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Patient-derived lymphoblastoid cell lines 
harboring mitochondrial DNA mutations as tool 
for small molecule drug discovery
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Abstract 

Objective: Mitochondrial diseases are a group of devastating disorders for which there is no transformative cure. The 
majority of therapies for mitochondrial disease—approved, previously tested, or currently in development—are small 
molecules. The implementation of better cell-based models of mitochondrial disease can accelerate and improve 
the accuracy of small molecule drug discovery. The objective of this study is to evaluate the use of patient-derived 
lymphoblastoid cell lines for small molecule research in mitochondrial disease.

Results: Five lymphoblastoid cell lines derived from mitochondrial disease patients harboring point mutations in 
mtND1, mtND4, or mtATP6 were characterized in two high throughput assays assessing mitochondrial function. In a 
pilot “clinical trial in a dish” experiment, the efficacy of idebenone—an approved therapy for mitochondrial disease—
on the lymphoblastoid cell lines was tested. Idebenone increased the basal respiration of all lymphoblastoid cell 
lines except those harboring the 8993T>G point mutation in mtATP6. Our results posit lymphoblastoid cell lines as a 
strong model for mitochondrial disease research with small molecules and have implications for the clinical efficacy of 
idebenone.
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Introduction
Mitochondrial diseases are a group of clinically hetero-
geneous disorders that affect about one in 5000 people 
[1], and can be caused by mutations in the mitochondrial 
DNA (mtDNA). There is currently no cure for mitochon-
drial disease.

Lymphoblastoid cell lines (LCLs) are patient-derived 
cells resulting from the transformation of peripheral 
B lymphocytes by Epstein–Barr virus. There are many 
advantages to working with this cell model of mitochon-
drial disease. First, LCLs are relatively abundant and pub-
lically available, as many biorepositories collect, store, 
and distribute LCLs. Second, LCLs are effectively immor-
talized, and contain and replicate the mtDNA mutations 

found in mitochondrial disease patients. Third, the mito-
chondria of LCLs are robust, generally have a higher res-
piratory rate than that of cybrids [2], making them more 
sensitive to mitochondrial assays. Fourth, LCLs respond 
to mitochondrial inhibitors and other small molecules 
[3]. Lastly, the wide availability of LCLs derived from 
apparently healthy individuals can be used to find an 
average readout for “normal” control cell lines.

Because of their availability, immortality, and respon-
siveness, LCLs are a good screening tool for small mol-
ecule research. For example, once a library of LCLs from 
hundreds of patients is obtained, “clinical trial in a dish” 
studies can be done to test for drug efficacy in cells with 
a variety of nuclear and mitochondrial DNA. This could 
lead to the development of more broadly applicable ther-
apies that are not biased towards any particular genotype. 
However, there are little to no studies on this topic. In 
this paper, we present results from five LCLs obtained 
from mitochondrial disease patients harboring disease 
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associated point mutations in mtDNA. We characterized 
the cell lines in terms of heteroplasmy, respiration, and 
cell growth, and then performed a small scale “clinical 
trial in a dish” to assess the response of these cell lines to 
idebenone, a small molecule approved for Leber’s heredi-
tary optic neuropathy (LHON).

Main text
Methods
Cell culture
LCLs were obtained from the Coriell Institute for Medi-
cal Research (Camden, NJ), see below. LCLs were cul-
tured in RPMI (Corning 10-040) + 10% FBS (Seradigm 
1500-500) + Antibiotic/Antimycotic (Gibco 15240062) at 
37 °C and 5%  CO2.

Lymphoblastoid cell line mtDNA mutation Effect of mutation Disease Sex Age at sampling 
(years)

Race

GM00333 (wildtype) n/a n/a None Female 23 Caucasian

GM11605 (ND1_3460G>A) 3460G>A; lies in mtND1 Alanine to threonine LHON Female 40 Caucasian

GM10742 (ND4_11778G>A) 11778G>A; lies in mtND4 Arginine to histidine LHON Male 30 Caucasian

GM10744 (ND4_11778G>A) 11778G>A; lies in mtND4 Arginine to histidine LHON Male 53 Black

GM13741 (ATP6_8993T>G) 8993T>G; lies in mtATP6 Leucine to arginine Leigh’s Male 2 Other

GM13740 (ATP6_8993T>G) 8993T>G; lies in mtATP6 Leucine to arginine Leigh’s Male 12 Caucasian

ARMS qPCR
Total DNA from passage 7 LCLs were isolated using the 
DNeasy Blood & Tissue Kit (Qiagen 69504) and stored 
at − 20 °C. qPCR was carried out on the QuantStudio 7 
Flex Real-Time PCR System using SYBR green master 
mix (ThermoFisher 4367659), primer pairs (below), and 
total DNA as a template. Cycle threshold (Ct) values were 
obtained using the QuantStudio 7 Software. Identical 
results were seen in passage 15 LCLs, indicating that the 
heteroplasmy levels did not spontaneously change while 
in culture (data not shown).

Target Forward primer Reverse primer

mtND1 wildtype CTA CTA CAA CCC TTC 
GCT GAAG 

GAG CGA TGG TGA GAG CTA 
AGG 

mtND1_3460G>A CTA CTA CAA CCC TTC 
GCT GAAA 

AGA AGA GCG ATG GTG 
AGA GC

mtND4 wildtype CTA CGA ACG CAC TCA 
CAG TAG 

AGG TTA GCG AGG CTT GCT 
AG

mtND4_11778G>A CTA CGA ACG CAC TCA 
CAG TAA 

AGG TTA GCG AGG CTT GCT 
AG

mtATP6 wildtype TAC TCA TTC AAC CAA 
TAG CCAT 

AAG TGT AGA GGG AAG GTT 
AATGG 

mtATP6_8993T>G TAC TCA TTC AAC CAA 
TAG CCAG 

TTA GGT GCA TGA GTA GGT 
GGC 

Cell growth on glucose or galactose media
LCLs were washed with PBS and then resuspended 
in either glucose or galactose media at 2 × 105 cells/
ml. Glucose media: glucose-replete RPMI (Corning 
10-040) + 10% FBS + Antibiotic/Antimycotic. Galac-
tose media: glucose-free RPMI (Corning 10-043) + 10% 
FBS + Antibiotic/Antimycotic + 25 mM galactose (Sigma 
G0750) + 1  mM pyruvate (Gibco 11360-070) + 1  mM 
l-glutamine (Gibco 25030-081) + 50  µg/ml uridine 
(Sigma U3003). At multiple time points up to 6 days 
after cell seeding, cell number and viability was counted 
with the Viacount Kit (Millipore 4000-0041). Ratios were 
calculated by dividing the fold change in cell number in 
galactose media by the fold change in cell number in glu-
cose media.

Oxygen consumption assay
LCLs were plated at 1 × 105 cells/well in XF Base Media 
(Agilent 103334-100) + 10  mM glucose (ThermoFisher 
A24940-01) + 1  mM pyruvate + 1  mM l-glutamine in 
XFp cell culture miniplates (Agilent 103025-100) and 
centrifuged at 300×g for 5  min. The Seahorse XF Cell 
Mito Stress Test Kit (Agilent 103015-100) was performed 
according to manufacturer’s instructions on the Seahorse 
XFp Analyzer. In experiments involving idebenone, 1% 
DMSO was used as a control.

Statistical methods
Quantitative data shown in figures and tables are derived 
from at least three independent experiments. T-test 
or Dunnett’s multiple comparisons test after one-way 
ANOVA was performed using Microsoft Excel or Graph-
pad Prism 7 to determine p-values; a p-value below 0.05 
was considered significant.

Results
Six different LCLs were obtained: one from an appar-
ently-healthy individual, one from a patient with the 
3460G>A point mutation mtND1, two from patients with 
the 11778G>A point mutation in mtND4, and two from 
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patients with the 8993T>G point mutation in mtATP6. 
The allele refractory mutation system (ARMS)-based 
quantitative PCR (qPCR) method was used to calculate 
the heteroplasmy, or percentage of mutant mtDNA, of 
the LCLs [4, 5]. All of the mitochondrial disease associ-
ated LCLs contained > 98% mutant mtDNA, whereas 
the LCLs from an unaffected individual (GM00333 
(wildtype)) has ≤ 0.13% mutant mtDNA (Table 1).

The 3460G>A, 11778G>A, and 8993T>G point muta-
tions in mtDNA have previously been shown to decrease 
the function of their respective complexes [2, 6–8], lead-
ing to mitochondrial dysfunction. The ability of cells to 
grow in galactose media (i.e., glucose-free, galactose-
replete media) has been widely used as a method to 
assess mitochondrial dysfunction [9]. Since the metabo-
lism of galactose yields zero net ATP from glycolysis, 
cells grown in galactose media are forced to rely on oxi-
dative phosphorylation for ATP production. Therefore, 
cells with mitochondrial dysfunction do not grow as well 
in galactose media as they do in glucose-replete media. 
We compared the ability of the LCLs to grow in either 
glucose or galactose media. While GM00333 (wildtype) 
cells grow at a similar rate in either glucose or galactose 
media, the LCLs carrying mtDNA mutations grow slower 
in galactose media compared to glucose media (Fig. 1a). 
Our results show that the presence of the mtDNA muta-
tions cause mitochondrial dysfunction, and is consistent 
with previously published data [10, 11].

The measurement of respiratory rates in cells is 
another widely used method to assess mitochondrial 
dysfunction [5, 12]. Mitochondria are responsible for 
the majority of oxygen consumption occurring in the 
cell. Previously, it has been shown that lymphocytes 
respond to the addition of mitochondrial modulators in 
whole cell respiration studies [3]. We measured the oxy-
gen consumption rates (OCR) of intact LCLs at basal 
levels and in response to the addition of oligomycin and 
carbonyl cyanide 4-(trifluoromethoxy) phenylhydra-
zone (FCCP). LCLs containing the ND1_3460G>A or 
ND4_11778G>A point mutation have a lower basal and 
maximal OCR than GM00333 (wildtype) cells (Fig. 1b, 
c). On the other hand, LCLs with the 8993T>G muta-
tion in mtATP6 only have a lower maximal respiration. 
Both of these findings are consistent with previously 
published results regarding these point mutations [2, 
13].

Idebenone is a cell permeable analog of coenzyme 
Q that has been approved for the treatment of LHON 
in Europe. Ninety to 95% of LHON cases are associ-
ated with point mutations in either ND1_3460G>A, 
ND4_11778G>A, or ND6_14484T>C [14–16]. In the 
cell, idebenone is reduced to idebenol by complex I or 
II of the electron transport chain (ETC), mitochon-
drial glycerol-3-phosphate dehydrogenase, or cytosolic 
NAD(P)H quinone oxidoreductase 1 [17]. Idebenol is 
then oxidized back to idebenone by complex III of the 
ETC. Thus, idebenone can bypass complex I and provide 

Table 1 Calculation of heteroplasmy of LCLs

(A) ARMS-qPCR was used to quantify wildtype or mutant forms of mtDNA in the 3 loci shown using total DNA isolated from GM00333 (wildtype) LCLs. Heteroplasmy 
was calculated based on Ct values. GM00333 (wildtype) cells have < 0.13% mutant mtDNA in either of the loci analyzed

(B) Similarly, heteroplasmy was calculated for LCLs known to harbor mtDNA mutations at the loci indicated. As a control, DNA isolated from GM11605 or GM00333 
were mixed in the ratios shown prior to qPCR, and yields expected heteroplasmy values

Average ± SEM for three independent experiments are shown

Panel (A)

GM00333 (wildtype) Ct(wildtype) − Ct(mutant) % mutant mtDNA

3460G>A (ND1) − 9.92 ± 0.08 0.1 ± 0.01

11778G>A (ND4) − 10.47 ± 0.15 0.07 ± 0.01

8993T>G (ATP6) − 9.93 ± 0.48 0.13 ± 0.04

Panel (B)

Strain Ct(wildtype) − Ct(mutant) % mutant mtDNA

GM11605 (ND1_3460G>A) 12.42 ± 0.45 99.98 ± 0.01

GM10742 (ND4_11778G>A) 8.75 ± 0.57 99.71 ± 0.06

GM10744 (ND4_11778G>A) 8.99 ± 0.05 99.8 ± 0.01

GM13741 (ATP6_8993T>G) 6.94 ± 0.61 98.81 ± 0.39

GM13740 (ATP6_8993T>G) 7.76 ± 0.55 99.37 ± 0.2

GM11605:GM00333 (1:1) 0.7 ± 0.27 61.64 ± 4.46

GM11605:GM00333 (1:5) − 2.05 ± 0.2 19.61 ± 2.16



Page 4 of 6Chin et al. BMC Res Notes  (2018) 11:205 

electrons directly to complex III of the ETC. Idebenone is 
also known to be a powerful antioxidant [18]. Idebenone 
has been shown to boost basal respiration in intact cells 
independently of complex I in at least two different mito-
chondrial disease models [17, 19].

Similarly, we found that idebenone increased the res-
piration of GM11605 (ND1_3460G>A) cells in a dose 
dependent manner (Fig.  2a), with 21.9  µM idebenone 
producing the maximal increase in OCR. We then tested 
the effect of 21.9  µM idebenone on basal respiration in 

Fig. 1 LCLs harboring mtDNA mutations display growth and respiration defects. a The ratios of cell growth in galactose media compared to 
glucose media are graphed. A ratio of 1.0 means that the cell line grows at the same rate in glucose or galactose media, whereas a ratio < 1.0 means 
that the cell line grows slower in galactose media compared to glucose media. GM00333 (wildtype) cells grow at a similar rate in either glucose 
or galactose media, but all LCLs with mtDNA mutations exhibit slower growth in galactose media. b, c Cells were seeded at equal confluency and 
oxygen consumption rates (OCR) were measured and plotted. Basal OCR is measured without the addition of mitochondrial inhibitors (b); maximal 
OCR is measured after the addition of oligomycin and FCCP (c). LCLs with mutations in complex I subunits display decreased basal respiration 
rates. All LCLs with mtDNA mutants display decreased maximal respiration rates. Average ± SEM from three independent experiments are shown. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by Dunnett’s multiple comparisons test after one-way ANOVA, vs. GM00333 (wildtype) cells

Fig. 2 Idebenone increases the basal respiration of some, but not all, LCLs. a Idebenone increased the basal OCR of GM11605 (ND1_3460G>A) 
cells in a dose dependent manner. b Idebenone increased the basal OCR of wildtype LCLs and LCLs harboring complex I mutations. No effect was 
seen in LCLs harboring the 8993T>G mutation. Average ± SEM from three independent experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, unpaired t-test, vehicle vs idebenone treated
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all six LCLs. In either the wildtype LCLs or LCLs con-
taining ND1_3460G>A or ND4_11778G>A mutations, 
idebenone increased the basal respiration of the cells 
(Fig. 2b). The idebenone-induced increase in respiration 
is sensitive to oligomycin and abolished with the addition 
of rotenone/antimycin (data not shown), as seen in other 
studies [17, 19]. Interestingly, however, we found that ide-
benone could not increase the basal respiration of cells 
harboring the ATP6_8993T>G mutation. To our knowl-
edge, this is the first report of a lack of efficacy of ide-
benone in cells harboring the ATP6_8993T>G mutation. 
Our data suggests that the 8993T>G point mutation may 
confer resistance to idebenone and has implications for 
the clinical efficacy of idebenone in specific populations.

Discussion
LCLs are an excellent model of mitochondrial disease 
that can be easily characterized in high-throughput, func-
tional assays. A collection of LCLs from different patients 
are a useful tool that can be used to measure the efficacy 
of small molecules in vitro. Such “clinical trial in a dish” 
studies can expedite the discovery of broadly-applicable 
small molecule therapeutics for mitochondrial disease, 
and/or identify genetic mutations that may confer resist-
ance to such therapies. Besides the “clinical trial in a dish” 
studies described in this paper, LCLs can also be used in 
personalized medicine applications. For example, LCLs 
can be generated from a specific patient, and libraries of 
small molecules can be screened for therapeutic effect 
in vitro. LCL based studies can also be used as a compan-
ion diagnostic for existing small molecule therapeutics. 
We conclude that LCLs are a flexible in  vitro model of 
mitochondrial disease that can be used for a variety small 
molecule studies. We hope that our results will facilitate 
the discovery of new, broadly-applicable small molecule 
therapeutics for mitochondrial disease.

Limitations
  • The mechanism by which the 8993T>G mutation 

confers resistance to idebenone is unknown at this 
time.

  • The number of cell lines used for analysis and com-
parison are small. Further studies using more LCLs 
and more assays can strengthen the claim that the 
8993T>G mutation in mtATP6 provides resistance to 
idebenone.

  • Ideally, a clinical trial in a dish study would compare 
hundreds of different LCLs in a 96 well plate format. 
The respiration and galactose growth assays can both 
be done in 96 well plates. This paper describes a pilot 
study done on only six different LCLs.
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