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Abstra -t

Next-generat on INA. sequ~acing technologies are facuitating large-scale association studies of
rare genetic veriants. The depth of the sequence read ~< verage .~ an important experimental
variable in th.¢c nex* generation te<iu ologies and i* 1s a m.jui Jeter ninant of the quality of
genotype clls zenerate [rom searz.uce data. Wen :ase and contr ol samples are sequenced
separately or i~ aitferent »zuportions across batci es, u:~ .e unlgely to be matched on
sequencing red d pth and a differential misclassification ~£ genot,¢ 3 can result, causing
confounding a1 d ar. increased false positive rate. Data fre+. rilot St:’;’ 3 of the 1000 Genomes
project was usec to ¢ 2monstrate th=. a diffi rence betveen t=.c mean equ :ncing read depth of case
and control sampi.s can r<,ult in fal=_-positive association for rare a»2 ur.>ommon variants, even
when the mean cover.ge de,wn exceeds 30X in both groups Tue degree o= the confounding and
inflation in the false posi ive rate deper<.u on ‘the extent ‘o w’.cnh the m an lepth was different in
the case and control group> A logistic recrossion model was used < test for association between

case-control status and :he cumr'.ave number of alleles in « collan<.d set o “rai 2 and uncommon
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variants. Including each individual's mean seanenca read depun across th2 varia .t sites in the
logistic regression model 1early eliminated the confiunding eff-cc and the [utlated false positive
rate. Furthermore, accounting to1 the hoterial er-or by modelin,; (e probabil ty or the
heterozygote genotype calls in the regrussior danalysis had a relativ .ly mino1 but venc ficial effect
on the statistical results.
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Case-control study; Next-generatio 1 DNA ccquencing; F 1= -positive as soci.uon; Genime wiae
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Introduction

As the search for the genetic causes of comunon diseazes ¢ontinues, « anc'(dai> a’'sew.se ‘enes
and regions, identified through ge 10m -wide or other :xpe siments, will rou it ely be
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investigated comprehensively for rare and common <isear e alleles by neat Zeneraticn UNA
sequencing[Bansal, et al. 2010; Bomer «..2 Gonilla 2£08; Manolio, et al. *TuY; Metzker
2010]. Full exome sequencing has pro.2n to k= & powerfui app oach for 1leriying rare
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mutations resperoitlc £, Licuucuan diso ders [Ng, et al. 2010] and complete human
genor. e sequenc ng for gerziie wox claticy studies of Mendelian diseases is currently

o sibl» [Roach, et al. 2910, a=.u is fr thcoming for common diseases [Metzker 2010].
Resvarct in optimal stud - desigr., and statistical methods for association studies of common
genel ¢ v« riants, gene”ally si.igle nucleot’ ic pc'ymorphisms, and common disease or
Luantitat’ ve trait outcon s has Foen ongoir ror decades; the experimental and statistical
protiems 2 ¢ well unde stood and olumons for many of the problems have been found
(Baldi~.g 2006]. Genetic s.udies of 1 re a'leles w.oin ¥ next-generation DNA sequencing are in
thair relative infancy and continued rsearch is r= uired to identify the experimental and
swaustical proble s underlyi=g the exnerinental arz.vach and find the optimal solutions that
. cusure that such experir.e~.s are fruit€.i and robust [Morris and Zeggini 2010].
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variants. the ~==gral  nalytical approach of hetv een-g = up comparison of the allele or

ge oty)e froquer.ies at a single variant is not a viable approach for studying rare variants
and commor diseases in unrelated individu~ls. 1t 1s w.>ither practical nor feasible to collect
sezaples “nat are large <..cugh to produr e reli~Lic sintist. cs for rare genetic variants. To
cver_ome thic satistical liallenge, mitho s that por | or collapse observations across rare
vari~.. sites th>* g1ve measures of cun ulat. 7~ =licle ccunts have been proposed. Collapsing
overcor s the intractable statistical powe: nroblz,y inhe~ 1.t in a single-variant approach but
raiscs ne v problems related to how to optimallx- collapse - . ~iant sites and count of allele and
how t\ coipute the stat’,ucal si,'nificance »f ob<..ved se s of cumulative alleles [Bansal, et
al. 201, Morriz and Zeeo<:u 2010].

The earlie st ve sion of the collar.in,r approact comn=-cu the i“eqi ency of individuals
carrying tl e minor alle!_s at any ~~.c of a set of rare variar*, in the case and control groups
and a Fishei's exact test *"us used for computing t".c statistic=} 5, niti~ance of the observed
difference [Morgenthaler and Thilly 2007]. Li and Zcal [Li and "_eal 7 008] proposed the
combined muli’ varnate and collapsing (Ci11C) method vuch teste ror a difference in the
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cumulative frequc.avy df sets ot coilapsea alleles bety een groups u: wig » Hotelling's T-
squared statistic [Xiong et ¢!. 20027. The CMC approac} could s’ muitane usly tests for
frequency differences in collap~ed sets of .« alleles an 1 si igle ~or.m un pHlymorphisms
and it had many othc ¢ desivable properties that made it su,reru. 0 the si.ple approach that
preceded it. Madsen &*.a Browning [Mad=_u and Browniny 20127 propos: d a collar.~ing
method that weighted each vari~z.. within » >llag sed set accordi= o its allele ‘requency
such that rare variants m. 1de a larcz, contributidn t. the cumu ative uuele covse v did
common variants. All ina.viduals were ranked 2~ ui ding to thoir cumul»*Zve allele . cights
and a Wilcoxon rank test was carried o*:. with the ~ladstical significance o€ wie =, of the
case ranks being computed th=2ugh permiation [Lehmann 1975 . M st rece=tl,, =athods
that compute optimal weights b~soa on th. predicted tunction of the re.e varia=:z Pric 2, et
al. 2010] and that account for the dir¢ction <« the associat. on of each rare va-iai't b.ve seen
proposed [Han and Pan 2010]. Mc derr regression met 10ds that use r *guic+i7c tion ar.d
shrinkage parameters to deal with the yverfitting and colir earity issues 22t rive trom fliutng
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models to large, complex and spar. data h2ve ~_cently found a new applicati~.. in rare
variant analysis, including ridge regrezion [Malz, et al. 2238 ind LASS D [Hz ggart, et al.
2008; Zhou, et al. 2010], as well as other modeli~.z approache [Capanu and Begg 2010;
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Guo and Lin 2000; T 2., wad L1 2uud). A statistical method based on a hidden Markov
Mode' was recei thv nrapos= 2 s scallv or genome-wide analysis of rare variants [Garner
Z0'0]. The new methoa- for st.dyine rare genetic variation and common diseases each have
thei, ow.» assumptions, s\"engths and weaknesses and until multiple large experimental
datas.ts b *come freel; avail-.ole, the rel>*.ve p rformance of the current approaches cannot
Le comp~at ensively asossed.

T, geneal, current statis ic~! inethol's fo - associ»*2n analysis of rare alleles and common
dis.ase outcomes test for a significar.t diticrence ir :he distribution of rare alleles observed

aseecead 1250, idates the vl riors approaches. 1t case . nd control samples are prepared and
sequenced in the same batch or thei~ qumbers ~z¢ nm.atch>d within batches, then the samples
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identification ~~d errv r rates. If case and co1tro. samp <. are processed and/or sequenced
separaizly ~¢ in o', unmatched design, systeniatic differences in the experimental variables
can arise bet,een the samples. These syster.auc aiiorences in experimental variables are
ge.erally referred to »= Ui tch differencr s and “licy can rosult in differential misclassification
(fegrnotypes [Leek, et 2. 2010]. Sequ 2nc’ag read dr pth is a very important experimental
vari~Lie in nex* generation sequencing [Mci="z, 2010, Sequence read depth is defined here
as the n umber of filtered and aligned sequaonrine sads e= v cring a specific nucleotide site or
posiiion .n the genome and is subsequently refer.cd to as t.. * sequence or sequencing depth.
The svque cing depth i= tue mott informat ve ch-.acterist ¢ us 2d by the popular allele
calling .uethod- and it is Fignly correlated with the probabil..y ‘hat an allele is called
incorrectly (Li ar 2 purbin 2009; Li, et al. 2008: M nenna. et a:. 2010]. The sequencing
depth vari s g1 eatly within ar 2 vetw en exper1 nerts.

Given the cunsiderable ez ense of large-scale neri-generati~., CNA :equencing
experiments, study designs that rely on public sequ zuce data, e <., the 1000 Genomes

yduosnuep Joyiny Vd-HIN

Project [Durbii , cu a1. 2010], or shared ccntrols, e.g., thz ‘wellcon . [rust Case Control
Consortium, ma.i. suw ng ¢ conon.c ser-e. The advartaes, and potc uud! vitfalls of such
study designs have beei stu’cd in “iie context of comme. SNP asociatio \ studies [Garner
2006; Zhuang, et al. 201:)]. Whk_n cases an- . ontrol san ple: are nrepared aad/or sequenced
differentially, they a-¢ unli’.cly to have sin ilar »atterns 0. dep.i. across th.¢ sequenced
regions. A simple stai'suacal test of the m=.u deg th in the cse »=.u contro) samples v-ould
indicate the extent to which the ~.inples are Ciffei ent and wnether ur not the secuencing
depth is a significant pre sictor of *.c outcome. Ber ause seque¢ ncins aepth is ~ui >'aw 1 with
the accuracy of the allele _ails, it is likely to be ~o.r lated witl. th2 aumb=, of alleles
observed in a sample. Studies of rare a!'_ies are M, sensitive to ‘ne base Zailli'e < ror rate
because a single error can resl. in a morz.uorphic site falsely be con ing a ro-2  oiant. If
sequencing depth is correlated v~ case- _ontrol status * will be a confounder ‘= on
association analysis and cause false positiv: associauons vetween ra e al'eles a.d fie
outcome. Fortunately, the depth is easi’y measured anc reported in nc xt-g>»21ation
sequencing experiments and is nc: a li tent variable. 7wo r opular appro.~he  fu:r hand'.,ug

)duosnuep Joyiny vd-HIN

known confounding variables in ccse-cotrol “ludies is cither matching the ~=oc and coiu!
samples on the confounder variable p.or to the ~Zuectior o1 gunetic data and ~Lusequen :
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analvsis, or by *~*-tz210 agjusung 1or tie confounder variable by including it as an
additi nal predictor variabls L. o uatiple dnear or logistic regression model.

The curi 2nt study investizated the use of the case-control study design to study the role of
rare : lleles within a lar,e gen~mic region o* .. *erest when the case and control samples have
different » erage sequ enc.ng deptr. rubliclv = ailable data from the 1000 Genomes Project
Pilot Scudy ' [Durbin, et =i. 2010] was used to demonstrate the problem of confounding due
t, differontial depth in cise Lud con‘rol . amples The extent of the confounding is
inv_stigated under a range of sampli1 g scenarios. A linear adjustment for mean depth in a
locictis | Cgiession model was #7 atuated a< o remedv for the confounding.

Materials

yduosnuep Joyiny vd-HIN

Data from the 1000 C:enomes F'u. Study - wa: used ‘or &'l analyses [Durbin, et al. 2010].
ri'ot 5 did ir.uder sequencing of approxim.at=iy 1000 exons at a high depth of about 70X
coverag”. In or.er to keep the data as homogenon< as possible, only the Illumina data from
the ¢ 0 CE"d samples that had been pror_ssed through the Broad Institute pipeline was
‘nclud.d. The Br-uu pipel ne mapped .he I'iumina g :nei ated reads using MAQ [Li and

L .rbin 25u9; Li, et 1. 2008]. GATK v7as 1sed for wuplicate removal and base quality
ca.'bratior, (espectively, and variants w >re called veZag the UnifiedGenotyper program
[McKena, et al. 2010]. Only called data was used “u: the o rrent study; no attempt was
made to a'ign and assemble ¢ sequence r.ads or ca!! , .ant: using other methods. The
downlvade 1 data i=ciaded geroypes for 96 Laarviduals at 1,4+1,207 nucleotide sites in the
human genc.ae. The Zownloaded file (“CEU.Bl.pilot?.vct”) in~.uded for each individual at
each site; he g:notype call, the o<..type qual vy score .ualo,our to a Phred score [Ewing
and Green 1993]), and t*_ nltered r-ud depth at wne site. For cach -ariant site, the call rate
was calcula.=d as the num®r of scored genotype ~=iis (onlv =**2s wyh a minimum of 1X
coverage were scured) divided by 90. More inforn 2*.un on the d-.tase : can be found at www.

yduosnuep Joyiny Vd-HIN

1000genomes.~:..

Methods

Quality scores were ceuverte to probabi:ities of correcily called venutype s using the
function, Pr(Correc. C2%) =1 — 10(Qualit. Sco.¢/10) Ay iy, tividual'e uitele o ov2 for a given
variants site was given by the sum of “i.c correct =all probai’iaes for ~1 neterozrzute
genotypes at the site and a vziue of 2.0 “,r each m'nor allele ho.inozygot=. this :llele score
was computed to reflect he vr_crtainty in the 1.cerozygote g not_pe calls. An indiviav~l's
allele count at a given variant site was giver Ly the s im of the wumor Lieles af the site. The
mean depth was computed for eack .udividual w.sing the depth m :asur~iuents at all sampled
sites where an allele call was made a=J aepth »2c zeater than 0.

-— o

A logistic regression model was usr . to tes. 1or assocatio . Each incivirual wes 2.sig 1ed a
dichotomous case-control status t ased on the sampling prc cess desct bea ... tie Results
section. All variants within a defi.ied irequency ranc: we' e collapsed and =2 cumul-tive

)duosnuep Joyiny vd-HIN

number of minor alleles and the su.m of u.c zlicie score, were computed as *..c primarv
predictor variable. The logistic regress.>m mod-l, assum <y thai the geneti > v-.iants were

Genet Epidemiol. Author manuscript; availablc in PMC 20,2 Au-,ast 16.
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indenendent and °< =2t Liciuuc any weighting or conditioning on characteristics of the
allele: . For each individual il uiic os in *le defined frequency range were collapsed to
acate ¢ single predictor variable. Mrlavariate logistic regression models included a mean
depih prodictor variable 11 additiun to the cumulative allele variable. The p-value for the
allele vanble was cor.aputer’ ror each rerlicate dataset and the proportion of replicates
-aeeting ~pvcific p-va.ue, thresk Lias was reported for each set of conditions considered in
the ~aalysi-.

In ~.udition to the logistic regression . nalysis, each - zplicate dataset was analyzed using a
nerest Gon-0as 3d test similar 45 a Wilcovou rank test [Lehmann 1975]. Each individual was
ranked ~~22, Glug to their cu nul2“.ve allele c~unt or sc e and the sum of the ranks of the
case individuals was computed. Th- s.atistical <:gnificai ce of the observed rank sum was

yduosnuep Joyiny vd-HIN

comnuted om0 o distribut. on of *Lake In 10,000 rep icate datasets, case-control status
was randomlw ~55ion¢ d to each individual 1.1 the samp = whnile maintaining the 1:1 case-
co.troi sarpling .nd the sum of the case ranks was calculated to form the null distribution.
Thi. approac’. is similar to the method pror-.ca by :fadsen and Browning [Madsen and
Brownir 4 2009] with =, veighting apr.ted te lic varial t sites.

Case 2.4 control <Z.aples with differe. 't m>an seruenci ig depths were generated to
deinonstr..e the confounding problem a.d evaluate e ability to correct for it in a statistical
anal ssis. The mean depth for each of the 90 Cauc~zian Pilot Phase Il samples was

comp 1ted from the selecte2 set f variant « «es and *.c saple s were ranked accordingly.
Replic. te ase ar< control c~.uparison groups of 100 individ.'s each were generated by
sampling iruvidus'. with replacement according te “.eir posit i in the upper or lower 50
percentile of th ¢ ranked samplec {+= individua s in ea~l perce. tile). To generate a sample of
cases, 100 indi viduals =~ cre samn'=J with replacement fro=. ine ur.per 50t percentile of the
mean depth -anked samn'_s with probability eque’ w0 k, and £, the lower 50t percentile
with probability | — k. A control sample was simil. 21y generated vy s'. mpling individuals
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from the lower >u™ percentile of the rank >d samples wi. probahi®.ty &, and from the upper
50t percentile v.:il piobak ity 1 - k. The probability k& »us termed wie 2roup mixing
percentage and was assvssed «t valros 0£0.2, 0.3, 0.4 anc 0.5. Av k=1 5, the case and
control samples are matr.aed or the mean A<, h variablc. Fc ¢ each 100! cate, 1000 variants
sites were randomly select~d from the full set ¢ f variant sites, wud the to*.u number of minor
alleles (or total allele ~_ore) was calculateZ acro.'s all sites ‘or e=cn of the 100 case ~~d 100
control individuals. These total ~licle count: werc the independert variable< in “he logistic
regression and rank test: Variant <i.cs having el frequenciss grower than *2.0." o2 not
included among the samp..u set of 1000 variants o1t >s. While ¢ vo.iant wiii an alle'
frequency between 0.01 and 0.05 woul< Le considz.cd low rather wnan rare, we <»! ction of
1000 segregating sites within *..¢ given »'' ie frequency range providd and ~2 yoote
number of minor alleles, give 1 t=.C small cample sizes ¢ 100 case and 100 cor*:Z!
individuals, such there was adequatr statist'cat powe. to ii vestigate ‘ae conidw dir 2.

Results

)duosnuep Joyiny vd-HIN

The mean sequencing depth across he 90 Caucasiar individr-1s in the 1{u0 Genri.os 1ilot
Phase 3 was computed for the 2374 rare vanant sitec (uat had b .tween onc and five minor
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alleles present i *~2 18T Laiupieu cnrome somes and no missing data, i.e, 100% call rate.
t'he rclationship between th 2 L uui-.r of 2lieles observed and the average sequencing depth
o thown in Figure 1. Mnoi1e7phic cices were not included because they represented the
ovei whe 'ming majority ¢ £ obser ations and obscured subtle relationships in the data. A
linear reg: ession mod~: was Zit to the dat~ .o p12dict the effect of depth on the number of
-ainor al'ivs observed. Tne poi estimate < the regression coefficient was -0.00616,
corr.spondiag to a redv cuon of roz ghly one third of an allele for each 50-fold increase in
sequer.ce depth; or a dec ~.ase of a full ai'ele frz cach 162-fold increase in depth. An
v~derlying negative relationship bet» een sequerziug depth and error rate (i.e., as
suyuencing depti increases *.c number <. incorrect ui'ele calls decreases) is believed to be
v vause of the negative rel: ti2.uship observed here, ar.d is the source of the confounding
problem.

yduosnuep Joyiny vd-HIN

Figure 1a chawrs the ¢ istribution of p-value. corputec £.um the logistic regression model
an 1 geera’cd fre.n the analysis of 10,000 replicate case-control samples. All sites had

con vlete dat~., i.e., minimum call rate of 1.7, wie grvon mixing percentage was 30%, and the
inzepenent variable i+ u e regression r.iodel 7 as e sun of the allele counts. The mean
deptls in the e sample wvas 57.3, versus 95.7 for th e cc ntrol sample and there was no
statizical adjus*.uent in the regression moaud! #2 correc’. for the difference. The distribution
of '} -val ies was profoundly non-uniform .ith 2 =.cdian ~7 (.14, suggesting that a significant
diffc -enc > in the cumulative number of rare allel s betwec.. the case and control samples
was o)Hser ‘ed among th< (najoriv7 of simul. ted re,uicates. Figi re 1b shows the results from
the ana.ysis of “.i¢ same <z, ulated replicates used to gener~ic r gure 1a however, the logistic
regression .node's included the sum of the allele <-oures rather v.~u the discrete allele counts.
Incorpora ing he uncertaintv . the . llele calls inte e statistir al ¢ nalysis only had a minor
effect on fiattenne -0 distribn* uu; the median p-value = as 0.20° Figure 1c shows the
distribution ¢ p-valnes computed from the same .'et of reziicate (ata sets using a multiple
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logistic regression model with the tatal allele counts and the ».an depth variables included
in the model. T 1e distribution in Fienre 1. more closziy resemtIos the null distribution of p-
values with a median ¢ f 0.« 85, sugges*.ng that much T we confour ding ~ffect of
sequencing depth is rem dveu by a~counting for the varievle in the statistic. | model, although
some inflation of the st-.stics cemains. A .cotuting for mc rtain‘v 1.: e 2.lele calls by
including the sum o1 the ~iiele scores and « ccovnting for u.~ confounZ.g v h the mean
sequence depth in the multiple logistic zcgressio.» model fu thor reduces (e confriuding
problem, with the distributior u1 p-values uaving » median of 0. +85 and ~ ..>ar) 7 uniform
distribution (Figure 1d).

The extent of the confounding and the ~Ziectivene<; of the adjustr.ent wer: ass <=.d for a
range of group mixing percer*=zes, and v up to 10% missing lata at each zIic {Table I).
For each pair of mixing perce 1t~ ¢ and ri1 rate paramcters, four logis'ic regre-zi~n models
were tested with the following predi_tor va~.aoles: u.> sur» of the all :le rou ts; the sur 1 of
the allele scores; the sum of the al ele rounts and the n ean depth; an\! the =1 of the allele
scores and the mean depth. The p 'rceirtage of 10,000 repl cate datasets .= wiicu the 2'lcie

)duosnuep Joyiny vd-HIN

sum variable showed p-values less than > 05 2.51 and £.001 are given in Ta*.c 1. Table 1
includes the individual mean allele coonts and srcies, and yverall mean a2pth Ly case ar d
control status computed from the 10,000 replica*zs.
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The results sho»= ‘= th0 (p nair o1 1able [ were computed from replicate case and control
sampi s with va.iant sites k2 L.z o .ainiram call rate of 1.00. Restricting the analysis to
siws with complete data elinviruted rucential effects of missing data. Increasing the group
mix ng caused a decreasc in the ~utference between the mean allele count, the mean allele
score and ‘he overall ~..ean d_pth in the ~=se ar1 control samples, and a decrease in the
wercentaze Hf replicat s .aeetins; vach p-va'we threshold. The calculated differences in the
over.il me~.a depths be’ ween the ~.se and control samples were 56.7, 46.0 and 38.4, for
group -uixing percentage - ot 20, 30 and 10, recpcciively. The case and control individuals
dilrered by approximately 3, 2 and 1 ‘llele count .ud 2.5, 1.5 and 1.0 allele score for mixing
pacentages of 2, 30 and 40 o, respect~. cty. Consi<ict with the results shown in Figure 1,
Luguct mean depth was corre!»4ca with fer'or minor all *les. Modeling the alleles as scores
reduced the difference between % case and ¢ yntrol sam »les but the effect was not large

yduosnuep Joyiny vd-HIN

Zuvugu w enminate he highly nfl~icd fal. e pesitive -ate. When the logistic regression
mode! I.d uur .aclud s the depth variable, th * p-1 alues were highly biased away from the null
ex) ecta‘irus resuiting in high false positive rates. The false positive rates decreased as the
case and co-.rol groups became more sin»’idar with resyect to mean depth, allele counts and
c_ores. Z1owever, Wi 40.% group mix ag a~.u high \n1eai» depth in both groups, two to three
t o~ Us the ru.aber of r=pucates expect d tc exceed t'.e p- value thresholds under the null were
ot ,erved. In~luding the mean depth va.iable n the loListic regression model eliminated
much 01 'the bias in the distribution of p-vaiuws and nez,iy ¢ rrected the false-positive
prob.2m. The degree to which *he mean dent®. variable elimu.ates the confounding depends
on the how different “..c case ar-. control sa mrics are with ==-pect to the confounder. With
mixing perce~.ages of 25 and 40%, the p-value threshol-, close'y resemble the expectations
under the "wull, v.nile they remain srmewhat inf'..ed wher <2~ m.~ing percentage is only 20.
The mode s th.t included t:.c sum of the allele : ~z.¢s showed .owe r false positive rates than
those that 1. cluaca we discree allele counts variable Tne most cu.olete adjustment was
observed with = = uaple logistic regression mod'el th. includec bo h the allele score and

yduosnuep Joyiny Vd-HIN

mean depth variables

The results shown 1n ti e bc ttom Lalf of [able I incluc-d variant sitcs wi up to 10%
missing data (minimum call cate = v.90). Sampling the 2 uditional rariants vith missing data
decreased the differenc~ 1n th mean dept’. be ween the ~as and ~ont.ol groups from what
was found when onl - cor.plete data was i1 cluc. 2d; howeve: the differz.uce i~ the case and
control individual alle:e counts and sc~zos increcsed. The 1 *l~2ionship bziween me=. depth
and alleles observed was we2':cned by t+2 inc lusion of variants with ince=,plete data. While
the false positive rates st ould d-.iease as the 1.>cun depths of the <omparisor. groups vocome
more similar, the inclusion of incomplete dat> ..creased the cas. and ~utrol allele count and
score differences, resulting in a marc...ally high<, ralse positive rate wh<. sites .v1th missing
data are included. While the .all rate ie jositively correlated with der h arZ snoula L=
partially accounted for in the 1 gressio” models with thc mean depth - ariable, ‘ne «all ate is
strongly related to the total allele cr ants * ccause it de ‘ines the total 1 um ser of ¢ becrve dons
at a variant site. Including variant sites with missing d'.ta r :duced the =ffect viness ot the
statistical adjustment for the confiuna >r, although < gnifi .ant correction ru: che bia< was

)duosnuep Joyiny vd-HIN

shown and the results closely resen ble thusc 1or comriete data.
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r'he renked test . howed corzisicuu, highwr false positive rates than the logistic regression
zucthoc without correct.on, i1d catine, chat the ranked sum test is more powerful for

dete ~ting differences in ti'e sum ~« the allele counts and allele scores between cases and
controls v this contev.. The .ank test of ~licle : cores showed less bias in the p-value
Listributiur, than the tost of the ~licle count=, although a considerable and unacceptable false-
posi‘ive proolem remai .ed.

Tat e III shows the results for the logistic regressie-. analysis of simulated samples with the
mivi=-eenta e fixed at 509, resultine L. case and control samples that were matched on
their ax~-o- 0 quencing depth. Tl results <L.ow a clo e fit to the expected uniform
distribution of p-values under the m:ii nypothe~.s 0. no . ssociation between rare variants and

yduosnuep Joyiny vd-HIN

disease Whon - (ts with up to 1097 nissing” data e 11cluded the results show that the
logistic reorec~isn me del gives slightly conerv.tive roouirs.

Discussion

"Jsing genotypes £.um nex‘-generatior DN 4 sequen e dita for 90 CEPH samples generated
i rilot Cudy 3 of *1.c 1000 Genomes Pro, =ct, a negativ e relationship was found between the
mean seaZacing depth at a variant site "nd the nunLer of minor alleles observed at the site.
The nun ber of alleles at the site decreased as the sejuencins depth increased. The reason for
the ovsen ed relationship w., a: sumed to ¥« an unde+!, .. >g ne jative correlation between the
error r.te ~ad the ecquencine 2 pth. As seqi.cucing depth wicreases, the probability that a
genotype is “aiscalle” as a heterozygote decreases. Thz.c are nr_2ntially important
implicatio 1s of this relationship i case-contrc” associ*Zun swdie. of rare alleles using next-
generatior. seq.'encing. Y uen case ~.d control samples are ~.quer ced separately or
differentiali’ among batck<,, the comparison grorz, are unliv='v to e matched with respect
to sequence depur. Lhe case and control groups ar. 'Ziely to have sigr ificantly different

yduosnuep Joyiny Vd-HIN

depths across t:.< sequencea reglons and 't the specific vz.iant sites of interest. Therefore,
sequence depth = -2 a cC wrvunc.r in euse-control assorizuon stucizs and lead to false
positive results, as demnstia*od in s report using real fara.

The confounding effe~. of se uencing dej th was found 7he~ bot: the cass and control
comparison groups hd ~ubstantially greate - then 30X covr.age (th2 mini<w » .acn
coverage depth was 39.1) and the ne_auve relatic nship bety “sen the »w.nber of ~licies and
depth was present even whz. the coveruge wes reiatively deer. [he diffirer.~~ .1 the mean
sequencing depth betwee 1 th= comparison groups was the pri.nary determin~at of the o _tent
of confounding and false positive rate. Thic ,csult su rgests that the untoundi=g p1oblem
will be particularly acute when ce~ crage is reluuavely thin among one 1 the comparison
groups and the difference bet veen czoups is '2uge, sonh as if one vreze te use 1000 Genomes
Project data as a control group to cor pare with ~=nly sc Juenced cases ir <n assoc ation
study of rare alleles. The 1000 Ger ome- Project is se¢1en ing humai gcnom.=s .
approximately 4X depth.

)duosnuep Joyiny vd-HIN

The current study assessed confour.1ing auc w0 depth *.c a samnle of 100 c~,es and an ~aual

'] 1 [YaYal

number of controls with genotype data o !Cou vari~i. sites. [n practice “_wer than 1.0
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rare variant sitec 212 LLoie usety oe 1 luded in a single statistical test and the magnitude
of the confoundie investigziod Livr - coul s be an exaggeration of what would be found in an
Zuv estiy ation of a single genric reg’on. However, a subtle confounding effect should not
be a’'sco.'nted. Weak stat.stical c~afounding due to population admixture has only a
marg.nal .1fluence or a case control ass~_iatio test of a single SNP, however, in a genome-
~/ide an~ly. is of huna -e~s of thousands of €ivPs, the weak confounding has a significant
imp~.ct on *.ie distributi ,u of the »250ci. tion statistics. Weak confounding due to sequencing
aepth ~vould likewise ha -© a significant .mpac* un he distribution of rare variant association
te,ts in a genome-wide study; a study design th2* w1ll soon be affordable.

Inchadine o Can depth line r pr=lictor of e~so-contro. status in a logistic regression model
was shown to provide good statisti~=i adjustm=z.. 1c v the confounding effect of sequence

yduosnuep Joyiny vd-HIN

denth Fuwthoroo o incorporat ng the wuc >rtainty in he b sterozygote genotype calls by
modeline the ~=5babi ity of the call being c »rect had . zciatively minor but beneficial
imact on *.ie resuts. The simple logistic regression model used to test for association with
the umulati* ¢ sets of minor alleles fit the e pcctaucs under the null but showed less power
th=.n the “ank test. Mor2 s phisticated 17.gress*u w.adelr that use prior information to weight
vari~at sites ~.u define ~zuapsing sets she uld incree se power.

Th> curr=.. study demonstrated the con/~unding n~.ential ~f sequence coverage depth in
casc -con rol association studies of low frequencv ~..u rare »*leles. Fortunately, the coverage
depth is n easured and rer-.wed Hy all sequ snce an2'; 515 >Hftw are, and a simple statistical
test cai 2-,ess whower or not we case and control samples d**7°r with respect to the
experiment-.. variaklc. If a significant difference in t.. case ar~' control sequence depth is
found, the con’ounding effect of (e variable ¢ be 2~ _vuntec for by including the mean
sequencin;” dep th as a '..car predi<iur in a regression mod-:. Othe. approaches for adjusting
or accountir.> for the cor“,unding are possible ar 2 should k< . est,rated.

yduosnuep Joyiny Vd-HIN
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Rela ionship between th- avers ge sequence rend depth at a variant site and the number of
inor ~licles observed in €y CEPH <z.uples. A alysis was restricted to sites with between
one an~. five minor all.ies »=.4 variant <X.cs with complete data (minimum call rate = 1.0).
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Figure 2.
Distribution nf n—~~lyes from 11gistic ™41 2ssicn ana.ysis of cumulative minor allele counts

1duosnuepy Joyiny vd-HIN
M Py M,

from 1000 variant sites in 100 case and cor.trol udividv~L,. Distribution was generated from
1C 006 repli.ates Ivlinimum call rate was 1.U and group mixing percentage was 30%. Each
rep.icates wae analyzed by four logistic regrez,iun .2adels included the following predictor
va~iables' the sum of th- 1llele counts (T igure z}; the s um of the allele scores (Figure 2b);
he s.m of the Ziele court; and the m ;an .equence 1 2ad depth (Figure 2¢); and the sum of
the al'_ie scores ~.u the mean sequenc < recd deriiy (Ficure 2d).
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