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locus-specific or epigenome-wide association studiesSEM). Genotypes were obtained by Sanger sequencing
(EWAS) [B, 9], which have revealed site-specific epigen-using primers listed in Additional filel: Table S1. DNA
etic alterations and thereby provide mechanistic insightswas bisulfite converted using the EZ DNA methylation
for a particular risk gene, but often lack the statistical kit (Zymo Research), and tested for bisulfite cloning/se-
power of GWAS [L0]. Combining both approaches, it is quencing and pyrosequencing as previously described
now possible to identify single nucleotide polymor- [11]. Bisulfite conversion was ensured by including non-
phisms (SNPs) that correlate with alterations in DNA CG cytosines in the dispensation sequence following the
methylation levels—the so-called methylation quantita- manufacturets instructions. Primers for bisulfite clon-
tive trait loci (mQTLSs). ing/sequencing and pyrosequencing are listed in Add-
Recently, we reported the first mQTL association itional file 1: Table S1.
with AD, which converges on the genePredicted
Metalloproteinase 20D1 (PM20D1) [11]. We have RNA expression and genetic background
shown that AD-related cellular stressorssuch as the GTEX [12] and LIBD [13] datasets were investigated for
presence of reactive oxygen species (ROS) andQTL correlations in each of the potential PM20D1
amyloid-beta (A )—increasePM20D1 expression, that QTL region genes. When significant, FDR-correctea
PM20D1 expression is upregulated in symptomatic values were directly reported. Only previously annotated
APP/PS1 AD mice and human AD samples, and thatgenes were considered for LIBD prefrontal (PFC) and
genetic manipulation of PM20D1 levels can modify hippocampal (Hip) datasetsi.e., Type =Gene, Class =
the progression of the disease in APP/PS1 mice:InEns’; and Type=all, Class4nGen, respectively.
When PM20D1 was overexpressed, disease progre®QTL SNPs were then investigated in our cohort of
sion was delayed; when PM20D1 was decreased, disamples. RNA purification was performed using TRIzol
ease progression was accelerated. (Invitrogen), reverse-transcribed using the Thermoscript
At the same time, two high-throughput studies have RT-PCR system (Invitrogen), and tested using StepOne-
expanded the PM20D1 expression QTL (eQTL) re- Plus Real-Time PCR System (Applied Biosystems) and
gion, showing that the expression of neighboring SYBR Green PCR MasterMaster Mix (Applied Biosys-
genes toPM20D1 also correlate with several SNPs in tems). Three housekeeping genes were used for normal-
that region, which include Nuclear Casein Kinase izing PCR signals. Primers for real-time PCR are listed
And Cyclin Dependent Kinase Substrate (NUCKSJ); in Additional file 1: Table S1.
RAB7 member RAS oncogene family-like (RAB7LY; The GeneNetwork databasehitp://www.genenetwork.
and Solute Carrier Family 41 Member (SLC41A), org) was also analyzed for the PM20D1 QTL region
plus PM20D1 [12, 13]. Therefore, in spite of the re- genes in the BxD mice population. BxD mice derive
ported functional validations for PM20D1 [11], we from multiple intercrosses of the C57BL/6J (B) and
cannot completely exclude the possibility that these DBA/2 J (D) progenitor mice, later inbred to fix the gen-
genes also contribute to the progression of AD. erated genetic variation15]. To date, close to 200 BxD
In the present study, we combine a series of in silicostrains have been generated and extensively character-
methods with in vivo and vitro experiments to provide a ized—at genetic, transcriptomic, and phenotypic levels
comprehensive analysis ftM20D1eQTL genes, curated (http://www.genenetwork.orgf—which  constitutes a
evidence for an AD association centered dAM20D1,  well-established genetic reference for the analysis of
and further support for the protective role of PM20D1 QTLs [16]. The eQTL analysis was performed using the

in AD. BxD recombinant inbred (RI) Family group, Liver
mRNA type, EPFL/LISP BXD CD Liver Affy Mouse

Methods Gene 1.0 ST (Aprl3) RMA Exon Level dataset, with the

DNA methylation and genetic background interval mapping for the entire genomelf. Images

Hannon et al's mQTL database was interrogated for from GeneNetwork Map Viewer are represented.
MQTLs—SNPs and CpGsin each of the potential

PM20D1 QTL region genes 14]. When significant, QTL expression in Alzheimels disease
Bonferroni-corrected p values were directly reported. PM20D1 QTL region gene expression was investi-
mQTL SNPs were then investigated in our own post- gated in the aforementioned human brain cohort and
mortem human brain cohort of samples from the IDI- five 12-month-old APP/PSEN117] and five wild-type
BELL Biobank (Barcelona, Spain). DNA was isolated byittermate male mouse frontal cortex samples. All ani-
phenol-chloroform extraction from gray matter of 18 mals were maintained under standard animal house
control (Braak G-11; 32% female; age 64 = 3 years, mean xconditions in a 12-h dark-light cycle with free access
SEM) and 21 Alzheimés diseasdrontal cortexsamples to food and water. The experimental procedures were
(Braak \-VI; 43% female; age 77 +*2years, meanz*conducted according to EPP& and Switzerlant
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guidelines on animal welfare (cantonal animal experi-NUCKS1 RAB7L1 and SLC41A1lin the cerebellum; for
mentation authorization numbers VD2875.1 and PM20D1 in the hippocampus; and for NUCKS]

VD3169). RAB7L1 SLC41A1 and PM20D1in other non-brain tis-
sues (e.g., blood, tibial nerve}q]. In addition, the LIBD
Functional validation study [13] found correlations forRAB7L1 SLC41A1 and

SH-SY5Y neuroblastoma cells (ATCC) were cultured inPM20D1 in the dorsolateral prefrontal cortex, and for
DMEM supplemented with 20% FBS, 100ml penicillin, RAB7L1 and PM20D1 in the hippocampus 13
and 100 mg/ml streptomycin at 37 °C in a humidified at- (Table 2).

mosphere of 5% C@ SH-SY5Y cells were treated with Hence, we have expanded our previous analysis and
0.2%0 hydrogen peroxide (Merck) and with synthetic measured the levels of DNA methylation of these genes
amyloid- (1-42)-derived diffusible ligands (ADDLs) in a genetically well-characterized human cohort of
(Abcam) during 6 h and 24 h. Cell viability was measuredbrain samples by locus-specific bisulfite sequencing and
using Alamarblue cell viability assay (Invitrogen) accord-pyrosequencing (Figlb, c). We observed no significant
ing to the manufactureis instructions. Primary hippocam- correlations betweenNUCKS], RAB7L]1 and SLC41A1
pal neuron-glia co-cultures derived from PO wild-type DNA methylation levels and the genetic background
mice were cultured in media consisting of Neurobasal(Fig. 1b, c). In fact, NUCKS1 RAB7L] and SLC41A1
(Invitrogen), B27 supplement (Invitrogen)i-glutamine promoter regions remained largely unmethylated, inde-
(Invitrogen), and penicillin/streptomycin (Invitrogen) (0.2 pendently of the genetic background (Figb). In con-

ml per well) on 96-well plates (2.5 x fOcells per well) trast, PM20D1DNA methylation was strongly correlated
coated with Cultrex polyt-lysine (Trevigen). Cells were with the genetic background (Figlb, c). Thus, despite
infected at DIV6 with 20 x 16 (200 ng/well) viral particles of a previously reported slight correlation foBLC41A1
containing either a GFP (mock) or a PM20D1/SLC41Ali.e., values ranging from 7 to 9% of DNA methylation
version of the pLVX-IRES-ZsGreenlvector (Promega). At[14] (Table 1), PM20D1 arises as the only gene in this
DIV 14-17, cytotoxicity was assessed using the Cyto-QTL region that truly qualifies as mQTL.

Tox96 non-radioactive cytotoxicity assay (PROMEGA) ac-

cording to the manufactures instructions. RNA expression and genetic background
Similar to DNA methylation, we analyzed the RNA ex-
Statistical analysis pression levels of thePM20D1 QTL genes by allele-

The analyses were performed using Prism 6.0 (GraphPadgpecific and real-time PCR (Figld, e). NUCKS]
Correlations were calculated using Pears®rcorrelation RAB7L1 and SLC41Alwere found to be expressed from
coefficients, and comparisons using one-way ANOVA both chromosomes (Figld), and showed no significant
with post hoc Holm-Sidaks multiple comparison correlation with the genetic background, although a
tests. p values smaller than 0.05 were consideredtrend for SLC41Alwas observed (Figle). In contrast,
statistically significant and provided in the figures as fol- the expression levels dPM20D1 were significantly cor-
lows: <0.05, *p<0.01, *p<0.005, and *13<0.0001. related with the genetic background, anBM20D1 was
mainly expressed from non-methylated chromosomes
Results (Fig.1b, c).
DNA methylation and genetic background To further explore thePM20D1 QTL region, we took
PM20D1 DNA methylation is strongly correlated with advantage of the BxD mouse populatiod], since mice
the rs708727-rs960603 haplotype, and both, methylatiorand humans share a large number of synteny blocks
and haplotype, are associated with ALY (Fig. 1a). In  [18], including the PM20D1 QTL locus. Supporting our
particular, multiple CpG sites in the®PM20D1 promoter  previous results, similar relationships were also observed
show strong correlations with rs1172198, rs708727,in the BxD population, i.e., no effect of the genetic back-
rs823082, rs823088, rs1361754, and rs960603 mQThround for Nucksl Rab711 and Slc4lal but a strong
SNPs 4] (Table 1). Our previous whole-genome bisul- correlation for Pm20d1 (Fig. 2). Taken together, these
fite sequencing (WGBS) analysis discarded similar corretesults suggest that in both, human and mice, the stron-
lations with PM20D1 neighboring genesl]]. However, gest eQTL effect is centered oRM20D1 in the region
since the eQTL region has been recently expanded inunder investigation.
other tissues, which now also include the genes
NUCKS] RAB7L1 and SLC41A1[12, 13] (Table 2), we QTL expression in Alzheime's disease
cannot completely rule out the possibility that these Genes in close proximity tend to share common regula-
genes show similar correlations. In particular, the GTEX tory elements and to correlate in expressioriq, 20].
consortium [12] found correlations between these par- PM20D1is upregulated in human and mouse samples of
ticular mQTLs and the levels of RNA expression for AD [11], which stipulates that its neighboring genes
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