
Multifactor dimensionality
reduction reveals the effect of
interaction between ERAP1 and
IFIH1 polymorphisms in psoriasis
susceptibility genes

Chang Zhang1,2,3,4,5†, Qin Qin1,2,3,4,5†, Yuanyuan Li1,2,3,4,5†,
Xiaodong Zheng1,2,3,4,5, Weiwei Chen1,2,3,4,5, Qi Zhen1,2,3,4,5,
Bao Li1,2,3,4,5, Wenjun Wang1,2,3,4,5* and Liangdan Sun1,2,3,4,5*
1Department of Dermatology, The First Affiliated Hospital of Anhui Medical University, Hefei, China,
2Institute of Dermatology, Anhui Medical University, Hefei, China, 3Key Laboratory of Dermatology,
Anhui Medical University, Ministry of Education, Hefei, China, 4Inflammation and Immune Mediated
Diseases Laboratory of Anhui Province, Hefei, China, 5Anhui Provincial Institute of Translational
Medicine, Hefei, China

Background: Psoriasis is a common immune-mediated hyperproliferative skin

dysfunction with known genetic predisposition. Gene–gene interaction (e.g.,

between HLA-C and ERAP1) in the psoriasis context has been reported in

various populations. As ERAP1 has been recognized as a psoriasis susceptibility

gene and plays a critical role in antigen presentation, we performed this study to

identify interactions between ERAP1 and other psoriasis susceptibility gene

variants.

Methods: We validated psoriasis susceptibility gene variants in an independent

cohort of 5,414 patients with psoriasis and 5,556 controls. Multifactor

dimensionality reduction (MDR) analysis was performed to identify the

interaction between variants significantly associated with psoriasis in the

validation cohort and ERAP1 variants. We then conducted a meta-analysis of

those variants with datasets from exome sequencing, target sequencing, and

validation analyses and used MDR to identify the best gene–gene interaction

model, including variants that were significant in the meta-analysis and

ERAP1 variants.

Results: We found that 19 of the replicated variants were identified with p <
0.05 and detected six single-nucleotide polymorphisms of psoriasis

susceptibility genes in the meta-analysis. MDR analysis revealed that the best

predictive model was that between the rs27044 polymorphism of ERAP1 and

the rs7590692 polymorphism of IFIH1 (cross-validation consistency = 9/10, test

accuracy = 0.53, odds ratio = 1.32 (95% CI, 1.09–1.59), p < 0.01).
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Conclusion: Our findings suggest that the interaction between ERAP1 and

IFIH1 affects the development of psoriasis. This hypothesis needs to be tested in

basic biological studies.
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Introduction

Psoriasis is a common immune-mediated hyperproliferative

skin dysfunction with known genetic predisposition that affects

almost 125 million people worldwide (Armstrong and Read,

2020). Psoriasis morbidity rates range from 0.09% to 5.1%

(Michalek et al., 2017), with major regional differences. The

condition results from a combination of interacting genetic,

environmental, and immunological factors (Myers et al., 2005;

Mahil et al., 2015; Greb et al., 2016). Although progress has been

made in the interpretation of its heredity, the pathogenesis of

psoriasis remains unclear. Early correlation studies established

that the genetic contribution to psoriasis is complex and

multifactorial.

Since 2005, genome-wide association studies (GWASs) have

been established as the most effective approach to the

identification of genetic variations related to complex diseases

via the use of a complex single-nucleotide polymorphism (SNP)

map of the human genome to identify differences in allele

frequency between patients and controls (Kruglyak, 2008;

Zhang, 2012). Although GWASs have led to the robust

identification of numerous susceptibility loci, they capture

small proportions of estimated disease heritability; this issue is

referred to as the “missing heritability” problem (Manolio et al.,

2009; Eichler et al., 2010). Most correlational research involves

the detection of SNPs in isolation, without examination of the

mutual effects of their interaction, leading intricate reciprocities

in the biosystem to be overlooked. With the accumulation of

large amounts of genome data, further gene–gene interaction and

association studies are essential to explore the biological

pathways and pathogeneses of common diseases (Cordell, 2009).

Most common diseases are induced by the nonlinear

interaction of numerous genetic and environmental factors.

Complex diseases are always generated by gene–environment

and gene–gene interactions, the latter of which can enhance their

danger (Evans et al., 2006; Cordell, 2009). Many methods can be

used to test for gene–gene interaction, including those involving

logistic regression models, neural networks, and multifactor

dimensionality reduction (MDR) (Cordell, 2009). The use of a

traditional (e.g., logistic regression) model to detect multiple

interactions at the same time imposes a huge computational

burden due to the exponential increase in the number of

interaction terms (Chattopadhyay and Lu, 2019). Although

neural networks are considered good nonlinear models, they

are prone to overfitting (Ritchie et al., 2003). MDR, developed by

Ritchie et al. (Ritchie et al., 2001) in 2001, is a non-parametric

model-free method that can be applied directly in case-control

and discordant sib-pair studies. It involves no a priori genetic

model assumption, unlike other approaches (e.g., linear

regression or generalized linear models); this enables the

detection of any genetic interaction in relation to disease.

With the division of samples into high- and low-risk groups,

MDR enables the reduction of n-dimensional models to one-

dimension and reduces type-I and-II errors. It is currently the

most popular method for detection of gene–gene interaction, and

it has been used to identify potential interaction loci in many

diseases, including sporadic breast cancer (Ritchie et al., 2001),

hypertension (Moore and Williams, 2002), type-2 diabetes

mellitus (Cho et al., 2004), and the autoimmune diseases

rheumatoid arthritis (Julià et al., 2007; Liu et al., 2011),

systemic lupus erythematosus (Zhang et al., 2016), and

ankylosing spondylitis (Evans et al., 2011).

Based on existing GWAS data (Zhang et al., 2009), our group

has analyzed the interaction of various susceptibility genes

(including HLA–IL12B, HLA–ICE (Zheng et al., 2011), HLA-

C–ERAP1, and HLA-C–TRAF3IP2 (Yin et al., 2013)

interactions) in the Han Chinese population. Such gene

interactions, including those related to psoriasis, have been

reported in different populations (Strange et al., 2010).

ERAP1 has been reported as being related to psoriasis in

multiple populations, and our group has genotyped and

replicated its polymorphisms (Chen et al., 2022). In this

study, we detected interactions of ERAP1 with other psoriasis

susceptibility genes in the Han Chinese population.

Materials and methods

Sample collection

This study was conducted with data generated in our

previous research—an exome sequencing study conducted

with 781 patients with psoriasis and 676 controls and a

targeted sequencing study conducted with 9,946 psoriasis

cases and 9,906 controls (Tang et al., 2014). We performed a

case-control study with an independent sample cohort consisting

of 5,414 psoriasis cases and 5,556 controls to validate the

psoriasis susceptibility genes. All patients and controls were of

Han Chinese origin and had attended the First Affiliated Hospital

of Anhui Medical University. The controls were healthy
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volunteers without psoriasis, other autoimmune diseases,

systemic disease, or a family history of psoriasis (in first-,

second-, and third-degree relatives). Each patient was

examined by medical professionals and diagnosed with

psoriasis by two experienced dermatologists, with rigorous

recording of clinical data to ensure their specificity and

reliability. After obtaining informed consent, medical

professionals collected peripheral blood samples from all

patients and controls. This research was approved by the

Ethics Committee of Anhui Medical University Committee

and performed following Declaration of Helsinki guidelines.

Procedure

Genomic DNA was extracted from the participants’

peripheral blood mononuclear cells. DNA concentrations and

optical density ratios (A260/A280) were determined using a

NanoDrop 1,000 spectrophotometer (Thermo Fisher Scientific,

United States). The Sequenom MassArray system (Sequenom,

United States) was used for SNP genotyping. We used 15 ng

standardized genomic DNA per sample for subsequent genetic

typing. We used multiplex polymerase chain reactions to amplify

the genomic DNA and then performed site-specific monacyl

elongation reactions to obtain products. The amplified products

were purified with AgencourtAM SPRI XP microbeads

(Beckman Coulter Life Sciences, United States). After

desalination, the final products were transferred to a 384-

element SpectrCHIP array (Applied Biosystems,

United States). Alleles were detected with a matrix-assisted

laser desorption ionization time-of-flight 70 mass

spectrometer and analyzed using Massarray Typer 71 software

(Sequenom, United States). In the independent cohort, validated

SNPs were selected using the following terms: position within

500 kb of a psoriasis susceptibility gene tag, p < 1.0 × 10−4 in the

exome sequencing and targeted sequencing studies, genotyping

detection rate >90%, and Hardy–Weinberg test p > 1.0 × 10−4 in

controls.

Gene–gene interaction analysis

Based on our group’s previous study (Chen et al., 2022),

ERAP1 variants were genotyped and replicated in the present

cohort. The statistical analysis was performed with PLINK

1.07 and a significance level of p < 0.05. Gene–gene

interactions were analyzed with open-source MDR software

(ver. 2.0 Beta 2; available from http://sourceforge.net/projects/

mdr). As the MDR software requires complete datasets with no

missing value, we replaced missing values with numbers that did

not represent genotypes; the second method used was k-nearest

neighbor estimation to fill in the missing values (k was equal to

the square root of the number of SNPs) (Schwender, 2012).

Meta-analysis of GWAS discovery results

To expand the sample size and detect more gene–gene

interactions, we conducted a meta-analysis of summary

GWAS statistics from the exome sequencing (n = 1,457),

targeted sequencing (n = 19,007), and validation (n = 10,970)

cohorts. We performed the analysis with METAL (available from

http://www.sph.umich.edu/csg/abecasis/Metal/), with the test

statistics weighted by sample size. The genome-wide

significance threshold was p < 5 × 10−8. We performed

genomic correction of all results to control for potential

inflation of the test statistics. Effector allele frequencies were

tracked selectively across all files.

Results

Independent cohort validation

Of 39 SNPs selected for genotyping verification, 19 were

significant (p < 0.05) in the independent cohort validation

analysis. IFIH1 showed the strongest correlation with psoriasis

(chr_163737871, p = 6.52 × 10−7, odds ratio (OR) = 0.81;

chr2_163136771, p = 1.72 × 10−6, OR = 0.81; Table 1). Other

validated psoriasis susceptibility genes were ERAP2 (5q15),

IL18R1 (2q12.1), LTB (12p13.31), IL1RL1 (2q12.1), CARD14

(17q25.3), and SLC9A4 (2q12.1).

Gene–gene interaction study

The MDR analysis was conducted with the 19 SNPs showing

significance in the replicated cohort and six ERAP1 SNPs. The

rs27044 polymorphism of ERAP1 was the best single-locus model

(CVC = 10, test accuracy = 0.52, OR = 1.32 (95% CI, 1.07–1.63), p <
0.01). The best predictive model (i.e., that with maximum testing

accuracy) was that between the rs27044 polymorphism of

ERAP1 and the rs7590692 polymorphism of IFIH1 (CVC = 9/

10, test accuracy = 0.53, OR = 1.32 (95% CI, 1.09–1.59), p < 0.01;

Table 2). In this model, high-risk genotypes were TT × CC, TC ×

GG, TC × GC, TC × CC, CC × GC, and CC × CC, and low-risk

genotypes were TT × GC, TT × GG, and CC × GG (Figure 1).

Figures 2, 3 show measures of characterized epistatic of the models

from the interaction analysis.

Results of the meta-analysis and MDR

In the meta-analysis, six of the 39 SNPs reached the genome-

wide significance threshold (p < 10−8). These SNPs were in IFIH1

(rs12479043, p = 2.85 × 10−15; rs7590692, p = 1.57 × 10−14),

CARD14 (rs4889997, p = 4.03 × 10−12), GJB2 (rs72474224, p =

8.22 × 10−11), NFKB1 (rs3817685, p = 4.24 × 10−10), and ERAP2
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(rs2303208, p = 7.50 × 10−10; Table 3). In the MDR analysis of

these SNPs and six SNPs of ERAP1, the best model was still that

between the rs27044 polymorphism of ERAP1 and the

rs7590692 polymorphism of IFIH1 (CVC = 9/10, test

accuracy = 0.53, OR = 1.32 (95% CI, 1.09–1.59) p < 0.01).

Discussion

With the deep development of psoriasis-related genetic analysis,

our group has generated systemic genomic data on psoriasis through

exome and targeted sequencing. In this study, we verified the psoriasis

susceptibility genes IFIH1 (2q24.3), ERAP2 (5q15), IL18R1 (2q12.1),

LTBR (12p13.31), IL1RL1 (2q12.1), CARD14 (17q25.3), and SLC9A4

(2q12.1). We found that the most significant interaction was between

the rs27044 polymorphism of ERAP1 and the rs7590692 of IFIH1;

this result was confirmed in the MDR analysis.

ERAP1 is an immune-related gene encoding multifunctional

aminopeptidase that is induced by interferon-γ. It plays critical roles
in antigen presentation andN-terminal peptide pruning to reach the

best presenting size of the major histocompatibility complex I

molecule. These molecules can present polypeptides containing

8–10 amino acids directly outside of cells, enhancing antigen

presentation and T-cell activation in disease processes (Kochan

et al., 2011). ERAP1 is more likely to be present in individuals

carrying the HLA-C susceptibility allele, with the first and most

important psoriasis susceptibility gene identified (Bowcock, 2005). A

recent study revealed that ERAP1 causes psoriasis by affecting HLA-

C production via melanocyte autoantigens (Arakawa et al., 2021).

Thus, it may cause psoriasis lesions by interacting with HLA-C.

TABLE 1 SNPs with significance in replication analysis.

Chr. Variant ID Gene F_A F_U Allele p value OR (95% CI)

2q24.3 rs12479043 IFIH1 0.10 0.12 G/C 6.52 × 10−7 0.81 (0.74–0.88)

2q24.3 rs7590692 IFIH1 0.10 0.12 C/T 1.72 × 10−6 0.81 (0.74–0.88)

5q15 rs2303208 ERAP2 0.37 0.40 A/G 9.75 × 10−6 0.88 (0.83–0.93)

2q12.1 rs1882348 IL18R1 0.32 0.35 A/T 2.56 × 10−5 0.89 (0.84–0.94)

12p13.31 rs12354 LTBR 0.12 0.14 T/G 3.85 × 10−5 0.85 (0.78–0.92)

2q12.1 rs873022 IL1RL1 0.29 0.32 T/G 4.73 × 10−5 0.88 (0.83–0.94)

17q25.3 rs4889997 CARD14 0.49 0.51 A/G 5.03 × 10−5 0.89 (0.85–0.94)

2q12.1 rs61731285 SLC9A4 0.11 0.09 T/C 8.55 × 10−5 1.20 (1.09–1.31)

2q12.1 rs3213733 IL18R1 0.11 0.10 A/C 9.29 × 10−5 1.19 (1.09–1.30)

2q12.1 rs12905 IL1RL1 0.30 0.32 A/G 1.03 × 10−4 0.89 (0.84–0.94)

2q12.1 rs3213732 IL18R1 0.17 0.15 G/A 8.66 × 10−4 1.14 (1.05–1.23)

2q12.1 rs2287033 IL18R1 0.17 0.15 C/T 1.23 × 10−3 1.13 (1.05–1.22)

2q12.1 rs6749014 IL18R1 0.16 0.15 T/C 2.18 × 10−3 1.12 (1.04–1.21)

2q12.1 rs4988956 IL1RL1 0.15 0.13 A/G 5.08 × 10−3 1.12 (1.03–1.21)

4q24 rs3817685 NFKB1 0.40 0.38 G/C 5.34 × 10−3 1.08 (1.02–1.14)

1q32.1 rs28694304 C1orf186 0.13 0.12 A/C 8.51 × 10−3 1.12 (1.03–1.21)

13q12.11 rs72474224 GJB2 0.05 0.05 T/C 2.19 × 10−2 1.15 (1.02–1.30)

19p13.2 rs280497 TYK2 0.42 0.41 A/G 2.78 × 10−2 1.06 (1.01–1.12)

17q25.3 rs2066964 CARD14 0.46 0.47 C/G 3.68 × 10−2 0.94 (0.89–1.00)

Chr. chromosome, F_A frequency in cases, F_U frequency in controls.

TABLE 2 Best multifactor dimensionality reduction (MDR) interaction models.

Locus number Number of the risk factors (best
interaction model)

Testing accuracy CVC 0R 95% CI p

1 ERAP1_rs27044 0.5231 10/10 1.32 1.06–1.64 0.0098

2 IFIH1_rs7590692,ERAP1_rs27044 0.5314 9/10 1.32 1.09–1.59 0.0036

3 IFIH1_rs7590692,ERAP1_rs27044,CARD14_rs4889997 0.5265 6/10 1.25 1.04–1.49 0.0147

The model with the maximum testing accuracy was considered the best model. MDR, multifactor dimensionality reduction; CVC, cross-validation consistency.
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ERAP1 has been related to psoriasis in Chinese (rs151823) (Sun

et al., 2010) and European (rs27524) (Strange et al., 2010)

populations. In a meta-analysis of nine case-control studies, the

rs27044 polymorphism of ERAP1 was associated significantly with

psoriasis (Wu and Zhao, 2021). This gene has also been associated

with ankylosing spondylitis (Tsui et al., 2010), Behcet’s disease,

multiple sclerosis, and inflammatory bowel disease (Reeves and

James, 2018).

We replicated IFIH1 in our independent sample cohort with p =

6.52 × 10−7. IFIH1 encodes MDA5, an innate pattern recognition

receptor. MDA5 is a cytoplasmic sensor of picornavirus nucleic acids

that triggers a cascade of antiviral responses, including the induction

of type I interferons and pro-inflammatory cytokines. Once it is

bound to pathogen-like viral RNA, activated MDA5 interacts with

mitochondrial antiviral-signaling proteins and then phosphorylated

interferon regulatory factors (IRFs) 3 and 7. Dimers are formed by

phosphorylated IRF-3 and -7 and move into cell nuclei to stimulate

the secretion of type 1 interferon (IFN1) (Brisse and Ly, 2019).

IFN1 mediates autoimmune responses to invaders such as viruses.

MDA5 has been observed to significantly increase psoriatic plaques

and keratinocytes, and its overexpression acts as a negative regulator

for the differentiation of calcium-induced keratinocytes in psoriatic

skin lesions (Hong et al., 2021). IFIH1 has been related to psoriasis in

a European population (rs17716942) (Strange et al., 2010), and its

rs35667974 and rs10930046 polymorphisms were found to have

protective effects against psoriasis in a white North American

population (Li et al., 2010). In addition, evidence supports the

involvement of IFIH1 SNPs in inflammatory diseases such as type

1 diabetes (Nejentsev et al., 2009), inflammatory bowel disease

(Cananzi et al., 2021), and dermatomyositis (Kurtzman and

Vleugels, 2018).

Our MDR analysis revealed a significant association between

ERAP1 and IFIH1, suggesting that the presence of the

ERAP1 rs27044 polymorphism affects the expression of the

IFIH1 rs7590692 polymorphism. In an in vitro experiment

(Aldhamen et al., 2013), increased levels of proinflammatory

cytokines such as tumor necrosis factor (TNF)-α were observed

in ERAP1-knockout mice, suggesting that the lack of

ERAP1 expression induces increased autoimmune activity. TNF-

α, a cytokine commonly elevated in patients with psoriasis, promotes

the transcription of MDA5 and RIG-I in keratinocytes (Kitamura

et al., 2007; Racz et al., 2011). Taken together, these molecular

biological findings suggest that ERAP1might regulate the expression

of IFIH1, but more basic biological studies are needed to determine

how this gene interaction affects psoriasis.

This study has several limitations. The results provide evidence

of correlations between gene–gene interactions and psoriasis but no

information about the mechanisms of resulting effects, and the

accuracy of the best model was not high. We will carry out further

basic biological studies to verify this result. In addition, the study was

conducted with data from aHan Chinese population; similar studies

need to be conducted with data from other ethnic groups.

In summary, we screened for interactions between genes that

affect psoriasis susceptibility and found that the most significant

interaction was between the rs27044 polymorphism of

ERAP1 and the rs7590692 polymorphism of IFIH1. Psoriasis

FIGURE 1
High- and low-risk genotypes in the best psoriasis interaction
model. Dark-gray cells represent high risk (combinations
exceeding the r ratio of the percentage of cases to controls ≥1.0)
and light-gray cells represent low risk (combinations below
the ratio threshold).

FIGURE 2
Circular graph of the best models. The numbers between two
SNPs was information gain, which was used to detect and
characterize epistatics of the interaction model and calculated by
constructing two attributes using the MDR function. Red:
positive information gain (synergistic or non-additive effect); blue:
negative information gain (redundancy or correlation); yellow: no
information gain (independence).

Frontiers in Genetics frontiersin.org05

Zhang et al. 10.3389/fgene.2022.1009589

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1009589


is a multifactorial autoimmune disease with many genetic

contributions. Although our comprehension of the genetic

mechanisms underlying it has increased and the interaction of

susceptibility genes has been identified based on SNPs, many

questions remain. A better understanding of how these gene

interactions affect the development of psoriasis, generated from

basic biological studies, may provide answers to these questions.
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TABLE 3 Result of meta-analysis.

Variant ID Gene Chr. A1 A2 Freq1 PMeta Direction I2 PHet

rs12479043 IFIH1 2q24.3 C G 0.88 2.85 × 10−15 +++ 0 0.91

rs7590692 IFIH1 2q24.3 T C 0.88 1.57 × 10−14 -++ 7.1 0.34

rs4889997 CARD14 17q25.3 A G 0.50 4.03 × 10−12 --- 65.8 0.05
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