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Leber’s Hereditary Optic Neuropathy (LHON) เปนโรคไมโตคอนเดรียที่พบบอยที่สุดโรคหนึ่ง  
มีสาเหตุทําใหตาบอด  ซึ่งจะแสดงอาการเดนชัดในวัยรุนชาย  แมวามีการกลายพันธุของดีเอ็น
เอไมโตคอนเดรียตําแหนงที่ 11778G>A, 14484T>C หรือ 3460G>A เปนส่ิงจําเปนแรกที่จะ
กอใหเกิดโรค  แตไมสามารถบอกถึงการแสดงออกของโรคได  แมวาการกลายพันธุนี้จะมีมา
ตั้งแตเกิด   และส่ิงเหลาน้ีก็ไมสามารถบอกถึงการแสดงออกของโรค LHON ไดเชนกัน  เชน 
เพศชาย, การถายทอดพันธุกรรมแบบไมสมบรูณ, ชวงอายุของการเกิดโรค   จากสิ่งเหลาน้ี
นําไปสูความสนใจยีนในนิวเคลียสวาเปนตัวที่ทําใหเกิดการแสดงออกของโรคไดหรือไม   เพ่ือ
ตรวจสอบวายีนในนิวเคลียสตัวไหนที่สังเคราะหโปรตีนในไมโตคอนเดรีย และที่มีอิทธิพลตอการ
พัฒนาของโรค LHON และเพ่ือพิสูจนวายีนในนิวเคลียสมีผลตอการกลายพันธุของโรค LHON   
ในการทดลองนี้จะศึกษาโปรตีนในไมโตคอนเดรียจากเซลลไฟโบรบลาสของคนที่แสดงอาการ
ของโรค LHON (affected)(n = 7), คนที่ไมแสดงอาการของโรค LHON (unaffected) ( n = 3) 
และคนปกติ (control) (n = 5)  โดยทําการวิเคราะหดวย 2-DE และ MS / MS เพ่ือจําแนก
โปรตีน  จากการทดลองพบโปรตีน 29 ชนิดที่มีความแตกตางกันในคนที่มียีนไมโตคอนเดรีย
ผิดปกติ 11778G>A (affected) และกลุมคนปกติ (control)    โปรตีน 4 ชนิด ถูกเลือกมา
ตรวจสอบโดยใชเทคนิค western blot เพ่ือยืนยันผลการทดลอง   โปรตีน 29 ชนิดที่ไดมาจาก 
2-DE มี 20 ชนิดที่แตกตางอยางมีนัยสําคัญระหวางกลุมที่แสดงอาการของโรค (affected) และ
กลุมคนปกติ (control)  ในขณะที่มีโปรตีน 23 ชนิดที่แตกตางกันระหวางกลุมที่มียีนผิดปกติแต
ไมแสดงอาการ (unaffected) และกลุมคนปกติ (control)   มีโปรตีน 7 ชนิดที่มีความแตกตาง
อยางมีนัยสําคัญระหวางกลุมที่มียีนผิดปกติและแสดงอาการ (affected) และกลุมที่มียีนผิดปกติ
แตไมแสดงอาการ (unaffected)   โปรตีนสวนใหญที่ไดจากการศึกษาจะอยูในไมโตคอนเดรีย 
ซึ่งจะถูกควบคุมจากการกลายพันธุ 11778G>A   โปรตีนเหลาน้ีพบใน หนวยยอยของ 
OXPHOS, intermediary metabolism, nucleoid related proteins, chaperones, cristae 
remodeling และเอนไซมตอตานอนุมูลอิสระ   เปนที่นาสนใจวา กลุมที่มียีนผิดปกติและแสดง
อาการ (affected)  และกลุมที่มียีนผิดปกติแตไมแสดงอาการ (unaffected) มีโปรตีนที่คลายกัน
ตอการตอบสนองของการกลายพันธุ  11778G>A  ยกเวนบางโปรตีนที่พบระหวางกลุมที่มียีน
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ผิดปกติและแสดงอาการ (affected)  และกลุมคนปกติ (control) หรือ กลุมที่มียีนผิดปกติแตไม
แสดงอาการ (unaffected)    และกลุมคนปกติ (control)    การศึกษาความสัมพันธระหวาง
โปรตีนจะพบโปรตีน 2 แบบ คือ โปรตีนที่เก่ียวของกับชีวพลังงาน และโปรตีนที่เก่ียวของกับ
การพับของโปรตีนอ่ืน เพ่ือยืนยันผลการศึกษาที่ไดนี้จะตองนํามาวิเคราะหการทํางาน และการ
รวมกลุมกันของโปรตีนตอไป  สิ่งสําคัญที่พบในการศึกษานี้ คือ โปรตีนที่อยูในซลลที่มีการกลาย
พันธุของโรค LHON จะลดลง  ซึ่งทําใหมีผลกระทบตอการหายใจโดยใชออกซิเจน และระบบ
การควบคุมคุณภาพของโปรตีน  สภาวะเหลาน้ีไมเหมาะสมกับเซลลที่ตองการใชพลังงานมาก
อยางเชน เซลลประสาทตา  
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Abstract 
 

Project Code: BRG5180006  
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(LHON) 
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Leber’s Hereditary Optic Neuropathy (LHON) is one of the commonest mitochondrial 
diseases causing total blindness, affecting predominantly in young male. Though either 
of the primary mitochondrial DNA mutation 11778G>A, 14484T>C or 3460G>A is 
essential to develop the disease, it cannot explain the characteristic features of LHON 
such as male preference, incomplete penetrance, relatively later age of onset, though 
mutation is present since birth.  This calls for attention to nuclear genes as modifiers in 
disease expression.  In order to explore the nuclear encoded mitochondrial proteins 
which influence the development of LHON and to identify the nuclear response to the 
LHON mutation, a proteomic approach was used to decipher the mitochondrial proteins 
from fibroblasts of affected LHON (n=7), unaffected LHON (n=3) and the control (n=5).  
2-DE followed by MS/MS analysis identified 29 proteins which were differentially 
expressed between the 11778G>A LHON mutant fibroblasts and those of the controls.  
The proteomic data were successfully validated by western blot analysis of 4 selected 
proteins.  Out of 29 proteins identified by 2-DE proteomics, 20 different proteins were 
significantly different between the affected and the control groups while 23 proteins 
were different between the unaffected and the controls.  Comparison between the 
affected and the unaffected groups revealed 7 different proteins which were significantly 
different.  Most of the proteins identified in the study were from the mitochondrial 
proteins and they were down regulated in 11778G>A mutant fibroblasts.  These proteins 
were from the subunits of OXPHOS, intermediary metabolism, nucleoid related proteins, 
chaperones, cristae remodeling and an anti-oxidant enzyme.  Interestingly, the 
proteomic profiles of the affected and unaffected LHON shared many proteins, revealing 
the similar proteomic response to 11778G>A mutation, except some proteins which 
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were particularly observed in the comparisons between the affected and the control or 
in the unaffected and the control.  Protein-protein interaction analysis of identified 
proteins showed two broad categories: those related with bioenergetic pathway and 
those related with protein folding.  This result is further supported by functional 
annotation and clustering analysis.  The important findings of the present proteomic 
study are that the proteomic changes in the cells with LHON mutation were mostly 
down regulation, and that the aerobic respiration and the protein quality control system 
of the mitochondria are critically affected, the conditions that would be incompatible with 
the higher energy demanding cells such as the retinal ganglion cells. 
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Executive summary 
 
Leber hereditary optic neuropathy (LHON) is a mitochondrial genetic disease that 
commonly causes blindness in young adult males.  Three primary mitochondrial DNA 
mutations are found in more than 95% of LHON cases worldwide.  The marked 
incomplete penetrance and gender bias of this disease indicates that additional genetic 
and/or environmental factors are required for the phenotypic expression of the 
pathogenic mtDNA mutations in LHON.  Numerous efforts have been done to have a 
better understanding on the pathogenesis of LHON, covering from the single gene study 
to global gene expression profile, especially to hunt for nuclear modifier, if any present.  
The oligonucleotide microarrays of LHON using cybrids and lymphoblastoid cell line and 
global gene expression profile (transcriptomic profiles) in LHON lymphocytes have been 
studied but yielded limited results.  In the present study, we explored the differential 
mitochondrial proteomic profiles of affected LHON (n=7), unaffected LHON (n=3) and 
the control (n=5) fibroblasts using 2 Dimensional polyacrylamide gel electrophoresis (2-
DE) and mass spectrometry.  Out of 29 proteins identified by 2-DE proteomics, 20 
different proteins were significantly different between the affected and the control groups 
while 23 proteins were different between the unaffected and the controls.  Comparison 
between the affected and the unaffected groups revealed 7 different proteins which 
were significantly different.  Most of the proteins identified in the study were from the 
mitochondrial proteins and they were down regulated in 11778G>A mutant fibroblasts.  
These proteins were from the subunits of OXPHOS, intermediary metabolism, nucleoid 
related proteins, chaperones, cristae remodeling and an anti-oxidant enzyme.  Protein-
protein interaction analysis of identified proteins showed two broad categories: those 
related with bioenergetic pathway and those related with protein folding.  This result is 
further supported by functional annotation and clustering analysis.  The important 
findings of the present proteomic study are that the proteomic changes in the cells with 
LHON mutation were mostly down regulation, and that the aerobic respiration and the 
protein quality control system of the mitochondria are critically affected, the conditions 
that would be incompatible with the higher energy demanding cells such as the retinal 
ganglion cells. 
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บทนํา 

Leber’s hereditary optic neuropathy (LHON) [OMIM 535 000] is one of the 
commonest mitochondrially inherited diseases, with a prevalence of ~ 1:31,000 – 50,000 
in some parts of Europe (1).  It is also one of the common causes of blindness in young 
men.  More than 80% of LHON patients are male with varying degree of the male to 
female ratio (2).  As a result of degeneration of retinal ganglion cell layers, the patients 
usually develop symptoms of acute or sub-acute painless loss of central vision, either in 
both eyes simultaneously or in one eye followed by the other eye within 6-12 weeks 
after the initial onset.  They also have fading of colors and deterioration of visual acuity 
(3).  Most affected persons suffer sudden monophasic visual loss but some present as a 
subclinical condition with a low-grade constant deterioration of retinal ganglion cells.  
The typical age of onset of the disease is between 15 – 35 years varying from 8 - 60 
years (4-5). 

The three missense mitochondrial DNA (mtDNA) mutations 11778G>A 
(p.R340H; ND4), 14484T>C (p.M64V; ND6), 3460G>A (p.A52T; ND1) are the primary 
mutations responsible for 95% of worldwide LHON cases (6).  All of the LHON patients 
detected so far in Thailand carry 11778G>A (>90% of cases) or 14484T>C (7-8).  
Though the primary mutation is essential to develop the disease, the primary mutation 
per se cannot explain the distinctive features of LHON (6, 9).  To have better 
understanding on the pathogenesis of the LHON, there are some issues that need to be 
addressed, especially in the context of male preference, incomplete penetrance, 
relatively later age of onset though mutation is present since birth and retinal ganglion 
cells being the only affected tissue.  The level of heteroplasmy of mutant mtDNA, 
mtDNA background and haplogroups, nuclear DNA background, and environmental 
factors are supposed to influence the development of LHON for certain extent (5-6, 10-
15). 

Numerous efforts have been done to have a better understanding on the 
pathogenesis of LHON, covering from the single gene study (16-18) to global gene 
expression profile (19-21), especially to hunt for nuclear modifier, if any present.  Given 
that OXPHOS subunits are encoded by both mitochondrial and nuclear genes and that 
there are numerous cross-talks between the mitochondria and the nucleus, 
consequently, differential expressions of not only the mitochondrial genes but also the 
nuclear genes are observed in various OXPHOS deficiency models (22).  The 



oligonucleotide microarrays of LHON using cybrids and lymphoblastoid cell line revealed 
that there are some LHON-specific transcriptional alterations of the metabolic proteins, 
chromosomal organization, regulation of cell proliferation and apoptosis in the cells 
bearing LHON mutations (19).  Another study has found that mitochondrial diseases 
including LHON have up-regulation of multiple transcripts of the unfold protein response 
(UPR) and inhibition of transcripts involved in vesicular secretion, protein synthesis and 
oligodendrogenesis (21).  Recent analysis of global gene expression profile in LHON 
lymphocytes reveals up-regulation of 137 genes and down-regulation of 152 genes - 
most were related to immune response, carbohydrate metabolism, lipid metabolism, 
amino acid phosphorylation, electron transport, and apoptosis (20). 

In addition to the transcriptomic profiles, there are some reports for the 
proteomic profiles of the mitochondria in different mitochondrial disorders and different 
experimental settings (23-28).  Proteome of mitochondria contains  approximately 1,000 
proteins and 99% of which are the products of nuclear genes (29).  The coordinated 
expressions of imported nuclear encoded proteins as well as 13 mtDNA encoded 
proteins are crucial for the integrity of mitochondrial functions.  In the case of various 
OXPHOS deficiency, nuclear genes respond in many ways (22).  Interestingly, there is 
no general consensus for the direction (up or down regulation) of the nuclear response 
in mitochondrial disorders though there are some reports for the higher occurrences of 
down regulation than up regulation (21, 24, 30).  Moreover, differential expression is 
usually observed with nuclear encoded mitochondrial proteins belonging to a variety of 
functional pathways in addition to the subunits of OXPHOS. 

With these distinct characteristics of mitochondrial proteins in cellular 
homeostasis, there would be no surprising that alteration in mitochondrial proteins are 
found to be frequently associated with many diseases including neurodegenerative 
diseases such as Alzheimer’s (31-32) and Parkinson’s (33-34) diseases and aging 
processes (26, 35).  There is a limited study on comprehensive expression profiles of 
mitochondrial proteins in LHON which is also a neurodegenerative disease.  Therefore, 
in the present study, we explored the differential mitochondrial proteomic profiles of 
affected LHON, unaffected LHON and the control fibroblasts using 2 Dimensional 
polyacrylamide gel electrophoresis (2-DE) and mass spectrometry.  This mitochondrial 
proteomic profile will provide more understanding of the consequences and the gene 
expression response in OXPHOS deficiency of LHON. 



วตัถปุระสงคข์องโครงการ 

 1. To search for the nuclear encoded mitochondrial proteins influencing the 
expression of LHON 

 2. To get the information of the response of nucleus to LHON mutation 
through nuclear encoded mitochondrial proteins 

วิธีดาํเนินการวิจยั 

1. Sample 
The sample type employed in this study was the cultured dermal 

fibroblasts directly obtained from the individuals belonging to the three groups of study 
populations: affected LHON, unaffected LHON and the control. 

There were seven affected LHON patients participating in this study.  
Affected LHONs were those who had already been diagnosed as having LHON by the 
ophthalmologist and they had been confirmed as bearing homoplasmic at mtDNA 
11778G>A.  These 7 patients were from 3 different unrelated pedigrees with different 
mtDNA haplogroup background.  There were three unaffected LHON individuals 
participating in the study.  Each individual was from each pedigree of affected LHON 
and was maternally related with the affected individuals (Appendix I and II).  At the time 
of sample collection, the clinical signs and symptoms of LHON had not arisen in these 
three individuals. 

As a control group, five individuals with no familial history of eye 
diseases were recruited.  They were recruited during their visit to Siriraj Hospital, 
Bangkok, Thailand, for other medical reasons apart from the eye related ailment or other 
chronic metabolic diseases.  All of the participants were explained the nature of the 
study and the informed consent was obtained before taking the biopsy.  This study was 
approved by the Ethics Committee of the Mahidol University, Faculty of Medicine, Siriraj 
Hospital (No. 161/2551) and the study was conducted according to the principal of the 
World Medical Association’s Declaration of Helsinki. 

2. Inoculation of dermal fibroblasts 
A 4 mm punch biopsy from the lateral forearm was taken from the seven 

affected and three unaffected individuals with LHON mutation under strict aseptic 
condition and local anesthesia.  Surgically removed skin biopsies were obtained from 
five normal controls during their operations for other medical reasons at the Department 



of Orthopedic, Siriraj Hospital.  The specimens were immediately put in sterile 
Dulbecco’s Modified Eagle Medium (DMEM) and sent to the laboratory at 4 oC.  Under 
the laminar flow hood, the subcutaneous fat was removed and the remaining dermal 
tissue was chopped into several pieces as small as possible.  2-3 pieces were put into 
each 35 mm petri dish and covered with a sterile cover-slip (36).  One or two spots of 
sterile grease were applied making sure that the cover-slip would attach the dish.  The 
chopped skin pieces were then allowed to grow in media containing 12% (v/v) Fetal 
Bovine Serum (FBS) in DMEM, Amphotericin B (1 μg/ml), penicillin (100 U/ml), 
streptomycin (100 μg/ml), 2mM L-Glutamine, uridine 50 μg/ml (37) in 5% CO2 incubator 
at 37 oC.  Within 2 weeks, the proliferating fibroblasts were found attached to the petri 
dish.  After culturing for further 2-3 weeks, the fibroblasts reached 80-100% confluence 
resulting in the attachment of the cells to the base of the petri dish as well as to the 
cover-slip. 

When the fibroblasts were 80-100% confluence, they were trypsinized.  
The fibroblasts on the cover slip and inside the petridish were washed with 1-2 ml of 
PBS and trypsinized with 1 ml of 0.25% trypsin-EDTA (w/v) and incubated at 37 oC for 
1-2 min.  The trypsinization was stopped by adding the previously kept culture medium 
containing FBS.  The cell suspension was transferred to the 15 ml tube and centrifuged 
for 10 min at 1,500 rpm.  The supernatant was discarded and the cell pellet was re-
suspended with 1 ml of warm culture medium.  The cell suspension was then 
transferred to a 25-cm2 flask.  3 ml of culture medium was added and incubated at 37 
oC in 5% CO2.  In this way, the first passage of the primary fibroblast culture was 
established. 

The fibroblasts were then serially sub-cultured with 75-cm2 flask and 
expanded till passage 6 in which required amount of cell number was obtained for the 
later experiment.  In every passage, the culture medium was refreshed 3 times a week.  
Cells were then harvested for mitochondrial isolation. 

3. Confirmation of the purity of fibroblasts 
To confirm that the fibroblasts which would be used for mitochondria 

extraction and further experiments were free from other cell type such as the epithelial 
cells, immunofluorescent staining was performed using fibroblast specific antibody.  The 
cells were washed three times with PBS and fixed in 3.8% formaldehyde in PBS at room 
temperature for 10 min.  After rinsing with PBS, the fixed cells were blocked with 1% 
BSA in PBS for 30 min.  Mouse monoclonal anti-fibroblast surface protein antibody 
(Abcam, Cambridge, USA; ab11333) (1:50) was added and the mixture was incubated 



for 2 hr at room temperature.  After washing with PBS for 3 times, the cells were further 
incubated with the secondary antibody (rabbit anti-mouse conjugated with FITC 1:2,000 
in 1% BSA in PBS) and Hoechst-dye 33342 (Thermo Fisher Scientific, Rockford, IL 
USA) at a dilution of 1:1,000 at room temperature in the dark.  Then, the cells were 
rinsed with PBS and then mounted with anti-phase solution on glass slide under 
fluorescent microscopy (Nikon ECLIPSE 80i, Nikon Corp.; Tokyo, Japan). 

4. Mitochondrial Isolation 
Mitochondria were isolated by the differential centrifugation (95).  Before 

trypsinization, the cultured cells were washed with chilled PBS for at least 4 times, to 
make sure that there was no residual FBS.  The cultured fibroblasts were then 
trypsinized with 0.25% trypsin-EDTA.  0.5 x 106 cells were suspended in 1 ml of 
isolation buffer containing 0.25 M sucrose, 10 mM HEPES (pH 7.5) and 0.1 mM EDTA.  
The cell suspension was sonicated with a probe sonicator (Bandelin Sonopuls HD 200; 
Bandelin electronic; Berlin, Germany) at MS 72/D (50 cycles) for 10 sec.  The cell lysate 
was centrifuged for two times at 1,000 x g for 10 min to remove cell debris and intact 
cells, if any present.  The supernatant was collected and centrifuged at 20,000 x g for 
30 min.  The pellet was saved and washed with the buffer containing 0.25 M sucrose 
and 10 mM HEPES (pH 7.5) and centrifuged again at 20,000 x g for 20 min. As a final 
step, the mitochondrial pellet was washed with PBS and centrifuged at 20,000 g for 10 
min.  All the extraction procedures were performed at 4 oC.  The mitochondrial pellet 
was lyzed by Laemallie buffer or 2-D buffer depending on the subsequent step of the 
experiment.  The lyzed mitochondrial fraction was kept at -20 oC until use. 

5. Confirmation of purity of mitochondria 
To confirm the purity of mitochondria, the mitochondrial proteins and the 

proteins from the whole cell lysate were resolved by western blot analysis using 
mitochondrial and other organelle specific markers.  The mitochondrial pellet or any type 
of cell (HepG2, primary fibroblasts) subsequently used for the Western Blot experiments 
were lyzed by 2x Laemallie buffer containing 4% SDS, 10% 2-mercaptoehtanol, 20% 
glycerol, and 0.125 M Tris HCl without bromophenol blue (38). 

The protein samples were boiled for 5 min at 95 oC.  In every experiment 
of Western blot analysis, 20 μg of total proteins from each sample was loaded.  The 
proteins were resolved by 3.7% SDS-PAGE (stacking gel) and 12% SDS-PAGE 
(resolving gel) at 150 V for 2 and half hr by vertical gel electrophoresis.  The resolved 
proteins in the gel were then electro-transferred to nitrocellulose membrane by semidry 
transfer method (Bio-Rad; Hercules, CA) for 1 hr and 20 min at constant current of 75 



mA.  Non-specific binding to the membrane was blocked with 5% skimmed milk in PBS 
for 1 hr.  The blocked membrane was probed with the desired specific primary antibody 
in 1% skimmed milk or 1% Bovine Serum Albumin in PBS for overnight at 4 oC at a 
concentration according to manufacturers’ instructions.  The membrane was washed 
with PBS for 3 times (5 min each). Then it was further incubated with the respective 
secondary antibody conjugated with horse radish peroxidase (Dako, Glostrup, Denmark) 
in 1% skimmed milk in PBS or 1% BSA in PBS.  The incubation with the secondary 
antibody was carried out at room temperature for 1 hr with half the concentration used 
for the primary antibody in each experiment.  Bands were visualized by Super Signal 
West Pico chemiluminescence substrate (Pierce Biotechnology Inc.; Rockford, IL, USA).  
The following primary antibodies were used: rabbit polyclonal anti-voltage dependent 
anion selective channel protein 1 (VDAC-1, a mitochondrial marker) (Abcam, Cambridge, 
USA; ab11333), rabbit polyclonal anti-lysosomal associated membrane protein-2 (LAMP-
2, lysosomal marker) (Abcam, Cambridge, USA; ab37024), rabbit polyclonal anti-
Calnexin, an Endoplasmic Reticulum marker) (Abcam, Cambridge, USA; ab22595), 
rabbit polyclonal anti-Catalase, a peroxisomal marker) (Abcam, Cambridge, USA; 
ab16731), mouse monoclonal anti-c-jun, a nuclear marker) (Santa Cruz Biotechnology, 
Inc, sc166540), mouse monoclonal anti--tubulin, a cytoplasmic markers) (Santa Cruz 
Biotechnology, Inc, sc23948). 

6. Two-Dimensional Electrophoresis 
Mitochondrial pellets derived from cultured primary fibroblasts of seven 

affected LHON, three unaffected LHON and five controls were lyzed with a lysis buffer 
containing 7 M urea, 2 M thiourea, 2% CHAPS, 120 mM DTT, 40 mM Tris, and 2% 
ampholyte (pH 3-10) and incubated at 4 oC for 30 min.  Protein concentration was 
determined by Bradford method (38) .  100 μg of total mitochondrial proteins from each 
individual was mixed with rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 120 
mM DTT, 40 mM Tris-base, 2% ampholytes ( pH 3-10) and a trace of bromophenol blue 
to make the final volume of 150 μl.  The samples were rehydrated onto 7 cm 
immoblized pH gradient DryStrips (non-linear pH gradient of 3-10; GE Healthcare, 
Uppsala, Sweden) at room temperature for 16 hour.  IPG strips were focused in Ettan 
IPGphor II IEF System (GE health care) at 20 oC.  The program was set to have a 
stepwise mode of 500 V for 250 Vh; 1000 V for 500 Vh; and 5000 V for 8333 Vh to 
reach 9083 Vh. 



After isoelectric focusing, the strips were equilibrated in two different 
equilibration buffers with each time for 15 min at room temperature.  The first 
equilibration buffer contained 6 M urea, 130 mM DTT, 112 mM Tris-base, 4% SDS, 30% 
glycerol, and 0.002% bromophenol blue and the second equilibration buffer contained a 
similar component except 135 mM iodoacetamide instead of DTT.  The strips were 
further loaded on 13% polyacrylamide gel and resolved using SE260 mini Vertical 
Electrophoresis Unit (GE Health Care) at 150 V for approximately 2 hr.  The separated 
proteins were fixed with 10% methanol and 7% acetic acid for 30 min.  The fixed 
solution was then removed and the gels were stained with 20 ml of Deep Purple 
fluorescence stain (GE Healthcare) for overnight on a continuous gentle rocker.  Gel 
images were taken by Typhoon 9200 laser scanner (GE Healthcare). 

7. Analysis of Protein Spots 
Detection and matching of spots on gel images and analysis of protein 

spots were performed using ImageMaster 2D Platinum software from GE Health care.  
Parameters used for spot detection were minimal area of 10 pixels, smooth factor of 2 
and saliency of 2.  The gel containing all of the spots and with maximum number of 
spots among other gels was assigned as a reference gel.  It was used to check for the 
presence and differential expression of proteins among gels.  Background subtraction 
was performed, and the intensity volume of each spot was normalized with total intensity 
volume (summation of the intensity volumes obtained from all spots within the same 2-D 
gel).  Intensity volumes of individual spots from each gel were subjected to statistical 
analysis to compare between different groups of the study.  The statistical significant 
differential expressed protein spots were subjected to in-gel tryptic digestion and 
identification by mass spectrometry. 

8. In-Gel Tryptic Protein Digestion 
The significantly differential expressed spots of proteins were manually 

excised from the gels.  The excised gel pieces were washed twice with 200 μL of 50% 
acetonitrile (ACN)/25 mM NH4HCO3 buffer (pH 8.0) at room temperature for 15 min, and 
then washed once with 200 μL of 100% ACN.  After washing, the solvent was removed 
and the gel pieces were dried.  The dried gel plugs were then rehydrated with 10 μL of 
1% (w/v) trypsin in 25 mM NH4HCO3.  After rehydration at 37 °C for 30 min, the gel 
pieces were crushed with siliconized blue stick and further incubated with 1% (w/v) 
trypsin at 37 °C for at least 16 h.  Peptides were subsequently extracted twice with 50 
μL of 50% ACN/5% trifluoroacetic acid; the extracted solutions were then combined and 
dried with the Speed Vac concentrator.  The peptide pellets were resuspended with 10 



μL of 0.1% TFA and concentrated.  The peptide solution was then washed with 10 μL of 
0.1% formic acid by drawing up and expelling the washing solution three times. The 
peptides were eluted with 5 μL of 75% ACN/0.1% formic acid. 

9. Protein Identification by Mass Spectrometry (Q-TOF MS and/or 
 MS/MS) and Sequence Analyses 

The trypsinized samples were premixed 1:1 with the matrix solution 
containing 5 mg/mL -cyano-4-hydroxycinnamic acid (CHCA) in 50% ACN, 0.1% (v/v) 
TFA and 2% (w/v) ammonium citrate, and deposited onto the 96-well MALDI target 
plate.  The samples were analyzed by Q-TOF Ultima mass spectrometer, which was 
fully automated with predefined probe motion pattern and the peak intensity threshold for 
switching over from MS survey scanning to MS/MS, and from one MS/MS to another. 
Within each sample well, parent ions that met the predefined criteria (any peak within 
the m/z 800-3000 range with intensity above 10 count + include/exclude list) were 
selected for CID MS/MS using argon as the collision gas and a mass dependent + 5 V 
rolling collision energy until the end of the probe pattern was reached.  The MS/MS data 
were extracted and searched the protein identity using the MASCOT search engine 
(http://www.matrixscience.com), assuming that peptides were monoisotopic, fixed 
modification was carbamidomethylation at cysteine residues, whereas variable 
modification was oxidation at methionine residues.  Only one missed trypsin cleavage 
was allowed, and peptide mass tolerances of 50 ppm were allowed for MS/MS ions 
search.  The searches were done against human proteins in the NCBI database 
(http://www.ncbi.nlm.nih.gov).  Peptides with ions score >34 were considered as 
significant hits.  Only the significant hits from MS/MS peptide ion search were reported. 

10. Western Blot Analysis for confirmation of 2-D proteomic results 
For validation of the level of changes of the proteins from the proteomics 

profile, western blot analysis was done.  20 μg of mitochondrial fractions each from the 
affected LHON, unaffected LHON and the control were resolved employing the same 
protocol as mentioned in 3.4.5.  The primary antibodies used were as follows: rabbit 
monoclonal HSP60 (Santa Cruz Biotechnology, Inc, sc13966), rabbit polyclonal anti-
Catalase, rabbit polyclonal anti-UQCRC1 (Abcam, Cambridge, USA; ab96333), rabbit 
polyclonal NDUFS1 (Abcam, Cambridge, USA; ab96428).  Rabbit polyclonal anti-VDAC 
was used as a loading control.  After incubating with respective secondary antibodies 
(anti-mouse or anti-rabbit), the bands were visualized by enhanced chemiluminescence 



and exposed to the film.  The band intensities were measured using ImageJ software 
(http://rsbweb.nih.gov/ij/). 

11. Functional annotation cluster analysis of Proteomic data 
Identification of the biological functions and the enrichment of the 

differentially expressed protein with respect to the functional categories were performed 
using DAVID (Database for Annotation, Visualization and Integrated Discovery)  
Functional Annotation Clustering Tool version 6.7 (http://david.abcc.ncifcrf.gov/) (40-41).  
The list of respective Uniprot accession numbers for the differentially expressed proteins 
from 2-DE proteomic profiles were uploaded to the DAVID online analysis tool with a 
default background.  Significantly enriched functional groups were classified using 
Functional Annotation Clustering, by setting the default as medium stringency. 

12. Protein interaction network 
STRING database version 9.0 (http://string-db.org/) was used in order to 

observe the protein-protein interactions comprising physical or functional association 
among the differentially expressed proteins between the affected versus control and the 
unaffected versus control (42).  The parameters were set at default value.  The lists of 
differentially expressed proteins in each comparison were loaded to the database as in 
the list of the respective gene name.  STRING output included the result from Text-
mining.  For this, thorough literature review was done to reduce the number of false 
positive interaction result which was based on mere co-mentioning in the literature. 

13. Statistical Analysis 
All the data representing the intensity volume of the spots were reported 

as mean + SEM.  For comparison between 3 different groups, the data were analyzed 
using one-way ANOVA followed by a Post Hoc Tukey-Kramer Test (SPSS, version 18).  
P value less than 0.05 was considered statistically significant. 

 

ผลการวิจยั 

Characteristics of affected LHON and unaffected LHON 

To explore the mitochondrial proteomic alteration in LHON, fibroblasts 
cultured from skin biopsy of 7 affected LHON, 3 unaffected LHON and 5 controls were 
used.  The affected LHON belonged to three different LHON pedigrees (Appendix I and 
II).  One unaffected maternally related individual was also recruited from each pedigree 
of the affected patients.  All of these LHON pedigrees were already characterized as 
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mitochondrial fraction.  After having the satisfactory result with HepG2 cells, the 
procedure for checking the sub-cellular marker analysis was carried out with the primary 
fibroblasts.  Figure 2 demonstrates that the mitochondrial marker VDAC-1 was highly 
enriched in the mitochondrial fraction comparing the whole cell lysates, either in HepG2 
or in primary fibroblasts.  In the mean time, the markers for endoplasmic reticulum, 
nuclear, lysosome and cytosol were absent or minimal in the mitochondrial enriched 
fraction except Catalase, the peroxisome marker, which was found to be present in both 
the mitochondrial fraction and the whole cell lysate from HepG2 as well as from the 
fibroblasts.  The mitochondrial fraction was highly enriched and with absent or the 
minimal level of non-mitochondrial contamination, and hence it was suitable for further 
analysis for 2-DE. 

2-D PAGE comparisons of mitochondrial fraction between affected LHON, 
unaffected LHON and the control fibroblasts 

The proteins from the mitochondrial enriched fraction from the primary 
fibroblasts were analyzed for 2-DE using pH 3-11 non-linear pH gradient strips for the 
first Dimension and 13% SDS-PAGE as a second dimension.  The individual 2-D 
mitochondrial proteome profiles from fibroblasts of affected LHON (n=7), unaffected 
LHON (n=3) and the control groups (n=5) showed an essentially identical spot pattern 
among the individual samples (Figure 3 - 6).  Approximately 800 protein spots were 
visualized on each gel.  However, among the 3 groups of the samples, there were 
distinct alterations in the proteomic profile which was revealed by spot matching analysis 
using ImageMaster 2D Platinum software.  Table 1 outlines the result of quantitative 
analysis on the intensity of the spots among the three different groups of the study. 
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Figure 2. Western blot analyses for assessment of mitochondrial enrichment 
and purity.  20 μg of mitochondrial lysate and whole cell lysate from HepG2 (A) and 
fibroblasts (B) were separated by 12% SDS-PAGE gel and checked with specific 
antibodies against various sub-cellular organelles.  (W = whole cell lysate; M = 
mitochondrial enriched fraction) (The same membrane for each cell type was stripped 
and probed with subsequent antibodies.) 

 

  



 

 

Figure 3. Mitochondrial proteomic profile of seven different affected LHON 
fibroblasts.  Equal amount of proteins (100 μg) were separated in each gel based on 
differential isoelectric point (pI) for the first dimension (x-axis), which covers pH3 (left) to 
pH10 (right) and differential molecular weight for the second dimension (y-axis) which 
stretches from approximately 6.5 kDa (bottom) to 200 kDa (top).  Separated proteins 
were visualized by Deep Purple fluorescence stain. 

  



 

Figure 4. Mitochondrial Proteomics profile of three different unaffected LHON 
fibroblasts.  Equal amount of proteins (100 μg) were separated in each gel based on 
differential isoelectric point (pI) for the first dimension (x-axis), which covers pH3 (left) to 
pH10 (right) and differential molecular weight for the second dimension (y-axis) which 
stretches from approximately 6.5 kDa (bottom) to 200 kDa (top).  Separated proteins 
were visualized by Deep Purple fluorescence stain. 

  



 

 

 

Figure 5. Mitochondrial Proteomics profiles of five different control fibroblasts.  
Equal amount of proteins (100 μg) were separated in each gel based on differential 
isoelectric point (pI) for the first dimension (x-axis), which covers pH3 (left) to pH10 
(right) and differential molecular weight for the second dimension (y-axis) which 
stretches from approximately 6.5 kDa (bottom) to 200 kDa (top).  Separated proteins 
were visualized by Deep Purple fluorescence stain. 
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Table 1. Quantitative data and the statistical analysis of the intensity volume of the spots between the three different groups of study. 

 

 

 

 

 

 

 

 

 

 

 

  # indicates the P value based on Post Hoc Tukey Test. 
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Table 1 (continued). Quantitative data and the statistical analysis of the intensity volume of the spots between the three different groups of 
study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  # indicates the P value based on Post Hoc Tukey Test 

 



19 
 

Table 1 (continued). Quantitative data and the statistical analysis of the intensity volume of the spots between the three different groups of 
study. 

 

 

 

 

 

 

 

 

 

 

 

 

  # indicates the P value based on Post Hoc Tukey Test 
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Interestingly, many of the intensity levels of all differentially expressed spots 
were decreased in the affected or unaffected LHON comparing with the control group.  The 
degree of fold change between the affected and the control group ranged from 0.47 to 2.05.  
Meanwhile, the changes between the unaffected and the control group ranged from 0.28 to 
3.90 fold.  Of these significantly altered protein spots, all together 60 spots from the three 
groups of the samples were excised from 2D gels and were allowed to undergo protein 
identification by MS or MS/MS analysis.  Using the MS/MS approach, 29 different proteins were 
successfully identified with some redundancy in the identity of the protein (Table 2). 

Differentially expressed proteins between affected LHON and the control fibroblasts 

20 different proteins from 20 different spots were identified by MS/MS analysis 
when comparing the mitochondrial proteomic profile of fibroblasts from the affected LHON and 
the control group according to the result from Post Hoc Tukey- Kramer Test after one way 
ANOVA analysis (Table 3).  However, Protein Disulfide Isomerase (PDI, spot ID573) was found 
to be significantly different if the comparison was regarded only as two-groups (affected versus 
the control) and employing the 2-sided unpaired student’s t test (P=0.0098).  According to one-
way ANOVA, the comparison of the intensity volume of this spot between 3 different groups did 
not reach statistical significant (P=0.065), making it invalid for post-Hoc test significant.  To 
ensure the detection of as many differentially expressed proteins as possible, PDI would be 
included in the further analysis. 

The evaluation of the localization or the functional association of these proteins 
with the mitochondrial compartment was based on the MitoMiner database (44).  The results 
indicated that most of the proteins observed were mitochondrial resident proteins and some of 
them have functional association with mitochondria, though they are also expressed in other 
compartments of the cell (Table 4). 

Functional assignment of each protein was done based on Nextprot (45).  The 
proteins which were significantly different between the affected and the control groups 
comprised those of the intermediary metabolisms, subunits of OXPHOS, a cristae remodelling 
protein, an antioxidant enzyme, those involved in protein quality control system such as various 
chaperonins and the proteases, those involved in mitochondrial gene expression and proteins 
of cellular signalling and cytoskeletal structure (Table 4).  All of the proteins except Ubiquinol-
cytochrome c Core 1 protein (a subunit of complex III of OXPHOS) were down regulated in the 
mitochondrial proteome of the fibroblast of affected LHON patients comparing with the control.
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Table 2. Identification of altered proteins observed in the study. 
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Table 2 (continued). Identification of altered proteins observed in the study. 
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Table 3. Identification of altered proteins between the affected and the control groups. 

 

 

 P# - according to Tukey Post Hoc test, after significant results with one Way-ANOVA (P<0.05) as indicated in Table 4.1 

 $ - The spot does not show significant different with ANOVA.
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Table 4. Functional categories and sub-cellular localizations of all the 
proteins identified in the study.  The information for sub-cellular localization was 
based on MitoMiner Database (44). 

Proteins Gene localization 
Intermediary metabolism: 
TCA cycle and Carbohydrate Metabolism   
2-oxoglutarate dehydrogenase, 
mitochondrial isoform 1 precursor  

Ogdh M 

Glycerol-3-phosphate dehydrogenase, 
mitochondrial 

GPD2 M 

Dihydrolipoyl dehydrogenase, mitochondrial DLD M 
Pyruvate dehydrogenase E1 component subunit alpha, 
somatic form, mitochondrial 

PDHA1 M 

Succinate dehydrogenase [ubiquinone] 
flavoprotein subunit, mitochondrial # 

SDHA M 

Intermediary metabolism: Fatty acid Catabolism 
  

Methylmalonyl-CoA mutase, mitochondrial MUT M 
Trifunctional enzyme subunit alpha, mitochondrial  HADHA M 
Very long-chain specific acyl-CoA dehydrogenase, 
mitochondrial 

ACADVL M 

Propionyl-CoA carboxylase PCCA M 
intermediary metabolism: Amino acid Metabolism 

  
Glutaminase  GLS2 M 
Glutamate dehydrogenase 1, mitochondrial GLUD1 M 
Subunits of oxidative phosphorylation 
and electron transport function   
Succinate dehydrogenase [ubiquinone] 
flavoprotein subunit, mitochondrial # 

SDHA M 

M= Mitochondria, MI=Mitochondrial intermembrane space, ER=Endoplasmic Reticulum, 

C=Cytoplasm, N= Nucleus, ER*=Mitochondrial associated ER membrane, 

CSK=cytoskeleton, # denotes more than one categories of functions. 



25 
 

Table 4 (continued). Functional categories and sub-cellular localizations of all the 
proteins identified in the study. 

Proteins Gene Localization 

Cytochrome b-c1 complex subunit 1, mitochondrial UQCRC1 M 

Electron transfer flavoprotein subunit alpha, 

mitochondrial isoform  

ETFA M 

ATP synthase subunit alpha, 

mitochondrial precursor  

ATP5A1 M 

NADH dehydrogenase (ubiquinone) 

Fe-S protein 1,75kDa (NADH-coenzyme Q reductase)  

NDUFS1 M 

Cristae remodelling   

Mitochondrial inner membrane protein  IMMT M 

Mitochondrial Gene expression   

Leucine-rich PPR motif-containing protein, 

mitochondrial  

LRPPRC M 

Lon protease homolog, 

mitochondrial precursor# 

LONP1 M 

signal transduction   

Major vault protein  MVP N,M 

Glucosidase 2 subunit beta PRKCSH ER 
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Proteins Gene Localization 

   
Protein stability and degradation of protein   

Lon protease homolog, mitochondrial precursor# LONP1 M 

Stress-70 protein, mitochondrial / 

Heat shock 70 kDa protein 9 / MTHSP75 

HSPA9 M;C 

60 kDa heat shock protein, mitochondrial HSPD1 M, C 

DnaJ homolog subfamily B member 11 DNAJB11 ER,M 

protein disulfide-isomerase A3  PDIA3 ER* 

Anti-oxidant enzymes   

Catalase  CAT P, MI 

Cytoskeletal protein   

Vinculin VCL CSK 

Actin, cytoplasmic 1 ACTB CSK 

Vimentin VIM CSK 

Others   

Myosin-9/Cellular myosin heavy chain-type A  MYH9 C,M 
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Differentially expressed proteins between unaffected LHON and the control fibroblasts 

24 different proteins from 31 different spots which are differentially expressed 
between the unaffected LHON and the control fibroblasts were identified by MS/MS (Table 5).  
Most of the proteins in this category were also mitochondrial associated proteins either as 
mitochondrial residence proteins or as a functional association with mitochondria.  The proteins 
in this category comprised similar functional category as those belonged to the affected versus 
the control category (Table 6 and Figure 7).  However, heat-shock protein 60, methylmalonyl-
CoA mutase, DnaJB11, PDIA3 and myosin-9 were significantly different between the affected 
versus the control but not between the unaffected and the controls.  In addition, 2-oxoglutarate 
dehydrogenase, NADH dehydrogenase (ubiquinone) Fe-S protein 1 (NDUFS1), ATP synthase 
subunit alpha, glutaminase, glutamate dehydrogenase, propionyl CoA carboxylase, beta-actin, 
glucosidase 2 subunit beta (PRKCSH) and vimentin were differentially expressed only in the 
unaffected versus the control group, not in the affected versus the control groups. 

Differentially expressed proteins between the affected and the unaffected LHON 
fibroblasts 

There were 7 proteins which were significantly different between the affected and 
the unaffected groups (Table 6).  The list comprises some subunits of the respiratory chain 
such as ubiquinol cytochrome c reductase core I protein, ATP synthase subunits alpha, some 
of the enzymes of the TCA cycle such as dihydrolipoamide dehydrogenase and one of the 
subunits of pyruvate dehydrogenase complex, lon protease and major vault protein. 

Validation of Proteomic data by Western Blot 

To validate the differentially expressed proteins observed in 2-D proteomics, some 
differentially expressed proteins were randomly selected for western blot analysis.  All of the 
four selected proteins (heat shock protein 60, catalase, UQCRC1 and NDUFS1) for Western 
Blot showed the same trend with proteomic result, confirming validity of the result (Figure 8-9).  
Heat shock protein 60 and catalase were down-regulated in the mitochondrial fraction of the 
affected LHON comparing the controls.  In addition, catalase, UQCRC1 and NDUFS1 were 
down-regulated in the unaffected LHON fibroblasts comparing the control.  VDAC-1, the 
mitochondrial outer membrane protein, was used as a loading control. 
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Table 5. Identification of altered proteins between the unaffected and the control groups. 

 

 

 P# - according to Tukey Post Hoc test, after significant results with one Way-ANOVA (P<0.05) as indicated in Table 4.1 

 $ - The spot does not show significant different with Tukey Post Hoc test. 
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Table 5 (continued). Identification of altered proteins between the unaffected and the control groups. 

 

 

 

 

 

 

 

 

 

 P# - according to Tukey Post Hoc test, after significant results with one Way-ANOVA (P<0.05) as indicated in Table 4.1 
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Table 6. Identification of altered proteins between the affected and the unaffected groups. 
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Figure 7. List of proteins identified in each comparison: affected (A) versus control 
(C); unaffected (U) versus control and affected versus unaffected groups (Legend: 
ACADVL-Very long-chain specific acyl-CoA dehydrogenase; ACTB-Beta-Actin; ATP5A1-ATP 
synthase subunit alpha; CAT-Catalase;DLD-Dihydrolipoamide Dehydrogenase And 
Dihydrolipoamide Dehydrogenase; DNAJB11-dnaJ homolog subfamily B member 11; ETFA-
Electron transfer flavoprotein subunit alpha; GLS2-Glutaminase; GLUD1-Glutamate 
Dehydrogenase; GPD2-Glycerol-3-phosphate dehydrogenase; HADHA-Trifunctional enzyme 
subunit alpha; HSPA9-MTHSP75; HSPD1-60 kDa heat shock protein; IMMT-Mitochondrial inner 
membrane protein/Mitofilin; LONP1-Lon protease; LRPPRC-Leucine-rich PPR motif-containing 
protein; MUT-methylmalonyl-CoA mutase; MVP-Major vault protein; MYH9-cellular myosin 
heavy chain; NDUFS1-NADH dehydrogenase (ubiquinone) Fe-S protein/NADH-coenzyme Q 
reductase; OGDH-2-oxoglutarate dehydrogenase; PCCA-Propionyl-CoA carboxylase; PDHA1-
Pyruvate dehydrogenase E1 component subunit alpha; PDIA3-protein disulfide-isomerase A3; 
PRKCSH-Glucosidase 2 subunit beta; SDHA-Succinate dehydrogenase [ubiquinone] 
flavoprotein subunit; UQCRC1-Ubiquinol-cytochrome c reductase core I protein;VCL-Vinculin; 
VIM-Vimentin). 
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Protein-protein Interaction Analysis 

To determine the possible protein-protein interaction observed among the 
differentially expressed proteins, the whole list of identified differentially expressed proteins both 
from the affected versus the control groups and the unaffected versus the control groups were 
loaded onto the STRING 9.0 database which provides the result based on the 4 sources of 
information such as high throughput experiment, co-expression, genomic context and previous 
knowledge of interaction.  Figure 10 illustrates the observed interaction networks among the 
proteins of interest.  Most of the proteins were functionally and/or structurally associated with 
one another.  As expected, the proteins of the intermediary metabolism had high interaction 
networks.  In addition to these, some other proteins also show functional relations among them.  
For instances, HSPA9 and PDIA3 are usually regarded under the category of ‘stress 
proteins’(46); HSPD1 and LONP1 are important components of ‘mitochondrial protein quality 
control system’(47). 

Physical interactions among the proteins such as co-expressions were also 
observed among many of the proteins.  Meanwhile, some of the proteins were found to be 
differentially expressed together in other experimental models.  Vinculin, HSPD1 and vimentin 
were under expressed together in Parkin expressing cells of one of the Parkinson’s disease 
model (48).  UQCRC1 and HSPA9 (49), ETFA and HSPD1(50), SDHA and PDHA (51) also 
found together as same trend of differential expression in previous studies.  In general, 
according to the result of protein-protein interaction, two major clusters of interactions were 
observed in both set of proteins: proteins related with intermediary metabolisms and proteins 
related with chaperones and protein degradation. 

Functional clustering Analysis of differentially expressed proteins 

In order to identify the most relevant biological roles and the specific pathways 
associated with the proteins which were differentially regulated between LHON mutant 
fibroblasts and the control, the expression data were subjected to cluster analysis using the 
DAVID 6.7 (Database for Annotation, Visualization and Integrated Discovery) Functional 
Annotation Clustering Tool.  It allows the systematic extraction of the biological meaning from a 
list of genes.  Appendix IIII shows the lists of the significantly clustering proteins in each 
biological pathway.  Apart from highly enriched clustering based on cellular localizations 
(Enrichment 1 and 2), many of the proteins were involved in generation of precursor 
metabolites and energy (9 proteins) (Enrichment 3) , association with the mitochondrial nucleoid 
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(5 proteins) (Enrichment 6), electron transport chain (5 proteins) (Enrichment 3), regulation of 
apoptosis (4 proteins) (Enrichment 11), DNA binding (3 proteins) (Enrichment 9), chaperone or 
unfolded protein binding (3 proteins) (Enrichment 8), protein localization (4 proteins) 
(Enrichment 12), and protein complex assembly (3 proteins) (Enrichment 15).  Some of the 
proteins were enriched in the lists of proteins implicated with neurological diseases such as 
Parkinson’s (4 proteins), Alzheimer’s (4 proteins) and Huntington’s diseases (4 proteins) 
(Enrichment 4). 
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Figure 10. Protein-protein interaction network of identified proteins which were significantly 
different between the affected and the control groups based on STRING 9.0 database.  The types 
of interactions are shown as different colors. (Legend: ACADVL-very long-chain specific acyl-CoA 
dehydrogenase; mitochondrial isoform 1 precursor; CAT-catalase; DLD- Dihydrolipoamide 
Dehydrogenase; DNAJB11-dnaJ homolog subfamily B member 11;ETFA-electron transfer flavoprotein 
subunit alpha; GPD2-glycerol-3-phosphate dehydrogenase; HADHA-trifunctional enzyme subunit 
alpha/3-hydroxyacyl CoA dehydrogenase; HSPA9-MTHSP75/heat shock 70kDa protein 9/mortalin; 
HSPD1-60 kDa heat shock protein; IMMT-transmembrane protein(mitofilin); LONP1-lon protease 
homolog, mitochondrial precursor; LRPPRC-leucine-rich PPR motif-containing protein, mitochondrial 
precursor; MUT-methylmalonyl-CoA mutase; MVP-major vault protein; MYH9-cellular myosin heavy 
chain; PDHA1-Pyruvate dehydrogenase E1 component subunit alpha; PDIA3-protein disulfide-
isomerase A3; SDHA-succinate dehydrogenase [ubiquinone] flavoprotein subunit; UQCRC1-ubiquinol-
cytochrome c reductase core I protein; VCL-vinculin). 
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วิจารณ์ 

In this study, the skin fibroblasts were used to explore the mitochondrial proteomes of 
affected LHON and unaffected LHON with mtDNA 11778G>A comparing with the control.  
Because of the unavailability of the retinal ganglion cells bearing the mutant mtDNA, the choice 
of the sample type was skin fibroblast which was directly obtained from the subjects.  They can 
be cultivated by several passages to have high cell densities.  The commonly used samples for 
the study of mitochondrial diseases are the cybrids, fibroblasts and the lymphoblastoid cell lines 
(LCL).  Both the cybrids and the LCL are subjected to extensive manipulation before getting the 
stable cell line containing mutant mtDNA.  Fusion of mitochondrial mutant cells with the cell line 
as in the case of cybrids or viral transfection to the lymphocytes are the inevitable steps in 
preparation of cybrids and LCL.  This, consequently, can affect the gene expression profile.  
Fibroblasts, on the other hand, can be studied without such manipulation.  Moreover, fibroblasts 
retain the same genetic profile of the subject and can be studied the effect of any mutant DNA 
on the global gene expression profile or functional consequences (52).  Fibroblasts have been 
employed as a model in numerous studies of inherited neurological disorders (28, 53-56).  One 
study also indicated that disruption in homeostasis in fibroblast, especially Ca2+ homeostasis 
mirrors the changes in CNS of neurologically impaired patients (52).  Taken together, 
fibroblasts would be the suitable candidate for the study of mitochondrial proteome with mtDNA 
mutations. 

Proteomic has been an efficient tool to study the changes in the expression pattern of 
the complete protein mixtures.  However, with the extreme complexity of the eukaryotic cells in 
which several thousands of proteins are expressed in a particular time, high abundant proteins 
would overwhelm the low abundant ones which often are regulatory proteins.  In this study, the 
mitochondrial proteome was deciphered in order to have a comprehensive identification of 
proteins used in mitochondria which related to the expression of LHON. 

Out of the several methods for mitochondrial isolation, cell disruption by sonication 
followed by density gradient centrifugation was employed in this study.  This method has 
already proven the method of choice for quantity (yield) and the quality (purity) of the extracted 
mitochondrial fraction (38). 

After mitochondria were fractionated out, the purity and the enrichment of the 
mitochondrial fraction was verified with organelles specific markers employing the Western 
Blotting.  The mitochondrial fraction obtained was highly enriched with mitochondrial proteins 
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with minimal or absent of cytoplasmic, endoplasmic reticulum, lysosomal and nuclear proteins.  
The purity of mitochondrial fraction was further confirmed by the proteomic data which revealed 
that most of the identified proteins were of mitochondrial resident proteins, in agreement with 
the data of sub-cellular markers analyses.  According to the sub-cellular marker analysis, 
catalase which is a classical peroxisome marker (57) showed immunoreactive signal in the 
mitochondrial fraction.  Moreover, catalase was also identified in the 2-DE proteomic data of 
mitochondrial fraction.  This could raise the possibility that the mitochondria fraction was 
contaminated with the peroxisome which has comparably similar density with the mitochondria.  
Thorough literature and database search, however, revealed that catalase was present in 
mitochondrial fraction (58-59), apart from its native location of peroxisome, inferring that it could 
not be regarded as an ideal marker for peroxisomal fraction. 

Highly enriched mitochondrial fractions from affected LHON, unaffected LHON and the 
control fibroblasts were run for 2-DE and proteins were identified by MS or MS/MS analysis.  2-
DE proteomic data was successfully validated by the western blot analysis.  Western blot 
confirmation showed the correct identities with similar trend of differential expression as 2-DE.  
Most of the 29 proteins identified in the study were the nuclear encoded mitochondrial proteins 
while some were also present in other compartment of the cells.  Though the mitochondrial 
proteome was contributed by the nuclear and mtDNA, none of the protein encoded by mtDNA 
was identified.  This was not an unexpected finding since all the mtDNA encoded proteins are 
highly hydrophobic and 2-DE technique has poor separation on the hydrophobic and membrane 
bound proteins (60). 

The comparison between the mitochondrial proteomes of either LHON affected 
fibroblasts or unaffected LHON fibroblasts with the control fibroblasts revealed the down-
regulation of the proteins involved in OXPHOS and TCA cycle, fatty acid metabolism, protein 
localization, protein folding, cristae remodeling and ROS scavenging.  Before discussing on the 
comparative proteomic profiles of the affected and the unaffected, the proteins involved in each 
of the specific pathway will be discussed first. 

Expression Changes in Enzymes of the Intermediary Metabolisms 

As summarized in Figure 11, many of the enzymes of the intermediary 
metabolisms of carbohydrate, lipid and proteins were differentially expressed in the LHON 
fibroblasts with 11778G>A.  Very long chain specific acyl-CoA dehydrogenase and trifunctional 
enzyme subunit alpha (also known as hydroxyacyl CoA dehydrogenase) were down regulated 
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in fibroblasts from both affected and unaffected LHON.  Interestingly, both were the sole 
enzymes of -oxidation which require the substrates FAD and NAD+, and feed FADH2 and 
NADH + H+ (reducing equivalence) to the respiratory chain.  Correspondingly, some of the 
respiratory chain enzymes were also down-regulated in the same group of sample.  Apart from 
these two enzymes, other dehydrogenases such as long chain-, medium chain- and short 
chain-acyl-CoA dehydrogenase, and other fatty acid catabolic enzymes were not found to be 
differentially expressed. 

Another important metabolic protein methylmalonyl-CoA mutase was decreased in 
affected fibroblasts comparing the control.  The protein is involved in the catabolism of odd-
chain fatty acids and the branched chain amino acids, in which it is responsible for the 
conversion of methylmalonyl-CoA to succinyl-CoA.  Succinyl-CoA then enters the pathways 
TCA cycle.  Interestingly, subsequent step which is catalyzed by succinate dehydrogenase was 
also down-regulated.  Another related enzyme in odd chain fatty acid metabolism was 
decreased in unaffected fibroblasts.  Propionyl CoA carboxylase- subunit is essential for 
conversion of the end product of odd chain fatty acid propionyl-CoA to methylmalonyl-CoA. 

Some of the dehydrogenases of TCA cycles were altered.  Succinate 
dehydrogenase, 2-oxoglutarate dehydrogenase and the subunits of PDH complex such as 
pyruvate dehydrogenase E1 component alpha subunit and dihydrolipoyl dehydrogenase were 
significantly decreased in the 11778G>A fibroblasts.  Glycerol-3-phosphate dehydrogenase 
which is involved in transporting the cytosolic reducing equivalents to mitochondrial respiratory 
chain was also reduced.  It is important to notice that the obvious differential expression was 
found with the dehydrogenases of the TCA cycle, -oxidation and amino acid catabolism which 
all are related with the production of reducing equivalents subsequently utilized by mitochondrial 
respiratory chain (Figure 11).  However, all the components of the fatty acid catabolism or TCA 
cycles did not show the differential expression.  In other term, all of the components of the 
aforementioned pathways did not respond the cellular physiological status of the presence of 
LHON mutation.  This might be due to different half life proteins or different stability, reflecting 
on the different regulatory role assumed by different proteins. 
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Figure 11. Summary of possible major metabolic pathway derangement observed in affected and unaffected LHON fibroblasts 
comparing the control based on the 2DE proteomic result.  Only the mitochondrial fraction is shown and the proteins which underwent altered 
expression are marked with (*). 
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Expression changes in electron transport chain subunits 

It is also apparent that the subunits of the respiratory chain were not uniformly 
altered in the cells with 11778G>A from the control.  NDUFS1 of the complex I, succinate 
dehydrogenase of the complex II, UQCRC1 of the complex III and ATP5A1 of the complex V 
were changed.  All these subunits had reduced expression in fibroblasts from affected or 
unaffected LHON, except ubiquinol cytochrome c reducatase core 1 protein which was up-
regulated in fibroblast of LHON affected individuals.  The exact functional significance of this 
up-regulation observed only in fibroblasts of affected LHON is not known.  This protein, 
however, was supposed to be involved in mitochondria-to-nucleus retrograde response of 
breast cancer cell line (61).  This response is usually invoked by the mitochondrial dysfunction 
or in the condition of mitochondrial stress, and invariably, the cells with the affected LHON 
mutation would be no exception from the mitochondrial stress.  Further studies are required to 
determine the role of its involvement in retrograde response of LHON mutant cells.  Apart from 
these identified OXPHOS proteins, other subunits of OXPHOS were not found to be 
differentially expressed. 

Considering all these decreased level of metabolic and OXPHOS related proteins, 
the global view of the metabolic status in the cultured fibroblasts from affected and unaffected 
LHON can be depicted.  Most of the cellular catabolic pathways in carbohydrate, lipid and 
amino acid metabolism were particularly affected and the aerobic respiration is seriously 
dampening, this result was also predicted by DAVID functional annotation clustering analysis.  
To further support this notion, ETFA electron transfer flavoprotein subunit alpha was down 
regulated in both affected and unaffected fibroblasts.  This protein is central important in 
transferring the electrons from 11 mitochondrial flavoprotein dehydrogenase to the respiratory 
chain via the iron-sulfur flavoprotein, EFT-ubiquinone oxidoreductase (62). 

Expression Changes in Proteins involved in mitochondrial gene expression 

Leucine-rich pentatricopeptide repeat motif-containing protein (LRPPRC) was 
found to be down-regulated in the mitochondrial fraction of fibroblast from both affected and 
unaffected LHON.  LRPPRC is involved in maintaining the steady state level of mitochondrial 
mRNA and hence a role in the transcription regulation (63).  It is a disease modifier in Leigh 
syndrome French-Canadian type (64) and silencing of LRPPRC was associated with reduction 
of most of the mitochondrial encoded subunits.  There was an impaired assembly of OXPHOS 
subunits and some of the nuclear encoded subunits and some other mitochondrial proteins 
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were also reduced (63).  Interestingly, LRPPRC was co-expressed with heat shock protein 60 
according to the STRING database.  The role of LRPPRC in the development of LHON would 
be an interesting target for further investigation. 

Another identified protein related with the regulation of gene expression is Lon 
protease (LONP1).  As the name implies, it is well characterized as a protease.  It also binds 
the mitochondrial DNA control region and it is one of the nucleoid related proteins.  Though the 
exact role is uncertain, it is observed that in the oxidatively stressed cells, there is a reduction 
of LONP1 binding to the mtDNA.  mtDNA binding is a physiological function of LON and its 
level influence the sensitivity to mtDNA damage (65). 

Protein stability and degradation of proteins 

Heat shock protein 60 (HSPD1) is one of the most important chaperonins inside 
the mitochondrial matrix.  It facilitates the correct folding (66) and prevents mis-folding of 
mitochondrial proteins.  It promotes the refolding and proper assembly of the unfolded proteins 
generated under mitochondrial stress.  Previous report on the mutations of HSPD1 in 
neurodegenerative diseases (hereditary spastic paraplegia and MitChap60 disease) highlighted 
the potential importance of it the pathogenesis in neurodegenerative disease (67-69).  In the 
present study, comparing with the controls, it was 1.5 fold reduced expression in LHON 
affected fibroblasts, but not in the unaffected LHON.  The reduced level of HSP60 would have 
deleterious consequences in LHON, especially with the nature of neurons in which they are 
highly susceptible to the accumulation of unfolded proteins since they are post-mitotic (70) , 
though there has been no report of accumulation of unfold proteins in LHON so far.  Another 
chaperone which was differentially expressed between only in the affected versus the control 
was dnaJB11 protein.  It is a co-chaperon usually serves for HSPA5 and binds directly to the 
unfold proteins. 

Stress-70 protein (MTHSP75/HSPA9) was also found to be reduced expressed in 
fibroblasts of both affected versus the control and the unaffected versus the control.  Its main 
function is to act as a chaperon and involved in the control of cell proliferation and cell aging. 

As mentioned before, LONP1 is the serine protease responsible for the selective 
degradation of misfolded, unassembled or oxidatively damaged polypeptides as well as other 
short-lived regulatory proteins in the mitochondrial matrix.  It also act as a chaperone in the 
assembly of the inner membrane protein complexes.  STRING protein-protein interaction 
analyses revealed that HSPA1, HSPD9, LONP1 and PDIA3 were related to one another and 
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were found to be differentially regulated together in other study on different cellular models, 
though they are not one another of neighboring genes (71).  Together with LONP1, HSPD1, 
HSPA9 are the components of the mitochondrial protein quality control system (47).  The 
system provides the protection of the formation of the unfolded protein by chaperones and 
clearance of the protein aggregates by the proteases.  There would be detrimental effect on the 
cell in case this system was under presented as found in the 11778G>A fibroblasts of the 
present study. 

Antioxidant Protein – Catalase 

Catalase was down-regulated in both LHON affected and unaffected fibroblasts 
comparing with the control.  It is a highly efficient enzyme to remove H2O2 and is mainly located 
in the peroxisome and hence it is usually regarded as a peroxisome marker (43).  However, it 
is found to be associated with mitochondria of some cell types (58-59).  Under the condition of 
oxidative stress, the other antioxidant enzymes of the mitochondria such as glutathione 
peroxidase, GPx and GSH system is not sufficient to tackle the increased amount of H2O2.  In 
this circumstance, reduced or absent of catalase in mitochondria can lead to the inefficient 
degradation of H2O2 with potential mitochondrial and cellular damage (72). 

It has been shown that catalase is down-regulated by increased intracellular ROS 
level (H2O2) via PI3 kinase/Akt signaling or ROS induced methylation of CpG island of the 
catalase promoter (73-74).  Similar scenario could happen in the cells with LHON mutation 
since it usually results in higher ROS production (75-76). 

Cristae remodeling protein – Mitofilin 

Another interesting protein observed in the study was mitochondrial inner 
membrane protein (IMMT) or mitofilin.  One of the cristae remodeling proteins OPA1 whose 
mutation is responsible for Dominant Optic Atrophy which is very similar in tissue specificity and 
pathological features with LHON (77).  In addition, it was down regulated in transcriptomic 
profiles of leucocytes from LHON patients (20).  The variants in one of the OPA1 processing 
enzyme, PARL was also found to be associated with the disease development in Thai LHON 
patients (10).  However, in the present study, neither OPA1 nor PARL was detected.  This will 
be due the employment of different cell type or different strategy to explore the expression 
profiles.  In fact, it was the nucleotide variants of PARL found to be associated with LHON (10), 
and the expression level of it has not been determined in LHON patients. 
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The present study identified the other cristae remodeling protein, mitofilin. It was 
under-represented both in the LHON affected and unaffected cells.  It usually anchors to the 
inner membrane of the mitochondria with the majority of the protein protruding to the 
intermembrane space (78).  It is important in the maintenance of cristae morphology.  
Previously, down-regulation of mitofilin was observed in oxidative stress induced by dopamine 
(34) and complex I inhibition induced by MPTP (23).  It is interesting to note that down-
regulation of mitofilin is consistently observed in both models of complex I inhibition (either by 
complex I inhibitor MPTP as in the previous study or by LHON mutation of the present study 
model).  However, it has not been clear about the relation of complex I inhibition and down-
regulation of mitofilin or the expression level of mitofilin and neurodegeneration.  It was 
observed that the down-regulation of mitofilin in HeLa cells had decreased cellular proliferation 
and increased apoptosis together with failure to form tubular or vesicular cristae.  Moreover, 
there was a considerable increased in inner-outer membrane ratio with not detectable crista 
junctions.  There were increased ROS production and increase mitochondrial membrane 
potential (79).  These metabolic abnormalities are in deed common with LHON mutant cells.  
Another important relation is that mitofilin was found to be interacted with OPA1 (80). 
Therefore, in the context of oxidative stress and its functional importance, the down-regulation 
of mitofilin in 11778G>A mutant cells would be one of the contributor playing a critical role in 
pathogenesis of LHON. 

Similarity of the mitochondrial protein expression profiles of fibroblasts from the affected 
and the unaffected LHON with respect to the control 

As illustrated in figure 7, the levels of most of the identified proteins (15 out of 29) 
were reduced both in the affected and the unaffected groups when comparing with the controls.  
In addition, the pathways affected by the differentially expressed proteins were highly similar 
among the affected and the unaffected groups.  This highlights the nature of the genomic 
compensatory response of the cell in which a particular cell type responds similarly to the same 
adverse condition (or mutation) regardless of the source of the cells.  In this case, though the 
primary fibroblasts were from the different sources: affected or unaffected individuals, the 
cellular proteomics profiles were mostly the same, since the cells in the culture condition 
encountered same mutation at mtDNA 11778G>A and its adverse effects.  Culturing for several 
passages with mutant mtDNA would have reprogrammed the gene expression profiles and 
consequent cellular physiological status would drive the similarity of gene expression response 
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for the same adverse mutation.  In fact, cell culture and passaging have significant effect on the 
gene expression pattern (81). 

The scenario in which the affected and the unaffected tissues showing similar 
genomic profile was evidenced in the study of scleroderma skin.  The transcriptomic profiles 
from the biopsies of the clinically affected and clinically unaffected tissues from the same 
individual had shown similar pattern (82).  Therefore, it would be tempting to say that in the 
present study, the similar mitochondrial proteomic profile between the affected and unaffected 
LHON fibroblast would be due to similar response of the nuclear genes on the adverse effects 
of LHON mutation or encountering the similar intracellular milieu. 

Difference in the mitochondrial protein expression profiles of fibroblasts from the 
affected and the unaffected LHON with respect to the control 

Though the majority of the proteins identified were shared between the affected 
and the unaffected LHON fibroblasts, there were a few proteins that were observed exclusively 
in the affected versus control or unaffected versus control.  Methylmalonyl CoA mutase, 
HSPD1, dnaJB11, PDIA3 and myosin heavy chain 9 were reduced in the affected versus the 
control groups.  Consequently, it could be speculated that changes in the levels of these 
proteins might modify the development towards the affected status. 

Implication of the proteomic profiles in the pathphysiology of LHON 

Based on the functional annotation and clustering analysis most of the identified 
proteins were enriched in the generation of metabolites, electron transport chain, aerobic 
respiration, unfold protein binding and protein complex assembly.  Many of the dehydrogenases 
that are important in aerobic respiration were under represented in the LHON affected or 
unaffected fibroblasts.  All of these dehydrogenases are associated with production of reducing 
equivalents.  In fact 3 out of 4 dehydrogenases in catabolism of pyruvate to CO2 were down 
regulated (Figure 11).  Moreover, one of the critical electron transport protein to Co-Q (EFTA-
) was also decreased.  This clearly depicted the metabolic profiles of the fibroblasts with 
11778G>A mutation.  In fact, this derangement in bioenergetics is incompatible with neurons or 
more specifically with the retinal ganglion cells which has unique dependence on the aerobic 
respiration and are fragile bioenergetically (83).  In fibroblast culture, however, the situation 
would be different.  Fibroblast in the culture media can be sufficient enough with the lower ATP 
production especially from the  glycolysis (84).  This was evidenced by the fact that they are 
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continuously expanding in the culture medium and that there was not much difference in growth 
rate between the wild type or mutant fibroblasts during the culture. 

Apart from this energetic derangement, mitochondrial protein quality control 
system was seriously impaired.  Failure to conduct proper protein folding, protein complex 
assembly and prevention of unfold protein have damaging effects on the cells.  Taken together, 
the proteomic changes observed in the study will be deleterious at the organism scale or at 
least in some specific tissues, especially the neurones or retinal ganglion cells.  Either the 
bioenergetic derangement or the poor protein quality control inside the mitochondria is lethal for 
them.  Details studies are required to evaluate the genomic and proteomic changes in neuronal 
or retinal ganglion cell with LHON mutation. 
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งานท่ีจะทาํต่อในอนาคต 

We have identified the proteins that were expressed significantly different among 
patients, their relatives and control individuals.  Our plan for this work included the analysis of 
these proteins in the fibroblast samples of the patients, relatives and controls both qualitatively 
and quantitatively.  The suspected proteins will be extracted from these fibroblast samples and 
the amount of the protein will be quantitated.  The known activity of each suspected protein will 
be assay. 
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Abstract 

 Leber’s Hereditary Optic Neuropathy (LHON) is one of the commonest 

mitochondrial diseases causing total blindness, and predominantly affects young 

males.  Even though any of the primary mtDNA mutations 11778G>A, 14484T>C or 

3460G>A is essential to develop the disease, it alone cannot explain the characteristic 

features of LHON such as male preference, incomplete penetrance, relatively later age 

of onset though the mutation is present since birth.  These call for attention to the 

nuclear genes as modifiers in the disease pathogenesis.  In order to explore the nuclear 

encoded mitochondrial proteins which influence the development of LHON and to 

identify the nuclear response to the LHON mutation, a proteomic approach was used 

to decipher the mitochondrial proteins from fibroblasts of affected LHON (n=7) and 

the control (n=5).  2-DE followed by MS/MS analysis identified 20 proteins which 

were differentially expressed between 11778G>A LHON mutant fibroblasts and those 

of the controls.  The proteomic data were successfully validated by western blot 

analysis of 2 selected proteins.  Most of the proteins identified in the study were the 

mitochondrial proteins and they were down regulated in 11778G>A mutant 

fibroblasts.  These proteins were some of the subunits of OXPHOS, intermediary 

metabolisms, nucleoid related proteins, chaperones, cristae remodeling and an anti-

oxidant enzyme.  Protein-protein interaction analysis of identified proteins showed 

two broad clusters: those related with bioenergetic pathways and those related with 

protein folding.  The important findings of the present study are; that the down 

regulation was observed among the many of the mitochondrial proteins of the 

fibroblasts with LHON mutation, and that proteins involved in the aerobic respiration 

and the protein quality control system of the mitochondria were critically affected, the 

conditions that would be incompatible with the retinal ganglion cells. 
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 Leber’s hereditary optic neuropathy (LHON) [OMIM 535 000] is one 

of the commonest mitochondrially inherited diseases (1).  It is also one of the common 

causes of blindness in young men and more than 80% of LHON patients are male (2).  

As a result of degeneration of retinal ganglion cell layers, the patients usually develop 

symptoms of acute or sub-acute painless loss of central vision (3).  

 The three missense mitochondrial DNA (mtDNA) mutations 

11778G>A (p.R340H; ND4), 14484T>C (p.M64V; ND6), 3460G>A (p.A52T; ND1) 

are the primary mutations responsible for 95% of LHON cases (4).  All of the LHON 

patients detected so far in Thailand carry 11778G>A (>90% of cases) or 14484T>C 

(5-6).  Though the primary mutation is essential to develop the disease, the primary 

mutation per se cannot explain the distinctive features of LHON (4, 7). 

 Numerous efforts have been done to have a better understanding on the 

pathogenesis of LHON, covering from the single gene study (8-10) to global gene 

expression profile (11-13), especially to hunt for nuclear modifier, if any present.  

Given that OXPHOS subunits are encoded by both mitochondrial and nuclear genes 

and that there are numerous cross-talks between the mitochondria and the nucleus, 

consequently, differential expressions of not only the mitochondrial genes but also the 

nuclear genes are observed in various OXPHOS deficiency models (13) in 

transcriptomic profiles as well as in proteomic profiles of the mitochondria in different 

mitochondrial disorders and different experimental settings.  Proteome of 

mitochondria contains  approximately 1,000 proteins and 99% of which are the 

products of nuclear genes (14).  The coordinated expressions of imported nuclear 

encoded proteins as well as 13 mtDNA encoded proteins are crucial for the integrity of 

mitochondrial functions. In the case of various OXPHOS deficiency, nuclear genes 

respond in many ways (13, 15-17). Differential expression is usually observed with 

nuclear encoded mitochondrial proteins belonging to a variety of functional pathways 

in addition to the subunits of OXPHOS. 

    With these distinct characteristics of mitochondrial proteins in cellular 

homeostasis, there would be no surprising that alteration in mitochondrial proteins are 

found to be frequently associated with many diseases including neurodegenerative 

diseases such as Alzheimer’s (18-19) and Parkinson’s (20-21) diseases and aging 

processes (22-23).  There is a limited study on comprehensive expression profiles of 
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mitochondrial proteins in LHON which is also a neurodegenerative disease.  

Therefore, in the present study, we explored the differential mitochondrial proteomic 

profiles of fibroblasts from affected LHON comparing with those from the control 

fibroblasts using 2 Dimensional Polyacrylamide Gel Electrophoresis (2-DE) and mass 

spectrometry to search for the nuclear encoded mitochondrial proteins that influence      

the expression of LHON and to get the information of the response of nucleus to 

LHON mutation through nuclear encoded mitochondrial proteins 

 

Materials and Methods 

Cell Culture 

 The sample type employed in this study was the cultured dermal 

fibroblasts directly obtained from the seven affected LHON and the five controls.  

Affected LHONs were those who had already been diagnosed as having LHON by the 

ophthalmologist and they had been confirmed as bearing homoplasmic at mtDNA 

11778G>A. (Their pedigree information is provided in the supplementary figure.)  

  As a control group, five individuals with no familial history of eye 

diseases were recruited.  They were recruited during their visit to Siriraj Hospital, 

Bangkok, Thailand, for other medical reasons apart from the eye related ailment or 

other chronic metabolic diseases.  This study was approved by the Ethics Committee 

of the Mahidol University, Faculty of Medicine, Siriraj Hospital (No. 161/2551) and 

the study was conducted according to the principal of the World Medical 

Association’s Declaration of Helsinki. 

 The primary dermal fibroblasts from the affected LHON and the 

controls were cultivated and maintained at 37 0C with 12% (v/v) fetal bovine serum 

(FBS) in Dulbecco’s modified Eagle’s medium supplemented with Amphotericin B (1 

μg/ml), penicillin (100 U/ml), streptomycin (100 μg/ml), 2mM L-Glutamine, uridine 

50 μg/ml (24) in humidified 5% CO2 atmosphere at 370C. Medium was refreshed 3 

times a week.  Cells were harvested at passage 6 for mitochondrial isolation.  

Mitochondrial Isolation 



5  

  Mitochondria were isolated by the differential centrifugation (25).  

Before trypsinization, the cultured cells were washed with chilled PBS for at least 4 

times, to make sure that there was no residual FBS.  The cultured fibroblasts were then 

trypsinized with 0.25% trypsin-EDTA.  0.5 x 106 cells were suspended in 1 ml of 

isolation buffer containing 0.25 M sucrose, 10 mM HEPES (pH 7.5) and 0.1 mM 

EDTA.  The cell suspension was sonicated with a probe sonicator (Bandelin Sonopuls 

HD 200; Bandelin electronic; Berlin, Germany) at MS 72/D (50 cycles) for 10 sec.  

The cell lysate was centrifuged for two times at 1,000 x g for 10 min to remove cell 

debris and intact cells, if any present.  The supernatant was collected and centrifuged 

at 20,000 x g for 30 min.  The pellet was saved and washed with the buffer containing 

0.25 M sucrose and 10 mM HEPES (pH 7.5) and centrifuged again at 20,000 x g for 

20 min. As a final step, the mitochondrial pellet was washed with PBS and centrifuged 

at 20,000 g for 10 min.  All the extraction procedures were performed at 4 oC.  The 

mitochondrial pellet was lyzed by Laemallie buffer or 2-DE buffer depending on the 

subsequent step of the experiment.  The lyzed mitochondrial fraction was kept at -20 
oC until use. 

Immunofluorescent Staining 

  For immonofluorescent staining, the cells were washed three times with 

PBS and fixed in 3.8% formaldehyde in PBS at room temperature for 10 minutes.  

After rinsing with PBS,  the fixed cells were blocked with 1% BSA PBS for 30 

minutes.  Mouse monoclonal anti-Fibroblast surface protein (Abcam, Cambridge, 

USA) (1:50) was incubated for 2 hours at room temperature.  After washing with PBS 

for 3 times, the cells were incubated with secondary antibody (rabbit anti-mouse 

conjugated with FITC 1:2000 in 1% BSA PBS) and Hoechst-dye 33342 at a dilution 

of 1:1,000 at room temperature in the dark.  Then, the cells were rinsed with PBS and 

then mounted with anti-phase solution on glass slide under fluorescent microscopy 

(Nikon ECLIPSE 80i, Nikon Corp.; Tokyo, Japan).  

Immunoblotting  

 To confirm the purity of mitochondria, the mitochondrial proteins and 

the proteins from the whole cell lysate were resolved by western blot analysis using 



6  

mitochondrial and other organelle specific markers.  The mitochondrial pellet or the 

primary fibroblasts subsequently used for the Western Blot experiments was lyzed by 

2x Laemallie buffer containing 4% SDS, 10% 2-mercaptoehtanol, 20% glycerol, and 

0.125 M Tris HCl without bromophenol blue (26).  The protein samples were boiled 

for 5 min at 95 oC.  In every experiment of Western blot analysis, 20 μg of total 

proteins from each sample was loaded.  The proteins were resolved by 3.7% SDS-

PAGE (stacking gel) and 12% SDS-PAGE (resolving gel) at 150 V for 2 and half hr 

by vertical gel electrophoresis.  The resolved proteins in the gel were then electro-

transferred to nitrocellulose membrane by semidry transfer method (Bio-Rad; 

Hercules, CA) for 1 hr and 20 min at constant current of 75 mA.  Non-specific binding 

to the membrane was blocked with 5% skimmed milk in PBS for 1 hr.  The blocked 

membrane was probed with the desired specific primary antibody in 1% skimmed milk 

or 1% Bovine Serum Albumin in PBS for overnight at 4 oC at a concentration 

according to manufacturers’ instructions.  The membrane was washed with PBS for 3 

times (5 min each). Then it was further incubated with the respective secondary 

antibody conjugated with horse radish peroxidase (Dako, Glostrup, Denmark) in 1% 

skimmed milk in PBS or 1% BSA in PBS.  The incubation with the secondary 

antibody was carried out at room temperature for 1 hr with half the concentration used 

for the primary antibody in each experiment.  Bands were visualized by Super Signal 

West Pico chemiluminescence substrate (Pierce Biotechnology Inc.; Rockford, IL, 

USA).  The following primary antibodies were used: rabbit polyclonal anti-voltage 

dependent anion selective channel protein 1 (VDAC-1, a mitochondrial marker) 

(Abcam, Cambridge, USA; ab11333), rabbit polyclonal anti-lysosomal associated 

membrane protein-2 (LAMP-2, lysosomal marker) (Abcam, Cambridge, USA; 

ab37024), rabbit polyclonal anti-Calnexin, an Endoplasmic Reticulum marker) 

(Abcam, Cambridge, USA; ab22595), rabbit polyclonal anti-Catalase, a peroxisomal 

marker) (Abcam, Cambridge, USA; ab16731), mouse monoclonal anti-c-jun, a nuclear 

marker) (Santa Cruz Biotechnology, Inc, sc166540), mouse monoclonal anti-α-

tubulin, a cytoplasmic markers) (Santa Cruz Biotechnology, Inc, sc23948).   

Two-Dimensional Electrophoresis 
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  Mitochondrial pellets derived from cultured primary fibroblasts of 

seven affected LHON and five controls were lyzed with a lysis buffer containing 7 M 

urea, 2 M thiourea, 2% CHAPS, 120 mM DTT, 40 mM Tris, and 2% ampholyte (pH 

3-10) and incubated at 4 oC for 30 min.  Protein concentration was determined by 

Bradford method (27).  100 μg of total mitochondrial proteins from each individual 

was mixed with rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 120 mM 

DTT, 40 mM Tris-base, 2% ampholytes ( pH 3-10) and a trace of bromophenol blue to 

make the final volume of 150 μl.  The samples were rehydrated onto 7 cm immoblized 

pH gradient DryStrips (non-linear pH gradient of 3-10; GE Healthcare, Uppsala, 

Sweden) at room temperature for 16 hour.  IPG strips were focused in Ettan IPGphor 

II IEF System (GE health care) at 20 oC.  The program was set to have a stepwise 

mode of 500 V for 250 Vh; 1000 V for 500 Vh; and 5000 V for 8333 Vh to reach 9083 

Vh. 

  After isoelectric focusing, the strips were equilibrated in two different 

equilibration buffers with each time for 15 min at room temperature.  The first 

equilibration buffer contained 6 M urea, 130 mM DTT, 112 mM Tris-base, 4% SDS, 

30% glycerol, and 0.002% bromophenol blue and the second equilibration buffer 

contained a similar component except 135 mM iodoacetamide instead of DTT.  The 

strips were further loaded on 13% polyacrylamide gel and resolved using SE260 mini 

Vertical Electrophoresis Unit (GE Health Care) at 150 V for approximately 2 hr.  The 

separated proteins were fixed with 10% methanol and 7% acetic acid for 30 min.  The 

fixed solution was then removed and the gels were stained with 20 ml of Deep Purple 

fluorescence stain (GE Healthcare) for overnight on a continuous gentle rocker.  Gel 

images were taken by Typhoon 9200 laser scanner (GE Healthcare).  

Analysis of Protein Spots 

  Detection and matching of spots on gel images and analysis of protein 

spots were performed using ImageMaster 2D Platinum software from GE Health care.  

Parameters used for spot detection were minimal area of 10 pixels, smooth factor of 2 

and saliency of 2.  The gel containing all of the spots and with maximum number of 

spots among other gels was assigned as a reference gel.  It was used to check for the 
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presence and differential expression of proteins among gels.  Background subtraction 

was performed, and the intensity volume of each spot was normalized with total 

intensity volume (summation of the intensity volumes obtained from all spots within 

the same 2-D gel).  Intensity volumes of individual spots from each gel were subjected 

to statistical analysis to compare between different groups of the study.  The statistical 

significant differential expressed protein spots were subjected to in-gel tryptic 

digestion and identification by mass spectrometry. 

 The significantly differential expressed spots of proteins were manually 

excised from the gels.  The excised gel pieces were washed twice with 200 µL of 50% 

acetonitrile (ACN)/25 mM NH4HCO3 buffer (pH 8.0) at room temperature for 15 min, 

and then washed once with 200 µL of 100% ACN.  After washing, the solvent was 

removed and the gel pieces were dried.  The dried gel plugs were then rehydrated with 

10 µL of 1% (w/v) trypsin in 25 mM NH4HCO3.  After rehydration at 37 °C for 30 

min, the gel pieces were crushed with siliconized blue stick and further incubated with 

1% (w/v) trypsin at 37 °C for at least 16 h.  Peptides were subsequently extracted 

twice with 50 µL of 50% ACN/5% trifluoroacetic acid; the extracted solutions were 

then combined and dried with the Speed Vac concentrator.  The peptide pellets were 

resuspended with 10 µL of 0.1% TFA and concentrated.  The peptide solution was 

then washed with 10 µL of 0.1% formic acid by drawing up and expelling the washing 

solution three times. The peptides were eluted with 5 µL of 75% ACN/0.1% formic 

acid. 

 

Protein Identification by Mass Spectrometry (Q-TOF MS and/or MS/MS) and 

Sequence Analyses  

 The trypsinized samples were premixed 1:1 with the matrix solution 

containing 5 mg/mL α-cyano-4-hydroxycinnamic acid (CHCA) in 50% ACN, 0.1% 

(v/v) TFA and 2% (w/v) ammonium citrate, and deposited onto the 96-well MALDI 

target plate.  The samples were analyzed by Q-TOF Ultima mass spectrometer, which 

was fully automated with predefined probe motion pattern and the peak intensity 

threshold for switching over from MS survey scanning to MS/MS, and from one 

MS/MS to another. Within each sample well, parent ions that met the predefined 

criteria (any peak within the m/z 800-3000 range with intensity above 10 count + 
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include/exclude list) were selected for CID MS/MS using argon as the collision gas 

and a mass dependent + 5 V rolling collision energy until the end of the probe pattern 

was reached.  The MS/MS data were extracted and searched the protein identity using 

the MASCOT search engine (http://www.matrixscience.com), assuming that peptides 

were monoisotopic, fixed modification was carbamidomethylation at cysteine residues, 

whereas variable modification was oxidation at methionine residues.  Only one missed 

trypsin cleavage was allowed, and peptide mass tolerances of 50 ppm were allowed for 

MS/MS ions search.  The searches were done against human proteins in the NCBI 

database (http://www.ncbi.nlm.nih.gov).  Peptides with ions score >34 were 

considered as significant hits. Only the significant hits from MS/MS peptide ion 

search were reported.  

 

Western Blot Analysis for confirmation of 2-D proteomic results 

  For validation of the level of changes of the proteins from the 

proteomics profile, western blot analysis was done.  20 μg of mitochondrial fractions 

each from the affected LHON and the control were resolved employing the same 

protocol as mentioned above.  The primary antibodies used were as follows: rabbit 

monoclonal HSP60 (Santa Cruz Biotechnology, Inc, sc13966), rabbit polyclonal anti-

Catalase, rabbit polyclonal anti-UQCRC1 (Abcam, Cambridge, USA; ab96333), rabbit 

polyclonal NDUFS1 (Abcam, Cambridge, USA; ab96428).  Rabbit polyclonal anti-

VDAC was used as a loading control.  After incubating with respective secondary 

antibodies (anti-mouse or anti-rabbit), the bands were visualized by enhanced 

chemiluminescence and exposed to the film.  The band intensities were measured 

using ImageJ software (http://rsbweb.nih.gov/ij/). 

 

Functional annotation cluster analysis of Proteomic data 

  Identification of the biological functions and the enrichment of the 

differentially expressed protein with respect to the functional categories were 

performed using DAVID (Database for Annotation, Visualization and Integrated 

Discovery) Functional Annotation Clustering Tool version 6.7 

(http://david.abcc.ncifcrf.gov/) (28-29).  The list of respective Uniprot accession 

numbers for the differentially expressed proteins from 2-DE proteomic profiles were 



10  

uploaded to the DAVID online analysis tool with a default background.  Significantly 

enriched functional groups were classified using Functional Annotation Clustering, by 

setting the default as medium stringency. 

 

Protein interaction network 

  STRING database version 9.0 (http://string-db.org/) was used in order 

to observe the protein-protein interactions comprising physical or functional 

association among the differentially expressed proteins between the affected versus 

control (30).  The parameters were set at default value.  The lists of differentially 

expressed proteins in each comparison were loaded to the database as in the list of the 

respective gene name.  STRING output included the result from Text-mining.  For 

this, thorough literature review was done to reduce the number of false positive 

interaction result which was based on mere co-mentioning in the literature.  

 

Statistical Analysis 

  All the data representing the intensity volume of the spots were 

reported as mean + SEM.  For comparison between 2 different groups, the data were 

analyzed using unpaired student t-test (SPSS, version 18).  P value less than 0.05 was 

considered statistically significant.   

 

Results 
Confirmation of the purity of Fibroblasts  

  The choice of sample in this study was the primary fibroblasts cultured 

directly from the skin biopsy which contains epithelium, reticulocytes, adipocytes and 

fibroblasts in which reticulocytes are morphologically similar to fibroblasts.  To 

confirm the purity of skin fibroblast, one of the  fibroblast cultures from the skin 

biopsy was randomly selected and tested with anti-fibroblast surface protein which is 

specific to the fibroblasts (31).  Figure 1 shows the immunofluorescent result which 

indicated that almost every cell that was stained with DNA staining Hoechst-dye 

33342 had the positive signal for fibroblast surface protein.  This confirmed that the 

fibroblast culture obtained from the skin biopsy were pure of fibroblast with no 

contamination of other cells.  
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Mitochondrial enrichment and purity 

  Enrichment and purity of the mitochondrial fraction was assessed using 

mitochondrial and other organelles specific markers by immunoblotting.  Figure 2 

demonstrates that the mitochondrial marker VDAC-1 was highly enriched in the 

mitochondrial fraction comparing the whole cell lysates, either in HepG2 or in primary 

fibroblasts.  In the mean time, the markers for endoplasmic reticulum, nuclear, 

lysosome and cytosol were absent or minimal in the mitochondrial enriched fraction. 

The mitochondrial fraction was highly enriched and with minimal level of non-

mitochondrial contamination and hence it was suitable for further analysis for 2-DE. 

 

2-D PAGE comparisons of mitochondrial fraction between affected LHON and the 

control fibroblasts 

 The proteins from the mitochondrial enriched fraction from the primary 

fibroblasts were analyzed for 2-DE using pH 3-11 non-linear pH gradient strips for the 

first Dimension and 13% SDS-PAGE as a second dimension.  The individual 2-D 

mitochondrial proteome profiles from fibroblasts of affected LHON (n=7) and the 

control groups (n=5) showed an essentially identical spot pattern among the individual 

samples (Figure 3 and 4).  Approximately 800 protein spots were visualized on each 

gel.  However, among the 2 groups of the samples, there were distinct alterations in 

the proteomic profile which was revealed by spot matching analysis using 2D master 

image platinum software.   

  Interestingly, many of the intensity levels of all differentially expressed 

spots were decreased in the affected LHON comparing with the control group.  The 

degree of fold change between the affected and the control group ranged from 0.47 to 

2.05.    Of these significantly altered protein spots were excised from 2D gels and were 

allowed to undergo protein identification by MS or MS/MS analysis.   

 

Differentially expressed proteins between LHON affected and the control fibroblasts 

 20 different proteins from 21 different spots were identified by MS/MS 

analysis when comparing the mitochondrial proteomic profile of fibroblasts from the 

affected LHON and the control group (Table 1).  The evaluation of the localization or 

the functional association of these proteins with the mitochondrial compartment was 
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based on the MitoMiner database (32).  The results indicated that most of the proteins 

observed were mitochondrial resident proteins and some of them have functional 

association with mitochondria, though they are also expressed in other compartments 

of the cell (Table 2).   

 Functional assignment of each protein was done based on Nextprot (33).  The 

proteins which were significantly different between the affected and the control groups 

comprised those of the intermediary metabolisms (carbohydrate, lipid and amino acid), 

subunits of OXPHOS, a cristae remodelling protein, an antioxidant enzyme, those 

involved in protein quality control system such as various chaperonins and the 

proteases, those involved in mitochondrial gene expression and proteins of cellular 

signalling and cytoskeletal structure (Table 2).  All of the proteins except Ubiquinol-

cytochrome c Core 1 protein (a subunit of complex III of OXPHOS) weredown 

regulated in the mitochondrial proteome of the fibroblast of affected LHON patients 

comparing with the control. 

 

Validation of Proteomic data by Western Blot 

 To validate the differentially expressed proteins observed in 2-D proteomics, 

some differentially expressed proteins were randomly selected for western blot 

analysis.  All of the four selected proteins (heat shock protein 60, catalase, UQCRC1 

and NDUFS1) for Western Blot showed the same trend with proteomic result, 

confirming validity of the result (Figure 5).  Heat shock protein 60 and catalase were 

down-regulated in the mitochondrial fraction of the affected LHON comparing the 

controls.  VDAC-1, the mitochondrial outer membrane protein, was used as a loading 

control.      

 

 Protein-protein Interaction Analysis 

 To determine the possible protein-protein interaction observed among the 

differentially expressed proteins, the whole list of identified differentially expressed 

proteins was loaded onto the STRING 9.0 database which provides the result based on 

the 4 sources of information such as high throughput experiment, co-expression, 

genomic context and previous knowledge of interaction.  Figure 6 illustrates the 

observed interaction networks among the proteins of interest.  Most of the proteins 
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were functionally and/or structurally associated with one another.  As expected, the 

proteins of the intermediary metabolism had high interaction networks.  In addition to 

these, some other proteins also show functional relations among them.  For instances, 

HSPA9 and PDIA3 are usually regarded under the category of ‘stress proteins’(34); 

HSPD1 and LONP1 are important components of ‘mitochondrial protein quality 

control system’(35).   

 Physical interactions among the proteins such as co-expressions were also 

observed among many of the proteins.  Meanwhile, some of the proteins were found to 

be differentially expressed together in other experimental models.  Vinculin, HSPD1 

and vimentin were under expressed together in Parkin expressing cells of one of the 

Parkinson’s disease model (36).  UQCRC1 and HSPA9 (37), ETFA and HSPD1(38), 

SDHA and PDHA (39) also found together as same trend of differential expression in 

previous studies.  In general, according to the result of protein-protein interaction, two 

major clusters of interactions were observed in both set of proteins: proteins related 

with intermediary metabolisms and proteins related with chaperones and protein 

degradation.  

 

Functional clustering Analysis of differentially expressed proteins 

 In order to identify the most relevant biological roles and the specific pathways 

associated with the proteins which were differentially regulated between LHON 

mutant fibroblasts and the control, the expression data were subjected to cluster 

analysis using the DAVID 6.7 (Database for Annotation, Visualization and Integrated 

Discovery) Functional Annotation Clustering Tool.  It allows the systematic extraction 

of the biological meaning from a list of genes.  Supplementary table shows the lists of 

the significantly clustering proteins in each biological pathway.  Apart from highly 

enriched clustering based on cellular localizations (Enrichment 1 and 2), many of the 

proteins were involved in generation of precursor metabolites and energy (9 proteins) 

(Enrichment 3) , association with the mitochondrial nucleoid (5 proteins) (Enrichment 

6), electron transport chain (5 proteins) (Enrichment 3), regulation of apoptosis (4 

proteins) (Enrichment 11), DNA binding (3 proteins) (Enrichment 9), chaperone or 

unfolded protein binding (3 proteins) (Enrichment 8), protein localization (4 proteins) 

(Enrichment 12), and protein complex assembly (3 proteins) (Enrichment 15).  Some 
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of the proteins were enriched in the lists of proteins implicated with neurological 

diseases such as Parkinson’s (4 proteins), Alzheimer’s (4 proteins) and Huntington’s 

diseases (4 proteins) (Enrichment 4). 

 
Discussion 

In this study, the skin fibroblasts were used to explore the mitochondrial 

proteomes of affected LHON and with mtDNA 11778G>A comparing with the 

control.  Because of the unavailability of the retinal ganglion cells bearing the mutant 

mtDNA, the choice of the sample type was skin fibroblast which was directly obtained 

from the subjects.  They can be cultivated by several passages to have high cell 

densities.  The commonly used samples for the study of mitochondrial diseases are the 

cybrids, fibroblasts and the lymphoblastoid cell lines (LCL).  Both the cybrids and the 

LCL are subjected to extensive manipulation before getting the stable cell line 

containing mutant mtDNA.  Fusion of mitochondrial mutant cells with the cell line as 

in the case of cybrids or viral transfection to the lymphocytes are the inevitable steps 

in preparation of cybrids and LCL.  This, consequently, can affect the gene expression 

profile.  Fibroblasts, on the other hand, can be studied without such manipulation.  

Moreover, fibroblasts retain the same genetic profile of the subject and can be studied 

the effect of any mutant DNA on the global gene expression profile or functional 

consequences (40).  Fibroblasts have been employed as a model in numerous studies 

of inherited neurological disorders (41-45).  One study also indicated that disruption in 

homeostasis in fibroblast, especially Ca2+ homeostasis mirrors the changes in CNS of 

neurologically impaired patients (40).  Taken together, fibroblasts would be the 

suitable candidate for the study of mitochondrial proteome with mtDNA mutations. 

 After mitochondria were fractionated out, the purity and the enrichment of 

the mitochondrial fraction was verified with organelles specific markers employing the 

Western Blotting.  The mitochondrial fraction obtained was highly enriched with 

mitochondrial proteins with minimal or absent of cytoplasmic, endoplasmic reticulum, 

lysosomal and nuclear proteins.  The purity of mitochondrial fraction was further 

confirmed by the proteomic data which revealed that most of the identified proteins 

were of mitochondrial resident proteins, in agreement with the data of sub-cellular 

markers analyses.  
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 Highly enriched mitochondrial fractions from affected LHON, and the 

control fibroblasts were run for 2-DE and proteins were identified by MS/MS analysis.  

2-DE proteomic data was successfully validated by the western blot analysis.  Western 

blot confirmation showed the correct identities with similar trend of differential 

expression as 2-DE.  Most of the 21 proteins identified in the study were the nuclear 

encoded mitochondrial proteins while some were also present in other compartment of 

the cells.  Though the mitochondrial proteome was contributed by the nuclear and 

mtDNA, none of the protein encoded by mtDNA was identified.  This was not an 

unexpected finding since all the mtDNA encoded proteins are highly hydrophobic and 

2-DE technique has poor separation on the hydrophobic and membrane bound proteins 

(46).   

 The comparison between the mitochondrial proteomes of LHON affected 

fibroblasts with the control fibroblasts revealed the down-regulation of the proteins 

involved in OXPHOS and TCA cycle, fatty acid metabolism, protein localization, 

protein folding, cristae remodeling and ROS scavenging.   

 

Expression Changes in Enzymes of the Intermediary Metabolisms 

 As summarized in figure 7, many of the enzymes of the intermediary 

metabolisms of carbohydrate, lipid and proteins were differentially expressed in the 

LHON fibroblasts with 11778G>A.  Very long chain specific acyl-CoA 

dehydrogenase and trifunctional enzyme subunit alpha (also known as hydroxyacyl 

CoA dehydrogenase) were down regulated in fibroblasts from affected LHON.  

Interestingly, both were the sole enzymes of β-oxidation which require the substrates 

FAD and NAD+, and feed FADH2 and NADH + H+ (reducing equivalence) to the 

respiratory chain.  Correspondingly, some of the respiratory chain enzymes were also 

down-regulated in the same group of sample.  Apart from these two enzymes, other 

dehydrogenases such as long chain-, medium chain- and short chain-acyl-CoA 

dehydrogenase, and other fatty acid catabolic enzymes were not found to be 

differentially expressed.   

 Another important metabolic protein methylmalonyl-CoA mutase was 

decreased in affected fibroblasts comparing the control.  The protein is involved in the 

catabolism of odd-chain fatty acids and the branched chain amino acids, in which it is 
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responsible for the conversion of methylmalonyl-CoA to succinyl-CoA.  Succinyl-

CoA then enters the pathways TCA cycle.  Interestingly, subsequent step which is 

catalyzed by succinate dehydrogenase was also down-regulated.   

 Some of the dehydrogenases of TCA cycles were altered.  Succinate 

dehydrogenase, 2-oxoglutarate dehydrogenase and the subunits of PDH complex such 

as pyruvate dehydrogenase E1 component alpha subunit and dihydrolipoyl 

dehydrogenase were significantly decreased in the 11778G>A fibroblasts.  Glycerol-3-

phosphate dehydrogenase which is involved in transporting the cytosolic reducing 

equivalents to mitochondrial respiratory chain was also reduced.  It is important to 

notice that the obvious differential expression was found with the dehydrogenases of 

the TCA cycle, β-oxidation and amino acid catabolism which all are related with the 

production of reducing equivalents subsequently utilized by mitochondrial respiratory 

chain (Figure 7).  However, all other components of the fatty acid catabolism or TCA 

cycles did not show the differential expression.  In other term, all of the components of 

the aforementioned pathways did not respond the cellular physiological status of the 

presence of LHON mutation.  This might be due to different half life proteins or 

different stability, reflecting on the different regulatory role assumed by different 

proteins.  

 

Expression changes in electron transport chain subunits 

 It is also apparent that the subunits of the respiratory chain were not 

uniformly altered in the cells with 11778G>A from the control.  NDUFS1 of the 

complex I, succinate dehydrogenase of the complex II, UQCRC1 of the complex III 

and ATP5A1 of the complex V were changed.  All these subunits had reduced 

expression in fibroblasts from affected LHON, except ubiquinol cytochrome c 

reducatase core 1 protein which was up-regulated in fibroblast of LHON affected 

individuals.  The exact functional significance of this up-regulation observed only in 

fibroblasts of affected LHON is not known.  This protein, however, was supposed to 

be involved in mitochondria-to-nucleus retrograde response of breast cancer cell line 

(47).  This response is usually invoked by the mitochondrial dysfunction or in the 

condition of mitochondrial stress, and invariably, the cells with the affected LHON 

mutation would be no exception from the mitochondrial stress.  Further studies are 
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required to determine the role of its involvement in retrograde response of LHON 

mutant cells.  Apart from these identified OXPHOS proteins, other subunits of 

OXPHOS were not found to be differentially expressed. 

 Considering all these decreased level of metabolic and OXPHOS related 

proteins, the global view of the metabolic status in the cultured fibroblasts from 

affected LHON can be depicted.  Most of the cellular catabolic pathways in 

carbohydrate, lipid and amino acid metabolism were particularly affected and the 

aerobic respiration is seriously dampening, this result was also predicted by DAVID 

functional annotation clustering analysis.  To further support this notion, ETFA 

electron transfer flavoprotein subunit alpha was down regulated in affected fibroblasts.  

This protein is central important in transferring the electrons from 11 mitochondrial 

flavoprotein dehydrogenase to the respiratory chain via the iron-sulfur flavoprotein, 

EFT-ubiquinone oxidoreductase (48).  

 

Expression Changes in Proteins involved in mitochondrial gene expression 

 Leucine-rich pentatricopeptide repeat motif-containing protein (LRPPRC) 

was found to be down-regulated in the mitochondrial fraction of fibroblast from 

affected LHON.  LRPPRC is involved in maintaining the steady state level of 

mitochondrial mRNA and hence a role in the transcription regulation (49).  It is a 

disease modifier in Leigh syndrome French-Canadian type (50) and silencing of 

LRPPRC was associated with reduction of most of the mitochondrial encoded 

subunits.  There was an impaired assembly of OXPHOS subunits and some of the 

nuclear encoded subunits and some other mitochondrial proteins were also reduced 

(49).  Interestingly, LRPPRC was co-expressed with heat shock protein 60 according 

to the STRING database.  The role of LRPPRC in the development of LHON would 

be an interesting target for further investigation.  

 Another identified protein related with the regulation of gene expression is 

Lon protease (LONP1).  As the name implies, it is well characterized as a protease.  It 

also binds the mitochondrial DNA control region and it is one of the nucleoid related 

proteins.  Though the exact role is uncertain, it is observed that in the oxidatively 

stressed cells, there is a reduction of LONP1 binding to the mtDNA.  mtDNA binding 
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is a physiological function of LON and its level influence the sensitivity to mtDNA 

damage (51).  

 
Protein stability and degradation of proteins 

 Heat shock protein 60 (HSPD1) is one of the most important chaperonins 

inside the mitochondrial matrix.  It facilitates the correct folding (52) and prevents 

mis-folding of mitochondrial proteins.  It promotes the refolding and proper assembly 

of the unfolded proteins generated under mitochondrial stress.  Previous report on the 

mutations of HSPD1 in neurodegenerative diseases (hereditary spastic paraplegia and 

MitChap60 disease) highlighted the potential importance of it the pathogenesis in 

neurodegenerative disease (53-55).  In the present study, comparing with the controls, 

it was 1.5 fold reduced expression in LHON affected fibroblasts.  The reduced level of 

HSP60 would have deleterious consequences in LHON, especially with the nature of 

neurons in which they are highly susceptible to the accumulation of unfolded proteins 

since they are post-mitotic (56) , though there has been no report of accumulation of 

unfold proteins in LHON so far.  Another chaperone which was differentially 

expressed between only in the affected versus the control was dnaJB11 protein.  It is a 

co-chaperon usually serves for HSPA5 and binds directly to the unfold proteins. 

 Stress-70 protein (MTHSP75/HSPA9) was also found to be reduced 

expressed.  Its main function is to act as a chaperon and involved in the control of cell 

proliferation and cell aging.   

 As mentioned before, LONP1 is the serine protease responsible for the 

selective degradation of misfolded, unassembled or oxidatively damaged polypeptides 

as well as other short-lived regulatory proteins in the mitochondrial matrix.  It also act 

as a chaperone in the assembly of the inner membrane protein complexes.  STRING 

protein-protein interaction analyses revealed that HSPA1, HSPD9, LONP1 and PDIA3 

were related to one another and were found to be differentially regulated together in 

other study on different cellular models, though they are not one another of 

neighboring genes (57).  Together with LONP1, HSPD1, HSPA9 are the components 

of the mitochondrial protein quality control system (35).  The system provides the 

protection of the formation of the unfolded protein by chaperones and clearance of the 

protein aggregates by the proteases.  There would be detrimental effect on the cell in 
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case this system was under presented as found in the 11778G>A fibroblasts of the 

present study. 

 

Antioxidant Protein – Catalase 

 Catalase was down-regulated in LHON affected fibroblasts comparing 

with the control.  It is a highly efficient enzyme to remove H2O2 and is mainly located 

in the peroxisome and hence it is usually regarded as a peroxisome marker (58).  

However, it is found to be associated with mitochondria of some cell types (59-60).  

Under the condition of oxidative stress, the other antioxidant enzymes of the 

mitochondria such as glutathione peroxidase, GPx and GSH system is not sufficient to 

tackle the increased amount of H2O2.  In this circumstance, reduced or absent of 

catalase in mitochondria can lead to the inefficient degradation of H2O2 with potential 

mitochondrial and cellular damage (61).  

 It has been shown that catalase is down-regulated by increased 

intracellular ROS level (H2O2) via PI3 kinase/Akt signaling or ROS induced 

methylation of CpG island of the catalase promoter (62-63).  Similar scenario could 

happen in the cells with LHON mutation since it usually results in higher ROS 

production (64-65).    

 

Cristae remodeling protein – Mitofilin 

 Another interesting protein observed in the study was mitochondrial inner 

membrane protein (IMMT) or mitofilin.  One of the cristae remodeling proteins OPA1 

whose mutation is responsible for Dominant Optic Atrophy which is very similar in 

tissue specificity and pathological features with LHON (66).  In addition, it was down 

regulated in transcriptomic profiles of leucocytes from LHON patients (12).  The 

variants in one of the OPA1 processing enzyme, PARL was also found to be 

associated with the disease development in Thai LHON patients (67).  However, in the 

present study, neither OPA1 nor PARL was detected.  This will be due the 

employment of different cell type or different strategy to explore the expression 

profiles.  In fact, it was the nucleotide variants of PARL found to be associated with 

LHON (67), and the expression level of it has not been determined in LHON patients. 
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     The present study identified the other cristae remodeling protein, mitofilin. 

It was under-represented in the LHON affected cells.  It usually anchors to the inner 

membrane of the mitochondria with the majority of the protein protruding to the 

intermembrane space (68).  It is important in the maintenance of cristae morphology.  

Previously, down-regulation of mitofilin was observed in oxidative stress induced by 

dopamine (21) and complex I inhibition induced by MPTP (69).  It is interesting to 

note that down-regulation of mitofilin is consistently observed in both models of 

complex I inhibition (either by complex I inhibitor MPTP as in the previous study or 

by LHON mutation of the present study model).  However, it has not been clear about 

the relation of complex I inhibition and down-regulation of mitofilin or the expression 

level of mitofilin and neurodegeneration.  It was observed that the down-regulation of 

mitofilin in HeLa cells had decreased cellular proliferation and increased apoptosis 

together with failure to form tubular or vesicular cristae.  Moreover, there was a 

considerable increased in inner-outer membrane ratio with not detectable crista 

junctions.  There were increased ROS production and increase mitochondrial 

membrane potential (70).  These metabolic abnormalities are in deed common with 

LHON mutant cells.  Another important relation is that mitofilin was found to be 

interacted with OPA1 (71). Therefore, in the context of oxidative stress and its 

functional importance, the down-regulation of mitofilin in 11778G>A mutant cells 

would be one of the contributor playing a critical role in pathogenesis of LHON. 

 
Implication of the proteomic profiles in the pathphysiology of LHON 

  Based on the functional annotation and clustering analysis most of the 

identified proteins were enriched in the generation of metabolites, electron transport 

chain, aerobic respiration, unfold protein binding and protein complex assembly.  

Many of the dehydrogenases that are important in aerobic respiration were under 

represented in the LHON affected fibroblasts.  All of these dehydrogenases are 

associated with production of reducing equivalents.  In fact, 3 out of 4 dehydrogenases 

in catabolism of pyruvate to CO2 were down regulated (Figure 7).  Moreover, one of 

the critical electron transport protein to Co-Q (EFTA-α) was also decreased.  This 

clearly depicted the metabolic profiles of the fibroblasts with 11778G>A mutation.  In 

fact, this derangement in bioenergetics is incompatible with neurons or more 
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specifically with the retinal ganglion cells which has unique dependence on the 

aerobic respiration and are fragile bioenergetically (72).   

  Apart from this energetic derangement, mitochondrial protein quality 

control system was seriously impaired.  Failure to conduct proper protein folding, 

protein complex assembly and prevention of unfold protein have damaging effects on 

the cells.  Taken together, the proteomic changes observed in the study will be 

deleterious at the organism scale or at least in some specific tissues, especially the 

neurones or retinal ganglion cells.  Either the bioenergetic derangement or the poor 

protein quality control inside the mitochondria is lethal for them.  Details studies are 

required to evaluate the genomic and proteomic changes in neuronal or retinal 

ganglion cell with LHON mutation. 

 In this study, 2-DE proteomic approach has been used to characterize 

the mitochondrial protein expression pattern of the dermal fibroblasts from the LHON 

affected comparing with the control groups.  With the best of knowledge, this is the 

first proteomics study for LHON so far. The altered proteins are from the diverse and 

important metabolic pathways.  It is obvious that the level of changes in expression of 

these proteins would contribute to the expression of LHON.  This data of proteomic 

profile will provide a new level of understanding on the pathogenesis of LHON and 

will fill the gap in the information of proteomic changes in one of the commonest 

mitochondrial disorders.  
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Figure 2 Western blot analyses for assessment of mitochondrial enrichment and 

purity.  20 μg of mitochondrial lysate and whole cell lysate from fibroblasts was 

separated by 12% SDS-PAGE gel and checked with specific antibodies against 

various sub-cellular organelles.  (W = whole cell lysate; M = mitochondrial enriched 

fraction) (The same membrane for each cell type was stripped and probed with 

subsequent antibodies.) 

        



 

 

 
Figure 3 (A) Mitochondrial proteomic profile of seven different affected LHON 

fibroblasts.  Equal amount of proteins (100 μg) were separated in each gel based on 

differential isoelectric point (pI) for the first dimension (x-axis), which covers pH3 

(left) to pH10 (right) and differential molecular weight for the second dimension (y-

axis) which stretches from approximately 6.5 kDa (bottom) to 200 kDa (top).  

Separated proteins were visualized by Deep Purple fluorescence stain.     



 

              
Figure 3 (B) Mitochondrial Proteomics profiles of five different control 

fibroblasts.  Equal amount of proteins (100 μg) were separated in each gel based on 

differential isoelectric point (pI) for the first dimension (x-axis), which covers pH3 

(left) to pH10 (right) and differential molecular weight for the second dimension (y-

axis) which stretches from approximately 6.5 kDa (bottom) to 200 kDa (top).  

Separated proteins were visualized by Deep Purple fluorescence stain.   

 

 

 

 

 

 

 

 

 

 

 

 



 

               
Figure 4 Representative proteome map of differentially expressed protein of  the affected LHON (n=7) and (C) the control 

fibroblasts (n=5).  Equal amount of proteins (100 μg) were resolved by 2-DE.  The numbers indicate the spot ID of proteins whose 

expression levels are significantly different among the affected versus the control fibroblasts.  (The labeling of numbers corresponds to 

the numbers mentioned in Table 4.3)
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Figure 6 Protein-protein interaction network of identified proteins which were 

significantly different between the affected and the control groups based on 

STRING 9.0 database. The types of interactions are shown as different colors. 
(Legend: ACADVL-very long-chain specific acyl-CoA dehydrogenase; mitochondrial isoform 1 

precursor; CAT-catalase; DLD- Dihydrolipoamide Dehydrogenase; DNAJB11-dnaJ homolog subfamily 

B member 11;ETFA-electron transfer flavoprotein subunit alpha; GPD2-glycerol-3-phosphate 

dehydrogenase; HADHA-trifunctional enzyme subunit alpha/3-hydroxyacyl CoA dehydrogenase; 

HSPA9-MTHSP75/heat shock 70kDa protein 9/mortalin; HSPD1-60 kDa heat shock protein; IMMT-

transmembrane protein(mitofilin); LONP1-lon protease homolog, mitochondrial precursor; LRPPRC-

leucine-rich PPR motif-containing protein, mitochondrial precursor; MUT-methylmalonyl-CoA mutase; 

MVP-major vault protein; MYH9-cellular myosin heavy chain; PDHA1-Pyruvate dehydrogenase E1 

component subunit alpha; PDIA3-protein disulfide-isomerase A3; SDHA-succinate dehydrogenase 

[ubiquinone] flavoprotein subunit; UQCRC1-ubiquinol-cytochrome c reductase core I protein; VCL-

vinculin)



 

 

Figure 7 Summary of possible major metabolic pathway derangement observed in affected and unaffected LHON 

fibroblasts comparing the control based on the 2DE proteomic result.  Only the mitochondrial fraction is shown and the    

 proteins which underwent altered expression are marked with (*). 



  
Table 1. Identification of altered proteins between the affected and the control groups  

       



  
Table 2 Functional categories and sub-cellular localizations of all the proteins identified 

in the study.  The information for sub-cellular localization was based on Mitominer 

Database 

Proteins Gene localization 
Intermediary metabolism: TCA cycle and Carbohydrate Metabolism   
Glycerol-3-phosphate dehydrogenase, mitochondrial GPD2 M 
Dihydrolipoyl dehydrogenase, mitochondrial DLD M 
Pyruvate dehydrogenase E1 component subunit alpha, somatic form, mitochondrial PDHA1 M 
Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial # SDHA M 
Intermediary metabolism: Fatty acid Catabolism   
Methylmalonyl-CoA mutase, mitochondrial MUT M 
Trifunctional enzyme subunit alpha, mitochondrial  HADHA M 
Very long-chain specific acyl-CoA dehydrogenase, mitochondrial ACADVL M 
Subunits of oxidative phosphorylation and electron transport function   
Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial # SDHA M 
Electron transfer flavoprotein subunit alpha, mitochondrial isoform  ETFA M 
Cristae remodelling   
Mitochondrial inner membrane protein  IMMT M 
Mitochondrial Gene expression   
Leucine-rich PPR motif-containing protein, mitochondrial  LRPPRC M 
Lon protease homolog, mitochondrial precursor# LONP1 M 
signal transduction   
Major vault protein  MVP N,M 
Protein stability and degradation of protein    
Lon protease homolog, mitochondrial precursor# LONP1 M 
Stress-70 protein, mitochondrial / Heat shock 70 kDa protein 9 / MTHSP75 HSPA9 M;C 
60 kDa heat shock protein, mitochondrial HSPD1 M, C 
DnaJ homolog subfamily B member 11 DNAJB11 ER,M 
protein disulfide-isomerase A3  PDIA3 ER* 
Anti-oxidant enzymes   
Catalase  CAT P, MI 
M= Mitochondria, MI=Mitochondrial intermembrane space, ER=Endoplasmic Reticulum, 

C=Cytoplasm, N= Nucleus, ER*=Mitochondrial associated ER membrane, CSK=cytoskeleton, # 

denotes more than one categories of functions. 
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