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Abstract. The objective of this research was to develop a procedure to identify candidate genes under linkage peaks confirmed
in a follow-up of candidate regions of interests (CRIs) identified in our original genome scan in the NIMH Alzheimer’s diseases
(AD) Initiative families (Blacker et al. [1]). There were six CRIs identified that met the threshold of multipoint lod score (MLS)

of > 2.0 from the original scan. The most significant peak (MkS.7) was at 19913, which was attributedABOE. The

remaining CRIs with ‘suggestive’ evidence for linkage were identified at 9922, 6g27, 14922, 11925, and 3p26. We have followed
up and narrowed the 9922 CRI signal using simple tandem repeat (STR) markers (Perry et al. [2]). In this confirmatory project,
we have followed up the 6927, 14922, 11925, and 3p26 CRIs with a total of 24 additional flanking STRs, reducing the mean
interval marker distance (MID) in each CRI, and substantially increase in the information content (IC). The linkage signals at
6427, 14922 and 11925 remain ‘suggestive’, indicating that these CRIs are promising and worthy of detailed fine mapping and
assessment of candidate genes associated with AD.

We have developed a bioinformatics approach for identifying candidate genes in these confirmed regions based on the Gene
Ontology terms that are annotated and enriched among the systematic meta-analyzed genes, confirmed by at least three case-control
samples, and cataloged in the “AlzGene database” as potential Alzheimer disease susceptibility genes (http://www.alzgene.org).

Keywords: Alzheimer, linkage, QTL, STR, SNP, Genomic scan, Candidate gene, bioinformatics, gene ontology, GO, Alzforum,
Alzgene database

1. Introduction the cerebral cortex and hippocampus which control
thought, memory and language. Pathologically, AD
The most common form of dementia among aging is characterized by neurofibrillary tangles found in the
people is Alzheimer’s disease (AD), which involves neurons and the deposition gfamyloid (A3) within
senile plagues and cerebral blood vessels, resulting in

the loss of neurons and synapses [3]. Clinically, AD
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is slowly progressive [4], usually beginning after the
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years, but up to 22.2% of the population over 90 years
of age [5]. The number of sufferers worldwide is esti-
mated as over 20 million [6] with more than 5 million
affected in the United States.

AD is clinically subdivided into early< 65 years)
and late & 65 years) onset forms. About 10% of AD
cases are familial with an autosomal dominant inheri-

T.M. Baye et al. / Follow-up and candidate gene selection in NIMH AD cohort

ing our previous whole-genome scan findings, we have
conducted a follow-up study with denser STR markers
spanning the four remaining CRIs (3p26, 627, 11925,
and 14g22). Based on the Gene Ontology (GO) terms
that are annotated and enriched among the systemat-
ic meta-analyzed genes, confirmed by at least three
case-control samples, and cataloged in the “AlzGene

tance and these cases are often the early onset form [7]. database” as potential Alzheimer disease susceptibil-

Mutations in three genes, amyloid precursor protein
(APP) on chromosome 21, presenilin BSL) on chro-
mosome 14, and presenilin P$) on chromosome
1 are estimated to account for about 50% of early-
onset AD [8-10]. However, the majority of cases (90—
95%) are late-onset AD (LOAD) that can show famil-
ial clustering without a clear Mendelian mode of in-
heritance [11]. Apolipoprotein EAPOE) on chromo-
some 19913 has been confirmed by multiple indepen-
dent studies [12] as a risk factor for LOAD, and is as-
sociated with lowering the age of onset [1]. Howev-
er, APOE explains only 20—29% of the risk [13], and
it is neither essential nor sufficient to cause AD [14—
16]. The etiology of LOAD is complex with the possi-
ble involvement of several genes and/or environmental
factors [17].

Efforts to identify additional LOAD loci have large-
ly taken two main approaches: genome-wide link-
age scans [1,18-21] and association studies of poly-
morphisms in candidate genes (for review see [22]).
These studies indicate the existence of additional AD
susceptibility genes on several chromosomes. In our
genome-wide linkage scan of the National Institute of
Mental Health Alzheimer’s Disease Genetics Initiative
(NIMH-ADG]I) cohort of affected siblings, we identi-
fied five CRIs (9922, 6927, 14922, 11925, and 3p26)
with suggestive linkage and one CRI on 19923 that
met criteria for ‘significant’ evidence of linkage defined
by multipoint LOD scores (MLS)> 2.0 [1]. Other
linkage studies, though considerable overlap between
samples from NIMH-ADGI sets [14], have identified
overlapping regions or regions that are within a mod-
est distance of three of these CRI on 19923, 9922, and
11925 [15-17]. The 14923 region was identified by

an independent scan that used only Caribbean Hispanic

samples [23], and serves as a separate replicate.

We followed up the CRI signal on chromosome 9¢22
by genotyping additional simple tandem repeats (STRS)
and found the region remained significant with an in-
crease in the peak MLS from 2.9 to 3.8 at 95 cM and
narrowing of the CRI to 11 cM (92-103 cM), thus
supporting the region as potentially harboring LOAD
genes [2]. Inthe present study, with the aim of confirm-

ity genes, we developed bioinformatics tools that ex-
tract potential AD candidate genes in these CRIs from
genomic databases.

2. Materialsand methods

2.1. Sudy population: NIMH AD genetic initiative
families

The study subjects were collected as part of the
NIMH Genetics Initiative following a standardized pro-
tocol utilizing the NINCDS-ADRDA criteria for di-
agnosis of definite, probable, and possible AD [24,
25]. A total of 468 families were ascertained. The
primary structures of these families were affected sib-
pairs [1], and the ethnic make-up was primarily Cau-
casian (95%). In 437 of these families, the mean age of
onset (MAO) of affected family members was above 50
(mean= 72.4, range= 50-97) (Those with MACK 50
were believed to be enriched for tABP, PSL, andPS?
mutations, and were therefore dropped from the current
analyses). In addition to the total set (TS 437 fam-
ilies), the linkage and mapping results presented here
are also from a late age at onset subset with a MAO
> 65 (LOAD families) identified in 320 families and a
subset of families identified as early-mixed (EM) with
MAO between ages 51 and 6b & 117), both with
similar primary structure and ethnic make-up as the to-
tal set of families. Blood was collected and sent to the
NIMH repository at Rutgers University where genomic
DNA was extracted from lymphocyte cell lines.

2.2. STRgenotyping

STRs flanking the 627, 14922, 11925, 3p26 peaks
were chosen from the genomic database (wwwaydfp.
and deCODE Genetics (www.nature.com/ng/journal/
v31/n3/ extref/ng917-S13.xIs). The genetic locations
of the STRs were based on sex average distances in the
Rutgers combined linkage-physical map, Build 36.1
(compgen.rutgers.edu/mapomat). A total of 24 STRs
were genotyped in an attempt to decrease the inter-
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Table 1
Markers used in the study, and their positions on the Rutgers combined linkage- physical map of each chromosome

Chr. 6: Old CRI= 140-192 cM

Chr. 14: Old CRE40-80 cM  Chr. 11: Old CRE 116-161 cM

Chr. 3: Old CR¥= 0-44 cM

Position Original Follow-up Position Original Follow-up Position Original  Follow-up  Position Original Follow-up
cM CIDRlocus locus cM  CIDR cM  CIDR cM CIDR

140.2 D6S1009 37.4 D14S306 115.8 D11S1391 19 D3S2387

148.3 D6S1003 48 D14S587 119.8 D11S965 6.0 D3S3630
150 GATA184A08 50.5 D14S276 122.6 D11S1885 13.2 D3S1560
153 D6S1637 56.6 D14S592 126.9 D11S1998 19.9 D3S1304

156.1 D6S1687 59.3 D14S63 131.4 D11S4089 24.1 D3S4545

158.2 D6S494 63.7 D14S588 137.2 D11S4464 31.6 DD3S1259

160 D6S2420 68.7 D14S77 145.1 D11S912 36.9 D3S1286
162.9 D6S2436 69.8 D14S71 152.8 D11S4131 43.8 D3S3038

165.8 D6S442 70.3 D14S43 160.7 D11S968

169.4 D6S437 72.4 D14s61

178.5 D6S1277 72.7 D14S53

181.4 D6S1719 79.4 D14S606

183 D6S264 84.5 D14S48

188.5 D6S503

191.6 D6S1027

marker genomic distance in these four peak regions in
these LOAD families, which was 9 cM in the origi-
nal scan. The STRs genotyped for the original and
follow-up mapping are listed in Table 1.

All STR genotyping for follow-up mapping on chro-
mosomes 3p, 6q and 11q were performed with the
Beckman/Coulter CEQ 8000 capillary electrophore-
sis platform with Well RED dyes (Beckman/Coulter,
Fullerton, CA) as described previously [2]. The ratio
of each of the flanking STRs in the two pooled products
that were run on the CEQ platform was determined by
the dye selection criteria [2]. The ratio of the six flank-
ing markers on 627 (D6S1687, D6S2420, D6S1719,
D6S494, D6S1637, D6S442) was 1.3:3:1.6:3:3.5:1.3,
respectively while the ratio of flanking STRs on 3p26
and 11925 (D3S3630, D3S1560, D3S1286, D11S965,
D11S4089, D11S4131, D11S1885) were pooled as
3:2.75:1.25:2.75:3:1.8:1.25, respectively. The seven
flanking STRs on chromosome 14q and the four re-
maining markers on chromosome 6927 were genotyped
by acrylamide electrophoresis using autoradiography
as described previously [26].

2.3. Linkage analysis

The statistical analyses have been detailed previous-
ly [2]. In brief, model-free linkage analysis was per-
formed using the program Genehunter Plus with exten-
sions to calculate the Kong and Cox statistic [27,28].
Maximum likelihood estimates of allele frequencies
were calculated with the SAGE [29] program FREQ
taking into account the family relationships. Replicates

ERINFO, as well as detected implicitly by the analyti-
cal programs used here.

2.4. Bioinformatics approach for candidate gene
selectionin CRIS

Once a linkage peak has been identified, hundreds
of genes under the peak can be accessed using the UC-
SC genome browser (http://genome.ucsc.edu). But the
lists are too large to conduct expensive molecular lab
work. We developed a bioinformatics approach using
a Python (http://www.python.org) script to assist in the
efficient automatic extraction of candidate genes in re-
gions of linkage (the codes are available upon request).
Specific procedures for AD are: 1. The regionto be an-
alyzed needsto be defined. The input regions are usual-
ly defined as the 1 LOD drop of the linkage peak whose
physical location is defined by the closest markers to
the ends of the regions. 2. Alist of disease specific key-
words generated from 24 meta-analyzed and confirmed
AD genes (http://www.alzgene.org; accessed on July 2,
2007) is provided to the program. These lists are func-
tion and process key terms deposited in the Gene On-
tology (GO) databases (http://www.geneontology.org;
accessed on July 2, 2007) for this disease. GO is de-
veloped to capture the activities at cellular and molec-
ular level. For AD, these terms are, in general, related
to neurological function, inflammation, oxidative dam-
age, cholesterol/lipoprotein function and atherosclero-
sis/vascular pathways [30]. As of 2006, there are about
18,455 GO terms assigned to proteins to illustrate what
they do, where they function, and what processes they

were performed on selected samples and any Mendelian are involved in. The AlzGene (http://www.alzgene.org)

errors were detected with the SAGE program MARK-

with in the Alzforum (http://www.alzforum.org) cat-
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alogue, “AlzGene database”, is a systematic, meta- The CRI is confirmed in the EM group between 35 and
analyses of potential Alzheimer disease susceptibility 75cM with anincrease in the peak MLS score from 2.2
genes in at least three case-control samples [22]. This to 2.5 at 48 cM (Fig. 1b). This places the peak0 cM
gene database is expected to provide a powerful tool proximal to PSEN1, which suggests the location of a
for deciphering the genetics of Alzheimer disease, and possible second susceptibility gene in the EM group.
serve as a potential model for tracking the most viable
candidate genes.

Based on the GO vocabulary terms of the 24 most
significant genes identified by Algene, we developed Four additional microsatellites were genotyped in
a bioinformatics approach to identify candidate genes the CRI located at 11925 (116-161 cM), resulting in a
in our QTL regions linked to AD. Briefly, we articu-  decrease in the MID of this region to 5.0 cM from an
late that these GO terms for these 24 candidate liability MID of 9.0 cM, and an increase of IC from 0.39-0.52
genes (Table 2) can serve as a model in discovering to 0.45-0.62. Additionally, the interval of support in
new AD genes in each of our linkage peak regions. For the follow-up scan narrows to 120-153 cM (Table 1).
each gene, we downloaded two categories of GO terms, The peak MLS remained unchanged from the original
function and process, from GO databases and interro- scan (2.0 at 158 cM) for the total set and there was
gated the linkage regions of interest with theses GO narrowing of the signal to a region between 130 and

3.3. CRI located at 11927

terms for possible candidate AD genes. Genes enriched 164 cM (Fig. 1c).

with the specified AD related GO terms are then down-
loaded directly from the human genome draft Build
36.1 database (http://genome.ucsc.edu) assembly.

3. Results
3.1. CRI located at 6g27

The chromosome 6g27 interval (140-192 cM) had a
peak MLS score of 2.2. We have genotyped an addi-
tional ten markers and decreased the MID in this region
from 10.9 cM to 3.8 cM. Additionally, the interval of
support in the follow-up scan narrows to 148-188 cM
(Table 1). Graph of the MLS scores from the total
dataset showed the extra marker information split the
peak: one signal located between 140 and 165 cM in
the LOAD group with a peak MLS of 0.95 at 153 cM
and a second CRI located between 170 and 192 cM
in the EM group with a peak MLS of 1.48 at 183 cM
(Fig. 1a).

3.2. CRI located at 14922
The CRI we identified at 14922 (37-80 cM) in the

original scan had the highest MLS in the EM subset of
families (MLS = 2.2). This evidence is probably due

3.4. CRI located at 3p26

The CRI located at 3p26 had an MLS of 2.0 in the
original scan in the EM and CM sets. We have geno-
typed three additional markers in this region, that re-
sultan increase in IC from 0.32—-0.52 to 0.43-0.65 and
a decrease in the MID from 8.8 to 5.3 cM. The peak
MLS for the EM set and the combined set decreased to
1.45 and there was no narrowing of the region. Since
we wish to maintain our stringent criteria of an MLS
> 2.0 for confirmation of a CRI and because there is
no supporting evidence of the 3p26 region linked to
AD in other genomic scans, this signal is most likely
a false positive, therefore we have omitted this region
from any further investigations.

3.5. Candidate gene selection

Results of possible candidate genes in these CRIs
and their locations from the interrogation of the
database with the GO terms are presented on Ta-
ble 3. Approximately 159 position-based candidate
genes and nearly 53,313 HapMap Caucasian SNPs
(http://genome.ucsc.edu) were found at the 627 CRI
(140-192 cM peak). Our bioinformatics procedure re-
duced the candidate gene lists to 56 based on function

in large part to the presence of the PSEN1 gene located and 48 based on process, with 24 that were overlapping

within this region at 68.7 cM. We have genotyped an
additional 7 markers in this region, reducing the MID
from 6.7 to 3.0 cM, and increasing the IC from 0.30—
0.54 to 0.44-0.65. Additionally, the interval of support
in the follow-up scan narrows to 50-85 cM (Table 1).

genes. At the interval (35—75 cM) of the 14922 peak,

about 198 genes and nearly 58,438 HapMap Caucasian
SNPs were found. The interrogation of the database
using GO terms reduced the candidate genes to 107
based on function and 69 based on process, with 46 that
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Fig. 1. MLS data of follow-up scan with an additional dense grid of markers for the CRIs on chromosome 6 (1a), 14 (1b), 11 (1c).
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a. Follow-up mapping of the 6q27 candidate region
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c. Follow -up mapping of the 11g25 candidate region
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Table 3
Lists of total, functional, process genes in 6q, 14q and 11q CRI

chr 14 (35-75cM)

chr 6 (140-192cM) chr 11(130-164cM)

Total Function Process Total Function Process Total Function Process
159 genes 56 genes 48 genes 198 genes 107 genes 69 genes 83 genes 12 genes 26 genes
ACAT2 ACAT2 AKAP12 ABCD4 ABCD4 ADAM 20 AB045830 ARHGEF12 ESAM
AGPAT4 AGPAT4 ARID1B ACTN1 ACOT1 ADAM21 ACADS8 ESAM GRIK4
AlIG1 AKAP12 BCLAF1 ACTR10 ACQOT2 AKAP5 ACRV1 GRIK4 NRGN
AKAP12 ARID1B C60rf103 ACYP1 ACOT4 ARF6 ADAMTS15 HSPAS8 OR10G4
ARID1B BCLAF1 C6orf123 ADAM20 ACTN1 ATP5S ADAMTSS NRGN OR10G7
BCLAF1 CITED2 C6orfs54 ADAM21 ACTR10 ATP6V1D APLP2 PKNOX2 OR10G8
BRP44L CLDN20 CCR6 ADCK1 ACYP1 BATF ARHGEF12 POU2F3 OR10G9
C60rf103 CNKSR3 ESR1 AF161445 ADAM20 BMP4 ASAM SC5DL OR4D5
C6orfl115 EPM2A FBXO5 AF336880 ADAM21 CDKL1 AY358331 SIAE OR6M1
C6orf118 ESR1 GPR126 AF390028 AKAP5 CDKN3 B3GAT1 SORLT OR6X1
C6orf120 FBXO30 GPR31 AF390029 ARF6 CGRRF1 BARX2 TRIM29 OR8B12
C6orf122 FBXO5 GRM1 AF435011 ARG2 CHURC1 BC030580 ZNF202 OR8B2
C6orf123 HIVEP2 GTF2H5 AHSA1 ARID4A  CHX10 BRCC2 OR8B3
C6orf208 KATNA1 HIVEP2 AKAP5 ATP6VID CNIH CDON OR8B4
Céorf211 KIF25 IFNGR1 AL833179 BATF DLG7 CHEK1 ORS8B8
C6orf3s LATS1 IGF2R ALDH6A1 BMP4 DPF3 CR625776 OR8D1
C6orfs54 LPA LATS1 ALKBH BTBD5 ERH CRTAM OR8D2
C6orfs5 MAP3K5 LOC653483 ARF6 Cl4orf4  ESR2 CSE-C OR8D4
C6orf59 MAP3K7IP2 LPA ARG2 CDKL1 ESRRB DCPS OR8G2
C6orf70 MAP7 LPAL2 ARID4A CDKN3 FOS DDX25 OR8G5
Céorf71 MLLT4 MAP3K4 ATP6VID CGRRF1 FOXA1l ESAM PKNOX2
C6orf72 MTHFD1L MAP3K5 AY451390 CHURC1 GNG2 FEZ1 ROBO3
C6orfo6 PARK2 MAS1 BATF CHX10 GPR135 FLI1 SCN3B
C6orf97 PCMT1 MLLT4 BC006221 CTAGE5 HIF1A GRIK4 SORL 1*
CCDC28A PDE10A NMBR BC011548 DAAM1 KCNH5 HSPA8 SPA17
CCR6 PDE7B OLIG3 BC090945 DDHD1 LTBP2 IT™M1 ZNF202
CITED2 PERP OPRM1 BMP4 DLG7 MAP3K9 JAM3

CLDN20 PEX3 PDE10A BRMS1L DLST MAP4K5 KCNJ1

CNKSR3 PHACTR2 PDE7B BTBD5 DPF3 MAX KCNJ5

DACT2 PHF10 PERP Cl40rfl01 ENTPD5 MNAT1 KIRREL3

DEADC1 PLAGL1 PHF10 Cl40rf106 ESR2 NEK9 LOH11CR2A

DLL1 PLG PLAGL1 Cl40rfl11 ESRRB NID2 LRRC35

DYNLT1 PPIL4 PLG Cl40rf140 EXDL2 NK X2-8 NFRKB

EPM2A RAB32 RAB32 Cl4orfl62 FANCM NPC2 NRGN

ESR1 RAETI1E RPS6KA2 Cl4orf166 FNTB NRXN3 OPCML

FAM120B RAET1G SHPRH C14o0rf29 FOS OoTX2 OR10G4

FAM54A RBM16 SLC22A1 Cl4orf31 FOXA1 PAPLN OR10G7

FBXO30 RGS17 SLC22A2 C140rf32 GCH1 PAX9 OR10G8

FBXO5 RNASET2 SLC22A3 Cl4orf4 GMFB PGF OR10G9

FGFR10OP SHPRH SNX9 CDKN3 GNG2 PLEK2 OR10S1

FLJ27255 SLC22A1 TAGAP CGRRF1 GNPNAT1 PLEKHC1 OR4D5

FLJ37060 SLC22A2 THBS2 CHURC1 GSTZ1 PNN OR6M1

FLJ39824 SNX9 TIAM2 CHX10 HIF1A PPP2R5E OR6T1

FLJ44955 SOD2 TNFAIP3 CLEC14A  HSPA2 PRKCH OR6X1

FNDC1 STX11 TULP4 CNIH KCNH5 PSEN1* OR8A1

FRMD1 SYNE1 UNC93A COQ6 MAP3K9 PTGDR OR8B12

FUCA2 SYNJ2 VIP CTAGES MAP4K5 PTGER2 ORS8B2

GPR126 SYTL3 ZBTB2 DAAM1 MAX RAB15 OR8B3

GPR178 TCP1 DACT1 MLH3 RGS6 OR8B4

GPR31 THBS2 DDHD1 MNAT1 RPS6K L1 OR8B8

GRM1 TNFAIP3 DHRS7 MPP5 RTN1 OR8D1

GTF2H5 TULP4 DLG7 MTHFD1 SAV1 OR8D2

HEBP2 UST DLST NEK9 SIX1 OR8D4

HECA VIL2 EIF2B2 NGB SIX4 OR8G2

HIVEP2 ZBTB2 EIF2S1 NIN SIX6 OR8G5

IFNGR1 ZDHHC14 ENTPD5 NKX2-8 SLC10A1 PANX3

IGF2R ERH NRXN3 SLCB8A3 PATE
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Table 3, continued
chr 6 (140-192cM) chr 14 (35-75cM) chr 11(130-164cM)
Total Function Process Total Function Process Total Function Process
159 genes 56 genes 48 genes 198 genes 107 genes 69 genes 83 genes 12 genes 26 genes
IL20RA EROI1L NUMB SNAPC1 PMP22CD
IL22RA2 ESR2 oTX2 SOCs4 POU2F3
KATNA1 FBXO33 PAPLN SPG3A PRDM10
KIAA1244 FBXO34 PELI2 SSTR1 PUS3
KIF25 FKBP3 PGF TGFB3 RICS
LATS1 FNTB PLEKHC1 TITF1 ROBO3
LOC202459 FOS PNMA1 TXNDC ROBO4
LOC401280 FOXA1 POLE2 VTI1B RPUSD4
LOC401286 FUT8 PPM1A WDHD1 SC5DL
LOC441177 GARNL1 PRKCH ZBTB1 SCN3B
LOC441179 GCH1 PSEN1 ZBTB25 SLC37A2
LOC653483 GMFB PSMA3 ZNF410 SNX19
LPA GNG2 PSMC6 SORL1
LPAL2 GNPNAT1 PYGL SPA17
LRP11 GPHN RAB15 SPATA19
LTV1 GPR135 RAD51L1 SRPR
MAP3K4 GPX2 RBM25 ST14
MAP3K5 GSTZ1 RGS6 ST3GAL4
MAP3K7IP2 HBLD1 RHOJ STS-1
MAP7 HIF1A RPS6KL1 TBRG1
MAS1 HSPA2 RTN1 TECTA
MGC35308 JDP2 SAV1 THY28
MLLT4 KCNH5 SEC23A TIRAP
MRPL18 KIAA0317 SFRS5 TMEM45B
MTHFD1L KIAA0586 SGPP1 VSIG2
MTRF1L KIAA1036 SIP1 ZNF202
MYCT1 KIAA1393 SIPALL1
NMBR KIAA1737 SIX1
NOX3 KLHDC1 SIX4
NUP43 KLHDC2 SIX6
OLIG3 KTN1 SLC8A3
OPRM1 LGALS3 SNwW1
PACRG LRFN5 SPG3A
PARK2 LTBP2 SPTB
PBOV1 MAMDC1 SPTLC2
PCMT1 MAP3K9 STYX
PDE10A MAP4K5 SYNE2
PDE7B MAX SYNJ2BP
PERP MBIP TGFB3
PEX3 MED6 TIMM9
PEX7 MGAT2 TITF1
PHACTR2 MIA2 TRIM9
PHF10 MIPOL1 TTLL5
PIP3-E MLH3 ZADH1
PLAGL1 MNAT1 ZBTB1
PLG MPP5 ZBTB25
PNLDC1 MTHFD1 ZFP36L1
PPIL4 NEK9 ZFYVE1
PPP1R14C NGB ZFYVE26
QKI NID2 ZNF410
RAB32 NIN
RAETI1E NKX2-8
RAET1G NPC2
RAETI1L NRXN3
RBM16 NUMB
REPS1 OTX2
RGS17 PAPLN
RNASET?2 PAX9
RPS6KA2 PCNX
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Table 3, continued
chr 6 (140-192cM) chr 14 (35-75cM) chr 11(130-164cM)
Total Function Process Total Function Process Total Function Process
159 genes 56 genes 48 genes 198 genes 107 genes 69 genes 83 genes 12 genes 26 genes
RSHL2 PELI2
SASH1 PGF
SERAC1 PIGH
SF3B5 PLEK2
SFT2D1 PLEKHC1
SHPRH PLEKHG3
SLC22A1 PLEKHH1
SLC22A2 PNMA1
SLC22A3 PNN
SLC35D3 POLE2
SMOC2 POMT2
SNX9 PPIL5
SOD2 PPM1A
STX11 PPP2R5E
STXBP5 PRKCH
SUMO4 PRPF39
SYNE1 PSEN1
SYNJ2 PSMA3
SYTL3 PSMC6
T PTGDR
TAGAP PTGER2
TCP1 PYGL
TCP10 RAB15
TCP10L2 RAD51L1
TCTE3 RBM25
TFB1M RDH11
THBS2 RDH12
TIAM2 RGS6
TNFAIP3 RHOJ
TTLL2 RPL10L
TULP4 RPL36AL
TXLNB RPS29
ULBP1 RPS6KL1
ULBP2 RTN1
ULBP3 SAMD4
UNC93A SAV1
UST SDCCAG1
VIL2 SEC10L1
VIP SEC23A
WDR27 SFRS5
WTAP SGPP1
ZBTB2 SIP1
ZDHHC14 SIPA1L1
SIX1
SIX4
SIX6
SKIIP
SLC10A1
SLC25A21
SLC38A6
SLC39A9
SLCB8A3
SNAPC1
SOCs4
SPG3A
SPTB
SPTLC2
SSTR1

STYX
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Table 3, continued

chr 6 (140-192cM) chr 14 (35-75cM) chr 11(130-164cM)
Total Function Process Total Function Process Total Function Process
159 genes 56 genes 48 genes 198 genes 107 genes 69 genes 83 genes 12 genes 26 genes

SYNJ2BP
SYT14L
TBPL2
TGFB3
THSD3
TIMM9
TMEDS8
TMP21
TRIM9
TTC6
TXNDC
VTI1B
WDHD1
WDR21A
WDR22
ZADH1
ZAP128
ZBTB1
ZBTB25
ZFP36L1
ZFYVE1
ZFYVE26
ZNF410

Genes irbold are common to function and process GO terms,*aa@ genes that belong to the 24 ‘Alzgene database’.

overlapped. About 83 genes and nearly 8,321 HapMap pair families, which is the predominant structure in the
Caucasian SNPs were recorded at the 11922 QTL peak NIMH families [32]. It is also worthwhile to mention
interval (116-161 cM) and our bioinformatics proce- thatthe chr. 14 ‘peak’islocated at a good distance away
dure reduced the candidate gene lists to 12 genes basedrom the most obvious candidate gene in the region, i.e.
on functionand 26 based on process, with about 6 genes PSEN1. Hence, the above data and analyses suggest

overlapping. these regions may harbor additional loci impacting on
risk to AD.
The reduced evidence for linkage at 3p26, initially
4. Discussion identified as suggestive on the original genomic scan,

may be attributed to confounding factors such as ge-

Follow-up linkage analyses utilizing an additional 24  netic or clinical heterogeneity of the disease, difficulty
STRs with an average intermarker distance-6fcM, to detect genes of small effect, which reflects the dif-
confirmed suggestive linkages in the NIMH families on  ficulties and challenges that face the genetic mapping
the CRIs located at 627, 14922, and 11g25. The MLS of complex traits like AD, or it may be a true false
scores for each CRI increased from the original scan positive.
and narrowing of the CRIs is also observed. Because of
the likelihood of genetic heterogeneity in this complex 4.1. Classical gene discovery approach
disease, the heterogeneity LOD (HLOD) score statis-
tic [31], which allows for linked and unlinked families In general, gene discovery for complex traits follows
in the sample, was performed on the original CIDR four strategic steps: whole genome linkage or associa-
marker set and the follow-up set of markers in each tion studies to identify chromosome candidate regions,
region. In addition, the information content (IC), cal- fine-mapping by linkage or association studies of poly-
culated in Genehunter Plus, for the CRI at 6q, 14q and morphisms (Ex. SNPs) to identify the putative causal
11q increased from a range of 0.30-0.54, 0.39-0.52, gene(s), sequence analysis of the pinpointed gene (s)
0.32-0.52 in the original scan to 0.44-0.65, 0.45-0.62, to identify causal variant(s), and finally functional tests
0.43-0.65 in the follow up, respectively. An IC esti- of the found variants [33]. However, it is becoming ap-
mate close to 0.7 is the theoretical maximum for sib parent that many, and perhaps most of the regions that
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show linkage to a phenotype in multiple populations
harbor more than one susceptibility locus [34]. For ex-

T.M. Baye et al. / Follow-up and candidate gene selection in NIMH AD cohort

the genes to start deep sequencing on. GWA should be
also considered as an initial step in the elucidation of

ample, different asthma-related phenotypes are known susceptibility variants. There may be several regions

to map to different locations within a broad linkage re-
gion [35]. Moreover, it is even likely that additional

that may harbor genetic variants that influence suscep-
tibility to a specific disease. Several of the associated

susceptibility loci reside within the same linkage peak SNPs may fall within and near genes. Fine-mapping
and close to some of the positionally cloned genes, as studies of these several regions are needed to confident-
has been shown for asthma [36]. Therefore, we pro- ly localize the signals to specific genes. Confirmation
pose that such regions are more likely to harbor mul- of the role of genes in the identified regions of interest
tiple susceptibility loci, each with relatively small to  will require prioritization of the genes and replication
moderate effects rather than large effects, on disease studies in other populations, and, ultimately, functional

risk.
4.2. Limitations of the classical approach

The challenge in following-up linkage signals is to

identify the genes that are responsible for the observed

linkage results contained in such broad chromosomal
regions (30 to 40 cM of recombination or 30—40 mil-
lions of DNA bases in length). Fine mapping of the
linked region using more closely spaced STRsis limited
by the low frequency of recombination events between
any two closely spaced points in the genome and the
limited number of highly informative STRs available,
resulting in only marginal increases in IC.

If a CRI has been confirmed and narrowed with
follow-up mapping, the region still may be relatively
broad, perhaps 20-30 cM, such that potentially hun-
dreds of genes may be contained within a single CRI.
Traditionally, the 1-LOD-drop support interval flanking
the peak MLS is used as a guide to define the critical re-
gion of an observed linkage peak [31], which could fur-
ther narrow the region from 5-15 cM. However, a large
number of genes may still be located in this narrowed
region. Given current technology, an exhaustive analy-

studies. More over, genome-wide association studies
are promising, yet not always economically feasible
or statistically desirable [37]. Therefore, one of the
greatest challenges in disease association study design
remains the intelligent selection of candidate genes.

4.3. Sdection of candidate genes within CRI

There are potentially hundreds of potential candi-
date genes which could be investigated in association
studies, family-based or case-control, using SNPs and
programs such as LAMP [38] can be used to determine
whether the entire linkage signal can be explained by
a SNP. However, which candidate gene(s) to perform
SNP genotyping for association testing is a conundrum.
Hence, we must rely on the selection of positional can-
didate genes in the linkage region that have a known
biological function related to our trait or are homolo-
gous to other genes in our phenotypic causal pathways.
Combining mapping and arraying has been suggested
as one approach to reduce the number of genes from
QTL regions [39].

In the past few years, several groups have published
bioinformatics methods for narrowing the lists of can-

ses of all these genes is possible, however given current didate genes (see the review by Tiffin et al. [34]. The
resources, comprehensive evaluation of all of the genes fundamental assumption of the scheme for prioritizing

in aregion of linkage is rarely possible, being both labo-
rious and expensive. For example, the CRIs on chromo-

candidate genes from linkage studies is that genes in-
volved in or predisposing to a given polygenetic dis-

somes 6027, 14922, and 1122 that we confirmed and ease tend to share more commonalities in their molec-

narrowed to intervals of 52 cM, 40 cM, and 31 cM, re-

ular function, biological process or physiological path-

spectively, still contain 159, 198, and 83 genes, respec- way [40,41] than genes chosen at random or genes not
tively, according to the latest assembly (March 2006, involved in the same disease. Hence, Gene Ontology
NCBI build 36.1) of the human genome draft. Thus, a annotation terms will be enriched among genes linked
bioinformatics approach for identification and prioriti-  to the trait [42] and such commonalities are often suf-
zation of candidate genes from the number of genes in ficient to identify these genes from regions containing
confirmed CRIs remains a critical step following this hundreds of other genes.

classical approach. New approaches such as the current Based on these assumptions, one way to narrow the
high-density genome-wide association (GWA) arrays list of candidate genesin AD is to search for annotation
also requires deep-sequencing, and if there are severalterms that are enriched among the systematic meta-
SNPs in LD, then bioinformatics will help prioritize  analyzed AD candidate genes, that have been confirmed
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by at least three case-control samples and cataloged in AD genes on the Alzgene website. The approach, us-
the “AlzGene database” as potential Alzheimer disease ing bioinofrmatics tool and databases like Alzgene will
susceptibility genes (http://www.alzgene.org) relative facilitate in the identification and prioritization of can-
to randomly sampled AD genes. Using these more bio- didate genes after the classical follow-up of promising
logically plausible GO function and process terms, we linkage region and for deep-sequencing of several SNPs
were able to reduce the number of positional candidate that are in LD in the current high-density genome-wide
genes within each critical region (within the 1-LOD  association array platforms.

intervals) defined above. The list of genes can be ini-

tially prioritized based upon the number of GO terms

assigned to each gene. Nevertheless, a large numbergs, Outlook of the experiment

of genes in the human genome are uncharacterized or

poorly characterized, and the annotation of genes in b e to the evidence of linkage and the consistency
Gene Ontology (GO) databases are incomplete and bi- ¢ signals, we will be pursuing chromosome regions
ased toward highly studied genes; thus, novel or poorly 6027, 1422, and 11425 for possible candidate genes.
characterized genes could be missed. Moreover, GO is \yje plan to first, undertake detailed fine mapping of
one approach and componentto a more comprehensive yase CRIs using dense SNPs selected from HapMap
systems biology approach. Additional sources of infor- -y, 4 rrow down the CRIs through linkage disequilibri-
mation such as gene expression, protein-protein inter- um (LD) mapping. We will include in this phase the
action networks, tissue specificity, KEGG or BioCarta interrogation of candidate genes using tag SNPs from
pathways, and sequence homology, could be integrated HapMap. We plan to priortize these genes based on the
into a comt_)ined statistic, and biological confirmation number of GO terms for each, and expression in neu-
of the candidate genes should be perforr_ned_. Although ronal tissue and determine which to interrogate first.
the approach here still suffers from the bias introduced Selection of SNPs in candidate genes will be based
by pathways selected by biased researchers [30,43,44],upon the location (coding/promoter vs. non-coding

this bias will be reduced once more genome wide as- SNPs), type (if coding) (NONsynonymous vs. synony-

Zoct:u?)uon StLrj](éles nare r:zcsrgogaéed Irr:;[o trr]r? rAIzGr?]n(: mous), as well as comparison with other species [45,
atabase, and gene annotation becomes more comp e'46] to identify highly conserved variants. Finally, se-
hensive. Finally, each investigator can then develop

bioinformatics methods for further narrowing or pri- quencing within critical gene regions will need to be
o ; . . X done in a systematic way to identify gene variants that
oritizing the list of candidate genes using a variety of mav predispose to AD. These can then be confirmed
selection variables such as expression profiles in neu- . Y precisp - : S
ronal tissue, the number of GO terms for each gene in population-based studies, with further studies in an-

) . . imal models or othein vivo methods to ascertain its
evolutionary conservation, and patterns of gene dupli- C .
. . function in the disease process.
cation [33], and other systems biology approaches to
determine which to interrogate first.
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