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ABSTRACT

The tissue specificity of mitochondrial tRNA mu-
tations remains largely elusive. In this study, we
demonstrated the deleterious effects of tRNAThr

15927G>A mutation that contributed to pathogen-
esis of coronary artery disease. The m.15927G>A
mutation abolished the highly conserved base-
pairing (28C-42G) of anticodon stem of tRNAThr. Us-
ing molecular dynamics simulations, we showed
that the m.15927G>A mutation caused unstable
tRNAThr structure, supported by decreased melt-
ing temperature and slower electrophoretic mobil-
ity of mutated tRNA. Using cybrids constructed
by transferring mitochondria from a Chinese fam-
ily carrying the m.15927G>A mutation and a con-
trol into mitochondrial DNA (mtDNA)-less human
umbilical vein endothelial cells, we demonstrated
that the m.15927G>A mutation caused signifi-
cantly decreased efficiency in aminoacylation and
steady-state levels of tRNAThr. The aberrant tRNAThr

metabolism yielded variable decreases in mtDNA-
encoded polypeptides, respiratory deficiency, dimin-
ished membrane potential and increased the produc-
tion of reactive oxygen species. The m.15927G>A
mutation promoted the apoptosis, evidenced by el-
evated release of cytochrome c into cytosol and in-
creased levels of apoptosis-activated proteins: cas-
pases 3, 7, 9 and PARP. Moreover, the lower wound
healing cells and perturbed tube formation were ob-
served in mutant cybrids, indicating altered angio-

genesis. Our findings provide new insights into the
pathophysiology of coronary artery disease, which is
manifested by tRNAThr mutation-induced alterations.

INTRODUCTION

Cardiovascular diseases are the leading cause of death glob-
ally, including coronary artery disease (CAD), stroke, heart
failure, hypertensive heart disease and cardiomyopathy (1–
3). Of these, CAD typically occurs when part of the smooth,
elastic lining inside a coronary artery (the arteries that sup-
ply blood to the heart muscle) develops atherosclerosis (4).
However, the etiology of coronary artery disease is not
well understood because of multi-factorial causes including
environmental and inherited risk factors (5,6). Mitochon-
drial dysfunction plays an important role in cardiovascu-
lar pathophysiology, especially for myocardial infarction,
cardiac hypertrophy, and heart failure (7–9). These mito-
chondrial causes of cell dysfunction include the disturbed
mitochondrial energy metabolism, excessive generation of
reactive oxygen species, changed Ca2+ concentrations and
signaling, mitochondrial uncoupling and enhanced apop-
tosis (10,11). Human mtDNA encodes 13 subunits of ox-
idative phosphorylation system (OXPHOS), 2 rRNAs and
22 tRNAs required for translation (12). Mitochondrial tR-
NAs are the hot spots for mutations associated with car-
diovascular diseases (13–17). The tRNAIle 4291T>C mu-
tation has been associated with a cluster of metabolic de-
fects, including hypertension, hypercholesterolemia and hy-
pomagnesemia (18). These hypertension-associated tRNA
mutations included the tRNAIle 4263A>G and 4295A>G,
tRNAMet 4435A>G, tRNAAla 5655A>G, tRNALeu(UUR)

3253T>C mutations and 4401A>G mutation in the junc-
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tion of tRNAMet and tRNAGln genes (15,19–26). Most
recently, the tRNAThr 15927G>A was identified as the
first mtDNA mutation associated with CAD (17,27). These
tRNA mutations led to structural and functional conse-
quences of tRNAs, including the processing of RNA pre-
cursors, stability, nucleotide modification and aminoacyla-
tion of tRNAs (20–25). However, the pathophysiology un-
derlying these tRNA mutations, specifically the tissue spe-
cific effect, remains poorly understood.

As shown in Figure 1, the tRNAThr 15927G>A mu-
tation disrupted the highly conserved base-pairing (28C-
42G) of anticodon stem of tRNAThr (27–29). We there-
fore hypothesized that the m.15927G>A mutation altered
both structure and function of tRNAThr. Functional sig-
nificances of m.15927G>A mutation were supported by
the observations that the lymphoblastoid cell lines bear-
ing the m.15927G>A mutation exhibited the decreased ef-
ficiency of aminoacylated tRNAThr, impairment of mito-
chondrial translation, respiratory deficiency and increasing
ROS production (27,30). However, the tissue specific effects
of m.15927 G>A mutation-induced mitochondrial dys-
function on the pathological process of coronal atheroscle-
rosis remain elusively. Human umbilical vein endothelial
cells (HUVECs) are the most widely used cell models for
the study of the regulation of endothelial cell function and
the role of the endothelium in the response of the blood
vessel wall to stretch, shear forces, and the development
of atherosclerotic plaques (31,32). In the present study, we
utilized the HUVECs derived cybrids to further investigate
the pathophysiology of m.15927G>A mutation. These cy-
brid cell lines were constructed by transferring mitochon-
dria from lymphoblastoid cell lines derived from a Chi-
nese family carrying the m.15927G>A mutation and from
a control individual lacking the mutation but belonging to
the same mtDNA haplogroup into mtDNA-less HUVECs,
generated by treatment of rhodamine 6G (33–35). The re-
sultant cybrids under these constant nuclear backgrounds
allowed us to evaluate the specific effects of m.15927G>A-
associated mitochondrial dysfunction on the pathological
process of coronal atherosclerosis. First, these cybrid lines
were assessed for the effects of the m.15927G>A mutation
on tRNA metabolism, mitochondrial translation, respira-
tion, mitochondrial membrane potential, production of re-
active oxidative species (ROS) and apoptosis. Then the ef-
fects of m.15927G>A mutation-induced alterations on an-
giogenic properties were investigated by wound healing and
tube formation assays.

MATERIALS AND METHODS

Cell lines and culture conditions

Immortalized lymphoblastoid cell lines were generated
from one affected matrilineal relative (IV-3) of a Chinese
family carrying the m.15927G>A mutation and one geneti-
cally unrelated Chinese control individual (HZC25) belong-
ing to the same mtDNA haplogroup (B5) but lacking the
mutation (Supplementary Table S1) were grown in RPMI
1640 medium with 10% FBS (27,30). Human umbilical vein
endothelial cell (HUVEC) line was grown in endothelial
basal medium (ScienCell) supplemented with endothelial

cell growth supplement (ECGS) and 5% fetal bovine serum
(FBS).

To obtain the HUVECs-less-mtDNA lines, HUVECs
were treated with 5 �g/ml rhodamine 6G (R6G) under the
above media in the presence of 50 �g/ml uridine and 100
mM pyruvate for 7 days (33,34). Transformation by cyto-
plasts of HUVECs-less-mtDNA lines using enucleated lym-
phoblastoid cells from one affected subject (IV-3) and one
control individual (HZC25) was performed as described
elsewhere (33–35). Between 25 and 45 days after fusion, 10–
20 presumptive cybrids derived from each donor cell line
were isolated, and analyzed for the presence of HUVEC
specific m.15833C>T variant to exclude the cybrids carry-
ing the HUVEC mtDNA genetic background. The resul-
tant cybrid clones lacking the m.15833C>T variant were
further examined for the presence of m.15927G>A muta-
tion (27) and mtDNA copy numbers (35). Cybrids exhibit-
ing the absence of the m.15927G>A mutation in control
clones and its presence in homoplasmic state in all cybrids
derived from the mutant cell line were subject to examin-
ing the copy number of mtDNA (Supplemental Figure S1).
Three cybrid cell clones derived from each donor cell line
with similar mtDNA copy numbers were used for the bio-
chemical characterization described below (Supplemental
Figure S2). All cybrid cell lines constructed with enucle-
ated lymphoblastoid cell lines were maintained in the same
medium as the HUVEC cell line.

Mitochondrial DNA analysis

Genomic DNA was isolated from the cell lines us-
ing a TaKaRa MiniBEST Universal Genomic DNA
Extraction Kit. The presence of m.15927G>A muta-
tion and m.15833C>T variant was determined by PCR-
amplification of the subject’s DNA fragments by the use
of oligodeoxynucleotides corresponding to mtDNA at po-
sitions 14837–15997 and the Sanger sequence analysis (27).
The entire mitochondrial genomes of HUVECs, affected
subject (IV-3) and control subject (HZC25) were amplified
into 24 overlapping fragments using sets of oligonucleotide
primers, as described previously (36). These sequence re-
sults were compared with the updated consensus Cam-
bridge sequence (GenBank accession number: NC 012920)
(12). The presence and amount of m.15833C>T variant was
carried out as follows. In brief, the first PCR segments (1161
bp) were amplified to rule out the co-amplification of pos-
sible nuclear pseudogenes. Then, the second PCR products
were amplified using the first PCR fragments as template
and mismatched oligodeoxynucleotides to introduce Hind
III restriction site. Equal amounts of various digested sam-
ples were then analyzed by electrophoresis through 10%
polyacrylamide gel. The proportions of digested and undi-
gested PCR products were determined by the Image-Quant
program after ethidium bromide staining (27). The quan-
tification of mtDNA copy numbers from different cybrids
was performed by real-time PCR as detailed elsewhere (35).

MD simulations

Simulation systems. The starting coordinates of anti-
codon stem and loop (ASL) of wild-type tRNAThr was
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Figure 1. MD simulations on the anticodon stem-loop of wild-type and mutated tRNAThr. (A) Cloverleaf structure of human mitochondrial tRNAThr

(27–29). An arrow indicated the location of the m.15927 G>A mutation. (B) Time evolution of the root mean square deviation (RMSD) values of all
C� atoms for the wild-type (black lines) and mutated (red lines) tRNAThr. (C) RMSF curves were generated from the backbone atoms for the wild-type
(black lines) and mutated (red lines) anticodon stem-loop of tRNAThr. (D) Schematic model for the tertiary structure of the anticodon stem-loop for the
wild-type (brown) and mutated (blue) tRNAThr.

taken from the crystal structure of Sus scrofa mitochon-
drial tRNA (Protein Data Bank entry 5AJ3). Then nucleo-
side bases were substituted according to the mitochondrial
tRNAThr sequence by using Chimera software (37). The co-
ordinaes of G42A mutation mutated base were generated
from the wild-type ASL of tRNAThr through Chimera. Ap-
proximately 50 mM NaCl were added to the solvent in ad-
dition to the neutralizing Na+ or Cl−. This leads to a wild-
type system of 8658 atoms and a mutant system of 8672
atoms.

Simulation protocol. MD simulations were carried out
with the Amber14 software (38). The ff03.r1 force field pa-
rameters available in Amber14 software. MD trajectories
were propagated at a time step of 0.02 fs utilizing the shake
algorithm for all hydrogen atoms with a non-bonded cut
off of 9.0 Å (39). Energy minimizations were performed
to relieve unfavorable contacts, followed with equilibration

steps to fully equilibrate the solvent. Each system was equi-
librated in the NPT ensemble at 300 K and 1 bar in periodic
boundary condition. Positional restraints were first applied
on all ALS atoms for 50 fs. After equilibrations, the produc-
tion simulation was carried out with a time step of 0.02 fs,
and each system was run up to 100 ns.

UV melting assay

UV melting assays were carried out as previously described
(24,40). The wild type and mutant tRNAThr were generated
by in vitro transcription by T7 RNA polymerase according
to previous protocols (41). The tRNAThr transcripts were
diluted in 50 mM sodium phosphate buffer (pH 7.0) in-
cluding 50 mM NaCl, 5 mM MgCl2 and 0.1 mM EDTA.
Absorbance against temperature melting curves were mea-
sured at 260 nm with a heating rate of 1◦C/min from 25 to
95◦C via an Agilent Cary 100 UV Spectrophotometer.
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In vitro assay for t6A37 modification

The reaction was performed at 30◦C in a reaction mixture
containing 50 mM Tris–HCl (pH 8.0), 200 mM NaCl, 5 mM
MnCl2, 1 mM NaHCO3, 2 mM DTT, 2.5 mM ATP, 114
�M [14C] threonine, 5 �M wild type or 15927 G>A mu-
tant tRNAThr transcripts and 5 �M yeast Sua5 and Qri7,
as detailed previously (42).

In vitro aminoacylation assay

Aminoacylation kinetics were performed at 37◦C in a re-
action mixture containing 60 mM Tris–HCl (pH 7.5), 10
mM MgCl2, 5 mM dithiothreitol (DTT), 0.1 mg/ml bovine
serum albumin (BSA), 2.5 mM ATP, 114 �M [14C]Thr, 5
�M wild-type tRNAThr or 15927 G>A mutant and 1 �M
human TARS2, as described previously (42).

Mitochondrial tRNA analysis

Total mitochondrial RNAs were obtained using TO-
TALLY RNA™ kit (Ambion) from mitochondria isolated
from the various cell lines, as described previously (43).
Oligodeoxynucleosides used for digoxigenin (DIG) la-
beled probes of tRNAThr, tRNALys, tRNAGlu, tRNAHis,
tRNAMet, tRNAIle, tRNALeu(CUN), tRNASer(AGY) were
described as elsewhere (22–24,44,45). DIG-labeled
oligodeoxynucleotides were generated by using DIG
oligonucleotide Tailing kit (Roche).

For the tRNA Northern blot analysis, 2 �g of total
mitochondrial RNA were electrophoresed through a 10%
polyacrylamide/8 M urea gel in Tris–borate–EDTA buffer
(TBE) after heating the sample at 65◦C for 10 min, and then
electroblotted onto a positively charged nylon membrane
(Roche) for the hybridization analysis with DIG-labeled
oligodeoxynucleotide probes. The hybridization and quan-
tification of density in each band were performed as detailed
previously (22,44,45).

For the aminoacylation assays, total mitochondrial
RNAs were isolated under acid conditions, and two micro-
grams of total mitochondrial RNAs were electrophoresed
at 4◦C through an acid (pH 5.0) 10% polycrylamide/8 M
urea gel to separate the charged and uncharged tRNA as de-
tailed elsewhere (22,46,47). The gels were then electroblot-
ted onto a positively charged nylon membrane (Roche)
for the hybridization analysis with oligodeoxynucleotide
probes as described above. Quantification of density in each
band was performed as detailed previously (22,46,47).

For the tRNA mobility shift assay, 2 �g of total mito-
chondrial RNAs were electrophoresed through a 10% poly-
acrylamide native gel at 4◦C in 50 mM Tris-glycine buffer.
After electrophoresis, the gels were treated according to the
procedure for the tRNA Northern blot analysis described
above.

Western blot analysis

Western blotting analysis was performed as detailed pre-
viously (44–46). Twenty micrograms of total proteins ob-
tained from lysed cybrid cells were denatured and loaded
on sodium dodecyl sulfate (SDS) polyacrylamide gels.

Afterward, the gels were electroblotted onto polyvinyli-
dene difluoride (PVDF) membrane for hybridization. The
antibodies used for this investigation were from Abcam
[ND1(ab74257), ND3 (ab170681), ND5 (ab92624), CO2
(ab110258), TOM20 (ab56783), cytochrome c (ab13575)
and Total OXPHOS Human WB Antibody Cocktail
(ab110411)], Santa Cruz Biotechnology [ND4 (sc-20499-
R) and ND6 (sc-20667)], Proteintech [(CYTB (55090-1-
AP), ATP6 (55313-1-AP), ATP8 (26723-1-AP) and �-actin
(20536-1-AP)] and Cell Signaling Technology [Caspase-3
(#9664), Caspase-7 (#8438), Caspase-9 (#7237) and PARP
(#5625)]. Peroxidase Affini Pure goat anti-mouse IgG and
goat anti-rabbit IgG (Jackson) were used as secondary an-
tibodies, and protein signals were detected using the ECL
system (CWBIO). Quantification of density in each band
was performed as detailed previously (44–46).

Measurements of oxygen consumption

The rates of oxygen consumption (OCR) in various
cell lines were measured with a Seahorse Bioscience
XF-96 extracellular flux analyzer (Seahorse Bioscience),
as detailed previously (44,48). Cybrid cells were seeded
at a density of 2 × 104 cells per well on Seahorse
XF96 polystyrene tissue culture plates (Seahorse Bio-
science). Inhibitors were used at the following concen-
trations: Oligomycin (1.5 �M), Carbonyl cyanide 4-
trifluoromethoxy-phenylhydrazone (FCCP) (0.8 �M), An-
timycin A (1.5 �M) and Rotenone (3 �M).

Assessment of mitochondrial membrane potential

Mitochondrial membrane potential was assessed with JC-
10 Assay Kit-Flow Cytometry (Abcam) following general
manufacturer’s recommendations with some modifications,
as detailed elsewhere (44,49). In brief, ∼2 × 106 cells of
each cybrid cell line were harvested, resuspended in 200 �l
1 × JC-10 Assay Buffer and then incubated at 37◦C for 30
min. Alternatively, harvested cells were preincuated with 10
�M of FCCP for 30 min at 37◦C prior to staining with
JC-10 dye. After washing with PBS twice, cells were resus-
pended in 200 �l PBS. The fluorescent intendities for both
J-aggregates and monomeric forms of JC-10 were measured
at Ex/Em = 490/530 and 490/590 nm with DB-LSR II flow
cytometer system (Beckton Dickson, Inc.).

Measurement of mitochondrial ROS production

The levels of mitochondrial reactive oxygen species (ROS)
generation were determined using MitoSOX assay as de-
tailed previously (50–52). Briefly, approximate 2 × 106 cells
of each cell line were harvested, resuspended in 5 �M Mi-
toSOX reagent working solution and then incubated at
37◦C for 20 min. After washing with PBS twice, cells were
resuspended in PBS in the presence of 2 mM freshly pre-
pared H2O2 and 2% FBS and then incubated at room tem-
perature for another 45 min. Cells were further washed
with PBS and resuspended with 1 ml of PBS with 0.5%
paraformaldehyde. Samples with or without H2O2 stimu-
lation were analyzed by BD-LSR II flow cytometer system
(Beckton Dickson, Inc.), with an excitation at 488 nm and
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emission at 529 nm. Ten thousand events were analyzed in
each sample.

Immunofluorescence analysis

Immunofluorescence experiments were performed as de-
scribed elsewhere (35,52). Cells were cultured on cover glass
slips (Thermo Fisher), fixed in 4% formaldehyde for 15 min,
permeabilized with 0.2% Triton X-100, blocked with 5% Fe-
tal Bovine Serum (FBS) for 1 h, and immunostained with
cytochrome c antibody overnight at 4◦C. The cells were then
incubated with Alex Fluor 488 goat anti-mouse IgG (H+L)
(Thermo Fisher), stained with MitoTracker Red (Invitro-
gen) for 20 min and with 4′,6-diamidino-2-phenylindole
(DAPI; Invitrogen) for 15 min, and mounted with Fluoro-
mount (Sigma-Aldrich). Cells were examined using a con-
focal fluorescence microscope (Olympus Fluoview FV1000,
Japan) with three lasers (Ex/Em = 550/570, 492/520 and
358/461 nm).

Wound healing assay

Wound healing assays were performed as described else-
where (53). In brief, mutant and control cybrid cells were
seeded on 24-well plates and cultured until confluent. Then,
a scratch wound with a 200 �l pipet tip was made across
the middle of the cell monolayer at the length of the plate.
The cells were then incubated with serum free medium. Im-
ages were taken by Leica Microsystems immediately after
scratch and the same windows were imaged again 24 h later.
The rate of cell migration was calculated with NIH ImageJ
analyzer as the average percent wound closure from at least
three independent experiments.

Tube formation assay

A tube formation assay using growth factor-reduced Ma-
trigel was carried out as detailed elsewhere (54,55). Briefly,
mutant and control cybrids were cultured as above and
washed with PBS three times and detached with 0.05%
trypsin/EDTA. After centrifugation with 1000 rpm for 5
min, cell pellets were washed again with PBS and counted
with a hemocytometer. An aliquot of Matrigel (Matrigel
Matrix, Corning) was thawed at 4◦C overnight, dispersed
onto prechilled 12-well plates (200 �l per well) and allowed
to polymerize for 30 min at 37◦C. 1 × 105 cells were re-
suspended with medium and loaded on top of Matrigel.
Following incubation at 37◦C for 12 h, each well was an-
alyzed directly for tube formation under an inverted mi-
croscope (Leica Microsystems, Germany). Under a micro-
scope with 40× phase contrast, tubules in each field were
imaged. The tube formation parameters including total
tube length, number of nodes, number of junctions, num-
ber of master segments, total master segments length, num-
ber of meshs, total mesh area, number of branches and
total branch length were assessed by Angiogenesis Ana-
lyzer for ImageJ (http://imagej.nih.gov/ij/macros/toolsets/
Angiogenesis%20Analyzer.txt) from at least nine random
fields for each cell line.

Statistical analysis

Statistical analysis was performed by the unpaired, two-
tailed Student’s t-test contained in Microsoft Office Excel
(version 2013). P indicates the significance, according to the
t-test, of the difference between mutant and control mean.
Differences were considered significant at a P < 0.05.

RESULTS

MD simulation analyses

We performed the molecular dynamics simulation to exam-
ine whether the m.15927G>A mutation perturbs the struc-
ture of tRNAThr. This method has been widely used for
evaluating structural impact of diseasing-causing mutations
(38,56). Based on the rational initial structure, the ASL (17
nt) of both wild-type and mutated tRNAThr were evalu-
ated by 100-ns all-atom molecular dynamics simulations. As
shown in Figure 1B, root mean square deviation (RMSD)
curve of the mutated ASL fluctuated more heavily than that
of the wild-type counterpart, suggesting that the mutated
ASL exhibited more unstable than its wild-type counter-
part. Furthermore, we carried out root mean square fluc-
tuation (RMSF) analysis on the two trajectories to analyze
the mobility of ASL. As shown in Figure 1C, the RMSF
values of A42 in mutated ASL were much higher than that
of the wild-type form, further supporting that the mutant
ASL was more unstable than that of wild-type counter-
part. These data strongly indicated that the disruption of
the 28C-42G base-pairing of anticodon stem of tRNAThr

accounted for the less stability of the tRNAThr structure
(Figure 1D).

Altered conformation and stability of tRNAThr

As shown in Figure 2A, electrophoretic patterns showed
there the mutant (A42) tRNAThr transcript migrated slower
than the wild type (G42) tRNAThr transcript under the na-
tive condition. However, there were no difference of mi-
gration pattern between wild-type (G42) and mutant (A42)
tRNAThr transcripts under denaturing condition.

To test if the m.15927G>A mutation affected the con-
formation of tRNAThr in vivo, 2 �g of total mitochondrial
RNAs isolated from mutant and control cybrids and HU-
VECs were electrophoresed through 10% native polyacry-
lamide gel in Tris-glycine buffer and then electroblotted
onto a positively charged nylon membrane for hybridization
analysis with DIG-labeled oligodeoxynucleotide probes for
tRNAThr, tRNAGlu, tRNAHis and tRNAMet respectively. As
shown in Figure 2B, electrophoretic patterns showed that
the tRNAThr in three mutant cybrid cell lines carrying the
m.15927G>A mutation migrated much slower than those
of three control cybrid cell lines lacking this mutation. Strik-
ingly, long smearing bands were observed in the mutant
tRNAThr.

We then measured the melting temperature (Tm) by cal-
culating the derivatives of the absorbance against a tem-
perature curve. As shown in Figure 2C, the Tm values
of wild-type (G42) and mutant (A42) transcripts were
36.69 and 34.70◦C, respectively. These data suggested that
the m.15927G>A mutation perturbed the conformation
and stability of tRNAThr.

http://imagej.nih.gov/ij/macros/toolsets/Angiogenesis%20Analyzer.txt
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Figure 2. In vitro analysis for the conformation, stability and t6A37 modification of tRNAThr. (A) Assessment of conformation changes by PAGE analysis
under denaturing and native conditions. The transcripts of wild-type (WT) and mutated (MT) tRNAThr were electrophoresed through native or denaturing
polyacrylamide gel stained with ethidium bromide. (B) Northern blot analysis of tRNAs under native conditions. Two micrograms of total mitochondrial
RNA from various cell lines were electrophoresed through native polyacrylamide gel, electroblotted, and hybridized with DIG-labeled oligonucleotide
probes specific for the tRNAThr, tRNAGlu, tRNAHis, and tRNAMet, respectively. (C) Melting profiles of WT and MT tRNAThr transcripts measured at
260 nm with a heating rate of 1◦/min from 25 to 95◦ (red curves). First derivative (dA/dT) against temperature curves were shown to highlight the Tm value
transitions (green curves). (D) In vitro assay for t6A37 modification. The unmodified human mitochondrial wild type (G42) and mutant (A42) tRNAThr

were generated from in vitro transcription. The unmodified tRNA transcripts were incubated with yeast Sua5 and Qri7 in the presence of [14C] threonine.
Samples were withdrawn and stopped after 5, 10, 15 or 20 min, respectively. The relative modification efficiency was calculated from the initial phase of
the reaction. The calculations were based on three independent determinations. Graph shows the results of a representative experiment.

Marked decrease in t6A37 modification of tRNAThrin vitro

N6-threonylcarbamoyladenosine (t6A) is universally con-
served modification present at position 37 of tRNAs, in-
cluding human mitochondrial tRNAThr (14). The posttran-
scriptional modification could stabilize the anticodon loop
structure and enhance tRNA binding to the A-site codon,
as well as maintain the efficiency and accuracy of transla-
tion (57). To assess if the m.15927G>A mutation caused
the deficient t6A modification, we measured the level of the
t6A37 modification of both mutant and wild-type tRNAThr

transcripts, as well as a control without tRNA addition, cat-
alyzed by yeast Sua5 and Qri7. As shown in Figure 2D, 55%
decrease in the level of t6A modification was observed in the
mutant tRNAThr transcript (A42), as compared with that of
wild-type tRNAThr (G42).

Reductions in the steady-state level of tRNAThr

To examine whether the m.15927G>A mutation af-
fects the in vivo metabolism of tRNAThr, we subjected
total mitochondrial RNA from HUVEC and cybrid
cell lines to Northern blots and hybridized them with

DIG-labeled oligodeoxynucleotide probes for tRNAThr,
tRNALys, tRNALeu(CUN), tRNASer(AGY) as representatives
of the heavy (H)-strand transcription unit and tRNAGlu

derived from the light (L)-strand transcription respectively
(58,59). As shown in Figure 3A, the amount of tRNAThr in
three mutant cybrid cell lines was decreased, compared with
those in three control cybrid cell lines. The average levels of
tRNAThr in the mutant cybrid cell lines were 75.5% (P =
0.0004), 74.9% (P = 0.0004), 78.3% (P = 0.0016) and 76.4%
(P = 0.0006) of average values of three control cell lines
after normalization to tRNALys, tRNAGlu, tRNALeu(CUN)

and tRNASer(AGY), respectively (Figure 3B).

Impaired aminoacylation of tRNAThr

The central role of tRNA is the generation of aminoacyl-
tRNA, catalyzed by its cognate aminoacyl-tRNA syn-
thetase, to supply the materials of protein biosynthesis (47).
To understand the effect of m.15927G>A mutation on the
charging capacity of tRNAThr, we assessed the aminoacy-
lation properties of wild-type and mutant tRNAThr tran-
scripts, as well as a control without tRNA addition, cat-
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Figure 3. Northern blotting analysis of mitochondrial tRNA under denaturing conditions. (A) Two micrograms of total mitochondrial RNA from various
cell lines were electrophoresed through a denaturing polyacrylamide gel, electroblotted, and hybridized with DIG-labeled oligonucleotide probes specific
for the tRNAThr, tRNALys, tRNAGlu, tRNALeu(CUN) and tRNASer(AGY), respectively. (B) Quantification of tRNA levels. The average tRNAThr content
per cell, normalized to the average content per cell of tRNALys, tRNAGlu, tRNA Leu(CUN), and tRNASer(AGY) in three cybrid cell lines derived from one
affected subject (IV-3) carrying the m.15927 G > A mutation and three cybrid cell lines derived from one Chinese control individual (HZC25) belonging
to the same mtDNA haplogroup (B5) but lacking this mutation. The values for the cybrid cell lines are expressed as percentages of the average value for
the control cell lines. The calculations were based on three independent determinations. The error bars indicate two standard errors of the means, the
horizontal dashed lines represent the average value for each group. P indicates the significance, according to the t-test, of the differences between mutant
and control cybrid cell lines.

alyzed by human TARS2. As shown in Figure 4A, the effi-
ciencies of aminoacylated tRNAThr in the mutant transcript
(A42) reflected 48.2% decrease, relative to the average values
of wild-type tRNAThr transcript (G42).

The aminoacylation capacities of tRNAThr, tRNAIle,
tRNALeu(CUN) and tRNASer(AGY) in various cybrid cell
lines were further examined by the use of electrophore-
sis in an acidic polyacrylamide/urea gel system to sep-
arate uncharged tRNA species from the corresponding
charged tRNA, electroblotting and hybridizing with tRNA
probes described elsewhere (46,47). Electrophoretic pat-
terns showed that either charged (upper band) or un-
charged (lower band) tRNAThr in cell lines carrying the
m.15927G>A mutation migrated much slower than those
of cell lines lacking this mutation. However, there were no
obvious differences in electrophoretic mobility of tRNAIle,
tRNALeu(CUN) and tRNASer(AGY) between the cell lines
carrying the m.15927G>A mutation and cell lines lack-
ing this mutation (Figure 4B). Notably, the proportions
of aminoacylated tRNAs in the mutant cybird cells were
50.3%, 51.9%, 36.2% and 54% in the tRNAThr, tRNAIle,
tRNALeu(CUN) and tRNASer(AGY) respectively, while 73.7%
of tRNAThr, 53% of tRNAIle, 36.6% of tRNALeu(CUN) and
52.9% of tRNASer(AGY) were aminoacylated in the con-

trol cybrid cells, respectively. The efficiencies of aminoa-
cylated tRNAThr in these mutant cybrid cell lines carry-
ing the m.15927G>A mutation reflected 31.7% reduction,
ranged from 28.9% to 36.3%, relative to the average values
of control cybrid cell lines (P < 0.0001) (Figure 4C). How-
ever, the levels of aminoacylation in tRNAIle, tRNALeu(CUN)

and tRNASer(AGY) in mutant cell lines were comparable with
those in control cell lines (Supplemental Figure S3).

Reduction in the level of mitochondrial proteins

In order to investigate whether the m.15927G>A mutation
impaired mitochondrial translation, a Western blot analysis
was carried out to examine the levels of 9 mtDNA encoded
respiratory complex subunits in mutant and control cybrid
cell lines with a nuclear encoding mitochondrial protein
TOM20 as loading control. As shown in Figure 5A, the lev-
els of ND1, ND3, ND4, ND5 (subunits 1, 3, 4, 5 of NADH
dehydrogenase), CO2 (subunit II of cytochrome c oxidase);
CYTB (apocytochrome b) and ATP6 and ATP8 (subunits 6
and 8 of H+-ATPase) exhibited variable reductions in mu-
tant cybrid cell lines, whereas the levels of ND6 (subunit 6
of NADH dehydrogenase) in the mutant cybrid cell lines
comparable with those in control cybrid cells. The average
overall levels of nine mitochondrial translation products in
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Figure 4. Aminoacylation assays. (A) In vitro aminoacylation of tran-
scribed human mitochondrial mutant and wild type tRNAThr. The
unmodified human mitochondrial wild type (G42) and mutant (A42)
tRNAThr were incubated with human TARS2 in the presence of [14C] thre-
onine. Samples were withdrawn and stopped after 5, 10, 15 or 20 min, re-
spectively. The relative aminoaylation efficiency was calculated from the
initial phase of the reaction. The calculations were based on three in-
dependent determinations. Graph shows the results of a representative
experiment. (B) In vivo aminoacylation assays. Two micrograms of to-

the three mutant cybrid cell lines were 73% (P < 0.0001),
relative to the mean value measured in the control cybrid
cell lines (Figure 5B). Notably, the average levels of ND1,
ND3, ND4, ND5, ND6, CO2, CYTB, ATP6 and ATP8 in
the mutant cybrid cells were 82.4%, 70.3%, 60.4%, 65.2%,
106.4%, 70.5%, 72.3%, 66.7% and 72.6% of the average val-
ues of control cells, respectively (Figure 5C). However, the
levels of polypeptide synthesis in mutant cells, relative to
those in control cells, showed no significant correlation with
either the number of codons or the proportion of threonine
residues (Supplementary Table S2).

We then examined the levels of five subunits of ox-
idative phosphorylation (OXPHOS) complexes in control
and mutant cybrid cell lines by western blot analysis us-
ing the total OXPHOS human antibodies cocktail contain-
ing antibodies for mtDNA encoded subunit CO2 of cy-
tochrome c oxidase and four other polypeptides (NDUFB8
of NADH:ubiquinone oxidoreductase; SDHB of succinate
ubiquinone oxidoreductase; UQCRC2 of ubiquinol cy-
tochrome c reductase and ATP5A of H+-ATPase) encoded
by nuclear genes. As shown in Figure 6, the average level
of CO2 in the mutant cybrid cells were 66.7% (P = 0.0119)
of control cell lines. In contrast, the levels of the nuclear
genes encoded subunits NDUFB8, SDHB, UQCRC2 and
ATP5A in mutant cybrid cell lines were comparable with
those in control cybrid cell lines.

Respiration deficiency

To evaluate whether the m.15927G>A mutation affects cel-
lular bioenergetics, we measured the OCRs of various mu-
tant and control cybrid cell lines using a Seahorse Bio-
science XF-96 Extracellular Flux Analyzer. As shown in
Figure 7, the basal OCR in the mutant cybrid cell lines
was 72.1% (P < 0.0001) relative to the mean value mea-
sured in the control cybrid cell lines. To further investigate
which of the enzyme complexes of the respiratory chain
was affected in the mutant cybrid cell lines, OCR was mea-
sured after the sequential addition of oligomycin (to in-
hibit the ATP synthase), FCCP (to uncouple the mito-
chondrial inner membrane and allow for maximum elec-
tron flux through the electron transfer chain), antimycin
A (to inhibit complex III) and rotenone (to inhibit com-
plex I) (60). The difference between the basal OCR and
the drug-insensitive OCR yields the amount of ATP linked
OCR, proton leak OCR, maximal OCR, reserve capacity
OCR and non-mitochondrial OCR. The ATP linked OCR,
proton leak OCR, maximal OCR, reserve capacity OCR
and non-mitochondrial OCR in mutant cybrid cell lines
were 69.4% (P < 0.0001), 99.9% (P = 0.8149), 71.1% (P <
0.0001), 71.3% (P = 0.0013) and 122.2% (P < 0.0001) rel-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
tal mitochondrial RNA purified from various cell lines under acid con-
ditions were electrotrophoresed at 4◦C through an acid (pH 5.0) 10%
polycrylamide/8M urea gel, electroblotted and hybridized with a DIG-
labeled oligonucleotide probe specific for the tRNAThr. The blots were
then stripped and rehybridized with probes specific for the tRNAIle,
tRNALeu(CUN) and tRNASer(AGY), respectively. (C) The proportion of
aminoacylated tRNAThr in the mutant, control cybrid cell lines and HU-
VECs. The calculations were based on three independent determinations.
Graph details and symbols are explained in the legend to Figure 3.
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Figure 5. Western blot analysis of mitochondrial proteins. (A) Five micrograms of total mitochondrial proteins from various cell lines were electrophoresed
through a denaturing polyacrylamide gel, electroblotted, and hybridized with nine respiratory complex subunits in mutant, control cybrid cell lines and
HUVECs with TOM20 as a loading control. ND1, ND3, ND4, ND5 and ND6, indicate subunits 1, 3, 4, 5 and 6 of the reduced nicotinamide-adenine
dinucleotide dehydrogenase; CYTB, apocytochrome b; CO2, subunit II of cytochrome c oxidase; ATP6 and ATP8, subunit 6 and 8 of the H+-ATPase.
(B) Quantification of total mitochondrial protein levels. The levels of mitochondrial proteins in HUVEC and six cybrid cell lines were determined as
described elsewhere (22–24). The values for the mutant cybrid cell lines are expressed as percentages of the values for the control cell lines. The calculations
were based on three independent determinations. (C) Quantification of levels of 9 polypeptides. The levels of ND1, ND3, ND4, ND5, ND6, CYTB, CO2,
ATP6 and ATP8 in HUVEC and six cybrid cell lines were determined as described elsewhere (22–24). Graph details and symbols are explained in the
legend to Figure 3.
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Figure 6. Western blot analysis of OXPHOS subunits. (A) Twenty micrograms of total cellular proteins from various cell lines were electrophoresed through
a denaturing polyacrylamide gel, electroblotted and hybridized with antibody cocktail specific for subunits of each OXPHOS complex and with �-actin as
a loading control. (B) Quantification of the levels of ATP5A, UQCRC2, SDHB, CO2 and NDUFB8 in mutant and control cell lines were determined as
described elsewhere (52). Graph details and symbols are explained in the legend to Figure 3.

ative to the mean value measured in the control cybrid cell
lines respectively (Figure 7B).

Decrease in mitochondrial membrane potential

The mitochondrial membrane potential (��m) generated
by proton pumps (Complexes I, III and IV) is an essential
component in the process of energy storage during oxidative
phosphorylation. Together with the proton gradient (�pH),
��m forms the transmembrane potential of hydrogen ions
which is harnessed to make ATP (49). As shown in Figure
8, the average levels of the ��m in three mutant cybrids
carrying the m.15927 G>A mutation ranged from 47.3%
to 55%, with an average of 51.4% (P < 0.0001) of the mean
value measured in three control cybrids. In contrast, the lev-
els of ��m in mutant cybrids in the presence of FCCP were
comparable with those measured in the control cybrid cell
lines.

The increase of mitochondrial ROS production

Mitochondria ROS play the critical role in the physiolog-
ical consequences (61). The levels of mitochondrial ROS

generation in three mutant cybrids cell lines carrying the
m.15927G>A mutation and three control cybrid cell lines
lacking the mutation were determined using MitoSOX as-
say via flow cytometry under normal conditions and then
following H2O2 stimulation (23,44,50). Geometric mean in-
tensity was recorded to measure the production rate of ROS
of each sample. As shown in Figure 9A and B, the levels
of ROS generation in the mutant cybrid cell lines carrying
the m.15927G>A mutation ranged from 117.6% to 120.2%,
with an average of 119.1% (P < 0.0001) of the mean value
measured in control cybrid cell lines under unstimulated
conditions. As illustrated in Figure 9C and D, the levels
of ROS generation in mutant cybrid cell lines varied from
123.4% to 128.7%, with an average of 126.9% (P < 0.0001)
of the mean value measured in the control cybrid cell lines
under stimulation conditions.

Promoting apoptosis

To examine if the m.15927 G>A mutation affects the apop-
totic process, we examined the apoptotic state of mutant
and control cybrid cell lines by using both immunofluores-
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Figure 7. Respiration assays. (A) Analysis of O2 consumption in the various cell lines using different inhibitors. The rates of oxygen consumption (OCR)
were first measured on 2 × 104 cells of each cell line under basal conditions and then with sequential additions of oligomycin (1.5 �M), FCCP (0.8 �M),
rotenone (3.0 �M), and antimycin A (1.5 �M) at the indicated times to determine different parameters of mitochondrial functions. (B) Graphs presented
the basal OCR, ATP-linked OCR, proton leak OCR, maximal OCR, reserve capacity OCR and non-mitochondrial OCR in HUVEC, mutant and control
cybrid cell lines. Basal OCR was determined as OCR before oligomycin minus OCR after rotenone/antimycin A. ATP-linked OCR was determined as
OCR before oligomycin minus OCR after oligomycin. Proton leak OCR was determined as basal OCR minus ATP-linked OCR. Maximal OCR was
determined as the OCR after FCCP minus non-mitochondrial OCR. Reserve capacity OCR was defined as the difference between maximal OCR after
FCCP minus basal OCR. Non-mitochondrial OCR was determined as the OCR after rotenone/antimycin A treatment. The average of 6 determinations
for each cell line is shown. Graph details and symbols are explained in the legend to Figure 3.

cent staining and Western blot analysis. In particular, re-
lease of cytochrome c is a critical apoptotic event at the level
of the mitochondria and can in turn promote programmed
death by activating apoptotic cascades (62). As shown in
Figure 10A, the immunofluorescence patterns of double-
labeled cells with rabbit monoclonal antibody specific for
the cytochrome c and specific dye for mitochondria Mito-
Tracker Red revealed markedly increased levels of cytosolic
cytochrome c in the mutant cells, compared to control cells.
The levels of cytochrome c in mutant and control cell lines
were further evaluated by western blotting analysis (Figure

10B). As shown in Figure 10C, the levels of cytochrome c in
three mutant cell lines ranged from 164.9% to 183.7%, with
an average of 176.5% (P = 0.0004), relative to the average
values in three control cell lines. Furthermore, we examined
the levels of four apoptosis-activated proteins (Caspases 9,
3, 7 and PARP) in mutant and control cell lines by western
blot analysis (63), with marked increase in the mutant cell
lines (Figure 10D). In particular, the levels of Caspases 3, 7,
9 and PARP in the mutant cell lines were 142.2%, 155.8%,
127.7% and 143.7% of the average values measured in the
control cell lines, respectively (P = 0.0004–0.0063).
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Figure 8. Mitochondrial membrane potential analysis. The mitochondrial membrane potential (��m) was measured in mutant and control cybrid cell lines
by BD-LSR II flow cytometer system using a fluorescence probe JC-10 assay system. The ratio of the Ex/Em = 488/590 nm and 488/525 nm fluorescence
intensities (FL590/FL525) was recorded to determine the ��m level of each sample. Flow cytometry images of H25-03 and IV-3-13 without (A) and with
(C) FCCP. Relative ratio of JC-10 fluorescence intensities at Ex/Em = 490/530 nm and 490/590 nm in (B) absence and (D) presence of 10 �M of FCCP.
Graph details and symbols are explained in the legend to Figure 3.

Reduced wound healing properties

Wound healing assays with live-cell microscopy using mu-
tant and control cybrids derived from HUVECs were per-
formed to analyze the effect of the m.15927G>A muta-
tion on angiogenesis and wound regeneration. The heal-
ing of wound is a complex process that involves four
distinct, but overlapping phases: hemostasis, inflamma-
tion, remodeling/granulation tissue formation and re-
epithelialization (64). Inflammation and angiogenesis are
two fundamental physiological conditions implicated in this
process. In the present study, mutant and control cybrids
were wounded with a scratch and incubated with serum free
medium for 24 h to impair healing and then visualized by an
optical microscopy. As illustrated in Figure 11A, the mutant
cybrid cell lines bearing the m.15927G>A mutation exhib-
ited lower wound healing cell migration than those in con-
trol cybrid cell lines after culturing cell for 24 h after wound-
ing. The levels of wound closure in the mutant cybrid lines
derived from 44% to 72.1%, with an average of 59.1% (P <
0.0001), compared with the average values of control cybrid
lines (Figure 11B).

Altered angiogenesis

To further investigate the effect of m.15927G>A muta-
tion on angiogenesis, we carried out the tube formation

assay, a rapid and quantitative method for evaluating an-
giogenesis (55). The mutant and control HUVECs-derived
cybrids were cultured in the presence of growth factor-
reduced Matrigel, an extract of endothelial basement mem-
brane for 16 h, to induce the differentiation and tube-
like structure formation. As shown in Figure 12A, mu-
tant and control cybrid cells as well as HUVECs gradually
stretched, and connected each other into cords and network
structure, forming luminal structures of various sizes and
shapes after loading on the top of Matrigel. The captured
images were analyzed by ImageJ with the Angiogenesis
Analyzer plugin (http://imagej.nih.gov/ij/macros/toolsets/
Angiogenesis%20Analyzer.txt) to quantify different param-
eters, such as master segments (orange), meshes (sky blue),
nodes surrounded by junctions symbol(red surrounded by
blue) and branches (green) (Figure 12B). As illustrated in
Figure 12C, the total tube length, number of nodes, num-
ber of junctions, number of master segments, total master
segments length, number of meshs, total mesh area, num-
ber of branches and total branch length were 65.7% (P <
0.0001), 42.9% (P < 0.0001), 43.3% (P < 0.0001), 33.3% (P
< 0.0001), 49.5% (P < 0.0001), 24.3% (P < 0.0001), 32.4%
(P < 0.0001), 105.7% (P = 0.5574) and 125.2% (P = 0.0023)
relative to the mean value measured in the control cybrid
cell lines respectively.

http://imagej.nih.gov/ij/macros/toolsets/Angiogenesis%20Analyzer.txt
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Figure 9. Measurement of mitochondrial ROS. Ratio of geometric mean intensity between levels of the ROS generation in the vital cells with or without
H2O2 stimulation. The rates of mitochondrial ROS production in three mutant cybrid cell lines, three control cell lines and HUVECs, were analyzed by BD-
LSR II flow cytometer system using MitoSOX Red Mitochondrial Superoxide Indicator. Flow cytometry histogram showing MitoSOX-Red fluorescence
of H25-03 (red) and IV-3-13 (green) without (A) or with (C) H2O2 stimulation. The relative ratios of fluorescence intensity (stimulated versus unstimulated
with H2O2) was calculated: (B) and (D). Graph details and symbols are explained in the legend to Figure 3.

DISCUSSION

The tissue specificity of pathogenic mitochondrial tRNA
mutations remains largely elusive. The pathogenic mecha-
nism behind the tissue-specific manifestations are likely to
involve cell type-specific mitochondrial functions (65). Us-
ing HUVEC-derived cybrids under constant nuclear and
mitochondrial genetic backgrounds, in combination with
functional assays, we demonstrated the deleterious effects of
tRNAThr 15927G>A mutation that contributed to patho-
genesis of coronary artery disease, including mitochon-
drial dysfunctions, increasing mitochondrial ROS produc-
tion, promoting apoptosis and altered angiogenesis. In fact,
the m.15927G>A mutation abolished the highly conserved
base-pairing (28C-42G) of anticodon stem of tRNAThr

along with the 29A·41C mismatch (28–30). All the nu-
cleotides in the anticodon stem and loop are critical for
a proper helical conformation during genetic code decod-
ing (66). Therefore, we hypothesized that the m.15927G>A
mutation altered both structure and function of tRNAThr.
MD simulation results indicated that the mutant tRNAThr

structure harboring the m.15927G>A mutation was more
unstable than that of wild-type counterpart. Furthermore,
the m.15927G>A mutation changed the conformation of
tRNAThr, as suggested by slower electrophoretic mobility
of mutated tRNA with respect to the wild-type molecule, in
contrast with the faster electrophoretic mobility of mutated
tRNAs carrying the m.4435A>G and m.3253T>C muta-
tions (22,24). In addition, the melting temperature in mu-
tant tRNAThr (A42), decreased ∼2◦C, as compared with
wild type counterpart (G42). These data indicated that the
m.15927G>A mutation ablated the tertiary structure and
stability of tRNAThr. Moreover, the G42 is a nucleotide de-
terminant for the t6A modification at A37 of tRNA (57,66).
Here, the deficient t6A37 modification of mutant tRNAThr

observed in vitro assays was consistent with the previous
investigation (57). The altered tertiary structure and defi-
cient t6A37 modification of tRNAThr contributed to the de-
crease in the steady-state level of tRNAThr. In the present
study, 25% reduction in the steady-state level of tRNAThr

observed in mutant cybrids was in contrast with 80% re-
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Figure 10. Analysis of apoptosis. (A) The distributions of cytochrome c from control cybrid cell line (H25-03), mutant cybrid cell line (IV-3-13) and
HUVECs were visualized by immunofluorescent labeling with cytochrome c antibody conjugated to Alex Fluor 488 (green) analyzed by a confocal fluo-
rescence microscope. Mitotracker Red-stained mitochondria and DAPI-stained nuclei were identified by red and blue fluorescence respectively. (B) Twenty
micorgrams of total proteins from various cell lines were electrophoresed through a denaturing polyacrylamide gel, electroblotted, and hybridized with
cytochrome c antibody with �-actin as a loading control. (C) Quantification of cytochrome c levels. The levels of cytochrome c in control and mutant cell
lines were determined as described elsewhere (53). The calculations were based on three independent determinations in each cell line. (D) Twenty micro-
grams of total proteins from various cell lines were electrophoresed through a denaturing polyacrylamide gel, electroblotted, and hybridized with cleaved
PARP, Caspases 3, 7 and 9 antibodies with �-actin as a loading control. (E) Quantification of four apoptosis-activated proteins. The levels of Caspases 9,
3, 7 and PARP in various cell lines were determined as described elsewhere (52). The calculations were based on three independent determinations in each
cell line. Graph details and symbols are explained in the legend to Figure 3.
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Figure 11. Wound healing assay. (A) Representative images of wound healing assay for three control and three mutant cybrid cell lines. Photographs were
taken directly immediately after scratch and 24 h after wounding. The outlines show the gap area of the wounds. Scale bars, 100 �m. (B) Quantification of
wound healing rates. Quantitative measurement of cell migration was performed at 24 h after wounding as described elsewhere (53). The calculations were
based on 3–4 independent determinations in each cell line. Graph details and symbols are explained in the legend to Figure 3.

ductions in the steady state level of tRNAThr observed in
the mutant lymphoblastoid cell lines (27). Alternatively, the
altered tertiary structure caused by the m.15927G>A muta-
tion may perturb the aminoacylation of tRNAThr by either
charging inefficiently or mischarging with mitochondrial
threonyl-tRNA synthetase (28,29). In the present study,
48% decrease aminoacylation of mutant tRNAThr tran-
script in vitro assays and 32% reduction in the efficiencies
of aminoacylated tRNAThr in mutant cybrids were consis-
tent with 39% reduction in those from lymphoblastoid cell
lines (27). However, the aminoacylation levels of tRNAs
were much higher in HUVEC derived cybrid cell lines than
those in lymphoblastoid cell lines. As shown in Table 1, the
aminoacylated levels of tRNAThr, tRNAIle, tRNALeu(CUN)

and tRNASer(AGY) in the control HUVEC-derived cybrids
were 151%, 118%, 148% and 169% of the average values
in control lymphoblastoid cell lines, respectively. These dis-
crepancies may be attributed to the tissue specific effects in
mitochondrial tRNA metabolism (67–70).

The aberrant tRNA metabolism, including inefficient
aminoacylation and shortage of tRNAThr led to the impair-
ment of mitochondrial translation and respiration. Alterna-
tively, the mutant tRNAThr with deficient t6A37 modifica-
tion may not interact correctly with the translational ma-
chinery, thereby altering mitochondrial protein synthesis.
In fact, the mtDNA encoded 13 polypeptides in the com-
plexes of the OXPHOS system (ND1-6, ND4L of complex
I; CYTB of complex III; CO1, CO2 and CO3 of complex
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Figure 12. Tube formation Assay. Cells (1 × 105) from three control and three mutant cybrids cells were grown and resuspended with medium and
loaded on top of Matrigel. Following incubation at 37◦C for 12 h, each well was analyzed directly for tube formation under an inverted microscope. (A)
Representative light photomicrographs of tube formation for three control cybrids and three mutant cybrids after plating onto Matrigel for 16 h. (B)
The photomicrographs were analyzed using Angiogenesis Analyzer (ImageJ), different structures of the tubule network are labeled with different colors
representing its own feature: master segments (orange), meshes (sky blue), nodes surrounded by junction symbol (red surrounded by blue) and branches
(green). (C) Quantitative analysis of specific parameters of capillary tube formation with the Angiogenesis Analyzer for ImageJ. The parameters include
total tube length, number of nodes, number of junctions, number of master segments, total master segments length, number of meshs, total mesh area,
number of branches and total branch length. Data represent an average of nine fields of each cell line. Scale bars, 500�m. Graph details and symbols are
explained in the legend to Figure 3.

IV; ATP6 and ATP8 of complex V) (12). In this study, we
demonstrated that the m.15927G>A mutation caused 27%
reduction in the overall levels of mitochondrial proteins in
mutant cybrids. These results were in contrast with 53% re-
ductions in the rates of mitochondrial translation in lym-
phoblastoid cell lines carrying the m.15927G>A mutation
(27). However, the variable decreases in the levels of ND1,
ND3, ND4, ND5, CO2, CYTB, ATP6 and ATP8 were ob-
served in the mutant cell lines, whereas there were no dif-
ference the levels of ND6 with lower threonine codons be-
tween mutant and control cell lines (Supplemental Table
2). In contrast to what was previously shown in cells car-
rying the tRNALys 8344A>G and tRNASer(UCN) 7445A>G
mutations, the reduced levels of these polypeptides in mu-
tant cybrid cell lines did not significantly correlate with the
number or proportion of threonine codons (71,72). The im-
pairment of mitochondrial translation led to reduced rates

in the basal OCR, ATP-linked OCR, maximal OCR and
reserve capacity in the mutant cybrid cell lines. These re-
sults highlighted that aberrant tRNA metabolism played a
critical role in producing their respiratory deficiency, as in
the cases of cells carrying hypertension-associated tRNAAla

5655A>G and tRNALeu(UUR) 3253T>C mutations (23,24).
The respiratory deficiency caused by the m.15927G>A

mutation resulted in the alterations on ATP synthesis, mi-
tochondrial membrane potentials, oxidative stress and sub-
sequent failure of cellular energetic process, as in the case
of other mtDNA mutations (23,24,35,73). In this investiga-
tion, 49% reductions in mitochondrial membrane potential
observed in mutant cybrids indicated the impaired pump-
ing ability of hydrogen ions across the inner membrane and
more electron leakage during the process of electron trans-
port and oxidative phosphorylation (23,36,74). Alterations
in both oxidative phosphorylation and mitochondrial mem-
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Table 1. Aminoacylation levels of mt-tRNAs in HUVEC derived cybrid cell lines and lymphoblastoid cell lines carrying the m.15927 G>A mutation

Average value ± SD in HUVECs and HUVEC derived cybrids (%) Average value ± SD in lymphoblastoid cells (%)a,b

tRNAs HUVECs Control cell lines
15927 G>A mutant
cell lines Control cell lines

15927 G>A mutant cell
lines

tRNAThr 65.28 ± 3.01 73.73 ± 6.15 50.34 ± 3.60 48.83 ± 0.63 31.16 ± 5.01
tRNAIle 52.18 ± 0.96 52.94 ± 1.70 51.86 ± 3.66 44.93 ± 1.78 N
tRNALeu(CUN) 39.21 ± 0.23 36.62 ± 3.02 36.23 ±2.11 25.18 ±1.49 22.27 ± 2.97
tRNASer(AGY) 54.95 ± 1.28 52.89 ± 5.78 54.00 ± 4.12 31.33 ± 1.65 31.79 ± 1.89

N, no relevant data.
aJia et al. (27).
bWang et al. (19).

brane potential elevated the mitochondrial ROS production
and the subsequent bioenergetic failure in mutant cybrids.
In particular, the overproduction of mitochondrial ROS
plays a key role in the pathogenesis of coronary artery dis-
ease (10,75). As a result, the increased production of ROS
by the m.15927G>A mutation may produce the damage
of proteins, lipids and nuclear acids (76–79). Both altered
mitochondrial membrane potential and overproduction of
mitochondrial ROS production may promote the apopto-
sis (10,35). In the present investigation, mutant cybrids ex-
hibited more apoptotic susceptibility than control cybrids
lacking the mutation, evidenced by the elevated release of
cytochrome c into cytosol and increased levels of apoptosis-
activated proteins: caspases 9, 3, 7 and PARP, as compared
to control cybrids. These data demonstrated that mitochon-
drial dysfunction caused by m.15927G>A mutations pro-
moted the apoptosis.

Mitochondrial dysfunction plays an important role in
cardiovascular pathophysiology. In particular, mitochon-
drial ROS production, metabolic regulation and apoptosis
are essential for defining the proper balance necessary for
ensure the endothelial switch towards a proliferative phe-
notype required for angiogenesis (80). In particular, exces-
sive ROS production ensuring mitochondrial dysfunction
in blood is responsible for inflammatory vascular reactions
leading to cardiovascular diseases (77,78). Using wound
healing and the tube formation assays, we demonstrated the
specific effects of m.15927G>A mutation on wound regen-
eration and angiogenesis in HUVECs-derived cybrids, as
the lower wound healing rate and perturbed tube forma-
tion. These data strongly suggested that the m.15927 G>A
mutation-induced mitochondrial dysfunction lead to coro-
nary artery disease.

In summary, our findings demonstrated the pathogenic
mechanism leading to an impaired oxidative phospho-
rylation in HUVECs-derived cybrid cell lines carrying
the CAD-associated tRNAThr 15927G>A mutation. The
m.15927G>A mutation alters both structure and function
of tRNA. The aberrant tRNAThr metabolism impaired mi-
tochondrial translation, caused respiratory deficiency, di-
minished membrane potential and increased the produc-
tion of reactive oxygen species. All those alterations con-
sequently elevated the apoptotic cell death and altered the
angiogenesis, thereby leading to coronary artery disease.
Therefore, our findings provide new insights into the patho-
physiology of coronary artery disease, which was mani-

fested by mitochondrial tRNAThr mutation-induced alter-
ations.
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