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Goal	
  for	
  the	
  PhenoGen	
  Project	
  

Transcrip.onal	
  Connectome	
  
To	
  generate	
  a	
  new	
  image	
  of	
  organs	
  as	
  
networks	
  of	
  interac.ng	
  elements	
  (transcripts)	
  
	
  
•  Collect	
  genome	
  sequence	
  and	
  full	
  transcriptome	
  informa-on	
  

for	
  organs	
  (brain,	
  liver,	
  heart).	
  
–  We	
  have	
  completed	
  exon	
  array	
  analysis	
  for	
  these	
  three	
  organs	
  
–  RNA-­‐Seq	
  for	
  brain	
  in	
  30	
  strains	
  of	
  the	
  HXB/BXH	
  panel	
  completed	
  
–  RNA-­‐Seq	
  for	
  heart	
  and	
  liver	
  of	
  the	
  RI	
  progenitor	
  strains	
  

completed	
  



Brain	
  Transcrip-onal	
  Connectome	
  



Why	
  Networks?	
  

1.  The	
  brain	
  is	
  a	
  complex	
  hierarchical	
  network	
  spa-o-­‐temporally	
  linked	
  
through	
  structure	
  and	
  func-on.	
  

2.  Complex	
  pathologic	
  traits	
  can	
  be	
  conceptualized	
  as	
  systems	
  disorders	
  of	
  
failed	
  network	
  regula-on.	
  

3.  The	
  brains	
  structural	
  and	
  func-onal	
  systems	
  have	
  features	
  of	
  complex	
  
networks	
  that	
  can	
  be	
  described	
  through	
  applica-on	
  of	
  “graph	
  
theory”	
  (small	
  world	
  topology).	
  

4.  The	
  genera-on	
  of	
  a	
  “Transcrip-onal	
  Connectome”	
  represen-ng	
  the	
  
Res-ng	
  State	
  transcrip-onal	
  networks	
  provides	
  power	
  for	
  understanding	
  
predisposi-on	
  to	
  disease,	
  e-ology	
  of	
  organ	
  or	
  behavioral	
  pathology	
  and	
  
response	
  to	
  medica-ons	
  or	
  toxins.	
  



Why	
  Study	
  the	
  RNA	
  Dimension	
  
Transcriptome	
  links	
  DNA	
  and	
  complex	
  traits/diseases	
  

7	
  

A.   RNA	
  is	
  one	
  of	
  the	
  first	
  quan.ta.ve	
  links	
  between	
  DNA	
  
sequence	
  and	
  phenotype	
  (an	
  endophenotype).	
  

B.   Transcriptome	
  informa.on	
  addresses	
  part	
  of	
  the	
  GWAS	
  Gap:	
  
how	
  does	
  an	
  iden.fied	
  DNA	
  polymorphic	
  locus	
  contribute	
  to	
  
disease?	
  	
  	
  

C.   First	
  step	
  where	
  DNA	
  sequence	
  and	
  environment	
  interact.	
  

D.   Implementa.on	
  of	
  graph	
  theory	
  at	
  the	
  transcript	
  level	
  
provides	
  insight	
  into	
  gene.c/environmental	
  interac.ons	
  that	
  are	
  
the	
  basis	
  for	
  suscep.bility	
  to	
  complex	
  diseases.	
  



The	
  RNA	
  Dimension	
  (the	
  true	
  intermediate	
  phenotype)	
  

DNA	
  
(the	
  roadmap)	
  

mRNA	
  lncRNA	
  

siRNA	
  

ribosomal	
  RNAs	
   tRNA	
  

Mature	
  protein	
  
(the	
  next	
  dimension)	
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Other	
  RNAs	
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  control	
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  mRNA	
  processing)	
  

miRNA	
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Co-­‐expression	
  as	
  a	
  measure	
  of	
  the	
  
“connectome”	
  

•  Theory	
  –	
  if	
  the	
  magnitude	
  of	
  RNA	
  expression	
  of	
  
two	
  transcripts	
  correlates	
  over	
  mul-ple	
  
“environments”	
  (genomes),	
  then	
  the	
  two	
  
transcripts	
  are	
  involved	
  in	
  similar	
  biological	
  
processes	
  

•  Caveats	
  when	
  mul-ple	
  environments	
  are	
  
mul-ple	
  gene-c	
  backgrounds	
  (false	
  posi-ve	
  
correla-ons)	
  

–  Linkage	
  Disequilbrium	
  	
  
–  Cell-­‐type	
  mixing	
  propor-ons	
  



Recombinant	
  Inbred	
  Rodent	
  Panel	
  

•  Gene-c	
  iden-ty	
  is	
  retained	
  
over	
  genera-ons	
  

•  Cumula-ve	
  gene-c	
  and	
  
phenotype	
  data	
  across	
  labs	
  

•  Ideal	
  gene-c	
  controls	
  for	
  
studying	
  interven-ons/
environmental	
  effects	
  

Wu Z K et al. Nucl. Acids Res. 2010;nar.gkp1251 



PD/Cub	
  (outbred	
  Wistar)	
  
X	
  

BN/Cub	
  
	
  

BN-­‐Lx/Cub	
  X	
  SHR/Ola	
  
(Prague)	
  

SHR/Kyoto	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(inbred)	
  

selec.ve	
  

breeding	
  

Ipcv:	
  1,	
  2,	
  3,	
  4,	
  5,	
  7,	
  10,	
  
13,	
  15,	
  17,	
  18,	
  20,	
  21,	
  22,	
  
23,	
  24,	
  25,	
  27,	
  29,	
  31	
  

HXB	
  RI	
  strains	
   BXH	
  RI	
  strains	
  
Cub:	
  2,	
  3,	
  5,	
  6,	
  8,	
  9,	
  10,	
  

11,	
  12,	
  13	
  

WKY	
  

Origin	
  of	
  HXB/BXH	
  RI	
  Panel	
  

•  >	
  4,500,000	
  SNPs/indels	
  between	
  progenitors	
  
•  Haplotype	
  map	
  generated	
  



Current	
  Data	
  –	
  RNA-­‐Seq	
  

Strains	
   Tissue	
   Sex	
  

Number	
  of	
  
Biological	
  

Replicates	
  Per	
  
Strain	
  

Number	
  of	
  
Paired-­‐End	
  Reads	
  
	
  (rRNA-­‐depleted	
  

total	
  RNA)	
  

Number	
  of	
  
Paired-­‐End	
  
Reads	
  

	
  (polyA+-­‐
selected	
  RNA)	
  

Number	
  of	
  
Single-­‐	
  End	
  

Reads	
  
	
  (small	
  RNA)	
  

SHR	
  and	
  BNLx	
   brain	
   male	
   3	
   645	
  million	
   192	
  million	
   96	
  million	
  

SHR	
  and	
  BNLx	
   brain	
   female	
   4	
   982	
  million	
   -­‐-­‐-­‐	
   297	
  million	
  

SHR	
  and	
  BNLx	
   liver	
   male	
   3	
   583	
  million	
   -­‐-­‐-­‐	
   342	
  million	
  

SHR	
  and	
  BNLx	
   heart	
   male	
   4	
   790	
  million	
   -­‐-­‐-­‐	
   300	
  million	
  

30	
  RI	
  Strains	
   brain	
   male	
   1	
  to	
  2	
   7.3	
  billion	
   -­‐-­‐-­‐-­‐	
   1.9	
  billion	
  

Panel	
   Plaoorm	
   Tissue	
  
Number	
  of	
  Biological	
  

Replicates	
  
21	
  HXB/BXH	
  RI	
  Strains	
   Exon	
  Array	
   Brain	
   2	
  to	
  4	
  

21	
  HXB/BXH	
  RI	
  Strains	
   Exon	
  Array	
   Liver	
   2	
  to	
  4	
  

21	
  HXB/BXH	
  RI	
  Strains	
   Exon	
  Array	
   Heart	
   2	
  to	
  4	
  

21	
  HXB/BXH	
  RI	
  Strains	
   Exon	
  Array	
   Brown	
  Adipose	
   2	
  to	
  4	
  

60	
  LXS	
  Mouse	
  RI	
  Strains	
   Exon	
  Array	
   Brain	
  	
   6	
  

30	
  BXD	
  Mouse	
  RI	
  Strains	
   3'	
  Array	
   Brain	
   4	
  to	
  7	
  

26	
  Inbred	
  Mouse	
  Strains	
   3'	
  Array	
   Brain	
   4	
  to	
  6	
  

Current	
  Data	
  -­‐	
  Microarrays	
  



CANDIDATE	
  GENE	
  EXAMPLE	
  



Transcriptome	
  Informa-on	
  on	
  a	
  Gene	
  
of	
  Interest	
  

•  Genome	
  View	
  
–  Annotated	
  isoforms	
  
–  DNA	
  variants	
  in	
  parental	
  strains	
  
–  Published	
  QTL	
  

•  Transcriptome	
  View	
  
–  Exon	
  array	
  informa-on	
  
–  RNA-­‐Seq	
  results	
  

•  Selected	
  Feature	
  
–  Gene	
  details	
  and	
  external	
  links	
  
–  Gene	
  eQTL	
  
–  Weighted	
  gene	
  co-­‐expression	
  network	
  analysis	
  
–  Probe	
  set	
  level	
  data	
  



Genome	
  View	
  

1.  Click	
  Genome/
Transcriptome	
  Data	
  
Browser	
  

2.  Type	
  in	
  Rat/Mouse	
  
Official	
  Gene	
  Symbol	
  
into	
  “Gene	
  Iden-fier	
  or	
  
Region”	
  box	
  

3.  Select	
  Ragus	
  Norvegicus	
  
(rn5)	
  from	
  “Species”	
  box	
  

4.  Select	
  Genome	
  
(Predefined)	
  from	
  
“Ini-al	
  View”	
  box	
  

5.  Click	
  “Go”	
  



Naviga-on	
  
Bu8ons	
   Control	
  

Displayed	
  
Tracks	
  



Gene-c	
  Variants	
  Between	
  Parental	
  
Strains	
  of	
  RI	
  Panel	
  



Published	
  Behavioral/Physiologic	
  QTL	
  



Get	
  Region	
  Summary	
  

Close	
  
Selected	
  
Feature	
  
Image	
  



Region	
  Summary	
  



Alternate	
  Region	
  Summary	
  Under	
  
Different	
  View	
  



Quan-ta-ve	
  Trait	
  Loci	
  

•  Defini-on	
  –	
  area	
  of	
  the	
  genome	
  where	
  
polymorphisms	
  are	
  associated	
  with	
  a	
  
quan-ta-ve	
  trait	
  

At	
  each	
  marker:	
  

1.   Split	
  popula.on	
  into	
  two/three	
  
groups	
  based	
  on	
  genotype	
  

2.   Compare	
  mean	
  values	
  for	
  the	
  
quan.ta.ve	
  trait	
  (phenotype)	
  
between	
  the	
  groups	
  

3.   LARGE	
  Sta.s.cally	
  Significant	
  
Differences	
  !	
  QTL	
  

Marker	
  1	
  !	
  AA,	
  AB,	
  or	
  BB	
  

Marker	
  2	
  !	
  AA,	
  AB,	
  or	
  BB	
  

Marker	
  3	
  !	
  AA,	
  AB,	
  or	
  BB	
  

Marker	
  4	
  !	
  AA,	
  AB	
  or	
  BB	
  

Chromosome	
  G	
  



Example	
  LOD	
  Plot	
  

Scale
chr1:

10 Mb
215000000 220000000 225000000 230000000 235000000

UCSC Known Genes Based on UniProt, RefSeq, and GenBank mRNA
Fads3
Fads1
Fen1

Nsddr
Syt7
Syt7
Iiig9
Iiig9

RGD1309216
RGD1305441
RGD1304670

MGC73003
RGD1311026

Pga5
Cd5
Cd5

Cd6
Cd6

Slc15a3
MGC93811

Prp19
Zp1

Gpr44
MGC94720

Sp3111
Ms4a2
Ms4a6b

Gif
Gif

Mrpl16
Olr337

Glyat
AY325192

Keg1
Cntf
Lpxn

Tle4
Psat1

Ip63

RGD1311350
Gcnt1

LOC317214

Ostf1
LOC499330

RGD1311863
LOC499331

Anxa1
Aldh1a1

Gda

RGD1359158

RGD1305246

Bteb1
Apba1

Pip5k1a
RGD1310316

MGC94799

Cbwd1

Hmgb1
BC099233
BC107446

Dmrt1

Smarca2

Vldlr

LOC499339
Rfx3

Slc1a1
RGD1310039

Ppapdc2

Cdc37l

Ak3

Rcl1
Rcl1
Rcl1
Jak2
Insl6

Rln1

Fxna
RGD1311155

AY321330

Mbl2

Acf
Tmem23
Tmem23
Tmem23
AF012714

Atad1
Atad1

RGD1309804

Lipf
Ch25h

Lip1



Example	
  Manha8an	
  Plot	
  



Defini-on	
  of	
  Gene-cal	
  Genomics	
  

The	
  study	
  of	
  the	
  genomic	
  loca-on	
  where	
  
transcrip-on	
  is	
  controlled	
  by	
  determining	
  
expression	
  Quan-ta-ve	
  Trait	
  Loci	
  (eQTL).	
  

	
  
RNA	
  

Expression	
  
Levels	
  

QTL	
  	
  
Analysis	
  

eQTLs	
  	
  +	
   =	
  



eQTL	
  Defini-on	
  

Myers,	
  AJ.	
  The	
  age	
  of	
  the	
  “ome”:	
  Genome,	
  transcriptome	
  and	
  proteome	
  data	
  set	
  collec-on	
  and	
  analysis.	
  Brain	
  Research	
  Bulle-n	
  
Volume	
  88,	
  Issue	
  4	
  2012	
  294	
  -­‐	
  301	
  
	
  
	
  



Types	
  of	
  eQTL	
  
•  cis-­‐eQTL	
  (or	
  local	
  eQTL)	
  –	
  the	
  locus	
  controlling	
  transcrip-on	
  is	
  

“near”	
  the	
  physical	
  loca-on	
  of	
  the	
  gene	
  in	
  the	
  genome	
  
•  trans-­‐eQTL	
  (or	
  distal	
  eQTL)	
  –	
  the	
  locus	
  controlling	
  the	
  transcrip-on	
  

is	
  NOT	
  “near”	
  the	
  physical	
  loca-on	
  of	
  the	
  gene	
  in	
  the	
  genome	
  

Image	
  copied	
  from	
  Sieberts	
  SK	
  and	
  Schadt	
  EE	
  (2007).	
  	
  Moving	
  toward	
  a	
  system	
  gene-cs	
  view	
  of	
  disease.	
  	
  Mammalian	
  
Genome	
  18(6):	
  389-­‐401.	
  	
  



Genes	
  with	
  an	
  eQTL	
  in	
  this	
  region	
  



Circos	
  Plot	
  
Genes	
  within	
  an	
  eQTL	
  in	
  this	
  region	
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Region	
  from	
  
PhenoGen	
  
(i.,e.,	
  eQTL)	
  

Physical	
  
Loca-on	
  of	
  
Transcript	
  
Cluster	
  

P-­‐value	
  of	
  
eQTL	
  in	
  Heart	
  



Transcriptome	
  View	
  

1.  Click	
  “Select/Edit	
  Views”	
  box.	
  

2.  Select	
  “Transcriptome	
  
(Predefined)	
  (6	
  trackes”	
  in	
  
Select	
  a	
  view	
  below	
  box	
  

3.  Click	
  “Apply	
  View”	
  bu8on	
  



Oprm1	
  –	
  Only	
  in	
  Brain	
  Reconstruc-on	
  



Brain	
  Microarray/RNA-­‐Seq	
  View	
  



Expand	
  RNA-­‐Seq	
  Read	
  Counts	
  



Add	
  Ensembl	
  Track	
  



Junc-on	
  Reads	
  



Alterna-ve	
  3’	
  UTR	
  



Selected	
  Feature	
  Summary	
  



Gene	
  eQTL	
  



Gene	
  eQTL	
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WEIGHTED	
  GENE	
  CO-­‐EXPRESSION	
  
NETWORK	
  ANALYSIS	
  (WGCNA)	
  



•  Define	
  rela-onships	
  among	
  
genes	
  

•  Infer	
  biological	
  func-on	
  
from	
  other	
  co-­‐expressed	
  
genes	
  

•  Define	
  the	
  context	
  in	
  which	
  
the	
  gene	
  exerts	
  its	
  effect	
  

•  Find	
  mul-ple	
  therapeu-c	
  
targets	
  within	
  the	
  same	
  
pathway	
  

•  No	
  gene	
  product	
  acts	
  
independently	
  in	
  the	
  cell	
  

•  Informa-on	
  about	
  biological	
  
func-on	
  in	
  cell	
  

•  Informa-on	
  on	
  causes/
consequences	
  of	
  differen-al	
  
expression	
  

What	
  are	
  we	
  missing	
  by	
  
considering	
  each	
  candidate	
  gene	
  

individually?	
  

What	
  do	
  we	
  gain	
  by	
  building	
  
networks	
  and	
  iden.fying	
  

modules?	
  



Weighted	
  Gene	
  Co-­‐Expression	
  Network	
  Analysis	
  
Why	
  Not	
  Just	
  Use	
  Correla-on?	
  

1.  Simple	
  correla-on	
  does	
  not	
  give	
  connec-vity.	
  
2.  How	
  are	
  we	
  measuring	
  co-­‐expression?	
  
–  Scale-­‐Free	
  Network	
  

•  Network	
  has	
  few	
  highly	
  connected	
  genes	
  rather	
  then	
  each	
  gene	
  
have	
  similar	
  connec-vity	
  

•  Biologically	
  mo.vated,	
  fewer	
  highly	
  connected	
  genes	
  means	
  
that	
  a	
  system	
  is	
  more	
  robust	
  to	
  failure	
  of	
  any	
  one	
  gene	
  

3.  How	
  do	
  we	
  get	
  a	
  robust	
  measure	
  of	
  connec-vity	
  for	
  
iden-fying	
  modules?	
  
–  Topological	
  Overlap	
  Measure	
  

•  Includes	
  a	
  measure	
  of	
  how	
  many	
  “friends”	
  two	
  genes	
  have	
  in	
  
common	
  

•  Protects	
  against	
  spurious	
  correla-ons	
  among	
  genes	
  

42	
  



Example	
  Co-­‐Expression	
  Module	
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•  Edge	
  thickness	
  is	
  weighted	
  
based	
  on	
  magnitude	
  of	
  
correla.on	
  between	
  nodes.	
  

•  Blue	
  edges	
  represent	
  a	
  
posi.ve	
  correla.on	
  between	
  
nodes.	
  

•  Red	
  edges	
  represent	
  a	
  
nega.ve	
  correla.on	
  
between	
  nodes.	
  

•  Node	
  size	
  is	
  weighted	
  based	
  
on	
  connec.vity	
  within	
  
module.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  



Summary	
  of	
  Expression	
  Pa8ern	
  Within	
  
Co-­‐Expression	
  Module	
  

•  Eigengene	
  
– First	
  Principal	
  Component	
  
•  Maximize	
  the	
  amount	
  of	
  variance	
  in	
  expression	
  
captured	
  by	
  a	
  single	
  value	
  per	
  strain/sample	
  	
  

•  Hub	
  Gene	
  
– Most	
  ‘connected’	
  gene	
  within	
  a	
  module	
  
– May	
  have	
  biological	
  implica-ons	
  



WGCNA	
  



Azure	
  Module	
  



Azure	
  Module	
  Table	
  



Eigengene	
  eQTL	
  



Physical	
  Loca-on	
  of	
  Genes	
  with	
  
Module	
  



Circos	
  
Eigengene	
  eQTL	
  



Gene	
  Ontology	
  



RNA	
  Expression	
  Across	
  Tissues	
  



Probe	
  Set	
  Level	
  Data	
  
Probe	
  Set	
  Level	
  Data	
  needs	
  to	
  collect	
  and	
  parse	
  lots	
  of	
  data.	
  	
  	
  

Click	
  on	
  the	
  tab,	
  and	
  wait	
  a	
  minute	
  before	
  pushing	
  the	
  View	
  Affy	
  Probe	
  Set	
  Details	
  bu8on	
  



Differences	
  Between	
  Parental	
  Strains	
  
Across	
  Tissues	
  



Panel	
  Exon	
  Correla-on	
  In	
  Different	
  
Tissues	
  

Brain	
  

Heart	
  

Liver	
  

Brown	
  Adipose	
  



FROM	
  PHENOTYPE	
  TO	
  CANDIDATE	
  
GENES	
  



Gene-cal	
  Genomics/Phenomics	
  
Approach	
  

Complex traits

and diseases

Sequence

Polymorphisms

Variations in

transcript level

Genetic Studies
- Linkage Analysis

- Association Studies

Gene Expression

Studies
- Microarray Analysis

“Genetic Genomics”
- Gene Expression QTL

Analysis

Image	
  copied	
  from	
  “The	
  Marriage	
  of	
  Phenomics	
  and	
  Gene-cal	
  Genomics:	
  A	
  Systems	
  Approach	
  to	
  Complex	
  Trait	
  
Analysis”	
  in	
  Systems	
  Biology	
  in	
  Psychiatric	
  Research:	
  From	
  High-­‐Throughput	
  Data	
  to	
  Mathema-cal	
  Modeling,	
  edited	
  
by	
  Te8er	
  F,	
  Winterer	
  G,	
  Gebicke-­‐Haerter	
  PG,	
  and	
  Mendoza	
  E.	
  Wiley-­‐VCH	
  2010.	
  



Data	
  

•  What	
  you	
  provide	
  
– Quan-ta-ve	
  phenotype	
  data	
  from	
  one	
  of	
  the	
  
following	
  panels:	
  
•  BXD	
  RI	
  mice	
  
•  LXS	
  RI	
  mice	
  
•  HXB/BXH	
  RI	
  rats	
  

•  What	
  we	
  provide	
  
– RNA	
  expression	
  levels	
  
– SNP	
  informa-on	
  



Gene-c	
  Correla-on	
  
RNA	
  Expression	
  Levels	
  Correlated	
  with	
  Phenotype	
  



Phenotypic	
  QTL	
  
DNA	
  Variants	
  Associated	
  with	
  Phenotype	
  



Expression	
  QTL	
  
DNA	
  Variants	
  Associated	
  with	
  RNA	
  Expression	
  Levels	
  



DOWNLOADS	
  



Downloadable	
  Files	
  
•  Microarray	
  Expression	
  Data	
  
–  Raw	
  
–  Processed	
  
–  eQTL/heritability	
  

•  Genotype	
  Data	
  
•  RNA-­‐Seq	
  Data	
  
–  Raw	
  
–  Processed	
  

•  Code	
  
– Github	
  



FUTURE	
  DIRECTIONS	
  



Future	
  Data	
  Plans	
  

Strains	
   Tissue	
   Sex	
  

Number	
  of	
  
Biological	
  

Replicates	
  Per	
  
Strain	
  

Number	
  of	
  Paired-­‐
End	
  Reads	
  

	
  (rRNA-­‐depleted	
  total	
  
RNA)	
  

Number	
  of	
  
Single-­‐	
  End	
  

Reads	
  
	
  (small	
  RNA)	
  

30	
  Classic	
  Inbred	
  Rat	
  Strains	
   brain	
   male	
   4	
   18	
  trillion	
   5.5	
  billion	
  

30	
  RI	
  Rat	
  Strains	
   brain	
   male	
   4	
   18	
  trillion	
   5.5	
  billion	
  

30	
  Classic	
  Inbred	
  Rat	
  Strains	
   liver	
   male	
   4	
   18	
  trillion	
   5.5	
  billion	
  

30	
  RI	
  Rat	
  Strains	
   liver	
   male	
   4	
   18	
  trillion	
   5.5	
  billion	
  



Func-ons	
  to	
  Add	
  in	
  Future	
  

•  mul-MiR	
  (miRNA/mRNA	
  pairs)	
  for	
  rat	
  
– Currently	
  implemented	
  for	
  mouse	
  

•  WGCNA	
  for	
  uploaded	
  data	
  sets	
  
•  Causal	
  inference	
  in	
  co-­‐expression	
  modules	
  
•  Google	
  drive	
  integra-on	
  
	
  


