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A brief history of human disease genetics

Mapping HD needed collaboration

Cell, Vol. 72, 971-963. March 26, 1993, Copyright 0 1993 by Cell Press 

A Novel Gene Containing a Trinucleotide Repeat 
That Is Expanded and Unstable 
on Huntington’s Disease Chromosomes 

The Huntington’s Disease Collaborative 

Research Group* 

Summary 

The Huntington’s disease (HD) gene has been mapped 

in 4~16.3 but has eluded identification. We have used 

haplotype analysis of linkage disequilibrium to spot- 

light a small segment of 4~16.3 as the likely location 

of the defect. A new gene, IT15, isolated using cloned 

trapped exons from the target area contains a poly- 

morphic trinucleotide repeat that is expanded and 

unstable on HD chromosomes. A (CAG), repeat longer 

than the normal range was observed on HD chromo- 

somes from all 75 disease families examined, com- 

prising a variety of ethnic backgrounds and 4~16.3 

haplotypes. The GAG), repeat appears to be located 

within the coding sequence of a predicted -346 kd 

protein that is widely expressed but unrelated to any 

known gene. Thus, the HD mutation involves an 

unstable DNA segment, similar to those described in 

fragile X syndrome, spino-bulbar muscular atrophy, 

and myotonic dystrophy, acting in the context of a 

novel 4~16.3 gene to produce a dominant phenotype. 
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Lincoln’s Inn Fields 

London, WCPA 3PX, England 
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Lynn Doucette-Stamm,’ Michael C. O’Donovan,’ 

Introduction 

Huntington’s disease (HD) is a progressive neurodegener- 

ative disorder characterized by motor disturbance, cogni- 

tive loss, and psychiatric manifestations (Martin and Gu- 

sella, 1986). It is inherited in an autosomal dominant 

fashion and affects - 1 in 10,000 individuals in most popu- 

lations of European origin (Harper et al., 1991). The hall- 

mark of HD is a distinctive choreic movement disorder 

that typically has a subtle, insidious onset in the fourth to 

fifth decade of life and gradually worsens over a course 

of 10 to 20 years until death. Occasionally, HD is ex- 

pressed in juveniles, typically manifesting with more se- 

vere symptoms including rigidity and a more rapid course. 

Juvenile onset of HD is associated with a preponderance 

of paternal transmission of the disease allele. The neuro- 

pathology of HD also displays a distinctive pattern, with 

selective loss of neurons that is most severe in the caudate 

and putamen. The biochemical basis for neuronal death 

in HD has not yet been explained, and there is conse- 

quently no treatment effective in delaying or preventing 

the onset and progression of this devastating disorder. 

The genetic defect causing HD was assigned to chromo- 

some 4 in 1983 in one of the first successful linkage analy- 

ses using polymorphic DNA markers in humans (Gusella 
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and The Howard Hughes Medical Institute 

University of Michigan 

Ann Arbor, Michigan 48109 

Group 6: 
Russell Snell, Tracey Holloway, Kathleen Gillespie, 
Nicole Datson, Duncan Shaw, and Peter S. Harper 
Institute of Medical Genetics 

University of Wales College of Medicine 
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tCorrespondence should be addressed to James F. Gusella. 
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A brief history of human disease genetics

“Figure 4”
Cdl 
974 

1 TTGCTtTtTGAGGtAWCCTGCGGCCGCACGGtCGGGC,GG,TCCCTGGCCAGCCAT,GGCAWGTCCCCACGCTAGGGC,GTCM,CA,GC,CGCCGGCGlGGCCCCGCCTCCGCCGG 

12, CGCGGCCCCGCClCCGCCGGCCClCG,ClGG~CGCUCGtCCGGCCGClCAGGllClGCllTTACCTGCGGCCCAGAGCCCCAllC 

24; ATTGCCCCGGTGCTGAGCGGCGCCGC~GTCGGCCC~GGCC~CCGGG~C~GCCG~GCCGGGCGG~~CCGCCATGGC~CCC~G~GCT~T~GGCCTTC~GTCCC~C~G 
WATLEKLYKAFESLK 

361 TCClTCCACCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCMCAGCCGCCACCGCCGCCGCCGCCGCCGCCGCClCCTCAGCTTCCTCAG 
16 s f Q pp p P pa Q Q p a p P Q p 0 pa P P PP P P P P P P P P P P P P P L P P 

48, CCGCCGCCGCAGGCACAGCCGCTGCTGCC,CAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGCCACCCGGCCCGGC~G~GGCT~GGAGCCGCTGCACCGACC~G~GMCT~TCA 
56 P P P PA P P L L P P P Q P P P P P P P P P PG PA" A E E P L H R P Y K E L S 

60, GCTACCMGAAIGACCGTGTWTCA,TG,C,WCMTATGT~CATAGTGGCACAGTCTG,CACIM,lC,CCAGM,,TCA~CT,C,GGGCATCGC,A,G~C,TTTTCTG 
96 A, K YD R" N H C L 1 ICE N I" A a S" P N S P E F P K L L G I A II E L F L 

72, C,G,GCAG,W,GACCCAGAGTCA~TG,CAGW,GG,GGC,CICUJTGCC,CMC*MGT~A,C~GC,,,~,GWT,CTU,CT,CCMGGT,ACAGC~CGAGC~CTATUGGAA 
136 L C SD D A E SD" R WV A D E C L Y I(" I KA L N D SW L P R L a L E L Y I( E 

841 ATTMAUGU~GG,GCCCCTCGWGTT,GCGTGC,GCCC,GTGWGGTTTGCTWGCTGGCTCACCTGGT~CGGCCTCA~TGCAGGCC~~ACCTGGTGUCC~~CT~CCG~GCC~G 
176 I I: Y N G A P R S L R A A L Y R I A E LA H L" II P P Y C R P Y L" N L L P C L 

96, ACTCGMCMGCMWGICCCGUWUTCIGTCAGTCCAG~~CC,TGGCTGCAGC,G,TCCC~~,~TGGCTTCT,TTGGCMTTTTGC~TGAC~TGA~TTMGG,,TTG,T~G 
216 1 R,S I: I P E E S YQ ETL A A A" P K I HA S f G W F A" D U E I K" L L I: 

m31 G~~TT~A,A~~~CC,~G,C~GC,CCCCCACCAT,CGG~GGA~AGCGG~,G~,CAGCAGT~~GCAT~,G~~AG~A~,~MGMGGACACMTATTTCTATAGTTGG~T*CT~T 
256 A F ,A II L I: S S S P 1 IR R 1 A A GSA" S I C 0 H S R R T 0 Y F" S Y L L N 

l20, G,GCTCT,AGGCTTACTCGl,CCTGTCGAGWTWICACTCCACTCTGCT~TTCT,GGCGTGC,GCTCACCC,CAGG,A,TTGt,GCCCTTGCTGCAGCAGCAGtTCUGGACACMGC 
296" L L G L L" P" E D E H s T L L I L G Y L L, L R" L" P L L P Q P" K D T s 

132, CTG~GGCAGCT,CGGAGT~CMG~G~,GGMGTCTCTCCTTCTGCAGAGCAGC,,GTCCAGG,llATGMCT~CG,TACA,CAlACACAGCACCMGACCAC~,G,TGTG 
336 L KG S F G" 1 RI: E W E" s P S A E P L" P" I E L T L H HlP H P D H WV V 

144, ACCGGAGCCCTGGAGC,GTTGCAGCAGCTC,TCAGMCCCCTCCACCCGAGCT,CTGCIVUCCClGACCGCAGTCGGGGGCAT,GGGCAGCTCACCGCTGC,lGGAGGAGTC,GGTGGC 
376 1 GA L E L L P Q L F R T P P P E L L 9 T L T A" G G It 0 LTA A K E E S G G 

156, CGUGCCGTAG,GGGAC,ATTG,GCMCTTATAGCTGGAGGGGGTTCCTCA,GCAGCCCTG,CC,TTCMG~C~GGC~G,GCTC~,AGGAGMGAAGMGCCT,GGAGGAT 
416 R S R SG ST" E LIA G GG S s C s P V L SR KP K GK" L L GEE E A L ED 

,681 GACTCTGUTCWW,CGGA,GTCAGCACCTC,GCC,TMCAGCCTCAG,GMGGA,WGATCAGTGGAGAGC,GGC,GC,TCT,CAGGGGTTTCCACTCCAGGGTCAGCAGGTCATGAC 
456 D S E S R s D" S s s A L T A s" K D E I S GE LA A S S G" ST P G SAG H D 

l.S.0, ATCATCACAGAlCAGCCACGGTCACAGCACACACTGCAGGCGGACTCACTGGA,CTGGCCAGCTGT~C,,~CMGCTCTGCCACT~TGGG~TGAG~GGATATCT,GAGCCACAGC 
496 I IT E Q P R S P H T L P AD S L D L As CDL T s s AT D G D E E D I L s H S 

192, TCCAGCCAGGlCAGCGCCGTCCCAlCT~CCCTGCCATGGACCTGMTGATGGGACCCAGGCC,CGTCGCCCATCAGC~CAGCTCCCAGACCACCACCGMGGGCCTGAlTCAGCTG,T 
536 S S P" S A" P s D PA II 0 L W D G, Q A s s P I S D S S P Tl, E G P D S A" 

2041 ACCCC,TCAWCAGT~CTCU,TG,GT~AGACGGTACCGACMCCAGTA,,TGGGCCTGCAGATTGGACAGCCCCAGGA,GMGA,~GG~GCCACAGGTAT,CTTCCTGATG~GCC 
576, P SDS S E I" L 0 G T 0 II Q I L G L P I GQ P P 0 E 0 E E A T G I L P D E A 

2161 TCGCAGGCCT,CAGGMClC,,CCA,GGCCClTCMCAGGCACA,,,A,T~CATGAGTCAC,GCAGGCAGCCTlCT~CAGCAGTGT,G*TA/UT,TGTGTTGAMGA,GMGCT 
616 SE A F R" S SW ALP P A H L L K Y M S" C P P P S D S S "0 K F Y L R D E A 

228, AC,CAACCGGG,GA,CM~MUCUGCCTTGCC,,GCCGCA,C~GG,GACATTGGACAGTCCACTGA,GATGACTC~GCACCTCT,GTCCATTCTGTCCGCCTTT,ATCTGC,,CGT,TTTG 
656 1 E P GOP E II K P C RIK G 0 IG Q S T D D 0 SAP L" H S V R L L S A S F L 

240, CTMCAGGGGGAMAAJ ,GTGC,GGTTCCGGACAGGCA,GTGAGGG,CAGCGTG~GGCCC,GGCCCTCAGCTGlGTGGGAGCAGCTG,GGCCC,CCACCCGG~TC,TTCTTCAGC~ 
696 L 1 G G I: NV L" P 0 R 0 Y R Y S Y K A L A L S C" G A A Y A L H P E S F F SK 

252, C,CTA,AUIGT,CCTC,,GACACCACGGMTACCCTGAGGMCAG,A,GTC,CAGACATC,T~CTACATCGAlCA,GGAGACCCACAGGTTCGAGGAGCCAC,GCCATTClC,GTGGG 
736 L" K "P L D T T E I P E E P I" S 0 I L II" IO H G 0 P Q Y R GA T A I L C G 

264, ACCCTCATCTGC,CCATCCTCAGCAGGTCCCGCT,CCACGTGGGAGATTG~TGGGCACCA,~A~CCCTCACAGG~TACATTTTCTTTGGCGGAT~GCA,TCC~,,GCTGCGG~ 
776 1 L IC S,L S R S R F H" G D Y II G 1 I R 1 L 1 G N T F S LAD C I P L L R K 

2761 ACAC,GMGGATGAGTCTTCTG,TACTTGCMG,,AGC,,GTACAGCTGTGAGGMC,GTG,CATGAGTC,C,GCAGCAGCAGCTACAG,GAGTTAGGACTGCAGCTGATCATCGATG,G 
816 1 L I: D E S S" T C K L A CT A" R II C" II S L C S S S 'I S E L G L P L I I D" 

288, CTGACTC,GAGGMCAGT,CCTA,TGGC,GGTGAGGACAGAGCTTC,GG~UCCCTTGCAGAGATTGACTTCAGGCTGGTGAGCTTTTTGGAGGCIUIUGCAGUCTTACACAGAGGG 
856 L 1 L RN S S" Y L" R 1 E L L ET L A E I D F R L" S F L E A K A E Y L H R G 

3001 GCTCATCA,TATACAGGGCllTT~C,GCMGMCGAGTGCTCM,MTG,lGlCATCCAl,lGCTTGGAGAlGMGACCCCAGGGTGCGACATG,TGCCGCAGCA,CACl~lTAGG 
896 AH H ",G L L K L DE A" L W WV" I H L L G D E 0 P I(" R H Y A A A S L I R 

3121 CTTG,CCCAMGCTGTTTlATMITtTGTGACC~GGACMGCT~,CCAGTAGTGGCCG,GGCM~~TC~GCAGTGT,,ACCTG~CTTCTCA,GCATGAGACGCAGCC,CCA,C, 
936 L" P K L f Y K C D P G 0 AD P"" A Y A R D P S S" I L K L L h, H E T 0 P P S 

3241 CATlTCTCCG,CAGCACMTMCCAGMTA,ATA~GGC,ATMCCTAClACCMGCATMCA~CGltAClA,GG~T~CCTTlCIUGAGlTATTGCAGCAGTlTCTCATGMCTA 
976 H F S" ST,, RI" R E 'I W L L P S 1 T D VT M E W II L S R Y I A A" S H E L 

336, ATCACATCMCCACCAGAGCACTCACA,TTGGATGC~GTGMGC,TTG,GTCT,C,,TCCACTGCC,TCCCAGTT,GCATTTGGAGTTTAGGTTGGCACTGTGGAG,GCCTCCACTGAGT 
1016 I, S 11 R A L 1 F G C C E A L CL L ST A F P" C I YS L GY H C G" P P L S 

3481 GC~T~AWTGAG,C,AG~GAG~TGTA~~GTTGGGA,GG~~A~MTGATTC,GACC~TG~T~TCGTCAGCTTGGTT~~CATTGGA,C~~T~AGCCCAT~~GA,G~,TTGATT,,GGCC 
1056 AS 0 ES R K S C 1" GM A 1 II IL 1 L L S S A !, F P L D L S A" Q D A L,L A 

3601 GGUJ~C,,GCT,GCAGCCAGTGC~CCC~,C,C,~~G,,CATGGGCCTCTWVIGUGU~GCCMCCCAGCAGCCACCP~P~G~GGAGGTCTGGCCAGC~~TGGGGWC~GGGCC 
1096 G N L LA AS A P K S L I S S Y A S E E E A W P A A T K P E E" Y P A L G D R A 

3841 MCCCCCC,,C,C,MGTCCCATCCWC~GGG~GGAG~GMCCAG~G~CMGCATCTG,ACCG,,GAGTCCCMGUUGG~AGTGAGGCCAGTGCAG~T,CTAGA~~TCT 
1176 N P P SLS PIR R KG K E K E P G E GA S" P L S P K KG S E A SAA s A Q s 

3961 GATACC~CAGGTCCTGT~ACMCMGT~TCCTCA~CAC,GGGGAG~,TC~A,~A,CT,CCT,CA,ACCTCAGACTGCA~~TG~CCTG~GCTACACACGC~~~~AC~GGTCACG 
1216 D 1 S G P VT, S KS S S L G S F I H L P S I L R L" D" L K A," A ,, 'I K" T 

4081 CTGGATCT,CAGMCAGCACGGMM~TTTG[~AGGGTTG~GGGTT,C~CCGCTCAGCCT~GGATGTTCTTTCTCAGATAC,AGAGCTGGCCACAC,GCAG~CATTGGGMG~G,G,TG~~GAT~ 
1256 L 0 L Q N ST E K F G G‘L R S A L D" L S PTL E L A T La D I G K c" E E, 

4201 C,AGW~ACCT~TCC,GC,TTAGTCGA~CCMT~TGGCMCTGTT,GTG~,CMCM,,G,TGMGACTCTC,TTGGCAC~CTTGGCCTCCCAG,T,GATGGCT,ATCTT~~ 
1296 L G I L I( S C F S REP Y I( A TV C" Q Q L L KTL F Gl" L A S a F D G L S s 

4321 IACCCCAGCI*GTCACMGGCC~GCACAGCGCCTTGGC,CCTCCAG,G,GAGGCCAGGCTTGTACCAC,ACTGCTTCATGGCCCCGTACACCCAC,TCACCCAGG~~~,~G~TGACGC~ 
1336 N P S KS 0 G R A 9 R L G S S S" I P G L I HI C F II A P I," F T PA LA 0 A 

4441 AGCC*GAGG~C*T~G~~CAGG~~~A~C~~~~~~~~~~~~GGGATGGTTT~*~*~C*CCA~~~GTCT~CCCA~TTGMGAC~CCTCACGAGTGTCAC~G~CC~*~CA 
1376 S L R W W "‘I A E P E W 0,s G Y F D" L P K" ST P L K T w L, S" T K w A A 

4561 GATMGMTGC,ATTCA~MTCACATTCGTTTGTTTG~CC,CTTGTTAT~GCT,,~CAGTACAC~C,ACMCATGTGTGCAGTTACAG~G~AGGT,TTAGATT,GC,GGCG 
1416 D Y N AI" II" IR L F E P L "IK A L K P ITT T T C" P L P K Q" L D L LA 

4681 CAGCTGG,,CAG,TACGGGTTMTTACTGTC,TCTG~~,CAGATCAGGTGT,TATTGGC,TTGTATTG~CAGTT,~TACA,T~G,GGGCCAGT,CAGGG~T~AGAGG~~TC 
1456 0 L V Q L R Y U" C L L 0 SD Q" F I G F" L K P F E TIE" G P F R E SE A, 

4801 A,TCC*MCA~C,,TTTC~TCT,GGTA,TAC~A~C~TATGMCGCTATCA,TC~CA~A,CATTGGMTTCCT~TCATTCAGCTCTGTGATGGCA,CA,GG~~AGTGGMGGAAG 
1496 I P "IF I F L" L L S" E R 'I H S K Q I ,G,P K, I P L c D G 111 A S G R K 

4921 GCTGTGACACA~GCCA,ACCGGCTCTGCAGCCCATAG,CCACGACCTCT,~G~ATTUGAGGMCW,PJUGCTGATGCAGG~AAGAGCTTGAAACCCAPIAAAGAGG~GGTGGTGTCA 
1536 A" 1" AIP A L P PI"" D L F" L R G T W KA D A G K E L ET0 K E "y" s 

5041 ATG,TA~TGA~A~T~AT~~AGTA~~AT~AGG,GTTGGAGATGT,~ATTCTTG,CC,GCAG~AGTGCCACAAGGAGAA,G~GAC~G,GG~GCGAC,G,CTCGACAGA,AG~TGA~ATC 
1576 II LLR L,G Y H Q Y L E )I F I L" L P Q C H K E NE 0 KY K R L S A 9 ,A D, 

5161 ATCCTCCCMTG,TAGCC~CAGCAGATGCACAT~GACTCTCATGA*GCCCTTGGAGTGTT~,ACA,TATTTGAGATTTTGGCCCCTT~CTCCCT~~GTCCGGTAGACA,G~TTT,A 
1616 f L PM L AK P P II HID S" E A L G" L ",L F E,,. A P S s L A P" D M L L 

5281 CGWGTATGTTCGTCAC~CC~CAC~TGGCGTCCG~GAGCAC~GT~C~C~G~GGATA~CGG~TTCTGGCCATT~TGAGGG~TCT~TTTCCCAGTCAACT~~~~~~TT~~~~TT 
1656 R S I4 F" 1 P W T ,!A S Y S T Y Q L !,IS GlL AIL R" L,S a S T E D,", 
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A brief history of human disease genetics

Mendelian gene mapping accelerated rapidly. . .
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Adapted from Glazier et al. Science. 2002.
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A brief history of human disease genetics

. . . but this success did not translate to complex disease
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Adapted from Glazier et al. Science. 2002.
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A brief history of human disease genetics

Different diseases need different methods of gene hunting
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A brief history of human disease genetics

Obstacles to genome-wide association studies

I Complete sequence of the human genome, followed by an extensive
catalogue of common variation (especially SNPs) between individuals
(no need to guess at functionally relevant genes).

I An understanding of the patterns of correlation between nearby
SNPS, called linkage disequilibrium or LD (can capture all the genetic
information with a small number of markers).

I An inexpensive and accurate means of genotyping hundreds of
thousands of SNPs (practical implementation of possibilities above).

I Large collections of thousands of disease cases and healthy controls
(to ensure power to find very weak effects).
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Clean data matters!
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GWAS of Crohn’s disease have been very successful
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Disease genetics has two parallel goals

1. Understanding disease biology

2. Predicting disease risk/outcome
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Crohn’s disease and autophagy

NCF4 (rs4821544 itself is in intron 1). NCF4 encodes the p40phox
protein that has previously been shown to have an important role in
NADPH oxidase activity and the generation of reactive oxygen species
(ROS) upon phagocytosis18,19—both important for mounting an
effective antimicrobial response.
Finally, rs8050910 (GWA, P ¼ 3.3 " 10–5; replication, P ¼ 8.5 "

10–3) is located within intron 4 of the predicted gene FAM92B located
on chromosome 16q24.1. This gene prediction is supported by
multiple mRNAs and spliced ESTs as well as by significant
conservation across multiple species (data not shown). This gene
encodes a protein with no known function or recognizable motifs.
Notably, when we used a stratified analysis approach, none of these

three loci seemed to have any statistically significant epistatic interac-
tions with CARD15, IBD5 or IL23R (data not shown). Although we
saw some association with ulcerative colitis for rs224136, we saw little
or no evidence for association with ulcerative colitis at the other newly
identified SNPs (Supplementary Table 1).

RNA and protein expression analyses
As we were interested in determining more about ATG16L1’s function
and biological context, we examined the expression of ATG16L1 and
other known autophagy components by quantitative real-time RT-
PCR in a variety of epithelial and immune cell lines (Fig. 2a–c). ATG5,
ATG7 and ATG16L1 were broadly expressed, with SW480 cells having
the lowest overall mRNA abundance relative to GAPDH controls.
Apart from the markedly elevated levels of ATG7 seen in THP-1 cells,
expression of each of the three components followed a similar pattern,
as might be suggested by the stoichiometric relationship between these
components in the homeostatic autophagy process. We also examined
ATG16L1 expression in primary human immune cells to gain a better
understanding of its role in the association with Crohn disease
(Fig. 2d). Among samples tested, we found that ATG16L1 was most
highly expressed in the T cell compartment, with both CD4+ and

CD8+ cells showing high levels (approximately 13-fold and tenfold
higher than placental control RNA, respectively). CD19+ cells (B cells)
also showed almost fivefold greater expression of ATG16L1 than both
mononuclear cells and placental control RNA. Thus, it is possible that
ATG16L1 and its variants have roles in both the epithelial and
immunological aspects of Crohn disease.
PHOX2B is known to be expressed in the autonomic nervous

system and enteric neurons17. We were not able to determine expres-
sion using real-time RT-PCR, most likely because expression was
confined to specific cell types, and thus overall transcript levels were
low in the tissues we studied. To overcome this limitation, we obtained
a specific antibody and stained mouse and human gut samples (ileum
and colon, respectively). These studies clearly showed that the
PHOX2B protein was expressed in a specific subset of epithelial
cells, possibly neuroendocrine cells (Supplementary Fig. 3 online).
NCF4 encodes p40phox, a component of the NADPH oxidase

complex required for optimal ROS generation in immune cells.
Expression is restricted to hematopoietic cells, including neutrophils,
monocytes, eosinophils, mast cells and basophils (Supplementary
Fig. 4 online and ref. 20). The p40phox protein serves to enhance
delivery of p47 and p67phox to the membrane, thus promoting high-
level ROS generation. However, its role in cells that do not generate
high levels of ROS and lack expression of p47 and p67phox
remains unknown.

RNA interference directed at ATG16L1 prevents autophagy
Although the yeast homolog of ATG16L1 is required for autophagy21,
it was not known whether the mammalian isoforms were similarly
essential. We addressed this by using oligonucleotide-based short
interfering RNAs (siRNAs) directed against ATG16L1 isoforms 1
and 2. Using cotransfection of a Flag-tagged ATG16L1 expression
plasmid and siRNA oligonucleotides, we established specific knock-
down of ATG16L1 in HEK293 cells (Fig. 3a). To study the role of
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Figure 3 ATG16L1 is required for autophagy
of Salmonella typhimurium. (a) We achieved
specific siRNA knockdown of overexpressed,
Flag-tagged ATG16L1 in HEK293 cells within
48 h of transfection with oligonucleotide
duplexes. Flag-ATG16L1 was undetectable by
protein blotting after treatment with specific
siRNA constructs, but expression was maintained
with control duplexes. (b) Endogenous ATG16L1
mRNA knockdown (mean relative abundance ±
s.d.) by siRNA 2 in HeLa cells within 48 h
of transfection, as assessed by real-time
quantitative RT-PCR normalized to GAPDH.
Compared with control duplex, siRNA 2 yielded
an 89% reduction in transcripts. RT-PCR was
performed in triplicate; results represent two
independent experiments. (c) Knockdown of
ATG16L1 prevented effective autophagy of
S. typhimurium in HeLa cells. Forty-eight hours
after cotransfection with control siRNA or duplex
2 and LC3-GFP plasmid, HeLa cells were
infected for 1 h with Salmonella typhimurium
SL1344, fixed and examined microscopically.
Mean percentages (± s.e.m.) of bacteria per cell encapsulated by LC3+ membranes (autophagosomes) are shown. Bacterial counts were pooled from two
separate experiments; each counted a minimum of 100 infected cells. Significance was assessed by two-tailed Students t-test, assuming unequal variances.
(d) Representative images of intracellular S. typhimurium show normal autophagic encapsulation by LC3+ membranes in control siRNA–treated cells but
loss of autophagic targeting after ATG16L1 knockdown. Channels are separated to show both the LC3-GFP fusion protein (autophagosomal marker) and
S. typhimurium SL1344 dsRed2 (SL1344), with a merged image in the final column. Rows 2 and 4 show magnified views of boxed areas in rows 1 and 3,
respectively. Images were obtained using confocal microscopy and are a flat projection of z stacks taken throughout the plane of the infected cell. Scale
bars ¼ 5 mm.
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of Salmonella typhimurium. (a) We achieved
specific siRNA knockdown of overexpressed,
Flag-tagged ATG16L1 in HEK293 cells within
48 h of transfection with oligonucleotide
duplexes. Flag-ATG16L1 was undetectable by
protein blotting after treatment with specific
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with control duplexes. (b) Endogenous ATG16L1
mRNA knockdown (mean relative abundance ±
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of transfection, as assessed by real-time
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ATG16L1 prevented effective autophagy of
S. typhimurium in HeLa cells. Forty-eight hours
after cotransfection with control siRNA or duplex
2 and LC3-GFP plasmid, HeLa cells were
infected for 1 h with Salmonella typhimurium
SL1344, fixed and examined microscopically.
Mean percentages (± s.e.m.) of bacteria per cell encapsulated by LC3+ membranes (autophagosomes) are shown. Bacterial counts were pooled from two
separate experiments; each counted a minimum of 100 infected cells. Significance was assessed by two-tailed Students t-test, assuming unequal variances.
(d) Representative images of intracellular S. typhimurium show normal autophagic encapsulation by LC3+ membranes in control siRNA–treated cells but
loss of autophagic targeting after ATG16L1 knockdown. Channels are separated to show both the LC3-GFP fusion protein (autophagosomal marker) and
S. typhimurium SL1344 dsRed2 (SL1344), with a merged image in the final column. Rows 2 and 4 show magnified views of boxed areas in rows 1 and 3,
respectively. Images were obtained using confocal microscopy and are a flat projection of z stacks taken throughout the plane of the infected cell. Scale
bars ¼ 5 mm.
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Can genes predict disease?
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UK10K: GWAS 2.0
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I 4,000 deeply phenotyped
controls whole-genome
sequenced.

I 6,000 cases (autism,
schizophrenia, obesity, 8 rare)
exome sequenced.

I Association analysis of low
frequency and rare variation.

I Might be more useful in
prediction.
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Conclusions

I Advances in disease genetics happen when technologists, clinicians,
analysts come together in the right mix.

I GWAS have revolutionized our ability to link genomic function with
disease.

I Progress has been slower on prediction, but we haven’t given up hope
yet!
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