLNK AA. EVWURQH DQG EVWUDGLRO LHYHOV LQ WKH 2YDULDQ 9HQRXV BORRG IURP 5DWV 
 DXULQJ WKH EVWURXV C\FOH DQG 3UHJQDQF\*. BLRO 5HSURG. 1971;5:297±307. 

 15. :DOG C, :X C. 2I MLFH DQG :RPHQ: 7KH BLDV LQ AQLPDO MRGHOV. 6FLHQFH. APHULFDQ 
 AVVRFLDWLRQ IRU WKH AGYDQFHPHQW RI 6FLHQFH; 2010;327:1571±2. 

 16. CRPPLVVLRQHU 2 RI WKH. GHQGHU 6WXGLHV LQ 3URGXFW DHYHORSPHQW: HLVWRULFDO 
 2YHUYLHZ. FDA >IQWHUQHW@. FDA; 2020 >FLWHG 2022 NRY 14@; AYDLODEOH IURP: 
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 17. 3UHQGHUJDVW BJ, 2QLVKL KG, =XFNHU I. FHPDOH PLFH OLEHUDWHG IRU LQFOXVLRQ LQ 
 QHXURVFLHQFH DQG ELRPHGLFDO UHVHDUFK. NHXURVFL BLREHKDY 5HY. 2014;40:1±5. 

 18. BHFNHU JB, 3UHQGHUJDVW BJ, LLDQJ J:. FHPDOH UDWV DUH QRW PRUH YDULDEOH WKDQ PDOH 
 UDWV: D PHWD-DQDO\VLV RI QHXURVFLHQFH VWXGLHV. BLRO 6H[ DLIIHU. 2016;7:34. 

 19. HHUUHUD A3, 6QLSHV 6A, KLQJ D:, 7RUUHV-9LJLO I, GROGEHUJ D6, :HLQEHUJ AD. 
 DLVSDUDWH IQFOXVLRQ RI 2OGHU AGXOWV LQ COLQLFDO 7ULDOV: 3ULRULWLHV DQG 2SSRUWXQLWLHV IRU 
 3ROLF\ DQG 3UDFWLFH CKDQJH. AP J 3XEOLF HHDOWK. 2010;100:6105±12. 

 20. FRUFLQD 9, 9DNHHVDQ B, 3DXOR C, MLWFKHOO L, BHOO JA, 7DP 6, HW DO. 3HUFHSWLRQV DQG 
 DWWLWXGHV WRZDUG FOLQLFDO WULDOV LQ DGROHVFHQW DQG \RXQJ DGXOWV ZLWK FDQFHU: D V\VWHPDWLF 
 UHYLHZ. AGROHVF HHDOWK MHG 7KHU. 2018;9:87±94. 

 21. HDDVW 5A, GXVWDIVRQ D5, KLOLDDQ AJ. 6H[ DLIIHUHQFHV LQ 6WURNH. J CHUHE BORRG FORZ 
 MHWDE. 6AGE 3XEOLFDWLRQV LWG 67M; 2012;32:2100±7. 

 22. =HLQ JG, EU]XUXP 6C. AVWKPD LV DLIIHUHQW LQ :RPHQ. CXUU AOOHUJ\ AVWKPD 5HS. 
 2015;15:28. 

 23. GKRVK 6, KOHLQ 56. 6H[ DULYHV DLPRUSKLF IPPXQH 5HVSRQVHV WR 9LUDO IQIHFWLRQV. J 
 IPPXQRO. 2017;198:1782±90. 

 24. MiUTXH] EJ, CKXQJ C, MDUFKHV 5, 5RVVL 5J, NHKDU-BHODLG D, EURJOX A, HW DO. 
 6H[XDO-GLPRUSKLVP LQ KXPDQ LPPXQH V\VWHP DJLQJ. NDW CRPPXQ. 2020;11:1±17. 

 25. 9i]TXH]-MDUWtQH] E5, GDUFtD-GyPH] E, CDPDFKR-AUUR\R I, GRQ]iOH]-3HGUDMR B. 
 6H[XDO GLPRUSKLVP LQ EDFWHULDO LQIHFWLRQV. BLRO 6H[ DLIIHU. 2018;9:27. 

 26. 3HWHUV MJ, JRHKDQHV 5, 3LOOLQJ LC, 6FKXUPDQQ C, CRQQHHO\ KN, 3RZHOO J, HW DO. 7KH 
 WUDQVFULSWLRQDO ODQGVFDSH RI DJH LQ KXPDQ SHULSKHUDO EORRG. NDW CRPPXQ. 2015;6:8570. 

 27. CUDLJ 7, 6PHOLFN C, 7DFXWX 5, :XWWNH D, :RRG 6H, 6WDQOH\ H, HW DO. 7KH DLJLWDO 
 AJHLQJ AWODV: LQWHJUDWLQJ WKH GLYHUVLW\ RI DJH-UHODWHG FKDQJHV LQWR D XQLILHG UHVRXUFH. 
 NXFOHLF AFLGV 5HV. 2015;43:D873±8. 
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 28. C\SHVV AM, LHKPDQ 6, :LOOLDPV G, 7DO I, 5RGPDQ D, GROGILQH AB, HW DO. 
 IGHQWLILFDWLRQ DQG IPSRUWDQFH RI BURZQ AGLSRVH 7LVVXH LQ AGXOW HXPDQV. N EQJO J MHG. 
 MDVVDFKXVHWWV MHGLFDO 6RFLHW\; 2009;360:1509±17. 

 29. 6WHJHPDQ 5, :HDNH 9M. 7UDQVFULSWLRQDO 6LJQDWXUHV RI AJLQJ. J MRO BLRO. 
 2017;429:2427±37. 

 30. CRVWD A5, LDQoD GH OOLYHLUD M, CUX] I, GRQoDOYHV I, CDVFDOKHLUD JF, 6DQWRV C5A. 
 7KH 6H[ BLDV RI CDQFHU. 7UHQGV EQGRFULQRO MHWDE. 2020;31:785±99. 

 31. BDUUHWW 7, :LOKLWH 6E, LHGRX[ 3, EYDQJHOLVWD C, KLP IF, 7RPDVKHYVN\ M, HW DO. NCBI 
 GEO: DUFKLYH IRU IXQFWLRQDO JHQRPLFV GDWD VHWV²XSGDWH. NXFOHLF AFLGV 5HV. 
 2013;41:D991±5. 

 32. KROHVQLNRY N, HDVWLQJV E, KHD\V M, MHOQLFKXN O, 7DQJ <A, :LOOLDPV E, HW DO. 
 AUUD\E[SUHVV XSGDWH²VLPSOLI\LQJ GDWD VXEPLVVLRQV. NXFOHLF AFLGV 5HV. 
 2015;43:D1113±6. 

 33. AWKDU A, F�OOJUDEH A, GHRUJH N, ITEDO H, HXHUWD L, AOL A, HW DO. AUUD\E[SUHVV XSGDWH 
 ± IURP EXON WR VLQJOH-FHOO H[SUHVVLRQ GDWD. NXFOHLF AFLGV 5HV. 2019;47:D711±5. 

 34. LHLQRQHQ 5, 6XJDZDUD H, 6KXPZD\ M. 7KH 6HTXHQFH 5HDG AUFKLYH. NXFOHLF AFLGV 
 5HV. 2011;39:D19±21. 

 35. GUHHQH C6, KULVKQDQ A, :RQJ AK, 5LFFLRWWL E, =HOD\D 5A, HLPPHOVWHLQ D6, HW DO. 
 8QGHUVWDQGLQJ PXOWLFHOOXODU IXQFWLRQ DQG GLVHDVH ZLWK KXPDQ WLVVXH-VSHFLILF QHWZRUNV. 
 NDW GHQHW. 2015;47:569±76. 

 36. LHH <, KULVKQDQ A, =KX 4, 7UR\DQVND\D OG. OQWRORJ\-DZDUH FODVVLILFDWLRQ RI WLVVXH 
 DQG FHOO-W\SH VLJQDOV LQ JHQH H[SUHVVLRQ SURILOHV DFURVV SODWIRUPV DQG WHFKQRORJLHV. 
 BLRLQIRUPDWLFV. 2013;29:3036±44. 

 37. =KX 4, :RQJ AK, KULVKQDQ A, AXUH M5, 7DG\FK A, =KDQJ 5, HW DO. 7DUJHWHG 
 H[SORUDWLRQ DQG DQDO\VLV RI ODUJH FURVV-SODWIRUP KXPDQ WUDQVFULSWRPLF FRPSHQGLD. NDW 
 MHWKRGV. 2015;12:211±4. 

 38. G7E[ CRQVRUWLXP, BDUEHLUD AN, DLFNLQVRQ 63, BRQD]]ROD 5, =KHQJ J, :KHHOHU HE, 
 HW DO. E[SORULQJ WKH SKHQRW\SLF FRQVHTXHQFHV RI WLVVXH VSHFLILF JHQH H[SUHVVLRQ 
 YDULDWLRQ LQIHUUHG IURP G:A6 VXPPDU\ VWDWLVWLFV. NDW CRPPXQ >IQWHUQHW@. 2018 >FLWHG 
 2018 JXQ 1@;9. AYDLODEOH IURP:  KWWS://ZZZ.QDWXUH.FRP/DUWLFOHV/V41467-018-03621-1 

 39. OOLYD M, MXxR]-AJXLUUH M, KLP-HHOOPXWK 6, :XFKHU 9, GHZLUW] ADH, CRWWHU DJ, HW 
 DO. 7KH LPSDFW RI VH[ RQ JHQH H[SUHVVLRQ DFURVV KXPDQ WLVVXHV. 6FLHQFH. 
 2020;369:HDED3066. 

 40. MDULDQ AOL J. MRGHOLQJ HXPDQ DLVHDVH 3KHQRW\SH LQ MRGHO OUJDQLVPV. CLUF 5HV. 
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 2011;109:356±9. 

 41. ALWPDQ 7J, BRRQH C, CKXUFKLOO GA, HHQJDUWQHU MO, MDFND\ 7FC, 6WHPSOH DL. 7KH 
 IXWXUH RI PRGHO RUJDQLVPV LQ KXPDQ GLVHDVH UHVHDUFK. NDW 5HY GHQHW. 
 2011;12:575±82. 

 42. KULVKQDQ A, =KDQJ 5, <DR 9, 7KHHVIHOG CL, :RQJ AK, 7DG\FK A, HW DO. 
 GHQRPH-ZLGH SUHGLFWLRQ DQG IXQFWLRQDO FKDUDFWHUL]DWLRQ RI WKH JHQHWLF EDVLV RI DXWLVP 
 VSHFWUXP GLVRUGHU. NDW NHXURVFL. 2016;19:1454±62. 

 43. 5LWFKLH MD, HRO]LQJHU E5, LL 5, PHQGHUJUDVV 6A, KLP D. MHWKRGV RI LQWHJUDWLQJ 
 GDWD WR XQFRYHU JHQRW\SH±SKHQRW\SH LQWHUDFWLRQV. NDW 5HY GHQHW. 2015;16:85±97. 

 44. KULVKQDQ A, 7DURQL JN, GUHHQH C6. IQWHJUDWLYH NHWZRUNV IOOXPLQDWH BLRORJLFDO 
 FDFWRUV 8QGHUO\LQJ GHQH±DLVHDVH AVVRFLDWLRQV. CXUU GHQHW MHG 5HS. 2016;4:155±62. 

 45. LDFKPDQQ A, 7RUUH D, KHHQDQ AB, JDJRGQLN KM, LHH HJ, :DQJ L, HW DO. MDVVLYH 
 PLQLQJ RI SXEOLFO\ DYDLODEOH 5NA-VHT GDWD IURP KXPDQ DQG PRXVH. NDW CRPPXQ. 
 2018;9:1366. 

 46. K|KOHU 6, DRHONHQ 6C, 5XHI BJ, BDXHU 6, :DVKLQJWRQ N, :HVWHUILHOG M, HW DO. 
 CRQVWUXFWLRQ DQG DFFHVVLELOLW\ RI D FURVV-VSHFLHV SKHQRW\SH RQWRORJ\ DORQJ ZLWK JHQH 
 DQQRWDWLRQV IRU ELRPHGLFDO UHVHDUFK. F10005HVHDUFK. 2014;2:30. 

 47. MFGDU\ KL, PDUN 7J, :RRGV JO, CKD HJ, :DOOLQJIRUG JB, MDUFRWWH EM. 6\VWHPDWLF 
 GLVFRYHU\ RI QRQREYLRXV KXPDQ GLVHDVH PRGHOV WKURXJK RUWKRORJRXV SKHQRW\SHV. PURF 
 NDWO AFDG 6FL. 2010;107:6544±9. 

 48. LHYLQ M, AQDY\ L, CROH AG, :LQWHU E, MRVWRY N, KKDLU 6, HW DO. 7KH 
 PLG-GHYHORSPHQWDO WUDQVLWLRQ DQG WKH HYROXWLRQ RI DQLPDO ERG\ SODQV. NDWXUH. NDWXUH 
 PXEOLVKLQJ GURXS; 2016;531:637±41. 

 49. HDVKLPVKRQ\ 7, FHGHU M, LHYLQ M, HDOO BK, <DQDL I. 6SDWLRWHPSRUDO WUDQVFULSWRPLFV 
 UHYHDOV WKH HYROXWLRQDU\ KLVWRU\ RI WKH HQGRGHUP JHUP OD\HU. NDWXUH. NDWXUH PXEOLVKLQJ 
 GURXS; 2015;519:219±22. 

 50. CDUGRVR-MRUHLUD M, HDOEHUW J, 9DOORWRQ D, 9HOWHQ B, CKHQ C, 6KDR <, HW DO. GHQH 
 H[SUHVVLRQ DFURVV PDPPDOLDQ RUJDQ GHYHORSPHQW. NDWXUH. 2019;1. 

 51. LH H-6, OOWYDL =N, BDU-JRVHSK =. CURVV-VSHFLHV TXHULHV RI ODUJH JHQH H[SUHVVLRQ 
 GDWDEDVHV. BLRLQIRUPDWLFV. 2010;26:2416±23. 
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 CHA37E5 2: 52B867 125MALI=A7I21 A1D 75A16F25MA7I21 
 7ECH1I48E6 F25 C216758C7I1G GE1E C2E;35E66I21 
 1E7:25K6 F52M 51A-6E4 DA7A 

 BacNJURXQG 

 CRQVWUXFWLQJ  JHQH  FRH[SUHVVLRQ  QHWZRUNV  LV  D  SRZHUIXO  DQG  ZLGHO\-XVHG  DSSURDFK  IRU 

 DQDO\]LQJ  KLJK-WKURXJKSXW  JHQH  H[SUHVVLRQ  GDWD  IURP  PLFURDUUD\  DQG  5NA-VHT 

 WHFKQRORJLHV  >1@  .  CRH[SUHVVLRQ  QHWZRUNV  SURYLGH  D  IUDPHZRUN  IRU  VXPPDUL]LQJ  PXOWLSOH 

 WUDQVFULSWRPHV  RI  D  SDUWLFXODU  VSHFLHV,  WLVVXH,  RU  FRQGLWLRQ  DV  D  JUDSK  ZKHUH  HDFK  QRGH 

 LV  D  JHQH  DQG  HDFK  HGJH  EHWZHHQ  D  SDLU  RI  JHQHV  UHSUHVHQWV  WKH  VLPLODULW\  RI  WKHLU 

 SDWWHUQV  RI  H[SUHVVLRQ.  CRH[SUHVVHG  JHQHV  DUH  KLJKO\  OLNHO\  WR  EH  WUDQVFULSWLRQDOO\ 

 FR-UHJXODWHG  DQG  DUH  RIWHQ  IXQFWLRQDOO\  UHODWHG  WR  HDFK  RWKHU  E\  YLUWXH  RI  WDNLQJ  SDUW  LQ 

 WKH  VDPH  ELRORJLFDO  SURFHVV  RU  SK\VLRORJLFDO  WUDLW  >2±5@  .  MDQ\  VWXGLHV  KDYH  OHYHUDJHG 

 WKHVH  SURSHUWLHV  WR  XVH  FRH[SUHVVLRQ  QHWZRUNV  LQ  VHYHUDO  LPSRUWDQW  DSSOLFDWLRQV  VXFK  DV 

 GHWHUPLQLQJ  FR-UHJXODWHG  JHQH  JURXSV  >6@  DQG  DVVRFLDWLQJ  JHQHV  WR  IXQFWLRQV  DQG 

 SKHQRW\SHV  >7@  . 

 NHYHUWKHOHVV,  PXOWLSOH  H[SHULPHQWDO  IDFWRUV  LPSDFW  WKH  TXDQWLILFDWLRQ  RI  WKH  H[SUHVVLRQ 

 RI  LQGLYLGXDO  JHQHV  DQG  WKH  FRH[SUHVVLRQ  EHWZHHQ  SDLUV  RI  JHQHV,  PDNLQJ  LW  QHFHVVDU\ 

 WR  QRUPDOL]H  DQG  WUDQVIRUP  KLJK-WKURXJKSXW  JHQH  H[SUHVVLRQ  GDWD  EHIRUH  GRZQVWUHDP 

 DQDO\VLV.  FRU  5NA-VHT  GDWD,  H[DPSOHV  RI  IDFWRUV  WKDW  DIIHFW  WKH  QXPEHU  RI  UHDGV 

 PDSSHG  WR  D  JHQH  LQFOXGH  JHQH  OHQJWK,  JHQH  VHTXHQFH,  VDPSOH  5NA  SRSXODWLRQ,  DQG 

 VHTXHQFLQJ  GHSWK.  6RPH  IDFWRUV  KDYH  D  JUHDWHU  HIIHFW  RQ  FRPSDULVRQV  RI  JHQH  FRXQWV 

 ZLWKLQ  D  VLQJOH  VDPSOH  (µZLWKLQ-VDPSOH¶  HIIHFWV)  ZKLOH  RWKHUV  KDYH  D  JUHDWHU  HIIHFW  RQ 

 FRPSDULVRQV  RI  WKH  VDPH  JHQH¶V  FRXQWV  LQ  GLIIHUHQW  VDPSOHV  (µEHWZHHQ-VDPSOH¶  HIIHFWV) 
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 [8]  .  MaQ\  daWa  QRUPaOL]aWLRQ  aQd  WUaQVfRUPaWLRQ  WecKQLTXeV  KaYe  beeQ  deYeORSed  WR 

 e[SOLcLWO\  addUeVV  RQe  RU  PRUe  Rf  WKeVe  facWRUV.  AQ  addLWLRQaO  adMXVWPeQW  WKaW  caQ  be 

 cRQVLdeUed  SaUWLcXOaUO\  LQ  cRe[SUeVVLRQ  aQaO\VLV  LV  QeWZRUN  WUaQVfRUPaWLRQ,  ZKLcK  LV 

 aSSOLed  afWeU  caOcXOaWLQg  cRUUeOaWLRQ  beWZeeQ  aOO  geQe  SaLUV.  CRe[SUeVVLRQ  QeWZRUNV  aUe 

 QRLV\  aQd  caQ  LQdLVcULPLQaWeO\  caSWXUe  LQdLUecW  LQWeUacWLRQV  dXe  WR  beLQg  eVWLPaWed  fURP 

 QRLV\,  VWead\-VWaWe  geQe  e[SUeVVLRQ  daWa.  HeQce,  SUeYLRXV  VWXdLeV  KaYe  SURSRVed 

 PeWKRdV  WR  PRdLf\  WKe  UaZ  cRe[SUeVVLRQ  QeWZRUN  WR  XSZeLgKW  cRQQecWLRQV  WKaW  aUe  PRUe 

 OLNeO\  WR  be  UeaO  aQd  dRZQZeLgKW  VSXULRXV  cRUUeOaWLRQV  baVed  RQ  WKe  WRSRORg\  Rf  WKe 

 QeWZRUN  [9,10]  .  TRgeWKeU,  aSSURSULaWeO\  QRUPaOL]LQg  aQd  WUaQVfRUPLQg  RNA-VeT  daWa 

 aORQg  ZLWK  adeTXaWeO\  WUaQVfRUPLQg  WKe  cRe[SUeVVLRQ  VWUeQgWKV  VKRXOd  \LeOd  PRUe 

 accXUaWe  eVWLPaWeV  Rf  geQe-geQe  cRe[SUeVVLRQ  WKaW  beVW  caSWXUe  fXQcWLRQaO  UeOaWLRQVKLSV 

 beWZeeQ geQeV. 

 HRZeYeU,  WKe  beVW  SUacWLceV  fRU  QRUPaOL]aWLRQ  ZKeQ  bXLOdLQg  a  cRe[SUeVVLRQ  QeWZRUN 

 fURP  a  UaZ  geQe-e[SUeVVLRQ  daWaVeW  KaYe  beeQ  deYeORSed  aQd  cRPSaUed  RQO\  fRU  daWa 

 fURP  PLcURaUUa\V  [11,12]  .  OYeU  WKe  SaVW  decade,  cRe[SUeVVLRQ  QeWZRUN  aQaO\VLV  LV  beLQg 

 URXWLQeO\  aSSOLed  WR  WKe  e[SRQeQWLaOO\  LQcUeaVLQg  aPRXQW  Rf  daWa  fURP  RNA-VeT,  eYeQ 

 WKRXgK  WKe  RSWLPaO  SURcedXUe  fRU  QeWZRUN  bXLOdLQg  KaV  QRW  beeQ  eYaOXaWed  aQd  KRQed 

 fRU  RNA-VeT  daWa,  SaUWLcXOaUO\  LQ  UegaUd  WR  QRUPaOL]aWLRQ  aQd  WUaQVfRUPaWLRQ.  AOWKRXgK 

 PaQ\  QRUPaOL]aWLRQ  VWUaWegLeV  KaYe  beeQ  deYeORSed  fRU  RNA-VeT  daWa,  WKe\  KaYe 

 PRVWO\  beeQ  beQcKPaUNed  RQO\  LQ  WKe  cRQWe[W  Rf  eVWLPaWLQg  dLffeUeQWLaO  geQe  e[SUeVVLRQ 

 [13±17]  .  VeU\  OLWWOe  ZRUN  KaV  beeQ  dRQe  VR  faU  WR  cRPSUeKeQVLYeO\  cRPSaUe  WKeVe 

 VWUaWegLeV  fRU  QRUPaOL]aWLRQ  aQd  QeWZRUN  WUaQVfRUPaWLRQ  (aQd  WKeLU  cRPbLQaWLRQV)  WR 
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 FRQVWUXFW  WKH  PRVW  DFFXUDWH  FRH[SUHVVLRQ  QHWZRUNV  IURP  RNA-VHT  GDWD,  HVSHFLDOO\  WR 

 HQVXUH  WKHLU  UREXVW  DSSOLFDWLRQ  WR  GDWDVHWV  W\SLFDOO\  JHQHUDWHG  E\  LQGLYLGXDO  UHVHDUFK 

 JURXSV  >1@  . 

 TKH  PRVW  UHOHYDQW  SULRU  ZRUN  IRFXVHV  RQ  HVWDEOLVKLQJ  EHVW  SUDFWLFHV  WKDW  UHGXFH  WKH 

 LQWURGXFWLRQ  RI  DUWLIDFWV  LQ  FRH[SUHVVLRQ  QHWZRUNV  EXLOW  IURP  RNA-VHT  GDWD  >18@  .  TKLV 

 VWXG\  LQFOXGHV  D  VHTXHQWLDO  FRPSDULVRQ  RI  D  VHOHFW  QXPEHU  RI  PHWKRGV  IRU  WUDQVFULSW 

 DVVHPEO\,  QRUPDOL]DWLRQ,  DQG  QHWZRUN  UHFRQVWUXFWLRQ.  HRZHYHU,  WKH  QRUPDOL]DWLRQ 

 FRPSDULVRQ  LV  EDVHG  RQ  10  RNA-VHT  GDWDVHWV,  OHDYLQJ  FRQVLGHUDEOH  URRP  IRU 

 LPSURYHPHQW.  FLUVW  LV  WR  LQFUHDVH  WKH  QXPEHU  DQG  GLYHUVLW\  RI  GDWDVHWV  VWXGLHG.  TKLV  LV 

 YLWDO  IRU  ILQGLQJ  UREXVW  SURFHGXUHV  WKDW  ZRUN  DFURVV  GDWDVHWV  WKDW  FDQ  YDU\  FRQVLGHUDEO\ 

 LQ  PDQ\  UHVSHFWV,  LQFOXGLQJ  VDPSOH  VL]H,  VDPSOH  YDULDELOLW\,  VHTXHQFLQJ  GHSWK,  WLVVXH 

 W\SH,  DQG  RWKHU  H[SHULPHQWDO  IDFWRUV.  FXUWKHU,  WHVWLQJ  RQ  D  ZLGH  UDQJH  RI  GDWDVHWV  LV 

 FULWLFDO  ERWK  IRU  WKH  DQDO\VLV  RI  LQGLYLGXDO  GDWDVHWV  DV  ZHOO  DV  LQWHJUDWLYH  DQDO\VLV  RI 

 KXQGUHGV/WKRXVDQGV  RI  GDWDVHWV.  SHFRQG,  QRW  RQO\  GR  PRUH  QRUPDOL]DWLRQ  DQG  QHWZRUN 

 WUDQVIRUPDWLRQ  PHWKRGV  QHHG  WR  EH  FRPSDUHG  EXW  KRZ  WKH\  PLJKW  LQWHUDFW  LQ 

 FRPELQDWLRQV  QHHGV  WR  EH  VWXGLHG.  TKLUG,  WKH  UHVXOWLQJ  QHWZRUNV  QHHG  WR  EH  HYDOXDWHG 

 GLUHFWO\  RQ  WKH  DFFXUDF\  RI  WKH  FRH[SUHVVLRQ  EHWZHHQ  JHQH  SDLUV,  LQVWHDG  RI 

 SHUIRUPDQFH  LQ  D  GRZQVWUHDP  WDVN  VXFK  DV  JHQH  IXQFWLRQ  SUHGLFWLRQ,  WR  HQVXUH  PD[LPDO 

 XWLOLW\  RI  WKH  QHWZRUN  UHJDUGOHVV  RI  WKH  VXEVHTXHQW  ELRORJLFDO  DSSOLFDWLRQ.  FLQDOO\,  WKH 

 HYDOXDWLRQ  PHWULF  QHHGV  WR  EH  LQIRUPDWLYH  FRQVLGHULQJ  WKH  IDFW  WKDW  RQO\  D  VPDOO  IUDFWLRQ 

 RI DOO JHQH SDLUV LQ WKH JHQRPH DUH IXQFWLRQDOO\ UHODWHG. 
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 IQ  WKLV  ZRUN,  Ze  SUeVeQW  WKe  PRVW  cRPSUeKeQVLYe  beQcKPaUNLQg  Rf  cRPPRQO\  XVed 

 ZLWKLQ-  aQd  beWZeeQ-VaPSOe  QRUPaOL]aWLRQ  VWUaWegLeV  aQd  QeWZRUN  WUaQVfRUPaWLRQ 

 PeWKRdV  fRU  cRQVWUXcWLQg  accXUaWe  cRe[SUeVVLRQ  QeWZRUNV  fURP  KXPaQ  RNA-VeT  daWa. 

 We  WeVWed  eYeU\  SRVVLbOe  cRPbLQaWLRQ  Rf  PeWKRdV  fURP  dLffeUeQW  QRUPaOL]aWLRQ  aQd 

 QeWZRUN  WUaQVfRUPaWLRQ  VWageV.  OXU  SULPaU\  LQWeUeVW  LV  LQ  LdeQWLf\LQg  URbXVW  cRPbLQaWLRQV 

 Rf  PeWKRdV  WKaW  cRQVLVWeQWO\  UeVXOW  LQ  cRe[SUeVVLRQ  QeWZRUNV  WKaW  accXUaWeO\  caSWXUe 

 geQeUaO  aQd  WLVVXe-aZaUe  geQe  UeOaWLRQVKLSV  acURVV  a  OaUge  YaULeW\  Rf  daWaVeWV.  TKLV  ZLOO 

 aOORZ  XV  WR  SURSRVe  geQeUaO  UecRPPeQdaWLRQV  XVefXO  fRU  e[SeULPeQWaO  UeVeaUcK  gURXSV 

 aQaO\]LQg  WKeLU  RZQ  RNA-VeT  daWa  aV  ZeOO  aV  cRPSXWaWLRQaO  UeVeaUcKeUV  VeeNLQg  WR 

 bXLOd  PaQ\  cRe[SUeVVLRQ  QeWZRUNV  fURP  SXbOLcO\  aYaLOabOe  daWa  fRU  WKe  SXUSRVeV  Rf 

 daWa/QeWZRUN  LQWegUaWLRQ.  TRZaUdV  WKLV  aLP,  Ze  XVe  KXQdUedV  Rf  daWaVeWV,  geQeUaWed  b\ 

 a  cRQVRUWLXP  aQd  b\  LQdLYLdXaO  OabRUaWRULeV,  cRYeULQg  PXOWLSOe  e[SeULPeQWaO  facWRUV.  We 

 WKeQ  WeVW  WKe  UeVXOWLQg  QeWZRUNV  RQ  bRWK  WLVVXe-QaLYe  aQd  WLVVXe-aZaUe  SULRU  NQRZOedge 

 abRXW  geQe  fXQcWLRQaO  UeOaWLRQVKLSV.  BaVed  RQ  WKeVe  e[WeQVLYe  aQaO\VeV,  Ze  fLQaOO\ 

 SURYLde  cRQcUeWe  UecRPPeQdaWLRQV  fRU  QRUPaOL]aWLRQ  aQd  QeWZRUN  WUaQVfRUPaWLRQ 

 cKRLceV LQ RNA-VeT cRe[SUeVVLRQ aQaO\VLV. 

 RHVXOWV 

 E[SUHVVLRQ GaWa, JROG VWaQGaUG, aQG EHQFKPaUNLQJ VXPPaU\ 

 TR  WeVW  YaULRXV  ZLWKLQ-VaPSOe  QRUPaOL]aWLRQ,  beWZeeQ-VaPSOe  QRUPaOL]aWLRQ,  aQd 

 QeWZRUN  WUaQVfRUPaWLRQ  PeWKRdV  (aQd  WKeLU  cRPbLQaWLRQV)  RQ  a  OaUge  daWa  cROOecWLRQ,  Ze 

 VWaUWed  ZLWK  geQe  cRXQW  daWa  fURP  WKe  UecRXQW2  daWabaVe  [19]  .  RecRXQW2  cRQWaLQV  daWa 

 fURP  bRWK  WKe  GeQRW\Se-TLVVXe  E[SUeVVLRQ  (GTE[)  SURMecW  [20]  aQd  WKe  SeTXeQce  Read 
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 AUFKLYH  (SRA)  [21@  UHSRVLWRU\  WKDW  KDYH  EHHQ  XQLIRUPO\  TXDOLW\-FRQWUROOHG,  DOLJQHG,  DQG 

 TXDQWLILHG  WR  WKH  QXPEHU  RI  UHDGV  SHU  JHQH  LQ  WKH  JHQRPH.  DDWDVHWV  IURP  WKH  GTE[ 

 SURMHFW  DOORZHG  XV  WR  DVVHVV  PHWKRG  SHUIRUPDQFH  RQ  ODUJH,  UHODWLYHO\  KRPRJHQHRXV 

 GDWDVHWV  ZLWK  KLJK-VHTXHQFLQJ  GHSWK  DQG  TXDOLW\.  TKH  GTE[  GDWD  ZDV  DOVR  FULWLFDO  IRU 

 LQYHVWLJDWLQJ  WKH  LPSDFW  RI  H[SHULPHQWDO  IDFWRUV  VXFK  DV  VDPSOH  VL]H,  ZKLFK  ZH 

 SHUIRUPHG  E\  GRLQJ  PXOWLSOH  URXQGV  RI  UDQGRP  VDPSOLQJ  IURP  GTE[  GDWDVHWV.  DDWDVHWV 

 IURP  SRA,  RQ  WKH  RWKHU  KDQG,  ZHUH  UHSUHVHQWDWLYH  RI  KHWHURJHQHRXV,  PRVWO\  VPDOO 

 H[SHULPHQWV  (PHGLDQ  RI  12  VDPSOHV)  WKDW  DUH  JHQHUDWHG  E\  LQGLYLGXDO  ODEV,  ZLWK  D  UDQJH 

 RI  VHTXHQFLQJ  GHSWKV  DQG  TXDOLWLHV.  IQ  WRWDO,  ZH  XVHG  9,657  GTE[  VDPSOHV  DQG  6,301 

 SRA  VDPSOHV  IURP  D  WRWDO  RI  287  GDWDVHWV  (  TaEOH  2.1  ,  ASSHQGL[:  FLJ.  A2.1  ;  VHH 

 Methods  ), DQG SURFHVVHG DQG HYDOXDWHG WKHVH WZR FROOHFWLRQV  VHSDUDWHO\. 

 G7E[  65A 

 Number of samples  9,657  samples  6,301  samples 

 Number of datasets  31  datasets  256  datasets 

 Number of tissues  31  tissues  19  tissues 

 Median dataset si]e  197  samples  12  samples 

 Total  15,958 samples from 37 unique tissues 

 7DEOH 2.1: 6XPPDU\ RI GDWD XVHG LQ WKLV VWXG\.  See  )LJXUH $2.1  and  0HWKRGV  for more details. 

 AIWHU  SUHSURFHVVLQJ  HDFK  GDWDVHW  XVLQJ  OHQLHQW  ILOWHUV  LQ  RUGHU  WR  NHHS  GDWD  IRU  DV  PDQ\ 

 JHQHV  DQG  VDPSOHV  DV  SRVVLEOH  (VHH  Methods  ),  ZH  FRPSDUHG  PHWKRGV  FRPPRQO\  XVHG 

 LQ  RNA-VHT  DQDO\VLV  WR  HIIHFWLYHO\  FRQVWUXFW  RQH  FRH[SUHVVLRQ  QHWZRUN  SHU  GDWDVHW  (L.H. 

 EXLOGLQJ  31  GTE[  QHWZRUNV  DQG  256  SRA  QHWZRUNV).  WH  IRFXVHG  RQ  WKUHH  NH\  VWDJHV  RI 

 GDWD  SURFHVVLQJ  DQG  QHWZRUN  EXLOGLQJ:  D)  ZLWKLQ-VDPSOH  QRUPDOL]DWLRQ:  FRXQWV  SHU  PLOOLRQ 

 (CPM),  WUDQVFULSWV  SHU  PLOOLRQ  (TPM),  DQG  UHDGV  SHU  NLOREDVH  SHU  PLOOLRQ  (RPKM),  E) 
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 beWZeeQ-VaPSOe  QRUPaOL]aWLRQ:  TXaQWLOe  (QNT),  WULPPed  PeaQ  Rf  M-YaOXeV  (TMM), 

 XSSeU  TXaUWLOe  (UQ);  LQ  addLWLRQ,  Ze  WeVWed  WZR  QeZ  YaULaWLRQV  Rf  TMM  aQd  UQ  ±  cRXQWV 

 adMXVWed  ZLWh  TMM  facWRUV  (CTF),  cRXQWV  adMXVWed  ZLWh  XSSeU  TXaUWLOe  facWRUV  (CUF)  ±  

 WhaW  dLUecWO\  adMXVW  cRXQWV  b\  Whe  VL]e  facWRUV  bXW  dReV  QRW  cRUUecW  b\  OLbUaU\  VL]e,  aQd  c) 

 QeWZRUN  WUaQVfRUPaWLRQ:  ZeLghWed  WRSRORgLcaO  RYeUOaS  (WTO)  aQd  cRQWe[W  OLNeOLhRRd  Rf 

 UeOaWedQeVV  (CLR).  TR  V\VWePaWLcaOO\  e[aPLQe  WheVe  PeWhRdV  aQd  WheLU  LQWeUacWLRQV,  Ze 

 bXLOW  36  dLffeUeQW  ZRUNfORZV  cRYeULQg  aOO  SRVVLbOe  cRPbLQaWLRQV  Rf  chRLceV  (  )LJ.  2.1  ).  FRU 

 cOaULW\,  LQ  Whe  UeVW  Rf  Whe  PaQXVcULSW,  Ze  SUeVeQW  LQdLYLdXaO  PeWhRdV  LQ  UegXOaU  fRQW  (e.g. 

 TPM  QRUPaOL]aWLRQ)  aQd  LWaOLcL]e  ZRUNfORZV  (e.g.  TPM  ,  ZhLch  LV  TPM  cRPbLQed  ZLWh  QR 

 beWZeeQ-VaPSOe  QRUPaOL]aWLRQ  aQd  QR  QeWZRUN  WUaQVfRUPaWLRQ,  RU  TPM_CLR  ,  ZhLch  LV 

 TPM  SaLUed  ZLWh  MXVW  CLR).  The  CRXQWV  ZRUNfORZ  XVeV  QR  ZLWhLQ-VaPSOe  QRUPaOL]aWLRQ, 

 beWZeeQ-VaPSOe  QRUPaOL]aWLRQ,  RU  QeWZRUN  WUaQVfRUPaWLRQ,  bXW  LV  VWLOO  WUaQVfRUPed  ZLWh 

 Whe h\SeUbROLc aUcVLQe fXQcWLRQ. 
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 FLJXUH  2.1.  3LSHOLQH  IRU  EHQFKPDUNLQJ  WKH  RSWLPDO  ZRUNIORZ  IRU  FRQVWUXFWLQJ  FRH[SUHVVLRQ 

 QHWZRUNV  IURP  5NA-VHT  GDWD.  The  main  SiSeline  ZaV  e[ecXWed  foU  Whe  oUiginal  GTE[  and  SRA  daWaVeWV 

 and  a  laUge  collecWion  of  daWaVeWV  of  diffeUenW  Vi]eV  UeVamSled  fUom  Whe  GTE[  daWaVeWV.  ThUee  ke\  VWageV 

 ± ZiWhin-VamSle  noUmali]aWion,  beWZeen-VamSle  noUmali]aWion,  and  neWZoUk  WUanVfoUmaWion  ±  ZheUe  Ze 

 WeVWed  meWhod  choiceV  aUe  highlighWed  in  diffeUenW  coloUV.  All  Whe  oWheU  VWageV  ZeUe  comSoVed  of  VWandaUd 

 VelecWion,  filWeUing,  and  daWa  WUanVfoUmaWion  oSeUaWionV.  The  coe[SUeVVion  neWZoUkV  UeVXlWing  fUom  all  Whe 

 ZoUkfloZV  ZeUe  eYalXaWed  XVing  WZo  gold-VWandaUdV  WhaW  caSWXUe  geneUic  (WiVVXe-naiYe)  and  WiVVXe-aZaUe 

 gene  fXncWional  UelaWionVhiSV.  Finall\,  all  Whe  eYalXaWion  UeVXlWV  ZeUe  XVed  Wo  anal\]e  Whe  imSacW  of  YaUioXV 

 aVSecWV  of  Whe  ZoUkfloZV,  meWhodV,  and  daWaVeWV  on  Whe  accXUac\  of  coe[SUeVVion  neWZoUkV. 

 AbbUeYiaWionV:  CPM  (CoXnWV  PeU  Million),  RPKM  (ReadV  PeU  KilobaVe  Million),  TPM  (TUanVcUiSWV  PeU 

 �1 



 FLJXUH 2.1. (cRQW¶G) 

 Million),  QNT  (TXanWile),  TMM  (TUimmed  Mean  of  M-YalXeV),  UQ  (UppeU  QXaUWile),  CTF  (CoXnWV  adjXVWed 

 ZiWh  TMM  FacWoUV),  CUF  (CoXnWV  adjXVWed  ZiWh  UppeU  TXaUWile  FacWoUV),  CLR  (ConWe[W  Likelihood  of 

 RelaWedneVV), WTO (WeighWed Topological OYeUlap). 

 SiQce  WhiV  eQWiUe  ZRUNfORZ  iV  XQVXSeUYiVed,  i.e.  QRW  UeOiaQW  RQ  SUiRU  NQRZOedge  abRXW 

 geQe  UeOaWiRQVhiSV,  Ze  eYaOXaWed  Whe  UeVXOWiQg  cRe[SUeVViRQ  QeWZRUNV  b\  cRPSaUiQg 

 WheP  WR  gROd  VWaQdaUdV  Rf  NQRZQ  geQe  fXQcWiRQaO  UeOaWiRQVhiSV.  The  gROd  VWaQdaUdV  ZeUe 

 bXiOW  XViQg  e[SeUiPeQWaOO\-YeUified  cR-aQQRWaWiRQV  WR  VSecific  biRORgicaO  SURceVV  WeUPV  iQ 

 Whe  GeQe  OQWRORg\  [22]  .  TheVe  cRPSaUiVRQV  \ieOded  eYaOXaWiRQ  PeWUicV  WhaW  VXPPaUi]e 

 hRZ  ZeOO  Whe  SaWWeUQV  Rf  cRe[SUeVViRQ  caSWXUed  iQ  Whe  QeWZRUN  UefOecW  NQRZQ  geQe 

 fXQcWiRQaO  UeOaWiRQVhiSV  (Vee  NHWZRUN  EYDOXDWLRQ  iQ  Methods  aQd  SXSSOHPHQWDO  NRWH  iQ 

 ASSeQdi[).  FXUWheU,  geQe  acWiYiWieV  aQd  iQWeUacWiRQV  YaU\  dUaVWicaOO\  deSeQdiQg  RQ  ceOO 

 W\Se  RU  WiVVXe.  HeQce,  Ze  aOVR  cUeaWed  WiVVXe-aZaUe  gROd  VWaQdaUdV  WR  aVVeVV  ZheWheU 

 Whe  UeVXOWiQg  QeWZRUNV  ZeUe  abOe  WR  UecaSiWXOaWe  WiVVXe-aZaUe  cRe[SUeVViRQ  iQ  addiWiRQ  WR 

 geQeUaO  ³WiVVXe-QaiYe´  cRe[SUeVViRQ.  TiVVXe-aZaUe  gROd  VWaQdaUdV  ZeUe  cUeaWed  fRU  aV 

 PaQ\  WiVVXeV  aV  SRVVibOe  b\  VXbVeWWiQg  Whe  QaiYe  gROd  VWaQdaUd  XViQg  geQeV  NQRZQ  WR 

 be  e[SUeVVed  iQ  a  SaUWicXOaU  WiVVXe.  WhiOe  aUea  XQdeU  Whe  UeceiYeU  RSeUaWRU  cXUYe 

 (aXROC)  iV  fUeTXeQWO\  XVed  WR  eVWiPaWe  QeWZRUN  accXUac\,  iW  dReV  QRW  accRXQW  fRU  Whe 

 facW  WhaW  RQO\  a  VPaOO  fUacWiRQ  Rf  geQe  SaiUV  (RXW  Rf  Whe  WRWaO  SRVVibOe)  biRORgicaOO\  iQWeUacW. 

 IQ  Whe  gROd  VWaQdaUd,  WhiV  iPbaOaQce  iV  UefOecWed  b\  Whe  QXPbeU  Rf  QegaWiYeV 

 (QRQ-iQWeUacWiRQV)  faU  RXWQXPbeUiQg  Whe  SRViWiYeV  (iQWeUacWiRQV)  [23]  .  TheUefRUe,  Ze 

 PeaVXUed  QeWZRUN  accXUac\  XViQg  aUea  XQdeU  Whe  SUeciViRQ  UecaOO  cXUYe  (aXPRC),  Zhich 

 ePShaVi]eV Whe accXUac\ Rf WRS-UaQNed cRe[SUeVViRQ geQe SaiUV  [24]  . 
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 IQ  WRWaO,  IRU  HaFK  RI  WKH  287  GaWaVHWV  IURP  GTE[  aQG  SRA,  ZH  EXLOW  RQH  FRH[SUHVVLRQ 

 QHWZRUN  SHU  GaWaVHW  XVLQJ  HaFK  RI  WKH  36  ZRUNIORZV,  UHVXOWLQJ  LQ  8,610  FRH[SUHVVLRQ 

 QHWZRUNV.  LaWHU  RQ,  ZH  FUHaWHG  2,430  aGGLWLRQaO  GaWaVHWV  JHQHUaWHG  E\  UHVaPSOLQJ 

 GTE[  WKaW,  ZKHQ  UXQ  WKURXJK  aOO  WKH  ZRUNIORZV,  UHVXOWHG  LQ  aQRWKHU  72,900  QHWZRUNV. 

 EaFK  GTE[  QHWZRUN  FRQWaLQV  20,418  JHQHV  ZKLOH  HaFK  SRA  QHWZRUN  FRQWaLQV  22,084 

 JHQHV,  aQG  aOO  QHWZRUNV  aUH  IXOO\  FRQQHFWHG  ZLWK  HGJHV  ZHLJKWHG  E\  WKHLU  VWUHQJWK  RI 

 FRUUHOaWLRQ.  EaFK  RI  WKHVH  QHWZRUNV  ZHUH  HYaOXaWHG  XVLQJ  WKH  WLVVXH-QaLYH 

 JROG-VWaQGaUG  aQG,  ZKHQHYHU  aSSOLFaEOH,  WKH  WLVVXH-aZaUH  JROG-VWaQGaUG.  FLQaOO\,  ZH 

 UHSOLFaWHG  WKH  aQaO\VLV  RI  WKH  WRS-SHUIRUPLQJ  ZRUNIORZV  XVLQJ  aV  PaQ\  PaWFKHG  SRA 

 GaWaVHWV  aV  SRVVLEOH  IURP  aQRWKHU  RNA-SHT  UHSRVLWRU\,  UHILQH.ELR  [25]  ,  ZKHUH  UHaG 

 aOLJQPHQW  aQG  H[SUHVVLRQ  TXaQWLILFaWLRQ  ZHUH  GRQH  XVLQJ  GLIIHUHQW  PHWKRGV  WKaQ 

 UHFRXQW2. 

 OYHUaOO SHUIRUPaQcH RI ZRUNIORZV 

 FRU  aOO  36  ZRUNIORZV,  FLJXUH  2.2  VKRZV  WKH  RYHUaOO  SHUIRUPaQFH  RI  WKH  QHWZRUNV 

 UHVXOWLQJ  IURP  GTE[  (OHIW)  aQG  SRA  (ULJKW)  UHFRXQW2  GaWaVHWV  EaVHG  RQ  HYaOXaWLRQ  XVLQJ 

 WKH  WLVVXH-QaLYH  JROG  VWaQGaUG.  FLJXUH  A2.2  VKRZV  WKH  SHUIRUPaQFH  RI  WKHVH  QHWZRUNV 

 EaVHG  RQ  WKH  WLVVXH-aZaUH  JROG  VWaQGaUGV  (ZKHQ  aYaLOaEOH).  OYHUaOO,  QHWZRUNV  EXLOW  IURP 

 GTE[  GaWaVHWV  aUH  IaU  PRUH  aFFXUaWH  WKaQ  WKRVH  EXLOW  IURP  SRA  GaWaVHWV  (  FLJ.  2.2  , 

 A2.2  ).  IQ  HaFK  RI  WKH  IRXU  FaVHV  ± GTE[  aQG  SRA  QHWZRUNV  HYaOXaWHG  XVLQJ 

 WLVVXH-QaLYH  aQG  WLVVXH-aZaUH  JROG  VWaQGaUGV  ±  PRVW  RI  WKH  WRS-SHUIRUPLQJ  ZRUNIORZV 

 FRQWaLQ  CTF  RU  CUF  QRUPaOL]aWLRQ.  FXUWKHU  WUaQVIRUPLQJ  WKH  QHWZRUN  ZLWK  CLR 

 (  CTF_CLR  aQG  CUF_CLR  )  UHVXOWV  LQ  WRS-WLHU  ZRUNIORZV  IRU  WKH  GTE[  GaWaVHWV 
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 UHJDUGOHVV  RI  JROG  VWDQGDUG.  HRZHYHU,  CL5  WUDQVIRUPDWLRQ  LV  RQO\  DPRQJ 

 WRS-SHUIRUPLQJ  PHWKRGV  IRU  65A  GDWDVHWV  LQ  UHFRYHULQJ  WLVVXH-DZDUH  JHQH 

 UHODWLRQVKLSV.  7KRXJK  CTF_CLR  DQG  CUF_CLR  VWLOO  SHUIRUP  TXLWH  ZHOO  RQ  WKH 

 WLVVXH-QDLYH  VWDQGDUG  IRU  65A,  WKHUH  LV  D  FOHDU  JDS  IURP  WKH  WRS  WLHU.  DHVSLWH  C7F-  DQG 

 C8F-FRQWDLQLQJ  ZRUNIORZV  UHVXOWLQJ  LQ  WRS  SHUIRUPDQFHV,  ZRUNIORZV  WKDW  LQFOXGH  RWKHU 

 EHWZHHQ-VDPSOH  QRUPDOL]DWLRQ  PHWKRGV  DUH  DEVHQW  DPRQJ  WKH  WRS  WHQ  ZRUNIORZV  IRU 

 ERWK  G7E[  DQG  65A.  :RUNIORZV  ZLWK  7MM  RU  8Q  VHHP  WR  EH  PRUH  FRPSDUDEOH  WR 

 ZRUNIORZV XVLQJ ZLWKLQ-VDPSOH QRUPDOL]DWLRQ PHWKRGV. 

 FLJXUH  2.2.  OYHUaOO  SHUIRUPaQcH  RI  ZRUNIORZV.  The  plots  shoZ  the  aggregate  accurac\  of  all 

 coe[pression  netZorks  resulting  from  each  individual  ZorkfloZ  using  (  a  )  GTE[  and  (  b  )  SRA  datasets, 

 evaluated  based  on  the  tissue-naive  gold  standard.  The  ZorkfloZs  (roZs)  are  described  in  terms  of  the 
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 FLJXUH 2.2. (cRQW¶d) 

 Vpecific  meWhod  XVed  in  Whe  ZiWhin-Vample  normali]aWion  (blXeV),  beWZeen-Vample  normali]aWion  (greenV), 

 and  neWZork  WranVformaWion  (orangeV)  VWageV.  The  performance  of  each  ZorkfloZ  iV  preVenWed  aV 

 bo[ploWV  (ZiWhoXW  oXWlierV)  WhaW  VXmmari]eV  Whe  log2(aXPRC/prior)  of  each  ZorkfloZ  Zhere  aXPRC  iV  Whe 

 area  Xnder  Whe  preciVion  recall  cXrYe  (Vee  Methods  ).  The  ZorkfloZV  are  ordered  b\  Wheir  median 

 log2(aXPRC/prior)  for  Whe  GTE[  daWa.  The  nXmberV  inVide  Whe  SRA  bo[eV  indicaWe  rank  b\  median 

 log2(aXPRC/prior)  of  Whe  ZorkfloZV  for  Whe  SRA  daWa.  )LJXUH  A2.2  conWainV  WheVe  ploWV  baVed  on  Whe 

 WiVVXe-aZare gold VWandard. 

 TKe  Qe[W  QRWeZRUWK\  RbVeUYaWLRQ  LV  WKaW  WKe  WRS-WLeU  ZRUNfORZV  dR  QRW  LQcOXde  a 

 ZLWKLQ-VaPSOe  QRUPaOL]aWLRQ  VWeS.  YeW,  ZRUNfORZV  WKaW  dR  LQcOXde  ZLWKLQ-VaPSOe 

 QRUPaOL]aWLRQ  PeWKRdV  (CPM,  RPKM,  TPM)  caQ  SeUfRUP  beWWeU  WKaQ  PaQ\  RWKeU 

 ZRUNfORZV  deSeQdLQg  RQ  RWKeU  cKRLceV  Pade  LQ  WKe  SLSeOLQe,  WKe  beVW  cKRLce  RfWeQ  LV  WR 

 be  SaLUed  ZLWK  QR  RWKeU  PeWKRd  RU  CLR  aORQe.  FRU  GTE[  daWaVeWV,  CLR  VeePV  WR 

 geQeUaOO\  UeVXOW  LQ  VOLgKWO\  LPSURYed  SeUfRUPaQce,  ZKLOe  WKe  WTO  WUaQVfRUPaWLRQ  aOPRVW 

 e[cOXVLYeO\  PaNeV  XS  WKe  bRWWRP  WLeU  Rf  ZRUNfORZV.  FRU  bXLOdLQg  QeWZRUNV  fURP  SRA 

 daWaVeWV,  aOWKRXgK  ZRUNfORZV  LQcOXdLQg  WTO  dR  QRW  e[cOXVLYeO\  eQd  XS  LQ  WKe  bRWWRP  WLeU 

 (aV  LV  WKe  caVe  ZLWK  GTE[  daWa),  addLQg  WTO  WR  a  SaUWLcXOaU  ZRUNfORZ  aOZa\V  KXUWV 

 SeUfRUPaQce.  TKe  ZRUVW  ZRUNfORZV  fRU  SRA  LQ  eLWKeU  VWaQdaUd  aUe  TXaQWLOe  QRUPaOL]aWLRQ 

 (QNT) SaLUed ZLWK CLR RU WTO. 

 DaWaVHW-OHYHO SHUIRUPaQFH RI ZRUNIORZV 

 Ne[W,  Ze  dLVVecWed  WKe  aggUegaWed  UeVXOWV  deVcULbed  abRYe  fRU  GTE[  aQd  SRA  aV  a 

 ZKROe  b\  e[aPLQLQg  WKe  accXUac\  Rf  WKeVe  ZRUNfORZV  RQ  a  SeU-daWaVeW  baVLV.  FLUVW,  Ze 

 cRPSaUed  SaLUV  Rf  ZRUNfORZV  WR  eacK  RWKeU  aQd  deWeUPLQed  WKe  SURSRUWLRQ  Rf  daWaVeWV  LQ 
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 ZKLFK  RQH  ZRUNIORZ  RXWSHUIRUPHG  WKH  RWKHU  DFURVV  DOO  GTE[  DQG  DOO  SRA  GDWDVHWV  (  FLJ. 

 2.3  ,  A2.3±2.5  ,  KHDWPDS  FRORUV). SHFRQG,  ZH  SHUIRUPHG  SDLUHG  VWDWLVWLFDO  WHVWV  WR 

 HVWLPDWH  WKH  VLJQLILFDQFH  RI  WKH  GLIIHUHQFH  EHWZHHQ  WKH  ZRUNIORZV  (  FLJ.  2.3  ,  A2.3±5  , 

 DVWHULVNV  RQ  WKH  KHDWPDS).  FLQDOO\,  ZH  VFRUHG  HDFK  ZRUNIORZ  EDVHG  RQ  WKH  QXPEHU  RI 

 RWKHU  ZRUNIORZV  LW  VLJQLILFDQWO\  RXWSHUIRUPV  (  FLJ.  2.3  ,  A2.4  EDUSORWV).  BDVHG  RQ  WKLV 

 DQDO\VLV,  LQ  WKH  µGTE[-QDLYH¶  VHWWLQJ  (L.H.  QHWZRUNV  IURP  GTE[  GDWD  HYDOXDWHG  RQ  WKH 

 WLVVXH-QDLYH  JROG  VWDQGDUG),  ZH  REVHUYHG  WKDW  ILYH  ZRUNIORZV  DUH  DOO  VLJQLILFDQWO\  PRUH 

 DFFXUDWH  WKDQ  31  RWKHU  ZRUNIORZV  EXW  QRW  VLJQLILFDQWO\  GLIIHUHQW  IURP  RQH  DQRWKHU  (SDLUHG 

 :LOFR[RQ  UDQN-VXP  WHVW;  FRUUHFWHG  S-YDOXH  <  0.01;  FLJ.  2.3  ).  :LWKLQ  WKHVH  IRXU 

 ZRUNIORZV,  CTF  RXWSHUIRUPV  CTF_CLR  ,  CUF  ,  DQG  CUF_CLR  RQ  58%,  61%,  DQG  58%  RI 

 GTE[  QHWZRUNV,  UHVSHFWLYHO\.  TKH  CTF  ZRUNIORZ  LV  DOVR  VLJQLILFDQWO\  EHWWHU  WKH  PRVW 

 QXPEHU  RI  WLPHV  FRPSDUHG  WR  RWKHU  ZRUNIORZV  LQ  WKH  SRA  QHWZRUNV  XVLQJ  WKH  QDLYH 

 VWDQGDUG,  DOWKRXJK  CRXQWV  DQG  CUF  DUH  RQO\  VOLJKWO\  EHKLQG  CTF  (  FLJ.  2.3  ,  A2.3  ). 

 TKHVH  ZRUNIORZV  WLH  IRU  ILUVW  SODFH  ZKHQ  SRA  QHWZRUNV  DUH  HYDOXDWHG  RQ  WKH 

 WLVVXH-DZDUH JROG VWDQGDUGV (ASSHQGL[:  FLJ. A2.4  ,  A2.5  ). 

 :KHQ  WKH  GTE[  QHWZRUNV  DUH  HYDOXDWHG  RQ  WLVVXH-DZDUH  VWDQGDUGV,  WKHUH  DUH  PXFK 

 IHZHU  VLJQLILFDQW  GLIIHUHQFHV  EHWZHHQ  ZRUNIORZV  RYHUDOO,  ZLWK  WKH  H[FHSWLRQ  RI  CTF_CLR  , 

 CUF_CLR  ,  DQG  CLR  EHLQJ  VLJQLILFDQWO\  JUHDWHU  WKDQ  28,  28,  DQG  24  ZRUNIORZV, 

 UHVSHFWLYHO\  (ASSHQGL[:  FLJ.  A2.4  ).  HHUH,  CTF_CLR  SHUIRUPV  EHWWHU  WKDQ  CUF_CLR  RQ 

 57%  RI  QHWZRUNV  DQG  EHWWHU  WKDQ  CLR  RQ  76%  RI  QHWZRUNV.  DHVSLWH  KDYLQJ  VLPLODU 

 PHGLDQ  ORJ  2  (DXPRC/SULRU)  YDOXHV  WR  CTF_CLR  DQG  CUF_CLR  (ASSHQGL[:  FLJ.  A2.2  ), 

 WKH  CUF  DQG  CTF  ZRUNIORZV  RQO\  SHUIRUP  VLJQLILFDQWO\  EHWWHU  WKDQ  DQRWKHU  ZRUNIORZ  D 
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 KDQGIXO  RI  WLPHV  (ASSHQGL[:  )LJ.  $2.�  ).  7KLV  VXJJHVWV  WKDW  LQFOXGLQJ  CLR  LQ  WKH  ZRUNIORZ 

 LV HVSHFLDOO\ KHOSIXO LQ FDSWXULQJ WLVVXH-DZDUH FRH[SUHVVLRQ LQ WKH G7E[ QHWZRUNV. 

 AJDLQ,  WKH  LPSDFW  RI  ZLWKLQ-VDPSOH  QRUPDOL]DWLRQ  YDULHV  GHSHQGLQJ  RQ  WKH  FKRLFH  RI  WKH 

 RWKHU  PHWKRGV  LQ  WKH  ZRUNIORZ.  TPM_CLR  LV  JHQHUDOO\  WKH  WRS-SHUIRUPLQJ  ZRUNIORZ 

 DPRQJ  WKRVH  LQFOXGLQJ  ZLWKLQ-VDPSOH  QRUPDOL]DWLRQ  DFURVV  HYDOXDWLRQ  FDVHV,  WKRXJK 

 TPM  VOLJKWO\  RXWSHUIRUPV  TPM_CLR  IRU  WKH  SRA  QHWZRUNV  HYDOXDWHG  RQ  WKH  QDLYH 

 VWDQGDUG (  )LJ. 2.3  DQG  $2.3  ). 

 FLJXUH  2.3.  DaWaVHW-OHYHO  SaLUZLVH  FRPSaULVRQ  RI  ZRUNIORZ  SHUIRUPaQFH.  (  a  )  The  heaWmaS  VhRZV  Whe 

 UelaWiYe  SeUfRUmaQce  Rf  a  SaiU  Rf  ZRUkflRZV,  cRUUeVSRQdiQg  WR  a  URZ  aQd  a  cRlXmQ,  diUecWl\  cRmSaUed  WR 

 27 



 FLJXUH 2.3. (FRQW¶G) 

 each  RWheU  fRU  Whe  GTE[  daWaVeWV  baVed  RQ  Whe  WiVVXe-QaiYe  gRld  VWaQdaUd.  The  ZRUkflRZV  alRQg  Whe  URZV 

 aUe  deSicWed  XViQg  cRlRU  VZaWcheV  ViPilaU  WR  FLJXUH  2.2  .  The  cRlRU  iQ  each  cell  (URZ,  cRlXPQ)  UeSUeVeQWV 

 Whe  SURSRUWiRQ  Rf  daWaVeWV  fRU  Zhich  Whe  ZRUkflRZ  alRQg  Whe  URZ  haV  a  higheU  lRg2(aXPRC/SUiRU)  WhaQ  Whe 

 ZRUkflRZ  alRQg  Whe  cRlXPQ.  CRPSaUiVRQV  WhaW  aUe  VWaWiVWicall\  VigQificaQW  (cRUUecWed  S  <  0.01)  baVed  RQ  a 

 SaiUed  WilcR[RQ  WeVW  aUe  PaUked  ZiWh  aQ  aVWeUiVk.  FLJXUH  A2.3  cRQWaiQV  Whe  cRUUeVSRQdiQg  heaWPaS  fRU  Whe 

 SRA  daWaVeWV.  (  b  aQd  F  )  BaUSlRWV  VhRZ  Whe  QXPbeU  Rf  WiPeV  each  ZRUkflRZ  ZaV  VigQificaQWl\  gUeaWeU  WhaQ 

 aQRWheU  ZRUkflRZ  fRU  GTE[  aQd  SRA  daWaVeWV.  FLJXUHV  A2.4  aQd  A2.5  cRQWaiQ  WheVe  SeUfRUPaQce  SlRWV 

 baVed  RQ  Whe  WiVVXe-aZaUe  gRld  VWaQdaUd.  (  G  )  The  Wable  VhRZV  Whe  PRVW  VigQificaQW  ZRUkflRZV  acURVV 

 eYalXaWiRQ  caVeV  alRQg  ZiWh  Whe  QXPbeU  Rf  WiPeV  a  giYeQ  ZRUkflRZ  RXWSeUfRUPed  aQ\  RWheU  ZRUkflRZ  fRU 

 Whe GTE[ aQd SRA daWaVeWV baVed RQ Whe WiVVXe-QaiYe aQd WiVVXe-aZaUe gRld VWaQdaUdV. 

 The  iPSacW  Rf  QeWZRUN  WUaQVfRUPaWiRQ  iV  ViPiOaU  beWZeeQ  GTE[  aQd  SRA  daWa,  bXW  WheUe 

 iV  diVagUeePeQW  iQ  Whe  YeU\  WRS  PeWhRd.  WiWh  GTE[,  ZRUNfORZV  WhaW  iQcOXde  CLR  WeQd  WR 

 be  VigQificaQW  Whe  PRVW  QXPbeU  Rf  WiPeV,  ZhiOe  WTO-cRQWaiQiQg  ZRUNfORZV  WeQd  WR  be  Whe 

 OeaVW.  NRW  a  ViQgOe  ZRUNfORZ  ZiWh  WTO  VigQificaQWO\  RXWSeUfRUPed  aQ\  ZRUNfORZ  ZiWhRXW  iW 

 fRU  GTE[  baVed  RQ  Whe  WiVVXe-aZaUe  gROd  VWaQdaUd  (ASSeQdi[:  FLJ.  A2.4  ).  OQ  Whe  RWheU 

 haQd,  CLR  ZRUNfORZV  SeUfRUP  ZeOO  RQ  Whe  SRA  QeWZRUNV,  bXW  dR  QRW  cRQVWiWXWe  Whe 

 ZRUNfORZV  WhaW  ZeUe  VigQificaQWO\  gUeaWeU  WhaQ  aQRWheU  Whe  abVROXWe  PRVW  QXPbeU  Rf 

 WiPeV  (ASSeQdi[:  FLJ.  A2.3  aQd  A2.5  ).  WTO  hXUWV  SeUfRUPaQce  iQ  eYeU\  caVe  eYeQ  heUe. 

 PaiUiQg  eiWheU  CLR  RU  WTO  ZiWh  TXaQWiOe  QRUPaOi]aWiRQ  (QNT)  \ieOdV  SaUWicXOaUO\  SRRU 

 SeUfRUPaQce  iQ  Whe  SRA  QeWZRUNV.  AOO  WRgeWheU,  WheVe  UeVXOWV  VXggeVW  WhaW  CTF  \ieOdV 

 Whe  PRVW  accXUaWe  cRe[SUeVViRQ  QeWZRUN  b\  a  YeU\  cORVe  PaUgiQ  aQd  CLR  caQ  fXUWheU 

 iPSURYe Whe QeWZRUN iQ VeOecW caVeV. 
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 IPSacW RI LQGLYLGXaO PHWKRGV RQ SHUIRUPaQcH RI ZRUNIORZV 

 TKRXJK  WKe  SUeYLRXV  aQaO\VeV  VKed  OLJKW  RQ  WKe  cRQWULbXWLRQV  Rf  LQdLYLdXaO  PeWKRdV,  Ze 

 ZaQWed  WR  PRUe  e[SOLcLWO\  aVVeVV  KRZ  cKRRVLQJ  RU  QRW  cKRRVLQJ  a  SaUWLcXOaU 

 ZLWKLQ-VaPSOe  QRUPaOL]aWLRQ,  beWZeeQ-VaPSOe  QRUPaOL]aWLRQ,  RU  QeWZRUN  WUaQVfRUPaWLRQ 

 affecWV  JeQeUaO  SeUfRUPaQce  Rf  aQ\  JLYeQ  ZRUNfORZ.  TR  WKLV  eQd,  fRU  eacK  PeWKRd,  Ze 

 caOcXOaWed  WKe  SURSRUWLRQ  Rf  WLPeV  WKaW  ZRUNfORZV  WKaW  LQcOXde  a  SaUWLcXOaU  PeWKRd 

 SeUfRUPed  VLJQLfLcaQWO\  beWWeU  WKaQ  ZRUNfORZV  WKaW  dLd  QRW  LQcOXde  WKe  PeWKRd  (  FLJ.  2.4  ; 

 Vee  Methods  fRU deWaLOV). 

 FLJXUH  2.4.  IPSacW  RI  LQGLYLGXaO  PHWKRGV  RQ  SHUIRUPaQcH  RI  ZRUNIORZV.  Each  baU  LQ  Whe  WZR  baUSORWV, 

 cRUUeVSRQdLQg  WR  a  VSecLfLc  PeWhRd,  VhRZV  Whe  SURSRUWLRQ  Rf  WLPeV  ([-a[LV)  WhaW  ZRUNfORZV  LQcOXdLQg  WhaW 

 SaUWLcXOaU  PeWhRd  (\-a[LV)  ZeUe  VLgQLfLcaQWO\  beWWeU  WhaQ  RWheU  ZRUNfORZV.  The  baUSORWV  cRUUeVSRQd  WR 
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 FLJXUH 2.4. (FRQW¶G) 

 SeUfRUPaQce  fRU  Whe  (  a  )  GTE[  aQd  (  E  )  SRA  daWaVeWV  eYaOXaWed  RQ  Whe  WLVVXe-QaLYe  gROd  VWaQdaUd.  IQ  RUdeU 

 WR  PaNe  Whe  cRPSaULVRQ  Rf  beWZeeQ-VaPSOe  QRUPaOL]aWLRQ  PeWhRdV  faLU,  ZRUNfORZV  aOVR  LQcOXdLQg  CPM, 

 RPKM,  RU  TPM  ZeUe  OefW  RXW  becaXVe  LW  LV  QRW  SRVVLbOe  WR  SaLU  WheP  ZLWh  CTF/TMM/CUF/UQ 

 QRUPaOL]aWLRQ.  SLPLOaUO\,  CTF/TMM/CUF/UQ  PeWhRdV  aUe  QRW  LQcOXded  fRU  ³QR  ZLWhLQ-VaPSOe 

 QRUPaOL]aWLRQ´ (NO±WI).  )LJXUH  $2.6  cRQWaLQV WheVe baUSORWV baVed  RQ Whe WLVVXe-aZaUe gROd VWaQdaUd. 

 TKLV  aQaO\VLV  cOeaUO\  VKRZV  WKaW,  LQ  aOO  fRXU  caVeV  (GTE[  aQd  SRA,  eacK  ZLWK 

 WLVVXe-QaLYe  aQd  WLVVXe-aZaUe  VWaQdaUdV),  XWLOL]LQJ  aQ\  ZLWKLQ-VaPSOe  QRUPaOL]aWLRQ 

 PeWKRd  UeVXOWV  LQ  ZRUVe  RYeUaOO  SeUfRUPaQce  WKaQ  QRW  XVLQJ  LW  (  FLJ.  2.4  aQd  A2.6  ). 

 APRQJ  ZLWKLQ-VaPSOe  QRUPaOL]aWLRQ  PeWKRdV,  TPM  XVXaOO\  SeUfRUPV  VOLJKWO\  beWWeU  WKaQ 

 CPM  aQd  RPKM.  CTF  aQd  CUF  aUe  WKe  beVW  beWZeeQ-VaPSOe  QRUPaOL]aWLRQ  PeWKRdV. 

 TKeLU  SeUfRUPaQceV  aUe  e[acWO\  eTXaO  fRU  GTE[  daWa  eYaOXaWed  RQ  eLWKeU  VWaQdaUd  aQd 

 fRU  SRA  daWa  eYaOXaWed  RQ  WKe  QaLYe  VWaQdaUd;  CTF  LV  VOLJKWO\  beWWeU  WKaQ  CUF  fRU  SRA 

 daWa  LQ  WKe  WLVVXe-aZaUe  VWaQdaUdV.  HRZeYeU,  dRLQJ  QR  beWZeeQ-VaPSOe  QRUPaOL]aWLRQ 

 SeUfRUPV  TXLWe  ZeOO  WRR,  RQO\  QaUURZO\  ZRUVe  WKaQ  CTF  RU  CUF.  IW  LV  cOeaU  LQ  aOO  fRXU 

 caVeV  WKaW  TMM,  UQ,  aQd  TXaQWLOe  QRUPaOL]aWLRQ  (QNT)  aUe  YaVWO\  RXWSeUfRUPed. 

 NeWZRUN  WUaQVfRUPaWLRQ  LV  WKe  JURXS  PRVW  RbYLRXVO\  dLffeUeQW  beWZeeQ  GTE[  aQd  SRA 

 daWa,  ZLWK  CLR  beLQJ  WKe  cOeaU  ZLQQeU  fRU  GTE[,  ZKLOe  QRW  dRLQJ  aQ\  QeWZRUN 

 WUaQVfRUPaWLRQ  LV  VLJQLfLcaQW  PaQ\  PRUe  WLPeV  fRU  SRA  UeJaUdOeVV  Rf  JROd  VWaQdaUd  (  FLJ. 

 2.4 DQG A2.6  ). 

 IPSDFW RI YDU\LQJ H[SHULPHQWDO IDFWRUV RQ SHUIRUPDQFH RI ZRUNIORZV 

 TKe  UeaVRQ  Ze  LQcOXded  SRA  daWa  LQ  WKLV  VWXd\  LV  WKaW  SRA  daWaVeWV  aUe  YeU\ 

 UeSUeVeQWaWLYe  Rf  e[SUeVVLRQ  daWaVeWV  W\SLcaOO\  JeQeUaWed  b\  QXPeURXV  LQdLYLdXaO 
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 OabRUaWRULeV.  AccRUdLQgO\,  WKeVe  daWaVeWV  YaU\  cRQVLdeUabO\  LQ  WeUPV  Rf  PXOWLSOe  facWRUV 

 LQcOXdLQg  VaPSOe  VL]e,  VaPSOe  VLPLOaULW\,  QXPbeU  Rf  PaSSed  UeadV,  aQd  WLVVXe  W\Se. 

 TKRXgK  WKeVe  facWRUV  LPSacW  WKe  TXaOLW\  Rf  cRe[SUeVVLRQ  QeWZRUNV  deULYed  fURP  WKe 

 LQdLYLdXaO  daWaVeWV,  LW  LV  KaUd  WR  WeaVe  RXW  WKe  effecW  Rf  eacK  Rf  WKeVe  facWRUV  (cRQWUROOLQg 

 fRU  RWKeUV)  RQ  WKe  accXUacLeV  WKaW  Ze  RbVeUYed  XVLQg  dLffeUeQW  ZRUNfORZV  RQ  SRA  daWa. 

 TKeUefRUe,  XVLQg  WKe  OaUge  GTE[  daWaVeWV,  Ze  cUeaWed  a  cROOecWLRQ  Rf  SRA-OLNe  daWaVeWV 

 WR  PRUe  cORVeO\  e[aPLQe  WKe  LPSacW  Rf  eacK  e[SeULPeQWaO  facWRU.  FLUVW,  Ze  deWeUPLQed 

 WKe  QLQe  VaPSOe  VL]eV  (5,  6,  7,  9,  11,  13,  16,  25,  aQd  40)  WKaW  aUe  UeSUeVeQWaWLYe  Rf  SRA 

 daWaVeWV.  TKeQ,  fURP  eacK  GTE[  WLVVXe  daWaVeW  ZLWK  aW  OeaVW  70  VaPSOeV,  Ze  UaQdRPO\ 

 VeOecWed  VaPSOeV  WR  cUeaWe  WeQ  daWaVeWV  fRU  eacK  VaPSOe  VL]e  (Vee  Methods  ).  We  WKeQ 

 aSSOLed  aOO  36  ZRUNfORZV  WR  cRQVWUXcW  cRe[SUeVVLRQ  QeWZRUNV  fURP  eacK  RQe  Rf  WKeVe 

 daWaVeWV.  TKe  UeVXOWLQg  72,900  QeWZRUNV  ZeUe  XVed  WR  LQYeVWLgaWe  WKe  effecWV  Rf  YaU\LQg 

 eacK  e[SeULPeQWaO  facWRU  b\  cRXQWLQg  WKe  QXPbeU  Rf  WLPeV  a  gLYeQ  ZRUNfORZ  VLgQLfLcaQWO\ 

 RXWSeUfRUPed  aQ\  RWKeU  ZRUNfORZ  (  )LJ.  2.5  ).  IQ  addLWLRQ  WR  WKLV  aQaO\VLV  ZLWK  WKeVe 

 UeVaPSOed  daWa,  Ze  aOVR  e[aPLQed  WKe  effecW  Rf  VaPSOe  VLPLOaULW\  aQd  QXPbeU  Rf 

 PaSSed  UeadV  (Vee  E[SeULPeQWaO  facWRU  aQaO\VLV  LQ  Methods  )  dLUecWO\  LQ  WKe  SRA  daWa 

 b\  VSOLWWLQg  WKe  daWaVeWV  LQWR  fLYe  eTXaO  VL]e  bLQV  baVed  RQ  eacK  Rf  WKeVe  facWRUV  aQd 

 deWeUPLQLQg  WKe  QXPbeU  Rf  WLPeV  a  gLYeQ  ZRUNfORZ  ZaV  VLgQLfLcaQWO\  beWWeU  WKaQ  aQRWKeU 

 ZLWKLQ eacK bLQ (ASSeQdL[:  )LJ. $2.�  ). 

 31 



 FLJXUH  2.5.  IPSaFW  RI  YaULRXV  GaWaVHW-UHOaWHG  H[SHULPHQWaO  IaFWRUV  RQ  SHUIRUPaQFH  RI  ZRUNIORZV. 

 EacK  KeaWPaS  VKRZV  WKe  QXPbeU  Rf  WLPeV  (ceOO  cRORU)  eacK  ZRUNfORZ  (URZ)  RXWSeUfRUPV  RWKeU  ZRUNfORZV 

 aV  a  SaUWLcXOaU  e[SeULPeQWaO  facWRU  SeUWaLQLQJ  WR  WKe  LQSXW  daWaVeWV  LV  YaULed  (cROXPQV),  ZKeQ  WKe  UeVXOWLQJ 

 cRe[SUeVVLRQ  QeWZRUNV  aUe  eYaOXaWed  baVed  RQ  WKe  WLVVXe-QaLYe  JROd  VWaQdaUd.  TKe  daUNeVW  cRORUV 

 LQdLcaWe  ZRUNfORZV  WKaW  aUe  VLJQLfLcaQWO\  beWWeU  WKaQ  WKe  PRVW  RWKeU  ZRUNfORZV.  IQ  addLWLRQ,  WKe  WRS  5 

 ZRUNfORZV  LQ  eacK  cROXPQ  aUe  PaUNed  ZLWK  WKeLU  UaQN,  ZLWK  WLeV  JLYeQ  PLQLPXP  UaQN.  TKe  KeaWPaSV  RQ  WKe 

 �2 



 FLJXUH 2.5. (FRQW¶G) 

 Wop  (  a±G  )  correVpond  Wo  daWaVeWV  from  GTE[  reVampling  and  WhoVe  on  Whe  boWWom  (  H±K  )  correVpond  Wo 

 SRA  daWaVeWV.  The  heaWmapV  from  lefW  Wo  righW  VhoZ  ZorkfloZ  performance  b\  Vample  Vi]e  (  a  ,  H  ;  nXmber 

 of  VampleV  XVed  Wo  make  Whe  coe[preVVion  neWZork),  Vample  VimilariW\  (  E  ,  I  ;  median  Vpearman  correlaWion 

 of  50%  moVW  Yariable  geneV  beWZeen  VampleV),  read  coXnW  diYerViW\  b\  coXnWV  (  F  ,  I  ;  VWandard  deYiaWion  of 

 coXnWV  VXmV  acroVV  VampleV),  and  WiVVXe  of  origin  (  G  ,  K  ).  )LJXUH  $2.7  conWainV  WheVe  heaWmapV  baVed  on 

 Whe WiVVXe-aZare gold VWandard. 

 IQ  Whe  GTE[-UeVaPSOed  daWa,  C7F  ZaV  VigQificaQWO\  beWWeU  WhaQ  aOO  RWheU  ZRUNfORZV  fRU 

 VaPSOe  Vi]eV  5  WhURXgh  40  ZheQ  XViQg  Whe  QaiYe  VWaQdaUd  fRU  aVVeVVPeQW  (  )LJ.  2.5  ). 

 C8F  iV  a  cORVe  VecRQd,  SeUfRUPiQg  VigQificaQWO\  beWWeU  WhaQ  aOO  ZRUNfORZV  RWheU  WhaQ  C7F 

 aW  VaPSOe  Vi]eV  7  WhURXgh  40.  UViQg  RQO\  CRXQWV  (QR  QRUPaOi]aWiRQ)  iV  VXUSUiViQgO\ 

 effecWiYe,  eVSeciaOO\  aW  ORZeU  VaPSOe  Vi]eV,  ZhiOe  C7FBCL5  aQd  C8FBCL5  iPSURYe 

 SeUfRUPaQce  ZiWh  iQcUeaViQg  VaPSOe  Vi]e.  IQ  facW,  ZheQ  aOO  VaPSOeV  fURP  a  giYeQ  GTE[ 

 WiVVXe  aUe  XVed  (�70  VaPSOeV),  WheUe  iV  QR  VigQificaQW  diffeUeQce  beWZeeQ  C7F  ,  C8F  , 

 C7FBCL5  ,  aQd  C8FBCL5  .  CL5  iV  Whe  Qe[W  beVW  ZRUNfORZ  afWeU  WhRVe  WRS  fRXU.  The  RQO\ 

 RWheU  ZRUNfORZV  WhaW  aUe  eYeU  UaQNed  iQ  Whe  WRS  fiYe  aUe  C7FB:7O  aQd  C8FB:7O  ,  aQd 

 WhaW  WRR  RQO\  aW  ORZ  VaPSOe  Vi]eV  (5±7).  BaVed  RQ  Whe  WiVVXe-aZaUe  VWaQdaUdV, 

 C7FBCL5  iV  Whe  PRVW  effecWiYe  ZRUNfORZ  RQ  aOO  VaPSOe  Vi]eV  e[ceSW  5,  ZheUe  C7F  aQd 

 C8F  aUe  Whe  WRS  ZRUNfORZV  (ASSeQdi[:  )LJ.  $2.�  ).  FRU  Whe  higheVW  WZR  VaPSOe  Vi]eV  (25 

 aQd  40),  C7FBCL5  iV  VXbVWaQWiaOO\  beWWeU  WhaQ  aOO  RWheU  ZRUNfORZV.  The  RQO\  ZRUNfORZV 

 UaQNed  iQ  Whe  WRS  fiYe  iQ  VaPSOe  Vi]eV  5  WhURXgh  40  aUe  C7FBCL5  ,  C8FBCL5  ,  CL5  , 

 C8F,  C7F,  aQd  7PMBCL5  .  C7F  aQd  C8F  aOVR  SeUfRUP  ZeOO  RQ  Whe  SRA  daWa  eYaOXaWed 

 RQ  Whe  QaiYe  VWaQdaUd,  beiQg  Whe  WRS  ZRUNfORZV  iQ  aOO  fiYe  VaPSOe  Vi]e  gURXSV  (  )LJ.  2.5  ). 
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 PeUfRUPaQce  RQ  Whe  WiVVXe-aZaUe  VWaQdaUdV  iV  VOighWO\  PRUe  YaUiabOe,  ZiWh  CRXQWV  ,  CTF  , 

 aQd  CUF  beiQg  WRS  UaQNed  iQ  ORZeU  VaPSOe  Vi]e  gURXSV  aQd  CLR  ,  CUF_CLR  ,  aQd 

 CTF_CLR  SeUfRUPiQg  beWWeU  iQ  Whe  higheVW  VaPSOe  Vi]e  gURXS  (ASSeQdi[:  )LJ.  $2.�  ). 

 AgaiQ,  iW  iV  cOeaU  WhaW  CTF  aQd  CUF  aUe  VXSeUiRU  PeWhRdV,  ZiWh  CLR  iPSURYiQg 

 SeUfRUPaQce iQ VeOecW caVeV. 

 SaPSOe  ViPiOaUiW\  aQd  Uead  cRXQW  diYeUViW\  aQaO\VeV  VhRZ  ViPiOaU  UeVXOWV  WR  WhRVe  fURP 

 VaPSOe  Vi]e  aQaO\ViV.  WheQ  eYaOXaWiQg  Whe  GTE[-UeVaPSOed  daWa  RQ  Whe  QaiYe 

 VWaQdaUd,  CTF  iV  aOPRVW  aOZa\V  VigQificaQWO\  beWWeU  WhaQ  eYeU\  RWheU  ZRUNfORZ  acURVV  aOO 

 gURXSV,  ZhiOe  eYaOXaWiQg  RQ  Whe  WiVVXe-aZaUe  gROd  VWaQdaUdV  UaQNV  CTF_CLR  aV  Whe  WRS 

 ZRUNfORZ  PRVW  cRQViVWeQWO\  (  )LJ.  2.5  ,  ASSeQdi[:  )LJ.  $2.�  ).  IQ  bRWh  VWaQdaUdV,  CTF  , 

 CUF  ,  CLR  ,  CTF_CLR  ,  CUF_CLR  aQd  CRXQWV  aUe  Whe  ZRUNfORZV  cRQViVWeQWO\  VhRZiQg 

 XS  iQ  Whe  WRS  fiYe  UaQNV.  The  SRA  QeWZRUNV  eYaOXaWed  RQ  eiWheU  VWaQdaUd  haYe  CTF  , 

 CUF  ,  aQd  CRXQWV  VhRZiQg  XS  iQ  Whe  WRS  WhUee  UaQNV  acURVV  PRVW  gURXSV,  ZiWh  CLR  , 

 CTF_CLR  ,  aQd  CUF_CLR  PaNiQg  XS  PRVW  Rf  Whe  RWheU  ZRUNfORZV  iQ  Whe  WRS  fiYe  UaQNV 

 (  )LJ. 2.5  , ASSeQdi[:  )LJ. $2.�  ). 

 TiVVXe  iV  Whe  facWRU  WhaW  VhRZV  Whe  PRVW  YaUiabiOiW\  iQ  WeUPV  Rf  ZhaW  PaNeV  XS  Whe  WRS 

 ZRUNfORZV,  eVSeciaOO\  ZheQ  eYaOXaWiQg  RQ  WiVVXe-aZaUe  gROd  VWaQdaUdV.  ThiV  iV  dXe  iQ 

 SaUW  WR  Whe  facW  WhaW  VSOiWWiQg  e[SeUiPeQWV  b\  WiVVXe  UeVXOWV  iQ  Whe  VPaOOeVW  gURXSV,  PaNiQg 

 VigQificaQce  PRUe  difficXOW  WR  deWecW.  NeYeUWheOeVV,  Whe  WRS  ZRUNfORZV  fURP  Whe  aQaO\VeV 

 Rf  RWheU  facWRUV  VWiOO  haYe  Whe  beVW  RYeUaOO  SeUfRUPaQce  acURVV  aOO  WiVVXeV.  IQ  Whe 

 GTE[-UeVaPSOed  daWa,  CTF  iV  Whe  WRS-UaQNed  ZRUNfORZ  PRVW  RfWeQ  baVed  RQ  Whe  QaiYe 

 gROd  VWaQdaUd.  CUF  aQd  CRXQWV  aUe  aOPRVW  aOZa\V  iQ  Whe  WRS  fiYe  PRVW  VigQificaQW 
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 ZRUNIORZV,  ZKLOH  CTFBCLR  ,  CUFBCLR  ,  DQG  CLR  VKRZ  XS  RIWHQ.  :KHQ  HYDOXDWHG  RQ 

 WLVVXH-DZDUH  JROG  VWDQGDUGV,  CTF,  CLR,  DQG  CTFBCLR  DUH  UDQNHG  QXPEHU  RQH  PRUH 

 IUHTXHQWO\  WKDQ  DQ\  RWKHU  ZRUNIORZ,  EXW  WKH\  DUH  QRW  DV  FRQVLVWHQW  DV  CTF  LQ  WKH  QDLYH 

 VWDQGDUG.  CUF  DQG  CUFBCLR  DUH  WKH  RWKHU  WRS-SHUIRUPLQJ  ZRUNIORZV,  EXW  D  KDQGIXO  RI 

 RWKHU  ZRUNIORZV  HQWHU  WKH  WRS  ILYH  UDQNV  LQ  DW  OHDVW  D  IHZ  WLVVXHV.  FRU  SRA,  RQO\  WLVVXHV 

 WKDW  KDG  PRUH  WKDQ  ILIWHHQ  VHSDUDWH  H[SHULPHQWV  ZHUH  XVHG  LQ  WKH  VLJQLILFDQFH  DQDO\VLV 

 (ASSHQGL[:  FLJ.  A2.1  ).  OQ  WKH  QDLYH  VWDQGDUG,  CUF  ,  CTF  ,  RU  CRXQWV  ZHUH  DOZD\V  WKH 

 PRVW  VLJQLILFDQW  ZRUNIORZ  LQ  DQ\  JLYHQ  WLVVXH  DQG  CLR  ,  CTFBCLR  ,  DQG  CUFBCLR  ZHUH 

 XVXDOO\  LQ  WKH  WRS  ILYH.  A  VLPLODU  LI  OHVV  FRQVLVWHQW  SDWWHUQ  FDQ  EH  REVHUYHG  IURP  WKH 

 WLVVXH-DZDUH  HYDOXDWLRQV.  7DNHQ  WRJHWKHU,  WKHVH  UHVXOWV  VXJJHVW  WKDW  WKH  WRS-SHUIRUPLQJ 

 PHWKRGV  DUH  ODUJHO\  UREXVW  WR  FRPPRQ  H[SHULPHQWDO  IDFWRUV  WKDW  YDU\  IURP  H[SHULPHQW 

 WR  H[SHULPHQW.  7KLV  SURSHUW\  LV  FULWLFDO  EHFDXVH,  WR  EH  SUDFWLFDOO\  EHQHILFLDO,  WKH  EHVW 

 ZRUNIORZ  IRU  FRQVWUXFWLQJ  FRH[SUHVVLRQ  QHWZRUNV  VKRXOG  UHVXOW  LQ  DFFXUDWH  FRH[SUHVVLRQ 

 QHWZRUNV LUUHVSHFWLYH RI YDULDWLRQV LQ WKHVH H[SHULPHQWDO IDFWRUV. 

 IPSaFW RI YaU\LQJ aOLJQPHQW aQG FRXQWV TXaQWLILFaWLRQ SHUIRUPaQFH RI ZRUNIORZV 

 SR  IDU,  RXU  DQDO\VLV  KDV  FRQVLGHUHG  GDWDVHWV  IURP  WKH  UHFRXQW2  GDWDEDVH.  7KLV  KDV 

 DOORZHG  XV  WR  HYDOXDWH  WKH  SHUIRUPDQFH  RI  HDFK  ZRUNIORZ  RQ  D  ODUJH,  GLYHUVH  VHW  RI 

 GDWDVHWV  ZKLFK  KDYH  EHHQ  XQLIRUPO\  DOLJQHG  DQG  WUDQVIRUPHG  LQWR  JHQH  FRXQWV. 

 HRZHYHU,  WKLV  EHJV  WKH  TXHVWLRQ  RI  ZKHWKHU  WKH  REVHUYHG  UHVXOWV  ± HVSHFLDOO\  WKH  WRS 

 SHUIRUPDQFH  RI  CTF  ,  CUF  ,  DQG  CRXQWV  ± ZRXOG  KROG  ZKHQ  GLIIHUHQW  PHWKRGV  IRU  UHDG 

 DOLJQPHQW  DQG  FRXQWV  TXDQWLWDWLRQ  DUH  XVHG.  7R  GHWHUPLQH  ZKHWKHU  WKLV  LV  WKH  FDVH,  ZH 

 PDWFKHG  DV  PDQ\  RI  RXU  UHFRXQW2  SRA  GDWDVHWV  DV  SRVVLEOH  WR  WKRVH  IURP  UHILQH.ELR 
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 [25]  ,  aQRWKeU  RNA-VeT  UeSRVLWRU\  WKaW  XVeV  cRPSOeWeO\  dLIIeUeQW  PeWKRdV  IRU  aOLJQPeQW 

 aQd  TXaQWLILcaWLRQ.  TKLV  WXUQed  RXW  WR  be  186  daWaVeWV  LQ  WKe  QaLYe  eYaOXaWLRQ  aQd  163  RI 

 WKRVe  cRXOd  be  eYaOXaWed  ZLWK  a  WLVVXe-aZaUe  VWaQdaUd.  UQIRUWXQaWeO\,  GTE[  daWa  LV  QRW 

 aYaLOabOe  IURP  UeILQe.bLR.  IQ  WKLV  QeZ  aQaO\VLV,  Ze  OeIW  RXW  WKe  ZRUVW  SeUIRUPLQJ  PeWKRdV 

 LQ  eacK  WeVWed  caWeJRU\,  L.e.,  RPKM,  QNT,  aQd  WTO  IRU  ZLWKLQ-VaPSOe  QRUPaOL]aWLRQ, 

 beWZeeQ-VaPSOe  QRUPaOL]aWLRQ,  aQd  QeWZRUN  WUaQVIRUPaWLRQ,  UeVSecWLYeO\.  TKLV  OeaYeV  XV 

 ZLWK 14 ZRUNIORZV WR eYaOXaWe RQ WKe UeILQe.bLR daWaVeWV. 

 FLJXUH  2.6.  OYHUaOO  SHUIRUPaQFH  RI  ZRUNIORZV  aQG  SaLUZLVH-FRPSaULVRQ  XVLQJ  UHILQH.ELR  GaWaVHWV. 

 The  bo[plots  shoZ  the  aggregate  accXrac\  of  all  coe[pression  netZorks  resXlting  from  each  indiYidXal 

 ZorkfloZ  Xsing  SRA  datasets  in  refine.bio,  eYalXated  based  on  the  tissXe-naiYe  gold  standard.  The 

 performance  of  each  ZorkfloZ  is  presented  as  bo[plots  (ZithoXt  oXtliers)  that  sXmmari]es  the 

 log2(aXPRC/prior)  of  each  ZorkfloZ,  Zhere  aXPRC  is  the  area  Xnder  the  precision  recall  cXrYe  (see 

 Methods  ).  The  ZorkfloZs  are  ordered  b\  their  median  log2(aXPRC/prior).  The  heatmap  shoZs  the 

 relatiYe  performance  of  pairs  of  ZorkfloZs  (roZs  and  colXmns)  compared  to  each  other  for  the  refine.bio 
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 FLJXUH 2.6. (cRQW¶G) 

 SRA  daWaVeWV  baVed  on  Whe  WiVVXe-naiYe  gold  VWandaUd.  The  coloU  in  each  cell  (UoZ,  colXmn)  UeSUeVenWV 

 Whe  SUoSoUWion  of  daWaVeWV  foU  Zhich  Whe  ZoUkfloZ  along  Whe  UoZ  haV  a  higheU  log2(aXPRC/SUioU)  Whan  Whe 

 ZoUkfloZ  along  Whe  colXmn.  ComSaUiVonV  WhaW  aUe  VWaWiVWicall\  VignificanW  (coUUecWed  S  <  0.01)  baVed  on  a 

 SaiUed  Wilco[on  WeVW  aUe  maUked  ZiWh  an  aVWeUiVk.  )LJXUH  $2.8  conWainV  WheVe  SloWV  baVed  on  Whe 

 WiVVXe-aZaUe gold VWandaUd. 

 IQ  WKH  QDLYH  HYDOXDWLRQ,  CTF  ,  CUF  ,  DQG  CRXQWV  DUH  RQFH  DJDLQ  WKH  WRS-WLHU  ZRUNIORZV. 

 HRZHYHU,  WKH  CUF  ZRUNIORZ  VLJQLILFDQWO\  RXWSHUIRUPV  WKH  RWKHU  WZR  DFURVV  DOO  GDWDVHWV 

 (  )LJ.  2.6  ).  7KH  VHFRQG  WLHU  FRQVLVWV  RI  CTFBCLR  ,  CUFBCLR  ,  DQG  CLR,  WKRXJK  LW  LV  QRW 

 TXLWH  DV  ZHOO  VHSDUDWHG  IURP  WKH  UHPDLQLQJ  ZRUNIORZV.  7KH  WLVVXH-DZDUH  HYDOXDWLRQ 

 VKRZV  PXFK  OHVV  VHSDUDWLRQ  EHWZHHQ  CUF  ,  CTF  ,  CRXQWV,  CTFBCLR  ,  CUFBCLR  ,  DQG 

 CLR  LQ  WHUPV  RI  RYHUDOO  SHUIRUPDQFH  PHDVXUHG  E\  ORJ  2  (DX35C/SULRU),  EXW  CTF  DQG  CUF 

 VLJQLILFDQWO\  RXWSHUIRUP  PRUH  ZRUNIORZV  WKDQ  DQ\  RWKHU  (ASSHQGL[:  )LJ.  $2.�  ).  IQ 

 VXPPDU\,  ZH  UHSOLFDWHG  WKH  UDQNLQJ  RI  FRH[SUHVVLRQ  ZRUNIORZV  XVLQJ  5NA-VHT  GDWD 

 SURFHVVHG ZLWK DQ HQWLUHO\ GLIIHUHQW SLSHOLQH IRU DOLJQPHQW DQG TXDQWLILFDWLRQ. 

 7KH  JHQHUDO  WUHQGV  SUHVHQWHG  DERYH  DUH  DOO  EDVHG  RQ  QHWZRUN  DFFXUDF\  PHDVXUHG  XVLQJ 

 D  PHWULF  EDVHG  RQ  WKH  DUHD  XQGHU  WKH  SUHFLVLRQ-UHFDOO  FXUYH  (ORJ  2  (DX35C/SULRU)).  7KHVH 

 WUHQGV  DOVR  KROG  ZKHQ  QHWZRUN  DFFXUDF\  LV  PHDVXUHG  XVLQJ  SUHFLVLRQ  DW  ORZ  UHFDOO, 

 ZKLFK  IRFXVHV  RQ  PD[LPL]LQJ  WKH  QXPEHU  RI  IXQFWLRQDO  JHQH  SDLUV  DPRQJ  WKH 

 KLJK-VFRULQJ  JHQH  SDLUV  LQVWHDG  RI  IRFXVLQJ  RQ  UHFRYHULQJ  DOO  IXQFWLRQDO  JHQH  SDLUV.  3XW 

 DQRWKHU  ZD\,  WKH  WUHQGV  GHVFULEHG  DERYH  KROG  HYHQ  ZKHQ  D  WKUHVKROG  LV  DSSOLHG  WR  WKH 

 FRH[SUHVVLRQ  QHWZRUN  WR  UHWDLQ  MXVW  WKH  KLJK-VFRULQJ  JHQH  SDLUV  IRU  VXEVHTXHQW  DQDO\VLV. 

 FRU  WKH  VDNH  RI  FRPSOHWLRQ,  ZH  KDYH  DOVR  HYDOXDWHG  DOO  QHWZRUNV  XVLQJ  WKH  DUHD  XQGHU 
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 WKH  ROC  cXUYH  (aXROC).  AOO  WKHVH  UHVXOWV  baVHd  RQ  WKUHH  dLIIHUHQW  HYaOXaWLRQ  PHWULcV 

 (ORJ  2  (aXPRC/SULRU),  SUHcLVLRQ  aW  20%  UHcaOO,  aQd  aXROC)  aUH  aYaLOabOH  aV  a 

 cRQVROLdaWHd  ZHbSaJH  aW  KWWSV://NULVKQaQOab.JLWKXb.LR/RNAVHT_cRH[SUHVVLRQ  WKaW 

 UHVHaUcKHUV  caQ  H[SORUH  WR  HaVLO\  H[aPLQH  WKH  SHUIRUPaQcH  RI  YaULRXV  ZRUNIORZV  baVHd 

 RQ WKH SURSHUWLHV RI WKHLU RNA-VHT daWaVHW. 

 DLVFXVVLRQ 

 DHVSLWH  WKH  XWLOLW\  aQd  JURZLQJ  SRSXOaULW\  RI  cRH[SUHVVLRQ  aQaO\VLV  RI  RNA-VHT  daWa, 

 UHOaWLYHO\  OLWWOH  IRcXV  KaV  bHHQ  dHYRWHd  WR  LdHQWLI\LQJ  WKH  RSWLPaO  daWa  QRUPaOL]aWLRQ  aQd 

 QHWZRUN  WUaQVIRUPaWLRQ  PHWKRdV  WKaW  UHVXOW  LQ  accXUaWH  RNA-VHT-baVHd  cRH[SUHVVLRQ 

 QHWZRUNV.  HHUH,  ZH  SUHVHQW  WKH  PRVW  cRPSUHKHQVLYH  aQaO\VLV  RI  WKH  HIIHcWV  RI 

 cRPPRQO\-XVHd  WHcKQLTXHV  IRU  RNA-VHT  daWa  QRUPaOL]aWLRQV  aQd  QHWZRUN 

 WUaQVIRUPaWLRQ  RQ  JHQH  cRH[SUHVVLRQ  QHWZRUN  accXUac\  (  )LJ.  2.1  ).  WH  LPSOHPHQWHd  36 

 QHWZRUN-bXLOdLQJ  ZRUNIORZV  ±  RQH  IRU  HYHU\  cRPbLQaWLRQ  RI  ZLWKLQ-VaPSOH  QRUPaOL]aWLRQ, 

 bHWZHHQ-VaPSOH  QRUPaOL]aWLRQ,  aQd  QHWZRUN  WUaQVIRUPaWLRQ  PHWKRdV  ±  aQd  ZH  UaQ  HacK 

 ZRUNIORZ  RQ  KXQdUHdV  RI  RNA-VHT  daWaVHWV  IURP  GTE[  aQd  SRA.  TKH  UHVXOWLQJ 

 cRH[SUHVVLRQ  QHWZRUNV  ZHUH  HYaOXaWHd  XVLQJ  bRWK  NQRZQ  WLVVXH-QaLYH  aQd  WLVVXH-aZaUH 

 JHQH  IXQcWLRQaO  UHOaWLRQVKLSV  WR  HQVXUH  WKaW  WKH  QHWZRUNV  ZHUH  WHVWHd  IRU  caSWXULQJ  QRW 

 MXVW  JHQHULc  JHQH  LQWHUacWLRQV  bXW  aOVR  LQWHUacWLRQV  UHOHYaQW  WR  WKH  WLVVXH  XQdHU 

 cRQVLdHUaWLRQ  (ASSHQdL[:  )LJ.  A2.9,  )LJ.  A2.10  ).  TKH  HYaOXaWLRQV  VKHd  OLJKW  RQ  VHYHUaO 

 NH\  aVSHcWV  RI  WKH  LPSacW  RI  ZLWKLQ-VaPSOH  QRUPaOL]aWLRQ,  bHWZHHQ-VaPSOH 

 QRUPaOL]aWLRQ,  aQd  QHWZRUN  WUaQVIRUPaWLRQ  PHWKRdV  (aQd  WKHLU  LQWHUSOa\)  RQ  WKH  accXUac\ 

 RI WKH UHVXOWLQJ cRH[SUHVVLRQ QHWZRUNV. 
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 IPSaFW RI ZLWKLQ-VaPSOH QRUPaOL]aWLRQ 

 WLWKLQ-VaPSOH  QRUPaOL]aWLRQ  ± cRPPRQO\  H[HcXWHG  b\  cRQYHUWLQJ  JHQH  cRXQWV  WR  CPM, 

 RPKM,  RU  TPM  ± cRUUHcWV  IRU  IacWRUV  VXcK  aV  OLbUaU\  VL]H  aQG  JHQH  OHQJWK.  AV  JHQH 

 OHQJWK  bLaVHV  bRWK  JHQH  cRXQWV  aQG  WKHLU  GRZQVWUHaP  aQaO\VLV  [26]  ,  LW  LV  QRW  YHU\ 

 VXUSULVLQJ  WKaW  TPM  XVXaOO\  RXWSHUIRUPV  CPM,  aV  CPM  RQO\  cRUUHcWV  IRU  OLbUaU\  VL]H  aQG 

 QRW  JHQH  OHQJWK.  HRZHYHU,  WKH  RUGHU  LQ  ZKLcK  JHQH-OHQJWK  aQG  OLbUaU\-VL]H  cRUUHcWLRQ  aUH 

 cRPbLQHG  aSSHaUV  WR  bH  LPSRUWaQW.  FRU  H[aPSOH,  VWXGLHV  KaYH  VKRZQ  WKaW  RPKM,  ZKLcK 

 ILUVW  cRUUHcWV  IRU  OLbUaU\  VL]H  aQG  WKHQ  IRU  JHQH  OHQJWK,  LV  LQIHULRU  WR  RWKHU  PHWKRGV  LQ 

 GLIIHUHQWLaO  H[SUHVVLRQ  aQaO\VLV  aQG  LV  QRW  UHcRPPHQGHG  [13±15]  .  SRPH  VWXGLHV  KaYH 

 aOVR  QRWHG  WKaW  XVLQJ  RPKM  GRHV  QRW  QHcHVVaULO\  WaNH  aZa\  WKH  OHQJWK  bLaV  LQ  JHQH 

 H[SUHVVLRQ  aQG  caQ  bH  XQGXO\  LQIOXHQcHG  b\  UHOaWLYHO\  IHZ  WUaQVcULSWV  [13,27]  .  TPM  ZaV 

 SURSRVHG  aV  aQ  LPSURYHPHQW  RYHU  RPKM  b\  ILUVW  cRUUHcWLQJ  IRU  OHQJWK  aQG  WKHQ  b\ 

 OLbUaU\  VL]H.  TKXV,  WKH  UHVXOWLQJ  H[SUHVVLRQ  YaOXHV  PRUH  accXUaWHO\  UHIOHcW  WKH  ³UHOaWLYH 

 PROaU  cRQcHQWUaWLRQ´  RI  aQ  RNA  WUaQVcULSW  LQ  WKH  VaPSOH  [28]  .  TPM  QRUPaOL]aWLRQ  VcaOHV 

 HYHU\  VaPSOH  WR  WKH  VaPH  WRWaO  RNA  abXQGaQcH  (L.H.  WKH  VaPH  WRWaO  VXP  RI  TPM 

 YaOXHV).  TKXV,  JHQH  H[SUHVVLRQ  acURVV  VaPSOHV  bHcRPHV  PRUH  cRPSaUabOH  ZKHQ  TPM 

 QRUPaOL]HG  WKaQ  ZKHQ  RPKM  QRUPaOL]HG.  CRQVLVWHQW  ZLWK  WKHVH  SUHYLRXV  VWXGLHV,  ZH 

 ILQG  WKaW  RPKM  JHQHUaOO\  UHVXOWV  LQ  ORZHU-SHUIRUPLQJ  cRH[SUHVVLRQ  QHWZRUNV  aQG  WKaW 

 TPM  cRQVLVWHQWO\  RXWSHUIRUPV  CPM  aQG  RPKM,  aQG  caQ  HYHQ  RccaVLRQaOO\  SHUIRUP 

 bHWWHU  WKaQ  WKH  JHQHUaO  WRS-SHUIRUPHUV  CTF  aQG  CUF.  FLQaOO\,  VLQcH  a  QXPbHU  RI 

 WHcKQLcaO  aQG  bLRORJLcaO  IacWRUV  aIIHcW  WKH  VL]H  aQG  PaNHXS  RI  WKH  VaPSOH  OLbUaU\,  TPM 

 KaV  bHHQ  IRXQG  WR  bH  PRVW  HIIHcWLYH  ZKHQ  cRPSaULQJ  VaPSOHV  IURP  WKH  VaPH  WLVVXH 
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 W\Se  aQd  e[SeULPeQW  [29]  .  TKLV  RbVeUYaWLRQ  cRXOd  e[SOaLQ  WKe  JRRd  SeUfRUPaQce  Rf  TPM 

 LQ  RXU  ZRUN  ZKeUeLQ  RQO\  VaPSOeV  ZLWKLQ  a  daWaVeW  aUe  cRPSaUed  aQd  aQaO\]ed  WRJeWKeU 

 WR cRQVWUXcW a cRe[SUeVVLRQ QeWZRUN. 

 IPSaFW RI EHWZHHQ-VaPSOH QRUPaOL]aWLRQ 

 Ne[W,  RXU  UeVXOWV  UeLQfRUce  WKe  e[SecWaWLRQ  WKaW  beWZeeQ-VaPSOe  QRUPaOL]aWLRQ  (XVLQJ 

 WecKQLTXeV  VXcK  aV  CTF  aQd  CUF)  OeadV  WR  WKe  OaUJeVW  LPSURYePeQW  LQ  cRe[SUeVVLRQ 

 accXUac\.  TKeVe  PeWKRdV  aUe  deVLJQed  WR  PaNe  e[SUeVVLRQ  YaOXeV  acURVV  VaPSOeV 

 PRUe  cRPSaUabOe  WR  RQe  aQRWKeU,  aQ  aVSecW  cULWLcaO  fRU  cRe[SUeVVLRQ  aQaO\VLV.  HRZeYeU, 

 QNT,  a  beWZeeQ-VaPSOe  QRUPaOL]aWLRQ  PeWKRd  WKaW  LV  PRVW  cRPPRQO\  XVed  ZLWK 

 PLcURaUUa\  daWa,  SeUfRUPV  YeU\  SRRUO\  fRU  RNA-VeT  daWa.  TKLV  LV  OLNeO\  becaXVe  QNT 

 fRUceV  WKe  dLVWULbXWLRQ  Rf  VaPSOeV  WR  be  e[acWO\  WKe  VaPe,  PeaQLQJ  WKaW  eacK  JeQe  YaOXe 

 LV  fRUced  WR  be  a  SaUWLcXOaU  TXaQWLOe  YaOXe.  CRQVeTXeQWO\,  LW  dReV  QRW  VXLW  VLWXaWLRQV 

 ZKeUe  WKeUe  WUXO\  aUe  dLffeUeQW  QXPbeUV  Rf  JeQeV  WKaW  aUe  e[SUeVVed  RXWVLde  Rf  WKe 

 W\SLcaO  UaQJeV  acURVV  VaPSOeV  [8,30]  ,  aQ  effecW  WKaW  LV  fXUWKeU  e[aceUbaWed  LQ  RNA-VeT 

 daWa  becaXVe  LW  KaV  a  OaUJeU  d\QaPLc  UaQJe  WKaQ  PLcURaUUa\  daWa.  GeQeV  ZLWK  e[WUePe 

 YaOXeV  ZRXOd  QRW  LQfOXeQce  CTF  RU  CUF  QRUPaOL]aWLRQ  becaXVe  WKe\  aUe  e[SOLcLWO\ 

 e[cOXded  fURP  WKe  caOcXOaWLRQ  Rf  adMXVWPeQW  facWRUV.  CTF  VSecLfLcaOO\  fLQdV  a  VXbVeW  Rf 

 JeQeV  WKaW  aUe  SURbabO\  QRW  dLffeUeQWLaOO\  e[SUeVVed  beWZeeQ  VaPSOeV  WR  PaNe  JeQe 

 YaOXeV  cRPSaUabOe  acURVV  WKe  eQWLUe  JURXS,  ZKLOe  CUF  XVeV  RQO\  WKe  XSSeU  TXaUWLOe 

 JeQe  YaOXeV  WR  adMXVW  VaPSOeV.  TKLV  PaNeV  bRWK  QRUPaOL]aWLRQV  URbXVW  WR  a  QXPbeU  Rf 

 KLJKO\  RU  ORZO\  e[SUeVVed  JeQeV.  HRZeYeU,  OaUJe-VcaOe  cKaQJeV  LQ  JeQe  e[SUeVVLRQ  RU 

 KLJK  aPRXQWV  Rf  aV\PPeWU\,  e.J.  a  OaUJe  dLffeUeQce  LQ  WKe  QXPbeU  Rf  JeQeV  e[SUeVVed 
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 DERYH  WKH  W\SLFDO  UDQJH  YHUVXV  H[SUHVVHG  EHORZ  WKH  W\SLFDO  UDQJH,  YLRODWH  WKHVH 

 DVVXPSWLRQV  [8]  .  IQ  RXU  WHVW  FDVHV,  CTF  DQG  CUF  SHUIRUPHG  WKH  EHVW,  EXW  LW  LV  SRVVLEOH 

 WKDW  YLRODWLRQ  RI  WKHLU  EDVH  DVVXPSWLRQV  PD\  RFFXU  LQ  VSHFLILF  GLVHDVH  FRQGLWLRQV  RU 

 H[WHUQDO  SHUWXUEDWLRQV,  OHDGLQJ  WR  D  VLJQLILFDQW  GHFUHDVH  LQ  WKHLU  SHUIRUPDQFHV.  TKH 

 UHODWLYHO\  ORZHU  SHUIRUPDQFH  RI  TMM  DQG  UQ,  ZKLFK  DUH  HVVHQWLDOO\  CTF  DQG  CUF  ZLWK 

 OLEUDU\  VL]H  FRUUHFWLRQ,  LPSO\  WKDW  OLEUDU\  VL]H  FRUUHFWLRQ  LV  QRW  WKH  PRVW  KHOSIXO 

 QRUPDOL]DWLRQ  VWUDWHJ\  IRU  EXLOGLQJ  FRH[SUHVVLRQ  QHWZRUNV  EDVHG  RQ  OLQHDU  FRUUHODWLRQ 

 PHDVXUHV.  AV  QRWHG  EHORZ,  PHDVXUHV  VXFK  DV  PHDUVRQ  FRUUHODWLRQ  DXWRPDWLFDOO\  LQFOXGH 

 D  VWDQGDUGL]DWLRQ  RI  JHQH  H[SUHVVLRQ  DFURVV  VDPSOHV,  ZKLFK  FRXOG  H[SODLQ  ZK\ 

 DGGLWLRQDO  OLEUDU\  VL]H  FRUUHFWLRQ  PD\  QRW  EH  QHHGHG.  TKLV  LPSOLFDWLRQ  LV  DOVR  VXSSRUWHG 

 E\ WKH  CRXQWV  ZRUNIORZ RXWSHUIRUPLQJ ZLWKLQ-VDPSOH QRUPDOL]DWLRQ ZRUNIORZV. 

 ,PSDFW RI QHWZRUN WUDQVIRUPDWLRQ 

 NHWZRUN  WUDQVIRUPDWLRQ  LV  ZKHUH  WKHUH  LV  PRVW  GLVDJUHHPHQW  EHWZHHQ  GTE[  DQG  SRA 

 GDWD.  CLR  ZDV  WKH  EHVW  QHWZRUN  WUDQVIRUPDWLRQ  PHWKRG  IRU  GTE[  GDWD,  ZKLOH  GRLQJ  QR 

 WUDQVIRUPDWLRQ  RI  WKH  FRH[SUHVVLRQ  YDOXHV  JDYH  WKH  EHVW  UHVXOWV  IRU  SRA  GDWD.  TKH  PRVW 

 SURQRXQFHG  IDFWRU  WKDW  H[SODLQV  WKLV  GLIIHUHQFH  LV  VDPSOH  VL]H.  TKH  PHGLDQ  VDPSOH  VL]H 

 RI  SRA  GDWDVHWV  LV  12,  ZKLOH  WKDW  RI  GTE[  GDWDVHWV  LV  197.  OQO\  IRXU  GTE[  GDWDVHWV 

 KDYH  OHVV  WKDQ  70  VDPSOHV  (ASSHQGL[:  FLJ.  A2.1  ).  FXUWKHUPRUH,  GTE[  UHVDPSOLQJ 

 DQDO\VLV  VKRZHG  WKDW  CTF_CLR  DQG  CUF_CLR  LPSURYH  ZLWK  LQFUHDVLQJ  VDPSOH  VL]H  RQ 

 WKH  QDLYH  VWDQGDUG  (  FLJ.  2.5  )  DQG  WR  D  OHVVHU  H[WHQW  RQ  WKH  WLVVXH-DZDUH  VWDQGDUGV 

 (ASSHQGL[:  FLJ.  A2.7  )  VLQFH  CLR  WHQGHG  WR  DOUHDG\  KDYH  EHWWHU  SHUIRUPDQFH  LQ  JHQHUDO 

 RQ  WLVVXH-DZDUH  VWDQGDUGV  WKDQ  RQ  WKH  QDLYH  JROG  VWDQGDUG.  FRU  HDFK  JHQH  SDLU,  CLR 
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 adMXVWV  WKe  edJe  ZeLJKW  baVed  RQ  LWV  YaOXe  LQ  UeOaWLRQ  WR  WKe  dLVWULbXWLRQ  Rf  edJe  ZeLJKWV 

 fRU  WKe  LQdLYLdXaO  JeQeV  LQ  WKaW  SaLU  WR  aOO  RWKeU  JeQeV  LQ  WKe  QeWZRUN.  SR,  RXU  K\SRWKeVLV 

 LV  WKaW  KaYLQJ  a  OaUJeU  VaPSOe  VL]e  UeVXOWV  LQ  a  beWWeU  eVWLPaWe  Rf  eacK  edJe  ZeLJKW  aV 

 ZeOO  aV  WKe  dLVWULbXWLRQ  Rf  edJe  ZeLJKWV  fRU  eacK  JeQe,  ZKLcK  LQ  WXUQ  LQcUeaVeV  CLR¶V 

 accXUac\.  SXSSRUWLQJ  WKLV  K\SRWKeVLV,  RWKeU  VWXdLeV  KaYe  QRWed  aQ  aVVRcLaWLRQ  beWZeeQ 

 OaUJeU  VaPSOe  VL]e  aQd  PRUe  accXUaWe  cRe[SUeVVLRQ  QeWZRUNV  [18,27]  ,  aQd  VXbVeTXeQW 

 QeWZRUN  WUaQVfRUPaWLRQ  ZLWK  CLR  [31]  .  WTO,  RQ  WKe  RWKeU  KaQd,  SeUfRUPV  SRRUO\  fRU 

 bRWK  GTE[  aQd  SRA  daWa.  WTO  adMXVWV  WKe  edJe  ZeLJKW  beWZeeQ  JeQe  SaLUV  baVed  RQ 

 ZKeWKeU  WKe\  VKaUe  VWURQJ  cRQQecWLRQV  WR  WKe  VaPe  VeW  Rf  JeQeV  LQ  WKe  QeWZRUN. 

 TKeUefRUe,  ZKLOe  CLR  UeOLeV  RQ  VXPPaU\  VWaWLVWLcV  (PeaQ  aQd  VWaQdaUd  deYLaWLRQ)  Rf 

 edJe  dLVWULbXWLRQV  WR  adMXVW  WKe  edJe  ZeLJKW  beWZeeQ  eacK  JeQe  SaLU,  WTO  UeOLeV  RQ  WKe 

 acWXaO,  OLNeO\  QRLV\,  cRe[SUeVVLRQ  YaOXeV,  ZKLcK  Pa\  cRQWULbXWe  WR  LWV  LQfeULRU 

 SeUfRUPaQce.  IW  LV  aOVR  SRVVLbOe  WKaW  CLR¶V  VWUaWeJ\  PRUe  effecWLYeO\  deaOV  ZLWK  WKe 

 PeaQ-cRUUeOaWLRQ  UeOaWLRQVKLS  bLaV,  RU  WKe  RbVeUYaWLRQ  WKaW  KLJKO\  e[SUeVVed  JeQeV  WeQd 

 WR  be  PRUe  KLJKO\  cRe[SUeVVed,  b\  caSWXULQJ  WKeP  aV  VXPPaU\  VWaWLVWLcV,  ZLWKRXW  UeO\LQJ 

 RQ  WKe  facW  WKaW  eacK  Rf  WKe  cRUUeOaWLRQ  eVWLPaWeV  aUe  cRUUecW  [32,33]  .  TKLV  Pa\,  LQ  WXUQ, 

 e[SOaLQ  ZK\  CLR  WeQdV  WR  SeUfRUP  beWWeU  RQ  WLVVXe-aZaUe  JROd  VWaQdaUdV  WKaQ  RQ  RXU 

 QaLYe  JROd  VWaQdaUdV,  VLQce  JeQeV  WKaW  aUe  XbLTXLWRXVO\  e[SUeVVed  (aQd  WKeUefRUe 

 LQYROYed LQ JeQeUaO, WLVVXe-QaLYe LQWeUacWLRQV) WeQd WR be PRUe KLJKO\ e[SUeVVed  [34]  . 

 IPSacW RI GaWa WUaQVIRUPaWLRQ 

 RNA-VeT  daWa  aQaO\VeV  W\SLcaOO\  beQefLW  fURP  a  daWa  WUaQVfRUPaWLRQ  WKaW  VWabLOL]eV  WKe 

 YaULaQce  acURVV  PeaQ  YaOXeV,  L.e.  UeQdeUV  WKe  daWa  PRUe  KRPRVNedaVWLc,  becaXVe,  LQ  LWV 
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 XQWUaQVIRUPHG  IRUP,  WKH  H[SHFWHG  YaULaQFH  JURZV  ZLWK  WKH  PHaQ  IRU  JHQH  FRXQWV  [35]  .  A 

 VWaQGaUG  SURFHGXUH  ZKHQ  ZRUNLQJ  ZLWK  RNA-VHT  (RU  HYHQ  PLFURaUUa\)  GaWa  IRU  HLWKHU 

 GLIIHUHQWLaO  H[SUHVVLRQ  aQaO\VLV  RU  FRH[SUHVVLRQ  aQaO\VLV  LV  WR  ORJ  WUaQVIRUP  JHQH 

 FRXQWV.  SLQFH  JHQH  FRXQWV  IRU  VHYHUaO  JHQHV  FaQ  bH  ]HUR,  WKH  W\SLFaO  PaQQHU  LQ  ZKLFK 

 ORJ  WUaQVIRUPaWLRQ  LV  aSSOLHG  WR  RNA-VHT  GaWa  LV  WR  aGG  a  SVHXGRFRXQW  (RI  1,  IRU 

 H[aPSOH)  WR  HYHU\  JHQH¶V  FRXQW  (Va\,  µ[¶)  bHIRUH  WaNLQJ  WKH  ORJ  (L.H.  ORJ([  +  1)).  HRZHYHU, 

 aGGLQJ  a  FRQVWaQW  SVHXGRFRXQW  WR  aOO  JHQHV  LV  GLVaGYaQWaJHRXV  bHFaXVH  ORZ  JHQH 

 FRXQWV  aUH  GLVSURSRUWLRQaWHO\  LQFUHaVHG  FRPSaUHG  WR  KLJK  JHQH  FRXQWV  bHIRUH  ORJ 

 WUaQVIRUPaWLRQ  (H.J.,  1  +  1  LV  a  100%  LQFUHaVH  IRU  a  JHQH  FRXQW  RI  1,  bXW  941  +  1  LV 

 aOPRVW  a  QHJOLJLbOH  LQFUHaVH).  TKH  K\SHUbROLF  aUFVLQH  (aVLQK)  WUaQVIRUPaWLRQ  ± ORJ(  [  + 

 ¥([  2  +  1)  )  ±  PLWLJaWHV  WKLV  HIIHFW  [36]  .  TKH  aVLQK  IXQFWLRQ  LV  GHILQHG  aORQJ  WKH  HQWLUH  UHaO 

 QXPbHU  OLQH  aQG  FLUFXPYHQWV  WKH  QHHG  IRU  SUHGHILQLQJ  a  FRQVWaQW  SVHXGRFRXQW  aQG 

 LQVWHaG  FaOFXOaWHV  a  SVHXGRFRXQW  IRU  HaFK  JHQH  WKaW  LV  SURSRUWLRQaO  WR  WKaW  JHQH¶V 

 RULJLQaO  FRXQW.  TKHUHIRUH,  LW  KaV  a  FRPSUHVVLRQ  HIIHFW  OLNH  WKH  QaWXUaO  ORJ  IXQFWLRQ  bXW 

 PXFK  OHVV  VR  IRU  VPaOO  YaOXHV  RI  [  [37]  .  DXH  WR  WKLV  aGYaQWaJH,  HaFK  RI  RXU  ZRUNIORZV 

 XVHV  WKH  aVLQK  WUaQVIRUPaWLRQ.  HRZHYHU,  VLQFH  aVLQK  KaV  QRW  bHHQ  H[SOLFLWO\  WHVWHG 

 bHIRUH  (WR  WKH  bHVW  RI  RXU  NQRZOHGJH),  ZH  aQaO\]HG  WKH  LPSaFW  RI  WKLV  WUaQVIRUPaWLRQ  RQ 

 WKH  FRH[SUHVVLRQ  QHWZRUN  aFFXUaF\.  WH  ILQG  WKaW  WKH  aVLQK  WUaQVIRUPaWLRQ  \LHOGV  aQ 

 LPSURYHPHQW  LQ  SHUIRUPaQFH  RYHU  QR  GaWa  WUaQVIRUPaWLRQ  IRU  RXU  WRS  WHQ  ZRUNIORZV  LQ 

 GTE[  aQG  SRA  GaWaVHWV  (ASSHQGL[:  )LJ.  $2.11  ).  IW  LV  ZRUWK  QRWLQJ  WKaW  WKH  CRXQWV 

 ZRUNIORZ  SHUIRUPV  ZHOO  GHVSLWH  QRW  LQFRUSRUaWLQJ  aQ\  ZLWKLQ-  RU  bHWZHHQ-VaPSOH 

 QRUPaOL]aWLRQ  bXW  RQO\  aQ  aVLQK  WUaQVIRUPaWLRQ.  WH  VSHFXOaWH  WKaW  WKLV  JRRG 
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 SeUfRUPaQce  LV  dXe  WR  WKe  YaULaQce  VWabLOL]aWLRQ  SURYLded  b\  WKe  aVLQK  WUaQVfRUPaWLRQ 

 aORQJ  ZLWK  WKe  acURVV-VaPSOe  QRUPaOL]aWLRQ  Rf  JeQe  e[SUeVVLRQ  YecWRUV  LQKeUeQW  ZLWKLQ 

 WKe caOcXOaWLRQ Rf WKe PeaUVRQ cRUUeOaWLRQ cReffLcLeQW. 

 TKe  SRSXOaU  R  SacNaJe  fRU  dLffeUeQWLaO  e[SUeVVLRQ  aQaO\VLV,  DESeT2  [35]  ,  RffeUV  WZR 

 RWKeU  daWa  WUaQVfRUPaWLRQV  fRU  JeQe  cRXQWV:  YaULaQce  VWabLOL]LQJ  WUaQVfRUPaWLRQ  (VST) 

 [38]  aQd  UeJXOaUL]ed  ORJaULWKP  WUaQVfRUPaWLRQ  (UORJ)  [35]  .  BRWK  WUaQVfRUPaWLRQV  aUe 

 VLPLOaU  WR  WKe  ORJ  WUaQVfRUPaWLRQ  Rf  adMXVWed  cRXQWV  aORQJ  ZLWK  a  SVeXdRcRXQW  SaUaPeWeU 

 WKaW  LV  cKRVeQ  LQ  a  daWa-dULYeQ  PaQQeU.  TKeVe  WUaQVfRUPaWLRQV  cRQVLdeU 

 beWZeeQ-VaPSOe  effecWV  OLNe  OLbUaU\  VL]e  aQd  aUe  deVLJQed  WR  RQO\  be  XVed  RQ  cRXQWV 

 daWa  aV  SaUW  Rf  caOcXOaWLQJ  dLffeUeQWLaO  JeQe  e[SUeVVLRQ.  NeYeUWKeOeVV,  WKeVe 

 WUaQVfRUPaWLRQV  cRXOd  LQ  WKeRU\  be  aSSOLed  WR  cRe[SUeVVLRQ  aQaO\VLV.  HeQce,  Ze 

 cRPSaUed  aVLQK,  VST,  aQd  UORJ  aORQJ  ZLWK  WKeLU  cRPbLQaWLRQV  ZLWK  QeWZRUN 

 WUaQVfRUPaWLRQ  PeWKRdV  aQd  fRXQd  WKaW  aVLQK  LV  WKe  beVW  WUaQVfRUPaWLRQ  fRU  cRe[SUeVVLRQ 

 aQaO\VLV  LQ  RXU  aOO  eYaOXaWLRQV  (ASSeQdL[:  FLJ.  A2.12±2.15  ).  TKe  VST  aQd  UORJ  Pa\ 

 SeUfRUP  beWWeU  ZKeQ  VXSSOLed  ZLWK  VaPSOe  JURXS  LQfRUPaWLRQ.  TKeUefRUe,  Ze  dR  QRW 

 UecRPPeQd  WKe  XVe  Rf  eLWKeU  WUaQVfRUPaWLRQ  LQ  DESeT2  fRU  OaUJe-VcaOe  aSSOLcaWLRQ  WR 

 SXbOLcO\-aYaLOabOe RNA-VeT daWaVeWV fRU cRe[SUeVVLRQ aQaO\VLV. 

 5HFRPPHQGDWLRQV IRU EXLOGLQJ FRH[SUHVVLRQ QHWZRUNV IURP 51A-VHT GDWD 

 B\  cRQVWUXcWLQJ  cRe[SUeVVLRQ  QeWZRUNV  fRU  dLYeUVe  daWaVeWV  fURP  bRWK  GTE[  aQd  SRA, 

 Ze  ZeUe  abOe  WR  eYaOXaWe  ZRUNfORZV  RQ  OaUJe,  KRPRJeQeRXV  daWaVeWV  aV  ZeOO  aV  VPaOOeU, 

 KeWeURJeQeRXV  daWaVeWV  WR  LdeQWLf\  PeWKRdV  WKaW  aUe  URbXVW  WR  dLffeULQJ  WecKQLcaO  aQd 

 bLRORJLcaO  facWRUV.  AOWKRXJK  WKeUe  LV  VRPe  YaULaWLRQ  LQ  SeUfRUPaQce  beWZeeQ  GTE[  aQd 
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 SRA  GaWa,  aQG  VOLJKWO\  PRUH  YaULaWLRQ  LQWURGXcHG  b\  WLVVXH-aZaUH  JROG  VWaQGaUGV,  PaQ\ 

 WUHQGV  aUH  cRQVLVWHQW  acURVV  GaWaVHWV  aQG  HYaOXaWLRQV.  BaVHG  RQ  aOO  RXU  UHVXOWV,  ZH 

 PaNH  WKH  IROORZLQJ  UHcRPPHQGaWLRQV  IRU  bXLOGLQJ  cRH[SUHVVLRQ  QHWZRUNV  IURP  RNA-VHT 

 GaWa XVLQJ PHaUVRQ RU SSHaUPaQ cRUUHOaWLRQ: 

 Ɣ  II  JHQH  cRXQWV  aUH  aYaLOabOH,  XVH  CTF  RU  CUF  WR  QRUPaOL]H  WKH  GaWa.  TKH\ 

 cRQVLVWHQWO\  JLYH  WKH  bHVW  SHUIRUPaQcH  UHJaUGOHVV  RI  YaULRXV  IacWRUV.  BHWZHHQ  WKH 

 WZR,  CTF  VHHPV  WR  bH  VOLJKWO\  PRUH  cRQVLVWHQW  LQ  \LHOGLQJ  WRS  SHUIRUPaQcH.  EYHQ 

 WKRXJK  QR  QRUPaOL]aWLRQ  (  CRXQWV  )  OHaGV  WR  JRRG  SHUIRUPaQcH  LQ  RXU  VWXG\,  aSSO\LQJ 

 WKH  aGGLWLRQaO  QRUPaOL]aWLRQ  VWHS  LV  SUXGHQW  WR  HQVXUH  URbXVWQHVV  aJaLQVW  YaULabLOLWLHV 

 VSHcLILc WR a QHZ GaWaVHW. 

 Ɣ  II  GaWa  LV  RQO\  aYaLOabOH  aIWHU  ZLWKLQ-VaPSOH  QRUPaOL]aWLRQ,  XVH  TPM  IRU  cRH[SUHVVLRQ 

 aQaO\VLV.  DaWa  LQ  CPM  aQG  RPKM  XQLWV  caQ  bH  HaVLO\  cRQYHUWHG  WR  TPM.  TPM 

 RXWSHUIRUPV CPM aQG RPKM aQG \LHOGV cRQVLVWHQWO\ UHaVRQabOH SHUIRUPaQcH. 

 Ɣ  AIWHU  QRUPaOL]aWLRQ,  SHUIRUP  ORJ  WUaQVIRUPaWLRQ  (XVLQJ  aVLQK)  aQG  caOcXOaWH 

 cRH[SUHVVLRQ XVLQJ PHaUVRQ cRUUHOaWLRQ cRHIILcLHQW. 

 Ɣ  II  WKH  GaWaVHW  KaV  JUHaWHU  WKaQ  40  VaPSOHV,  XVH  CLR  WR  WUaQVIRUP  WKH  SaLUZLVH  JHQH 

 cRUUHOaWLRQV.  CLR  Pa\  aOVR  KHOS  cHUWaLQ  caVHV  ZKHUH  WKH  PaLQ  LQWHUHVW  LV  LQWHUacWLRQV 

 WKaW aUH VSHcLILc WR a JLYHQ WLVVXH. 

 Ɣ  QNT  aQG  WTO  KXUW  SHUIRUPaQcH  LQ  cRPbLQaWLRQ  ZLWK  HYHU\  RWKHU  PHWKRG,  LQ  aOO 

 caVHV, aQG VKRXOG QRW bH XVHG. 

 TR  HQabOH  UHVHaUcKHUV  WR  H[SORUH  aOO  RXU  aQaO\VHV  LQ  a  VWUHaPOLQHG  PaQQHU  aQG  ILQG  WKH 

 UHVXOWV  PRVW  UHOHYaQW  WR  WKHLU  RZQ  RNA-VHT  GaWaVHWV  RI  LQWHUHVW,  ZH  KaYH  PaGH  WKHP 
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 aYaLOabOH  LQ  a  ULFK  ZHbSaJH  ZULWWHQ  ZLWK  R  MaUNGRZQ.  TKH  ZHbSaJH  FaQ  bH  IRXQG  aW 

 KWWSV://NULVKQaQOab.JLWKXb.LR/RNAVHT_FRH[SUHVVLRQ  . 

 PRWHQWLaO IXWXUH aSSOLcaWLRQV aQG H[WHQVLRQV 

 GRLQJ  IRUZaUG,  ZH  FaQ  OHYHUaJH  WKLV  FRPSUHKHQVLYH  bHQFKPaUNLQJ  IUaPHZRUN  IRU 

 FRH[SUHVVLRQ  aQaO\VLV  WR  aQVZHU  QHZHU  aQG  VXbWOHU  TXHVWLRQV  abRXW  GaWa  TXaOLW\  aQG 

 VaPSOH  FRPSRVLWLRQ.  FRU  H[aPSOH,  PaQ\  VWXGLHV  KaYH  IRXQG  WKaW  UHPRYLQJ  XQZaQWHG 

 YaULaWLRQ,  L.H.  QRLVH  FaXVHG  b\  WHFKQLFaO  UaWKHU  WKaQ  bLRORJLFaO  IaFWRUV,  LQ  WKH  RNA-VHT 

 GaWa  KaV  OHG  WR  LPSURYHPHQWV  LQ  GRZQVWUHaP  aQaO\VLV  LQFOXGLQJ  WKH  FaOFXOaWLRQ  RI 

 FRH[SUHVVLRQ  QHWZRUNV  [39,40]  .  SXFK  FRUUHFWLRQV  aUH  RIWHQ  GRQH  XVLQJ  SVD-baVHG 

 PHWKRGV,  LQFOXGLQJ  UHPRYLQJ  WKH  ILUVW  (RU  WKH  ILUVW  IHZ)  SULQFLSaO  FRPSRQHQWV.  HRZHYHU, 

 FaXWLRQ  PXVW  bH  WaNHQ  ZKHQ  XVLQJ  WKHVH  PHWKRGV  aV  WKH\  Pa\  HaVLO\  UHPRYH  bLRORJLFaO 

 VLJQaOV  IURP  WKH  GaWa  [41]  ,  HVSHFLaOO\  LQ  W\SLFaO  VPaOO-WR-PHGLXP-VL]HG  GaWaVHWV 

 SURGXFHG  b\  PRVW  UHVHaUFK  OabV  (H.J.  UHSUHVHQWHG  LQ  SRA).  FXWXUH  ZRUN  XVLQJ  RXU 

 IUaPHZRUN  FRXOG  KHOS  OHaUQ  WKH  JXLGHOLQHV  IRU  GHFLGLQJ  ZKLFK  aQG  KRZ  PaQ\  IaFWRUV  WR 

 UHPRYH  ZKLOH  FaUHIXOO\  FRQVLGHULQJ  WKH  YaULRXV  SURSHUWLHV  RI  WKH  GaWa  aQG  WKH  bLRORJLFaO 

 RbMHFWLYH  RI  WKH  aQaO\VLV.  FRU  LQVWaQFH,  RQH  FRXOG  H[SORUH  LI  GLIIHUHQW  WLVVXHV  PLJKW  bH 

 VHQVLWLYH  WR  GLIIHUHQW  WHFKQLFaO  IaFWRUV;  VLJQaO  IURP  bORRG  LV  RIWHQ  KHaYLO\  LQIOXHQFHG  b\ 

 WKH  OaUJH  YaULaWLRQ  LQ  FHOO  W\SH  FRPSRVLWLRQ  bXW  WKH  bUaLQ  LV  PXFK  PRUH  JUHaWO\  aIIHFWHG 

 b\  WKH  SRVW-PRUWHP-LQWHUYaO  [42]  .  AQRWKHU  UHOaWHG  aQG  RSHQ  TXHVWLRQ  LV  KRZ  FHOO  W\SH 

 FRPSRVLWLRQ  LQIOXHQFHV  JHQH  FRH[SUHVVLRQ  FaOFXOaWHG  IURP  bXON  WLVVXH  GaWa.  SRPH 

 VWXGLHV  KaYH  FRQFOXGHG  WKaW  JHQH  FRH[SUHVVLRQ  QHWZRUNV  aUH  KHaYLO\  FRQIRXQGHG  b\ 

 WKLV  IaFWRU  [43,44]  ,  ZKLOH  RWKHUV  KaYH  VKRZQ  WKaW  FRH[SUHVVLRQ  GHULYHG  IURP  VLQJOH-FHOO 
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 GaWa  LV  YHU\  VLPLOaU  WR  bXON  cRH[SUHVVLRQ  [45,46]  .  FLQaOO\,  a  VLPLOaU  IUaPHZRUN  cRXOG  aOVR 

 bH  XVHG  WR  H[SORUH  WKH  bHVW  SURcHGXUH  IRU  bXLOGLQJ  cRH[SUHVVLRQ  QHWZRUNV  IURP 

 VLQJOH-cHOO  RNA-VHT  GaWa,  ZKLcK  KaV  aQ  HQWLUHO\  GLIIHUHQW  VHW  RI  cKaOOHQJHV  [47]  WKaW  caOO 

 IRU aQ HQWLUHO\ VHSaUaWH bHQcKPaUNLQJ HIIRUW. 

 CRQFOXVLRQV 

 WH  KaYH  SHUIRUPHG  aQ  H[WHQVLYH  bHQcKPaUNLQJ  aQG  aQaO\VLV  RI  KRZ  GaWa  QRUPaOL]aWLRQ 

 aQG  QHWZRUN  WUaQVIRUPaWLRQ  LPSacW  WKH  accXUac\  RI  cRH[SUHVVLRQ  QHWZRUNV  bXLOW  IURP 

 RNA-VHT  GaWaVHWV.  BaVHG  RQ  WKLV  ZRUN,  ZH  KaYH  aUULYHG  aW  cRQcUHWH  UHcRPPHQGaWLRQV 

 RQ  URbXVW  SURcHGXUHV  WKaW  ZLOO  JHQHUaOO\  OHaG  WR  bHVW  cRH[SUHVVLRQ  QHWZRUNV. 

 SSHcLILcaOO\,  XVLQJ  CRXQWV  aGMXVWPHQW  ZLWK  TMM  FacWRUV  (CTF)  aQG  CRXQWV  aGMXVWPHQW 

 ZLWK  USSHU  TXaUWLOH  FacWRUV  (CUF)  QRUPaOL]aWLRQV  WR  cRQVWUXcW  cRH[SUHVVLRQ  QHWZRUNV 

 UHVXOWV  LQ  WKH  PRVW  cRQVLVWHQWO\  KLJK  accXUac\  QHWZRUNV,  aQG  XVLQJ  CLR  WR  WUaQVIRUP  WKH 

 QHWZRUN  caQ  IXUWKHU  LQcUHaVH  accXUac\  LQ  VHOHcW  caVHV.  AOO  WKH  UHVXOWV  IURP  WKLV  VWXG\ 

 ± IRU  GTE[,  SRA,  aQG  GTE[  UHVaPSOLQJ  GaWaVHWV,  baVHG  RQ  WLVVXH-QaLYH  aQG 

 WLVVXH-aZaUH  JROG  VWaQGaUG,  XVLQJ  WKUHH  GLIIHUHQW  HYaOXaWLRQ  PHWULcV  ±  aUH  aYaLOabOH  aV  a 

 cRQVROLGaWHG ZHbSaJH aW  KWWSV://NULVKQaQOab.JLWKXb.LR/RNAVHT_cRH[SUHVVLRQ  . 

 RHVHaUcKHUV  caQ  XVH  WKLV  ZHbVLWH  WR  HaVLO\  H[aPLQH  WKH  SHUIRUPaQcH  RI  YaULRXV 

 ZRUNIORZV  aQG  PaNH  aSSURSULaWH  cKRLcHV  IRU  cRH[SUHVVLRQ  aQaO\VLV  baVHG  RQ  WKH 

 SURSHUWLHV  RI  WKHLU  RNA-VHT  GaWaVHW  RI  LQWHUHVW.  AOO  WKH  VcULSWV  WR  UHSURGXcH  RXU  UHVXOWV 

 aUH  aYaLOabOH  aW  KWWSV://JLWKXb.cRP/NULVKQaQOab/RNAVHT_cRH[SUHVVLRQ  [55],  aORQJ  ZLWK 

 VcULSWV  WKaW  UHVHaUcKHUV  caQ  XVH  WR  cUHaWH  cRH[SUHVVLRQ  QHWZRUNV  IURP  WKHLU  GaWaVHWV  RI 
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 LQWHUHVW.  FLQaOO\,  aOO  WKH  FRH[SUHVVLRQ  QHWZRUNV  FRQVWUXFWHG  LQ  WKLV  VWXG\  aUH  aYaLOabOH  aW 

 KWWSV://GRL.RUJ/10.5281/]HQRGR.5510567  [56]. 

 MHWKRGV 

 DDWD CROOHFWLRQ 

 RHaG  FRXQWV  IRU  bRWK  SRA  aQG  GTE[  GaWaVHWV  ZHUH  GRZQORaGHG  IURP  WKH  UHFRXQW2 

 GaWabaVH  [19]  aQG  SURFHVVHG  VHSaUaWHO\.  RHFRXQW2  aOLJQV  aOO  VHTXHQFHG  UHaGV  XVLQJ 

 RaLO-RNA,  ZKLFK  HOLPLQaWHV  WKH  HIIHFW  RI  XVLQJ  GLIIHUHQW  aOLJQPHQW  VRIWZaUH  RQ  VHSaUaWH 

 H[SHULPHQWV.  WH  RbWaLQHG  SRA  GaWa  IRU  aQ\  WLVVXH  ZLWK  aW  OHaVW  ILYH  VHSaUaWH 

 H[SHULPHQWV  WKaW  HaFK  KaG  aW  OHaVW  ILYH  VaPSOHV.  TKH  VHW  RI  VaPSOHV  IURP  HaFK 

 H[SHULPHQW  (SURMHFW)  ZaV  FRQVLGHUHG  aV  aQ  LQGLYLGXaO  GaWaVHW  IURP  ZKLFK  FRH[SUHVVLRQ 

 QHWZRUNV  aUH  LQIHUUHG  (RQH  QHWZRUN  SHU  GaWaVHW).  II  a  JLYHQ  H[SHULPHQW  KaG  VaPSOHV 

 IURP  PXOWLSOH  WLVVXHV,  WKH  VaPSOHV  ZHUH  GLYLGHG  LQWR  PXOWLSOH  GaWaVHWV  WKaW  HaFK  FRQWaLQ 

 VaPSOHV  IURP  WKH  VaPH  WLVVXH  WR  \LHOG  543  FaQGLGaWH  SRA  GaWaVHWV.  WH  GRZQORaGHG  aOO 

 aYaLOabOH GTE[ GaWa, ZKLFK ZaV a WRWaO RI 9,657 VaPSOHV IURP 31 WLVVXHV. 

 PUHSURFHVVLQJ 

 AV  a  IRUP  RI  TXaOLW\  FRQWURO,  ZH  H[FOXGHG  H[SHULPHQWV  WKaW  UHFRXQW2  LGHQWLILHG  aV  KaYLQJ 

 a  PLVUHSRUWHG  SaLUHG-HQG  VWaWXV.  E[SHULPHQWV  WKaW  FRQWaLQHG  ³FHOO  OLQH´,  ³FHOOO  OLQH´, 

 ³SaVVaJH´,  ³FXOWXUHG  FHOOV´,  RU  ³FHOO  FXOWXUH´  LQ  WKH  FKaUaFWHULVWLFV  PHWaGaWa  ZHUH  aOVR 

 UHPRYHG  VR  aV  WR  UHWaLQ  SULPaU\  WLVVXH  VaPSOHV,  ZKLFK  OHIW  341  SRA  GaWaVHWV.  NH[W,  ZH 

 GLVFaUGHG  ORZ-FRYHUaJH  VaPSOHV  WKaW  KaG  ]HUR  H[SUHVVLRQ  (FRXQWV)  LQ  aW  OHaVW  KaOI  RI  aOO 

 JHQHV  RI  LQWHUHVW  (OQFRNA,  aQWLVHQVH  RNA,  aQG  SURWHLQ-FRGLQJ  JHQHV),  aQG 

 VXbVHTXHQWO\  H[FOXGHG  HQWLUH  GaWaVHWV  WKaW  QR  ORQJHU  FRQWaLQHG  ILYH  RU  PRUH  VaPSOHV. 
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 AQ\  daWaVeW  WKaW  Kad  a  VaPSOe  UePRYed  XQdeU  WKLV  cULWeULa  ZaV  QRW  UeWaLQed  dXe  WR 

 dURSSLQJ  beORZ  ILYe  VaPSOeV.  ReWaLQLQJ  RQO\  WLVVXeV  WKaW  VWLOO  Kad  aW  OeaVW  5  VeSaUaWe 

 e[SeULPeQWV  OeIW  256  daWaVeWV.  FLQaOO\,  Ze  UePRYed  JeQeV  ZLWK  YeU\  ORZ  e[SUeVVLRQ 

 acURVV  WKe  bRaUd  b\  ILOWeULQJ  RXW  WKRVe  WKaW  dLd  QRW  KaYe  aW  OeaVW  RQe  Uead  SeU  PLOOLRQ 

 VaPSOe  UeadV  LQ  aW  OeaVW  20%  RI  WKe  VaPSOeV  LQ  aW  OeaVW  RQe  daWaVeW.  TKLV  UeVXOWed  LQ 

 22,084  JeQeV  LQ  WKe  SRA  QeWZRUNV  aQd  20,418  JeQeV  LQ  WKe  GTE[  QeWZRUNV.  OXU 

 ILOWeULQJ  VWeSV  aUe  LQWeQWLRQaOO\  UeOa[ed,  WR  UeWaLQ  aV  PXcK  daWa  aV  SRVVLbOe  ZLWKRXW 

 NeeSLQJ OaUJe aPRXQWV RI cRPSOeWeO\ XQLQIRUPaWLYe daWa. 

 CaOcXOaWLQJ JHQH cRXQWV 

 RecRXQW2  VWRUeV  TXaQWLILed  e[SUeVVLRQ  aV  baVe  SaLU  cRXQWV  SeU  JeQe.  We  cRQYeUWed 

 WKeVe  YaOXeV  LQWR  JeQe  cRXQWV  b\  dLYLdLQJ  WKeVe  baVe  SaLU  SeU  JeQe  cRXQWV  b\  WKe 

 aYeUaJe  Uead  OeQJWK  LQ  WKe  VaPSOe  aQd  accRXQWed  IRU  SaLUed-eQd  Uead  VaPSOeV  b\ 

 IXUWKeU dLYLdLQJ b\ a IacWRU RI WZR. 

 RHILQH.bLR daWa cROOHcWLRQ aQd SURcHVVLQJ 

 TR  eYaOXaWe  WKe  ZRUNIORZV  RQ  RNA-SeT  daWa  SURceVVed  ZLWK  dLIIeUeQW  Uead  aOLJQPeQW 

 aQd  cRXQWV  TXaQWLILcaWLRQ  PeWKRdV,  Ze  PaWcKed  aV  PaQ\  SRA  daWaVeWV  LQ  RXU  ILQaO 

 UecRXQW2  daWa  cRUSXV  aV  SRVVLbOe  WR  daWa  LQ  UeILQe.bLR.  IQ  VRPe  caVeV,  QRW  eYeU\  VaPSOe 

 LQ  a  UecRXQW2  daWaVeW  ZaV  aYaLOabOe  LQ  WKe  UeILQe.bLR  daWabaVe.  II  WKe  QXPbeU  RI  PLVVLQJ 

 VaPSOeV  dURSSed  WKe  daWaVeW  WR  OeVV  WKaQ  5  VaPSOeV,  Ze  dLd  QRW  XVe  WKaW  daWaVeW  WR 

 cRQVWUXcW  a  QeWZRUN.  TKLV  SURcedXUe  bURXJKW  WKe  WRWaO  QXPbeU  RI  XVabOe  UeILQe.bLR 

 daWaVeWV  WR  188,  PRVW  RI  ZKLcK  (120/188)  cRQWaLQed  aOO  RI  WKe  VaPSOeV  WKaW  ZeUe  XVed  LQ 

 WKe  UecRXQW2  daWaVeWV.  TKeVe  daWaVeWV  ZeUe  dRZQORaded  IURP  UeILQe.bLR  aV 
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 XQQRUPaOL]HG  WUaQVFULSW  FRXQWV.  BHFaXVH  VRPH  GaWa  LQ  UHILQH.ELR  ZaV  aOLJQHG  XVLQJ 

 EQVHPEO  UHOHaVH  93  aQG  WKH  UHVW  ZaV  aOLJQHG  XVLQJ  EQVHPEO  UHOHaVH  96,  ZH  ILUVW 

 VXEVHWWHG  aOO  UHILQH.ELR  WUaQVFULSWV  WR  RQO\  WKH  FRPPRQ  WUaQVFULSWV  EHWZHHQ  UHOHaVHV. 

 TKH  WUaQVFULSW  FRXQWV  ZHUH  VXPPHG  WR  JHQH  FRXQWV  (XVLQJ  EQVHPEO  UHOHaVH  96  aQG  WKH 

 ELRPaRW  R  SaFNaJH  [25]  ,  WKHQ  VXEVHW  WR  JHQHV  SUHVHQW  LQ  WKH  UHFRXQW2  GaWa.  OQFH  JHQH 

 FRXQWV  aUH  FaOFXOaWHG,  WKH  UHVW  RI  HaFK  ZRUNIORZ  ZaV  UXQ  H[aFWO\  WKH  VaPH  aV  LW  ZaV  RQ 

 WKH UHFRXQW2 GaWaVHWV. 

 WLWKLQ-VaPSOH QRUPaOL]aWLRQ 

 WLWKLQ-VaPSOH  QRUPaOL]aWLRQ  LV  GHVLJQHG  WR  WUaQVIRUP  WKH  H[SUHVVLRQ  OHYHOV  RI  JHQHV 

 ZLWKLQ  WKH  VaPH  VaPSOH  VR  WKaW  WKH\  FaQ  EH  FRPSaUHG  WR  HaFK  RWKHU.  HHUH,  ZH 

 FRQVLGHUHG  FRXQWV  SHU  PLOOLRQ  (CPM),  WUaQVFULSWV  SHU  PLOOLRQ  (TPM),  aQG  UHaGV  SHU 

 NLOREaVH  PLOOLRQ  (RPKM)  IRU  SHUIRUPLQJ  ZLWKLQ-VaPSOH  QRUPaOL]aWLRQ  RI  WKH  RULJLQaO  UaZ 

 JHQH  FRXQWV  [28,48]  .  NRWH  WKaW  RPKM  LV  aOPRVW  WKH  VaPH  aV  FUaJPHQWV  PHU  KLOREaVH 

 MLOOLRQ  (FPKM),  H[FHSW  FPKM  ZaV  LQWURGXFHG  WR  aFFRPPRGaWH  SaLUHG-HQG  RNA-VHT  VR 

 LW  aFFRXQWV  IRU  WKH  IaFW  WKaW  WZR  UHaGV  FaQ  PaS  EaFN  WR  a  VLQJOH  IUaJPHQW.  WH  aFFRXQW 

 IRU  SaLUHG-HQG  VaPSOHV  ZLWK  FPKM,  EXW  XVH  WKH  WHUP  ³RPKM´  WKURXJKRXW  WKH 

 PaQXVFULSW.  TKHVH  WKUHH  Za\V  RI  QRUPaOL]LQJ  FRXQWV  aUH  YHU\  FRPPRQO\  XVHG  LQ 

 RNA-VHT  aQaO\VLV  aQG  aFFRXQW  IRU  OLEUaU\  VL]H  aQG  JHQH/WUaQVFULSW  OHQJWK  LQ  GLIIHUHQW 

 Za\V.  CPM  FRUUHFWV  IRU  OLEUaU\  VL]H  (H[SUHVVHG  LQ  PLOOLRQ  FRXQWV)  VR  WKaW  HaFK  FRXQW  LV 

 H[SUHVVHG  aV  a  SURSRUWLRQ  RI  WKH  WRWaO  QXPEHU  UHaGV  LQ  WKH  VaPSOH.  TPM  aQG  RPKM  aUH 

 VLPLOaU  PHWKRGV  WKaW  FRUUHFW  IRU  ERWK  OLEUaU\  VL]H  aQG  JHQH  OHQJWK.  EaFK  JHQH  FRXQW  LV 

 GLYLGHG  E\  ERWK  WKH  OHQJWK  RI  WKH  JHQH  aQG  WKH  VXP  RI  FRXQWV  LQ  WKH  VaPSOH,  EXW  WKHVH 
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 RSHUaWLRQV  aUH  dRQH  LQ  a  dLIIHUHQW  RUdHU.  TPM  dLYLdHV  cRXQWV  b\  JHQH  OHQJWK  (LQ  Nb)  ILUVW 

 WR  JHW  WUaQVcULSW  cRXQWV  aQd  WKHQ  b\  WRWaO  QXPbHU  RI  WUaQVcULSWV  LQ  WKH  VaPSOH,  UHVXOWLQJ 

 LQ  HacK  QRUPaOL]Hd  VaPSOH  KaYLQJ  WKH  VaPH  QXPbHU  RI  WRWaO  cRXQWV.  TKLV  LV  QRW 

 JXaUaQWHHd  IRU  RPKM  VLQcH  LW  cRUUHcWV  HacK  JHQH  cRXQW  IRU  WKH  WRWaO  QXPbHU  RI  UHadV  LQ 

 WKH VaPSOH bHIRUH cRUUHcWLQJ IRU JHQH OHQJWK. 

 BHWZHHQ-VaPSOH QRUPaOL]aWLRQ 

 BHWZHHQ-VaPSOH  QRUPaOL]aWLRQ  WUaQVIRUPV  WKH  H[SUHVVLRQ  OHYHOV  RI  JHQHV  acURVV  a 

 JURXS  RI  VaPSOHV  VR  WKaW  JHQH  cRXQWV  IURP  WKH  VaPH  JHQH  LQ  dLIIHUHQW  VaPSOHV  caQ  bH 

 PRUH  accXUaWHO\  cRPSaUHd  WR  HacK  RWKHU.  WH  WHVWHd  TXaQWLOH  (QNT),  WULPPHd  PHaQ  RI 

 M-YaOXHV  (TMM)  [49]  ,  aQd  XSSHU  TXaUWLOH  (UQ)  QRUPaOL]aWLRQV  [13]  .  IQ  addLWLRQ,  ZH  WHVWHd 

 VLPSOH  cRXQWV  adMXVWPHQW  PHWKRdV  ZH  caOO  CRXQWV  adMXVWHd  ZLWK  TMM  FacWRUV  (CTF) 

 aQd  CRXQWV  adMXVWHd  ZLWK  USSHU  TXaUWLOH  FacWRUV  (CUF).  QXaQWLOH  QRUPaOL]aWLRQ  LV  aQ 

 H[WUHPHO\  SRSXOaU  bHWZHHQ-VaPSOH  QRUPaOL]aWLRQ  IRU  PLcURaUUa\  VaPSOHV.  ASSOLHd  WR 

 RNA-VHT  daWa,  QNT  IRUcHV  WKH  dLVWULbXWLRQ  RI  aOO  JHQH  H[SUHVVLRQ  YaOXHV  WR  bH  H[acWO\ 

 WKH  VaPH  LQ  HacK  VaPSOH.  WH  SHUIRUPHd  TXaQWLOH  QRUPaOL]aWLRQ  RQ  cRXQWV,  CPM,  TPM, 

 aQd  RPKM  XVLQJ  WKH  SUHSURcHVVCRUH  SacNaJH  aYaLOabOH  IURP  BLRcRQdXcWRU,  ZKLcK 

 LPSOHPHQWV  WKH  TXaQWLOH  QRUPaOL]aWLRQ  dHVcULbHd  LQ  BROVWad  HW  aO  [50]  .  TMM  QRUPaOL]HV 

 acURVV  VaPSOHV  b\  ILQdLQJ  a  VXbVHW  RI  JHQHV  ZKRVH  YaULaWLRQ  LV  PRVWO\  dXH  WR  WHcKQLcaO 

 UaWKHU  WKaQ  bLRORJLcaO  IacWRUV,  L.H.  QRW  dLIIHUHQWLaOO\  H[SUHVVHd,  WKHQ  XVLQJ  WKLV  VXbVHW  WR 

 caOcXOaWH  a  VcaOLQJ  IacWRU  WR  adMXVW  HacK  VaPSOH.  IQ  bULHI,  HacK  VaPSOH  LV  cRPSaUHd  WR  a 

 cKRVHQ  UHIHUHQcH  VaPSOH.  A  cHUWaLQ  XSSHU  aQd  ORZHU  SHUcHQWaJH  RI  daWa  baVHd  RQ 

 abVROXWH  LQWHQVLW\  aQd  ORJ-IROd-cKaQJH  UHOaWLYH  WR  WKH  UHIHUHQcH  VaPSOH  LV  UHPRYHd  (b\ 
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 deIaXOW,  5%  IRU  abVROXWe  LQWeQVLW\  aQd  30%  IRU  ORJ-IROd-cKaQJe)  aQd  WKe  ORJ-IROd-cKaQJeV 

 RI  WKe  UePaLQLQJ  VeW  RI  JeQeV  aUe  XVed  WR  caOcXOaWe  a  VLQJOe  VcaOLQJ  IacWRU  IRU  WKe 

 QRQ-UeIeUeQce  VaPSOeV.  UQ  QRUPaOL]aWLRQ  ILUVW  UePRYeV  aOO  ]eUR-cRXQW  JeQeV  aQd 

 caOcXOaWeV  a  VcaOLQJ  IacWRU  IRU  eacK  VaPSOe  WR  PaWcK  WKe  75%  TXaQWLOe  RI  WKe  cRXQWV  LQ 

 aOO  WKe  VaPSOeV.  IQ  bRWK  TMM  aQd  UQ,  WKe  VcaOLQJ  IacWRUV  aUe  Pade  WR  PXOWLSO\  WR  RQe 

 beIRUe  WKe\  aUe  XVed  WR  adMXVW  WKe  OLbUaU\  VL]eV  RI  eacK  VaPSOe.  TKeVe  adMXVWed  OLbUaU\ 

 VL]eV  aUe  WKeQ  XVed  LQ  SOace  RI  WKe  RULJLQaO  OLbUaU\  VL]e  IRU  a  caOcXOaWLRQ  RWKeUZLVe 

 LdeQWLcaO  WR  CPM.  We  XVed  WKe  edJeR  SacNaJe  [51]  WR  caOcXOaWe  TMM  aQd  UQ  VcaOLQJ 

 IacWRUV.  TKeVe  IacWRUV  ZeUe  aOVR  XVed  IRU  CTF  aQd  CUF,  UeVSecWLYeO\,  ZKeUe  WKe\  VeUYed 

 aV a dLYLVRU IRU eacK JeQe cRXQW LQ WKe SURSeU VaPSOe. 

 GHQH W\SH ILOWHULQJ 

 We  cKRVe  WR  NeeS  RQO\  ORQJ  RNA  JeQe  W\SeV  (PRNA  (SURWeLQ-cRdLQJ),  OQcRNA, 

 aQWLVeQVe  RNA)  aV  WKRVe  aUe  WKe  PRVW  cRPPRQ  JeQe  W\SeV  XVed  LQ  cRe[SUeVVLRQ 

 aQaO\VLV  aQd  VKRUWeU  UeadV  PaNe  PaSSLQJ  aQd  LdeQWLILcaWLRQ  PRUe  dLIILcXOW  [52,53]  .  TKe 

 e[cOXded  JeQe  W\SeV  (PRVWO\  VKRUW  RNAV)  aUe  aOVR  XQOLNeO\  WR  VKRZ  XS  LQ  RXU  IXQcWLRQaO 

 JROd  VWaQdaUd  aV  WKeUe  LV  YeU\  OLWWOe  IXQcWLRQaO  LQIRUPaWLRQ  abRXW  WKeVe  JeQe  W\SeV. 

 TKeUeIRUe, UeOaWLRQVKLSV beWZeeQ JeQeV RI WKeVe W\SeV aUe KaUdeU WR eYaOXaWe. 

 DDWD TUDQVIRUPDWLRQ 

 A  ORJ  WUaQVIRUPaWLRQ  LV  VWaQdaUd  SURcedXUe  ZKeQ  ZRUNLQJ  ZLWK  RNA-VeT  daWa,  aV  WKe 

 e[SecWed  YaULaQce  JURZV  ZLWK  WKe  PeaQ  IRU  JeQe  cRXQWV  [35]  .  A  SVeXdRcRXQW  LV  added 

 WR  WKe  JeQe  cRXQW  beIRUe  WaNLQJ  WKe  ORJ.  We  XVe  WKe  K\SeUbROLc  aUcVLQe  (aVLQK) 

 WUaQVIRUPaWLRQ,  ZKLcK  LV  deILQed  aORQJ  WKe  eQWLUe  UeaO  QXPbeU  OLQe  aQd  cLUcXPYeQWV  WKe 
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 QHHG  IRU  SUHGHILQLQJ  D  FRQVWDQW  SVHXGRFRXQW  DQG  LQVWHDG  FDOFXODWHV  D  ³SVHXGRFRXQW´ 

 WKDW  LV  SURSRUWLRQDO  WR  WKH  RULJLQDO  JHQH  FRXQW.  TKH  DVLQK  IXQFWLRQ  FRPSUHVVHV  VPDOOHU 

 YDOXHV RI [ OHVV WKDQ D IXQFWLRQ OLNH WKH QDWXUDO ORJDULWKP  [36,37@  . 

 WH  DOVR  FRPSDUHG  DVLQK  WR  YDULDQFH  VWDELOL]LQJ  WUDQVIRUPDWLRQ  (VST)  [38@  DQG 

 UHJXODUL]HG  ORJDULWKP  WUDQVIRUPDWLRQ  (UORJ)  [35@  LPSOHPHQWHG  LQ  WKH  DESHT2  R  SDFNDJH. 

 TKHVH  ZHUH  WHVWHG  RQ  WKH  GTE[  DQG  SRA  GDWDVHWV,  H[FHSW  IRU  WKH  VL[  ODUJHVW  GTE[ 

 GDWDVHWV GXH WR WKH SURKLELWLYHO\ ORQJ UXQQLQJ WLPH RI WKH UORJ WUDQVIRUPDWLRQ. 

 NHWZRUN FRQVWUXFWLRQ 

 A  FRH[SUHVVLRQ  QHWZRUN  ZDV  FRQVWUXFWHG  IRU  HDFK  LQGLYLGXDO  GDWDVHW  E\  FDOFXODWLQJ  WKH 

 PHDUVRQ  FRUUHODWLRQ  FRHIILFLHQW  EHWZHHQ  HYHU\  SDLU  RI  JHQHV  LQ  WKDW  GDWL  µDVHW  XVLQJ  WKH 

 DLVWaQFHU  WRRO  LQ  WKH  SOHLSQLU  C++  OLEUDU\  [54@  .  TKHVH  FRUUHODWLRQV  ZHUH  WUHDWHG  DV  WKH 

 HGJH  ZHLJKW  EHWZHHQ  JHQH  SDLUV.  WH  FKRVH  PHDUVRQ  FRUUHODWLRQ  DV  LW  KDV  EHHQ 

 UHSHDWHGO\  VKRZQ  WR  SURYLGH  D  UREXVW  PHDVXUH  RI  JHQH-JHQH  FRUUHODWLRQV,  HVSHFLDOO\  LQ 

 VPDOO-WR-PHGLXP-VL]HG  GDWDVHWV  WKDW  DUH  SURGXFHG  E\  LQGLYLGXDO  ODERUDWRULHV  [7,55@  . 

 SLQFH  SSHDUPDQ  FRUUHODWLRQ  LV  DOVR  SRSXODU  LQ  FRH[SUHVVLRQ  DQDO\VLV,  ZH  FRPSDUHG 

 WKHVH  WZR  FRUUHODWLRQ  PHWULFV  RQ  RXU  WRS  WHQ  ZRUNIORZV  DQG  IRXQG  WKDW  PHDUVRQ 

 FRUUHODWLRQ  UHVXOWV  LQ  PRUH  DFFXUDWH  FRH[SUHVVLRQ  QHWZRUNV  WKDQ  SSHDUPDQ  FRUUHODWLRQ 

 LQ  ERWK  GTE[  DQG  SRA  GDWDVHWV,  SDUWLFXODUO\  LQ  HQVXULQJ  WKH  DFFXUDF\  RI  WKH  WRS-VFRULQJ 

 HGJHV (ASSHQGL[:  FLJ. A2.16  ). 

 NHWZRUN WUDQVIRUPDWLRQ 

 WH  WHVWHG  WZR  FRPPRQ  PHWKRGV  RI  QHWZRUN  WUDQVIRUPDWLRQ,  ZHLJKWHG  WRSRORJLFDO 

 RYHUODS  (WTO)  [9@  DQG  FRQWH[W  OLNHOLKRRG  RI  UHODWHGQHVV  (CLR)  [10@  ,  WKDW  XVH  GLIIHUHQW 
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 aVSecWV  Rf  QeWZRUN  WRSRORJ\  WR  cRUUecW  WKe  UaZ  cRe[SUeVVLRQ  QeWZRUN.  TKe  JeQeUaO  Ldea 

 Rf  WTO  LV  WR  LQcUeaVe  WKe  edJe  ZeLJKW  beWZeeQ  JeQe  SaLUV  WKaW  VKaUe  a  KLJK  QXPbeU  Rf 

 QeWZRUN  QeLJKbRUV  ZKLOe  dLPLQLVKLQJ  edJe  ZeLJKW  beWZeeQ  JeQe  SaLUV  WKaW  aUe  WLJKWO\ 

 cRQQecWed  WR  YeU\  dLffeUeQW  VeWV  Rf  JeQeV  LQ  WKe  QeWZRUN.  AOO  edJeV  LQ  WKe  UeVXOWLQJ 

 QeWZRUN  ZLOO  KaYe  QRUPaOL]ed  ZeLJKWed  beWZeeQ  ]eUR  aQd  RQe.  CLR  UeZeLJKWV  WKe  edJe 

 fRU  eacK  JeQe  SaLU  (  L  ,  M)  baVed  RQ  KRZ  dLffeUeQW  WKe  RULJLQaO  ZeLJKW  Rf  WKaW  edJe  LV  UeOaWLYe 

 WR  aOO  Rf  WKe  cRQQecWLRQV  WR  JeQe  L  aQd  aOO  cRQQecWLRQV  WR  JeQe  M  (WR  WKe  UeVW  Rf  WKe  JeQeV 

 LQ  WKe  QeWZRUN).  FRU  LQVWaQce,  CLR  ZLOO  XSZeLJKW  aQ  edJe  beWZeeQ  WZR  JeQeV  Lf  WKe  edJe 

 ZeLJKW  LV  KLJK  cRPSaUed  WR  aOO  Rf  WKe  RWKeU  cRQQecWLRQV  Rf  bRWK  JeQeV.  WTO  ZaV 

 LPSOePeQWed  XVLQJ  WKe  ZTO  fXQcWLRQ  ZLWK  WKe  ³VLJQ´  PeWKRd  LQ  WKe  ZTO  SacNaJe  [56] 

 aQd CLR ZaV LPSOePeQWed XVLQJ WKe  DDW2DDE  fXQcWLRQ LQ WKe  SOHLSQLU  C++ OLbUaU\. 

 NHWZRUN HYDOXDWLRQ 

 TKe  JRaO  Rf  cRe[SUeVVLRQ  QeWZRUNV  LV  WR  caSWXUe  WUXe  fXQcWLRQaO  UeOaWLRQVKLSV  beWZeeQ 

 JeQeV  LQ  WKe  ceOOXOaU  cRQWe[W  Rf  WKe  RULJLQaO  daWaVeW.  TKeUefRUe,  Ze  eYaOXaWed  WKe 

 accXUac\  Rf  eacK  cRe[SUeVVLRQ  QeWZRUN  b\  cRPSaULQJ  LW  WR  WZR  JROd  VWaQdaUdV,  RQe 

 UeSUeVeQWLQJ  NQRZQ  JeQeULc  (WLVVXe-QaLYe)  fXQcWLRQaO  UeOaWLRQVKLSV  aQd  WKe  RWKeU 

 UeSUeVeQWLQJ  NQRZQ  WLVVXe-aZaUe  JeQe  fXQcWLRQaO  UeOaWLRQVKLSV.  We  aVVePbOed  WKeVe 

 JROd  VWaQdaUdV  b\  beJLQQLQJ  ZLWK  a  VeW  Rf  PaQXaOO\-VeOecWed  GeQe  OQWRORJ\  BLRORJLcaO 

 PURceVV  (GOBP)  WeUPV  [55,57]  WKaW  ZeUe  deePed  WR  be  VSecLfLc  eQRXJK  WR  be  cRQfLdeQW 

 WKaW  aQ\  JeQeV  cR-aQQRWaWed  WR  WKeP  cRXOd  be  cRQVLdeUed  fXQcWLRQaOO\  UeOaWed  YLa 

 e[SeULPeQWaO  fROORZ-XS  (Vee  SXSSOHPHQWDO  NRWH  LQ  ASSeQdL[).  SSecLfLcaOO\,  cXUaWRUV  ZeUe 

 cRQVLdeULQJ  WKe  TXeVWLRQ  ³Lf  XQNQRZQ  JeQe/SURWeLQ  G  ZeUe  SUedLcWed  WR  be  aQQRWaWed  WR 
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 GOBP  WHUP  T,  ZRXOG  WKaW  bH  HQRXJK  WR  cRQVLGHU  H[SHULPHQWaOO\  WHVWLQJ  WKLV  UHOaWLRQVKLS 

 bHWZHHQ  G  aQG  T?´  TKHQ,  aQ\  SaLU  RI  JHQHV  WKaW  ZHUH  cR-aQQRWaWHG  WR  WKH  VaPH  VSHcLILc 

 GOBP  WHUP  ZaV  VHW  aV  a  SRVLWLYH  HGJH  LQ  WKH  JROG  VWaQGaUG.  WH  RQO\  XVHG  aQQRWaWLRQV 

 baVHG  RQ  H[SHULPHQWaO  (GO  HYLGHQcH  cRGHV:  EXP,  IDA,  IPI,  IMP,  IGI,  TAS)  RU  cXUaWHG 

 HYLGHQcH  (IC).  WH  H[SOLcLWO\  LJQRUHG  JHQH-WHUP  aQQRWaWLRQV  PaGH  baVHG  RQ  H[SUHVVLRQ 

 (GO  HYLGHQcH  cRGH:  IEP)  WR  aYRLG  cLUcXOaULW\  ZKHQ  cRPSaULQJ  cRH[SUHVVLRQ-GHULYHG 

 LQWHUacWLRQV  WR  WKLV  JROG-VWaQGaUG.  WH  QH[W  KaG  WR  GHWHUPLQH  ZKLcK  SaLUV  RI  JHQHV 

 aPRQJ  WKH  RQHV  ZLWK  aW  OHaVW  RQH  SRVLWLYH  HGJH  cRXOG  bH  GHcOaUHG  aV  QHJaWLYH  HGJHV, 

 L.H.,  JHQH  SaLUV  WKaW  aUH  XQOLNHO\  WR  bH  IXQcWLRQaOO\  UHOaWHG  baVHG  RQ  SULRU  NQRZOHGJH.  TR 

 bH  cOHaU,  µSRVLWLYH¶  aQG  µQHJaWLYH¶  aUH  XVHG  KHUH  baVHG  RQ  PacKLQH  OHaUQLQJ  SaUOaQcH  WR 

 LQGLcaWH  LQWHUacWLRQV  aQG  QRQ-LQWHUacWLRQV,  UHVSHcWLYHO\,  aQG  GR  QRW  cRUUHVSRQG  WR  WKH 

 VLJQ  RI  WKH  UHOaWLRQVKLS.  TKLV  Za\,  WKH  WHUPV  aUH  cRQVLVWHQW  ZLWK  KRZ  ZH  UHIHU  WR 

 WUXH/IaOVH  SRVLWLYH/QHJaWLYH  HGJHV.  FROORZLQJ  SUHYLRXV  ZRUN,  ZH  LJQRUHG  JHQH  SaLUV  QRW 

 cR-aQQRWaWHG  WR  aQ\  VSHcLILc  WHUP  bXW  VWLOO  LQWHUacW  ZLWK  PaQ\  RI  WKH  VaPH  JHQHV  LQ  WKH 

 JROG  VWaQGaUG  (GHWHUPLQHG  baVHG  RQ  HacK  bHLQJ  aQQRWaWHG  WR  WZR  GLIIHUHQW  WHUPV  WKaW 

 cRQWaLQHG  YHU\  VLPLOaU  VHWV  RI  JHQHV;  K\SHUJHRPHWULc  WHVW;  S-YaOXH  <0.05).  WH  aOVR 

 LJQRUHG  JHQH  SaLUV  WKaW  ZHUH  QRW  cR-aQQRWaWHG  WR  aQ\  VSHcLILc  WHUP  bXW  ZHUH 

 cR-aQQRWaWHG  WR  cHUWaLQ  JHQHUaO  GOBP  WHUPV,  WKXV  LQWURGXcLQJ  aPbLJXLW\  LQ  ZKHWKHU 

 WKH\  aUH  IXQcWLRQaOO\  UHOaWHG  RU  QRW.  AOO  UHPaLQLQJ  JHQH  SaLUV  ZHUH  cRQVLGHUHG  QHJaWLYHV. 

 WH bXLOW WKH QaLYH JROG VWaQGaUG XVLQJ WKH  AQVZeUeU  IXQcWLRQ LQ WKH  SOeLSQLU  C++ OLbUaU\. 

 WH  cUHaWHG  WKH  WLVVXH-aZaUH  JROG  VWaQGaUGV  IRU  aV  PaQ\  WLVVXHV  aV  SRVVLbOH  b\ 

 VXbVHWWLQJ  WKH  QaLYH  JROG  VWaQGaUG  baVHG  RQ  JHQHV  NQRZQ  WR  bH  VSHcLILcaOO\  H[SUHVVHG 
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 LQ  a  SaUWLcXOaU  WLVVXH.  WH  RbWaLQHG  WLVVXH-aZaUH  JHQHV  IURP  WKH  TISSUES  2.0  GaWabaVH 

 KQRZOHGJH  cKaQQHO  [58]  .  TKH  NQRZOHGJH  cKaQQHO  cRQWaLQV  cXUaWHG  PaQXaO  aQQRWaWLRQV 

 RI  WLVVXH  H[SUHVVLRQ  SURYLGHG  b\  UQLPURWKB.  FRU  a  JLYHQ  WLVVXH,  a  SRVLWLYH  HGJH  IURP  WKH 

 QaLYH  JROG  VWaQGaUG  ZaV  NHSW  LQ  LWV  WLVVXH-aZaUH  VWaQGaUG  LI  bRWK  JHQHV  ZHUH  H[SUHVVHG 

 LQ  WKaW  WLVVXH.  NHJaWLYH  HGJHV  ZHUH  NHSW  LI  bRWK  JHQHV  ZHUH  H[SUHVVHG  LQ  WKaW  WLVVXH,  RU 

 LI  RQH  JHQH  LV  H[SUHVVHG  LQ  WKH  WLVVXH  aQG  WKH  RWKHU  JHQH  LV  H[SUHVVHG  LQ  RQH  RI  WKH 

 RWKHU  WLVVXHV  cRQVLGHUHG.  OQO\  VWaQGaUGV  cRQWaLQLQJ  aW  OHaVW  50  SRVLWLYH  HGJHV  ZHUH 

 XVHG  IRU  HYaOXaWLRQ,  UHVXOWLQJ  LQ  24  WLVVXH-aZaUH  JROG-VWaQGaUGV.  WH  VSHcLILcaOO\ 

 H[cOXGHG  HSLWKHOLXP  IURP  cRQVLGHUaWLRQ  IRU  a  WLVVXH-aZaUH  VWaQGaUG,  aV  WKHUH  LV  QR 

 VWUaLJKWIRUZaUG Za\ WR GHWHUPLQH WKH bRG\ VLWH HacK VaPSOH ZaV WaNHQ IURP. 

 WH  XVHG  WKH  DChecNeU  IXQcWLRQ  LQ  WKH  SOeLSQLU  C++  OLbUaU\  WR  cRPSaUH  HacK 

 cRH[SUHVVLRQ  QHWZRUN  WR  HacK  JROG-VWaQGaUG  aQG  UHWXUQ  WKH  QXPbHU  RI  WUXH  SRVLWLYHV, 

 IaOVH  SRVLWLYHV,  WUXH  QHJaWLYHV,  aQG  IaOVH  QHJaWLYHV  aW  YaULRXV  HGJH  ZHLJKW  WKUHVKROGV. 

 TKHVH  QXPbHUV  ZHUH  XVHG  WR  caOcXOaWH  WKH  aUHa  XQGHU  WKH  SUHcLVLRQ-UHcaOO  cXUYH 

 (aXPRC)  XVLQJ  WKH  WUaS]  IXQcWLRQ  LQ  WKH  SUacPa  SacNaJH.  SLQcH  JHQH  IXQcWLRQaO 

 UHOaWLRQVKLS  JROG-VWaQGaUGV  RI  GLIIHUHQW  WLVVXHV  KaYH  GLIIHUHQW  SURSRUWLRQV  RI  SRVLWLYHV  WR 

 QHJaWLYHV,  WKH  RULJLQaO  aXPRC  VcRUHV  aUH  QRW  GLUHcWO\  cRPSaUabOH  WR  HacK  RWKHU. 

 TKHUHIRUH,  ZH  GLYLGHG  HacK  aXPRC  b\  LWV  ³SULRU´  ±  WKH  aXPRC  RI  a  UaQGRP  SUHGLcWRU, 

 HTXaO  WR  WKH  IUacWLRQ  RI  SRVLWLYHV  aPRQJ  aOO  SRVLWLYH  aQG  QHJaWLYH  HGJHV  ±  aQG 

 H[SUHVVHG  WKH  SHUIRUPaQcH  aV  WKH  ORJaULWKP  RI  WKLV  UaWLR  WR  HQabOH  WLVVXH-WR-WLVVXH 

 cRPSaULVRQV. 
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 TKH  SXSSOHPHQWaO  NRWH  LQ  WKH  ASSHQGL[  cRQWaLQV  PRUH  GHWaLOV  RQ  WKH  L)  JHQH  IXQcWLRQaO 

 UHOaWLRQVKLS  JROG  VWaQGaUG,  LL)  aGGLWLRQaO  JROG  VWaQGaUGV  WKaW  ZH  H[SORUHG  (LQcOXGLQJ 

 VSLNH-LQV  [59,60]  ) aQG WKHLU OLPLWaWLRQV, aQG LLL) caOcXOaWLRQ RI WKH HYaOXaWLRQ PHWULcV. 

 WorkfloZ comparison and anal\sis b\ parWs 

 TR  aVVHVV  ZKHWKHU  WZR  ZRUNIORZV  UHVXOWHG  LQ  cRH[SUHVVLRQ  QHWZRUNV  WKaW  ZHUH 

 VLJQLILcaQWO\  GLIIHUHQW  LQ  TXaOLW\,  ZH  XVHG  a  SaLUHG  WLOcR[RQ  UaQN  VXP  WHVW  WR  cRPSaUH  WKH 

 aXPRC  VcRUHV  acURVV  aOO  cRH[SUHVVLRQ  QHWZRUNV  JHQHUaWHG  b\  WKRVH  WZR  ZRUNIORZV. 

 AIWHU  caOcXOaWLQJ  S-YaOXHV,  ZH  SHUIRUPHG  a  cRUUHcWLRQ  IRU  PXOWLSOH  WHVWLQJ  ZLWK  WKH 

 BHQMaPLQL-HRcKbHUJ  SURcHGXUH  aQG  GHcOaUHG  ZRUNIORZV  ZLWK  FDR  �  0.01  aV  bHLQJ 

 VLJQLILcaQWO\  GLIIHUHQW.  FXUWKHU,  HacK  ZRUNIORZ  LV  a  cRPbLQaWLRQ  RI  PHWKRG  cKRLcHV  aW 

 PXOWLSOH  VWaJHV.  SR,  WR  GHWHUPLQH  WKH  LPSacW  RI  LQcOXGLQJ  a  SaUWLcXOaU  PHWKRG  LQ  a 

 ZRUNIORZ,  ZH  acURVV  aJJUHJaWHG  ZRUNIORZV  WR  caOcXOaWH  WKH  SURSRUWLRQ  RI  WLPHV  WKaW 

 LQcOXGLQJ  a  SaUWLcXOaU  PHWKRG  LQ  a  ZRUNIORZ  UHVXOWHG  LQ  WKH  ZRUNIORZ  bHLQJ  VLJQLILcaQWO\ 

 JUHaWHU  WKaQ  RQH  WKaW  GLG  QRW  LQcOXGH  WKH  PHWKRG.  AV  LW  LV  QRW  SRVVLbOH  WR  GR 

 ZLWKLQ-VaPSOH  QRUPaOL]aWLRQ  aQG  WKHQ  GR  TMM,  UQ,  CTF,  RU  CUF,  aQ\  ZRUNIORZ 

 LQcOXGLQJ  CPM,  TPM,  RU  RPKM  ZaV  H[cOXGHG  ZKHQ  aVVHVVLQJ  bHWZHHQ-VaPSOH 

 QRUPaOL]aWLRQ  PHWKRGV  VR  WKaW  PHWKRG  bHLQJ  cRPSaUHG  WR  HacK  RWKHU  baVHG  RQ  WKH 

 VaPH  QXPbHU  RI  aJJUHJaWHG  ZRUNIORZV.  FRU  VLPLOaU  UHaVRQV,  ZRUNIORZV  LQYROYLQJ  TMM, 

 UQ,  CTF,  RU  CUF  ZHUH  QRW  cRQVLGHUHG  IRU  WKH  aQaO\VLV  RI  ZLWKLQ-VaPSOH  QRUPaOL]aWLRQ 

 PHWKRGV. 
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 GTE[ UHVDPSOLQJ 

 TR  VLPXOaWH  XQLIRUPO\-SURcHVVHd  daWaVHWV  WKaW  KaYH  VaPSOH  VL]HV  VLPLOaU  WR  daWaVHWV 

 IURP  SRA,  ZH  cKRVH  QLQH  VaPSOH  VL]HV  (5,  6,  7,  9,  11,  13,  16,  25,  aQd  40)  baVHd  RQ  WKH 

 dLVWULbXWLRQ  RI  SRA  daWaVHW  VaPSOH  VL]HV.  TKHQ,  IURP  HacK  GTE[  daWaVHW  ZLWK  aW  OHaVW 

 70  VaPSOHV,  ZH  UaQdRPO\  VaPSOHd  a  ³daWaVHW´  RI  HacK  VaPSOH  VL]H,  UHSHaWLQJ  WKLV 

 VaPSOLQJ  WHQ  WLPHV  WR  cUHaWH  10  daWaVHWV  SHU  VaPSOH  VL]H  IURP  HacK  GTE[  daWaVHW.  OQH 

 cRH[SUHVVLRQ  QHWZRUN  ZaV  cRQVWUXcWHd  aQd  HYaOXaWHd  IURP  HacK  RI  WKHVH 

 GTEX-UHVaPSOHd daWaVHWV LQ WKH VaPH PaQQHU RXWOLQHd abRYH. 

 E[SHULPHQWDO IDFWRU DQDO\VLV 

 IQ  addLWLRQ  WR  daWaVHW  VL]H  (L.H.  QXPbHU  RI  VaPSOHV),  WKH  TXaOLW\  RI  WKH  cRH[SUHVVLRQ 

 QHWZRUN  UHcRQVWUXcWHd  IURP  a  daWaVHW  cRXOd  aOVR  dHSHQd  RQ  WKH  VLPLOaULW\  bHWZHHQ  WKH 

 VaPSOHV  LQ  WKaW  daWaVHW  aV  ZHOO  aV  WKH  WRWaO  QXPbHU  RI  PaSSHd  UHadV.  WH  SHUIRUPHd  aQ 

 aQaO\VLV  WR  dHWHUPLQH  WKLV  LPSacW  XVLQJ  WKH  GTE[-UHVaPSOHd  daWaVHWV  aQd  WKH  RULJLQaO 

 SRA  daWaVHWV.  SLQcH  SRA  daWaVHWV  aUH  QRW  OaUJH  HQRXJK  WR  dR  UHVaPSOLQJ  IRU  VaPSOH 

 VL]H  aQaO\VLV,  ZH  VSOLW  WKHP  LQWR  ILYH  JURXSV  ZLWK  HTXaO  QXPbHU  RI  daWaVHWV,  ZLWK 

 daWaVHWV  LQ  HacK  JURXS  KaYLQJ  VLPLOaU  VaPSOH  VL]HV.  WH  dHILQH  VaPSOH  VLPLOaULW\  IRU  a 

 JLYHQ  daWaVHW  aV  WKH  PHdLaQ  VSHaUPaQ  cRUUHOaWLRQ  bHWZHHQ  aOO  VaPSOHV  XVLQJ  WKH  50% 

 PRVW  YaULabOH  JHQHV  LQ  WKH  GTE[  WLVVXH  WKH\  caPH  IURP  IRU  WKH  UHVaPSOHd  GTE[ 

 daWaVHWV,  RU  WKH  PHdLaQ  VSHaUPaQ  cRUUHOaWLRQ  bHWZHHQ  aOO  VaPSOHV  XVLQJ  WKH  50%  PRVW 

 YaULabOH  JHQHV  LQ  HacK  LQdLYLdXaO  daWaVHW  LQ  WKH  caVH  RI  WKH  SRA  QHWZRUNV.  RHad  cRXQW 

 dLYHUVLW\  LV  caOcXOaWHd  b\  VXPPLQJ  WKH  JHQH  cRXQWV  RI  HacK  VaPSOH  LQ  a  JLYHQ  daWaVHW 

 aQd  WaNLQJ  WKHLU  VWaQdaUd  dHYLaWLRQ.  BaVHd  RQ  HacK  RI  WKHVH  PHaVXUHV  ± VaPSOH 
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 VLPLOaULW\  aQd  Uead  cRXQW  dLYeUVLW\  ±  Ze  dLYLded  WKe  daWaVeWV  LQWR  fLYe  gURXSV  Rf  eTXaO 

 VL]e  ZKLOe  WaNLQg  caUe  WR  cKecN  WKaW  eacK  gURXS  cRQWaLQed  daWaVeWV  ZLWK  VLPLOaU  VaPSOe 

 VL]eV.  FRU  WKe  WLVVXe  aQaO\VLV,  Ze  cRXOd  RQO\  deWeUPLQe  VLgQLfLcaQce  LQ  SRA  WLVVXeV  WKaW 

 Kad aW OeaVW 15 daWaVeWV. 
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 APPENDIX 

 FLJXUH  A2.1.  RHFRXQW2  GaWa  XVHG  LQ  WKLV  VWXG\.  (  a  )  The  barplot  shoZs  the  nXmber  of  e[periments  from 
 each  tissXe  in  the  SRA  data.  The  heatmap  on  the  right  shoZs  the  nXmber  of  projects/e[periments  that 
 haYe  a  particXlar  sample  si]e  for  each  tissXe.  (  E  )  The  barplot  shoZs  the  nXmber  of  samples  for  each 
 GTE[  tissXe.  In  the  barplots,  blXe  bars  indicate  tissXes  for  Zhich  Ze  Zere  able  to  create  a  tissXe-aZare 
 gold standard. TissXes Zith gra\ bars Zere eYalXated on the tissXe-naiYe standard onl\. 

 �5 



 FLJXUH  A2.2.  OYHUaOO  SHUIRUPaQFH  RI  ZRUNIORZV  EaVHG  RQ  WKH  WLVVXH-aZaUH  JROG  VWaQGaUG.  The  ploWV 
 VhoZ  Whe  aggregaWe  accXrac\  of  all  coe[preVVion  neWZorkV  reVXlWing  from  each  indiYidXal  ZorkfloZ  XVing 
 (  a  )  GTE[  and  (  E  )  SRA  daWaVeWV,  eYalXaWed  baVed  on  Whe  WiVVXe-aZare  gold  VWandard.  The  ZorkfloZV 
 (roZV)  are  deVcribed  in  WermV  of  Whe  Vpecific  meWhod  XVed  in  Whe  ZiWhin-Vample  normali]aWion  (blXeV), 
 beWZeen-Vample  normali]aWion  (greenV),  and  neWZork  WranVformaWion  (orangeV)  VWageV.  The  performance 
 of  each  ZorkfloZ  iV  preVenWed  aV  bo[ploWV  (ZiWhoXW  oXWlierV)  WhaW  VXmmari]eV  Whe  log2(aXPRC/prior)  of 
 each  ZorkfloZ  Zhere  aXPRC  iV  Whe  area  Xnder  Whe  preciVion  recall  cXrYe  (Vee  Methods  ).  The  ZorkfloZV 
 are  ordered  b\  Wheir  median  log2(aXPRC/prior)  for  Whe  GTE[  daWa.  The  nXmberV  inVide  Whe  SRA  bo[eV 
 indicaWe  rank  b\  median  log2(aXPRC/prior)  of  Whe  ZorkfloZV  for  Whe  SRA  daWa.  FLJXUH  2.2  conWainV  WheVe 
 performance ploWV baVed on Whe WiVVXe-naiYe gold VWandard. 
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 FLJXUH  A2.3.  DDWDVHW-OHYHO  SDLUZLVH  FRPSDULVRQ  RI  ZRUNIORZ  SHUIRUPDQFH  IRU  65A  GDWDVHWV  EDVHG 
 RQ  WKH  WLVVXH-QDLYH  JROG  VWDQGDUG.  The  heaWmaS  VhRZV  Whe  UelaWiYe  SeUfRUmaQce  Rf  a  SaiU  Rf  ZRUkflRZV, 
 cRUUeVSRQdiQg  WR  a  URZ  aQd  a  cRlXmQ,  diUecWl\  cRmSaUed  WR  each  RWheU  fRU  Whe  SRA  daWaVeWV  baVed  RQ  Whe 
 WiVVXe-QaiYe  gRld  VWaQdaUd.  The  cRlRU  iQ  each  cell  (URZ,  cRlXmQ)  UeSUeVeQWV  Whe  SURSRUWiRQ  Rf  daWaVeWV  fRU 
 Zhich  Whe  ZRUkflRZ  alRQg  Whe  URZ  haV  a  higheU  lRg2(aXPRC/SUiRU)  WhaQ  Whe  ZRUkflRZ  alRQg  Whe  cRlXmQ. 
 CRmSaUiVRQV  WhaW  aUe  VWaWiVWicall\  VigQificaQW  (cRUUecWed  S  <  0.01)  baVed  RQ  a  SaiUed  WilcR[RQ  WeVW  aUe 
 maUked ZiWh aQ aVWeUiVk.  )LJXUH 2.3D  cRQWaiQV Whe  cRUUeVSRQdiQg heaWmaS fRU GTE[ daWaVeWV. 
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 FLJXUH  A2.4.  DaWaVHW-OHYHO  SaLUZLVH  cRPSaULVRQ  RI  ZRUNIORZ  SHUIRUPaQcH  IRU  GTE[  aQG  SRA 
 GaWaVHWV  baVHG  RQ  WKH  WLVVXH-aZaUH  JROG  VWaQGaUG.  (  a  )  The  heaWPaS  VhRZV  Whe  UeOaWiYe  SeUfRUPaQce 
 Rf  a  SaiU  Rf  ZRUNfORZV,  cRUUeVSRQdiQg  WR  a  URZ  aQd  a  cROXPQ,  diUecWO\  cRPSaUed  WR  each  RWheU  fRU  Whe 
 GTE[  daWaVeWV  baVed  RQ  Whe  WiVVXe-aZaUe  gROd  VWaQdaUd.  The  cRORU  iQ  each  ceOO  (URZ,  cROXPQ)  UeSUeVeQWV 
 Whe  SURSRUWiRQ  Rf  daWaVeWV  fRU  Zhich  Whe  ZRUNfORZ  aORQg  Whe  URZ  haV  a  higheU  ORg2(aXPRC/SUiRU)  WhaQ  Whe 
 ZRUNfORZ  aORQg  Whe  cROXPQ.  CRPSaUiVRQV  WhaW  aUe  VWaWiVWicaOO\  VigQificaQW  (cRUUecWed  S  <  0.01)  baVed  RQ  a 
 SaiUed  WiOcR[RQ  WeVW  aUe  PaUNed  ZiWh  aQ  aVWeUiVN.  )LJXUHV  $2.5  cRQWaiQV  Whe  cRUUeVSRQdiQg  heaWPaS  fRU 
 Whe  SRA  daWaVeWV.  (  b  aQd  c  )  BaUSORWV  VhRZ  Whe  QXPbeU  Rf  WiPeV  each  ZRUNfORZ  ZaV  VigQificaQWO\  gUeaWeU 
 WhaQ  aQRWheU  ZRUNfORZ  fRU  GTE[  (OefW)  aQd  SRA  (UighW)  daWaVeWV.  FigXUe  2.3  aQd  A2.3  cRQWaiQ  WheVe 
 SeUfRUPaQce SORWV baVed RQ Whe WiVVXe-QaiYe gROd VWaQdaUd. 
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 FLJXUH  A2.5.  DDWDVHW-OHYHO  SDLUZLVH  FRPSDULVRQ  RI  ZRUNIORZ  SHUIRUPDQFH  IRU  65A  GDWDVHWV  EDVHG 
 RQ  WKH  WLVVXH-DZDUH  JROG  VWDQGDUG.  The  heaWmaS  VhRZV  Whe  UelaWiYe  SeUfRUmaQce  Rf  a  SaiU  Rf  ZRUkflRZV, 
 cRUUeVSRQdiQg  WR  a  URZ  aQd  a  cRlXmQ,  diUecWl\  cRmSaUed  WR  each  RWheU  fRU  Whe  SRA  daWaVeWV  baVed  RQ  Whe 
 WiVVXe-aZaUe  gRld  VWaQdaUd.  The  cRlRU  iQ  each  cell  (URZ,  cRlXmQ)  UeSUeVeQWV  Whe  SURSRUWiRQ  Rf  daWaVeWV  fRU 
 Zhich  Whe  ZRUkflRZ  alRQg  Whe  URZ  haV  a  higheU  lRg2(aXPRC/SUiRU)  WhaQ  Whe  ZRUkflRZ  alRQg  Whe  cRlXmQ. 
 CRmSaUiVRQV  WhaW  aUe  VWaWiVWicall\  VigQificaQW  (cRUUecWed  S  <  0.01)  baVed  RQ  a  SaiUed  WilcR[RQ  WeVW  aUe 
 maUked ZiWh aQ aVWeUiVk.  )LJXUH $2.4D  cRQWaiQV Whe  cRUUeVSRQdiQg heaWmaS fRU GTE[ daWaVeWV. 

 6� 



 FLJXUH  A2.6.  IPSDFW  RI  LQGLYLGXDO  PHWKRGV  RQ  SHUIRUPDQFH  RI  ZRUNIORZV  EDVHG  RQ  WKH 
 WLVVXH-DZDUH  JROG  VWDQGDUG.  Each  baU  iQ  Whe  WZR  baUSORWV,  cRUUeVSRQdiQg  WR  a  VSecific  PeWhRd,  VhRZV 
 Whe  SURSRUWiRQ  Rf  WiPeV  ([-a[iV)  WhaW  ZRUkfORZV  iQcOXdiQg  WhaW  SaUWicXOaU  PeWhRd  (\-a[iV)  ZeUe  VigQificaQWO\ 
 beWWeU  WhaQ  RWheU  ZRUkfORZV.  The  baUSORWV  cRUUeVSRQd  WR  SeUfRUPaQce  fRU  Whe  (  D  )  GTE[  aQd  (  E  )  SRA 
 daWaVeWV  eYaOXaWed  RQ  Whe  WiVVXe-QaiYe  gROd  VWaQdaUd.  IQ  RUdeU  WR  Pake  Whe  cRPSaUiVRQ  Rf 
 beWZeeQ-VaPSOe  QRUPaOi]aWiRQ  PeWhRdV  faiU,  ZRUkfORZV  iQcOXdiQg  CPM,  RPKM,  RU  TPM  ZeUe  OefW  RXW 
 becaXVe  iW  iV  QRW  SRVVibOe  WR  SaiU  WheP  ZiWh  TMM  RU  UQ  QRUPaOi]aWiRQ.  SiPiOaUO\,  TMM  aQd  UQ  PeWhRdV 
 aUe  QRW  iQcOXded  fRU  ³QR  ZiWhiQ-VaPSOe  QRUPaOi]aWiRQ´  (NO±WI).  )LJXUH  2.4  cRQWaiQV  WheVe  baUSORWV  baVed 
 RQ Whe WiVVXe-QaiYe gROd VWaQdaUd. 

 �0 



 FLJXUH  A2.7.  IPSDFW  RI  YDULRXV  GDWDVHW-UHODWHG  H[SHULPHQWDO  IDFWRUV  RQ  SHUIRUPDQFH  RI  ZRUNIORZV 
 EDVHG  RQ  WKH  WLVVXH-DZDUH  JROG  VWDQGDUG.  Each  heaWmap  VhoZV  Whe  nXmbeU  of  WimeV  (cell  coloU)  each 
 ZoUkfloZ  (UoZ)  oXWpeUfoUmV  oWheU  ZoUkfloZV  aV  a  paUWicXlaU  e[peUimenWal  facWoU  peUWaining  Wo  Whe  inpXW 
 daWaVeWV  iV  YaUied  (colXmnV),  Zhen  Whe  UeVXlWing  coe[pUeVVion  neWZoUkV  aUe  eYalXaWed  baVed  on  Whe 
 WiVVXe-naiYe  gold  VWandaUd.  The  daUkeVW  coloUV  indicaWe  ZoUkfloZV  WhaW  aUe  VignificanWl\  beWWeU  Whan  Whe 
 moVW  oWheU  ZoUkfloZV.  In  addiWion,  Whe  Wop  5  ZoUkfloZV  in  each  colXmn  aUe  maUked  ZiWh  WheiU  Uank,  ZiWh  WieV 
 giYen  minimXm  Uank.  The  heaWmapV  on  Whe  Wop  (  D  ±  G  )  coUUeVpond  Wo  daWaVeWV  fUom  GTE[  UeVampling  and 
 WhoVe  on  Whe  boWWom  (  H  ±  K  )  coUUeVpond  Wo  SRA  daWaVeWV.  The  heaWmapV  fUom  lefW  Wo  UighW  VhoZ  ZoUkfloZ 
 peUfoUmance  b\  Vample  Vi]e  (  D  ,  H  ;  nXmbeU  of  VampleV  XVed  Wo  make  Whe  coe[pUeVVion  neWZoUk),  Vample 
 VimilaUiW\  (  E  ,  I  ;  median  VpeaUman  coUUelaWion  of  50%  moVW  YaUiable  geneV  beWZeen  VampleV),  libUaU\  Vi]e 
 diYeUViW\  b\  coXnWV  (  F  ,  I  ;  VWandaUd  deYiaWion  of  coXnWV  VXmV  acUoVV  VampleV),  and  WiVVXe  of  oUigin  (  G  ,  K  ). 
 )LJXUH 2.5  conWainV WheVe heaWmapV baVed on Whe WiVVXe-naiYe gold VWandaUd. 
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 FLJXUH  A2.8.  OYHUDOO  SHUIRUPDQFH  RI  ZRUNIORZV  DQG  SDLUZLVH-FRPSDULVRQ  XVLQJ  UHILQH.ELR  GDWDVHWV 
 EDVHG  RQ  WKH  WLVVXH-DZDUH  JROG  VWDQGDUG.  The  bo[SloWV  VhoZ  Whe  aggUegaWe  accXUac\  of  all 
 coe[SUeVVion  neWZoUkV  UeVXlWing  fUom  each  indiYidXal  ZoUkfloZ  XVing  SRA  daWaVeWV  in  Uefine.bio, 
 eYalXaWed  baVed  on  Whe  WiVVXe-aZaUe  gold  VWandaUd.  The  SeUfoUmance  of  each  ZoUkfloZ  iV  SUeVenWed  aV 
 bo[SloWV  (ZiWhoXW  oXWlieUV)  WhaW  VXmmaUi]eV  Whe  log2(aXPRC/SUioU)  of  each  ZoUkfloZ  ZheUe  aXPRC  iV  Whe 
 aUea  XndeU  Whe  SUeciVion  Uecall  cXUYe  (Vee  Methods  ).  The  ZoUkfloZV  aUe  oUdeUed  b\  WheiU  median 
 log2(aXPRC/SUioU).  The  heaWmaS  VhoZV  Whe  UelaWiYe  SeUfoUmance  of  SaiUV  of  ZoUkfloZV  (UoZV  and 
 colXmnV)  diUecWl\  comSaUed  Wo  each  oWheU  foU  Whe  Uefine.bio  SRA  daWaVeWV  baVed  on  Whe  WiVVXe-aZaUe  gold 
 VWandaUd.  The  coloU  in  each  cell  (UoZ,  colXmn)  UeSUeVenWV  Whe  SUoSoUWion  of  daWaVeWV  foU  Zhich  Whe 
 ZoUkfloZ  along  Whe  UoZ  haV  a  higheU  log2(aXPRC/SUioU)  Whan  Whe  ZoUkfloZ  along  Whe  colXmn.  ComSaUiVonV 
 WhaW  aUe  VWaWiVWicall\  VignificanW  (coUUecWed  S  <  0.01)  baVed  on  a  SaiUed  Wilco[on  WeVW  aUe  maUked  ZiWh  an 
 aVWeUiVk.  )LJXUH 2.6  conWainV WheVe SloWV baVed on  Whe WiVVXe-naiYe gold VWandaUd. 
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 FLJXUH  A2.9.  GHQH-  DQG  HGJH-EDVHG  RYHUODS  EHWZHHQ  WLVVXH-DZDUH  JROG  VWDQGDUGV.  The  heaWPaSV 
 VhRZ  Whe  QXPbeU  Rf  (  D  )  geQeV  RU  (  E  )  edgeV  WhaW  aUe  VhaUed  beWZeeQ  aQ\  WZR  gLYeQ  WLVVXe-aZaUe  gROd 
 VWaQdaUdV  dLYLded  b\  Whe  WRWaO  QXPbeU  Rf  geQeV  RU  edgeV  LQ  Whe  VPaOOeU  Rf  Whe  WZR  WLVVXe-aZaUe  gROd 
 VWaQdaUdV.  BaVed  RQ  Whe  heaWPaSV,  Whe  SURSRUWLRQ  Rf  VhaUed  geQeV  aQd  edgeV  beWZeeQ  XQUeOaWed  WLVVXeV 
 LV  VPaOO  aQd  WheUefRUe  each  WLVVXe-aZaUe  gROd  VWaQdaUd  LV  eYaOXaWLQg  a  YeU\  dLffeUeQW  VeW  Rf  bLRORgLcaO 
 UeOaWLRQVhLSV. 
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 FLJXUH  A2.10.  2YHUDOO  DFFXUDF\  RI  FRH[SUHVVLRQ  QHWZRUNV  ZKHQ  HYDOXDWHG  EDVHG  RQ  WKH 
 WLVVXH-QDLYH  DQG  WLVVXH-DZDUH  JROG  VWDQGDUGV.  Each  densiW\  ploW  ± for  Whe  (  D  )  GTE[  and  (  E  )  SRA 
 daWaseWs  ±  shoZs  Whe  disWribXWion  of  log2(aXPRC/prior)  across  all  ZorkfloZs  and  daWaseWs  Zhen  eYalXaWing 
 based  on  Whe  WissXe-naiYe  gold  sWandard  ([-a[is)  Ys.  Whe  WissXe-aZare  gold  sWandard  (\-a[is).  These 
 disWribXWions  shoZ  WhaW  coe[pression  neWZorks  capWXre  WissXe-aZare  gene  inWeracWions  and  emphasi]es 
 Whe imporWance of eYalXaWing coe[pression neWZorks Xsing WissXe-aZare gold sWandards. 
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 FLJXUH  A2.11.  OYHUDOO  SHUIRUPDQFH  RI  WRS  ZRUNIORZV  ZLWK  DQG  ZLWKRXW  DVLQK  WUDQVIRUPDWLRQ  EDVHG 
 RQ  WKH  WLVVXH-QDLYH  JROG  VWDQGDUG.  The  ploWV  VhoZ  Whe  aggregaWe  accXrac\  of  all  coe[preVVion  neWZorkV 
 reVXlWing  from  Whe  Wop  Wen  indiYidXal  ZorkfloZV  XVing  (  D  )  GTE[  and  (  E  )  SRA  daWaVeWV  ZiWh  (blXe)  and 
 ZiWhoXW  (gra\)  Whe  aVinh  WranVformaWion,  eYalXaWed  baVed  on  Whe  WiVVXe-naiYe  gold  VWandard.  The 
 ZorkfloZV  (roZV)  are  deVcribed  in  WermV  of  Whe  Vpecific  meWhod  XVed  in  Whe  ZiWhin-Vample  normali]aWion, 
 beWZeen-Vample  normali]aWion,  and  neWZork  WranVformaWion  VWageV.  The  performance  of  each  ZorkfloZ  iV 
 preVenWed  aV  bo[ploWV  (ZiWhoXW  oXWlierV)  WhaW  VXmmari]eV  Whe  log2(aXPRC/prior)  of  each  ZorkfloZ  Zhere 
 aXPRC  iV  Whe  area  Xnder  Whe  preciVion  recall  cXrYe  (Vee  Methods  ).  The  ZorkfloZV  are  ordered  b\  Wheir 
 median log2(aXPRC/prior) in each panel. 
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 FLJXUH  A2.12.  PHUIRUPDQFH  RI  ZRUNIORZV  XVLQJ  GLIIHUHQW  GDWD  WUDQVIRUPDWLRQ  PHWKRGV  EDVHG  RQ 
 WKH  WLVVXH-QDLYH  JROG  VWDQGDUG.  The  SORWV  VhRZ  Whe  aggUegaWe  accXUac\  Rf  aOO  cRe[SUeVViRQ  QeWZRUNV 
 UeVXOWiQg  fURP  XViQg  (  D  )  GTE[  aQd  (  E  )  SRA  daWaVeWV  ZiWh  diffeUeQW  daWa  WUaQVfRUPaWiRQV  WR  adMXVW  geQe 
 cRXQWV  SaiUed  ZiWh  Whe  QeWZRUN  WUaQVfRUPaWiRQ  PeWhRdV,  eYaOXaWed  baVed  RQ  Whe  WiVVXe-QaiYe  gROd 
 VWaQdaUd.  The  ZRUNfORZV  (URZV)  aUe  cRPbiQaWiRQV  Rf  VSecific  daWa  WUaQVfRUPaWiRQV  (VhadeV  Rf  gUa\)  aQd 
 QeWZRUN  WUaQVfRUPaWiRQV.  The  SeUfRUPaQce  Rf  each  ZRUNfORZ  iV  SUeVeQWed  aV  bR[SORWV  (ZiWhRXW  RXWOieUV) 
 WhaW  VXPPaUi]e  Whe  ORg2(aXPRC/SUiRU)  Rf  each  ZRUNfORZ  ZheUe  aXPRC  iV  Whe  aUea  XQdeU  Whe  SUeciViRQ 
 UecaOO  cXUYe  (Vee  Methods  ).  The  ZRUNfORZV  aUe  RUdeUed  b\  WheiU  PediaQ  ORg2(aXPRC/SUiRU)  iQ  each  SaQeO. 
 The  heaWPaSV  RQ  Whe  UighW  VhRZ  Whe  UeOaWiYe  SeUfRUPaQce  Rf  a  SaiU  Rf  ZRUNfORZV,  cRUUeVSRQdiQg  WR  a  URZ 
 aQd  a  cROXPQ,  diUecWO\  cRPSaUed  WR  each  RWheU  fRU  Whe  GTE[  (  D  )  aQd  SRA  (  E  )  daWaVeWV  baVed  RQ  Whe 
 WiVVXe-QaiYe  gROd  VWaQdaUd.  The  cRORU  iQ  each  ceOO  (URZ,  cROXPQ)  UeSUeVeQWV  Whe  SURSRUWiRQ  Rf  daWaVeWV  fRU 
 Zhich  Whe  ZRUNfORZ  aORQg  Whe  URZ  haV  a  higheU  ORg2(aXPRC/SUiRU)  WhaQ  Whe  ZRUNfORZ  aORQg  Whe  cROXPQ. 
 CRPSaUiVRQV  WhaW  aUe  VWaWiVWicaOO\  VigQificaQW  (cRUUecWed  S  <  0.01)  baVed  RQ  a  SaiUed  WiOcR[RQ  WeVW  aUe 
 PaUNed  ZiWh  aQ  aVWeUiVN.  The  Vi[  OaUgeVW  GTE[  daWaVeWV  (adiSRVe_WiVVXe,  bORRd,  bORRd_YeVVeO,  bUaiQ, 
 eVRShagXV,  aQd  VNiQ)  aUe  QRW  cRQVideUed  iQ  WhiV  eYaOXaWiRQ  becaXVe  Rf  Whe  cRQVideUabOe  aPRXQW  Rf 
 cRPSXWiQg  WiPe  UeTXiUed  WR  XVe  UORg  WUaQVfRUPaWiRQ  RQ  OaUge  daWaVeWV.  CL5  aQd  CRXQWV  VigQificaQWO\ 
 RXWSeUfRUPed  aOO  RWheU  PeWhRdV  RQ  GTE[  daWaVeWV.  FRU  SRA  daWaVeWV,  CRXQWV  SeUfRUPed  VigQificaQWO\ 
 beWWeU  WhaQ  aOO  RWheU  ZRUNfORZV,  aQd  CL5  aQd  :7O  bRWh  SeUfRUPed  VigQificaQWO\  beWWeU  WhaQ  aOO  ZRUNfORZV 
 iQcRUSRUaWiQg VST RU UORg. 
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 FLJXUH  A2.13.  3HUIRUPDQFH  RI  ZRUNIORZV  XVLQJ  GLIIHUHQW  GDWD  WUDQVIRUPDWLRQ  PHWKRGV  EDVHG  RQ 
 WKH  WLVVXH-DZDUH  JROG  VWDQGDUG.  The  SORWV  VhRZ  Whe  aggUegaWe  accXUac\  Rf  aOO  cRe[SUeVViRQ  QeWZRUNV 
 UeVXOWiQg  fURP  XViQg  (  D  )  GTE[  aQd  (  E  )  SRA  daWaVeWV  ZiWh  diffeUeQW  daWa  WUaQVfRUPaWiRQV  WR  adjXVW  geQe 
 cRXQWV  SaiUed  ZiWh  Whe  QeWZRUN  WUaQVfRUPaWiRQ  PeWhRdV,  eYaOXaWed  baVed  RQ  Whe  WiVVXe-aZaUe  gROd 
 VWaQdaUd.  The  ZRUNfORZV  (URZV)  aUe  cRPbiQaWiRQV  Rf  VSecific  daWa  WUaQVfRUPaWiRQV  (VhadeV  Rf  gUa\)  aQd 
 QeWZRUN  WUaQVfRUPaWiRQV.  The  SeUfRUPaQce  Rf  each  ZRUNfORZ  iV  SUeVeQWed  aV  bR[SORWV  (ZiWhRXW  RXWOieUV) 
 WhaW  VXPPaUi]e  Whe  ORg2(aXPRC/SUiRU)  Rf  each  ZRUNfORZ  ZheUe  aXPRC  iV  Whe  aUea  XQdeU  Whe  SUeciViRQ 
 UecaOO  cXUYe  (Vee  Methods  ).  The  ZRUNfORZV  aUe  RUdeUed  b\  WheiU  PediaQ  ORg2(aXPRC/SUiRU)  iQ  each  SaQeO. 
 The  heaWPaSV  RQ  Whe  UighW  VhRZ  Whe  UeOaWiYe  SeUfRUPaQce  Rf  a  SaiU  Rf  ZRUNfORZV,  cRUUeVSRQdiQg  WR  a  URZ 
 aQd  a  cROXPQ,  diUecWO\  cRPSaUed  WR  each  RWheU  fRU  Whe  GTE[  (  D  )  aQd  SRA  (  E  )  daWaVeWV  baVed  RQ  Whe 
 WiVVXe-aZaUe  gROd  VWaQdaUd.  The  cRORU  iQ  each  ceOO  (URZ,  cROXPQ)  UeSUeVeQWV  Whe  SURSRUWiRQ  Rf  daWaVeWV  fRU 
 Zhich  Whe  ZRUNfORZ  aORQg  Whe  URZ  haV  a  higheU  ORg2(aXPRC/SUiRU)  WhaQ  Whe  ZRUNfORZ  aORQg  Whe  cROXPQ. 
 CRPSaUiVRQV  WhaW  aUe  VWaWiVWicaOO\  VigQificaQW  (cRUUecWed  S  <  0.01)  baVed  RQ  a  SaiUed  WiOcR[RQ  WeVW  aUe 
 PaUNed  ZiWh  aQ  aVWeUiVN.  The  OaUgeVW  GTE[  daWaVeWV  (adiSRVe_WiVVXe,  bORRd,  bUaiQ,  aQd  VNiQ)  aUe  QRW 
 cRQVideUed  iQ  WhiV  eYaOXaWiRQ  becaXVe  Rf  Whe  cRQVideUabOe  aPRXQW  Rf  cRPSXWiQg  WiPe  UeTXiUed  WR  XVe  UORg 
 WUaQVfRUPaWiRQ  RQ  OaUge  daWaVeWV.  FeZeU  cRPSaUiVRQV  beWZeeQ  ZRUNfORZV  aUe  VWaWiVWicaOO\  VigQificaQW  ZheQ 
 eYaOXaWed  RQ  Whe  WiVVXe-aZaUe  gROd  VWaQdaUd,  bXW  C/5  aQd  CRXQWV  UePaiQ  WRS  SeUfRUPiQg  PeWhRdV  fRU 
 bRWh GTE[ aQd SRA daWaVeWV. 
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 FLJXUH  A2.14.  2YHUDOO  SHUIRUPDQFH  RI  ZRUNIORZV  EDVHG  RQ  WKH  WLVVXH-QDLYH  JROG  VWDQGDUG.  The  ploWV 
 VhoZ  Whe  aggUegaWe  accXUac\  of  all  coe[pUeVVion  neWZoUkV  UeVXlWing  fUom  each  indiYidXal  ZoUkfloZ  XVing 
 (  D  )  GTE[  and  (  E  )  SRA  daWaVeWV,  eYalXaWed  baVed  on  Whe  WiVVXe-naiYe  gold  VWandaUd.  The  ZoUkfloZV 
 (UoZV)  aUe  deVcUibed  in  WeUmV  of  Whe  Vpecific  meWhod  XVed  in  Whe  ZiWhin-Vample  noUmali]aWion, 
 beWZeen-Vample  noUmali]aWion,  daWa  WUanVfoUmaWion,  and  neWZoUk  WUanVfoUmaWion  VWageV.  The  peUfoUmance 
 of  each  ZoUkfloZ  iV  pUeVenWed  aV  bo[ploWV  (ZiWhoXW  oXWlieUV)  WhaW  VXmmaUi]eV  Whe  log2(aXPRC/pUioU)  of 
 each  ZoUkfloZ  ZheUe  aXPRC  iV  Whe  aUea  XndeU  Whe  pUeciVion  Uecall  cXUYe  (Vee  Methods  ).  The  ZoUkfloZV 
 aUe  oUdeUed  b\  WheiU  median  log2(aXPRC/pUioU)  foU  each  panel.  The  Vi[  laUgeVW  GTE[  daWaVeWV 
 (adipoVe_WiVVXe,  blood,  blood_YeVVel,  bUain,  eVophagXV,  and  Vkin)  aUe  noW  conVideUed  in  WhiV  eYalXaWion 
 becaXVe  of  Whe  conVideUable  amoXnW  of  compXWing  Wime  UeTXiUed  Wo  XVe  Ulog  WUanVfoUmaWion  on  laUge 
 daWaVeWV. 
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 FLJXUH  A2.15.  2YHUDOO  SHUIRUPDQFH  RI  ZRUNIORZV  EDVHG  RQ  WKH  WLVVXH-DZDUH  JROG  VWDQGDUG.  The 
 ploWV  VhoZ  Whe  aggregaWe  accXrac\  of  all  coe[preVVion  neWZorkV  reVXlWing  from  each  indiYidXal  ZorkfloZ 
 XVing  (  D  )  GTE[  and  (  E  )  SRA  daWaVeWV,  eYalXaWed  baVed  on  Whe  WiVVXe-aZare  gold  VWandard.  The  ZorkfloZV 
 (roZV)  are  deVcribed  in  WermV  of  Whe  Vpecific  meWhod  XVed  in  Whe  ZiWhin-Vample  normali]aWion, 
 beWZeen-Vample  normali]aWion,  daWa  WranVformaWion,  and  neWZork  WranVformaWion  VWageV.  The  performance 
 of  each  ZorkfloZ  iV  preVenWed  aV  bo[ploWV  (ZiWhoXW  oXWlierV)  WhaW  VXmmari]eV  Whe  log2(aXPRC/prior)  of 
 each  ZorkfloZ  Zhere  aXPRC  iV  Whe  area  Xnder  Whe  preciVion  recall  cXrYe  (Vee  Methods  ).  The  ZorkfloZV 
 are ordered b\ Wheir median log2(aXPRC/prior) in each panel. 

 7� 



 FLJXUH  A2.16.  2YHUDOO  SHUIRUPDQFH  RI  WRS  WHQ  ZRUNIORZV  XVLQJ  3HDUVRQ  DQG  6SHDUPDQ  FRUUHODWLRQ 
 EDVHG  RQ  WKH  WLVVXH-QDLYH  JROG  VWDQGDUG.  The  SloWV  VhoZ  Whe  aggUegaWe  accXUac\  of  all  coe[SUeVVion 
 neWZoUkV  UeVXlWing  fUom  Whe  WoS  Wen  indiYidXal  ZoUkfloZV  XVing  PeaUVon  (blXe)  oU  SSeaUman  (gUa\) 
 coUUelaWion  Wo  bXild  Whe  neWZoUk  XVing  (  D  ,  F  )  GTE[  and  (  E  ,  G  )  SRA  daWaVeWV,  eYalXaWed  baVed  on  Whe 
 WiVVXe-naiYe  gold  VWandaUd.  The  ZoUkfloZV  (UoZV)  aUe  deVcUibed  in  WeUmV  of  Whe  VSecific  meWhod  XVed  in 
 Whe  ZiWhin-VamSle  noUmali]aWion,  beWZeen-VamSle  noUmali]aWion,  and  neWZoUk  WUanVfoUmaWion  VWageV.  The 
 SeUfoUmance  of  each  ZoUkfloZ  iV  SUeVenWed  aV  bo[SloWV  (ZiWhoXW  oXWlieUV)  WhaW  VXmmaUi]eV  Whe 
 log2(aXPRC/SUioU)  (  D  ,  E  )  oU  Whe  log2(S20U/SUioU)  (  F  ,  G  )  of  each  ZoUkfloZ  ZheUe  aXPRC  iV  Whe  aUea  XndeU 
 Whe  SUeciVion  Uecall  cXUYe  and  S20U  iV  Whe  SUeciVion  aW  20%  Uecall  (Vee  Methods  ).  The  ZoUkfloZV  aUe 
 oUdeUed  b\  WheiU  median  log2(aXPRC/SUioU)  in  each  Sanel.  PeaUVon  coUUelaWion  cleaUl\  \ieldV  beWWeU 
 SeUfoUmance  in  all  caVeV  foU  Whe  SRA  daWa  (i.e.  daWaVeWV  W\Sicall\  geneUaWed  b\  indiYidXal  UeVeaUch  labV). 
 PeaUVon  alVo  XVXall\  \ieldV  beWWeU  UeVXlWV  foU  Whe  GTE[  daWa  aV  Zell,  and  moUe  Vo  Zhen  conVideUing  Whe 
 accXUac\ of Whe WoS-VcoUing edgeV (eYalXaWed XVing S20U). 
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 SXSSOHPHQWaO NRWH 

 RaWLRQaOH IRU RXU IXQcWLRQaO JROG VWaQGaUG 
 TKe  defLQLWLRQ  Rf  WKe  ³WUXe´  QeWZRUN  VWUXcWXUe  LV  a  cUXcLaO  aVSecW  ZKeQ  eYaOXaWLQg  WKe 
 accXUac\  Rf  aQ\  QeWZRUN,  LQcOXdLQg  a  cRe[SUeVVLRQ  QeWZRUN.  OXU  cKRLce  aQd  deVLgQ  Rf 
 WKLV  gURXQd-WUXWK  XVLQg  GO  bLRORgLcaO  SURceVV  aQQRWaWLRQV  LV  baVed  RQ  a  QXPbeU  Rf 
 facWRUV  LQcOXdLQg:  A)  PaQ\  SULRU  VWXdLeV  WKaW  OLQN  cRe[SUeVVLRQ  WR  GO  cR-aQQRWaWLRQ,  B) 
 WKe  aSSOLcaWLRQV  Rf  cRe[SUeVVLRQ  QeWZRUNV  fRU  fXQcWLRQ  SUedLcWLRQ,  aQd  C)  VeYeUaO 
 SUeYLRXV  VWXdLeV  WKaW  KaYe  eVWabOLVKed  WKe  VWUeQgWK  aQd  XWLOLW\  Rf  GO-baVed 
 gURXQd-WUXWK. 

 A) PULRU VWXdLeV OLQN cRe[SUeVVLRQ WR GO cR-aQQRWaWLRQ. 
 FURP  WKe  cRQceSWLRQ  Rf  KLgK-WKURXgKSXW  geQe-e[SUeVVLRQ  WecKQLTXeV,  VWXdLeV  KaYe 
 VKRZQ  WKaW  cRe[SUeVVLRQ  beWZeeQ  geQeV  caQ  be  SURdXcWLYeO\  aQd  accXUaWeO\  XVed  WR 
 VeSaUaWe  geQeV  LQWR  fXQcWLRQaO  PRdXOeV  [1,  2].  A  QXPbeU  Rf  RWKeU  VWXdLeV  KaYe  e[SOLcLWO\ 
 WeVWed  WKe  cRe[SUeVVLRQ±cR-aQQRWaWLRQ  K\SRWKeVLV  aQd  KaYe  VKRZQ  WKaW  cRe[SUeVVed 
 geQeV  aUe  KLgKO\  OLNeO\  WR  be  WUaQVcULSWLRQaOO\  cR-UegXOaWed  aQd  aUe  RfWeQ  fXQcWLRQaOO\ 
 UeOaWed  WR  eacK  RWKeU  b\  YLUWXe  Rf  WaNLQg  SaUW  LQ  WKe  VaPe  bLRORgLcaO  SURceVV  RU 
 SK\VLRORgLcaO WUaLW [3, 4]. 

 B) CRe[SUeVVLRQ LV cRPPRQO\ XVed WR VWXd\ JeQe IXQcWLRQ. 
 GeQe  fXQcWLRQ  SUedLcWLRQ  aQd  geQe  PRdXOe  deWecWLRQ  aUe  WKe  WZR  PaMRU  aQd  PRVW 
 cRPPRQ  aSSOLcaWLRQV  Rf  cRe[SUeVVLRQ  QeWZRUNV.  TKeVe  aSSOLcaWLRQV  aUe  baVed  RQ  WKe 
 facW  WKaW  fXQcWLRQaOO\-UeOaWed  geQe  SaLUV  RU  gURXSV  (L.e.  PePbeUV  Rf  a  VSecLfLc  bLRORgLcaO 
 SaWKZa\  RU  SURceVV)  WeQd  WR  be  cRe[SUeVVed  ZLWK  eacK  RWKeU  LQ  KLgK-WKURXgKSXW 
 geQe-e[SUeVVLRQ  daWaVeWV.  B\  LQYeUWLQg  WKLV  aVVRcLaWLRQ,  cRe[SUeVVLRQ  QeWZRUNV  KaYe 
 RfWeQ  beeQ  VXcceVVfXOO\  XVed  LQ  WKe  OLWeUaWXUe  WR  SUedLcW  geQe  fXQcWLRQ  aQd  SaWKZa\ 
 PePbeUVKLS  [5].  FXUWKeU,  cRe[SUeVVLRQ  QeWZRUNV  aUe  fUeTXeQWO\  XVed  WR  LdeQWLf\ 
 fXQcWLRQaO  PRdXOeV  (L.e.  eQWLUe  SaWKZa\V/SURceVVeV)  b\  cOXVWeULQg  WKe  QeWZRUN  aQd 
 SeUfRUPLQg  GO-baVed  fXQcWLRQaO  eQULcKPeQW  RQ  eacK  cOXVWeU  Rf  geQeV  [6].  TKeUefRUe,  WR 
 aVVeVV  WKe  ZRUNfORZV  e[aPLQed  LQ  WKLV  VWXd\  LQ  UeOaWLRQ  WR  WKeVe  PRVW  cRPPRQ 
 aSSOLcaWLRQV,  Ze  cKRVe  WR  eYaOXaWe  WKe  accXUac\  Rf  WKe  UeVXOWLQg  cRe[SUeVVLRQ  QeWZRUNV 
 baVed RQ WKeLU abLOLW\ WR UecaSLWXOaWe geQe fXQcWLRQaO UeOaWLRQVKLSV. 

 C) SWUeQJWK RI GO-baVed JURXQd-WUXWK RI JeQe IXQcWLRQaO UeOaWLRQVKLSV. 
 SLQce  fXQcWLRQaOO\-UeOaWed  geQeV  WeQd  WR  be  cRe[SUeVVed  ZLWK  eacK  RWKeU  (A)  aQd 
 cRe[SUeVVLRQ  QeWZRUNV  aUe  URXWLQeO\  XVed  WR  LQfeU  geQe  fXQcWLRQ  aQd  SaWKZa\/SURceVV 
 PePbeUVKLS  (B),  Ze  UeaVRQed  WKaW  LW  ZRXOd  be  PRVW  aSSURSULaWe  WR  eYaOXaWe  WKe 
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 aFFXUaF\  RI  FRH[SUHVVLRQ  QHWZRUNV  EaVHG  RQ  WKHLU  aELOLW\  WR  UHFaSLWXOaWH  JHQH  IXQFWLRQaO 
 UHOaWLRQVKLSV EaVHG RQ WKHLU FR-aQQRWaWLRQV WR GO ELRORJLFaO SURFHVVHV (GOBP). 

 HRZHYHU,  FUHaWLQJ  a  JURXQG-WUXWK  aERXW  JHQH  IXQFWLRQaO  UHOaWLRQVKLSV  (JROG  VWaQGaUG) 
 IURP  GO  BP  LV  QRW  VWUaLJKWIRUZaUG  aQG  VKRXOG  EH  GRQH  YHU\  FaUHIXOO\.  FRU  H[aPSOH,  WKH 
 GHQH  OQWRORJ\  KaV  PaQ\  JHQHULF  WHUPV  IRU  ELRORJLFaO  SURFHVVHV  VXFK  aV  ³PHWaEROLVP´ 
 RU  ³VWUHVV  UHVSRQVH´.  FRU  VXFK  WHUPV,  LW  ZRXOG  LQGHHG  EH  LQFRUUHFW  WR  aVVXPH  WKaW  JHQHV 
 WKaW  aUH  FR-aQQRWaWHG  WR  aQ\  RI  WKHVH  WHUPV  VKRXOG  EH  FRQQHFWHG  LQ  WKH  FR-H[SUHVVLRQ 
 QHWZRUN.  TKHUHIRUH,  ZH  KaYH  GHYLVHG  a  FaUHIXO  SURFHGXUH  IRU  FRQVWUXFWLQJ  a  JHQH 
 IXQFWLRQaO  JROG  VWaQGaUG  EaVHG  RQ  GOBP.  FLUVW,  ZH  GR  QRW  XVH  aOO  GOBP  WHUPV  WR 
 FRQVWUXFW  RXU  JROG  VWaQGaUG.  FROORZLQJ  SUHYLRXV  ZRUN  [7],  ZH  XVH  RQO\  607  ³VSHFLILF´ 
 GOBP  WHUPV.  TKHVH  WHUPV  ZHUH  VHOHFWHG  E\  a  WHaP  RI  VHYHQ  JUaGXaWH  VWXGHQWV  aQG 
 SRVWGRFV  (ZLWK  WUaLQLQJ  LQ  FHOO/PROHFXOaU  ELRORJ\  aQG  JHQHWLFV)  EaVHG  RQ  WKH  IROORZLQJ 
 SURFHGXUH:  TR  VHOHFW  ³VSHFLILF´  WHUPV,  WKLV  TXHVWLRQ  ZaV  FRQVLGHUHG:  ³LI  XQNQRZQ 
 JHQH/SURWHLQ  G  ZHUH  SUHGLFWHG  WR  EH  aQQRWaWHG  WR  GO  WHUP  T,  ZRXOG  WKaW  EH  HQRXJK  WR 
 FRQVLGHU  H[SHULPHQWaOO\  WHVWLQJ  WKLV  UHOaWLRQVKLS  EHWZHHQ  G  aQG  T?´.  OQO\  WHUPV  WKaW 
 ZHUH  GHFOaUHG  ³\HV´  E\  WKH  PaMRULW\  ZHUH  UHWaLQHG  aV  VSHFLILF  WHUPV  aQG  RQO\  JHQH  SaLUV 
 FR-aQQRWaWHG  WR  aQ\  RI  WKHVH  VSHFLILF  WHUPV  ± EaVHG  RQ  H[SHULPHQWaO  HYLGHQFH  ± aUH 
 FRQVLGHUHG  WR  KaYH  a  SRVLWLYH  UHOaWLRQVKLS  LQ  RXU  JROG  VWaQGaUG.  SLPLOaUO\,  aVVXPLQJ 
 HYHU\  RWKHU  JHQH  SaLU  LV  a  QHJaWLYH  (QRW  IXQFWLRQaOO\  UHOaWHG)  ZRXOG  EH  IaU  WRR  VWURQJ  aQ 
 aVVXPSWLRQ.  SR,  WKH  WHaP  aOVR  VHOHFWHG  a  VHW  RI  75  ³LQWHUPHGLaWH´  GOBP  WHUPV  VXFK  aV 
 ³SURWHLQ  IROGLQJ´  RU  ³FHOO  SUROLIHUaWLRQ´.  TKHQ,  WR  EH  FRQVLGHUHG  aV  a  QHJaWLYH  LQ  WKH  JROG 
 VWaQGaUG, JHQH SaLUV PXVW PHHW WKH IROORZLQJ WKUHH FULWHULa: 
 1.  TKH WZR JHQHV aUH  QRW  FR-aQQRWaWHG WR aQ\ LQWHUPHGLaWH  WHUP 
 2.  TKH  WZR  JHQHV  aUH  QRW  FR-aQQRWaWHG  WR  VLJQLILFaQWO\  RYHUOaSSLQJ  VSHFLILF  WHUPV 

 (K\SHUJHRPHWULF WHVW; S-YaOXH <0.05) 
 3.  EaFK JHQH LQGLYLGXaOO\ KaV aW OHaVW RQH aQQRWaWLRQ WR a VSHFLILF WHUP 
 GHQH  SaLUV  WKaW  aUH  FR-aQQRWaWHG  WR  LQWHUPHGLaWH  WHUPV  (FULWHULRQ  1)  ZRXOG  EH 
 FRQVLGHUHG  WRR  FORVH  LQ  JHQHUaO  IXQFWLRQ  WR  EH  VXUH  WKaW  WKH\  aUH  QRW  IXQFWLRQaOO\  UHOaWHG. 
 TKH  K\SHUJHRPHWULF  WHVW  (FULWHULRQ  2)  SUHYHQWV  JHQH  SaLUV  WKaW  Pa\  VKaUH  a  IXQFWLRQ  (GXH 
 WR  EHLQJ  aQQRWaWHG  WR  WZR  RYHUOaSSLQJ  WHUPV)  IURP  EHLQJ  OaEHOHG  aV  QHJaWLYHV. 
 RHTXLULQJ  a  VSHFLILF  WHUP  aQQRWaWLRQ  IRU  HaFK  JHQH  HQVXUHV  WKaW  QR  aVVXPSWLRQV  aUH 
 PaGH aERXW JHQHV WKaW KaYH QRW EHHQ H[SHULPHQWaOO\ VWXGLHG EHIRUH. 

 TKLV  SURFHGXUH  IRU  FUHaWLQJ  GOBP-EaVHG  JROG  VWaQGaUGV  RI  JHQH  IXQFWLRQaO 
 UHOaWLRQVKLSV  KaV  VHYHUaO  aGYaQWaJHV,  ZKLFK  aUH  RXWOLQHG  LQ  GHWaLO  LQ  WKH  SaSHU  WKaW  ILUVW 
 XVHG  WKLV  SURFHGXUH  WR  FUHaWH  a  IXQFWLRQaO  JROG  VWaQGaUG  IRU  \HaVW  [8].  BULHIO\,  WKH 
 aGYaQWaJHV  RI  WKLV  JROG  VWaQGaUG  RYHU  RWKHU  RSWLRQV  LQFOXGH  OaFN  RI  VXEVWaQWLaO  IXQFWLRQaO 
 ELaV,  OaFN  RI  YaU\LQJ  VSHFLILFLW\  SUREOHPV,  a  WKRXJKWIXO  PHWKRG  RI  GHILQLQJ  QHJaWLYHV,  aQG 
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 a  PRUH  SURSRUWLRQaO  UaWLR  RI  SRVLWLYH  aQd  QHJaWLYH  H[aPSOHV.  CaUHIXO  PaQXaO  VHOHcWLRQ  RI 
 VSHcLILc  WHUPV  cRYHUV  WKH  ILUVW  WZR  LVVXHV.  UVLQJ  aOO  WHUPV  LQ  GOBP  RU  aOO  SaWKZa\V  LQ  a 
 dLIIHUHQW  daWabaVH  UHVXOWV  LQ  IXQcWLRQaO  bLaVHV  WRZaUdV  YHU\  OaUJH  SaWKZa\V  ZKLcK  caQ 
 µPaNH  RU  bUHaN¶  WKH  HYaOXaWLRQ  (VHH  WKH  ILUVW  ILJXUH  aQd  ULbRVRPH  KEGG  SaWKZa\  LQ  [9]). 
 AOWHUQaWLYHO\,  dHILQLQJ  a  µVSHcLILcLW\  cXWRII¶  IRU  WKHVH  RQWRORJ\  VWUXcWXUHV  (ZKHWKHU  b\ 
 QXPbHU  RI  aQQRWaWLRQV  RU  dHSWK  LQ  WKH  RQWRORJ\)  UHVXOWV  LQ  ZLOdO\  dLIIHUHQW  bLRORJLcaO 
 VSHcLILcLW\  RI  WHUPV  (FLJXUH  3,  LQ  [8]).  FLQaOO\,  PaQXaO  VHOHcWLRQ  RI  LQWHUPHdLaWH  WHUPV  LQ 
 RXU  JROd  VWaQdaUd  SURcHdXUH  aOORZV  QHJaWLYHV  WR  bH  dHILQHd  VHQVLcaOO\  aQd  cRQILdHQWO\ 
 ZLWK  HQRXJK  SaLUV  WR  IaU  RXWQXPbHU  WKH  SRVLWLYH  H[aPSOHV.  TKLV  UHIOHcWV  WKH  JURXQd  WUXWK, 
 ZKLcK  LV  WKaW  WKHUH  aUH  IaU  PRUH  SaLUV  RI  JHQHV  WKaW  dR  QRW  LQWHUacW  ZLWK  HacK  RWKHU  WKaQ 
 JHQH SaLUV WKaW dR LQWHUacW ZLWK HacK RWKHU. 

 IQ  VXPPaU\,  WKH  dHILQLWLRQ  RI  WKH  JURXQd-WUXWK  QHWZRUN  VWUXcWXUH  (L.H.,  WKH  JROd  VWaQdaUd) 
 LV  baVHd  RQ:  SUHYLRXVO\  HVWabOLVKHd  RbVHUYaWLRQV  abRXW  WKH  cRQQHcWLRQ  bHWZHHQ 
 cRH[SUHVVLRQ  aQd  IXQcWLRQaO  cR-aQQRWaWLRQ;  WKH  aSSOLcaWLRQV  RI  cRH[SUHVVLRQ  WR  dHOLQHaWH 
 JHQH  IXQcWLRQ;  aQd  RXU  ULJRURXV  SURcHdXUH  IRU  VHWWLQJ  XS  a  PHaQLQJIXO  VHW  RI 
 IXQcWLRQaOO\-UHOaWHd  aQd  XQUHOaWHd  JHQH  SaLUV  baVHd  RQ  H[SHULPHQWaO  aQQRWaWLRQV  RI 
 JHQHV WR VSHcLILc WHUPV LQ GOBP. 

 OWKHU JROG VWaQGaUGV cRQVLGHUHG 
 WH  VSHQW  a  cRQVLdHUabOH  aPRXQW  RI  HIIRUW  WU\LQJ  WR  cUHaWH  RWKHU  JROd  VWaQdaUdV  ZLWKRXW 
 PXcK  VXccHVV  dXH  WR  WKH  OacN  RI  aSSURSULaWH  H[WHUQaO  daWaVHWV.  FRU  H[aPSOH,  ZH 
 aWWHPSWHd  WR  cUHaWH  JROd  VWaQdaUdV  baVHd  RQ  JURXSV  RI  JHQHV  cR-bRXQd  b\  WKH  VaPH 
 WUaQVcULSWLRQ  IacWRU  (LQ  CKIP-SHT  H[SHULPHQWV).  HRZHYHU,  SK\VLcaO  bLQdLQJ  RI 
 WUaQVcULSWLRQ  IacWRU  dRHV  QRW  QHcHVVaULO\  LQdLcaWH  IXQcWLRQaO  LQWHUacWLRQ  bHWZHHQ  WKH 
 WUaQVcULSWLRQ  IacWRU  aQd  WKH  WaUJHW  JHQH  QRU  dRHV  LW  LQdLcaWH  cR-UHJXOaWLRQ  (cRH[SUHVVLRQ) 
 bHWZHHQ  WKH  WaUJHW  JHQHV.  TKLV  OLPLWaWLRQ  ZaV  aSSaUHQW  IURP  RXU  RbVHUYaWLRQ  WKaW 
 cRH[SUHVVLRQ  QHWZRUNV  HYaOXaWHd  RQ  WKHVH  TF-bLQdLQJ-baVHd  JROd  VWaQdaUdV  Kad 
 UaQdRP  SHUIRUPaQcH  aW  bHVW  aQd  ZRUVH  WKaQ  UaQdRP  SHUIRUPaQcH  RWKHUZLVH, 
 UHJaUdOHVV RI ZRUNIORZ, VaPSOH VL]H, RU daWa TXaOLW\. 

 WH  aOVR  aWWHPSWHd  WR  cUHaWH  a  JROd  VWaQdaUd  baVHd  RQ  JURXSV  RI  JHQHV  cR-aQQRWaWHd  WR 
 RQO\  WLVVXH-VSHcLILc  GO  bLRORJLcaO  SURcHVVHV.  HRZHYHU,  WKHUH  ZaV  YHU\  OLWWOH 
 H[SHULPHQWaO  aQQRWaWLRQ  LQ  WKLV  daWa  WR  cUHaWH  JROd  VWaQdaUdV  WKaW  VSaQ  WHQV  RI 
 WKRXVaQdV RI JHQHV IRU PaQ\ WLVVXHV. 

 AW  OHaVW  RQH  SUHYLRXV  VWXd\  KaV  XVHd  VSLNH-LQ  daWa  WR  cRQVWUXcW  JURXQd-WUXWK 
 cRH[SUHVVLRQ  QHWZRUNV  [9].  HRZHYHU,  ZH  dLd  QRW  cKRRVH  WR  XVH  VSLNH-LQ  daWa  IRU  UHaVRQV 
 VLPLOaU  WR  WKH  RQHV  RXWOLQHd  abRYH:  OLPLWHd  daWa  WKaW  SUHYHQWV  cRQdXcWLQJ  aQ  HYaOXaWLRQ 
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 RQ  a  OaUJH-HQRXJK  VcaOH  WR  bH  cRPIRUWabOH  GUaZLQJ  JHQHUaO  cRQcOXVLRQV.  TR  RXU 
 NQRZOHGJH,  WKHUH  LV  QRW  a  OaUJH  cROOHcWLRQ  RI  UHaGLO\-aYaLOabOH  VSLNH-LQ  GaWa  IURP  PXOWLSOH 
 VRXUcHV  aQG  WLVVXHV  WR  OHYHUaJH  IRU  WKLV  SXUSRVH.  RNA-VHT  H[SHULPHQWV  aUH  TXLWH 
 VHQVLWLYH  WR  WHcKQLcaO  HIIHcWV  ZKHQ  cRQVLGHULQJ  ILQaO  TXaQWLILcaWLRQ  RI  HacK  JHQH  cRXQW  LQ 
 a  JLYHQ  VaPSOH.  TKHVH  WHcKQLcaO  HIIHcWV  aUH  a  cRPbLQaWLRQ  RI  WKH  VSHcLILc  WUaQVcULSWV  RI 
 LQWHUHVW  (GC  cRQWHQW,  OHQJWK,  UHYHUVH  WUaQVcULSWaVH  bLQGLQJ  VLWH  VHTXHQcH,  HWc)  aQG  WKH 
 RYHUaOO  GLVWULbXWLRQ  RI  WKH  SRSXOaWLRQ  RI  RNA/cDNA  LQ  WKH  VaPSOH  OLbUaU\  (ZKHWKHU  URNA 
 GHSOHWLRQ  RU  SRO\A+  WaLO  VHOHcWLRQ  LV  XVHG,  ZKLcK  WLVVXH  WKH  VaPSOH  cRPHV  IURP, 
 VHTXHQcLQJ  SURWRcRO,  HWc).  AOO  WKHVH  IacWRUV  caQ  KaYH  VLJQLILcaQW  HIIHcWV  RQ  WRWaO  UHaG 
 cRXQWV  aQG,  WKXV,  JHQH  cRXQW  TXaQWLILcaWLRQ.  AQG,  VSLNH-LQ  cRQWUROV  aUH  QRW  LPPXQH  WR 
 WKHVH  HIIHcWV  [10].  AV  ZH  GLVcXVV  WKURXJKRXW  WKH  SaSHU,  GLIIHUHQW  QRUPaOL]aWLRQ  aQG 
 QHWZRUN  WUaQVIRUPaWLRQ  WHcKQLTXHV  KaQGOH  WKHVH  WHcKQLcaO  bLaVHV  GLIIHUHQWO\,  ZKHWKHU 
 H[SOLcLWO\  RU  LPSOLcLWO\.  TKHUHIRUH,  WR  caOO  a  PHWKRG  RU  ZRUNIORZ  ³URbXVW´,  LW  PXVW  ZRUN  ZHOO 
 RYHU  a  OaUJH  QXPbHU  RI  GaWaVHWV  WKaW  HQcRPSaVV  GaWaVHWV  ZLWK  aQ\  QXPbHU  RI  a  YaULHW\ 
 RI  WHcKQLcaO  bLaVHV.  IQ  RXU  VWXG\,  ZH  cKHcN  IRU  URbXVWQHVV  b\  XVLQJ  a  OaUJH  QXPbHU  RI 
 SULPaU\  bXON  RNA-VHT  VaPSOHV  (RYHU  15,000)  IURP  RYHU  35  WLVVXHV  aQG  200  LQGHSHQGHQW 
 VWXGLHV  WKaW  ZHUH  aOO  TXaQWLILHG  LQWR  JHQH  cRXQWV  b\  WKH  VaPH  aOLJQPHQW  VRIWZaUH.  IW 
 ZRXOG  bH  a  cRQVLGHUabOH  HIIRUW  WR  cROOHcW  GaWa  ZLWK  VSLNH-LQV  IURP  PaQ\  VRXUcHV  aQG 
 SURcHVV  WKH  UaZ  UHaGV  LQWR  cRXQWV  GaWa  IRU  aQRWKHU  OaUJH  VHW  RI  GaWa,  aV  ZH  XVHG 
 RHcRXQW2  WR  WaNH  aZa\  WKH  YaULabLOLW\  RI  XVLQJ  GLIIHUHQW  aOLJQPHQW  VRIWZaUH.  CXUUHQWO\, 
 WKHUH  GRHV  QRW  VHHP  WR  bH  a  VLQJOH,  KLJK-TXaOLW\,  OaUJH  GaWaVHW  IRU  VSLNH-LQ  RNA-VHT 
 GaWa  WKaW  ZRXOG  cRUUHVSRQG  WR  VRPHWKLQJ  OLNH  WKH  GaWa  XVHG  LQ  RXU  GTE[  aQaO\VLV  ZKHUH 
 WKH  UaZ  UHaGV  aUH  cRQYHUWHG  WR  JHQH  cRXQWV  XVLQJ  WKH  VaPH  TXaOLW\-cRQWURO  aQG 
 TXaQWLILcaWLRQ  SURcHGXUH  (OLNH  LQ  RHcRXQW2)  WR  WaNH  aZa\  WKH  YaULabLOLW\  RI  XVLQJ  GLIIHUHQW 
 aOLJQPHQW VRIWZaUH. 

 FXUWKHUPRUH,  HYHQ  LI  WKHUH  LV  HQRXJK  VSLNH-LQ  GaWa  aYaLOabOH,  LW  LV  QRW  cHUWaLQ  WKaW  LW  ZRXOG 
 bH  a  XVHIXO  HYaOXaWLRQ.  TKH  SXUSRVH  RI  VSLNH-LQ  H[SHULPHQWV  LV  RIWHQ  WR  HVWLPaWH  WKH 
 SUHcLVLRQ  aQG  accXUac\  RI  WKH  VHTXHQcLQJ  WHcKQRORJ\.  SR,  W\SLcaOO\,  WKH  cRQcHQWUaWLRQ  RI 
 WKH  VSLNH-LQ  LV  HTXaO  acURVV  VaPSOHV  LQ  a  GaWaVHW.  EYHQ  LQ  caVHV  ZKHUH  WKH 
 cRQcHQWUaWLRQ  RI  a  JLYHQ  VSLNH-LQ  SURbH  LV  YaULHG  acURVV  VaPSOHV,  WKH  SRLQW  RI  WKHVH 
 VSLNH-LQV  LV  WR  ILQG  WKH  OLPLW  RI  GHWHcWLRQ  RU  WR  bH  aW  a  GHWHcWabOH  OHYHO  VR  WKaW  WKH\  caQ  bH 
 XVHG  IRU  TXaQWLILcaWLRQ.  TKLV  PHaQV  WKaW,  LQ  PaQ\  caVHV,  ZH  ZRXOG  RQO\  bH  abOH  WR 
 HYaOXaWH  VSLNH-LQ  ROLJRV  ZLWK  a  QRPLQaO  cRUUHOaWLRQ  RI  RQH  RU  ]HUR  (aV  ZaV  GRQH  LQ  [9]). 
 TR  bH  cOHaU,  WKLV  PHaQV  WKaW  ZH  ZRXOG  QRW  bH  abOH  WR  HYaOXaWH  aQ\  cRUUHOaWLRQ  bHWZHHQ  0 
 aQG  1.  TKLV  OLPLWaWLRQ  VNHZV  WKH  aVVHVVPHQW  RI  ZRUNIORZV  WR  aQ  HYaOXaWLRQ  RI  JHQHV  WKaW 
 aUH  SHUIHcWO\  cRH[SUHVVHG  aQG  KLJKO\  µH[SUHVVHG¶  LQ  aW  OHaVW  VRPH  VaPSOHV.  AV 
 GLVcXVVHG  bULHIO\  LQ  WKH  DLVcXVVLRQ  VHcWLRQ,  WKH  PHaQ-cRUUHOaWLRQ  UHOaWLRQVKLS  bLaV  (WKH 
 RbVHUYaWLRQ  WKaW  KLJKO\-H[SUHVVHG  JHQHV  WHQG  WR  bH  PRUH  KLJKO\-cRH[SUHVVHG  LQ 
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 FRH[SUHVVLRQ  aQaO\VLV)  PLJKW  PaNH  WKLV  W\SH  RI  JROG  VWaQGaUG  UaWKHU  HaV\  WR  aFKLHYH  IRU 
 aOO  ZRUNIORZV.  SXFK  a  JROG  VWaQGaUG  GRHV  QRW  UHSUHVHQW  a  OaUJH  QXPEHU  RI  JHQHV  WKaW 
 aUH QHYHU KLJKO\ H[SUHVVHG EXW aUH QRQHWKHOHVV JHQHV RI JUHaW LQWHUHVW. 

 EYaOXaWLRQ SURcHGXUH XVLQJ RXU JROG VWaQGaUG 
 TKH  JROG  VWaQGaUG  FRQWaLQV  WKRXVaQGV  RI  JHQH  SaLUV  WKaW  HLWKHU  KaYH  a  IXQFWLRQaO 
 UHOaWLRQVKLS  (SRVLWLYH)  RU  GR  QRW  KaYH  a  IXQFWLRQaO  UHOaWLRQVKLS  (QHJaWLYH),  GHILQHG  EaVHG 
 RQ  H[SHULPHQWaO  JHQH  FR-aQQRWaWLRQV  WR  VSHFLILF  GOBP  WHUPV  (VHH  aERYH).  TKHQ,  ZH 
 HYaOXaWH  HaFK  FRH[SUHVVLRQ  QHWZRUN  (GHULYHG  IURP  a  VLQJOH  RNA-VHT  GaWaVHW  aQaO\]HG 
 XVLQJ  aQ\  RQH  RI  WKH  ZRUNIORZV)  E\  FRPSaULQJ  LW  WR  WKLV  JROG  VWaQGaUG  E\  HVVHQWLaOO\ 
 aVNLQJ  WKH  IROORZLQJ  TXHVWLRQ:  GR  JHQH  SaLUV  WKaW  KaYH  YHU\  KLJK  FRH[SUHVVLRQ  VWUHQJWKV 
 (L.H.  KLJK  FRUUHOaWLRQ  FRHIILFLHQWV)  WHQG  EH  IXQFWLRQaOO\  UHOaWHG  WR  HaFK  RWKHU  EaVHG  RQ  WKH 
 JROG VWaQGaUG? 
 WH  aQVZHU  WKLV  TXHVWLRQ  TXaQWLWaWLYHO\  E\  FaOFXOaWLQJ  WKH  aUHa  XQGHU  WKH  SUHFLVLRQ-UHFaOO 
 FXUYH IRU WKaW FRH[SUHVVLRQ QHWZRUN LQ WKH IROORZLQJ PaQQHU: 
 1.  WH UaQN aOO WKH JHQH SaLUV LQ WKH QHWZRUN IURP KLJKHVW WR ORZHVW FRUUHOaWLRQ. 
 2.  TKHQ,  aW  YaULRXV  FXWRIIV  RI  FRUUHOaWLRQ  VWUHQJWK  IURP  KLJK  WR  ORZ,  ZH  FaOFXOaWH  WKH 

 QXPEHU RI WUXH SRVLWLYHV, IaOVH SRVLWLYHV, WUXH QHJaWLYHV, aQG IaOVH QHJaWLYHV. 
 a.  GHQH SaLUV ZLWK a FRUUHOaWLRQ YaOXH aERYH WKH FXWRII aQG, 

 L.  FXQFWLRQaOO\  UHOaWHG  LQ  WKH  JROG  VWaQGaUG  (L.H.,  SRVLWLYH)  aUH  µWUXH  SRVLWLYHV¶ 
 (TP). 

 LL.  NRW  IXQFWLRQaOO\  UHOaWHG  LQ  WKH  JROG  VWaQGaUG  (L.H.,  QHJaWLYH)  aUH  µIaOVH 
 SRVLWLYHV¶ (FP). 

 E.  GHQH SaLUV ZLWK a FRUUHOaWLRQ YaOXH EHORZ WKH FXWRII aQG, 
 L.  FXQFWLRQaOO\  UHOaWHG  LQ  WKH  JROG  VWaQGaUG  (L.H.,  SRVLWLYH)  aUH  µIaOVH  QHJaWLYHV¶ 

 (FN). 
 LL.  NRW  IXQFWLRQaOO\  UHOaWHG  LQ  WKH  JROG  VWaQGaUG  (L.H.,  QHJaWLYH)  aUH  µWUXH 

 QHJaWLYHV¶ (TN). 
 F.  TKHVH  TP,  FP,  FN,  aQG  TN  YaOXHV  aUH  FRPELQHG  WR  FaOFXOaWH  WKH  SUHFLVLRQ  (=  TP  / 

 ( TP + FP ) ) aQG UHFaOO (= TP / ( TP + FN ) ) aW WKaW FXWRII. 
 3.  AOO  WKH  SUHFLVLRQ  aQG  UHFaOO  YaOXHV  aW  WKH  YaULRXV  FRUUHOaWLRQ  FXWRIIV  aUH  XVHG  WRJHWKHU 

 WR EXLOG WKH SUHFLVLRQ-UHFaOO FXUYH. 
 4.  FLQaOO\,  WKH  aUHa  XQGHU  WKLV  FXUYH  (aXPRC)  aQG  WKH  SUHFLVLRQ  WKaW  FRUUHVSRQGV  WR 

 20%  UHFaOO  (S20U)  aUH  XVHG  WR  TXaQWLI\  WKH  aELOLW\  RI  WKH  FRH[SUHVVLRQ  QHWZRUN  WR 
 UHFaSLWXOaWH JHQH IXQFWLRQaO UHOaWLRQVKLSV LQ WKH JROG VWaQGaUG. 
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 5EFE5E1CE6 

 1.  ELVHQ  MB,  6SHOOPDQ  P7,  BURZQ  PO,  DQG  BRWVWHLQ  D.  COXVWHU  DQDO\VLV  DQG  GLVSOD\  RI 
 JHQRPH-ZLGH H[SUHVVLRQ SDWWHUQV. PNA6 1998. 

 2.  6HJDO  E,  FULHGPDQ  N,  KROOHU  D,  5HJHY.  A  PRGXOH  PDS  VKRZLQJ  FRQGLWLRQDO  DFWLYLW\  RI 
 H[SUHVVLRQ PRGXOHV LQ FDQFHU. NDWXUH GHQHWLFV 2004. 

 3.  AOORFFR  DJ,  KRKDQH  I6,  DQG  BXWWH  AJ.  4XDQWLI\LQJ  WKH  UHODWLRQVKLS  EHWZHHQ 
 FR-H[SUHVVLRQ, FR-UHJXODWLRQ DQG JHQH IXQFWLRQ. BMC BLRLQIRUPDWLFV 2004. 

 4.  CDUSHQWHU  AE  DQG  6DEDWLQL  DM.  6\VWHPDWLF  JHQRPH-ZLGH  VFUHHQV  RI  JHQH  IXQFWLRQ. 
 NDWXUH UHYLHZV JHQHWLFV 2004. 

 5.  =KX  4,  :RQJ  AK,  KULVKQDQ  A,  AXUH  M5,  7DG\FK  A,  =KDQJ  5,  CRUQH\  DC,  GUHHQH 
 C6,  BRQJR  LA,  KULVWHQVHQ  9N,  CKDULNDU  M,  LL  K  DQG  7UR\DQVND\D  OG.  7DUJHWHG 
 H[SORUDWLRQ  DQG  DQDO\VLV  RI  ODUJH  FURVV-SODWIRUP  KXPDQ  WUDQVFULSWRPLF  FRPSHQGLD. 
 NDWXUH MHWKRGV 2015. 

 6.  =KDQJ  B,  HRUYDWK  6.  A  GHQHUDO  FUDPHZRUN  IRU  :HLJKWHG  GHQH  CR-E[SUHVVLRQ 
 NHWZRUN AQDO\VLV. 6WDW ASSO GHQHW MRO BLRO. DH GUX\WHU; 2005;4. 

 7.  GUHHQH  C6,  KULVKQDQ  A,  :RQJ  AK,  5LFFLRWWL  E,  =HOD\D  5A,  HLPPHOVWHLQ  D6,  =KDQJ 
 5,  HDUWPDQQ  BM,  =DVODYVN\  E,  6HDOIRQ  6C,  CKDVPDQ  DI,  FLW]GHUDOG  GA,  DROLQVNL  K, 
 GURVVHU  7  DQG  7UR\DQVND\D  OG.  8QGHUVWDQGLQJ  PXOWLFHOOXODU  IXQFWLRQ  DQG  GLVHDVH 
 ZLWK KXPDQ WLVVXH-VSHFLILF QHWZRUNV. NDWXUH GHQHWLFV 2015. 

 8.  M\HUV  CL,  BDUUHWW  D5,  HLEEV  MA,  HXWWHQKRZHU  C  DQG  7UR\DQVND\D  OG.  FLQGLQJ 
 IXQFWLRQ:  HYDOXDWLRQ PHWKRGV IRU IXQFWLRQDO JHQRPLF GDWD. BMC GHQRPLFV 2006. 

 9.  MFCDOO  MN  DQG  AOPXGHYDU  A.  AII\PHWUL[  GHQHCKLS  PLFURDUUD\  SUHSURFHVVLQJ  IRU 
 PXOWLYDULDWH DQDO\VHV. BULHILQJV LQ BLRLQIRUPDWLFV 2012. 

 10.  4LQJ  7,  <X  <,  DX  7  7,  HW  DO.  P5NA  HQULFKPHQW  SURWRFROV  GHWHUPLQH  WKH  TXDQWLILFDWLRQ 
 FKDUDFWHULVWLFV  RI  H[WHUQDO  5NA  VSLNH-LQ  FRQWUROV  LQ  5NA-6HT  VWXGLHV.  6FL  CKLQD  LLIH 
 6FL, 2013, 56: 134±142. 
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 CHA37E5  3:  LE9E5AGING  38BLIC  75AN6C5I372ME  DA7A  :I7H 
 MACHINE  LEA5NING  72  INFE5  3AN-B2D<  AGE-  AND  6E;-63ECIFIC 
 M2LEC8LA5 3HEN2MENA 

 BacNJURXQG 

 0RVW  FRPSOH[  WUDLWV  DQG  GLVHDVHV  KDYH  DJH-  DQG  VH[-UHODWHG  GLIIHUHQFHV  LQ  WKHLU 

 LQFLGHQFH  DQG  PDQLIHVWDWLRQ  >1@  DQG  \HW  WKHVH  IDFWRUV  KDYH  EHHQ  ODUJHO\ 

 XQGHUFRQVLGHUHG  LQ  ELRPHGLFDO  DQG  FOLQLFDO  VWXGLHV  LQ  WKH  SDVW  >2±5@  .  )XUWKHU,  RIWHQ  WKHVH 

 DJH-  DQG  VH[-UHODWHG  GLIIHUHQFHV  DUH  LQWHUWZLQHG  DQG  FRQVLGHULQJ  RQH  ZLWKRXW  WKH  RWKHU 

 ZLOO  SURGXFH  DQ  LQFRPSOHWH  XQGHUVWDQGLQJ.  )RU  H[DPSOH,  ZRPHQ  KDYH  D  ORZHU 

 SUHYDOHQFH  RI  VWURNH  EHIRUH  PHQRSDXVH,  EXW  DIWHUZDUGV  WKH  SUHYDOHQFH  H[FHHGV  WKDW  RI 

 PHQ  >6@  .  6LPLODUO\,  WKH  SHDN  RI  DVWKPD  GLDJQRVHV  LV  EHWZHHQ  WKH  DJHV  RI  2  DQG  8  \HDUV 

 ROG  LQ  ER\V,  EXW  LQFLGHQFH  LV  KLJKHU  IRU  ZRPHQ  LQ  DGXOWV  >7@  .  AV  VFLHQWLILF  UHVHDUFK  EHJLQV 

 WR  SD\  FORVHU  DWWHQWLRQ  WR  DJH  DQG  VH[  DV  ELRORJLFDO  IDFWRUV,  QHZ  VWXGLHV  DUH  QRZ 

 EHJLQQLQJ  WR  XQFRYHU  VRPH  RI  WKH  JHQHWLF  EDVLV  WKDW  XQGHUOLHV  WKH  SURFHVVHV  RI 

 GHYHORSPHQW  DQG  DJLQJ  ZLWK  RU  ZLWKRXW  FRQVLGHULQJ  VH[  GLIIHUHQFHV  LQ  WLVVXH  SK\VLRORJ\ 

 >8@  , FRPSOH[ WUDLWV  >9@  , GLVHDVHV  >10@  , DQG WUHDWPHQW  UHVSRQVHV  >11@  . 

 7KHVH  QHZ  GDWD  DORQH  DUH  QRW  HQRXJK  WR  FUHDWH  KROLVWLF  IUDPHZRUNV  FDSDEOH  RI  KHOSLQJ 

 ELRORJLVWV  DGGUHVV  TXHVWLRQV  DERXW  IHPDOH  DQG  PDOH  WLVVXH  ELRORJ\  DW  VSHFLILF  LQWHUYDOV 

 DORQJ  WKH  KXPDQ  OLIHVSDQ  (H.J.,  FKLOGKRRG,  DGROHVFHQFH,  RU  ROG  DJH).  AV  ZH  DLP  WR 

 SURYLGH  SUHFLVLRQ  PHGLFLQH  IRU  DOO,  D  FRPSUHKHQVLYH  XQGHUVWDQGLQJ  RI  KRZ  DJH  DQG  VH[ 

 LQIOXHQFH  QRUPDO  SK\VLRORJ\  DQG  LQ  WXUQ  DIIHFW  FRPSOH[  WUDLWV  DQG  GLVHDVHV  LV  FULWLFDO 

 >12,13@  .  5HODWHG  GLIIHUHQFHV  FDQ  EH  TXLWH  VPDOO,  SURGXFLQJ  VXEWOH,  HDVLO\-RYHUORRNHG 

 FKDQJHV.  )RU  H[DPSOH,  VLJQLILFDQW  VH[  GLIIHUHQWLDOO\  H[SUHVVHG  JHQHV  RIWHQ  KDYH  VPDOO 
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 IROG  FKDQJHV  [12]  DQG  JHQHV  UHODWHG  WR  KXPDQ  ORQJHYLW\  E\  GWAS  KDYH  VPDOO  HIIHFW 

 VL]HV  [14]  . 

 AQ  RSSRUWXQLW\  WR  LQYHVWLJDWH  WKHVH  VPDOO-\HW-ZLGHVSUHDG  LQIOXHQFHV  UHVLGHV  LQ  WKH 

 KXQGUHGV  RI  WKRXVDQGV  RI  SXEOLFO\-DYDLODEOH  JHQH  H[SUHVVLRQ  SURILOHV  JHQHUDWHG  E\ 

 KXQGUHGV  RI  ODEV  DFURVV  WKH  ZRUOG  RYHU  WKH  SDVW  25  \HDUV  DQG  VWRUHG  LQ  GDWDEDVHV  VXFK 

 DV  NCBI  GEO  [15]  DQG  EBI  AUUD\E[SUHVV  [16,17]  .  TKHVH  WUDQVFULSWRPHV  VSDQ  PXOWLSOH 

 WLVVXHV,  GLYHUVH  H[SHULPHQWDO,  ELRPHGLFDO,  DQG  HQYLURQPHQWDO  FRQGLWLRQV,  DQG  QXPHURXV 

 GLVHDVHV,  DQG  KDYH  EHHQ  SUHYLRXVO\  VXFFHVVIXOO\  OHYHUDJHG  WRZDUGV  JDLQLQJ  ELRORJLFDO 

 LQVLJKW  LQWR  PROHFXODU  PHFKDQLVPV  RI  FRPSOH[  WUDLWV  DQG  GLVHDVHV  [18,19]  .  A  IHZ 

 SUHYLRXV  VWXGLHV  KDYH  XVHG  SDUWV  RI  WKHVH  GDWD  WR  LGHQWLI\  VH[-DVVRFLDWHG  JHQHV  DQG 

 PROHFXODU SURFHVVHV ZLWK RFFDVLRQDO PLQRU IRFXV RQ DJH. 

 OQH  RI  WKH  ILUVW  ODUJH-VFDOH  HQGHDYRUV  WR  FKDUDFWHUL]H  KXPDQ  VH[-ELDVHG  JHQHV  ZDV  D 

 2016  VWXG\  ZKHUHLQ  MD\QH  DQG  FROOHDJXHV  [20]  XVHG  GLIIHUHQWLDO  H[SUHVVLRQ  DQDO\VLV  RQ 

 22  SXEOLFO\-DYDLODEOH  PLFURDUUD\  GDWDVHWV  WRWDOLQJ  DERXW  2,500  VDPSOHV  IURP  15  WLVVXHV 

 (  Fig.  3.1b  ).  PUHYLRXV  WR  WKDW  VWXG\,  RQH  RI  WKH  ODUJHVW  VH[-GLIIHUHQWLDO  H[SUHVVLRQ  VWXGLHV 

 SXEOLVKHG  ZDV  WKH  2015  VWXG\  [21]  IURP  WKH  GTE[  FRQVRUWLXP  [22]  ZKLFK  LQFOXGHG  VH[ 

 DV  RQH  RI  PDQ\  ELRORJLFDO  IDFWRUV  FRQVLGHUHG  LQ  WKH  H[SUHVVLRQ  YDULDWLRQ  EHWZHHQ 

 LQGLYLGXDOV.  AW  WKH  WLPH,  RQO\  WKH  SLORW  GDWD  KDG  EHHQ  UHOHDVHG,  ZKLFK  LQFOXGHG  1,641 

 RNA-VHT  VDPSOHV  IURP  RYHU  40  WLVVXHV  LQ  175  LQGLYLGXDOV.  GTE[  FRQVRUWLXP  GDWD  KDV 

 VLQFH  JURZQ  WR  RYHU  17,000  VDPSOHV  IURP  948  LQGLYLGXDOV  DQG  KDV  EHHQ  XVHG  LQ  DQRWKHU 

 KDQGIXO  RI  VH[-GLIIHUHQWLDO  H[SUHVVLRQ  VWXGLHV.  GXR  DQG  WHDP  [23]  XVHG  GTE[  GDWD  LQ 

 DGGLWLRQ  WR  FXUDWHG  GDWDVHWV  IURP  GEO  DQG  UHVWULFWHG  WKHPVHOYHV  WR  KHDOWK\  VDPSOHV  WR 

 GHWHUPLQH  VH[-ELDVHG  JHQHV  LQ  14  WLVVXHV.  GHUVKRQL  DQG  PLHWURNRYVNL  [24]  SXEOLVKHG 
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 VH[-GLIIHUHQWLDO  H[SUHVVLRQ  UHVXOWV  XVLQJ  YHUVLRQ  6  RI  GTEX  LQ  2017,  DQG  LQ  2019  WKH 

 VH[-DVVRFLDWHG  JHQH  GDWDEDVH  (SAGD)  UHVRXUFH  ZDV  SXEOLVKHG  ZLWK  VH[-DVVRFLDWHG 

 JHQHV  (GLIIHUHQWLDO  H[SUHVVLRQ)  IURP  2,828  VDPSOHV  LQ  21  GLIIHUHQW  VSHFLHV.  LDWHU  WKDW 

 \HDU  NDTYL  HW  DO  [25@  XVHG  GTE[  GDWD  LQ  FRQMXQFWLRQ  ZLWK  GDWD  IURP  PDFDTXH,  PRXVH, 

 UDW,  DQG  GRJ  WR  LQYHVWLJDWH  FRQVHUYHG  VH[-ELDVHG  H[SUHVVLRQ  LQ  12  WLVVXHV.  IQ  2020, 

 LRSHV-RDPRV  DQG  JURXS  [26@  XVHG  WKH  GTE[  GDWDVHW  IRU  VH[  GLIIHUHQWLDO  H[SUHVVLRQ 

 DQDO\VLV  DQG  IXUWKHU  EXLOW  UHJXODWRU\  QHWZRUNV  IRU  HDFK  VDPSOH  DQG  FRPSDUHG  IHPDOH 

 DQG  PDOH  QHWZRUNV  LQ  HDFK  WLVVXH.  FLQDOO\,  WKH  GTE[  FRQVRUWLXP  UHOHDVHG  D  SDSHU 

 IRFXVHG  HQWLUHO\  RQ  WKH  LPSDFW  RI  VH[  RQ  JHQH  H[SUHVVLRQ  LQ  2020.  EDFK  RI  WKHVH  VWXGLHV 

 XVHG  SXEOLFO\-DYDLODEOH  WUDQVFULSWRPLF  GDWD,  RIWHQ  LQFOXGLQJ  GTE[  GDWD,  DQG  VWUDWLILHG 

 VDPSOHV  E\  WLVVXH  WR  ILQG  GLIIHUHQWLDOO\  H[SUHVVHG  JHQHV  EHWZHHQ  VH[HV.  GTE[  GDWD 

 VNHZV  DERXW  Ҁ  PDOH,  DQG  WKH  MD\QH  VWXG\  KDG  D  VLPLODU  UDWLR  RI  PDOH  WR  IHPDOH 

 VDPSOHV.  TKH  GXR  VWXG\,  SAGD,  DQG  WKLV  VWXG\  DUH  FORVH  WR  50-50  VH[  EDODQFH.  MRVW 

 VWXGLHV  GLG  QRW  H[SOLFLWO\  FRQVLGHU  DJH,  EXW  WKH  SAGD  FRQVLGHUV  GHYHORSPHQWDO  VWDJH 

 ZKHQ  SRVVLEOH,  DQG  WKH  GTE[  VWXGLHV  LQFRUSRUDWH  DJH  DV  D  FRYDULDWH  EXW  LV  IRFXVHG  RQ  D 

 GDWDVHW RI PRVWO\ DGXOW DQG ROGHU LQGLYLGXDOV. 

 EIIRUWV  WR  FKDUDFWHUL]H  DJH-ELDVHG  JHQHV  XVLQJ  KXPDQ  WUDQVFULSWRPLF  GDWD  DUH  DOVR 

 JHQHUDOO\  VWUDWLILHG  E\  WLVVXH  WKRXJK  VRPHWLPHV  FRPPRQDOLWLHV  DFURVV  WLVVXHV  DUH 

 LQYHVWLJDWHG.  OQH  RI  WKH  HDUOLHVW  ODUJH-VFDOH  HIIRUWV  WR  VWXG\  FRPPRQ  DJLQJ  VLJQDWXUHV  LQ 

 SXEOLF  H[SUHVVLRQ  SURILOHV  ZDV  DQ  GLIIHUHQWLDO  H[SUHVVLRQ  DQDO\VLV  ZLWK  27  PLFURDUUD\ 

 GDWDVHWV  IURP  PLFH,  UDWV,  DQG  KXPDQV  WKDW  VSDQQHG  PXOWLSOH  WLVVXHV  LQ  400  VDPSOHV  E\ 

 PHGUR  GH  MDJDOKmHV  DQG  FROOHDJXHV  [27@  LQ  2007.  A  IHZ  \HDUV  ODWHU  HDQQXP  HW  DO  [28@ 

 XVHG  ZKROH  EORRG  JHQH  H[SUHVVLRQ  GDWD  RI  488  LQGLYLGXDOV  UDQJLQJ  IURP  20  WR  75  \HDUV 
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 RI  aJe.  A  OaUJe  aPRXQW  RI  IRcXV  LQ  VWXd\LQJ  aJe-bLaVed  JeQe  e[SUeVVLRQ  KaV  cRQWLQXed 

 WR  ceQWeU  aURXQd  aJe  SUedLcWLRQ  [28±33]  aQd  WKe  SURceVV  RI  aJLQJ  [27,28,32,34,35] 

 aQd/RU  deYeORSPeQW  [36]  WKURXJK  dLIIeUeQWLaO  e[SUeVVLRQ.  TZR  VWXdLeV  WKLOe  VRPeWLPeV 

 Ve[  LV  adMXVWed  IRU  LQ  WKe  PRdeO,  YeU\  OLWWOe  KaV  beeQ  dRQe  WR  VWXd\  aJe  LQ  a 

 Ve[-deSeQdeQW  PaQQeU,  eVSecLaOO\  WKaW  dReV  QRW  IRcXV  RQ  aJLQJ  VSecLILcaOO\,  WKRXJK 

 WKeUe  LV  eYLdeQce  WKaW  WKe  SURceVVeV  RI  aJLQJ  [32,37]  aQd  deYeORSPeQW  [38]  caUU\ 

 Ve[-deSeQdeQW dLIIeUeQceV. 

 TKeVe  LPSRUWaQW  eIIRUWV  KaYe  beJXQ  WR  cKaUacWeUL]e  WLVVXe-VSecLILc  e[SUeVVLRQ  LQ  eacK 

 Ve[  aQd  LQ  dLIIeUeQW  aJe  JURXSV.  HRZeYeU,  WKeUe  aUe  VWLOO  JaSV  WKaW  Qeed  WR  be 

 addUeVVed.  FLUVW,  PRVW  RI  WKeVe  VWXdLeV  XVLQJ  SXbOLc  JeQe  e[SUeVVLRQ  daWa  aUe  IRcXVed 

 RQ  aJe  RU  Ve[,  VRPeWLPeV  adMXVWLQJ  IRU  WKe  RWKeU,  bXW  UaUeO\  WU\LQJ  WR  deOLQeaWe  aJe  aQd 

 Ve[  dLIIeUeQceV  aW  WKe  VaPe  WLPe.  SecRQd,  WKe  daWa  XVed  LQ  WKeVe  VWXdLeV  (RIWeQ  IURP 

 GTE[)  VNeZ  KeaYLO\  WRZaUdV  adXOWV  aQd  ROdeU  LQdLYLdXaOV.  TKLUd,  LQYeVWLJaWLQJ  bRWK  aJe 

 acURVV  aOO  VWaJeV  RI  OLIe  aQd  Ve[  VSecLILcLW\  aW  WKe  VaPe  WLPe  RQ  a  OaUJe  VcaOe  KaV  \eW  WR 

 be  dRQe.  We  aUe  LQWeUeVWed  LQ  QRW  MXVW  WKe  SURceVV  RI  aJLQJ,  bXW  PROecXOaU  SURceVVeV 

 WKaW  RccXU  aW  VSecLILc  VWaJeV  aORQJ  WKe  KXPaQ  OLIeVSaQ.  IQWeJUaWLRQ  RI  a  OaUJe  bRd\  RI 

 daWa  aOORZV  XV  WR  SLcN  XS  RQ  PXOWL-WLVVXe  VLJQaOV  ZLWKRXW  RQO\  OeaUQLQJ  daWaVeW-  RU 

 WLVVXe-VSecLILc  VLJQaOV.  TKe  PaLQ  KXUdOe  WR  OeYeUaJLQJ  WKe  KXQdUedV  RI  WKRXVaQdV  RI 

 SXbOLcO\-aYaLOabOe  JeQe  e[SUeVVLRQ  SURILOeV  WRZaUdV  WKLV  SXUSRVe  LV  WKaW  aJe  aQd  Ve[ 

 PeWadaWa  LV  RIWeQ  PLVVLQJ,  LQcRQVLVWeQW,  RU  dLVRUJaQL]ed.  EVSecLaOO\  becaXVe  aJe  aQd 

 Ve[  KaYe  beeQ  KLVWRULcaOO\  XQdeUVWXdLed,  WKe  YaVW  PaMRULW\  RI  WKeVe  VaPSOeV  aUe  QRW 

 aVVRcLaWed  ZLWK  aQ\  aJe  aQd  Ve[  LQIRUPaWLRQ.  SaPSOe  deVcULSWLRQV  WKaW  dR  cRQWaLQ  WKLV 

 LQIRUPaWLRQ  RIWeQ  KaYe  LW  bXULed  LQ  IUee  We[W  aQd  PaQ\  aUe  aQQRWaWed  ZLWK  YaJXe  OabeOV 
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 WKaW  aUe  PLQLPaOO\  LQfRUPaWLYe  aQd  LPSUecLVeO\  defLQed  aV,  fRU  e.J.,  µROd¶,  µadXOW¶,  RU  µLQfaQW¶ 

 (L.e.,  ZLWKRXW  WKe  aVVRcLaWed  aJe  UaQJeV),  PaNLQJ  LW  dLffLcXOW  fRU  UeVeaUcKeUV  ZLVKLQJ  WR 

 UeaQaO\]e WKeVe daWaVeWV. 

 IQ  WKLV  VWXd\,  Ze  SUeVeQW  WKe  OaUJeVW  effRUW  WR  cKaUacWeUL]e  aJe-  aQd  Ve[-bLaVed  JeQeV 

 acURVV  WKe  eQWLUe  KXPaQ  OLfeVSaQ  fURP  SXbOLc  WUaQVcULSWRPeV.  FLUVW,  Ze  PaQXaOO\  cXUaWed 

 WKe  OaUJeVW  Ve[-  aQd  aJe-aQQRWaWed  SXbOLc  WUaQVcULSWRPe  daWaVeW  cRQWaLQLQJ  QeaUO\ 

 30,000  bXON,  SULPaU\  KXPaQ  PLcURaUUa\  aQd  RNA-VeT  VaPSOeV  fURP  YaULeW\  Rf  WLVVXeV. 

 SecRQd,  WR  LQfeU  SaQ-bRd\  PROecXOaU  SURceVVeV  LPSacWed  b\  aJe  aQd  Ve[,  Ze  XVed 

 WKeVe  WUaQVcULSWRPeV  aQd  WKeLU  OabeOV  WR  caOcXOaWe  aJe-VWUaWLfLed  Ve[-bLaVed  JeQe 

 VLJQaWXUeV  aQd  Ve[-VWUaWLfLed  aJe-JURXS-VSecLfLc  JeQe  VLJQaWXUeV.  TKLUd,  XVLQJ  e[LVWLQJ 

 JeQe  aQQRWaWLRQ  aQd  aVVRcLaWLRQ  daWa  LQ  YaULRXV  daWabaVeV,  Ze  aVVRcLaWed  aOO  WKeVe 

 aJe/Ve[  JeQe  VLJQaWXUeV  WR  KXQdUedV  Rf  bLRPedLcaO  eQWLWLeV  LQcOXdLQJ  bLRORJLcaO 

 SURceVVeV/SaWKZa\V,  SKeQRW\SeV,  WUaLWV,  aQd  dLVeaVeV.  We  PaNe  RXU  VaPSOe  OabeOV, 

 JeQe  VLJQaWXUeV,  aQd  aVVRcLaWed  bLRPedLcaO  eQWLWLeV  aYaLOabOe  LQ  a  GLWHXb  UeSRVLWRU\. 

 TKeVe  UeVRXUceV  ZLOO  eQabOe  VcLeQWLVWV  LQ  VWXd\LQJ  Ve[-VSecLfLc  KeaOWK  aQd  dLVeaVe 

 PecKaQLVPV LQ aOO VWaJeV Rf OLfe. 

 RHVXOWV 

 CXUaWLQJ a OaUJe daWaVeW Rf KXPaQ aJe- aQd Ve[-aQQRWaWed WUaQVcULSWRPeV 

 TR  cKaUacWeUL]e  aJe-  aQd  Ve[-VSecLfLc  JeQe  e[SUeVVLRQ  VLJQaWXUeV,  Ze  fLUVW  dRZQORaded 

 aOO  aYaLOabOe  KXPaQ  PLcURaUUa\  daWa  LQ  GeQe  E[SUeVVLRQ  OPQLbXV  (GEO)  [39]  PeaVXUed 

 RQ  WKe  VaPe  SOaWfRUP  aQd  aOO  KXPaQ  RNA-VeT  daWa  aYaLOabOe  LQ  UefLQe.bLR  [40]  .  We  XVed 

 VLPSOe  We[W  PaWcKLQJ  LQ  dRZQORaded  VaPSOe  deVcULSWLRQV  fURP  GEO  aQd  WKe  SeTXeQce 

 Read  AUcKLYe  (SRA)  [41]  aV  ZeOO  aV  OabeOV  fURP  PeWaSRA  WR  cUeaWe  a  VeW  Rf 
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 WUaQVcULSWRPHV  aVVRcLaWHd  ZLWK  aJH  aQd  VH[  LQIRUPaWLRQ.  WH  UHad  WKH  VaPSOH  aQd 

 H[SHULPHQW  dHVcULSWLRQV  RI  WKLV  HQWLUH  VHW  RI  VaPSOHV  WR  HQVXUH  WKH  accXUac\  RI  WKH  aJH 

 aQd  VH[  OabHOV,  aV  ZHOO  aV  WR  UHPRYH  aQ\  VaPSOHV  WKaW  ZHUH  QRW  bXON,  SULPaU\  KXPaQ 

 VaPSOHV. 

 OXU  JRaO  ZLWK  WKH  PaQXaO  cXUaWLRQ  VWHS  ZaV  WR  aVVHPbOH  a  VHW  RI  VaPSOHV  WKaW  ZRXOd 

 UHIOHcW  aJH-  aQd  VH[-VSHcLILc  PROHcXOaU  PHcKaQLVPV  aV  IaLWKIXOO\  aV  SRVVLbOH.  IQ  addLWLRQ 

 WR  LPSURSHUO\  aVVLJQHd  aJH  aQd  VH[  OabHOV,  ZH  UHPRYHd  aQ\  VLQJOH  cHOO  RU  VLQJOH  QXcOHL 

 daWa,  [HQRJUaIWV,  PLcURbLRPH  VaPSOHV,  SRROHd  VaPSOHV,  aQd  cHOO  OLQHV.  CHOO  OLQHV  ZHUH 

 UHPRYHd  dXH  WR  WKH  WHQdHQc\  RI  PaQ\  OLQHV  WR  ORVH  WKHLU  Y  RU  LQacWLYH  X  cKURPRVRPH 

 [42]  ,  WKH  YaULabLOLW\  LQ  WKH  abLOLW\  RI  cHOO  OLQHV  WR  UHSUHVHQW  bLRORJ\  RI  SULPaU\  cHOOV  [43±45]  , 

 aQd  cRQWaPLQaWLRQ  LVVXHV  [46]  .  OXU  ILQaO  VHW  RI  VaPSOHV  LV  dLYLdHd  LQWR  aJH  JURXSV  baVHd 

 RQ  VH[  KRUPRQH  OHYHOV  LQ  HacK  VH[  acURVV  aOO  aJHV  [1]  .  TKLV  VHW  KaV  a  OaUJHU  QXPbHU  RI 

 VaPSOHV  aQd  daWaVHWV  LQ  WKH  PLddOH  aJH  JURXSV  WKaQ  WKH  \RXQJHVW  aQd  ROdHVW  UaQJHV 

 (  FLJ.  3.1F,  FLJ.  A3.1  )  aQd  RYHUaOO  VHHP  WR  bH  bLaVHd  WRZaUdV  VaPSOHV  IURP  bORRd,  bUaLQ, 

 VPaOO LQWHVWLQH, OLYHU, aQd OXQJ WLVVXHV (  FLJ. A3.2  ). 

 AOWKRXJK  WLVVXH  bLaV  VKRXOd  bH  cRQVLdHUHd,  LW  LV  ZRUWK  QRWLQJ  WKaW  HYHQ  ZKHQ  aJH-  RU 

 VH[-bLaVHd  JHQHV  aUH  dHWHUPLQHd  b\  UHVWULcWLQJ  VaPSOHV  WR  a  VLQJOH  WLVVXH,  cHOO  W\SH 

 cRPSRVLWLRQ  KaV  a  VLJQLILcaQW  HIIHcW  aQd  ZLOO  aOWHU  UHVXOWV  LI  QRW  cRQWUROOHd  IRU.  FRU 

 H[aPSOH,  a  KaQdIXO  RI  VWXdLHV  SUHYLRXVO\  UHSRUWHd  bUHaVW  aV  WKH  PRVW  VH[-dLIIHUHQWLaWHd 

 WLVVXH  [21,24,26]  ,  bXW  WKH  PRVW  UHcHQW  GTE[  cRQVRUWLXP  VWXd\  [47]  dLd  QRW  RbVHUYH  WKLV 

 UHVXOW  aIWHU  cRQWUROOLQJ  IRU  cHOO  W\SH  cRPSRVLWLRQ.  PHOOHJULQR-CRSSROa  aQd  cROOHaJXHV 

 UHcHQWO\  UHSRUWHd  a  VLPLOaU  LPSRUWaQcH  IRU  cHOO  W\SH  cRUUHcWLRQ  ZKHQ  dHWHUPLQLQJ  JHQHV 

 aVVRcLaWHd  ZLWK  aJLQJ  IURP  JHQH  H[SUHVVLRQ  daWa  [35]  .  OQ  WKH  WaVN  RI  aJH  SUHdLcWLRQ, 
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 :DQJ  DQG  WHDP  IRXQG  WKDW  FRPELQLQJ  H[SUHVVLRQ  GDWD  IURP  WZR  WLVVXHV  UHGXFHG  WKH 

 PDUJLQ  RI  HUURU  ZKHQ  SUHGLFWLQJ  WKH  DJH  RI  G7E[  (PRVWO\  DGXOW)  VDPSOHV  FRPSDUHG  WR 

 XVLQJ  H[SUHVVLRQ  IURP  RQH  WLVVXH  >48@  .  NRQHWKHOHVV,  WR  LQYHVWLJDWH  WKH  HIIHFW  RI 

 VHSDUDWLQJ  RXW  VDPSOHV  E\  WLVVXH,  ZH  UHSHDWHG  VRPH  DQDO\VHV  E\  UHVWULFWLQJ  WKHP  WR 

 VDPSOHV  IURP  EORRG  RQO\,  DV  LW  ZDV  WKH  PRVW  FRPPRQ  WLVVXH  ODEHOHG  LQ  RXU  VHW.  HRZHYHU, 

 QRW  HQRXJK  EORRG  VDPSOHV  ZHUH  DQQRWDWHG  WR  WKH  IHWDO  (<  0)  DJH  JURXS  RU  WKH  ROGHVW  DJH 

 JURXS WR LQFOXGH WKHP LQ WKH EORRG-RQO\ DQDO\VHV. 
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 FLJXUH  3.1.  WRUNIORZ  aQd  daWa.  (  a  )  DDWD  ZDV  REWDLQHG  IURP  GHQH  E[SUHVVLRQ  OPQLEXV  DQG  UHILQH.ELR  IRU 

 PLFURDUUD\  DQG  RNA-VHT,  UHVSHFWLYHO\.  A  FRPELQDWLRQ  RI  WH[W  PDWFKLQJ  DQG  PHWDSRA  ODEHOV  ZHUH  XVHG  WR 

 FUHDWH  D  ILUVW  GUDIW  IRU  VH[  DQG  DJH  ODEHOV.  TKHVH  ODEHOV  ZHUH  WKHQ  PDQXDOO\  LQVSHFWHG  WR  HQVXUH  WKH\  ZHUH 

 FRUUHFW  DQG  NHHS  RQO\  SULPDU\  KXPDQ  VDPSOHV.  FLQDOO\,  WKH  ODEHOHG  GDWD  ZDV  XVHG  WR  DVVHVV  VH[  DQG  DJH 

 �4 



 FLJXUH 3.1. (FRQW¶G) 

 ELDV  LQ  WKH  ODUJH,  SXEOLFO\  DYDLODEOH  VHW.  (  b  )  7KH  WDEOH  FRQWDLQV  WKH  QXPEHU  RI  GDWDVHWV  DQG  VDPSOHV  XVHG 

 LQ  VRPH  RI  WKH  ODUJHVW  GLIIHUHQWLDO  H[SUHVVLRQ  VWXGLHV  DFURVV  VH[  SXEOLVKHG  LQ  UHFHQW  \HDUV  DV  ZHOO  DV  WKH 

 QXPEHU  RI  GDWDVHWV  DQG  VDPSOHV  XVHG  LQ  WKLV  VWXG\.  7KH  SUHYLRXV  VWXGLHV  XVHG  RQO\  5NA-VHT  GDWD,  ZKLOH 

 WKLV  VWXG\  XVHV  ERWK  PLFURDUUD\  DQG  5NA-VHT.  (  F  )  7KH  EDU  SORWV  VKRZ  WKH  QXPEHU  RI  VDPSOHV  XVHG  LQ  WKLV 

 VWXG\ VHSDUDWHG E\ DJH JURXS (\ D[LV) DQG VH[ (EDU FRORU). 

 AJH-VWUaWLILHG VH[-ELaVHG JHQHV 

 WH  ILUVW  XVHG  RXU  aJH-  aQG  VH[-OabHOOHG  WUaQVFULSWRPH  GaWaVHW  WR  GHWHUPLQH 

 aJH-VWUaWLILHG  VH[-bLaVHG  JHQHV.  IQGHSHQGHQWO\  LQ  PLFURaUUa\  aQG  RNA-VHT  GaWa,  ZH 

 FRQYHUWHG  WKH  H[SUHVVLRQ  RI  HaFK  JHQH  aFURVV  aOO  VaPSOHV  LQWR  ]-VFRUHV  aQG,  IRU 

 VaPSOHV  ZLWKLQ  HaFK  aJH  JURXS,  VWHSSHG  WKURXJK  WKH  GLVWULbXWLRQ  aW  IL[HG  LQWHUYaOV  WR  ILQG 

 WKH  bHVW  H[SUHVVLRQ  WKUHVKROG  IRU  WKaW  JHQH  WR  VHSaUaWH  µFHPaOH¶  aQG  µMaOH¶  VaPSOHV. 

 BaOaQFHG  aFFXUaF\  ZaV  XVHG  aV  a  PHWULF  WR  GHWHUPLQH  KRZ  ZHOO-VHSaUaWHG  VaPSOHV 

 ZHUH  baVHG  RQ  HaFK  JHQH¶V  H[SUHVVLRQ  ZKLOH  UHFRUGLQJ  ZKHWKHU  WKH  H[SUHVVLRQ  ZaV 

 KLJKHU  LQ  WKH  FHPaOH  RU  MaOH  VaPSOHV  (  FLJ.  3.2a  ;  VHH  MeWKRdV  ).  OQO\  19  JHQHV  KaG  a 

 baOaQFHG  aFFXUaF\  �  0.8  LQ  aW  OHaVW  RQH  aJH  JURXS  LQ  HLWKHU  PLFURaUUa\  RU  RNA-VHT  GaWa 

 aQG  aOO  WKHVH  JHQHV  ZHUH  RQ  WKH  X  RU  Y  FKURPRVRPH  (  FLJ.  3.2E  ).  AV  VH[  GLIIHUHQFHV 

 WHQG  WR  bH  TXLWH  VPaOO  aQG  RIWHQ  WLVVXH-VSHFLILF  [12]  ,  LW  LV  QRW  VXUSULVLQJ  WKaW  aOO  RI  WKH 

 VWURQJHVW  VH[-bLaVHG  JHQHV  UHVLGH  LQ  WKH  VH[  FKURPRVRPHV.  TKH  RQO\  FHPaOH-bLaVHG 

 JHQHV  LQ  WKLV  VHW  LQFOXGH  ;IS7  ,  WKH  PaMRU  HIIHFWRU  RI  X  FKURPRVRPH  LQaFWLYaWLRQ,  aQG 

 7SI;  ,  WKH  aQWLVHQVH  RNA  IRU  ;IS7  .  TKH  PRVW  VXUSULVLQJ  UHVXOW  LV  WKaW  RQH  JHQH  LQ  WKLV 

 VHW,  ANOS1,  LV  bRWK  YaU\LQJO\  MaOH-bLaVHG  aFURVV  aOPRVW  aOO  aJH  JURXSV  aQG  LV  RQ  WKH  X 

 FKURPRVRPH.  MXWaWLRQV  LQ  ANOS1  KaYH  bHHQ  aVVRFLaWHG  ZLWK  K\SRJRQaGLVP  aQG 

 KaOOPaQQ S\QGURPH LQ PHQ  [49]  . 
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 7R  HQVXUH  WKDW  WKH  PDMRU  VLJQDOV  FDSWXUHG  KHUH  DUH  QRW  EHFDXVH  RI  WLVVXH-ELDV  DFURVV 

 IHPDOHV  DQG  PDOHV,  ZH  UHSHDWHG  WKLV  DQDO\VLV  XVLQJ  RQO\  VDPSOHV  WKDW  FDPH  IURP  EORRG 

 LQ  DOO  EXW  WKH  \RXQJHVW  DQG  ROGHVW  DJH  JURXSV  GXH  WR  D  ORZ  QXPEHU  RI  VDPSOHV. 

 E[FOXGLQJ  JHQHV  UHDFKLQJ  WKH  0.8  WKUHVKROG  RQO\  LQ  WKHVH  DJH  JURXSV  IURP  WKH  ZKROH 

 VDPSOH  VHW,  WKH  EORRG-RQO\  DQDO\VLV  UHFDSLWXODWHG  DOO  VWURQJO\  VH[-ELDVHG  JHQHV  H[FHSW 

 1LG14<  ,  D  PHPEUDQH  SURWHLQ  LQ  WKH  QHXUROLJLQ  IDPLO\  (  )LJ.  A3.3  ).  OWKHU  VH[-ELDVHG 

 JHQHV IRXQG LQ EORRG VDPSOHV ZHUH UHVWULFWHG WR D VLQJOH DJH JURXS HDFK. 

 FLJXUH  3.2.  SH[  bLaV  RI  JHQH  H[SUHVVLRQ  aFURVV  aJH  JURXSV.  (  a  )  DLVWULEXWLRQ  RI  PDOH  DQG  IHPDOH 

 VDPSOHV  ZLWK  D  JLYHQ  ]-VFRUHG  H[SUHVVLRQ  YDOXH  RI  XLVW  (WRS)  DQG  KDM5D  (ERWWRP)  LQ  GLIIHUHQW  DJH  JURXSV. 

 (  b  )  TKH  KHDWPDS  GLVSOD\V  DOO  JHQHV  ([  D[LV)  WKDW  KDG  D  EDODQFHG  DFFXUDF\  RI  DW  OHDVW  0.8  LQ  DQ\  DJH  JURXS 

 (\ D[LV) ZKHQ VHSDUDWLQJ PDOH DQG IHPDOH PLFURDUUD\ RU RNA-VHT VDPSOHV. 

 :H  WKHQ  H[DPLQHG  JHQHV  ZLWK  ZHDNHU  VH[  ELDV,  EXW  UHDVRQDEO\  FRQVLVWHQW  DFURVV 

 WHFKQRORJLHV.  7KHVH  ZHUH  JHQHV  ELDVHG  LQ  WKH  VDPH  GLUHFWLRQ  LQ  ERWK  RNA-VHT  DQG 

 PLFURDUUD\  GDWD,  EXW  RQO\  UHDFKHG  D  EDODQFHG  DFFXUDF\  RI  0.65  LQ  RQH  RI  WKH 
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 WHFKQRORJLHV  (  FLJ.  3.3  ).  1R  <  FKURPRVRPH  JHQHV  WKDW  GLG  QRW  UHDFK  D  EDODQFHG 

 DFFXUDF\  RI  0.8  LQ  DW  OHDVW  RQH  DJH  JURXS  ZHUH  DGGHG  LQ  WKLV  VHW,  EXW  VHYHUDO  PRUH 

 JHQHV  IURP  WKH  ;  FKURPRVRPH  ZHUH  DGGHG,  LQFOXGLQJ  4  PRUH  JHQHV  WKDW  ZHUH 

 0DOH-ELDVHG  (  D86P9  ,  CD99  ,  7HOC2  ,  6MA5CA1  )  LQ  VRPH  RI  WKH  \RXQJHU  DJH  JURXSV. 

 7KH  RQO\  FHPDOH-ELDVHG  ;  FKURPRVRPH  JHQH  FRPPRQ  DFURVV  DOO  DJH  JURXSV  ZDV 

 KDM6A  ,  D  O\VLQH  GHPHWK\ODVH.  7KH  QH[W  PRVW  FRPPRQ  FHPDOH-ELDVHG  ;-FKURPRVRPH 

 JHQHV  DFURVV  DJH  JURXSV  ZHUH  EIF1A;  ,  P8DP  ,  DQG  =F;  .  7KHVH  ZHUH  DOO  FRPPRQ  WR 

 WKH  VHYHQ  \RXQJHVW  DJH  JURXSV  DORQJ  ZLWK  WKH  ROGHVW  DJH  JURXS.  IQWHUHVWLQJO\,  JHQHUDO 

 VH[-ELDVHG  H[SUHVVLRQ  VHHPV  WR  WDSHU  RII  DV  DJH  LQFUHDVHV  (  FLJ.  3.3  ),  EXW  WKH  ROGHVW  DJH 

 JURXS  FRQWDLQHG  D  SDUWLFXODUO\  KLJK  QXPEHU  RI  FHPDOH-ELDVHG  JHQHV  (26),  DOO  RQ  WKH  ; 

 FKURPRVRPH.  7KHVH  JHQHV  ZHUH  QRW  HQULFKHG  IRU  DQ\  SDUWLFXODU  IXQFWLRQ.  7KH  \RXQJHVW 

 DJH  JURXSV  DOVR  VKRZ  WKH  PRVW  VH[  ELDV  LQ  DXWRVRPDO  JHQHV;  WKH  IRXU  ROGHVW  DJH  JURXSV 

 VKRZHG QR VH[-ELDVHG DXWRVRPDO JHQHV. 
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 FLJXUH  3.3.  NXPbHU  RI  VH[-bLaVHG  JHQHV  aFURVV  aJH  JURXSV.  TKH  EDUSORW  VKRZV  WKH  WRWDO  QXPEHU  RI 

 (  a  )  FHPDOH-ELDVHG  DQG  (  F  )  MDOH-ELDVHG  JHQHV  SHU  DJH  JURXS.  TKH  WDEOHV  EHORZ  GLVSOD\  WKH  QXPEHU  RI  (  b  ) 

 FHPDOH-ELDVHG DQG (  G  ) MDOH-ELDVHG JHQHV RQ HDFK FKURPRVRPH SHU DJH JURXS. 

 Age gURXS SUedicWiRn VWUaWified b\ Ve[ 

 NH[W,  IRU  HacK  VH[,  ZH  XVHG  RXU  GaWaVHW  WR  VcaQ  IRU  JHQHV  WKaW  ZHUH  abOH  WR  GLIIHUHQWLaWH 

 bHWZHHQ  aJH  JURXSV  WR  ILQG  VH[-VWUaWLILHG  aJH-bLaVHG  JHQHV.  WH  VHW  WKLV  WaVN  XS  aV  a 

 VXSHUYLVHG  PacKLQH  OHaUQLQJ  SURbOHP  aQG  WUaLQHG  ORJLVWLc  PRGHOV  WR  GLVWLQJXLVK  RQH  aJH 

 JURXS  IURP  aOO  RWKHUV,  LQGHSHQGHQWO\  IRU  HacK  VH[,  LQ  RNA-VHT  (  Fig.  3.4  )  aQG  PLcURaUUa\ 

 (  Fig.  3.5  )  GaWa  VHSaUaWHO\.  WH  XVHG  aQ  HOaVWLc-QHW  SHQaOW\  WR  HQcRXUaJH  VSaUVLW\  ZKLOH 

 baOaQcLQJ  WKH  cRQWULbXWLRQV  RI  cRUUHOaWHG  JHQHV.  EQWLUH  GaWaVHWV  ZHUH  aOZa\V  NHSW  ZLWKLQ 
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 a  IROG  WR  aYRLG  UHZaUGLQJ  WKH  PRGHO  IRU  OHaUQLQJ  VWXG\-VSHcLILc  VLJQaOV  (  FLJ.  A3.4  ). 

 AcURVV  aOO  aJH  JURXSV,  ML  PRGHOV  baVHG  RQ  RNA-VHT  XVH  OHVV  JHQHV  WR  SUHGLcW  VaPSOH 

 aJH  JURXS  (  FLJ.  3.4D,F,  FLJ.  3.5D,F  ).  IQ  bRWK  WHcKQRORJLHV,  WKH  PLGGOH  aJH  JURXSV  aUH 

 KaUGHU  WR  VHSaUaWH  IURP  RWKHU  aJH  JURXSV  XVLQJ  JHQH  H[SUHVVLRQ,  aV  HYLGHQcHG  b\  WKH 

 KLJKHU  QXPbHU  RI  JHQHV  UHTXLUHG  b\  WKH  PRGHO  aQG  VOLJKWO\  ORZHU  SHUIRUPaQcH 

 cRPSaUHG WR WKH YHU\ \RXQJHVW aQG ROGHVW aJH JURXS PRGHOV (  FLJ. 3.4  aQG  3.5  ). 

 FLJXUH  3.4.  6L]H  DQG  SHUIRUPDQFH  RI  5NA-VHT  DJH  JURXS  SUHGLFWLRQ  PRGHOV.  TKH  VWaFNHG  EaUSORWV 

 VKRZ  WKH  GLVWULEXWLRQ  RI  SRVLWLYH,  ]HUR,  aQG  QHJaWLYH  ZHLJKWV  IRU  WKH  PRGHO  ZLWK  WKH  PHGLaQ  QXPEHU  RI 
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 FLJXUH 3.4. (FRQW¶G) 

 SRVLWLYHV  DFURVV  WKH  WKUHH  IROGV  IRU  HDFK  DJH  JURXS  LQ  51A-VHT  IRU  (  a  )  FHPDOHV  DQG  (  F  )  0DOHV.  7KH 

 KHDWPDSV  FRQWDLQ  DYHUDJH  DX52C  RI  51A-VHT  PRGHOV  WUDLQHG  RQ  WKH  DJH  JURXS  ODEHOHG  LQ  WKH  URZV  ZKHQ 

 HYDOXDWHG  XVLQJ  WKH  VDPSOHV  LQ  WKH  DJH  JURXS  ODEHOHG  LQ  WKH  FROXPQ  DV  SRVLWLYH  H[DPSOHV  IRU  (  E  )  FHPDOHV 

 DQG (  G  ) 0DOHV. 

 IQ  DGGLWLRQ  WR  PHDVXULQJ  WKH  SHUIRUPDQFH  RI  HDFK  PRGHO  RQ  WKH  DJH  JURXS  LW  ZDV  WUDLQHG 

 WR  FODVVLI\,  ZH  DOVR  HYDOXDWHG  LW  RQ  VDPSOHV  IURP  HDFK  RI  WKH  RWKHU  DJH  JURXSV  (  )LJ. 

 3.4E,G,  )LJ.  3.5E,G  ).  7KH  KHDWPDSV  LQ  )LJXUH  3.4  DQG  )LJXUH  3.5  FRQWDLQ  WKH  DYHUDJH 

 DUHD  XQGHU  WKH  5HFHLYHU  2SHUDWRU  CKDUDFWHULVWLF  FXUYH  (DX52C)  DFURVV  3  IROGV  IRU  HDFK 

 DJH  JURXS  PRGHO  WUDLQHG  RQ  D  VSHFLILF  DJH  JURXS  (URZV)  DQG  HYDOXDWHG  DV  LI  WKH  DJH 

 JURXS  LQ  WKH  FROXPQ  ZHUH  WKH  SRVLWLYH  H[DPSOHV.  :H  FKRVH  WR  GLVSOD\  DX52C  DV  LW  FDQ 

 EH  HDVLO\  LQWHUSUHWHG  DV  D  SUREDELOLW\.  7KXV,  WKH  YDOXH  LQ  HDFK  FHOO  RI  D  KHDWPDS  LV  WKH 

 SUREDELOLW\  WKDW  D  UDQGRPO\  VHOHFWHG  VDPSOH  IURP  WKH  WHVW  DJH  JURXS  (FROXPQ)  ZRXOG  EH 

 UDQNHG  KLJKHU  WKDQ  D  UDQGRPO\  VHOHFWHG  VDPSOH  IURP  DQ\  RWKHU  DJH  JURXS  E\  WKH  DJH 

 JURXS  PRGHO  LQ  WKH  URZ.  HRZHYHU,  DX52C  LV  QRW  WKH  EHVW  PHDVXUH  RI  SHUIRUPDQFH  ZKHQ 

 WKHUH  LV  KLJK  LPEDODQFH  RI  SRVLWLYH  DQG  QHJDWLYH  H[DPSOHV,  DV  ZH  KDYH  LQ  WKLV  DJH-JURXS 

 FODVVLILFDWLRQ  WDVN.  6R,  ZH  DOVR  LQFOXGH  KHDWPDSV  RI  WKH  SHUIRUPDQFH  PHDVXUHG  ZLWK 

 ORJ  2  (DX35C/SULRU)  LQ  WKH  VXSSOHPHQW  (  )LJ.  $3.5-8  ).  7KLV  PHWULF  DFFRXQWV  IRU  FODVV 

 LPEDODQFH  DQG  HPSKDVL]HV  WKH  DFFXUDF\  RI  WRS-UDQNHG  SRVLWLYH  VDPSOHV.  NHYHUWKHOHVV, 

 HYDOXDWLRQ UHVXOWV ZLWK WKLV PHWULF ODUJHO\ DJUHHV ZLWK WKRVH VKRZQ E\ DX52C. 

 2YHUDOO,  WKH  FODVVLILHUV  VKRZ  JRRG  SHUIRUPDQFH  DFURVV  DJH  JURXSV  LQ  ERWK  5NA-VHT  DQG 

 PLFURDUUD\  VDPSOHV,  ZLWK  PRUH  GLIILFXOW\  LQ  WKH  PLGGOH  DJH  JURXSV  (  )LJ.  3.4E,G,  )LJ. 

 3.5E,G,  )LJ.  $3.5-8  ).  :H  DOVR  VHH  SRRUHU  SHUIRUPDQFH  LQ  WKH  >0-2@  DJH  JURXS  5NA-VHT 

 PRGHOV,  ZKHUH  ZH  KDYH  RQH  RI  WKH  ORZHVW  QXPEHU  RI  SRVLWLYH  H[DPSOHV  (  )LJ.  3.4E,G, 
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 FLJ.  3.1c  ).  IQ  JHQHUDO,  KRZHYHU,  WKH  QXPEHU  RI  WUDLQLQJ  SRVLWLYHV  GRHV  QRW  FRUUHODWH  ZLWK 

 KLJKHU  SHUIRUPDQFH  (  FLJ.  A3.9  ).  FRU  LQVWDQFH,  WKH  45±60  DJH  JURXS  LQ  ERWK  VH[HV  KDV 

 WKH  ZRUVW  SUHGLFWLRQ  SHUIRUPDQFH  ZLWK  PLFURDUUD\  VDPSOHV  GHVSLWH  KDYLQJ  WKH  KLJKHVW 

 QXPEHU RI VDPSOHV. (  FLJ. 3.5b,G, FLJ. 3.1c  ) 

 :H  UHSHDWHG  WKLV  DQDO\VLV  XVLQJ  RQO\  EORRG  VDPSOHV  IRU  WUDLQLQJ  DQG  HYDOXDWLRQ  XVLQJ 

 WKUHH  WHVW  VHWV,  EXW  UHXVLQJ  VRPH  WUDLQLQJ  GDWD  LQ  DOO  IROGV  EHFDXVH  WKH  ORZHU  QXPEHU  RI 

 VDPSOHV  PDGH  LW  LPSRVVLEOH  WR  SHUIRUP  D  VWULFW  WKUHH-IROG  FURVV  YDOLGDWLRQ  IRU  VRPH  DJH 

 JURXSV.  EYHQ  ZLWK  WKLV  DGMXVWPHQW,  ZH  VWLOO  ZHUH  QRW  DEOH  WR  LQFOXGH  WKH  \RXQJHVW  DQG 

 ROGHVW  DJH  JURXSV  (  FLJ.  3.10  ).  2YHUDOO,  WKH  EORRG-RQO\  PRGHOV  XVHG  OHVV  JHQHV  WR 

 FODVVLI\  VDPSOHV  (PRUH  JHQHV  KDG  ]HUR  ZHLJKW)  WKDQ  WKH  PRGHOV  XVLQJ  DOO  WLVVXHV,  EXW 

 KDG  SRRUHU  SUHGLFWLRQ  SHUIRUPDQFH  LQ  PRVW  DJH  JURXSV  (  FLJ.  A3.11-16  ).  7KLV  UHVXOW 

 VXJJHVWV  WKDW  LQFOXGLQJ  GDWD  IURP  PXOWLSOH  WLVVXHV  PD\  LPSURYH  WKH  DJH  VLJQDO-WR-QRLVH 

 UDWLR (VHH  DiVcXVViRQ  ). 

 7R  FKHFN  FRQVLVWHQF\  EHWZHHQ  IROGV  DQG  VLPLODULW\  EHWZHHQ  PRGHOV  LQ  GLIIHUHQW  DJH 

 JURXSV  LQ  ERWK  VH[HV  DQG  WHFKQRORJLHV,  ZH  FDOFXODWHG  WKH  FRVLQH  VLPLODULW\  RI  WKH  PRGHO 

 ZHLJKWV  DFURVV  DOO  JHQHV  (  FLJ.  A3.17-21  ).  AV  H[SHFWHG,  LQYDULDEO\,  PRGHOV  WUDLQHG  RQ  WKH 

 VDPH  DJH  JURXS,  VH[  DQG  WHFKQRORJ\  DUH  PRUH  VLPLODU  WR  HDFK  RWKHU  WKDQ  WR  PRGHOV  WKDW 

 GLIIHU  LQ  DQ\  RI  WKRVH  IDFWRUV.  FRU  WKH  \RXQJHVW  DJH  JURXSV,  HVSHFLDOO\  IHWXV,  ZH  REVHUYH 

 WKH  PRGHOV  WR  EH  VLPLODU  HYHQ  DFURVV  VH[  DQG  WHFKQRORJLHV.  7KLV  REVHUYDWLRQ  FRPELQHG 

 ZLWK  WKH  KLJK  SHUIRUPDQFH  RI  WKHVH  PRGHOV  LQGLFDWHV  WKDW  IHWDO  JHQH  H[SUHVVLRQ  LV  UREXVW 

 DQG  YHU\  GLVWLQFW  IURP  DOO  RWKHU  DJH  JURXSV.  CRQYHUVHO\,  PRVW  VH[-VWUDWLILHG  DJH  JURXS 

 PRGHOV  DUH  QRW  VLPLODU  DFURVV  51A-VHT  DQG  PLFURDUUD\,  LQGLFDWLQJ  D  VXEVWDQWLDO 

 WHFKQRORJ\ HIIHFW. 
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 FLJXUH  3.5.  SL]H  aQG  SHUIRUPaQFH  RI  PLFURaUUa\  aJH  JURXS  SUHGLFWLRQ  PRGHOV.  7KH  VWDFNHG  EDUSORWV 

 VKRZ  WKH  GLVWULEXWLRQ  RI  SRVLWLYH,  ]HUR,  DQG  QHJDWLYH  ZHLJKWV  IRU  WKH  PRGHO  ZLWK  WKH  PHGLDQ  QXPEHU  RI 

 SRVLWLYHV  DFURVV  WKH  WKUHH  IROGV  IRU  HDFK  DJH  JURXS  LQ  PLFURDUUD\  IRU  (  a  )  FHPDOHV  DQG  (  F  )  MDOHV.  7KH 

 KHDWPDSV  FRQWDLQ  WKH  DYHUDJH  DX52C  RI  PLFURDUUD\  PRGHOV  WUDLQHG  RQ  WKH  DJH  JURXS  ODEHOHG  LQ  WKH  URZV 

 ZKHQ  HYDOXDWHG  XVLQJ  WKH  VDPSOHV  LQ  WKH  DJH  JURXS  ODEHOHG  LQ  WKH  FROXPQ  DV  SRVLWLYH  H[DPSOHV  IRU  (  b  ) 

 FHPDOHV DQG (  G  ) MDOHV. 

 FLQaOO\,  WKe  cURVV-aJe-JURXS  eYaOXaWLRQV  (  Fig.  3.4  aQd  3.5  )  aOVR  dePRQVWUaWe  WKaW  WKe 

 aJe  JURXS  PRdeOV  caSWXUe  WKe  cKURQRORJLcaO  UeOaWLRQVKLSV  beWZeeQ  aJe  JURXSV.  We 

 TXaQWLILed  WKLV  SaWWeUQ  PRUe  SUecLVeO\  b\  dLYLdLQJ  aOO  aJe  JURXSV  LQWR  IRXU  caWeJRULeV  ZLWK 
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 UHIHUHQFH  WR  HDFK  PRGHO.  TKH  µWDUJHW¶  DJH  JURXS  LV  WKH  RQH  WKDW  WKH  PRGHO  ZDV  WUDLQHG 

 RQ,  µERUGHULQJ¶  DJH  JURXSV  DUH  WKRVH  GLUHFWO\  EHIRUH  RU  DIWHU  WKH  WDUJHW,  DQG  µQHDUE\¶  DJH 

 JURXSV  DUH  WKRVH  WKDW  DUH  RQH-UHPRYHG  IURP  WKH  WDUJHW.  EYHU\  RWKHU  DJH  JURXS  LV 

 PDUNHG  DV  µGLVWDQW¶.  AV  ZH  WUDLQ  D  RQH-YV-UHVW  PRGHO  IRU  HDFK  DJH  JURXS,  WKH  PRGHO  LV 

 GHVLJQHG  WR  VHSDUDWH  WDUJHW  (SRVLWLYH)  VDPSOHV  IURP  QRQ-WDUJHW  (QHJDWLYH)  VDPSOHV  DQG 

 GRHV  QRW  KDYH  DQ\  H[WHUQDO  LQIRUPDWLRQ  DERXW  WKH  FKURQRORJLFDO  UHODWLRQVKLSV  EHWZHHQ 

 DJH  JURXSV.  DHVSLWH  WKLV  VHWWLQJ,  ZH  REVHUYH  WKDW  DJH  JURXS  PRGHOV  DVVLJQ  KLJKHU 

 SUREDELOLWLHV  WR  VDPSOHV  IURP  QHLJKERULQJ  DJH  JURXSV  DQG  ORZHU  SUREDELOLWLHV  WR  WKRVH 

 IURP  GLVWDQW  DJH  JURXSV  (  FLg.  3.6  ).  TKLV  WUHQG  KROGV  LQ  ERWK  VH[HV  IRU  RNA-VHT  DQG 

 PLFURDUUD\  PRGHOV  DQG  LV  VWURQJ  HYLGHQFH  IRU  RXU  PRGHOV  FDSWXULQJ  ELRORJLFDOO\-UHOHYDQW 

 DJH  VLJQDOV.  A  VLPLODU  WUHQG  FDQ  EH  REVHUYHG  LQ  WKH  EORRG  DJH  JURXS  PRGHO 

 SHUIRUPDQFHV, EXW LW LV QRW TXLWH DV VWURQJ, HVSHFLDOO\ LQ FHPDOHV (  FLg. A3.22  ) 

 FLJXUH  3.6.  PHUIRUPaQcH  RI  PRGHOV  ZKHQ  HYaOXaWHG  RQ  QHaU  aQG  GLVWaQW  aJH  JURXSV.  BR[SORW  RI 

 aXROC  RI  aOO  RNA-VHT  aQG  PLFURaUUa\  FHPaOH  aQG  MaOH  PRGHOV  ZKHQ  FRQVLGHULQJ  WaUJHW,  bRUGHULQJ, 

 QHaUb\, aQG GLVWaQW aJH JURXSV aV SRVLWLYH H[aPSOHV (NH\ RQ ULJKW). 
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 SH[-VWUaWLILHd aJH-bLaVHd JHQHV 

 We  defLQed  Ve[-VWUaWLfLed  aJe-bLaVed  JeQeV  SeU  aJe  JURXS  b\  cKRRVLQJ  JeQeV  WKaW  ZeUe 

 aVVLJQed  a  SRVLWLYe  ZeLJKW  LQ  WKe  cRUUeVSRQdLQJ  PRdeO  LQ  aW  OeaVW  fLYe  fROdV  acURVV  WKe 

 VL[  fROdV  beWZeeQ  WKe  PLcURaUUa\  aQd  RNA-VeT  PRdeOV,  ZLWK  a  QRQ-QeJaWLYe  ZeLJKW  LQ 

 WKe  UePaLQLQJ  fROd,  Lf  aQ\.  TKe  PLddOe  aJe  JURXSV  KaYe  a  KLJKeU  QXPbeU  Rf  aJe-bLaVed 

 JeQeV  WKaQ  RWKeU  aJe  JURXSV  (  FLJ.  3.7,  (  FLJ.  3.4a,c,  FLJ.  3.5a,c  )).  AcURVV  aOO  aJe  JURXSV 

 LQ  bRWK  Ve[eV,  WKe  QXPbeU  Rf  aJe-bLaVed  JeQeV  fURP  eacK  cKURPRVRPe  WeQdV  WR 

 cRUUeOaWe  ZLWK  WKe  WRWaO  QXPbeU  Rf  JeQeV  RQ  WKe  cKURPRVRPe.  SLPLOaU  WUeQdV  aUe  SUeVeQW 

 LQ  QeJaWLYeO\-ZeLJKWed  JeQeV  fURP  PRdeOV  LQ  eacK  Ve[  (  FLJ.  A3.23  ).  IQ  WRWaO,  acURVV  aOO 

 aJe  JURXSV,  6,488  JeQeV  aUe  aJe-bLaVed  LQ  FePaOe  PRdeOV  aQd  6,975  JeQeV  aUe 

 aJe-bLaVed  LQ  MaOe  PRdeOV,  bXW  RQO\  2,838  Rf  WKRVe  JeQeV  aUe  cRPPRQ  beWZeeQ  WKeP. 

 TKe  YaVW  PaMRULW\  Rf  WKeVe  aJe-bLaVed  JeQeV  aUe  bLaVed  LQ  RQO\  RQe  aJe  JURXS  SeU  Ve[ 

 (5,447  LQ  FePaOeV;  5,734  LQ  MaOeV).  IQ  eacK  Ve[,  abRXW  1,000  JeQeV  aUe  aJe-bLaVed  LQ 

 WZR  aJe  JURXSV,  aURXQd  100  LQ  WKUee  aJe  JURXSV,  aQd  abRXW  10  LQ  fRXU  RU  fLYe  aJe 

 JURXSV.  TaNeQ  WRJeWKeU  ZLWK  WKe  JRRd  SeUfRUPaQce  Rf  RXU  SUedLcWLRQ  PRdeOV,  WKeVe 

 UeVXOWV  VXJJeVW  WKaW  eacK  aJe  JURXSV  KaV  a  dLVWLQcW  e[SUeVVLRQ  VLJQaWXUe  aQd  WKaW 

 deYeORSPeQW  aQd  aJLQJ  SURceVVeV  KaYe  Ve[-VSecLfLc  dLffeUeQceV  deWecWabOe  LQ  OaUJe 

 daWaVeWV. 
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 FLJXUH  3.7.  NXPEHU  RI  aJH-ELaVHG  JHQHV  aFURVV  aJH  JURXSV  LQ  HaFK  VH[.  TKH  WDEOH  GLVSOD\V  WKH 

 QXPEHU  RI  DJH-ELDVHG  JHQHV  RQ  HDFK  FKURPRVRPH  SHU  DJH  JURXS  DQG  WKH  EDUSORW  VKRZV  WKH  WRWDO  QXPEHU 

 RI DJH-ELDVHG JHQHV SHU DJH JURXS LQ (  a  ) FHPDOHV DQG (  E  ) MDOHV. 

 EQULcKed e[SeULPeQWaO JeQeVeWV LQ aJe-VWUaWLfLed Ve[ VLJQaWXUeV 

 AOO  WKH  DQDO\VHV  SUHVHQWHG  DERYH  KDYH  UHVXOWHG  LQ  VHYHUDO  JHQRPH-ZLGH  JHQH 

 VLJQDWXUHV  DVVRFLDWHG  ZLWK  VH[  DQG  DJH.  TR  HQDEOH  XV  DQG  RWKHU  UHVHDUFKHUV  HIILFLHQWO\ 

 LQWHUSUHW  (DQG  VHDUFK)  WKHVH  VLJQDWXUHV  LQ  UHODWLRQ  WR  YDULRXV  ELRORJLFDO  FRQWH[WV,  ZH 

 DVVRFLDWHG  WKHVH  VLJQDWXUHV  WR  FRKHUHQW  JHQHVHWV  DQQRWDWHG  WR  ELRORJLFDO  SURFHVVHV 

 [50@  ,  WUDLWV  [51@  ,  GLVHDVHV  [52,53@  ,  SKHQRW\SHV  [54@  ,  DQG  FHOO  W\SHV  [55@  .  FLUVW,  ZH  GHILQHG 

 DJH-VWUDWLILHG  VH[  JHQH  VLJQDWXUHV  DV  JHQHV  DFURVV  WKH  JHQRPH  DORQJ  ZLWK  WKHLU  VLJQHG 
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 QRUPaOL]HG  baOaQFHG  aFFXUaF\  VFRUHV,  ZKLFK  LQGLFaWHV  WKH  H[WHQW  WR  ZKLFK  HaFK  JHQH 

 ZaV  abOH  WR  VHSaUaWH  FHPaOH  IURP  MaOH  VaPSOHV  (RU  YLFH  YHUVa)  LQ  a  SaUWLFXOaU  aJH 

 JURXS  (SHH  MeWKRdV  ).  WH  WKHQ  XVHG  a  SHUPXWaWLRQ  WHVW  WR  HVWLPaWH  WKH  VWUHQJWK  aQG 

 GLUHFWLRQ  RI  aVVRFLaWLRQ  (  L.H.  ,  µHQULFKPHQW¶)  RI  HaFK  JHQHVHW  ZLWK  HaFK  VLJQaWXUH  (VHH 

 MeWKRdV  ). 

 WH  aSSOLHG  WKLV  aSSURaFK  WR  FRPSaUH  WKH  VH[  JHQH  VLJQaWXUHV  FaOFXOaWHG  LQ  RXU  VWXG\ 

 aQG  WKRVH  IURP  SUHYLRXV  VWXGLHV  ²  GXR  HW  aO  (2016)  [23]  ,  SAGD  (2019)  [56]  ,  aQG  GTE[ 

 (2020)  [47]  ²  HVWLPaWHG  XVLQJ  GLIIHUHQWLaO  H[SUHVVLRQ  aQaO\VLV  LQ  PXOWLSOH  WLVVXHV. 

 OYHUaOO,  WKH  aJUHHPHQW  bHWZHHQ  VWXGLHV  LV  YHU\  KLJK.  TKH  RQO\  SURPLQHQW  GLVaJUHHPHQW 

 RFFXUV  ZLWK  GTE[  VLJQaWXUHV,  HVSHFLaOO\  LQ  RXU  [0-2]  VH[  VLJQaWXUH  (  FLJ.  A3.24  ). 

 HRZHYHU,  WKHUH  aUH  QR  VaPSOHV  IURP  FKLOGUHQ  LQ  GTE[,  ZKLFK  PaNHV  LW  XQVXLWabOH  IRU 

 FaSWXULQJ  ZKaW  VH[-bLaVHG  H[SUHVVLRQ  VKRXOG  ORRN  OLNH  LQ  FKLOGUHQ  QR  ROGHU  WKaQ  2.  AOO  WKH 

 RWKHU  SaUWLaO  aQG  PLQRU  GLVaJUHHPHQWV  aUH  OLNHO\  SRLQW  WR  VH[  bLaVHV  LQ  VSHFLILF  aJH 

 JURXSV  IRXQG  LQ  RXU  aQaO\VLV  WKaW  ZHUH  QRW  VHHQ  LQ  SUHYLRXV  aQaO\VHV  WKaW  GLG  QRW  VWUaWLI\ 

 GaWa  b\  aJH.  HRZHYHU,  WKH  aOOURXQG  aJUHHPHQW  VXJJHVWV  WKaW  JHQH  VLJQaWXUHV  ZH 

 HVWLPaWH UHIOHFW SaWWHUQV RI VH[ GLIIHUHQFHV LQ H[SUHVVLRQ aFURVV YaULRXV WLVVXHV. 

 ASSOLFaWLRQ  RI  WKH  JHQHVHW  HQULFKPHQW  aSSURaFK  WR  JHQHVHWV  IURP  YaULRXV  VRXUFHV 

 UHVXOWHG  LQ  KXQGUHGV  RI  bLRORJLFaO  FRQWH[WV  aVVRFLaWHG  ZLWK  VH[  aFURVV  aJH  JURXS. 

 NRWabOH  aPRQJ  WKHP  LV  WKH  SaQ-bRG\  SKHQRPHQRQ  RI  LPPXQH  UHVSRQVH  WKaW  SOa\V  a 

 FHQWUaO  UROH  LQ  aXWRLPPXQH  GLVHaVHV  PRUH  SUHYaOHQW  LQ  IHPaOHV  [57,58]  .  WH  IRXQG  WKH 

 OaUJH  PaMRULW\  RI  LPPXQH  UHVSRQVH-UHOaWHG  (  FLJ.  3.8D  )  aQG  YLUaO-UHOaWHG  (  FLJ.  3.8E  ) 

 bLRORJLFaO  SURFHVVHV  WR  bH  FHPaOH-bLaVHG  aFURVV  PRVW  aJH  JURXSV.  NRWabOH  H[FHSWLRQV 

 106 

https://www.zotero.org/google-docs/?CkUQhg
https://www.zotero.org/google-docs/?ES2Etd
https://www.zotero.org/google-docs/?ZZzUwd
https://www.zotero.org/google-docs/?CnO7f4


 LQcOXde  WKe  <  0  aQd  (2-8]  age  gURXSV.  A  YeU\  VLPLOaU  WUeQd  caQ  be  RbVeUYed  ZLWK  WKe 

 eQULcKPeQW Rf LPPXQe dLVeaVeV (  )LJ. 3.8F  ) aQd LPPXQe  SKeQRW\SeV (  )LJ. 3.8J  ). 

 CRQVLVWeQW  ZLWK  SUeYLRXV  VWXdLeV  [59,60]  ,  WKe  PaUNeU  geQeV  Rf  B  ceOOV,  T  ceOOV,  aQd 

 O\PSKRLd  ceOOV  WeQd  WR  be  FePaOe-bLaVed  LQ  RXU  Ve[  VLgQaWXUeV  (  )LJ.  3.8G,  H  ),  agaLQ  ZLWK 

 WKe  e[ceSWLRQ  Rf  WKe  <  0  aQd  (2-8]  age  gURXSV,  aQd  WKe  (60-70]  age  gURXS  fRU  B  ceOOV.  We 

 aOVR  RbVeUYe  WKaW  P\eORLd  ceOOV  WeQd  WR  KaYe  MaOe-bLaVed  eQULcKPeQW  LQ  WKe  \RXQgeU  age 

 gURXSV  (cRQVLVWeQW  ZLWK  a  SUeYLRXV  VWXd\  [60]  )  aQd  FePaOe-bLaVed  eQULcKPeQW  LQ  ROdeU 

 age gURXSV. 

 FXUWKeU,  Ze  fLQd  PaQ\  PeWabROLc  SURceVVeV  WR  be  MaOe-bLaVed  LQ  RXU  age-VWUaWLfLed  Ve[ 

 VLgQaWXUeV,  cRQVLVWeQW  ZLWK  fLQdLQgV  fURP  a  SUeYLRXV  VWXd\  [23]  (  )LJ.  A3.25  ).  TRgeWKeU, 

 WKeVe  eQULcKPeQW  UeVXOWV  LQdLcaWe  WKe  SRWeQWLaO  XWLOLW\  Rf  RXU  VLgQaWXUeV  WR  LQYeVWLgaWe  Ve[ 

 dLffeUeQceV  Rf  PXOWL-WLVVXe  SURceVVeV  VXcK  aV  LPPXQe  UeVSRQVe  aQd  PeWabROLc 

 SURceVVeV,  aORQg  ZLWK  cRUUeVSRQdLQg  dLVeaVe  PecKaQLVPV  LQ  dLffeUeQW  VWageV  Rf  WKe 

 KXPaQ OLfeVSaQ. 
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 FLJXUH  3.8.  EQULFKPHQW  RI  H[SHULPHQWaOO\-GHULYHG  JHQHV  VHWV  IURP  LQ  RXU  aJH-VWUaWLILHG  VH[ 

 VLJQaWXUHV.  FHPDOH-  DQG  0DOH-ELDV  HQULFKPHQW  RI  H[SHULPHQWDOO\-GHULYHG  JHQH  VHWV.  HHDWPDSV  VKRZ 

 HQULFKPHQW VFRUHV IRU (  a  ) D UHSUHVHQWDWLYH (6HH  Methods  ) VHW RI LPPXQH-UHODWHG G2 ELRORJLFDO SURFHVVHV 
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 FLJXUH 3.8. (FRQW¶G) 

 (  b  )  D  UHSUHVHQWDWLYH  (6HH  Methods  )  VHW  RI  YLUDO-UHODWHG  GO  ELRORJLFDO  SURFHVVHV,  (  F  )  LPPXQH-UHODWHG 

 GLVHDVHV,  (  G  )  LPPXQH  FHOO  W\SH  PDUNHU  JHQHV,  (  H  )  WLVVXH-VSHFLILF  LPPXQH  FHOO  W\SH  PDUNHU  JHQHV,  (  I  ) 

 6FKZDQQ FHOO PDUNHU JHQHV, DQG (  H  ) LPPXQH-UHODWHG SKHQRW\SHV. 

 EQULcKed e[SeULPeQWaO JeQeVeWV LQ Ve[-VWUaWLfLed aJe JURXS VLJQaWXUeV 

 IQ  DGGLWLRQ  WR  EHLQJ  YDOXDEOH  IRU  PDNLQJ  DJH  JURXS  SUHGLFWLRQ  RI  QHZ  VDPSOHV,  RXU  DJH 

 JURXS  PRGHOV  FDQ  EH  ELRORJLFDOO\  LQWHUSUHWHG.  7R  GR  VR,  ZH  ILUVW  GHILQHG  VH[-VWUDWLILHG 

 DJH-JURXS  JHQH  VLJQDWXUHV  DV  JHQHV  DFURVV  WKH  JHQRPH  DORQJ  ZLWK  WKHLU  PRGHO 

 FRHIILFLHQWV.  HHUH,  WKH  JHQHV  ZLWK  SRVLWLYH  DQG  QHJDWLYH  FRHIILFLHQWV  LQ  D  PRGHO 

 FRUUHVSRQG  WR  JHQHV  ZKRVH  UHODWLYH  KLJK  DQG  ORZ  H[SUHVVLRQ,  UHVSHFWLYHO\,  DUH 

 FKDUDFWHULVWLF  WR  WKH  SHUWLQHQW  DJH  JURXS  (VHH  MeWKRdV  ).  7KHQ,  ZH  XVHG  WKH  VDPH 

 SHUPXWDWLRQ-EDVHG  JHQHVHW  HQULFKPHQW  VWUDWHJ\  DV  DERYH  WR  DVVRFLDWH  KXQGUHGV  RI 

 ELRORJLFDO  FRQWH[WV  ²  ELRORJLFDO  SURFHVVHV,  WUDLWV,  GLVHDVHV,  SKHQRW\SHV,  DQG  FHOO  W\SHV 

 ² WR WKHVH VLJQDWXUHV (VHH  MeWKRdV  IRU GHWDLOV). 

 :H  EHJDQ  RXU  LQYHVWLJDWLRQ  RI  WKHVH  UHVXOWV  E\  IRFXVLQJ  RQ  ELRORJLFDO  SURFHVVHV  WKDW 

 VKRZ  HQULFKPHQW  VWURQJO\  FRUUHODWHG  ZLWK  LQFUHDVLQJ  (  FLJ.  3.9a,b  )  RU  GHFUHDVLQJ  (  FLJ. 

 3.9F,G  )  DJH.  ASRSWRVLV-UHODWHG  SURFHVVHV  DUH  DVVRFLDWHG  ZLWK  UHODWLYHO\  ORZ  RU 

 QRQ-H[SUHVVLRQ  LQ  \RXQJ  DJH  JURXSV  EXW  VKRZ  LQFUHDVHG  DVVRFLDWLRQ  ZLWK  ROGHU  DJH 

 JURXSV  LQ  DJH  VLJQDWXUHV  LQ  ERWK  VH[HV,  HVSHFLDOO\  LQ  FHPDOHV,  UHPLQLVFHQW  RI  REVHUYHG 

 DJLQJ  SURFHVVHV  >61@  .  IQ  0DOHV,  SRVLWLYH  UHJXODWLRQ  RI  1F-NDSSDB  VLJQDOLQJ  DQG  QHJDWLYH 

 UHJXODWLRQ  RI  O\PSKRF\WH  PLJUDWLRQ  DOVR  LQFUHDVH  LQ  DVVRFLDWLRQ  ZLWK  DJH,  FRQVLVWHQW  ZLWK 

 RWKHU VWXGLHV  >60,62@  . 

 2Q  WKH  RWKHU  KDQG,  SURFHVVHV  WKDW  DUH  DVVRFLDWHG  ZLWK  KLJKHU  H[SUHVVLRQ  LQ  \RXQJHU 

 DJH  JURXSV  DQG  ORZHU  LQ  ROGHU  DJH  JURXSV  LQFOXGH  GHYHORSPHQWDO  SURFHVVHV  DQG 
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 cROOaJHQ  ILbULO  RUJaQL]aWLRQ,  ZKLcK  KaV  bHHQ  QRWHd  LQ  PXOWLSOH  SULRU  VWXdLHV  [63±65]  . 

 TRJHWKHU,  WKHVH  UHVXOWV  VXJJHVW  WKaW  RXU  aJH  VLJQaWXUHV  aQd  HQULcKPHQW  SaWWHUQV  ZLOO  bH 

 SRZHUIXO IRU VWXd\LQJ VH[-VSHcLILc SURcHVVHV RI aJLQJ aQd dHYHORSPHQW. 

 FLJXUH  3.9.  EQULFKPHQW  RI  H[SHULPHQWaOO\-GHULYHG  JHQHV  VHWV  IURP  LQ  RXU  VH[-VWUaWLILHG  aJH 

 VLJQaWXUHV.  AJH-ELDV  HQULFKPHQW  RI  H[SHULPHQWDOO\-GHULYHG  JHQH  VHWV.  HHDWPDSV  VKRZ  HQULFKPHQW 

 VFRUHV  IRU  GO  ELRORJLFDO  SURFHVVHV  WKDW  DUH  DVVRFLDWHG  ZLWK  LQFUHDVLQJ  DJH  LQ  (  a  )  FHPDOHV  DQG  (  E  )  MDOHV 

 DQG  GO  ELRORJLFDO  SURFHVVHV  WKDW  DUH  DVVRFLDWHG  ZLWK  GHFUHDVLQJ  DJH  LQ  (  F  )  FHPDOHV  DQG  (  G  )  MDOHV.  EDFK 

 RI WKHVH ELRORJLFDO SURFHVVHV KDV D SSHDUPDQ FRUUHODWLRQ RYHU +0.8 RU XQGHU ±0.8 ZLWK DJH JURXS. 
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 DLVFXVVLRQ 

 AJH  DQG  VH[  KDYH  KLVWRULFDOO\  QRW  UHFHLYHG  WKH  DWWHQWLRQ  WKH\  GHVHUYH  LQ  ELRPHGLFDO 

 UHVHDUFK,  UHVXOWLQJ  LQ  IXQGDPHQWDO  JDSV  LQ  RXU  XQGHUVWDQGLQJ  RI  KRZ  WKHVH  IDFWRUV 

 LQIOXHQFH  QRUPDO  SK\VLRORJ\  DQG  GLVHDVH  PHFKDQLVPV.  IQ  WKLV  SURMHFW,  ZH  PDNH  DQ  HIIRUW 

 WR  HQDEOH  WKH  ELRPHGLFDO  FRPPXQLW\  WR  V\VWHPDWLFDOO\  DGGUHVV  WKHVH  JDSV.  FLUVW,  ZH 

 DVVHPEOHG  WKH  ODUJHVW  VHW  RI  PDQXDOO\-FXUDWHG  DJH-  DQG  VH[-ODEHOHG  EXON,  SULPDU\ 

 KXPDQ  JHQH  H[SUHVVLRQ  VDPSOHV  WR  GDWH.  8VLQJ  WKHVH  GDWD,  ZH  VKRZ  WKDW  LW  LV  SRVVLEOH 

 WR  SUHGLFW  DJH  JURXS  IURP  JHQH  H[SUHVVLRQ  ZLWK  UHDVRQDEO\  KLJK  DFFXUDF\  XVLQJ  VLPSOH 

 RQH-YV-UHVW  ORJLVWLF  UHJUHVVLRQ  PRGHOV.  :H  WKHQ  LQYHVWLJDWHG  WKH  JHQHV  DFURVV  WKH 

 JHQRPH  ZLWK  DJH-VWUDWLILHG  VH[  ELDV  DQG  VH[-VWUDWLILHG  DJH  ELDV  ²  ERWK  LGHQWLILHG  LQ  D 

 GDWD-GULYHQ  PDQQHU.  7KHVH  DQDO\VHV  KDYH  SURYLGHG  LQVLJKWV  LQWR  VHYHUDO  DVSHFWV  RI  DJH- 

 DQG VH[-UHODWHG KXPDQ JHQH UHJXODWLRQ, FHOOXODU SDWKZD\V, DQG GLVHDVH. 

 Se[ and age gURXS SUedicWiRn fURm gene e[SUeVViRn 

 7KRXJK  ZH  FRQGXFWHG  DQ  H[SDQVLYH  VHDUFK  IRU  WUDQVFULSWRPH  VDPSOHV  ZLWK  VH[  DQG  DJH 

 ODEHOV,  WKHUH  DUH  VHYHUDO  WLVVXH  DQG  GLVHDVH  ELDVHV  LQ  RXU  GDWDVHW.  AV  EORRG  LV  RQH  RI  WKH 

 HDVLHVW  WLVVXH  WR  FROOHFW  IURP  KXPDQV,  LW  LV  QRW  VXUSULVLQJ  WKDW  WKH  ODUJHVW  VHW  RI  VDPSOHV 

 DUH  IURP  EORRG  (  Fig.  A3.2  ).  BUDLQ,  VPDOO  LQWHVWLQH,  OLYHU,  OXQJ,  DQG  UHWLQD  DOO  KDYH 

 KXQGUHGV  RI  VDPSOHV  HDFK  DV  ZHOO.  2IWHQ,  VWXGLHV  VHSDUDWH  VDPSOHV  EDVHG  RQ  WLVVXH 

 DQG  WKHQ  GHWHUPLQH  DJH-  DQG  VH[-ELDVHG  JHQHV  WKURXJK  GLIIHUHQWLDO  H[SUHVVLRQ  RU  DJH 

 SUHGLFWLRQ.  HRZHYHU,  HYHQ  VWUDWLI\LQJ  VDPSOHV  E\  WLVVXH  LV  QRW  HQRXJK  WR  GHWHUPLQH  DJH- 

 DQG  VH[-ELDVHG  JHQHV  ZLWKRXW  SUHMXGLFH  DV  FHOO  W\SH  FRPSRVLWLRQ  DIIHFWV  WKHVH  UHVXOWV 

 >35,47@  .  2QH  VWXG\  WKDW  FRQVLGHUHG  PXOWL-WLVVXH  VLJQDWXUHV  LQ  DJH  SUHGLFWLRQ  VKRZHG  WKDW 

 SUHGLFWLRQ  LPSURYHV  ZKHQ  JHQH  H[SUHVVLRQ  IURP  PRUH  WKDQ  RQH  WLVVXH  LV  XVHG  WR  SUHGLFW 
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 age  [29]  .  ReQ  aQd  KXaQ  [33]  UeceQWO\  cRPSaUed  VeYeUaO  dLffeUeQW  WLVVXe-VSecLfLc  aQd 

 acURVV-WLVVXe  geQeVeWV  WR  XVe  aV  feaWXUeV  fRU  e[SUeVVLRQ-baVed  age  SUedLcWLRQ  PRdeOV 

 XVLQg  daWa  fURP  GTE[.  TKeLU  UeVXOWV  VKRZ  WKaW  aQ  acURVV-WLVVXe  geQeVeW  deULYed  fURP 

 e[SUeVVLRQ  acURVV  aOO  GTE[  WLVVXeV  KaYe  VLPLOaU  SeUfRUPaQce  LQ  SUedLcWLRQ  WR  XVLQg  RQO\ 

 dLffeUeQWLaOO\  e[SUeVVed  geQeV  fRU  a  gLYeQ  WLVVXe.  WKeQ  WUaLQLQg  LQ  RQe  WLVVXe  aQd 

 SUedLcWLQg  age  LQ  aQRWKeU,  WKe  acURVV-WLVVXe  feaWXUe  VeW  ZaV  VXSeULRU.  We  WRR  WeVWed  age 

 gURXS  SUedLcWLRQ  XVLQg  RQO\  bORRd  VaPSOeV  LQ  RXU  daWaVeW  aQd  fRXQd  WKaW  SUedLcWLRQ 

 SeUfRUPaQce  decUeaVed  LQ  PRVW  age  gURXSV  (  FLJ.  A3.11-16  ).  CRPbLQed  ZLWK  UeVXOWV 

 fURP  SUeYLRXV  VWXdLeV,  RXU  fLQdLQgV  VXggeVW  WKaW  age  VLgQaO-WR-QRLVe  UaWLR  LPSURYeV  ZKeQ 

 LQcOXdLQg  e[SUeVVLRQ  fURP  PXOWLSOe  WLVVXeV.  IQ  deWeUPLQLQg  Ve[-bLaVed  geQeV,  Ze  fRXQd 

 WKaW  VXbVeWWLQg  WR  RQO\  bORRd  VaPSOeV  dReV  QRW  PeaQLQgfXOO\  cKaQge  WKe  UeVXOWV  (  FLJ. 

 A3.3  ).  IQ  addLWLRQ  WR  WLVVXe  bLaVeV,  RXU  daWaVeW  aOVR  ceUWaLQO\  KaV  dLVeaVe  bLaVeV  dXe  WR 

 LQKeUeQW  dLffeUeQceV  LQ  WKe  LQcLdeQce  Rf  dLVeaVe  LQ  dLffeUeQW  age  aQd  Ve[  gURXSV,  aORQg 

 ZLWK  WKeLU  OLNeOLKRRd  WR  be  VWXdLed.  TKe  NaWLRQaO  IQVWLWXWeV  Rf  HeaOWK  OLVWV  LQfecWLRXV 

 dLVeaVeV,  bUaLQ  dLVRUdeUV,  aQd  caQceU  aV  aPRQgVW  LWV  WRS-fXQded  LQ  dLVeaVe  UeVeaUcK  LQ 

 UeceQW  \eaUV  [66]  .  AV  e[SecWed,  WKeVe  dLVeaVeV  PaNe  XS  a  OaUge  QXPbeU  Rf  WKe  VaPSOeV 

 LQ RXU daWaVeW. 

 Age  gURXS  SUedLcWLRQ  ZaV  PRUe  dLffLcXOW  LQ  WKe  PLddOe  age  gURXSV  (  FLJ.  3.4b,d,  FLJ. 

 3.5b,d,  FLJ.  A3.5-8  ).  TKLV  LV  QRW  VXUSULVLQg,  aV  eQYLURQPeQWaO  facWRUV,  OLfeVW\Oe,  aQd  agLQg 

 begLQ  WR  cRQWULbXWe  WR  PRUe  KeWeURgeQeLW\  LQ  WKeVe  age  gURXSV,  aOWKRXgK  QRQOLQeaUO\  aQd 

 QRQXQLfRUPO\  [67]  .  TKLV  LV  aOVR  UefOecWed  LQ  WKe  VLPLOaULW\  beWZeeQ  age  gURXS  PRdeOV  (  FLJ. 

 A3.17-21  ).  TKeUe  LV  PRUe  VLPLOaULW\  beWZeeQ  WKe  \RXQg  age  gURXS  PRdeOV  WKaQ  LQ  ROdeU 

 age  gURXSV,  eVSecLaOO\  ZKeQ  cRPSaULQg  acURVV  Ve[eV  aQd  WecKQRORgLeV.  TKe 
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 dLVVLPLOaULW\  bHWZHHQ  RNA-VHT  aQd  PLcURaUUa\  PRdHOV  LV  OLNHO\  dXH  WR  WHcKQRORJLcaO 

 dLIIHUHQcHV  LQcOXdLQJ  WKH  OaUJH  dLIIHUHQcH  LQ  d\QaPLc  UaQJH  bHWZHHQ  RNA-VHT  aQd 

 PLcURaUUa\  H[SHULPHQWV.  NHYHUWKHOHVV,  HYHQ  LI  WKH  JHQHV  XVHd  LQ  WKH  VaPH  aJH  JURXS 

 PRdHOV  aUH  dLIIHUHQW  acURVV  WHcKQRORJLHV,  LW  LV  SRVVLbOH  WKaW  WKH\  SOa\  a  UROH  LQ  VLPLOaU 

 bLRORJLcaO  SURcHVVHV  aQd  SaWKZa\V,  ZKLcK  ZH  caQ  WHVW  LQ  WKH  IXWXUH  b\  cRPSaULQJ 

 HQULcKPHQW UHVXOWV bHWZHHQ WHcKQRORJLHV. 

 EQUichmeQW Rf e[SeUimeQWal geQeVeWV iQ age aQd Ve[ VigQaWXUeV 

 OXU  aJH-VWUaWLILHd  VH[-VLJQaWXUHV  VKRZHd  PaQ\  LPPXQH  UHVSRQVH-UHOaWHd  JHQHVHWV  WR 

 bH  FHPaOH-bLaVHd  (  Fig.  3.8  ).  FHPaOHV  XVXaOO\  SURdXcH  a  VWURQJHU  LPPXQH  UHVSRQVH 

 WKaQ  MaOHV  aQd  WKLV  LV  WKRXJKW  WR  cRQWULbXWH  WR  WKHLU  LQcUHaVHd  VXVcHSWLbLOLW\  WR 

 aXWRLPPXQH  dLVHaVHV  [58,68]  .  TKLV  LQcUHaVHd  VXVcHSWLbLOLW\  LV  SURIRXQd,  aV  FHPaOHV 

 accRXQW  IRU  80%  RI  aXWRLPPXQH  dLVHaVH  RccXUUHQcH  [57,58]  .  A  IHZ  aXWRLPPXQH  dLVHaVH 

 LQcLdHQcH  UaWHV  aUH  cORVH  WR  HYHQ  bHWZHHQ  VH[HV,  bXW  WKHUH  aUH  QR  cRPPRQ 

 aXWRLPPXQH  dLVHaVHV  WKaW  VKRZ  a  bLaV  WRZaUdV  MaOH  SUHYaOHQcH  aW  WKH  dHJUHH  WKaW 

 aXWRLPPXQH  dLVHaVHV  OLNH  UKHXPaWRLd  aUWKULWLV,  OXSXV  aQd  HaVKLPRWR'V  VKRZ  WRZaUdV 

 FHPaOH  SUHYaOHQcH  [69]  .  TKH  PaQ\  LPPXQH  UHVSRQVH-UHOaWHd  JHQHVHWV  IRXQd  WR  bH 

 FHPaOH-bLaVHd  LQ  RXU  VLJQaWXUHV  PLJKW  KHOS  SURbH  WKH  PROHcXOaU  XQdHUSLQQLQJV  RI  WKHVH 

 dLIIHUHQcHV. 

 OXU  aJH-VWUaWLILHd  VH[-bLaVHd  VLJQaWXUHV  ZHUH  abOH  WR  UHcaSLWXOaWH  SUHYLRXVO\-RbVHUYHUd 

 VH[  dLIIHUHQcHV  LQ  cHOO  W\SH  cRPSRVLWLRQ.  A  VWXd\  RI  LQdLYLdXaOV  aJHd  20±35  \HaUV  IRXQd 

 WKaW  FHPaOHV  KaYH  a  KLJKHU  QXPbHU  aQd  SURSRUWLRQ  RI  B  cHOOV  [59]  .  AQRWKHU  VWXd\ 

 cRQdXcWHd  b\  MiUTXH]  aQd  cROOHaJXHV  ZLWK  a  UaQJH  RI  LQdLYLdXaOV  aJHd  22±93  \HaUV 

 IRXQd  a  MaOH-VSHcLILc  dHcOLQH  LQ  B  cHOO  SURSRUWLRQ  aIWHU  WKH  aJH  RI  65  [60]  .  TKLV  VWXd\ 
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 aOVR  fRXQd  PaQ\  O\PSKRLd  ceOOV  aQd  T  ceOO  SRSXOaWLRQV  WR  be  PRUe  abXQdaQW  LQ  FePaOeV, 

 WKe  OaWWeU  VXSSRUWLQJ  WKe  UeVXOW  Rf  aQRWKeU  VWXd\  WKaW  Kad  fRXQd  QaLYe  T  ceOOV  VSecLfLcaOO\ 

 WR  be  KLJKeU  LQ  FePaOeV  [70]  .  TKeVe  ceOO  W\SeV  aUe  PRUe  cRPPRQO\  FePaOe-bLaVed  LQ  RXU 

 aJe-VWUaWLfLed  Ve[-bLaVed  VLJQaWXUeV  (  FLJ.  3.8G,H  ).  OQ  WKe  RWKeU  KaQd,  WKe  SUeYLRXVO\ 

 PeQWLRQed  MiUTXe]  eW  aO  VWXd\  aOVR  fRXQd  P\eORLd  OLQeaJe  ceOOV  (SaUWLcXOaUO\  PRQRc\WeV) 

 WR  be  PRUe  abXQdaQW  LQ  MaOeV  [60]  (  FLJ.  3.8G,H  ).  We  RbVeUYe  WKLV  MaOe-bLaV  LQ  WKe 

 \RXQJeU  aJe  JURXSV.  AOWRJeWKeU,  RXU  VLJQaWXUeV  VKRZ  KLJK  cRQcRUdaQce  ZLWK  Ve[-bLaVeV 

 RbVeUYed  LQ  SUeYLRXV  LPPXQe  VWXdLeV,  VXJJeVWLQJ  WKaW  WKe\  ZLOO  be  e[ceOOeQW  WRROV  WR 

 VWXd\ RWKeU SaQ-bRd\ Ve[-bLaVed SURceVVeV aQd dLVeaVe PecKaQLVPV. 

 We  QRWed  VeYeUaO  aSRSWRVLV  aQd  SURJUaPPed  ceOO  deaWK  SURceVVeV  aVVRcLaWed  ZLWK 

 LQcUeaVLQJ  aJe  LQ  RXU  Ve[-VWUaWLfLed  aJe-bLaVed  VLJQaWXUeV,  ZKLcK  aUe  ZeOO  NQRZQ  WR  be 

 aVVRcLaWed  ZLWK  WKe  SURceVV  Rf  aJLQJ  [61]  (  FLJ.  3.9a,E  ).  PRVLWLYe  UeJXOaWLRQ  Rf 

 NF-NaSSaB  VLJQaOLQJ  aQd  QeJaWLYe  UeJXOaWLRQ  Rf  O\PSKRc\We  PLJUaWLRQ  LV  aVVRcLaWed  ZLWK 

 LQcUeaVLQJ  aJe  LQ  WKe  MaOe  VLJQaWXUeV  (  FLJ.  3.9E  ).  TKeVe  RbVeUYaWLRQV  aUe  cRQVLVWeQW 

 ZLWK  VWXdLeV  WKaW  OLQN  NF-NaSSaB  VLJQaOLQJ  WR  WKe  aJLQJ  SURceVV  [62]  aQd  VKRZ  WKaW 

 adaSWLYe  LPPXQe  fXQcWLRQ  decUeaVeV  ZLWK  aJe,  eVSecLaOO\  LQ  PeQ  [60]  .  OWKeU  SURceVVeV 

 aVVRcLaWed  ZLWK  decUeaVLQJ  aJe  aUe  deYeORSPeQWaO  SURceVVeV  aQd  cROOaJeQ  fLbULO 

 RUJaQL]aWLRQ  (  FLJ.  9F,G  ).  SeYeUaO  VWXdLeV  KaYe  aVVRcLaWed  LQcUeaVed  aJe  ZLWK  ORZeU 

 cROOaJeQ  OeYeOV  aQd  ORZeU  LQWeJULW\  aQd  LQcUeaVed  d\VUeJXOaWLRQ  Rf  WKe  cROOaJeQ  QeWZRUN 

 [63±65]  .  TKeVe  bLRORJLcaOO\-PeaQLQJfXO  aJe  aVVRcLaWLRQV  VKRZ  WKe  XWLOLW\  Rf  WKeVe 

 daWa-dULYeQ  VLJQaWXUeV  fRU  LQYeVWLJaWLQJ  PROecXOaU  SURceVVeV  UeOaWed  WR  aJLQJ  aQd 

 deYeORSPeQW. 
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 AYaLOabLOLW\ RI daWa aQd cRde 

 WH  PaNH  WKH  VHW  RI  a30,000  aJH-  aQG  VH[-aVVRFLaWHG FXUaWHG  WUaQVFULSWRPH  VaPSOHV 

 aQG  FRGH  WR  UHSURGXFH  WKHVH  aSSURaFKHV  aYaLOabOH  YLa  GLWHXb  VR  WKaW  RWKHU  UHVHaUFKHUV 

 Pa\  bXLOG  XSRQ  WKHP  IRU  WKHLU  RZQ  VWXGLHV.  OXU  JHQRPH-ZLGH  VH[-bLaVHG  aQG 

 aJH-bLaVHG  JHQH  VLJQaWXUHV  aQG  WKH  aVVRFLaWLRQV  RI  KXQGUHGV  RI  bLRORJLFaO  FRQWH[WV  ZLWK 

 WKHVH  VLJQaWXUHV  ZLOO  bH  VHaUFKabOH  b\  aQ  RQOLQH  ZHbVHUYHU  WR  PaNH  WKHVH  UHVXOWV  HaVLO\ 

 aFFHVVLbOH  IRU  bLRPHGLFaO  UHVHaUFKHUV.  TKH  FRPPXQLW\  FaQ  XVH  WKHVH  VLJQaWXUHV  aQG 

 aVVRFLaWHG  FRQWH[WV  WR  H[SORUH  WKH  aJH-  aQG  VH[-bLaVHG  H[SUHVVLRQ  SaWWHUQV  RI  RQH  RU 

 PRUH  RI  WKHLU  IaYRULWH  JHQHV,  XVH  WKH  VH[-  aQG  aJH-bLaVHG  JHQH  VLJQaWXUHV  WR  LQIRUP  WKH 

 JHQHV  SULRULWL]HG  LQ  QHZ  VWXGLHV,  aQG/RU  VHaUFK  WKURXJK  WKH  WKRXVaQGV  RI  SUHFaOFXOaWHG 

 HQULFKPHQW  UHVXOWV  XVLQJ  WKH  QaPHV  RI  SaWKZa\V,  FHOO  W\SHV,  SKHQRW\SHV,  WUaLWV,  aQG 

 GLVHaVHV  RI  LQWHUHVW  WR  H[aPLQH  WKH  aVVRFLaWLRQ  RI  FRQVWLWXHQW  JHQHV  ZLWK  VH[  aQG  aJH. 

 FLQaOO\,  ZH  ZLOO  aOVR  PaNH  H[SUHVVLRQ  YaOXHV  RI  OabHOHG  WUaQVFULSWRPHV  aYaLOabOH  YLa  WKH 

 ZHb  LQWHUIaFH  IRU  bLRPHGLFaO  UHVHaUFKHUV  WR  VHaUFK  aQG  FRPSaUH  JHQH  H[SUHVVLRQ 

 bHWZHHQ aJH aQG VH[ JURXSV RI LQWHUHVW. 

 MHWKRGV 

 DaWa cROOecWLRQ 

 WH  GRZQORaGHG  KXPaQ  PLFURaUUa\  JHQH  H[SUHVVLRQ  GaWa  IURP  WKH  GHQH  E[SUHVVLRQ 

 OPQLbXV  (GEO)  [15]  aV  UaZ  CEL  ILOHV.  DXH  WR  GLIIHUHQW  SOaWIRUPV  PHaVXULQJ  GLIIHUHQW 

 JHQHV,  ZH  UHVWULFWHG  WKH  GaWa  WR  VaPSOHV  IURP  WKH  AII\PHWUL[  +XPDQ  GHQRPH  8133 

 3OXV  2.0  AUUD\  .  TKH  CEL  ILOHV  ZHUH  SURFHVVHG  ZLWK  baFNJURXQG  VXbWUaFWLRQ,  TXaQWLOH 

 WUaQVIRUPaWLRQ,  aQG  VXPPaUL]aWLRQ  XVLQJ  IRMA  [71]  baVHG  RQ  FXVWRP  CDF  [72] 

 PaSSLQJ  SURbHV  WR  EQWUH]  JHQH  IDV.  WH  GRZQORaGHG  SaOPRQ  [73]  RXWSXW  ILOHV  IRU  aOO 
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 KXPaQ  RNA-VHT  VaPSOHV  aYaLOabOH  LQ  UHILQH.bLR  [40]  aQG  UHPRYHG  VaPSOHV  ZLWK  RYHU 

 50%  ]HUR  cRXQWV.  TKH  SaOPRQ-caOcXOaWHG  TPM  YaOXHV  IRU  WKH  UHPaLQLQJ  RNA-VHT 

 VaPSOHV  ZHUH  XVHG  IRU  aOO  IXUWKHU  aQaO\VLV.  WH  aOVR  UHVWULcWHG  aQaO\VLV  WR  JHQHV 

 PHaVXUHG RQ bRWK SOaWIRUPV, IRU a WRWaO RI 18,478 JHQHV. 

 CXUaWLRQ RI aJe aQd Ve[ OabeOV 

 AJH  aQG  VH[  OabHOV  ZHUH  cXUaWHG  IRU  PLcURaUUa\  aQG  RNA-VHT  GaWa  ZLWK  a  cRPbLQaWLRQ 

 RI  WH[W  PLQLQJ  aQG  PaQXaO  cXUaWLRQ.  FRU  WKH  PLcURaUUa\  GaWa,  ZH  GRZQORaGHG  VaPSOH 

 GHVcULSWLRQV  IRU  RXU  PLcURaUUa\  IURP  GEO  aQG  XVHG  VLPSOH  WH[W  PaWcKLQJ  WR  LGHQWLI\ 

 VaPSOHV  aVVRcLaWHG  ZLWK  SRWHQWLaO  aJH  aQG  VH[  LQIRUPaWLRQ.  WH  PaQXaOO\  cKHcNHG  WKHVH 

 WH[W-PaWcKHG  OabHOV  b\  UHaGLQJ  WKH  VaPSOH  GHVcULSWLRQV  aQG  YHULI\LQJ  WKaW  WKH  OabHO  ZaV 

 cRUUHcW  aQG  UHPRYLQJ  HUURQHRXVO\  OabHOHG  VaPSOHV.  FRU  RNA-VHT  GaWa,  ZH  GRZQORaGHG 

 PHWaSRA  [74]  YHUVLRQ  1.8  WR  LGHQWLI\  VaPSOHV  aVVRcLaWHG  ZLWK  SRWHQWLaO  aJH  aQG  VH[ 

 LQIRUPaWLRQ.  WH  WKHQ  XVHG  IIT  [75]  WR  IHWcK  VaPSOH  accHVVLRQ  GaWa  IURP  WKH  SHTXHQcH 

 RHaG  AUcKLYH  (SRA)  [41]  WR  PaWcK  WKH  VaPSOH  LGHQWLILHUV  XVHG  LQ  PHWaSRA  WR  WKH  UXQ 

 LGHQWLILHUV  XVHG  LQ  UHILQH.bLR.  WH  PaQXaOO\  cKHcNHG  WKHVH  OabHOV  aV  ZHOO  b\  UHaGLQJ 

 VaPSOH  GHVcULSWLRQV  RbWaLQHG  IURP  SRA.  BRWK  PLcURaUUa\  aQG  RNA-VHT  VaPSOH 

 GHVcULSWLRQV  ZHUH  aOVR  XVHG  WR  UHPRYH  VaPSOHV  WKaW  aUH  QRW  SULPaU\  KXPaQ  VaPSOHV, 

 aQG  LQ  WKH  caVH  RI  RNA-VHT,  WR  UHPRYH  VaPSOHV  WKaW  aUH  QRW  bXON  VaPSOHV  (L.H.  VLQJOH 

 cHOO  RU  VLQJOH  QXcOHL).  E[aPSOHV  RI  UHPRYHG  VaPSOHV  LQcOXGH  cHOO  OLQHV,  [HQRJUaIWV,  aQG 

 SRROHG VaPSOHV. 

 AJe-VWUaWLILed Ve[-bLaVed JeQeV 

 SH[-bLaVHG  JHQHV  ZHUH  GHWHUPLQHG  VHSaUaWHO\  LQ  PLcURaUUa\  aQG  RNA-VHT  GaWa.  WLWKLQ 

 HacK  VHW  RI  GaWa,  WKH  H[SUHVVLRQ  YaOXHV  RI  HacK  JHQH  ZHUH  ]-VcRUHG  acURVV  aOO  VaPSOHV. 
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 6DPSOHV  ZHUH  GLYLGHG  E\  DJH  JURXS.  FRU  HDFK  JHQH,  WKH  ]-VFRUH  YDOXH  WKDW  EHVW 

 VHSDUDWHG  WKH  PDOH  DQG  FHPDOH  VDPSOHV  ZLWKLQ  DQ  DJH  JURXS  ZDV  IRXQG  E\  FDOFXODWLQJ 

 WKH  DULWKPHWLF  PHDQ  RI  VHQVLWLYLW\  DQG  VSHFLILFLW\  DW  HDFK  YDOXH  IURP  WKH  PLQLPXP  WR 

 PD[LPXP  ]  VFRUH  LQ  VWHSV  RI  0.2.  EVVHQWLDOO\,  ZH  FRQVLGHUHG  HDFK  ]  VFRUH  YDOXH  DV  D 

 VLPSOH  PRGHO  WR  SUHGLFW  VH[.  EYHU\  VDPSOH  ZLWK  DQ  H[SUHVVLRQ  ]  VFRUH  DERYH  WKH  YDOXH 

 ZDV  ODEHOHG  µFHPDOH¶  DQG  HYHU\  VDPSOH  ZLWK  DQ  H[SUHVVLRQ  ]  VFRUH  EHORZ  WKH  YDOXH  ZDV 

 ODEHOHG  µMDOH¶.  B\  UHFRQILJXULQJ  WKH  EDODQFHG  DFFXUDF\  HTXDWLRQ  (EHORZ)  WR  UHSODFH 

 µSRVLWLYHV¶  ZLWK  µFHPDOHV¶  DQG  µQHJDWLYHV¶  ZLWK  MDOHV,  ZH  FUHDWH  D  FHPDOH-ELDV  PHWULF  IRU 

 WKH  H[SUHVVLRQ  RI  HDFK  JHQH.  7KH  EDODQFHG  DFFXUDF\  LV  WKH  DULWKPHWLF  PHDQ  RI 

 VHQVLWLYLW\  DQG  VSHFLILFLW\  RI  D  PRGHO  DQG  UDQJHV  IURP  0  WR  1.  IQ  RXU  PHWULF,  1  LV  WKH 

 H[WUHPH  HQG  RI  FHPDOH  ELDV  (DOO  FHPDOH  VDPSOHV  KDYH  KLJKHU  H[SUHVVLRQ  WKDQ  WKH  FXWRII 

 YDOXH  DQG  DOO  PDOH  VDPSOHV  KDYH  ORZHU  H[SUHVVLRQ),  0  LV  WKH  H[WUHPH  HQG  RI  PDOH  ELDV 

 (DOO  PDOH  VDPSOHV  KDYH  KLJKHU  H[SUHVVLRQ  WKDQ  WKH  FXWRII  YDOXH  DQG  DOO  FHPDOH  VDPSOHV 

 KDYH  ORZHU  H[SUHVVLRQ),  DQG  0.5  LV  SHUIHFWO\  EDODQFHG.  7KH  VDPH  SURFHVV  ZDV  UHSHDWHG 

 XVLQJ  RQO\  VDPSOHV  IURP  EORRG  IRU  WKH  EORRG-RQO\  DQDO\VLV.  FRU  KHDWPDSV  RI  VWURQJO\ 

 VH[-ELDVHG  JHQHV  (  FLg.  3.2,  FLg.  A3.3  ),  ZH  VXEWUDFW  WKH  FHPDOH-ELDV  PHWULF  VFRUH  IURP  1 

 WR SORW WKH EDODQFHG DFFXUDF\ LI MDOHV DUH FRQVLGHUHG WKH PRUH KLJKO\-H[SUHVVHG JURXS. 

 𝑏𝑎Ք𝑎Ֆ𝑐𝑒𝑑     𝑎𝑐𝑐՝՚𝑎𝑐ա    ࡦ     1 
 2 ഈ  𝑇՚՝𝑒     𝑃՗՛𝑖՜𝑖՞𝑒՛ 

 𝑇՚՝𝑒     𝑃՗՛𝑖՜𝑖՞𝑒՛    ࡟    𝐹𝑎Ք՛𝑒     𝑁𝑒𝑔𝑎՜𝑖՞𝑒՛ ࡟  𝑇՚՝𝑒     𝑁𝑒𝑔𝑎՜𝑖՞𝑒՛ 
 𝑇՚՝𝑒     𝑁𝑒𝑔𝑎՜𝑖՞𝑒՛    ࡟    𝐹𝑎Ք՛𝑒     𝑃՗՛𝑖՜𝑖՞𝑒՛    ഉ

 𝐹𝑒Օ𝑎Ք𝑒  ‒  𝑏𝑖𝑎՛     Օ𝑒՜՚𝑖𝑐    ࡦ     1 
 2 ഈ  𝑇՚՝𝑒     𝐹𝑒Օ𝑎Ք𝑒՛ 

 𝑇՚՝𝑒     𝐹𝑒Օ𝑎Ք𝑒՛    ࡟    𝐹𝑎Ք՛𝑒     𝑀𝑎Ք𝑒՛ ࡟  𝑇՚՝𝑒     𝑀𝑎Ք𝑒՛ 
 𝑇՚՝𝑒     𝑀𝑎Ք𝑒՛    ࡟    𝐹𝑎Ք՛𝑒     𝐹𝑒Օ𝑎Ք𝑒՛    ഉ

 LRgiVWic UegUeVViRQ PRdelV 
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 SeSaUaWeO\  fRU  PLcURaUUa\  aQd  RNA-VeT  daWa,  LQ  eacK  Ve[,  fRU  eacK  age  gURXS,  Ze 

 WUaLQed  a  RQe-YV-UeVW  ORgLVWLc  UegUeVVLRQ  PRdeO  ZLWK  aQ  eOaVWLcQeW  SeQaOW\.  RNA-VeT  daWa 

 ZaV  aVLQK  WUaQVfRUPed  bXW  QR  RWKeU  VcaOLQg  ZaV  XVed.  IQ  eYeU\  Ve[/WecKQRORg\ 

 cRPbLQaWLRQ,  WKUee  fROdV  Rf  aOO  WKe  VaPSOeV  ZeUe  cUeaWed  fRU  cURVV-YaOLdaWLRQ  b\ 

 aVVLgQLQg  eQWLUe  daWaVeWV  aW  a  WLPe,  URXgKO\  b\  aVVLgQLQg  WKe  WKUee  OaUgeVW  UePaLQLQg 

 daWaVeWV  WR  eacK  Rf  WKe  WKUee  fROdV  LQ  a  PaQQeU  WKaW  NeSW  WKe  QXPbeU  Rf  VaPSOeV  aQd 

 daWaVeWV  aV  eTXaO  aV  SRVVLbOe  acURVV  aOO  fROdV.  IQ  RNA-VeT  daWa,  145  feWaO  VaPSOeV  ZeUe 

 added  b\  SUedLcWLQg  Ve[  LQ  VaPSOeV  ZLWKRXW  Ve[  LQfRUPaWLRQ  WR  LQcUeaVe  WKe  QXPbeU  Rf 

 VaPSOeV  WR  a  QXPbeU  YLabOe  fRU  3-fROd  cURVV  YaOLdaWLRQ.  Se[  ZaV  SUedLcWed  baVed  RQ  15 

 geQeV  ZLWK  RYeU  0.9  baOaQced  accXUac\  LQ  VeSaUaWLQg  FePaOe  aQd  MaOe  VaPSOeV  ZLWK  a 

 VLPSOe  e[SUeVVLRQ  cXWRff.  OQO\  VaPSOeV  ZLWK  Ve[  agUeePeQW  LQ  aW  OeaVW  13  RXW  Rf  WKe  15 

 geQeV ZeUe OabeOOed ZLWK WKe SUedLcWed Ve[ aQd NeSW LQ RXU OabeOed VeW. 

 TR  cUeaWe  Ve[-VWUaWLfLed  age  VLgQaWXUeV  LQ  bORRd  VaPSOeV  RQO\,  Ze  aVVLgQed  WKe  3  OaUgeVW 

 daWaVeWV  Rf  eacK  age  gURXS  WR  RQe  Rf  WKUee  WeVW  fROdV  PaNLQg  cRQceVVLRQV  WR  NeeS  fXOO 

 daWaVeWV  WRgeWKeU  Lf  WKeUe  ZaV  a  cRQfOLcW  acURVV  age  gURXSV.  TR  eQVXUe  eacK  WeVW  fROd  Kad 

 aW  OeaVW  RQe  daWaVeW  ZLWK  aW  OeaVW  5  VaPSOeV  fURP  a  gLYeQ  age  gURXS,  Ze  e[cOXded  age 

 gURXSV  ZLWKRXW  eQRXgK  daWa  WR  PeeW  WKLV  WKUeVKROd  LQ  bRWK  PLcURaUUa\  aQd  RNA-VeT 

 daWa.  TKe  UePaLQLQg  daWaVeWV  ZeUe  XVed  LQ  WUaLQLQg  fRU  aOO  WKUee  WeVW  fROdV.  TKe  fROdV 

 VL]eV aQd age gURXS dLVWULbXWLRQ fRU aOO PRdeOV aUe VKRZQ LQ FLgXUeV A3.4 aQd A3.10. 

 CXUaWLRQ Rf RWheU geQeVeWV fRU eQULchPeQW aQaO\VLV 

 GeQeVeWV  fURP  SUeYLRXV  Ve[  dLffeUeQWLaO  e[SUeVVLRQ  VWXdLeV,  GTE[,  SAGD,  aQd  GXR  HW 

 aO  ,  ZeUe  dRZQORaded  fURP  WKe  VXSSOePeQWaO  daWa  LQ  WKeLU  UeVSecWLYe  SXbOLcaWLRQV.  We 

 XVed  aOO  geQeV  decOaUed  VLgQLfLcaQW  b\  WKe  aXWKRUV  fRU  aQ\  defLQed  gURXS  WKe\  Kad 
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 FXUDWHG.  BLRORJLFDO  PURFHVV  DQQRWDWLRQV  ZLWK  H[SHULPHQWDO  HYLGHQFH  FRGHV  (E;P,  IDA, 

 IPI,  IMP,  IGI,  7A6,  IC)  ZHUH  GRZQORDGHG  IURP  WKH  GHQH  OQWRORJ\  >50@  DQG  SURSDJDWHG 

 WR  DOO  DQFHVWRU  GHQH  OQWRORJ\  BLRORJLFDO  PURFHVV  (GOBP)  WHUPV.  :H  WKHQ  VXEVHW  GOBP 

 WHUPV  WR  WKRVH  ZLWK  10  WR  200  DQQRWDWHG  JHQHV  WR  UHPRYH  WHUPV  ZLWK  WRR  IHZ  JHQHV  WR 

 GR  HQULFKPHQW  RU  WHUPV  WKDW  DUH  WRR  JHQHUDO  WR  EH  SUDFWLFDOO\  XVHIXO.  HXPDQ  GLVHDVH 

 JHQHV  ZHUH  GRZQORDGHG  IURP  WKH  MRQDUFK  IQLWLDWLYH  >52,53@  ZHESDJH  DW 

 KWWSV://GDWD.PRQDUFKLQLWLDWLYH.RUJ/ODWHVW/WVY/JHQHBDVVRFLDWLRQV/JHQHBGLVHDVH.9606.WVY.J 

 ]  .  7KH  JHQHV  LQ  WKH  MRQDUFK  IQLWLDWLYH  ILOH  DUH  DQQRWDWHG  WR  GLVHDVH  WHUPV  LQ  WKH  MRQGR 

 >76@  GLVHDVH  RQWRORJ\.  :H  SURSDJDWHG  WKHVH  DQQRWDWLRQV  WR  DOO  DQFHVWRU  MRQGR  WHUPV 

 DQG  UHPRYHG  DQ\  WHUPV  ZLWKRXW  DW  OHDVW  10  JHQHV.  PKHQRW\SH  JHQHV  ZHUH  REWDLQHG 

 IURP  MRXVH  GHQRPH  IQIRUPDWLFV  >77@  (MGI)  ILOH  WKDW  FDQ  EH  IRXQG  DW 

 KWWS://ZZZ.LQIRUPDWLFV.MD[.RUJ/GRZQORDGV/UHSRUWV/MGIBGHQHPKHQR.USW  .  :H  FRQYHUWHG 

 WKHVH  DQQRWDWLRQV  WR  KXPDQ  JHQHV  XVLQJ  WKH  MGI  ILOH  WKDW  FDQ  EH  GRZQORDGHG  IURP 

 KWWS://ZZZ.LQIRUPDWLFV.MD[.RUJ/GRZQORDGV/UHSRUWV/HOMBMRXVHHXPDQ6HTXHQFH.USW  DQG 

 SURSDJDWHG  WKHP  WR  DOO  DQFHVWRU  WHUPV  LQ  WKH  MDPPDOLDQ  PKHQRW\SH  OQWRORJ\  >78@  .  :H 

 FUHDWHG  VHWV  RI  JHQHV  IRU  G:A6  AWODV  >51@  WUDLWV  XVLQJ  WKH  5HOHDVH  3  PHWDGDWD  ILOH  DW 

 KWWSV://DWODV.FWJODE.QO/#:a:WH[W=PODLQ%20WH[W%20ILOH%3A-,JZDVA7LA6BY20191115,-.W[W.J 

 ]%0AE[FHO  DQG  WKH  MAGMA  S  YDOXH  ILOH  WKDW  DFFRPSDQLHV  WKHVH  WUDLWV  DW 

 KWWSV://DWODV.FWJODE.QO/#:a:WH[W=JZDVA7LA6BY20191115BPDJPDBP  .  7KH  JHQHV  ZLWK  WKH 

 25  ORZHVW  S  YDOXHV  ZHUH  VHOHFWHG  DV  WKH  JHQHVHW  IRU  HDFK  WUDLW.  CHOO  W\SH  PDUNHU  JHQHV 

 IURP  IDQHYVNL  HW  DO  >55@  ZHUH  GRZQORDGHG  IURP  WKHLU  JLWKXE  DW  WKH  IROORZLQJ  OLQN: 

 KWWSV://JLWKXE.FRP/IDQHYVNLAOHNVDQGU/VF-W\SH/EORE/PDVWHU/6F7\SHDBBIXOO.[OV[  . 
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 EQUichPeQW aQal\ViV 

 IQ  RUGHU  WR  GHWHUPLQH  DQ  HQULFKPHQW  VFRUH  IRU  HDFK  JHQHVHW  LQ  WKH  DJH  DQG  VH[ 

 VLJQDWXUHV,  ZH  XVHG  D  SHUPXWDWLRQ  WHVW  WR  FDOFXODWH  D  ]  VFRUH.  FRU  HDFK  JHQHVHW,  ZH 

 FDOFXODWHG  WKH  DYHUDJH  DJH-VWUDWLILHG  VH[  HQULFKPHQW  RU  VH[-VWUDWLILHG  DJH  ELDV  XVLQJ  WKH 

 FHPDOH-ELDV  PHWULF  (FRQYHUWHG  WR  D  UDQJH  RI  ±1  WR  +1  E\  PXOWLSO\LQJ  LW  E\  2  DQG 

 VXEWUDFWLQJ  1)  RU  ZHLJKW  LQ  WKH  ORJLVWLF  UHJUHVVLRQ  PRGHO,  UHVSHFWLYHO\.  7KHQ,  ZH  SXOOHG  D 

 UDQGRP  VDPSOH  RI  JHQHV  RI  WKH  VDPH  VL]H  DV  WKH  JHQHVHW  WR  FDOFXODWH  WKH  DYHUDJH  ELDV 

 RI  WKDW  VHW.  7KLV  ZDV  UHSHDWHG  100,000  WLPHV  DQG  WKH  PHDQ  DQG  VWDQGDUG  GHYLDWLRQ  RI 

 WKLV GLVWULEXWLRQ ZDV XVHG WR FDOFXODWH D ] VFRUH IRU WKH ELDV RI WKH RULJLQDO JHQHVHW. 

 7KH  HQULFKPHQW  SURFHVV  IRU  DJH-VWUDWLILHG  VH[-ELDVHG  JHQHV  ZDV  GRQH  VHSDUDWHO\  LQ  WKH 

 PLFURDUUD\  DQG  51A-VHT  GDWD  XVLQJ  WKHLU  UHVSHFWLYH  FRQYHUWHG  FHPDOH-ELDV  PHWULF 

 VFRUHV  IRU  DOO  JHQHV.  7KH  ]  VFRUH  REWDLQHG  IRU  HDFK  JHQHVHW  LQ  PLFURDUUD\  DQG  51A-VHT 

 GDWD  LV  FRPELQHG  YLD  6WRXIIHU¶V  PHWKRG  (HTXDWLRQ  EHORZ).  FRU  VH[-VWUDWLILHG  DJH 

 HQULFKPHQW,  WKH  ZHLJKW  RI  HDFK  JHQH  LQ  WKH  RQH-YV-UHVW  ORJLVWLF  UHJUHVVLRQ  PRGHOV  ZHUH 

 XVHG  LQ  WKH  HQULFKPHQW  SURFHVV.  AV  WKHUH  ZHUH  VL[  WUDLQHG  PRGHOV  IRU  HDFK  DJH  JURXS  (3 

 51A-VHT  PRGHOV,  3  PLFURDUUD\  PRGHOV),  ZH  XVHG  RXU  SHUPXWDWLRQ  WHVW  WR  GHWHUPLQH  D  ] 

 VFRUH  IRU  HDFK  H[SHULPHQWDOO\-GHULYHG  JHQHVHW  IRU  HDFK  PRGHO,  DYHUDJHG  WKH  ]  VFRUHV 

 DFURVV  WKH  3  IROGV  LQ  HDFK  WHFKQRORJ\  VHSDUDWHO\,  DQG  FRPELQHG  WKH  ]  VFRUH  IURP 

 51A-VHT  DQG  PLFURDUUD\  ZLWK  6WRXIIHU¶V  MHWKRG.  7KLV  ILQDO  ]  VFRUH  ZDV  WDNHQ  DV  WKH 

 HQULFKPHQW  VFRUH  IRU  HDFK  DJH  JURXS  (HTXDWLRQ  EHORZ).  FRU  YLVXDOL]DWLRQ,  H[WUHPH  ] 

 VFRUHV ZHUH UHGXFHG WR +5 RU ±5 LI WKH\ ZHUH KLJKHU RU ORZHU WKDQ WKDW, UHVSHFWLYHO\. 

 𝑆՜𝑜՝𝑓𝑓𝑒՚  '  ՛     𝑍    ࡦ    
 𝑍 

 𝑚𝑖𝑐՚𝑜𝑎՚՚𝑎ա 
 𝑍    ࡟   

 𝑅𝑁𝐴 ࡠ ՛𝑒𝑞 

 2 
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 FRU  KeaWPaSV  ZLWK  ³UeSUeVeQWaWLYe´  VeWV  RI  JeQeVeWV/RQWRORJ\  WeUPV,  WKe  S\WKRQ 

 SacNaJe  RUVXP  [79]  ZaV  XVed  WR  ILQd  a  QRQUedXQdaQW  VeW  RI  WeUPV.  TKe  RUVXP  PeWKRd 

 ZLOO  dLVcaUd  a  JeQeVeW/WeUP  LI  WKeUe  LV  a  PRUe  VLJQLILcaQW  WeUP  WKaW  aQQRWaWeV  aW  OeaVW  WKe 

 VaPe  JeQeV.  TKe  UePaLQLQJ  PRUe  VLJQLILcaQW  WeUP  LV  UeSUeVeQWaWLYe  IRU  WKe  dLVcaUded 

 WeUP. 
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 5. FRUFLQD 9, 9DNHHVDQ B, PDXOR C, MLWFKHOO L, BHOO JA, 7DP 6, HW DO. PHUFHSWLRQV DQG 
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 27. GH MDJDOKmHV J3, CXUDGR J, CKXUFK GM. MHWD-DQDO\VLV RI DJH-UHODWHG JHQH 
 H[SUHVVLRQ SURILOHV LGHQWLILHV FRPPRQ VLJQDWXUHV RI DJLQJ. BLRLQIRUPDWLFV. 
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 32. 6KRNKLUHY MN, JRKQVRQ AA. MRGHOLQJ WKH KXPDQ DJLQJ WUDQVFULSWRPH DFURVV 
 WLVVXHV, KHDOWK VWDWXV, DQG VH[. AJLQJ CHOO. 2021;20:H13280. 

 33. 5HQ ;, KXDQ 3F. 5NAAJHCDOF: A PXOWL-WLVVXH WUDQVFULSWLRQDO DJH FDOFXODWRU. 3LO6 
 ONE. 3XEOLF LLEUDU\ RI 6FLHQFH; 2020;15:H0237006. 

 34. 3HWHUV MJ, JRHKDQHV 5, 3LOOLQJ LC, 6FKXUPDQQ C, CRQQHHO\ KN, 3RZHOO J, HW DO. 7KH 
 WUDQVFULSWLRQDO ODQGVFDSH RI DJH LQ KXPDQ SHULSKHUDO EORRG. NDW CRPPXQ. 2015;6:8570. 

 35. 3HOOHJULQR-CRSSROD D, CODULQJERXOG A, 6WXWYRHW M, HHLMPDQV B7, µW HRHQ 3AC, YDQ 
 MHXUV J, HW DO. CRUUHFWLRQ IRU ERWK FRPPRQ DQG UDUH FHOO W\SHV LQ EORRG LV LPSRUWDQW WR 
 LGHQWLI\ JHQHV WKDW FRUUHODWH ZLWK DJH. BMC GHQRPLFV. 2021;22:184. 

 36. CDUGRVR-MRUHLUD M, HDOEHUW J, 9DOORWRQ D, 9HOWHQ B, CKHQ C, 6KDR <, HW DO. GHQH 
 H[SUHVVLRQ DFURVV PDPPDOLDQ RUJDQ GHYHORSPHQW. NDWXUH. 2019;1. 

 37. HlJJ 6, J\OKlYl J. 6H[ GLIIHUHQFHV LQ ELRORJLFDO DJLQJ ZLWK D IRFXV RQ KXPDQ 
 VWXGLHV. HLLIH. 10:H63425. 

 38. MDQN JE, 5LGHRXW EJ. DHYHORSPHQWDO PHFKDQLVPV RI VH[ GLIIHUHQFHV: IURP FHOOV WR 
 RUJDQLVPV. DHYHORSPHQW. 2021;148:GHY199750. 

 39. EGJDU 5, DRPUDFKHY M, LDVK AE. GHQH E[SUHVVLRQ OPQLEXV: NCBI JHQH 
 H[SUHVVLRQ DQG K\EULGL]DWLRQ DUUD\ GDWD UHSRVLWRU\. NXFOHLF AFLGV 5HV. 2002;30:207±10. 
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 40. GUHHQH C6, HX D, JRQHV 5::, LLX 6, MHMLD D6, 3DWUR 5, HW DO. UHILQH.ELR >IQWHUQHW@. 
 5HILQH.ELR. >FLWHG 2021 6HS 13@. AYDLODEOH IURP:  KWWSV://ZZZ.UHILQH.ELR 

 41. LHLQRQHQ 5, 6XJDZDUD H, 6KXPZD\ M. 7KH 6HTXHQFH 5HDG AUFKLYH. NXFOHLF AFLGV 
 5HV. 2011;39:D19±21. 

 42. ;X J, 3HQJ ;, CKHQ <, =KDQJ <, MD 4, LLDQJ L, HW DO. FUHH-OLYLQJ KXPDQ FHOOV 
 UHFRQILJXUH WKHLU FKURPRVRPHV LQ WKH HYROXWLRQ EDFN WR XQL-FHOOXODULW\. HLLIH. 6:H28070. 

 43. KDXU G, DXIRXU JM. CHOO OLQHV. 6SHUPDWRJHQHVLV. 2012;2:1±5. 
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 JNCI J NDWO CDQFHU IQVW. 2013;105:452±8. 

 45. FO\QQ E, CKDQJ A, AOWPDQ 5B. LDUJH-VFDOH ODEHOLQJ DQG DVVHVVPHQW RI VH[ ELDV LQ 
 SXEOLFO\ DYDLODEOH H[SUHVVLRQ GDWD. BMC BLRLQIRUPDWLFV. 2021;22:168. 

 46. CDSHV-DDYLV A, 7KHRGRVRSRXORV G, AWNLQ I, DUH[OHU HG, KRKDUD A, MDFLHRG 5AF, 
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 47. 2OLYD M, MXxR]-AJXLUUH M, KLP-HHOOPXWK 6, :XFKHU 9, GHZLUW] ADH, CRWWHU DJ, HW 
 DO. 7KH LPSDFW RI VH[ RQ JHQH H[SUHVVLRQ DFURVV KXPDQ WLVVXHV. 6FLHQFH. 
 2020;369:HDED3066. 

 48. =KDQJ 4, 9DOOHUJD C, :DONHU 5, LLQ 7, HHQGHUV A, MRQWJRPHU\ G, HW DO. IPSURYHG 
 SUHGLFWLRQ RI FKURQRORJLFDO DJH IURP DNA PHWK\ODWLRQ OLPLWV LW DV D ELRPDUNHU RI DJHLQJ. 
 2018 >FLWHG 2018 JXQ 1@; AYDLODEOH IURP:  KWWS://ELRU[LY.RUJ/ORRNXS/GRL/10.1101/327890 

 49. GRQoDOYHV CI, FRQVHFD F, BRUJHV 7, CXQKD F, LHPRV MC. E[SDQGLQJ WKH JHQHWLF 
 VSHFWUXP RI AN261 PXWDWLRQV LQ SDWLHQWV ZLWK FRQJHQLWDO K\SRJRQDGRWURSLF 
 K\SRJRQDGLVP. HXP 5HSURG. 2017;32:704±11. 

 50. AVKEXUQHU M, BDOO CA, BODNH JA, BRWVWHLQ D, BXWOHU H, CKHUU\ JM, HW DO. GHQH 
 2QWRORJ\: WRRO IRU WKH XQLILFDWLRQ RI ELRORJ\. NDW GHQHW. 2000;25:25±9. 

 51. LLX ;, 7LDQ D, LL C, 7DQJ B, :DQJ =, =KDQJ 5, HW DO. G:A6 AWODV: DQ XSGDWHG 
 NQRZOHGJHEDVH LQWHJUDWLQJ PRUH FXUDWHG DVVRFLDWLRQV LQ SODQWV DQG DQLPDOV. NXFOHLF 
 AFLGV 5HV. 2022;JNDF924. 

 52. MFMXUU\ JA, K|KOHU 6, :DVKLQJWRQ NL, BDOKRII J3, BRUURPHR C, BUXVK M, HW DO. 
 NDYLJDWLQJ WKH 3KHQRW\SH FURQWLHU: 7KH MRQDUFK IQLWLDWLYH. GHQHWLFV. 2016;203:1491±5. 

 53. 6KHIFKHN KA, HDUULV NL, GDUJDQR M, MDWHQW]RJOX N, 8QQL D, BUXVK M, HW DO. 7KH 
 MRQDUFK IQLWLDWLYH LQ 2019: DQ LQWHJUDWLYH GDWD DQG DQDO\WLF SODWIRUP FRQQHFWLQJ 
 SKHQRW\SHV WR JHQRW\SHV DFURVV VSHFLHV. NXFOHLF AFLGV 5HV. 2020;48:D704±15. 
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 BLRORJLFDO KQRZOHGJHEDVH IRU WKH LDERUDWRU\ 0RXVH. ILA5 J. 2017;58:17±41. 

 55. IDQHYVNL A, GLUL AK, ALWWRNDOOLR 7. FXOO\-DXWRPDWHG DQG XOWUD-IDVW FHOO-W\SH 
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 APPENDIX 

 FLJXUH  A3.1.  NXPEHU  RI  VaPSOHV  aQG  GaWaVHWV  aFURVV  aJH  aQG  VH[  JURXSV.  NXPEHU  RI  VDPSOHV 
 ODEHOHG  ZLWK  DJH  DQG  VH[  LQ  (  a  )  RNA-VHT  DQG  (  E  )  PLFURDUUD\.  NXPEHU  RI  GDWDVHWV  LQ  (  F  )  RNA-VHT  DQG  (  G  ) 
 PLFURDUUD\. 
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 FLJXUH  A3.2.  NXPEHU  RI  VaPSOHV  aFURVV  WLVVXHV.  NXPEHU  RI  VDPSOHV  SHU  WLVVXH  LQ  (  a  )  RNA-VHT  DQG  (  E  ) 
 PLFURDUUD\. 
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 FLJXUH  A3.3.  MRVW  VWURQJO\  VH[-ELaVHG  JHQHV  LQ  EORRG  VaPSOHV  aFURVV  aJH  UaQJHV.  7KH  KHDWPDS 
 GLVSOD\V  DOO  JHQHV  ([  D[LV)  WKDW  KDG  D  EDODQFHG  DFFXUDF\  RI  DW  OHDVW  0.8  LQ  DQ\  DJH  UDQJH  (\  D[LV)  ZKHQ 
 VHSDUDWLQJ )HPDOH DQG 0DOH PLFURDUUD\ RU 51A-VHT EORRG VDPSOHV. 
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 FLJXUH  A3.4.  FROG  VL]HV  IRU  aJH  UaQJH  SUHGLFWLRQ  PRGHOV.  7KH  WRS  EDUSORWV  VKRZ  WKH  QXPEHU  RI 
 VDPSOHV  LQ  HDFK  IROG  IRU  PRGHOV  WUDLQHG  LQ  (  a  )  RNA-VHT  DQG  (  b  )  PLFURDUUD\.  7KH  ERWWRP  EDUSORWV  VKRZ  WKH 
 QXPEHU RI GDWDVHWV LQ HDFK IROG IRU PRGHOV WUDLQHG LQ (  F  ) RNA-VHT DQG (  G  ) PLFURDUUD\. 
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 FLJXUH  A3.5.  3HUIRUPDQFH  RI  5NA-VHT  FHPDOH  DJH  UDQJH  SUHGLFWLRQ  PRGHOV.  TKH  KHaWPaSV  FRQWaLQ 
 aYHUaJH  ORJ  2  (aXPRC/SULRU)  SHUIRUPaQFH  RI  RNA-VHT  PRGHOV  aFURVV  3  IROGV  WUaLQHG  LQ  FHPaOH  VaPSOHV  RQ 
 WKH  aJH  UaQJH  OabHOHG  LQ  WKH  URZV  ZKLOH  HYaOXaWHG  aV  LI  WKH  aJH  UaQJH  OabHOHG  LQ  WKH  FROXPQ  ZHUH  WKH 
 SRVLWLYH H[aPSOHV. 
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 FLJXUe  A3.6.  PeUfRUPaQce  Rf  RNA-VeT  MaOe  aJe  UaQJe  SUedLcWLRQ  PRdeOV.  TKH  KHaWPaSV  FRQWaLQ 
 aYHUaJH  ORJ  2  (aXPRC/SULRU)  SHUIRUPaQFH  RI  RNA-VHT  PRGHOV  aFURVV  3  IROGV  WUaLQHG  LQ  MaOH  VaPSOHV  RQ 
 WKH  aJH  UaQJH  OabHOHG  LQ  WKH  URZV  ZKLOH  HYaOXaWHG  aV  LI  WKH  aJH  UaQJH  OabHOHG  LQ  WKH  FROXPQ  ZHUH  WKH 
 SRVLWLYH H[aPSOHV. 
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 FLJXUH  A3.7.  PHUIRUPaQFH  RI  PLFURaUUa\  FHPaOH  aJH  UaQJH  SUHGLFWLRQ  PRGHOV.  7KH  KHDWPDSV 
 FRQWDLQ  DYHUDJH  ORJ  2  (DX35C/SULRU)  SHUIRUPDQFH  RI  PLFURDUUD\  PRGHOV  DFURVV  3  IROGV  WUDLQHG  LQ  FHPDOH 
 VDPSOHV  RQ  WKH  DJH  UDQJH  ODEHOHG  LQ  WKH  URZV  ZKLOH  HYDOXDWHG  DV  LI  WKH  DJH  UDQJH  ODEHOHG  LQ  WKH  FROXPQ 
 ZHUH WKH SRVLWLYH H[DPSOHV. 
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 FLJXUH  A3.8.  PHUIRUPDQFH  RI  PLFURDUUD\  MDOH  DJH  UDQJH  SUHGLFWLRQ  PRGHOV.  7KH  KHDWPDSV  FRQWDLQ 
 DYHUDJH  ORJ  2  (DX35C/SULRU)  SHUIRUPDQFH  RI  PLFURDUUD\  PRGHOV  DFURVV  3  IROGV  WUDLQHG  LQ  MDOH  VDPSOHV  RQ 
 WKH  DJH  UDQJH  ODEHOHG  LQ  WKH  URZV  ZKLOH  HYDOXDWHG  DV  LI  WKH  DJH  UDQJH  ODEHOHG  LQ  WKH  FROXPQ  ZHUH  WKH 
 SRVLWLYH H[DPSOHV. 
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 FLJXUe  A3.9.  NXPbeU  Rf  SRVLWLYe  WUaLQLQJ  e[aPSOeV  YV  aXROC  SeUfRUPaQce  Rf  aJe  JURXS  PRdeOV. 
 6FDWWHUSORW  RI  WKH  QXPEHU  RI  SRVLWLYH  WUDLQLQJ  H[DPSOHV  YV  WKH  DX52C  SHUIRUPDQFH  RI  DOO  5NA-VHT  DQG 
 PLFURDUUD\ FHPDOH DQG MDOH PRGHOV. 

 137 



 FLJXUH  A3.10.  FROG  VL]HV  IRU  aJH  UaQJH  SUHGLFWLRQ  PRGHOV  LQ  EORRG  VaPSOHV.  7KH  WRS  EDUSORWV  VKRZ 
 WKH  QXPEHU  RI  VDPSOHV  LQ  HDFK  IROG  IRU  PRGHOV  WUDLQHG  RQ  EORRG  VDPSOHV  LQ  (  a  )  RNA-VHT  DQG  (  E  ) 
 PLFURDUUD\.  7KH  ERWWRP  EDUSORWV  VKRZ  WKH  QXPEHU  RI  GDWDVHWV  LQ  HDFK  IROG  IRU  PRGHOV  WUDLQHG  RQ  EORRG 
 VDPSOHV LQ (  F  ) RNA-VHT DQG (  G  ) PLFURDUUD\. 
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 FLJXUe  A3.11.  SL]e  aQd  SeUfRUPaQce  Rf  RNA-VeT  aJe  UaQJe  SUedLcWLRQ  PRdeOV  LQ  bORRd  VaPSOeV. 
 TKH  VWaFNHG  baUSORWV  VKRZ  WKH  GLVWULbXWLRQ  RI  SRVLWLYH,  ]HUR,  aQG  QHJaWLYH  ZHLJKWV  IRU  WKH  PRGHO  ZLWK  WKH 
 PHGLaQ  QXPbHU  RI  SRVLWLYHV  aFURVV  WKH  WKUHH  IROGV  IRU  HaFK  aJH  UaQJH  LQ  RNA-VHT  IRU  bORRG  VaPSOHV  IURP 
 (  a  )  FHPaOHV  aQG  (  b  )  MaOHV.  TKH  KHaWPaSV  FRQWaLQ  aXROC  SHUIRUPaQFH  RI  RNA-VHT  PRGHOV  WUaLQHG  RQ 
 WKH  aJH  UaQJH  OabHOHG  LQ  WKH  URZV  ZKLOH  HYaOXaWHG  aV  LI  WKH  aJH  UaQJH  OabHOHG  LQ  WKH  FROXPQ  ZHUH  WKH 
 SRVLWLYH H[aPSOHV (  c  ) FHPaOHV aQG (  d  ) MaOHV. 
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 FLJXUH  A3.12.  SL]H  DQG  SHUIRUPDQFH  RI  PLFURDUUD\  DJH  UDQJH  SUHGLFWLRQ  PRGHOV  LQ  EORRG  VDPSOHV. 
 7KH  VWDFNHG  EDUSORWV  VKRZ  WKH  GLVWULEXWLRQ  RI  SRVLWLYH,  ]HUR,  DQG  QHJDWLYH  ZHLJKWV  IRU  WKH  PRGHO  ZLWK  WKH 
 PHGLDQ  QXPEHU  RI  SRVLWLYHV  DFURVV  WKH  WKUHH  IROGV  IRU  HDFK  DJH  UDQJH  LQ  PLFURDUUD\  IRU  EORRG  VDPSOHV 
 IURP  (  D  )  FHPDOHV  DQG  (  E  )  MDOHV.  7KH  KHDWPDSV  FRQWDLQ  DX52C  SHUIRUPDQFH  RI  PLFURDUUD\  PRGHOV 
 WUDLQHG  RQ  WKH  DJH  UDQJH  ODEHOHG  LQ  WKH  URZV  ZKLOH  HYDOXDWHG  DV  LI  WKH  DJH  UDQJH  ODEHOHG  LQ  WKH  FROXPQ 
 ZHUH WKH SRVLWLYH H[DPSOHV (  F  ) FHPDOHV DQG (  G  ) MDOHV. 
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 FLJXUe  A3.13.  PeUfRUPaQce  Rf  RNA-VeT  FePaOe  aJe  UaQJe  SUedLcWLRQ  PRdeOV  fRU  bORRd  VaPSOeV. 
 TKH  KHaWPaSV  FRQWaLQ  aYHUaJH  ORJ  2  (aXPRC/SULRU)  SHUIRUPaQFH  RI  RNA-VHT  PRGHOV  aFURVV  3  IROGV  WUaLQHG 
 LQ  FHPaOH  bORRG  VaPSOHV  RQ  WKH  aJH  UaQJH  OabHOHG  LQ  WKH  URZV  ZKLOH  HYaOXaWHG  aV  LI  WKH  aJH  UaQJH  OabHOHG 
 LQ WKH FROXPQ ZHUH WKH SRVLWLYH H[aPSOHV. 
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 FLJXUH  A3.14.  PHUIRUPaQcH  RI  RNA-VHT  MaOH  aJH  UaQJH  SUHdLcWLRQ  PRdHOV  IRU  bORRd  VaPSOHV.  TKH 
 KHaWPaSV  FRQWaLQ  aYHUaJH  ORJ  2  (aXPRC/SULRU)  SHUIRUPaQFH  RI  RNA-VHT  PRGHOV  aFURVV  3  IROGV  WUaLQHG  LQ 
 MaOH  bORRG  VaPSOHV  RQ  WKH  aJH  UaQJH  OabHOHG  LQ  WKH  URZV  ZKLOH  HYaOXaWHG  aV  LI  WKH  aJH  UaQJH  OabHOHG  LQ 
 WKH FROXPQ ZHUH WKH SRVLWLYH H[aPSOHV. 
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 FLJXUH  A3.15.  PHUIRUPDQFH  RI  PLFURDUUD\  FHPDOH  DJH  UDQJH  SUHGLFWLRQ  PRGHOV  IRU  EORRG  VDPSOHV. 
 7KH  KHDWPDSV  FRQWDLQ  DYHUDJH  ORJ  2  (DX35C/SULRU)  SHUIRUPDQFH  RI  PLFURDUUD\  PRGHOV  DFURVV  3  IROGV 
 WUDLQHG  LQ  FHPDOH  EORRG  VDPSOHV  RQ  WKH  DJH  UDQJH  ODEHOHG  LQ  WKH  URZV  ZKLOH  HYDOXDWHG  DV  LI  WKH  DJH  UDQJH 
 ODEHOHG LQ WKH FROXPQ ZHUH WKH SRVLWLYH H[DPSOHV. 
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 FLJXUH  A3.16.  3HUIRUPDQFH  RI  PLFURDUUD\  MDOH  DJH  UDQJH  SUHGLFWLRQ  PRGHOV  IRU  EORRG  VDPSOHV. 
 7KH  KHDWPDSV  FRQWDLQ  DYHUDJH  ORJ  2  (DX35C/SULRU)  SHUIRUPDQFH  RI  PLFURDUUD\  PRGHOV  DFURVV  3  IROGV 
 WUDLQHG  LQ  MDOH  EORRG  VDPSOHV  RQ  WKH  DJH  UDQJH  ODEHOHG  LQ  WKH  URZV  ZKLOH  HYDOXDWHG  DV  LI  WKH  DJH  UDQJH 
 ODEHOHG LQ WKH FROXPQ ZHUH WKH SRVLWLYH H[DPSOHV. 
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 )LJXUH  A3.17.  CRVLQH  VLPLODULW\  RI  51A-VHT  PRGHO  ZHLJKWV.  7KH  KHDWPDS  VKRZV  WKH  VLPLODULW\ 
 EHWZHHQ  DOO  RNA-VHT  PRGHOV  WUDLQHG  LQ  ERWK  FHPDOHV  DQG  MDOHV.  7KH  QXPEHU  DIWHU  WKH  DJH  UDQJH  LV  WKH 
 QXPEHU RI SRVLWLYH WUDLQLQJ H[DPSOHV. 
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 FLJXUH  A3.18.  CRVLQH  VLPLODULW\  RI  PLFURDUUD\  PRGHO  ZHLJKWV.  7KH  KHDWPDS  VKRZV  WKH  VLPLODULW\ 
 EHWZHHQ  DOO  PLFURDUUD\  PRGHOV  WUDLQHG  LQ  ERWK  FHPDOHV  DQG  MDOHV.  7KH  QXPEHU  DIWHU  WKH  DJH  UDQJH  LV  WKH 
 QXPEHU RI SRVLWLYH WUDLQLQJ H[DPSOHV. 
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 FLJXUH  A3.19.  CRVLQH  VLPLODULW\  RI  FHPDOH  PRGHO  ZHLJKWV.  7KH  KHDWPDS  VKRZV  WKH  VLPLODULW\  EHWZHHQ 
 DOO  51A-VHT  (µ5B¶  SUHIL[)  DQG  PLFURDUUD\  (µMB¶  SUHIL[)  PRGHOV  WUDLQHG  LQ  FHPDOHV.  7KH  QXPEHU  DIWHU  WKH 
 DJH UDQJH LV WKH QXPEHU RI SRVLWLYH WUDLQLQJ H[DPSOHV. 
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 FLJXUH  A3.20.  CRVLQH  VLPLODULW\  RI  0DOH  PRGHO  ZHLJKWV.  7KH  KHDWPDS  VKRZV  WKH  VLPLODULW\  EHWZHHQ  DOO 
 5NA-VHT  (µ5B¶  SUHIL[)  DQG  PLFURDUUD\  (µMB¶  SUHIL[)  PRGHOV  WUDLQHG  LQ  MDOHV.  7KH  QXPEHU  DIWHU  WKH  DJH 
 UDQJH LV WKH QXPEHU RI SRVLWLYH WUDLQLQJ H[DPSOHV. 
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 FLJXUH  A3.21.  CRVLQH  VLPLODULW\  RI  FHPDOH  DQG  0DOH  PRGHO  ZHLJKWV.  TKH  KHDWPDS  VKRZV  WKH  VLPLODULW\ 
 EHWZHHQ  DOO  RNA-VHT  DQG  PLFURDUUD\  PRGHOV  WUDLQHG  LQ  MDOHV.  TKH  QXPEHU  DIWHU  WKH  DJH  UDQJH  LV  WKH 
 QXPEHU RI SRVLWLYH WUDLQLQJ H[DPSOHV. 
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 FLJXUH  A3.22.  PHUIRUPaQFH  RI  EORRG  VaPSOH  PRGHOV  ZKHQ  HYaOXaWHG  RQ  QHaU  aQG  GLVWaQW  aJH 
 UaQJHV.  BR[SORW  RI  aXROC  SHUIRUPaQFH  RI  aOO  RNA-VHT  aQG  PLFURaUUa\  FHPaOH  aQG  MaOH  PRGHOV  ZKHQ 
 FRQVLGHULQJ WaUJHW, bRUGHULQJ, QHaUb\, aQG GLVWaQW aJH UaQJHV aV SRVLWLYH H[aPSOHV (NH\ RQ ULJKW). 
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 FLJXUH  A3.23.  NXPEHU  RI  DJH-ELDVHG  JHQHV  DFURVV  DJH  UDQJHV  LQ  HDFK  VH[.  (  D  )  TKH  WDEOH  GLVSOD\V  WKH 
 QXPEHU  RI  DJH-ELDVHG  JHQHV  RQ  HDFK  FKURPRVRPH  SHU  DJH  UDQJH  LQ  FHPDOHV  DQG  WKH  EDUSORW  VKRZV  WKH 
 WRWDO  QXPEHU  RI  DJH-ELDVHG  JHQHV  SHU  DJH  UDQJH.  (  E  )  TKH  WDEOH  GLVSOD\V  WKH  QXPEHU  RI  DJH-ELDVHG  JHQHV 
 RQ  HDFK  FKURPRVRPH  SHU  DJH  UDQJH  DQG  WKH  EDUSORW  VKRZV  WKH  WRWDO  QXPEHU  RI  DJH-ELDVHG  JHQHV  SHU  DJH 
 UDQJH LQ MDOHV. 

 1�1 



 )LJXUH  A3.24.  EQULFKPHQW  RI  VH[-GLIIHUHQWLDOO\  H[SUHVVHG  JHQHV  VHWV  IURP  SUHYLRXV  VWXGLHV  LQ  RXU 
 DJH-VWUDWLILHG  VH[  VLJQDWXUHV.  FHPaOH-  aQG  MaOH-ELaV  HQULFKPHQW  RI  JHQH  VHWV  IURP  SUHYLRXV  VWXGLHV. 
 HHaWPaSV  VKRZ  HQULFKPHQW  VFRUHV  IRU  (  D  )  GXR  HW  aO  JHQH  VHWV,  (  E  )  SAGD  JHQH  VHWV  aQG  (  F  )  GTE[  JHQH 
 VHWV. 
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 )LJXUH  A3.25.  EQULFKPHQW  RI  H[SHULPHQWDOO\-GHULYHG  JHQHV  VHWV  IURP  LQ  RXU  DJH-VWUDWLILHG  VH[ 
 VLJQDWXUHV.  FHPDOH-  DQG  0DOH-ELDV  HQULFKPHQW  RI  H[SHULPHQWDOO\-GHULYHG  JHQH  VHWV.  +HDWPDSV  VKRZ 
 HQULFKPHQW  VFRUHV  IRU  (  D  )  D  UHSUHVHQWDWLYH  VHW  RI  PHWDEROLVP-UHODWHG  G2  ELRORJLFDO  SURFHVVHV,  (  E  ) 
 PHWDEROLF GLVHDVHV, DQG (  F  ) PHWDEROLF SKHQRW\SHV. 
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 CHAP7E5  4:  DI6CO9E5ING  ANALOGO86  GENE6,  PHENO7<PE6, 
 AND  CONDI7ION6  AC5O66  H8MAN  AND  MODEL  6PECIE6  86ING 
 MACHINE LEA5NING 

 BacNJURXQG 

 MRdeO  RUJaQLVPV  aUe  cRPPRQO\  XVed  WR  LQYeVWLJaWe  XQdeUO\LQJ  PecKaQLVPV  aQd 

 dLVcRYeU  WKeUaSeXWLc  RSSRUWXQLWLeV  Rf  KXPaQ  cRPSOe[  WUaLWV  aQd  dLVeaVeV.  HRZeYeU, 

 aQLPaO  PRdeOV  KaYe  beeQ  VKRZQ  WR  VRPeWLPeV  be  faLWKfXO  PRdeOV  [1]  Rf  KXPaQ  bLRORJ\ 

 aQd  VRPeWLPeV  WKe\  aUe  SRRU  PLPLcV  Rf  KXPaQ  bLRORJ\  [2,3]  .  WKeWKeU  aQ  aQLPaO  PRdeO 

 LV  a  JRRd  PRdeO  V\VWeP  deSeQdV  RQ  dLVeaVe/WUaLW  aQd  VSecLeV,  aV  cKaQJLQJ  fXQcWLRQ, 

 UeJXOaWLRQ,  aQd  dLffeUeQceV  LQ  UedXQdaQcLeV  [4±6]  caQ  caXVe  XQe[SecWed  dLYeUJeQceV  LQ 

 bLRORJLcaO  SURceVVeV  aQd  SKeQRW\SeV.  DUXJV  LQ  deYeORSPeQW  PXVW  fLUVW  be  WeVWed  LQ 

 aQLPaO  PRdeOV  befRUe  WKe\  aUe  aOORZed  WR  eQWeU  PKaVe  I  cOLQLcaO  WULaOV,  aQd  XVLQJ  SRRU 

 PRdeOV  caQ  be  eVSecLaOO\  cRVWO\.  A  UeceQW  VWXd\  Rf  deYeORSPeQWaO  dUXJ  caQdLdaWeV 

 eQWeULQJ  PKaVe  I  LQ  WKe  SeULRd  Rf  2011±2020  fRXQd  WKe  OLNeOLKRRd  Rf  aSSURYaO  WR  be  abRXW 

 8%  [7]  .  IQ  UaUe  caVeV  Rf  dLVaVWeU,  cRPSRXQdV  WKaW  VKRZed  QR  WR[LcLW\  LQ  RWKeU  VSecLeV 

 KaYe  caXVed  PXOWLSOe  RUJaQ  faLOXUe  aQd  eYeQ  deaWK  LQ  KXPaQV  LQ  cOLQLcaO  WULaOV,  eYeQ  aW 

 PXcK  ORZeU  dRVeV  WKaQ  WKRVe  WeVWed  LQ  aQLPaO  PRdeOV  [8]  .  TKLV  LOOXVWUaWeV  WKe  dLUe  Qeed 

 fRU  PeWKRdV  WKaW  caQ  LPSURYe  WKe  WUaQVOaWLRQ  Rf  fXQcWLRQaO  UeVXOWV  fURP  RQe  VSecLeV  WR 

 aQRWKeU. 

 CKRRVLQJ  WKe  beVW  PRdeO  VSecLeV  ZLWK  WKe  cRUUecW  e[SeULPeQWaO  cRQdLWLRQV  LV  cOeaUO\ 

 TXLWe  dLffLcXOW.  GeQeWLc  bacNJURXQd,  WLVVXe,  deYeORSPeQWaO  VWaJe,  aQd  eQYLURQPeQWaO 

 facWRUV  aUe  aOO  cUXcLaO  cRQVLdeUaWLRQV.  TKe  LdeaO  aQLPaO  PRdeO  fRU  VWXd\LQJ  a  VSecLfLc 

 aVSecW  Rf  KXPaQ  bLRORJ\  VKRXOd  QRW  RQO\  dLVSOa\  WKe  deVLUed  SKeQRW\Se  bXW  WKe 

 XQdeUO\LQJ  PROecXOaU  PecKaQLVP  VKRXOd  aOVR  be  aV  VLPLOaU  aV  SRVVLbOe.  CXUUeQW 
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 cRPSXWaWiRQaO  PeWhRdV  WhaW  PaS  UeOaWed  SheQRW\SeV  acURVV  VSecieV  UeO\  RQ  VePaQWic 

 ViPiOaUiW\  Rf  SheQRW\Sic  deVcUiSWiRQV  [9]  ,  RU  cRQVideU  Whe  QXPbeU  Rf  VhaUed  hRPRORgRXV 

 geQeV  WhaW  aUe  aQQRWaWed  WR  each  SheQRW\Se  [10]  .  SePaQWic  ViPiOaUiW\  PeWhRdV  igQRUe 

 Whe  geQeWic  cRQWe[W  Rf  Whe  WUaiWV  aQd  SheQRW\SeV  cRPSOeWeO\  b\  deSeQdiQg  RQO\  RQ  Whe 

 We[W  deVcUiSWiRQ  Rf  Whe  SheQRW\Se,  ZhiOe  PeWhRdV  WhaW  UeO\  RQ  hRPRORgRXV  geQe  RYeUOaS 

 faiO  iQ  PaQ\  caVeV  dXe  WR  RXU  iQcRPSOeWe  kQRZOedge  Rf  Whe  geQeV  aVVRciaWed  ZiWh  aQ\ 

 giYeQ  WUaiW  RU  SheQRW\Se.  HRZeYeU,  WheUe  aUe  ZeOO  RYeU  a  PiOOiRQ  SXbOicO\-aYaiOabOe 

 WUaQVcUiSWRPeV  acURVV  PXOWiSOe  PRdeO  RUgaQiVPV  aQd  hXPaQV  WhaW  heOS  RYeUcRPe  WheVe 

 chaOOeQgeV  Rf  deVcUiSWiYe  iQfRUPaWiRQ  aQd  iQcRPSOeWe  kQRZOedge.  SSecificaOO\,  WheVe 

 daWa  caQ  be  OeYeUaged  WR  fiQd  e[SUeVViRQ  SURfiOeV  WhaW  aUe  abOe  WR  PiPic  Whe 

 WUaQVcUiSWRPic  OaQdVcaSe  Rf  a  giYeQ  WUaiW,  diVeaVe,  RU  WUeaWPeQW  UeVSRQVe  caSWXUed  iQ  a 

 hXPaQ  VaPSOe,  Zhich  VhRXOd  Oead  WR  fiQdiQg  Whe  ideaO  e[SeUiPeQWaO  VeWWiQg  fRU  VWXd\iQg 

 Whe hXPaQ biRPedicaO cRQWe[W Rf iQWeUeVW. 

 MaQ\  SUeYiRXV  VWXdieV  haYe  XVed  geQe  e[SUeVViRQ  SURfiOeV  WR  Pake  cRPSaUiVRQV  acURVV 

 VSecieV  [11]  .  TheVe  VWXdieV  W\SicaOO\  XVe  diffeUeQWiaO  e[SUeVViRQ  [12±14]  RU  VRPe 

 ViPiOaUiW\  PeWUic  RYeU  abVROXWe  e[SUeVViRQ  [15]  WR  ideQWif\  aQaORgRXV  VaPSOeV.  HRZeYeU, 

 PaQ\  cRPSOe[  WiVVXeV,  WUaiWV,  aQd  diVeaVeV  haYe  VhaUed  e[SUeVViRQ  PRdXOeV  [16±18]  . 

 HeQce,  WR  WUXO\  PaS  Whe  PRVW  ViPiOaU  cRQWe[WV  acURVV  VSecieV,  Ze  PXVW  eQdeaYRU  WR  XVe 

 QRW  aOO  PROecXOaU  feaWXUeV  bXW  jXVW  WhRVe  WhaW  aUe  VSecific  WR  Whe  cRQWe[W  Rf  iQWeUeVW.  A 

 VXSeUYiVed  OeaUQiQg  aSSURach  aOORZV  XV  WR  SURYide  a  PachiQe  OeaUQiQg  cOaVVifieU  ZiWh 

 SRViWiYe  e[aPSOeV  Rf  Whe  e[SUeVViRQ  SURfiOeV  Rf  a  SaUWicXOaU  cRQWe[W,  Va\,  a  diVeaVe,  WhaW 

 Qeed  WR  be  cRQWUaVWed  ZiWh  QegaWiYe  e[aPSOeV  Rf  SURfiOeV  fURP  RWheU  (XQUeOaWed) 

 diVeaVeV.  The  cOaVVifieU  iV  WheQ  abOe  WR  aXWRPaWicaOO\  OeaUQ  cRQWe[W-VSecific  feaWXUeV  fURP 
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 Whe  e[SUeVViRQ  daWa,  Zhich  caQ  WheQ  be  XVed  WR  SicN  RXW  VaPSOeV  fURP  RWheU  VSecieV  iQ 

 Zhich  Whe  cRQWe[W-VSecific  geQeV  aUe  highO\  e[SUeVVed.  IQ  WhiV  VWXd\  Ze  deYeORS  a 

 daWa-dUiYeQ  PeWhRd  WR  SUiRUiWi]e  WUaQVcUiSWRPeV,  aQd  SUedicW  e[SeUiPeQWaO  VeWWiQgV  iQ 

 PRdeO RUgaQiVPV fRU VWXd\iQg SaUWicXOaU faceWV Rf hXPaQ biRORg\ aQd diVeaVe. 

 RHVXOWV 

 CRPPRQ geQe feaWXUe VeWV acURVV VSecieV 

 The  fiUVW  chaOOeQge  iQ  WUaiQiQg  PachiQe  OeaUQiQg  PRdeOV  RQ  a  VeW  Rf  WUaQVcUiSWRPeV  iQ  RQe 

 VSecieV  WR  PaNe  SUedicWiRQV  iQ  aQRWheU  iV  WhaW  diffeUeQW  VSecieV  dR  QRW  VhaUe  Whe  VaPe 

 VeW  Rf  geQeV.  TheUefRUe,  a  cRPPRQ  VeW  Rf  feaWXUeV  PXVW  be  chRVeQ  VR  WhaW  a  PRdeO  iV 

 abOe  WR  OeaUQ  Whe  ZeighWV  Rf  Whe  feaWXUeV  iQ  RQe  VSecieV  aQd  SUedicW  XViQg  feaWXUeV  iQ  Whe 

 RWheU.  The  eaVieVW  PeWhRd  WR  VXbVeW  WR  a  cRPPRQ  VeW  Rf  geQeV  acURVV  VSecieV  iV  WR 

 UeWaiQ  jXVW  WhRVe  WhaW  aUe  RQe-WR-RQe  RUWhRORgV  Rf  each  RWheU.  OQe-WR-RQe  RUWhRORgV  aUe 

 geQeV  ZiWh  a  diUecW  eYROXWiRQaU\  UeOaWiRQVhiS  WR  RQO\  RQe  RWheU  geQe  iQ  Whe  RWheU  VSecieV 

 [19]  .  HRZeYeU,  a  OaUge  SRUWiRQ  Rf  geQeV  aUe  QRW  SaUW  Rf  a  RQe-WR-RQe  RUWhRORgRXV 

 UeOaWiRQVhiS  iQ  aQ\  giYeQ  SaiU  Rf  VSecieV.  SR,  XViQg  RQe-WR-RQe  RUWhRORgV  iPPediaWeO\ 

 iQWURdXceV  a  ORVV  iQ  Whe  aPRXQW  Rf  iQfRUPaWiRQ  fURP  WUaQVcUiSWRPeV  WhaW  caQ  be  XVed  fRU 

 WhiV  WaVN.  TheUefRUe,  WR  iQcUeaVe  Whe  QXPbeU  Rf  geQeV  iQfRUPiQg  Whe  PRdeO,  Ze 

 deYeORSed  a  feaWXUe  VeW  cUeaWed  b\  WZR  Za\V  Rf  cRPbiQiQg  Whe  e[SUeVViRQ  Rf  geQeV 

 ZiWhiQ  RUWhRORgRXV  gURXSV  (OGV)  iQ  each  VSecieV.  OQe  iV  b\  aYeUagiQg  Whe  e[SUeVViRQ  Rf 

 aOO  geQeV  iQ  Whe  OG  aQd  Whe  RWheU  iV  b\  UeWaiQiQg  RQO\  Whe  Pa[iPXP  e[SUeVViRQ  YaOXe  Rf 

 aOO  geQeV  iQ  Whe  OG.  We  XVe  Whe  VaPe  WZR  PeWhRdV  WR  cRPbiQe  e[SUeVViRQ  Rf  geQeV 

 WhaW  beORQg  WR  Whe  VaPe  biRORgicaO  SURceVV  (fURP  GeQe  OQWRORg\;  GO  [20]  ).  We  XVe  GO 

 biRORgicaO  SURceVVeV  WR  accRXQW  fRU  caVeV  ZheUe,  iQ  Whe  VaPe  biRORgicaO  cRQWe[W,  Whe 
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 VaPe  fXQcWiRQal  PRdXleV  (biRlRgical  SURceVVeV)  aUe  SeUWXUbed  bXW  Yia  diffeUeQW  PePbeU 

 geQeV  iQ  diffeUeQW  VSecieV.  FXUWheU,  SUeYiRXV  VWXdieV  haYe  UeSRUWed  iQcUeaVed 

 SeUfRUPaQce  iQ  geQe  e[SUeVViRQ  claVVificaWiRQ  WaVkV  b\  gURXSiQg  geQe  e[SUeVViRQ  iQWR 

 SaWhZa\  e[SUeVViRQ  [21,22]  .  The  UaWiRQale  fRU  cRPbiQiQg  geQe  e[SUeVViRQ  ZiWhiQ  gURXSV 

 b\  aYeUagiQg  aQd  b\  UeWaiQiQg  Whe  Pa[iPXP  iV  WhaW  Zhile  Whe  aYeUage  iV  a  gRRd 

 UeSUeVeQWaWiRQ  Rf  all  geQeV  iQ  a  giYeQ  gURXS,  iW  iV  QRW  URbXVW  WR  RXU  iQcRPSleWe  kQRZledge 

 abRXW  Zhich  geQeV  aUe  SaUW  Rf  Zhich  gURXSV  iQ  aQ\  VSecieV.  ThiV  \ieldV  fiYe  feaWXUe  VeWV 

 fRU  eYalXaWiRQ:  RQe-WR-RQe  RUWhRlRgV  (OQeWROQe),  RUWhRlRgRXV  gURXSV  aYeUaged 

 (OGV-aYg),  OGV  Pa[iPXP  (OGV-Pa[),  GO  biRlRgical  SURceVVeV  aYeUaged  (GO-aYg), 

 aQd GO biRlRgical SURceVVeV Pa[iPXP (GO-Pa[). 

 TiVVXe-labeled VaPSleV fURP PXlWiSle VSecieV 

 AlWhRXgh  RXU  gRal  iV  WR  PaS  a  Zide  YaUieW\  Rf  aQalRgRXV  biRlRgical  cRQWe[WV  acURVV 

 VSecieV,  iW  iV  difficXlW  WR  V\VWePaWicall\  eYalXaWe  WheVe  PaSSiQgV  iQ  eYeU\  biRlRgical 

 cRQWe[W  baVed  RQ  a  laUge  gRld  VWaQdaUd.  The  cRQWe[W  fRU  Zhich  eQRXgh  VaPSle 

 iQfRUPaWiRQ  iV  aYailable  aQd  eaVil\  cRPSaUable  acURVV  PXlWiSle  VSecieV  iV  WhaW  Rf  VaPSle 

 WiVVXe-Rf-RUigiQ.  TheUefRUe,  Ze  fiUVW  PaQXall\  cXUaWed  WiVVXe  labelV  fRU  hXPaQ,  PRXVe, 

 aQd  ]ebUafiVh  RNA-VeT  VaPSleV  (  Fig.  4.1  ).  We  chRVe  Whe  Vi[  PRVW  cRPPRQ  WiVVXeV  ² 

 blRRd,  bUaiQ,  heaUW,  iQWeVWiQe,  liYeU,  aQd  RYaU\  ² acURVV  all  WhUee  VSecieV  baVed  RQ  We[W 

 PiQiQg UeVXlWV WhaW ZeUe VXbVeTXeQWl\ YeUified PaQXall\ WR eQVXUe accXUac\. 
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 FigXUe  4.1.  NXmbeU  Rf  VamSleV  iQ  each  WiVVXe  acURVV  VSecieV.  The  nXmbeU  of  VamSleV  in  hXman, 

 moXVe, and ]ebUafiVh foU each of Vi[ WiVVXeV. 

 PURRf Rf cRnceSW ZiWh Vi[ WiVVXeV 

 UVLQJ  WKHVH  cXUaWHd  WLVVXH-OabHOHd  VaPSOHV  IURP  WKH  WKUHH  VSHcLHV,  ZH  WUaLQHd  a  ORJLVWLc 

 UHJUHVVLRQ  PRdHO  IRU  HacK  WLVVXH  LQ  a  JLYHQ  VSHcLHV  XVLQJ  HacK  RI  RXU  ILYH  JHQH  IHaWXUH 

 VHWV  aQd  WKHQ  XVHd  HacK  PRdHO  WR  PaNH  SUHdLcWLRQV  RQ  KHOd  RXW  VaPSOHV  IURP  WKH  VaPH 

 VSHcLHV  aQd  RQ  aOO  VaPSOHV  LQ  RWKHU  VSHcLHV.  WH  aOVR  WHVWHd  WKH  IHaVLbLOLW\  RI  H[WHQdLQJ 

 WKLV  PHWKRd  WR  LQcOXdH  cRPPRQO\-XVHd  RUJaQLVPV  ZH  cRXOd  QRW  JHW  HQRXJK 

 WLVVXH-OabHOHd  VaPSOHV  IRU:  IO\,  ZRUP,  aQd  \HaVW.  WH  dLd  WKLV  b\  bXLOdLQJ  IHaWXUH  VHWV  WKaW 

 cRPbLQH  JHQH  H[SUHVVLRQ  acURVV  RQO\  OGV  aQd  GO  SURcHVVHV  WKaW  aUH  cRPPRQ  WR  aOO 

 VL[  VSHcLHV,  PHaQLQJ  HacK  OG  RU  GO  IHaWXUH  QHHdHd  WR  LQcOXdH  aW  OHaVW  RQH  JHQH  IURP 

 HacK VSHcLHV. 

 158 



 UQVXUSULVLQJO\,  WKH  H[SUHVVLRQ-EDVHG  WLVVXH  SUHGLFWLRQ  PRGHOV  ZHUH  DFFXUDWH  LQ 

 FODVVLI\LQJ  VDPSOHV  IURP  WKH  VDPH  VSHFLHV  WR  WKH  ULJKW  WLVVXH  UHJDUGOHVV  RI  IHDWXUH  VHW 

 (  )LJ.  4.2  ).  :KHQ  XVLQJ  IHDWXUH  VHWV  FRPPRQ  WR  3  VSHFLHV,  DOO  ILYH  VHWV  KDG  DOPRVW 

 LGHQWLFDO  SHUIRUPDQFH  ZKHQ  SUHGLFWLQJ  RQ  VDPSOHV  IURP  WKH  VDPH  VSHFLHV,  EXW  GO 

 IHDWXUHV  SHUIRUPHG  ZRUVH  WKDQ  RUWKRORJRXV  JURXS  IHDWXUH  VHWV  LQ  FURVV-VSHFLHV 

 SUHGLFWLRQV. GO-PD[ SHUIRUPDQFH ZDV QRWDEO\ ORZHU WKDQ GO-DYJ. 

 :KHQ  ZH  WHVWHG  IHDWXUH  VHWV  FRPPRQ  WR  6  VSHFLHV,  SHUIRUPDQFH  DFURVV  WKH  ERDUG 

 GURSSHG  VOLJKWO\  (  )LJ.  4.2  ).  PUHGLFWLRQV  ZLWKLQ  VSHFLHV  ZHUH  VWLOO  PRUH  DFFXUDWH  WKDQ 

 SUHGLFWLRQV  DFURVV  VSHFLHV,  EXW  LQVWHDG  RI  DQ  LGHQWLFDO  SHUIRUPDQFH  DFURVV  IHDWXUH  VHWV, 

 ZH  REVHUYH  WKDW  GO  IHDWXUHV  KDYH  VOLJKWO\  SRRUHU  SHUIRUPDQFH  WKDQ  OG-EDVHG  IHDWXUH 

 VHWV.  IQ  FURVV  VSHFLHV  SUHGLFWLRQV,  OQHWROQH  RUWKRORJV  VHHPV  WR  KDYH  WKH  KLJKHVW 

 SHUIRUPDQFH.  GO-DYJ  VKRZV  VLPLODU  SHUIRUPDQFH  WR  WKH  OGV-DYJ  DQG  OGV-PD[,  EXW 

 GO-PD[  LV  VLJQLILFDQWO\  ZRUVH.  OYHUDOO,  WKH  DELOLW\  WR  WUDLQ  WKHVH  PRGHOV  XVLQJ  IHDWXUH 

 VHWV  WKDW  FRYHU  VL[  HYROXWLRQDU\  GLVWDQW  VSHFLHV  ZLWK  RQO\  D  VPDOO  SHUIRUPDQFH  FRVW  LV 

 ZRUWK  LW,  VR  ZH  XVH  IHDWXUH  VHWV  FRPPRQ  WR  DOO  VL[  VSHFLHV  IRU  UHVXOWV  LQ  WKH  UHPDLQGHU  RI 

 WKH FKDSWHU. 
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 FigXUe  4.2.  PeUfRUPaQce  Rf  WiVVXe  claVVificaWiRQ  PRdelV  XViQg  each  feaWXUe  VeW  bXilW  acURVV  WhUee 

 aQd  Vi[  VSecieV.  TKH  bR[SORWV  VKRZ  WKH  SUHGLcWLRQ  SHUIRUPaQcH  (LRJ2P  =  ORJ  2  (aXPRC/SULRU))  RI  HacK 

 PRGHO  WUaLQHG  RQ  a  JLYHQ  WLVVXH  LQ  HacK  VSHcLHV  XVLQJ  a  GLIIHUHQW  IHaWXUH  VHW  cRPPRQ  WR  WKUHH  VSHcLHV 

 (KXPaQ,  PRXVH,  ]HbUaILVK)  aQG  VL[  VSHcLHV  (KXPaQ,  PRXVH,  ]HbUaILVK,  IO\,  ZRUP,  \HaVW)  RQ  VaPSOHV  IURP 

 a GLIIHUHQW VSHcLHV (cURVV VSHcLHV) aQG WKH VaPH VSHcLHV. 

 IGHaOO\,  PHWKRGV  WR  PaS  aQaORJRXV  WUaQVFULSWRPHV  aFURVV  VSHFLHV  ZRXOG  GHPRQVWUaWH 

 UREXVW  SHUIRUPaQFH  UHJaUGOHVV  RI  WUaLQLQJ  RU  WHVW  VSHFLHV.  WH  REVHUYHG  WKaW  WKH  VLPLOaU 

 SHUIRUPaQFH  aFURVV  aOO  ILYH  IHaWXUH  VHWV  ZLWKLQ  a  VSHFLHV  KROGV  WUXH  aFURVV  WLVVXHV  LQ 

 HaFK  VSHFLHV  (  FLJ.  4.3,  GLaJRQaO  SORWV  ).  WKHQ  PaNLQJ  FURVV-VSHFLHV  SUHGLFWLRQV,  WKHUH 

 LV  PRUH  YaULaELOLW\  LQ  WKH  SHUIRUPaQFH  RI  GLIIHUHQW  IHaWXUH  VHWV  (  FLJ.  4.3,  RII-GLaJRQaO 

 SORWV  ).  AFURVV  aOO  WLVVXHV,  FURVV-VSHFLHV  SUHGLFWLRQV  LQYROYLQJ  ]HEUaILVK  aV  WKH  WUaLQLQJ 

 RU  WHVWLQJ  VSHFLHV  WHQGHG  WR  KaYH  ORZHU  SHUIRUPaQFH,  aQG  KaG  WKH  PRVW  FaVHV  ZKHUH 

 WKH  PRGHOV  KaG  ZRUVH  WKaQ  UaQGRP  SUHGLFWLRQ  SHUIRUPaQFH  (EaUV  EHORZ  ]HUR).  TKH 

 IHaWXUH  VHW  ZLWK  ZRUVH-WKaQ-UaQGRP  SHUIRUPaQFH  PRVW  RIWHQ  ZaV  GO-Pa[.  TKH  WKUHH 
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 feaWXUe  VeWV  baVed  RQ  RUWKRORJ\  (OQeWROQe,  OGV-aYJ,  aQd  OGV-Pa[)  SeUfRUPed 

 VLPLOaUO\ WR eacK RWKeU LQ aOO WLVVXeV acURVV VSecLeV e[ceSW LQ a feZ caVeV. 

 FigXUe  4.3.  PeUfRUmaQce  Rf  WiVVXe  claVVificaWiRQ  mRdelV  acURVV  WiVVXeV  aQd  WUaiQ/WeVW  VSecieV.  TKH 

 baUV  VKRZ  WKH  SUHGLFWLRQ  SHUIRUPaQFH  (LRJ2P  =  ORJ  2  (aXPRC/SULRU))  RI  HaFK  WLVVXH  FOaVVLILFaWLRQ  PRGHO 

 WUaLQHG  LQ  a  JLYHQ  VSHFLHV  (TUaLQLQJ  VSHFLHV)  aQG  XVHG  WR  PaNH  SUHGLFWLRQV  LQ  aQRWKHU  VSHFLHV  (THVW 

 VSHFLHV).  TKH  PHGLaQ  SHUIRUPaQFH  YaOXH  IURP  5-IROG  FURVV  YaOLGaWLRQ  LV  SORWWHG  IRU  PRGHOV  WKaW  ZHUH 

 WUaLQHG aQG WHVWHG LQ WKH VaPH VSHFLHV. 
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 PHUIRUPaQcH RQ aQ H[SaQdHd VHW RI dLYHUVH WLVVXHV 

 ThoXgh  Ze  obVeUYed  good  SeUfoUmance  in  moVW  feaWXUe  VeWV  in  moVW  VeWWingV,  Whe  Vi[ 

 WiVVXeV  Ze  began  ZiWh  ²  blood,  bUain,  heaUW,  inWeVWine,  liYeU,  and  oYaU\  ²  aUe  diVSaUaWe, 

 making  foU  an  eaVieU  claVVificaWion  SUoblem  comSaUed  Wo  ZhaW  Ze  Zill  encoXnWeU  ZiWh 

 Ueal  daWa  fUom  SXblic  daWabaVeV.  TheUefoUe,  Ze  ne[W  e[Sanded  Whe  hXman  WiVVXe  labelV 

 XVing  manXall\  cXUaWed  WUanVcUiSWomeV  fUom  Whe  TiVVXeNe[XV  daWabaVe  [23]  .  TheVe 

 labelV  incUeaVed  Whe  nXmbeU  of  VamSleV  fUom  oXU  oUiginal  WiVVXeV  in  hXmanV  b\  aW  leaVW 

 2.5  WimeV,  and  added  nine  oWheU  WiVVXeV  Wo  eYalXaWe  SeUfoUmance  ZiWh  and  XVe  aV 

 negaWiYe  e[amSleV  in  WUaining  (  FLJ.  4.4  ).  We  alVo  manXall\  cXUaWed  VamSle  diVeaVe 

 labelV  foU  47  diVeaVeV  along  ZiWh  aV  man\  healWh\/conWUol  VamSleV  aV  SoVVible  in  hXman 

 daWaVeWV. 
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 FLJXUH  4.4.  E[SaQGHG  WLVVXH  OabHOV  aQG  GLVHaVH  OabHOV.  (  a  )  NXmbeU  Rf  VamSleV  iQ  all  cRmmRQ  WiVVXeV 

 acURVV  VSecieV  ZiWh  added  TiVVXeNe[XV  labelV  fRU  hXmaQ.  (  b  )  NXmbeU  Rf  hXmaQ  VamSleV  ZiWh  WiVVXe 

 labelV afWeU e[SaQViRQ. (  c  ) NXmbeU Rf hXmaQ VamSleV  aQQRWaWed WR each diVeaVe. 
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 WLWK  RXU  H[SDQGHG  WLVVXH  ODEHO  VHW,  ZH  VHH  WKDW  RYHUDOO,  SUHGLFWLRQV  ZLWKLQ  VSHFLHV 

 LPSURYH,  EXW  FURVV-VSHFLHV  SUHGLFWLRQ  SHUIRUPDQFH  ORZHUV  VLJQLILFDQWO\  (  Fig.  4.5  ).  TKH 

 QXPEHU  RI  WLPHV  FURVV-VSHFLHV  SUHGLFWLRQ  SHUIRUPDQFH  GURSV  EHORZ  UDQGRP  (OHVV  WKDQ 

 0)  LV  PXFK  KLJKHU.  TKH  JHQHUDO  SDWWHUQ  RI  DOO  IHDWXUH  VHWV  SHUIRUPLQJ  VLPLODUO\  ZLWKLQ 

 VSHFLHV  LV  FRQVHUYHG  XVLQJ  WKH  H[SDQGHG  ODEHOV,  EXW  WKH  RUWKRORJ\-EDVHG  IHDWXUH  VHWV 

 DUH DOO HTXDOO\ EDG LQ FURVV-VSHFLHV SUHGLFWLRQV. 

 FigXUe  4.5.  PeUfRUmaQce  Rf  WiVVXe  claVVificaWiRQ  mRdelV  RQ  SUeYiRXV  aQd  e[SaQded  labelV.  TKH 

 bR[SORWV  VKRZ  WKH  SUHGLFWLRQ  SHUIRUPaQFH  (LRJ2P  =  ORJ  2  (aXPRC/SULRU))  RI  HaFK  PRGHO  WUaLQHG  RQ  a  JLYHQ 

 WLVVXH  LQ  HaFK  VSHFLHV  XVLQJ  SUHYLRXV  aQG  H[SaQGHG  VaPSOH  OabHOV  (VHH  FLJ.  4.4)  aQG  GLIIHUHQW  IHaWXUH 

 VHWV RQ VaPSOHV IURP a GLIIHUHQW VSHFLHV (FURVV VSHFLHV) aQG WKH VaPH VSHFLHV. 

 WLWKLQ  KXPDQ  VDPSOHV,  KXPDQ  WLVVXH  FODVVLILFDWLRQ  PRGHOV  LPSURYHG  SUHGLFWLRQ 

 SHUIRUPDQFH  IRU  DOO  WLVVXHV  (  Fig.  4.6  ).  HRZHYHU,  WKH\  QRZ  KDYH  FRQVLVWHQWO\  ORZHU 

 SHUIRUPDQFH  ZKHQ  FODVVLI\LQJ  PRXVH  DQG  ]HEUDILVK  VDPSOHV.  UVLQJ  WKH  SUHYLRXV  ODEHO 

 VHW,  RQO\  RQFH  GLG  D  KXPDQ  PRGHO  SHUIRUP  ZRUVH  WKDQ  UDQGRP,  XVLQJ  WKH  GO-PD[ 
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 feaWXUe  VeW.  TheUe  aUe  VeYeUaO  LQVWaQceV  XVLQg  Whe  e[SaQded  WLVVXe  OabeOV.  MRXVe  aQd 

 ]ebUafLVh  WLVVXe  cOaVVLfLcaWLRQ  PRdeOV  VXffeUed  ORZeU  SeUfRUPaQce  RQ  aOO  hXPaQ  WLVVXeV, 

 ZLWh ZRUVe WhaQ UaQdRP SeUfRUPaQce PXch PRUe RfWeQ WhaQ RQ Whe SUeYLRXV OabeO VeW. 

 FigXUe  4.6.  PeUfRUPaQce  Rf  WiVVXe  cOaVVificaWiRQ  PRdeOV  acURVV  WiVVXeV  aQd  WUaiQ/WeVW  VSecieV 

 XViQg  Whe  e[SaQded  VeW  Rf  WiVVXe  OabeOV.  TKH  baUV  VKRZ  WKH  SUHGLcWLRQ  SHUIRUPaQcH  (LRJ2P  = 

 ORJ  2  (aXPRC/SULRU))  RI  HacK  WLVVXH  cOaVVLILcaWLRQ  PRGHO  WUaLQHG  LQ  a  JLYHQ  VSHcLHV  (TUaLQLQJ  VSHcLHV)  aQG 

 XVHG  WR  PaNH  SUHGLcWLRQV  LQ  aQRWKHU  VSHcLHV  (THVW  VSHcLHV)  XVLQJ  WKH  H[SaQGHG  WLVVXH  OabHO  VHW  (VHH  FLJ. 
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 FLJXUH 4.6. (cRQW¶G) 

 4.4).  The  mediaQ  SeUfRUmaQce  YalXe  fURm  5-fRld  cURVV  YalidaWiRQ  iV  SlRWWed  fRU  mRdelV  WhaW  ZeUe  WUaiQed 

 aQd WeVWed iQ Whe Vame VSecieV. 

 IQ  aQ  aWWePSW  WR  LPSURYe  WKe  VLJQLfLcaQWO\  ORZeU  SeUfRUPaQce  Rf  cURVV-VSecLeV 

 cOaVVLfLcaWLRQ  XVLQJ  WKe  OabeO  VeW  ZLWK  PaQ\  PRUe  KXPaQ  WLVVXeV,  Ze  cRPbLQed  VaPSOeV 

 acURVV  WZR  VSecLeV  WR  WUaLQ  WLVVXe  cOaVVLfLcaWLRQ  PRdeOV  aQd  Pade  SUedLcWLRQV  LQ  WKe 

 KeOd-RXW  VSecLeV  (  )LJ.  4.7  ).  TKLV  ZaV  VXcceVVfXO  WR  VRPe  e[WeQW.  TKe  PRdeO 

 SeUfRUPaQceV  dURS  beORZ  UaQdRP  (]eUR)  aW  a  ORZeU  UaWe,  bXW  LQ  PaQ\  caVeV  WKe 

 SeUfRUPaQce  VeePV  WR  be  a  ZeLJKWed  aYeUaJe  Rf  WKe  cRPbLQed  WUaLQLQJ  VSecLeV¶ 

 LQdLYLdXaO SeUfRUPaQceV RQ WKe WeVW VSecLeV. 
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 FigXUe  4.7.  PeUfRUPaQce  Rf  cRPbiQed-VSecieV  WiVVXe  cOaVVificaWiRQ  PRdeOV  acURVV  WiVVXeV  XViQg 

 Whe  e[SaQded  VeW  Rf  WiVVXe  OabeOV.  TKH  EDUV  VKRZ  WKH  SUHGLFWLRQ  SHUIRUPDQFH  (LRJ2P  = 

 ORJ  2  (DXPRC/SULRU))  RI  HDFK  WLVVXH  FODVVLILFDWLRQ  PRGHO  WUDLQHG  LQ  WZR  VSHFLHV  DQG  XVHG  WR  PDNH  SUHGLFWLRQV 

 LQ  WKH  KHOG-RXW  VSHFLHV  (THVW  VSHFLHV)  XVLQJ  WKH  H[SDQGHG  WLVVXH  ODEHO  VHW  (VHH  FLJ.  4.4).  TKH  PHGLDQ 

 SHUIRUPDQFH  YDOXH  IURP  5-IROG  FURVV  YDOLGDWLRQ  LV  SORWWHG  IRU  PRGHOV  WKDW  ZHUH  WUDLQHG  DQG  WHVWHG  LQ  WKH 

 VDPH VSHFLHV. 
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 Finall\,  Ze  WUained  claVVificaWion  modelV  foU  47  hXman  diVeaVeV.  WiWhin  hXman  VampleV, 

 WheVe  modelV  peUfoUm  Zell  acUoVV  Whe  boaUd,  ZiWh  Vome  VhoZing  e[WUemel\  accXUaWe 

 peUfoUmance  (  )LJ.  4.8  ).  Since  Ze  do  noW  haYe  diVeaVe  labelV  foU  animal  modelV,  Ze 

 XVed  WheVe  modelV  Wo  make  pUedicWionV  on  all  oWheU  VampleV  and  manXall\  inVpecWed 

 Whe  Wop-Uanked  VampleV.  DeVpiWe  e[cellenW  peUfoUmance  in  hXmanV,  cUoVV-VpecieV 

 pUedicWionV  aUe  VWill  pooU  eYen  in  Whe  beVW  modelV.  Man\  Wop-Uanked  VampleV  do  noW  haYe 

 a  Uecogni]able  connecWion  Wo  Whe  diVeaVe,  bXW  ZoUVe  iV  Whe  nXmbeU  of  Vingle  cell 

 VampleV  WhaW  aUe  aVVigned  high  pUobabiliWieV  b\  Whe  diVeaVe  model.  All  of  oXU  cXUaWed 

 labelV aUe bXlk WUanVcUipWomic VampleV, Vo Whe model doeV noW WUain on Vingle cell daWa. 

 FigXUe  4.8.  PeUfRUmaQce  Rf  diVeaVe  claVVificaWiRQ  mRdelV  iQ  hXmaQ  VamSleV.  TKH  baUV  VKRZ  WKH 

 PHGLaQ  SUHGLFWLRQ  SHUIRUPaQFH  (LRJ2P  =  ORJ  2  (aXPRC/SULRU))  IURP  5-IROG  FURVV  YaOLGaWLRQ  RI  HaFK  GLVHaVH 

 FOaVVLILFaWLRQ PRGHO WUaLQHG RQ KXPaQ GLVHaVH VaPSOHV. 
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 DLVFXVVLRQ 

 GeQe  e[SUeVViRQ,  cRe[SUeVViRQ,  aQd  UegXOaWiRQ  haYe  beeQ  VhRZQ  WR  YaU\  ZiWh  VSecieV, 

 age,  Ve[,  WiVVXe,  SheQRW\Sic,  aQd  e[SeUiPeQWaO  facWRUV  [5,24±28]  .  We  deYeORS  a 

 VXSeUYiVed  PachiQe  OeaUQiQg  aSSURach  WR  PaS  ViPiOaU  WUaQVcUiSWRPeV  acURVV  VSecieV, 

 WhXV  fiQdiQg  VaPSOeV  iQ  diffeUeQW  VSecieV  WhaW  aUe  fXQcWiRQaOO\  PRVW  aQaORgRXV  baVed  RQ 

 WheiU  e[SUeVViRQ  SURfiOeV.  MaQ\  SUeYiRXV  VWXdieV  haYe  cRPSaUed  e[SUeVViRQ  SURfiOeV 

 acURVV  VSecieV  XViQg  diffeUeQWiaO  e[SUeVViRQ  aQd  ViPiOaUiW\  PeWUicV  [12±15]  ,  hRZeYeU,  RXU 

 daWa-dUiYeQ  PeWhRd  aOORZV  XV  WR  SURYide  geQe  e[SUeVViRQ  SURfiOeV  aV  SRViWiYe  e[aPSOeV 

 aQd  cRQWUaVW  WheP  ZiWh  QegaWiYe  e[aPSOeV  VR  WhaW  ViPiOaU  WUaQVcUiSWRPic  OaQdVcaSeV  aUe 

 SUiRUiWi]ed baVed RQ feaWXUeV WhaW aUe VSecific WR Whe WUaiW/cRQWe[W Rf iQWeUeVW. 

 We  ZeUe  abOe  WR  RbWaiQ  VRPe  SURPiViQg  SUeOiPiQaU\  UeVXOWV  fRU  PaSSiQg  VaPSOeV  fURP 

 cRUUeVSRQdiQg  WiVVXeV  acURVV  VSecieV,  bXW  RXU  PeWhRd  VWiOO  QeedV  WXQiQg  WR  be  URbXVW 

 aQd  accXUaWe.  OQe  iPPediaWe  aUea  fRU  iPSURYePeQW  iV  Whe  Vi]e  Rf  Whe  WiVVXe  OabeO  VeW. 

 WheQ  Ze  e[SaQded  WR  iQcOXde  PRUe  hXPaQ  WiVVXeV,  SeUfRUPaQce  Rf  Whe  hXPaQ  WiVVXe 

 cOaVVificaWiRQ  PRdeOV  iQcUeaVed  VigQificaQWO\  ZheQ  PakiQg  SUedicWiRQV  fRU  hXPaQ 

 VaPSOeV  (  Fig.  4.3,  4.6  ).  CURVV-VSecieV  SUedicWiRQV  iQ  WXUQ  VhRZed  a  VigQificaQW 

 decUeaVe,  bXW  iW  iV  OikeO\  WhaW  Whe  RQO\  Vi[  WiVVXeV  ZiWh  OabeOed  e[aPSOeV  iQ  PRXVe  aQd 

 ]ebUafiVh  (bORRd,  bUaiQ,  heaUW,  iQWeVWiQe,  OiYeU,  aQd  RYaU\)  aUe  QRW  SURYidiQg  eQRXgh 

 biRORgicaO  cRQWe[W  WR  diVWiQgXiVh  WiVVXeV  iQ  hXPaQ  ZiWh  higheU  biRORgicaO  ViPiOaUiW\ 

 aPRQgVW Whe 15 WhaW aUe OabeOed. 

 PeUfRUPaQce Rf PXlWi-VSecieV geQe feaWXUe VeWV 

 We  WeVWed  fiYe  feaWXUe  VeWV  fRU  PaSSiQg  aQaORgRXV  VaPSOeV  acURVV  VSecieV:  RQe-WR-RQe 

 RUWhRORgV  (OQeWROQe),  RUWhRORgRXV  gURXSV  aYeUaged  (OGV-aYg),  OGV  Pa[iPXP 
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 (OGV-Pa[),  GeQe  OQWRORg\  [20]  (GO)  biRORgicaO  SURceVVeV  aYeUaged  (GO-aYg),  aQd  GO 

 biRORgicaO  SURceVVeV  Pa[iPXP  (GO-Pa[).  We  aOVR  WeVWed  bXiOdiQg  WheVe  fiYe  feaWXUe 

 VeWV  fRU  cRPPRQaOiW\  acURVV  3  VSecieV  (hXPaQ,  PRXVe,  aQd  ]ebUafiVh)  aQd  6  VSecieV 

 (hXPaQ,  PRXVe,  ]ebUafiVh,  fO\,  ZRUP,  \eaVW).  AOWhRXgh  VRPe  feaWXUeV  aUe  ORVW  ZheQ 

 XViQg  feaWXUeV  cRPPRQ  WR  6  VSecieV  cRPSaUed  WR  3  VSecieV,  iW  RQO\  VOighWO\  ORZeUV 

 SeUfRUPaQce,  VXggeVWiQg  WhaW  Whe  PRVW  cRQVeUYed  feaWXUeV  VeUYe  aV  a  OaUge  SRUWiRQ  Rf 

 SUedicWiRQ SRZeU. 

 WheQ  cOaVVif\iQg  VaPSOeV  ZiWhiQ  Whe  VaPe  VSecieV,  Whe  fiYe  feaWXUe  VeWV  (OQeWROQe, 

 OGV-aYg,  OGV-Pa[,  GO-aYg,  GO-Pa[)  geQeUaOO\  SeUfRUP  YeU\  ViPiOaUO\  acURVV  WiVVXeV 

 iQ  each  VSecieV.  HRZeYeU,  ZheQ  PaNiQg  cURVV-VSecieV  SUedicWiRQV,  feaWXUe  VeWV  baVed 

 RQ  RUWhRORg\  WeQd  WR  SeUfRUP  ViPiOaUO\  WR  each  RWheU,  bXW  RXWSeUfRUP  GO  feaWXUe  VeWV. 

 ThiV  Pa\  be  dXe  WR  RXU  iQcRPSOeWe  NQRZOedge  Rf  Zhich  geQeV  iQ  each  VSecieV  WaNe  SaUW 

 iQ  VSecific  biRORgicaO  SURceVVeV.  OUWhRORg\  iV  baVed  RQ  VeTXeQce  ViPiOaUiW\,  aQd  aOO  Rf  Whe 

 VSecieV  Ze  cRQVideU  haYe  VeTXeQced  geQRPeV,  VR  iW  iV  OiNeO\  WhaW  WhiV  VeW  Rf 

 UeOaWiRQVhiSV iV PRUe cRPSOeWe. 

 FXWXUH dLUHcWLRQV 

 FURP  a  cRPSXWaWiRQaO  SeUVSecWiYe,  PRVW  VWXdieV  fUaPe  fXQcWiRQaO  NQRZOedge  WUaQVfeU 

 beWZeeQ  VSecieV  aV  a  geQe  cOaVVificaWiRQ  SURbOeP  ZheUeiQ  aQ  aSSURach  iV  deYeORSed  WR 

 SUiRUiWi]e  geQeV  iQ  RQe  VSecieV  baVed  RQ  daWa  iQ  aQRWheU.  OWheU  gURXSV  haYe  ePbedded 

 geQeV/SURWeiQV  acURVV  VSecieV  iQWR  Whe  VaPe  YecWRU  VSace  [29]  RU  deWeUPiQed 

 hRPRORgRXV  geQeV  WhaW  aUe  PRVW  OiNeO\  WR  be  fXQcWiRQaOO\  ViPiOaU  baVed  RQ  Whe  ViPiOaUiW\ 

 Rf  WheiU  QeWZRUN  QeighbRUhRRdV  [30]  .  OXU  Oab  gURXS  haV  had  UeceQW  VXcceVV  iQ 

 cRPbiQiQg  WheVe  ideaV  fRU  geQe  cOaVVificaWiRQ  acURVV  VSecieV  b\  ePbeddiQg  WheiU 

 170 

https://www.zotero.org/google-docs/?YqpUqy
https://www.zotero.org/google-docs/?PIZQl1
https://www.zotero.org/google-docs/?AxUyZN


 QHWZRUN  VWUXFWXUH  LQ  D  VKDUHG  YHFWRU  VSDFH.  WH  FDQ  LQFRUSRUDWH  WKHVH  LGHDV  LQWR  VDPSOH 

 FODVVLILFDWLRQ  WR  WHVW  ZKHWKHU  D  VKDUHG  VSDFH  LV  DEOH  WR  ERRVW  WKH  VDPSOH  FODVVLILFDWLRQ 

 SHUIRUPDQFH DV ZHOO. 

 AYaLOabLOLW\ RI GaWa aQG FRGH 

 WH  SODQ  WR  PDNH  DOO  RI  WKH  FRGH  WR  UHSURGXFH  RXU  DSSURDFK  DV  ZHOO  DV  WKH  WLVVXH  DQG 

 GLVHDVH  ODEHOV  DYDLODEOH  IRU  RWKHUV  WR  EXLOG  RQ  RXU  PHWKRGV  RU  WR  XVH  WUDQVFULSWRPH 

 ODEHOV  LQ  D  QHZ  DQDO\VLV.  WKHQ  ZH  ILQLVK  WXQLQJ  WKH  PHWKRG  WR  ZRUN  PRUH  FRQVLVWHQWO\ 

 DFURVV  DOO  WLVVXHV,  GLVHDVHV,  DQG  VSHFLHV  ZH  ZLOO  PDNH  UHVXOWV  DYDLODEOH  DQG  GHYHORS  D 

 ZHEVHUYHU  WKDW  HQDEOHV  D  UHVHDUFKHU  WR  LQSXW  D  TXHU\  WUDQVFULSWRPH  VDPSOH  DQG  JHW  D 

 UDQNHG  OLVW  RI  VLPLODU  VDPSOHV  (L.H.  WUDQVFULSWRPLF  ODQGVFDSHV)  WR  JXLGH  H[SHULPHQWDO 

 GHVLJQ.  WLWK  WKH  DPRXQW  RI  H[SUHVVLRQ  SURILOHV  DYDLODEOH  IRU  FRPSDULVRQ,  WKH  ODUJH-VFDOH 

 HIIRUW LV D YDOXDEOH WRRO DQG VLJQLILFDQW QRYHO FRQWULEXWLRQ. 

 MeWKRdV 

 RNA-VHT GaWa FROOHFWLRQ 

 WH  GRZQORDGHG  WKH  TPM  H[SUHVVLRQ  IRU  DOO  DYDLODEOH  KXPDQ,  PRXVH,  DQG  ]HEUDILVK 

 RNA-VHT  VDPSOHV  LQ  WKH  ARCHS4  [31]  GDWDEDVH  DV  RI  YHUVLRQ  8.  TKH  WUDQVFULSWV  ZHUH 

 PDSSHG  WR  EQWUH]  JHQHV  [32]  .  WH  ILOWHUHG  RXW  VDPSOHV  WKDW  KDG  PRUH  WKDQ  50%  ]HUR 

 FRXQWV DV OHQLHQW TXDOLW\ FRQWURO. 

 CXUaWLRQ RI WLVVXH aQG GLVHaVH OabHOV 

 WH  GRZQORDGHG  VDPSOH  GHVFULSWLRQV  IRU  DOO  VDPSOHV  DQG  XVHG  TAGGER  WR  DQQRWDWH 

 VDPSOHV  ZLWK  UBERON  RQWRORJ\  WLVVXH  ODEHOV.  WH  WKHQ  PDQXDOO\  LQVSHFWHG  VDPSOH 

 GHVFULSWLRQV  RI  WDJJHG  WLVVXHV  WR  HQVXUH  WKH  ODEHO  ZDV  FRUUHFW,  UHPRYLQJ  LQFRUUHFW  ODEHOV 
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 DQG  VLQJOH  FHOO  GDWD.  LDWHU,  ZH  DGGHG  KXPDQ  VDPSOH  WLVVXH  (EXW  QRW  FHOO  W\SHV  QRW 

 VSHFLILF WR D JLYHQ WLVVXH) ODEHOV IURP WKH TLVVXHNH[XV GDWDEDVH  >23@  . 

 WH  GRZQORDGHG  PHWDSRA  >33@  YHUVLRQ  1.8  DQG  VXEVHW  WKH  GLVHDVH  ODEHOV  WR  VDPSOHV 

 WKDW  ZH  REWDLQHG  IURP  ARCHS4.  SDPSOH  GHVFULSWLRQV  ZHUH  DJDLQ  PDQXDOO\  LQVSHFWHG  WR 

 HQVXUH WKH GLVHDVH ODEHOV ZHUH FRUUHFW. 

 CUeaWiQg a cRPPRQ feaWXUe VeW acURVV VSecieV fRU VaPSOe cOaVVificaWiRQ 

 IQ  RUGHU  WR  WUDLQ  PRGHOV  WKDW  FRXOG  PDNH  SUHGLFWLRQV  LQ  DQRWKHU  VSHFLHV,  ZH  KDG  WR 

 FUHDWH  D  FRPPRQ  VHW  RI  IHDWXUHV  DFURVV  VDPSOHV.  WH  WHVWHG  ILYH  RSWLRQV  IRU  FRPPRQ 

 IHDWXUHV:  RQH-WR-RQH  RUWKRORJV  (OQHWROQH),  RUWKRORJRXV  JURXSV  (OGV)  DYHUDJHG 

 (OGV-DYJ),  OGV  PD[LPXP  (OGV-PD[),  GHQH  OQWRORJ\  >20@  (GO)  ELRORJLFDO  SURFHVVHV 

 DYHUDJHG  (GO-DYJ),  DQG  GO  ELRORJLFDO  SURFHVVHV  PD[LPXP  (GO-PD[).  WH  XVHG 

 RUWKRORJRXV  JURXSV  WKDW  KDG  D  VLPLODULW\  VFRUH  RI  DW  OHDVW  0.5  IURP  WORMHOLE  >34@  DQG 

 UHVWULFWHG  WKH  VHW  RI  GO  ELRORJLFDO  SURFHVVHV  WR  WHUPV  WKDW  KDG  5-300  JHQHV  DQQRWDWHG 

 WR  WKHP.  AQ\  JURXS  WKDW  GLG  QRW  KDYH  DW  OHDVW  RQH  JHQH  LQ  HDFK  VSHFLHV  ZDV  QRW  XVHG  LQ 

 WKH  IHDWXUH  VHW.  BHIRUH  FUHDWLQJ  HDFK  W\SH  RI  IHDWXUH  VHW  IRU  HDFK  VSHFLHV,  WKH  TPM 

 H[SUHVVLRQ  RI  HDFK  JHQH  ZDV  ]  VFRUHG  DFURVV  DOO  VDPSOHV  LQ  WKH  VSHFLHV.  FRU 

 RQH-WR-RQH  RUWKRORJV,  ZH  VLPSO\  VXEVHW  WKH  JHQHV  WR  WKRVH  WKDW  ZHUH  FRPPRQ  DFURVV  DOO 

 WKUHH  VSHFLHV.  FRU  OGV-DYJ,  ZH  DYHUDJHG  WKH  ]  VFRUH  YDOXHV  IURP  HDFK  JHQH  LQ  DQ  OG. 

 FRU  OGV-PD[,  WKH  PD[LPXP  YDOXH  DFURVV  DOO  JHQHV  LQ  DQ  OG  ZDV  UHWDLQHG  DV  WKH 

 IHDWXUH  YDOXH.  FRU  GO-DYJ,  ZH  XVHG  WKH  DYHUDJH  ]  VFRUH  IURP  DOO  JHQHV  DQQRWDWHG  WR 

 WKH  GO  WHUP  DQG  WKH  PD[LPXP  ]  VFRUH  IRU  GO-PD[.  IQ  RUGHU  WR  WHVW  WKH  IHDVLELOLW\  RI 

 H[WHQGLQJ  WKLV  PHWKRG  WR  RWKHU  FRPPRQ  PRGHO  RUJDQLVPV  WKDW  ZH  FDQQRW  REWDLQ  WLVVXH 
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 labelV  foU,  Ze  alVo  WeVWed  cUeaWing  feaWXUe  VeWV  ZiWh  feaWXUe  gUoXSV  common  Wo  Vi[ 

 VSecieV (hXman, moXVe, ]ebUafiVh, fl\, ZoUm, and \eaVW). 

 SaPSOe cOaVVificaWiRQ PRdeOV 

 We  WUained  a  one-YV-UeVW  logiVWic  UegUeVVion  model  ZiWh  an  l2  SenalW\  foU  each  WiVVXe  oU 

 diVeaVe.  TiVVXe  modelV  ZeUe  WUained  in  each  of  hXman,  moXVe,  and  ]ebUafiVh  daWa,  bXW 

 diVeaVe  labelV  aUe  onl\  foU  hXman  VamSleV,  Vo  all  diVeaVe  modelV  aUe  WUained  on  hXman 

 daWa.  TUaining  daWa  ZaV  VWandaUd  Vcaled,  and  WhiV  Vcaling  ZaV  aSSlied  Wo  Whe  WeVW  daWa. 

 Each  WiVVXe  claVVificaWion  model  ZaV  WUained  on  all  VamSleV  in  a  giYen  VSecieV  and  XVed 

 Wo  make  SUedicWionV  on  VamSleV  fUom  oWheU  VSecieV.  PeUfoUmance  ZaV  eYalXaWed  on 

 cXUaWed  labelV.  We  alVo  SeUfoUmed  5-fold  cUoVV-YalidaWion  ZiWhin  VSecieV  foU  each  WiVVXe 

 and  diVeaVe,  Wo  geW  an  idea  of  hoZ  Zell  WiVVXe  and  diVeaVe  WUanVcUiSWomeV  coXld  be 

 claVVified  ZiWhin  a  VSecieV.  PeUfoUmance  VhoZn  in  figXUeV  iV  Whe  median  SeUfoUmance 

 YalXe  of  5  fold  cUoVV  YalidaWion  UeVXlWV.  The  e[ceSWion  iV  WhaW  Zhen  Ze  aUe  comSaUing 

 WiVVXe  SUedicWion  ZiWhin  a  VSecieV  Wo  WiVVXe  SUedicWion  ZiWh  WUaining  on  WZo  VSecieV  and 

 WeVWing  in  Whe  WhiUd,  SUedicWion  SeUfoUmance  ZiWhin  VSecieV  iV  baVed  on  an  80/20  WUain/WeVW 

 VSliW. 
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 CHAP7E5  5:  68MMA5<,  5EFLEC7ION6,  LIMI7A7ION6,  AND  F8785E 
 DI5EC7ION6 

 SXPPaU\ 

 TKH  JRDO  RI  WKLV  GLVVHUWDWLRQ  UHVHDUFK  ZDV  WR  SURYLGH  LQVLJKWV  LQWR  WKH  JHQRPLF 

 VLJQDWXUHV,  SDWKZD\V,  DQG  LQWHUDFWLRQV  WKDW  FKDUDFWHUL]H  WKH  DJH/VH[  ELDVHV  DQG 

 FURVV-VSHFLHV  DQDORJV  RI  FRPSOH[  GLVHDVHV  DQG  WUDLWV.  TKHVH  UHODWLRQVKLSV  DUH  FULWLFDO 

 IRU  LPSURYLQJ  RXU  DELOLW\  WR  GLDJQRVH  DQG  WUHDW  FRPSOH[  GLVHDVHV.  I  KDYH  ZRUNHG  WRZDUGV 

 WKLV  JRDO  E\  GHYHORSLQJ  FRPSXWDWLRQDO  IUDPHZRUNV  FDSDEOH  RI  OHYHUDJLQJ  PDVVLYH 

 DPRXQWV  RI  SXEOLFO\-DYDLODEOH  JHQRPLF  GDWD  ZLWK  SULRU  NQRZOHGJH  XVLQJ  QHWZRUN  DQDO\VLV 

 DQG  PDFKLQH  OHDUQLQJ.  B\  UHOHDVLQJ  FRGH  WR  UHSURGXFH  RXU  DSSURDFKHV  DQG  SURYLGLQJ 

 WRROV  IRU  VFLHQWLVWV  WR  TXHU\  P\  UHVXOWV,  I  KDYH  KHOSHG  EXLOG  LQIUDVWUXFWXUH  IRU  DGYDQFLQJ 

 ELRPHGLFDO UHVHDUFK LQWR WKH HUD RI SUHFLVLRQ PHGLFLQH. 

 RefOecWLRQV aQd OLPLWaWLRQV 

 AOWKRXJK  WKLV  GLVVHUWDWLRQ  UHVHDUFK  UHSUHVHQWV  FRQVLGHUDEOH  SURJUHVV  LQ  PDQ\  DUHDV  RI 

 ELRORJ\,  GDWD  VFLHQFH,  DQG  PDFKLQH  OHDUQLQJ  (ML),  WKHUH  DUH  VWLOO  VRPH  NH\  OLPLWDWLRQV  LQ 

 WKLV  ZRUN.  BURDGO\,  WKHVH  HQFRPSDVV  QXPHURXV  LVVXHV  IDFHG  DQG  FDUHIXO  FKRLFHV  WR  EH 

 PDGH  LQ  DOO  FRPSXWDWLRQDO  ELRORJ\  VWXGLHV  SHUWDLQLQJ  WR  L)  GHILFLHQFLHV  LQ  RXU  FXUDWHG 

 ELRORJLFDO  JURXQG  WUXWK  GDWDEDVHV,  LL)  ELDVHV  LQ  WKH  H[SHULPHQWV  WKDW  JHQHUDWH  WKH 

 GDWDVHWV,  DQG  LLL)  DVVXPSWLRQV  LQ  RXU  FRPSXWDWLRQDO  PRGHOV.  EYHQ  ZKHQ  ZH  DGGUHVV 

 WKHVH  LVVXHV  WR  WKH  EHVW  RI  RXU  DELOLWLHV,  DOO  UHVXOWV  SURGXFHG  E\  ML  PRGHOV  XVLQJ  ELJ 

 GDWD PXVW EH LQWHUSUHWHG ZLWK FDUH. 
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 BXLOdLQJ RNA-VHT cRH[SUHVVLRQ QHWZRUNV 

 IQ  CKaSWeU  2,  I  addUeVV  WKe  TXeVWLRQ:  hRZ  caQ  Ze  beVW  bXLOd  cRe[SUeVVLRQ  QeWZRUNV 

 fURP  heWeURgeQeRXV  RNA-VeT  daWa  WhaW  cRPeV  fURP  PRVWO\  VPaOO  e[SeULPeQWV 

 geQeUaWed  b\  LQdLYLdXaO  OabV,  ZLWh  a  UaQge  Rf  VeTXeQcLQg  deSWhV  aQd  TXaOLWLeV,  aV  ZeOO 

 aV  hLgh-TXaOLW\  cRQVRUWLXP  daWa?  IQ  WKLV  cKaSWeU,  I  eOabRUaWe  RQ  WKe  PRVW  accXUaWe  aQd 

 URbXVW  PeWKRdV  WR  bXLOd  cRe[SUeVVLRQ  QeWZRUNV  fURP  RNA-VeT  daWa.  I  WeVW  PXOWLSOe 

 QRUPaOL]aWLRQ  aQd  QeWZRUN  WUaQVfRUPaWLRQ  WecKQLTXeV  aQd  WKeLU  cRPbLQaWLRQV  WR  PaNe 

 cRQcUeWe UecRPPeQdaWLRQV Rf ZKeQ aQd KRZ WR XVe WKeVe WecKQLTXeV. 

 We  SXW  a  ORW  Rf  WKRXgKW  aQd  effRUW  LQWR  WKe  gROd  VWaQdaUd  Ze  XVed  aV  gURXQd  WUXWK,  L.e. 

 µWUXO\¶  cRe[SUeVVed  aQd  QRQ-cRe[SUeVVed  geQe  SaLUV  (Vee  CKaSWeU  2  ASSeQdL[: 

 VXSSOePeQWaO  QRWe).  BULefO\,  Ze  cXUaWed  SaLUV  Rf  geQeV  WKaW  ZeUe  fXQcWLRQaOO\  UeOaWed 

 baVed  RQ  e[SeULPeQWaO  eYLdeQce  LQ  WKe  GeQe  OQWRORg\  [1]  ,  bXW  ZeUe  YeU\  caUefXO  WR  RQO\ 

 XVe  VSecLfLc  WeUPV  LQ  WKe  RQWRORg\  WR  deWeUPLQe  WKeVe  geQe  SaLUV.  We  ZeUe  eTXaOO\ 

 caUefXO  abRXW  defLQLQg  SaLUV  Rf  geQeV  WKaW  aUe  XQOLNeO\  WR  be  cRe[SUeVVed  XVLQg  aQRWKeU 

 VeW  Rf  PaQXaOO\  cXUaWed  WeUPV  fURP  WKe  GeQe  OQWRORg\.  IQ  WKLV  VeW,  Ze  NeSW  RQO\  geQe 

 SaLUV  WKaW  Ze  Kad  eQRXgK  fXQcWLRQaO  LQfRUPaWLRQ  abRXW  WR  NQRZ  WKaW  baVed  RQ  WKe 

 bLRORgLcaO  SURceVVeV  WKe\  SOa\  a  UROe  LQ,  WKe\  aUe  e[WUePeO\  XQOLNeO\  WR  be  fXQcWLRQaOO\ 

 UeOaWed.  TKLV  LV  a  PXcK  PRUe  SaLQVWaNLQg  SURceVV  WKaQ  WKaW  PaQ\  RWKeU  cRe[SUeVVLRQ 

 VWXdLeV  XVe  WR  eYaOXaWe  WKe  VeW  Rf  cRe[SUeVVed  aQd  QRQ-cRe[SUeVVed  geQe  SaLUV  LQ  WKeLU 

 QeWZRUNV  [2±4]  . 

 DeVSLWe  WKe  aPRXQW  Rf  caUe  Ze  WRRN  WR  bXLOd  WKLV  gROd  VWaQdaUd,  LW  LV  VWLOO  baVed  RQ 

 fXQcWLRQaO  aQQRWaWLRQV  WKaW  aUe  QRW  WLVVXe-VSecLfLc.  We  WULed  WR  accRXQW  fRU  WLVVXe-baVed 

 effecWV  b\  VXbVeWWLQg  RXU  RULgLQaO  gROd  VWaQdaUd  geQe  SaLUV  XVLQg  VeWV  Rf  geQeV  NQRZQ  WR 
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 bH  H[SUHVVHd  RU  QRW  H[SUHVVHd  LQ  aQ\  JLYHQ  WLVVXH,  bXW  QRQ-H[SUHVVLRQ  LV  QRW  WKH  RQO\ 

 PRdXOaWRU  RI  WLVVXH-VSHcLILc  cRH[SUHVVLRQ  [5]  .  IQ  addLWLRQ,  aJH  aQd  VH[  aIIHcW  JHQH 

 H[SUHVVLRQ  aQd  cRH[SUHVVLRQ  aV  ZHOO  [6±8]  ,  bXW  ZH  cXUUHQWO\  KaYH  QR  V\VWHPaWLc  Za\  WR 

 dHWHUPLQH WKH URbXVWQHVV RI RXU PHWKRdV WR WKHVH bLRORJLcaO IacWRUV. 

 Age aQd Ve[ VSecLfLcLW\ 

 IQ  CKaSWHU  3,  I  addUHVV  WZR  TXHVWLRQV:  (1)  can  age  oU  age  gUoXp  be  pUedicWed  XVing  onl\ 

 Whe  gene  e[pUeVVion  YalXeV?  AQd  (2)  ZhaW  do  WheVe  gene  VignaWXUeV  Well  XV  aboXW  age- 

 and  Ve[-Vpecific  biological  conWe[WV?  HHUH,  I  cXUaWH  abRXW  30,000  SULPaU\  KXPaQ 

 WUaQVcULSWRPHV  WR  SUHdLcW  aJH  JURXS  aQd  LQYHVWLJaWH  aJH-  aQd  VH[-bLaVHd  JHQH 

 VLJQaWXUHV.  I  aOVR  XVH  H[SHULPHQWaOO\-YaOLdaWHd  JHQHVHWV  IRU  dHWHUPLQLQJ  HQULcKPHQW  RI 

 PXOWLSOH bLRORJLcaO cRQWH[WV LQ dLIIHUHQW aJH aQd VH[ JURXSV. 

 I  WRRN  aQ  H[WUaRUdLQaU\  aPRXQW  RI  caUH  WR  cXUaWH  aJH  aQd  VH[  OabHOV  WR  cUHaWH  a  daWaVHW 

 ZH  cRXOd  XVH  WR  LQYHVWLJaWH  aJH-  aQd  VH[-bLaVHd  JHQH  H[SUHVVLRQ.  TKLV  VHW  H[cOXdHV 

 cHOO  OLQHV,  [HQRJUaIWV,  SRROHd  VaPSOHV,  aQd  VLQJOH  cHOO  daWa.  IQ  RWKHU  ZRUdV,  LW  LV  abRXW  aV 

 KLJK  TXaOLW\  aV  RQH  cRXOd  KRSH  IRU  LQ  a  OaUJH-VcaOH  daWaVHW  RI  aJH-  aQd  VH[-OabHOHd 

 SULPaU\,  bXON  WUaQVcULSWRPHV  dHULYHd  IURP  SXbOLc  daWabaVHV.  HRZHYHU,  PRVW  VaPSOHV  dR 

 QRW  KaYH  KHaOWK/dLVHaVH  OabHOV,  aQd  WKHUH  aUH  VXUHO\  bLaVHV  LQ  KRZ  WKHVH  dLVHaVHV  aUH 

 dLVWULbXWHd  acURVV  VH[  aQd  aJH  JURXSV.  WKLOH  cXUaWLQJ  VaPSOHV,  I  QRWLcHd  PaQ\  PRUH 

 IHPaOH  VaPSOHV  ZLWK  V\VWHPLc  OXSXV  HU\WKHPaWRVXV  (SLE),  ZKLcK  LV  KaUdO\  VXUSULVLQJ 

 VLQcH  IHPaOHV  RXWQXPbHU  PaOHV  VRPHZKHUH  LQ  WKH  UaQJH  RI  7±10  WR  1  LQ  SLE  LQcLdHQcH 

 [9,10]  .  TKHUH  aUH  PaQ\  RWKHU  dLVHaVHV  ZLWK  KLJKHU  SUHYaOHQcH  LQ  cHUWaLQ  aJH  aQd  VH[ 

 JURXSV,  aQd  WKHUH  LV  aOVR  a  bLaV  LQ  ZKLcK  VaPSOHV  aUH  cROOHcWHd  dXH  WR  ZKLcK  dLVHaVHV 

 KaYH  WKH  PRVW  IXQdLQJ  IRU  VWXd\.  TKHUH  ZHUH  aOVR  YHU\  OLWWOH  caQcHU  OabHOV  (LI  aQ\)  LQ  WKH 
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 \RXQgeVW  age  gURXSV.  The  QXPbeU  Rf  caQceU-aVVRciaWed  daWaVeWV  iQ  each  age  gURXS 

 VeePV  WR  URXghl\  cRUUelaWe  ZiWh  Whe  WRWal  QXPbeU  Rf  VaPSleV  iQ  Whe  gURXS.  ThiV  iV  QRW 

 haUd  WR  belieYe  eYeQ  WhRXgh  caQceU  iQcideQce  iQcUeaVeV  ZiWh  age  [11]  ,  dXe  WR  Whe  facW 

 WhaW  VWXd\  Rf  caQceU  iV  geQeUall\  Zell-fXQded  [12]  .  TheVe  Pa\  haYe  aQ  effecW  RQ  Whe 

 geQe  VigQaWXUeV  aQd  VXbVeTXeQW  eQUichPeQW  VcRUeV  I  calcXlaWed  fRU 

 e[SeUiPeQWall\-deUiYed  geQeVeWV  aVVRciaWed  ZiWh  YaUiRXV  biRlRgical  SURceVVeV,  cell 

 W\SeV,  SheQRW\SeV,  aQd  eVSeciall\  diVeaVeV.  I  ZRXld  e[SecW  iW  WR  haYe  a  gUeaWeU  effecW  RQ 

 age-VWUaWified  Ve[  VigQaWXUeV,  dXe  WR  deUiYiQg  WheP  fURP  Whe  TPM  e[SUeVViRQ  diVWUibXWiRQ 

 acURVV  fePale  aQd  Pale  VaPSleV  fRU  each  geQe  bXW  XViQg  PachiQe  leaUQiQg  WR  deUiYe 

 Whe  Ve[-VWUaWified  age  VigQaWXUeV.  MachiQe  leaUQiQg  haV  VRPe  URbXVWQeVV  WR  QRiVe  dXe  WR 

 UegXlaUi]aWiRQ.  DeVSiWe  WheVe  SRWeQWial  biaVeV  aQd  liPiWaWiRQV,  Ze  caSWXUed  a  QXPbeU  Rf 

 WUXe  age-  aQd  Ve[-biaVed  VigQaWXUeV,  aQd  lRRk  fRUZaUd  WR  P\Velf  aQd  RWheUV  bXildiQg 

 XSRQ WhiV ZRUk. 

 CURVV VSecieV aQalRgV 

 IQ  ChaSWeU  4,  I  addUeVV  Whe  TXeVWiRQ:  can  Ze  XWili]e  maVV  SXblic  WUanVcUiSWRmic  daWa  WR 

 idenWif\  analRgRXV  VamSleV,  and  WheUefRUe  biRlRgical  cRnWe[WV  and  ShenRW\SeV  acURVV 

 VSecieV?  IQ  WhiV  chaSWeU,  I  deVcUibe  RXU  effRUWV  WR  XVe  PachiQe  leaUQiQg  iQ  PaSSiQg 

 WUaQVcUiSWRPic  laQdVcaSeV  aQd  SheQRW\SeV  acURVV  VSecieV  WR  iPSURYe  fXQcWiRQal 

 kQRZledge WUaQVfeU. 

 ThXV  faU,  Ze  haYe  RQl\  VeeQ  lXkeZaUP  VXcceVV  iQ  PaSSiQg  aQalRgRXV  VaPSleV  acURVV 

 VSecieV,  bXW  RXU  gURXS  Zill  cRQWiQXe  WR  WeVW  QeZ  PeWhRdV  fRU  PakiQg  WhiV  gRal  SRVVible 

 (Vee  CURVV  VSecieV  VaPSle  claVVificaWiRQ  iQ  FXWXUe  diUecWiRnV  ).  HRZeYeU,  iQ  Whe  SURceVV  I 

 leaUQed  a  lRW  abRXW  WUaQVlaWiQg  fXQcWiRQal  kQRZledge  acURVV  VSecieV,  PRdel  RUgaQiVP 
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 bLRORg\,  SXbOLcO\-aYaLOabOe  e[SeULPeQWaO  daWa,  aQd  daWabaVeV  cXUaWLQg  LQfRUPaWLRQ  LQ 

 LQdLYLdXaO  RU  PXOWLSOe  VSecLeV.  TheUe  LV  a  ORW  Rf  URRP  WR  LPSURYe  RXU  XQdeUVWaQdLQg  Rf 

 cURVV-VSecLeV  bLRORg\,  bXW  WheUe  aUe  aOVR  PaQ\  e[cLWLQg  LdeaV  aQd  effRUWV  cRQWLQXRXVO\ 

 adYaQcLQg Whe fLeOd MXVW a OLWWOe bLW. 

 FXWXUH dLUHcWLRQV 

 AJe- aQd Ve[-VSecLfLc JeQe LQWeUacWLRQ QeWZRUNV 

 The  ZRUN  LQ  WhLV  dLVVeUWaWLRQ  haV  OaLd  Whe  gURXQdZRUN  WR  bXLOd  age-  aQd  Ve[-VSecLfLc 

 geQe  LQWeUacWLRQ  QeWZRUNV.  GUeeQe,  KULVhQaQ,  WRQg  aQd  WeaP  bXLOW  Whe  fLUVW 

 geQRPe-VcaOe  WLVVXe-VSecLfLc  fXQcWLRQaO  LQWeUacWLRQ  QeWZRUNV  [13]  aQd  LQ  a  fROORZ-XS 

 VWXd\,  KULVhQaQ  eW  aO  ZeUe  abOe  WR  VhRZ  WhaW  XVLQg  a  bUaLQ-VSecLfLc  geQe  QeWZRUN  WR 

 SUedLcW  QRYeO  caQdLdaWe  geQeV,  bUaLQ-VSecLfLc  SaWhZa\V,  aQd  deYeORSPeQWaO  VWageV 

 UeOaWed  WR  aXWLVP  VSecWUXP  dLVRUdeU  ZaV  PRUe  accXUaWe  WhaQ  XVLQg  a  geQeUaO  (  i.e.  QRW 

 WLVVXe-VSecLfLc)  RU  dLffeUeQW  WLVVXe-VSecLfLc  QeWZRUN  [14]  .  EVVeQWLaOO\,  XVLQg  a 

 WLVVXe-VSecLfLc  geQe  LQWeUacWLRQ  QeWZRUN  fRU  Whe  WLVVXe  PRVW  affecWed  b\  Whe  dLVRUdeU 

 LPSURYeV  RXU  abLOLW\  WR  PaNe  WheVe  SUedLcWLRQV.  IW  VWaQdV  WR  UeaVRQ  WhaW  Lf  WaNLQg 

 WLVVXe-VSecLfLcLW\  LQWR  accRXQW  LPSURYeV  Whe  UeOeYaQW  SUedLcWLRQV  Ze  aUe  abOe  WR  PaNe, 

 accRXQWLQg  fRU  RWheU  bLRORgLcaO  cRQWe[WV  VXch  aV  age  aQd  Ve[  VhRXOd  fXUWheU  LPSURYe  RXU 

 accXUac\. 

 The  VWLcNLQg  SRLQW  LV  WhaW  ZhLOe  WheLU  VWXd\  deYeORSed  Whe  PeWhRd  WR  LQWegUaWe  PaQ\ 

 cRe[SUeVVLRQ  QeWZRUNV  LQWR  RQe  hLgh-fLdeOLW\  WLVVXe-VSecLfLc  QeWZRUN,  Whe\  dLd  VR  ZLWh 

 RQO\  PLcURaUUa\  daWa,  QRW  RNA-VeT  daWa.  VeU\  OLWWOe  ZRUN  had  beeQ  dRQe  WR  eYaOXaWe 

 URbXVW  aQd  accXUaWe  QRUPaOL]aWLRQ  aQd  QeWZRUN  WUaQVfRUPaWLRQ  PeWhRdV  WR  bXLOd 

 cRe[SUeVVLRQ QeWZRUNV fURP RNA-VeT daWa, VR I addUeVVed WhLV LVVXe LQ ChaSWeU 2. 
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 WLWK  WKLV  eYaOXaWLRQ  cRPSOeWed,  WKe  UePaLQLQJ  RbVWacOe  ZaV  WKaW  WKe  PaMRULW\  RI 

 SXbOLcO\-aYaLOabOe  PLcURaUUa\  aQd  RNA-VeT  VaPSOeV  Ze  Qeed  WR  bXLOd  WKeVe  QeWZRUNV 

 aUe  QRW  aVVRcLaWed  ZLWK  aJe  aQd  Ve[  LQIRUPaWLRQ.  IQ  CKaSWeU  3,  I  PaQXaOO\  cXUaWed  QeaUO\ 

 30,000  bXON,  SULPaU\  KXPaQ  VaPSOeV  OabeOed  ZLWK  Ve[  aQd  aJe  acURVV  WKe  KXPaQ 

 OLIeVSaQ.  FXUWKeU,  I  VKRZed  WKaW  aJe  JURXS  caQ  be  SUedLcWed  IURP  JeQe  e[SUeVVLRQ.  SR, 

 Ze  caQ  cRQWLQXe  deYeORSLQJ  WKeVe  PRdeOV  LQWR  PRUe  accXUaWe  RQeV  WR  SUedLcW  aJe  RQ 

 VaPSOeV  WKaW  dR  QRW  KaYe  aJe  OabeOV.  Se[  LV  eaV\  WR  SUedLcW  baVed  RQ  e[SUeVVLRQ  RI  X 

 aQd  Y  cKURPRVRPe  JeQeV.  BXLOdLQJ  RQ  WKLV  ZRUN,  LQ  WKe  QeaU  IXWXUe,  Ze  ZLOO  XVe  WKeVe 

 SUe-WUaLQed  ML  PRdeOV  WR  LQIeU  aJe-JURXS  aQd  Ve[  OabeOV  IRU  WKe  >150,000  KXPaQ  SXbOLc 

 WUaQVcULSWRPeV  aQd  WKeQ  LQWeJUaWe  WKeVe  SURILOeV  LQWR  aJe-  aQd  Ve[-VSecLILc 

 JeQRPe-VcaOe  JeQe  QeWZRUNV  aQd  XVe  WKeVe  QeWZRUNV  WR  VWXd\  JeQeV  aVVRcLaWed  ZLWK 

 dLVeaVeV WKaW VKRZ Ve[ aQd aJe dLIIeUeQceV. 

 CURVV VSecieV VaPSle claVVificaWiRQ 

 OXU  eIIRUWV  WR  WUaLQ  PRdeOV  WR  PaWcK  aQaORJRXV  VaPSOeV  acURVV  VSecLeV  ZeUe  RQO\ 

 SaUWLaOO\  VXcceVVIXO,  bXW  Ze  KaYe  dLVcXVVed  PeWKRdV  WR  LPSURYe  WKe  cXUUeQWO\  SRRU 

 SeUIRUPaQce.  A  SURPLVLQJ  aSSURacK  LV  RQe  Ze  WRRN  IRU  VXcceVVIXOO\  cOaVVLI\LQJ  JeQeV 

 acURVV  VSecLeV:  WR  ILUVW  SOace  aOO  JeQeV  IURP  dLIIeUeQW  VSecLeV  LQWR  WKe  VaPe  µIXQcWLRQaO¶ 

 VSace  aQd  WKeQ  WUaLQ  ML  PRdeOV  WR  WUaQVIeU  JeQe  IXQcWLRQV  acURVV  VSecLeV.  IQ  WKe  QeaU 

 IXWXUe, Ze ZLOO aSSO\ WKLV aSSURacK IRU VaPSOe cOaVVLILcaWLRQ. 

 OQgRiQg ZRUN 

 CXUUeQW  PePbeUV  RI  WKe  Oab  KaYe  aOUead\  VWaUWed  WR  bXLOd  RII  RI  WKe  ZRUN  cRPSOeWed  IRU 

 WKLV  dLVVeUWaWLRQ.  TKe  aJe,  Ve[,  WLVVXe,  aQd  dLVeaVe  OabeOV  I  KaYe  cXUaWed  IRU  PaQ\  JeQe 

 e[SUeVVLRQ  SURILOeV  aUe  beLQJ  XVed  LQ  PXOWLSOe  SURMecWV.  ReQPLQJ  LLX  LV  XVLQJ  dLVeaVe 
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 annoWaWionV  Wo  deYelop  meWhodV  WhaW  can  aXWomaWicall\  idenWif\  VXbgUoXpV  of  conWUaVWing 

 diVeaVe-UeleYanW  VampleV  ZiWhin  WUanVcUipWome  daWaVeWV.  The  WiVVXe  and  diVeaVe  labelV 

 Zill  conWinXe  Wo  be  XVed  Wo  pXUVXe  accXUaWe  meWhodV  Wo  maWch  analogoXV 

 WUanVcUipWomeV, and WhXV biological conWe[WV and phenoW\peV acUoVV VpecieV. 

 Hao  YXan  iV  bXilding  coe[pUeVVion  neWZoUkV  in  mXlWiple  VpecieV  ZiWh  RNA-VeT  daWa 

 XVing  Whe  UecommendaWionV  I  deYeloped  in  ChapWeU  2  foU  UobXVW  ZoUkfloZV  Wo  do  Vo.  He 

 iV  alVo  e[Wending  WhiV  ZoUk  inWo  bXilding  paWienW-Vpecific  neWZoUkV.  SWephanie  Hicke\  iV 

 XVing  age  and  Ve[  labelV,  along  ZiWh  beVW  pUacWiceV  foU  neWZoUk  bXilding  eVWabliVhed  in 

 WhiV  diVVeUWaWion,  foU  inWegUaWion  of  coe[pUeVVion  neWZoUkV  bXilW  XVing  bXlk  and  Vingle-cell 

 daWa  Wo  compaUe  gene  inWeUacWionV  in  diffeUenW  UegionV  of  Whe  bUain  in  mXlWiple  age  and 

 Ve[ gUoXpV. 
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