
BioMed Research International

Recent Advances in Understanding 
the Role of Genomic and 
Epigenomic Factors in 
Noncommunicable Diseases

Lead Guest Editor: Hossain U. Shekhar
Guest Editors: Sajib Chakraborty, Md. Kaiissar Mannoor, and Altaf H. Sarker



Recent Advances in Understanding the Role
of Genomic and Epigenomic Factors
in Noncommunicable Diseases



BioMed Research International

Recent Advances in Understanding the Role
of Genomic and Epigenomic Factors
in Noncommunicable Diseases

Lead Guest Editor: Hossain U. Shekhar
Guest Editors: Sajib Chakraborty, Md. Kaiissar Mannoor,
and Altaf H. Sarker



Copyright © 2019 Hindawi. All rights reserved.

This is a special issue published in “BioMed Research International.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Contents

Recent Advances in Understanding the Role of Genomic and Epigenomic Factors in Noncommunicable
Diseases
Hossain U. Shekhar , Sajib Chakraborty , Kaiissar Mannoor , and Altaf H. Sarker
Editorial (2 pages), Article ID 1649873, Volume 2019 (2019)

Mutation Spectrum in TPOGene of Bangladeshi Patients withThyroid Dyshormonogenesis and
Analysis of the Effects of Different Mutations on the Structural Features and Functions of TPO Protein
through In Silico Approach
Mst. Noorjahan Begum , Md Tarikul Islam , Shekh Rezwan Hossain, Golam Sarower Bhuyan ,
Mohammad A. Halim , Imrul Shahriar , Suprovath Kumar Sarker , Shahinur Haque,
Tasnia Kawsar Konika, Md. Sazzadul Islam, Asifuzzaman Rahat , Syeda Kashfi Qadri, Rosy Sultana ,
Suraiya Begum, Sadia Sultana, Narayan Saha, Mizanul Hasan, M. A. Hasanat, Hurjahan Banu,
Hossain Uddin Shekhar , Emran Kabir Chowdhury, Abu A. Sajib , Abul B. M. M. K. Islam ,
Syed Saleheen Qadri, Firdausi Qadri, Sharif Akhteruzzaman, and Kaiissar Mannoor
Research Article (18 pages), Article ID 9218903, Volume 2019 (2019)

AMetabolomic Study on the Intervention of Traditional Chinese Medicine Qushi Huayu Decoction on
Rat Model of Fatty Liver Induced by High-Fat Diet
Xiao-jun Gou , Shanshan Gao, Liang Chen, Qin Feng , and Yi-yang Hu
Research Article (14 pages), Article ID 5920485, Volume 2019 (2019)

Evaluation of Pathological Association between Stroke-Related QTL and Salt-Induced Renal Injury in
Stroke-Prone Spontaneously Hypertensive Rat
Mohammad Farhadur Reza, Davis Ngarashi, Masamichi Koike, Masaki Misumi, Hiroki Ohara ,
and Toru Nabika
Research Article (7 pages), Article ID 5049746, Volume 2019 (2019)

Unveiling the Role of DNAMethylation in Kidney Transplantation: Novel Perspectives toward
Biomarker Identification
Antonella Agodi , Martina Barchitta , Andrea Maugeri , Guido Basile, Matilde Zamboni,
Giulia Bernardini, Daniela Corona, and Massimiliano Veroux
Review Article (8 pages), Article ID 1602539, Volume 2019 (2019)

Age-Specific Cut-off Values of Amino Acids and Acylcarnitines for Diagnosis of Inborn Errors of
Metabolism Using Liquid Chromatography TandemMass Spectrometry
Suprovath Kumar Sarker , Md Tarikul Islam , Aparna Biswas , Golam Sarower Bhuyan ,
Rosy Sultana , Nusrat Sultana, Shagoofa Rakhshanda , Mst. Noorjahan Begum ,
Asifuzzaman Rahat , Sharmina Yeasmin , Mowshori Khanam, Asim Kumar Saha,
Farjana Akther Noor , Abu A. Sajib , Abul B. M. M. K. Islam , Syeda Kashfi Qadri,
Mohammod Shahidullah, Mohammad Abdul Mannan, A. K. M. Muraduzzaman, Tahmina Shirin,
Sheikh Maksudur Rahman, Syed Saleheen Qadri, Narayan Saha, Sharif Akhteruzzaman, Firdausi Qadri,
and Kaiissar Mannoor
Research Article (11 pages), Article ID 3460902, Volume 2019 (2019)

http://orcid.org/0000-0002-5947-330X
http://orcid.org/0000-0002-8900-503X
http://orcid.org/0000-0002-2394-0447
http://orcid.org/0000-0001-7975-9383
http://orcid.org/0000-0003-2822-245X
http://orcid.org/0000-0003-0472-0040
http://orcid.org/0000-0002-1698-7044
http://orcid.org/0000-0002-1140-6300
http://orcid.org/0000-0002-1647-8776
http://orcid.org/0000-0001-5271-7853
http://orcid.org/0000-0003-2499-1825
http://orcid.org/0000-0002-5947-330X
http://orcid.org/0000-0003-1710-9865
http://orcid.org/0000-0002-7274-0855
http://orcid.org/0000-0002-2394-0447
http://orcid.org/0000-0001-6815-3431
http://orcid.org/0000-0002-4641-1636
http://orcid.org/0000-0001-9127-7002
http://orcid.org/0000-0002-9680-207X
http://orcid.org/0000-0003-1400-9009
http://orcid.org/0000-0002-4405-8162
http://orcid.org/0000-0002-0905-5003
http://orcid.org/0000-0003-2655-8574
http://orcid.org/0000-0002-2780-6421
http://orcid.org/0000-0002-1647-8776
http://orcid.org/0000-0003-2822-245X
http://orcid.org/0000-0002-1986-9377
http://orcid.org/0000-0003-0472-0040
http://orcid.org/0000-0003-2499-1825
http://orcid.org/0000-0001-9172-7042
http://orcid.org/0000-0001-7975-9383
http://orcid.org/0000-0001-5271-7853
http://orcid.org/0000-0003-0950-7791
http://orcid.org/0000-0002-6725-4991
http://orcid.org/0000-0003-1710-9865
http://orcid.org/0000-0002-7274-0855
http://orcid.org/0000-0002-2394-0447


RNF213 Variant Diversity Predisposes Distinct Populations to Dissimilar Cerebrovascular Diseases
Jing Lin and Wenli Sheng
Review Article (7 pages), Article ID 6359174, Volume 2018 (2019)

Cutaneous Malignancy due to Arsenicosis in Bangladesh: 12-Year Study in Tertiary Level Hospital
Md. Iqbal Mahmud Choudhury , Nilufar Shabnam, Tazin Ahsan, S. M. Abu Ahsan, Md. Saiful Kabir,
Rashed Md. Khan, Md. Abdal Miah, Mohd. Kamal Uddin, and Md. Aminur Rashid Liton
Research Article (9 pages), Article ID 4678362, Volume 2018 (2019)

Effect of Comorbidity on Lung Cancer Diagnosis Timing andMortality: A Nationwide
Population-Based Cohort Study in Taiwan
Shinechimeg Dima, Kun-Huang Chen, Kung-Jeng Wang, Kung-Min Wang, and Nai-Chia Teng
Research Article (9 pages), Article ID 1252897, Volume 2018 (2019)

Onco-Multi-OMICS Approach: A New Frontier in Cancer Research
Sajib Chakraborty , Md. Ismail Hosen , Musaddeque Ahmed, and Hossain Uddin Shekhar
Review Article (14 pages), Article ID 9836256, Volume 2018 (2019)

Complement System and Age-Related Macular Degeneration: Implications of Gene-Environment
Interaction for Preventive and Personalized Medicine
Andrea Maugeri , Martina Barchitta , Maria Grazia Mazzone, Francesco Giuliano,
and Antonella Agodi
Review Article (13 pages), Article ID 7532507, Volume 2018 (2019)

Polymorphisms of TNF-𝛼 -308 G/A and IL-8 -251 T/A Genes Associated with Urothelial Carcinoma: A
Case-Control Study
Chia-Chang Wu, Yung-Kai Huang , Chao-Yuan Huang, Horng-Sheng Shiue, Yeong-Shiau Pu,
Chien-Tien Su , Ying-Chin Lin, and Yu-Mei Hsueh
Research Article (8 pages), Article ID 3148137, Volume 2018 (2019)

http://orcid.org/0000-0001-6867-371X
http://orcid.org/0000-0001-8952-3032
http://orcid.org/0000-0003-0361-7404
http://orcid.org/0000-0002-8900-503X
http://orcid.org/0000-0003-0862-7206
http://orcid.org/0000-0002-5947-330X
http://orcid.org/0000-0003-2655-8574
http://orcid.org/0000-0002-0905-5003
http://orcid.org/0000-0002-4405-8162
http://orcid.org/0000-0002-4467-0300
http://orcid.org/0000-0001-9060-709X
http://orcid.org/0000-0001-6113-9936


Editorial
Recent Advances in Understanding the Role of Genomic and
Epigenomic Factors in Noncommunicable Diseases

Hossain U. Shekhar ,1 Sajib Chakraborty ,1 Kaiissar Mannoor ,2 and Altaf H. Sarker3

1Department of Biochemistry and Molecular Biology, University of Dhaka, Bangladesh
2Genetics and Genomics Laboratory Institute for Developing Science and Health Initiatives, Bangladesh
3Lawrence Berkeley Lab, USA

Correspondence should be addressed to Sajib Chakraborty; sajib@du.ac.bd

Received 27 January 2019; Accepted 21 February 2019; Published 8 April 2019

Copyright © 2019 Hossain U. Shekhar et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The NGS based whole genome and exome sequencing
endeavors have identified a plethora of mutations in the cod-
ing regions of the human genome that are held responsible
as the causative factors for various human noncommunica-
ble diseases including cancer. These mutations encompass
various nonsynonymous nucleotide substitutions causing
missense, nonsense, and frameshift changes in the protein-
coding genes. For these types of mutations it is easier to
establish a causal link between these mutations and disease
phenotypes as they tend to change the amino acids in
the proteins resulting in their loss-of-function (of tumor
suppressor genes) or gain-of-function (of oncogenes) which
might be directly responsible for the disease such as cancer.
Apart from these disease-causing mutations, vast major-
ity (more than 80%) of single-nucleotide polymorphisms
were distributed throughout the human genome, mostly
in the noncoding regions such as introns and intergenic
regions [1]. Large body of evidence suggested that variants
in the noncoding regions can be considered as genetic
predisposition tomanynoncommunicable diseases including
cancer [2]. For instance, genome-wide association studies
(GWAS) have provided statistical evidence that numerous
single-nucleotide variants/polymorphisms (SNVs/SNPs) in
the noncoding regions are associated with increased risk of
complex diseases [3]. The direct causal relationship between
allelic variants originating from SNPs and disease phenotype
becomes obscure when the variation occurs in noncoding
regions. Initially it was suggested that the risk variants

identified by GWAS may possibly be physically associated
with a neighboring protein-coding gene that is the true
causative variant. However another plausible explanation
is that genetic variations residing in the functional but
noncoding regions may have an impact on nearby genes.
Recent GWAS studies have revealed that the SNPs that are
associated with diseases are preferentially concentrated in the
noncoding but functional genomic regions such as enhancer
elements, DNase hypersensitivity regions, and epigenetically
important chromatin marks [4]. A recent study highlighted
the importance of the SNPs in the noncoding regions of
human genome and their functional consequences in terms
of genetic propensity to cancer.This seminal study conducted
by Hua et al. sought to uncover the underlying mechanism
of prostate cancer risk-associated SNP (rs11672691) in the
promoter region of a long noncoding RNA (LncRNA) [5].
SNP-rs11672691 resides in the promoter region of the short
isoform of the lncRNA-PCAT19 (PACT19-short). This short
form of the lncRNA is encoded by the third intron of the long
isoform of lncRNA-PCAT19 (PACT19-long) gene. The allelic
risk-variant due to SNP-rs11672691 is typically associatedwith
reduced and elevated expression of short and long isoforms,
respectively. The region harboring the risk-SNP has both
promoter and enhancers capability and thereby considered
as bifunctional. The SNP-rs11672691 in this region hinders
the physical interaction of the transcription factor NKX3.1
and YY1 to the promoter of PCAT19-short leading to the
diminished promoter activity without losing its functional
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capacity as enhancer for PCAT19-long. As a consequence
the decreased and increased expression of PCAT19-short and
PCAT19-long, respectively, occur in the individuals who are
at risk of prostate cancer since PCAT19-long in concert with
other genes transcriptionally induces certain cell cycle genes
which in turn increase the risk of prostate cancer [5]. This
study not only highlights the importance of the SNPs in
the noncoding regions but also mechanistically shows how a
single SNP can control the expression levels of two functional
isoforms of lncRNAs.

This special issue underscored the roles of many genetic
factors in the predisposition of variety of diseases including
cancer, stroke, and cerebrovascular diseases and highlighted
the influence of epigenetic modifications in kidney trans-
plantation. For instance, C.-C. Wu et al. determined the
genetic predisposition of urothelial carcinoma due to SNPs
of inflammation associated genes, TNF-𝛼 and IL-8. Following
the similar argument, in a review paper J. Lin and W. Sheng
summarized the association of NF213 variant diversity with
cerebrovascular diseases. Following the same line, Mst. N.
Begumet al. revealed how the substitutions mutations (SNPs)
in thyroid peroxidase (TPO) gene contribute to the thyroid
dyshormonogenesis (TDH) in Bangladeshi patients. Apart
from the uncovering the variations in genetic level, A. Agodi
et al. emphasized the clinical potential of epigeneticmodifica-
tion in the form of DNA methylation in chronic kidney dis-
ease (CKD) and complications after kidney transplantation.
In this review article the authors hypothesized that identify-
ing DNA-methylation status in patients undergoing kidney
transplantation has the potential to develop key strategies to
prevent as well as treat the complications that typically arise
from kidney transplantation procedure. In this special issue
two of the published studies conducted by S. K. Sarker et al.
andX. Gou et al. employedmetabolomicsmethods to identify
markers for inborn errors of metabolisms (IEMs) and drug-
mechanism, respectively. Apart from these studiesM. F. Reza
et al. identified that a QTL region residing on chromosome
18 may play a role in modulating the response towards salt-
induced renal injury in a blood pressure independent mech-
anism. S. Dima et al. conducted an epidemiological study
to those lung cancer patients with preexisting comorbidity
although it may result in the early diagnosis of lung cancer;
adverse consequences of comorbiditymay present a challenge
in the treatment of older cancer patients. M. I. M. Choudhury
et al. performed a similar epidemiological study to identify
the incidence rate of cutaneous malignancy in Bangladesh. In
a comprehensive review article, A. Maugeri et al. presented a
detailed summary regarding the role of complement system
and its genetic variants in “age-related macular degeneration
(AMD)”, emphasizing the modulatory role of the inter-
plays between genetic and environmental factors and their
consequences on AMD onset, progression, and therapeutic
response. In a comprehensive review, S. Chakraborty et al.
argued in favor of multi-OMICS approaches instead of single
OMICS study for cancer research. In the article the authors
highlighted several examples where multi-OMICS studies
were used to dissect the cellular response to chemo- or
immunotherapy as well as discover molecular candidates for
cancer. In summary the authors focused on the application

of different multi-OMICS approaches in the field of cancer
research and discussed how these approaches are shaping the
field of personalized oncomedicine.

In light of the published articles in this special issue, it can
be safely assumed that genetic variants as well as epigenetic
factors should be investigated in-depth to understand their
biological functions in human noncommunicable diseases.
Study of the factors in both genomic and epigenomic levels
may facilitate the discovery of biomarkers to assess the risk,
diagnosis, and prognosis of noncommunicable diseases.
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Although thyroid dyshormonogenesis (TDH) accounts for 10-20% of congenital hypothyroidism (CH), the molecular etiology
of TDH is unknown in Bangladesh. Thyroid peroxidase (TPO) is most frequently associated with TDH and the present study
investigated the spectrumof TPOmutations in Bangladeshi patients and analyzed the effects ofmutations on TPOprotein structure
through in silico approach. Sequencing-based analysis of TPO gene revealed four mutations in 36 diagnosed patients with TDH
including three nonsynonymous mutations, namely, p.Ala373Ser, p.Ser398Thr, and p.Thr725Pro, and one synonymous mutation
p.Pro715Pro. Homologymodelling-based analysis of predicted structures ofMPO-like domain (TPO142-738) and the full-length TPO
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protein (TPO1-933) revealed differences between mutant and wild type structures. Molecular docking studies were performed
between predicted structures and heme. TPO1-933 predicted structure showed more reliable results in terms of interactions
with the heme prosthetic group as the binding energies were -11.5 kcal/mol, -3.2 kcal/mol, -11.5 kcal/mol, and -7.9 kcal/mol
for WT, p.Ala373Ser, p.Ser398Thr, and p.Thr725Pro, respectively, implying that p.Ala373Ser and p.Thr725Pro mutations were
more damaging than p.Ser398Thr. However, for the TPO142-738 predicted structures, the binding energies were -11.9 kcal/mol,
-10.8 kcal/mol, -2.5 kcal/mol, and -5.3 kcal/mol for the wild type protein, mutant proteins with p.Ala373Ser, p.Ser398Thr, and
p.Thr725Pro substitutions, respectively. However, when the interactions between the crucial residues including residues His239,
Arg396, Glu399, and His494 of TPO protein and heme were taken into consideration using both TPO1-933 and TPO142-738 predicted
structures, it appeared that p.Ala373Ser and p.Thr725Pro could affect the interactions more severely than the p.Ser398Thr.
Validation of the molecular docking results was performed by computer simulation in terms of quantum mechanics/molecular
mechanics (QM/MM) and molecular dynamics (MD) simulation. In conclusion, the substitutions mutations, namely, p.Ala373Ser,
p.Ser398Thr, and p.Thr725Pro, had been involved in Bangladeshi patients with TDH and molecular docking-based study revealed
that these mutations had damaging effect on the TPO protein activity.

1. Introduction

Congenital hypothyroidism (CH) is defined as insufficient
production of thyroid hormone at birth [1]. The global
frequency of CH is 1 in 3000-4000 whereas a pilot study in
Bangladesh reported an incidence rate of 1 in 1300 [2, 3].Thy-
roid dyshormonogenesis (TDH) which results due to defect
in the pathway of thyroid hormone biosynthesis accounts
for 10 to 20% cases of CH [4]. Till now, mutations in seven
genes, namely, NIS (sodium iodine symporter, SLC5A5),
PDS (Pendrin or SLC26A4), TPO (thyroid peroxidase), TG
(thyroglobulin), IYD (iodotyrosine deiodinase, DEHAL1),
DUOX2, andDUOXA2 (dual oxidase), have been reported to
be involved in pathogenesis of TDH [5]. However, mutations
in TPO gene which may result in total iodide organification
defect (TIOD) or partial iodide organification defect (PIOD)
have been described as themost common forms of TDH, and
to date more than 60 different mutations have been described
[6, 7].

TPO is the major enzyme in thyroid hormone biosynthe-
sis and it catalyzes both iodination and coupling of iodoty-
rosine residues in TG (thyroglobulin). It is a glycosylated
hemeprotein of 110 kDa bound at the apical membrane of
thyrocytes [8]. The single gene encoding TPO is located
on chromosome 2p25 containing 17 exons and it spans at
least 150 kb [9]. It is a homodimer protein (each monomer
consists of 933 amino acid residues) and contains a per-
oxidase domain, three additional extracellular domains, a
transmembrane helix, and a short C-terminal intracellular
tail [10]. Although a low-resolution crystal structure of TPO
has been reported, its high resolution structure remains to be
determined [11, 12]. The closest known homologues of TPO
are lactoperoxidase (LPO), myeloperoxidase (MPO), and
eosinophil peroxidase (EPO)with a sequence identity of 48%,
47%, and 47%, respectively. X-ray crystallographic structures
have been determined for MPO and LPO [13, 14], providing
a platform for investigating the structural basis of TPO.
Nevertheless, Sarah et al. investigated plausiblemodes of TPO
structure and dimer organization through in silico approach
[15]. However, how certain mutations affect the TPO protein
structure and its enzyme activity is still unknown.

Investigation of mutational spectrum is paramount for
genetic disorder study as it gives insight into the disease
pathogenicity as well as severity. Screening and identification
of mutational spectrum in the TPO gene of patients with

TIOD and PIOD have been reported in different countries of
the world like Argentina, Netherlands, Japan, Portugal, and
China [6, 16–19]. In addition, changes in the TPO enzyme
were assayed in vitro to compare mutant and wild type activi-
ties by several study groups and demonstrated mild to severe
TPO enzyme inactivity for some mutations [20, 21]. Though
the prevalence of CH is more than twice the global incidence
rate in Bangladesh, molecular basis of CH is still unknown in
this country. Moreover, the effects of different mutations in
the TPO gene on enzyme activity have not been investigated.
In this study, we investigated the spectrum of mutations in
TPO gene of patients with TDH and explored the possible
effect of these mutations on the structure of TPO protein
and TPO’s MPO-like domain through in silico approach
such as homology modelling, molecular docking followed
by qunatummechanics/molecularmechanics (QM/MM) and
molecular dynamics (MD) simulation.

2. Methods and Materials

2.1. Study Participants. A total of 36 confirmed cases of
congenital hypothyroid patients with dyshormonogenesis
were enrolled at the clinical care settings of National Institute
of Nuclear Medicine and Allied Sciences (NINMAS) and
department of Endocrinology, Bangabandhu Sheikh Mujib
Medical University (BSMMU), Dhaka, for their follow-up
examinations. Written informed consent was signed by the
parents or guardians of the patients. 3mL of blood was col-
lected in an EDTA tube from each patient. Ethical clearance
was obtained from the ethical committee of BSMMU and
University of Dhaka.

2.2. DNA Isolation and Polymerase Chain Reaction (PCR)
Amplification. Genomic DNA was isolated from the EDTA
blood by using aQiagenDNAeasymini kit.The isolatedDNA
was then amplified by PCR using TPO gene specific primers
that together covered from Exon 8 to Exon 14, since global
data showed that most of the commonmutations in the TPO
gene of the patients with congenital hypothyroidism were
confined in this region. The primer sequences are listed in
Table 1.

To amplify the desired target sequence of TPO gene,
PCR amplification was conducted on a thermal cycler (Bio-
Rad, USA). The final reaction volume was 10 𝜇l for each of
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Table 1: List of primers for PCR amplification and Sanger sequencing of TPO gene.

Primer Name Sequence (5-3) Product size (base pair)
TPO Ex8F TCCAGAGTCTTACAAAGGGTGC 679
TPO Ex8R GTACCTGGGAGAGAGAAGCCAC
TPO Ex9F GAGGTGCTGTCTCTTGCCACTG 568
TPO Ex9R GGAAGAGTTCATGGGGACCAGC
TPO Ex10F TAGAACTGAGCCAAGAGCTGTC 292
TPO Ex10R CTAGCAGCAGGTTGCTAGCTCG
TPO Ex11F GACCATGGCATGAGTGAGATGG 363
TPO Ex11R CTGCCTCTGTGCAGAACGTG
TPO Ex12F GGTTCTCCATGCACTGTGACCT 1044
TPO Ex13R GATTCCACGTGCCTGTCCTGAG
TPO Ex14F CCTCATCACCTTTTCGGATGTGC 512
TPO Ex14R CAGACAGCAGGCACACGAAGTG

the reactions which contained 1𝜇L 10X PCR buffer, 0.3 𝜇L
25mM MgCl2, 2 𝜇L 5X Q-solution, 1.6 𝜇L 2.5mM dNTPs
mixture, 0.2 𝜇L 10mM Forward and 0.2 𝜇L Reverse primers,
0.05 𝜇L Taq DNA Polymerase, and 50 ng of genomic DNA,
and total reaction volumewasmade up to 10𝜇L by addition of
nuclease free water. The thermal cycling condition included
(a) initial denaturation at 95∘C for 5 minutes, (b) 35 cycles of
denaturation at 95∘C for 40 seconds annealing at 58∘C for 35
seconds and extension at 72∘C for 40 seconds, and (c) final
extension at 72∘C for 5 minutes.

2.3. Sanger Sequencing of PCR Products. Prior to sequencing,
PCR product was purified using a Qiagen PCR purification
kit (Qiagen) according to manufacturer’s instruction. The
cycle sequencing PCR was then conducted using a BigDye
Chain Terminator version 3.1 Cycle Sequencing Kit (Applied
Biosystems, USA) followingmanufacturer’s instructions.The
thermal cycling profile included (a) initial denaturation at
94∘C for 1 minute, (b) 25 cycles of denaturation at 94∘C for
10 seconds, annealing at 58∘C for 5 seconds and extension
at 60∘C for 4 minutes, and (c) final extension at 60∘C for
10 minutes. Following completion of cycle sequencing PCR,
purification of the product was performed using a BigDye
XTerminator� Purification Kit (Applied Biosystems). Finally,
sequencing of the purified cycle sequencing product was
performed on the ABI PRISM 310 automated sequencer
(Applied Biosystems, USA).

2.4. Sequencing Data Analysis. Sequencing data were col-
lected using ABI PRISM 310 data collection software ver-
sion 3.1.0 (Applied Biosystems). Collected FASTA format of
sequencing data was used to identify substitution or deletion
mutations in the TPO gene by alignment with the reference
sequence (Accession number; NC 000002.12 retrieved from
the NCBI database) using the basic local alignment search
tool (BLAST). ExPASy translate tool was used to convert
nucleotides sequence into corresponding amino acids.

2.5. Analysis of Effect of Three Nonsynonymous Mutations in
the 3D Structure of TPO Protein

2.5.1. Prediction of 3D Structure through In Silico Approach.
We found 4 mutations including three nonsynonymous

mutations, namely, p.Ala373Ser; p.Ser398Thr and
p.Thr725Pro and a synonymous mutation p.Pro725Pro
in the TPO1-933 gene. One of our primary goals was to
investigate the effect of the nonsynonymous mutations on
the 3D structure of MPO-like domain of the TPO protein.
In addition, we aimed at seeing whether the mutations had
any effects on the heme interactions with specific amino
acid residues. The corresponding positions of the mutations,
including p.Ala373Ser, p.Ser398Thr, and p.Thr725Pro in
the MPO-like domain of TPO142-738 were p.Ala232Ser,
p.Ser257Thr, and p.Thr584Pro, designated as TPO142-738MT1,
TPO142-738MT2, and TPO142-738MT3, respectively. Since the
crystallographic structure of TPO protein was available at
lower resolution, to understand the effect of mutations in
the structure of MPO-like domain of TPO142-738, amino
acid sequences of wild type and mutant proteins containing
different nonsynonymous mutations were submitted to
I-TASSER server in order to obtain the 3D structures
[22–24]. We obtained 1 model for each structure based
on C-score, Template Modelling (TM) score, and Root
Mean Square Deviation (RMSD) score. In addition, we
investigated the effects of the mutations on full-length TPO
protein structure and functions in order to compare with the
results with MPO-like domain to see if any changes were
found. For this purpose, we also predicted the structures
of whole TPO protein (TPO1-933) for the wild type (TPO
WT) and the mutants (TPO MT1, TPO MT2, and TPO
MT3) by using the I-TASSER server and obtained 5 models
for each. From the models, we selected the suitable ones
based on the organization of its various domains such as
myeloperoxidase- (MPO-) like domain (residues 142–738),
complement control protein- (CCP-) like domain (residues
740–795) and epidermal growth factor- (EGF-) like domain
(residues 796–846) of the whole protein according to
published article [15].

2.5.2. Validation of the 3D Structures. The predicted 3D
structures of TPO142-738 WT, TPO142-738MT1, TPO142-738 MT2,
TPO142-738 MT3, TPO1-933WT, TPO1-933MT1, TPO1-933MT2,
and TPO1-933MT3 were validated using 2 different web
servers, namely, Verify3D server, and RAMPAGE server [25–
27]. To validate the structure, the PDB format of the predicted

https://www.ncbi.nlm.nih.gov/nuccore/NC_000002.12
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Table 2: Grid box center and grid box size for full-length TPO1-933 WT, MT1, MT2, and MT3.

Proteins Grid box center (Å) Grid box size (Å)
X Y Z X Y Z

TPO1-933 109.7751 128.9632 119.5649 24.5891 20.8773 31.4612
WT
TPO1-933 105.160 102.301 98.7798 25.0 25.0 25.0
MT1
TPO1-933 99.6151 102.226 100.5057 25.0 25.0 25.0
MT2
TPO1-933 102.196 124.345 113.7515 25.0 25.0 25.0
MT3

3D structure was submitted to both the servers. The result
included the percentage of the amino acids having the average
3D-1D score of ≥ 0.2 for Verify3D server. The RAMPAGE
webserver performs Ramachandran Plot Analysis by pro-
viding results including the percentages of the amino acid
residues within the favored, allowed, and outlier regions.The
results of the Verify3D and the RAMPAGE webservers were
summarized in the results section.

2.5.3. Optimization of Heme Using Quantum Mechanical
(QM) Calculations. Since TPO is a heme containing protein,
we investigated the effect of mutation on binding affinity of
heme with TPO and its interactions with specific amino acid
residues. The initial structure of heme was obtained from
the Protein Data Bank (PDB) database, (PDB ID: HEM).
Quantum mechanics (QM) calculation had been used to
optimize the heme.TheQM calculation was conducted using
density functional theory (DFT) method employing Becke’s
(B) exchange functional combining Lee, Yang, and Parr’s
(LYP) correlation functional, widely known as B3LYP density
functional in Gaussian 09 program package [28–30]. SDD
basis set had been used for optimization of the heme [31, 32].

2.5.4. Molecular Docking of Heme with the Predicted 3D
Structures of TPO. For molecular docking, Autodock Vina
[33, 34] protocol was employed. The molecular docking
approach involved the prediction of the interaction between
a small molecule and a protein at the atomic level, which
provided us the opportunity to investigate the behavior of
small molecules in the binding site of target proteins and
to elucidate the fundamental biochemical processes. Before
docking processes, knowing the location of ligand binding
sites in the target protein could significantly increase the
docking efficiency [35]. The binding sites of heme with
TPO had been identified. It was found that Asp238, His239,
Arg396, Glu399, and His494 were present in the active site
of TPO1-933; i.e. MPO-like domain and these amino acid
residues were involved with heme interactions and thus the
catalytic activity of TPO [36, 37]. But in the case of MPO-
like domain of TPO142-738, the corresponding position of
Asp238,His239,Arg396,Glu399, andHis494would beAsp97,
His98, Arg255, Glu258, and His353, respectively. Optimal
confined search space had been selected for successful flexible
molecular docking of heme with TPO142-738 WT, TPO142-738

MT1, TPO142-738 MT2, and TPO142-738 MT3. The center of
the grid box for TPO142-738 WT was set to 71.337 Å, 73.748 Å,
and 72.888 Å; whereas they were set to 71.281 Å, 73.813 Å, and
73.314 Å for TPO142-738 MT1; 73.115 Å, 74.888 Å, and 73.156 Å
for TPO142-738 MT2; and 73.273 Å, 75.433 Å, and 74.247 Å for
TPO142−738 MT3 in the x, y, and z directions, respectively.
The grid box size was set to 25.0 Å, 25.0 Å, and 25.0 Å
for TPO142-738WT, MT1, MT2, and MT3 in the x, y, and z
directions, respectively. Grid box value center and grid box
size was also optimized for full-length TPO1-933 (Table 2).

2.5.5. Visualization and Analysis of Docking Results. The
molecular docking results of heme with TPO142-738 WT,
TPO142-738 MT1, TPO142-738 MT2, and TPO142−738 MT3 and
also for the whole protein TPO1-933 were visualized and
analyzed using the PyMol (version 2.0) and BIOVIA Dis-
covery Studio 2017 software [38, 39]. The binding affinities
of heme with wild type TPO (TPO WT) compared to 3
mutant proteins (TPOMT1, TPOMT2, and TPOMT3) were
observed. Moreover, the corresponding non-bond interac-
tions of amino acidswith hemewere also studied forwild type
and mutant 3D structures.

2.5.6. QM/MM and Molecular Dynamics (MD) Simulation.
To validate the molecular docking results, further analysis by
quantum chemical method QM/MM and molecular dynam-
ics (MD) simulations were employed for full-length TPO
proteins (wild type, MT1, and MT3) since published data
showed MT1 and MT3 had severe effect on enzyme activity
thanMT2.The QM/MM calculations of the selected protein-
ligand complexes were performed by a two-layer ONIOM
method available in the Gaussian09 software package [40–
46], QMandMMregions have been shown in supplementary
Figure 3. The heme molecule was included in the QM region
and semiempirical PM6 level of theory [47] was considered
due to large structure of the heme molecules. The regions
of full-length protein were computed in the MM region and
the Universal Force Field (UFF) was used for the energy
minimization. The total ONIOM energy of the entire system
is as follows: (see [48])

EONIOM = Ereal,MM + Emodel,QM–Emodel,MM (1)

The real system consists of all the atoms and is calculated
only at the MM level. The model system consists of the part
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Table 3: Mutation detection in the TPO gene of hypothyroid patients.

Sl no. Exon Nucleotide position Amino acid position Functional change (polarity) Reference
1 8 c.1117G>T p.Ala373Ser Similar to non-enzymatic reaction rate [20, 52]
2 8 c.1193G>C p.Ser398Thr Low enzymatic reaction rate [20, 52]
3 12 c.2145C>T p.Pro715Pro Not applicable [20, 52, 53]
4 12 c.2173A>C p.Thr725Pro Similar to non-enzymatic reaction rate [20, 52, 53]

Table 4: Summary of the correspondingmodel numbers, C-score, TM-score, and theRMSD-score of the predicted 3D structures of TPO142-738
WT, TPO142-738 MT1, TPO142-738 MT2, TPO142-738 MT3, TPO1-933 WT, TPO1-933 MT1, TPO1-933 MT2, and TPO1-933 MT3.

Features TPO142-738 TPO142-738 TPO142-738 TPO142-738 TPO1-933 TPO1-933 TPO1-933 TPO1-933

WT MT1 MT2 MT3 WT MT1 MT2 MT3
Model no. 01 01 01 01 02 01 05 01
C-score 2 2 1.99 1.99 –3.35 –3.23 –3.27 –2.9
TM-score 0.99 ± 0.04 0.99 ± 0.04 0.99 ± 0.04 0.99 ± 0.04 – 0.35 ± 0.12 – 0.38 ± 0.13
RMSD (Å) 3.5 ± 2.4 3.4 ± 2.4 3.6 ± 2.5 3.6 ± 2.5 – 17.2 ± 2.7 – 16.2 ± 3.1
C-score = confidence score range: [-5, 2]; TM-score = Template Modelling score, TM-score < 0.17 indicates random similarity and TM-score > 0.5 indicates
correct similarity; RMSD = Root Mean Square Deviation. WT = wild type, MT1 = mutant 1 (p.Ala373Ser), MT2 = mutant 2 (p.Ser398Thr), and MT3 = mutant
3 (p.Thr725Pro).

of the system (such as heme) that is treated at the QM level
[40].

For molecular dynamics simulation, YASARA dynamics
program was employed and [48, 49]. AMBER14 force field
was considered for all calculations. The size of the cubic
simulation box was 167.17 Å∗ 167.17 Å ∗ 167.17 Å and 151,343
water molecules were added to maintain a solvent density
of 1.0 g/ml. The total number of atoms in the system was
469,240. Due to the large size of the protein, we have per-
formed 5000 psMD simulation [50]. For short-range van der
Waals andCoulomb interactions, a cut-off radius of 8.0 Å was
considered. Long-range electrostatic interactions were taken
into consideration using the Particle Mesh Ewald algorithm
[50]. MD simulation was performed for 5000 ps at 310K
having a time step of 1.25 fs and the simulation snapshots
were saved at every 100 ps. To check whether the ligand
stayed in the same binding pocket after 5000 ps of simulation,
the heme ligands were retrieved from the simulated ligand-
protein complexes and molecular docking was performed
again usingAutodockVina protocol asmentioned earlier.The
docked structures were analyzed using the same protocol as
stated before.

3. Result

3.1. Demographic Information of the Study Participants. A
total of 36 confirmed cases of congenital hypothyroidismwith
dyshormonogenesis were enrolled in this study. Among 36
patients, 15 (41.67%) and 21 (58.33%) were female and male,
respectively, with an average age of 7.58 ± 4.56 years.

3.2. Analysis of TPO Gene for Identification of Molecular
Basis of Hypothyroidism. As mutations in the TPO gene are
commonly associated with thyroid dyshormonogenesis and
related complications [18, 51], we opted to analyze the TPO
gene to find whether there were mutations in this gene of
the study participants. Upon Sanger sequencing of specimens

from the patients with thyroid dyshormonogenesis target-
ing exon-8 to exon-14 which are commonly reported in
TPO-associated thyroid dyshormonogenesis, mutations were
detected in all 36 samples. A total of four mutations,
namely, c.1117G>T (p.Ala373Ser), c.1193G>C (p.Ser398Thr),
c.2145C>T (p.Pro715Pro), and c.2173A>C (p.Thr725Pro)were
identified in the study participants (Table 3). The first two
of these four mutations were detected in exon-8, whereas
the remaining two mutations were detected in exon-12. Even
though c.2145C>T (or p.Pro715Pro) of the four mutations
is a synonymous point mutation and is innocuous, the
other three nonsynonymous mutations, namely, p.Ala373Ser,
p.Ser398Thr, and p.Thr725Pro, had previously been reported
in the patients with thyroid dyshormonogenesis and the
reaction kinetics catalyzed by the mutant TPO enzyme
proved to be similar with nonenzymatic reaction rates by
several other studies [20, 52, 53].

3.3. Prediction of 3D Structures of Myeloperoxidase- (MPO-)
Like Domain (TPO142-738) and Full-Length TPO Protein
(TPO1-933). The crystallographic structure of TPO protein
is available with low resolution and the catalytic domain
of TPO142-738 is similar to human myeloperoxidase (MPO).
Since the mutations that were identified in this present study
were confined in the MPO-like domain of TPO protein, we
investigated the effect of mutations on the 3D structure of
MPO-like domain (TPO142-738) of TPO protein. Also, we
wanted to see whether the mutations caused any changes in
the interactions of various amino acid residues with heme
prosthetic group. We submitted the amino acid TPO142-738
sequence for the wild type (WT), mutant- MT1, MT2, and
MT3 to the I-TASSER server and obtained 3D structures
with C-scores of 2, 2, 1.99, and 1.99 for TPO142-738 WT,
TPO142-738 MT1, TPO142-738 MT2, and TPO142-738 MT3,
respectively (Table 4 and Figure 1). To investigate the effects
of the mutations on the full-length TPO protein structure
and functions, we also predicted the 3D structures for



6 BioMed Research International

Catalytic 
center
(Blue)

EC
(Green)

TM
(Cyan)

IC
(Red)

Catalytic 
center
(Blue)

 

 

 

Glu399

His494
Ar g396

Asp238

His239

(c)

(a) (b)

Figure 1: The predicted 3D structures of the proteins. (a) TPO142-738 WT, (b) TPO1-933 WT, and (c) catalytic site of TPO with crucial amino
acids Asp238, His239, Arg396, Glu399, and His494. The specific regions of the TPO1-933 WT structure are indicated with the corresponding
color written in the brackets. EC = extracellular region shown in green color, TM = transmembrane region shown in cyan color, and IC =
intracellular region shown in red color.

TPO1-933 WT, TPO1-933 MT1, TPO1-933 MT2, and TPO1-933
MT3 using the I-TASSER server and compared the results
with the MPO-like domain. From the server, we obtained
5 models for each of TPO1-933 WT, TPO1-933 MT1, TPO1-933
MT2, and TPO1-933 MT3 and we chose the best model
by analyzing the organization of the MPO-like domain
(residues 142–738); complement control protein- (CCP-) like

domain (residues 740–795); and epidermal growth
factor- (EGF-) like domain (residues 796–846) if they
were in correct arrangement [54–58] (Figure 1 and
Supplementary Figure 2). The corresponding C-score,
TM-score, and RMSD score of TPO1-933 WT, TPO1-933 MT1,
TPO1-933 MT2, and TPO1-933 MT3 were summarized in
Table 4.
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Table 5: Summary of the Verify3D and RAMPAGE webserver results for the predicted 3D structures of TPO142-738 WT, TPO142-738 MT1,
TPO142-738 MT2, TPO142-738 MT3, TPO1-933 WT, TPO1-933 MT1, TPO1-933 MT2, and TPO1-933 MT3 proteins.

TPO142-738 TPO142-738 TPO142-738 TPO142-738 TPO1-933 TPO1-933 TPO1-933 TPO1-933

WT MT1 MT2 MT3 WT MT1 MT2 MT3
Verify3D 96.15% 89.78% 94.14% 94.64% 73.10% 70.74% 76.10% 76.63%

RAMP-AGE
Favored region 84.5% 84.4% 85.2% 81.2% 68.40% 69.60% 66.90% 69.80%
Allowed region 11.6% 11.1% 10.4% 14.3% 17.20% 16.20% 18.40% 18.80%
Outlier region 3.9% 4.4% 4.4% 4.5% 14.40% 14.20% 14.70% 11.40%

Verify3D: percentages of amino acids having the average 3D-1D score ≥ 0.2; RAMPAGE: percentages of the amino acid residues within the favored, allowed,
and outlier regions. WT = wild type, MT1 = mutant 1 (p.Ala373Ser), MT2 = mutant 2 (p.Ser398Thr), and MT3 = mutant 3 (p.Thr725Pro).

3.4. Validation of the 3D Structures of TPO142-738 WT,
TPO142-738 MT1, TPO142-738 MT2, TPO142-738 MT3, TPO1-933
WT, TPO1-933 MT1, TPO1-933 MT2, andTPO1-933 MT3Proteins.
We validated the 3D structures of TPO WT, MT1, MT2,
and MT3 proteins by Verify3D server which measures the
accuracy of the predicted 3D structure model with its respec-
tive residues (1D) by assigning a structural class based on
its location and environment. In Verify3D, more than 80%
amino acid residues had the average 3D-1D score of ≥ 0.2
which confers the validity of the 3D structures of TPO142-738
WT (96.15%), TPO142-738 MT1 (89.78%), TPO142-738 MT2
(94.14%), and TPO142-738 MT3 (94.64%) (Table 5). Moreover,
validation of the structures by the RAMPAGEweb server also
provided the percentages of the amino acid residues within
favored, allowed, and outlier regions. In case of TPO142-738
WT, 84.5% residues were within the favored region, 11.6%
were within the allowed region, and 3.9% were within the
outlier region. For TPO142-738 MT1, 84.4% residueswere in the
favored regions, 11.1% in the allowed region, and 4.4% in the
outlier regions. On the one hand, for TPO142-738 MT2, 85.2%
residues were confined in the favored regions, 10.4% in the
allowed region and 4.4% in the outlier regions and on the
other hand, for TPO142-738 MT3, 81.2% residues were confined
in the favored region, 14.3% in the allowed region and 4.5% in
the outlier regions (Table 5).TheVerify3D results showed that
the percentages of amino acid residues having average 3D-1D
score of ≥ 0.2 for TPO1-933 WT, TPO1-933 MT1, TPO1-933 MT2,
and TPO1-933 MT3 were 73.10%, 70.74%, 76.10%, and 76.63%,
respectively. The results provided by RAMPAGE server for
TPO1-933 WT, TPO1-933 MT1, TPO1-933 MT2, and TPO1-933
MT3 were summarized in Table 5.

3.5. Optimization of Heme. Density functional theory using
B3LYP/SDD was employed for the optimization of the heme
prosthetic group. Slight changes in bond distances and bond
angles were observed between crystal and DFT structures
which are presented in Table 6 and Supplementary Figure 1.

3.6. Molecular Docking, Visualization and Analysis of the
Docking of Heme with the Predicted Structures of TPO142-738
WT, TPO142-738 MT1, TPO142-738 MT2, TPO142-738 MT3,
TPO1-933 WT, TPO1-933 MT1, TPO1-933 MT2, and TPO1-933
MT3 Proteins. From the analysis, it was found that heme
interacted with TPO1-933 WT through a total of 21 non-bond
interactions including interactions with Arg491, and Arg582
through hydrogen bonds, interactions with His239, Val400,

Phe490, Arg491, His494, Ile497, Phe523, Leu560, Leu564, and
Leu575 through hydrophobic interaction, and interactions
with Arg396, Glu399, and Arg491 through electrostatic inter-
actions (Table 7 and Figure 2). Moreover, similar to TPO1-933
WT, when MPO-like domain (TPO142-738) WT predicted
structure was used for docking, 21 non-bond interactions
of amino acids with heme were observed as well (Figure 3).
However, not all of these 21 interactions for TPO142-738 and
TPO1-933 were common. The TPO142-738 WT interactions
with heme included Arg582 and Arg586 through hydrogen
bonds, His239, Val400, His494, Ile497, Phe523, Leu560,
Leu564, Val566, Leu567, and Leu575 through hydrophobic
interactions and Arg396, and Glu399 through electrostatic
interactions. The common 11 interactions for TPO1-933 WT
andTPO142-738 WT includedHis239, Arg396,Glu399, Val400,
His494, Ile497, Phe523, Leu560, Leu564, Leu575, andArg582.
Moreover, of the aforementioned 11 residues, 4 residues
including His239, Arg396, Glu399, and His494 had been
reported to correspond to amino acid residues in MPO
protein which were crucial for enzyme activity [36, 37].

For TPO1-933 MT1, a total of 12 residues were found
to interact with heme. Among those residues, 2 residues,
namely, His239 and His494, interacted with heme through
hydrogen bonds and 5 residues including His239, Phe243,
Arg396, Phe524, and Leu567 interacted through hydrophobic
interactions (Table 7, Figure 2 and Supplementary Table 2).
Total number of interactions decreased significantly for
TPO1-933 MT1 compared to the TPO1-933 WT and the Glu399
residue which is crucial for interaction was also absent in
the TPO1-933 MT1. On the other hand, when TPO142-738
MT1 predicted structure was used for molecular docking,
a total of 19 residues were found to interact with heme
(Table 7, Figure 3 and Supplementary Table 1). Among those
19 residues, 4 residues including Met231, Gly234, Ser402,
and Gly493 interacted with heme through hydrogen bonds,
the residues Gly234, Gln235, Val400, Phe490, Arg491, Ile497,
Phe523, Leu560, Leu564, and Leu575 interacted through
hydrophobic interactions, and the residue Glu399 interacted
through electrostatic interaction with the heme (Table 7).
However, the crucial interactions of heme with His239,
Arg396, and His494 were absent in the TPO142-738 MT1.
The structure-based docking of both TPO1-933 and TPO142-738
suggested that MT1 mutation was damaging for the TPO
enzyme activity.

For TPO1-933 MT2, a total of 20 amino acid residues were
found to interact with the heme. Among those residues, 3
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Table 7: Binding energy and non-bond interactions of heme with TPO142-738 WT, TPO142-738 MT1, TPO142-738 MT2, TPO142-738 MT3, TPO1-933
WT, TPO1-933 MT1, TPO1-933 MT2, and TPO1-933 MT3 proteins after flexible docking.

Protein
type

Binding
Affinity

(kcal/mol)
Hydrogen bond Hydrophobic bond Electrostatic bond Total

interactions

TPO142-738
WT –11.9 Arg441(Arg582),

Arg445(Arg586)

His98(His239),
Val259(Val400),
His353(His494),
Ile356(Ile497),
Phe382(Phe523),
Leu419(Leu560),
Leu423(Leu564),
Val425(Val566),
Leu426(Leu567),
Leu434(Leu575)

Arg255(Arg396),
Glu258(Glu399) 21

TPO142-738
MT1 –10.8

Met90(Met231),
Gly93(Gly234),
Ser261(Ser402),
Gly352(Gly493)

Gly93(Gly234),
Gln94(Gln235),
Val259(Val400),
Phe349(Phe490),
Arg350(Arg491),
Ile356(Ile497),
Phe382(Phe523),
Leu419(Leu560),
Leu423(Leu564),
Leu434(Leu575)

Glu258(Glu399) 19

TPO142-738
MT2 –2.5

Arg350(Arg491),
Asn438(Asn579),
Arg441(Arg582)

Phe102(Phe243),His
353(His494),

Phe382(Phe523),
Phe383(Phe524),
Leu423(Leu564),
Phe424(Phe565),
Val425(Val566),
Leu426(Leu567),
Leu434(Leu575)

Glu258(Glu399) 20

TPO142-738
MT3 –5.3

His98(His239),
Arg255(Arg396),
Arg350(Arg491),
Arg441(Arg582)

Phe102(Phe243),
Phe382(Phe523),
Phe383(Phe524),
Leu423(Leu564),
Phe424(Phe565),

Leu426(Leu567)Leu
434(Leu575)

Glu258(Glu399) 16

TPO1-933
WT –11.5 Arg491, Arg582

His239, Val400,
Phe490, Arg491,
His494, Ile497,
Phe523, Leu560,
Leu564, Leu575

Arg396, Glu399,
Arg491 21

TPO1-933
MT1 –3.2 His239, His494

His239, Phe243,
Arg396, Phe524,

Leu567
Not found 12

TPO1-933
MT2 –11.5 His239, Arg491,

Arg582

His239, Val400,
Arg491, His494,
Ile497, Phe523,
Leu564, Val566,

Leu575

Arg396, Glu399 20

TPO1-933
MT3 –7.9 Gln246, Arg491,

Ser568

Phe243, Val400,
Arg491, His494,
Ile497, Phe523,
Phe524, Leu560,
Leu564, Val566,

Leu575

Glu399 21

The amino acid residues and their positions are designated as the three letter abbreviations and the corresponding number; in case of TPO142-738 the amino
acid outside the first bracket indicates the position in predicted structure for TPO142-738 and the amino acid residues in first bracket indicates the real position
in TPO1-933 protein; WT = wild type; MT1 = mutant 1 (p.Ala373Ser); MT2 = mutant 2 (p.Ser398Thr); MT3 = mutant 3 (p.Thr725Pro).



10 BioMed Research International

(a) (b)

(c) (d)

Figure 2: Non-bond interactions of heme with corresponding predicted structures as obtained using a BIOVIA Discovery Studio 2017. (a)
TPO1-933 WT, (b) TPO1-933 MT1, (c) TPO1-933 MT2, and (d) TPO1-933 MT3. The amino acid residues and their positions are designated as the
three letter abbreviations and the corresponding numbers.

residues including His239, Arg491, and Arg582 interacted
with heme through hydrogen bonds, 9 residues including
His239, Val400, Arg491, His494, Ile497, Phe523, Leu564,
Val566, and Leu575 interacted through hydrophobic inter-
actions, and 2 residues including Arg396 and Glu399 inter-
acted through electrostatic interactions (Table 7, Figure 2 and
Supplementary Table 2). All four crucial interacting residues,
namely, His239, Arg396, Glu399, and His494, which are
important for MPO-like domain activity in TPO enzyme,
were found to interact with heme in TPO1-933 MT2. On
the other hand, when TPO142-738 MT2 predicted structure
was used for docking, a total of 20 residues were found to
interact with heme. Among those 20 residues, 3 residues
including Arg491, Asn579, and Arg582 interacted with heme
through hydrogen bonds, the residues Phe243, His494,
Phe523, Phe524, Leu564, Phe565, Val566, Leu567, and Leu575
interacted through hydrophobic interactions and the residue
Glu399 interacted through electrostatic interaction (Table 7,
Figure 3 and Supplementary Table 1). However, the crucial

interactions of heme with residues His239 and Arg396 were
absent in the TPO142-738 MT2. The TPO1-933 structure-based
docking showed that the mutations did not result in any
major changes in interactions and all major interacting
residueswere present, whereas theTPO142-738 structure-based
docking suggested result whichwas similar to TPO1-933 except
that the major interacting residues His239 and Arg396 were
absent. Together, the docking results are indicative of the fact
that this mutation might have an association with PIOD.

For TPO1-933 MT3, a total of 21 residues were found to
interact with the heme. Among those residues, 3 residues
including Gln246, Arg491, and Ser568 interacted with heme
through hydrogen bonds, 11 residues including Phe243,
Val400, Arg491, His494, Ile497, Phe523, Phe524, Leu560,
Leu564, Val566, and Leu575 interacted through hydrophobic
interactions, and the residue Glu399 interacted through elec-
trostatic interaction (Table 7, Figure 2 and Supplementary
Table 2). Two crucial interacting residues, namely,His239 and
Arg396 which are important for MPO-like domain activity
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Figure 3: Non-bond interactions of heme with corresponding predicted structures as obtained using a BIOVIA Discovery Studio 2017. (a)
TPO142-738 WT, (b) TPO142-738 MT1, (c) TPO142-738 MT2, and (d) TPO142-738 MT3. The amino acid residues and their positions are designated
as the three letter abbreviations and the corresponding numbers.

in the TPO enzyme, were absent in TPO1-933 MT3. On the
other hand, when TPO142-738 MT3 predicted structure was
used for docking, a total of 16 residues were found to interact
with heme. Among those 16 residues, 4 residues includ-
ing His239, Arg396, Arg491, and Arg582 interacted with
heme through hydrogen bonds, the residues Phe243, Phe523,
Phe524, Leu564, Phe565, Leu567, and Leu575 interacted
through hydrophobic interactions and the residue Glu399
interacted through electrostatic interaction (Table 7, Figure 3
and Supplementary Table 1). However, the crucial interac-
tions of hemewithHis494were absent in the TPO142-738 MT3.
Both TPO1-933 and TPO142-738 structure-based docking with
heme suggested that MT3 mutation might have damaging
effect to the TPO protein activity.

3.7. QM/MM and Molecular Dynamics (MD) Simulation.
According to Guria et al. TPO1-933 MT1 (p.Ala373Ser) and

TPO1-933 MT3 (p.Thr725Pro) showed more damaging effect
on the catalytic activity of TPO protein [20] and our molec-
ular docking-based study showed that full-length TPO1-933
MT2 (p.Ser398Thr) structure interacted to all the crucial
amino acids in the catalytic site of TPO; thuswe selected these
TPO1-933 MT1 (p.Ala373Ser) andTPO1-933 MT3 (p.Thr725Pro)
mutant cases for further analysis to validate the molecular
docking results and to compare the amino acid interactions
with the wild type structure. The interactions between the
amino acid residues of TPO1-933 WT, TPO1-933 MT1, and
TPO1-933 MT3 proteins and the heme groups were further
studied by QM/MM and the mode of interactions is depicted
in Figure 4. It was observed that the interacting residues were
the same as obtained from the initial docking results.

To investigate the structural changes during molecu-
lar dynamics simulation, the protein-ligand complex after
5000 ps of simulationwas superimposed on the initial docked
protein-ligand complex. The superimposed structures of
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Figure 4: Non-bond interactions of heme with corresponding predicted structures as obtained using a BIOVIA Discovery Studio 2017,
after QM/MM calculations of the structures with heme molecule in the active site performed at the ONIOM- (PM6: UFF) level of theory.
(a) TPO1-933 WT, (b) TPO1-933 MT1, and (c) TPO1-933 MT3. The amino acid residues and their positions are designated as the three letter
abbreviations and the corresponding numbers.

TPO1-933 WT, TPO1-933 MT1 (p.Ala373Ser), and TPO1-933
MT3 (p.Thr725Pro) proteins are depicted in Figure 5. It was
observed that the heme ligand was found within the catalytic
sites.

As protein flexibility can give rise to difference in binding
interactions of a ligand with its target protein, the retrieved
protein structure after 5000 ps simulation was again docked
with the heme ligand and the results are depicted in Figure 6.
From the analysis of molecular docking after performing
molecular dynamics of the protein structures, we observed
that although heme interacted with TPO1-933 WT through all
the crucial amino acids (Asp238,His239,Arg396,Glu399, and
His494), while it interacted with TPO1-933 MT1 and TPO1-933
MT3 through Glu399 and His494 residues only. Thus in the
mutant cases, therewere no interactions for the other 3 amino
acid residues, namely, Asp238, His239, and Arg396. As these
5 amino acid residues are important for the catalytic activity
of the protein, the absence of interactions with one of these
crucial amino acids could affect the functional activity of the
protein.

4. Discussion

Though congenital hypothyroidism (CH) is the most com-
mon preventable disorder, newborn screening is not a

regular practice in Bangladesh. Due to late initiation of
treatment, many late-diagnosed hypothyroid patients experi-
ence various typical signs and symptoms of hypothyroidism
even though they receive regular levothyroxine treatment.
Although several genes have been reported to be involved
in thyroid dyshormonogenesis (TDH), mutation in the TPO
gene is frequently describedwithmild to severe repercussions
resulting in partial iodine organification defect (PIOD) to
total iodine organification defect (TIOD) [21]. In this present
study, we investigated (a) the mutational spectrum in the
TPO gene of TDH patients and (b) the influence of specific
mutation on TPO protein structure by means of in silico
approach. To the best of our knowledge, this is the firstmolec-
ular investigation on genetic etiology of TDH in Bangladesh.

In this study, we analyzed exons 8-14 of TPO gene of the
TDH patients as the previous studies had reported that this
region was crucial for the enzymatic activity and mutations
in this region may result in absence or reduction in TPO
activity [20, 59]. Analysis of 36 specimens revealed three non-
synonymous mutations including p.Ala373Ser (TPO MT1),
p.Ser398Thr (TPO MT2), and p.Thr725Pro (TPO MT3) and
one synonymous mutation p.Pro715Pro. The identified non-
synonymous mutations had previously been reported to be
pathogenic or disease-causing mutations [51, 53]. Moreover,
a cloning-based study involving aforementioned mutations
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Figure 5: Superimposed structures of protein-ligand (heme) complexes before and after 5000 psMDsimulation. (a) TPO1-933 WT, (b) TPO1-933
MT1, and (c) TPO1-933 MT3. Grey and blue colors indicate results before MD simulation whereas green and pink indicate results after MD
simulation.

by Guria et al. reported that these mutations could result
in low expression of TPO mRNAs as well as a reduction
in TPO enzyme activity [20]. They also demonstrated that
mutation p.Ala373Ser (TPO MT1) was more damaging than
mutation p.Ser398Thr (TPO MT2). This phenomenon could
be explained by a change in aliphatic amino acid to hydroxyl-
containing amino acid at 373th position of TPO protein,
whereas the other mutation (p.Ser398Thr) did not result
in such a shift from one group of amino acids to another.
However, the mutation in exon-12, namely, p.Thr725Pro
(TPO MT3), could result in a failure of TPO protein to
shift to its active state as it is well reported that threonine
is the phosphorylation site for protein activation [60, 61].
Moreover, p.Thr725Pro had been reported to be associated
with autoimmune hypothyroidism [62]. As CH is genetically
and phenotypically diverse, molecular studies may provide
additional information for diagnosis, classification, and prog-
nosis of the disease. Particularly, in patients with normal
thyroid gland morphology, it could be difficult to distinguish
between thyrotropin resistance and dyshormonogenesis; and

molecular genetic studies may reveal true etiology of the
disease in these cases. In this study, at least one of this
three damaging mutations was found in a homozygous state
or two of them were in a heterozygous state in each of
the study participants. We previously reported a mutational
hot-spot in the HBB gene and established a cost-effective
molecular method (high resolution melting curve analysis)
for screening of HBB gene mutations in Bangladesh [63].
Such a cost-effective approach can be adopted for TDH
patients and carrier screening targeting the TPO genes in
Bangladesh.

Substitution of an amino acid affects the shape, function,
or binding properties of a given protein.With growing impor-
tance of genetics and genomics in health sector, considerable
efforts have been devoted to linking human phenotypes to
genotypic variations at the nucleotide level and associated
changes in 3D protein structure [64, 65]. Since the iden-
tified mutations were pathogenic, we wanted to investigate
how these mutations were related to dyshormonogenesis by
affecting the structural integrity and function of TPOprotein.
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Figure 6: Non-bond interactions of heme with corresponding predicted structures as obtained after docking with the structures retrieved
from the 5000 ps simulation using a BIOVIA Discovery Studio 2017. (a) TPO1-933 WT, (b) TPO1-933 MT1, and (c) TPO1-933 MT3. The amino
acid residues and their positions are designated as the three letter abbreviations and the corresponding numbers.

To date, there is no high resolution X-ray crystallographic
structure for any of the TPO proteins (wild type or mutated)
in the public databases. However, there were structures for
closely related proteins, namely, myeloperoxidases (MPO)
and lactoperoxidases (LPO) [11, 12]. Thus we predicted and
validated the three dimensional (3D) structures of TPO (WT
and MT) protein using various bioinformatics tools. We
studied the effects of mutations on the structural integrity,
arrangement of various domains, and folding patterns of
the TPO protein. To further study mutational effects, we
performed molecular docking of heme in the catalytic site
of TPO to investigate how these mutations could affect the
activity of TPO enzyme. We obtained the binding energies
of heme for the wild type and the mutant structures of TPO
protein and found a reduction in binding affinities in the
mutant structures compared to the wild type one. Further,
we analyzed the detailed results of molecular docking by
observing the non-bond interactions of heme with specific
amino acid residues to understand the effects of mutations
on the functions of TPO protein.

In our study, we applied our bioinformatics approaches
on theMPO-like domain of TPO (TPO142-738) and full-length
TPO protein (TPO1-933) targeting the non-bond interactions
between the heme group and amino acid residues as the
mutations identified in this study were found in this region

and this MPO-like domain was the catalytic site of TPO
enzyme [54]. We obtained the predicted structures for the
wild type and the mutant proteins from the I-TASSER server
for TPO142-738 and all the structures had significant confi-
dence score (C-score) suggesting that the structures were
valid for further studies [22]. However, I-TASSER predicted
structures for TPO1-933 had lower C-score value and the rea-
sonsmay be due to prediction for a very large protein, because
I-TASSER predicts structures which are based on iterative
threading and also homology modelling and as TPO has
no crystallographic structure, this still remains a challenge
[22, 24]. We also verified the structures using the Verify3D
and the RAMPAGE web servers and both of the servers gave
satisfactory results [27, 66]. As heme is crucial for the catalytic
activity of TPO, the molecular docking of heme with the
wild type and the mutant TPO structures could help us to
understand the effects of mutations on the functions of TPO
protein. We observed a decrease in heme binding energies
in the cases of mutant TPO proteins suggesting that the
catalytic activity of mutant TPO might have been hampered.
Further investigation gave us information about the heme
interactionswith specific amino acid residues of TPOprotein.
The heme prosthetic group of wild type structure interacted
with all the important amino acid residues including His239,
Arg396, Glu399 and His494 through non-bond interactions.
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But in the cases of mutant structures, some of the important
amino acid interactions were absent, suggesting that the
mutations might have damaging effects on heme interac-
tions and thereby affecting the catalytic activity of TPO
enzyme. Guria et al. demonstrated that MT1 (p.Ala373Ser),
MT2 (p.Ser398Thr), and MT3 (p.Thr725Pro) had damaging
effect on TPO mRNA expression and enzyme activity [20].
However,MT1 (p.Ala373Ser) andMT3 (p.Thr725Pro) showed
iodination reactions similar to the nonenzymatic reaction
rate, suggesting that these two mutations were more damag-
ing than theMT2 (p.Ser398Thr) which showedmore efficient
iodination reaction thanMT1 andMT3 but less efficient than
the wild type TPO protein [20]. This finding is consistent
with our molecular docking-based study targeting both the
MPO-like domain of TPO (TPO142-738) and the full-length
TPO protein (TPO1-933) predicted structures. MT1 and MT3
had more enhanced influence on the interactions between
several crucial residues and the heme group, whereas MT2
had less influence on the interaction between theTPOprotein
and the heme prosthetic group. Different studies showed
that quantum chemical methods such as DFT or QM/MM
can also be employed for investigating the intermolecular
interactions [67–69].Thus, to validate the results ofmolecular
docking, we performed QM/MM calculations on the full-
length wild type TPO protein and two mutant proteins (MT1
and MT3) that had severe damaging effect on the catalytic
activity of TPO.

The heme group was treated using a semiempirical
approach of calculations and the protein was treated using
an approach ofmolecularmechanical calculations.The struc-
tures obtained after performing QM/MM calculations were
taken into consideration for further analysis of the presence
of non-bond interactions of the active site residues with the
heme group. The interactions observed were exactly similar
to those obtained from molecular docking, suggesting that
the docking results obtained were valid.

In cellular environment, protein structures are always in
a dynamic condition. To mimic the cellular environment,
we performed molecular dynamics simulation in a cubic
simulation box containing water molecules and NaCl and a
pH of 7.4 was maintained. After performing 5000 ps simu-
lation under the influence of AMBER14 force field, the final
protein structures were superimposed on the corresponding
docked protein structure. The results infer that the protein-
ligand complexes studied were considerably stable over time
as there was very small change in the coordinates of the
heme group after the simulation. To observe the effect of
protein dynamics, the protein structures were retrieved from
the 5000 ps simulation snapshot and again docked with the
heme ligand. The finding was rather interesting as the wild
type protein was still found to be interacting with the crucial
amino acid residues. However, these important interactions
were found to be absent for the mutant proteins that might
be a potential cause of a decrease in the enzymatic activity of
TPO protein.

To understand the in-depth characteristics of TPO pro-
tein of both wild type and mutant forms, we performed
in silico approach to mimic cellular environment. However,
various computational chemistry-based approaches like IR

and Raman spectroscopy can be used to identify the changes
in molecular level with higher specificity [70, 71]. Such
compositional analysis in various cellular conditions has
become very popular for characterizing the biochemical
changes in various disease conditions and also for the study
on characterizing the spectrum of various hormones such as
corticosteroids [70–72]. The study by Claudio et al. analyzed
the molecular vibrational spectrum of thyroid tissues from
normal and disease conditions which could ultimately rep-
resent the characteristics of secondary structures of proteins
[73]. Although use of IR and Raman spectroscopy could
offer more insights into the physiological conditions of TDH
patients carrying mutations in the TPO gene, the present
study was not subjected to such approaches because we did
not have such facilities.

In this present study, we had used computational
approaches such as molecular docking, QM/MM andmolec-
ular dynamics simulation to investigate the effect of muta-
tions on TPO protein interactions. The present study could
be useful for future studies including study of the effect of
mutations on TPO dimer organization and how mutations
in the TPO gene could lead to a change in the TPO protein
conformation.

5. Conclusion

Our study investigated the genetic etiology of Bangladeshi
patients with TDH, which may further help us to screen
and categorize the disease. Three pathogenic mutations were
observed in the patients with TDH including p.Ala373Ser,
p.Ser398Thr, and p.Thr725Pro. In silico based study revealed
that p.Ala373Ser and p.Thr725Pro mutations resulted in a
significant change in interactions between the amino acid
residues of TPO protein and the heme group, whereas the
p.Ser398Thrmutation could affect the TPO protein to a lesser
extent. The results of this study may help better understand
the correlation between specific mutation in the TPO gene
and altered biological activities of the TPO protein as well
as disease severity among the TDH patients. Furthermore,
future study on dimer formation of TPO protein and func-
tional activity study of TPO enzyme in physiological condi-
tion is expected to shed light on how mutation in the TPO
gene can affect thyroid hormone biosynthesis pathway and
find amutation-based better treatment strategy for individual
patients.
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Qushi Huayu Decoction (QHD), an important clinically proved herbal formula, has been reported to be effective in treating fatty
liver induced by high-fat diet in rats. However, the mechanism of action has not been clarified at the metabolic level. In this study,
a urinary metabolomic method based on gas chromatography-mass spectrometry (GC-MS) coupled with pattern recognition
analysis was performed in three groups (control, model, and QHD group), to explore the effect of QHD on fatty liver and its
mechanism of action. There was obvious separation between the model group and control group, and the QHD group showed a
tendency of recovering to the control group in metabolic profiles. Twelve candidate biomarkers were identified and used to explore
the possible mechanism.Then, a pathway analysis was performed usingMetaboAnalyst 3.0 to illustrate the pathways of therapeutic
action ofQHD.QHDreversed the urinarymetabolite abnormalities (tryptophan, uridine, and phenylalanine, etc.). Fatty livermight
be prevented by QHD through regulating the dysfunctions of phenylalanine, tyrosine, and tryptophan biosynthesis, phenylalanine
metabolism, and tryptophan metabolism. This work demonstrated that metabolomics might be helpful for understanding the
mechanism of action of traditional Chinese medicine for future clinical evaluation.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) refers to the liver
parenchymal cytoplasmic steatosis and fat storage as char-
acteristics of the clinical pathological syndrome excluding
alcohol and other determinants of liver damage [1]. With
the improvement of living standards and lifestyle changes,
the prevalence of diseases such as obesity, insulin resistance
(IR), hyperlipidemia, diabetes, and metabolic syndrome
contributes to the development of NAFLD. The increasing
incidence of NAFLD has become a global medical and public
health problem [2–4]. NAFLD can be developed from the
original nonalcoholic fatty liver (NAFL) to nonalcoholic
steatohepatitis (NASH), even to the later stage of liver fibrosis,
liver cirrhosis, and advanced hepatocellular carcinoma in the

absence of effective intervention [5]. At present, NAFLD has
become the most common cause of chronic liver disease and
hepatic enzyme abnormality in western developed countries
such as Europe and the United States. Epidemiology shows
that NAFLD involves an average of 10% to 24% of the
world’s population and the prevalence rate in obese people
is up to 57% - 74%. About 50% of NAFLD patients can
develop into nonalcoholic steatohepatitis after 4∼13 years,
and 40% of the patients develop into hepatic fibrosis. The
incidence of NAFLD is significantly higher than that of
hepatitis B, hepatitis C, and alcoholic liver disease, and it
has become one of the most common diseases [6, 7]. In
recent years, the prevalence of NAFLD in China and the
Asia Pacific region has increased year by year, and the adult
incidence in developed areas of China can reach 15% or
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even higher [8]. The common risk factors of NAFLD are
hypertriglyceridemia, obesity, and type II diabetes, and the
pathophysiological process of NAFLD is extremely complex.
Its exact cause and mechanism are not yet clear.

Lifestyle changes, such as weight loss, diet changes, and
physical activity, can promote the treatment of NAFLD [9];
however, most people find it difficult to adhere to exercise
[10]. In addition, although some pharmaceutical preparations
have been approved for NAFLD, many drugs have potential
side effects or only show efficacy for individual patients [11].
Therefore, researchers have become increasingly interested
in finding natural products to treat NAFLD from diet
and natural plants/herbs. Many natural products have been
used to treat NAFLD due to their obvious liver protection,
hypoglycemia, antihyperlipidemia effect, and negligible side
effects [12].

QHD is an effective prescription for NAFLD treatment
based on our long-term clinical practice. It is made up of five
traditional Chinese medicines, including Herba Artemisiae
Capillaris, Rhizoma Polygoni Cuspidati, Herba Hyperici
Japonici, Rhizoma Curcumae Longae, gardenia jasminoides
ellis. It has the functions of clearing heat, removing dampness
and detoxifying, promoting blood circulation, and dispersing
blood stasis. In nearly a decade, animal experiments have
repeatedly confirmed that QHD has a significant preventive
effect on fatty liver induced by high-fat diet alone and carbon
tetrachloride (CCL

4
) combined with a high-fat and low-

protein diet in rats [13, 14]. Clinical studies have also shown
that QHD can significantly improve the degree of fatty liver
in patients with nonalcoholic steatohepatitis and effectively
alleviate themain clinical symptoms of abdominal distention,
flankpain, and other symptoms in patientswith fatty liver and
improve the efficacy of TCM syndromes. QHD has markedly
reduced liver damage indicators, such as serum ALT, AST,
TG, TC, and LDL-c levels in patients [15]. In the earlier
period, our group investigated the mechanism of QHD in
some aspects of the pathological mechanism of nonalcoholic
fatty liver (NAFL), indicating that the mechanism of QHD
in preventing and treating NAFL involves regulation of
adenosinemonophosphate-activated protein kinase (AMPK)
activity, elevation of adiponectin, regulation of intestinal
flora, reduction of free fatty acid (FFA) toxicity, etc. [16–
19]. Traditional Chinese medicine (TCM) compound has the
characteristics of multipathway and multitarget pharmacol-
ogy, and the mechanism of action is very complex. These
results suggested that QHD was a promising compound
with good druggability. However, these studies are limited to
the exploration of certain specific pathological aspects and
elucidation of curative effect and mechanism of treatment of
NAFLD is not sufficient for QHD.

Metabolomics aims to establish the metabolic profiles
of low molecular weight endogenous metabolites in the
biological system throughmodern analytical techniques [20].
Metabolomics is a branch of systems biology that focuses on
the overallmetabolite spectrum in various biological samples,
such as urine, plasma, or tissues [21]. This research strategy
is consistent with the overall and systematic nature of TCM
[22]. Due to these advantages, more and more attention has
been paid to the mechanism of TCM prescriptions revealed

by metabonomics, such as Huangqin Decoction and Liuwei
Dihuang Decoction [23, 24]. Some analytical tools have been
used in metabolomic analysis, such as nuclear magnetic
resonance spectroscopy (NMR), mass spectrometry (MS)
and gas chromatography (GC/MS), liquid chromatography
(LC/MS), and capillary electrophoresis (CE/MS). Among
them, GC/MS provides sufficient separation of complex
sample, high sensitivity and metabolite resolution, and easy
access to NIST database, which has developed into a popular
and useful analysis technology in metabolomic research [25].
Our previous serum and liver tissue metabolomic studies
suggest that the effects of Qushi Huayu Decoction on fatty
liver may involve regulation of beta-alanine metabolism,
alanine, aspartate, and glutamatemetabolism, glycine, serine,
and threonine metabolism, pyruvate metabolism, and citrate
cycle [26]. Owing to the limited time and the economic dif-
ficulty, we previously studied only the samples of serum and
liver tissue and did not observe a time-dependent dynamic
change in the metabolomic profile. Meanwhile, urine, as
important biological samples,may be attractive for biomarker
investigation to provide a new insight into the progression of
fatty liver and the therapeutic basis of QHD. In addition, the
urine sample is the end product of the body’smetabolism. It is
noninvasive and dynamic and can be used to observe changes
in metabolic profiles during animal modeling. The results of
urine metabolomics are also a complement to the results of
serum and liver tissue metabolomic.

In this work, based on previous studies of serum and
liver tissue metabolomics, we used a GC-MS-based urine
metabolomicmethod combinedwith pattern recognition and
pathway analysis to analyze their metabolic characteristics of
control group, model group, and QHD group. In addition,
we also introduced a typical metabolic pathway network to
explain biochemical mechanisms, thus providing a multiob-
jective interpretation of the effect of QHD on NAFLD.

2. Materials and Methods

2.1. Chemicals. N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA+1%TMCS) and methoxyamine hydrochloride
were obtained from TCI (Shanghai) Chemical Industry
Development Co., Ltd. Myristic acid and urease were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Heptane, pyridine, and methanol are of analytical grade
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Commercial kits for the determination of alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), low density
lipoprotein cholesterol (LDL), high density lipoprotein
cholesterol (HDL), and triglyceride (TG) came fromNanjing
Jiancheng Institute of Biotechnology (Nanjing, China).

2.2. Preparation of QHD. QHD was prepared as described
in an earlier report [17]. The concentration for the final
stock solution of QHD extract was adjusted to 0.93g/crude
herb/mL, and the quality control of QHD was shown in the
additional material files (available here).

2.3. Experimental Animals. The protocol was approved by
the Animal Experiment Ethics Committee of Shanghai Uni-
versity of TCM, and the study was carried out under the
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Guidelines for Animal Experimentation of Shanghai Univer-
sity of TCM (Shanghai, China). Thirty male Sprague-Dawley
rats (weighing 170±20g) were commercially obtained from
Shanghai Experimental Animal Center of Chinese Academy
of Sciences (Shanghai, China), and the food materials for
the animals were commercially obtained from Shanghai Lab-
oratory Animal Center (Shanghai, China). All the animals
were fed at a temperature ranging from 23∘C to 24 23∘C and
humidity of 60% ± 10% in a 12/12-hour light-dark cycle. The
rats were fed with certified standard chow and tap water ad
libitum for 1 week acclimation.

2.4. Drug Treatment and Sample Collection. After 1 week of
adaptation, 30 rats were randomly divided into the following
three groups of 10 each: control group (feeding with normal
diet for 8 weeks, and drinking tap water normally for the
first 4 weeks, orally administered with saline daily on each
of the last 4 weeks), model group [feeding with high-fat diet
(10% lard+2% cholesterol + 88% normal diet) for 8 weeks,
and drinking tap water normally for the first 4 weeks, orally
administered with saline daily on each of the last 4 weeks],
and QHD group [feeding with a high-fat diet for 8 weeks,
drinking tap water normally for the first 4 weeks, orally
administered with tap water ad libitum on each of the first
4 weeks, dosed orally with QHD 0.093gkg−1day−1 on each
of the last 4 weeks according to literature [14] with some
modifications].

The samples of overnight (12h) urine from all the rats
were collected in metabolism cages at 0 weeks before mod-
eling, 4 weeks before QHD administration, 6 weeks during
QHD administration, and 8 weeks after QHD administration
throughout the experimental period and were immediately
stored at −80∘C after centrifugation at 3000rpm for 10min
to remove the residues. All the rats were sacrificed by
anesthesia with 2% sodium pentobarbital (3mLkg−1). The
serum samples were collected, centrifuged at 3000rpm for
10min, and stored at −80∘C until analysis. The livers were
immediately weighed and washed with cold normal saline.
The samples from the right liver lobes were then fixed in
10% neutral formalin for histological analysis. The samples
from the left liver lobes were immediately frozen at –80∘C for
subsequent analysis.

2.5. Analysis of Liver Function and Pathological Examina-
tion. Serum samples were used to measure the levels of
triglycerides (TG), low-density lipoprotein cholesterol (LDL-
c), high-density lipoprotein cholesterol (HDL-c), alanine
aminotransferase (ALT), and aspartate aminotransferase
(AST) by using ELISA Kit according to the manufacturer’s
instructions. The liver TG was also measured by using
commercial kits as per the manufacturer’s instructions. Liver
tissue was fixed with formalin and embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (HE) and
Oil-Red O, respectively, according to the standard protocol.

2.6. Urine Sample Preparation and Analysis. The analysis of
urine samples was performed by using a published method
[27] with some modifications, and detailed steps were shown
in the additional material files.

2.7. GC/MS Analysis. Each 1𝜇l aliquot of the analytes was
injected into an Agilent 6890N GC/5975B inert MS detector
(Agilent Technologies, Santa Clara, CA, USA). The separa-
tion was achieved on an HP-5MS capillary column (30m x
250𝜇m internal diameter, 0.25𝜇m film thickness, 5% phenyl
methylpolysiloxane bonded and cross-linked; Agilent J&W
Scientific, Folsom, CA, USA). The MS parameters used
included the following: the injection and interface temper-
ature were set at 260∘C, and the ion source was adjusted to
200∘C. The GC oven temperature was kept at 70∘C for 2min,
ramped at 5∘Cmin−1 to 160∘C, and finally held at 240∘C at a
rate of 10∘C min−1 for 6 min. Helium was used as the carrier
gas at a flow rate of 1ml/min. The electron energy was 70 eV,
and detection was carried out in full scanmode (m/z 30-600)
with a solvent delay of 5 min.

2.8. Data Processing. Unprocessed GC/MS raw files were
converted to NetCDF format via DataBridge (PerkinElmer
Inc, USA), and then the baseline correction, peak discrimina-
tion and alignment, and retention time correction were
performed by the XCMS toolbox (https://xcmsonline.scripps
.edu/) with default settings. The result table (TSV file) is
exported to Microsoft Excel, and all data are standardized
to spectral sum before multivariate analysis. Multivariate
statistical analysis tools were used to analyze data by pattern
recognition. The SIMCA-P11.5 software package (Umetrics
AB, Umea, Sweden) was used for principal component
analysis (PCA) and partial least squares discriminant analysis
(PLS-DA). In addition, an unpaired Student t-test was used
to assess significant differences in discriminant scores or
concentrations of different metabolites obtained from PLS-
DA modeling between the model group and the control
group.The concentration of eachmetabolite was expressed as
the ratio of its peak area value to that of the selected internal
standard peak area of myristic acid.

2.9. Statistics. SPSS 21.0 statistical software package (SPSS,
Chicago, USA) was used for quantitative analysis and
expressed as mean ± standard deviation. Student-Newman-
Kerr one-way analysis of variance was used to analyze the
statistical differences among groups. The results of P < 0.05
were considered as statistically significant.

3. Result

3.1. Body Weight. As shown in Figure 1, there was no
significant difference in initial body weight between the 3
groups. After 8 weeks, compared with the control group, the
weight of the model group increased significantly (p< 0.05),
while the weight of the QHD group decreased, and there was
no significant difference compared with the model group.

3.2. TG Level in Liver. As shown in Figure 2(a), after 8 weeks
on a high-fat diet, the rats in the model group exhibited
increased TG levels compared to the rats in the control group
(P < 0.01). After treatment with QHD, the level of TG was
decreased compared to the rats in themodel group (P < 0.01).

3.3. Serum Levels of ALT, AST, TG, LDL, andHDL. At the end
of the experiment, the serum levels of ALT, AST, TG, and LDL
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Figure 1: Body weight from animals of different groups, ∗ p<0.05, compared with control group.

in themodel groupwere significantly higher than those in the
control group (P < 0.01). Compared with the model group,
QHD significantly reduced ALT, AST, TG, and LDL (P <0.05
or P <0.01), respectively. There was no significant difference
in serumHDL betweenQHDandmodel group [Figures 2(b),
2(c), and 2(d)].

3.4. Histopathological Changes of the Liver. Histopathological
changes of liver were examined in H&E stained sections.
Liver samples of model rats showed degeneration of hepa-
tocytes, abundant fat deposition, inflammatory infiltration,
prominent hepatocyte balloons, and a single large vacuole in
the cytoplasm of hepatocytes. Histopathological features of
fatty liver were observed in QHD group, but these symptoms
were alleviated. No histopathological signs were found in
the control group [Figures 3(a)–3(c)]. Oil red O staining of
liver tissue showed that no red lipid droplets were seen in
the normal group. Compared with the normal group, liver
steatosis was obvious, lipid droplets were large, the central
area of the lobule was darkly stained, and the marginal
area was lightly stained in the model group. The above
changes in the QHD group were obviously reduced [Figures
3(d)–3(f)]. These phenomena indicate that the rat fatty liver
model induced by high fat diet was successful and the
histopathological status was improved with the use of QHD.

3.5. Metabolomic Study

3.5.1. GC/MS Spectra of the ree Groups. A typical GC/MS
total ion current (TIC) chromatogram of the urine samples
from the control, model, and QHD groups was illustrated in

Figures 4(a), 4(b), and 4(c), respectively. The visual inspec-
tion of the spectra revealed some obvious differences, but the
complexity of GC/MS spectra prevented further comparison
between classes. Thus, XCMS and Microsoft Excel software
were used to pretreat the GC/MS spectra and obtained a
three-dimensional matrix (RT–m/z pairs), 30 sample names
(observations), and peak area percentage (variables). The
resulting data set was subsequently analyzed to extract useful
information by multivariate statistics including PCA and
PLS-DA.

3.5.2. Analysis of Metabolic Profiles and Identification of Sig-
nificantly Changed Metabolites. In this work, typical GC/MS
TIC chromatograms of urine samples from the control,
model, and QHD groups are shown in Figures 4(a), 4(b), and
4(c), respectively. Subtle changes can be found using pattern
recognition methods such as PCA and PLS-DA. PCA and
PLS-DA are two of the most popular pattern recognition
methods for obtaining information about the classification
and identification of metabolites. PCA is an unsupervised
method used as the first step in the separation process to filter
out noise and reduce the dimension of the observed data.
PLS-DA is a monitoring method similar to PCA in principle
for improving classification performance [28]. PCA displays
the poor separation between the control group and themodel
group (Figure 5(a)).

To improve the classification of the model and control
groups, a PLS-DA model was performed. As shown in
Figure 5(b), the samples in themodel and control groupswere
clearly separated; and the parameters of the modeling such
as R2X, R2Y, and Q2Y were 0.61, 0.97, and 0.78, respectively,
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Figure 2: Hepatic levels of TG (a) and serum levels of TG (b), HDL and LDL (c), AST and ALT (d). ∗𝑝 <0.05, ∗∗𝑝 <0.01 compared with
control group, # p<0.05, ## p<0.01 compared with model group.

indicating that the metabolic profile of the rats in the model
group was different from those in the control group. A
permutation test was conducted to further validate themodel
[29]. After 200 permutations, the intercept values of R2 and
Q2 are 0.48 and -0.38. The negative value of Q2 intercept
indicates the robustness of the model, which shows a low risk
of overfitting and reliability (Figure 6).

The PLS-DA loading plot (Figure 7) showed the variables
that had contributed strongly to the separation of the groups,
the significantly changed metabolites that were the furthest
one from the origin in the loading plot. According toVIP (the

variable importance in the projection)>1[30], 36 difference
variables were found. Next, based on P value of Student t-
test (p< 0.05), and matching value from the NIST library
for more than 800 (out of 1000) endogenous metabolites, 12
significantly changed metabolites could be identified from
the loading plot [31]. Among them, 4were decreased inmodel
rats, whereas the other 8 were upregulated. The results were
summarized in Table 1.

3.5.3. e Influence of QHD on the Urinary Metabolic Profiles
of High-Fat Diet Rats. To evaluate the influence of QHD
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Figure 3: Liver sections showing steatosis and inflammation with H&E staining (×200) and Oil Red staining (×200). H&E staining from (a)
control group, (b) model group, and (c) QHD group. Oil Red staining from (d) control group, (e) model group, and (f) QHD group.
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Figure 4: Typical GC/MS spectra of urine samples from (a) control group, (b) model group, and (c) QHD group.

on the urinary metabolic profiles of the high-fat diet rats,
a three-dimensional PLS-DA scores plot was built to depict
the general variation between the control and model groups
with QHD intervention. The scores plot (Figure 8) showed
clear separation of the model and control groups. The results
indicated that the urinary metabolic pattern was significantly
changed in the high-fat diet treated-model group. Also, the
QHD treated-group located between the model and control
groups, and it wasmuch closer to the control group, implying

that QHD did effectively prevent the progression of fatty liver
and regulated the perturbed metabolism.

The mean level of the 12 metabolites showed a tendency
to normal at different degrees after taking QHD (Table 1).
Among these metabolites, tryptophan, uridine, and pheny-
lalanine in the QHD-treated group were completely reversed
to levels in the control group (Table 1). It was revealed that
the concentrations of these metabolites, which were altered
in the rats of model group, had the tendency to come back
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Figure 5: Score plot of control group (black square) and model group (red circle) from a PCA model (a) and a PLS-DA model (b).
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from themodel group to the control group after taking QHD.
Above results confirmed that the disturbed urine metabolites
due to high-fat diet were regulated by QHD. The results of
liver function tests, histological changes, and these change
in urine metabolic pattern confirmed that QHD had obvious
anti-liver fatty effect.

3.5.4. Time-Dependent Changes of Metabolic Profile. In this
study, time-dependent changes of metabolic profile of urine
samples from control group, model group, and QHD group
rats were obtained at 0weeks beforemodeling, 4weeks before
QHD administration, 6 weeks during QHD administration,
and 8 weeks after QHD administration (Figure 9).
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Table 1: Significantly changed metabolites.

Metabolites Model groupa QHD groupb

Butyrate ↓ ∗∗ ↑

Malic acid ↓ ∗∗ ↑

Glycine ↓ ∗∗ ↑

L-lactic acid ↑ ∗∗ ↓

Indole ↑ ∗∗ ↑

Tryptophan ↑ ∗ ↓#
Glucose ↓ ∗ ↑

Uridine ↑ ∗ ↓#
Oleic acid ↓ ∗ ↑

Phenylalanine ↑ ∗ ↓#
Inositol ↑ ∗ ↓

Benzoic acid ↑ ∗ ↓

The up or down arrows represent the relatively increased or decreased levels
of the metabolites in model group or QHD group, respectively. a: compared
to the control group, b: compared to the model group. ∗∗p < 0.01, ∗p < 0.05,
# p < 0.05.

In the PCA score plot, there was no significant change
in the control group. The metabolic patterns of rats in the
model group were significantly different at different time
points, and there was a deviation trend from 0 weeks before
modeling to 6 weeks after QHD administration, which
showed a metabolic change induced by high-fat diet. In the
QHD group, the metabolic pattern 4 weeks before QHD
administration significantly deviated from the 0 week before
modeling. Metabolic patterns at 6 and 8 weeks showed a
reversal trend at 0 week beforemodel state with the treatment
of QHD. This result suggests that QHD has the potential to
correct deviations caused by high-fat diets.

3.5.5. Metabolic Pathway Analysis of QHD on Rat Model of
Fatty Liver Induced by High-Fat Diet. In order to identify the
most relevant pathway, the threshold of the influence value
of the pathway analysis by MetaboAnalyst 3.0 is set to 0.10
[32]. In this study, 12 potential biomarkers associated with

group separation were entered into online system Metabo-
Analyst. There are four significant pathways associated with
rat model of fatty liver induced by high-fat diet. The top 4
metabolic pathways included (a) phenylalanine, tyrosine, and
tryptophan biosynthesis, (b) phenylalanine metabolism, (c)
glycine, serine, and threonine metabolism, and (d) trypto-
phan metabolism (Figure 10).

In this study, the metabolic changes related to fatty liver
on the QHD treatment group were analyzed. Compared to
the model group, three different metabolites were completely
reversed to levels in the control group (Table 1). According
to the MetPA analysis (Figure 11), phenylalanine, tyrosine,
and tryptophan biosynthesis, phenylalaninemetabolism, and
tryptophan metabolism were significantly associated with
effect of QHD on rat model of fatty liver induced by high-fat
diet (Figure 11).

4. Discussion

The present study describes a urine metabolomic evaluation
of rat model of fatty liver induced by high-fat diet and
the treatment of QHD based on a GC-MS metabolomics
approach combined with univariate and multivariate anal-
yses. QHD markedly reduced liver tissue content TG apart
from the lowering of serum levels of ALT, AST, and
LDL. QHD significantly ameliorates the histological features
of high-fat diet-treated rats. All these results suggested
that intake of QHD may be useful in preventing and
improving fatty liver induced by high-fat diet. Furthermore,
metabolomics analysis indicated that QHD effectively regu-
lates the perturbedmetabolismby reversing changes of twelve
small-molecule metabolites (especially three metabolites,
tryptophan, uridine, and phenylalanine) (Table 1) and three
metabolic pathways (phenylalanine, tyrosine, and tryptophan
biosynthesis, phenylalanine metabolism, and tryptophan
metabolism) (Figure 11).

Our findings showed that metabolic changes of QHD
treatment on fatty liver are predominantly related to abnor-
mal amino acid metabolism (phenylalanine, tyrosine, and
tryptophan biosynthesis, phenylalanine metabolism, and
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tryptophanmetabolism). In present work, the levels of amino
acids (tryptophan, phenylalanine) were increased in model
group compared with the normal control group. Most amino
acids are synthesized and degraded in the liver; therefore,
liver injury can lead to abnormal amino acid metabolism
and release of amino acids from liver cells [33]. Tryptophan
and phenylalanine are an aromatic amino acid, a metabolite
of the intestinal flora that breaks down polyphenols and

proteins in food [34]. Under the catalysis of phenylalanine
deaminase, phenylalanine is converted to phenylpyruvic acid
and ammonia through deamination. Phenylpyruvic acid is
further converted to benzoic acid and phenylacetic acid
through decarboxylation. Benzoic acid and phenylacetic acid
eventually form succinic acid, which enters the tricarboxylic
acid cycle [35]. Malic acid is an intermediate substance in the
tricarboxylic acid cycle. In this study, themalic acid content of
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the model group was decreased, indicating suppressed TCA
cycle, and TCA cycle was disturbed by high-fat diet. In this
study, tryptophan and phenylalaninewere increased inmodel
group.The reason for the analysis may be that after the liver is
damaged, the tricarboxylic acid cycle in the liver is inhibited,
and the inactivation and scavenging ability of the aromatic
amino acid is decreased, resulting in a significant increase in
the concentration of aromatic amino acids in the urine [36].

Therefore, the level of amino acid in urine of model
group was higher than that of normal control group. QHD
treatment could successfully reverse the raise of the above 2

amino acids, indicating that amino acidmetabolismmight be
connected with the therapeutic mechanism of QHD.

The alteration in levels of glycine in fatty liver rats was
observed in our study. Glycine is one of the substances in the
synthesis of GSH. GSH is an antioxidant molecule produced
by several tissues in response to oxidative stress and increased
production of reactive oxygen species (ROS) [37]. Oxidative
stress is one of the mechanisms leading to liver injury, char-
acterized by mitochondrial dysfunction, oxidative damage,
and ROS production [38]. Glycine has the potential to act as
a hepatospecific antioxidant to reduce oxidant and cytokine
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production by Kupffer cells and promote hepatic fatty acid
oxidation [39]. Increasing glutathione biosynthesis by glycine
supplementation to the diet of SF rats may protect the liver
from oxidative stress and IR [40]. Therefore, supplemental
glycine may be protective in NAFLD [39]. In the present
study, glycine was significantly decreased in model group
compared with the control group, which suggests that high-
fat diet can cause the dysfunction of amino acid metabolism.
QHD intervention of high-fat diet treated rats showed a
tendency of bringing the level of glycine. Based on these
findings, it is likely that QHD produced a major metabolic
effects on amino acid.

Among these metabolites, butyrate and oleic acid were
significantly changed in our study. Butyrate belongs to a
volatile short chain fatty acid (SCFA) that is an endogenous
substance of the human body, which comes from the fermen-
tation of undigested food by the colonic microbiota. SCFA
is an energy source of intestinal microorganisms and host
intestinal epithelial cells, which can promote cell growth,
reduce the pH value of the colon environment, and lower
the growth of harmful bacteria. Supplemental SCFA can
improve glucose and lipid metabolism disorders associated
with obesity and may become a new therapeutic strategy
for obesity-related diseases [41]. The content of oleic acid
in model group was lower than that in normal control
group, indicating that the synthesis of free fatty acids (FFA)
increased in liver cells of rat. In the case of FFA accumulation
in the liver, when lipids cannot be stored in the situation
of high-fat diet or abnormal adipose tissue function, excess
lipids directly enter into the liver and accumulate in the liver,
causing liver inflammation and NAFLD [42]. In this paper,
butyrate and oleic acid were significantly decreased in model
group compared with the control group, while increase of
them was shown in QHD group.These results suggested that
high-fat diet affects fatty acids metabolism and QHD has a
significant antihepatic fat effect by regulating abnormal fatty
acid metabolism.

In this work, the decreased levels of malic acid and
glucose and increased level of L-lactic acid were presented
in the model group compared with the control group.
The finding is mostly associated with disordered energy
metabolism. Lactic acid is an end product of glycolysis,
which is traditionally indicative of adverse consequence [43].
The increase of lactic acid content of urine in the model
rats indicated that aerobic metabolism in vivo was inhibited
due to the cause of modeling, thus promoting glycolysis,
which was the manifestation of liver damage [44]. After the
intervention of QHD, the dysfunction of lactate synthesis
and secretion caused by modeling was obviously adjusted,
and the metabolic network returned to normal range. Malic
acid is the intermediate in the tricarboxylic acid cycle. The
decreased level of malic acid in the model group indicates
that the tricarboxylic acid cycle is inhibited and the energy
metabolism in mitochondria is affected [44]. On the other
hand, the inhibition of TCA cycle was alleviated by QHD,
accompanied by an increase in malic acid level. Glucose was
decreased in model group, which indicates the increase of
energy demand andmay be related to the observed alterations
in the levels of metabolites participating in Kreb’s cycle [45].

However, QHD intervention of high-fat diet treated rats
showed a tendency of bringing the level of glucose and did
not return to the level of the normal group, which was
lower than that of the normal group; it is speculated that the
mechanism of action QHD treatment of fatty liver is related
to abnormalities in glucose metabolism

Uridine is a pyrimidine nucleoside composed of pyrimi-
dine and ribose. The balance of uridine in the body is mainly
regulated by uridine phosphorylase, and uridine can prevent
fatty liver caused by some drugs. Fat metabolism in the
liver can bemodulated bymodulating uridine phosphorylase
or exogenous uridine supplementation to alter the uridine
content in the body [46]. Uridine can cause insulin resistance,
resulting in the failure of glucose to be used in time, resulting
in high blood sugar and diabetes in severe cases. Excessive
glucose enters the liver and undergoes a series ofmetabolisms
to form triglycerides (TG), and too much TG accumulates
in the liver, forming fatty liver [47]. In this study, the
uridine content of urine in the model rats was significantly
higher than that of the normal control group. After QHD
treatment, the increased level of uridine was downregulated,
suggesting that QHD may improve the pathological state of
fatty liver model rats by regulating the metabolism of purine
nucleotides.

Inositol is a kind of “biotin” that participates inmetabolic
activities in the body and has various functions such as
immunization, prevention, and treatment of certain diseases
[48]. Inositol plays an important role in the structural basis of
eukaryotic secondmessengers (phosphatidylinositol, inositol
phosphate, phosphoric acid, etc.) [49]. Therefore, inositol
regulates intracellular calcium concentration, insulin signal-
ing, and fatty acid oxidation [49]. The content of inositol in
the model group was significantly increased, suggesting that
high-fat diet feeding may cause insulin signal transduction
dysfunction and fatty acid metabolism disorder in rats.
After QHD treatment, the inositol content of QDH group
was significantly reduced, indicating that QHD can regulate
insulin signaling and fatty acid metabolism.

5. Conclusions

In this study, serum biochemistry, histopathology, and
GC/MS-based on metabolomic analysis confirmed the anti-
hepatic fat effect of QHD. In addition, 12 significantly dis-
rupted biomarkers in rat urine among groups were identi-
fied as involved in phenylalanine, tyrosine, and tryptophan
biosynthesis, phenylalanine metabolism, glycine, serine, and
threonine metabolism, and tryptophan metabolism. These
potential biomarkers and their corresponding pathways may
help to further understand the mechanism of QHD in treat-
ing liver fat. Our study also showed that the established urine
metabolomics method could provide a promising method
for exploring the complex mechanism of Chinese herbal
prescriptions.

Data Availability

The data used to support the findings of this study are
included within the Supplementary Materials.
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Supplementary Materials

2.2. Preparation of QHD. e quality control of QHD. Our
current study provides a newHPLC-basedmethod for quality
control of Qushi HuayuDecoction.The representative chem-
ical fingerprint combined with simultaneous determination
of 3 target components (polygoni, rhein, jasminoidin) offered
a powerful and rational way to guarantee the quality of
this herb. The results showed that extraction with water
or ethanol yielded more stable components. The present
study may serve as an important reference to establish the
quality control method for the extracts and preparations of
Qushi Huayu Decoction preparations. 2.6. Urine Sample
Preparation and Analysis. Two hundred microliters of urine
addedwith 30 units of urease was incubated at 37∘C for 15min
to decompose and remove the excess urea present in it.Then,
800𝜇l methanol and 10𝜇l myristic acid (1mgmL−1) used as
internal standard were added to it. The solution was vigor-
ously extracted for 1min and was centrifuged at 13,000xg,
4∘C for 10min. The supernatant (200𝜇l) was transferred to
a gas chromatography (GC) vial and then evaporated to
dryness under nitrogen at room temperature. Methoxyamine
(50𝜇l) in pyridine (15mg/ml) was added to each GC vial.
The solution was then vigorously vortexed for 1min, after

the methoxyation reaction at 30∘C for 1.5h at room tem-
perature. The samples were subsequently trimethylsilylated
at 70∘C for 1h using N-Methyl-N-(trimethylsilyl) trifluo-
roacetamide:trimethylchlorosilane (100:1, v/v, 50 𝜇l). Finally,
40𝜇l heptane was added to the GC vial, and the solution
was vigorously vortexed again for 1min before the GC/mass
spectroscopy (MS) analysis. (Supplementary Materials)
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The stroke-prone spontaneously hypertensive rat (SHRSP) suffers from severe hypertension and hypertensive organ damage such
as cerebral stroke and kidney injury under salt-loading. By a quantitative trait locus (QTL) analysis between SHRSP and SHR (the
stroke-resistant parental strain of SHRSP), two major QTLs for stroke susceptibility were identified on chromosomes 1 and 18 of
SHRSP, which were confirmed in congenic strains constructed between SHRSP and SHR. As the progression of renal dysfunction
was suggested to be one of the key factors inducing stroke in SHRSP, we examined effects of the stroke-related QTLs on kidney
injury using two congenic strains harboring either of SHRSP-derived fragments of chromosomes 1 and 18 in the SHR genome.
The congenic strains were challenged with 1% NaCl solution for 4 weeks; measurement of systolic blood pressure and urinary
isoprostane level (a marker for oxidative stress) and evaluation of renal injury by quantification of genetic marker expression and
histological examinationwere performed.We found that the congenic ratswith SHRSP-derived fragment of chromosome 18 showed
more severe renal damage with higher expression of Col1�훼-1 (a genetic marker for renal fibrosis) and higher urinary isoprostane
level. In contrast, the fragment of chromosome 1 from SHRSP did not give such effects on SHR. Blood pressure was not greater in
either of the congenic strains when compared with SHR. We concluded that the QTL region on chromosome 18 might deteriorate
salt-induced renal injury in SHR through a blood pressure-independent mechanism.

1. Introduction

The stroke-prone spontaneously hypertensive rat (SHRSP)
has been characterized as a good genetic model for severe
hypertension and hypertensive organ damage such as cere-
bral hemorrhage [1–4]. It was therefore suggested that inves-
tigation of genetic mechanisms of stroke susceptibility in
SHRSP provided us with important clues to understand
genetic susceptibility to stroke in humans, which would be
useful in its prevention and therapeutics [5]. In this context,
several genetic studies were performed and identified quan-
titative trait locus (QTL) responsible for stroke occurrence
[6–8]. We also identified two major QTLs for stroke on
chromosomes (chr) 1 and 18 in SHRSP and confirmed their

effects in reciprocal congenic strains constructed between
SHR and SHRSP [9]; in brief, the congenic strains having
the SHRSP-derived QTL fragments of chr 1 or 18 on SHR
background showed a shorter stroke-latency when compared
with SHR [9]. Of interest, these congenic strains did not show
significant difference in blood pressure when compared with
SHR, indicating that the greater susceptibility to stroke in
these strains was blood pressure independent [9].

On the other hand, it was suggested that SHRSP suffered
from severe renal damage under salt-loading when compared
with SHR [3, 10, 11]. Further, several groups identified QTLs
for salt-induced renal damage on chr 1 of rats, which were the
vicinity of the QTL for stroke [6, 12]. If susceptibility to renal
injury is influenced by the QTLs for stroke on chr 1 and/or
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18, it may be useful as a clue to identify the genes responsible
for stroke, and to understand the functions of those genes.

In this context, we compared salt-induced renal injury
among two congenic strains and the parental strain (i.e., SHR)
in this study to examine whether the QTLs on chr 1 and 18
affected renal injury. In addition, possible relevance between
renal injury and the stroke susceptibility was discussed.

2. Materials and Methods

2.1. Animal Procedure. Two congenic strains for the QTLs
on chr 1 and 18 [SHR.SHRSP-(D1Rat93-D1Rat269)/Izm and
SHR.SHRSP-(D18Rat73-D18Rat11)/Izm, respectively] were
employed in this study (abbreviated as Rp1.0 and Rp18.0,
respectively). In Rp1.0 and 18.0, a chromosomal fragment of
chr 1 and 18 of SHRSP/Izm was introgressed, respectively,
into SHR/Izm [9]. SHR/Izm was used as the control strain.
Six male rats at 12 weeks of age of each strain were used
in the experiments and all rats were fed stroke permissive
Japanese diet. SHR/Izm were provided by the Disease Model
Cooperative Research Association (Kyoto, Japan).

After the measurement of blood pressure (BP) and body
weight (BW) at 12 weeks of age, salt-loading was then started
by feeding them with 1% salt water. BP and BW were
monitored every week during 4 weeks of the experimental
period. Urine samples were collected for 24h in metabolic
cages every 2 weeks. Urine samples were centrifuged at 2000
rpm for 10 min at 4∘C and the supernatants were stored at
-20∘C until further biochemical analysis. BP measurement
was done using the tail-cuff method (BP-98A; Softron Corp.,
Tokyo, Japan). Each rat was acclimatized at 37∘C for 10
min before BP measurement. Five consecutive readings were
recorded and averaged to represent BP of an individual rat.

At the end of the experiment, each rat was deeply
anesthetized in isoflurane inhalation-chamber (2%with 300∼
400ml/min flow rate) and perfused with ice-cold 0.9% saline
solution for organ collection. The left kidney was stored in
10% formalin for histological analysis and the right kidney
was dissected, frozen in liquid nitrogen, and kept at -80∘C for
RNAextraction.The study protocolwas approved by the local
ethical committee of animal research in Shimane University.

2.2. Biochemical Measurements. Urinary 15-isoprostane-F2t
(IsoP) excretion level was measured to estimate oxidative
stress [13] using an ELISA kit (JaICA, Nikken SEIL Co.,
Ltd.). Urinary protein level was determined in 24h urine
samples as well with the protein assay BCA kit (Wako Pure
Chemical Industries Ltd., Japan) [14]. The measurements
were performed according to the manufacturer’s protocol.

2.3. Renal Histopathology. For histological evaluation of
renal damage, haematoxylin-eosin (HE) and Azan staining
were performed on histological sections of left kidney. On
HE-stained sections, glomeruli were categorized into three
groups according to the severity of glomerulosclerosis (Fig-
ures 2(a)–2(c)). About 300 glomeruli were examined on each
rat (about 1800 glomeruli were examined on 6 rats from
each strain) and a ratio of partially + completely sclerotic
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Figure 1: Effect of salt-loading on blood pressure. Six rats of each
strain were used. ∗p <0.001 vs control SHR (Student’s t-test), which
was significant after Bonferroni’s correction. Data are presented as
mean ± SD.

and intact glomeruli was compared among the strains using
�휒2 test. The same results were obtained when we employed
only completely sclerotic glomeruli instead of partially +
completely sclerotic glomeruli (data not shown). On Azan
staining, area of fibrotic regions (regions stained blue onAzan
staining, see Figures 2(d) and 2(e)) was measured on digital
images of the section using NIH Image J (ver1.8.0). A relative
fibrotic area (%) was calculated as fibrotic area/total area x
100. Relative fibrotic area was compared among the strains
using Student’s t-test with Bonferroni’s correction.

2.4. Gene Expression. Gene expression of Col1�훼-1, Tgf- �훽,
�훼-Sma ( markers for fibrosis), and Kim-1( a marker for
tubular injury) was determined in the kidney by quantita-
tive RT-PCR as described previously [15, 16]. The primers
used are as follows: �훼-Sma: GAGATCTCACCGACTACC-
TCATGA (forward), TCATTTTCAAAGTCCAGAGCG-
ACA (reverse), Tgf- �훽: ATCCATGACATGAACCGACCCT
(forward), GCCGTACACAGCAGTTCTTCTC (reverse),
Col1�훼 -1: ACATGTTCAGCTTTGTGGACCTC (forward),
TCAGGTTTCCACGTCTCACCA (reverse), Kim-1: GGA-
GCAGCGGTCGATACAACATA (forward), TCTCCA-
CTCGGCAACAATACAGAC (reverse). The PCR condition
was as follows: 1 cycle of 95∘C for 30s, followed by 40 cycles of
95∘C for 30s and 60∘C for 30s (Step One Plus Real Time PCR
System, Thermo Fisher Scientific, Waltham, MA). Relative
amount of mRNAwas calculated against �훽–actin as a control.

2.5. Statistical Analysis. All the data are presented as mean ±
SD. Statistical significance was tested either by �휒2 test or by
Student’s t-test. In case of multiple comparisons, significant
levels were adjusted by Bonferroni’s correction. Difference
was thought to be significant when p<0.05 (comparison
between 2 groups) or p<0.017 (comparison among 3 groups).
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Figure 2: Comparison of severity of renal damages among the three strains. (a–c) Typical morphology of glomerulus with no (a), partially
(b), and completely (c) sclerotic change, respectively. Photos were taken at 20X. (d, e) Typical microscopic appearance from SHR (d) and
Rp18.0 (e) by Azan staining after 4 weeks of salt-loading. Photos were taken at 10X. (f-g) Prevalence of sclerotic glomeruli (f) and relative
fibrotic area (g) were compared among the three strains. ∗Significantly different from both SHR and Rp1.0 after Bonferroni’s correction (by
the �휒2 test). (h) Urinary protein excretion for 24h at 0, 2, and 4 weeks of salt-loading (n=6). ∗p <0.001 and #p<0.01 vs control SHR by Student’s
t-test, which were significant after Bonferroni’s correction. Data are presented as mean ± SD.

3. Results

3.1. Blood Pressure under Salt-Loading. Baseline BP at 12
weeks of age was not significantly different among the strains
(Figure 1). During salt-loading, BP increased gradually in all
the three strains. At 4 weeks of salt-loading, BP of Rp1.0 was
significantly lower than that of SHR.

3.2. Renal Injury Induced by Salt-Loading. Histopathological
assessment of glomerulosclerosis showed that the number of
sclerotic glomeruli was significantly greater in Rp18.0 when
compared with Rp1.0 and SHR (Figure 2(f)). In accordance
with it, fibrotic area tended to be increased in Rp18.0 though it
did not reach a significant level (Figure 2(g)). Urinary protein
level did not differ among the three strains before salt-loading
as indicated (Figure 2(h)). During salt-loading, however,
urinary protein excretion was increased in the two congenic
strains whereas no significant increase was observed in SHR
(Figure 2(h)).

3.3. Evaluation of Gene Expression in the Kidney under
Salt-Loading. We evaluated expression of genes that are

biomarkers of renal fibrosis and tubular damage [17–19].
As shown in Figure 3, Col1�훼-1 expression was significantly
greater (p=0.003) and Tgf- �훽 expression tended to be greater
(p=0.049) in Rp18.0 when compared with SHR (under Bon-
ferroni’s correction). The expression of both genes was signif-
icantly different between the two congenic strains (p=0.002
and 0.012 for Col1�훼-1 and Tgf- �훽, respectively). No significant
difference was observed in �훼-Sma or in Kim-1 expression
among the three strains.

Correlation of the gene expressions and severity of renal
fibrosis and glomerulosclerosis were examined in Figure 4.
The results indicated that while Col1�훼-1 and Tgf- �훽 expres-
sions were correlated significantly with glomerulosclerosis
and renal fibrosis, expressions of the other genes were not.

3.4. Salt-Loading Induced Oxidative Stress. It was pointed out
that oxidative stress plays a key role in salt-induced renal
damage [20]. We therefore measured urinary isoprostane, a
sensitive marker of oxidative stress in vivo. At the baseline,
isoprostane did not significantly differ among the strains
(Figure 5). During salt-loading, isoprostane was increased
in all the three strains and in contrast to the baseline
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Figure 3: Expression of genetic markers for renal damage. (a–d) Gene expression of Col1�훼-1 (a), Tgf- �훽 (b), �훼-Sma (c), and Kim-1(d),
respectively, in the kidney after 4 weeks of salt-loading (n=5 in each group). Gene expression was represented as relative amount against
�훽–actin mRNA. †, ‡: significantly different from SHR (†) and Rp1.0 (‡), respectively, after Bonferroni’s correction. Data are presented as
mean ± SD.

status, Rp18.0 showed significantly greater level of urinary
isoprostane when compared with SHR after 4 weeks of salt-
loading. No significant difference was observed between SHR
and Rp1.0.

4. Discussion

In this study, we found that the congenic strain Rp18.0 was
more susceptible to salt-induced renal damage than was the
other congenic strain Rp1.0. It seems that the susceptibility
was independent of BP as no significant difference of BP
was observed between the two congenic strains. Since the
previous study pointed out that the effect of chr18 QTL on
stroke was BP independent [9], it is attractive to hypothesize
that the same gene(s) in the QTL region contributed to
both renal damage and stroke in Rp18.0. In this regard, it is
of interest that several reports indicated that vasculature in
SHRSP was more vulnerable to hypertensive insult [2, 3, 11].

Several different interpretations are possible for the rela-
tion between cerebral stroke and hypertensive renal damage;
the renal damage may causally relate to cerebral stroke,
or may just be a bystander (in another word, risk genes
for stroke may have pleiotropic effects on the kidney). We

can even assume another gene (or genes) for renal damage
located in the same QTL region. When causal roles of renal
damage are considered, a putative mechanism is acceleration
of hypertension due to renal damage. However, as shown
in Figure 1, BP did not become higher in Rp18.0 during
salt-loading. Further, despite the fact that the difference was
statistically significant, the prevalence of glomerulosclerosis
and the relative area of renal fibrosis were still modest even in
Rp18.0 (around 10 and 5%, respectively, see Figures 2(f) and
2(g)). This observation suggested that renal injury observed
in Rp18.0was not likely to have direct causal relationship with
greater incidence of cerebral stroke in this strain.

Another hypothesis is that the QTL on chr 18 affected
both stroke and renal damage as parallel events. Salt intake
inhibits the release of renin from the juxtaglomerular appa-
ratus that results in the depletion of angiotensin II (AngII)
level. In contrast, some studies showed that salt stimulated the
intrarenal local renin-angiotensin system (RAS) that might
contribute to the regulation of renal NADPH oxidase activity
[20]. NADPH oxidases facilitate the generation of reactive
oxygen species (ROS) in mesangial cells in glomeruli [21]
and epithelial cells in thick ascending limbs [22] which
might deteriorate glomerulosclerosis and renal fibrosis [23].
As the local RAS was identified in the brain as well [24],
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Figure 4: Correlation of mRNA expression with fibrosis and glomerulosclerosis. (a–d) Correlation between fibrotic area (%) and Col1�훼-1 (a),
Tgf- �훽 (b), �훼-Sma (c), and Kim-1 (d) expression. (e–h) Correlation between the prevalence of glomerulosclerosis (%) and the genetic marker
expressions. Pearson’s r is indicated with p values (n=5 in each group).

overproduction of ROS through activation of the local RAS
might contribute simultaneously to stroke [25]. In this study,
a greater level isoprostane was indeed shown in Rp18.0 only
under the salt-loaded status.This suggested that a higher level
of oxidative stress was actually induced under salt-loading in
this strain (see Figure 5).

Several studies were done to investigate molecular mech-
anisms of how oxidative stress influenced renal injury and
stroke; in the kidney, oxidative stress (mostly generated
in renal mesangial cells) was shown to activate the pro-
tein kinase C (PKC) and the mitogen-activated protein
kinases (MAPK), which then promoted the translocation
of transcription factors such as NF-�휅B and AP-1 into the
nucleus that eventually facilitated expression of the gene
of extra cellular matrix proteins [26]. On the other hand,
in the brain, oxidative stress was shown to lead activation
of the extracellular signal-regulated kinases 1/2 and the
N-methyl-D-aspartate receptor that facilitated Ca2+ influx.
It then activated the cytosolic phospholipase A

2𝛼
(PLA
2𝛼
)

throughMAPKandPKCactivation [27].The cytosolic PLA
2𝛼

enhanced production of arachidonic acid and conjugated
dienic hydroperoxides that was decomposed into aldehydes,
e.g., 4-hydroxynonenal which was toxic to neurons [28].

Future studies should focus on pathophysiological signif-
icance of increased oxidative stress in Rp18.0 and identify the
responsible gene (or genes) for this phenomenon in the chr18
QTL region.

We had discrepancy among the expression of marker
genes in the kidney; while Col1�훼-1 and Tgf- �훽 expression
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Figure 5: Urinary isoprostane level under salt-loading. Isoprostane
was quantified in 24h urine collected after 0, 2, and 4 weeks of salt-
loading (n=6 in each group). #p<0.01 vs control SHR by Student’s
t-test, which was significant after Bonferroni’s correction. Data are
presented as mean ± SD.

was significantly greater or tended to be greater in Rp18.0,
�훼-Sma and Kim-1 did not show a difference between Rp18.0
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and the other two strains (see Figure 3). When corre-
lation between the mRNA expression and renal fibrotic
area/glomerulosclerosis was examined, we found that �훼-Sma
showed no significant correlation with renal fibrotic area or
with glomerulosclerosis while Col1�훼-1 and Tgf- �훽 did in the
present study (see Figure 4). One possible reason for this
discrepancy was that the expression was examined at one
point, i.e., after 4 weeks of salt-loading. �훼-Sma, despite that it
is amarker for fibrosis, might not be active at this point. In the
meantime, Kim-1 is known to be a marker for tubular injury.
Therefore, tubular injury might not be a major player in the
pathology of renal damage in the congenic strains studied
here.

Although some classical parameters for renal damage, i.e.,
histological changes quantified by microscopic observation
and urinary protein excretion, supported more advanced
renal injury in Rp18.0, it may be useful to add other marker
genes to obtain further support; the Bcl-3 and the urinary
lipocalin-type prostaglandin D synthase were recently found
to be sensitive markers for renal damage in several different
diseases [29, 30], and urinary cystatinC is another established
marker for renal function [31].

5. Conclusion

We showed that Rp18.0 suffered from more advanced renal
injury under salt-loading when compared with SHR. As
Rp18.0 was shown to be more susceptible to cerebral stroke
in the previous study [9], this observation raised a possibility
that the gene(s) in the QTL on chr 18 might induce both
cerebral stroke and renal injury. We further showed that
oxidative stress was significantly greater in Rp18.0, implying
that oxidative stress played a pivotal role in the pathological
changes observed in this congenic strain. Themechanisms of
how increased oxidative stress promoted cerebral and renal
injury observed in Rp18.0 is to be elucidated in a future study.
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The burden of chronic kidney disease is dramatically rising, making it a major public health concern worldwide. Kidney
transplantation is now the best treatment for patients with end-stage renal disease. Although kidney transplantation may improve
survival and quality of life, its long-term results are hampered by immune- and/or non-immune-mediated complications. Thus,
the identification of transplanted patients with a higher risk of posttransplant complications has become a big challenge for public
health. However, current biomarkers of posttransplant complications have a poor predictive value, rising the need to explore novel
approaches for themanagement of transplant patient. In this review we summarize the emerging literature about DNAmethylation
in kidney transplant complications, in order to highlight its perspectives toward biomarker identification. In the forthcoming future
the monitoring of DNAmethylation in kidney transplant patients could become a plausible strategy toward the prevention and/or
treatment of kidney transplant complications.

1. Introduction

The burden of chronic kidney disease (CKD), in terms
of human suffering and economic costs, is dramatically
rising, making it a major public health concern worldwide
[1]. The management of end-stage renal disease (ESRD)
patients requires life-saving dialysis or kidney transplan-
tation. Patients receiving renal replacement therapy are
appraised at more than 1.4 million worldwide, with an
estimated ≈8% increasing incidence each year [2]. The main
reasons of this raise are ageing of populations and the
consequent increasing incidence of type 2 diabetes mellitus
and hypertension, which are the key risk factors for CKD [3].

Kidney transplantation currently remains the best
replacement therapy for patients with irreversible ESRD [4],
since it is associated with improved survival and quality
of life compared to hemodialysis [5], but either immune-

or non-immune-mediated complications significantly
contribute to the higher morbidity of transplant patients [5].
While short-term kidney graft survival after transplantation
has continuously improved over recent years [5], current
evidence reports less marked improvements in long-term
outcomes [6–10]. Several factors may affect transplant
outcomes, including donor age, alloimmune response,
ischemia-reperfusion injury, interstitial fibrosis of the
allograft, recipient comorbidity, degree of human leukocyte
antigen mismatch and polymorphisms in immunologic and
nonimmunologic genes [11–14]. More recently, a particular
consideration has been given to genomic and epigenomic
differences between the donor and the recipient, which
encompass 3.5 to 10 million genetic variants and substantial
epigenetic variations related to ethnicity, environment, and
lifestyles [15–17]. Blood-based biomarkers have been widely
proposed as potential predictive and diagnostic biomarkers,
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allowing the early identification of patients at high risk of
transplant rejection and other adverse outcomes. The study
of epigenetic mechanisms—including DNA methylation,
histone modification, and noncoding RNA—is getting a lot
of interest in this field of research, as reported by previous
reviews [18–20].

In this review we provide an overview on how DNA
methylation affects development and progression of CKD
and we summarize the emerging literature about DNA
methylation in kidney transplant complications. Finally, we
discuss the perspectives and the clinical usefulness of DNA
methylation changes as biomarkers of kidney transplant
complications.

2. Epigenetics

Epigenetic mechanisms regulate gene expression without
altering the DNA sequence. These molecular processes char-
acterize the epigenome,which is dynamic in response to envi-
ronmental stressors, modifiable during cell differentiation,
and heritable in daughter cells [21]. There are several epige-
netic mechanisms, which have been extensively reviewed by
Portela and Esteller [22], affecting chromatin condensation,
thereby regulating gene expression [23]: histone modifica-
tions (e.g., methylation or acetylation), noncoding RNA (e.g.,
siRNAs, lncRNAs, miRNAs), and DNA methylation [24].

The first lines of evidence on the role of epigenetics have
been pointed out by cancer research, with several studies and
meta-analyses demonstrating that epigenetic mechanisms
regulate tumour suppressor genes silencing, activation of
oncogenes, and increased chromosomal instability [25–29].
DNA methylation almost exclusively occurs within CpG
islands—short sequences in gene promoters and regulatory
regions that typically contain about 5-10 CpG dinucleotides
per 100 bp [30]. In mammals, DNA methylation process is
mediated by the activity of three DNA methyltransferases
(DNMT1, DNMT3a, and DNMT3b).

3. DNA Methylation and Chronic
Kidney Disease

Aberrant DNA methylation has been also described in other
chronic diseases, such as cardiovascular disease, neurode-
generative diseases, diabetes and its complications, obesity,
and CKD [31–38]. The latter has been recently associated
with changes in the DNA methylation profile by in vivo and
epidemiological studies [39]. Evidence from animal models
indicated that in utero restriction of calories, proteins, and
oxygen was linked to reduced nephron number, hyperten-
sion, andmicroalbuminuria.The influence of the intrauterine
environment on the foetal epigenetic programming might
explain foetal origin of adult diseases [40–42]. Beyond devel-
opmental programming, metabolic changes might also affect
CKD development and long-term health. For instance, epi-
demiologic studies showed that the hyperglycaemia-related
risk of diabetic kidney disease persisted even whenmetabolic
control was restored. The discovery of the long-lasting effect
of hyperglycaemia was the breakthrough for the develop-
ment of the “metabolic memory” theory, particularly in the

context of diabetic nephropathy [43, 44]. Consistently, the
comparison between saliva samples of diabetic patients with
or without end-stage kidney disease identified 187 genes that
were differentially methylated, out of which 39 were involved
in kidney development or diabetic nephropathy [45].

Recently, Smyth and colleagues compared DNA methy-
lation of 485,577 CpG sites in blood samples between 255
CKD patients and 152 healthy controls [46]. Interestingly,
they found aberrant DNA methylation of genes with known
biological function in CKD (i.e., CUX1, ELMO1, FKBP5,
INHBA-AS1, PTPRN2, and PRKAG2 genes).The relationship
between PRKAG2 and CKD has also been confirmed by
a meta-analysis of genomewide association data [47]. In
addition, the Chronic Renal Insufficiency genomewide study
compared the DNA methylation profiles of blood samples
among patients classified by different glomerular filtration
rates. The authors identified several differentially methylated
regions in genes that were associated with kidney functions,
including those involved in the epithelial to mesenchymal
transition pathway (i.e., NPHP4, IQSEC1, and TCF3) [48].

Several lines of evidence also suggested the role of DNA
methylation in kidney fibrosis progression. Stenvinkel and
colleagues analysed DNA methylation of blood samples in
CKD patients to evaluate the association between renal func-
tion, surrogate markers of inflammation, and aberrant DNA
methylation.The authors concluded that stable CKD patients
with no evidence of inflammation had comparable DNA
methylation levels with age- and sex-matched controls, while
end-stage kidney disease patients with higher inflammation
exhibited DNA hypermethylation [49].

4. DNA Methylation in
Kidney Transplantation

The identification of subgroups of transplant patients at
higher risk of posttransplant complications has become a big
challenge for public health, since it might improve long-term
outcomes. However, until now, biomarkers of posttransplant
complications have poor predictive value, rising the need to
explore novel approaches for the management of transplant
patient [20]. The dynamism of the epigenome and the long-
lasting effect in response to environmental stimuli make the
epigenetic mechanisms a suitable field of research for either
biomarker discovery or the development of novel therapeutic
strategies [18]. Overall, it has been acknowledged that epige-
neticmechanisms play a crucial role in themultiple biological
events involved in posttransplant complications, such as
alloimmune response, ischemia/reperfusion (I/R) injury, and
kidney graft fibrosis [18, 50]. It is also worth mentioning
that both the recipient and the donor continuously undergo
dynamic epigenetics modifications, even before transplanta-
tion [51, 52]. Meht and colleagues first described the use-
fulness of epigenetic modifications as rejection biomarkers
[53]. The authors compared the methylation status of the
promoters of DAPK and CALCA genes in urinary DNA from
deceased or living donor kidney transplant recipients after
48 hours from the transplantation, and 65 healthy controls.
CALCA hypermethylation was more frequently reported in
kidney transplant recipients compared with healthy controls
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and, in addition, CALCA methylation was more frequent in
kidney transplant recipients from deceased than from living
donors. Interestingly, there was a nonsignificant trend toward
CALCA hypermethylation in patients with biopsy-proven
acute tubular necrosis, when compared with acute rejection
and delayed or immediate graft function [53].

4.1. DNA Methylation and Alloimmune Response. Epigenetic
mechanisms might also affect the immune response of the
recipient, which is a crucial driver of the alloresponse to
the graft [54–57]. Although the use of immunosuppressive
drugs improved the short-term kidney graft survival and
decreased the incidence of acute graft rejection, the latter
still remains accountable for one-tenth of graft loss [5]. The
activation of immune cells relies on integrated pathways that
in turn are tightly regulated by transcription factors and
chromatin remodelers [58]. As extensively reviewed by Mas
and colleagues [19], the regulation of gene transcription by
epigenetic mechanisms might determine cell plasticity and
the strength of posttransplant immune responses.

The major histocompatibility complex (MHC) encodes
glycoproteins, which present antigens to the immune system,
and its expression is fundamental to alloantigen recognition.
Both in physiological (i.e., gametes and embryonic cells)
and in pathological (i.e., neoplastic cells) conditions, the
downregulation of MHC expression confers a degree of
protection from the immune system [59]. In acute rejection
there is an increase in MHC II glycoproteins within the
allograft and recently it has been demonstrated that DNA
methylation and histone modifications affected MHC class I
and II expression [60]. DNA methylation also modulates T-
cell activation through the production of interleukin-2 (IL-
2). In fact, the IL-2 promoter is methylated in inactive T cells,
whileDNAdemethylation allows upregulation of IL-2 follow-
ing simultaneous T-cell receptor and costimulatory signalling
[61]. Most of immune cells involved in allograft rejection
are influenced by epigenetic factors. Hence, the investigation
of DNA methylation profiles of immune cells before and
after kidney transplantation might help the discovery of
novel potential biomarkers for the clinical management of
patients. For instance, epigenetic mechanisms might affect
transcription factors, cytokines, and other molecules that are
essential to control the transcriptional profiles and functions
of memory T-cell [62]. Steinfelder and colleagues demon-
strated that demethylation of the CCR6 gene, which encodes
for a chemokine receptor in memory CD4+ T cells, enabled
the migration toward the renal proximal tubular epithelial
cells [63]. Several studies also demonstrated that epigenetic
mechanisms modulated the cytolytic activity of natural killer
(NK) cells, which are important in promoting rejection or
tolerance [64], by regulating the expression of several NK
cell receptors (i.e., KIR, NCRs, and NKG2D) and cytotoxic
molecules (i.e., GRZ and PRF) [65, 66]. Others reported
the complex epigenetic regulatory systems that modulated
the differentiation of hematopoietic stem cells into antibody-
producing B cells and antibody production [67–70]. How-
ever, most of studies focused on Foxp3, which encodes the
transcription factor Scurfin. Foxp3 regulates development
and function of CD25+CD4+ regulatory T (TR) cells [71],

which in turn maintain immunological self-tolerance and
reduce many immune responses [72, 73]. These cells are
mainly produced in the thymus as a functionally mature
T-cell subpopulation specialized for immune suppression.
In line with other genes, methylation of CpG sites within
the Foxp3 gene leads to gene silencing whereas complete
demethylation is necessary for stable and continuous Foxp3
expression [19]. Interestingly, subpopulations of TR cells differ
in the methylation of the TR-specific demethylated region
within the Foxp3 gene [74]: while TR-specific demethylated
region is methylated in naive CD4+ CD25− T cells, activated
CD4+ T cells, and TGF-𝛽–induced adaptive TR cells, they
are demethylated in natural TR cells [74]. The main role
of Foxp3+ natural TR cells is to suppress several effectors
of inflammation, such as T helper (TH) 1, TH2, and TH17
cells [72, 73]. As comprehensively reviewed by Wilson and
colleagues, there are also several lines of evidence demon-
strating that chromatin conformation and DNA methylation
at lineage restricted cytokine, transcription factor genes, and
their regulatory elements in TH cells both reflect and affect
their development and functions [75].

4.2. DNAMethylation and Ischemia-Reperfusion Injury. Sev-
eral studies proposed that ischemia-reperfusion injury might
cause DNA methylation changes in the donor organ. During
the ischemic period—in several clinical settings including
kidney transplantation—tissues are deprived of oxygen and
nutrients required to maintain physiological metabolism
and energy homeostasis [76]. In kidney transplantation, the
ischemia-reperfusion injury causes a series of pathological
responses ranging from inflammation and fibrosis to cell and
organ graft injury [76–78]. Pratt and colleagues were the first
to propose that modifications of methylated CpG sites may
occur as a result of prolonged ischemia-reperfusion injury
in kidney transplantation [79], which is in turn associated
with chronic nephropathy posttransplantation. In a rodent
model of kidney transplantation, they demonstrated that
prolonged cold ischemia in rat kidneys caused demethylation
of a specific CpG site within the IFN-𝛾 response element
resident in the promoter region of complement component 3
(C3) gene [79]. Loss of transcriptional repression of this gene
contributes to provide a plausible explanation for the accen-
tuated immunologic injury, which often follows protracted
ischemia of the allograft.

4.3. DNAMethylation and Kidney Graft Fibrosis. Progressive
interstitial fibrosis is the crucial final pathway in renal
destruction in either native or transplanted kidneys. Its
pathogenesis is complex and comprises both immune- and
non-immune-mediated mechanisms, culminating in inter-
stitial fibrosis, tubular atrophy, and progressive loss of graft
function. Similar to wound repair, fibrosis is triggered by an
injury and characterized by the deposition of extracellular
matrix through activated fibroblasts but conversely it can
progress even after the injury has disappeared [80]. Fibroge-
nesis is the result of complex interactions among the different
involved cell types which is coordinated by an extensive
network of growth factors and signalling pathways [81].
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Mechanisms that contribute to the maintenance of the profi-
brotic environment have not been well elucidated, but there
is emerging evidence for the effects of epigenetics on gene
expression and kidney fibrogenesis. Several lines of evidence
demonstrated the role of DNA methylation in an abnormal
wound healing process that resulted in fibrogenesis in CKD
[48, 82]. However, few preclinical studies reported that DNA
methylation might activate the fibrogenesis process in the
kidney [83], suggesting a possible role for oxidative stress and
inflammatory cytokines [84]. A genomewide methylation
study of tubule epithelial cells identified ≈5000 differentially
methylated CpG sites between CKD and control patients
[82]. Interestingly, functional annotation analysis revealed
that most of these regions were within or near developmental
and profibrotic genes and that their methylation level cor-
related with the expression of many profibrotic genes [85].
In addition, a genomewide methylation study of fibroblasts
identified 12 genes that were hypermethylated in fibrotic
but not in nonfibrotic kidney biopsies [86]. Among these
genes, hypermethylation of RASAL1—encoding an inhibitor
of the Ras oncoprotein—was investigated further, since its
silencing led to fibroblast activation by increased Ras-GTP
activity. Notably, in vivo studies demonstrated that kidney
fibrosis is ameliorated in DNMT1+/− mice [86], suggesting
that RASAL1 hypermethylation was mediated by DNMT1.
To uncover the molecular mechanisms that characterized
kidney allografts, Bontha and colleagues applied an integra-
tive multiomics approach in biopsies collected 24 months
after transplantation. The authors reported hypomethylation
of CpG sites within genes involved in activation of CD8+
and CD4+ T cells and MHC genes, and hypermethylation of
genes related to metabolic functions, integrity, and structure
of kidney [80].

4.4. DNA Methylation and Other Long-Term Complications
after Kidney Transplantation. Aberrant DNA methylation is
also studied for predicting long-term complications after
kidney transplantation. For instance, transplant recipients are
more likely to develop cutaneous squamous cell carcinoma
(cSCC) [87, 88], for which immunosuppressive treatment
seems to be a significant risk factor. Interestingly, Sher-
ston and colleagues investigated methylation of TR-specific
demethylated region within the Foxp3 gene as a marker
for cSCC in kidney transplant recipients [89]. The authors
followed 58 survivors of a cohort of long-term kidney
transplant patients, with and without skin cancer [89]. They
found a significant increase in the proportion of demethy-
lated CD4+FOXP3+ cells in patients who had previously
developed cSCC. Although these results highlighted the
methylation of TR-specific demethylated region as a potential
biomarker for cSCC posttransplantation [89], the use of
peripheral blood mononuclear cells instead of sorted TR cells
may represent a limitation of the study. More recently, Peters
and colleagues aimed to determine differentially methylated
regions in T cells and their role in the development of
cSCC in transplant patients [90]. Before transplantation, they
compared DNA methylation of T cells between 27 recipients
who developed a de novo cSCC and 27 who did not manifest
cSCC. The authors found different methylation status in

regulatory genomic and bivalent enhancer regions that coded
for a zinc-finger protein (i.e., ZNF577) and a protein involved
in T-cell migration (i.e., FLOT1), respectively [90]. While
the DNA methylation status remained relatively stable in the
majority of regions, it significantly changed in 9 differentially
methylated regions after transplantation [90], and this could
have a long-lasting effect on posttransplant cSCC develop-
ment.

Recently, the effects of epigenetic mechanisms in cellular
and molecular pathways involved in the pathogenesis of
cardiorenal syndromes have been proposed [91]. CKD is
associated with accumulation of uremic toxins and enhanced
oxidative stress, which in turn might affect epigenetic sig-
natures, including DNA methylation. Interestingly, it has
been demonstrated that global hypermethylation is indepen-
dently associated with cardiovascular mortality in patients
with CKD [49]. Hypertension is one of the most common
complications in kidney transplant recipients, increasing the
risk of graft loss and other cardiovascular diseases. In these
patients, treatment with angiotensin II (Ang II) blockers
for preventing or treating hypertension is closely associated
with improved survival. An in vivo study demonstrated that
DNA methylation modulated the recipient vascular Ang II
receptor (AT1R) gene expression, which in turn increased
the vascular contractility in response to Ang II [92]. Another
complication in kidney transplant recipients is the new-onset
diabetes after transplantation (NODAT), which increases
the risk of cardiovascular disease, infections, graft loss, and
mortality [93, 94]. A recent genomewide DNA methylation
analysis of adipose tissue found no significant difference
in global DNA methylation between NODAT patients and
healthy controls. However, patients who developed NODAT
exhibited aberrant DNA methylation in ≈ 900 regions that
were involved in insulin resistance, type 2 diabetes, and
inflammation.These findings suggested that changes in DNA
methylation of adipose tissue might increase infiltration
of immune cells with consequent insulin resistance and
inflammation, in patients who finally developed NODAT
[95].

5. Conclusions

Uncovering the clinical potential of DNA methylation in
CKD and complications after kidney transplantation is one
of the main challenges toward the management of kidney
transplant recipients. While aberrant DNA methylation has
been plenty described in CKD by in vivo and epidemiological
studies, further research is needed to discover novel potential
biomarkers for kidney transplant rejection and complica-
tions. Our review highlights the fact that research behind the
role of DNAmethylation in kidney transplantation has so far
exclusively been in the area of basic research, using in vitro or
in vivo candidate-gene studies. Few studies provided evidence
that epigenetic modifications might affect the individual risk
to develop posttransplant complications. Biomarker valida-
tion also offers the possibility of identifying novel therapeutic
targets. In fact, epigenetic drugs—especially DNA methy-
lating or demethylating agents—are becoming available in
oncology, and their potential to maintain functions and
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integrity of the transplanted organ should be investigated.
Furthermore, combined with routine clinical tests, the iden-
tification of biomarkers will contribute to an improvement
of the patient management. Accordingly, further transla-
tional studies should be encouraged to transfer the above-
mentioned knowledge to the clinic. In the forthcoming future
the monitoring of DNA methylation in kidney transplant
patients could become a plausible strategy toward the preven-
tion and/or treatment of kidney transplant complications in
the clinical setting and could be useful for identifying those
patients who are at higher risk of developing a cardiovascular
complication after transplantation, which is the leading cause
of death in kidney transplant recipients.
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Liquid Chromatography tandem mass spectrometry (LC-MS/MS) is used for the diagnosis of more than 30 inborn errors of
metabolisms (IEMs). Accurate and reliable diagnosis of IEMs by quantifying amino acids (AAs) and acylcarnitines (ACs) using
LC-MS/MS systems depend on the establishment of age-specific cut-offs of the analytes. This study aimed to (1) determine the
age-specific cut-off values of AAs and ACs in Bangladesh and (2) validate the LC-MS/MSmethod for diagnosis of the patients with
IEMs. A total of 570 enrolled healthy participants were divided into 3 age groups, namely, (1) newborns (1-7 days), (2) 8 days–7 years,
and (3) 8–17 years, to establish the age-specific cut-offs for AAs and ACs. Also, 273 suspected patients with IEMs were enrolled to
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evaluate the reliability of the established cut-off values. Quantitation of AAs and ACs was performed on an automated LC-MS/MS
system using dried blood spot (DBS) cards. Then the specimens of the enrolled clinically suspected patients were analyzed by
the established method. Nine patients came out as screening positive for different IEMs, including two borderline positive cases of
medium-chain acyl-CoAdehydrogenase deficiency (MCAD).A second-tier test for confirmation of the screening positive caseswas
conducted by urinary metabolic profiling using gas chromatography-mass spectrometry (GC-MS). Out of 9 cases that came out as
screening positive by LC-MS/MS, seven cases were confirmed by urinary GC-MS analysis including 3 cases with phenylketonuria,
1 with citrullinemia type II, 1 with methylmalonic acidemia, 1 with isovaleric acidemia and 1 with carnitine uptake defect. Two
borderline positive cases with MCADwere found negative by urinary GC-MS analysis. In conclusion, along with establishment of
a validated LC-MS/MS method for quantitation of AAs and ACs from the DBS cards, the study also demonstrates the presence of
predominantly available IEMs in Bangladesh.

1. Introduction

Inborn errors of metabolism (IEMs) are a group of phenotyp-
ically and genotypically heterogeneous metabolic disorders
caused by mutations in the genes that encode enzymes of the
metabolic pathways [1]. Deficiency or altered activities of the
necessary enzymes or proteins in the intermediary metabolic
pathways leads to a wide spectrum of diseases with clinical
heterogeneity [2, 3]. Although, individually these disorders
are rare, collectively they are numerous and the prevalence
rate varies between 1 in 800 and 1 in 2500 live births [1, 4–6].
Moreover, there is population-wise variation of incidence of
IEMs and it is assumed that 6-8% of world population can be
affected by these disorders.

Till date, about 1000 IEMs disorders have been identified
[7]. However, the clinical manifestations of these disorders
are often nonspecific and sometimes the signs and symptoms
of an individual IEM overlap with other IEMs and even non-
IEMs diseases, such as septicemia [2, 8, 9]. Remarkably, one-
third of the IEMs are characterized by involvement of the
nervous system [10] and the repercussions of neurometabolic
changes, particularly to neurological development during the
early years of life make it imperative to detect and treat
them at the earliest to prevent forthcoming disaster. The
quality of life of the affected individuals can be improved
by early diagnosis followed by immediate treatment initia-
tion, provided that treatments are available. Also, preventive
measures can be taken through genetic counseling [10].
Many IEMs including aminoacidopathies, organic acidemias,
and fatty acid oxidation (FAO) disorders can be treated
by simple diet therapy or other easy interventions [11, 12].
Unfortunately, diagnosis of individual IEMs are burdensome
and practically impossible, because there is no single test
available to diagnose these disorders.

Currently, liquid chromatography-tandem mass spec-
trometry (LC-MS/MS)-based high throughput technolo-
gies are being widely used which permits simultaneous
quantification of several metabolites such as amino acids
and acylcarnitines from a very small amount of biological
specimen. However, age-specific reference ranges of cut-
off values for each analyte must be established first for
each population by individual laboratories prior to screen-
ing/diagnosis of the patients [13–16], because the cut-offs
are highly influenced by various factors such as genetic
background, geographical location of a population, diet and
age [13, 17, 18]. At present, newborns are being screened
or diagnosed for more than 30 IEMs using LC-MS/MS
through newborn screening programs in the majority of the

developed countries, and certain developing countries across
the globe [1, 10, 19–22]. Unfortunately, newborn screening
facilities do not exist in Bangladesh. As a result, biological
specimens from individuals with suspected IEMs are being
sent to other countries for screening purposes. However,
the approach to analyze specimens in other countries is
unaffordable for most Bangladeshis, and above all, the results
are interpreted by comparing the data with the cut-off values
derived from the people of other geographical location and
genetic background.

In this study, we validated the method of LC-MS/MS-
based quantification of amino acids and acylcarnitines with
the target to establish reference values of the metabolites
for three different age groups of our population. Finally, we
screened clinical specimens and investigated whether the
established reference values of amino acids and acylcarnitines
could be used to identify the IEMs, especially aminoaci-
dopathies, organic acidemias, and FAO disorders, among
the clinically suspected patients with IEMs in Bangladesh.
Our study is expected to motivate Bangladeshi health policy-
makers to initiate a nationwide newborn screening program
without further delay to contribute towards fulfilling the SDG
goal 3 in time.

2. Methods and Materials

2.1. Ethical Approval and Study Population. The study pro-
tocol was reviewed and approved by the National Ethics
Review Committee (NERC) of Bangladesh Medical Research
Council (BMRC), Dhaka, Bangladesh (BMRC/NREC/2013-
2016/990). Prior to the collection of blood specimens, written
consent was obtained from the parents of the patients with
IEMs and healthy participants. For the establishment of cut-
off values of amino acids and acylcarnitines, a total of 570
healthy participants without any disease were enrolled in the
study. The healthy participants were divided into 3 groups
according to age, namely, group A (N= 120, aged 1-7 days),
group B (N= 243, aged 8 days-7 years), and group C (N=
207, aged 8-17 years). Additionally, 273 patients (158 males
and 115 females) with clinical manifestations suggestive of
IEMs were also enrolled. The median age of the patients
with suspected IEMs was 2.16 years (range: 0.03-17 years).
Inclusion criteria for participation in the study were lethargy,
irritation, poor feeding, tachypnea, seizures, persistent vom-
iting, toe-walking, unexplained developmental delay, abnor-
mal movement, language retardation, history of death of
previous sibling due to unexplained cause, positive family
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history withmetabolic disorders, and parental consanguinity.
In addition, these patientswere also subjected to investigation
for the signs,metabolic acidosiswith an increase in anion gap,
persistent or recurrent hypoglycemia, hypotonia, hyperam-
monemia, splenomegaly, abnormal imaging and electrophys-
iologic findings, which are suggestive of metabolic disorders
[6, 8, 10, 23]. However, the patients with aforementioned
symptomswhohad history of perinatal brain injury, infection
of central nervous system, or chromosomal abnormalities
were excluded from the study [10, 23]. Based on the inclusion
criteria, the patients with suspected IEMs were referred
by the pediatric clinicians from (1) National Institute of
Neurosciences & Hospital, Bangladesh, (2) Bangabandhu
SheikhMujibMedical University, Bangladesh, and (3) Dhaka
Shishu Hospital, Bangladesh. All the patients were examined
by expert clinicians before enrollment in the study. Before
enrollment of the participants, written informed consent was
taken from the parents or legal guardians.

2.2. Specimen Collection and Storage. The whole blood spec-
imens of newborns were collected by heel prick method and
∼75 𝜇L of blood was spotted on Whatman� 903 Generic
Multipart filter paper (GE Healthcare, Westborough, MA,
USA) to prepare a DBS (Dried blood spot) card for LC-
MS/MS analysis. Approximately, 80% specimens were col-
lected between 24 hours and 72 hours after birth and 20%
specimens were collected between day 4 and day 7 after
birth. The whole blood specimens for older children were
collected after 4-hour fasting using standard venipuncture
method and a DBS card was prepared by spotting ∼75
𝜇L blood on Whatman� 903 filter paper. In addition, 5
mL fasting urine specimens were also collected for urinary
metabolic screening tests including ferric chloride test, 2,4-
Dinitrophenylhydrazine test, Cyanide nitroprusside test, and
tests for urine reducing sugar and ketone bodies. The DBS
cards were dried for 4 hours at room temperature and stored
at -70∘C in plastic ziplock bags with desiccants until analysis
was done. After urinarymetabolic screening tests, the leftover
urine specimens (∼ 2mL)were stored at -70∘C for second-tier
tests such as metabolic profiling using gas chromatography-
mass spectrometry (GC-MS).

2.3. Specimen Preparation and LC-MS/MS Analysis. A Neo-
Mass AAAC kit (Labsystems Diagnostics Oy, Finland) was
used for quantitation of amino acids and acylcarnitines from
the DBS cards. A vial of lyophilized isotope-labeled internal
standards (IS) containing 2H

4
-Alanine (Ala IS), 2H

4
-13C-

Arginine (Arg IS), 2H
2
- Citrulline (Cit IS), 2H

3
- Leucine (Leu

IS), 13C
6
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2
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2H6-Ornithine (Orn IS), 13C6- Phenylalanine (Phe IS),
2H5-

Proline (Pro IS), 13C
3
-Serine (Ser IS), 13C

6
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3
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by adding 1 mL of extraction solution which was provided
with the NeoMass kit. Daily working extraction solution was
prepared by diluting the reconstituted internal standardswith
1:100 (v/v) extraction solution.

For analysis of amino acids and acylcarnitines from the
stored specimens, the DBS cards were brought to room tem-
perature (+18 to +25∘C) prior to extraction and a 3.2 mmdisk
(equivalent to ∼3.1 𝜇L whole blood) was punched out using
an automated Wallac Delfia DBS puncher (Perkin-Elmer Life
Sciences, Inc., USA) into a well of polystyrene U-bottomed
96-well microplate provided with the kit. After addition of
100 𝜇L daily working extraction solution to each well of
microplate, the plate was covered with adhesive film and
incubated for 20minutes at room temperature in amicroplate
shaker with shaking speed of 650 rpm. After incubation, 70
𝜇L supernatantwas transferred into aV-bottomedmicroplate
and covered with aluminum foil to reduce the evaporation.
The plate was placed in the autosampler of LC-MS/MS system
and 5𝜇L supernatantwas injected into the LC-MS/MS system
for analysis.

2.4. Instrumentation and LC-MS/MS Analysis. Shimadzu
LCMS-8050 liquid chromatograph mass spectrometer (Shi-
madzu Corporation, Japan) equipped with binary pump,
autosampler and electrospray ionization (ESI) source was
used for the analysis. The specimens were injected into
the LC-MS/MS system through ESI source for atmospheric
pressure ionization and specimen analysis was performed
using flow injection analysis-electrospray ionization-tandem
mass spectrometry (FIA-ESI-MS/MS) method.

2.5. Data Acquisition and Data Processing. The solvent deliv-
ery pump of LC-MS/MS system was programed for delivery
of mobile phase (provided with the kit) at a constant flow
rate of 150 𝜇L/min and the data acquisition was done in
positive ion multiple reaction monitoring (MRM)mode.The
ionization source parameters of LC-MS/MS were interface
voltage 4.5 kV, interface temperature 250∘C, dissolution line
temperature 250∘C, heat block temperature 400∘C, nebuliz-
ing gas flow 3.0 L/min, and drying gas flow 15.0 L/min. Argon
was used as a collision gas at pressure of 230 kPa. A Lab
Solution (version 5.82 SP1, Shimadzu Corporation, Japan)
software was used for data acquisition and the concentration
of each analyte was calculated using a Neonatal Solution
software (version 2.20, Shimadzu Corporation, Japan). The
total run time for each specimen was 1.5 min and the
data were acquired for 0.9 min. The MRM parameters for
analysis of amino acids and acylcarnitines have been shown
in Supplementary Table S1 (Supplementary File 1). Three
levels of quality control (QC) specimens (low, medium, and
high) were provided with the NeoMass AAAC kit to ensure
the accuracy of the test results. These QC specimens were
extracted and analyzed parallel with the specimens of healthy
controls and patients to monitor the reliability of the data
generated from the LC-MS/MS analysis.

2.6. Validation of the Method. Validation of the method
and performance of the Shimadzu LCMS 8050 (Shimadzu
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Corporation, Kyoto, Japan) were done using three levels
of control specimens (low, medium, and high) provided
with the NeoMass AAAC kit (Labsystems Diagnostics Oy,
Vantaa, Finland). Extraction of the analytes was done using
aforementioned extraction method for the DBS cards and
performance of the method was evaluated in terms of
intra-assay and inter-assay accuracy and precision, linearity,
limit of detection (LOD) or functional sensitivity, limit of
quantitation (LOQ), and recovery. The method validation
analysis was done for Ala, Arg, Cit, Leu, Lys, Met, Orn, Phe,
Pro, Ser, Tyr, Val, C0, C2, C3, C4, C5, C6, C8, C10, C12, C14,
C16, and C18.

2.7. GC-MS Analysis for Urinary Metabolic Profiling. For the
second-tier test, urine specimens (∼ 2mL) of the patients who
were screening positive by LC-MS/MS analysis were sent to
NeoCare Diagnostics Pvt. Ltd., Mumbai, India, for urinary
metabolic screening test using GC-MS.

2.8. Data Acquisition Statistical Analysis. GraphPad Prism
7 software (GraphPad Software, Inc., USA) and IBM SPSS
Statistics (Version 20) were used for statistical analysis. Per-
centiles, mean values, standard deviations (SD), coefficients
of variation (CV) and relative errors (RE %) were calculated
using standard statistical formulas.

3. Results

3.1. Validation of LC-MS/MS Method for Quantitation of
Amino Acids and Acylcarnitines. Intra-assay and inter-assay
variability of the method for each analyte were done by
analyzing three levels of control specimens in 15 different
replicates over a period of 5 days according to the CLSI
EP5-A2; Evaluation of Precision Performance of Quantita-
tive Measurement Methods; Approved Guideline—Second
Edition [24]. Supplementary Table S2 (Supplementary File
1) shows that the average range of intra-assay percentage of
coefficient of variation (%CV) of 11 amino acids (Ala, Arg,
Cit, Leu, Lys, Met, Orn, Phe, Pro, Ser, and Val) was within
20% of the target value which was within the acceptable
limit [25, 26]. However, the intra-assay %CV for Tyr was
23.15%. The average range of %CV for free carnitine (C0)
and acylcarnitines (C0, C2, C3, C4, C5, C8, C10, C12, C14,
C16, and C18) was also within 20% of the target value, except
for C6 (36.47%) which may have been due to very low
concentrations of the analyte in the low level DBS controls
which were supplied with the kit (0.13 𝜇mol/L).The accuracy
of the method was determined as percentage of relative
error (RE%). In case of intra-assay accuracy, the average
ranges of RE% of amino acids and acylcarnitines were -
19.85 to +9.33% and -6.46 to +6.93%, respectively, which
were within the acceptable ranges (Supplementary File 1:
Supplementary Table S2) [26]. The average ranges of inter-
assay %CV were 1.32%–11.60% and 1.16–14.14% for amino
acids and acylcarnitines, respectively. The ranges of average
inter-assay RE% were -19.31 to +3.55 % and -6.61 to +8.36%
for amino acids and carnitine-acylcarnitines, respectively.
These data indicated that the inter-assay accuracy and pre-
cision were within acceptable limits (Supplementary File 1:

Supplementary Table S3) [25, 26]. The ranges of average
recovery rates for amino acids and carnitine-acylcarnitines
were 80.68–103.54% and 93.37–108.35%, respectively (Sup-
plementary File 1: Supplementary Table S4) and they were
within acceptable limits [26]. Linearity of the method for
quantitation of each analyte was evaluated following CLSI
EP06; Evaluation of the Linearity of Quantitative Measure-
ment Procedures: A Statistical Approach; Approved Guide-
line [27]. As shown in Supplementary Table S4 (Supple-
mentary File 1), the coefficient of determination (R2 >
0.99) along with slope and y-intersect indicated that the
method was linear for all concentration levels (low, mid,
and high) of each analyte. LOD and LOQ for all analytes
were also calculated following CLSI EP17; Evaluation of
Detection Capability for Clinical Laboratory Measurement
Procedures; Approved Guideline, and the results have been
demonstrated in Supplementary File 1 (Supplementary Table
S4) [28]. Together, the data generated for method validation
study indicated that this method was suitable for quantitation
of amino acids and acylcarnitines from the DBS specimens
[25, 26].

3.2. Determination of Cut-off Values of Amino Acids, Acylcar-
nitines, and Marker Ratios. In this study, we calculated the
cut-off values using percentile distribution of metabolites in
healthy subjects according to CLSI C28-A2; How to Define
and Determine Reference Intervals in the Clinical Labora-
tory; Approved Guideline—Second Edition [29]. The blood
concentrations of metabolites (12 amino acids, free carnitine
and 23 acylcarnitine species) and the ratios of metabolites
(12 amino acid ratios and 18 ratios for acylcarnitines) were
determined using LC-MS/MS and 2.5th, 50th (median), and
97.5th percentiles were calculated for three groups of healthy
population (Supplementary File 1: Supplementary Table S5).
For each analyte of the healthy populations, the upper limit
cut-offs were set at above the 97.5th percentiles, whereas the
lower limit cut-offs were set at below the 2.5th percentiles.
Table 1 presents the cut-off values for the analytes andmarker
ratios for screening of aminoacidopathies, organic acidemias,
and FAO disorders. For screening of specific IEMs, we had
also taken consideration of clinical manifestations of the
patients, previous family histories, unexplained deaths of
siblings, and consanguinity of the parents, etc.

3.3. Results of DBS Specimens from Clinically Suspected
Patients Using LC-MS/MS. Among 273 clinically suspected
patients with IEMs, 9 patients came out as screening positive
for 6 different IEMs by LC-MS/MS analysis of DBS cards.
Among these 9 patients, therewere 3 cases of phenylketonuria
(PKU); 1 case for each of citrullinemia type II (CIT-II),
methylmalonic acidemia (MMA), isovaleric acidemia (IVA),
and carnitine uptake defect (CUD); and 2 cases of medium-
chain acyl-CoA dehydrogenase deficiency (MCAD).

Two female patients were found to be screening positive
for PKU at the age of about 1 year and the only male patient
was screening positive at the age of 10 years. Major clinical
complications of these PKU patients were developmental
delays, lethargy, and seizures (Table 2).
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Table 1: The cut-off values of the analytes and marker ratios for screening of IEMs.

Suspected
disease Analytes/Marker ratios

Cut-offs
Group A
(𝜇mol/L)

Cut-offs
Group B
(𝜇mol/L)

Cut-offs
Group C
(𝜇mol/L)

PKU ↑ Phe > 85.45 > 88.12 > 82.08
↑ Phe/tyr > 3.47 > 5.11 > 8.03

BHD ↑ Phe/tyr > 3.47 > 5.11 > 8.03

CIT ↑ Cit > 17.17 > 35.91 > 39.74
↑ Cit/Phe > 0.42 > 0.75 > 0.80

TYR ↑ Tyr > 199.96 > 128.12 > 136.63
↑ Tyr/Phe > 5.90 > 2.50 > 2.56

MSUD

↑ Val > 188.83 > 187.45 > 210.34
↑ Xle > 200.85 > 201.74 > 220.69
↑ Val/Phe > 5.37 > 3.35 > 4.05
↑ Xle/Ala > 1.37 > 1.44 > 1.23
↑ Xle/Phe > 5.62 > 3.37 > 4.14

ARG ↑ Arg > 21.39 > 74.98 > 95.36
↑ Arg/Orn > 0.26 > 1.00 > 1.04

OTC ↓ Cit < 4.68 < 11.51 < 13.67
↑Orn > 112.77 > 145.61 > 148.49

HCY ↑Met > 42.38 > 40.65 > 42.17
↑Met/Phe > 0.74 > 0.77 > 0.78

MMA ↑ C3 > 6.88 > 2.69 > 2.70
↑ C3/C2 > 0.19 > 0.15 > 0.14

IVA ↑ C5 > 0.55 > 0.26 > 0.29
↑ C5/C3 > 0.42 > 0.16 > 0.19

GA-II

↑ C4 > 0.63 > 0.33 > 0.38
↑ C8 > 0.14 > 0.14 > 0.30
↑ C14 > 0.51 > 0.27 > 0.13
↑ C16 > 7.23 > 2.47 > 2.20
↑ C12 > 0.23 > 0.14 > 0.15

GA-I ↑ C5DC > 0.29 > 0.17 > 0.20

CUD ↓ C0 < 15.60 < 12.34 < 13.38
↓ C2 < 6.88 < 8.71 < 9.05

CPT-I
↑ C0 > 73.73 > 69.76 > 75.67

↑ C0/(C16+C18) > 21.67 > 43.54 > 56.08
↓ C16 < 0.88 < 0.61 < 0.55

SCAD ↑ C4 > 0.63 > 0.33 > 0.38
↑ C4/C2 > 0.03 > 0.02 > 0.02

MCAD

↑ C6 > 0.09 > 0.09 > 0.12
↑ C8 > 0.14 > 0.14 > 0.30
↑ C10 > 0.18 > 0.23 > 0.58
↑ C10:1 > 0.11 > 0.16 > 0.21
↑ C10:2 > 0.02 > 0.08 > 0.08
↑ C8/C10 > 1.67 > 4.43 > 2.45
↑ C8/C2 > 0.01 > 0.01 > 0.02

VLCAD
↑ C14:1 > 0.34 > 0.16 > 0.26
↑ C14:1/C16 > 0.09 > 0.16 > 0.22
↑ C14 > 0.51 > 0.27 > 0.13

CPT-II ↑ C16 > 7.23 > 2.47 > 2.20

CACT ↑ C18 > 1.69 > 0.91 > 0.88
↑ C18:1 > 1.98 > 1.57 > 1.67
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Table 1: Continued.

Suspected
disease Analytes/Marker ratios

Cut-offs
Group A
(𝜇mol/L)

Cut-offs
Group B
(𝜇mol/L)

Cut-offs
Group C
(𝜇mol/L)

TFP ↑ C18OH > 0.05 > 0.01 > 0.01
↑ C18:1OH > 0.03 > 0.02 > 0.02

PKU, phenylketonuria; BHD, BH4 deficiency; CIT, citrullinemia; TYR, tyrosinemia; MSUD, maple syrup urine disease; ARG, argininemia; OTC, ornithine
transcarbamylase deficiency; HCY, homocystinuria; MMA, methylmalonic acidemia; IVA, isovaleric acidemia; GA-II, glutaric acidemia type II (multiple acyl-
CoA dehydrogenase deficiency); GA-I, glutaric acidemia type I; CUD, carnitine uptake defect; CPT-I, carnitine palmitoyltransferase I deficiency; SCAD, short-
chain acyl-CoA dehydrogenase deficiency; MCAD, medium-chain acyl-CoA dehydrogenase deficiency; VLCAD, very long-chain acyl-CoA dehydrogenase
deficiency; CPT-II, carnitine palmitoyltransferase II deficiency; CACT, carnitine-acylcarnitine translocase deficiency; TFP, trifunctional protein deficiency.

The male patient was positive for citrullinemia type II
(CIT-II) upon screening at the age of 10 years and his major
clinical complications included irritability, restlessness, and
excessive crying followed by unconsciousness (Table 2).

A one-year-old boy with developmental delay, seizure,
and low muscle tone was found to be screening positive for
methylmalonic acidemia (MMA). A male patient who came
out as screening positive for isovaleric acidemia (IVA) was
diagnosed at the age of 1.9 years. He was hospitalized mul-
tiple times with clinical manifestations like acute respiratory
infections and acute watery diarrhea. He had developmental
delay and elevated level of plasma ammonia.

Onemale patientwhowas screening positive for carnitine
uptake deficiency (CUD) was diagnosed at the age of 2 years
had clinical complications including lethargy, restlessness,
poor feeding, seizure, vomiting, abnormal movement, devel-
opmental delay, speech problems, and inability of walking.
Two patients, a boy and a girl who were screening posi-
tive for medium-chain acyl-CoA dehydrogenase deficiency
(MCAD), were siblings. The boy was 10 years of age, whereas
the girl was aged 8.5 years at the time of screening. Common
clinical complications of these patients were restlessness,
irritability, abnormal behavior, speech problem, and mental
retardation. The blood concentrations of C6, C8, C10, C10:1,
and C8/C10 ratio of both the male and the female MCAD
patients were slightly higher than the reference cut-off values,
while the concentration of C10:2 and the C8/C10 ratio were
within the reference cut-off values in case of both male and
female patients (Table 2).

3.4. GC-MS-Based Second-Tier Test for Analysis of Urine
Specimens from the LC-MS/MS-Based Screening Positive IEMs
Cases. As mentioned earlier, nine patients came out as
screening positive by LC-MS/MS analysis. Next, urine spec-
imens from all these 9 patients were subjected to a second-
tier test using GC-MS. The urinary metabolic profiling of
3 screening positive patients with PKU revealed elevated
levels of 4-hydroxyphenylacetic acid, phenyllactic acid, 4-
hydroxyphenyllactic acid, 2 hydroxyphenylacetic acid and
mandelic acid. Elevated levels of these organic acids are
suggestive of PKU caused by the deficiency of phenylalanine
hydroxylase enzyme (Supplementary File 1: Supplementary
Table S6).

In case of CIT-II screening positive patient, urinary
metabolite profiling using GC-MS revealed an elevated level

of citrulline, which is suggestive of citrullinemia (Supple-
mentary File 1: Supplementary Table S6). GC-MS analysis
of urine specimens from screening positive patient with
MMA showed an elevated level of urinary excretion of
methylmalonic acid, suggesting confirmatory diagnosis of
the screening positive MMA case (Supplementary File 1:
Supplementary Table S6). The second-tier test using GC-
MS analysis of urine specimen from IVA screening positive
case revealed that IVA specific metabolites such as isovaleryl-
glycine and 3-OH-isovalerate were elevated (Supplementary
File 1: Supplementary Table S6).

The urine metabolic profiling of screening positive
patient with CUD revealed elevated levels of urinary excre-
tions of 3-hydroxy butyric acid (3HB), adipic acid, and
p-Cresol. An elevated level of adipic acid along with a
highly elevated level of 3HB is suggestive of carnitine uptake
deficiency (Supplementary File 1: Supplementary Table S6).

For the MCAD screening positive patients which had
LC-MS/MS-derived borderline positive values above the cut-
off, urinary metabolic profiling by GC-MS revealed that the
levels of all the analytes tested were within the range of the
cut-off, which confirms that these patients were not true
cases of MCAD, i.e., false positive (Supplementary File 1:
Supplementary Table S6).

4. Discussion

The number, intricacy, and diverse clinical spectrum of IEMs
present a daunting diagnostic challenge to the physicians.
However, in order to reducemorbidity andmortality, or other
severe repercussions like irreversible neurological damage to
the patients with IEMs, early diagnosis and institution of
appropriate therapy are very critical. The use of LC-MS/MS
during the past decades has led to a remarkable increase
in screening of IEMs. Many countries have established
newborn screening (NBS) tests using LC-MS/MS which
analyzes metabolites from dried blood spots (DBSs) to detect
the IEM-associated disorders, particularly the treatable one
[30–32]. Although NBS is not in practice in Bangladesh,
the government health policymakers have initiated official
processes to start nationwide NBS program for management
of IEMs. Under the circumstances, establishment of local
cut-offs for IEMs-associated metabolites is timely. This is
the first study on screening of IEMs using LC-MS/MS in
Bangladesh, where the cut-off values of individual amino
acids and acylcarnitines were established by analyzing the
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DBS specimens of healthy subjects and the patients with
suspected IEMs were screened using the established cut-off
values.

LC-MS/MS has been widely adopted for IEMs screening
as it offers simultaneous and robust multiple disease screen-
ing using a single analytical high throughput technique [33].
Moreover, LC-MS/MS-based screening of IEMs provide the
advantages of rapidity and convenience in sample collection
and the stable isotopic internal standards used for quantifi-
cation in this method increases the specificity and sensitivity
of the test. In addition, it is possible to detect a number of
common to very rare diseases inexpensively. To reduce the
cost, usually a large number of specimens are analyzed in a
single run.

Most aminoacidopathies, organic acidemias, and FAO
disorders can be diagnosed using LC-MS/MS with 99%
sensitivity and 99.995% specificity [1, 34–36] but it requires
establishment of rigorous reference cut-off limits to detect
the IEM-related disorders. Reliable cut-offs would help to
minimize the false positive or false negative cases [14, 16, 37].
Through a worldwide collaborative project, the cut-off values
for screening of IEMs were determined using 25-30 million
healthy newborns, where 10742 cases were diagnosed with
IEMs [38]. However, the cut-off limits of metabolites depend
on different factors, such as analysis method, instrument
platform, genetic background or ethnicity of a particular
population [14, 39]. Since an NBS program does not yet
exist in Bangladesh, the patients are hospitalized or they visit
the physicians with clinical manifestations of IEMs during
postneonatal period when irreversible damage has already
occurred. Also, due to perplexing clinical presentation of
IEMs signs and symptoms and lack of proper screening
facilities, specimens are being sent to other countries where
the results are interpreted by comparing the data with the
cut-off values set for other geographical location and ethnic
backgrounds. This study is an initiative to overcome those
issues, as here, we have demonstrated the establishment of
cut-off values for different amino acids and acylcarnitines
for 3 different age groups. Sex-dependent variations of blood
amino acids and acylcarnitines concentrations are very rare
and this is why we generated only age-specific data consid-
ering age-specific variations of blood metabolites in healthy
population are frequently reported [7, 17, 18, 40]. Moreover,
the cut-off limits for screening of some amino acids and
acylcarnitines are very close to normal reference intervals
[18]. In the present study, all 7 patients who had been detected
with IEMswere older than one year andwe could successfully
diagnose these patients using the established cut-off values
for group B (8 days-7 years) and group C (8-17 years), which
further emphasizes the necessity of age-specific cut-off ranges
of different analytes.

In the study, among 273 patients with clinical signs
and symptoms of IEMs, 7 (2.6%) came out as screening
positive when DBS specimens were analyzed using LC-
MS/MS. Different research groups across the world reported
different frequencies of IEMs; e.g., Han and coworkers con-
firmed 1135 (6.2%) cases with IEMs among 18303 suspected
inherited metabolic diseases in China [2], while Al Riyami
S et al. reported a rate of 10.8% IEMs from Oman [41].

Furthermore, frequencies of 0.29%, 0.92% and 6% IEMs cases
were reported from Korea, Turkey and Egypt, respectively.
Our results are not directly comparable with other published
survey data because the prevalence rates of IEMs vary due
to geographical location, ethnicity, instrumentation platform,
diagnostic strategies and time span of the surveillance in a
particular population [13]. However, despite the difference
in criteria for selection of IEMs-suspected patients and
diagnostic approach, the results of our study are comparable
with the published data from India, the neighboring country
of Bangladesh, where IEM frequency has been reported
to be as high as 3.2% (113 cases among 3550 suspected
patients) [10]. Although the results of our study, which were
generated in a time span of two years, do not reflect the true
prevalence of IEMs in Bangladesh, it clearly demonstrates
that IEMs are not uncommon in this country and thus
the authorities in health sector and policymakers should be
notified of the importance of screening of IEMs. In addition,
consanguineous marriage, which is a common practice in
Muslim countries like Bangladesh, is a major factor behind
high rates of IEMs [42, 43]. We found that about 43% of
our confirmed IEM cases came with consanguineous family
history and the findings are consistent with others reports
published across the globe.

Among 7 patients who had been detected with IEMs
using the established cut-off ranges in this study, 3 had
PKU (aminoacidopathies) and 1 patient for each of isovaleric
acidemia and methylmalonic acidemia (organic academia),
carnitine uptake deficiency and citrullinemia (urea cycle dis-
order). Our study identified aminoacidopathies with higher
frequencies than other types of IEMs, and a similar pattern
was also reported from two other neighboring countries,
namely China and India, with PKU as the most prevalent
IEM [10, 44]. All these 7 patients could possess a satisfactory
quality of life provided that they would have undergone
NBS and started receiving treatment earlier, because the IEM
disorders they were suffering from were preventable. Thus,
the effort to thwart disease progression and severity, and to
provide diagnosed children with a tolerable living standard
is only conceivable with the initiation and application of
a nationwide screening program for IEMs in the first few
days of life, followed by quick and specific treatment and
care. Moreover, the benefits of such a program includes
societal, ethical, and economic aspects, as the present health
expenditures on handicapped people in Bangladesh are huge
and beyond affordable limit for most people. Furthermore,
the LC-MS/MS technology has been cost-effective for NBS in
many developed countries as well as in developing countries
[45–47]. Bangladesh's health policymakers must therefore
consider LC-MS/MS technology for IEMs screening, at least
for the most common disorders.

For the diagnosis of IEMs, the interpretation of LC-
MS/MS results may be inconvenient or arguable if there is
debate about the appropriateness of the reference ranges. In
our study there were two false positive MCAD cases who
had borderline positive concentrations of C6 acylcarnitines
on LC-MS/MS analysis and these cases came out as negative
when urinary GC-MS analysis was done.The reason for such
false positive cases might be due to relatively low number of
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sample size for determination of cut-offs and this might be
seen as the shortfall of the study. Analysis of more samples
in the future is expected to generate more reliable cut-offs.
In addition to screening, the second-tier tests need to be
performed by experienced biochemical and genetic experts.
Usually, various biochemical test, GC-MS, HPLC, enzymatic
assay and molecular analysis can be used as a second-tier
or confirmatory test. However, none of these tests offers the
conveniences of LC-MS/MS which is why LC-MS/MS has
been widely granted and used in NBS program all across the
globe.

Finally, apart from establishing cut-off values for various
amino acids and acylcarnitines for Bangladeshi population
and screening for metabolic disorders in Bangladesh, the
current study also aimed to gain practical experience in using
the technology and evaluating the overall efficiency of the
method in a Bangladeshi setting. We hope this experience
would assist other researchers or government authorities in
installing and establishing the new technology for screening
of IEMs through NBS program.

In conclusion, LC-MS/MS techniques may play a vital
role in screening and diagnosis of IEMs in newborns and
this may be helpful in facilitating timely therapy of treatable
IEMs. Furthermore, diagnosis of the relatively prevalent
metabolic disorders among Bangladeshi population, along
with their clinical features and ages of onsets, may provide
physicians with a deeper understanding of these conditions,
which would allow for early diagnosis and better treatment.
Lastly, given the high birth rate and economical condition
in countries like Bangladesh, introducing NBS for these
disorders would be a considerable but worthwhile challenge.
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In recent years, the ring finger protein 213 gene (RNF213) has gradually attracted attention, mainly because it has been found
that RNF213 c.14429 G>A is associated with moyamoya disease (MMD) in East Asian populations. Recent studies have revealed
that RFN213 is not only associated with MMD but is also connected with intracranial major artery stenosis/occlusion (ICASO)
and intracranial aneurysm (IA). However, only the relationship between RNF213 c.14429 G>A and ICASO has been confirmed,
and whether RNF213 has other mutations related to ICASO remains unclear. RNF213 and IA are currently only confirmed to be
correlated in French-Canadian Population and no correlation has been found in the Japanese population. This review summarizes
the advances in the associations between RNF213 and different cerebrovascular diseases and highlights that variant diversity of
RNF213 may predispose distinct populations to dissimilar cerebrovascular diseases.

1. Introduction

The RNF213 gene is located on chromosome 17 and encodes
a ring finger protein of 5207 amino acids. This gene has
two important functional domains: a RING finger domain
and an AAA+ATPase domain [1]. In recent years, RNF213
has attracted attention mainly because studies have found
that RNF213 is a susceptibility gene for moyamoya disease
(MMD) in East Asian populations, especially in Japanese
populations [2]. Further studies have revealed that RNF213
is also connected with intracranial major artery steno-
sis/occlusion (ICASO) in Asian populations [3]. Zhou et
al. found that different mutations of RNF213 are correlated
with intracranial aneurysm (IA) in French-Canadian Pop-
ulation [4]. In translational medicine, partial angiogenesis
was observed after knocking down rnf213 gene in zebrafish,
similar to angiogenesis in MMD [5]. However, mice with
Rnf213 gene knockout and mice with mutations correspond-
ing to the human RNF213 c.14429 G>A point mutation do
not present phenotypes mimicking those of MMD [6, 7].
More interestingly, the overexpression of p.R4810K in human
umbilical vein endothelial cells (HUVECs) inhibits angio-
genesis [8], which contradicts the phenotype of moyamoya

vessels partly due to angiogenesis. This review elaborates
on the advances of the associations between RNF213 and
different cerebrovascular diseases. RNF213 p.R4859K and
RNF213 p.R4810K are amino acid variants of the same locus
(rs112735431), with p.R4859K based on an in silico predicted
open reading frame and p.R4810K based on the open reading
frame verified by cDNA cloning. Similarly, RNF213 c.14429
G>A and RNF213 c.14576G>A correspond to the same single
nucleotide variation. RNF213 p.R4810K and RNF213 c.14429
G>A are used consistently in this review.

2. RNF213 and MMD

2.1. Genetic Factors Involved in MMD, Especially RNF213.
MMD is a rare cerebrovascular disease and is one of the
main causes of stroke in children. It is primarily characterized
by the progressive stenosis of the internal carotid artery
and an abnormal vascular network at the base of the brain
[9]. Thickening of the tunica intima and thinning of the
media is the main pathological feature of MMD [10], but the
pathogenesis of MMD remains unclear. SomeMMD patients
present autosomal dominant inheritance, and MMD is more
common inAsians than in Europeans, suggesting that genetic
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factors may be involved in the pathogenesis of MMD. It
has been found that multiple loci are associated with MMD:
3p24-p26, 6q25, 8q23, and 17q25 [11–14]. Kamada et al. found
that RNF213 at 17q25 is a new susceptibility gene in East
Asian MMD patients. The polymorphism c.14429 G>A of
this gene is present in 95% of familial MMD and in 79%
of sporadic MMD patients [2]. This suggests that genetic
factors are involved in the pathogenesis of MMD, especially
RNF213.

2.2. Clinical Studies

2.2.1. RNF213 p.R4810K and Distinct Populations. There is
a significant racial difference in the correlation between
RNF213 p.R4810K and MMD. This mutation is found in
90.1% of Japanese MMD patients, in 78.9% of Korean MMD
patients, and in 23.1% of Chinese MMD patients. Normal
populations also have this variation, which is found in 2.5%
of Japanese, 2.7%of Korean, and 0.9%of Chinese populations
[5]. Compared with Japanese and Korean patients, the rate
of this mutation in Chinese Han MMD patients is lower
[15]. The incidence of MMD in Europeans is about 1/10 of
that found in Japanese [16], and RNF213 p.R4810K was not
identified in Europeans [5], which may be one of the reasons
for the low incidence of MMD in Europeans. In a study of
RNF213 p.R4810K and MMD patients with different descent
living in the similar environment, p.R4810K was found in
56% of Asian descent MMD patients and not found in non-
Asian descent MMD patients [17]. Our previous meta-study
found that p.R4810K is associated with MMD, and compared
with China, the association wasmore prominent in Japan and
Korea. Additionally, p.A4399T was not associated with Asian
MMD patients, and p.A5021V was only related to Chinese
HanMMDpatients [18].This suggests that RNF213 p.R4810K
involved in the pathogenesis of MMD is ethnically diverse.

2.2.2. RNF213 R4810K Homozygote/Heterozygote and MMD.
It has been found that the dose effect of RNF213 is correlated
to the presence of MMD. Miyatake et al. found that the
homozygous mutation of RNF213 p.R4810K was only present
in patients with MMD and was not found in normal popula-
tions, and homozygous mutants showed earlier disease onset
and more severe conditions than did heterozygous mutants
[19]. However, later studies have confirmed that RNF213
p.R4810K homozygous mutations also exist in normal people
[20], and twins with the same genetic background can
present different phenotypes [5].This suggests that theMMD
phenotype cannot be explained solely by gene dose effects.

2.3. Basic Research

2.3.1. HUVECs E2488Q Mutants Corresponding to p.R4810K
Inhibit Angiogenesis. RNF213 has two important functional
domains: the RING finger domain and the AAA+ATPase
domain. The AAA+ATPase domain has two AAA+ mod-
ules. The first module is essential for assembling RNF213
oligomers, whereas the second module contributes to disas-
semble RNF213 oligomers. The oligomeric state is initiated

by ATP binding to the Walker A motif in the first AAA+
module and the Walker B motif in the second AAA+module
can hydrolyze ATP to disassemble oligomers [1]. Kobayashi
et al. found that the point mutation in the Walker B motif
of the first AAA+ module of RNF213 (E2488Q) similar to
the RNF213 p.R4810K mutation decreases ATPase activity
and stabilizes oligomers, thereby inhibiting angiogenesis.
However, the deletion mutation of the first AAA+ module
of RNF213 (RNF213 delAAA) does not inhibit angiogenesis,
similar to the wild type. The Walker B motif point mutation
(E2488Q) of the AAA+ module can maintain oligomers,
and the AAA+ module deletion mutation (RNF213 delAAA)
cannot maintain the oligomeric state [8]. This suggests that
the RNF213 p.R4810K mutant inhibits ATP hydrolysis to
maintain the oligomeric state, thereby inhibiting angiogen-
esis.

2.3.2. Mouse Rnf213 Knockout or p.R4828K Mutant Does Not
Completely Mimic the Phenotype of MMD. Clinical studies
suggest that RNF213 is associated with MMD. Since there
is no suitable animal model for MMD, many studies have
attempted to establish MMD models based on RNF213 gene
knockout or point mutations. Sonobe et al. used the cre-lox
system to knockout exon 32 ofmouseRnf213, but the resulting
mice did not show intracranial artery stenosis and smog-
like vascular phenotypes. They also did not show phenotypes
mimicking those related to MMD even when superimposed
with hypoxic environmental factors (by occluding the carotid
artery); however, the common carotid artery showed tran-
sient intimal and medial thinning [6]. Kanoke et al. used
the cre-lox system to generate the mouse Rnf213 p.R4828K
point mutation (corresponding to the human p.R4810K point
mutation), which does not show phenotypes mimicking
those related toMMDevenwhen superimposedwith hypoxia
[7]. In addition, Kanoke et al. gave Rnf213 exon 32 knockout
mice a strong dose of immunoadjuvant, which did not
mimic the phenotype of MMD [21]. Ito et al. found that the
Rnf213 exon 32 knockoutmice showed significantly enhanced
angiogenesis after long-term ischemia [22]. Studies on a
variety of mice specifically overexpressing RNF213 p.R4757K
(corresponding to the human p.R4810K locus) revealed that a
hypoxic environment promoted angiogenesis, but angiogen-
esis in mice in which endothelial cells overexpressed RNF213
p.R4757K was significantly inhibited [8]. This suggests that
Rnf213 gene knockout promotes angiogenesis, but p.R4810K
point mutation inhibits angiogenesis. After transient occlu-
sion of the middle cerebral artery in rats, Sato-Maeda et
al. found a significant increase in RNF213 expression in
the ischemic penumbra, which showed association with
apoptotic neurons [23]. This group later briefly clamped
the rat common carotid artery to cause general cerebral
ischemia and found that neuronal apoptosis in hippocampal
CA1 region was associated with elevated Rnf213 mRNA
[24], suggesting that RNF213 mediates apoptosis of hypoxic-
ischemic neurons.

2.3.3. Zebrafish rnf213 Knockdown or Knockout Partly Mimics
the Phenotype of MMD. The entire cerebral blood vessels of
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zebrafish can be clearly observed after inhibiting the forma-
tion of melanin. Therefore, Liu et al. used zebrafish as an ani-
malmodel and found that knockdownof rnf213 expression by
morpholino could promote angiogenesis and partially mimic
smog-like blood vessels [5]. However, the phenotypes pro-
duced through morpholino-mediated knockdown of rnf213
expression in zebrafish may have been affected by off-target
effects, and recent studies have found that morpholinos have
a high probability of off-target effects [25, 26]. Therefore, we
knocked out zebrafish rnf213 via a transcription activator-
like effector nuclease and found significant angiogenesis of
the intersegmental blood vessels and cerebral blood vessels
and small blood vessel stenosis in the F0 generation [27].
By similarly knocking out RNF213, the zebrafish model can
partially mimic the MMD phenotype, but mouse models
failed to mimic the MMD phenotype, even if the mice were
superimposed with hypoxia or immunoadjuvant, suggesting
that RNF213 may play different roles in MMD in different
species.

3. RNF213 and ICASO

Recent studies found that RNF213 p.R4810K is not only
related to MMD but is also related to non-MMD ICASO.
Miyawaki et al. found that the RNF213 p.R4810K point
mutation was present in 9 of 41 ICASO patients [3]. To
confirm this finding, Miyawaki et al. conducted an expanded
sample size study and found the RNF213 p.R4810K point
mutation in 20/84 ICASO patients [28]. Bang et al. found
that 176/352 ICASO patients had RNF213 p.R4810K point
mutations [29]. Shinya et al. found that RNF213 p.R4810K is
associated with anterior circulation ICASO and is not associ-
ated with posterior circulation ICASO or extracranial carotid
atherosclerosis [30]. Yeung et al. found a significant associ-
ation between RNF213 p.R4810K and the ICASO phenotype
inCADASIL (cerebral autosomal dominant arteriopathywith
subcortical infarcts and leukoencephalopathy) patients [31].
Liao et al. conducted a meta-analysis, summarizing 11 studies
of p.R4810K and ICASO (including 1778 ICASO patients and
3140 normal controls) and found that p.R4810K was signifi-
cantly associated with ICASO (OR 13.89, 95% CI 8.01–24.09,
and p < 0.0001) [32]. The above studies suggest that RNF213
p.R4810K is correlated with ICASO. However, studies on the
correlation between RNF213 and ICASO have only reported
one locus of p.R4810K, and correlations between RNF213
other variant and ICASO have not been found up to now.

4. RNF213 and IA

It has been found that French-Canadian population has a
higher incidence of IA, and IA patients are often found in
families, especially large families. Zhou et al. found that
two RNF213 point mutations (p.R2438C and p.A2826T) were
associated with intracranial aneurysms in French-Canadian
Population, both of which are located in the AAA+ATPase
domain, and ATPase activity was increased in IA patients.
It is thus speculated that RNF213 p.R2438C and RNF213
p.A2826T cause an increase in ATPase activity to promote

angiogenesis and participate in the formation of IA [4].
However, Miyawaki et al. found that RNF213 p.R4810K was
not significantly associated with IA patients of Japanese
descent, but no other site mutations were examined [3, 28].
This suggests that different mutation sites may be involved in
the pathogenesis of IA.

5. RNF213 Variant Diversity Is Associated with
Different Phenotypes

Various RNF213 genetic mutations related to cerebrovascular
disease have been reported (Table 1). These mutations are
predominantly missense mutations, and most of the point
mutation sites are located at the C-terminus (Figure 1).
Mutations in different sites of RNF213 may have different
effects on blood vessels. The RNF213 p.R4810Kmutation may
be themain cause ofMMD intracranial artery stenosis [3, 33].
It has been found that the RNF213 p.A4399T mutation is
more related to theMMD bleeding phenotype, while RNF213
p.R4810K is more related to the MMD ischemic phenotype
[15]. Two reported mutation sites in the AAA+ATPase
domain (c.7312 C>T and c.8476 G>A) are related to IA [4],
and four reported mutation sites in the RING finger domain
(c. 11990 G>A, c.12020 C>G, c.12037 G>A, and c.12055
C>T) are all related to MMD [15, 17, 34]. This suggests
that the AAA+ATPase domain may be more related to
IA, and the RING finger domain may be more relevant to
MMD. In addition to point mutations, it has been found
that four frameshift mutations in RNF213 are also associated
with cerebrovascular disease, with c.1214 1216delGAG
and c.11415delC associated with aneurysms [4] and
c.1587 1589delCGC and c.12343 12345delAAA associated
with MMD [17]. Frameshift mutations often cause loss
function of the entire protein, but the three reported
frameshift mutations of RNF213 (c.1214 1216delGAG,
c.1587 1589delCGC, c.12343 12345delAAA) all cause the
missing of 3bp, which may have little effect on the whole
protein function. The c.11415delC frameshift mutation only
deletes 1bp and is located in front of the RING finger domain,
whichmay result in loss of the RING finger domain function.

6. Conclusion

There are significant racial differences in the correlations
of RNF213 with MMD and IA. The correlation between
RNF213 p.R4810K and MMD is reported in Asian popula-
tions but not identified in Europeans and non-Asian descent
Americans. Similarly, the correlation between RNF213 and
IA was confirmed only in French-Canadian Population,
and no correlation was found in the Japanese population.
Different site mutations in RNF213 may be involved in
different cerebrovascular diseases. Current ICASO studies
report that only RNF213 p.R4810K is associated with ICASO,
and other mutation sites have not been reported. In addition
to RNF213 p.R4810K, many RNF213 sites have been reported
to be associated with MMD, and RNF213 p.R4810K is more
related to MMD patients in East Asia. In terms of RNF213
sites associated with IA, only two mutations (p.R2438C and
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Table 1: RNF213 variants diversity in cerebrovascular diseases (Italic represents variant associated with hemorrhagic type MMD; bold
represents variant related to ischemic type MMD).

Diseases Nucleotide Amino acid Reference
MMD c.1407G>T p.Q469H Schilter (2017) Am J Med Genet A 173, 2557

c.1549G>A p.G517R Shoemaker (2015) G3 (Bethesda) 6, 41
c.1587 1589delCGC Cecchi (2014) Stroke 45, 3200

c.2986G>A p.E996K Akagawa (2018) Hum Genome Var 5, 17060
c.4421C>T p.S1474F Shoemaker (2015) G3 (Bethesda) 6, 41
c.4865C>T p.A1622V Lee (2015) J Neurol Sci 353, 161
c.5180C>T p.T1727M Zhang (2017) J Neurosurg 126, 1106
c.10997T>C p.M3666T Shoemaker (2015) G3 (Bethesda) 6, 41
c.11671A>G p.M3891V Kamada (2011) J Hum Genet 56, 34
c.11797G>A p.V3933M Lee (2015) J Neurol Sci 353, 161
c.11884A>G p.N3962D Liu (2011) PLoS One 6, e22542
c.11945A>G p.K3982R Shoemaker (2015) G3 (Bethesda) 6, 41
c.11990G>A p.C3997Y Cecchi (2014) Stroke 45, 3200
c.12020C>G p.P4007R Wu (2012) PLoS One 7, e48179
c.12037G>A p.D4013N Cecchi (2014) Stroke 45: 3200
c.12055C>T p.R4019C Kobayashi (2016) PLoS One 11: e0164759
c.12124G>A p.E4042K Kobayashi (2016) PLoS One 11, e0164759
c.12173A>C p.H4058P Akagawa (2018) Hum Genome Var 5, 17060
c.12185G>A p.R4062Q Moteki (2015) J Am Heart Assoc 4: e001862
c.12226A>G p.I4076V Cecchi (2014) Stroke 45, 3200

c.12343 12345delAAA Cecchi (2014) Stroke 45, 3200
c.12353C>T p.S4118F Harel (2015) Am J Med Genet A 167, 2742
c.12391C>T p.R4131C Lee (2015) J Neurol Sci 353, 161
c.12437T>C p.V4146A Kobayashi (2016) PLoS One 11, e0164759
c.12478A>C p.K4160Q Zhang (2017) J Neurosurg 126, 1106
c.12554A>C p.K4185T Smith (2014) Int J Stroke 9, E26
c.12711C>G p.D4237E Cecchi (2014) Stroke 45, 3200
c.13100A>T p.Q4367L Wu (2012) PLoS One 7, e48179
c.13195G>A p.A4399T Wu (2012) PLoS One 7, e48179
c.13699G>A p.V4567M Kamada (2011) J Hum Genet 56, 34
c.13756A>C p.T4586P Wu (2012) PLoS One 7, e48179
c.13822C>T p.P4608S Liu (2011) PLoS One 6, e22542
c.13891C>G p.L4631V Wu (2012) PLoS One 7, e48179
c.14030G>T p.W4677L Schilter (2017) Am J Med Genet A 173, 2557
c.14195A>C p.K4732T Cecchi (2014) Stroke 45, 3200
c.14248G>A p.E4750K Moteki (2015) J Am Heart Assoc 4, e001862
c.14293G>A p.V4765M Kamada (2011) J Hum Genet 56, 34
c.14428A>G p.R4810G Shoemaker (2015) G3 (Bethesda) 6, 41
c.14429G>A p.R4810K Kamada (2011) J Hum Genet 56, 34
c.14587G>A p.D4863N Liu (2011) PLoS One 6, e22542
c.14780G>A p.R4927Q Moteki (2015) J Am Heart Assoc 4, e001862
c.14850G>C p.E4950D Liao (2017) Environ Health Prev Med 22: 75
c.15062C>T p.A5021V Liu (2011) PLoS One 6, e22542
c.15408G>A p.M5136I Wu (2012) PLoS One 7, e48179
c.15480C>G p.D5160E Liu (2011) PLoS One 6, e22542
c.15487G>A p.V5163I Cecchi (2014) Stroke 45, 3200
c.15527A>G p.E5176G Liu (2011) PLoS One 6, e22542

IA c.1214 1216delGAG Zhou (2016) Am J Hum Genet 99, 1072
c.1699A>G p.M567V Zhou (2016) Am J Hum Genet 99, 1072
c.2017C>T p.R673W Zhou (2016) Am J Hum Genet 99, 1072
c.3674A>G p.D1225G Zhou (2016) Am J Hum Genet 99, 1072
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Table 1: Continued.

Diseases Nucleotide Amino acid Reference
c.7312C>T p.R2438C Zhou (2016) Am J Hum Genet 99, 1072
c.8476G>A p.A2826T Zhou (2016) Am J Hum Genet 99, 1072
c.9562G>A p.V3188M Zhou (2016) Am J Hum Genet 99, 1072
c.9709C>A p.Q3237K Zhou (2016) Am J Hum Genet 99, 1072
c.11415delC Zhou (2016) Am J Hum Genet 99, 1072
c.12496G>A p.D4166N Zhou (2016) Am J Hum Genet 99, 1072
c.12854G>A p.S4285N Zhou (2016) Am J Hum Genet 99, 1072
c.13074G>A p.K4358= Zhou (2016) Am J Hum Genet 99, 1072
c.13577T>C p.I4526T Zhou (2016) Am J Hum Genet 99, 1072
c.15275G>A p.R5092Q Zhou (2016) Am J Hum Genet 99, 1072

ICASO c.14429G>A p.R4810K Miyawaki (2012) Stroke 43, 3371
Miyawaki (2013) Stroke 44, 2894

c.1214_1216delGAG

c.1699A>G

c.3674A>G

c.7312C>T

c.8476G>A

c.9562G>A
c.9709C>A

c.2017C>T
c.11415delC c.15275G>A

c.14429G>A

c.12496G>A
c.12854G>A

c.13074G>A
c.13577T>C

1 5000 2000010000 15000

RNF213

cDNA

number 21062

AAA+ATPases domain

7234-8730

RING finger domain

11989-12105

c.1587_1589delCGC

c.1407G>T
c.1549G>A

c.2986G>A c.5180C>T c.15062C>T
c.15408G>A

c.15480C>G
c.15487G>A

c.15527A>G

c.12124G>A
c.12173A>C
c.12185G>A

c.12226A>G
c.12343_12345delAAA
c.12353C>T
c.12391C>T

c.12437T>C
c.12478A>C
c.12554A>C
c.12711C>G

c.11990G>A
c.12020C>G
c.12037G>A

c.12055C>T

c.13100A>T
c.13195G>A (relate to hemorrhagic type MMD)

c.13699G>A
c.13756A>C
c.13822C>T
c.13891C>G
c.14030G>T
c.14195A>C
c.14248G>A
c.14293G>A
c.14428A>G

c.14429G>A (relate to ischemic type MMD)
c.14587G>A
c.14780G>A
c.14850G>C

c.10997T>C

c.11797G>A
c.11884A>G

c.11945A>G

c.11671A>Gc.4421C>T
c.4865C>T

Figure 1: RNF213 Nucleotide Variants Found In MMD, IA, and ICASO. Variants associated with MMD are marked in red; variants
associatedwith IA aremarked in blue; variants associatedwith ICASO aremarked in green; red box represent variants in RING finger domain
related toMMD; blue box represent variants in AAA+ATPases domain related to IA. Two special variants (c.13195G>A and c.14429G>A) are
associated with different type MMD, respectively.

p.A2826T) have been reported. Different mutation sites of
RNF213 are associated with different cerebrovascular dis-
eases, possibly because different mutations affect different
functional domains of RNF213. Therefore, RNF213 vari-
ant diversity predisposes distinct populations to dissimilar
cerebrovascular diseases. Unfortunately, mice with Rnf213
knockout or point mutations similar to those of humans do
not fully mimic theMMDphenotype. Environmental aspects
may also be important factors in MMD pathogenesis. More
studies are required to confirm the correlation of RNF213
with various cerebrovascular diseases, thus providing a new
target for the prevention and treatment of cerebrovascular
diseases.
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Bangladesh is grappling with the largest mass poisoning of a population in the world due to contamination of drinking water
with naturally occurring inorganic arsenic. It is estimated that 75 million people of 59 (out of 64) districts are at risk of drinking
contaminated water with arsenic above 50𝜇g/L. Long term exposure to arsenic causes cancers, including skin, lung, and bladder.
This is a randomized prospective study to see the prevalence of skin cancer from arsenic affected area of Bangladesh, as well as
their variation by geographical area, age, gender, location on the body, and socioeconomic conditions, in outpatient department
of plastic surgery unit of Bangabandhu Sheikh Mujib Medical University (BSMMU). A total of 960 patients with skin cancers
comprised of 528 males and 432 females were selected for the study from January 2004 to December 2015. In this 12-year study, we
found squamous cell carcinoma, basal cell carcinoma, melanoma, and Merkel cell carcinoma to be associated with the ingestion of
arsenic contaminated ground water. This is a reflection of a small part of the total national scenario of devastating result of arsenic
mediated cancer in terms of skin malignancy.This study will help the future researchers who are contemplating to work on arsenic
induced health problem.

1. Introduction

Arsenic contamination of ground water in Bangladesh is
reported to be the worst problem in the world in terms
of affected population [1, 2]. Survey data from 2000 to
2010 have demonstrated that an estimated 35 to 77 million
Bangladeshi people, especially in rural area, have been chron-
ically exposed to arsenic through drinking water and daily
food [3–5]. Before 1970s, people in this country used surface

water for drinking and daily activities. The surface water was
pathogen laden and as a result they suffered from several
types of diarrheal diseases in epidemic manner. To solve this
problem, since 1970s, the government and other international
organizations introduced shallow tube wells. The people got
the apparent benefit but the hidden problem was discovered
years later. The water from shallow tube wells (depth of 10-
70m) contains arsenic in toxic level, which causes a lot of
hazards to the human body. But ground water from deep
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tube wells (depths >150m) is safe and contains arsenic in less
concentration [5, 6].

According to WHO guidelines, water containing arsenic
over 10𝜇g/L is said to be contaminated but in Bangladesh, this
bench mark rises to 50𝜇g/L [7–12]. Natural Drinking Water
Quality Survey report used an estimated population of 164
million to estimate that 22 million and 5.6 million people
are drinking water with arsenic concentrations >50𝜇g/L
and >200𝜇g/L, respectively [13]. This can lead to massive
chronic poisoning—called arsenicosis—causing neoplastic
and nonneoplastic health problems in local population.
This can occur at genetic and epigenetic level [14]. The
arsenic biotransformation process which involves methyla-
tion changes is thought to play a key role for malignant
transformation. Arsenic can damage DNA through oxidative
stress by generation of toxic species such as reactive oxygen
species (ROS) [10, 15–17]. According to the United States
Environmental ProtectionAgency, the risk of developing skin
cancer in association with daily consumption of around 1.0
liters of arsenic contaminated water at 50𝜇g/L concentration
has been estimated to be 1 in 1000 to 2 in 1000[18]. Basal
cell carcinoma (BCC) and squamous cell carcinoma (SCC)
are the most common nonmelanotic cutaneous malignancy
in patients with long term exposure to arsenic. Merkel’s Cell
Carcinoma (MCC), which is uncommon, and melanoma
have been documented at low frequency [19–22].

In 1983, KrishnaChandra Shah identified arsenic induced
skin lesions in India and by 1987, he detected several arsenic
induced skin lesions in patients who came from neighboring
Bangladesh. In 1993, the Public Health Engineering Depart-
ment of Bangladesh officially declared the confirmation of
arsenic contamination inNawabganj district [23–25]. In 1998,
British Geological Survey (BGS) collected water samples
from41 arsenic affected districts [26] and 35%ofwater sample
were found to have arsenic contamination above 50𝜇g/L.
The recent statistic on arsenic contamination indicates that
59 out of 64 districts of Bangladesh have been affected
[27]. Approximately 85% area of Bangladesh has arsenic
contaminated ground water and around 75 million people
are at risk of arsenic ingestion from the tube-wells water [1].
Apart from the national survey there have been a number
of thana and village surveys in many districts. The districts
where most upazillas and villages have a large number of
contaminatedwells (up to 100%) are termed asworst affected
districts. Those districts are Chandpur (90%), Munshiganj
(83%), Gopalganj (79%), Brahmanbaria (70%), Jhenaidah
(69%), Madaripur (69%), Noakhali (69%), Satkhira (67%),
Comilla (65%), Shariatpur (65%), Lakshmipur (64%), Pabna
(62%), Meherpur (60%), Bagerhat (60%), and Natore (58%).
The least affected districts are the ones where none of the
samples exceed the Bangladesh limit. They are Thakurgaon,
Panchagarh, Nilphamari, Lalmonirhat, Patuakhali, Barguna,
Barisal, Chuadanga, Jessore, Feni, Khulna, Magura, Narail,
Rajbari, and Pirojpur [28]. In about half of themeasurements,
the arsenic concentration in tube-well water was about
50𝜇g/L [29, 30], which reached above 150-300𝜇g/L in some
districts or parts of some districts along the border of West
Bengal, India [21, 31].

The occurrence of arsenic diseases depends on the inges-
tion of arsenic compounds and their excretion from the body.
It has been reported that 40% to 60% arsenic can be retained
by the human body [32, 33].The daily consumption of arsenic
contaminated water is very high in Bangladesh, especially in
villages. The villagers are more involved in manual labour
and for the hard-work they consume more water (more than
5 liters per day), especially in the summer [1]. They retain
arsenic not only by drinking water but by all of their food
chains and cooked food which is contaminated by arsenic.
We have almost no data to state exactly when the problem
with arsenic poisoning started in Bangladesh, but it may be
assumed that the consumption of arsenic contaminatedwater
since 1970 is the beginning of the problem.

2. Materials and Methods

We performed a prospective study. Study period was from
January 2004 to December 2015. The cases were selected
random-wise fromoutpatient department (plastic surgery) of
Bangabandhu Sheikh Mujib Medical University (BSMMU),
Dhaka, Bangladesh. All the patients were referred from
the department of dermatology of BSMMU, different med-
ical colleges, and private chambers of dermatologists in
Bangladesh with histopathology reports of incisional biopsy
(incisional biopsy is a surgical procedure to remove a piece
of tissue from a lesion ormass.The tissue is then tested by the
histopathologists to find out what it is). All the lesions were
larger than 2.5cm in diameter and required plastic surgical
maneuver, that is, wide excision and reconstruction by skin
graft or flap coverage. We then sent the excisional biopsy
(excisional biopsy is a surgical procedure in which whole
lesion or mass is removed then tested to find out what it
is) specimen for histopathology after marking its different
borders with different suture materials (Prolene, Vicryl, and
Silk) to delineate the exact area of the body from where
we have removed it. We used a container containing 10%
formalin to transport the specimen to the department of
histopathology.Themain target of this histopathology was to
see the deep surface and marginal clearance of this excised
specimen. The histopathologists did immunohistochemistry
(immunohistochemistry refers to the process of detecting
the antigens in the cells of tissue section by exploiting the
principle of antibodies binding specifically to the antigens in
the biological tissue) forMerkel Cell Tumour andMelanoma.
The histopathologists did the diagnosis of the cancer by
world-wide standard methods.

Within these 12 years, 1403 patients were found with
cutaneous malignancy among which 1156 cases were related
to arsenic exposure. 960 cases fulfilled the selection criteria
(which are listed below) and 196 patients who had multiple
lesions due to arsenicosis were not included in the study.

2.1. Selection Criteria

(i) Those who have one of the dichotomous physician-
diagnosed skin lesions [34],
Melanosis, Keratosis, Hyperkeratosis, and Leucome-
lanosis
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Table 1: Demographic analysis of patients.

Male Female Total
Number of Patients (%) 528(55) 432(45) 960 (100)
P value 𝜒

2 p = 0.22 𝜒
2 p = 0.09 𝜒

2 p = 0.13
Age (Mean and SD) 49.1 & 12.11 46.6 & 13.3 47.8 & 12.76
Age (Median) 64 69 67
Age Range 20-90 18-95 18-95
Family history of cutaneous malignancy due to arsenicosis 268 (27.92) 252 (26.25) 520 (54.17)

(Melanosis is termed as a diffuse or spotted lesion
characterized by dark pigmentation on the face, neck,
limbs and trunk.Keratosis is defined as any diffuse or
spotted lesion characterized by hard and roughened
skin elevations observed on the hands and feet.
Hyperkeratosis is defined as extensively thickened
keratosis observed on the hands and/or feet that
are easily visible from a distance. Leucomelanosis is
defined as depigmentation characterized by black and
white spots present anywhere in the body)

(ii) History of ingestion of water from tube-wells for at
least 10 years in arsenic prevalent districts marked by
the government of Bangladesh

(iii) Patients with single malignant lesion with histopa-
thology report of incisional biopsy

Statistical analysis was performed using SPSS 16.0
software. Normally distributed continuous variables were
expressed and categorical variables were expressed as num-
bers and percentages. Mann-Whitney U test used in compar-
ison with the continuous variables and chi-square test was
used in comparison with categorical variables. The level of
statistical significance was considered as <0.05.

Ethical approval was taken from Institutional Review
Board (IRB), BSMMU. The declaration of Helsinki was
followed. All the patients were involved in the study after
taking informed written consent. All the information was
collected using a questionnaire by face to face interview.

3. Results

A sample of 960 patients from January 2004 to December
2015 presenting with cutaneous malignancy (single lesion)
from different arsenic contaminated districts of Bangladesh.
There were 528 (55%) male and 432 (45%) female. The mean
age of patients was 47.8±12.76 years (male 49.1±12.11 and
female 46.6±13.3). About 520 patients have family history of
malignancy due to arsenicosis (Table 1).

Cancers were very less below the age of 24. Higher
prevalence (28.99%) of patients was noted in 40-49 years
age group which was found to be statistically significant (P
<0.05). BCC was found in 563 (58.65%) cases, SCC in 384
(40%), melanoma in 11 (1.15%), and MCC in 2 (0.21%) cases.
There was no statistically significant difference between male
and female population. Melanomas were found in above 40
years of age andmore in male (0.73%) population. TwoMCC
cases were found in the female population (Table 2).

In Table 3, face (10.31%) was least affected area where
limbs (34.27%) weremost.There was a statistically significant
(P <0.05) difference between male and female patients. 270
(28.13%) lesions were found on the scalp and 262 (27.29%)
were in the trunk. About 78.56% (754) patients came from
low education level, whereas 3.64% (35) in high education
level, which was found to be statistically significant (P <0.05).
Melanomas were more among the lower educational group
where MCCs were found in the educated group (Table 4).

In Tables 5(a) and 5(b), highest (n=67, 6.98%) number
of patients came from Chandpur (90% affected area) and
all types of cancer (BCC, SCC, Melanoma, and MCC) are
found in this area.The lowest number of patient (n=11, 1.15%)
came from Pirojpur and Patuakhali (P <0.05). About 66.55%
(N=637) patient came from worst affected districts with
35.22% (N=338) BCC, 29.83% (N=286) SCC, 1.14% (N=11)
melanoma, and 0.21% (N=2)MCC. But from the least affected
areas only 33.65% (N=323) came with 23.44% (N=225) BCC
and 10.21% (N=95) SCC. No melanoma or MCC was found
in the least affected districts.

4. Discussion

Arsenic (As) is a metalloid. It is widely distributed in nature
[35]. Arsenic compounds can be found in organic (when
combined with carbon and hydrogen) and inorganic form
(when combined with oxygen, chlorine, and sulfur among
other elements) [36]. In Environment, arsenic can be found
with an oxidation state +3 (Arsenite or, As [III]), or, +5
(Arsenate or As [V]), exhibiting different grades of toxicity
[37]. An increased level of inorganic arsenic in drinking
water is the major cause of arsenic toxicity [36, 38]. For
this reason, IARC (International Agency for Research on
Cancer) declared that arsenic is a human carcinogen (class
I) and recommended threshold for arsenic concentration of
drinking water ≤10𝜇g/L [39–41]. Smith AD et al. also showed
arsenic levels as low as 2 𝜇g/L may be cancerous [42].

It is nowwidely believed that high arsenic levels in ground
water in Bangladesh have natural geological source which
may be due to abstraction of quaternary confined and semi-
confined alluvial or deltaic aquifers. This is also inferred that
arsenic is occurring in the alluvial sediments; the ultimate
origin is perhaps in the out crops of hard rocks higher up the
Ganga catchment [43]. A large number of chemical and bio-
logical reactions, namely, oxidation, reduction, adsorption,
precipitation, methylation, and volatilization, participate in
the cycling of the toxic element in ground water [35]. It is
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Table 3: Age and sex variation according to the location of lesion.

Age Group (yrs)
Face Scalp Limbs Trunk

Male Female Male Female Male Female Male Female
N % N % N % N % N % N % N % N %

20-29 4 0.42 2 0.21 5 0.52 4 0.42 11 1.15 5 0.52 5 0.52 7 0.73
30-39 13 1.35 7 0.73 17 1.77 13 1.35 35 3.65 17 1.77 24 2.50 20 2.08
40-49 14 1.46 8 0.83 57 5.93 26 2.71 53 5.52 40 4.17 27 2.81 53 5.53
50-59 8 0.83 11 1.15 52 5.42 32 3.33 39 4.06 51 5.31 37 3.85 29 3.02
>60 11 1.15 21 2.19 41 4.27 23 2.40 48 4.99 30 3.13 27 2.81 33 3.44
Total 50 5.21 49 5.11 172 17.91 98 10.21 186 19.37 143 14.9 120 12.49 142 14.8

Table 4: Analysis of patients according to education level.

Patient
None-primary Secondary-College Graduation or, further

Male Female Male Female Male Female
N % N % N % N % N % N %

SCC 173 18.02 136 14.17 38 3.96 30 3.13 4 0.42 3 0.31
BCC 237 24.69 198 20.63 57 5.94 45 4.69 14 1.46 12 1.25
Melanoma 6 0.63 4 0.42 - - - - 1 0.10 - -
MCC - - - - - - 1 0.10 - - 1 0.10
Total 416 43.34 338 35.22 95 9.90 76 7.92 19 1.98 16 1.66

also manmade causes; i.e., the use of fertilizers, pesticides,
insecticides, waste disposal, and arsenic treatedwooden poles
for power grids was blamed for the contamination [28]. That
underground water system flows into shallow tube wells used
by many. The water pulled to the surface from the wells
is often contaminated with high levels of arsenic- causing
problems in food chain [44].

Arsenic toxicity is close dependent and particularly on
the amount of ingestion of arsenic compounds and their
excretion from the body through urine, stool, skin, hair,
nail, and breath. It has been reported that 40%-60% arsenic
is retained in human body and passes slowly out through
skin and nail [33]. Both arsenite and arsenate accumu-
late in dermis and epidermis, epidermal stem cells, have
been proposed as a potential target for arsenic induced
carcinogenesis [31, 45, 46]. Arsenic also has the potential
to induce malignant transformation of human keratinocyte
[47]. The carcinogenic mechanism in the cell includes the
following: (a) biotransformation, methylation can activate
the toxic and carcinogenic potential of arsenic [48, 49]; (b)
arsenic induced oxidative stress, such as reactive oxygen
species (ROS) leading to genomic alteration [50–53]; (C)
epigenetic changes, DNA methylation, histone modification,
and micro-RNAg [54, 55]. Moreover, malnutrition which
is basically due to poverty of this region has a great effect
on immunosuppression, causing arsenic inducedmalignancy
[26]

In this 12 years study, we found 960 patients with
cutaneousmalignancy where themean age was 47.8 years and
showed male predominance. Basal Cell Carcinoma (BCC)
was 58.65% (N=563) and Squamous Cell Carcinoma (SCC)
was 40% (N= 384) of the study population. Ghosh SK et
al. did a field study from July to August 2013, on arsenic

contaminated area of West Bengal, India, where the mean
age was 52.2 years, 37.5% BCC and 41.7% SCC. This result
is nearly identical to our study probably due to similar
geographical location, genetic constitution of the people,
and mode of contamination of ground water in both the
regions [56]. A similar study conducted in India supported
our finding of male predominance. This could be explained
by the observation that males of the rural areas of this region
are more engaged in manual labour (day labourer, farmer,
rickshaw puller, etc.) and consume more water per day than
the females [57]. About 54.17% (N=520) patient had positive
family history of cutaneous malignancy due to arsenicosis.
This fact maybe attributed to the use of water (drinking,
cooking, and other purposes) obtained from the same tube
well by all the members of a family. Majority of the people of
rural area of Bangladesh live in poverty, and they have to use
only one common tube well for many families [58].

We found 1.15% (N-11) melanoma patients in our study,
highest in 50-59-year age group. Melanoma is a relatively
rare finding in other studies of the world. All the melanoma
were located in the lower limbs, especially on sole and
toe nail, found mainly in Chandpur, Gopalganj, Madaripur,
and Sariatpur where the arsenic concentration is >50𝜇g/L,
sometimes even up to 500𝜇g/L in some villages [29]. A
study conducted in Iowa, IA, USA, suggested a potential link
between elevated arsenic levels and melanoma, found mostly
in patients aged >40 years. They suggested that arsenic’s
affinity for sulfhydryl group of keratin causes accumulation
where scleroprotein is abundant, e.g., finger nails and toe
nails. It is found when average arsenic concentration was
21𝜇g/L [19, 59–61].

In our series, we found 0.21% (N- 02) Merkel Cell
Carcinoma (MCC) in the temporal region (sun exposed area)
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of two female patients hailing from Chandpur and Noakhali,
where contaminated water contain high concentration of
arsenic (>300 𝜇g/L). MCC is normally related to advanced
age, sun exposure, and immunosuppression [62]. Ho SY et al.
conducted a study in Taiwan and found three cases of MCC
with history of ingestion of arsenic contaminated water more
than 50 𝜇g/L (3.5 liters daily formale and 2.0 liters for female)
with average duration of 20 years [63].

We found limb to be the most affected region (34.27%,
N = 329), followed by scalp (28.13%, N=270). Face is the least
affected area (10.31%,N=99). But nonarsenicmediated cancer
especially BCC affects the face [64]. Limbs, scalp, and trunk
are more affected probably due to hair, which accumulate
arsenic and cause malignant changes in the area [61].

More than three-fourth patients in our study (78.56%,
N=754) had education up to primary level or below, which
is supported by another study in Bangladesh, where 69%
patients studied up to primary level or below [34]. People
of this education level suffer more from arsenic mediated
cancer due to lack of knowledge, minimum perception to
counseling, low financial capability for treatment, fail to take
part in mitigation program, superstition, and malnutrition.
They are mostly manual labourers, consuming more than 5
liters of arsenic contaminated water per day [1]. Cancer risk
associated with daily consumption of 1.0 liter of water with
organic arsenic (50𝜇g/L) has been estimated [18]. Malnutri-
tion also plays a role in the pathogenesis of cancer by reducing
the immunity [26].

5. Conclusion

Our study was aimed at presenting the prevalence of arsenic
associated skin malignancy in patients coming to the plastic
surgery outpatient department of BSMMU, a tertiary level
hospital in Dhaka. This study shows only a small part of the
national problem. Only the patients with detected cutaneous
malignancy, large enough (more than 2.5cm in diameter)
to require plastic surgical maneuver, were included, so a
large number of patients with smaller lesions were beyond
the scope of this study. The problem of arsenic exposure
has started since the 1970s and a considerable amount of
time has gone by since then, as a result a large number
of people have become affected by arsenic associated skin
malignancy. These patients only represent a portion of the
total population. Many others with smaller sized lesions
or precancerous lesions do not even present themselves at
the proper place. The big number of skin malignancies of
this small study population is very alarming and could be
the tip of the ice-berg of the real problem. Future studies
should be targeted at developing a nation-wide screening and
management protocol in different levels of hospitals, both
by the government and the nongovernment organizations.
Drawing the attention of the concerned policymakers is really
vital in this regard.
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[64] Y. Ö. Tiftikcioǧlu, Ö. Karaaslan, H. M. Aksoy, B. Aksoy, and
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The effect of comorbidity on lung cancer patients’ survival has been widely reported. The aim of this study was to investigate the
effects of comorbidity on the establishment of the diagnosis of lung cancer and survival in lung cancer patients in Taiwan by using a
nationwide population-based study design. This study collected various comorbidity patients and analyzed data regarding the lung
cancer diagnosis and survival during a 16-year follow-up period (1995–2010). In total, 101,776 lung cancer patients were included,
comprising 44,770with and 57,006without comorbidity.TheKaplan–Meier analyseswere used to compare overall survival between
lung cancer patients with and without comorbidity. In our cohort, chronic bronchitis patients who developed lung cancer had the
lowest overall survival in one (45%), five (28.6%), and ten years (26.2%) since lung cancer diagnosis. Among lung cancer patients
with nonpulmonary comorbidities, patients with hypertension had the lowest overall survival in one (47.9%), five (30.5%), and
ten (28.2%) years since lung cancer diagnosis. In 2010, patients with and without comorbidity had 14.86 and 9.31 clinical visits,
respectively. Lung cancer patients with preexisting comorbidity had higher frequency of physician visits.The presence of comorbid
conditions was associated with early diagnosis of lung cancer.

1. Introduction

Lung cancer is the most commonly diagnosed cancer world-
wide and places a considerable burden on public health [1, 2].
Lung cancer incidence and mortality exceed that of any other
cancer globally, with 1.6 million cases (accounting for 12.7%
of total cancer incidence) and 1.4 million deaths occurring
in 2008 worldwide [3]. According to the 2011 Taiwan Cancer
Registry annual report, lung cancer was the third most
common diagnosed cancer accounting for 13% of all cancers
among men and 10% among women in Taiwan [4]. Despite
advances in treatment, lung cancer survival has remained
relatively poor because most patients are diagnosed as having

lung cancer at an advanced stage [5]. Specific comorbidities
have been recognized as being highly prevalent in lung cancer
patients, including chronic obstructive pulmonary disease
(COPD), hypertension, cardiovascular disease, diabetes mel-
litus (DM), and other malignancies [6, 7], with a prevalence
of 26.4%–81.2% [8].

Asthma, COPD, and tuberculosis (TB) are the most com-
mon pulmonary comorbidities. However, studies regarding
the effects of these comorbidities on lung cancer survival have
included small samples sizes and yielded conflicting results.
In a cohort of 1155 patients, Tammemagi et al. [9] reported
that 18 of 56 comorbidities, including asthma, COPD, TB,
and pulmonary fibrosis, were associated with a reduced
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lung cancer survival. In a cohort of 5406 patients, preex-
isting pulmonary diseases increased mortality risk in male
patients with squamous cell carcinoma, whereas preexisting
asthma reduced mortality in female patients with early-stage
squamous cell carcinoma [10]. Kuo et al. [11] reported that
compared with those without comorbidity, non-small-cell
lung cancer (NSCLC) patients with concomitant active TB
had a more favorable survival outcome, particularly those
with squamous cell carcinoma. Furthermore, patients with
bronchiectasis, a chronic inflammatory airway disease, have
an increased risk of lung cancer compared with the general
population [12]; however, studies regarding the effects of
bronchiectasis and other pulmonary diseases on lung cancer
survival are scarce.

Despite increasing recognition of the impact of comor-
bidities on the prognosis of cancer patients, challenges
remain. Population-based cohort studies are preferable for a
detailed evaluation of the association between comorbidity
and lung cancer. This nationwide population-based study
explored the effects of comorbidity on lung cancer diagnosis
timing and survival in lung cancer patients in Taiwan.

2. Methods

2.1. Database. In this study, we obtained patient data from
the National Health Insurance Research Database (NHIRD),
derived from the National Health Insurance (NHI) program.
The NHIRD contains all medical claims for inpatient and
ambulatory care services, registry files of contracted medical
facilities, board-certified specialists, other medical service
providers, and prescriptions covered by the NHI program
for 25.68 million enrollees in Taiwan. The NHIRD data
is deidentified secondary data, released to the public for
research purposes by the Taiwan National Health Research
Institutes.

This study was approved by the institutional review
board of Shin-Kong Wu Ho-Su Memorial Hospital, Taiwan
(20140703R). The study was conducted in accordance with
the regulations of National Health Research Institute of
Taiwan. The NHIRD is protected by computer-processed
personal data protection act and does not include any
personal data of enrollees. Therefore, no informed consent
was obtained during this study.

2.2. Study Patients and Design. We employed a retrospective
cohort to investigate the effect of comorbidity on the estab-
lishment of the diagnosis of lung cancer and survival. The
lung cancer patients included in this study were identified
from the NHIRD by using the International Classification
of Diseases, 9th Revision, Clinical Modification (ICD-9-
CM) code 162. The study population comprised lung cancer
patients with and without comorbidity, selected from com-
plete NHI claims database in the period 1995–2010.

In total, 101,776 lung cancer patients were included, the
comorbidity group comprised 44,770 patients who received
a principal diagnosis of comorbidity (under ICD-9-CM)
during ambulatory medical care visits between January 1,
1995, and December 31, 2010, at least 6 months before the

lung cancer diagnosis. The index visit was defined as the
first ambulatory visit, during which a principal diagnosis
of comorbidity was made. To maximize case ascertainment,
only patients with at least five ambulatory visits (including
the index visit) and who received their principal diagnosis of
comorbidity in this period were included in the comorbidity
group. The noncomorbidity group comprised the remaining
patients from the NHI claims database diagnosed as hav-
ing lung cancer during 1995–2010; in total, 57,006 patients
were included in the noncomorbidity group. Details were
described in the Figure 1.

All ambulatory medical care records and inpatient
records for each patient in both groups were tracked since
their index visit for lung cancer. The date of the first prin-
cipal diagnosis of lung cancer within the follow-up period
was defined as the primary endpoint in cancer diagnosis
timing analysis. The mortality data of the patients who died
during the follow-up period was subsequently considered
to determine the survival of lung cancer patients. Patients
newly diagnosed as having lung cancer during 1995–2010
were followed up until death, loss to follow-up, or the study
endpoint in 2010.

2.3. Comorbidities. The 15 most prevalent chronic condi-
tions in Taiwan are hepatitis, cancer, diabetes, hyperlipi-
demia, gout and other crystal arthropathies, depression,
eye disorders, nervous system disorders, hypertension, heart
disease, cerebrovascular disease, respiratory disease, diges-
tive disease, genitourinary disease, and joint disorder. We
selected common chronic diseases which probably have
association with lung cancer for evaluation. The following
individual comorbidities were identified using ICD-9-CM
codes for exploring their effects on lung cancer survival:
cerebrovascular accident, coronary artery disease, diabetes
mellitus (DM), disorders of adrenal gland, disorders of thy-
roid gland, duodenal ulcer, gastric ulcer, gastrojejunal ulcer,
hyperlipidemia, hypertension, hypoparathyroidism, peptic
ulcer, asthma, bronchiectasis, chronic bronchitis, emphy-
sema, empyema, and pulmonary tuberculosis. The detailed
information of ICD-9-CM codes used to identify comorbidi-
ties were described in Table 1.

2.4. Variables. The data on patients’ gender, lung cancer
diagnosis period, age at lung cancer diagnosis, geographical
region, and residence urbanization level were retrieved from
the NHIRD. On the basis of their age at lung cancer
diagnosis, the patients were classified into five age groups:
≤39, 40–49, 50–59, 60–69, and ≥70 years. According to the
cancer diagnosis period, the patients were classified into
three groups: 1995–2000, 2000–2005, and 2006–2010. We
then geographically divided Taiwan into northern, central,
southern, eastern, and islands regions. On the basis of the
population density, manufacturing industries, number of
physicians per 1000 people, and availability of health care
facilities, patients in each region were classified into three
urbanization levels—from most (level 1) to least (level 5)
urbanized. In addition, the 22 cities and counties of Taiwan
were grouped into four regions: northern (Taipei, NewTaipei,
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Lung cancer patients
during 1995-2010

(N=233,821)
Exclusion criteria:

1. Ambulatory visits <5
2. Comorbidity is

diagnosed before lung
cancer <6 months

(N=132,045) Lung cancer cohort
selected in this study

(N=101,776)

With comorbidity
(N=44,770)

Without comorbidity
(N=57,006)

38,608 patients died
during study period

48,382 patients died
during study period

Figure 1: Flowchart of study population selection.

Table 1: ICD-9-CM codes used to identify comorbidity.

Pulmonary diseases Diagnosis ICD-9-CM

No

Cerebrovascular accident 430, 431, 432.X, 433.X, 434.X, 434.X, 435.X, 436, 437.X, 438.X
Coronary artery disease 410.X, 411.X, 412, 413.X, 414.X

Diabetes mellitus 250, 357.2, 362.X, 366.41
Disorders of adrenal glands 255.X
Disorders of thyroid gland 240.X-246.X

Duodenal ulcer 532.X
Gastric ulcer 531.X

Gastrojejunal ulcer 534.X
Hyperlipidemia 272.X
Hypertension 362.11, 401.X–405.X, 437.2

Hypoparathyroidism 252.X
Peptic ulcer 533.X

Yes

Asthma 493.X
Bronchiectasis 494.X, 496

Chronic bronchitis 491.X
Emphysema 492.X
Empyema 510.X

Pulmonary tuberculosis 011.X

Hsinchu, Keelung, and Taoyuan cities; Yilan and Miaoli
counties), central (Taichung city; Changhua, Nantou, and
Yunlin counties), southern (Chiayi, Tainan, and Kaohsiung
cities; Chiayi, Pingtung, and Penghu counties), and eastern
(Hualien, Taitung, Kinmen, and Lienchiang counties) Taiwan
and islands.

2.5. Statistical Analysis. Frequency distributions on demo-
graphic characteristics of death subjects among comorbidity
and noncomorbidity groups were compared by the chi-
square test. A two-tailed 𝑝 value of <0.05 was considered
statistically significant. The Kaplan–Meier method was used
to calculate cumulative curves of lung cancer in patients

with different comorbidities. The overall survival of lung
cancer patients with and without comorbidity was calculated
using the Kaplan–Meier method, and the difference in overall
survival was determined using the log-rank test. All statistical
analyses were performed using SAS version 9.4 (IBM, USA).
The survival curves and cumulative proportion curves were
plotted using SPSS version 20.0 (IBM, USA).

3. Results

Of the 101,776 lung cancer patients enrolled in present study
(mean age, 64.42 ± 13.22 years), 44% had comorbidities.
Over the follow-up period, patients with comorbidity had
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a higher frequency of clinical visits than did those without
comorbidity (Figures 2(a) and 2(b)). The mean number of
clinical visits of patients with comorbidity increased from
5.19 per person in 1996 to 14.86 in 2010. By contrast, patients
without comorbidity had 6.53 mean clinical visits per person
in 1996, gradually increasing to 9.31 in 2010. The increase in
frequency of clinical visits was observed in patients of both
genders.

Table 2 presents the distribution of demographic char-
acteristics by comorbidity presence in lung cancer death
subjects. Results showed each characteristic to be strongly
associated with comorbidity presence. Males accounted for
higher mortality in both groups than females. For the period
of diagnosis, death subjects without comorbidity were pre-
dominantly diagnosed in higher proportion before 2005 than
subjects with comorbidity. With regard to diagnostic age,
subjects without comorbidity were higher than subjects with
comorbidity in age groups younger than 69. Except in most
urbanized areas (level 1), death subjects with comorbidity
were likely to reside in less urbanized areas. With regard to
geographic region, northern Taiwan accounted for signifi-
cantly higher proportion of residence in death subjects of
both groups, followed by southern and central regions.

Figure 3 illustrates the Kaplan–Meier survival curve of
lung cancer patients with and without comorbidity over
the 16-year follow-up period. Patients without comorbidity
had significantly lower 16-year survival than did those with
comorbidity (p < 0.001) (Figure 3(a)). Figure 3(b) presents
the subgroup survival of comorbidity group by nature of
comorbidity. The survival of lung cancer patients without
pulmonary comorbidities was higher than that of those with
pulmonary comorbidities (89%; p < 0.001).

Figure 3(c) presents the proportion and timing of lung
cancer diagnosis with comorbidity. Figure 3(d) depicts the
survival analysis of the lung cancer patients with different
comorbidities (p<0.001). In our cohort, chronic bronchitis
patients who developed lung cancer had the lowest overall
survival in one (45%), five (28.6%), and ten years (26.2%)
since lung cancer diagnosis. Among pulmonary comorbidi-
ties, lung cancer patients with asthma had the second lowest
overall survival with 48.5%, 32.1%, and 29.3% overall survival
in one, five, and ten years since lung cancer diagnosis,
respectively. The highest overall survival was observed in
empyema patients with 54.1%, 45.1%, and 44.7% overall
survival in one, five, and ten years since lung cancer diagnosis,
respectively. Lung cancer patients with TB had higher overall
survival (48.8%, 36.1%, and 33.9% in 1, 5, and 10 years
since cancer diagnosis) compared to patients with other
pulmonary comorbidities. Among lung cancer patients with
nonpulmonary comorbidities, patients with hypertension
had the lowest overall survival in one (47.9%), five (30.5%),
and ten (28.2%) years since lung cancer diagnosis.

4. Discussion

Our findings of 101,776 patients showed that lung cancer
patients with comorbidity had significantly superior overall
survival compared with those without comorbidity. The

potential factors contributing to this finding are discussed as
follows.

Lung cancer is the most prevalent cause of cancer death.
A reason for low lung cancer survival rates is the lack
of observable symptoms in the early stages. Lung cancer
diagnosed on the basis of advanced-stage symptoms has
limited treatment options. In Taiwan, data from 2004 to 2008
demonstrated that more than half of the lung cancer cases
were diagnosed at advanced stages (e.g., stage IV) [13]. The
odds of being diagnosed with advanced-stage lung cancer is
lowered in the presence of comorbidity [14–18]. Comorbidity
is associated with lung cancer diagnosis at an earlier stage,
whereas the absence of comorbidity is associated with lung
cancer diagnosis at a later stage [19]. In their population-
based study in Taiwan [20], Wang et al. reported that early-
stage lung cancer patients had more favorable survival rates;
the 5-year survival rates were 60.7%, 36.3%, 13.3%, and 4.9%
for stages I, II, III, and IV lung cancer, respectively. On
the basis of data from the Taiwan Cancer Registry, Chang
et al. [21] reported increased survival of patients with lung
adenocarcinoma in Taiwan, which is also attributable to
EGFR inhibitors having been approved for treating ade-
nocarcinoma since 2003 (Gefitinib) and 2007 (Erlotinib).
The chance of earlier cancer diagnosis is increased through
seeking care for the symptoms of comorbidities or during
regular monitoring of comorbidities, potentially assisting in
the timely administration of adequate curative measures.
With respect to health care utilization, our results showed
increase in health-seeking behavior in lung cancer patients
with comorbidity compared with those without comorbidity.
Our findings are reasonable from a clinical perspective
because patients with comorbidity are more likely to require
frequent medical care and clinical visits than are healthier
patients, resulting in closer monitoring and detection of
cancer at early stages.This phenomenon previously explained
as screening bias [7] or the surveillance effect was also seen in
other cancers. Several studies have revealed the diagnosis of
breast cancer [22, 23] and colon cancer [24] at early stages is
associated with higher comorbidity scores. This pattern has
most commonly been reported for screen-detected cancers
(breast and colorectal), supporting the contention that a
higher number of clinical visits may be related to a higher
number of screenings, particularly where screening coverage
rates are associated with health service funding, potentially
encouraging the screening of patients with high comorbidity
scores.

For detailed investigation on the impact of comorbidity
on lung cancer, we performed proportion and timing of
diagnosis and survival analysis of lung cancer in patients
with nine comorbidities. The results indicated that lung
cancer patients with pulmonary diseases had lower overall
survival than did those with nonpulmonary diseases. These
results corroborated the analysis that patients with respi-
ratory tracts compromised by cancer cannot tolerate addi-
tional pulmonary comorbidities as well as those with tumor-
free lungs. However, further survival analysis revealed that
patientswith asthma and chronic bronchitis had lower overall
survival than did those with other pulmonary comorbidities.
Although previous studies have reported the effects of asthma
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(b) The frequency of clinical visits among lung cancer patients by gender
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Figure 2

Table 2: Characteristics of lung cancer death subjects between 1995 and 2010 (n =86,990).

Comorbidity With comorbidity Without comorbidity p-value
Characteristics (N=38,608) (N=48,382)

No. %a No. %a

Gender < 0.0001
Female 12,019 31.13% 13,924 28.78%
Male 26,589 68.87% 34,458 71.22%

Period of diagnosis (years) 0. 0018
1995-2000 7,204 18.66% 9,383 19.40%
2001-2005 13,752 35.62% 17,412 35.99%
2006-2010 17,652 45.72% 21,587 44.62%

Diagnostic age (yrs) < 0.0001
<=39 436 1.13% 1,552 3.21%
40-49 1,537 3.98% 4,842 10.01%
50-59 4,387 11.36% 9,225 19.07%
60-69 8,835 22.88% 11,969 24.74%
>=70 23,413 60.64% 20,794 42.98%

Urbanization level < 0.0001
1 12,742 33.00% 17,476 36.12%
2 20,216 52.36% 25,304 52.30%
3 3,607 9.34% 3,701 7.65%
4 1,491 3.86% 1,456 3.01%
5 552 1.43% 445 0.92%

Geographic region < 0.0001
Central 9,784 25.34% 10,581 21.87%
Northern 17,398 45.06% 23,064 47.67%
Eastern 903 2.34% 842 1.74%
Southern 10,483 27.15% 13,837 28.60%
Islands 40 0.10% 58 0.12%

a May not total 100% due to rounding. b(𝑒ln(𝑅𝑅)−1.96𝑆𝐸[ln(𝑅𝑅)], 𝑒ln(𝑅𝑅)+1.96𝑆𝐸[ln(𝑅𝑅)]).
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and COPD on decreased survival in lung cancer, gender
differences in the survival of patients with different lung
cancer types and preexisting asthma or COPD were reported
in Taiwan. A study that involved enrolling 5406 squamous
cell carcinoma patients from Taiwan demonstrated a hazard
ratio for mortality of 1.08 and 1.04 for participants with
asthma and COPD, respectively. Furthermore, female stage
I and II squamous cell carcinoma patients with preexisting
asthma had a hazard ratio of 0.19, suggesting decreased
mortality for these patients [10]. In another study including
13,399 patients with lung adenocarcinoma, the hazard ratios
for male adenocarcinoma patients with asthma and COPD
were 1.20 and 1.32, whereas for female patients they were
1.05 and 0.97, respectively. In particular, male patients with
lung adenocarcinoma and preexisting pulmonary diseases
exhibited an increasedmortality risk, whereas female patients
demonstrated no change in mortality risk [25]. Therefore,
the burden of preexisting pulmonary comorbidities and their
effects on survival of specific lung cancer types should be
investigated further.

In addition, our analyses of lung cancer establishment
of the diagnosis in comorbidity patients revealed that time
period for lung cancer diagnosis in tuberculosis patients was
shorter than those with asthma and COPD. Previous findings
reported higher HRs for tuberculosis than for asthma and
COPD [26]. The survival in those patients with coexisting
TB and lung cancer remains inconclusive [11, 27]. We found
lung cancer patients with preexisting TB had higher overall
survival than those with other pulmonary comorbidities.
In this study, the overall survival of lung cancer patients
with preexisting adrenal glands disorder was 35.6% after ten
years since cancer diagnosis. Currently, the data required for
exploring the association between adrenal gland disorders
and lung cancer are limited. The relevant literature indi-
cates that approximately 30% of all small-cell lung cancer
(SCLC) cases are associated with the hypersecretion of
adrenocorticotrophic hormone (ACTH) [28]. Patients with
SCLC associated with ectopic ACTH production exhibit low
responses to chemotherapy and high rates of complication to
therapy [29], which may shorten survival. The management
of these patients is extremely complex. Future studies should
focus on establishing themortality risk of lung cancer in these
patients. In this study, overall survival of lung cancer patients
with bronchiectasis was 32% and 30% after five and ten
years since cancer diagnosis, respectively. Only few studies
have examined the association between lung cancer and
noncystic fibrosis bronchiectasis, a representative chronic
airway inflammatory disease. A cohort study in Taiwan
reported that patients with bronchiectasis had a 2.36-fold
higher risk of lung cancer than did the general population
[12]. Kim et al. observed that the concomitant presence of
bronchiectasis in advanced COPD patients was associated
with lower risk of lung cancer [30]. This is a crucial area
for future research, given the potential for learning more on
reported protective effects of concomitant bronchiectasis on
lung cancer diagnosis timing and survival.

In Taiwan, after the implementation of the NHI program
in 1995, the number of diagnosed cancer cases increased, with
lung cancer being one of 10 leading cancers [31]. Present study

found geographic and urbanization variations in lung cancer
mortality across Taiwan. In comparison toChina, where rural
areas with limited health care resources have higher cancer
incidence and mortality [32], we found higher mortality
among patients residing in urbanized areas of northern,
central, and southern Taiwan compared with those in rural
areas. Notably, the most high polluting industries, such as
the petroleum, petrochemical, iron, steel, pig farming, and
energy industries, are located in the areas of central [33] and
southern [34] Taiwan. Moreover, a higher incidence of lung
cancer has been reported in the endemic arseniasis areas of
southwestern [35] and northeastern Taiwan [36, 37].

Following the promulgation of the Cancer Control Act
in 2003, a 5-year national cancer control program was
implemented in 2005 in Taiwan. Subsequently, the inci-
dence of certain cancers, including cervical, stomach, and
nasopharyngeal cancers [31], has reduced in Taiwan. This
decline is attributable to the successful nationwide screening
programs launched by the Taiwan government for cervical,
oropharyngeal, colon and rectal cancers, and nationwide
HBV vaccination. By contrast, no universal screening pro-
gram has been implemented in Taiwan for lung cancer.
Currently, lung cancer screening is included only as a part
of the regular chest X-ray survey for pulmonary tuberculosis
[38].Therefore, the Taiwan government should consider pro-
moting early diagnosis of potential high-risk individuals, for
instance, implementing low-dose CT for high-risk patients
with systemic diseases.

The major strengths of this study are the large number of
included population-based cases and controls, high validity
of the cancer diagnoses, and focus on health care services
utilization. Nonetheless, the study has some limitations. First,
we could not confirm early cancer diagnoses in patients
with comorbidity based on their cancer stages because the
NHIRD does not contain comprehensive data on cancer
staging and treatment modalities in cancer patients; these
data are recorded in the Taiwan Cancer Registry Database.
Second, the period of 6 months before cancer diagnosis
allowed for comorbidity diagnosis is insufficient for the
monitoring of some chronic diseases; this may have limited
the early cancer screening opportunities in some patients.
Third, because of the inherent limitations of the NHIRD,
information regarding the status of comorbid conditions was
lacking.

In conclusion, different comorbid conditions will have
unique effects and a given comorbidity can affect cancer
care at multiple points in the cancer care decision making.
We reported the significant outcome of lower mortality
in lung cancer patients with comorbidity compared with
those without comorbidity in 10 years after establishment of
diagnosis. Patients with comorbidity required more frequent
physician visits and greater opportunity to undergo screening
which may assist in early cancer diagnosis. According to our
findings, physicians should use caution regarding comorbid-
ity in lung cancer patients, including regular monitoring of
those with chronic conditions to facilitate early detection
of lung cancer. The adverse consequences of comorbidity
pose a major clinical challenge in the care of older cancer
patients. Health services research that focuses on specific
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comorbidities and their effects in a cancer patient’s clini-
cal treatment decisions can produce new insights into the
optimal diagnosis, treatment, and long-term surveillance of
cancer patients with comorbid disease.
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[14] M. Lüchtenborg, E. Jakobsen, M. Krasnik, K. M. Linklater, A.
Mellemgaard, and H. Møller, “The effect of comorbidity on
stage-specific survival in resected non-small cell lung cancer
patients,” European Journal of Cancer, vol. 48, no. 18, pp. 3386–
3395, 2012.

[15] E. Pagano, C. Filippini, D. Di Cuonzo et al., “Factors affecting
pattern of care and survival in a population-based cohort of
non-small-cell lung cancer incident cases,” Cancer Epidemiol-
ogy, vol. 34, no. 4, pp. 483–489, 2010.

[16] B. H. Grønberg, S. Sundstrøm, S. Kaasa et al., “Influence of
comorbidity on survival, toxicity and health-related quality
of life in patients with advanced non-small-cell lung cancer
receiving platinum-doublet chemotherapy,”European Journal of
Cancer, vol. 46, no. 12, pp. 2225–2234, 2010.

[17] S. O. Dalton, B. L. Frederiksen, E. Jacobsen et al., “Socioe-
conomic position, stage of lung cancer and time between
referral and diagnosis in Denmark, 2001-2008,” British Journal
of Cancer, vol. 105, no. 7, pp. 1042–1048, 2011.

[18] S. Wang, M. L. Wong, N. Hamilton, J. B. Davoren, T. M. Jahan,
and L. C. Walter, “Impact of age and comorbidity on non -
Small-cell lung cancer treatment in older veterans,” Journal of
Clinical Oncology, vol. 30, no. 13, pp. 1447–1455, 2012.

[19] D. H. Ahn, N. Mehta, J. T. Yorio, Y. Xie, J. Yan, and D. E.
Gerber, “Influence ofmedical comorbidities on the presentation
and outcomes of stage I-III non-small-cell lung cancer,”Clinical
Lung Cancer, vol. 14, no. 6, pp. 644–650, 2013.

[20] B.-Y. Wang, J.-Y. Huang, C.-Y. Cheng, C.-H. Lin, J.-L. Ko, and
Y.-P. Liaw, “Lung cancer and prognosis in taiwan: A population-
based cancer registry,” Journal of Thoracic Oncology, vol. 8, no.
9, pp. 1128–1135, 2013.

[21] J. S. Chang, L.-T. Chen, Y.-S. Shan et al., “Comprehensive
Analysis of the Incidence and Survival Patterns of Lung Cancer
by Histologies, Including Rare Subtypes, in the Era of Molec-
ular Medicine and Targeted Therapy: A Nation-Wide Cancer
Registry-Based Study From Taiwan,” Medicine, vol. 94, no. 24,
p. e969, 2015.

[22] P. A. Vaeth, W. A. Satariano, and D. R. Ragland, “Limiting
Comorbid Conditions and Breast Cancer Stage at Diagnosis,”
The Journals of Gerontology. Series A, Biological Sciences and
Medical Sciences, vol. 55, no. 10, pp. M593–M600, 2000.

[23] S. Yasmeen, G. Xing, C. Morris, R. T. Chlebowski, and P.
S. Romano, “Comorbidities and mammography use interact
to explain racial/ethnic disparities in breast cancer stage at
diagnosis,” Cancer, vol. 117, no. 14, pp. 3252–3261, 2011.

[24] C. P. Gross, M. S. Andersen, H. M. Krumholz, G. J. McAvay,
D. Proctor, and M. E. Tinetti, “Relation between medicare
screening reimbursement and stage at diagnosis for older
patientswith colon cancer,”The Journal of the AmericanMedical
Association, vol. 296, no. 23, pp. 2815–2822, 2006.

https://www.hpa.gov.tw
https://www.hpa.gov.tw


BioMed Research International 9

[25] Z.-H. Jian, J.-Y. Huang, P.-C. Ko et al., “Impact of coexisting
pulmonary diseases on survival of patients with lung adeno-
carcinoma: A STROBE-compliant article,” Medicine (United
States), vol. 94, no. 4, 2015.

[26] Z.-H. Jian, C.-C. Lung, J.-Y. Huang et al., “The coexistence of
common pulmonary diseases on the histologic type of lung
cancer in both genders in Taiwan,”Medicine (United States), vol.
93, no. 27, article no. e127, 2014.

[27] Y. Zhou, Z. Cui, X. Zhou et al., “The presence of old pulmonary
tuberculosis is an independent prognostic factor for squamous
cell lung cancer survival,” Journal of Cardiothoracic Surgery, vol.
8, no. 1, 2013.

[28] B. Mennecier, L. Moreau, B. Goichot, G. Pauli, and E. Quoix,
“Paraneoplastic Cushing syndrome and small-cell lung cancer,”
Revue de Pneumologie Clinique, vol. 55, no. 2, pp. 77–80, 1999.

[29] F. A. Shepherd, J. Laskey, W. K. Evans, P. E. Goss, E. Johonsen,
and F. Khamsi, “Cushing’s syndrome associated with ectopic
corticotropin production and small-cell lung cancer,” Journal of
Clinical Oncology, vol. 10, no. 1, pp. 21–27, 1992.

[30] Y. W. Kim, K.-N. Jin, E. Y. Heo, S. S. Park, H. S. Chung,
and D. K. Kim, “The association between combined non-cystic
fibrosis bronchiectasis and lung cancer in patients with chronic
obstructive lung disease,” International Journal of Chronic
Obstructive Pulmonary Disease, vol. 10, pp. 873–879, 2015.

[31] C. J. Chiang, Y. C. Chen, and C. J. Chen, “Cancer trends in
Taiwan,” Japanese Journal of Clinical Oncology, vol. 40, no. 10,
pp. 897–904, 2010.

[32] W.Chen, R. Zheng, P.D. Baade et al., “Cancer statistics inChina,
2015,”CA: A Cancer Journal for Clinicians, vol. 66, no. 2, pp. 115–
132, 2016.

[33] Y.-M. Chen, W.-Y. Lin, and C.-C. Chan, “The impact of petro-
chemical industrialisation on life expectancy and per capita
income in Taiwan: an 11-year longitudinal study,” BMC Public
Health, vol. 14, no. 1, article 247, 2014.

[34] H. K. Wang, C. H. Huang, K. S. Chen, Y. P. Peng, and C.
H. Lai, “Measurement and source characteristics of carbonyl
compounds in the atmosphere in Kaohsiung city, Taiwan,”
Journal of Hazardous Materials, vol. 179, no. 1-3, pp. 1115–1121,
2010.

[35] H.-Y. Chiou, Y.-M. Hsueh, K.-F. Liaw et al., “Incidence of
internal cancers and ingested inorganic arsenic: a seven-year
follow-up study in Taiwan,” Cancer Research, vol. 55, no. 6, pp.
1296–1300, 1995.

[36] C.-L. Chen, H.-Y. Chiou, L.-I. Hsu, Y.-M. Hsueh, M.-M. Wu,
and C.-J. Chen, “Ingested arsenic, characteristics of well water
consumption and risk of different histological types of lung
cancer in northeastern Taiwan,” Environmental Research, vol.
110, no. 5, pp. 455–462, 2010.

[37] C.-L. Chen, L.-I. Hsu, H.-Y. Chiou et al., “Ingested arsenic,
cigarette smoking, and lung cancer risk: A follow-up study in
arseniasis-endemic areas in Taiwan,” Journal of the American
Medical Association, vol. 292, no. 24, pp. 2984–2990, 2004.

[38] C.-J. Chen, S.-L. You, L.-H. Lin, W.-L. Hsu, and Y.-W. Yang,
“Cancer epidemiology and control in Taiwan: a brief review,”
Japanese Journal of Clinical Oncology, vol. 32, supplement, pp.
S66–S81, 2002.



Review Article
Onco-Multi-OMICS Approach: A New Frontier in
Cancer Research

Sajib Chakraborty ,1 Md. Ismail Hosen ,1 Musaddeque Ahmed,2

and Hossain Uddin Shekhar 1

1Department of Biochemistry and Molecular Biology, University of Dhaka, Dhaka 1000, Bangladesh
2Princess Margaret Cancer Centre/University Health Network, Toronto, Ontario, Canada

Correspondence should be addressed to Sajib Chakraborty; sajib@du.ac.bd andHossainUddin Shekhar; hossainshekhar@du.ac.bd

Received 4 July 2018; Accepted 6 September 2018; Published 3 October 2018

Academic Editor: Luenda Charles

Copyright © 2018 Sajib Chakraborty et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The acquisition of cancer hallmarks requires molecular alterations at multiple levels including genome, epigenome, transcriptome,
proteome, and metabolome. In the past decade, numerous attempts have been made to untangle the molecular mechanisms of
carcinogenesis involving single OMICS approaches such as scanning the genome for cancer-specific mutations and identifying
altered epigenetic-landscapes within cancer cells or by exploring the differential expression of mRNA and protein through
transcriptomics and proteomics techniques, respectively. While these single-level OMICS approaches have contributed towards
the identification of cancer-specific mutations, epigenetic alterations, and molecular subtyping of tumors based on gene/protein-
expression, they lack the resolving-power to establish the casual relationship between molecular signatures and the phenotypic
manifestation of cancer hallmarks. In contrast, the multi-OMICS approaches involving the interrogation of the cancer cells/tissues
in multiple dimensions have the potential to uncover the intricate molecular mechanism underlying different phenotypic
manifestations of cancer hallmarks such as metastasis and angiogenesis. Moreover, multi-OMICS approaches can be used to
dissect the cellular response to chemo- or immunotherapy as well as discover molecular candidates with diagnostic/prognostic
value. In this review, we focused on the applications of different multi-OMICS approaches in the field of cancer research and
discussed how these approaches are shaping the field of personalized oncomedicine. We have highlighted pioneering studies from
“The Cancer Genome Atlas (TCGA)” consortium encompassing integrated OMICS analysis of over 11,000 tumors from 33 most
prevalent forms of cancer. Accumulation of huge cancer-specific multi-OMICS data in repositories like TCGA provides a unique
opportunity for the systems biology approach to tackle the complexity of cancer cells through the unification of experimental data
and computational/mathematical models. In future, systems biology based approach is likely to predict the phenotypic changes
of cancer cells upon chemo-/immunotherapy treatment. This review is sought to encourage investigators to bring these different
approaches together for interrogating cancer at molecular, cellular, and systems levels.

1. Introduction to (OMICS) Technologies

“OMICS” technologies are characterized by high-throughput
interfaces which facilitate the investigation of genome,
epigenome, transcriptome, proteome, and metabolome in a
global-unbiased manner. OMICS techniques are now being
used to understand the intricate biological systems and
uncover the molecular signatures underlying the complex
cellular phenotypes [1, 2]. Different OMICS approaches
were developed to untangle the complexity of biological
systems at different dimensions (e.g., gene, RNA, and protein

levels). Recent advancements of OMICS techniques have
been proved to be theweapon of choice to dissect the aberrant
cellular functions that lay in the heart of multifactorial
diseases such as cancer [1].

1.1. Increase of Complexity from Genome to Proteome. The
different OMICS levels—Genomics, Transcriptomics, and
Proteomics—vary greatly in their complexity that is largely
driven by the spatial- and/or temporal dynamics and chem-
ical modifications (Figure 1). The flow of information from
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Figure 1:Pyramid of complexity.Thepyramid represents the flow of information from genome (top) to transcriptome (middle), to proteome
(bottom).The complexity increases fromgenome to proteome (indicated by down arrow).The complexity of transcriptome is largelymediated
by temporal dynamics and alternative splicing. In contrast, spatiotemporal dynamics and posttranslational modifications (PTMs) are mainly
responsible for high proteome complexity. Examples of PTMs include phosphorylation (P) and acetylation (Ac).

DNA to RNA and ultimately to protein is accompanied by
an exponential increase in the complexity. The hereditary
information stored in the genome in the formof 4 nucleotides
remains largely static but temporal dynamics is introduced in
the process of transcription by which genes are transcribed
into RNAs. Orchestration of temporal regulation of gene
expression depending on developmental, environmental, and
extracellular cues via gene-regulatory networks makes the
transcriptome a highly dynamic entity [3]. Alternative splic-
ing in addition to temporal dynamics increases the complex-
ity of transcriptome. mRNAs are engaged into even more
complex information coding systems: translation process
where mRNAs encode for proteins comprising 20 amino
acids. After synthesis, proteins are typically folded into many
possible conformations depending on the primary amino
acid sequences and chemical modification of amino acid
residues known as posttranslational modifications (PTMs).
Proteins undergo a large number of PTMs (e.g., phospho-
rylation, acetylation, and glycosylation) that may directly
affect their structure and functionality. Moreover, unlike
mRNAs which are synthesized in nucleus and translated in
cytoplasm, proteins have different subcellular localizations
such as cell membrane, cytoplasm, and different mem-
brane bound subcellular organelles—nucleus, mitochondria,
endoplasmic reticulum, etc. Altogether these events confer
huge complexity to the proteome. Two most important
technologies—next-generation sequencing (NGS) and mass-
spectrometry (LC-MS/MS)—have revolutionized the field of
OMICS by deciphering the human genome, transcriptome,
and proteome. Schematic diagram representing the typical
workflow of NGS (left panel) and mass-spectrometry (right
panel) experiments is shown in Figure 2.

1.2. Next-Generation Sequencing BasedApproaches: Genomics,
Epigenomics, and Transcriptomics. In recent years, the
genomics-techniques are mostly dedicated to sequence the
genome of an individual to understand the interindividual
variations at both the germline and somatic levels. The
eventual graduation of the sequencing technologies from
the Sanger sequencing based approaches to the NGS-based
massively parallel sequencing has enabled researchers to
sequence the genome/exome of interest deeply enough to
characterize the mutational landscapes of a given tissue.
For example, in a large scale project known as “The Cancer
Genome Atlas (TCGA)”, the scientists employed the
NGS coupled with downstream bioinformatics analysis to
discover somatic mutational landscape across thousands
of tumor samples representing major cancer types under
the assumption that these genome-wide mutational studies
would be pivotal in understanding complexity of different
cancer [4, 5].

Epigenomics is defined by the genome-wide identifica-
tions of chemical modifications such as methylation and
acetylation of DNA and/or DNA-binding histone proteins.
Epigenetic-modifications of DNA and histones proteins
serve as a major regulatory mechanism controlling gene
expression and cellular phenotypes [6]. The epigenomics
studies have played integral role in uncovering the disease-
associated epigenetic markers. Epigenomics techniques that
are widely used include chromatin immunoprecipitation
(ChIP) assays coupled NGS commonly known as ChIP-
Sequencing or ChIP-seq and methylation analysis through
whole-genome bisulfite/array-based sequencing. ChIP-Seq
has been developed as a powerful tool for the identification
of DNA-binding sites for transcription factors (TFs) and
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histone proteins in a genome-wide manner to construct
high-resolution genome-wide maps of histone modification
marks. ChIP-seq follows a straightforward protocol where
DNA-bound proteins are typically immunoprecipitated by
specific antibody followed by the extraction, purification, and
sequencing of the bound DNA. In recent years application
of ChIP-seq has enabled us to gain deep-insights into gene-
regulatory events that are responsible for various diseases
and biological pathways, such as cancer progression and
development, respectively. By comparing these genome-wide
profiles of histone modifications marks between cancer and
normal tissues it has been possible to understand how
epigenetic deregulation manifested in various cancers such
as breast [7] and lung [8]. Apart from histone modifications,
chemical modifications in certain DNA base can have dra-
matic epigenetic effects. For instance, chemical modification
of Cytosine residue in the promoter DNA sequence of genes
can modify their expression. By harnessing the power of
NGS, it is now possible to analyze genome-wide methylome

patterns at a single nucleotide resolution. Whole-genome
bisulfite sequencing (WGBS) or Bisulfite sequencing (BS-
Seq) in short is a powerful technology that can detect the
methylated Cytosine bases in genomic DNA. In brief the
method involves the treatment of genomicDNAwith sodium
bisulfite followed by sequencing to construct a genome-
widemap ofmethylatedCytosinewith single-base resolution.
Apart from this, a relatively novel technique known as
MBD-isolatedGenome Sequencing (MiGS) has recently been
used to analyze whole-genome methylation pattern [9]. This
technique relies on the precipitation of methylated DNA by
recombinant methyl-CpG binding domain of MBD2 protein
followed by sequencing. A study by Vidal et al. investi-
gated the genome-wide methylation analysis of 1112 primary
tumors of various cancers types where the authors identified
hypermethylated promoters and enhancers that regulate the
expression of tumor-suppressor genes and concluded that
changes in DNA methylation pattern tend to occur in the
onset, progression, and dissemination of cancer [10].
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Transcriptomics techniques are engaged in the detection
of the presence and quantification of RNA transcripts espe-
cially mRNAs but can also be extended to other types of non-
coding RNA transcripts such as long noncoding transcripts
(LncRNAs) and microRNAs. Transcriptome in a particular
cell includes all RNAmolecules that are transcribed from the
genome at a given time. In contrast to the genome, which
is static in nature, the transcriptome is subjected to change
depending on cellular, environment, extracellular, and devel-
opmental stimuli in temporal manner. Before the advent of
NGS, microarray was used as the conventional laboratory
technique to detect the changes in the mRNA levels within
the cells at different stages in a high-throughput manner.
Microarrays can typically be used to quantify the relative
abundance of mRNAs for thousands of genes simultaneously.
By this technique, it is possible to construct cellular or tissue
gene expression profiles between normal and cancer states
which may facilitate the identification of genes that exhibit
differential expression between normal and cancer states.

Leveraged by the development of efficient NGS tech-
niques, the cutting edge “Transcriptomics” technique—RNA-
sequencing (RNA-seq)—can identify the presence as well as
the abundance of RNA transcripts in an unbiased genome-
wide manner (Figure 2). Unlike microarrays, RNA-seq tech-
nology does not rely upon the transcript-specific probes and
thus can successfully perform the unbiased detection of novel
transcripts. The other advantages that the RNA-seq offers
over microarrays include broad dynamic range, increased
specificity/sensitivity, and detection of low abundant tran-
scripts. RNA-Seq analysis has shown that the mammalian
transcriptional landscape is much more complex than was
previously imagined before. Apart from diverse range of
protein-coding RNAs and well established regulatory RNAs
such as microRNAs, different types of noncoding RNAs
(ncRNAs) are pervasively transcribed from the vast majority
of noncoding regions of the genome including intergenic
and intronic sequences [11]. The recent influx of huge RNA-
seq data has revealed a differential gene expression pattern
between various types of cancer tissues and their normal
counterparts and thus harbors the potential to uncover the
intricate molecular mechanisms to understand the progres-
sion of cancer [12]. The huge data repositories such TCGA
offer the opportunity to reanalyze the OMICS data by a
pan-cancer approach where different types of cancers can be
compared and contrasted in terms of genomic and transcrip-
tomic landscapes [13]. Li et al. comprehensively analyzed the
gene expression profiles across 33 human cancer types from
the TCGA database and identified up- and downregulated
genes that exhibited remarkable consistency across different
cancer [12]. Table 1 represents summary of the applications of
different NGS-based OMICS techniques.

1.3. Mass-Spectrometry (LC-MS/MS) Based Techniques: Pro-
teomics and Metabolomics. While transcriptomics is dedi-
cated to the measurement of RNA transcripts, proteomics
is specialized in the identification and quantification of
the proteins that are present at a given time in biological
samples. Unlike the transcriptomics, quantification of the
proteome requires special strategies, since the identification

and quantification of proteins in large scale are challenging
due to the high complexity and dynamic range of the
proteome. Transcriptomics platforms such as RNAseq-based
approaches are designed to reveal the information at the
transcriptome level that in turn shapes the proteome to
carry out the functional cellular processes. Since most of the
biological processes are controlled by proteins, it is important
to reliably and accurately measure proteome alterations in
aberrant cellular state such as in a cancer context to under-
stand how cellular processes are carried out mechanistically.
However, genome-wide proteomics data for cancer is exas-
peratingly limited. To tackle this problem as a part of TCGA
a protein-expression dataset for a large number of tumor
samples and cell lines has been generated using reverse-phase
protein arrays (RPPAs) which is calledThe Cancer Proteome
Atlas (TCPA)” [14]. TCPA utilized antibodies to detect and
quantify nearly 200 proteins and phosphoproteins across
large number of TCGA tumor samples. The major limitation
of the antibody based methods is the nonspecificity of the
antibodies and low-throughput. Advancements of the tan-
demmass-spectrometry (LC-MS/MS) techniques at the level
of MS resolution, accurate quantitation, and data analysis
has made it a solid platform for simultaneous identification
and quantification of the proteome of a cell [15]. The aim
of quantitative proteomics is to obtain reliable quantitative
information about all the proteins that fall within the mass-
spectrometric dynamic range. In recent years the advent of
cutting edge high-resolution “Orbitrap” mass-spectrometer
instruments coupled with powerful computational platforms
such as MaxQuant [16] facilitated the genome-wide identi-
fication and quantification of nearly all expressed proteins
(roughly 18,000 proteins) in human cells and tissues which
paved the foundation for the construction of the first draft
of the human proteome [17, 18]. The application of mass-
spectrometry based proteomics techniques has recently been
extended to investigate the proteome alteration in vari-
ous human cancer tissues [19]. However, unlike genomics
and transcriptomics, mass-spectrometry (LC-MS/MS) based
deep-proteomics techniques are under development to be
routinely applicable in clinical settings. Nevertheless the
promise this technology holds to identify novel diagnostic
and prognostic biomarkers for cancer is enormous. Appli-
cations of mass-spectrometry-based OMICS techniques are
summarized in Table 1.

The application of mass-spectrometric techniques is not
limited to proteins and peptides but rather can be extended to
small molecules such as metabolites. While proteomics cov-
ers the analysis of proteins, metabolomics on the other hand
is characterized by the quantifications of metabolites that
are synthesized as products of cellular metabolic activities,
such as amino acids, fatty acids, carbohydrates, and lipids.
The levels of metabolites and/or ratios of certain metabolites
can be altered in disease states and thus reflect aberrant
metabolic functions in complex diseases such as cancer [1,
20]. Metabolomics, though a relatively new field of OMICS,
powered by the mass-spectrometry (LC-MS/MS) technology
is beginning to provide biological insights into the changes
of diverse metabolic pathways and fluxes in diseases states
[21]. However, there are certain challenges (such as unknown
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Table 1: Different omics techniques and their applications.

Omics Type Principle Throughput Application

Genomics Whole exome
sequencing NGS high Genome-wide mutational/ analysis

Whole genome
sequencing NGS high Exome-wide mutational analysis

Targeted
gene/exome
sequencing

Sanger-sequencing Low Mutational analysis in targeted gene/exon

Epigenomics
Methylomics Whole-genome bisulfite

sequencing High Genome-wide mapping of DNA
methylation pattern

ChIP-sequencing Chromatin IP∗ and NGS high Genome-wide mapping of epigenetic
marks

Transcriptomics
RNA-sequencing NGS High Genome-wide differential gene

expression analysis
microarray Hybridization High Differential gene expression analysis

Proteomics
RPPA Antibody based Low Differential protein abundance analysis

Deep-proteomics Mass-spectrometry high Genome-wide differential protein
expression analysis

Metabolomics Deep-
metabolomics Mass-spectrometry high Differential metabolite expression

analysis

metabolite identification, enormous diversity of metabolites
and reproducibility) that must be overcome to materialize
the full potential of mass-spectrometry-basedmetabolomics.
The field of metabolomics is still emerging and embraces the
potential to be highly effective in the discovery of biomarkers
for cancer diagnosis and progression.

All the OMICS levels are important to decipher the
complex phenotype of cells and organisms. Understanding
the molecular basis of cellular phenotypes involving genes,
RNA transcripts, proteins, and metabolites is particularly
important because it not only gives an opportunity to predict
the phenotypic alteration by examining the molecular signa-
tures but also may serve as an unbiased platform to identify
targets for therapeutic interventions. The next step towards
the technological advances of OMICS fields would be to
decrease sample processing/measurement time and increase
reproducibility to firmly establish these techniques in clinical
settings for diagnosis and prognosis of cancer.

2. Advantages of OMICS-Driven Studies in
Cancer Context

Acquisition of cancer hallmarks allows the transition of a nor-
mal cell to malignancy.The hallmarks typically include com-
plex phenotypic and molecular changes including uncon-
trolled and sustained proliferation, evading growth suppres-
sors, resisting cell death, replicative immortality, angiogene-
sis, and metastasis [22]. Moreover mechanistic understand-
ing of cancer progression though a series of experiments
allowed us to get a glimpse of some other emerging hallmarks
of cancer such as reprogramming of energy metabolism and
evading immune destruction [22]. Attaining these hallmarks
requires a series of alterations in the cellular machinery
driven by molecular aberration in the genome, epigenome,

transcriptome, proteome, and metabolome within cancer
cells and/or tissues. For instance NGS of cancer cell genomes
uncovered how activating mutations in certain proprolifer-
ative genes such as B-raf drives constitutive activation of
mitogen-activated protein- (MAP-) kinase signalling which
eventually manifests as uncontrolled proliferation of cells
[23]. Molecular aberrations that drive the cancer are not
restricted only to genomicmutational events but are extended
into epigenome. For instance, silencing of certain tumor-
suppressor genes can also be achieved through aberrant epi-
genetic mechanisms such as DNA methylation and histone
modifications [24].

The hallmark—invasion and metastasis—requires the
epithelial cells to undergo a transition towards mesenchymal
phenotype thus enabling them to invade and migrate to
distant sites for colonization. This complex phenotypic man-
ifestation requires a complete gene-regulatory network that
governsmultiple genes/proteins to work in concert to achieve
such dramatic changes. It has recently been shown that
epithelial-mesenchymal transition (EMT) is indeed induced
by certain transcription factors (TFs)—Snail, Slug, Twist, and
Zeb1/2—coordinating the multistep process of invasion and
metastasis [22, 25]. Transcriptomics techniques are suitable
to uncover such TF-driven transcription regulatory networks
that are assumed to be activated in a cancer context.

Although cell-fate decisions and phenotypic changes in
cancer cells are initiated by transcriptional networks, these
complex processes are executed by intracellular machiner-
ies composed of proteins. In this view, obtaining cancer
hallmarks is essentially achieved by the alteration of the
protein levels and/or PTMs (e.g., Phosphorylation status).
For example, proproliferative signalling can be constitutively
activated by upregulating the expression of the receptor
proteins at the cancer cell surface [22] which can be detected
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by proteomics-centric studies. Unbiased global proteomics
studies conducted by Tyanova et al. generated proteomic
profiles comprising 19 proteins that can be successfully used
to distinguish between oestrogen receptor positive (luminal),
Her2 positive, and triple negative breast tumors [26].

The manifestation of cancer hallmarks does not leave
the cellular metabolism unaffected. In a counterintuitive
way, cancer cells are able to reprogram glucose metabolism
and subsequent energy production by restricting oxidative
phosphorylation even in the presence of oxygen. This phe-
nomenon is commonly known as Warburg effect [22, 27].
In recent times with the technological progression of mass-
spectrometry instruments, we can now better understand
the metabolic reprogramming of cancer in great detail. For
example, recently it has been shown that certain tumors
are comprised of two metabolically distinct subpopulations
of cells: one subpopulation has been shown to be glucose
dependent and employmetabolic reprogramming to produce
lactate as presumed in classical “Warburg effect”, whereas the
second population channels the lactate from their neighbour-
ing lactate producing cells as energy source for themselves
[28].

All together it has now become apparent that to under-
stand cancer progression, discover new therapeutic inter-
ventions, and develop novel cancer biomarkers we need to
employ diverse OMICS strategies at multiple levels. While
a single type of OMICS study can reveal a great deal of
information at an unidirectional level (such as genomics can
only reveal the mutational landscapes of cancer patients),
the complexity of cancer-host interactions requires multi-
dimensional approaches (such as genomics, epigenomics,
transcriptomics, proteomics, and metabolomics) to portray
the complete picture. Compared to single OMICS studies,
multi-OMICS investigations have the potential to allow a
deeper-understating of how the cancerous transformation is
affecting the flowof information fromoneOMICS level to the
next. Multi-OMICS approaches can bridge the link between
cancerous genotype and the phenotypic characteristics.

3. Application of Multi-OMICS Approach:
Success Stories So Far

Adaptation of cancer cells to a new cell-fate decision
such as resisting apoptosis and phenotypic characteristics
like metastatic invasion requires changes in the genome,
epigenome, and gene expression profile that subsequently
reshapes the proteome and metabolome to meet the chal-
lenges of altered cell-fate and phenotype. Integrating multi-
OMICS profiles such as transcriptomics and proteomics
offers the perfect strategy to unravel the information regard-
ing differential abundance profile of mRNAs and proteins
in varying conditions. In the following sections, we have
discussed different integration approach of multi-OMICS
data to understand the complexity of information processing
systems in cancer cells.

3.1. Epigenomics versus Transcriptomics. The complexity of
the mammalian cell is largely driven by the heritable genome

constrained by epigenetic mechanism to regulate the expres-
sion of genes in different cellular contexts. This enables the
cells to acquire the necessary functions for differentiation
and proliferation. The epigenetic mechanisms are mediated
through DNA/chromatin and histone protein modifications.
In recent decades it has become apparent that the can-
cer epigenome harbors numerous alterations compared to
their normal counterpart. For instance, genome-wide loss
of methylation leading to aberrant unregulated expression
of tissue specific and imprinted genes was observed to be
associated with cancer [29, 30]. In line with this argument,
studies have shown that hypomethylation in the promoter
region of oncogenes, RRAS, S100P, and melanoma antigen
family A1 (MAGEA1) activates their gene expression in gas-
tric, pancreatic, and hepatocellular carcinoma, respectively
[31]. In contrast to hypomethylation which was observed to
manifest in global genome-wide manner, hypermethylation
in different types of cancer occurs locally within specific
segments of the genome. For instance promoter hyperme-
thylation triggers the silencing of tumor-suppressor genes
(TSGs), BRCA1, CDKN2A, and MLH1, thus making them
unable to control cell cycle, apoptosis, and/or DNA repair
[24, 32]. DNA-hypermethylation in CpG islands residing
within promoter regions, known as CpG island methylator
phenotype, has now turned out to be a tumor stratification
strategy in many cancer types especially colorectal can-
cer [33]. Like the methylation pattern, many studies have
now shown the association of altered histone modification
profiles and cancer progression [30]. Aberrant epigenetic
marks such as histone acetylation loss and altered H3K4,
H3K9, and H3K27 methylation patterns are associated with
various cancer types [30]. Since the manifestations of these
epigenomic changes are essentially reflected in transcriptome
level, integration of epigenomics and transcriptomics data
have the potential to broaden our understanding of how
molecular mechanisms initiate the acquisition of cancer hall-
marks. Based on the casual relationship betweenmethylation
and gene expression it is generally accepted that hyper-
and hypomethylation of promoter regions should essen-
tially be reflected in decreased and increased expression of
corresponding genes, respectively. Moreover histone methyl
transferases gene, EZH2, was observed to be highly expressed
in breast [34] and prostate cancer [35] implying bidirec-
tional interactions between epigenome and transcriptome.
Therefore in principle the reciprocal relationship between
differential gene expression and epigenomic alterations can
be investigated through the integration of ChIP-seq, methy-
lomics, and RNA-seq data. Under this assumption a recent
study conducted by Kelley et al. which integrated ChIP-seq
and RNA-seq data obtained from patient-derived xenografts
from head and neck squamous cell carcinoma (HNSCC)
samples showed that H3K4me3 and H3K27ac histone marks
are associated with tumor-specific transcriptional changes
in their target genes including EGFR, FGFR1, and FOXA1
[36]. Similarly another study by Bhasin et al. focused on
the integration of genome-wide methylomics with publicly
available RNA-seq data (obtained from TCGA) to charac-
terize indolent and aggressive prostate cancer [37]. Here the
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authors identified certain differentially methylated regions
(DMRs) within the promoter (e.g., CCDC8) and gene-
body (e.g., HOXC4) of certain genes which showed strong
negative and positive correlations, respectively with gene
expression. These findings point towards a more complex
scenario that a simple on- and off-state of genes is associated
with the absence or presence of methylation. Methylation
in the gene-body can also have a positive and direct cor-
relation with gene expression [37]. A hypothesis involving
the alternative splicing regulation by DNA methylation has
recently been put forward to explain the correlation between
gene-body methylation and gene expression [38]. A meta-
analysis involving methylomes and gene expressions from
672matched cancer and healthy tissues obtained fromTCGA
showed that hypermethylation in certain genomic regions
is not necessarily linked to a decrease in expression of
the corresponding genes [39]. This finding points towards
the fact that genes may exhibit an unchanged expression
even if their promoter region is methylated. New emerging
hypotheses such as promoter cross-talk through a shared
enhancer [40] and switching of promoter and enhancer
domains [41] are proposed to suggest novel association
mechanisms between genomic imprinting and gene expres-
sion for Nctc1 and Tet1/Tet2 genes, respectively. Whether
this discordant relationship between methylation and gene
expression is achieved by gene-specific or global mechanisms
controlling gene expression bypassing the methylation status
in cancer remains to be elucidated. Whatever the mecha-
nisms underlying the discordance between epigenome and
transcriptome are, these fundamental features of cancer cells
can only be solved by harnessing the power of multi-OMICS
technology.

3.2. Transcriptomics versus Proteomics. Over the last decade
several large scale multi-OMICS studies involving transcrip-
tomics and proteomics in mammalian cells demonstrated
that the translational rate is themajor contributor for the vari-
ation in protein abundance [18, 42, 43]. Earlier studies involv-
ing mass-spectrometry and microarray/mRNA sequencing
(mRNA-seq) for the quantification of protein and mRNA
levels of several thousand genes demonstrated the absence
of a strong correlation between mRNA and protein levels.
Rather mRNA and proteins levels showed moderate to poor
correlation (coefficient of correlation R ≤ 0.4) [18, 42, 44].
Thismoderate correlation reflects that less than 40% variance
on the protein levels is attributed to the mRNA levels. The
remaining variance (>60%) is then essentially considered
as the manifestation of differences in translational rate and
protein degradation. In addition, using the information about
degradation rates for mRNAs and proteins Schwanhäusser et
al. estimated that transcription, mRNA degradation, trans-
lation, and protein degradation explains 34%, 6%, 55%, and
5% of protein abundance variation highlighting the role
of translation as a dominant factor for regulating protein
abundance [42, 44]. Schwanhäusser et al. showed that the
translational rate can be considered as the most dominant
factor governing the protein abundance. Although mRNA
and protein levels may vary between cell types or tissues,
the protein-to-mRNA ratio has been found to be highly

conserved across twelve different human tissues for any given
gene [18]. This conservation of the gene-specific protein-to-
mRNA ratio showed the translational rate as an inherent
and constant phenomenon for mRNA.Wilhelm et al. utilized
this conserved protein-to-mRNA ratio for predicting the
protein abundance for a gene in any given tissue from
experimental mRNA abundance. Using the median protein-
to-mRNA ratios per gene across twelve tissues, it was possible
to predict protein levels from mRNA levels for every tissue.
As a validation strategy they compared predicted protein
abundancewith experimental data to show strong correlation
highlighting the role of translational rates defining the protein
abundance [18]. However, it has not been investigated if
the protein-to-mRNA ratios change or remain constant over
time in highly evolving cells such as tumor cells. Therefore
investigation of gene-specific protein-to-mRNA ratios in
cancer cells in a temporal manner is necessary to uncover
the dynamic interrelationship between transcriptome and
proteome.Themajority of the multi-OMICS studies directed
towards deciphering the complex relation between transcrip-
tome and proteome was performed in the context of steady
state levels of proteins and mRNAs [17, 42, 44]. Studies
of the transcriptome-proteome relationship under dynamic
conditions are essential to understand how the information is
propagated through these levels and ultimately contributes to
the determination of cell-fate decisions. In order to dissect the
individual roles of transcriptome and proteome in the context
of dynamic cellular response, Jovanovic et al. showed that
induction of novel cellular function in response to external
stimuli is largely controlled by transcriptional alteration
followed by proteome adaptations. In contrast the regulation
of protein synthesis and degradation is mainly responsible
for the maintenance of preexisting cellular functions [45].
However, with the cessation of the dynamic response, cells
approach a new steady state. How cells maintain the newly
acquired cellular function in a cancer context in the new
steady state remains to be elucidated.

Transcriptome and proteome interrogations have been
performed to decipher the aberrantmolecularmechanisms in
different cancer tissues such as oral squamous cell carcinoma
[46], ovarian [47], breast [26, 48], colorectal [49], and
lung [50] (Table 2). All these studies sought to investigate
the tumor-specific transcriptome and proteome profiles to
understand how the intricate molecular mechanisms drive
the phenotypic changes in tumor cells. For instance, pro-
teome profiling of breast tumors identified a set of 19 protein
markers which could be used to stratify oestrogen receptor
positive (luminal), Her2 positive, and triple negative breast
tumors [26]. Out of the 19 markers analyzed, nine genes
including MAPK3, MCM5, STMN1, and ENO1 exhibited
concordant changes in protein and mRNA levels, rendering
them as potential therapeutic targets of breast cancer [26].
Another study conducted by Li et al. analyzed genomics, tran-
scriptomics, and proteomics of 33 samples, each comprising
11 non-small-cell lung carcinoma (NSCLC) tumor tissues,
patient-matched tumor-free lung tissues, and patient-derived
xenograft (PDX) [50]. By integrating the multi-OMICS data
the authors argued that protein abundance is not a linear
function of DNA copy number and mRNA abundance.
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Table 2: Multiomics studies focusing on cancer.

PMID Tumor type Cohort Samples no# Genomics Methylomics Transcriptomics Proteomics Metabolomics
28878238 OSCC1 Taiwanese T=38, N=38 + + +
27372738 Ovarian TCGA2 T=174 + + + +
27251275 Breast TCGA2 T=105 + + + +
25043054 Colorectal TCGA2 T=96 + + + +
26725330 Breast N/A T=40 + +
25429762 Lung N/A T=11, N=11 + + +
28947419 Head/Neck Tumor N/A T=47 +
26628371 Prostate N/A Unknown + +
28225065 Cervical N/A T=52 + +
26545398 Prostate N/A T=25, N=25 + +
27406679 Breast and HCC3 N/A N3=105 + +
24316975 Breast N/A T=67, N=65 + + + +
29898407 TGCT4 TCGA2 T=137 + + + +
29100075 Soft Tissue Sarcomas TCGA2 T=206 + + +
29622466 GIAC5 TCGA2 T=921 + + +
29925010 ccRCC6 TCGA2 T=400 + + +
26544944 Prostate TCGA2 T=333 + + +
24476821 UBC7 TCGA2 T=131 + + +
26091043 Melanoma TCGA2 T=331 + + +
25079317 GA8 TCGA2 T=295 + + +
28052061 OEC9 TCGA2 T=164 + + +
24120142 Glioblastoma TCGA2 T=500 + + + +
23634996 AML10 TCGA2 T=200 + + +
25079552 LUAD11 TCGA2 T=230 + + +
T: Tumor, 1OSCC: Oral Squamous Cell Carcinoma, 2TCGA: The Cancer Genome Atlas, N: Normal, 3HCC: Hepatocellular Carcinoma, 4TGCT: Testicular
GermCell Tumors, 5GIAC: Gastrointestinal Adenocarcinomas, 6ccRCC: Clear Cell Renal Cell Carcinoma, 7UBC: Urothelial Bladder Carcinoma, 8GA: Gastric
Adenocarcinoma, 9OEC: Oesophageal Carcinoma, 10AML: Acute Myeloid Leukemia, 11LUAD: Lung Adenocarcinoma.

Therefore mRNA and DNA copy number alteration (CNA)
cannot serve as a proxy and good predictor for protein
abundance. Intriguingly, they claimed this discordance of
mRNA and protein levels to be highly gene-specific and
consistent in both primary and PDX tumors [50].

In summary the integration of transcriptomics and pro-
teomics data has already revealed some fundamental features
of mammalian cellular systems. Although this multi-OMICS
strategy is already in use to decipher molecular intricacy
and mechanistic views of cancer pathophysiology, there are
some fundamental questions which remain unanswered till
date. For example, it is now accepted that mRNA and protein
levels are not correlated in mammalian systems [17, 18, 42].
Whether this poor/moderate correlation is increased (or
decreased) in a cancer context is unknown. Similarly whether
a constant protein-to-mRNA ratio for a given gene within
epithelial cells of different tissues changes upon cancerous
transformation remains unresolved. We need to tackle these
fundamental questions to be able to harness the full potential
of the integration of multi-OMICS studies.

3.3. Proteogenomics: Connecting Proteome to Genome. While
genomics, epigenomics, and transcriptomics studies have
proved to be pivotal in gaining substantial insights into

the architecture of the genome as well as the dynamics of
transcriptome, the functional capacity of the genome that
determines the cellular phenotype depends on the mecha-
nistic power of the proteins. Moreover proteins are regulated
extensively by PTMs and their interactions to other partner-
proteins which cannot be predicted from genomics or tran-
scriptomics data. To link genotype to phenotype, the “Clinical
Proteomic Tumour Analysis Consortium (CPTAC)” has
performed proteomic profiling of TCGA tumor specimens
and linked to genomics, epigenomics, and transcriptomic
profiles for colorectal (CRC) [49], breast [48], and ovarian
[47] cancers (Table 2). Modest correlation between mRNAs
and proteins was found for colorectal (0.47), breast (0.39),
and ovarian (0.45) cancer as hypothesized by earlier studies.
While the impact of copy number alterations (CNAs) was
prominent on mRNA levels, a strong effect of CNAs was
absent in protein levels as evident by the higher CNA-mRNA
than CNA-protein correlations in CRC. Interestingly, ampli-
fication of chromosomal region 20q was associated with sig-
nificant global changes in both mRNA and protein levels that
are encoded by genes residing in these regions.These findings
that emerged from the multi-OMICS data integration under-
score the potential impact of 20q amplification inCRC,which
was previously unknown. Hepatocyte-nuclear factor 4 alpha
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(HNF4A), Translocase of outer mitochondrial membrane
(TOMM34), and SRC protooncogene, nonreceptor tyrosine
kinase (SRC) proteins encoded by the 20q chromosomal
region, were highly affected by the 20q amplification event
and may play a vital role in attaining the cancer hallmark of
sustained proliferation [49].

For breast cancer, when CNA-mRNA and CNA-protein
pairs were analyzed for 478 oncogenes and TSGs, these
cancer-related genes where found to be enriched in the subset
that exhibited concordance on both CNA-mRNA and CNA-
protein levels compared to the subset that only correlates
on CNA-mRNA but not on CNA-protein levels [48]. This
finding is of particular importance because it underscored
that the tumor-promotingCNA events aremore likely to have
an effect on both the protein and mRNA levels. In contrast
nontumorigenesis CNA events are more likely to lose their
impact and may be neutralized on the protein level rather
than on the mRNA level. In addition the proteogenomic
approach has proved to be particularly effective in identifying
possible druggable targets. Proteogenomic analysis of breast
cancer tissues resulted in the identification of such candidate
proteins,- CDK12, TLK2, PAK1, and RIPK2, that showed
gene-amplification-driven proteogenomic patterns [48].

High-Grade Serous Ovarian Cancer (HGSC) is charac-
terized by high CNAs leading to chromosomal instability
(CIN) [47]. CNAs may have an impact on the abundance
of mRNA/proteins in the same (cis-effect) and/or different
(trans-effect) locus. In colorectal cancer CNA-driven trans-
effects were observed on both mRNA and protein levels
[49]. On the contrary, in ovarian cancer, trans-effect of
CNAs on protein abundances was independent of change
in mRNA levels. For instance, CNA on specific segments
on Chromosome 2 was observed to have strong trans-effect
on more than 200 proteins whereas such effects on mRNA
levels were very small [47]. As a plausible mechanism to
explain the trans-effect of CNA on protein levels without
affecting the correspondingmRNA levels, the authors argued
that cis-regulation of RNA-binding proteins or microRNAs
that are associated with mRNA stability and translational
process may be responsible for such trans-effect on protein
levels.The proteins for which the abundance is modulated by
CNAsmostly belong to cell invasion andmigration indicating
a possible role of CNA-driven proteogenomic events in
attaining these hallmarks of cancer [47]. Next, correlation
analysis between CIN and protein abundances led to the
identification of two candidate proteins CHD4 and CHD5
that are normally associated with chromatin organization.
Abundance variation of these proteins can potentially elicit
CIN in ovarian cancer [47]. Under the assumption that PTMs
such as phosphorylation may also play a crucial role in
activating the signalling cascade to attain cancer hallmarks,
proteomic and phosphoproteomic data was integrated with
transcriptomic data for ovarian cancer. This integration
approach was particularly helpful in the identification of
the differentially regulated pathways, PDGFR-beta signalling
pathway associated with angiogenesis and integrin-linked
kinase pathways associated with cell mobility and invasion
(Figure 3), that may serve as a predictor of patient survival.
A recent study carried out by the TCGA consortium used

integrated genomics, transcriptomic, epigenomics, and pro-
teomics approaches to identify distinct molecular subtypes of
the Testicular Germ Cell Tumors (TGCT) [51].

Overall the proteogenomic approach underscores the
complementarities of proteomics/phosphoproteomics data-
set to harmonize genomics/epigenomics and transcriptomics
to gain deeper understanding into themolecularmechanisms
that help malignant cell to attain cancer hallmarks. These
studies also corroborated the previous notion that mRNA
levels are not a good proxy for protein abundance and thus
cannot be predicted only from mRNA data. Moreover CNAs
driven changes in protein abundance may serve as reliable
marker for cancer prognosis and treatment stratification.
Taking account of all the insights gained from these three
proteogenomic studies, it can be safely assumed that the
integration ofmulti-OMICS datamay have significant impact
on the diagnosis, prognosis, and treatment-outcome of indi-
vidual cancer patients in a personalized manner.

3.4. Transcriptomics versus Metabolomics. Unbiased meta-
bolomic-profiling of cancer cell is becoming increasingly
popular due to its potential to identify and quantify novel
oncometabolites which may serve as biomarkers for different
cancer types. Apart from obvious advantages in identifying
novel cancer biomarkers, metabolomics may provide key-
insights into the pathophysiology of cancer when merged
with other OMICS data. In order to extract biologically
meaningful insights from metabolomics data and contextu-
alize the differential abundances of oncometabolites, multi-
OMICS data integration is necessary. In the following exam-
ples, we have shown how metabolomics data integration
to other OMICS can be used not only to advance our
understanding into the molecular mechanism of cancer
progression but also to predict the survival rates of cancer
patients.

In a multi-OMICS integration study, Terunuma et al.
showed that levels of the oncometabolite-2-hydroxyglutarate
(2HG)were elevated in predominantly ER-negative subgroup
of breast tumors and associated with poor clinical outcome.
Moreover, integration of metabolomics with genome-wide
methylomics data revealed that the subtype of breast tumors
marked by elevated 2HG levels exhibited a hypermethylation
phenotype [52]. Corroboratingwith this result, earlier studies
also demonstrated the association between the elevated 2HG
levels and DNA-hypermethylation and enhanced histone
methylation causing epigenetic alterations in gliomas [53]
and leukemias [54].

In another study, integration of publicly available tran-
scriptomic and metabolomic datasets showed a strong
enzyme-metabolite concordance in breast cancer andhepato-
cellular carcinoma tissues [55]. Both breast and hepatocellu-
lar cancer exhibited increased gene-metabolites associations
in comparison to adjacent noncancerous tissues. The authors
argued that alerted gene-regulatory networks in cancer
context may force the changes in cancer-related metabolic
pathways causing an abundance change in the metabolite
levels [55]. Based on themulti-OMICSdata integration, a pre-
dictionmodel, developed and validated against a large cohort
of breast cancer patients, showed several cancer-related
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(a)

(b)

Figure 3: Proteomics and phosphoproteomics driven identification of the aberrant regulation of signalling pathways leading to poor
patient survival. (a) Aberrant PDGFRB signalling pathway induces angiogenesis in patients and results in poor survival. Phosphorylated
and unphosphorylated forms of proteins are indicated by blue and orange color. The directions of arrows indicate the regulation—up and
down arrows indicate upregulation and downregulation, respectively. Colors of the arrows indicate the phosphoform or the total protein
detected by (phospho)proteomics experiments. Blue and red arrows indicate phospho- and total protein, respectively. (b) Integrin-linked
kinase pathway induces cell mobility and invasion, leading to poor patient survival. Two signalling pathways, MAPK (green) and PI3K
(purple), are highlighted. Both these pathways were found to be upregulated in cancer patients with poor survival.

metabolites; namely, glucose, Glycine, serine, and acetate are
significantly associated with patient survival [55]. A similar
OMICS integration approach including metabolomics and
transcriptomics was applied to identify potential diagnostic
and prognostic cancer biomarkers for prostate [56] and
cervical cancers [57]. Ren et al. identified the accumulation
of certain metabolites such as S-adenosylhomoserine (SAH),
5-methylthioadensine (MTA), and S-adenosylmethionine

(SAM) in prostate cancer compared to noncancerous tissues
[56]. Elevated expression of Glycine N-methyltransferase
(GNMT) evident from transcriptomics analysis was assumed
to be responsible for the induction of SAH and was
proposed as a tumor-susceptibility gene in prostate can-
cer [56]. On the other hand, Yang et al. identified five
metabolites, bilirubin, LysoPC(17:0), n-oleoyl threonine, 12-
hydroxydodecanoic acid, and tetracosahexaenoic acid, as
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Figure 4: Application of NGS and mass-spectrometry (LC-MS/MS) based OMICS techniques in cancer research. Genomics,
epigenomics, and transcriptomics are based on NGS techniques; whereas proteomics and metabolomics are driven by mass-spectrometric
(LC-MS/MS) technique. The principal application of genomics, epigenomics, and transcriptomics is screening of genome-wide somatic
mutations, identification of altered epigenomic landscape, and exploring differential RNA expression, respectively. The major application of
proteomics/metabolomics is identification of differentially regulated proteins/phosphoproteins/metabolites. The integration of NGS-based
techniques can identify the concordance or discordance between copy number alterations (CNAs), promoter/gene-body methylation, and
RNA levels. Integration of NGS and LC-MS/MS based techniques may result in the correlation analysis between CNAs, promoter/gene-body
methylation, and mRNA levels with protein/metabolite levels.

candidate biomarkers for cervical cancers [57]. Integration
strategy leads to the reconstruction of an interconnected
gene-metabolic network where seven biochemical pathways
were used to identify five candidate metabolite biomarkers
[57].Themetabolomics integration studies provided systems-
level insights into altered metabolic networks that are tightly
regulatedwith transcriptional network.These interconnected
networks could potentially serve as a platform for the identifi-
cation of novel therapeutic targets and biomarkers for cancer.

In the era of cutting-edge OMICS technologies, the
multi-OMICS integration approaches have emerged as a
powerful strategy to better understand the molecular basis
of cancer and eventually to develop intervention strategies
through the identification of robust patient stratification

methods, biomarker for early cancer diagnosis/prognosis,
and prediction of therapy-outcome. Figure 4 represents the
different methods of multi-OMICS data integration and their
subsequent application in cancer research.

4. TCGA as a Resource for
Multi-OMICS Platform

With the goal of creating a publicly available comprehensive
“atlas” of the molecular alterations in the cancer cells, The
Cancer Genome Atlas (TCGA), so far, has performed inte-
grative analysis of more than 30 human tumor types [13].The
TCGA Research Network is engaged in cataloguing aberra-
tions in the DNA and chromatin of the cancer-genomes from
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thousands of tumors by matching with the normal genomes
and linking these aberrations to RNA and proteins levels.The
main TCGA-strategy of multi-OMICS integration involves
genomics, epigenomics, and transcriptomics which has been
successfully implemented in the investigation of various
cancer types including testicular germ cell tumors [51], soft
tissue sarcomas [58], gastrointestinal adenocarcinomas [59],
clear cell renal cell carcinoma [60], prostate [61], urothe-
lial bladder carcinoma [62], gastric adenocarcinoma [63],
oesophageal carcinoma [64], acute myeloid leukemia [65],
melanoma [66], and lung adenocarcinoma [67] (Table 2). For
colorectal [49], breast [48], and ovarian [48] cancer, mass-
spectrometry-based proteomics data has been integrated into
the existing strategy of OMICS integration as described
earlier (see Table 2). For glioblastoma [68] RPPA based
targeted proteomics was integrated to existing strategy of
OMICS data integration.

The new TCGA-atlas called the “Pan-Cancer initiative”
has been developed and is dedicated to comparing and con-
trasting among the genomic, epigenomic, and transcriptomic
alterations found in numerous tumor types [13]. The pan-
cancer analysis involving multi-OMICS data in combination
with robust bioinformatics methods and statistical tools
offers a unique platform to identify common molecular
signatures for the stratification of patients with different
cancer types and uncover shared molecular pathology of dif-
ferent cancer types for designing targeted therapies. With the
genomics, epigenomics, and transcriptomics data from over
11,000 tumors representing 33 of the most prevalent forms of
cancer, the Pan-CancerAtlas presents the unique opportunity
for comprehensive and integrated analysis to broaden our
current understanding of how, where, and why a normal cell
attains cancer hallmarks. Analysis of the enormous amount
of cancer-specific data deposited in TCGA requires special
bioinformatics methods and techniques to be able to extract
biologically meaningful information. Various data analysis
and visualization platforms have been developed to assist
the rapid analysis of TCGA data. For instance, cBioPortal
originally developed at Memorial Sloan Kettering Cancer
Center provides opportunities like visualization, analysis, and
download of large scale cancer genomics data sets [69].

5. Future of Multi-OMICS Studies: Emerging
Era of Systems Biology

Recent advances in high-throughput NGS and mass-
spectrometric techniques enabled a paradigm shift from
studies involving discrete biochemical reactions and
signalling pathways to large scale studies attempting
to analyze the whole cellular system. With powerful
computational tools one can identify the link between
genomic aberrations with differentially expressed mRNAs,
proteins, and metabolites that are associated with a cancer-
driven cellular perturbation. Integration of multi-OMICS
data provides a platform to link the genomic/epigenomic
alterations to interconnected transcriptome, proteome, and
metabolome networks, which underlie the cellular response
to a perturbation. This vision provides an opportunity

to better understand cellular response on the systems
level but poses a challenge for systems biology driven
modelling at the same time. The next phase of systems
biology research will focus on models that can deal with
thousands of mRNA, protein, and metabolite changes
in a dynamic manner. Systems biology approach has the
potential to develop effective strategies to administer
personalized cancer therapy [70]. The aim of the systems
biology approach is to develop predictive models that
are refined and constrained by experimental validations.
These predictive models will be particularly beneficial to
select patients based on personalized multi-OMICS data
and stratifying the patients to determine who are most
likely to benefit from targeted therapies [71]. In summary
systems biology models driven by multi-OMICS data may
help to increase the onco-drug efficacy and overcome the
chemo-/immunotherapy resistance phenotype of cancer
cells rendering them vulnerable to targeted therapies and
ultimately in improving the quality of life of patients.
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Age-related macular degeneration (AMD) is the most common cause of visual loss in developed countries, with a significant
economic and social burden on public health. Although genome-wide and gene-candidate studies have been enabled to identify
genetic variants in the complement system associated with AMD pathogenesis, the effect of gene-environment interaction is still
under debate. In this reviewwe provide an overview of the role of complement system and its genetic variants inAMD, summarizing
the consequences of the interaction between genetic and environmental risk factors on AMD onset, progression, and therapeutic
response. Finally, we discuss the perspectives of current evidence in the field of genomics driven personalized medicine and public
health.

1. Introduction

Age-related macular degeneration (AMD), characterized by
the progressive destruction of neurosensory retina at the
macular area, is the most common cause of visual loss in
developed countries, with a significant economic and social
burden on public health [1]. The early stage of AMD leads to
aberrant pigmentation of retinal pigment epithelium (RPE)
and accumulation of extracellular material, called “drusen,”
underneath the RPE basement membrane. Drusen are small,
yellowish, extracellular deposits of lipid, cellular debris and
protein that may lead to impaired RPE function and disrup-
tion of the metabolic transport between RPE and choroid [2].
The advanced stagesmanifest as choroidal neovascularization
(CNV) in the wet AMD, or geographic atrophy (GA) in
the dry AMD [3]. Pathological features of AMD are caused
by the interaction of oxidative stress, impaired RPE activity
and function, increased apoptosis, and abnormal immune
system activation [4, 5]. Smoking is the strongest modifiable
risk factor for AMD, leading to oxidative stress, ischemia,

hypoxia, and neovascularization [6]. Although both current
and former smoking may increase AMD risk, a protective
effect has been observed for time since smoking cessation
[7]. Particularly, subjects who had stopped smoking for more
than 20 years were not at risk of advanced stages of AMD
[8, 9]. Other modifiable risk factors, such as obesity [10–13]
and sunlight exposure [14, 15], are still under debate, since
their role in AMD susceptibility may be related to an overall
unhealthy lifestyle [16–18]. To date, the only factor that may
be protective against AMD is a healthy diet, rich in omega-
3 fatty acids, lutein, zeaxanthin, and antioxidants [19–22].
Consistently, the Age-Related Eye Disease Study 2 (AREDS2)
formulation (i.e., a combination of zinc, b-carotene, and
vitamins C, and E) has been shown to reduce the risk of
progression to advanced AMD [23]. While AREDS formu-
lation represents the only available treatment for dry AMD,
intravitreal injections of antivascular endothelial growth
factor (VEGF) agents (i.e., ranibizumab, bevacizumab, and
aflibercept) may improve visual acuity in patients with wet
AMD [24–29].
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In addition to the effect of modifiable factors, genetic
variants confer about 60% of the attributable risk [30], with
at least 34 genomic loci implicated in AMD pathogenesis
[31]. Genetic risk factors associated with AMD susceptibility
include polymorphisms in complement factor H (CFH)
[32], age-related maculopathy susceptibility 2 (ARMS2) [33],
apolipoprotein E (APOE) [34], and vascular endothelial
growth factor (VEGF) [35]. Above all, the discovery of genetic
variants in components of the complement system indicated
the potential role of local inflammation and complement
regulation in the pathogenesis of AMD [36].

Given this scenario, the perspective of personalized
medicine for the prevention and treatment of AMD requires
a more accurate evidence-based knowledge of gene-environ-
ment interactions.

Here we provide an overview of the role of complement
system in AMD and summarize the consequences of the
interaction between genetic and environmental risk factors
on AMD onset and progression and therapeutic response.
Finally, we discuss the perspectives of current evidence in the
field of genomics driven personalized medicine.

2. The Complement System

The complement system is implicated in the innate immune
response, which constitutes the first-line host defense against
pathogenic infections [37]. It also functions as immunoreg-
ulatory system of clear immune complexes, inflammatory
products, and apoptotic cells. Complement components
constitute a complex network of about 30 plasma- and
membrane-associated serum proteins, designated by numer-
als (C1-C9) or letter symbols (e.g., complement factors H,
FH), which are organized into hierarchal proteolytic cas-
cades. The activation of complement system involves three
proteolytic cascades, namely, the classical, lectin, and alter-
native pathways, which lead to the activation of C3 con-
vertase, the convergence point of all complement pathways.
This downstream cascade is characterized by the activation
of the following effectors: the membrane attack complex
(MAC), anaphylatoxins (C3a and C5a), and opsonins. The
first induces cell lysis, producing a pore-like structure in the
phospholipid bilayer, and stimulates the release of anaphy-
latoxins and growth factors from the vascular endothelium.
The classical and lectin pathways are, respectively, activated
by binding to complement-fixing antibodies in immune
complexes or to mannose residues on the surface of microor-
ganisms. In contrast, the alternative pathway is spontaneously
activated by a constant low-rate hydrolysis of C3, which
further binds to factor B (FB), allowing factor D (FD) to
cleave factor B into Ba and Bb. The resulting C3 convertase
initiates the terminal pathway via an amplification loop,
producing more C3b and C3a from C3 (Figure 1).

3. Regulation of Complement System

The refined balance between activation and inhibition of
complement system is the crucial regulatory mechanism to
prevent self-tissue damage [37, 38]. Although increased com-
plement activity may be protective against chronic low-grade

Figure 1: Complement system activation and regulation by the
alternative pathway. This figure was prepared using MetaCore from
Thomson Reuters.

inflammation and infection in early life [39], lack of inhibi-
tion is associated with several diseases, such as systemic lupus
erythematosus [40], atypical haemolytic uraemic syndrome
[41], dense deposit disease [42], and AMD [43]. Therefore,
complement system activity is strictly controlled by regula-
tory proteins, which mainly act by degrading complement
components, increasingC3 convertase decay, andmodulating
the MAC assembly [44–46]. The first is a function of factor
I (FI), which regulates the classical and alternative pathways
by cleaving C3b into inactive fragments [47]. However, to
prevent nonspecific degradation of complement components,
the proteolytic activity of FI requires several cofactors, includ-
ing complement receptor 1 (CR1),membrane cofactor protein
(MCP), and FH [47–51], which accelerate C3 convertase
decay by displacing factor Bb from existing C3 convertase
[52, 53].

The ability of alternative pathway to discriminate between
self and potential pathogens is conferred by recognition
of glycosaminoglycans (GAGs) and sialic acid glycans (i.e.,
heparin-sulfate and N-acetylneuraminic acid) on host cells
[54–57]. Binding of FH to the surface of necrotic cells and
to apoptotic particles is mediated by CRP, Annexin II, DNA,
and histones [58–61]. An additional complement inhibitor is
the decay-accelerating factor (DAF), which inhibits assembly
of neoformed C3 convertases and accelerates the decay of
pre-existing convertases [46, 62–66]. Lastly, the regulation
of complement system may be also provided by inhibiting
MAC formation via membrane bound (CD59) or fluid-phase
(Vitronectin and Clusterin) inhibitors [67–72].

4. Complement System and AMD Pathogenesis

Although the majority of circulating complement compo-
nents is produced by the liver, the retina shows extrahep-
atic complement synthesis [73], probably to overcome the
restricted access of plasma protein to the retina through the
blood-retinal barrier. Several lines of evidence demonstrated
that complement dysregulation, especially the alternative
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Figure 2: Complement system dysregulation in the age-related
macular degeneration. This figure was prepared using MetaCore
fromThomson Reuters.

pathway, is involved in the pathogenesis of AMD. The major
stressors for AMDdevelopment, such as aging, smoking, and
oxidative stress, have been linked to the overactivation of the
complement system (Figure 2). This evidence has been also
supported by immune-histological and proteomic studies,
which identified complement components as constituents of
drusen, suggesting the local activation of the complement
pathways [30, 74–77]. Increased levels of activated com-
plement components, which are released during the com-
plement activation, have been also observed in peripheral
blood of AMD patients [78–80]. Consistently, complement
regulators, such as Vitronectin, Clusterin, and MCP, are
highly expressed in drusen and RPE cells adjacent to drusen
[30, 81, 82]. Drusen are especially characterized by Amyloid
beta accumulation, which in turn is produced by senescent
RPE cells and may induce oxidative stress [83]. Binding of
Amyloid beta to FI results in complement activation and
chronic low-grade inflammation [83]. During RPE aging, the
accumulation of lipofuscin and bis-retinoid component N-
retinylidene-N-retinylethanolamine has also been observed,
which reduces the degradation of phospholipids by lysosomes
[84, 85]. The accumulation of undigested lipids, combined
with oxidative stress, leads to the formation of lipid peroxi-
dation products [86], which in turn can induce apoptosis and
complement activation [87, 88].

5. The Role of Common Variants in the
Pathogenesis and Treatment of AMD

5.1. Complement Factor H (FH). FH is produced in the liver
and secreted as a protein composed of 20 short consensus
repeats (SCRs), which share homology at specific residues
[89, 90].The 1q32 region, known as the regulators of comple-
ment activation (RCA) cluster, also contains five homologous
CFH-related genes (CFHR1 to CFHR5), encoding FH-related
proteins (FHR1-5) [91]. FH is also locally produced by RPE
and contributes to C3 convertase decay, preventing the
amplification of C3b deposition.

In 2005, several genetic association studies, conducted
by independent research groups, identified the CFH gene
on chromosome 1q32 as the first gene associated with AMD
risk [76, 92–94]. The most prominent effect on AMD risk
was initially attributed to rs1061170 polymorphism, which
leads to an amino acid change at position 402 of the FH
polypeptide (Y402H). Prevalence of the 402H risk variant
varies across ethnicities [95], with an increased AMD risk
of 2.5 times among heterozygous individuals and 6.0 times
among homozygotes [96]. This finding was confirmed by
pooled analysis in both Caucasians [95] and Asians [97–99].
A more recent meta-analysis stratified by stage of disease
and ethnicity, including data of 27418 AMD patients and
32843 controls, stated that the polymorphism is significantly
associatedwithAMD: inCaucasian themutated allele confers
a 1.44 risk of early AMD, a 2.90 risk of dry AMD and a 2.46
risk of wet AMD; in Asians, the mutated allele seems to be
associated only with wet AMD [100].

The rs1061170 polymorphism has been also identified as a
predictor of response to anti-VEGF treatment; homozygotes
individuals were less likely to achieve a better outcome than
those carrying wild type genotype, suggesting the need of
more effective therapeutic strategies for this subgroup of
patients [101].

Conversely to this well-known genetic risk factor, the
rs800292 polymorphism, a coding variant in the SCR1
domain, has been found to be protective against AMD in
both Caucasians and Asians [99, 102]. This polymorphism,
which leads to an amino acid change at position 62 of the
FH polypeptide (V62I), also conferred a better response to
treatment of neovascular AMD [101].

Besides these polymorphisms, the impact on AMD risk
of other CFH genetic variants is still under debate. A recent
meta-analysis [103] aimed to resolve inconsistent findings
from studies on distinct ethnic populations about the role of
four coding and noncoding variants: two noncoding variants
in intron 14 (543G>A, rs1410996) and intron 15 (3144C>T,
rs1329428); a coding synonymous variant in exon 10 (A473A,
rs2274700); a promoter variant, positioned 257 upstream
in the CFH promoter region (257 C>T, rs3753394). Pooled
results demonstrated that these polymorphisms are signifi-
cantly associated with increased AMD risk, but none of them
was related to response to treatment [104].

5.2. Complement Component 3 (C3). The C3 gene, located
on chromosome 19p13.3-13.2, consists of 41 exons encoding
for 1663 amino acids and 13 functional domains. C3 protein
is biologically inactive until it undergoes to conformational
changes, which expose binding sites for pathogenic cell
surface and other complement components [105]. Although
several studies suggest the association between C3 polymor-
phisms and AMD, findings are conflicting [106–110]. The
rs2230199 polymorphism, leading to the R102G substitution,
is themost commonly investigated, since it seems to influence
C3 binding capacity and cofactor activity, thereby extending
convertase lifetime [111]. Overall, this polymorphism was
associated with AMD risk, even though this finding was con-
firmed in Caucasians but not in Asians [112]. A further meta-
analysis confirmed the increased AMD risk associated with
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rs2230199 polymorphism and suggested the adverse effect
of rs1047286 and rs11569536 polymorphisms on the disease
[113]. By contrast, the rs2250656 polymorphism has been
found to be protective against AMD [113].

Lack of evidence exists about the effect of C3 genetic vari-
ants on response to AMD treatment [114–117]. Particularly,
the Comparison of AMD Treatments Trials (CATT) showed
no significant effect of rs2230199 polymorphism on both
visual and anatomical outcomes, after anti-VEGF therapy
[118].

However, analysis of changes in central macular thickness
after ranibizumab treatment, showed that the minor allele of
rs2250656 SNP was associated with improvement in retinal
thickness and architecture [119].

5.3. Factor B and C2. The CFB gene is located in the
major histocompatibility complex (MHC) class III region on
chromosome 6p21. Several lines of evidence suggest that
polymorphisms in this region are associated with reduced
AMD risk. Among these, pooled results from previous meta-
analyses confirmed the protective effect on AMD risk of the
common rs641153 polymorphism, also known as R32Q, in
Caucasians [120] and in other ethnic groups [121].

TheMHCclass III region also includes genes encoding for
proteins involved in the regulation of the immune reaction,
such as C2 gene that is located 500 bp upstream from CFB
gene. C2 is a serum glycoprotein that functions as part
of the classical pathway of the complement system. Two
polymorphisms (rs9332739 and rs547154) have been directly
associated with AMD by decreasing the risk of 45% and 53%,
respectively [120]. However, these variants may be indirectly
linked to AMD risk due to linkage disequilibrium with CFB.
Indeed, some common haplotypes, spanning CFB and C2
genes, are considered highly protective against AMD [122].
Genetic and functional studies suggest that CFB rather than
C2 polymorphisms are more likely to determine the reduced
AMD risk.The rs9332739 and rs547154 polymorphisms in C2
are noncoding variant, whereas the rs641153 polymorphism
in CFB results in reduced alternative pathway amplification
and hemolytic activity of the CFB protein [123, 124]. More-
over, after adjustment for genetic and nongenetic risk factors,
the association with rs641153 proved to be robust whereas the
associationwith rs9332739 and rs547154 became insignificant
[125].

Lack of evidence exists about the effect of CFB and C2
genetic variants on response to intravitreal anti-VEGF injec-
tions; particularly, the rs641153 polymorphism did not show
any pharmacogenetics effects in patients with neovascular
AMD [104, 126].

5.4. Factor I. The CFI gene, located on chromosome 4q25,
consists of 13 exons encoding for a precursor protein in
hepatocytes, macrophages, lymphocytes, endothelial cells,
and fibroblasts. The first eight exons encode the heavy chain,
and the last five exons encode the light chain, which contains
the serine protease domain. To obtain the active protein, the
precursor is cleaved into heavy and light chains, which form
a heterodimeric glycoprotein. This heterodimer can prevent
the assembly of convertase enzymes by cleaving of C4b and

C3b.The association between CFI polymorphisms and AMD
was firstly reported by Fagerness et al. [127]. Afterwards,
several studies identified polymorphisms that can alter gene
expression and protein production [128–131].The association
between AMD risk and rs10033900 polymorphism is the
most investigated, but results are still conflicting. To date,
an updated meta-analysis showed that carriers of rs10033900
polymorphism have a reduced risk of developing AMD; these
results were confirmed in Caucasians, but not in Asians [132].

6. The Role of Rare Variants in AMD

Growing body of evidence supports the role of rare vari-
ants, with large effect sizes, in the pathogenesis of AMD.
Accordingly, targeted genomic resequencing of selected loci
pointed out the effect of nonsynonymous rare variants in four
complement genes (i.e., CFH, CFI, C3, and C9). These vari-
ants and their implication for personalized treatment have
been recently reviewed elsewhere [102].TheCFH rs121913059
polymorphism consists of a missense mutation in the C-
terminal region of the protein, which leads to an amino acid
change at position 1210 of the FH polypeptide (R1210C). The
R1210C variant conferred a 47-times higher risk of developing
AMD [133], independently of the common rs1061170 variant.
Particularly, the R1210C variant is associated with a typical
phenotype with extensive drusen accumulation, as well as
with earlier age of onset of the disease [134]. Whole-exome
sequencing of families with AMD allowed identifying R53C
and D90G variants which accelerate activity and cofactor-
mediated inactivation of FH [135]. More recently, both
high penetrant splice site variant (IVS6+1G>A) and coding
variants (N90G, R127H, R175P, R175G, C192F, and S193L)
have been proposed to explain the high burden of disease
in AMD families with unknown genetic risk factors [102,
105]. Among rare variants, the K155Q variant in C3 has
been independently associated with AMD [106–109], with an
overall 3-fold increased risk of developing the disease [110].
In addition, Duvvari et al. [136] identified four additional
genetic variants (K65Q, R161W, R735W, and S1619R) by
sequencing of all coding exons of the C3 gene; however, none
of these associations was further confirmed in independent
cohorts [137]. Several rare and highly penetrant CFI variants
have been identified in patients with AMD [108]. Particularly,
the majority of mutations affect the catalytic domain of
the protein, leading to secretion defect and decreasing FI-
mediated cleavage of C3b. Among these, van den Ven et al.
demonstrated that the missense G119R substitution conferred
a 22-times higher risk of AMD [138].

7. Interaction of Genetic Variants with
Environmental Risk Factors

7.1. Smoking. Evidence from candidate gene studies of AMD-
associated loci suggested that smoking might be an effect
modifier of geneticAMDrisk. Consistentlywith other studies
[95, 139–142], results from the Beaver Dam Eye cohort
did not show significant multiplicative interaction between
smoking and rs1061170 polymorphism on AMD incidence
and progression [143]. However, the rs1061170 polymorphism
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showed a stronger effect on AMD risk among smokers [139,
141, 142, 144–146]. Particularly, the Rotterdam Study reported
that, among smokers, homozygosity for the risk variant
conferred a 34-fold increased risk of late AMD compared to
nonsmoking wild type subjects [147]. A study of discordant
sibling pairs further specified that the combination between
smoking more than ten pack-years and homozygosity for the
risk variant was associated with a 144-fold increased risk of
wet AMD, compared to nonsmoking heterozygous or wild
type individuals [139]. Accordingly, the retrospective analysis
of data from 385 eligible patients included in the European
Genetic Database, a multicenter database for clinical and
molecular analysis of AMD, demonstrated that the presence
of homozygous risk variant among smokers was associated
with earlier onset of wet AMD [148]. Moreover, the inde-
pendent multiplicative effect of CFH genotype and smoking
was more evident for some features of early AMD (i.e.,
central soft drusen, large area of soft drusen, and pericentral
pigmentary abnormalities) associated with higher risk of
AMD progression [149].

Overall, these findings indicate that smoking and
rs1061170 polymorphism have independent multiplicative
effects on AMD risk, with no significant interaction. The bio-
logical plausibility of this relationship might be explained by
the well-known effects of smoking and CFH polymorphism
on the activation of alternative pathway: on one hand,
smoking alters binding of CFH to C3 and lowers plasma
CFH levels [150, 151]; on the other hand, the presence of
rs1061170 polymorphism alters the ability of CFH to bind to
C3b.

7.2. Dietary Intake. In the last decades, it has been consis-
tently demonstrated that an adequate intake of omega-3 fatty
acids, lutein, zeaxanthin, and other antioxidants represents
the onlywell-knownprotective factor againstAMDonset and
progression [19–22]. However, few studies have previously
explored whether genetic susceptibility could modify this
association.

While lutein and zeaxanthin supplementation clearly
decreases the progression from early to advanced AMD
[152], evidence on the effect of their intake through the diet
is still controversial, probably due to genetic susceptibility
and/or other unmeasured effect modifiers. The Rotterdam
study showed a synergic biological interaction between CFH
rs1061170 polymorphism and dietary intake of antioxidants,
suggesting that higher intake of zinc, 𝜔-3 fatty acids, 𝛽-
carotene, lutein, and zeaxanthin might reduce the incidence
of early AMD in subjects at higher genetic risk [153].
Consistently, pooled analysis of Blue Mountains Eye and
Rotterdam cohorts showed that dietary intake of lutein and
zeaxanthin was inversely associated with the risk of early
AMD, only in concurrence with at least two risk alleles
of CFH rs1061170 and ARMS2 rs10490924 polymorphisms
[154]. By contrast, in absence of genetic susceptibility, higher
intake of lutein and zeaxanthin was associated with greater
incidence of early AMD [154]. Analysis of the Atherosclerosis
Risk in Communities (ARIC) Study added to this mounting
controversial evidence, demonstrating that greater lutein and

zeaxanthin intake were associated with lower AMD preva-
lence among carriers of the heterozygous CFH genotype,
higher prevalence among carriers of the homozygous risk
genotype, and no statistically significant association among
those with nonrisk genotype [155].

Growing body of evidence demonstrated that the anti-
inflammatory and antioxidant properties of omega-3 long
chain polyunsaturated fatty acids slow the progression to
advanced AMD [4, 22, 156–158]. In the Age-Related Eye
Disease Study (AREDS), increased intake of docosahex-
aenoic acid (DHA) and eicosapentaenoic acid (EPA) was
associated with reduced dry AMD risk, after adjustment for
behavioural factors and genetic variants, including SNPs in
CFH, ARMS2/HTRA1, CFB, C2, C3, CFI, and LIPC genes
[159]. In addition, the Blue Mountain Eye Study demon-
strated that weekly consumption of fish was associated with
lower risk of late AMD, only among subjects with the CFH
homozygous risk genotype [160]. More recently, the joint
effect of high-risk genotypes and vitamins intake has been
also evaluated. A cross-sectional analysis of the Inter99
Eye Study suggested a significant interaction between vita-
min A and rs1061170 CFH polymorphism, with a positive
association between dietary intake and drusen diameter,
among subjects with the homozygous risk genotype [161].
Findings from a subsample of the AREDS study also demon-
strated a significant interaction between folate intake and the
rs2230199 C3 polymorphism: the risk of AMD progression
was lower among subjects with homozygous nonrisk geno-
type, but not in those carrying the risk allele. By contrast,
no significant effect on AMD progression was evident for
dietary intake of thiamin, riboflavin, niacin, and vitamins B6
and B12 [162]. Although foods and nutrients are consumed
in combination, the abovementioned studies used single-
nutrient or a single-food approach, without taking into
account potential synergistic effects. To our knowledge, the
study by Merle et al., including participants of the AREDS,
was the first to evaluate the interaction between genetic risk
factors and overall diet [163]. Particularly, the adherence to
the Mediterranean diet was associated with lower risk of
progression to advanced AMD among subjects with nonrisk
genotype, but not among those with the homozygous risk
genotype [163]. The significant association, in absence of
genetic susceptibility, might be explained by the protective
effect of Mediterranean diet on immune and inflammatory
responses.

8. Interaction of Genetic Variants with
AMD Treatments

The effect of the interaction between nutritional supplements
and genetic susceptibility on the progression to advanced
AMD is currently under debate. In 2008, for the first time,
Klein and colleagues demonstrated that the effect of com-
bined antioxidant and zinc supplementation on the progres-
sion to advanced AMDwas greater among subjects with non-
risk genotype for the CFH rs1061170 polymorphism, com-
pared with high-risk subjects [164]. Seddon and colleagues,
investigating the progression to advanced AMD among sub-
jects with low CFH and high ARMS2 genetic risk, reported
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that antioxidant and zinc supplementation reduced the risk
of progression to wet AMD, with no significant effect on dry
AMD [165]. Awh et al. first reported that zinc supplementa-
tion reduced progression to advanced AMD, among subjects
with no risk alleles for CFH and at least one risk allele for
ARMS2 [166].The same research group further demonstrated
a distinct effect on disease progression according to the
number of risk alleles for these SNPs: supplementation with
zinc, alone or as a component of the AREDS formulation,
was protective against the harmful effect of the ARMS2
risk allele but it increased the risk posed by CFH allele
[166]. These findings are supported by current knowledge
about physiologic implication of zinc binding to CFH, which
might neutralize the ability to inactivate C3 convertase [167–
169]. This, together with functional consequences of CFH
rs1061170 polymorphism, might cause the detrimental effect
associated with concurrence of CFH risk genotypes and zinc
supplementation [170]. By contrast, data analysis of a larger
AREDS subsample found no interaction between AREDS
formulation and genetic susceptibility [171]. However, the
design of this study does not allow us to exclude if the
absence of interactionwas caused by underpowered statistical
analysis.

While the AREDS formulation may slow the progression
to dry AMD by modulating complement activity [172],
intravitreal injections of anti-VEGF agents are currently con-
sidered part of the standard treatment regimen for neovas-
cular AMD, accompanied by photodynamic therapy (PDT)
with verteporfin. In spite of the well-established effect of CFH
rs1061170 polymorphism on AMD risk, there is still contro-
versy about its role in the response to anti-VEGF treatment.
To our knowledge, Chen et al. were the first to summarize
data on the relationship between the rs1061170 polymorphism
and response to treatment of neovascular AMD [32]. Pooled
analysis indicated that CFH risk genotypes were weakly but
significantly associated with less effective response to any
form of treatment, including anti-VEGF agents, photody-
namic therapy, and antioxidants/zinc supplementation [32].
This finding was further confirmed by more specific meta-
analyses of studies, investigating the relationship between
CFH rs1061170 polymorphism and response to anti-VEGF
treatment [97, 173].

In summary, evidence on the interaction between genetic
susceptibility and response to AMD treatment is currently
weak and controversial, raising the need of further researches
prior to applying genetic testing to personalized medicine.

9. Implications for Preventive and
Personalized Medicine

Uncovering the interaction between genome and environ-
ment is one of the main challenge towards preventive and
personalized medicine. The discovery of genetic variants in
genes for complement proteins pointed out the role of chronic
inflammation and complement regulation in AMD patho-
genesis. While the effect of common and rare genetic variants
is well established, our review suggests that environmental
exposure could modulate the genetic-associated risk of onset
and progression of AMD, as well as therapeutic response.

Since the identification of high-risk patients can improve
clinical management of AMD, several prediction models of
onset and progression are now widely available [174, 175].
These models, based on a small number of common genetic
variants, are suitable to distinguish subjects who will and
will not suffer from AMD, with an area under the curve that
ranges between 0.8 and 0.9 [174, 175]. However, the evaluation
of these models did not provide encouraging results, because
the same subject can receive controversial forecasts from
different tests [176, 177].

To date, it is difficult to evaluate the benefits of genetic
testing in the context of complex diseases such as AMD
[178]. To overcome this issue, prediction models should also
include rare mutations, like those reviewed by Geerlings et al.
[102], clinical characteristics, and environmental risk factors.
Once early AMD is clinically manifested, the number and
nature of risk alleles significantly influence the progression
to advanced AMD. Moreover, in addition to independent
risk factors (i.e., smoking) [95, 139–143], others, such as
diet [163] and nutrients intake [153, 154], seem to interact
with AMD-associated polymorphisms on determining the
risk of progression to advanced AMD. Growing body of
evidence also suggested determining the genetic risk profile
prior to choosing the adequate treatment. In this context,
we concluded that success of treatment of dry AMD with
antioxidants and zinc relies on genetic risk variants, with a
better response among subjectswith noCFH risk alleles [164–
166]. Similarly, the presence of CFH risk genotypes leads
to worse response to anti-VEGF therapy against wet AMD
[97, 173]. Despite the fact that knowledge is increasing, the
perspective to guide personalized medicine through genetic
testing is still under debate and further clinical studies should
be encouraged.

Several lines of evidence also suggested that complement
system is a promising target for the development of novel
therapies, which could support the conventional treatment
with anti-VEGF agents. Currently, potential candidates, such
as complement component inhibitors, antibody-based com-
pounds, and receptor antagonists, are in clinical trials or
in preclinical evaluation [179]. While eculizumab, a human-
ized IgG antibody against complement component 5 (C5),
seems to be ineffective in the management of dry AMD
patients [180], treatment with lampalizumab, an antibody
that inhibits complement factor D, reduced the progression
of geographic atrophy lesion [181]. Since treatment with
lampalizumab seems to be more effective in patients with
specific CFI genotypes, a phase III trial is currently running.
In this perspective, understanding the pathways involved in
inflammation and neovascularization could allow the choice
of proper treatment within the clinical context of disease
heterogeneity.

In conclusion, our review highlighted that research
behind the role of complement system in AMD has been
mainly based on genome-wide and candidate gene studies.
However, genomics alone does not reveal the causative
relation between gene-environment interaction and AMD,
and current evidence should be integrated by other “omics”
disciplines which take into account the impact of exposome.
However, in the forthcoming future, it is plausible that AMD
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prevention and treatment will be personalized for single
groups of patients, according to their genetic risk profile,
clinical characteristics, and environmental exposure.
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Cigarette smoking and exposure to environmental tobacco smoke are well-known risk factors for urothelial carcinoma (UC).
We conducted a hospital-based case-control study involving 287 UC cases and 574 cancer-free controls to investigate the joint
effects of cigarette smoking and polymorphisms of inflammatory genes on UC risk. Tumor necrosis factor alpha (TNF-𝛼) -308
G/A and interleukin-8 (IL-8) -251 T/A polymorphisms were determined using a polymerase chain reaction-restriction fragment
length polymorphism method. People who had ever smoked and those who were exposed to environmental tobacco smoke had
significantly increased UC odds ratios (ORs) of 1.65 and 1.68, respectively. Participants who had smoked more than 18 pack-years
had a significantly increasedUCORof 2.64. People who had ever smoked andwho carried theA/A genotype of theTNF-𝛼 -308G/A
polymorphism had a significantly higher UC OR (10.25) compared to people who had never smoked and who carried the G/G or
G/A genotype. In addition, people who had ever smoked and who carried the IL-8 -251 T/T genotype had a significantly increased
UC OR (3.08) compared to people who had never smoked and who carried the T/A or A/A genotype. In a combined analysis of
three major risk factors (cumulative cigarette smoking, the TNF-𝛼 -308 A/A genotype, and the IL-8 -251 T/T genotype), subjects
with any one, any two, and all three risk factors experienced significantly increased UC ORs of 1.55, 2.89, and 3.77, respectively,
compared to individuals with none of the risk factors. Conclusions. Our results indicate that the combined effects of cumulative
cigarette exposure and the TNF-𝛼 -308 A/A genotype and/or the IL-8 -251 T/T genotype on UC OR showed a significant dose-
response relationship.

1. Introduction

The bladder is the most common site of urothelial carcinoma
(UC), a multifactorial malignancy influenced by exoge-
nous exposure to environmental risk factors and molecular

variations inmetabolism-related genes [1]. Cigarette smoking
is the major risk factor for bladder cancer, and epidemiolog-
ical studies have indicated that cigarette smokers have a 2∼4-
fold increased risk of bladder cancer [2]. Cigarettes contain
approximately 60 chemical carcinogens, including polycyclic
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aromatic hydrocarbons, aromatic amines, and N-nitroso
compounds, which are associated with the development of
bladder cancer [3]. Cigarette smoke contains free radicals
and induces oxidative stress, which is associated with the
development of bladder cancer [4, 5].

Oxidative stress can induce proinflammatory cytokines
such as tumor necrosis factor alpha (TNF-𝛼) and interleukin-
8 (IL-8), which are involved in the development of various
malignancies [6, 7]. Exposure to cigarette smoke can enhance
TNF-𝛼 expression through upregulating the activator pro-
tein, AP-1 [8]. TNF-𝛼 is involved in the immune response
during the intravesical instillation of bacillus Calmette-
Guerin [9]. Previous studies reported that cigarette smoking
can induce inflammation that is characterized by increased
levels of cytokines such as TNF-𝛼 and IL-8 [10, 11]. IL-8 is a
proinflammatory chemokine that is secreted by various cell
types. Studies showed the chronic inflammation is involved
in various tumorigenesis steps. TNF-𝛼 initiates signaling
pathways that activate proinflammatory gene expression via
the transcription factor; nuclear factor-kappa B (NF-𝜅B)
is also produced by tumors and acts as an endogenous
tumor promoter. Cytokines, like IL-6 and IL-8, are also
involved in transformation and angiogenesis, respectively
[12]. Environmental-genetic associations with tobacco smoke
combined with genetic polymorphisms of inflammation-
related genes provide additional bladder cancer risk.

The polymorphism of TNF-𝛼 gene (-308 G/A, rs1800629)
is located in promoter and has functional impact on the TNF-
𝛼 expression [13–15]. Compared to SNPs of TNF-𝛼, -308 G/A
polymorphism was investigated and found to be related to
several cancers, including breast, gastric, and bladder cancers
[13, 16–18]. However, results from previous studies were
inconsistent. The IL-8 gene is located on chromosome 4q13-
q21, and several polymorphisms were identified in this gene
[19]. A common polymorphism at the promoter region (-251
T/A, rs4073) was reported to influence the transcriptional
activity of IL-8, and it was identified to be associated with
various cancer risks in Asian group [6]. Therefore, these
findings raise the possibility that genetic variations in the
TNF-𝛼 and IL-8 genes may modify the risk of UC.

To investigate the effects ofTNF-𝛼 -308G/A and IL-8 -251
T/Apolymorphisms on theUC risk, we conducted a hospital-
based case-control study. We also examined the combined
effects of cumulative cigarette exposure, the TNF-𝛼 -308 A/A
genotype, and the IL-8 -251 T/T genotype on UC risk.

2. Material and Methods

2.1. Study Population. This study involved 861 participants
enrolled from the Departments of Urology and those under-
going a general health examination at National Taiwan
University Hospital, Taipei Medical University Hospital, and
Taipei Municipal Wan Fang Hospital between September
2002 and May 2009. In total, 287 UC cases were included
(with a mean age of 62.95 ± 13.62 years). Each case was
diagnosed with histopathological confirmation, which was
performed using routine urological practices and verified by
board-certified pathologists. In total, 574 age- and gender-
matched cancer-free controls (with a mean age of 62.56 ±

13.50 years) were recruited from a hospital-based pool. All
participants provided informed consent before the question-
naire interview and biospecimen collection. The Research
Ethics Committee of National Taiwan University Hospital
(Taipei, Taiwan) approved this study, and this study complied
with the World Medical Association Declaration of Helsinki.

2.2. Questionnaire Interview and Biospecimen Collection.
Well-trained investigators interviewed each patient using a
structured questionnaire. Information collected by the ques-
tionnaire included demographic characteristics and lifestyle
habits such as cigarette smoking, secondhand smoke expo-
sure, betel nut chewing, alcohol, tea, and coffee consumption,
exposure to occupational and environmental carcinogens
such as pesticides, and a family history of disease. Study sub-
jects who had smoked more than 100 cigarettes during their
lifetime were regarded as people who had ever smoked, while
those who had smoked fewer than 100 cigarettes were defined
as people who had never smoked. Environmental tobacco
smoke (secondhand smoke exposure) was assessed through
a questionnaire asking participants whether anyone had ever
smoked around them. A 6∼8-ml sample of venous blood was
drawn from each participant for genotype determination.

2.3. Genotyping of the TNF-𝛼 -308 G/A and IL-8 -251
T/A Polymorphisms. Genomic DNA was extracted from the
buffy coat of peripheral blood using standard methods
and stored at −80∘C. Genotyping was completed using
a polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) method modified from a study
by Duarte et al. [20]. Briefly, the following primer sets
were designed for the TNF-𝛼 -308 G/A polymorphism:
5-TCCTCCCTGCTCCGATTCCG-3 (sense) and 5-AGG
CAATAGGTTTTGAGGGCCAT-3 (antisense).The thermal
PCR conditions were as follows: one cycle at 95∘C for 5min;
35 cycles of 95∘C for 30 s, 58∘C for 30 s, and 72∘C for 45 s;
and a final extension at 72∘C for 10min. After complete diges-
tion with the NcoI restriction enzyme, the resulting DNA
fragments, which represented the TNF-𝛼 -308 G/A poly-
morphism, were determined (G/G: 87 and 20 bp; G/A: 107,
87, and 20 bp; and A/A: 107 bp). PCR-RFLP genotyping and
sequencing of TNF-𝛼 -308 G/A are shown in Figure 1(a). For
the IL-8 -251 T/A polymorphism, the following primers were
used: 5-ATCTTGTTCTAACACCTGCCACTC-3 (sense)
and 5-TAAAATACTGAAGCTCCACAATTTGG-3 (anti-
sense) [21]. The PCR conditions were as follows: one cycle
at 94∘C for 5min; 35 cycles of 94∘C for 50 s, 61∘C for 60 s,
and 72∘C for 55 s; and a final extension at 72∘C for 5min.
The genotypes were determined after digestion with theMfeI
restriction enzyme for the IL-8 -251 T/A polymorphism (T/T:
121 bp; T/A: 121, 82, and 39 bp; and A/A: 82 and 39 bp). PCR-
RFLP genotyping and sequencing of IL-8 -251 T/A are shown
in Figure 1(b). For quality control, genotyping was repeated
on a random 10% of the samples.

2.4. Statistical Analysis. A goodness-of-fit Chi-squared test
was used to test for Hardy-Weinberg equilibrium (HWE)
among the cancer-free controls. Study subjects who had
smoked more than 100 cigarettes during their lifetime were
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Figure 1: PCR-RFLP genotyping and sequencing ofTNF-𝛼 -308G/A and IL-8 -251 T/A. (a) Genotyping ofTNF-𝛼 -308G/A. Arrows indicated
location of AA, GA, and GG. (b) Genotyping of IL-8 -251 T/A. Arrows indicated location of AA, TT, and TA.

regarded as people who had ever smoked, while those who
had smoked fewer than 100 cigarettes were defined as people
who had never smoked. The pack-years of cigarette smoking
were calculated using the formula: pack-years = (cigarettes
per day ÷ 20) × (number of years smoked). Because of
dependent variable (UC) is binary, logistic regression is used
to assess the association between UC and related risk factors.
The combined effects of cumulative cigarette exposure, the
TNF-𝛼 -308 A/A genotype, and the IL-8 -251 T/T genotype
on the UC risk were estimated by odds ratios (ORs) and asso-
ciated 95% confidence intervals (CIs) using a multivariate-
adjusted logistic regression. All data were analyzed using
the Statistical Analysis Software for Windows, ver. 9.2 (SAS
Institute, Cary, NC). p values of < 0.05 were considered
statistically significant.

3. Results

No significant differences were found in age or gender
between the UC cases and cancer-free controls. Occasional
alcohol drinkers had a significantly lower OR for UC than
people who had never consumed alcohol. After adjusting
for age, gender, educational level, alcohol consumption, and
other risk factors, people who had ever smoked had a signif-
icantly higher UC OR of 1.65 (95% CI: 1.19∼2.27) compared
to people who had never smoked. Individuals who were
exposed to environmental tobacco smoke had a significantly
higher UC OR (1.68, 95% CI: 1.22∼2.30) than those with no
exposure. Frequencies of the TNF-𝛼 -308 A/A genotype and
the IL-8 -251 T/T genotype among controls fit HWE (𝜒2 =
0.99, 𝑝 > 0.05; 𝜒2 = 1.27, 𝑝 > 0.05, resp.). The genotype
distribution of the control did not show significant difference
from the Hardy-Weinberg equilibrium values. Subjects who
carried the TNF-𝛼 -308 A/A genotype had a significantly
increased OR for UC (3.56, 95% CI: 1.03∼12.28) compared to
those with the G/G or G/A genotype. Subjects who carried

the A/A genotype of the IL-8 -251 T/A polymorphism had a
significantly lower OR for UC (0.52, 95% CI: 0.27∼0.99) than
those carrying the T/T genotype (data not shown).

After stratification by the TNF-𝛼 -308 G/A and IL-8 -
251 T/A genotypes, individual characteristics, including age,
gender, educational level, cigarette smoking, environmental
tobacco smoke exposure, and alcohol consumption, dis-
played no significantly different distributions in either of
the polymorphism strata (Table 1). In terms of the effect of
the cigarette smoking profile on the OR for UC, we found
significantly increased ORs (95% CI) for UC of 2.33 (1.52∼
3.55), 2.74 (1.77∼4.24), and 2.64 (1.75∼3.99) for subjects who
had smoked more than 1 pack per day, individuals who had
smoked for more than 31 years, and those who had smoked
more than 18 pack-years, respectively (Table 2).

The joint effects of cigarette smoking, the TNF-𝛼 -308
A/A genotype, and the IL-8 -251 T/T genotype on the OR
for UC after multivariate adjustment are shown in Figure 2.
People who had ever smoked and who carried the A/A
genotype of the TNF-𝛼 -308 G/A polymorphism had a
significantly higher UC OR of 10.25 than people who had
never smoked and who carried the G/G or G/A genotype.
In addition, people who had ever smoked who carried the
T/T genotype of the IL-8 -251 T/A polymorphism had a
significantly increasedUCORof 3.08 compared to those who
carried the T/A or A/A genotype.

Furthermore, we included three major risk factors
(cumulative cigarette smoking, the TNF-𝛼 -308 A/A geno-
type, and the IL-8 -251 T/T genotype) in a combined analysis
(Table 3). Compared to individuals who did had none of
these risk factors, significantly increased ORs (95% CI) for
UC were 1.55 (1.03∼2.35), 2.89 (1.70∼4.93), and 3.77 (2.16∼
6.56) for study subjects with any one, any two, and all risk
factors, respectively; these risk factors showed a significant
dose-response relationship (p for trend < 0.0001).
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Table 2: Dose-response relationship between cigarette smoking profiles and the odds ratio (OR) for urothelial carcinoma (UC).

UC cases Controls Age/sex-adjusted OR
(95% CI)

Multivariate-adjusted
OR (95% CI)

Cigarette smoking (packs/day)
0 152 379 1.00 1.00
0∼1 108 169 1.69 (1.10∼2.61)∗ 1.90 (1.19∼3.03)∗

>1 27 26 2.39 (1.62∼3.54)∗ 2.33 (1.52∼3.55)∗

Cigarette smoking (years)
0 153 379 1.00 1.00
0∼31 49 101 1.46 (0.93∼2.27) 1.49 (0.92∼2.39)
>31 85 94 2.59 (1.74∼3.86)∗ 2.74 (1.77∼4.24)∗

Cigarette smoking (pack years)
0 153 379 1.00 1.00
0∼18 35 81 1.19 (0.73∼1.94) 1.30 (0.78∼2.19)
>18 99 114 2.62 (1.80∼3.81)∗ 2.64 (1.75∼3.99)∗

Multivariate ORs were adjusted for age, gender, educational level, and alcohol consumption. ∗𝑝 < 0.05. CI: confidence interval.

Table 3: Adjusted odds ratios (ORs) of urothelial carcinoma risk by cumulative cigarette exposure, the tumor necrosis factor (TNF)-𝛼 -308
A/A genotype, and the interleukin (IL)-8 -251 T/T genotype.

Risk factors Age/sex-adjusted OR (95% CI) Multivariate-adjusted OR (95% CI)
None 1.00 1.00
Any one risk factor 1.47 (0.99∼2.19) 1.55 (1.03∼2.35)∗

Any two risk factors 2.69 (1.63∼4.43)∗ 2.89 (1.70∼4.93)∗

All three risk factors 3.61 (2.15∼6.07)∗ 3.77 (2.16∼6.56)∗

𝑝trend < 0.0001 𝑝trend < 0.0001
The three risk factors were cumulative cigarette exposure,the TNF-𝛼 -308 A/A genotype, and the IL-8 -251 T/T genotype. Multivariate ORs were adjusted for
age, gender, educational level, and alcohol consumption. ∗𝑝 < 0.05. CI: confidence interval.
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Figure 2: Joint effects of (a) the tumor necrosis factor 𝛼 (TNF-𝛼) genotype and cigarette smoking and (b) the interleukin 8 (IL-8) genotype
and cigarette smoking on the urothelial carcinoma (UC) risk after adjusting for age, gender, educational level, and alcohol consumption.
∗𝑝 < 0.05.

4. Discussion

In this study, the risk of UC in smokers was 2∼2.5-fold
compared to nonsmokers. This result was consistent with a
previous study [22]. In our previous study, there were no
significant differences in the association of age and gender
between UC cases and controls. UC conventional risk factors
such as status smoking carried 1.65-fold risk [23]. Smokers

or people who had ever smoked and carried TNF-𝛼 -308
A/A genotype and the IL-8 -251 T/T genotype had a higher
risk of UC compared to nonsmokers. Gene-environment
interactions are a potential way to identify individuals’ risk.
This study analyzed the combined effect of three major risk
factors (high cumulative cigarette smoking, the TNF-𝛼 -308
A/A genotype, and the IL-8 -251 T/T genotype) and found
dose-response relationships forUC risk in study subjects with
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any one risk factor, any two risk factors, and all three risk
factors.

Functional polymorphisms of inflammatory genes can
affect cytokine production.Aprevious study reported that the
TNF-𝛼 -308 G/A polymorphism contributes to carcinogene-
sis and that the variant A allele was associated with increased
TNF-𝛼 expression [14]. A Korean study also reported that the
TNF-𝛼 -308 G/A polymorphism was significantly associated
with the tumor stage and grade of bladder cancer [24]. In this
study, subjects who carried the A/A genotype of the TNF-𝛼
-308 G/A polymorphism had a significantly higher OR for
UC than those with the G/G or G/A genotype. These results
suggest that the TNF-𝛼 -308 G/A polymorphism might
regulate angiogenesis, which plays a role in the invasion and
metastasis of various tumors. However, another study did not
report the same findings in urinary stone diseases or bladder
cancer in Taiwan [25].

Compared to previous studies, differences in genotype
frequencies may have been due to ethnic variations. The
A/A genotype frequency of TNF-𝛼 in the case and control
groups of this study was 2.23% and 0.67%, respectively, and
the TNF-𝛼A/A genotype carried a 3.56-fold risk of UC. A
meta-analysis study showed that the A/A genotype frequency
of TNF-𝛼 in cervical cancer cases and controls was 0.97%∼
7.33% and 0%∼6.78%, respectively.The TNF-𝛼A/A genotype
significantly elevating risks of cervical cancer was found in
a Caucasian population (OR: 2.09, 95% CI: 1.34∼3.25) [26].
Although the TNF-𝛼 A/A genotype frequency was very low
in Japanese (141 bladder cancer patients and 173 control
subjects), the allelic frequency of patients (3.5%) was higher
than that in controls (0.6%) [27]. A previous study indicated
that cigarette smoking activates systemic inflammation and
upregulates TNF-𝛼 expression in an animal model [8].
Another study also found that the circulating TNF-𝛼 level
was higher in people who had ever smoked compared to
people who had never smoked [17]. A study also showed
that the A allele polymorphism of TNF-𝛼 -308 genotypes
was associated with HCC risk in Taiwan males who were
exposed to cigarette and alcohol [28]. In the present study, we
observed a significant combined effect of cigarette smoking
and the A/A genotype of the TNF-𝛼 -308 polymorphism on
the OR (10.25) for UC.This finding suggests that the TNF-𝛼 -
308G/Apolymorphism canmodify theOR forUC, especially
in people who had ever smoked.

IL-8 plays a critical role in inflammation. A common
single-nucleotide polymorphism at the -251 position of the
IL-8 promoter region can influence its expression and may
increase one’s susceptibility to bladder cancer [29]. In the
present study, subjects who carried the A/A genotype had a
significantly decreased OR for UC. Previous studies explored
the association between the IL-8 -251 T/A polymorphism
and various cancer risks, but the findings were inconsistent
[29, 30]. Some researchers reported that the IL-8 -251A allele
has significantly higher promoter activity than the -251T
allele [31]. However, another study reported that the IL-8 -
251T allele had significantly higher transcriptional activity
than the -251A allele of the IL-8 gene [32]. In addition,
previous studies indicated that cigarette smoking causes
chronic inflammation characterized by increased levels of

cytokines, such as IL-8 [10, 11]. IL-8 plays a role in assisting
cancer cells to eschew stress and induce apoptosis and is also
involved in angiogenesis, tumor growth, and metastasis [33].
A meta-analysis showed that IL-8 -251A/T polymorphism
has significantly elevated risks of cancer in Asian population
[34]. It is possible that the increased IL-8 expression induced
by cigarette smoking may modify the carcinogenesis of UC.
In the present study, we found a significant joint effect of
cigarette smoking and the T/T genotype of the -251 T/A
polymorphism on the OR for UC (OR = 3.08). This suggests
that the -251 T/A polymorphism can modify the UC risk,
especially in people who have ever smoked.

Single-nucleotide polymorphisms of genes can increase
disease susceptibilities via affect gene expression. Silico anal-
ysis is a novel computational approach to identify potential
SNPs causing transcription factor binding affinities to change
and influence regulatory functions of genes [35]. Since
polymorphisms have been identified and their transition is
considered to be an important enhancer of transcriptional
activation associated with elevated levels genes expression,
structural analysis study showed that TNF-𝛼 protein stability
was impacted by amino acid residue substitutions of P84L
(rs4645843) and A94T (rs1800620) [36]. The effect of IL-8
SNPs and protein structure in disease risk was also conducted
by silico analysis [37]. Although the level of confidence is too
high in some cases, it is still too low for clinical purpose,
which is a main limitation of silico analysis programs [38].

Our study has some limitations.We only investigated one
polymorphism located in the promoter region, which might
not entirely account for the functions of the TNF-𝛼 and IL-
8 genes. More functional polymorphisms of the TNF-𝛼 and
IL-8 genes should be included in future analyses with larger
samples to validate our findings. Other proinflammatory
cytokines such as NF-𝜅B also need to be further investigated.
In addition, interactions of cigarette smoking and other
cytokines on the UC risk should be explored in the future.

5. Conclusions

We found a dose-response relationship between the number
of risk factors and the OR for UC. These findings suggest
that individuals who carry high-risk genotypes, including the
TNF-𝛼 -308 A/A genotype and the IL-8 -251 T/T genotype,
and who experience cumulative cigarette smoking have a
significantly increasedOR forUC in a dose-responsemanner.
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