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ABSTRACT

Alzheimer’'s disease (AD) is a clinically and genetically heterogeneous
neurodegenerative disease. Genes involved in cholesterol metabolism may play
a role in the pathological changes of AD. However, the imaging genetics-based
endophenotypes derived from polymorphisms in multiple functionally related
genes are unclear in individuals with risk factors for AD. Forty-three amnestic
mild cognitive impairment (aMCI) subjects and 30 healthy controls underwent
resting-state functional magnetic resonance imaging (fMRI) measurements of brain
topological organization. Thirty-three previously suggested tagging single nucleotide
polymorphisms (SNPs) from 12 candidate genes in the cholesterol metabolism
pathway were further investigated. A cholesterol metabolism pathway gene-based
imaging genetics approach was then utilized to investigate disease-related differences
between the groups based on genotype-by-aMCI interactions. The cholesterol
metabolism pathway genes exerted widespread effects on the cortico-subcortical-
cerebellar spontaneous brain activity. Meanwhile, left lateralization of global brain
connectivity was associated with cholesterol metabolism pathway genes. The APOE
rs429358 variation significantly influenced the brain network characteristics, affecting
the activation of nodes as well as the connectivity of edges in aMCI subjects. The
cholesterol metabolism pathway gene-based imaging genetics approach may provide
new opportunities to understand the mechanisms underlying AD and suggested that
APOE rs429358 is a core genetic variation that is associated with disease-related
differences in brain function.
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INTRODUCTION

Alzheimer’s disease (AD) is a clinically
heterogeneous neurodegenerative disease with a
strong genetic component [1]. The characteristic
pathological changes identified in AD brain tissue
include extracellularly deposited amyloid-f (AP)
plaques and intracellular neurofibrillary tangles (tau
hyperphosphorylation). However, individual susceptibility
to this disease remains largely unclear due to the genetic
complexity of AD.

Converging evidence from clinical and pathological
studies has indicated that genes involved in cholesterol

metabolism may have a potential role in the clearance

of highly amyloidogenic AP from the brain [1, 2]. The
underlying mechanism involves the activity of enzymes
that are involved in amyloid precursor protein (APP)
metabolism and that are influenced by cholesterol.
Post-transcriptional processing of APP also occurs in
cholesterol-rich membrane domains [3]. In addition,
an indirect relationship between cholesterol and tau
hyperphosphorylation was observed in a previous study
[4]. The role of cholesterol as a causative factor in the
progression of AD is still debated. For example, elevated
serum and plasma cholesterol levels do not appear to be
risk factors for AD [5], and the brain cholesterol level
that is associated with AD remains unclear (i.e., reduced
cholesterol levels, increased cholesterol levels, and
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no changes in cholesterol levels have been observed in
AD patients compared with controls) [6]. However, a
very exciting finding has shown that a set of ten lipids
from the peripheral blood can predict phenoconversion
to amnestic mild cognitive impairment (aMCI, which is
associated with a high risk for AD) or AD within a 2-3
year time frame with over 90% accuracy [7]. Moreover,
recent viewpoints support progressive deterioration of
cholesterol homeostasis as a central component of AD
pathophysiology, and cholesterol homeostasis may be
a potential therapeutic target for disease prevention [7,
8]. The cholesterol metabolism hypothesis is a major
addition to the amyloid cascade hypothesis and the tau
hypothesis underlying the cholesterol-AD interaction and
proposes that several different properties and functions of
cholesterol are associated with AD [5, 9].

Imaging genetics association studies have provided
many new opportunities to understand the neurobiology
of the cholesterol metabolism abnormalities that may
contribute to AD. Apolipoprotein E (4POE) is the most
prevalent cholesterol transport protein in the central
nervous system [2], whilst it also modifies the brain
inflammatory responses [10]. The APOE €4 allele is a
confirmed genetic risk factor for sporadic AD, while
the €2 allele may confer protection against the disease
[11]. In a recent study, we demonstrated that the
opposing trajectories of the influence of the APOE €2
and €4 alleles in the default mode network with age may
reflect their antagonistic pleiotropic properties and their
association with different AD risk factors [12]. Other
genetic polymorphisms associated with the cholesterol
metabolism pathway have also been proposed as risk
factors that influence the AD brain. For example, Cystatin
C (CST3) has been suggested to be related to white matter
lesions [13], grey matter density [14] and the global
neurophysiological phenotype [15] of AD patients and
aMCI individuals, and sortilin-related receptor (SORLI)
gene variants are associated with hippocampal atrophy
and white matter hyperintensities in AD patients [16,
17]. However, AD is currently conceptualized as a
multifaceted pathology that is also characterized by a high
degree of genetic heterogeneity [18], and the relationships
between several other cholesterol metabolism genes
and neuroimaging are still largely unclear. A single
candidate gene-based approach might coherently account
for the diversity and lack of independent replications of
these associations [19, 20]. Intriguingly, an alternative
pathway-based imaging genetics approach has been
suggested to address this issue. This approach applies
a general linear model with non-stationary cluster-
based inference to examine the associations between
polymorphisms and brain imaging biomarkers [21]. These
findings may strengthen the confidence in image-derived
endophenotypes by enabling testing of polymorphisms in
multiple functionally related genes.

In this study, our first aim was to test the hypothesis
that a cholesterol metabolism genetics pathway-based
imaging approach would reveal abnormal topological
organization of brain activity in aMCI subjects. The
APOE gene is the most established genetic risk factor for
sporadic AD [1]; therefore, our second aim was to test
whether disease-4POE single nucleotide polymorphism
(SNP) interactions could be used to identify significant
functional variations that differentiate aMCI subjects from
healthy controls.

RESULTS

Participant characteristics

Compared with the controls, the aMCI subjects
showed memory impairment as well as deficits on other
cognitive assessments, such as the CDR, MMSE, Auditory
verbal memory test-delayed recall, Rey-Osterrieth
complex figure test-delayed recall, TMT-A, TMT-B, the
symbol digit modalities test and the clock-drawing test
(Table 1). Namely, the deficits of the participants in the
aMCI group were characteristic of aMCI-multiple domain,
which reflects impairments in the memory domain plus
at least one other cognitive domain. In addition, there
was a trend toward lower education levels in the aMCI
group (aMCI 13.58 years and controls 14.98 years). There
were no significant differences between these groups with
regard to age, gender and the digit span test. Genotype
frequencies did not deviate from Hardy-Weinberg
equilibrium in either group (P> 0.05).

Cholesterol metabolism pathway genes

(i) Within genes

Regions extracted from the genotype-by-aMCI
associations that also exhibited spontaneous brain activity
(ALFF) differences were identified for 15/33 SNPs
of the cholesterol metabolism pathway genes (using a
minimum non-stationary AlphaSim-corrected P-value
for the imaging space for any one SNP [Peorected®) <
0.05)]. These SNPs included ABCA1 (rs2230806); APOE
(rs7412, rs429358, rs440446); CH25H (rs4417181); CYPI
(rs754203, rs7157609); LDLR (rs1433099, rs2738444);
LRP1 (rs1799986); LRPS (1s5177,1s3737983, rs3820198);
MTHFR (rs1801133); and SOATI (rs3753526).
Widespread effects on spontaneous brain activity were
predominately observed in components of the cortico-
subcortical-cerebellar regions, including the frontal cortex
(superior/medial/middle/inferior frontal gyrus and anterior
cingulate), subcortical structures (parahippocampal gyrus
and insula), the temporal cortex (superior/middle/inferior
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Table 1: Demographic and neuropsychological data between the aMCI subjects and the controls

Item aMCI (n =43) Controls (n =30) P

Age (years) 72.00+4.88 72.93+3.93 0.6617
Education level (years) 13.58+3.10 14.98+2.67 0.045%
Gender (male:female) 27:16 17:13 0.601F
Clinical dementia rating (CDR) 0.5 0 -

Mini mental state exam (MMSE) 27.05+1.53 28.2+1.37 0.002*
élégliltory verbal memory test-delayed -0.64+0.57 0.99:0.62 0.000%
ggz‘y(ggtf;fﬁh complex figure test-| 6.0 96 0.44-0.91 0.003*
Trail making test (TMT)-A 0.25+1.03 -0.37+0.85 0.009*
TMT-B 0.22+1.11 -0.41+0.60 0.006*
Symbol digit modalities test -0.24+0.94 0.39+0.96 0.007*
Clock drawing test -0.23+1.14 0.29+0.70 0.032*
Digit span test -0.13+0.93 0.23+0.99 0.119

Values are the mean + (SD); Notes: 1, P-values were obtained using Mann-Whitney U-tests because the neuropsychological
data were not normally distributed. Other P-values were obtained using independent-samples T-tests, * indicates significant
differences between groups, P < 0.05.

Regions of genotype-by-aMCI interactions for cholesterol-pathway genes

ABCALl
APOE
CH25H
CYP1
LDLR
LRP1
LRP8
MTHFR
SOAT1

Figure 1: Regions extracted from genotype-by-aMCI interactions for the cholesterol pathway after correcting for the
imaging space for any one SNP [Peorrected® < (,05]: ABCAI (rs2230806, yellow); APOE (rs7412, rs429358, rs440446,
red); CH25H (rs4417181, dark blue); CYPI (rs754203, rs7157609, green); LDLR (rs1433099, rs2738444, blue); LRP1
(rs1799986, violet); LRP8 (rs5177, rs3737983, rs3820198, deep yellow); MTHFR (rs1801133, orange), and SOATI
(rs3753526, grass green). These regions were predominantly components of cortico-subcortical-cerebellar system and included the
frontal cortex (superior/medial/middle/inferior frontal gyrus and anterior cingulate), subcortical structures (parahippocampal gyrus and
insula), the temporal cortex (superior/middle/inferior temporal gyrus), the parietal cortex (inferior parietal lobule and precuneus), the
occipital cortex (middle occipital gyrus), and the cerebellum (posterior lobe/anterior lobe and vermis).
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Table 2: Descriptions of the brain regions extracted from the genotype-by-aMCI interactions that remained statistically
significant after correcting for the imaging space and across multiple SNPs per gene

Cholesterol Cluster |Peak MNI [Peak . . orrected (S) orrected (5,G)
metabolism Allele size coordinates |F value Brain region L promee
<0.05 <0.05
pathway SNP X, Y, Z
ABCAI (ATP-binding cassette transporter A1)
Middle Occipital Gyrus L
152230806 AG 2214 -21-1029 12.7 (LMOG) * -
Middle Frontal Gyrus L
2241 -153033 9.96 (L.MFG) * -
1539 0-570 9.95 Vermis 4 5 (Vermis45) * -
APOE (Apolipoprotein E)
Inferior Frontal Gyrus L
1s7412 CT 2079 -422724 19.15 (LIFG) * -
Middle Temporal Gyrus L
2025 -60-33 -15 |15.59 (LMTG) * -
2403 33-915 14.79  [Insula R (R.INS) * -
Middle Cingulum Gyrus R
1809 15-24 39 14.40 (R. MCG) * -
rs405509 AC - - - None
Cerebellum Posterior
rs429358 CT 2349 -36-57-33 |81.78 |Lobe L * wox
(L. CRBL Po)
Superior Temporal
1485 36 15 -36 66.04 [Gyrus R * HoE
(R.STG)
Anterior Cingulate
2538 -32118 3842 |[Gyrus L * -
(L.ACG)
Parahippocampal gyrus L
1998 -12-45-3 31.11 (L.PHG) * -
rs440446 CG 2754 15-48 51 21.37 |Precuneus R (RPCUN) |[* -
Cerebellum Anterior
2133 -21-51-36 |21.34 |Lobe L * -
(L.CRBL Ant)
Cerebellum Posterior
3159 21-57-39 1791 |[Lobe R * -
(R. CRBL Po)
Middle Temporal Gyrus L
1431 -57-66 9 15.37 (L.MTG) * -
1s769450 AG - - - None
CH?25H (Cholesterol 25-Hydroxylase)
Middle Frontal Gyrus R
rs4417181 CT 1809 393015 15.37 (RMFG) * -
rs7091822 GT - - - None
rs17117126 AG - - - None
CST3 (Cystatin C)
1s2424577 AG - - - None
1s3827143 AG None
CYPI ( cytochrome P450 1)
Inferior Frontal Gyrus R
15754203 CT 2916 3027-15 17.80 (R.IFG) * -
Parahippocampal gyrus R
2079 36-12 -27 15.94 (R.PHG) * -
rs4900442 CT None
Inferior Frontal Gyrus_ R
1s7157609 AC 2565 3027-15 15.00 (R.IFG) * -
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Parahippocampal gyrus R |,
2106 33-12-27 14.87 (R.PHG) -
IDE (Insulin-degrading enzyme)
153758505 GT - - - None
154646954 AG - - - None
LDLR (Low-density lipoprotein receptor)
15688 CT None
155925 CT None
Medial Frontal Gyrus R |,
rs1433099 AG 1296 32148 16.18 (RMeFG) -
r$2738444 CT 5040  |45-3642 |28.40 |Mferior Parietal Lobule R |, =
(R.IPL)
1511668477 AG - - - None
1512983082 AC - - - None
LRPI (Low-density lipoprotein receptor-related protein 1)
rs1140648 AG - - - None
Inferior Temporal Gyrus R | ,
rs1799986 CT 1620 69 -27 -21 16.63 (R.ITG) -
1$2306692 CT - - - None
LRP8 (Low-density lipoprotein receptor-related protein 8)
Middle Frontal Gyrus R
rs5177 CG 3780 48939 27.68 (RMFG) * -
4698 3024 18 18.91 [Insula R (R.INS) * -
Precentral Gyrus R,
4779 36 -24 54 17.88 (R.PreCG) -
Medial Frontal Gyrus B] .
4131 -936-15 16.36 (B.MeFG) -
Superior Frontal Gyrus R |,
rs3737983 CT 1296 183651 14.93 (R.SFG) -
rs3820198 GT 3483 -3063 14.34  |Putamen L (L.Put) * -
MTHFR (Methylenetetrahydrofolate reductase)
Middle Occipital Gyrus L| .
rs1801133 CT 1404 -24 -84 15 |8.49 (LMOG) -
PLAU (Urokinase-plasminogen activator)
1s2227564 CT - - - None
SOATI (Sortilin-related receptor)
rs1044925 AC - - - None
1$2862616 CT - - - None
Inferior Frontal Gyrus L|,
1s3753526 CG 2916 -39273 22.29 (LIFG) -

Abbreviations: R= right; L=left; B=Bilateral; Cluster size is in mm?, MNI: Montreal Neurological Institute. * Remained
statistically significant after correcting for the imaging space (the statistical threshold was set at P < 0.005 and a cluster size of
1296 mm?, which corresponds to a corrected P < 0.05). ** Remained statistically significant after correcting for the imaging
space and across multiple SNPs, P < 0.05 [i.e., the original P-value was set at P < 0.0003 (0.005/15) with a cluster size of
1296 mm?].
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temporal gyrus), the parietal cortex (inferior parietal lobule
and precuneus), the occipital cortex (middle occipital
gyrus) and the cerebellum (posterior lobe/anterior lobe and
vermis) (for details, see Table 2 and Figure 1). The details
of ALFF values in all regions of the ‘SNP-by-status’
interactions for the cholesterol metabolism pathway were
shown in the Supplementary Materials (Part II).

(ii) Network reconstruction and characteristics

All 31 regions extracted from the genotype-
by-aMCI interactions for the cholesterol metabolism
pathway genes, after correcting for the imaging space for
any one SNP [Peorected®) < (0,05], were used to delineate a
unidirectional weighted network with 31 nodes and 465
edges that described the network connectivity patterns.
Three different correlation coefficient thresholds (r = 0.3,
r=0.5 and r =0.7) were used to conduct a comprehensive
assessment of network properties. The networks for r =
0.3 are shown in Figure 2 (control group) and Figure 3
(aMCI group), while the networks for r =0.5 and r = 0.7
are shown in the Supplementary Materials (Part III). A
qualitative visual inspection of the connectivity patterns of

the reconstructed networks indicated that at corresponding
thresholds, the networks for the groups were similar.
With respect to the disease-related differences in
the neural networks, three edges of the unidirectional
weighted network were detected that exhibited decreased
connectivity in the aMCI group compared with the
control group (P < 0.005), including L.ACC (APOE
rs429358)-R.PHG (CYPI rs754203, MNI: 36 -12 -27),
L.ACC (APOE rs429358)-R.PHG (CYPI 157157609,
MNI: 33 -12 -27) and R.STG (4POE rs429358)-R.ITG
(LRP1 1s1799986) (Figure 4). Interestingly, all of the
differences were associated with 4POE rs429358. To
objectively evaluate these differences, four connectivity
thresholds (i.e., P < 0.05, 0.01, 0.005 and 0.001) were
analysed. The differences with P < 0.005 are shown in
Figure 4, while the differences identified using the other
thresholds of P < 0.05, P <0.01 and P < 0.001 are shown
in the Supplementary Materials (Part IV). The disease-
related differences in the neural networks identified with
thresholds of P <0.01, 0.005 and 0.001 were similar.
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Figure 2 : All 31 regions extracted from the genotype-by-aMCl interactions for the cholesterol pathway, after correcting
for imaging space for any one SNP [Peorrected® < (,05], were used to delineate a unidirectional weighted network with
31 nodes and 465 edges that globally described the network connectivity pattern of the control group. In the present
study, three correlation coefficient thresholds (r = 0.3, r = 0.5 and r = 0.7) were tested. This figure shows the network for r = 0.3, while the
networks for r = 0.5 and r = 0.7 are shown in the Supplementary Materials (Part III). The figure was created using BrainNet Viewer (http://
www.nitrc.org/projects/bnv/).
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(iii) Between genes

Three nodes remained significant between aMCI and
controls after correcting for the imaging space for any one
SNP [Peorreeted®) < (0,05] and across multiple SNPs per gene
[Peomrected(S. &) < (0,05]: the left cerebellum posterior lobe,
the right superior temporal gyrus and the right inferior
parietal lobule (Table 2). Interestingly, 2/3 nodes (i.e.,
left cerebellum posterior lobe and right superior temporal
gyrus) were associated with APOFE rs429358, while the
remaining node (i.e., right inferior parietal lobule) was
related to LDLR rs2738444 (Table 2; Figure 4).

(iv) Gene-brain-behaviour interactions

To evaluate the overall effects of these 31 regions
of interest (ROIs) as well as their interactions with
aMCI, they were used to delineate a unidirectional
weighted network with 31 nodes and 465 edges that
described the network connectivity pattern of each
participant. The node strength (i.e., weighted edge) and
behavioural significance tests were then performed. The
MMSE scores were correlated with the node strength
of the right superior temporal gyrus (r = 0.322, P <
0.035) and the left parahippocampal gyrus (r = 0.337, P
< 0.027), while the TMT-B scores were correlated with

the node strength of the left middle temporal gyrus (r
=0.305, P < 0.047), the right middle frontal gyrus (r =
-0.451, P < 0.002) and the left putamen (r = 0.336, P <
0.028) (Figure 5). However, it should be noted that these
correlation analysis or partial correlation analysis (age,
disease status, education and gender as covariates) did not
exhibited significantly statistical robustness after multiple
comparison corrections. Therefore, these initial findings
should be confirmed in a large sample.

DISCUSSION

Using genetics pathway-based imaging approaches,
this study investigated the topological organization of
cholesterol metabolism genes-brain-disease interactions in
aMCI subjects. The two main findings were as follows: (i)
Cholesterol metabolism pathway genes exerted widespread
effects on spontaneous brain activity, especially of regions
involving the cortico-subcortical-cerebellar regions.
Meanwhile, left lateralization of global brain connectivity
was associated with the cholesterol metabolism pathway
genes. (ii) The prominent associations of APOE gene
variations with network characteristics (i.e., nodes
and weighted edges) strengthened our hypothesis that
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Figure 3: Unidirectional weighted network with 31 nodes and 465 edges for the aMCI group. This figure shows the network
for r = 0.3, while the patterns for r = 0.5 and r = 0.7 are shown in the Supplementary Materials (Part IIT). The figure was created using

BrainNet Viewer (http://www.nitrc.org/projects/bnv/).
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Figure 4: The blue regions remained significant after correcting for the imaging space for any one SNP [Prorrected®
< 0.05] and across multiple SNPs per gene [P’ & < (,05] and included the left cerebellum posterior lobe
(APOE rs429358), the right superior temporal gyrus (4POE rs429358) and the right inferior parietal lobule (LDLR
rs2738444). In addition, the three red-brown edges indicate decreased connectivity of the unidirectional weighted network in the aMCI
subjects compared to the controls (P < 0.005); these edges included the L.ACC (APOE 1s429358)-R.PHG (CYPI rs754203, MNI: 36 -12
-27); L.ACC (APOE rs429358)-R.PHG (CYPI rs7157609, MNI: 33 -12 -27); and R.STG (4POE 1s429358)-R.ITG (LRP1 rs1799986).
The correlation coefficient values are shown in the histograms on the right side. The connectivity patterns for the other thresholds (i.e., P
<0.01, 0.05 and 0.001) are shown in the Supplementary Materials (Part IV). The figure was created using BrainNet Viewer (http://www.

nitrc.org/projects/bnv/).

2.00— L] ° ® .=.0322 P<0.035 2.00— 1=0237 P<0.027 o0 e e
e oo o - ; s & s »
Lo e . o 100-
17 — ] ® * =
§ 0.00— o o oM T—sam o0 § 0.00~ s 5 5 o sss—Fewms o
s a2 . s T "% e s =
100~ —
- * - -Loo-r - ® ® @
200 1 1 T 1 1 1 -2.00~ T st e 1
-3.00 2.00 100 0.00 100 2.00 3.00 -2.00 0.00 2.00
R.STG L.PHG
4.00—~ 4.00— 4.00~
r=0.305 P<0.047
3.00— * 3.00- * g r=-0.451 P<0.002 3.00-

M 200 s N % M 200- 4 ° . A 2.00- "

] s =] T . g

2 1.00- .o, ‘ Q2~."' -— E 1.00— ;:1"‘5—~x, L . . E 1.00-

g oo T e o £ o0.00- oy F'a W0 . Ho000- e
1.00-" en®e™ g R ® -1.00- °, ';& . B wo- % s
2.00— -2.00— -2.00~

| I 1 1 i 1 00 1 I 1 | 1 1 1
-10.00 -7.50 500 -250 0.00 2.50 2.50 0.00 2.50 5.00 7.50 -4.00 -2.00
LMIG R.MFG

1
4.00

1
4.00

Figure 5: Node strength (i.e., the weighted edges) and their behavioural significance were in the aMCI group. The neuropsychological

test scores were converted into z-scores.

www.impactjournals.com/oncotarget

15322

Oncotarget



polymorphisms linked to the biological functions of APOE
can be used to distinguish aMCI subjects from healthy
controls.

Combined effect of cholesterol metabolism
pathway genes on brain function

Brain cholesterol levels are significantly reduced
in the hippocampus and cerebral cortex in AD patients
[22]. These brain areas are more likely to exhibit the
pathological hallmarks of AD and contain the greatest
amounts of synaptic membrane cholesterol, in the
following quantitative order: hippocampus > cortex >
cerebellum [8, 23]. However, the brain cholesterol levels
of AD patients are highly variable [6]. It is indisputable
that the brain cholesterol is localized in the specialized
myelin and neuronal and glial membranes that are
associated with widespread cortical, subcortical and
cerebellar areas [9]. Indeed, the progressive deterioration
of cholesterol homeostasis in AD plays a central role in the
disease’s pathophysiology [6]. Accordingly, in the present
study, cholesterol metabolism pathway genes exhibited
widespread effects on the components of cortico-
subcortical-cerebellar regions, and these effects could
be related to the underlying pathological mechanisms of
the disruption of cholesterol homeostasis. We recently
reported gene-brain-behaviour interactions involving
tau protein pathway genes and the disrupted topological
architecture of cortico-subcortical-cerebellar regions in
aMCI subjects [24]. Comparing these two studies, the
brain areas identified in the present study were more
distributed throughout the cortico-subcortical-cerebellar
regions, while the tau protein pathway genes were
predominantly associated with subcortical and cerebellar
areas. This study is the first to extend our understanding
of the detailed differences in neuroimaging patterns that
are related to the cholesterol metabolism pathway and
the tau protein pathway, although the details remain to
be explored in future investigations. In addition, the
convergent connectivity in the functional brain network
that was constructed from multiple cholesterol metabolism
genes showed predominately left lateralization in both the
aMCI and control groups. Although the adaptive benefit
of the relationship between this specific connectivity and
the cholesterol metabolism pathway genes is unclear, the
networks associated with this pathway were similar in
the control and aMCI subjects. We can assume that these
alterations may become more apparent as the disease
progresses. Furthermore, the present study demonstrated
that the node strength (i.e., the weighted edges) was
significantly correlated with cognitive performance in the
aMCI group, suggesting that the cholesterol metabolism
pathway genes recruited existing connectivity to support
the cognitive function of aMCI subjects. These findings
are consistent with those of a recent longitudinal

population-based study that suggested that a higher rate
of cholesterol synthesis was predictive of lower general
cognitive performance [25]. Together, the brain imaging
findings from the current study add to the evidence in
support of targeting the cholesterol pathway as a therapy
for disease prevention.

APOE 1rs429358 is a core genetic variation
associated with the disease-related characteristics
of the neural network

The APOE rs429358 variation had a significant
effect on the brain network characteristics of the aMCI
subjects, influencing the activation of nodes (i.e., the left
cerebellum posterior lobe and the right superior temporal
gyrus) as well as the connectivity of edges [i.e., L.ACC
(APOE 1s429358)-R.PHG (CYPI 15754203, MNI: 36 -12
-27), L.ACC (APOE 1s429358)-R.PHG (CYPI 1s7157609,
MNI: 33 -12 -27) and R.STG (4POE rs429358)-R.ITG
(LRP1 1s1799986)]. This is consistent with previous
studies that showed that the parahippocampal gyrus [26,
271, temporal cortex [28] and cerebellum posterior lobe
[29] exhibit substantial structural and functional changes
in AD and aMCI subjects. However, the present findings
further highlighted the influence of the APOE rs429358
variation on cholesterol metabolism pathway genes in
individuals at risk for AD. Two APOE SNPs, rs429358
and rs7412, facilitated the identification of different APOE
alleles. More importantly, rs429358 is the SNP that makes
the difference between APOE ¢4 or APOE ¢3/2. Therefore,
this study suggests that APOE may inherently affect the
disease-related differentiation of brain function. APOE
is the most prevalent lipoprotein in the central nervous
system [2] and is the major known genetic risk factor
for late-onset AD [30]. Recent evidence has shown that
APOE coordinates the mobilization and redistribution
of cholesterol in the repair, growth and maintenance of
myelin and neuronal membranes [8], and it is thought to
be instrumental in establishing healthy communication
connections between neurons in different brain regions
[31]. Genetic neuroimaging studies further support the
antagonistic pleiotropy hypothesis, which indicates that
the APOE €4 allele confers some cognitive advantage in
early life, despite its adverse consequences in old age [32].
In a recent study, we demonstrated that the association
of the APOE €2 and €4 alleles with the default mode
network changed in opposite directions with age [12].
Moreover, the APOE ¢4 allele is associated with modified
brain function and structure in AD patients [33, 34]. In
the present study, the APOE SNP rs429358 was a core
genetic variation that was also associated with network
characteristics, and strengthened our hypothesis that
polymorphisms linked to the biological functions of APOE
can be used to distinguish aMCI subjects from healthy
controls. These results suggest that the evidence provided
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by pathway-based imaging approaches may help identify
additional genetic biomarkers of individuals at risk for
AD.

Methodological issues

This study has several limitations. First, AD is
considered to have a high degree of genetic heterogeneity
[18], and the consideration of more complex pathways
and genes as well as large-scale sequencing projects are
necessary and important to comprehensively describe the
patterns of brain changes in patients. Second, it was cross-
sectional and some of the aMCI subjects may not have
displayed the underlying AD pathology, so it remains to
be seen whether the brain functional alterations here in
aMCI are related to a progression to AD in the follow-
up study. Third, to explore underlying mechanism of the
functional alterations, a complementary methodology
may be required to support the current results, i.e., DTI
connectivity analysis could quantify structural integrity
of these proposed pathways. Fourth, the SNP effect on
the endophenotypes controlled by disease status is indeed
an alternative approach. The advantage of this method
is to isolate the genetic effect component which cannot
be attributed to disease-status difference and is thus
likely due to genuine genetic differences. Therefore, this
method may be as a supplement of the present the ‘SNP-
by-status’ effect. Finally, ROIs were associated with SNP-
by-status effect on ALFF and then to see connectivity
changes between controls and aMCI between these
identified regions, which may produce false positive
results. However, ALFF itself can’t explain whether an
unusual brain functional circuit and where the specific
abnormalities are in the same dataset. To completely avoid
circular reasoning [35], future study should split the data
in half base on a large sample size: carrying on the fMRI
example, ROIs are selected with one half of the data, and
then the remainder is employed for statistical analysis
within those selected regions. Therefore, these present
findings should be interpreted with caution.

In summary, the identification of gene variants may
provide new opportunities to understand the mechanisms
underlying AD and could contribute to the diagnosis
and targeted treatment of individuals at risk for AD.
Accordingly, the results of our pathway-based imaging
genetics analysis revealed that cholesterol metabolism
pathway genes have a widespread effect on spontaneous
brain activity, and APOE 1s429358 is a core genetic
variation that is associated with the disease-related
differentiation of brain function.

MATERIALS AND METHODS

Subjects

The methods were performed in accordance with
approved guidelines. The Research Ethics Committee of
the Affiliated Zhong-Da Hospital of Southeast University
approved the experimental protocols, and informed
consent was obtained from all subjects. Briefly, 43 aMCI
subjects and 30 healthy controls were recruited. The
recruitment of aMCI subjects included those with single-
domain aMCI (only memory impairment) and multiple-
domain aMCI (memory impairment plus at least one other
cognitive domain). All aMCI subjects were included in
the study according to the recommendations of Petersen
et al. (1999) [36] and others [37]: (i) subjective memory
impairment corroborated by the subject and an informant;
(i1) objective memory performance documented by an
AVLT-delayed recall score less than or equal to 1.5 SD
of age- and education-adjusted norms (cut-off of < 4
correct responses on 12 items for patients with > 8 years
of education); (iii) MMSE score of 24 or higher; (iv) CDR
of 0.5; (v) no or minimal impairment in daily activities;
and (vi) absence of dementia or insufficient dementia
to meet the NINCDS-ADRDA (National Institute of
Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders
Association) Alzheimer’s Criteria. In addition, a CDR of
0, an MMSE score > 26, and an AVLT-delayed recall score
> 4 were required for control subjects with 8 or more years
of education.

Exclusion criteria

Participants with a known history of stroke,
alcoholism, head injury, Parkinson’s disease, epilepsy,
major depression or other neurological or psychiatric
illness, major medical illness, or severe visual or hearing
loss were not included in this study.

SNP genotyping and selection of candidate
cholesterol metabolism pathway genes

Genotype analysis was performed by investigators
who were blinded to all subjects. First, blood samples
were obtained from the 73 subjects. The data were
processed and analysed as in our previous study [20]. In
detail, DNA was extracted with the TTANamp genomic
DNA kit. Then, genotyping was performed using the
iPLEX Assay (SEQUENOM IiPLEXH Gold Reagent
Kit), which involved assay design, DNA isolation, PCR
amplification, SAP treatment, adjustment of the extension
primers, iPLEX reaction, resin cleaning, dispensing to the
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SpectroCHIP bioarray, and matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) analysis. Based on the AD cholesterol metabolism
hypothesis [20], 33 previously suggested tagging SNPs
from 12 candidate genes were selected: ABCA1, APOE,
CH25H, CST3, CYPI, IDE, LDLR, LRP1, LRP8, MTHFR,
PLAU and SOAT! (for details, see Results section). Hardy-
Weinberg equilibrium was used with y* tests. SNPs were
excluded from the study if (i) they demonstrated complete
linkage disequilibrium (LD) with another SNP (i.e., the
alleles were completely correlated with the alleles of
another SNP); or (ii) the minor allele frequency (MAF)
was lower than 5% [21, 24]. Consequently, 33 SNPs from
12 candidate genes could be detected in all subjects and
were entered into the following analysis (for a flow sheet,
see Part I of Supplemental Materials)

MRI data acquisition

A General Electric 1.5-Tesla scanner (General
Electric Medical Systems, USA) with a homogeneous
birdcage head coil was used in this study. First,
conventional axial Fast Relaxation Fast Spin Echo
sequence T2-weighted anatomical MR images were
obtained to rule out major white matter changes, cerebral
infarction or other lesions using the following parameters:
repetition time (TR) = 3500 ms; echo time (TE) = 103 ms;
flip angle (FA) = 90°; acquisition matrix = 320 x 192; field
of view (FOV) = 240 mm X 240 mm; thickness = 6.0 mm,;
gap = 0 mm; and no. of excitations (NEX) = 2.0. Second,
high-resolution, T1-weighted axial images covering the
whole brain were acquired using a 3D spoiled gradient
echo sequence as follows: TR =9.9 ms; TE = 2.1 ms; FA
= 15°; acquisition matrix = 256x192; FOV = 240 mm x
240 mm; thickness = 2.0 mm; and gap = 0 mm. Finally,
the functional scans (T2*-weighted images) involved the
acquisition of 30 contiguous axial slices using a GRE-EPI
pulse sequence: TR = 3000 ms; TE = 40 ms; FA = 90°;
acquisition matrix = 64 x 64; FOV = 240mm x 240 mm,;
thickness = 4.0 mm; gap = 0 mm and 3.75 x 3.75 mm?
in-plane resolution parallel to the anterior commissure-
posterior commissure line. In all, 142 functional volumes
were generated in 7 min and 6 s.

Data preprocessing

Data analyses were performed with SPM5 software
(http://www.fil.ion.ucl.ac.uk/spm). The first eight volumes
of the scanning session were discarded to allow for T1
equilibration effects. The remaining images were corrected
for timing differences and motion effects. Participants with
head motion of more than 3 mm maximum displacement
in any direction, x, y, or z, or 3 degrees of any type of
angular motion were excluded. Then, the resulting images
were spatially normalized into the SPMS5 Montreal

Neurological Institute echo-planar imaging template
using the default settings and resampling to 3 x 3 x3 mm?
voxels. The normalized images were smoothed with a
Gaussian kernel of 8§ X 8 x 8 mm.

ALFF analysis

REST software (http://www.restingfmri.sourceforge.
net) was used to remove the linear trends of time courses
and for temporal band-pass filtering (0.01-0.08 Hz).
Separate ALFF analyses were then performed for the
data of all subjects using this software. Briefly, the time
series of the resulting images was transformed to the
frequency domain after image preprocessing using a fast
Fourier transform (FFT; taper percentage = 0, FFT length
= shortest), and the power spectrum was then obtained.
Because spectral power is the square of spectral amplitude,
the square root was calculated at each frequency of the
power spectrum and averaged between 0.01-0.08 Hz for
each voxel. The activity in this frequency band was then
taken as the ALFF. Only regions within the brain were
considered, and the background and other tissues outside
the brain were removed.

Voxelwise-based grey matter volume correction

To control for possible structural differences in
the brain ALFF results, we conducted voxelwise-based
grey matter volume correction. This correction method
includes a voxel’s likelihood of containing grey matter
as a covariate (nuisance variable) in the analysis of the
functional data using standard statistical techniques
[24, 38]. The purpose of this method is to isolate the
components of the functional changes that cannot be
attributed to anatomical differences and are, therefore,
likely due to genuine functional differences. In detail, we
first used voxel-based morphometry (VBM) to explore
the grey matter volume maps of every subject. These
maps were transformed into the same standard space
as the resting-state fMRI images using offline linear
registration. Because VBM results can be sensitive
to the size of the smoothing kernel used to smooth the
tissue segment images, the criterion applied here was to
match the smoothness of the grey matter volume map
data to that of the corresponding functional data (8§ mm).
Finally, the resulting voxelwise grey matter volume maps
were input as covariates in the analysis of the functional
data. The voxelwise-based grey matter volume correction
was applied to the data of each subject. There were no
anatomical images for one aMCI participant.
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Statistical analysis

(i) Mass univariate modelling

The overall procedure was similar to that of previous
studies [21, 24, 39]. Briefly, a general linear model was
used to analyse genotype-by-aMClI interactions using the
ALFF data at each SNP. Accordingly, in the present study,
33 group x genotype ANOVAs were performed separately
(groups: aMCI and controls; genotypes: 2- or 3-level
covariate for genotype status). To address the SNPs of
the 10% of participants who showed a rare genotype [i.c.,

MAF > /o 10 (Equation 1) =0.31], we used a genotypic
model that was parameterised with orthogonal polynomials
and 2 degrees of freedom. For SNPs with MAF < 0.31,
a recessive model merged the rare homozygous and
heterozygous groups. In details, genotypes and disease
status were the variables of interests, while age, gender
and education were set as confounding variables that may
be explained by brain functional differences in the samples
during the ANOVA. All ANOVA statistical thresholds
were set at an AlphaSim-corrected P < 0.05 as determined
by Monte Carlo simulation (single voxel P-value = 0.005,
a minimum cluster size of 1296 mm?, and FWHM = 8 mm
with mask).

(ii) Cluster-based inference

Non-stationary cluster-size inference [21, 24, 39]
has been used to test for associations between individual
SNPs and brain variations while correcting for searching
across the entire brain imaging space by using a minimum
non-stationary AlphaSim-corrected P-value as a summary
measure to reflect the ALFF of each SNP within each
gene [denoted as Peoreced® < (,05]. For cases in which
multiple SNPs related to the same gene (i.e., APOE gene
of the present study included rs7412, rs405509, rs429358,
rs440446 and rs769450) could be tested, we selected the
SNPs that had the statistical threshold with Peorected® < (.05
(i.e., 157412, rs429358 and rs440446 were survive at this
threshold) for further analysis after applying a Bonferroni
correction based on the number of SNPs within this gene.
Thus, the final measure of significance for each gene was
corrected for multiple comparisons both within [i.e., the
SNPs that had the statistical threshold with peorected®) <
0.05 in each gene] and between genes [i.e., 15 SNPs of all
12 genes were survive at the threshold of Peoreeted® < (.05,
thus the original P-value should be set at P < 0.005/15,
details see Table 2][denoted as Peoreeeds- G < (0.05].

(iii) Network reconstruction and behavioural
significance

The genotype-by-aMCI associations with ALFF
differences remained significant after correcting for
the imaging space for any one SNP [Peorrected® < ().05],
including ABCA1 (rs2230806), APOE (rs7412, rs429358,
rs440446), CH25H (rs4417181), CYPI (rs754203,

rs7157609), LDLR (rs1433099, rs2738444), LRPI
(rs1799986), LRPS (rs5177, rs3737983, 1s3820198),
MTHFR (rs1801133) and SOAT! (rs3753526) (also see
Results section). Together, 31 clusters associated with
the aforementioned SNPs were extracted as ROIs (also
see Results section). They were visualized with BrainNet
Viewer [40]. To evaluate the overall effects of these 31
ROIs in the aMCI subjects and the controls, these ROIs
were used to delineate a unidirectional weighted network.
Then, the topological characteristics of the network created
by merging the regions described above were examined
using the following steps: (i) Network node definitions,
where 31 ROIs were extracted from all genotype-by-
aMClI interactions [Peoreed® < (.05]. (ii) Network edge
definitions were used to individually extract the averaged
BOLD time from the 31 ROIs for each participant.
A Pearson’s correlation coefficient (after Fisher’s
z-transform) was obtained for each of the 31 ROI-time
series pairs. Thus, we obtained a 31 % 31 matrix for each
participant, and the weight of the edge between any two
nodes represented the z-value strength of the functional
connectivity between the two corresponding brain regions.
(ii1) All 31 ROIs extracted from the genotype-by-aMCI
interactions for the cholesterol metabolism pathway,
after correcting for the imaging space for any one SNP
[Preomrected(S) < ().05], were used to delineate a unidirectional
weighted network with 31 nodes and 465 edges that
globally described the network connectivity patterns of
each participant. S, quantifies the extent to which a node is
relevant to the network and is defined as follows:

Si=>" wij

i (Equation 2)

where w,_ denotes the weighted edge that connects
node 7 and node j; in other words, it is the z-value strength
of the functional connectivity between brain region i and
brain region ;. (iv) Finally, Pearson’s correlational analyses
between S, and cognitive performance were performed (P
<0.05).
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