
Journal of the American Heart Association

J Am Heart Assoc. 2020;9:e014146. DOI: 10.1161/JAHA.119.014146� 1

 

ORIGINAL RESEARCH

Statistical and Functional Studies Identify 
Epistasis of Cardiovascular Risk Genomic 
Variants From Genome-Wide Association 
Studies
Yabo Li , MS;* Hyosuk Cho , BS;* Fan Wang , PhD; Oriol Canela-Xandri , PhD; Chunyan Luo, PhD;  
Konrad Rawlik , PhD; Stephen Archacki , MD, PhD; Chengqi Xu , PhD; Albert Tenesa , PhD;  
Qiuyun Chen , PhD; Qing Kenneth Wang , PhD, MBA

BACKGROUND: Epistasis describes how gene-gene interactions affect phenotypes, and could have a profound impact on 
human diseases such as coronary artery disease (CAD). The goal of this study was to identify gene-gene interactions in CAD 
using an easily generalizable multi-stage approach.

METHODS AND RESULTS: Our forward genetic approach consists of multiple steps that combine statistical and functional ap-
proaches, and analyze information from global gene expression profiling, functional interactions, and genetic interactions 
to robustly identify gene-gene interactions. Global gene expression profiling shows that knockdown of ANRIL (DQ485454) 
at 9p21.3 GWAS (genome-wide association studies) CAD locus upregulates TMEM100 and TMEM106B. Functional studies 
indicate that the increased monocyte adhesion to endothelial cells and transendothelial migration of monocytes, 2 critical 
processes in the initiation of CAD, by ANRIL knockdown are reversed by knockdown of TMEM106B, but not of TMEM100. 
Furthermore, the decreased monocyte adhesion to endothelial cells and transendothelial migration of monocytes induced by 
ANRIL overexpression was reversed by overexpressing TMEM106B. TMEM106B expression was upregulated by >2-fold in 
CAD coronary arteries. A significant association was found between variants in TMEM106B (but not in TMEM100) and CAD 
(P=1.9×10−8). Significant gene-gene interaction was detected between ANRIL variant rs2383207 and TMEM106B variant 
rs3807865 (P=0.009). A similar approach also identifies significant interaction between rs6903956 in ADTRP and rs17465637 
in MIA3 (P=0.005).

CONCLUSIONS: We demonstrate 2 pairs of epistatic interactions between GWAS loci for CAD and offer important insights into 
the genetic architecture and molecular mechanisms for the pathogenesis of CAD. Our strategy has broad applicability to the 
identification of epistasis in other human diseases.

Key Words: coronary artery disease ■ gene-gene interactions ■ Genome-wide Association Studies ■ long non-coding RNA (lncRNA) 
ANRIL (CDKN2B-AS1) ■ TMEM106B

Coronary artery disease (CAD) is the leading cause 
of death and disability worldwide.1,2 CAD is caused 
by atherosclerosis in coronary arteries, which is ini-

tiated by monocyte adhesion to endothelial cells (ECs) 

upon stimulation of oxidized low-density lipoprotein  
and other inflammatory factors.1,2 The monocytes  
then transmigrate across the endothelium into the  
intima, and differentiate into macrophages, which are 
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transformed into foam cells (plaques), the hallmark of 
atherosclerosis, in the walls of the coronary arteries.1,2 
The fissure, erosion, and rupture of plaques lead to 

possible thrombosis, myocardial infarction (MI) and sud-
den death.1,2 GWAS (genome-wide association studies) 
have identified >150 genomic loci associated with CAD 
and MI.3 However, identification of the causal gene(s) 
under each locus and functional characterization of 
causal genes are challenging. The first CAD locus on 
chromosome 9p21.3 identified by GWAS remains the 
most robust locus.3 More than 50 CAD-associated 
genomic variants are located at the 9p21.3 CAD locus 
and multiple candidate genes for CAD were found at the 
locus, including ANRIL, CDKN2A, CDKN2B, and MTAP.4 
Recently, we showed that the major transcript 
DQ485454 of ANRIL, which encodes a long non-coding 
RNA, showed significant downregulation in CAD coro-
nary arteries compared with non-CAD arteries.5 A se-
ries of knockdown and overexpression studies in 2 
different endothelial cells (ECs), EA.hy926 cells and 
human coronary artery endothelial cells (HCAECs), re-
vealed that ANRIL regulates EC functions directly in-
volved in atherosclerosis, and suggested that ANRIL is 
involved in the pathogenesis of CAD.5

The mechanisms by which ANRIL deregulation 
mediates the development of atherosclerosis are 
not well understood. We performed global gene 
expression profiling for ANRIL, and showed that 
knockdown of ANRIL downregulated expression of 
AHNAK2, CLIP1, CXCL11, ENC1, EZR, LYVE1, WASL, 
and TNFSF10 genes and upregulated TMEM100 and 
TMEM106B genes.5 We functionally characterized 
the downregulated genes by ANRIL knockdown and 
found that CLIP1, EZR, and LYVE1 were involved in 
modulating the function of ANRIL in ECs.5 however, 
the 2 upregulated genes were not functionally char-
acterized further. In this study, we continued these 
studies, and focused on TMEM100 on chromosome 
17q22 and TMEM106B on 7p21.3. TMEM100 en-
codes a transmembrane protein 100 with 134 amino 
acids and 2 hypothetical transmembrane domains. 
TMEM100 was shown to be involved in arterial en-
dothelium differentiation and vascular morpho-
genesis,6 endothelial-mesenchymal transformation 
during atrioventricular canal cushion formation by 
endocardial calcium signaling,7 the maintenance of 
vascular integrity, and the formation of blood ves-
sels.8 TMEM106B encodes another transmembrane 
protein 106 with 274 amino acids and a single pass, 
type-II transmembrane domain. TMEM106B was 
found to be localized in cellular lysosomes, and regu-
lates lysosome synthesis, size, trafficking, and local-
ization in neurons and cancer cells.9–11 The function 
of TMEM106B in cardiovascular cells is unknown.

In this study, we found significant upregula-
tion of the expression level of TMEM106B, but not 
TMEM100, in CAD coronary artery tissues and per-
formed mechanistic studies to characterize the func-
tion of TMEM106B and TMEM100 in the context of 

CLINICAL PERSPECTIVE

What Is New?
•	 Coronary artery disease loci identified by GWAS 

(genome-wide association studies) interact with 
each other to confer an epistatic effect on risk of 
the disease, and ANRIL locus on chromosome 
9p21.3 interacts with the TMEM106B locus on 
7p21.3, whereas the MIA3 locus on 1q41 inter-
acts with the ADTRP locus on 6p24.1.

•	 TMEM106B expression is upregulated in coro-
nary artery tissue samples from CAD patients, 
and correlated with downregulation of ANRIL 
(DQ485454); TMEM106B modulates the effects 
of ANRIL on endothelial functions involved in 
atherosclerosis and CAD.

•	 ANRIL is the causal gene for CAD at the 9p21.3 
locus, and TMEM106B is the causal gene at the 
7q21.11 CAD locus.

What Are the Clinical Implications?
•	 Identification of epistasis is paramount to our 

understanding of the genetic architecture of a 
human disease, and may have an important im-
plication on future precision diagnosis and risk 
stratification of common human diseases based 
on polygenic risk scores and other methods.

•	 The causal genes for CAD ANRIL and 
TMEM106B may serve as targets for develop-
ment of drugs and other therapeutic agents to 
prevent and treat CAD.

Nonstandard Abbreviations and Acronyms

ADTRP	� Androgen Dependent TFPI Reg
ulating Protein

ANRIL	� Antisense Non-coding RNA in the 
INK4 Locus

CAD	 Coronary Artery Disease
EC	 Endothelial Cell
GWAS	 Genome-wide Association Studies
HCAEC	� Human Coronary Artery Endothelial 

Cells
MAF	 Minor Allele Frequency
MI	 Myocardial Infarction
MIA3	 MIA SH3 domain ER export factor 3
TMEM100	 Transmembrane protein 100
TMEM106B	 Transmembrane protein 106B
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ANRIL in endothelial cells, including monocyte adhe-
sion to ECs and transendothelial migration of mono-
cytes involved in atherosclerosis. We found that 
ANRIL affects EC functions by regulating the expres-
sion of TMEM106B, but not TMEM100. Genetic analy-
sis revealed that genomic variants in TMEM106B, but 
not in TMEM100, were significantly associated with 
risk of CAD and a significant interaction between the 
ANRIL locus and the TMEM106B locus was found in 
conferring susceptibility of CAD in the UK Biobank. A 
similar approach also identified a significant interac-
tion between 2 other GWAS loci for CAD, the ADTRP 
locus12,13 on chromosome 6p24.1 and the MIA3 
locus14,15 on 1q41, also identified for CAD by GWAS.

METHODS
The authors declare that all supporting data are avail-
able within the article.

Cell Culture and Transfection
Cell culture and transfection were performed as 
described by us previously.5,16,17 Primary human 
coronary artery endothelial cells (HCAECs) were 
cultured in a phenol-red-free endothelial growth 
medium supplemented with 2% fetal bovine serum 
(ThermoFisher Scientific, USA), 0.4% human fi-
broblast growth factor, 0.1% human epidermal 
growth factor, 0.1% vascular endothelial growth fac-
tor, 0.1% insulin-like growth factor, 0.1% ascorbic 
acid, 0.1% heparin, 0.1% gentamicin/amphotericin-
B and 0.04% hydrocortisone. The EAhy926 en-
dothelial cells and HepG2 cells were maintained in 
DMEM supplemented with 10% fetal bovine serum 
(ThermoFisher Scientific, USA). Human THP-1 cells 
were maintained in the RPMI-1640 medium supple-
mented with 10% fetal bovine serum (ThermoFisher 
Scientific, USA). All cells were purchased from 
ATCC (American Type Culture Collection, USA) and 
cultured at 37°C in a humidified incubator with 5% 
CO2. Transfection of mammalian expression plas-
mid DNA and small interfering RNAs (siRNAs) into 
HCAECs and EAhy926 cells were performed using 
the TransIT-X2 Dynamic Delivery System (Mirus Bio, 
Madison, WI). Transfection of HepG2 cells was per-
formed using Lipofectamine 2000 for plasmid DNA 
(1  μg), and Lipofectamine RNAi MAX for siRNA 
(80 nmol/L) according to the manufacturer’s proto-
col (ThermoFisher Scientific).

Human Tissue Samples
This study involved 6 CAD patients and 6 age-matched 
non-CAD human tissue samples reportedly by Arckacki 
et  al.18 The mean age was 51±4  years for both CAD 

and control groups (Table). RNA isolation, cDNA syn-
thesis, and reverse transcription-polymerase chain re-
action (RT-PCR) analysis was performed as described 
by us previously.5,18–21 We obtained coronary arteries 
from explanted hearts through the Cleveland Clinic 
Heart Transplant Program and unmatched or rejected 
donor hearts from Lifebanc of Northeast Ohio as re-
ported.18 This study was approved by the Cleveland 
Clinic Institutional Review Board on Human Subject 
Research and written consent was obtained from 
the subjects. This study abides by the Declaration of 
Helsinki principles (Version 2008).

Plasmids and siRNA
A mammalian expression plasmid for ANRIL tran-
script DQ485454, referred to as pcDNA3.1-ANRIL 
(DQ485454), was generated by us as described previ-
ously.5 An expression plasmid for TMEM106B was cre-
ated by subcloning the Mammalian Gene Collection 
Fully Sequenced Human cDNA clone of TMEM106B (GE 
Dharmacon, USA) into the pcDNA3.1 vector. All plasmids 
were individually verified by Sanger sequence analysis.

Small interfering RNAs (siRNAs) for ANRIL, 
TMEM100, and TMEM106B were purchased from IDT 
(Integrated DNA Technologies) and the negative con-
trol siRNA (siNC) was from GE Dharmacon. The se-
quences of siRNAs are as follows:

ANRIL siRNA: ATCTGTGTTTTTGTCCAATGTCCTT
TMEM100 siRNA: GCUUAGAAGCACUGUUGUAAA 

AATG
TMEM106B siRNA: CUUAUGAUGGAGUCACAUCUG 

AAAA

Table.  Coronary Artery Tissue Samples

Sample Age, y Race and Sex
LAD  

Blockage
Past Medical 

History

CAD 1 48 White, M 40% Cirrhosis

CAD 2 53 White, M 50% N/A

CAD 3 53 White, M 90% Stroke

CAD 4 47 White, M >95% Drug 
overdose

CAD 5 50 White, M 100% Ischemic 
myopathy

CAD 6 55 White, M 100% Stroke

Control 1 48 White, M 0% N/A

Control 2 53 White, M 0% N/A

Control 3 53 White, M 0% N/A

Control 4 47 White, M 0% N/A

Control 5 50 White, M 0% N/A

Control 6 55 White, M 0% N/A

Note that each coronary artery disease sample is matched by a non-
coronary artery disease control sample (eg, coronary artery disease 1 
vs Control 1; coronary artery disease 2 vs Control 2; etc). CAD indicates 
coronary artery disease.



J Am Heart Assoc. 2020;9:e014146. DOI: 10.1161/JAHA.119.014146� 4

Li et al� Epistatic Interactions Between GWAS Genes for CAD

MIA3 siRNA: GGUGAAGUCUGAAUGCCAUTT
siNC: Lincode control siRNA (GE Dharmacon, USA)

Real-Time RT-PCR Analysis
Quantitative RT-PCR analysis was performed as de-
scribed previously by us.5,12,22,23 Each sample was run 
in triplicate and each experiment was repeated at least 
3 times. The primer sequences of qRT-PCR are as fol-
lows (from 5′ to 3′):

ANRIL Forward: CCACATCCCTTGGAGTAATGA
ANRIL Reverse: CCTTTTATCACCCAGCTTCG
GAPDH Forward: GTCTCCTCTGACTTCAACAGCG
GAPDH Reverse: ACCACCCTGTTGCTGTAGCCAA
TMEM100 Forward: ACAGTCCCTCTGGTCAGTGAGA
TMEM100 Reverse: GGCGATGAAGACAACCACAGCA
TMEM106B Forward: CCTACTTGTCAGGGAACAGG 

AAG
TMEM106B Reverse: AACACAGCCAATCCAGAAAG 

GAG
ADTRP Forward: GCCGCATCCTATGGCTCTACTTTG
ADTRP Reverse: CAAGTAGGTAGATGCTGGCGATGA
MIA3 Forward: TACAAGCGGAGAATTGAAGAAATGG
MIA3 Reverse: GCCAGTTTTCATGAGCTTTCTTCT

Endothelial Cell Functional Assays
HCAECs or EA.hy926 cells were transfected with 
plasmids or siRNAs as described above and used 
for various assays for assessment of endothelial cell 
functions, including monocyte adhesion to endothelial 
cells, and transendothelial migration of monocytes, as 
described by us previously.5,19,24–27

Statistical Analysis
In GWAS, to determine the genetic effects of TMEM100 
and TMEM106B on the risk of CAD, 1568 single nucleo-
tide polymorphisms within 100 kb regions spanning the 
2 genes were selected from 2 large GWAS data sets 
for CAD, including CADRDIoGRAMplusC4D28 (60 801 
cases versus 123  504 controls) and GeneATLAS29 
(Key=clinical_c_Block_I20-I25; 33  387 cases versus 
418 877 controls). The summary statistics of 1250 sin-
gle nucleotide polymorphisms was downloaded from 
their web portals. Each single nucleotide polymorphism 
was examined for its association with CAD with a meta-
analysis of CADRDIoGRAMplusC4D and GeneATLAS 
using statistical program GWAMA30 under the fixed 
model. To facilitate the meta-analysis, standard error 
was re-estimated from the reported odds ratio and 
converted z value. Heterogeneity between the 2 stud-
ies was further evaluated for each variant by Cohen’s Q 
tests. If significant heterogeneity (Q<0.05 and I2>70%) 
was identified, results from the random effect model 
were reported.

Gene-gene interaction tests between the ge-
netic variant pairs rs2383207 and rs3807865, and 
rs6903956 and rs17465637 on I20-I25 Ischemic 
heart diseases (as defined previously,29 clinical_c_
Block_I20-I25) was performed using 343  145 un-
related White-British ancestry individuals from UK 
Biobank. These individuals were a subset of UK 
Biobank 488 377 genotyped participants, excluding 
those who failed UK Biobank’s own Quality Control 
because of genotyping missingness rate or hetero-
geneity, whose sex inferred from the genotypes did 
not match their self-reported sex and who were not of 
white British ancestry. We restricted Quality Control 
even more and removed individuals with a genotype 
missingness rate >5% across variants. We only kept 
unrelated individuals, defined as having a Kinship co-
efficient smaller than 0.0442 between them. A geno-
typic interaction between the 2 genetic variants along 
with the main effects of the 2 variants was tested using 
a Logistic Regression Model where sex, array batch, 
UK Biobank Assessment Center, age, age2, the lead-
ing 20 genomic principal components as computed 
by UK Biobank were added as covariates.

In particular, we used the model:

where pi is the probability of the individual i being a  
case. μ is the model mean, xc

i
 is the vector of covariates 

for individual i, and β c the vector of covariate effects. xs1
i

 
and xs2

i
 are matrices of dummy binary variables indicat-

ing the individual i genotype for the genetic variants s1 
and s2, and β s1 and β s2 their effects, respectively. The im-
puted genotypes were called to the genotype with larger 
probability. Finally, xs1s2

i
 is a dummy matrix of binary vari-

ables indicating the genotype combination between the 
genetic variants s1 and s2 for individual i. β s1s2 is the vec-
tor of effects. The model was fitted by using the Python 
StatsModels package. It computes the P value for a par-
ticular genotype combination by using a z-test (a z-score 
is computed as the ratio between the estimated effect 
and the error, and then the P value is computed by using a 
normal distribution to perform a 2-tailed test). To preclude 
possible problems with data sparsity we confirmed that 
all variants had an MAF (Minor Allele Frequency) >0.28 
on the UK Biobank population of European ancestry. The 
genotype combination having less individuals contained 
at least 878 individuals for cases and 13 040 for controls 
for the pair rs2383207 and rs3807865; and 302 individu-
als for cases and 3731 for controls for the variant pair 
rs6903956 and rs17465637 for I20-I25 ischemic heart 
diseases.

Other quantitative data were presented as 
mean±SD. Statistical analysis was performed with 
unpaired, 2-tailed Student t tests using the GraphPad 

log

(
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1−pi

)
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c
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Figure  1.  Real-time quantitative reverse transcription-polymerase chain reaction 
analysis of expression of ANRIL, TMEM100, and TMEM106B in endothelial cells (ECs) 
transfected with different small interfering (si)RNA. 
A, Relative expression of ANRIL in EA.hy926 cells transiently transfected with siNC, siANRIL, 
siTMEM100, or siTMEM106B (n=8 samples/group; 3 wells/experiment with each experiment 
repeated twice again; data points of ≥3 SD were removed as outliers). B, Relative expression 
of ANRIL in human coronary artery endothelial cells transiently transfected with siNC, siANRIL, 
siTMEM100, or siTMEM106B (n=6 samples/group; 3 wells/experiment with each experiment 
repeated again). C, Relative expression of TMEM100 in EA.hy926 cells transiently transfected 
with siNC, siANRIL, siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/experiment with 
each experiment repeated twice again). D, Relative expression of TMEM100 in human coronary 
artery endothelial cells transiently transfected with siNC, siANRIL, siTMEM100, or siTMEM106B 
(n=9 samples/group; 3 wells/experiment with each experiment repeated twice again). E, Relative 
expression of TMEM106B in EA.hy926 cells transiently transfected with siNC, siANRIL, siTMEM100, 
or siTMEM106B (n=9 samples/group; 3 wells/experiment with each experiment repeated twice 
again). F, Relative expression of TMEM106B in human coronary artery endothelial cells transiently 
transfected with siNC, siANRIL, siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/
experiment with each experiment repeated twice again). Statistical analysis was performed using 
unpaired, 2-tailed Student t tests. Si indicates small interfering.
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Prism 8.2.1 software program or the R package. 
Statistical significance was considered at a P value of 
≤0.05. The sample size (n) is indicated for each exper-
iment in figure legends. For qRT-PCR analysis, data of 
≥3 SD were removed as outliers.

RESULTS
Knockdown of TMEM106B Rescues 
ANRIL Knockdown Phenotype 
of Endothelial Cells Involved in 
Atherosclerosis
We found that ANRIL affects EC functions by regulat-
ing the expression of TMEM106B, but not TMEM100. 
We first assessed whether knockdown of TMEM100 

and TMEM106B expression using siRNA reverses 
the effects of knockdown of ANRIL expression in 2 
types of ECs, EA.hy926 cells (an EC line) and human 
coronary artery endothelial cells (HCAECs). As shown 
in Figure 1A through 1F, siRNA for TMEM100 signifi-
cantly decreased the expression of TMEM100, but 
not that of TMEM106B or ANRIL in EA.hy926 cells 
HCAECs. Similarly, siRNA for TMEM106B significantly 
decreased the expression of TMEM106B, but not 
that of TMEM100 or ANRIL. As previously reported,5 
ANRIL siRNA significantly decreased the expression 
of ANRIL (DQ485454), and increased the expres-
sion of TMEM100 and TMEM106B in EA.hy926 and 
HCAECs (Figure 1A through 1F). In assays for mono-
cyte adhesion to ECs, knockdown of TMEM100, but 
not TMEM106B, showed a small but significantly 

Figure 2.  Analysis of the effect of knockdown of TMEM100 or TMEM106B on monocyte adhesion to 
endothelial cells and transendothelial migration of monocytes.
A, Relative adhesion of monocytes to EA.hy926 cells transfected with small interfering (si)NC, siANRIL, 
siTMEM100, or siTMEM106B (n=6 samples/group; 3 wells/experiment with each experiment repeated again). 
B, Relative adhesion of monocytes to human coronary artery endothelial cells transfected with siNC, siANRIL, 
siTMEM100, or siTMEM106B (n=6 samples/group; 3 wells/experiment with each experiment repeated again). 
C, Relative transmigration of monocytes across a layer of EA.hy926 cells transfected with siNC, siANRIL, 
siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/experiment with each experiment repeated twice 
again). D, Relative transmigration of monocytes across human coronary artery endothelial cells transfected 
with siNC, siANRIL, siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/experiment with each 
experiment repeated twice again). Statistical analysis was performed using unpaired, 2-tailed Student t-tests. 
Si indicates small interfering.

A

C

B

D



J Am Heart Assoc. 2020;9:e014146. DOI: 10.1161/JAHA.119.014146� 7

Li et al� Epistatic Interactions Between GWAS Genes for CAD

Figure  3.  Real-time reverse transcription-polymerase chain reaction (RT-PCR) 
analysis of expression of ANRIL, TMEM100, and TMEM106B in endothelial cells (ECs) 
transfected with different siRNA.
A, Relative expression of ANRIL in EA.hy926 cells transiently co-transfected with different 
combinations of small interfering (si)NC (negative control siRNA), siANRIL, siTMEM100, or 
siTMEM106B was quantified by quantitative RT-PCR (qRT-PCR) (n=6 samples/group; 3 wells/
experiment with each experiment repeated again). B, Relative expression of ANRIL in human 
coronary artery endothelial cells transiently co-transfected with different combinations of 
siNC, siANRIL, siTMEM100, or siTMEM106B (n=6 samples/group; 3 wells/experiment with 
each experiment repeated again) was quantified by qRT-PCR. C, Relative expression of 
TMEM100 in EA.hy926 cells transiently co-transfected with different combinations of siNC, 
siANRIL, siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/experiment with each 
experiment repeated twice again) was quantified by qRT-PCR. D, Relative expression of 
TMEM100 in human coronary artery endothelial cells transiently co-transfected with different 
combinations of siNC, siANRIL, siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/
experiment with each experiment repeated twice again) was quantified by qRT-PCR. E, 
Relative expression of TMEM106B in EA.hy926 cells transiently co-transfected with different 
combinations of siNC, siANRIL, siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/
experiment with each experiment repeated twice again) was quantified by qRT-PCR. F, 
Relative expression of TMEM106B in human coronary artery endothelial cells transiently 
co-transfected with different combinations of siNC, siANRIL, siTMEM100, or siTMEM106B 
(n=9 samples/group; 3 wells/experiment with each experiment repeated twice again) was 
quantified by qRT-PCR. Statistical analysis was performed using unpaired, 2-tailed Student 
t-tests. Si indicates small interfering.
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increased effect on EA.hy926 and HCAECs, whereas 
a positive control, ANRIL siRNA, showed a stronger 
effect on increasing monocyte adhesion to EA.hy926 
and HCAECs (Figure 2A and 2B). On the other hand, 
knockdown of neither TMEM100 nor TMEM106B in 
EA.hy926 and HCAECs showed any effect on transen-
dothelial migration of monocytes although positive 
control ANRIL siRNA significantly increased transen-
dothelial migration of monocytes (Figure 2C and 2D).

As ANRIL knockdown increased TMEM100 and 
TMEM106B expression, we next examined whether 

knockdown of TMEM100 and TMEM106B could reverse 
the effects of ANRIL on ECs. We first confirmed that in 
EAhy926 and HCAECs co-transfected with ANRIL siRNA 
and TMEM100 siRNA or TMEM106B siRNA showed 
successful knockdown of both ANRIL and TMEM100 or 
knockdown of both ANRIL and TMEM106B (Figure 3A 
through 3F). Knockdown of TMEM106B effectively 
reversed the effect of ANRIL knockdown on mono-
cyte adhesion to EA.hy926 (Figure  4A) and HCAECs 
(Figure 4B) and transendothelial migration of monocytes 
(Figure 4C and 4D). However, knockdown of TMEM100 

Figure 4.  Knockdown of TMEM106B, but not TMEM100, reverses the effects of knockdown of 
ANRIL on monocyte adhesion to endothelial cells and transendothelial migration of monocytes.
A, Relative adhesion of monocytes to EA.hy926 cells transiently co-transfected with different 
combinations of small interfering (si)NC (negative control siRNA), siANRIL, siTMEM100, or siTMEM106B 
(n=9 samples/group; 3 wells/experiment with each experiment repeated twice again). B, Relative 
adhesion of monocytes to human coronary artery endothelial cells transiently co-transfected with 
different combinations of siNC, siANRIL, siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/
experiment with each experiment repeated twice again). C, Relative transmigration of monocytes across 
a layer of EA.hy926 cells transiently co-transfected with different combinations with siNC, siANRIL, 
siTMEM100, or siTMEM106B (n=9 samples/group; 3 wells/experiment with each experiment repeated 
twice again). D, Relative transmigration of monocytes across human coronary artery endothelial cells 
transiently co-transfected with different combinations with siNC, siANRIL, siTMEM100, or siTMEM106B 
(n=9 samples/group; 3 wells/experiment with each experiment repeated twice again). Statistical analysis 
was performed using unpaired, 2-tailed Student t-tests. Si indicates small interfering.
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Figure  5.  Overexpression of TMEM106B reverses the effects of ANRIL 
overexpression on monocyte adhesion to endothelial cells and transendothelial 
migration of monocytes.
A, Relative expression of ANRIL in a scale of log10 in EA.hy926 cells transiently 
co-transfected with different combinations of pcDNA3.1, pcDNA3.1-ANRIL, or 
pcDNA3.1-TMEM106B (n=9 samples/group; 3 wells/experiment with each experiment 
repeated twice again). B, Relative expression of ANRIL in human coronary artery 
endothelial cells transiently co-transfected with different combinations of pcDNA3.1, 
pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B (n=9 samples/group; 3 wells/experiment 
with each experiment repeated twice again). C, Relative expression of TMEM106B 
in EA.hy926 transiently co-transfected with different combinations of pcDNA3.1, 
pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B (n=9 samples/group; 3 wells/experiment 
with each experiment repeated twice again). D, Relative expression of TMEM106B 
in human coronary artery endothelial cells transiently co-transfected with different 
combinations of pcDNA3.1, pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B (n=9 
samples/group; 3 wells/experiment with each experiment repeated twice again). E, 
Relative adhesion of monocytes to EA.hy926 cells transiently co-transfected with 
different combinations of pcDNA3.1, pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B 
(n=9 samples/group; 3 wells/experiment with each experiment repeated twice 
again). F, Relative adhesion of monocytes to human coronary artery endothelial 
cells transiently co-transfected with different combinations of pcDNA3.1, pcDNA3.1-
ANRIL, or pcDNA3.1-TMEM106B (n=9 samples/group; 3 wells/experiment with each 
experiment repeated twice again). G, Relative transmigration of monocytes across 
a layer of EA.hy926 cells transiently co-transfected with different combinations 
of pcDNA3.1, pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B was quantified (n=9 
samples/group; 3 wells/experiment with each experiment repeated twice again). 
H, Relative transmigration of monocytes across human coronary artery endothelial 
cells transiently co-transfected with different combinations of pcDNA3.1, pcDNA3.1-
ANRIL, or pcDNA3.1-TMEM106B (n=9 samples/group; 3 wells/experiment with 
each experiment repeated twice again). Statistical analysis was performed using 
unpaired, 2-tailed Student t-tests.
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did not have any significant impact on the effects of 
ANRIL knockdown on monocyte adhesion to ECs or 
transendothelial migration of monocytes in EA.hy926 
(Figure 4A through 4D). These data suggest that ANRIL 
knockdown affects EC functions relevant to atheroscle-
rosis by upregulating the expression of TMEM106B, but 
not TMEM100.

Overexpression of TMEM106B Rescues 
ANRIL Overexpression Phenotype 
of Endothelial Cells Involved in 
Atherosclerosis
We also characterized the effect of TMEM106B over-
expression on function of ANRIL overexpression in 
ECs. We previously reported that overexpression of 
ANRIL transcript DQ485454 significantly reduced 
monocyte adhesion to ECs and transendothelial mi-
gration of monocytes.5 EA.hy926 cells and HCAECs 
were co-transfected with pcDNA3.1-ANRIL and 
pcDNA3.1-TMEM106B, and ANRIL and TMEM106B 
were successfully co-expressed (Figure  5A through 
5D). Overexpression of ANRIL significantly de-
creased monocyte adhesion to EA.hy926 cells and 

HCAECs and transendothelial migration of mono-
cytes, however, the effects were fully reversed by 
overexpression of TMEM106B (Figure  5E through 
5H). Overexpression of TMEM106B alone (eg with-
out overexpression of ANRIL) did not show much 
effect on monocyte adhesion to EA.hy926 cells and 
HCAECs and transendothelial migration of monocytes 
(Figure 6A through 6H). These data suggest that over-
expression of TMEM106B fully reverses the inhibitory 
function of ANRIL in monocyte adhesion to ECs and 
transendothelial migration of monocytes involved in 
atherosclerosis.

TMEM106B, But Not TMEM100, is 
Upregulated in CAD Coronary Arteries
We found that TMEM106B is upregulated in CAD 
coronary arteries, which is consistent with its key 
role in the pathogenesis of CAD. We assessed the 
expression level of TMEM106B in coronary arter-
ies from CAD patients with coronary artery stenosis 
of 40% to 100% as compared with those from the 
age-, sex-, and race-matched non-CAD control sub-
jects (Table). As previously reported,5 the expression 
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Figure 5.  Continued
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level of ANRIL (DQ485454) was significantly lower in 
CAD patients by >100-fold compared with that of the 
age-matched healthy controls (P=0.026) (Figure 7A). 
Interestingly, TMEM106B expression was signifi-
cantly increased by more than 2-fold in CAD coronary 

arteries compared with control coronary arteries 
(P=0.0006) (Figure 7B). However, there was no signif-
icant difference for the expression level of TMEM100 
between CAD coronary arteries and control coronary 
arteries (Figure 7C). Together, the data are consistent 

A

C

B

D

Figure 6.  Overexpression of TMEM106B alone does not have any effects on monocyte 
adhesion to endothelial cells and transendothelial migration of monocytes.
A, Relative expression of ANRIL in a scale of log10 in EA.hy926 cells transiently transfected 
with pcDNA3.1, pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B (n=9 samples/group; 3 
wells/experiment with each experiment repeated twice again). B, Relative expression of 
ANRIL in human coronary artery endothelial cells transiently transfected with pcDNA3.1, 
pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B (n=9 samples/group; 3 wells/experiment with 
each experiment repeated twice again). C, Relative expression of TMEM106B in EA.hy926 
cells transiently transfected with pcDNA3.1, pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B 
(n=9 samples/group; 3 wells/experiment with each experiment repeated twice again). D, 
Relative expression of TMEM106B in human coronary artery endothelial cells transiently 
transfected with pcDNA3.1, pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B (n=9 samples/
group; 3 wells/experiment with each experiment repeated twice again). E, Relative 
adhesion of monocytes to EA.hy926 cells transfected with pcDNA3.1, pcDNA3.1-ANRIL, 
or pcDNA3.1-TMEM106B (n=6 samples/group; 3 wells/experiment with each experiment 
repeated again). F, Relative adhesion of monocytes to HCAECs transfected with pcDNA3.1, 
pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B (n=6 samples/group; 3 wells/experiment with 
each experiment repeated again). G, Relative transmigration of monocytes across a layer 
of EA.hy926 cells transfected with pcDNA3.1, pcDNA3.1-ANRIL, or pcDNA3.1-TMEM106B 
(n=6 samples/group; 3 wells/experiment with each experiment repeated again). H, Relative 
transmigration of monocytes across HCAECs transfected with pcDNA3.1, pcDNA3.1-
ANRIL, or pcDNA3.1-TMEM106B (n=9 samples/group; 3 wells/experiment with each 
experiment repeated twice again). Statistical analysis was performed using unpaired, 
2-tailed Student t-tests.
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with earlier functional data showing that overexpres-
sion of ANRIL showed a protective effect on athero-
sclerosis, ie, reduced monocyte adhesion to ECs and 
transendothelial migration of monocytes, however, 
the effect was fully antagonized by overexpression of 
TMEM106B, but not TMEM100.

TMEM100B Does Not Affect the 
Expression Level of CDKN2A, CDKN2B, 
or MTAP Genes at the 9p21.3 CAD Locus
We recently reported that knockdown of ANRIL 
(DQ485454) significantly decreased the expres-
sion level of CDKN2A and CDKN2B but not MTAP 
at the 9p21.3 CAD locus, whereas overexpression of 
ANRIL significantly increased the expression level of 
CDKN2B but not CDKN2A and MTAP in HCAECs.5 We 
performed a similar study for TMEM106B (Figure 8). 
Overexpression of TMEM106B did not significantly 
affect the expression level of CDKN2A, CDKN2B, 
or MTAP in HCAECs (Figure  8A). Knockdown of 
TMEM106B by siRNA did not significantly affect the 
expression level of CDKN2A, CDKN2B, or MTAP in 
HCAECs (Figure  8B). Therefore, although ANRIL 

regulates the expression of CDKN2A or CDKN2B, 
neither overexpression nor knockdown of TMEM106B 
had any significant effect on the expression level of 
CDKN2A, CDKN2B, or MTAP in HCAECs.

Genomic Variants in TMEM106B are 
Significantly Associated With Risk of CAD
Because TMEM106B regulates the function of ANRIL 
on EC functions involved in atherosclerosis, we hy-
pothesized that genomic variants in TMEM106B are 
associated with risk of CAD. We used 2 large exist-
ing GWAS data sets (CADRDIoGRAMplusC4D and 
GeneATLAS [phenotype code: I20-I25]) to deter-
mine the association between genomic variants in 
a 100 kb genomic region flanking TMEM106B and 
CAD. A total of 887 variants in the TMEM106B re-
gion were selected for a meta-analysis of 636 539 
samples. One variant, rs11509880 located in intron 
4 of TMEM106B, was found to be robustly associ-
ated with CAD (P=1.9×10−8, odds ratio=1.03, 95% 
CI=1.02–1.05) (Figure 9A). No significant association 
with CAD was detected for genomic variants in and 
around CLIP1, EZR, and LYVE1, 3 genes previously 
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Figure 6.  Continued
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shown to be involved in regulation of ANRIL func-
tions (data not shown). These data suggest that 
genomic variants in TMEM106B, but not in other 
ANRIL downstream genes TMEM100, CLIP1, EZR, 
and LYVE1, are significantly associated with risk of 
CAD.

Significant Gene-Gene Interaction 
Between the ANRIL Locus and the 
TMEM106B Locus

Because ANRIL negatively regulates the expression of 
TMEM106B, and TMEM106B antagonizes the function 

Figure 7.  TMEM106B, but not TMEM100, is significantly upregulated in coronary arteries from 
coronary artery disease (CAD) patients and correlated with downregulation of ANRIL.
A, Relative expression levels of ANRIL as determined by quantitative reverse transcription-polymerase 
chain reaction from coronary artery tissues from CAD patients and the age-matched non-CAD 
individuals (n=6 tissues or study subjects/group). B, Relative expression levels of TMEM106B as 
determined by quantitative reverse transcription-polymerase chain reaction from coronary artery 
tissues from CAD patients and the age-matched non-CAD individuals (n=6 tissues or study subjects/
group). C, Relative expression levels of TMEM100 as determined by qRT-PCR from coronary artery 
tissues from CAD patients and the age-matched non-CAD individuals (n=6 tissues or study subjects/
group). Statistical analysis was performed using unpaired, 2-tailed Student t tests.
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Figure  8.  Neither overexpression nor knockdown of TMEM106B affects the expression of the 
CDKN2A, CDKN2B, and MTAP genes at the 9p21.3 CAD locus.
A, Relative expression level of CDKN2A, CDKN2B, and MTAP as determined by quantitative reverse 
transcription-polymerase chain reaction analysis from human coronary artery endothelial cells transiently 
transfected with either pcDNA3.1 vector or pcDNA-TMEM106B (n=9 samples/group; 3 wells/experiment 
with each experiment repeated twice again). B, Relative expression level of CDKN2A, CDKN2B, and MTAP 
in human coronary artery endothelial cells transiently transfected with either small interfering NC or small 
interfering TMEM106B as determined by quantitative reverse transcription-polymerase chain reaction 
(n=9 samples/group; 3 wells/experiment with each experiment repeated twice again). Statistical analysis 
was performed using unpaired, 2-tailed Student t-tests. Si indicates small interfering.
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of ANRIL in ECs, we hypothesized that genetically, the 
ANRIL locus may interact with the TMEM106B locus 
in exerting an epistasis effect on CAD. To test this hy-
pothesis, we selected genetic variant rs2383207 in the 
ANRIL locus for the analysis, which is a tag single nu-
cleotide polymorphism for the ≈60 kb CAD haplotype at 
9p21 (Figure 9B). For the TMEM106B locus, we selected 
variant rs3807865 (Figure 9A), which shows a significant 
and strong eQTL (Expression Quantitative Trait Locus) 
for TMEM106B and is located in a strong H3K27Ac and 
DNase cluster site. Analysis of the genotyping data for 
I20-I25 Ischemic heart diseases in UK Biobank using 
a logistic regression model detected a significant epi-
static interaction between the 2 variants when both are 
in the homozygous state (odds ratio=1.16, P=0.0087) 

(Figure 9C). These results suggest that the ANRIL locus 
and the TMEM106B locus genetically interact with each 
other, which is consistent with the finding of functional 
interaction between the 2 genes.

Validation of the Forward Genetic 
Approach in Identification of the Second 
Pair of Gene-Gene Interaction Between 
ADTRP and MIA3 Loci for CAD
All data above suggest that we have developed a novel 
forward genetic approach that is effective in identify-
ing epistasis involved in common human diseases. It 
consists of multiple steps that combine statistical and 
functional approaches to functionally characterize 

Figure  9.  Genetic evidence for epistasis involving the ANRIL and 
TMEM106B GWAS (genome-wide association studies) loci for coronary 
artery disease (CAD).
A, Regional association plot of TMEM106B from a meta-analysis of 2 large 
CAD GWAS data sets. The recombination rate as plotted in centi-morgan 
(cM)/Mb (a million base pair) and genetic association as plotted in the 
scale of -log10 are shown. Color of the individual dot indicates the linkage 
disequilibrium between the lead single nucleotide polymorphism (purple 
dot) and other single nucleotide polymorphisms. The displayed linkage 
disequilibrium data and recombination rates are based on the European 
population in the 1000 Genome database. B, Regional association plot of 
ANRIL from a meta-analysis of 2 large CAD GWAS data sets. C, Significant 
genetic interaction between ANRIL variant rs2383207 and TMEM106B variant 
rs3807865 in 343 145 unrelated samples in UK Biobank. Genetic interactions 
between 2 genes were assessed using a logistic regression model, in which 2 
main effects of each gene and 4 interactions between genes were modeled. 
The non-risk homozygote was set as the reference for each gene. Statistical 
analysis was performed as described in Methods section. OR indicates 
odds ratio; P, P value from the logistic regression model with adjustment of 
covariates.
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GWAS variants. As proof of principle, we combined 
information from global gene expression profiling, 
functional interactions, and genetic interactions to 
robustly identify the gene-gene interaction between 
the ANRIL locus and the TMEM106B locus involved 
in CAD. To generalize the multi-stage forward genetic 
approach, we characterize 2 other GWAS loci for CAD, 
the ADTRP locus12,13 on chromosome 6p24.1 and the 
MIA3 locus14,15 on 1q41, both of which were identi-
fied also by GWAS for CAD. We previously reported 
the functional interaction between ADTRP and MIA3 
(also referred to as TANGO1).26 ADTRP is involved in 
endothelial cell proliferation, migration, cell cycle and 
apoptosis regulation, primitive myelopoiesis, definitive 
hematopoiesis, and vascular development.25,31,32 MIA3 
is involved in the transport of large cargos such as col-
lagen into membrane-bound carriers and export from 
the endoplasmic reticulum.33 Our global gene expres-
sion microarray analysis with knockdown of ADTRP 
expression identified MIA3 as one of the downstream 
genes. Mechanistic studies revealed that ADTRP posi-
tively regulates expression of MIA3 by upregulating 
PIK3R3 and activating AKT.26 Knockdown of ADTRP 
expression significantly increased oxidized low-density 
lipoprotein-mediated monocyte adhesion to endothelial 

cells and transendothelial migration of monocytes, 
however, the effects were reversed by overexpres-
sion of MIA3 overexpression.26 Moreover, we found 
that MIA3 negatively regulates the expression level of 
ADTRP in both HepG2 cells (Figure 10A through 10D) 
and EA.hy926 endothelial cells (Figure 10E and 10F). 
Therefore, functional regulatory interaction between 
ADTRP and MIA3 was identified. Because the large 
data set at UK Biobank recently becomes available, 
we tested the genetic interaction between the 2 genes 
using 2 genomic variants showing the most significant 
association with CAD, rs6903956 in ADTRP12 and 
rs17465637 in MIA315 (Figure 11A and 11B). Interestingly, 
we observed a significant epistatic interaction between 
rs6903956 in ADTRP and rs17465637 in MIA3 (odds 
ratio=0.80, P=0.005) (Figure 11C).

DISCUSSION
One interesting finding from this study is that molecular 
characterization of one susceptibility gene for CAD from 
GWAS (ie, ANRIL) leads to the genetic identification 
of another CAD susceptibility gene (ie, TMEM106B). 
Most GWAS for common human diseases are almost 
exhausted in identifying additional new susceptibility 

Figure 9.  Continued
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genes with ever increasing sample sizes of close to 
a million study subjects. It will be difficult to further in-
crease the sample size to find new susceptibility variant 
or loci. The combination of functional characterization 
of existing susceptibility genes for downstream genes 
and follow-up genetic association analysis, as demon-
strated in this study, may be a viable strategy to identify 
some new susceptibility genes in the future.

Among the 2 genes upregulated by knockdown 
of ANRIL expression (TMEM100 and TMEM106B), it 
was surprising that knockdown of TMEM100 did not 
impact the effects of ANRIL knockdown on mono-
cyte adhesion to EA.hy926 cells and HCAECs or 
transendothelial migration of monocytes (Figure 4). 
Consistent with the finding, we did not find sig-
nificant genetic association between TMEM100 

Figure 10.  MIA3 negatively regulates the expression level of ADTRP.
A, Real-time RT-PCR analysis showing that MIA3 small interfering (si)RNA significantly reduces 
its expression. B, Real-time RT-PCR analysis showing that MIA3 siRNA significantly increases the 
expression of ADTRP mRNA. C, Western blot analysis showing that MIA3 siRNA significantly increases 
the expression of the ADTRP protein in HepG2 cells. D, Quantification of Western blot images in (C) 
and statistical analysis showing that MIA3 siRNA significantly increases the expression of the ADTRP 
protein in HepG2 cells. E, Western blot analysis showing that MIA3 siRNA significantly increases the 
expression of the ADTRP protein in EA.hy926 ECs. F, Quantification of Western blot images in E and 
statistical analysis showing that MIA3 siRNA significantly increases the expression of the ADTRP protein 
in EA.hy926 ECs. α-Tubulin was used as loading control for Western blot analysis. n=3 samples/group 
from 3 independent experiments. Statistical analysis was performed using unpaired, 2-tailed Student t 
tests. Si indicates small interfering.
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variants and CAD (Figure 9) or deregulation in CAD 
contrary arteries as compared with control arteries 
(Figure  8). TMEM100 was found to be an upregu-
lated gene by BMP9 (Bone Morphogenic Protein 9) 
and BMP10 (Bone Morphogenic Protein 10) through 
their ALK1 receptor, all of which regulate embry-
onic vascular development.6 Global knockout or 
EC-specific knockout mice for TMEM100 showed 
abnormal differentiation of arterial endothelium and 
defects of vascular morphogenesis during embryo-
genesis6 and defective maintenance of vascular 
integrity and various vascular abnormalities during 
the adult stage.8 Despite these interesting roles of 
TMEM100 in endothelial differentiation and vascu-
lar development, it showed only a modest effect 
on monocyte adhesion to ECs, and no effect on 

transendothelial migration of monocytes or ANRIL 
functions in endothelial cells (Figure 4).

In contrast to TMEM100, we found that 
TMEM106B was required for the functional effects 
of ANRIL knockdown because the increased mono-
cyte adhesion to EA.hy926 cells and HCAECs or 
transendothelial migration of monocytes induced by 
ANRIL knockdown disappeared when TMEM106B 
expression was also knocked down (Figure  4). We 
also showed that the expression level of TMEM106B 
was significantly higher by 2-fold in coronary arteries 
from CAD patients than from age-matched controls 
(Figure 7B). TMEM106B was shown to play a role of 
regulating lysosomal morphology, size, trafficking, 
and function.9–11,34 Knockout of TMEM106B in mice 
caused reduction of several lysosomal enzymes.34 

Figure  11.  Genetic evidence for epistasis involving the ADTRP and 
MIA3 GWAS (genome-wide association studies) loci for coronary artery 
disease (CAD).
A, Regional association plot of ADTRP from a meta-analysis of 2 large CAD 
GWAS data sets. B, Regional association plot of MIA3 from a meta-analysis 
of 2 large CAD GWAS data sets. The recombination rate as plotted in cM/
Mb and genetic association as plotted in the scale of −log10 are shown. 
Color of the individual dot indicates the linkage disequilibrium between the 
lead single nucleotide polymorphism (purple dot) and other single nucleotide 
polymorphisms. The displayed linkage disequilibrium data and recombination 
rates are based on the European population in the 1000 Genome database. C, 
Significant genetic interaction between ADTRP variant rs6903956 and MIA3 
variant rs17465637 in 343  145 unrelated samples in UK Biobank. Genetic 
interactions between 2 genes were assessed using a logistic regression 
model, in which 2 main effects of each gene and 4 interactions between genes 
were modeled. The non-risk homozygote was set as the reference for each 
gene. Statistical analysis was performed as described in Methods section. 
OR indicates odds ratio; P, P value from the logistic regression model with 
adjustment of covariates.
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Overexpression of TMEM106B was shown to in-
duce enlargement of lysosomes and a reduction 
in lysosome numbers, and caused a defect in the 
later stages of late endosome/lysosome fusion or 
lysosomal degradation.11 Enlarged lysosomes may 
trap more cholesterol inside lysosomes, and lyso-
somal cholesterol accumulation was hypothesized 
to be involved in the development of inflammation 
during atherosclerosis.35 In macrophages, lipids 
were mostly deposited in lysosomal organelles, and 
free cholesterol efflux from lysosomes was inhib-
ited by CD38 knockout, which leads to lysosomal 
cholesterol accumulation in macrophages and de-
velopment of atherosclerosis in mice.36 Moreover, 
macrophages isolated from atherosclerotic plaques 
showed dysfunction of lysosomes, and increased 
lysosome biogenesis in macrophages had an anti-
atherogenic effect.37,38 It should be interesting to in-
vestigate whether the ANRIL-TMEM106B regulatory 

network plays a role in free cholesterol efflux from 
lysosomes in macrophages in the future. Similarly, it 
should be interesting to characterize whether lyso-
some dysfunction plays a role in endothelial function 
such as monocyte adhesion to ECs and transendo-
thelial migration of monocytes and to define the un-
derlying molecular mechanism. Enlarged lysosomes 
may trap more cholesterol and lipids and cause in-
flammation, which may promote monocyte adhesion 
to ECs and transendothelial migration of monocytes.

The molecular mechanism by which ANRIL regulates 
the expression of TMEM106B and other downstream 
target genes in endothelial cells is not clear. ANRIL was 
reported to interact with the components of PRC1/2 
such as EZH2, SUZ12, and CBX7 to facilitate the recruit-
ment of the chromatin-modifying complex to promoter/
regulatory regions, which can then regulate expression 
of adjacent genes.39–42 ANRIL was also found to act as 
a sponge for some microRNAs in regulating expression 

Figure 11.  Continued
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of downstream genes in nasopharyngeal carcinoma 
(let-7a),43 lipopolysaccharide-induced inflammatory injury 
of HK-2 cells (miR-9),44 hypoxia-induced injury in H9C2 
cells (miR-7-5p/SIRT1),45 oxygen and glucose deprivation-
induced injury in PC-12 cells (miR-127/Mcl-1),46 lipopoly-
saccharides- and pyrrolidine dithiocarbamate-treated 
endothelial cells (miR-181b/NF-κB),47 cell senescence 
of vascular smooth muscle cells (miR-181a/Sirt1),48 and 
wound healing in diabetes mellitus (miR-181a/Prox1).49 
One or more of these molecular regulatory mechanisms 
may be used by ANRIL to regulate the expression of 
TMEM106B and other downstream target genes in en-
dothelial cells, although we cannot exclude the possibility 
of other novel mechanisms. Future studies will focus on 
identification of molecular mechanisms by which ANRIL 
regulates TMEM106B and other genes involved in the 
pathogenesis of CAD.

Although GWAS have identified >150 genomic 
loci associated with CAD and MI,3 identification of 
the causal gene(s) under each locus and functional 
characterization of causal genes are challenging. The 
data from this study further confirm the notion from us 
and others that ANRIL is the causal gene for CAD at 
the 9p21.3 locus.4,5 Moreover, our data suggest that 
TMEM106B is the causal gene at the 7q21.11 CAD 
locus (Figure 9A).

Epistasis has been poorly characterized in human 
diseases because even the largest databases for CAD 
such as UK Biobank and CADRDIoGRAMplusC4D 
may not have a sufficient power for a successful 
genome-wide gene-gene interaction study to sat-
isfy the genome-wide significance. This is because 
of 2 major limitations. First, the number of tests for 
genome-wide gene-gene interaction studies will be 
exponential as compared with GWAS and poses an 
enormous challenge for correction for multiple test-
ing. Second, the frequencies of rare genotypes may 
be too low to do reliable testing for gene-gene interac-
tions, particularly for genomic variants with moderate 
or low minor allele frequencies. Out study provides a 
potential strategy for detecting epistasis for human 
diseases despite the fact that it has low through-
put and is labor intensive. The strategy consists of 
several key steps: (1) selection of a GWAS variant or 
locus, (2) identification of a candidate causal gene 
based on bioinformatic analysis and existing genetic 
and biological data and functional validation, (3) 
identification of downstream genes for the candidate 
causal gene by expression microarrays or RNAseq, 
(4) functional rescue studies between the candidate 
causal gene and each downstream gene to identify 
the gene pairs showing functional interaction, and (5) 
genetic association between the gene pairs showing 
functional interaction. Identification of epistasis pro-
vides significant insights into the genetic architec-
ture of common human diseases, and could have a 

far-reaching impact on recent advances on explora-
tion of polygenic risk scores, which are emerging as 
potentially powerful biomarkers to predict the risk to 
develop different human diseases.

Detailed analysis suggests that the type of gene-
gene interaction between ANRIL and TMEM106B be-
longs to “negative epistasis”,50 whereas the epistatic 
interaction between ADTRP and MIA3 belongs to “sign 
epistasis”.51 The 2 different types of epistasis may re-
sult from distinctly different gene regulatory patterns 
underlying each pair of GWAS genes. In the first case 
of ANRIL-TMEM106B interaction, ANRIL negatively 
regulates the expression of TMEM106B, whereas 
TMEM106B did not have any effect on the expres-
sion of ANRIL (Figure 1A through 1F). Since the effect 
of TMEM106B on CAD is masked by or depends on 
ANRIL, the 2 genes together result in a reduced dis-
ease risk because of negative epistasis. In the case 
of ADTRP-MIA3 interaction, ADTRP positively regu-
lates the expression of MIA3,26 however, we showed 
here that MIA3 negatively regulated the expression of 
ADTRP (Figure 10). Our previous studies showed that 
the risk allele of ADTRP was correlated with the de-
creased ADTRP expression level,12 which could lead 
to downregulation of MIA3 and abnormal EC func-
tions associated with CAD.26 However, the effect of 
the ADTRP risk allele (or downregulation of ADTRP) on 
CAD may be weakened or reversed by downregula-
tion of MIA3, which could upregulate the expression 
of ADTRP. Thus, the observed sign epistasis between 
ADTRP and MIA3 may arise from the bidirectional neg-
ative feedback gene regulation. Identification of differ-
ent types of epistasis, for example, negative epistasis 
and sign epistasis as shown here, among different 
GWAS genes is critical to a better understanding of 
polygenic contribution in CAD and other complex dis-
eases. More importantly, as studies on polygenic risk 
scores for disease risk stratification and prognosis be-
come popular these days, a careful consideration of 
epistasis is needed because different types of epista-
sis can have an important effect of either increasing or 
decreasing polygenic risk scores.

This study has a limitation. Our gene-gene interaction 
analysis did not include other clinical covariates such 
as body weight or body mass index, blood pressure, 
lipids, hypertension, diabetes mellitus, and other risk 
factors because inclusion of additional clinical covari-
ates will exclude too many subjects without such data, 
which will significantly reduce the discovering power of 
gene-gene interaction analysis. It is also likely that ad-
justing for covariates may reduce the significance of the 
current results.

In summary, the data in this study demonstrate the 
effectiveness of an interesting strategy to detect epis-
tasis involved in phenotypic determination of human 
diseases. Our data further support the hypothesis that 
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ANRIL is the causal gene for CAD at the 9p21.3 locus, 
and TMEM106B is the causal gene at the 7q21.11 CAD 
locus. Mechanistically, TMEM106B regulates endothe-
lial functions and atherosclerosis in connection with long 
non-coding RNA ANRIL. Knockdown of TMEM106B 
fully rescued ANRIL knockdown phenotypes in en-
dothelial cells involved in atherosclerosis, whereas 
overexpression of TMEM106B fully rescued ANRIL 
overexpression phenotypes. Moreover, TMEM106B is 
upregulated in CAD coronary arteries. Our study also 
identified 2 pairs of novel gene-gene interactions (epis-
tasis) involved in CAD, a pair involving the ANRIL locus 
and the TMEM106B locus and the other pair involving 
the ADTRP locus and the MIA3 locus. Identification of 
epistasis is paramount to our understanding of the ge-
netic architecture of a human disease, and may have an 
important implication on future precision diagnosis and 
risk stratification of common human diseases based on 
polygenic risk scores and other methods.
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