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ARTICLE
doi:10.1038/nature12415

Integrative genomics identifies APOE e4
effectors in Alzheimer’s disease
Herve Rhinn1,2*, Ryousuke Fujita1,2*, Liang Qiang1,2, Rong Cheng2, Joseph H. Lee2,3 & Asa Abeliovich1,2

Late-onset Alzheimer’s disease (LOAD) risk is strongly influenced by genetic factors such as the presence of the apolipo-
protein E e4 allele (referred to here as APOE4), as well as non-genetic determinants including ageing. To pursue mecha-
nisms by which these affect human brain physiology and modify LOAD risk, we initially analysed whole-transcriptome
cerebral cortex gene expression data in unaffected APOE4 carriers and LOAD patients. APOE4 carrier status was
associated with a consistent transcriptomic shift that broadly resembled the LOAD profile. Differential co-expression
correlation network analysis of the APOE4 and LOAD transcriptomic changes identified a set of candidate core regu-
latory mediators. Several of these—including APBA2, FYN, RNF219 and SV2A—encode known or novel modulators of
LOAD associated amyloid beta A4 precursor protein (APP) endocytosis and metabolism. Furthermore, a genetic variant
within RNF219 was found to affect amyloid deposition in human brain and LOAD age-of-onset. These data implicate an
APOE4 associated molecular pathway that promotes LOAD.

Alzheimer’s disease is the most common form of dementia worldwide,
and is characterized by cognitive decline with distinctive brain patho-
logy that includes regional neuron loss, amyloid plaques and neurofi-
brillary tangles1. Rare familial forms of Alzheimer’s disease are early in
onset and caused by mutations in specific genes2. In contrast, the aeti-
ology of common, non-familial LOAD appears much more complex
and includes many genetic and environmental factors. The major consti-
tuent of amyloid plaques is amyloid beta (Ab), a proteolytic fragment
derived from APP. The observation that familial-associated mutations
typically modify Ab production has led to formulation of the so-called
‘amyloid hypothesis’, which posits that altered APP processing results
in the generation of a toxic fragment that causes neurodegeneration.

Recent genome-wide association studies (GWAS) have implicated
common variants at approximately 10 genetic loci in LOAD3–7. Indivi-
dually, these variants have a modest effect on LOAD risk, with the
notable exception of the APOE e4 allele (APOE4): heterozygosity of
APOE4 is associated with a greater than threefold increase in LOAD
risk, when compared to the common APOE e3 allele (referred to here
as APOE3), and APOE4 homozygosity increases risk more than ten-
fold. A third and more rare allele, APOE e2 (referred to here as APOE2),
appears protective relative to APOE3 in that carriers of this allele are at
reduced risk of LOAD relative to non-carriers. The APOE4 allele has
been shown to modify the tertiary structure of APOE protein, but how
this ultimately impacts LOAD is unclear. Various pathogenic mecha-
nisms have been proposed for APOE4, including defects in the clear-
ance and degradation of extracellular Ab, in lipid and cholesterol
trafficking, in APP metabolism, in inflammation and in other aspects
of neuronal function and survival8–13.

To pursue molecular pathways that underlie LOAD in an unbiased
fashion, whole-transcriptome differential gene expression analyses have
been used14–17. However, gene expression changes in diseased brain tissue
often reflect processes that are secondary to the disease pathology,
such as cell loss, rather than causative events. Network approaches,
including differential co-expression analysis (DCA)18–21, have been deve-
loped to disentangle causative events from secondary changes within

transcriptome-wide gene expression data sets18,21. DCA is based on the
notion that transcripts encoding causal ‘nodes’ or ‘master regulators’
of a disease process—whose activities are critically altered in a patho-
logical state such as LOAD—can be identified by their co-expression
correlation network properties, but not by simple differential gene
expression analysis. We have broadened existing DCA tools to include
consideration of genes other than those encoding known transcrip-
tion factors21, with the rationale that DCA nodes would likely include
upstream regulators of such factors. DCA ranks most highly those trans-
cripts that are most altered in their co-expression correlation with the
greatest number of differentially expressed transcripts in the context
of a pathological state such as LOAD (Supplementary Fig. 1).

Here we apply DCA to uncover regulatory mechanisms that affect
LOAD and LOAD risk. We first show by differential gene expression
analysis that a transcriptome-wide pattern of change is associated with
the presence of APOE4 in disease-free brain tissue, and that this pattern
overlaps with the transcriptomic changes that distinguish LOAD affec-
ted from unaffected brain tissue. Subsequent DCA identified candidate
regulatory node genes predicted to mediate the common transcripto-
mic changes observed in APOE4 carriers and LOAD patients. These
genes include several known or novel modifiers of APP processing and
endocytic trafficking such as APBA2, ITM2B, FYN, RNF219 and SV2A,
suggesting a shared mechanism of action. Genetic or pharmacological
modulation of these candidate regulatory nodes suppressed altered APP
processing in cell models, including APOE4-positive human induced
neurons (hiNs). Furthermore, meta-analysis of LOAD genome-wide
association data indicated that common genetic variants within two
such candidate regulatory nodes, FYN and RNF219, are predictive of
LOAD age-of-onset in an APOE4-dependent manner. Taken together,
our findings reveal an APOE4-dependent molecular pathway to LOAD
and LOAD risk.

A pre-LOAD state in APOE4 carriers
To broadly pursue a molecular correlate of the APOE4 prodromal state
in an unbiased manner, we initially re-evaluated publically available
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transcriptome-wide gene expression data from cerebral cortex autopsy
brain tissue of 185 individuals unaffected by LOAD, stratified by their
APOE genotype (Supplementary Fig. 2, Gene expression omnibus
(GEO) accession number GSE15222 (ref. 22)). Hierarchical clustering
analysis revealed that the overall pattern of gene expression change
associated with all APOE high-risk genotypes was closely related to the
pattern of change associated with LOAD (relative to other neurologi-
cal diseases; Fig. 1a).

We next sought to characterize in detail the specific gene expression
changes affected by APOE4 carrier status and to contrast these with
changes seen in LOAD brain. To avoid potential confounding effects,
LOAD associated changes in brain gene expression were quantified
independently of APOE variability (by limiting the analysis of LOAD
impact to individuals homozygous for APOE3); conversely, the tran-
scriptomic effects of APOE4 carrier status were evaluated independen-
tly of the LOAD analysis (by limiting the study to LOAD-unaffected
individuals and excluding APOE3 homozygous samples that were used
in the LOAD analysis, Supplementary Fig. 3). Gene expression changes
were highly correlated in the two comparisons (R 5 0.62, P 5 4 3 10216

by Wald statistics): out of 8,449 gene transcripts detected in all sam-
ples, 215 were found to be significantly altered in expression by either
APOE4 or LOAD status in the same direction, whereas 37 were signifi-
cantly altered in opposite directions (Fig. 1b, c, Supplementary Fig. 4a
and Supplementary Table 1). We note that similar analysis of the tran-
scriptomic effect of ageing in LOAD-unaffected individuals (age .85,
relative to age ,75)—the major non-genetic risk factor for LOAD—
revealed a high degree of overlap with LOAD-associated transcripto-
mic changes, but not with the changes associated with APOE4 carrier
status (Fig. 1c and Supplementary Figs 4b, c and 5). These data suggest
that separate mechanisms underlie the effectof APOE status and age-
ing on LOAD risk.

Next, we hypothesized that the overlapping pattern of brain gene
expression changes associated either with LOAD or with unaffected
APOE high-risk status in brain tissue (termed the APOE4/LOAD

pattern; defined by a set of 215 transcripts) represented a signature
of a pre-LOAD prodrome state (Fig. 1b, c and Supplementary Fig. 3b).
Consistent with this, the APOE4/LOAD pattern was highly correlated
with changes seen in transition from unaffected LOAD-free tissue to
incipient-LOAD tissue in an independent data set of cortical tissue
transcriptome expression profiles (R 5 0.36, P 5 9 3 1024 by Wald
statistics; rather than the transition from incipient to moderate, or
from moderate to severe disease, R 5 0.04 and 0.02, respectively; Sup-
plementary Fig. 4d).

APOE4 and LOAD differential co-expression analysis
Transcriptome-wide differential gene expression analyses, as descri-
bed above for APOE4 or LOAD, provide a broad and unbiased mole-
cular perspective of a tissue. However, mechanistic interpretation of
individual gene expression changes is challenging, as such changes
may represent indirect, downstream consequences of pathology.
To address this issue, we applied DCA—a tool for the identification
of candidate regulatory node elements that play causal roles in the
context of transcriptome-wide gene expression network changes—to
the APOE4/LOAD pattern of change (Fig. 2a–c and Supplementary
Figs 6–9). Among the 20 most highly ranked candidate node elements
identified by DCA, we noted that several had previously been impli-
cated in the processing and intracellular sorting of APP, includ-
ing APBA2 (ref. 23), ITM2B (ref. 24), TMEM59L (ref. 25) and FYN
(ref. 26), suggesting a shared mechanism of action. Consistent with this
notion, another top DCA hit, SV2A, encodes a well-described regulator
of neuronal endocytosis. Furthermore, a selective SV2A inhibitor, the
anti-epileptic levetiracetam27, was recently reported to suppress patho-
logical neuronal hyperactivity in the hippocampus of individuals with
mild cognitive impairment (MCI), which precedes LOAD28. The top-
ranked DCA hit, RNF219, had not previously been linked to LOAD,
but common genetic variants at the RNF219 locus had been associated
with alternations in lipid metabolism29, cognitive performance30 and
central nervous system ventricle volume31, akin to pathological asso-
ciations ascribed to APOE4.

We sought to test whether DCA candidate node genes (Fig. 2b)
may broadly function as regulators of APP processing in an APOE4-
dependent manner. To functionally evaluate DCA-identified genes,
we initially used a simple in vitro model system in which mouse neuro-
blastoma N2a cells that overexpress a human APP transgene (N2a-APP
cells) were treated with exogenous APOE protein variants (100mg ml21

for 18 h). In this APP-N2a model system, treatment with recombinant
human APOE e4 variant protein (rhAPOE4), but not APOE e2 or
APOE e3 protein (rhAPOE2 or rhAPOE3), significantly increased the
levels of extracellular Ab40 and Ab42 (Supplementary Fig. 10a). Indi-
vidual knockdown of several DCA hits by transfection of vectors
encoding appropriate small hairpin RNAs (shRNAs; Supplementary
Fig. 11a), including RNF219, SV2A, HDLBP, ROGDI, CALU and PTK2B,
suppressed the induction of Ab40 and Ab42 levels in the context of
rhAPOE4 treatment (Fig. 2d and Supplementary Figs 10b–d, 11b–h).
With the exception of HDLBP, transfection of these knockdown vec-
tors did not affect Ab levels in the absence of rhAPOE4 (in rhAPOE2-
or vehicle-only treated cultures). Thus, the DCA-identified node hits
included many known or novel potential modifiers of APOE4-dependent
Ab accumulation.

RNF219 and SV2A modulate APP processing
We next investigated mechanisms by which DCA-identified genes may
mediate the impact of APOE4 on APP processing, and focused on the
top two DCA hits: RNF219 and SV2A. Cleavage of APP by the BACE1
b-secretase, a rate-limiting step in Ab production32, generates both a
soluble extracellular fragment, sAPPb, and a transmembrane carboxy-
terminal fragment (b-CTF), termed C99. rhAPOE4 treatment of N2a-
APP cells increased levels of both sAPPb in cell media and C99 fragment
in cell lysates (Fig. 2e, f and Supplementary Fig. 12). Such effects were
suppressed by knockdown of either RNF219 or SV2A, pointing to
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Figure 1 | Transcriptomic evidence of a pre-LOAD state in unaffected
APOE4 brain tissue. a, Schematic of the overlapping patterns of
transcriptome-wide cerebral cortex gene expression changes associated with
LOAD or with APOE4 carrier status. b, Hierarchical clustering dendrogram
demonstrates similarity between the transcriptome-wide gene expression
changes associated with APOE4 unaffected carrier status and with LOAD. Also
presented are the differential expression profiles of LOAD laser-microdissected
neurons (LOAD-LMD), bipolar disorder cerebral cortex (BD), schizophrenia
cerebral cortex (SZ), fronto-temporal dementia cerebral cortex (FTD),
Huntington’s disease (in frontal cortex (HD 1) or in caudate nucleus (HD 2))
and Parkinson’s disease (in substantia nigra (PD 1), in frontal cortex (PD 2), or
in putamen (PD 3)). Analyses used Gene Expression Omnibus (GEO) data sets
GSE15222, GSE5281, GSE12649, GSE13162, GSE3790 and GSE20295. c, Venn
diagram illustrating the overlap in transcriptome-wide gene expression
changes in the context of APOE4, advanced age (.85 years old) or LOAD.
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increased BACE1 processing as a primary mechanism for the impact
of APOE4 on Ab accumulation, and a regulatory mediator role for SV2A
and RNF219 in this context. Neither APP holoprotein nor BACE1
levels were altered in the context of rhAPOE4 treatment or knock-
down of these DCA hits.

BACE1 cleavage of APP is most efficient in acidic intracellular com-
partments such as early and late endosomes32, and thus one potential
mechanism for APOE4 action on APP processing would be through
altered APP internalization11. We quantified the effect of DCA candi-
date node knockdown on APP and BACE1 subcellular co-localization

in the context of rhAPOE4 stimulation, using either immunocyto-
chemistry (ICC), or by cell-surface protein analysis through selective
biotinylation and fractionation. rhAPOE4 treatment of N2a-APP cells
shifted both APP and BACE1 localization away from the cell surface and
to a common endocytic compartment, leading to increased co-localization
(Fig. 3a–d). Such rhAPOE4-induced endocytic co-localization of APP
and BACE1 was suppressed by knockdown of the DCA node genes
RNF219 or SV2A. Knockdown of RNF219 appeared to selectively inhi-
bit the internalization of APP in the presence of rhAPOE4, whereas
SV2A knockdown appeared to have a broader effect on APP interna-
lization, even in the absence of rhAPOE4. Additionally, SV2A (but not
RNF219) knockdown suppressed the internalization of BACE1 in an
APOE4-dependent manner (Fig. 3a–d and Supplementary Figs 13, 14).

We further investigated the roles of SV2A and RNF219 in the con-
text of overexpression studies. Transfection of N2a-APP cells with a
vector encoding an SV2A enhanced green fluorescent protein fusion
protein (SVA2–EGFP)33 led to increased accumulation of sAPPb, Ab40
and Ab42 species, regardless of the presence of rhAPOE4 (Fig. 3g and
Supplementary Fig. 15d, e). Importantly, mutation of a critical tyro-
sine residue within the endocytosis motif of SV2A, Y46A (ref. 33), that
selectively impairs SV2A association with clathrin adaptor proteins
but does not affect other activities of SV2A (ref. 33), abrogated the
effect of SV2A–EGFP overexpression on APP processing. Furthermore,
whereas wild-type SV2A–EGFP co-localized with APP and BACE1,
such co-localization was reduced with the Y46A mutant of SV2A–EGFP
(Supplementary Fig. 15). These data support a direct role for SV2A-
mediated endocytosis in the regulation of APP processing. In contrast
with SV2A–EGFP, overexpression of wild-type RNF219–EGFP fusion
protein in N2a-APP cells did not appear to significantly alter APP pro-
cessing. However, overexpression of modified RNF219–EGFP forms
that harbour RING-domain missense mutations at highly-conserved
cysteines RNF219(C18A/C21A)–EGFP, or a RING-domain deletion
RNF219(D1–77)–EGFP, suppressed the induction of Ab40, Ab42 and
sAPPb levels selectively in the context of rhAPOE4 (Fig. 3g, h and Sup-
plementary Fig. 15). Such RNF219 mutants may act in a dominant-
negative fashion to affect APP endocytosis and processing. Taken
together, these data further implicate DCA candidate nodes in mediating
the effect of APOE4 on APP processing through modified endocytosis.

Levetiracetam corrects APOE4 phenotypes
We next hypothesized that treatment with levetiracetam, a selective
SV2A inhibitor27 used clinically to treat seizure disorders, could correct
APOE4 related alteration in APP processing. Consistent with this, leve-
tiracetam significantly decreased extracellular Ab42 and Ab40 levels
in rhAPOE4 exposed N2a-APP cells (Supplementary Fig. 16a–c). To
extend our analyses to a more physiological context, we next used a set
of hiN cultures34, derived from human skin fibroblasts of APOE4 car-
riers or non-carriers. hiN cell cultures from APOE4 carriers displayed
increased APP processing to Ab42 and Ab40 and increased APP co-
localization with BACE1, relative to non-carriers (Fig. 4), consistent
with the N2a studies above. Levetiracetam treatment suppressed the
accumulation of Ab40 or Ab42 species, as well as APP co-localization
with BACE1, selectively in the context of APOE4 carrier cultures. Thus,
SV2A is required for the APOE4 mediated induction of APP proces-
sing in the context of human induced neurons that express endogenous
levels of these proteins.

RNF219 genetically interacts with APOE4
The above studies indicated that DCA-identified candidate node genes
may function as effectors of APOE4, leading ultimately to LOAD.
Thus, a prediction is that common human genetic variants at DCA
gene loci may impact the association of APOE4 with LOAD risk or age-
of-onset. To this end, single-nucleotide polymorphisms (SNPs) within
50 kilobases of the 20 top-ranking DCA identified genes were each
evaluated for their genetic interaction with APOE4 in modulating
LOAD age-of-onset, through a meta-analysis of 4 publicly available
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Figure 2 | Differential co-expression correlation analysis of the APOE4-
and LOAD-associated transcriptomic states. a, Schematic of the DCA model.
The pattern of node gene (red) co-expression with differentially expressed
genes (yellow) is reconfigured in the context of APOE4 or LOAD tissue.
b, Candidate node regulatory genes that underlie the APOE4/LOAD pattern of
expression changes, rank-ordered by DCA. c, Heat maps representing the
co-expression correlation coefficients for RNF219 or SV2A with representative
genes from the APOE4/LOAD pattern set (in rows) as a function of APOE
genotype and LOAD status (in columns; Und, LOAD-unaffected). High
co-expression correlations are denoted in red, high anti-correlations in blue.
d–f, rhAPOE4 treatment of N2a-APP cells induced the accumulation of APP
metabolites including Ab40, Ab42 (d) and sAPPb (e) in extracellular media,
and C99 fragment (f) in cell lysates. Such accumulations were suppressed with
transfection of shRNA vector-mediated knockdown of RNF219 or SV2A
(RNF219-KD or SV2A-KD, respectively) (relative to non silencing vector
control (Non Sil)). Error bars are s.e.m.; n 5 12, 8 and 8 (d, e), and 6, 5 and 6
(f) independent wells per group for the Non Sil, RNF219-KD and SV2A-KD
groups, respectively. *P , 0.05; analyses by ANOVA followed by Student–
Newman–Keuls (SNK) test.
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GWAS data sets: GenADA (875 LOAD cases and 850 controls35), TGEN
Discovery (446 LOAD cases and 290 controls36), TGEN Replication (197
LOAD cases and 114 controls36), and ADNI (180 LOAD cases and
214 controls37). SNP variants at the FYN and RNF219 loci were asso-
ciated with significantly decreased LOAD age-of-onset in APOE4

non-carriers, but not in APOE4 carriers (Bonferroni corrected P
values 5 2.93 3 1024 and 6.03 3 1023, respectively; Fig. 5a, b, Sup-
plementary Fig. 17a and Supplementary Tables 2–4), consistent with a
genetic interaction between these DCA hits and APOE4. More
broadly, the set of genetic loci that encode DCA ‘hits’ was found to
be enriched for genetic variants modulating LOAD age-of-onset in an
APOE4-dependent fashion, as quantified using a gene-set enrichment
algorithm (Supplementary Fig. 18 and ref. 38). We note that this was
not the case for genes that were identified by simple differential gene
expression analysis only, supporting the notion that DCA more effi-
ciently identifies genes with a causal role.

Given the role of RNF219 in APP processing in vitro, we next hypo-
thesized that genetic variants at RNF219 that are associated with
LOAD, such as rs2248663, may also affect central nervous system Ab
accumulation in vivo even in unaffected carriers. To this end, we ana-
lysed Florbetapir (18F) positron emission tomography (PET) imaging,
which quantifies central nervous system Ab amyloid load39, in a data
set of 206 genotyped unaffected elderly individuals (cognitively intact;
within the Alzheimer’s Disease Neuroimaging Initiative; ADNI37,40).
As previously described40, APOE4 carrier status was strongly associ-
ated with increased Ab amyloid load across multiple brain regions
including cingulate, frontal, parietal and temporal cortex. Strikingly,
the RNF219 rs2248663 minor allele was similarly associated with increa-
sed Ab amyloid load within many brain regions including cingulate,
frontal, parietal and temporal cortex and brainstem, but not cerebel-
lum (n 5 177; Supplementary Table 5). When stratified by APOE geno-
type, the RNF219 genotype significantly affected Ab load in unaffected
APOE4 non-carriers (e3/e3; n 5 129; Fig. 5d). Such an association was
not apparent in APOE4 carriers (e3/e4; n 5 44), but could not be entirely
excluded due to the more limited power of analysis in the APOE4 carrier
subset. In contrast to such positive findings in unaffected cognitively
intact individuals, Ab amyloid load was not significantly associated
with RNF219 genotype in affected individuals diagnosed with mild
cognitive impairment (MCI; n 5 382 total from the ADNI cohort40,
Supplementary Table 5), regardless of APOE genotype. This is con-
sistent with a selective role for RNF219 that precedes the onset of

APP BACE1

E3

V
e
h
ic

le
L
e
v

E3

E4

E4

LevVehicle

*

0.2

0.4

0.6

0.0

A
β 

(n
g

 m
l–

1
)

E3

*

E4 E4E3

Aβ40 Aβ42

50

40

30

20

10

0

C
o

-l
o

c
a
liz

a
ti
o

n

a
re

a
 i
n
 s

o
m

a
 (
%

) *

E3 E4

a b

c

Figure 4 | SV2A inhibition in human induced neurons modifies APP
processing in an APOE4-dependent manner. a, Ab40 and Ab42
quantification in media from APOE e3/e3 (E3) or APOE e3/e4 (E4) hiN
cultures treated with levetiracetam (Lev; 1mM) or vehicle-only. Results
represent the means 6 s.e.m. (n 5 6 and 12 independent wells for E3 and E4
groups, respectively). *P , 0.05. Analysis by ANOVA followed by post-hoc
Tukey HSD. b, c, ICC analysis of APP and BACE1 co-localization in APOE3
and APOE4 hiN cultures treated with levetiracetam (1mM) or vehicle-only.
Insets show high-magnification images for visualization of BACE1 and APP
co-localization. Means 6 s.e.m. are presented (c). n 5 40 (in 4 independent
wells), 46 (6 independent wells), 35 (3 independent wells) and 48
(6 independent wells) cells in the groups E3 plus vehicle, E3 plus levetiracetam,
E4 plus vehicle and E4 plus levetiracetam, respectively. *P , 0.05 by ANOVA
followed by post-hoc analysis with Tukey HSD test. Scale bar, 5 mm.

rhAPOE4

Vehicle

APP BACE1

SV2A-KD

5 μm
APP BACE1

Vehicle

APP BACE1

rhAPOE4

Vehicle

APP BACE1

rhAPOE4

APP BACE1

RNF219-KDNS

40

30

20

10

0

A
P

P
-B

A
C

E
1
 c

o
-l

o
c
a
liz

a
ti
o

n
(%

 o
f 

to
ta

l 
A

P
P

) * *

N
on

 S
il

RN
F2
19

-K
D

SV
2A

-K
D

*
20

15

10

5

0C
e
ll 

s
u
rf

a
c
e
 A

P
P

(%
 o

f 
to

ta
l 
A

P
P

)

*

*

N
on

 S
il

RN
F2
19

-K
D

SV
2A

-K
D

*

*

*
20

15

10

5

0

C
e
ll 

s
u
rf

a
c
e
 B

A
C

E
1

(%
 o

f 
to

ta
l 
B

A
C

E
1
)

N
on

 S
il

RN
F2
19

-K
D

SV
2A

-K
D

*

* *

*

-98

-98

Non Sil SV2A-KD

– + – +

Cell
surface

Input

rhAPOE4 – –+ +

Non Sil RNF219-KD

A
P

P

(kDa)

400

300

200

100

0

C
e
ll 

s
u
rf

a
c
e
 A

P
P

 (
a
.u

.)

*

*

N
on

 S
il

RN
F2
19

-K
D

SV
2A

-K
D

*
8

6

2

0

A
β4

0
 (
n
g

 m
l–

1
) *

EG
FP

 (c
on

tro
l)

SV2A
–E

G
FP

4

SV2A
(Y

46
A)–

EG
FP

*

*

*
*

*

6

2

0

A
β4

0
 (
n
g

 m
l–

1
)

C
on

tro
l

R
N
F2

19

4

R
N
F2

19
(Δ1

–7
7)

*

R
N
F2

19
(C

18
A, C

21
A)

* *
*

Vehicle rhAPOE4

a

b c d

e

f hg

Figure 3 | RNF219 and SV2A modulate APP proteolytic processing and
localization in an APOE4-dependent manner. a–d, ICC analysis of APP and
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with transfection of knockdown (KD) vectors for RNF219, SV2A or non
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e, f, Biochemical quantification of cell-surface APP upon RNF219 or SV2A
knockdown in rhAPOE4-treated N2a-APP cells. a.u, arbitrary units. n 5 6, 5
and 6 independent wells for the Non Sil, SV2A-KD and rhRNF219-KD groups,
respectively. g, h, Ab40 levels in media of N2a-APP cells in the context of
RNF219 (g) or SV2A–EGFP (h) overexpression. n 5 24, 22, 12, 12, 18 and 18
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(g) respectively. For all figures, error bars are s.e.m., *P , 0.05 by ANOVA
followed by Tukey HSD (a) or SNK test (c, d, f–h).
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LOAD pathology. Taken together, these findings support a genetic
interaction between RNF219 and APOE in the context of Ab amyloid
load in LOAD-unaffected human brain, as well as with respect to
LOAD age-of-onset.

Discussion
Using whole-transcriptome analysis of brain gene expression as a start-
ing point, we describe molecular correlates of a prodromal pre-LOAD
state present even in the context of unaffected APOE4 carriers. Such a
prodromal molecular signature is consistent with reports that, even in
LOAD-unaffected individuals, APOE4 is nonetheless associated with
increased fibrillar Ab accumulation in the brain41, decreased cerebro-
spinal fluid Ab42 levels42, and accelerated cognitive decline43. As most
APOE4 carriers do not go on to develop LOAD, it is likely that addi-
tional unknown ‘second hits’ are at play.

The candidate mediators identified by DCA herein show limited
overlap with prior LOAD transcriptome network analyses, perhaps
reflecting differences in experimental design15,44–47. For instance, most
prior studies have used co-expression approaches primarily to iden-
tify clusters of functionally related genes, and subsequently compared
the aggregated expression levels of such functional clusters in patient
versus unaffected tissue. In contrast, DCA herein was used to identify
individual candidate node genes that are highly altered in their patterns
of co-expression with all other transcripts in affected tissue. Furthermore,
we specifically pursued mechanisms that underlie the early causal events
in LOAD, that would be apparent even in unaffected APOE4 carriers
at high risk for LOAD; in contrast, prior network models have often pur-
sued co-expression changes that correspond to disease progression47.

Levetiracetam was recently shown to improve cognition and reduce
hippocampal hyperactivity in individuals with amnestic mild cognitive
impairment (aMCI)28. Such increased hippocampal activation has also
been described in asymptomatic individuals who carry the APOE4
allele48. Levetiracetam treatment of APP transgenic mice has similarly

been reported to improve cognitive function, whereas other antiepilep-
tic agents fail to do so49. We note that in the absence of transgenic human
APOE4, levetiracetam treatment did not modify APP processing in
mice49, consistent with the in vitro findings herein. Although the
therapeutic action of levetirecatem in patients with aMCI was ascribed
to a general suppression of neuronal hyperactivity28, our data point to
a more selective molecular mechanism of action for levetirecatem at
SV2A. More broadly, it will be of interest to apply the integrative
genomics approaches, as described here, to additional neurological
and psychiatric brain disorders.

METHODS SUMMARY
Differential expression and co-expression analysis were done using the R Biocon-
ductor package essentially as described previously21. For knockdown experiments,
N2a cells stably expressing human wild-type APP (N2a-APP) were transfected in
Opti-MEM1 (Invitrogen) media containing 3ml of Lipofectamine 2000 (Invitrogen)
and an appropriate shRNA expression plasmid (1mg). Cells were subsequently
maintained in DMEM supplemented with 10% FBS, 500mg ml21 puromycin (A.G.
Scientific) and 500 mg ml21 geneticin (Invitrogen) for at least 1 week before phe-
notypic studies. Abquantification by enzyme-linked immunosorbent assay (ELISA)
and APP-BACE1 ICC were performed as previously described34. Levels of APP
holoprotein and BACE1 enzyme at the cell surface were quantified by cell surface
biotinylation, fractionation and isolation with Avidin beads, using a Cell Surface
Protein Isolation Kit (Pierce) followed by western blot. Human skin fibroblast cul-
tures were obtained from de-identified, banked tissue samples (STC0022: Columbia
University Institutional Review Board, IRB #AAAD3566; Primary Investigator
Lawrence S. Honig; T-4560: Columbia University Taub Institute New York Brain
Bank)34. Neurons were induced from the fibroblast cultures by transduction with
replication-incompetent lentiviral particles encoding the neurogenic factors Ascl1,
Brn2, Zic1 and Myt1l, in fibroblast media containing polybrene (8mg ml21)34.
hiNs were then cultured in glial-conditioned N2 media containing 20 ng ml21

BDNF (Peprotech) and supplemented with dorsomorphin (1mM; Stemgent) for
4–6 days. Age-of-onset genetic analysis were done by linear regression of age-of-
onset as a function of gender, APOE status and the queried genotype, allowing for
an interaction term between APOE and the queried SNP minor allele load using
gPLINK50 software. For human Ab load analysis, Florbetapir (AV-45) PET-scan
data was obtained from the ADNI consortium (https://ida.loni.ucla.edu), quanti-
fied as standardized uptake value ratio (SUVR)40. The effect of rs2248663 or APOE
genotype on SUVR was evaluated using an additive model within the PLINK
linear function, and adjusted for gender and age.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
Materials. Levetiracetam was obtained from LKT Laboratories, puromycin was
purchased from AG Scientific. Recombinant human APOE2 (rhAPOE2), APOE3
(rhAPOE3), and APOE4 (rhAPOE4) were from BioVision. Antibodies obtained
were anti-APP C terminus and anti-RNF219 (both rabbit polyclonals, Sigma-
Aldrich), anti-APP N-terminal (mouse monoclonal, 22C11, Millipore), anti-APP
C-terminal (mouse monoclonal, 2.F2.19B4; from Millipore, for detection of the
exogenous human wild-type APP transgene and cleavage products), Anti-APP
C-terminal (mouse monoclonal, c1/6.1; Covance, for detection of the endogenous
murine APP and cleavage products), anti-beta amyloid (mouse monoclonals, 4G8,
6E10; Covance), anti-BACE1 (rabbit polyclonal; Invitrogen) and anti-RNF219
(rabbit polyclonal; Santa Cruz Biotechnology).
Cell culture and shRNA expression vector transfection. N2a cells stably expres-
sing human APP wild type (N2a-APP) were maintained in DMEM supplemented
with 10% FBS and 1% penicillin 1% streptomycin and 500–1,000mg ml21 geneti-
cin (Invitrogen). For knockdown experiments, cells grown overnight to 70–90%
confluency in 24-well plates were transfected in Opti-MEM1 (Invitrogen) media con-
taining 3ml of Lipofectamine 2000 (Invitrogen) and 1mg of shRNA expressing plas-
mid DNA and incubated in DMEM supplemented with 10% FBS and 500mg ml21

puromycin (A.G. Scientific) and 500mg ml21 geneticin (Invitrogen) at least for
1 week before further experiments. Validated shRNA plasmids were obtained from
Open biosytems (pGIPZ backbone): SV2A (#1:V3LMM_450995, 59-TATTGTGC
AGGAACGTGCT-39; #2: V3LMM_450996, 59-TGATGAACGTGCAGTTGCG-39;
#3:V3LMM_451000, 59-TGCGGAAGAATGTGTTGCT-39), RNF219 (V3LMM_
483077, 59-ATCACTTCGTTCTAGAGCT-39) or Sigma (pLKO backbone): NCDN
(TRCN0000119418, 59-CGTAGGATCTTTGATGCCGTT-39), CALU (TRCN00
00114827, 59-GCTCAGCGATAAAGTTCACAA-39), FYN (TRCN0000023379,
59-GCTCGGTTGATTGAAGACAAT-39), TMEM95L (TRCN0000178059, 59-
GCTTATTGACATTCCTCACAT-39), MAPK3 (TRCN0000023186, 59-CCATGA
GAATGTTATAGGCAT-39), HDLBP (TRCN0000105171, 59-GCTCGCATTAA
GAAGATTTAT-39), RNF219 (TRCN0000125455, 59-CCACGAGATGAGTGA
AGATTT-39), ROGDI (TRCN0000012233, 59-CCCTCCTCATTCCCTGTGGTA-39).
Ab ELISA. Abquantification was performed by ELISA as described previously34,51.
Media was conditioned for 48 h before harvesting. Samples were analysed for Ab40
or Ab42 using specific sandwich ELISAs. Briefly, Ab40, and Ab42 were captured
using monoclonal antibodies targeted against amino acids 35–40 (HJ2.0), or 33–42
(HJ7.4) of Ab, respectively. The antibodies HJ2.0, HJ5.1 and HJ7.4 were gifts from
D. M. Holtzman. For Ab40 and Ab42 assays, a biotinylated central domain mono-
clonal antibody (HJ5.1) followed by streptavidin-poly-HRP-40 was used for detec-
tion (Sigma). All assays were developed using Super Slow ELISA TMB (Sigma) and
read on a VersaMax ELISA Microplate Reader (Molecular Devices) at 650 nm.
ELISA signals were reported as the mean 6 s.e.m. of three replica wells in ng of Ab
per ml of supernatant, based on standard curves using synthetic human and mouse
recombinant Ab40 and Ab42 peptides (rPeptide; Bogart, GA). Samples were opti-
mized to detect Ab40 and Ab42 in the range of 1–3,000 and 0.03–30 ng ml21,
respectively34. The amount of Ab was normalized to total cell protein levels.
Quantitative real time RT–PCR. qRT–PCR was done as described previously52.
mRNA levels were quantified using DDCt methods, using GAPDH as a normali-
zing factors. Forward/reverse primers pairs used were 59-AGGTCGGTGTGAA
CGGATTTG-39/59-GGGGTCGTTGATGGCAACA-39 for GAPDH, 59-GTGCCA
CATTTGCTTGGGG-39/59-TCAGGAGTGATCGGGACTCTG-39 for RNF219,
59-AGGTGAAAGGGACTCTGACTC-39/59-GCCAAGTGCAACAACTGGT-39

for ROGDI, 59-AATGCTGATGGGTTCATTGATCT-39/59-GGTTCTTATCTC
GAAACTCCACG-39 for CALU, 59-ACAGTGCAGACAGAGATCCAG-39/59-
CGGATTTGAAGGTCATACCTCCA-39 for PTK2B, 59-CTCAGGTGTTTCAT
GTACCCC-39/59-TCAAGGCAGATTTTTGCTTGTTC-39 for HDLBP, 59-GGT
TCACCTTTCCCAACCGA-39/59-GCTGGCTAGTTCAGGGTCG-39 for NCDN
and 59-TCCGCCATGAGAATGTTATAGGC-39/59-GGTGGTGTTGATAAGC
AGATTGG-39 for MAPK3.
Immunohistochemistry. Immunocytochemistry (ICC) was performed as prev-
iously described34. Cells were fixed with 4% paraformaldehyde for 10 min at room
temperature, followed by rinsing 3 times with phosphate-buffered saline (PBS).
Cells were then permeabilized with 0.3% Triton X-100 in 13 PBS for 2 min at
room temperature. After rinsing three times with PBS, cells were incubated with
blocking buffer containing 1% BSA and 1% normal goat serum at room tempera-
ture for 1 h. All primary antibodies were diluted in blocking buffer. Cells were
incubated with primary antibodies (1:200 to 1,500) at 4 uC for 12–16 h, followed
by the corresponding secondary antibody solutions at room temperature for 1 h.
Cells were rinsed with 13 PBS three times followed by mounting on coverslips
with Fluoro-Gel (Electron Microscopy Sciences). Detailed antibody sources and
dilutions used can be found in the Supplementary Information. Imaging was
conducted by laser-scanning confocal microscopy with a 363 (1.4 NA) objective
(LSM510, Carl Zeiss). Cell counts and fluorescence intensities were quantified in

10 to 35 images of randomly selected views per well. Subsequently, images were
analysed for cell counts and fluorescent intensity using Image J 1.42q software
(National Institutes of Health).
Immunoblotting. Cells were suspended in RIPA buffer contained protease inhi-
bitor cocktail (Sigma) and sonicated, then cells were incubated for 1 h at 4 uC. The
lysates were cleared by centrifugation at 10,000g for 10 min at 4 uC. Protein con-
centration was determined by Bio-Rad Dc Protein assay kits (Bio-Rad), 5–30 mg
of total protein lysate was resolved on a 4–12% SDS–PAGE gel. Protein samples
were transferred onto nitrocellulose membranes using the semi-dry transfer unit
(Owl Scientific) and blocked with 3% skimmed milk in Tris buffered saline with
0.1% Tween 20 for 1 h. The primary antibodies were incubated overnight at 4 uC,
and primary antibody binding was detected using horseradish peroxidase con-
jugated anti-mouse IgG at 1:5,000 dilution (Jackson Immunoresearch Labora-
tories) or horseradish peroxides conjugated anti-rabbit IgG at 1:5,000 dilution
(Jackson Immunoresearch Laboratories).
Cell surface biotinylation. Levels of APP holoprotein and BACE1 at the cell
surface were quantified using cell surface biotinylation followed by fractionation
and western blotting. Cell surface biotinylation was performed using a cell surface
protein isolation kit following the manufacturer’s instructions (Pierce). N2a cell
cultures in two 10-cm dishes at 90–95% confluence were first rinsed three times
with ice-cold culture medium and then incubated in PBS containing 1 mg ml21 of
EZ-link Sulfo NHS-LC biotin (Pierce Chemical), or PBS alone, for 30 min at 4 uC.
To quench any excess biotin, cell cultures were rinsed and then incubated in
quenching solution for 10 min at 4 uC. Next, cells were gently scraped into conical
tubes and centrifuged. Pellets were washed in cold PBS three times, and lysis
buffer with protease inhibitor at 4 uC added as per manufacturer’s instructions.
Cells were sonicated for disruption and incubated 30 min on ice. After incubation,
sample were centrifuged 10,000g for 2 min and supernatants were collected. Cell
lysates from biotin-labelled and unlabelled samples were incubated with NeutrAvidin-
agarose beads (Pierce Chemical) for 60 min at room temperature. Subsequently,
beads were washed with RIPA buffer containing protease inhibitor cocktail (Sigma),
and total protein levels were determined using a BCA protein quantification assay
kit (Bio-Rad). For western blot analysis, lysates were mixed with sample buffer,
boiled for 10 min, and then resolved on an SDS–PAGE gel. Total protein, contain-
ing 15mg of lysate was simultaneously resolved on the gel, transferred to PVDF
membrane and probed for APP and BACE1 expression.
Human skin fibroblasts. Human skin fibroblast cultures used in this study were
obtained from de-identified, banked tissue samples; there was no interaction with
subjects, no intervention, and private, identifiable information was not collected.
One fibroblast line was obtained from an unaffected individual homozygous for
the APOE3 allele (STC0022 (female, 65 years old)), and a second line from an
unaffected individual who carries one APOE4 and one APOE3 allele (T-4560
(male, 891 years old)). STC0022 and T-4560 were obtained from de-identified,
banked tissue samples (STC0022: Columbia University Institutional Review Board,
IRB #AAAD3566; Primary Investigator. Lawrence S. Honig; T-4560: Columbia
University Taub Institute New York Brain Bank)34. Human skin fibroblasts were
cultured in standard fibroblast media (DMEM with 10% FBS).
hiN cell induction and transfection. Fibroblasts were plated at 20,000 cells per
well in 24-well plates one day before infection. Culture plates and dishes were
treated with poly-L-ornithine (Sigma) and laminin (Invitrogen) or poly-D lysine
(Trevigen) and laminin before the application of the cells as per the manufac-
turer’s instructions. Fibroblasts were transduced with replication-incompetent,
VSVg-coated lentiviral particles encoding Ascl1, Brn2, Zic 1 and Myt1l, in fibro-
blast media containing polybrene (8 mg ml21). Each lentiviral type was added at a
multiplicity of infection ,2:1. Two day after transduction, the media was replaced
with glial-conditioned N2 media containing 2 ng ml21 BDNF (Peprotech). For the
first 4–6 days in N2 media, dorsomorphin (1mM; Stemgent) was applied to the
culture. Media was changed every 2–3 days for the duration of the culture period.
Differential expression. The microarray data set was downloaded from the Myers
laboratory website. All subsequent data manipulations and analyses were done
using R Bioconductor package. For each gene, differential expression between two
conditions was assessed by a two-tailed t-test, using a threshold P-value of 0.05.
For a gene to be considered affected by both APOE genotype and AD phenotype,
its expression level has to be significantly changed in the same direction when
comparing samples from unaffected APOE4 individuals to unaffected APOE2
individuals and when comparing samples from AD APOE3 patients to unaffected
APOE3 individuals. Genes annotation enrichment were queried using GSEA53 or
the DAVID bioinformatics resources54,55.
Differential wiring analysis. The microarray data set was downloaded from the
Myers laboratory website. All subsequent data manipulations and analyses were
done using R Bioconductor package. Correlations between gene expression levels
were assessed using cosine similarity on log-transformed levels; briefly, two genes
whose expression levels are simultaneously high or low across many samples are

ARTICLE RESEARCH

Macmillan Publishers Limited. All rights reserved©2013



in phase and will have a correlation coefficient close to 1. On the contrary, if one
gene shows high expression levels when another one shows low across many
samples, those two genes are in anti-phase and will have a correlation coefficient
close to 21. The absence of linear relationship between the expression levels of
both genes will result in a correlation coefficient close to 0. Comparisons between
correlations obtained in two independent groups were done using a Fisher’s Z
transformation followed by a statistical test using pnorm R function.

The principle underlying DW algorithms18,56 is that for a given candidate ‘mas-
ter regulator’ node gene X, the global DW score—when comparing two experi-
mental conditions 1 and 2—is the sum of DW subscores between gene X and each
of the other genes Gi queried. The subscore between the gene of interest X (for
which the DW score is calculated) and a gene Gi is proportional to: (1) the extent
of the shift in correlation between the expression levels of Gi and X when com-
paring conditions 2 and 1 (thus genes exhibiting a high number of strong shifts in
correlation with many other genes are assumed to be relevant nodes in the dif-
ferential gene expression network between conditions 1 and 2); (2) the extent of
differential expression of Gi between conditions 1 and 2 (averaged across the panel
of samples for each condition; thus, the more a gene is on average differentially
expressed between 2 conditions, the more it is predicted to have a phenotypic
impact); (3) the level of expression Gi (a more highly expressed gene is thought to
have a higher phenotypic impact; this is to compensate for the fact that lowly
expressed genes are more likely to exhibit strong shifts in expression between the
two conditions).

The three main modifications we introduce to the previously described wiring
algorithms18,56 are: (1) We broadened the analysis of possible ‘master regulator’
genes from only annotated transcription factors to all genes. (2) We introduced
significance threshold tests for the interactor genes: as we included all the genes as
candidate ‘master disease regulators’, instead of only all the annotated transcrip-
tion factors we wanted to avoid artificial results when working at a genome-wide
scale than with hundreds of selected genes. Low-selective threshold (P value 5 0.05)
were however chosen to keep a high sensitivity. (3) We considered for differential
expression as well as for differential correlation the intersection between 2 com-
parisons involving 4 independent groups. For a gene to be considered as differen-
tially expressed, it has to be significantly differentially expressed in both conditions
with the same orientation.

The differential wiring score for a gene X between for two comparisons each
between two independent experimental groups (1 and 2 with n1 and n2 elements
and A and B with nA and nB elements, respectively) was thus calculated as the sum
over all the genes Gi of the absolute value of the product of: (1) The conditional
Z-distance evaluating the difference observed between the two groups in each of
the two comparisons for the correlation between the expression levels of genes X
and Gi DGi(1vs2)\(AvsB)

D E
p
in the formal DW formula below. Thus, for a given

threshold P value (0.05 here), it has a null value if the correlation shift is not sig-
nificant. The amplitude of the Z-distance is proportional to the shift in correlation
between the two experimental conditions. Fisher’s Z-transformation corrects for
the non-normal distribution of the correlation value (between 21 and 1). As a con-
sequence, a shift in correlation form 0.7 to 0.9 will lead a Z-distance value higher
than a shift from 20.1 to 0.1. (2) The conditional log-scaled amplitude of the diffe-
rential expression of gene Gi d(X,Gi)(1vs2)\(AvsB)

D E
p
in the DW formula below. For

a given threshold P value (0.05 here), it has a null value if the gene is found to not
be differentially expressed between the two conditions. If the gene is differentially
expressed for the chosen P value, the value will be the log of the ratio between the
averaged gene expression levels in each group. (3) The averaged expression level of
gene Gi among all samples ((EG1 )1|2|A|B in the formula below.

As a consequence of the use of significance threshold tests, only those genes
which are differentially expressed between the two experimental conditions, and
that see their correlation with gene X significantly changed between the two expe-
rimental conditions, will participate in the DW score.

Formally, the DW score was thus calculated as:
Differential wiring score for gene X:

DW(X)1vs2~
P

Gi DGi(1vs2)\(AvsB)

� �
p d(X,Gi)(1vs2)\(AvsB)

D E������
p

(Ej G1
)1|2|A|B

With:
Conditional Z-distance for a p-value p:

d1vs2h ip~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1vs2

:dAvsB
p IF pnorm(d1vs2)vp

AND pnorm(dAvsB)vp

AND d1vs2
:dAvsB

0 OTHERWISE

8>>><
>>>:

d(X,G)1vs2~
Fz(r(X,G)1-Fz(r(X,G)2)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n1{3

z
1

n2{3

r Z-distance between r(X,G)1and r(X,G)2

d(X,G)AvsB~
Fz(r(X,G)A)-Fz(r(X,G)B)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
nA{3

z
1

nB{3

r Z-distance between r(X,G)1and r(X,G)2

r(X,G)1, r(X, G)2, r(X,G)A, r(X, G)B correlation coefficient between the expression
levels of genes X and G, evaluated in experimental groups 1 (n1 elements), 2 (n2

elements), A (nA elements) B (nB elements).

FZ(r)~
1
2

log
1zr
1{r

� �
Fisher’s z transformation for a correlation coeff icient r

Conditional differential gene expression amplitude of Gi

DGi(1vs2)\(AvsB)

� �
p~ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

log (EG)1

(EG)2

� �
: (EG)A

(EG)B

� �s
IF p: value t:test EGð Þ1, EGð Þ2

	 
	 

vp

AND p: value t:test EGð ÞA, EGð ÞB
	 
	 


vp

AND log
EGð Þ1

EGð Þ2

0
@

1
A: log

EGð ÞA

EGð ÞB

0
@

1
Aw0

0 OTHERWISE

8>>>>>>>>><
>>>>>>>>>:

(EG)i: collection of the expression level values for gene G among an experimental
group i. All calculations were performed using the R statistical environment.
GWAS epistasis analysis. We used 4 publicly available GWAS data sets; GenADA
study was downloaded from NCBI’s dbGap repository57 (Multi-Site Collaborative
Study for Genotype–Phenotype Associations in Alzheimer’s disease and Longi-
tudinal follow-up of Genotype–Phenotype Associations in Alzheimer’s disease
and Neuroimaging component of Genotype–Phenotype Associations in Alzheimer’s
disease, dbGap phs000219.v1.p1), which includes 875 AD cases and 850 controls35.
Two Tgen neuropathological data sets were obtained from the Translational
Genomics Research Institute (http://www.tgen.org). The ‘discovery cohort’
includes 446 AD cases and 290 controls, the ‘replication cohort’ 197 AD cases
and 114 controls36. The ADNI data sets were downloaded from the Alzheimer’s
Disease Neuroimaging Initiative website (https://ida.loni.ucla.edu) and includes
180 AD cases and 214 controls37. All subsequent genetic analysis were done using
gPLINK50 software. Interaction between different SNPs and APOE4 in each data
set were evaluated using PLINK linear and interaction functions, applied to the
following model AoO 5 a1 b.APOE 1 c.Sex 1 d.SNP 1 e. SNPxAPOEbin, where
AoO is the age-of-onset of Alzheimer’s disease, APOE is the allelic load of APOE e4
allele (5 0, 1 or 2), Sex is the gender ( 5 0 or 1), SNP the allelic load of the minor
allele for the studied SNP (5 0, 1 or 2) and APOEbin a binary indicator for the
presence or absence of at least one APOE4 allele ( 5 0 or 1). The term e is con-
sidered as the interaction term in the current analysis. Rare APOE2 allele carriers
were not considered in the present study. Analysis was performed independently
in each data set, and then combined in a meta-analysis using METAL (http://
www.sph.umich.edu/csg/abecasis/metal/).
AD age-of-onset GWAS set enrichment analysis. GWAS enrichment analysis
was performed essentially as previously described38, using the P value resulting
from the APOE4-dependent AD age-of-onset association meta-analysis described
above. For each gene present in the gene expression data set the associated P value
corresponds to the lowest meta-analysis P value for a SNP located within 50-kb on
either side of the gene, using the 286,178 SNPs present in at least 3 of the 4 studies
used in the meta-analysis. A gene set enrichment score was calculated for the
different groups of genes considered using a weighted Kolmogorov–Smirnov–like
running-sum statistic as previously described38. For each gene set, a null distri-
bution was generated by permuting 10,000 times the gene labels, and was used to
evaluate an empirical P value for the enrichment score. All calculations were made
using R statistical software.
Florbetapir (AV-45) PET-scan epistasis analysis. Data was downloaded from
the Alzheimer’s Disease Neuroimaging Initiative website (https://ida.loni.ucla.edu)
and includes data from 177 cognitively intact and 338 mildly cognitively impaired
elderly genotyped individuals. Briefly, Ab load was evaluated by florbetapir-PET
and quantified as a standardized uptake value ratio (SUVR)40 in different brain
regions (parietal cortex, cingulate cortex, frontal cortex, temporal cortex, brain-
stem and cerebellum). The effect of rs2248663 minor allele (G) or APOE4 allele
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load on the SUVR was evaluated for each group using an additive model within the
PLINK linear function, and adjusted for gender and age.
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