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ABSTRACT

Mitochondrial tRNA processing defects were asso-
ciated with human diseases but their pathophysiol-
ogy remains elusively. The hypertension-associated
m.4401A>G mutation resided at a spacer between
mitochondrial tRNAMet and tRNAGln genes. An in vitro
processing experiment revealed that the m.4401A>G
mutation caused 59% and 69% decreases in the 5′
end processing efficiency of tRNAGln and tRNAMet

precursors, catalyzed by RNase P, respectively. Us-
ing human umbilical vein endothelial cells-derived
cybrids, we demonstrated that the m.4401A>G mu-
tation caused the decreases of all 8 tRNAs and
ND6 and increases of longer and uncleaved precur-
sors from the Light-strand transcript. Conversely, the
m.4401A>G mutation yielded the reduced levels of
tRNAMet level but did not change the levels of other 13
tRNAs, 12 mRNAs including ND1, 12S rRNA and 16S
rRNA from the Heavy-strand transcript. These impli-
cated the asymmetrical processing mechanisms of
H-strand and L-strand polycistronic transcripts. The
tRNA processing defects play the determined roles in
the impairing mitochondrial translation, respiratory
deficiency, diminishing membrane potential, increas-
ing production of reactive oxygen species and alter-

ing autophagy. Furthermore, the m.4401A>G muta-
tion altered the angiogenesis, evidenced by aber-
rant wound regeneration and weaken tube forma-
tion in mutant cybrids. Our findings provide new in-
sights into the pathophysiology of hypertension aris-
ing from mitochondrial tRNA processing defects.

INTRODUCTION

Defects in mitochondrial RNA processing have been associ-
ated with human diseases including neurological disorders,
deafness, hypertrophic cardiomyopathy and hypertension
(1–6). Human mitochondrial 22 tRNAs, together with 13
mRNA coding 13 polypeptides for essential subunits of ox-
idative phosphorylation system (OXPHOS) and 2 rRNAs,
were transcribed as the polycistronic heavy (H) and light
(L) strand transcripts, from the mitochondrial genome
(mtDNA) (7–11). As shown in Figure 1, the transcription
of L-strand promoter (LSP) resulted in a near genomic
length primary transcript encoding eight tRNAs including
tRNAGln, tRNASer(UCN) and ND6 (11,12). Classically, the
transcription of H-strand promoter 1 (HSP1) generated
the short transcript containing tRNAPhe, tRNAVal, 12S
rRNA and 16S rRNA, while the transcription from HSP2
produced an almost genome transcript consisting of 12S
rRNA, 16S rRNA, 12 mRNAs and 14 tRNAs including
tRNAMet, tRNALys and tRNAGly (8,11,12). However, the
existence of HSP2 as functional promoter in vivo is still
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Figure 1. A schema of location of m.4401A>G mutation in the precursors of tRNAMet and tRNAGln, genetic and transcription map of human mitochon-
dria. (A) Cloverleaf structures of mitochondrial tRNAMet and tRNAGln are derived from Florentz et al. (31). Processing sites in the tRNAMet and tRNAGln

precursors were determined for RNase P. Arrow indicates the position of the m.4401A>G mutation. (B) Genetic and transcription maps of mitochondrial
genomes were derived from Guan et al. (5). The two inner circles show the positions of 12S and 16S rRNA (black bars), of the 13 reading frames (ND1,
ND2, ND3, ND4, ND4L, ND5, and ND6, COI, COII, COIII, cytb, A6 and A8) (white bars) and of 22 tRNA (solid circles). (C) Three polycistronic RNA
transcripts (7,8). The transcription of L-strand promoter (LSP) resulted in a near genomic length primary transcript encoding eight tRNAs including
tRNAGln, tRNASer(UCN) and ND6. The transcription of H-strand promoter 1 (HSP1) generated the short transcript containing tRNAPhe, tRNAVal, 12S
rRNA and 16S rRNA, while the transcription from HSP2 produced an almost genome transcript consisting of 12S rRNA, 16S rRNA, 12 mRNAs and
14 tRNAs including tRNAMet, tRNALys and tRNAGly. RNA sequences are represented as follows: rRNAs as hashed boxes, mRNAs as gray boxes and
tRNAs as white boxes.

questionable (13). The processing of mitochondrial tRNAs
from the primary transcripts required the precise cleavage
of tRNAs at their 5′ ends catalyzed by RNase P, which
consists of three subunits, encoded by MRPP1, MRPP2
and MARPP3, and 3′ terminal mediated by RNase Z,
encoded by ELAC2 (14–17). This processing resulted in the
release of the individual translation-competents: mRNAs,
tRNAs and rRNAs from their polycistronic precursors.
The aberrant 5′ end tRNA processing caused by mutations
in the MRRP1 or MRRP2 resulted in mitochondrial dys-
functions leading to clinical phenotypes (18–20), while the
defects in the 3′ end tRNA processing caused by mutations
in ELAC2 were responsible for cardiomyopathy (21,22).
The 5′ and 3′ end processing defects arising from mito-
chondrial tRNA mutations also caused human diseases.
The deafness-associated m.7445T>C mutation in the pre-
cursor of tRNASer(UCN) and cardiomyopathies-associated
tRNAIle 4269A>G and 4295A>G mutations and tRNAHis

12192G>A mutation perturbed the 3′ end processing of

corresponding tRNA precursors (5,23–25). Furthermore,
the mitochondrial encephalomyopathy, lactic acidosis,
stroke-like symptoms (MELAS)-associated 3243A>G mu-
tation and mitochondrial myopathy-associated 3302A>G
mutation in the tRNALeu(UUR) caused the 5′ end aber-
rant processing of tRNALeu(UUR) and accumulation of
RNA precursors (26,27). Recently, we identified the
hypertension-associated tRNAIle 4263A>G, tRNAAla

5655A>G, tRNATrp 5512A>G mutations at the 5′ end
(conventional position 1) of corresponding tRNAs, and
m.4401A>G mutation at the junction of tRNAMet and
tRNAGln genes (6,28–30). An in vitro processing analysis
demonstrated that the m.4263A>G and m.5655A>G
mutations reduced the 5′ end processing efficiencies of
tRNAIle and tRNAAla precursors, catalyzed by RNase
P, respectively (28,29). However, the pathophysiology
underlying these tRNA mutations, specifically the tissue
specific effects, remains elusively.
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As shown in Figure 1, the m.4401A>G mutation oc-
curred in the four genetically unrelated Chinese hyperten-
sive pedigrees was localized at the spacer immediately to the
5′ ends of tRNAMet at the H-strand transcript and tRNAGln

at the L-strand transcript (6,30,31). We therefore hypothe-
sized that the m.4401A>G mutation altered the 5′ end pro-
cessing of tRNAMet and the tRNAGln precursors, catalyzed
by RNase P. It was also anticipated that the aberrant tRNA
metabolism led to the impairment of mitochondrial trans-
lation, respiration deficiency, oxidative stress, uncoupling of
the oxidative pathways for ATP synthesis, and subsequent
failure of cellular energetic processes. In the previous study,
the lymphoblastoid cell lines harboring the m.4401A>G
mutation displayed the reductions in the steady-state lev-
els of tRNAMet and tRNAGln, impairment of mitochon-
drial translation and respiratory deficiency (30). How-
ever, the tissue specific effects of m.4401A>G mutation
on the development of hypertension remains elusively. The
pathogenic mechanism behind the tissue-specific manifesta-
tions is likely to involve the cell type-specific mitochondrial
functions. The lack of animal model for pathogenic mtDNA
mutations has hampered mechanistic studies. Human um-
bilical vein endothelial cells (HUVECs) are a valuable in
vitro model for the study of endothelial cell physiology and
pathology at the cardiovascular level (32,33). In this study,
we generated the HUVECs derived cybrids by transferring
mitochondria from lymphoblastoid cell lines derived from
a Chinese family carrying the m.4401A>G mutation and
from a control subject lacking the mutation into mtDNA-
less HUVECs (33–36). These cybrid lines were analyzed for
the effects of the m.4401A>G mutation on the processing
of tRNA and mRNA, the stability of tRNA, mitochondrial
translation, respiration, mitochondrial membrane poten-
tial, production of reactive oxidative species (ROS) and au-
tophagy. Furthermore, these cybrid lines were further char-
acterized by examining wound healing and tube formation
to evaluate the impact of m.4401A>G mutation-induced al-
terations on angiogenic properties.

MATERIALS AND METHODS

Cell lines and culture conditions

Immortalized lymphoblastoid cell lines were generated
from affected matrilineal relatives (II-1, III-3) of a Chi-
nese family carrying the homoplasmic m.4401A>G muta-
tion (30) and one genetically unrelated Chinese control indi-
vidual (C19) belonging to the similar mtDNA haplogroup
C4 but lacking the mutation. The sequences of whole mi-
tochondrial genomes in these cell lines were determined as
detailed elsewhere (37) (Supplementary Table S1). Immor-
talized lymphoblastoid cell lines were grown in RPMI 1640
medium with 10% FBS. 143B.TK− cell line was grown in
DMEM (Life Technologies) (containing 4.5 mg of glucose
and 0.11 mg of pyruvate/ml), supplemented with 100 �g
of BrdU/ml and 5% FBS. The mtDNA-less �◦206 cell line,
derived from 143B.TK− (36) was grown under the same
conditions as the parental line, except for the addition of
50 �g of uridine/ml. HUVECs were grown in endothelial
basal medium (ScienCell) supplemented with endothelial
cell growth supplement (ECGS) and 5% fetal bovine serum
(FBS) (33).

The HUVECs-less-mtDNA lines were produced as de-
tailed elsewhere (33,34). Transformation by cytoplasts of
HUVECs-less-mtDNA lines using enucleated lymphoblas-
toid cells from one affected subject (III-3) and one control
individual (C19) was performed as described elsewhere (33–
36). Resultant cybrid clones were examined for the presence
and degree of m.4401A>G mutation and the HUVECs
specific m.4336T>C variant as detailed previously (Sup-
plemental Figure S1) (30,33). Cybrids lacking m.4336T>C
variant and harboring the homoplasmic m.4401A>G mu-
tation in mutant clones and lacking both m.4336T>C and
m.4401A>G mutations in control clones were determined
for the copy numbers of mtDNA, as described elsewhere
(Supplemental Figure S2) (36). Three cybrid cell clones de-
rived from each donor cell line with similar mtDNA copy
numbers were used for the biochemical characterization de-
scribed below. All cybrid cell lines constructed with enucle-
ated lymphoblastoid cell lines were maintained in the same
medium as the parental HUVECs.

Sequencing of 5′- and 3′-end proximal segments of tRNAMet

and tRNAGln

The 5′ and 3′ ends of tRNAMet and tRNAGln from the con-
trol cell line C19 and mutant cell line III-3 were sequenced
after cDNA synthesis, PCR amplification, and cloning, as
detailed elsewhere (38). First, total mitochondrial tRNA
was circularized by incubation in the presence of T4 RNA
ligase (Promega) to ligate the 3′ and 5′ ends of tRNAs. Then,
complementary DNA chains of tRNAMet and tRNAGln

were synthesized using reverse transcriptase after annealing
the circular tRNA to the specific oligodeoxynucleotides
MET1 (5′-TATGGGCCCGATAGCTTATTTAGCT-3′)
and GLN1 (5′CAAAATTCTCCGTGCCACCTATCA-
3′), respectively. The second strands of these cDNAs
were then synthesized by using primers MET2 (5′-
CCCCGAAAATGTTGGTTATACCCTT-3′), GLN2
(5′-GATTCTCAGGGATGGGTTCGATT-3′), respec-
tively. The artificial tDNAs were then amplified by PCR,
using above primers, respectively. Those resultant PCR
products were cloned in the TA vector (Invitrogen), and
eight clones of each control cell tDNA and III-3-1′s tDNA
were analyzed by Sanger sequence.

Mitochondrial RNase P assay

The wild type and mutant precursors of tRNAMet corre-
sponding to mtDNA at positions 4365 (5′) to 4469 (3′),
and tRNAGln at mtDNA positions 4438 (5′) to 4329 (3′)
were cloned into the pCRII-TOPO vector carrying SP6 and
T7 promoters (Clontech). After HindIII digestion, the la-
beled RNA substrates (104 nt for tRNAMet and 109 nt for
tRNAGln) were transcribed with T7 RNA polymerase, in
the presence of 10 �M ATP, CTP, GTP and UTP, pH 7.5
and 10 units RNase inhibitor at 20◦C. Transcripts were
purified by denaturing polyacrylamide gel electrophore-
sis (PAGE) (7 M urea, 8% polyacrylamide/bisacrylamide
[19:1]) and were dissolved in 1 mM EDTA. Mitochondrial
RNase P was reconstituted from purified recombinant pro-
teins MRPP1, MRPP2 and MRPP3 as described previ-
ously (15,28). Processing assays were carried out in par-
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allel for wild type and mutant substrates in 12 �l reac-
tion mixtures containing 30 mM TrisCl, 30 mM NaCl, 4.5
mM MgCl2, 200 �g/ml BSA, RNA substrates and 25 nM
RNase P, at 30◦C. After 1, 5, 10, 20, 50 and 60 min, aliquots
were withdrawn and stopped by addition of five loading
buffer (85% formamide, 10 mM EDTA). Reaction prod-
ucts were resolved via denaturing PAGE, then electroblot-
ted onto a nylon membrane (Roche) and hybridized with
digoxigenin (DIG)-labeled oligodeoxynucleotide probes
for tRNAMet precursor (5′-TAGGATGGGGTGTGATA
GGTGGCACGGAGAATTTT-3′) and tRNAGln precur-
sor (5′-AGTAAGGTCAGCTAAATAAGCTATCGGGC
CCATACCC-3′). DIG-labeled probes were generated by
using DIG-oligonucleotide Tailing kit (Roche). The hy-
bridization and quantification of density in each band were
performed as detailed previously (28).

Mitochondrial RNA analysis

Total cellular and mitochondrial RNAs were obtained by
using TOTALLY RNA™ kit (Ambion) from intact cells or
mitochondria isolated from the various cell lines (∼4 ×
107 cells), as detailed elsewhere (39). For tRNA Northern
blot analysis, 2 �g of total mitochondrial RNAs were elec-
trophoresed through a 10% polyacrylamide/8 M urea gel in
Tris–borate–EDTA buffer (TBE) after heating the samples
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, re-
spectively. Oligodeoxynucleosides used for a set of DIG-
labeled probes of 22 mitochondrial tRNAs and 5S rRNA
were listed in the Supplemental Table S2. The hybridization
and quantification of density in each band were performed
as detailed previously (40–44).

For mRNA Northern blot analysis, 8 �g of total cel-
lular RNAs were fractionated by electrophoresis through
a 1.5% agarose-formaldehyde gel, transferred onto a pos-
itively charged membrane (Roche), and hybridized with
a set of DIG-labeled RNA probes: ND6, ND1, COX1,
COX2, CYTB, 12S rRNA, 16S rRNA, and �-actin as a
control, respectively. Probes were synthesized on the cor-
responding restriction enzyme linearized plasmid using a
DIG RNA Labeling kit (Roche). The plasmids used for
RNA probes were constructed by PCR-amplifying frag-
ments of ND6 (positions 14343 to 14618), ND1 (posi-
tions 3506–3839), COX1 (positions 7146–7425), COX2 (po-
sitions 7823–8156), CYTB (positions 14824–15208), 12S
rRNA (positions 1201–1235), 16S rRNA (positions 2245–
2635), and �-actin (positions 69–618, NM 001101.5) and
cloning these fragments into the pCRII-TOPO vector (45).

Western blot analysis

Western blotting analysis was carried out as detailed else-
where (43,44). Twenty micrograms of total cellular pro-
teins obtained from various cell lines were denatured
and loaded on sodium dodecyl sulfate (SDS) polyacry-
lamide gels. Afterward, the gels were electroblotted onto
polyvinylidene difluoride (PVDF) membrane for hybridiza-
tion. The antibodies used for this investigation were from
Abcam [ND1(ab74257), ND5 (ab92624), ND6 (ab81212),

CO2 (ab110258), Tom20 (ab56783), p62 (ab56416) and To-
tal OXPHOS Human WB Antibody Cocktail (ab110411)],
Proteintech [(CYTB (55090-1-AP), ND2 (19704-1-AP),
ATP8 (26723-1-AP), and �-actin (20536-1-AP)], Novus
[ND4 (NBP2-47365)], Cell Signaling Technology [LC3A/B
(CST,#4108)]. Peroxidase Affini Pure goat anti-mouse IgG
and goat anti-rabbit IgG (Jackson) were used as secondary
antibodies, and protein signals were detected using the
ECL system (CWBIO). Antibodies against above human
mtDNA encoding proteins were validated using 143B.TK−
cell line and mtDNA-less � ◦206 cell line (Supplemental Fig-
ure S3). Quantification of density in each band was per-
formed as described previously (43,44).

Measurements of oxygen consumption

The rates of oxygen consumption (OCR) in various cell
lines were determined with a Seahorse Bioscience XF-96 ex-
tracellular flux analyzer (Seahorse Bioscience), as detailed
elsewhere (46). Cells were seeded at a density of 1 × 104

cells per well on Seahorse XF96 polystyrene tissue culture
plates (Seahorse Bioscience). Inhibitors were used at the
following concentrations: Oligomycin (to inhibit the ATP
synthase) (1.5 �M), Carbonyl cyanide 4-trifluoromethoxy-
phenylhydrazone (FCCP) (to uncouple the mitochondrial
inner membrane and allow for maximum electron flux
through the electron transfer chain) (0.15�M), Antimycin
A (to inhibit complex III) (5 �M) and Rotenone (to inhibit
complex I) (1 �M).

Assessment of mitochondrial membrane potential

Mitochondrial membrane potential from various cell lines
was examined with JC-10 Assay Kit-Flow Cytometry (Ab-
cam) following general manufacturer’s recommendations
with some modifications, as described previously (33,47).

Analysis of mitochondrial ROS production

The levels of mitochondrial reactive oxygen species (ROS)
generation in various cell lines were measured using Mi-
toSOX assay as detailed elsewhere (29,33,48).

Analysis of autophagy

The fluorescence-based cytometry to analyze the level of
mitophagy was performed using CYTO-ID® Autophagy
Detection Kit (Enzo), as detailed elsewhere (49,50). In brief,
∼3 × 105 cells of each cybrid cell line were incubated with
the endothelial basal medium (ScienCell) in the absence
and presence of 500 nM rapamycin (inducers of autophagy)
and 10 �M chloroquine (lysosomal inhibitor) at 37◦C for
18 h, and spin down and washed with PBS. The resultant
samples were resuspended with CYTO-ID®-Green reagent
and analyzed using a Novocyte flow cytometer (ACEA Bio-
sciences) in FITC channel.

Wound healing assay

Wound healing assays were performed as detailed elsewhere
(33,51).
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Tube formation assay

A tube formation assay using growth factor-reduced Ma-
trigel was carried out as detailed previously (33,52,53).

Statistical analysis

Statistical analysis was performed by the unpaired, two-
tailed Student’s t-test contained in Microsoft Office Excel
(version 2013) and GraphPad Prism (v5.04, www.graphpad.
com). P indicates the significance, according to the t-test,
of the difference between mutant and control mean. Differ-
ences were considered significant at a P < 0.05.

RESULTS

No effect of m.4401A>G mutation on the coding sequences
of tRNAMet and tRNAGln

To examine if the m.4401A>G mutation affects the cod-
ing sequences of tRNAMet and tRNAGln, the 5′ and 3′ ends
of the mitochondrial tRNAMet and tRNAGln from the con-
trol cell line C19 and mutant cell line III-3 were analyzed
by Sanger sequence after cDNA synthesis, PCR amplifica-
tion, and cloning, as described elsewhere (28,38). Indeed,
both sequences of tRNAMet and tRNAGln from mutant
and control cell lines lacked nt 4401. Furthermore, no dif-
ferences was observed between wild type and mutant se-
quences of tRNAMet and tRNAGln. These result indicated
that the m.4401A>G mutation did not affect the coding se-
quences of tRNAMet and tRNAGln.

Impaired the 5′ end processing of tRNAMet and tRNAGln pre-
cursors

We employed an in vitro processing system to investigate
if the primary defect arising from the m.4401A>G muta-
tion is the aberrant 5′ end processing of tRNAMet at the H-
strand transcripts and tRNAGln at the L-strand-transcripts,
catalyzed by RNase P. For this purpose, the wild-type and
mutant tRNAMet and tRNAGln precursors corresponding
to mtDNA at positions 4365 to 4469 and 4438 to 4329
(Figure 2A) were prepared by in vitro transcription, respec-
tively. To analyze the in vitro processing kinetics, the wild
type and mutant tRNAMet and tRNAGln precursors were
incubated with mitochondrial RNase P, which was reconsti-
tuted from purified recombinant proteins MRPP1, MRPP2
and MRPP3, at various time courses (15,28,29). No qual-
itative processing alterations of the mutant tRNAMet and
tRNAGln precursors were observed, but the processing ef-
ficiencies of the mutant tRNAMet and tRNAGln transcripts
were markedly reduced, as compared with those of wild type
counterparts (Figure 2B). The processing efficiencies of mu-
tant tRNAMet and tRNAGln transcripts catalyzed by RNase
P were ∼31% and ∼41% of those in their wild type counter-
parts (Figure 2C), respectively. These results demonstrated
that the m.4401A>G mutation altered the 5′ end processing
of tRNAMet and tRNAGln precursors.

Reduced levels of tRNA Met from H-strand transcript and all
8 tRNAs from L-strand transcript

Among 22 mitochondrial tRNAs, 8 tRNAs such as
tRNAGlu and tRNAA1a genes resided on the L-strand tran-

script, the remaining tRNA genes including, tRNAMet,
tRNALeu(UUR), tRNAAsp and tRNAGly are located at
the H-strand transcript (7–9). It was hypothesized that
the altered 5′ end processing of tRNAMet and tRNAGln

by the m.4401A>G mutation altered the mitochondrial
tRNA metabolisms. For this purpose, we subjected to-
tal mitochondrial RNAs from mutant and control cell
lines to Northern blots and hybridized them with DIG-
labeled oligodeoxynucleotide probes for 14 tRNAs includ-
ing tRNAMet, tRNALys, tRNALeu(UUR), tRNASer(AGY) de-
rived from the H-strand transcripts and 8 tRNAs includ-
ing tRNAGln, derived from the L-strand transcripts (Sup-
plemental Table S2), respectively. As shown in Figure 3, the
average levels of tRNAGln and tRNAMet in three mutant
cybrids were 41% and 55% (P < 0.01) of the mean values
of three control cybrids, respectively. Strikingly, the aver-
age steady-state levels of other 7 tRNAs from the L-strand
transcript were significantly decreased. Especially, the av-
erage levels of tRNAAla, tRNAAsn, tRNACys, tRNATyr,
tRNASer(UCN), tRNAGlu and tRNAPro in three mutant cy-
brids were 42%, 33%, 38%, 55%, 52%, 67% and 46% of
those in three control cybrids, respectively. Interestingly, the
average levels of 8 tRNAs from L-strand transcript in the
mutant cell lines were 46.75% of those in the control cell
lines. In contrast, the steady-state levels of other 13 tRNAs,
such as tRNALys, tRNALeu(UUR) and tRNASer(AGY) from
H-strand transcript in the mutant cybrids were compara-
ble with those in three control cybrids. Furthermore, these
results were verified by tRNA Northern blot analysis us-
ing mutant and control immortalized lymphoblastoid cell
lines (Supplemental Figure S4). These data indicated that
the m.4401A>G mutation led to the metabolic defects of
all 8 tRNAs, derived from L-strand transcript and tRNAMet

from H-strand transcript.

Aberrant processing of ND6 mRNA precursors

We then tested whether the m.4401A>G mutation led to the
aberrant processing of ND6 mRNA and accumulation of
longer and uncleaved precursors. RNA transfer hybridiza-
tion experiments were performed with total cellular RNAs
from various mutant and control cybrids, using a set of
DIG-labeled RNA probes: ND6 from L-strand transcript,
ND1, COX1, COX2, CYTB, 12S rRNA, 16S rRNA from
H-strand transcript and β-actin as a control, respectively.
These experiments using ND6 probe revealed the presence
of RNA species with ∼1.1 and ∼4.3 kb long, respectively, as
shown in Figure 4A for mutant and control cell lines. The
4.3-kb RNA could conceivably be a precursor (RNA3) of
ND6 mRNA (5,7,8) (Figure 1B). The ∼1.1-kb RNA was
equal in size to the ND6 mRNA in mouse (1.15 kb) (54) and
rat cells (1.1 kb) (55). Thus, ∼1.1-kb RNA is presumably hu-
man ND6 mRNA, comprising of 525-nt coding sequence
and ∼600-nt of 3′ untranslated sequence (Figure 1B) (5).
To verify the putative ND6 mRNA, three cDNA fragments
[525 bp (coding sequence at positions 14149–14673), 697
bp (at positions13977–14673), 1,096 bp (at positions 13578–
14673)] from the control cell line C19 and mutant cell line
III-3 were analyzed by Sanger sequence after cDNA synthe-
sis and PCR amplification (Supplemental Figure S5A and
B). Indeed, all three fragments contained the identical 525

http://www.graphpad.com
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Figure 2. In vitro assay for the processing of mitochondrial tRNAMet and tRNAGln precursors. (A) Mitochondrial tRNAMet and tRNAGln precursors.
Thirty-seven and 38 nucleotides (nt) of 5′ end leaders of tRNAMet and tRNAGln were shown, including the m.4401A>G substitution. (B) In vitro processing
assays. Processing assays with mitochondrial RNase P were carried out in parallel for wild type and mutant substrates. Samples were withdrawn and
stopped after 1, 5, 10, 20, 50 or 60 min, respectively. Reaction products were resolved by denaturing polyacrylamide gel electrophoresis and reacted with
a chemiluminescent substrate CDP-Star™ to detect the chemiluminescent. The graph shows the results of a representative experiment at 10 min reaction.
(C) Relative processing efficiencies of tRNAMet and tRNAGln precursors catalyzed by RNase P. The relative processing efficiencies were calculated from
the initial phase of the reaction. The calculations were based on five independent determinations. The error bars indicate two standard errors of the mean
(SEM).

bp ND6 coding sequence, while 697 bp and 1,096 bp frag-
ments encompassed the 3′ untranslated sequences. This re-
sult confirmed that ∼1.1 kb RNA was indeed ND6 mRNA.
As shown in Figure 4A, the mutant cell lines exhibited the
reduced levels of ND6 mRNA but accumulated precursors
of ND6, as compared with those in the control cell lines.
The average levels of ND6 mRNA and its precursors in
three mutant cybrids, normalized with respect to those of
�-actin mRNA, were 71.2% and 128.5% of those in the aver-
age values of three control cell lines, respectively (P < 0.01)
(Figure 4B). However, the levels of ND1, COX1, COX2,
CYTB, 12S rRNA, 16S rRNA and ND1 and 16S rRNA
precursors [comprising of 16S rRNA, tRNALeu(UUR) and
ND1] (8,11,27) from H-strand transcripts in mutant cell
lines, normalized with respect to those of �-actin mRNA,
were comparable with those in the control cell lines (Figure
4C, Supplemental Figure S5C). These results demonstrated

that the m.4401A>G mutation perturbed the processing of
ND6 mRNA and led to the accumulating precursors from
the L-strand transcript but did not affect the processing of
mRNAs and rRNAs from the H-strand transcripts.

Mitochondrial translation defects

To investigate whether the m.4401A>G mutation impaired
mitochondrial translation, a Western blot analysis was
carried out to examine the levels of 8 mtDNA encoded
polypeptides: [ND1, ND2, ND4, ND5 and ND6 (subunits
1, 2, 4, 5 and 6 of NADH dehydrogenase), CO2 (subunit
II of cytochrome c oxidase); CYTB (apocytochrome b) and
ATP8 (subunit 8 of H+-ATPase)] in mutant and control cy-
brid cell lines with a nuclear encoding mitochondrial pro-
tein Tom20 as loading control. As shown in Figure 5A, the
mutant cell lines exhibited the variable decrease in the lev-
els of ND1, ND2, ND4, ND5, ND6, CYTB and ATP8 but
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Figure 3. Northern blot analysis of mitochondrial tRNAs. (A) Two microgram of total mitochondrial RNAs from the various cell lines were elec-
trophoresed through a denaturing polyacrylamide gel, were electroblotted, and were hybridized with DIG-labeled oligonucleotide probes specific for
tRNAGln, tRNAAla, tRNAAsn, tRNACys, tRNATyr, tRNASer(UCN), tRNAGlu, and tRNAPro from the L-strand transcripts, tRNAMet, tRNAThr, tRNATrp,
tRNAIle, tRNALeu(UUR), tRNALeu(CUN), tRNALys, tRNASer(AGY), tRNAHis, tRNAGly, tRNAPhe, tRNAAsp, tRNAAsn and tRNAVal from the H-strand
transcripts, and 5S rRNA, respectively. (B) Quantification of the tRNA levels. Average relative each tRNA content per cell was normalized to the average
content per cell of 5S rRNA in the control and mutant cell lines, respectively. The values for the latter are expressed as percentages of the average values
for the control cell lines. The calculations were based on three independent determinations in each cell line. The error bars indicate two standard errors of
the mean (SEM). P indicates the significance, according to the t-test, of the differences between mutant and control cell lines.

the mild increase in the levels of CO2. The average overall
levels of 8 mitochondrial translation products in the three
mutant cybrid cell lines were 75% (P <0.01), relative to the
mean value measured in three control cybrid cell lines (Fig-
ure 5B). As shown in Figure 5C, ND1, ND2, ND4, ND5,
ND6, CO2, CYTB and ATP8 in the mutant cell lines were
60%, 83%, 82%, 50%, 40%, 117%, 81% and 85% of the av-
erage values of control cell lines, respectively.

We then examined the levels of five subunits of OX-
PHOS complexes in control and mutant cybrids by West-
ern blot analysis using the total OXPHOS human an-
tibodies cocktail containing antibodies for mtDNA en-
coded subunit CO2 of cytochrome c oxidase and four other
polypeptides (NDUFB8 of NADH:ubiquinone oxidore-
ductase; SDHB of succinate ubiquinone oxidoreductase;

UQCRC2 of ubiquinol cytochrome c reductase and ATP5A
of H+-ATPase) encoded by nuclear genes. As shown in Fig-
ure 5D, the levels of CO2, NDUFB8, SDHB, UQCRC2 and
ATP5A in mutant cybrid cell lines were comparable with
those in control cybrid cell lines.

Respiration deficiency

To evaluate if the impairment of translation caused by the
m.4401A>G mutation affects oxidative phosphorylation,
we measured the oxygen consumption rate (OCR) of var-
ious mutant and control cybrid cell lines using a Seahorse
Bioscience XF-96 Extracellular Flux Analyzer (43,46). As
shown in Figure 6, the average basal OCRs in three mu-
tant cybrids were 38% (P < 0.01) of the mean values mea-
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Figure 4. Northern blot analysis of mitochondrial RNAs. (A, C) Eight microgram of total cellular RNA from various mutant and control cybrids were
electrophoresed through a 1.5% agarose-formaldehyde gel, transferred onto a positively charged membrane and hybridized with DIG-labeled RNA probes
for ND6 from L-strand, ND1, COX1, COX2, CYTB, 12S rRNA, 16S rRNA from H-strand, and β-actin as a control, respectively. (B) Average relative
levels of ND6 mRNA and ND6 precursors per cell were normalized to the average level per cell of β-actin in three control cell lines and three mutant cell
lines. The values for the latter are expressed as percentages of the average values for the control cell lines. Five independent determinations were used in
the calculations. Graph details and symbols are explained in the legend to Figure 3.

sured in three control cybrid cell lines. To further investi-
gate 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, FCCP,
antimycin A and rotenone (56,57). The difference between
the basal OCR and the drug-insensitive OCR resulted in
the amount of ATP-linked OCR, proton leak OCR, max-
imal OCR, reserve capacity OCR and non-mitochondrial
OCR. As shown in Figure 6B, the ATP linked OCR, proton
leak OCR, maximal OCR, reserve capacity OCR and non-
mitochondrial OCR in mutant cybrid cell lines were 34% (P
< 0.01), 86% (P = 0.42), 36% (P < 0.01), 32% (P < 0.01)
and 61% (P < 0.01) relative to the mean value measured in
the control cybrid cell lines, respectively.

Decrease in mitochondrial membrane potential

The mitochondrial membrane potential (��m) generated
by proton pumps (Complexes I, III and IV) is the central
bioenergetic parameter that controls respiratory rate, ATP
synthesis and the generation of reactive oxygen species (47).
The mitochondrial membrane potentials (��m) of three
mutant and three control cell lines were measured through
the fluorescence probe JC-10 assay system. As illustrated in
Figure 7, the average levels of the ��m in three mutant cy-
brids carrying the m.4401A>G mutation ranged from 67%
to 74%, with an average of 70% (P < 0.01) of the mean value

measured in three control cybrids. Conversely, the levels of
��m in three mutant cybrids in the presence of FCCP were
comparable with those measured in three control cybrid cell
lines.

Increasing production of mitochondrial ROS

Excess productions of ROS caused by mitochondrial dys-
functions have been linked to the pathology of hyperten-
sion (58,59). To assess if the m.4401A>G mutation elevated
the production of mitochondrial ROS, the levels of mito-
chondrial ROS generation in three mutant cybrids cell lines
carrying the m.4401A>G mutation and three control cy-
brid cell lines lacking the mutation were measured using
MitoSOX assay via flow cytometry under normal condi-
tions and then following H2O2 stimulation (29,48). Geo-
metric mean intensity was recorded to measure the produc-
tion rate of ROS of each sample. As shown in Figure 8A
and B, the levels of ROS generation in the mutant cybrid
cell lines carrying the m.4401A>G mutation ranged from
130.9% to 132.2%, with an average of 131.4% (P < 0.01) of
the mean value measured in control cybrid cell lines under
unstimulated conditions. As illustrated in Figure 8C and D,
the levels of ROS generation in three mutant cybrid cell lines
varied from 121.6% to 125.3%, with an average of 123.8%
(P < 0.01) of the mean values measured in three control cy-
brid cell lines under stimulation conditions.
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Figure 5. Western blot analysis of mitochondrial proteins. (A) Analysis of mtDNA encoding proteins. Five micrograms of total mitochondrial proteins
from various cell lines were electrophoresed through a denaturing polyacrylamide gel, electroblotted and hybridized with antibodies specific for ND1,
ND2, ND4, ND5, ND6, CO2, CYTB and ATP8 and with Tom20 as a loading control, respectively. (B) Quantification of total mitochondrial protein
levels. The average levels of 8 mitochondrial proteins in mutant and control cell lines were determined as described elsewhere (29,43). (C) Quantification of
8 polypeptides. The levels of ND1, ND2, ND4, ND5, ND6, CO2, CYTB and ATP8 in mutant and control cell lines were determined as described elsewhere
(29,43). (D) Analysis of five OXPHOS subunits encoded by mtDNA and nuclear genes. Five micrograms of total mitochondrial proteins from various cell
lines were electrophoresed through a denaturing polyacrylamide gel, electroblotted and hybridized with antibody cocktail specific for subunits (ATP5A,
UQCRC2, SDHB, CO2 and NDUFB8) of each OXPHOS complex and with TOM20 as a loading control. Graph details and symbols are explained in the
legend to Figure 3.

Promoting autophagy

To investigate if the increasing production of mitochondrial
ROS caused by the m.4401A>G mutation regulated the au-
tophagy, the autophagic states of various mutant and con-
trol cell lines were analyzed using both fluorescence-based
cytometry and Western-blotting assays. First, CYTO-ID®

Autophagy Detection Kits were used with flow cytometry
to examine the degree of autophagy of mutant and con-
trol cell lines (49,50). As shown in Figure 9A, a significant
shift in the fluorescence peak to high intensity occurred in
the mutant cell lines, as compared with those in controls.
The levels of autophagy in three mutant cells varied from
147.2% to 156.8%, with an average of 152.6% (P < 0.01)
of the mean values measured in three control cybrid cell
lines (Figure 9B). We then performed Western blot analysis
using two markers: microtubule-associated protein 1A/1B
light chain 3B (LC3) and sequestosome 1 (SQSTM1/p62)
(60,61). During autophagy, the cytoplasmic form (LC3-I)

is processed into a cleaved and lipidated membrane-bound
form (LC3-II), which is essential for membrane biogene-
sis and closure of the membrane. LC3-II is recleaved by
cysteine protease (Atg4B) following completion of the au-
tophagosome and recycled (62). SQSTM1/p62, one of the
best-known autophagic substrates, interacts with LC3 to
ensure the selective delivery of these proteins into the au-
tophagosome (60). As shown in Figure 9C and D, the levels
of LC3-II/(LC3-I+II) in three mutant cybrids bearing the
m.4401A>G mutation were markedly increased, with an
average of 273.1% (P < 0.01) of the mean values measured
in three control cell lines lacking the mutation. However, the
levels of p62 in mutant cell lines carrying the m.4401A>G
mutation were comparable with those in three control cell
lines lacking the mutation (Figure 9C and E). These data
suggested that the m.4401A>G mutation promoted the au-
tophagy in the mutant cybrids.
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Figure 6. Respiration assays. (A) An analysis of O2 consumption in the various cell lines using different inhibitors. The rates of O2 (OCR) were first mea-
sured on 1 × 104 cells of each cell line under basal condition and then sequentially added to oligomycin (1.5 �M), carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone(FCCP) (0.15 �M), rotenone (1 �M) and antimycin A (5 �M) at indicated times to determine different parameters of mitochondrial
functions. (B) Graphs presented the ATP-linked OCR, proton leak OCR, maximal OCR, reserve capacity and non-mitochondrial OCR in mutant and
control cell lines. Non-mitochondrial OCR was determined as the OCR after rotenone/antimycinA treatment. Basal OCR was determined as OCR be-
fore oligomycin minus OCR after rotenone/antimycin A. ATP-linked OCR was determined as OCR before oligomycin minus OCR after oligomycin.
Proton leak was determined as Basal OCR minus ATP-linked OCR. Maximal was determined as the OCR after FCCP minus non-mitochondrial OCR.
Reserve Capacity was defined as the difference between Maximal OCR after FCCP minus Basal OCR. OCR values were expressed in picomoles of
oxygen/minute/microgram of protein. The average values of 3 determinations for each cell line were shown. Graph details and symbols are explained in
the legend to Figure 3.

Reduced capacity of wound healing

To examine the effect of m.4401A>G mutation-induced
alterations on angiogenesis and wound regeneration, the
wound healing assays were carried out in various mutant
and control cybrids with live-cell microscopy (33,51,63).
For this purpose, various cybrids were wounded with a
scratch and incubated with serum free medium for 24 h
to impair healing and then visualized by an optical mi-
croscopy. As showed in Figure 10A, wound healing cell mi-
grations in the mutant cybrid cell lines were significantly
lower than those in control cybrid cell lines after culture for
24 h after wounding. As showed in Figure 10B, the levels
of wound closure in three mutant cybrid lines ranged from
53.1% to 63.5%, with an average of 58.8% (P < 0.01), com-
pared with the average values of three control cybrid lines.

Weaken cellular angiogenesis

The effect of m.4401A>G mutation on angiogenesis was
further evaluated in various mutant and control cell lines
by the tube formation assay (52,53). The various cell lines
were cultured in the presence of growth factor-reduced Ma-
trigel, an extract of endothelial basement membrane, for
16 h, to induce the differentiation and tube-like structure
formation. Cells 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 (Figure 11A). The captured images were
analyzed by ImageJ with the Angiogenesis Analyzer plu-
gin to quantify different parameters, such as master seg-
ments (orange), meshes (sky blue), nodes surrounded by
junction symbol (red surrounded by blue) and branches
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Figure 7. Mitochondrial membrane potential analysis. Mitochondrial membrane potential (��m) was measured in three mutant and three control cell
lines using a fluorescence probe JC-10 assay system. The ratio of fluorescence intensities Ex/Em = 488/570 and 488/520 nm (FL570/FL520) were recorded
to delineate the ��m level of each sample. Represented flow cytometry images of mutant and control cell lines without (A) and with (B) 10 �M of FCCP.
Relative ratio of JC-10 fluorescence intensities at Ex/Em = 488/570 and 488/520 nm in absence (C) and presence (D) of 10 �M of FCCP. The average of
three to five determinations for each cell line is shown. Graph details and symbols are explained in the legend to Figure 3.

(green) (Figure 11B). As illustrated in Figure 11C, the num-
bers of nodes, junctions, master junction, master segments
and meshes, the total tube length, master segments length,
branch length and the total mesh area in three mutant cell
lines were 32%, 32%, 34%, 27%, 17%, 61%, 27%, 179% and
5%, relative to the mean values measured in three control
cell lines, respectively. The alterations in tube formation in-
dicated that the m.4401A>G mutation affected cellular an-
giogenesis.

DISCUSSION

Mitochondrial tRNA mutations are the important causes
of hypertension, accounting for 3.9% cases of 2070 Han
Chinese hypertensive subjects (6). The tissue-specific man-
ifestation of hypertension-associated tRNA mutations re-

mains elusively. Using HUVEC-derived cybrids under
the constant nuclear and mitochondrial backgrounds,
we demonstrated the profound impact of hypertension-
associated m.4401A>G mutation on mitochondrial func-
tion contributing to the pathological process of hyperten-
sion. In fact, the m.4401A>G mutation lies in the spacer
immediately to the 5′ ends of the tRNAMet at the H-strand
transcript and tRNAGln at the L-strand transcript (6,30).
Therefore, it was anticipated that the primary defects aris-
ing from the m.4401A>G mutation were the aberrant 5′
end processing of tRNAMet and tRNAGln precursors, cat-
alyzed by RNase P. In this study, the in vitro processing
analysis revealed marked reductions in the efficiency of the
5′ end processing of tRNAMet and tRNAGln precursors
carrying the m.4401A>G mutation, catalyzed by RNase
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Figure 8. 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 and three control cell lines were analyzed by Novocyte
flow cytometer (ACEA Biosciences) system using MitoSOX Red Mitochondrial Superoxide Indicator. Flow cytometry histogram showing MitoSOX-
Red fluorescence of three control cybrids (purple) and three mutant cybrids (orange) without (A) or with (B) H2O2 stimulation. The relative ratios of
fluorescence intensity were calculated in the absence (C) and presence (D) of H2O2. Graph details and symbols are explained in the legend to Figure 3.

P. By contrast, the m.4263A>G or m.5655A>G mutation
caused relatively lower decreases in the efficiency of the 5′
end processing of tRNAIle or tRNAAla precursors carrying
the mtDNA mutation(s), respectively (28,29). The aberrant
processing of tRNAMet and tRNAGln precursors were fur-
ther supported by the observations that HUVEC-derived
cybrids and parental lymphoblastoid cell lines bearing the
m.4401A>G mutation exhibited significant reductions in
the steady-state levels of tRNAMet and tRNAGln (30). How-
ever, the mechanisms involved in tRNA processing defects
arising from the m.4401A>G mutation differed for the L-
strand and H-strand polycistronic transcripts. On the H-
strand transcript, there were almost similar levels of other
matured 13 tRNAs such as tRNALeu(UUR), 12S rRNA, 16S
rRNA, mRNAs and their precursors between the mutant
and control cell lines. The processing of the precursor H-
strand transcripts, excised by RNase P and RNase Z, re-
ferred to as ‘the tRNA punctuation model’, may undergo
simultaneously as the transcriptions of HSP2 proceeds
(7,8,14,64). As a result, the aberrant tRNAMet 5′ end pro-
cessing caused by the m.4401A>G mutation did not affect
the processing of other 13 tRNAs including tRNALeu(UUR),
tRNALys, 12 mRNAs such as ND1 and COXII, 12S rRNA
and 16S rRNA which are co-transcribed from the L-strand
mtDNA (7,11–14). Conversely, the m.4401A>G mutation
not only impaired the processing of all 8 tRNAs and ND6
but also caused the accumulation of longer and uncleaved
precursors from the L-strand transcript. These were evi-

denced by lower levels of ND6 mRNA, tRNAAla, tRNAAsn,
tRNACys, tRNATyr, tRNASer(UCN), tRNAGlu, and tRNAPro

and the accumulation of longer and uncleaved precursors in
the mutant cybrids, as compared with those in control cy-
brids. In fact, the deafness-associated m.7445A>G muta-
tion in a spacer immediately to the 3′ end of tRNASer(UCN)

not only altered the 3′ end processing of tRNASer(UCN) pre-
cursor but also had long-range effects on ND6 expression
(5,23). These observations suggested that the processing of
L-strand polycistronic transcripts likely initiates by cleavage
of the 3′ end and 5′ end of tRNAGln by RNase P and RNase
Z until the transcriptions of LSP terminates. These data
demonstrated the asymmetrical processing mechanisms of
H-strand and L-strand polycistronic transcripts.

The shortages of tRNAMet, all eight tRNAs and ND6
mRNAs from L-strand transcript resulted in the impair-
ment of mitochondrial translation. In this study, ∼25%
reduction in the overall levels of eight mtDNA encod-
ing proteins were observed in mutant cybrids carrying the
m.4401A>G mutation, in agreement with ∼30% reduction
in the rates of mitochondrial translation in lymphoblastoid
cell lines carrying the m.4401A>G mutation (30). However,
there were variable decreases in the levels of ND1, ND3,
ND4, ND5, ND6, CYTB and ATP8 in the mutant cell
lines. Especially, mutant cybrids bearing the m.4401A>G
mutation exhibited marked reduction (60%) in the level of
ND6 but mildly increased level (17%) of CO2. The marked
decrease of ND6 level likely resulted from both shortage
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Figure 9. Analysis of autophagy. (A) Fluorescence histograms of representative mutant (III-3-1) and control (C19-1) cybrids measured using CYTO-
ID® Autophagy Detection Kit. Cells were incubated with DMEM in the absence and presence of rapamycin (inducers of autophagy) and chloroquine
(lysosomal inhibitor) at 37◦C for 18 h, added to CYTO-ID®-Green dye and analyzed using a Novocyte flow cytometer (ACEA Biosciences). (B) The
relative ratios of fluorescence intensity. (C) Western blot analysis of proteins LC3-I/II and p62. Twenty micrograms of total cellular proteins from various
mutant and control cell lines were electrophoresed, electroblotted and hybridized with LC3, p62 and with �-actin as a loading control. (D, E) Quantification
of autophagy markers LC3-I/II and p62 in mutant and control cell lines were determined as described elsewhere.36 The average of three determinations
for each cell line were shown. Graph details and symbols are explained in the legend to Figure 3.

of nine tRNAs and lower levels of ND6 mRNA, caused
by the m.4401A>G mutation, as in the case of those in
cell lines carrying the m.7445A>G mutation (5). How-
ever, the levels of four subunits of OXPHOS complexes
(NDUFB8, SDHB, UQCRC2 and ATP5A) encoded by nu-
clear genes were not changed in the mutant cybrids bear-
ing the m.4401A>G mutation, indicating the negligible ef-
fect of m.4401A>G mutation on the stability of OXPHOS

complexes. The impaired synthesis of these mtDNA en-
coding 13 polypeptides caused the dysfunctions of mito-
chondrial electron transport chain (64–67). Strikingly, the
rates of O2 consumption were reduced much lower in HU-
VEC derived cybrids cell lines than those in lymphoblastoid
cell lines. In particular, the HUVEC derived cybrids carry-
ing the m.4401A>G mutation displayed markedly reduced
rates in the basal OCR (62%), ATP-linked OCR (66%),
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Figure 10. Wound healing assay. (A) Representative images of wound heal-
ing assay for various control and 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 previously
(33). 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.

maximal OCR (64%) and reserve capacity (68%), in con-
trast with 20–23% reductions in the rates of total O2 con-
sumption, complex I, complex III and complex IV-derived
O2 consumption observed in the lymphoblastoid cell lines
derived from a Chinese family carrying the m.4401A>G
mutation (30). These data were correlated with ∼45% and
59% reductions in the levels of tRNAMet and tRNAGln in
the mutant HUVEC-derived cybrids, and ∼30% reductions
in the steady state levels of these tRNAs in the mutant lym-
phoblastoid cell lines (30). These discrepancies may be at-
tributed to the cell/tissue specific effects on mitochondrial
functions, especially tRNA metabolism and oxidative phos-
phorylation (68–71). Dysfunctions in the ETC caused by
the m.4401A>G mutation diminished the ATP production,
mitochondrial membrane potentials, increased the gener-
ation of ROS and subsequently disturbed the redox bal-
ance by altering the NAD/NADH ratio (57,72,73). The
impairment of oxidative phosphorylation and mitochon-
drial membrane potential yielded the increasing produc-
tion of ROS in mitochondria, which is the major site of
ROS production (10,58,74,75). The overproduction of mi-
tochondrial ROS played a key role in the pathogenesis of
cardiovascular disease, especially worsening mitochondrial

abnormalities and endothelial dysfunction (76–80). Alter-
ations in OXPHOS and mitochondrial membrane poten-
tial as well as overproduction of mitochondrial ROS af-
fected the mitophagic removal of damaged mitochondria
(81,82). In this study, markedly increased levels of LC3 but
almost no changes in the levels of p62 in cybrids carrying the
m.4401A>G mutation suggested a general increase in the
capacity of the mutant cells to generate autophagosomes
(83), in contrast with the reduced levels of LC3 in mutant
cell lines carrying the LHON-associated ND5 12338T>C
mutation (36). These indicated that the m.4401A>G muta-
tion affected the autophagy by elevation of the autophagic
degradation of ubiquitinated proteins.

The m.4401A>G mutation-induced mitochondrial dys-
functions, including decreased respiration, ATP produc-
tion, and increased production of ROS led to the pro-
found impacts on the vital functions of endothelial cells
(74,84–87). In this present study, the specific effects of
m.4401A>G mutation on angiogenesis were evidenced by
aberrant wound regeneration and weaken cellular angio-
genesis in HUVECs-derived cybrids. Especially, the mutant
cybrid cell lines exhibited lower wound healing cell migra-
tion than those in control cybrid cell lines. Furthermore,
various parameters for angiogenesis, including the number
of nodes, junctions, master junction, master segments and
meshes, the lengths of total tube, master segments, total
mesh area in the HUVECs-derived mutant cybrid lines dis-
played significant decreases as compared to those in control
cybrid lines. These dysfunctions of endothelial cells demon-
strated that the m.4401A>G mutation-induced mitochon-
drial dysfunctions contributed to the development of hyper-
tension. It is worthwhile to note that aberrant wound re-
generation and weaken cellular angiogenesis were also ob-
served in the HUVECs-derived cybrids coronary artery dis-
ease assocm.15927G>A mutation (33). The clinical hetero-
geneity manifested by these similar biochemical defects is
likely attributed to the involvement of nuclear genetic and
epigenetic factors (10,65,68,88).

In summary, our findings demonstrated the pathogenic
mechanism leading to an impaired oxidative phospho-
rylation in HUVECs-derived cybrid cell lines carrying
the hypertension-associated m.4401A>G mutation. The
m.4401A>G mutation perturbed the 5′ end processing of
tRNAMet and tRNAGln precursors. The m.4401A>G mu-
tation yielded the low level of tRNAMet but did not affect
the levels of other 13 tRNAs, 12 mRNAs 12S rRNA and
16S rRNA from the H-strand transcript. Conversely, the
m.4401A>G mutation led to the significant decreases in
the levels of all 8 tRNAs and ND6 but the accumulation
of longer and uncleaved precursors from the L-strand tran-
script. These implicated the asymmetrical processing mech-
anisms of H-strand and L-strand polycistronic transcripts.
The tRNA processing defects resulted in the impairing mi-
tochondrial translation, respiratory deficiency, diminish-
ing membrane potential, increasing production of reactive
oxygen species and altering autophagy. Furthermore, the
m.4401A>G mutation altered the angiogenesis, evidenced
by aberrant wound regeneration and weaken tube forma-
tion in mutant cybrids. Our findings provide new insights
into the pathophysiology of hypertension arising from mi-
tochondrial tRNA processing defects.
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Figure 11. Tube formation assay. Cells (3 × 105) from various control and mutant cybrid cells were grown and resuspended with medium and loaded
on top of Matrigel. Following incubation at 37◦C for 10 hours, 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 10 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
number of nodes, number of junctions, number of master junctions, number of master segments, number of meshes, total tube length, total master segments
length, total branch length, and total mesh area. 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.
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