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ABSTRACT. Mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE) is a rare, autosomal recessive disorder associated with mutations
in the thymidine phosphorylase (TYMP) gene. The main objective of this
study was to characterize the genetic profiles of the deceased proband’s
family members (N = 4) using DNA sequencing and to determine miRNA
deregulation in MNGIE using miRNA microarray profiling and bioinformatic
analysis. We found that the genetic profile of the younger sister showed
similar TYMP gene mutations as that of the proband with the exception
of a heterozygous mutation in exon 10. The miRNA microarray revealed
55 significantly up-regulated and 65 significantly down-regulated miRNAs.
These miRNAs have been implicated in various mitochondrial dynamics
such as energy metabolism, Krebs cycle, mitochondria-associated
apoptosis, and mitophagy. In conclusion, we demonstrate that blood
miRNAs are deregulated in the pathogenesis of MNGIE and these changes
may have therapeutic implications. Further experimental studies will be
required to elucidate the functional miRNA-mRNA interactions in MNGIE.
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INTRODUCTION

Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) is a rare, autosomal
recessive disorder caused by mutations in the thymidine phosphorylase (TYMP) gene, which
catalyzes the breakdown of pyrimidine nucleosides. Excessive thymidine accumulation alters
mitochondrial nucleotide and nucleoside pools, resulting in impaired mitochondrial DNA repair and
replication (Taylor and Turnbull, 2005). Clinically, MNGIE presents as a multisystem disorder with
polyneuropathy, ophthalmoplegia, leukoencephalopathy, and intestinal pseudo-obstruction during
the second and fifth decades of life (Papadimitriou et al., 1998). The TYMP gene is located on
chromosome 22q13 (Slama et al., 2005). TYMP gene defect generally leads to the loss of TYMP
enzyme activity that catabolizes the phosphorolysis of thymidine to thymine and 2-deoxy-D-ribose
1-phosphate (Nishino et al., 2000; Tan et al., 2012). The TYMP enzyme is also known as endothelial
cell growth factor 1 (ECGF1) (Slager et al., 2006). It is a vital enzyme that is widely expressed in
the tissues of the brain, peripheral nerves, gastrointestinal system, lung, and bladder (Yoshimura
et al., 1990). Besides having a catalytic function, the TYMP enzyme is implicated in angiogenesis
and cell trophism processes in cancer (Nishino et al., 2000). To date, approximately 30 TYMP
mutations have been identified in homozygous or compound heterozygous MNGIE patients
(Kintarak et al., 2007). MNGIE diagnosis relies on clinical manifestations, biochemical correlates
of TYMP enzyme activity, levels of thymidine and deoxyuridine as well as genetic testing (Szigeti
et al., 2004). However, the major diagnostic hurdle is characterized by non-specific neurological
and gastrointestinal symptoms that may be mistaken as psychiatric or gastrointestinal disorders
(Garone et al., 2011). The mean age of death is 37 years due to complications such as intestinal
rupture and chronic pseudo-obstruction, cachexia, peritonitis, esophageal bleeding, cirrhosis,
and aspiration pneumonia (Szigeti et al., 2004; Tan et al., 2012). To date, there is no definitive
treatment for MNGIE. Several treatment options to prolong patient’s survival include allogeneic
hematopoietic stem cell transplantation, exogenous TYMP enzyme replacement therapy and
measures to stabilize plasma thymidine and deoxyuridine (Garone et al., 2011).

In recent years, microRNAs (miRNAs) have been found to be involved in the pathogenesis
of various diseases. miRNAs are short, non-coding RNA molecules of 19-22 nucleotides that act as
regulators of gene expression (Bartel, 2004). The mechanism of action is through complementarity
binding between the seed region of miRNAs and the 3'-untranslated region (3'-UTR) of target
mRNAs (Bagga et al., 2005). miRNAs have been described to modulate important signaling
pathways in the mitochondria such as cellular energy metabolism, Krebs cycle, mitochondria-
associated apoptosis, and mitophagy (Bienertova-Vasku et al., 2013). While the involvement of
miRNAs in the pathophysiology of several mitochondrial DNA diseases have been discussed,
miRNA regulation in MNGIE have not been previously described (Chinnery et al., 2012).

We reported the first MNGIE case of a Malaysian patient of Bajau descent in Sabah,
Malaysia, which was confirmed by DNA sequencing (Tan et al., 2012). A study of the family members
was undertaken with additional objectives. The objectives were to characterize the genetic profiles
of the proband’s direct family members and to elucidate miRNA regulation in this condition by
microarray profiling and analysis.

MATERIAL AND METHODS
Study design

A case-control study was designed to determine the genetic profiles and the differentially
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expressed miRNAs in the whole blood samples of a Bajau family directly related to the first MNGIE
patient in Malaysia (proband) (Figure 1). This study was approved by the Medical Ethics Committee
of University of Malaya Medical Centre (UMMC) (reference number 878.11). Whole blood samples
were collected from the deceased proband’s immediate family members. The family characteristics
are summarized in Figure 1. Twelve normal, age-, and sex-matched healthy controls from the
Bajau ethnic group were selected. Written informed consent was obtained from each participant.
The whole blood samples were collected in ethylenediamine tetraacetic acid (EDTA) tubes.
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Figure 1. Genetic pedigree of the Bajau family with MNGIE.

DNA isolation and direct sequencing

DNA from whole blood was isolated using QlAamp DNA Blood Mini Kit (Qiagen, Venlo,
Limburg, Netherlands) according to the manufacturer protocol. The nine coding exons of the TYMP
gene (exons 2-10) were amplified using previously published primers (Slama et al., 2005; Kintarak
et al., 2007). Direct sequencing of both sense and antisense strands of the amplified products was
performed using dye terminator chemistry as described previously (Tan et al., 2012).

Total RNA isolation

Total RNA (including miRNAs) from whole blood was isolated using Ribopure Blood RNA
Isolation Kit (Ambion, Carlsbad, CA, USA) according to the manufacturer instructions. RNA concen-
tration and integrity were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific
Wilmington, DE, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

miRNA microarray

The miRNA expression profile was generated by GeneChip miRNA 3.0 Array (Affymetrix,
Santa Clara, CA, USA). The array contains 19,724 probe sets with 1,733 of them detecting human
mature miRNAs. The content is derived from miRBase Release 17. The miRNA expression profiling
analysis for the deceased proband’s father, mother, fourth elder brother, and seventh younger
sister was conducted individually whereas the profiling analysis for the controls was performed in
four replicates, with N = 3 each.

Briefly, total RNA (1 pg) was biotin-labeled using Affymetrix Flashtag Biotin HSR RNA
Labeling Kit and hybridized onto the array chip for 16 h in Affymetrix Hybridization Oven 640.
The chip was washed and stained using Affymetrix Fluidics Station 450 and scanned with
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GeneChip Scanner 3000 7G. The cell intensity file was generated and analyzed using Affymetrix
Transcriptome Analysis Console 2.0 Software. The normalized data were analyzed using ANOVA
analysis (P < 0.05) and filtered at a fold change cut-off of 1.5. Hierarchical clustering was performed
using similarity measure of Euclidean distance and complete linkage method and expressed in a
heatmap and principal component analysis (PCA) plot.

In silico target prediction

In silico target prediction between miRNAs and TYMP gene was carried out via the
miRWalk database (http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk) (Dweep et al., 2011).

Reverse transcription-quantitative real time PCR (RT-qPCR)

Reverse transcription formiRNAwas performed using TagMan MicroRNAReverse Transcription
Reagents (Applied Biosystems, Carlsbad, CA, USA). g°PCR was conducted on StepOnePlus Real Time
PCR system using TagMan MicroRNA Assay and TagMan Fast Advanced Master Mix. RNU48 was
chosen as the endogenous control. All assays were performed in triplicate based on the manufacturer
protocol. The relative expression was determined using comparative CT (24%) method (Yuan et al.,
2006). Statistical significance was determined by unpaired t-test, with P < 0.05. Statistical analysis was
performed using SPSS version 16.0 software (IBM Corporation, Armonk, NY).

RESULTS
Genetic study

The genetic profiling of the deceased proband (II.5) was conducted previously (Tan et
al.,, 2012). Since MNGIE is a familial disorder, the present study was designed to characterize
the genetic and miRNA profiles of the proband’s family members. However, some of the family
members (1.1, 1.2, 1.3, 11.6, and 11.8) did not respond to our participation request in the present
study. Hence, the genetic profiling studies were limited to only four family members, consisting of
the deceased proband’s father (1.1), mother (1.2), fourth elder brother (11.4), and seventh younger
sister (11.7) (Tables 1 and 2). The genetic profiles of the family members indicated that the younger
sister (I1.7) presents similar mutations with the deceased proband, except for a heterozygous
mutation in exon 10. Her clinical presentation was consistent with MNGIE.

miRNA microarray study

Blood miRNA profiling analysis of the deceased proband’s father (1.1), mother (1.2), fourth
elder brother (11.4), and seventh younger sister (11.7) was conducted. However, the blood sample
from the deceased proband needed for miRNA analysis was not obtained. The heatmap in Figure
2A indicates the number of miRNAs that were differentially regulated between the Bajau family
with familial MNGIE and the control group. At the fold change cut-off of 1.5, the miRNA microarray
revealed 55 significantly up-regulated and 65 significantly down-regulated miRNAs (Table 3). Next,
a PCA plot was computed to provide a visual representation of the samples. The PCA plot in
Figure 2B shows that the samples were distributed in a distinctive pattern, based on the variance
in MiRNA gene expression.
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Table 3. List of differentially expressed miRNAs among the family with MNGIE disorder and healthy controls.
Up-regulated miRNA Fold change Down-regulated miRNA Fold change
hsa-miR-10b-star_st 1.54 hsa-miR-101_st -3.65
hsa-miR-1228-star_st 1.91 hsa-miR-128_st -1.5
hsa-miR-1268_st 1.64 hsa-miR-1284_st -1.99
hsa-miR-1288_st 1.77 hsa-miR-138_st -2.67
hsa-miR-149-star_st 1.79 hsa-miR-139-5p_st -1.77
hsa-miR-1587_st 2.16 hsa-miR-140-5p_st -2.26
hsa-miR-1908_st 1.97 hsa-miR-146b-5p_st -1.84
hsa-miR-1915_st 1.59 hsa-miR-148a_st -2.85
hsa-miR-193a-5p_st 2.28 hsa-miR-148b_st -2.7
hsa-miR-202_st 1.52 hsa-miR-181a-2-star_st -1.75
hsa-miR-214_st 1.58 hsa-miR-183_st -1.7
hsa-miR-2861_st 15 hsa-miR-183-star_st -1.52
hsa-miR-3152-3p_st 1.57 hsa-miR-192-star_st -4.1
hsa-miR-3175_st 1.65 hsa-miR-199a-3p_st -2.57
hsa-miR-3196_st 1.72 hsa-miR-199a-5p_st -2.12
hsa-miR-3656_st 1.51 hsa-miR-199b-3p_st -2.2
hsa-miR-3937_st 1.52 hsa-miR-19a_st -2.5
hsa-miR-3940-5p_st 1.68 hsa-miR-19b-1-star_st -1.7
hsa-miR-4259_st 1.6 hsa-miR-20b-star_st -1.68
hsa-miR-4270_st 1.56 hsa-miR-212_st -1.53
hsa-miR-4281_st 1.88 hsa-miR-221-star_st -3.02
hsa-miR-4433_st 1.59 hsa-miR-27b_st -2.05
hsa-miR-4436a_st 1.71 hsa-miR-27b-star_st -2.19
hsa-miR-4450_st 1.7 hsa-miR-2964a-5p_st -1.72
hsa-miR-4458_st 1.51 hsa-miR-29a_st -2.44
hsa-miR-4459_st 2.06 hsa-miR-29b_st -2.65
hsa-miR-4463_st 1.7 hsa-miR-29c_st -2.66
hsa-miR-4466_st 1.52 hsa-miR-29c-star_st -3.42
hsa-miR-4492_st 2.18 hsa-miR-301a_st -2.62
hsa-miR-4502_st 1.52 hsa-miR-30c_st -1.8
hsa-miR-4505_st 2.18 hsa-miR-30e_st -1.81
hsa-miR-4507_st 1.83 hsa-miR-31_st -2.64
hsa-miR-4508_st 1.64 hsa-miR-3130-5p_st -4.72
hsa-miR-4510_st 1.62 hsa-miR-3145-5p_st -2.19
hsa-miR-4512_st 1.51 hsa-miR-3158-3p_st -1.6
hsa-miR-4514_st 1.55 hsa-miR-3165_st -1.93
hsa-miR-4516_st 1.52 hsa-miR-3195_st -2.15
hsa-miR-4524_st 1.93 hsa-miR-326_st =21
hsa-miR-4530_st 1.8 hsa-miR-330-5p_st -2.09
hsa-miR-4534_st 1.99 hsa-miR-33b-star_st -1.67
hsa-miR-4651_st 1.66 hsa-miR-3680-star_st -2.53
hsa-miR-4669_st 2.2 hsa-miR-3688-3p_st -1.83
hsa-miR-4687-3p_st 1.7 hsa-miR-374a_st -1.87
hsa-miR-4690-5p_st 2.52 hsa-miR-374b_st -2.28
hsa-miR-4695-5p_st 1.57 hsa-miR-376¢_st -2.8
hsa-miR-4710_st 1.86 hsa-miR-3940-3p_st -1.53
hsa-miR-4732-5p_st 1.65 hsa-miR-4286_st -1.62
hsa-miR-4734_st 1.93 hsa-miR-454_st -1.6
hsa-miR-4763-3p_st 1.59 hsa-miR-487a_st -3.73
hsa-miR-4774-5p_st 1.57 hsa-miR-495_st -1.59
hsa-miR-486-3p_st 3.47 hsa-miR-502-5p_st -2.27
hsa-miR-638_st 1.56 hsa-miR-505_st -2.67
hsa-miR-762_st 1.8 hsa-miR-589_st -1.74
hsa-miR-885-3p_st 1.64 hsa-miR-590-5p_st -2.33
hsa-miR-939_st 1.61 hsa-miR-616_st -1.81
hsa-miR-624-star_st -3.09
hsa-miR-627_st -1.69
hsa-miR-636_st -1.79
hsa-miR-641_st -1.59
hsa-miR-643_st -1.94
hsa-miR-647_st -1.73
hsa-miR-7_st -2.06
hsa-miR-7-1-star_st -2.58
hsa-miR-96_st -2.4
hsa-miR-99a_st -2.24
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Figure 2. (A) Heatmap and (B) PCA plot of the Bajau family with MNGIE.
In silico prediction and RT-qPCR study

Based on the miRWalk database, only two miRNAs, namely miR-28-5p and miR-708 were
predicted to target the TYMP gene. However, there was no overlapped between the list of miRNAs
obtained in our miRNA microarray analysis and the in silico miRNA prediction. Nevertheless, the
two putative miRNAs were still selected for RT-gPCR validation (Figure 3A and B). Unfortunately,
no statistical significance was achieved (P > 0.05). The results showed that the predicted miR-28-
5p and miR-708 were not differentially expressed in this Bajau family with familial MNGIE.
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Figure 3. RT-gPCR analysis of (A) miR-28-5p and (B) miR-708. No statistical significance was observed. Column I.1
= father; Column 1.2 = mother; Column II.4 = fourth elder brother; Column 1.7 = seventh younger sister; Columns C1-
C12 = healthy control.

DISCUSSION

This paper is the first description of miRNA profiling from a family with two clinically
affected members with MNGIE. The focus of the present study was to characterize the genetic
mutations found in the coding exon 2-10 of the TYMP gene among the family members of the
first reported case of MNGIE disorder in Sabah, Malaysia. The proband and his siblings were the
product of a consanguineous marriage as both parents were distant cousins. This family was part
of an indigenous Bajau tribe of East Malaysia. As an ethnic group that originated many generations
ago from the Southern Philippines (Ali, 2010), the Bajau tribe is currently the second largest ethnic
group after the Kadazans in Sabah, forming 13.4% of the population (Sabah Tourist Association,
2015). The result of consanguineous marriages is the high incidence of genetic mutations due to
homozygosity as observed in MNGIE (Tan et al., 2012). Among the deceased proband’s father (1.1),
mother (1.2), and elder brother (I.4), only the younger sister (11.7) was clinically and biochemically
diagnosed with MNGIE. She possesses similar mutations with the deceased proband, with a
heterozygous mutation in exon 10. The main limitation of the present study was the inability to
obtain blood samples needed for miRNA analysis from the proband and the other five siblings. The
proband and his second elder brother (I.2) had passed away shortly after being diagnosed with
MNGIE. The remaining four healthy asymptomatic siblings refused to participate in this project.
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Based on the list of mMiRNAs obtained through our microarray analysis, highly differentially
regulated miRNAs included miR-486-3p, miR-221*, miR-624*, miR-29c*, miR-101, miR-487a,
miR-192*, and miR-3130-5p. These miRNAs were depicted with fold change values of at least
3.00 (Table 3). miR-486-3p and miR-624* have been implicated in vascular hematopoiesis and
homeostasis (Lulli et al., 2013; Tijsen et al., 2012). miR-192* is a unique miRNA for kidney diseases
such as nephropathy and renal fibrosis (Chung et al., 2010). miR-221*, miR-29c*, miR-101, miR-
487a, and miR-3130-5p have been involved in cellular proliferation and differentiation (le Sage et
al., 2007; Strillacci et al., 2009; Pass et al., 2010; Berillo et al., 2013; Ma et al., 2013). On the other
hand, numerous mitochondrial miRNAs have been identified from our microarray analysis. Although
these miRNAs have not been reported in the MNGIE disorder, their involvement in mitochondrial
modulation has been described. For instance, the deregulation of miR-149* and miR-27b is
implicated in mitochondrial dysfunction of the skeletal and adipose tissues, respectively (Kang et
al., 2013; Mohamed et al., 2014). miR-183 is involved in the regulation of energy metabolism in
Krebs cycle (Bienertova-Vasku et al., 2013). In terms of mitochondria catabolic metabolism, miR-
101 plays an important role in targeting the transcripts of autophagy-related proteins, while miR-
221* is involved in cell senescence (Frankel et al., 2011; Rippo et al., 2014).

In this study, the in silico miRNA prediction was computed using miRWalk, a database
that integrates several miRNA target prediction programs: DIANA-MicroT, miRanda, miRWalk,
MirTarget2/miRDB, PicTar, RNA22, RNAhybrid, and TargetScan Human (Table 4). Each of these
algorithms has its own prediction of false positive and false negative. According to Min and Yoon
(2010), the reliable practice for a good miRNA-mRNA gene prediction involves the use of three to five
algorithms. The unique feature of the miRWalk database is its ability to provide a score of overlap
from the eight algorithms (Dweep et al., 2011). However, the in silico analysis in the present study
yielded only two miRNAs that could target the TYMP gene, namely miR-28-5p and miR-708. The
individual score of overlap for both miRNAs was low, which was only two (miRanda and miRWalk)
out of the eight algorithms. To our knowledge, this is the first study on the characterization of potential
linkage between miRNAs and the TYMP gene in MNGIE. The miRNA microarray and the RT-gPCR
validation results indicated that the predicted miR-28-5p and miR-708 were not significantly regulated.
These two miRNAs may not be involved in the regulation of the TYMP gene, as opposed to the
prediction obtained through the miRWalk database. To date, no single computational method could
accurately predict miRNAs that target the TYMP gene in MNGIE. It is a challenging task to predict
specific mMiRNA-mRNA interaction due to the partial complementarity of binding between the seed
region of miRNA and the 3'-UTR of target MRNA (Rehmsmeier et al., 2004). The common principles
governing the binding capability are base pairing pattern, thermodynamic stability of miRNA-mRNA
hybrid, comparative sequence analysis, determination of multiple targets sites per target transcript,
and statistical evaluations (Min and Yoon, 2010; Sotillo and Thomas-Tikhonenko, 2011).

Table 4. Algorithms compiled in miRWalk database.

Program Recommended target species  Algorithm Web address Reference
DIANA-microT Any species Thermodynamics http://diana.cslab.ece.ntua.gr/microT/ (Maragkakis et al., 2009)
miRanda Flies, vertebrates Seed complementarity http://www.microrna.org/microrna’home.do (Enright et al., 2003)
miRWalk Humans, mice, rats Seed complementarity http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/ (Dweep et al., 2011)
MirTarget2/ miRDB Humans, mice, rats, Support vector machine classifier  http:/mirdb.org/miRDB/ (Wang, 2008)

dogs, chickens
PicTar Vertebrates, flies, worms Thermodynamics http://www.pictar.org/ (Krek et al., 2005)
RNA22 Any species Pattern recognition http://cbesrv.watson.ibm.com/ra22.html (Miranda et al., 2006)
RNAhybrid Any species Thermodynamics, statistical model http:/bibiserv.techfak.uni-bielefeld.de/rnahybrid/ (Rehmsmeier et al., 2004)
TargetScan/TargetScanS ~ Vertebrates Seed complementarity http://lwww.targetscan.org/ (Lewis et al., 2003;

Lewis et al., 2005)
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CONCLUSIONS

In conclusion, the genetic profiles of the four family members with MNGIE indicate that
the younger sister of the proband possessed similar TYMP gene mutations with the exception of a
heterozygous mutation in exon 10. No significant association was found between the TYMP gene
and the 120 differentially expressed miRNAs obtained from our miRNA microarray study. Our work
highlights the importance of further investigation in more cases of MNGIE patients and their family
members. Moreover, there is a need to develop more accurate computational algorithms for the
identification of functional MiIRNA-mRNA interactions.
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