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Background: Alzheimer’s disease (AD) is the most common type of dementia. Scientists
have discovered that the causes of AD may include a combination of genetic, lifestyle,
and environmental factors, but the exact cause has not yet been elucidated. Effective
strategies to prevent and treat AD therefore remain elusive. The identified genetic causes
of AD mainly focus on individual genes, but growing evidence has shown that complex
diseases are usually affected by the interaction of genes in a network. Few studies have
focused on the interactions and correlations between genes and how they are gradually
destroyed or disappear during AD progression. A differential network analysis has been
recognized as an essential tool for identifying the underlying pathogenic mechanisms
and significant genes for prediction analysis. We therefore aim to conduct a differential
network analysis to reveal potential networks involved in the neuropathogenesis of AD
and identify genes for AD prediction.

Methods: In this paper, we selected 365 samples from the Religious Orders Study and
the Rush Memory and Aging Project, including 193 clinically and neuropathologically
confirmed AD subjects and 172 no cognitive impairment (NCI) controls. Then, we
selected 158 genes belonging to the AD pathway (hsa05010) of the Kyoto Encyclopedia
of Genes and Genomes. We employed a machine learning method, namely, joint
density-based non-parametric differential interaction network analysis and classification
(UDINAC), in the analysis of gene expression data (RNA-seq data). We searched for the
differential networks in the RNA-seq data with a pathological diagnosis of AD. Finally,
an optimal prediction model was built through cross-validation, which showed good
discrimination and calibration for AD prediction.

Results: We used JDINAC to derive a gene co-expression network and to explore the
relationship between the interaction of gene pairs and AD, and the top 10 differential
gene pairs were identified. We then compared the prediction performance between
JDINAC and individual genes based on prediction methods. JDINAC provides better
accuracy of classification than the latest methods, such as random forest and penalized
logistic regression.

Conclusions: The interaction between gene pairs is related to AD and can provide more
insight than the individual genes in AD prediction.
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1. INTRODUCTION

With the improvement of the standard of living, people’s life
expectancy has gradually increased, but at the same time, the
aging population is also growing, and age-related diseases such
as dementia are on the rise (1). Dementia is a condition that
causes a severe loss of cognitive abilities due to a disease or
injury. Dementia caused by a traumatic brain injury is usually
static, whereas dementia caused by neurodegenerative diseases
is usually progressive and may eventually become fatal (2).
Alzheimer’s disease (AD) is the most common cause of dementia
and the most common neurodegenerative disorder (3). The
clinical features of AD are a decline in memory or other thinking
skills that affect a person’s ability to perform daily activities. AD
is a complex and chronic neurological disease, affecting more
than 200,000 people younger than 65 years old and 5 million
people older than 65 years old. At present, the total estimated
prevalence is expected to be 13.8 million (4). AD is a critical
public health issue in many countries around the world, with a
significant health, social, and financial burden on society (5).

At the neuropathological level, AD is characterized
by progressive cortical atrophy due to neuronal loss and
characteristic intracellular and extracellular deposits of insoluble
tau and amyloid-8 (Ap) proteins (6). Although the pathology
and molecular mechanisms of AD have been explored through
various methods such as gene expression profiling, genome-wide
association studies (GWAS), or a systems biology framework,
the cause of AD is still unclear (7-11). AD is a multifactorial
disease, including age, genetic factors, excess use of alcohol, or
depression (5). Among these factors, genetic factors can explain
an estimated 70% risk of AD (12). Thus far, a lot of GWAS
have shown that many risk loci and genes are related to AD. A
dominant mutation in the gene encoding presenilin-1 (PSEN1),
presenilin-2, amyloid precursor protein, and apolipoprotein E
(APOE) is an identified genetic cause of AD (13). However,
current works have mainly focused on the genetic variations of
individual genes associated with AD. Few studies have focused
on the interactions and correlations between gene products
and how they are gradually destroyed or disappeared during
AD progression.

The interactions of genes can be adequately represented as
a network (14, 15). Accordingly, a differential network analysis
can be used to identify different structures between the gene
networks of two specific groups. Generally, these specific groups
of networks are often represented as the patient group and
healthy control group. Through the differential network analysis,
we can identify whether the connectivity of a particular set of
genes of interest, or a given single gene has changed between
two networks (16-23). The differential network analysis can be
used to understand the effects of different genes and to identify
interactions between essential genes that affect AD. In the past
few years, the differential network analysis has been one of the
techniques that has drawn researchers’ attention and has become
an active field of research. For example, the method DEDN,
proposed by Zhao et al. (24), uses a precision matrix to build two
models of each condition-specific network under the Gaussian
assumption. Yuan et al. (25) also proposed NES in 2016, which

is the first method to detect group differences between pathways.
This method can find changes in edges and nodes and consider
the pathway structure. However, depending on the characteristics
of AD, not all differential network analysis methods are suitable.
Many confounding factors are involved in AD, such as age,
gender, and depression, which are all related to the progression
and development of the disease. Korolev (5) also confirmed that
confounding factors can affect AD. To identify the differential
patterns of gene product network activation more accurately
between the patient group and healthy controls, we should select
the method that can cope well with these confounding factors.
Moreover, in analyzing a specific disease, the use of network
biomarkers to achieve accurate classification is meaningful,
especially in high-dimensional settings. Furthermore, in AD, the
probability distribution of gene product measurements may be
unknown, so we should select a method that does not have the
parametric probability distribution hypothesis of gene product
measurements. To the best of our knowledge, thus far, no one
has proposed a method to solve all of the above issues at the
same time.

To address the challenges above, we propose the use of a
novel machine learning method, namely, joint density-based
non-parametric differential interaction network analysis and
classification (JDINAC), which was proposed by Ji et al. (26). The
JDINAC method eliminates the effects of confounding factors
in the differential network analysis and uses high-dimensional
sparse data for an accurate classification. Moreover, JDINAC
makes no assumptions about the probability distribution of the
gene measurement parameters. In this study, we first employ
JDINAC in the analysis of high-dimensional “omics” and autopsy
data from the Religious Order Study (ROS) and Memory and
Aging Project (MAP), two well-known studies in the area of
AD research. Then, we selected genes from the AD pathway of
the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
searched for potential biomarkers and differential networks of
gene expression data with a pathological diagnosis of AD. Finally,
we obtained an optimal prediction model that was subsequently
built through a cross-validation. Such a model showed good
discrimination and calibration for AD prediction.

2. MATERIALS AND METHODS
2.1. ROS and MAP

Data were obtained from two famous cohort studies in the area of
AD: the ROS and MAP. Both were proposed by Bennett (27, 28).
ROS is a longitudinal clinical pathology cohort study of AD.
Since 1994, the study has recruited people over the age of 65
from more than 40 groups (nurses, pastors, and siblings) in the
United States. As a complementary study of ROS, MAP is also
a longitudinal clinical pathology cohort study that focuses on
cognitive and motor function decline and AD risks. The project
began in 1997 and enrolled older people (65 years old and above)
from retirement communities in Chicagoland and Northeastern
Illinois. These studies are both run by Rush University and
approved by Rush University Medical Center Institutional
Review Boards. In addition, participants in both studies did not
have known dementia at the time of enrollment and agreed to
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receive annual clinical assessments and to donate their brain
after death. For the present study, we used a subset of the ROS
and MAP datasets that includes a reduced selection of more
commonly used variables (i.e., clinical diagnosis, demographics,
and RNA-seq).

2.2. Clinical Diagnosis

Based on a three-stage process, a clinical diagnosis of AD
status was proposed, including scores of computerized cognitive
tests, clinical judgment of neuropsychologists, and diagnostic
classification of clinicians.

All participants were required to have a unified, structured
clinical assessment, including a set of 19 cognitive tests.
These tests were scored by a computer using a decision
tree, which was designed to simulate clinical judgment. Then,
neuropsychologists, who were blinded to the demographics of
the participants, examined injury ratings and other clinical
information and made clinical judgments on the presence
of injuries and dementia. Lastly, a clinician (neurologist,
geriatrician, or geriatric nurse practitioner) reviewed all available
data, examined the participants, and presented a final diagnostic
classification. The final diagnostic is divided into six groups: NCI
(no cognitive impairment), MCI (mild cognitive impairment and
no other causes of cognitive impairment), MCI+ (mild cognitive
impairment and another cause of cognitive impairment), AD
(AD and no other causes of cognitive impairment), AD+ (AD
and another cause of cognitive impairment), and other dementias
(other primary causes of dementia).

In this study, we examined the effects of gene pairs on AD.
To ensure the accuracy of our data analysis, we selected samples
without cognitive impairment or with AD but without other
causes of cognitive impairment. Accordingly, we eliminated the
unclear effects of other cognitive impairments on our research.
The final samples were selected from two diagnostic groups,
namely, NCI and AD.

2.3. Demographics

Basic demographic information includes age, gender, and years
of education, and in this study, they represent confounder
covariates. Age is calculated based on the dates of birth and
death. Gender and years of education were self-reported from the
baseline evaluation.

2.4. RNA-Seq

RNA was extracted from the dorsolateral prefrontal cortex gray
matter of the ROS and MAP datasets using QTAGEN’s miRNeasy
mini kit (catalog number 217004) and the RNase-free DNase
kit (catalog number 79254). They were quantified by NanoDrop
and evaluated for quality by Agilent Bioanalyzer. The Broad
Institute’s Genomics Platform uses the strand-specific dUTP
approach (29) with poly-A selection (30) on samples to prepare
the RNA-seq library. All samples were selected to meet two initial
quality criteria: a quantity threshold of 5 g and a RNA integrity
(RIN) score >5. Raw RNA-seq data were processed by parallel
automated pipelines [see (31) for the details of the RNA-seq
data pipeline].

2.5. Study Design

In this study, to ensure that the variables were included in all
of the samples, we selected 365 samples from the ROS and
MAP databases, including 193 clinically and neuropathologically
confirmed AD subjects and 172 NCI controls. The RNA-seq data
need to be obtained from the gray matter of the dorsolateral
prefrontal cortex. We therefore emphasize that, although the
ROS and MAP are cohort studies, the 365 samples were deceased.
We randomly selected 135 subjects from the AD group and 120
subjects from the NCI group as our training samples. A total of
255 training samples and 110 test samples were therefore used.

We extracted 171 genes from the AD pathway (hsa05010) of
KEGG and treated these genes as our candidate genes. We then
filtered the genes that contained a >30 % zero gene expression
value in our data. A total of 158 final candidate genes were
therefore used for the analysis.

2.6. Differential Gene Co-expression
Methods

A differential network analysis is a standard method used to
discover differences in a network topology between two groups
of gene expression samples. In this study, we employed the
differential network analysis to detect the differential interaction
patterns of the genes selected between two specific groups
(i.e., AD and NCI) and to build a classification model using
these genes. However, the differential network analysis and
the classification in our research are confronted with some
challenges. First, the number of features p is often much bigger
than the sample size of data n, and here, p is the number
of pairs of genes. Second, nonlinear relationships often appear
in the analysis of two genes. Third, AD may be affected by
confounding factors, such as age, gender, and years of schooling.
Therefore, we have to address these confounding factors in
a differential network analysis and classification. Lastly, due
to the difficulty in obtaining the underlying distribution of
genes, some specific distribution assumptions often fail, such
as the Gaussian assumption. To address the above challenges,
we compared various differential network analysis approaches.
We then selected the most suitable method for our study,
which is JDINAC (26). We employed this newly proposed
machine learning model, that is based on a non-parametric
kernel approach, to recognize differential interaction patterns of
genes and to find gene pairs that are most closely related to AD.
We then built a classification model using these gene pairs. In the
following text, we briefly introduce the JDINAC method.

The main premise of JDINAC is that the difference in
the gene network between patients with AD and healthy
people arises from the collective effect of differential pairwise
gene-gene interactions. Here, through a nonparametric kernel
method, we estimate the conditional joint density of pairs
of genes in different groups and characterize them as the
pairwise gene-gene interactions. Formally, we denote X;,»p =
(X1,X2,...,X,)T as the matrix of n samples and p genes and
Yox1 = (Y1,Y2,...,Y,)T as the response vector. We denote
s (s = 1,2,...,n) as the individual participant. Then, X;,s =
1,2,...,n, represents the gene features in the s-th people.
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We define Y, as the binary response variable, which can be
represented as:

0, ifsisnon-AD

Y, = 1
"7 |1, ifsis AD )
Pr denotes the probability of the patients with AD,
ie, Pr = P(Y; = 1), and G; is the i-th gene.
Based on the logistic regression, JDINAC can be
built as
fi(Gi, G))
logit(Pr) = ag + oy + In2—~
git( 0 Z tLt ZZ'BU O(G,,G)
i=1 j>i
ZZ|ﬂij|§c,c>O (2)
i=1 j>i
where Z,(t = 1,2,...,T) indicates the covariates, such

as age, gender, and depression, which is used to adjust
the confounding factors. We define fl}(Gi, Gj) as the class
conditional joint density of the i-th gene (G;) and j-th gene
(Gj) in Class 1, ie, ((G,G)IY = 1) ~ fi}(Gi,Gj) and
fé(G,‘, Gj) represents the strength of the association between
G; and Gj in Class 1. Similarly, we define fg(Gi, Gj) as
the class conditional joint density of the i-th gene (Gj)
and j-th gene (Gj) in Class 0, ie, ((G,G)IY = 0) ~
fO(Gi, Gj) and the O(Gi, G;) represents the strength of association
between G; and G; in Class 0. The parameters f; denote
the differential dependency patterns between condition-specific
groups (32).

As this is a high-dimensional problem, we need to adopt
the L; penalty (33). Therefore, to estimate f;, we solve L
penalized logistic regression, and to obtain the best penalty
parameter, we employ a cross-validation method. The estimation
procedure of JDINAC includes a multiple splitting procedure and
a prediction averaging procedure, which guarantee robust and
accurate results. For the multiple splitting procedure, the data
are split into two parts. The first part data are used to estimate
the kernel density functions ;}(Gi, Gj) and Al;) (Gi, Gj), whereas
the second part data fits the L; penalized logistic regression. For
the prediction averaging procedure, we repeat the first procedure
for pre-determined times [for the detailed implementation of
JDINAG, please refer to (26)].

3. RESULTS

3.1. Characteristics of the Subjects in This

Study

Among the 365 subjects in this study, 193 were diagnosed with
AD and 172 subjects had NCIL. The demographics of the two
groups of subjects (i.e., AD and NCI) are presented in Table 1. In
the table, no statistically significant difference was found between
the two groups with respect to female sex ratio and years of
education (p > 0.05). However, statistically significant differences
in the APOE ¢4 ratios and age at death between the two groups
were detected (p <0.001). A higher ratio of subjects who had
APOE ¢4 in the AD group than the NCI group is found.

TABLE 1 | Sample demographics of the subjects included in this study.

AD NCI
Variable (N =193) N=172) p-value
Female sex, No. (%) 133 (68.9) 103 (59.9) 0.072
Education, years 16.54 (3.42) 16.48 (3.43) 0.876
APOE &4, No. (%) 69 (35.6) 28 (16.3) <0.001
Age at death, years 88.29 (3.08) 84.60 (5.32) <0.001

Data are presented as mean (SD) unless specified.

3.2. Differential Gene Co-expression

Patterns

After adjusting for the covariates, the differential gene co-
expression network of AD estimated by JDINAC is described in
Figure 1. In this figure, we did not show all 171 genes; instead,
we chose genes connected with at least one other gene. A total of
114 edges are shown in the figure, which meant that 114 pairs of
genes are associated with a pathological diagnosis of AD. In the
figure, the red nodes represent the hub genes that have atleast five
adjacent genes in the differential networks. Hub genes included
11 genes: CALML3, UQCRB, NDUFV2, ATP5MC2, COX6B2,
ATP5F1E, CAPN1, NCSTN, SDHA, NDUFA3, and PPP3CA. We
ordered these hub genes based on the weight derived by JDINAC
of genes. We mainly focused on the top 10 differential gene pairs
identified by JDINAC, which are summarized in Table 2.

3.3. Prediction Performance

In this section, we demonstrate that our model has good
predictive performance by examining whether individual genes
or pairwise interactions of genes are stronger associates of
AD. Accordingly, we compared JDINAC and two popular
methods in single-gene prediction: random forest (RF) and
penalty logistic regression (PLR). We used all 158 individual
genes as predictors in the RF and PLR methods. The
evaluation of their prediction performance is shown in Table 3.
We present three receiver operating characteristic curves
in Figure 2.

As shown in Table 3 and Figure 2, the two methods with
individual genes (i.e., RF and PLR) performed worse than
JDINAC in terms of the area under the curve (AUC) and
accuracy. Moreover, compared with two other methods, JDINAC
not only showed higher sensitivity and specificity but also had
a better balance between them. Thus, the interactions between
the pairs of genes are associated with AD and can provide
more insights than the individual genes in AD prediction.
These results suggest that identifying differential networks is
biologically meaningful for distinguishing between disease states
and normal disease states.

Furthermore, to prove that our method (i.e., JDINAC) is more
stable than the other two methods (i.e., RF and PLR), we calculate
the 95% confidence intervals for all the indicators through the
bootstrap method and list them in Table 3. The results show
that JDINAC has a smaller confidence interval than the other
two methods, thus showing its stability. Furthermore, JDINAC
is significantly better than the other two methods in terms of
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FIGURE 1 | The differential network of AD pathway between AD subjects and NCI subjects. An edge presented in the differential network means the relation of
corresponding pair genes is different between two condition-specific groups. The red nodes stand for hub genes.
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TABLE 2 | Top 10 differential gene co-expression pairs identified by JDINAC.

TABLE 3 | Evaluation and comparison of prediction performances of Random
Forest and Penalized Logistic Regression based on individual genes and JDINAC

Gene 1 Gene 2 based on pairwise interactions of genes.
1 UQCRB NDUFV2 JDINAC RF PLR
2 NDUFV3 ATP5PB
3 NDUFBS PSENEN AUC 0.840 (0.763-0.916)  0.731 (0.637-0.825)  0.727 (0.630-0.824)
4 NDUFV2 NDUFA10 Accuracy  0.791 (0.716-0.866)  0.682 (0.604-0.760)  0.673 (0.591-0.755)
5 NDUFS8 IL1B Sensitivity  0.776 (0.636-0.916)  0.672 (0.417-0.928)  0.724 (0.459-0.989)
6 CAPN2 NDUFAB1 Specificity  0.808 (0.652-0.963)  0.692 (0.431-0.954)  0.615 (0.355-0.876)
7 PSEN NDUFAB1 Precision 0.818 (0.705-0.931)  0.709 (0.542-0.876)  0.677 (0.510-0.845)
8 NDUFC2 NDUFA5 95% confidence interval are presented in parentheses.
9 PPP3CC NDUFB5
10 ATP5MC2 NDUFB5

predictive power. We used the DeLong test (34) to compare the
AUC value of JDINAC with the AUC values of RF and PLR.
Statistically significant differences in the two AUC values between
JDINAC and RF and between the JDINAC and PLR were also
detected (p = 0.016 and p = 0.007, respectively). The findings
show that the AUC index of JDINAC is significantly improved
compared with that of the other two methods with a confidence
level of 0.05.

4. DISCUSSION
4.1. Key Findings

The goal of the current study is to determine the underlying
genetic interaction mechanisms of AD and use these identified
network genes to achieve accurate classification. At first, we
believed that the relationship between gene expression and AD
is complex and considering the response of AD to any individual
genes is insufficient to fully capture or interpret this relationship.
By selecting 158 genes from KEGG as our final candidate genes,
we identified 114 pairs of genes that were related to AD through
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FIGURE 2 | ROC curves for JDINAC, penalized logistic regression, and
Random Forest.

the use of JDINAC. The analysis of the relationship between
AD and gene expressions suggested that the key influencing
factor of AD is the interaction between genes. In other words,
AD is rarely the result of a single genetic abnormality, but it
rather reflects the various genes that interact in the network.
Further analysis revealed a differential network in the pairwise
interactions between a limited number of genes that predict AD
more accurately and strike a good balance between sensitivity
and specificity.

4.2. Interpretation
We identified the differential interaction patterns of a network of
gene pairs between the AD and NCI groups. Then, we identified
11 hub genes and the top 10 important gene co-expression
pairs. Although the real underlying dependence relationships
of genes are still unknown, the association of these gene pairs
and AD can be supported by the results of previous studies.
Among the 11 hub genes, seven were mitochondrial genes, which
are located in the mitochondria. Moreover, the 10 gene co-
expression pairs included five gene pairs that are mitochondrial
genes, and 15 genes among the 20 genes are located in the
mitochondria. Mitochondrial genes are therefore essential for
AD, and considerable literature has already confirmed this
finding (35-37). Two specific examples for a gene pair and a hub
gene that are supported by previous studies are discussed below.
The first example, UQCRB, is a panthenol-cytochrome ¢
reductase binding protein. It is a nucleus-encoded component
of complex III, which is located in the mitochondrial respiratory
chain. This protein plays an essential role in the electron transfer
as a complex of ubiquinone and QP-C. Scientists have shown
that the composition of complex III is regulated in the early
onset of AD (38). Therefore, UQCRB will affect AD progression.
NDUEFV2 is a protein encoding a subunit of the mitochondrial

respiratory chain complex I. Similarly, complex I and complex
II transfer some electrons to ubiquinone. Complex III uses
ubiquinol to reduce cytochrome ¢ (39). Therefore, UQCRB has
a functional interaction with NDUFV2. This finding suggests
that the molecular role of UQCRB in the AD progression is
derived from the altered UQCRB-NDUFV2. Another example
is the hub gene ATP5F1E, which is located in the mitochondria
and encodes a subunit of the mitochondrial ATP synthase. Cha
et al. (40) found that the ATP synthase subunit o (ATP5A) was
O-GlcNAcy at Thr432, whereas ATP5A O-GlcNAcy-lation was
reduced in the brain of patients with AD and transgenic mouse
models. This finding means that ATP synthase is associated with
AD. Therefore, ATP5FIE plays a crucial role in the progression
of AD.

The association of pairs of non-mitochondrial genes with
mitochondrial genes in the differential network and AD can
be confirmed by previous research findings. For instance,
PSEN1 and NDUFABI are identified as a pair affecting AD
and PSENI are not located in the mitochondria. PSEN1 is a
protein-coding gene and makes a protein called presenilin-1.
NDUFABI is a protein encoding a subunit of the mitochondrial
respiratory chain complex I. In PSEN1, mutants often directly
or indirectly lead to an increase in mitochondrial calcium ion
Ca%* content. The increased Ca’>" content in the mitochondria
stimulates mitochondrial respiration leading to an increase in
mitochondrial superoxide production (41). PSENI1 therefore
has functional interactions with NDUFAB1. As mitochondrial
dysfunction and subsequent metabolic disorders are observed in
AD and changes in the PSEN1-NDUFABI gene pair affecting
the mitochondrial function, we can speculate that a correlation
exists between the PSEN1-NDUFABI1 gene pair and AD. In
addition, we provide another example for a hub gene that is
not located in the mitochondria. As shown in Figurel, the
hub gene CALML3 has the largest number of neighbor genes.
The above analysis shows that Ca>* can affect AD. Strehler
(42) already found that the CALML3 gene is involved in the
transport of Ca?". Therefore, the gene CALML3 will affect the
onset of AD.

4.3. Future Prospects

The main aim of this study is to identify the underlying
gene interaction mechanisms of AD. Although the study
conducted thorough research, certain limitations were still
encountered. These limitations are expected to be addressed in
our future studies.

First, a lot of potentially essential genes do not belong to
the AD pathway of KEGG, which may affect the accuracy of
our study. In the future, we can use the GWAS dataset to
investigate the association of gene interaction and AD. Second,
our analysis only identified paired gene interactions, however,
the relationship between AD and gene interactions may be more
complex. In the future we should therefore modify the method
that identifies higher-order interactions of genes. Furthermore,
because of the limitation of the ROS and MAP datasets, we
could not divide the subjects of the AD group into more specific
stages of AD, including early mild cognitive impairment, late
MCI, and AD. In the future, we can perform a differential

Frontiers in Neurology | www.frontiersin.org

October 2019 | Volume 10 | Article 1162


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Chen et al.

Alzheimer’s Disease Prediction

co-expression analysis across all the stages of AD and derive
detailed results.

4.4. Conclusion

In this study, we employed JDINAC for the estimation of
gene co-expression networks of AD. Our findings showed a
strong association between AD and gene interactions, and we
can predict AD through the patterns of interactions within the
gene network. By comparing JDINAC with RF and PLR, we
found that the interactions between pairs of genes had more
information than the individual genes in AD prediction. In the
future, further optimizations of this study will be conducted to
provide more accurate results and to discover a broader range
of applications.

DATA AVAILABILITY STATEMENT

The datasets [ROSMAP] for this study can be found in the
[Synapse platform] and the accession number is Synapse:
syn3219045 [https://doi.org/10.7303/syn3219045].

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Institutional Review Board of Rush
University ~Medical Center. The patients/participants
provided their written informed consent to participate in
this study.

REFERENCES

1. Prince M, Wimo A, Guerchet M, Ali G, Wu Y, Prina M, et al. Alzheimer’s
Disease International: World Alzheimer Report 2015: The Global Impact
of Dementia: an Analysis of Prevalence, Incidence, Cost and Trends, 2015.
London: Alzheimer’s Disease International (2019).

2. Knopman DS, Boeve BE, Petersen RC. Essentials of the proper diagnoses of
mild cognitive impairment, dementia, and major subtypes of dementia. Mayo
Clin Proc. (2003) 78:1290-308. doi: 10.4065/78.10.1290

3. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E. Alzheimer’s
disease. Lancet. (2011) 377:1019-31. doi: 10.1016/S0140-6736(10)61349-9

4. Alzheimer’s Association. 2014 Alzheimer’s disease facts and figures.
Alzheimer’s Dement. (2014) 10:e47-92. doi: 10.1016/j.jalz.2014.02.001

5. Korolev IO. Alzheimer’s disease: a clinical and basic science review. Med Stud
Res J. (2014) 4:24-33. doi: 10.3402/msrj.v3i0.201333

6. Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathol. (1991) 82:239-59. doi: 10.1007/BF00308809

7. Burns A, Iliffe S. Alzheimers disease. BMJ. (2009)
doi: 10.1136/bmj.b158

8. Allen M, Zou E Chai HS, Younkin CS, Crook J, Pankratz VS, et al.
Novel late-onset Alzheimer disease loci variants associate with brain gene
expression. Neurology. (2012) 79:221-8. doi: 10.1212/WNL.0b013e31826
05801

9. Naj AC, Jun G, Reitz C, Kunkle BW, Perry W, Park YS, et al. Effects of multiple
genetic loci on age at onset in late-onset Alzheimer disease: a genome-
wide association study loci modifying age at onset in late-onset ADLoci
modifying age at onset in late-onset AD. JAMA Neurol. (2014) 71:1394-404.
doi: 10.1001/jamaneurol.2014.1491

10. Ryu JK, Cho T, Choi HB, Jantaratnotai N, McLarnon JG. Pharmacological
antagonism of interleukin-8 receptor CXCR2 inhibits inflammatory reactivity
and is neuroprotective in an animal model of Alzheimers disease.
Neuroinflammation. (2015) 12:144. doi: 10.1186/s12974-015-0339-z

338:b158.

AUTHOR CONTRIBUTIONS

HC, YH, and JJ were responsible for conceptualization and
methodology. JJ contributed to data analysis. HC and YH
contributed to writing of the original draft. HC, YH, JJ, and YS
contributed to the writing of the review and editing.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China (grant number
81803336, 11801316, and 11871309), the National Key R&D
Program of China (2018YFA0703900), the Natural Science
Foundation of Shandong Province, China (ZR2018BH033 and
ZR2019QA002), and the National Statistical Scientific Research
Project (2018LY63).

ACKNOWLEDGMENTS

The results published here are in whole or in part based
on data obtained from the AMP-AD Knowledge Portal
(doi: 10.7303/syn2580853). Study data were provided by the
Rush Alzheimer’s Disease Center, Rush University Medical
Center, Chicago. Data collection was supported through funding
by NIA grants P30AG10161, R01AG15819, R01AG17917,
R0O1AG30146, R01AG36836, U01AG32984, U01AG46152, the
Illinois Department of Public Health, and the Translational
Genomics Research Institute.

11. Cabral C, Morgado PM, Costa DC, Silveira M. Predicting conversion from
MCI to AD with FDG-PET brain images at different prodromal stages.
Comput Biol Med. (2015) 58:101-9. doi: 10.1016/j.compbiomed.2015.01.003

12. Hu YS, Xin J, Hu Y, Zhang L, Wang J. Analyzing the genes related to
Alzheimer’s disease via a network and pathway-based approach. Alzheimer’s
Res Ther. (2017) 9:29. doi: 10.1186/s13195-017-0252-z

13. Cuyvers E, Sleegers K. Genetic variations underlying Alzheimer’s disease:
evidence from genome-wide association studies and beyond. Lancet Neurol.
(2016) 15:857-68. doi: 10.1016/S1474-4422(16)00127-7

14. Bandyopadhyay S, Mehta M, Kuo D, Sung MK, Chuang R, Jachnig EJ, et al.
Rewiring of genetic networks in response to DNA damage. Science. (2010)
330:1385-9. doi: 10.1126/science.1195618

15. McCall MN. Estimation of gene regulatory networks. Postdoc J. (2013) 1:60-9.
doi: 10.14304/SURYA.JPR.VIN1.7

16. JiJ, Yuan Z, Zhang X, Xue F. A powerful score-based statistical test for group
difference in weighted biological networks. BMC Bioinformatics. (2016) 17:86.
doi: 10.1186/s12859-016-0916-x

17. He Y, Ji ], Xie L, Zhang X, Xue F. A new insight into underlying disease
mechanism through semi-parametric latent differential network model. BMC
Bioinformatics. (2018) 19:493. doi: 10.1186/s12859-018-2461-2

18. JiJ, Yuan Z, Zhang X, Li E Xu J, Liu Y, et al. Detection for pathway effect
contributing to disease in systems epidemiology with a case-control design.
BM] Open. (2015) 5:2006721. doi: 10.1136/bmjopen-2014-006721

19. Liu BH, Yu H, Tu K, Li C, Li YX, Li YY. DCGL: an R package for identifying
differentially coexpressed genes and links from gene expression microarray
data. Bioinformatics. (2010) 26:2637-8. doi: 10.1093/bioinformatics/btq471

20. Gambardella G, Moretti MN, de Cegli R, Cardone L, Peron A, di Bernardo
D. Differential network analysis for the identification of condition-
specific pathway activity and regulation. Bioinformatics. (2013) 29:1776-85.
doi: 10.1093/bioinformatics/btt290

21. Ruan D, Young A, Montana G. Differential analysis of biological networks.
BMC Bioinformatics. (2015) 16:327. doi: 10.1186/s12859-015-0735-5

Frontiers in Neurology | www.frontiersin.org

October 2019 | Volume 10 | Article 1162


https://doi.org/10.7303/syn3219045
https://doi.org/10.7303/syn2580853
https://doi.org/10.4065/78.10.1290
https://doi.org/10.1016/S0140-6736(10)61349-9
https://doi.org/10.1016/j.jalz.2014.02.001
https://doi.org/10.3402/msrj.v3i0.201333
https://doi.org/10.1007/BF00308809
https://doi.org/10.1136/bmj.b158
https://doi.org/10.1212/WNL.0b013e3182605801
https://doi.org/10.1001/jamaneurol.2014.1491
https://doi.org/10.1186/s12974-015-0339-z
https://doi.org/10.1016/j.compbiomed.2015.01.003
https://doi.org/10.1186/s13195-017-0252-z
https://doi.org/10.1016/S1474-4422(16)00127-7
https://doi.org/10.1126/science.1195618
https://doi.org/10.14304/SURYA.JPR.V1N1.7
https://doi.org/10.1186/s12859-016-0916-x
https://doi.org/10.1186/s12859-018-2461-2
https://doi.org/10.1136/bmjopen-2014-006721
https://doi.org/10.1093/bioinformatics/btq471
https://doi.org/10.1093/bioinformatics/btt290
https://doi.org/10.1186/s12859-015-0735-5
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Chen et al.

Alzheimer’s Disease Prediction

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Yuan Z, Ji ], Zhang X, Xu J, Ma D, Xue F. A powerful weighted statistic for
detecting group differences of directed biological networks. Sci Rep. (2016)
6:34159EP. doi: 10.1038/srep34159

Grimes T, Potter SS, Datta S. Integrating gene regulatory pathways into
differential network analysis of gene expression data. Sci Rep. (2019) 9:5479.
doi: 10.1038/s41598-019-41918-3

Zhao SD, Cai TT, Li H. Direct estimation of differential networks. Biometrika.
(2014) 101:253-68. doi: 10.1093/biomet/asu009

Yuan Z, Ji ], Zhang T, Liu Y, Zhang X, Chen W, et al. A novel chi-
square statistic for detecting group differences between pathways in systems
epidemiology. Stat Med. (2016) 35:5512-24. doi: 10.1002/sim.7094

Ji ], He D, Feng Y, He Y, Xue E Xie L. JDINAC: joint density-based
non-parametric differential interaction network analysis and classification
using high-dimensional sparse omics data. Bioinformatics. (2017) 33:3080-7.
doi: 10.1093/bioinformatics/btx360

Bennett DA, Schneider JA, Arvanitakis Z, Wilson RS. Overview and findings
from the religious orders study. Curr Alzheimer Res. (2012) 9:628-45.
Bennett DA, Schneider JA, Buchman AS, Barnes LL, Boyle PA, Wilson
RS. Overview and findings from the rush memory and aging project. Curr
Alzheimer Res. (2012) 9:646-63. doi: 10.2174/156720512801322663

Levin JZ, Yassour M, Adiconis X, Nusbaum C, Thompson DA, Friedman N,
et al. Comprehensive comparative analysis of strand-specific RNA sequencing
methods. Nat Methods. (2010) 7:709-15. doi: 10.1038/nmeth.1491

Adiconis X, Borges-Rivera D, Satija R, DeLuca DS, Busby MA, Berlin AM,
et al. Comparative analysis of RNA sequencing methods for degraded or
low-input samples. Nat Methods. (2013) 10:623-9. doi: 10.1038/nmeth.2483
Mostafavi S, Gaiteri C, Sullivan SE, White CC, Tasaki S, Xu J, et al. A molecular
network of the aging human brain provides insights into the pathology
and cognitive decline of Alzheimer’s disease. Nat Neurosci. (2018) 21:811-9.
doi: 10.1038/s41593-018-0154-9

Fontanella S, Frainay C, Murray CS, Simpson A, Custovic A. Machine
learning to identify pairwise interactions between specific IgE antibodies
and their association with asthma: a cross-sectional analysis within
a population-based birth cohort. PLoS Med. (2018) 15:€1002691.
doi: 10.1371/journal.pmed.1002691

Tibshirani R. Regression shrinkage and selection via the lasso. J R Stat Soc Ser
B. (1996) 58:267-88. doi: 10.1111/j.2517-6161.1996.tb02080.x

DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas
under two or more correlated receiver operating characteristic curves: a

nonparametric approach. Biometrics. (1988) 44:837-45. doi: 10.2307/2531595

35. Lin  MT, Beal MF. Mitochondrial dysfunction and oxidative
stress in neurodegenerative diseases. Nature. (2006) 443:787-95.
doi: 10.1038/nature05292

36. Reddy PH, Beal MF. Amyloid beta, mitochondrial dysfunction and synaptic
damage: implications for cognitive decline in aging and Alzheimer’s
disease. Trends Mol Med. (2008) 14:45-53. doi: 10.1016/j.molmed.2007.
12.002

37. Ridge PG, Kauwe JSK. Mitochondria and Alzheimer’s disease: the role
of mitochondrial genetic variation. Curr Genet Med Rep. (2018) 6:1-10.
doi: 10.1007/s40142-018-0132-2

38. Adav SS, Park JE, Sze SK. Quantitative profiling brain proteomes revealed
mitochondrial dysfunction in Alzheimer’s disease. Mol Brain. (2019) 12:8.
doi: 10.1186/s13041-019-0430-y

39. Guarani V, Paulo J, Zhai B, Huttlin EL, Gygi SP, Harper JW.
TIMMDC1/C3orfl functions as a membrane-embedded mitochondrial
complex I assembly factor through association with the MCIA complex. Mol
Cell Biol. (2014) 34:847-61. doi: 10.1128/MCB.01551-13

40. Cha MY, Cho HJ, Kim C, Jung YO, Kang M]J, Murray ME, et al
Mitochondrial ATP synthase activity is impaired by suppressed O-
GlcNAcylation in Alzheimer’s disease. Hum Mol Genet. (2015) 24:6492-504.
doi: 10.1093/hmg/ddv358

41. Sarasija S, Laboy JT, Ashkavand Z, Bonner J, Tang Y, Norman KR. Presenilin
mutations deregulate mitochondrial Ca(2+) homeostasis and metabolic
activity causing neurodegeneration in Caenorhabditis elegans. eLife. (2018)
7:€33052. doi: 10.7554/eLife.33052

42. Strehler EE. Emanuel Strehler’s work on calcium pumps and calcium
signaling. World J Biol Chem. (2011) 2:67-72. doi: 10.4331/wjbc.v2.i4.67

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Chen, He, Ji and Shi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

October 2019 | Volume 10 | Article 1162


https://doi.org/10.1038/srep34159
https://doi.org/10.1038/s41598-019-41918-3
https://doi.org/10.1093/biomet/asu009
https://doi.org/10.1002/sim.7094
https://doi.org/10.1093/bioinformatics/btx360
https://doi.org/10.2174/156720512801322663
https://doi.org/10.1038/nmeth.1491
https://doi.org/10.1038/nmeth.2483
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1371/journal.pmed.1002691
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.2307/2531595
https://doi.org/10.1038/nature05292
https://doi.org/10.1016/j.molmed.2007.12.002
https://doi.org/10.1007/s40142-018-0132-2
https://doi.org/10.1186/s13041-019-0430-y
https://doi.org/10.1128/MCB.01551-13
https://doi.org/10.1093/hmg/ddv358
https://doi.org/10.7554/eLife.33052
https://doi.org/10.4331/wjbc.v2.i4.67
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	A Machine Learning Method for Identifying Critical Interactions Between Gene Pairs in Alzheimer's Disease Prediction
	1. Introduction
	2. Materials and Methods
	2.1. ROS and MAP
	2.2. Clinical Diagnosis
	2.3. Demographics
	2.4. RNA-Seq
	2.5. Study Design
	2.6. Differential Gene Co-expression Methods

	3. Results
	3.1. Characteristics of the Subjects in This Study
	3.2. Differential Gene Co-expression Patterns
	3.3. Prediction Performance

	4. Discussion
	4.1. Key Findings
	4.2. Interpretation
	4.3. Future Prospects
	4.4. Conclusion

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


