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Starting point: defining core genes (such as TLR3 for herpes simplex 
encephalitis), then looking for genes “closest” to core genes 

Finding a needle in a haystack: which gene 
is disease-causing in a patient? 



Estimating the relatedness of TANK (candidate 
gene) and TLR3 (core gene) 

•  TANK:   
a “low-hanging 
fruit”  

•  Finding biologically 
plausible route 
from TANK to 
TLR3: 

     - Hundreds of 
         possible routes 

 - Days of String   
         and Pubmed 
         research 

Szklarczyk, D., et al. (2011) The STRING database in 2011: functional interaction networks of proteins, 
globally integrated and scored, Nucleic Acids Res, 39, D561-568. 



A spoiler:

TLR3 

CC2D1A 

•  CC2D1A:   
a TLR3 pathway 
gene 

•  Finding biologically 
plausible route 
from CC2D1A to 
TLR3: 

     - Millions of 
         possible routes 

 - Years of String   
         and Pubmed 
         research 

 
Franceschini A., et al. (2011) STRING v9.1: protein-protein 
interaction networks, with increased coverage and integration 
Nucleic Acids Res, D808-15. 

Estimating the relatedness of CC2D1A 
(candidate gene) and TLR3 (core gene) 



Other state-of-the-art tools: direct 
connections only 

Alexeyenko, A., et al. (2012) Comparative interactomics 
with Funcoup 2.0, Nucleic Acids Res, 40, D821-D828.

Funcoup 
Lee, I., et al. (2011) Prioritizing candidate disease genes 
by network-based boosting of genome-wide association 
data, Genome Res. 7,1109-1021
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The String database: direct connections 
between 2 proteins 

Protein A Protein B Confidence Score 
ENSP00000000233 ENSP00000254584 18 
ENSP00000000233 ENSP00000296557 33 
ENSP00000000233 ENSP00000350199 42 
ENSP00000000233 ENSP00000355153 51 
ENSP00000000233 ENSP00000262305 79 
ENSP00000000233 ENSP00000255194 344 
ENSP00000000233 ENSP00000204517 776 
ENSP00000000412 ENSP00000221957 9 
ENSP00000000412 ENSP00000338297 29 
ENSP00000000412 ENSP00000236671 37 
ENSP00000000412 ENSP00000302665 38 
ENSP00000000412 ENSP00000259711 42 
ENSP00000000412 ENSP00000341344 68 
ENSP00000000412 ENSP00000311962 92 
ENSP00000000412 ENSP00000306920 99 
ENSP00000000412 ENSP00000245541 178 
ENSP00000000412 ENSP00000344401 249 
ENSP00000000412 ENSP00000259470 262 
ENSP00000000412 ENSP00000361125 304 
ENSP00000000412 ENSP00000278412 399 
ENSP00000000412 ENSP00000281527 400 
ENSP00000000412 ENSP00000295297 400 
ENSP00000000412 ENSP00000343348 400 
ENSP00000000412 ENSP00000357981 400 
ENSP00000000412 ENSP00000217244 421 
ENSP00000000412 ENSP00000216297 517 
ENSP00000000412 ENSP00000262506 517 
ENSP00000000412 ENSP00000351671 517 
ENSP00000000412 ENSP00000395546 517 
ENSP00000000412 ENSP00000415615 517 
ENSP00000000412 ENSP00000164133 754 
ENSP00000000412 ENSP00000221138 754 
ENSP00000000412 ENSP00000261461 754 
ENSP00000000412 ENSP00000261475 754 
ENSP00000000412 ENSP00000264977 754 
ENSP00000000412 ENSP00000300413 754 
ENSP00000000412 ENSP00000311344 754 
ENSP00000000412 ENSP00000333905 754 
ENSP00000000412 ENSP00000335083 754 
ENSP00000000412 ENSP00000336591 754 
ENSP00000000412 ENSP00000337641 754 
ENSP00000000412 ENSP00000370113 754 
ENSP00000000412 ENSP00000375080 754 
ENSP00000000412 ENSP00000381100 754 
ENSP00000000412 ENSP00000382021 754 
ENSP00000000412 ENSP00000417963 754 
ENSP00000000412 ENSP00000418447 754 
ENSP00000000442 ENSP00000264867 9 
ENSP00000000442 ENSP00000254227 21 

Strong connection 
 short direct 

biological distance 

E
E
E
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Aim: estimating the shortest distance and route between 
any two human genes using a shortest distance algorithm 
on the full human genome network 



The human genes connectome (HGC) 
-  Calculated on the human genes network using the 

Dijkstra algorithm. A matrix sized 12,009 X 12,009 X 2  
-  Shortest biologically plausible distances between all 

human gene pairs 
-  Shortest biologically plausible routes between all human 

gene pairs 

 

Itan, Y., et al. (2013) The human 
gene connectome as a map of 
short cuts for morbid allele 
discovery. PNAS, 110(14):5558-63.  



A gene-specific connectome (TLR3) 
Target 
gene 

Distance 
from 
TLR3 

Rank 
P-value 
(percentile) 

Median 
ratio 

Average 
ratio Sphere Predicted route to TLR3 

Degrees of 
separation 
with TLR3 

TLR3 0.000 0 0.000 0.000 0.000 0 TLR3 0 
TRIF (TICAM1) 1.001 1 <0.001 0.059 0.050 0 TLR3[1.001]TRIF 1 
MYD88 1.002 2 <0.001 0.059 0.050 0 TLR3[1.002]MYD88 1 
IRAK2 1.023 3 <0.001 0.060 0.051 0 TLR3[1.023]IRAK2 1 
UNC93B1 1.081 4 <0.001 0.064 0.054 0 TLR3[1.081]UNC93B1 1 
HMGB1 1.128 5 <0.001 0.066 0.056 0 TLR3[1.128]HMGB1 1 
TICAM2 1.134 6 <0.001 0.067 0.056 0 TLR3[1.134]TICAM2 1 
LY86 1.187 7 0.001 0.070 0.059 0 TLR3[1.187]LY86 1 
RNF216 1.363 8 0.001 0.080 0.068 0 TLR3[1.363]RNF216 1 

SRC 1.405 9 0.001 0.083 0.070 0 TLR3[1.405]SRC 1 
PIK3R1 1.615 10 0.001 0.095 0.080 0 TLR3[1.615]PIK3R1 1 
IL1B 4.004 11 0.001 0.236 0.199 0 TLR3[1.002]MYD88[1.0]IL1B 2 
IL1R1 4.004 12 0.001 0.236 0.199 0 TLR3[1.002]MYD88[1.0]IL1R1 2 
IRAK1 4.004 13 0.001 0.236 0.199 1 TLR3[1.002]MYD88[1.0]IRAK1 2 
IRAK4 4.004 14 0.001 0.236 0.199 1 TLR3[1.002]MYD88[1.0]IRAK4 2 
IRF3 4.004 15 0.001 0.236 0.199 1 TLR3[1.001]TRIF[1.001]IRF3 2 

IRF7 4.004 16 0.001 0.236 0.199 1 TLR3[1.002]MYD88[1.0]IRF7 2 
TLR4 4.004 17 0.001 0.236 0.199 1 TLR3[1.002]MYD88[1.0]TLR4 2 
IRAK3 4.006 18 0.001 0.236 0.199 1 TLR3[1.002]MYD88[1.001]IRAK3 2 
FADD 4.008 19 0.002 0.236 0.199 1 TLR3[1.002]MYD88[1.002]FADD 2 
TLR9 4.008 20 0.002 0.236 0.199 1 TLR3[1.002]MYD88[1.002]TLR9 2 
IRF5 4.010 21 0.002 0.236 0.199 1 TLR3[1.002]MYD88[1.003]IRF5 2 

TBK1 4.010 22 0.002 0.236 0.199 1 TLR3[1.001]TRIF[1.004]TBK1 2 
TLR2 4.012 23 0.002 0.236 0.199 1 TLR3[1.002]MYD88[1.004]TLR2 2 
TLR8 4.012 24 0.002 0.236 0.199 1 TLR3[1.002]MYD88[1.004]TLR8 2 
CD14 4.016 25 0.002 0.236 0.199 1 TLR3[1.002]MYD88[1.006]CD14 2 
TLR5 4.024 26 0.002 0.237 0.200 1 TLR3[1.002]MYD88[1.01]TLR5 2 
TRAF6 4.028 27 0.002 0.237 0.200 1 TLR3[1.001]TRIF[1.013]TRAF6 2 
Sort any list of genes by biological proximity to the phenotype’s 
known core gene(s) 



Red: known HSE 
causing genes 
Green: known 
TLR3 pathway 
genes 
Pink: expected 
novel HSE causing 
and TLR3 pathway 
genes 

Functional Genomic Alignment 
(FGA): clustering by biological 
distance 

and TLR3 pathhway 
genes 



New 
experimentally 
validated disease-
causing genes 
predicted by 
HGC 

Itan, Y. and Casanova, JL. (2015). Novel 
primary immunodeficiency candidate 
genes predicted by the human gene 
connectome. Front. Immunol, 6:142.



How many experimental biologists do we lose 
when having only a command-line option? 

 A small survey: 
losing 4 out of 5 
potential users 
due to command 
line terminal 
phobia 



The human gene connectome server (HGCS): an easy 
to use online interface for prioritizing genes by 
biological distance. http://hgc.rockefeller.edu/ 
   Instructions: 

  Put core genes in left box 
  Put genes of interest in right box 
  Press “rank genes” button 

Itan, Y., et al. (2014) HGCS: an online tool for 
prioritizing disease-causing gene variants by 
biological distance. BMC Genomics, 15:256. 



But… What if there isn’t a known core 
gene, and we have a cohort of 30 patients 
having the same Mendelian disease, each 
has 1000 genes with variants, assuming 
some genetic heterogeneity? 

•  Hypothesis: given properly filtered lists of genes, the 
biologically smallest cluster of genes in a cohort of 
patients includes the disease causing gene for each of 
these patients  
 



What is the best possible meal (including wine, 
1st course, main and dessert) in a restaurant? 

•  Wine list (patient #1): red, 
white, whiskey 
•  1st course list (patient #2): 
salad, soup 
•  Main course list (patient #3): 
steak, chicken 
•  Dessert (patient #4): cake, 
tiramisu, cognac  

36 possible combinations



For some customers (diseases) the best meal (smallest 
cluster) would be a different order of courses (genes) 

Soup and tiramisu 
is nice 

899 possible combinations



The number of possible clusters of one gene 
per patient 

•  Number of patients P=30 
•  Number of polymorphic genes per patient N=1000 

~= 1000x1000x…x1000x(1x2x…x30) = 100030x30! =  
~= 2.6x10122  NP-complete 
 

Number of atoms in the universe: 1080 

Amount of information contained in the universe: 1090 
 

Amount of time to calculate all possible clusters if all the 
computers in the world are used: 8.24x1097 years 
 
Conclusion: a medium cohort of patients contains more 
information than the universe  



Expanding Core Mendelian Clustering  (ECMC) 
of HSE patients’ gene variants – a hypothetical 
example 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
TBK1 UBA5 TRIF OLFM4 TTN
PAK7 LTK NOP16 MAPK9 MUC3
HMI3 SMURF2 X11 FAT2 TRPM3
PNPO TYRO3 XKR7 CONT4 TLR3
LCP2 TRAF3 SHB UNC93B1 RHOV

  The biological distance between all human genes 
is known and pre-calculated 
  Starting with a temporary core gene (TBK1) – 
gene #1 in patient 1 



Expanding Core Mendelian Clustering  (ECMC) 
of HSE filtered genes – a hypothetical example 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
TBK1 UBA5 TRIF OLFM4 TTN
PAK7 LTK NOP16 MAPK9 MUC3
HMI3 SMURF2 X11 FAT2 TRPM3
PNPO TYRO3 XKR7 CONT4 TLR3
LCP2 TRAF3 SHB UNC93B1 RHOV

  Q:  Which gene in all patients other than patient 1 
is biologically closest to TBK1? 
  A: TRAF3  



Expanding Core Mendelian Clustering  (ECMC) 
of HSE filtered genes – a hypothetical example 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
TBK1 UBA5 TRIF OLFM4 TTN
PAK7 LTK NOP16 MAPK9 MUC3
HMI3 SMURF2 X11 FAT2 TRPM3
PNPO TYRO3 XKR7 CONT4 TLR3
LCP2 TRAF3 SHB UNC93B1 RHOV

  Q: Which gene in all patients other than patients 1 
and 2 is biologically closest to TBK1 and TRAF3? 
  A: TLR3  



Expanding Core Mendelian Clustering  (ECMC) 
of HSE filtered genes – a hypothetical example 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
TBK1 UBA5 TRIF OLFM4 TTN
PAK7 LTK NOP16 MAPK9 MUC3
HMI3 SMURF2 X11 FAT2 TRPM3
PNPO TYRO3 XKR7 CONT4 TLR3
LCP2 TRAF3 SHB UNC93B1 RHOV

  Q:  Which gene in all patients other than patients 1, 
2 and 5 is biologically closest to TBK1, TRAF3 and 
TLR3? 
  A: UNC93B1  



Expanding Core Mendelian Clustering  (ECMC) 
of HSE filtered genes – a hypothetical example 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
TBK1 UBA5 TRIF OLFM4 TTN
PAK7 LTK NOP16 MAPK9 MUC3
HMI3 SMURF2 X11 FAT2 TRPM3
PNPO TYRO3 XKR7 CONT4 TLR3
LCP2 TRAF3 SHB UNC93B1 RHOV

  Q:  Which gene in all patients other than patients 1, 
2, 4 and 5 is biologically closest to TBK1, TRAF3, 
TLR3 and UNC93B1? 
  A: TRIF  



Moving on to gene #2 in patient 1 as the 
temporary core gene 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
TBK1 UBA5 TRIF OLFM4 TTN
PAK7 LTK NOP16 MAPK9 MUC3
HMI3 SMURF2 X11 FAT2 TRPM3
PNPO TYRO3 XKR7 CONT4 TLR3
LCP2 TRAF3 SHB UNC93B1 RHOV

  Q:  Which gene in all patients other than patient 1 
is biologically closest to PAK7? 
  … 



After rigorous conventional filtering: testing with 11 HSE patients 
with known HSE-causing genes and 39 HSE patients with 
unknown etiology.  Top clusters polluted by highly mutated genes 

… 



Patients’ WES variants data “polluted” by false positives: genes 
that are highly polymorphic in the general population and 
unlikely to be disease-causing 

Word size   
represents the 
number of 
patients’ WES 
filtered rare 
variants in the 
gene 

“Data don’t make any sense, we will 
have to resort to statistics.” 



The gene damage index (GDI): accumulated mutational damage 
of each human gene in the general population 

Input: all 1,000 Genomes non-synonymous minor alleles (MAF<0.5)  

Estimating CADD score for each of the above, multiply by number of alleles 

Summing the above for each gene separately  GDI1 

Normalizing GDI by expected CADD  GDI2 



A highly damaged 
human gene: 

A lowly damaged 
human gene: 



GDI difference between disease-causing genes and 
corresponding patients’ WES data of filtered variants 



Formal ROC curves comparisons between GDI and 
other gene-level methods 

ALL AR AD 

  GDI shows better performance to detect FP variants, whereas 
RVIS and de novo excess are better to detect TP mutations 



The GDI server: http://lab.rockefeller.edu/casanova/GDI 
 

  GDI and selective pressure estimates for lists of human genes 
  Filtering 20%-60% of variants in genes irrelevant to disease 

Itan, Y., et al. (2015) The 
human gene damage index 
as a gene-level approach 
to prioritizing exome 
variants, PNAS,  112(44):
13615-20. 



Proposed variant-level and gene-level phenotypic 
impact estimate 

Highly damaging variant  strong phenotypic impact 
Highly damaged gene  weak phenotypic impact 

Itan, Y. and Casanova, JL. 
(2015) Can the impact of 
human genetic variations 
be predicted? PNAS ,  
112(37):11426-7. 



Current variant impact prediction methods use a fixed 
benign/damaging cutoff for all human genes  

  False negative (FN, a true 
disease-causing allele 
predicted as benign) rates of 
new disease-causing alleles 
≥36% when using CADD, 
PolyPhen-2 and SIFT with a 
fixed cutoff for all human 
genes 

  Current methods cannot be 
safely used for hard filtering 
in NGS data (i.e. removing 
variants predicted to be 
benign)  

 
 



The impact prediction scores of human genes’ disease-
causing mutations mostly do not overlap 

Only ~40% overlap 
 any single cutoff 

could not be 
accurate for the 
majority of human 
genes  



Impact prediction scores are strongly inversely 
correlated with minor allele frequency (MAF) 

An over-
representation of 
private disease-
causing alleles if 
population 
frequency is not 
considered  



The mutation significance cutoff (MSC): a benign/damaging 
(low/high impact) cutoff specific for each human gene 

Input: all HGMD/ClinVar 
known disease-causing 
Mutations in human genes 

Estimating CADD/
PolyPhen-2/SIFT score for 
each of the above 

Calculating 90%/95%/99% 
confidence interval (CI) of 
the above for each gene  

MSC: the lower boundary 
of each CI above  

Score≥MSC  possibly damaging  keep 
Score<MSC  likely benign  remove 

Estimating MSC for the 
remaining human genes 
from 1,000 Genomes data 



MSC performance #1 
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  FP validation set: 
private and non-
disease-causing 
variants in patients’ 
WES data 

 
  TP validation set: 
HGMD new 
disease-causing 
alleles (not used to 
generate MSC) 

 
  Best performance 
with CADD- and 
HGMD-based MSC, 
99% CI 

 
  



MSC performance #2 
  Major increase in TP 
prediction, minor 
decrease in TN 
prediction 

 
  Enables hard filtering in 
patients’ NGS variants 
data with low risk of FNs 
(2% with 99% CADD-
based MSC) 



The MSC server: http://lab.rockefeller.edu/casanova/MSC 
 
 

Itan, Y., et al. (2016). The mutation 
significance cutoff: gene-level 
thresholds for variant predictions, 
Nature Methods, 13(2):109-10. 

MSC estimates of 
low/high impact 
predictions for 
variants based on: 
  Variant-prediction 

method: CADD, 
PolyPhen-2, or SIFT 

  Confidence interval: 
90%, 95%, or 99% 

  Mutations database: 
HGMD or ClinVar 



… 

Back to clustering. Reminder: HSE clusters before 
GDI+MSC filtering 



HSE clusters after applying GDI+MSC filtering 

P<10-9 for TLR3 pathway genes 
enrichment in top 1% clusters genes 

Core gene Patient1  Patient2 Patient3 Patient4 Patient5 Patient6 Patient7 Patient8 Patient9 Patient10 Patient11 Patient12 Patient13 Patient14 Patient15 Patient16 Patient17 Patient18 Patient1
TLR3 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP   CCDC47 IRAK4 TLR3     
TICAM1 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP   CCDC47 IRAK4 TLR3     
UNC93B1 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 IKBKB TRAF5     TLR3 TRAIP   
TBK1 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP   CCDC47 IRAK4 TLR3     
TRAF3 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP   CCDC47 IRAK4 TLR3     
OPTN TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP   CCDC47 IRAK4 TLR3     
CCDC47 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 IKBKB TRAF5 CCDC47   TLR3 TRAIP   
TRAF5 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP TRAF5 CCDC47 IRAK4 TLR3     
TLR8 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 IKBKB TRAF5     TLR3 TRAIP TLR8 
CEP152         SS18 CEP78 SYNJ2   NINL         SYNJ2 NINL   TUBGCP2   SS18 
FARSA TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 IKBKB TRAF5     TLR3 TRAIP   
SYNJ2         SS18 GTSE1 SYNJ2   NINL         SYNJ2 NINL   TUBGCP2   SS18 
RIPK3 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3     CCDC47   TLR3 RIPK3   
ITGB4         ITGB4 ITGB4             CTNND1   ITGB4 ITGA8       
ZBP1 TBK1 TBK1 TRAF3 TLR3 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3     CCDC47   TLR3 RIPK3   
NINL         SS18 CEP78     NINL           NINL   TUBGCP2   SS18 
ITGA8         ITGB4 ITGB4             CTNND1   ITGB4 ITGA8       
TUBGCP2         SS18 CEP78     NINL           NINL   TUBGCP2   SS18 
CEP78         SS18 CEP78     NINL           NINL   TUBGCP2   SS18 
LAMC1         ITGB4 ITGB4             CTNND1   ITGB4 ITGA8       
ITGA5         ITGB4 ITGB4             CTNND1   ITGB4 ITGA8       
ITGAD         ITGB4 ITGB4             CTNND1   ITGB4 ITGA8       
PTPN13             PTPN13   BRD7           PTPN13       PTPN13 
CEP63         SS18 CEP78     NINL           NINL   TUBGCP2   SS18 
NEIL1 RPA2 CHAF1A CHAF1A   RFC5             WRN       RAD1     MSH6 
TBKBP1 TBK1 TBK1 TRAF3 TBKBP1 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TBKBP1 TLR3         TLR3     
KCNQ5     KCNA6     KCNC4 KCNB1 KCNQ5     KCNC2         KCNG2       
FXR2 TBK1 TBK1 TRAF3 TBKBP1 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TBKBP1 TLR3         TLR3     
KCNC4     KCNA6     KCNC4 KCNB1 KCNQ5     KCNC2         KCNG2       
GTSE1         SS18 GTSE1 SYNJ2             SYNJ2     TUBGCP2   SS18 
KCNA6     KCNA6     KCNC4 KCNB1 KCNQ5     KCNC2         KCNG2       
KCNC2     KCNA6     KCNC4 KCNB1 KCNQ5     KCNC2         KCNG2       
KCNQ1     KCNA6     KCNC4 KCNB1 KCNQ5     KCNQ1         KCNG2       
KCNS1     KCNA6     KCNC4 KCNB1 KCNQ5     KCNC2         KCNG2       
KCNF1     KCNA6     KCNC4 KCNB1 KCNQ5     KCNC2         KCNG2       
KCNB1     KCNA6     KCNC4 KCNB1 KCNQ5     KCNC2         KCNG2       
KCNG2     KCNA6     KCNC4 KCNB1 KCNQ5     KCNC2         KCNG2       
F10         ITGB4 ITGB4     FHL2   ITGB5   ITGA7   ITGB4 ITGA8       
ITGAM         ITGB4 ITGB4     FHL2   ITGB5   ITGA7   ITGB4 ITGA8       
DUSP1         SS18 GTSE1 SYNJ2   NINL       DUSP1 SYNJ2 NINL   TUBGCP2   SS18 
TIRAP TBK1 TBK1 TRAF3 TLR3 UNC93B1 PELI3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP TRAF5 CCDC47 IRAK4 TLR3 TRAIP   
IRAK4 TBK1 TBK1 TRAF3 TLR3 UNC93B1 PELI3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP TRAF5 CCDC47 IRAK4 TLR3 TRAIP   
PELI3 TBK1 TBK1 TRAF3 TLR3 UNC93B1 PELI3 TLR3 TICAM1 UNC93B1 TLR3 TLR3 TLR3 TIRAP TRAF5 CCDC47 IRAK4 TLR3 TRAIP   
TRAIP TBK1 TBK1 TRAF3 TLR3   TLR3 TLR3 TICAM1 SP1 TLR3 MAP3K5 BIRC3 IKBKB TRAF5     TLR3 TRAIP   
BCL11A   CHAF1A CHAF1A   BCL11A       SP1   CEBPB         BCL11A ING1     
CLCA4 CLCA4               CLCA4                     
IKBKE TBK1 IKBKE TRAF3 TBKBP1 UNC93B1 TLR3 TLR3 TICAM1 UNC93B1 TLR3 TBKBP1 TLR3         TLR3     
BIRC3 TBK1 TBK1 TRAF3 TLR3   TLR3 TLR3 TICAM1   TLR3 MAP3K5 BIRC3 IKBKB TRAF5     TLR3 RIPK3   
BRD7             PTPN13   BRD7           PTPN13       PTPN13 
RPA2 RPA2 CHAF1A CHAF1A   RFC5             WRN       RAD1     MSH6 
RPA4 RPA2 CHAF1A CHAF1A   RFC5             WRN       RAD1     MSH6 
TRIM37 TBK1 TBK1 TRAF3 TLR3   TLR3 TLR3 TICAM1 SP1 TLR3 MAP3K5 BIRC3 IKBKB TRAF5     TLR3   TRIM37 

Known HSE-causing gene 
Plausible HSE modifier gene 
Plausible HSE-causing gene 
Possible novel HSE pathway 
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