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Finding	
  the	
  Genetic	
  Cause	
  of	
  a	
  Rare	
  

Mendelian Disease

I	
  am	
  a	
  cool	
  dude.

Finding	
  the	
  Genetic	
  Cause	
  of	
  a	
  Rare	
  

Mendelian Disease

I	
  am	
  a	
  coal dude.

Geneticists  call  this  a  “missense”  mutation;;  still  makes  a  

protein,  but  the  protein  isn’t  making  as  much  sense.

Finding	
  the	
  Genetic	
  Cause	
  of	
  a	
  Rare	
  

Mendelian Disease

I	
  am	
  a	
  cool	
  rude.

This  makes  even  less  sense;;  it  is  a  

more  deleterious  missense  mutation.

Finding	
  the	
  Genetic	
  Cause	
  of	
  a	
  Rare	
  

Mendelian Disease

I	
  am	
  a	
  cmol dude.

This  is  closer  to  a  “nonsense”  mutation;;  mutation  creates  a  

protein  that  can’t  go  to  completion.



Finding	
  the	
  Genetic	
  Cause	
  of	
  a	
  Rare	
  

Mendelian Disease

I	
  am	
  a	
  fool dude.

This  might  be  considered  a  “gain-­of-­function”  mutation.  The  

protein  is  active  – but  is  doing  something  entirely  new.

Common  Diseases
• Are  familial,  in  that  the  risk  of  disease  in  a  
relative  of  an  affected  person  is  higher  
than  the  risk  in  the  general  population,  
but  the  transmission  is  not  simple

• Many  genetic  and  non-­genetic  risk  factors  
contribute  to  common  diseases

• Any  disease  that  sends  people  to  doctors  
or  hospitals  may  have  a  genetic  
component

Finding  Genetic  Factors  Contributing  to  a  

Common  Disease…

Eating	
  lots	
  of	
  sugar	
  and	
  fat	
  is	
  good	
  for	
  

increasing	
  your	
  risk	
  of	
  diabetes.	
  Instead	
  eat	
  

lots	
  of	
  fruits	
  and	
  vegetables.

Finding  Genetic  Factors  Contributing  to  a  

Common  Disease…

Eating	
  lots	
  of	
  sugar	
  and	
  fat	
  is	
  good! For	
  

increasing	
  your	
  risk	
  of	
  diabetes	
  instead	
  eat	
  

lots	
  of	
  fruits	
  and	
  vegetables.



Genomic  Discoveries  for  Rare  Mendelian Disease Genomic  Discoveries  for  Common  Disease

Genomic  Discoveries  for  Common  Disease
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Picking  Mendelian Cherries

Genotyping Sequencing

Relating  Variation  to  Phenotype

Common

Variants

Rare

Variants

Relating  Variation  to  Phenotype

Genome  

Interrogation



Galton,  

1889

Galton,  

1889

Estimating  Heritability  from  SNPs





Transcriptomics

Review



Measuring  Transcript  Levels
Illustration  of  eQTL

(An  integration:  genome  x  transcriptome)

Gene  

Expression

Genotype

CDR

PRC

Virginia  Beach
Roanoke

Richmond

Data  analysis
eGTEx
BSS

OPO
CBR
CDR
Brain  bank

LDACC

Inactive  site

NIH
ELSI



Tissue  sharing  of  

eQTL effects

Larger  sample  

sizes  allow  

detection  of  

more  tissue-­

specific  eQTLs



GWAS  and  

Transcriptomics

Fold  

enrichment  

(proportion  

of  h2

explained  

by  eQTLs /  

proportion  

of  total  

SNPs  that  

were  tissue-­

specific  

eQTLs)



What  is  

Data  Integration?
Complex  Traits

Not    Really  Data  Integration  

(just  many  data  types)



Data  

Integration

Novembre et  al,  2008,  Vol  4566  doi:10.1038/nature07331

Data  Integration:

Phenome X  -­OMICS

What  can  we  do  uniquely  

well  in  biobank data?

How  can  biobank strengths  

improve  understanding  of  

mechanisms  of  disease?  

What  Biobanks Do  Uniquely  Well?

CAUSAL  

GENE

Relevant  

tissues,  

cell  types,



What  Biobanks Do  Uniquely  Well?

CAUSAL  

GENE

Relevant  

tissues,  

cell  types,

NOT!
-­‐OMICS

• Genome	
  variation

• Transcriptomes

• Metabolomes

• Methylomes

Biobanks

-­‐OMICS

• Genome	
  variation

• Transcriptomes

• Metabolomes

• Methylomes

Biobanks

Measure

Impute

-­‐OMICS

• Genome	
  variation

• Transcriptomes

• Metabolomes

BioVU

Imputed

~250,000

samples

~10-­15  

yrs of  

EHR

120K



~285,000  with  

EHR  phenome

and  genome  

data

2.8  million  with  

just  EHR  data

Phenome-­wide  

Association  

Study  (PheWAS)  

of  Neanderthal  

Variants

Hypercoagulable state  OR  3.3

Coagulation  defects  OR  1.3

Other  venous  embolism  and  thrombosis  OR  1.25

Stiffness  in  joint  OR  1.4

What  can  we  do  uniquely  well  in  BioVU?

GWAS:  What  variants  are  

associated  with  this  phenotype?

PheWAS:  What  phenome is  

associated  with  this  variant?

PrediXcan (Gamazon et  al.,  2015,  Nat  Genet)

https://github.com/hakyimlab/PrediXcan

T =	
  Σ ω
k
X
k
+	
  ε

k

GReX – Genetically  

Regulated  Expression

Reference  panel:  GTEx



GTEx:  WGS  and  

RNA-­Seq

in  44  tissues  

from  ~450  

(>950)  subjects

High  quality  

prediction  

performance  

in  18,483  

genes  and  

lncRNAs

BioVU:  >250K  

subjects,  linked  

to  EHR  going  

back  on  

average  10-­15  

years;;  ~50K  

with  genome  

interrogation,  

>120K  by  2018

PredixVU catalog  is  

a  discovery  engine  

for  gene-­phenotype  

relationships  and  

iteration  to  primary  

mechanism  of  

disease

PrediXcan XT-­‐SCANUTMOST

Prediction

Model

Cross-­‐tissue No Yes Yes

Elastic	
  Net
Sparse	
  

Group	
  LASSO

Weighted

Elastic	
  Net

Incorporate	
  

regulatory	
  elements
No No Yes	
  (DHS)

Comparison

Incorporate	
  

expression	
  similarity
No No Yes	
  

Dan	
  Zhou

Eric	
  Gamazon

Gene	
  expression	
  similarity

1.	
  For	
  each	
  gene,

Compare	
  the	
  DHS	
  profile	
  

(around	
  TSS)	
  similarity	
  for	
  

each	
  tissue-­‐tissue	
  pair.

2.	
  Quantile	
  normalization	
  for	
  

the	
  similarity	
  across	
  genome.

Deschenes A,	
  (2018).	
  similaRpeak:	
  Metrics	
  to	
  estimate	
  a	
  level	
  of	
  similarity	
  between	
  two	
  ChIP-­‐Seq profiles.

Not	
  enough	
  data	
  for	
  

histone	
  modifications,	
  

even	
  for	
  H3K27ac,	
  

H3K4me3,	
  etc.

DHS	
  profile	
  similarity	
  



Performance	
  comparison	
  among	
  PrediXcan,	
  UTMOST,	
  and	
  XT-­‐SCAN What  Discoveries  Do  Biobanks

Uniquely  Enable?
Tennesee Biobanks
Special Recipe:

Genes  (with  

known  

function)

Phenome!

What  does  this  gene  do?

What  does  the  natural  variation  

in  the  expression  of  this  gene  

associate  with  across  the  

medical  phenome?

Gene-­based  PheWAS
• Characterize  

larger-­scale  

consequences  of  

genes

• More/better  ways  

to  mechanism

• PheRS larger,  

richer  targets  for  

gene  discovery

The  Full  Medical  Phenome!



Genome  X  Transcriptome X  EHR

PredixVU:  A  Catalog  for  

Viewing  Gene-­Based  

Phenome-­Wide  Association

…	
  or	
  gene	
  set,	
  pathway,	
  

network	
  …

Query	
  

by	
  gene!

ZNF577

Trait R2 OR  per  unit  SD P-­value
Cases

Controls

Viral  hepatitis  C 0.37 0.84 6.21E-­07 808 20904

Viral  hepatitis 0.37 0.86 4.38E-­06 937 20904

Malignant  neoplasm  of  liver,  primary 0.37 0.81 1.61E-­04 267 22080

Cancer  of  liver  and  intrahepatic  bile  duct 0.37 0.82 2.43E-­04 318 22080

Precordial  pain 0.37 1.22 4.34E-­04 374 12283

Genome  X  Transcriptome X  EHR

PredixVU:  A  Catalog  for  

Viewing  Gene-­Based  

Phenome-­Wide  Association

Test  pleiotropy,  investigate  

phenome relationships,  …

Query	
  by	
  

phenotype!

Viral  Hepatitis  C

Gene R2 OR  per  unit  SD P-­value Cases Controls

ZNF577 0.37 8.44E-­01 6.21E-­07 808 20904

ZNF649 0.12 8.48E-­01 1.85E-­06 808 20904

SPAG1 0.22 8.63E-­01 2.98E-­05 808 20904

KLRC1 0.42 8.57E-­01 4.31E-­05 808 20904

CST2 0.14 8.64E-­01 4.42E-­05 808 20904



Intestinal  Infection
Gene     R2 OR  per  unit  SD   P-­value Cases Controls

NDUFA4 0.03 1.16 1.83E-­09 1608 24187

C10orf120 0.006 1.13 4.92E-­08 1608 24187

TJP1 0.066 1.12 5.27E-­06 1608 24187

YEATS2 0.012 0.89 6.33E-­06 1608 24187

DGAT2 0.12 1.12 1.11E-­05 1608 24187

GNA12 0.23 1.12 1.32E-­05 1608 24187

ZNF525 0.13 0.89 1.96E-­05 1608 24187

ALLC 0.15 0.89 2.08E-­05 1608 24187

HDGFRP2 0.005 0.90 3.45E-­05 1608 24187

A  Fish(ing)  Story
Tennesee Biobanks
Special Recipe:

Phenome?
RIC1

Mechanism:  

Moves  fibrillar

collagens  out  

of  cells



BioVU Phenome for  RIC1/RGP1

• Bone,  fracture, and  connective  tissue  
disorders

• Tooth  development  and  eruption

• Gait  disorders  

• Asthma,  heart  valve  defects  and  replacement    

• Esophageal,  gut  and  digestive  disorders

• Strabismus,  amblyopia

• Neurological  and  neuropsychiatric  disorders

Results  of  BioVU studies  prompted  zebrafish

studies  of  tooth  development…
Muscle  

attachment  

studies  in  small  

(eye)  and  large  

muscles…



And  brain  

studies

BioVU

results  used  

to  guide  the  

re-­evaluation  

of  patient  

phenomes

From  Moms:

Gut  Phenome



Pleiotropy:
RIC1,  RGP1  fail  to  traffic  fibrillar collagens  – the  most  abundant  

extracellular  matrix  proteins  in  vertebrates,  providing  tissues  and  

organs  with  form,  stability  and  connectivity      

Inadequate  ECM,  failure  to  

produce  cartilage:

asthma,  organ  prolapse,  

connective  tissue  

disorders,  valve  defects,  

fracture,  tooth  defects

Failure  of  muscle  

attachment:

strabismus,  

amblyopia,  gait  

disorders

Inadequate  brain  ECM:

Epilepsy,  pervasive  

developmental  delay,  

intellectual  disability,  

ADHD,  alcohol  related  

disease,  restless  legs

Failure  of  basement  membrane:  

digestive  disorders,  vitamin  /  

mineral  deficiencies,  malabsorption

Phenome Fishing  to  Find  More  

Genes  in  the  RIC1/RGP1  Space

Use  a  Phenome Risk  Score  

(PheRS)  as  the  phenotype  

(rather  than  an  individual  

disease  code)  

AND
Population of N 
individuals, with 
np the number 
with phenotype p

Lisa  Bastarache Josh  Denny                                Dan  Roden



COL14A1,  COL3A1,  COL5A2,  COL9A3  

(Duh!)  

FAM124A,  FGD6,  EPC2,  EPPK1,  

ADAMTSL4,  ATP5H,  EDEM2,  CPT1A

Genes  with  Significant  Association  

to  RIC1/RGP1  PheRS

Exchanges	
  bound	
  GDP	
  for	
  free	
  GTP	
  – a	
  

key	
  part	
  of	
  the	
  RIC1/RGP1	
  machine	
  

for	
  collagen	
  transport

Attaches	
  to	
  fibrillin and	
  fibrillar collagens	
  to	
  stabilize	
  extracellular	
  matrix

ER-­‐associated	
  degradation	
  of	
  misfolded glycoproteins

Creating  a  Poly-­gene  Score  for  

ECM  Strength

• Directions  of  effects  consistent  across  

the  genes  functioning  to  strengthen  

ECM

• Sum  predicted  expression  across  gene  

set  to  probe  phenome associations  to  

ECM  strength

Pleiotropy is  ubiquitous.

Mysterious.  Until  we  

understand  the  biology.

Worth  trying  to  find  and  use.

Continuum  from  Mendelian to Complex

Continuum  from  LOF  to deleterious to   expression



Mendelian Genes

The  10%  we  see  as  

Mendelian disease

The  90%  under  the  surface  –

influence  on  common  disease

Genes  for  Cardiac  Congenital  Anomalies

AND
Population of N 
individuals, with 
np the number 
with phenotype p

VACTERL:  at  least  3  of…
vertebral	
  defects,	
  anal	
  atresia,	
  cardiac	
  

defects,	
  tracheo-­‐esophageal	
  fistula,	
  

renal	
  anomalies,	
  and	
  limb	
  abnormalities

Tyne  Miller

GReX Associated  with  VACTERL  PheRS

Gene P Tissue

SNX25 8.39E318 ArteryAorta

UBE2W 8.39E318 Brain_Cerebellum

RPS17 8.39E318 Brain_NucleusAccumbensBasalGanglia

MYBL1 8.39E318 Liver

HLA_DQB1 8.39E318 Vagina

PCSK4 8.39E318 WholeBlood

HLA_DQA2 4.90E316 Spleen

HLA_DQA1 1.27E313 Vagina

DHODH 2.27E311 Prostate

ACTA2 3.60E309 SkinNOTSunExposed

POLQ 1.56E307 ArteryAorta

VSX1 1.56E307 Brain_Cerebellum

ZFYVE1 1.56E307 Brain_NucleusAccumbensBasalGanglia

LILRB4 1.56E307 WholeBlood

ACSL1 2.24E307 Adrenal
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Gene P Tissue
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G  X  E

Using  pleiotropy to  aid  

discovery…
No  gene  exists  simply  to  cause  human  disease…

Alzheimers

Osteomyelitis Fracture Fracture Hallucination

Xue Zhong,  PhD

Trait OR  per  unit  SD p-­value Cases Controls

Unspecified  osteomyelitis 8.38E-­01 4.03E-­05 524 19865

Fracture  of  upper  limb 8.95E-­01 6.03E-­05 1355 21096

Acute  osteomyelitis 7.79E-­01 7.06E-­05 231 19865

Fracture  of  humerus 8.41E-­01 7.18E-­05 504 21096

Bacterial  enteritis 1.15E+00 7.67E-­05 948 24187

Intestinal  infection  due  to  C.  difficile 1.15E+00 1.10E-­04 894 24187

Heart  failure  with  reduced  EF 9.15E-­01 1.10E-­04 2262 16102

Osteomyelitis 8.70E-­01 1.41E-­04 735 19865

Osteomyelitis,  periostitis,  and  other 8.80E-­01 2.14E-­04 835 19865

Congenital  anomalies  of  limbs 6.75E-­01 2.34E-­04 76 24947

Phenome Associations  to  GReX of  PSEN1

Fractures:  patella,  

radius,  ulna,  

vertebral  column

Brain:  intracranial  

hemorrhage,  

subdural  

hemorrhage,  

cerebral  aneurism,  

Alzheimers



TREM2 GReX Associations

Trait OR  per  unit  SD p-­value Cases Controls

Chronic  osteomyelitis 8.18E-­01 1.40E-­05 344 19865

Acute  osteomyelitis 7.93E-­01 1.97E-­05 231 19865

Cerebral  laceration  and  contusion 7.34E-­01 5.55E-­05 97 24586

Unspecified  osteomyelitis 8.59E-­01 1.17E-­04 524 19865

Osteomyelitis 8.79E-­01 1.51E-­04 735 19865

Diverticulitis 8.47E-­01 4.98E-­04 345 17352

Hallucinations 7.44E-­01 7.18E-­04 77 18928

Nasu-­Hakola Disease Alzheimers and  other  dementias

Fractures:  patella,  

radius,  ulna,  vertebral  

column

Brain:  Delerium,  

psychogenic  disorder,  

dementia  with  

cerebral  

degenerations

Osteoclasts  and  microglia  share  a  

developmental  lineage…

• Substantial  overlap  in  genes  

expressed,  and  the  genetic  architecture  

of  their  gene  regulation

• Additional  of  the  genes  implicated  in  

Alzheimers show  similar  patterns  of  

phenome association

In  2.8M  Subjects  with  EHR…

• Age  at  diagnosis  for  osteomyelitis  is  

15-­20  years  earlier  than  diagnosis  of  

dementia

• Subjects  with  osteomyelitis  diagnosed  

before  60  have  4-­6  X  increased  risk  of  

dementia  diagnosis  after  age  70

In  Silico Drug  Trials

• Already  conducting  in  silico drug  trials:  
Do  patients  taking  a  drug  for  one  
indication  have  altered  risk  or  age  at  
onset  for  another  disease  (e.g.  AD)?  YES

• Pleiotropic  phenome discovered  through  
genetics  creates  a  larger  target  for  
discovery  and  validation  for  in  silico and  
later  clinical  trials



Translation  Today

“Traditional”  

genetics/genomics

Translation  Tomorrow

“Traditional”  

genetics/genomics

The  90%  Under  the  Surface  –

Computation    and  Decision  Support

Biomarkers

Genetics Environment

LDL

Cystatin C

Metabolome

proxies  of  

coding  

variants

Improving  Commonly  Used  Biomarkers

New  –Omics Biomarkers

Discovery  of  New  

Biomarker  Relationships



Ranges  and  Thresholds

• Some  biomarker  measurements  

are  adjusted  for  sex,  age,  

race/ethnicity

• It  is  not  about  race/ethnicity!  It  is  

about  DNA  variation  with  

frequency  differences  by  

historical  geographic  ancestry

Predictive  Modeling

• Done  extensively  in  learning  healthcare  
systems  now

• Where  can  we  add  genetics  to  the  
modeling  and  get  improvement?

• For  the  most  expensive  conditions,  
even  marginal  improvements  in  
prediction  yield  better  care,  lower  costs  

The  IOTA  Concept:
When  we  already  have  the  genome  

information,  even  an  iota  of  

improvement  over  current  practice  

(or  existing  predictive  models)  will  

have  value  for  the  most  expensive  

and  common  conditions


