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ABSTRACT. The aim of this study was to identify disrupted pathways
related to Down syndrome (DS), and DS-associated congenital heart
defects (DS-CHD). The gene expression profile and pathway data
of 10 human DS patients and 5 control samples in E-GEOD-1789
were recruited and analyzed by the individualized pathway aberrance
score (iPAS) method, consisting of the data processing, gene-level
statistics, pathway-level statistics, and significant measurement steps.
The pre-processing step identified 12,493 genes and 1022 pathways
(4269 genes). The pathway significant analysis identified eight
pathways (adjusted P value <0.1) that differed between the disease
and control samples. The cross-presentation of particulate exogenous
antigen (phagosomes) and methionine salvage pathways showed
the most significant differences among these. The gene expression
levels of key pathway genes, such as CYBB and ADII, were higher
in disease samples than in normal controls. Based on our results,
we predicted that the cross-presentation of particulate exogenous

Genetics and Molecular Research 15 (2): gmr.15027601 ©FUNPEC-RP www.funpecrp.com.br



Y.Q. Chen et al. 2

antigens (phagosomes) and the methionine salvage pathway could be
good indicators of DS-CHD.
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INTRODUCTION

Down syndrome (DS) is a chromosomal aneuploidy characterized by the presence
of a supernumerary copy of the whole, or a part of, human chromosome 21 (Hsa21), which
gives rise to a syndromic intellectual disability (Antonarakis and Epstein, 2006). Congenital
heart defect (CHD) occurs in approximately 40% of the DS patients (Sailani et al., 2013). The
relatively higher infant mortality rate in DS patients has been largely attributed to their having
a higher incidence of CHD (Weijerman et al., 2008). Based on human genetic data, it has been
delimited that a short interval on the distal tip of chromosome 21, containing a small set of
candidate genes, may contribute to CHD in human DS (DS-CHD) (Grossman et al., 2011).

Over the past few years, extensive efforts have been undertaken to gain a better
understanding of the genetic basis of DS-CHD, using cases of partial trisomy 21. A study of rare
partial trisomy 21 cases suggested the presence of a minimal, 1.77-Mb CHD candidate region
at 21q22.3, between markers D2753 and PFKL (Korbel et al., 2009). Recent studies have also
suggested the potential contribution of VEGFA (Ackerman et al., 2012), cleome and Hedgehog
(Ripoll et al., 2012), and folate (Locke et al., 2010) pathways to the pathogenicity of DS-CHD.
The transcription profile of DS-CHD was obtained based on the Hsa2l genes in the heart of
18-22-week-old human fetuses (Conti et al., 2007). However, the underlying contribution of
the variations in gene expression to the incidence of DS-CHD remains unknown.

Genes are tightly regulated to execute the proper biological functions of a cell in
response to internal or external perturbations (Kostka and Spang, 2004); therefore, changes in
their expression during the disease deterioration process are causally associated with phenotypic
changes. Pathway analysis has become the first choice to extract and explain the underlying
biology of high-throughput molecular measurements (Draghici etal., 2007). Khatri et al. (2012)
classified the pathway methods into three approaches: the over-representation analysis (ORA),
functional class scoring (FCS), and pathway topology (PT)-based approaches. The traditional
methods of pathway analysis mainly used ORA, which typically applied an arbitrary threshold
value (e.g., fold-change > 2 or P < 0.05) on gene expression to assess whether the number
of genes beyond the threshold were significantly over- or under-represented in the given
pathway (Ritchie et al., 2007). In other words, the traditional pathway analysis techniques
were mainly focused on discovering pathways that were altered between normal and disease
groups, and were not suitable for the identification of the pathway aberrance that might occur
in an individual sample.

However, two exceptional studies also examined the individualized pathway
analytical methods pathway recognition algorithm using data integration on genomic models
(PARADIGM) (Vaske et al., 2010) and pathway deregulation score (PDS) (Drier et al., 2013).
However, these approaches could not interpret a single sample, such as the recurrent tumor of
a patient that did not accompany a cohort dataset to extract the principal curve. An additional
pathway analysis method, which used Average Z as the individualized pathway aberrance
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score (iPAS), has also been used to conduct pathway cluster analysis for the identification of
altered pathways (Ahn et al., 2014). This method compared one disease sample with many
accumulated samples (‘nRef” referred to the accumulated normal samples). In addition, the
iPAS method could be adapted to single-layer OMICS data, and could be used to interpret
patient genes in the context of many published or user-defined pathway gene sets. The iPAS
method had more freedom in terms of data and gene sets compared to PARADIGM, as it
preferred multi-layered OMICS data, and required predefined functional structures among
OMICS objects. This method did not assume that an individual sample belongs to a cohort
(Ahn et al., 2014) compared to PDS, as it used nRef as the reference.

Therefore, in this study, iPAS was used to quantify the aberrations in the pathway of an
individual sample, by comparing it with accumulated normal samples; this in turn was used to
identify significantly differential pathways. This was achieved by individual recruitment of the
gene expression profile and pathway data from the database. Subsequently, the iPAS method,
including data preprocessing, gene-level statistics, pathway-level statistics, and a significance
test, was conducted to identify the altered pathways. The aim of this study was to obtain a
better understanding of the mechanism of DS-CHD, from the perspective of altered pathways.

MATERIAL AND METHODS
Gene expression data recruitment

A microarray gene expression profile deposited in the Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/; accession No. GSE1789) was recruited.
GSE1789 comprised a total of 15 samples, including 10 samples from fetuses trisomic
for Hsa21l and 5 from euploid normal control fetuses (Conti et al., 2007). The expression
profile also existed on the Affymetrix GeneChip Human Genome U133 A Platform. The gene
expression profile was converted from the probe level to the gene symbol level. The duplicated
symbols were wiped off, resulting in a total of 12,493 gene symbols for further analysis.

Pathway data recruitment

The pathways of all human beings were recruited from the Reactome Pathway Database
(http://www.reactome.org/). The complexity of the metabolic reactions is believed to be
directly proportional to the number of genes enriched in the pathway. However, pathways with
a small number of genes are more easily understood by researchers. Therefore, the pathways
with gene set size >100 were discarded. Meanwhile, the differences between the genetic data
in the different platforms resulted in the removal of pathways in the gene expression profile
with gene intersection values equal to zero. Finally, 1022 pathways containing 4269 genes
were obtained.

Individualized analysis of pathways

Altered pathways in each individual DS-CHD sample were identified using the iPAS
method; the iPAS method is composed of four steps (Ahn et al., 2014): data preprocessing
(Figure 1A), gene-level statistics (Figure 1B), pathway-level statistics (Figure 1C), and
significant measurement (Figure 1D).
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Figure 1. Schematic representation of the individualized pathway analysis conducted using accumulated normal
data (nRef).

Data preprocessing

The quality of the gene expression profiles was controlled by standard pre-treatment
prior to the analysis. Individual normal genes were subjected to background correction and
normalization using the robust multi-array average (RMA) algorithm; the quantile-based
algorithm was applied to eliminate the influence of nonspecific hybridization (Bolstad et al.,
2003; Irizarry et al., 2003). The Micro Array Suite 5.0 (MAS 5.0) algorithm was then applied
to revise the perfect match and mismatch values (Bolstad, 2013), and the median polish
method was used to summarize the expression value (Irizarry et al., 2003).

Gene-level statistics

Gene expression in individual disease samples was standardized using the mean and
standard deviation of the nRef as the reference. The gene-level value was calculated as follows:

7= fDi—mean(Nn)
stdev(Nn)

(Equation 1)

Here, the mean (V) symbolized the mean expression value of the genes of nRef,
stdev (N ) symbolized the standard deviation of the normal control sample set, f,; symbolized
the expression value of i-th gene in the disease samples, and Z, symbolized the standardized
expression value of i-th gene in the disease samples, where the number of genes belonging to
the gene was i.
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Pathway-level statistics

The Average Z method was used to perform pathway-level statistics following the
standardization of gene expression (through the mean and standard deviation of datasets). This
method was a modification of the existing pathway analysis techniques, enabling the testing of
pathway aberrance in an individual case sample, using nRef as the reference. The gene-level
statistic value of all genes was extracted for each pathway, and the average of the gene-level
statistics value was defined as the pathway statistics value. iPAS was calculated using the
following formula:

n
1IPAS= Z}lzi (Equation 2)

where vector Z = (z,, z, ... z,) denotes the expression status of a pathway, Z symbolizes the
standardized expression value of the i-th gene, and n denoted the number of genes belonging
to the pathway.

Differential pathway analysis

The linear models for microarray data (LIMMA) package is a core component of
Bioconductor, an R-based open-source software development project in statistical genomics
(Gentleman et al., 2004). In this study, the differences between the value of pathway statistics
in the normal and disease groups were calculated using LIMMA in pairs. The P value was
proofread by the false-discovery rate (FDR) (Genovese et al., 2002) and the P value of the
pathways was obtained separately. The pathways with P < 0.1 were regarded as differential
pathways. The pathways differing between the disease and control samples were then extracted
to draw a heatmap.

Individual pathway analysis

The individual pathways contained in the disease set were analyzed using the iPAS
of nRef. Initially, the personal pathway of the disease set was analyzed according to the iPAS,
in order to obtain the empirical P value of the pathway in the disease sample set. This was
followed by a statistical analysis of the altered pathways in the disease set with the empirical
P < 0.05. The frequency of the changed pathways was calculated as follows:

F:EI (Equation 3)

where N symbolizes the number of samples in one pathway (P < 0.05), and n denotes the
total number of samples. The ease with which the pathway could be altered was directly
proportional to the F' value. The genes contained in the significant pathways were individually
imported to STRING (http://string-db.org/), in order to study the gene interactions.
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RESULTS
Altered pathway analysis

The 5 normal control samples in the gene expression profile E-GEOD-1789 were
denoted as nRefs (reference) of the 10 disease samples. The disease genes were subjected
to quantile normalization to evaluate the gene-level statistics. Meanwhile, 1022 pathways
were identified from the Reacrome Pathway Database. The differences between pathway
statistic values were evaluated using LIMMA in pairs, and the P value was proofread by FDR;
subsequently, the P value of each pathway was separately obtained. A total of eight pathways
different in DS-CHD samples from the normal control group were evaluated at a threshold
of P <0.1; these included the EGFR downregulation, branched chain amino acid catabolism,
cross-presentation of particulate exogenous antigens (phagosomes), lysine catabolism, MEK
activation, RAF phosphorylates MEK, methionine salvage, and RAF activation pathways.
The differential pathways were extracted to draw a heatmap (Figure 2). The details of genes
enriched in these pathways are listed in Table 1.
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Figure 2. Cluster iPAS of pathways altered between disease and normal control samples (P < 0.1). The pathways
are clustered according to iPAS. The colors in the heatmap indicate the pathway statistic values according to the
color scale plate. The abscissa represents the pathways, while the ordinate indicates the samples.

Table 1. Genes enriched in the differential pathways (P < 0.05).

Pathway term Pvaluc | Count | Symbol

EGFR down-regulation 0.014 26 | AP241, AP242, AP2BI, AP2MI, AP2S1, ARHGEF7, CBL, CDC42,CLTA, EGF, EGFR, EPNI, EPSI3,
EPSISLI, GRB2, HGS, RPS27A, SH3GL2, SH3KBP1, SPRY1, SPRY2, STAM, STAM2, UBA52, UBB, UBC

Branched chain amino acid catabolism 0.093 17 | ACADS, ACADSB, ACATI, ALDH6A1, AUH, BCAT1, BCAT2, BCKDHA, BCKDHB, DBT, DLD, HIBADH,

HIBCH, HSD17B10, IVD, MCCC1, MCCC2

Cross ion of particulate antigens ( ) | 0015 3 CD36, CYBA, CYBB,ITGAV. ITGBS, NCF1, NCF2, NCF4
Lysine i 0.043 8 | AADAT. AASS, ALDH7AI, DLD, DLST, GCDH, OGDH, SLC25421
MEK activation 0.021 7| HRAS. KRAS, MAP2KI, MAP2K2, NRAS, RAF1, YWHAB
RAF phosphorylates MEK 0.021 7 HRAS, KRAS, MAP2K1, MAP2K2, NRAS, RAF1, YWHAB
thionine salvage pathway 0.049 6 | ADII, APIP, ENOPHI, GOTI, MRII, MTAP
RAF activation 0.047 5 HRAS, KRAS, NRAS, RAF1, YWHAB
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Individual pathway analysis

The conditions of these altered pathways in all disease samples were elucidated by
individual pathway analysis. Two of the eight differential pathways, the cross-presentation
of particulate exogenous antigen (phagosome) and methionine salvage pathways, were
significantly varied (P < 0.05) in all disease samples. These pathways were significantly
upregulated in a majority of the disease samples, as observed in Figure 2.

Gene compositions of altered pathways

A pathway is composed of several genes that work together to complete a biological
process, or regulate certain biological functions. The functions and properties of altered
pathways were further elucidated by a thorough study of the compositions of the altered genes
at the expression levels (Figure 3). The expression levels of genes such as CYBB and ADII
were higher in the disease than in normal samples. This indicated that the changes in gene
expression could result in the production of altered pathway-level statistic values; that is,
the pathways in DS-CHD were different to those in nRef. Additional studies of the genes
regulating these pathways in order to study their interactions (Figure 4) indicated that the genes
connected to the cross-presentation of particulate exogenous antigen (phagosomes) pathway,
such as CYBB, NCF1, NCF2, CYBA, and NCF4, are interconnected, while the remaining three
genes (ITGBS, ITGAV, CD36) are linked individually. On the other hand, all genes enriched in
the methionine salvage pathway are tightly connected to each other. Therefore, we speculated
that the changes in levels of expression of CYBB and ADII might be responsible for the
distortion of these two pathways.

A B 2

—  Normal 8 —  Normal

—  Disease —  Disease

Gene-level statistic value
Gene-level statistics valus

T T T T T T T T 1 T T T T T T
ITGB5 ITGAV CYBB NCF1 NCF2 CYBA CD36 NCF4 GOT1 ENOPH1 MR ADI MTAP APIP
Gene symbol Gene symbol

Figure 3. Expression pattern of genes enriched in the altered pathways. Each line indicates a sample (red:
normal control, blue: disease). A. Expression pattern of genes enriched in the cross-presentation of particulate
exogenous antigen (phagosomes) pathway. B. Expression pattern of genes enriched in the methionine salvage
pathway.
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Figure 4. STRING figures of pathway genes. A. String figure of genes enriched in the cross-presentation of
particulate exogenous antigen (phagosomes) pathway. B. String figure of genes enriched in the methionine salvage
pathway.

DISCUSSION

In this study, we analyzed DS-CHD by personalized identification of pathways altered in
disease samples using the iPAS method. We determined that the cross-presentation of particulate
exogenous antigen (phagosomes) and methionine salvage pathways were significantly different
in subjects with and without DS-CHD. In addition, a comprehensive analysis of the genes
enriched in the altered pathways indicated that changes in these pathways could be attributed
to genes that were differentially expressed (such as CYBB and ADI1) between DS-CHD and
normal subjects. Here, we have attempted to further elucidate the relationship between changes
in key pathways, the enriched genes within these pathways, and DS-CHD.

In this study, the cross-presentation of particulate exogenous antigen (phagosomes)
pathway was found to be significantly different between diseased and normal samples.
Dendritic cells are known to uptake and process exogenous particulate or cell-associated
antigens, including microbes or tumor cells, for MHC-I cross-presentation (Amigorena and
Savina, 2010). The enriched CYBB gene was shown to be significantly upregulated in DS-CHD
samples, compared to normal controls. Mutations in the CYBB gene result in a lack of, or an
incomplete loss of, gp91 phox expression, because of the instability of the corresponding mRNA
or protein (Condino-Neto and Newburger, 2000). Meanwhile, CYBB, in combination with other
genes, has been indicated to play a major role in heart diseases (Perumal and Mahalingam,
2013). The gene-level analyses conducted in this study indicated that CYBB was significantly
differentially expressed, which might be the main cause of changes in the pathway.

ADII, in the methionine salvage pathway, was found to be significantly different
in DS samples compared to the control samples. ADI/], a 5’-methylthioadenosine (MTA)
cycle enzyme, belongs to the cupin domain superfamily, and has aci-reductone dioxygenase
enzymatic activity (Chou et al., 2014). The ADII gene, in association with Fe*", produces
formate and 2-keto-4-methylthiobutyrate (MTOB), the keto-acid precursor of methionine.
Alternatively, ADII, in association with Ni** produces formate, carbon monoxide, and
3-methylthiopropionate (Hirano et al., 2005). ADII has also been reported to be affected
by fecundity, through the regulation of methionine metabolism (Chou et al., 2014). The
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methionine salvage pathway, also called the MTA cycle, is a sequential pathway comprising
six reactions, which is responsible for the creation of methionine from MTA, a byproduct of
polyamine biosynthesis in nearly all organisms (Albers, 2009). Downregulated or decelerated
synthesis of methionine has been reported as a pathogenic mechanism causing dementia in DS
(Regland and Gottfries, 1992). Pozzi et al. (2009), in a study of factors affecting centromeric
hypomethylation in the pathogenesis of DS, reported a correlation between polymorphisms in
the methionine synthetase-reductase (MTRR) 466G and DS. A recent study reported that the
MTRR ¢.66A>G polymorphism could be a risk factor for DS in newborn children (Coppede
et al., 2014). Similarly, a recent meta-analysis of the literature reporting non-DS-CHD cases
revealed an association between the maternal MTRR 66A>G polymorphism and increased
risk of CHD 1in the offspring (Cai et al., 2014).

In conclusion, we successfully identified two significant pathways and some key
genes that were significantly altered in DS-CHD, using a method based on iPAS analysis.
We predicted that the cross-presentation of particulate exogenous antigen (phagosomes) and
methionine salvage pathways could function as good indicators of DS-CHD.
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