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Abstract The advancement of biomolecular techniques has
continued to advance in the area of mitochondrial medicine.
This has allowed clinicians and researchers to more effectively
study the bioenergetics of the mitochondria in various disease
states. One potential technique in mitochondrial medicine is
the generation of cytoplasmic hybrids. A cytoplasmic hybrid
or cybrid are created by introducing mitochondrial DNA
(mtDNA) of interest into cells depleted of mtDNA. A cybrid
is therefore a hybrid cell that mixes the nuclear genome from
one cell with the mitochondrial genes from another cell.
Cybrids are currently utilized in mitochondrial research to
demonstrate mitochondrial involvement in a wide range of
diseases that include diabetes, Parkinson’s disease and
inherited diseases. At this time the use of cybrids to study
toxicologic poisoning is limited and offers a potential avenue
of research in this area.
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Introduction

The mitochondria are small structures within the cells that are
responsible for over 90 % of energy production. There are
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complex interactions between the mitochondrial genome and
nuclear genome that enables cells to grow and reproduce
when the flow of energy is normal [1]. However, when there
are disruptions in energy production at the level of the mito-
chondria, there are consequential effects that manifest in a
wide rage of clinical diseases that are observed today. There
has been significant advancement in the field of mitochondrial
medicine that has been applied to investigate a wide range of
clinical problems such as diabetes, cancer, and many neuro-
degenerative disorders that include Parkinson’s and
Alzheimer’s disease [2, 3]. One of the techniques utilized in
mitochondrial medicine to study the role of the mitochondrial
genome are cytoplasmic hybrids (cybrids). Cybrids have con-
tributed valuable insight into the relationship between mito-
chondrial DNA and phenotype alterations [4]. The use of
cybrids to study the consequences of toxicologic exposures
is very limited and offers a powerful tool to study the interac-
tion of the mitochondria and phenotypic expression related to
toxicologic poisoning that result in mitochondria inhibition.
Mitochondrial inhibition can occur from environmental
toxins, occupational exposures (cyanide and carbon monox-
ide) and a wide range of pharmaceuticals currently used in
clinical medicine.

Overview of the Mitochondrial Genome

The mitochondria are membrane-bound organelles that con-
tain an outer and inner membrane composed of phospholipid
bilayers and proteins. The mitochondria perform a variety of
functions that include storage of calcium, cellular metabolism,
regulation of membrane potential, and most importantly the
production of adenosine triphosphate (ATP) that serves as the
primary energy currency of the cell. The mitochondria also
contain a separate genome that was first discovered in 1963.
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The mitochondrial DNA genome is well defined and is com-
prised of a circular double-stranded DNA containing 16,569
base pairs (Fig. 1). The mitochondrial genome encodes many,
but not all, components of the electron transport system
(ETS). Specifically, the mitochondrial genome encodes 11
components of the ETS and two subunits of ATP synthase.
The mitochondrial genome also contains 24 rRNA and tRNA
genes necessary for translation of mitochondrial protein [5].
One of the challenges in studying mitochondrial function is
separating the contributions of the nuclear genome from the
mitochondrial genome. The use of cybrids offers a method to
overcome this limitation.

Background of Cytoplasmic Hybrids

Cytoplasmic hybrids or cybrids are cell lines that can incor-
porate human mitochondria and perpetuate its mitochondrial
DNA (mtDNA)-encoded components. It is a cell line pro-
duced by introducing mtDNA of interest into cells depleted
of mtDNA. Cells that lack mitochondrial DNA are referred to
as rho zero cells (p(0) cells). Cybrids serve as a very useful
tool in studying the effects of mtDNA alteration or mutation
by excluding the influence of the nuclear genome.

p(0) cells are commonly utilized to produce cybrids cells.
p(0) cells are cell lines, often immortal, that have been depleted
of mtDNA prior to being fused with enucleated cells. The
mechanism of mtDNA depletion occurs in two important steps.
The first step is to prevent mtDNA replication. The next step
involves dividing the existing cells that will lead to dilution of
the existing mtDNA. This will eventually create a population of
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cells that lack mtDNA, now referred to as “p0.” Table 1 pro-
vides a list of currently reported p0 cell lines [6].

Many techniques have been developed over the years to
deplete cells of mtDNA. One of the earlier techniques used to
deplete mtDNA involved the use of ethidium bromide (EtBr).
EtBr is a positively charged compound that binds with nega-
tively charged mtDNA, resulting in failure of mtDNA repli-
cation. EtBr has some limitations with respect to successfully
generate p(0) cells in vertebrate cells. One limitation with the
use of EtBr is the mutagenic effects on the nuclear DNA that
may affect the ability to isolate the effects of mtDNA change
[7]. Another technique to deplete cells of mtDNA is the use of
mitochondrial DNA polymerase inhibitors. An inhibitor used
to deplete mtDNA is ditercalinium that is also used as antitu-
mor agent. Rhodamine 6-G and dideoxynucleoside analogues
are other agents used to generating p(0) cells [8].

Verification of p0 status in cell lines is an important aspect
in the generation of cybrids. There are several techniques
available to verify mtDNA depletion. Techniques include
measurement of oxygen consumption, cytochrome ¢ oxidase
activity, PCR of mtDNA, and southern blotting. All of the
following techniques rely on demonstration of a negative re-
sult so will vary depending on the sensitivity of the test being
used [6]. Another technique used to verify p0 status is testing
for uridine/pyruvate auxotrophy. Auxotrophy is the inability
of an organism to synthesize a particular organic compound
required for growth. Cells that are lacking mtDNA lack the
ability to grow without uridine. One of the mitochondrial en-
zymes, dihydroorotate dehydrogenase, is needed for the syn-
thesis of pyrimidines. This enzyme requires an intact ETS to
function; so when depletion of mtDNA occurs, the ETS fails
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Table 1  Current pO cell lines

143B osteosarcoma
A549 lung carcinoma
Fibroblast

HeLa cervical carcinoma
LL/2-m21 mouse
Lymphoblastoid, Wal2A
molt-4

NT?2 teratocarcinoma
SH-SY5Y neuroblastoma
T-cell lymphoblastic leukemia
U251 glioma

to function and will result in subsequent disruption in pyrim-
idine synthesis. Supplying uridine to mtDNA-depleted cells
will bypass the ETS-dependent dihydroorotate dehydrogenase
pyrimidine production allowing mtDNA-depleted cells to
grow [9].

Once pO status is achieved, the next step in the generation
of cybrids is mtDNA transfer. Techniques to transfer mtDNA
into cells were developed in the 1970s with the first attempt in
1972 that led to the creation of a heterokaryon hybrid cell.
Heterokaryon is a hybrid that maintained two or more separate
nuclei. The Sendai virus (mice respiratory virus) was used to
fuse these cells together [10]. Later, a separate technique was
developed to combine nucleated cells with non-nucleated cells
(cytoplasts) resulting in cybrids. The term cybrid is used to
distinguish them from a hybrid that is a mixture of two nucle-
ated cells. In 1989, a specific cybrid technique was described
that fused enucleated cytoplasts with p0 cells through the use
of polyethylene glycol and also with the direct injection of
cytoplast mitochondria [11]. Success of this technique was
demonstrated with the loss of uridine auxotrophy and restora-
tion of oxidative phosphorylation. Figure 2 demonstrates this
technique.

Application of Cybrids to Clinical Medicine

The application of cybrids offers a powerful tool to understand
diseases associated with mtDNA mutations. There are impor-
tant terms to fully understand the implications of utilizing
cybrids in mitochondrial studies (Fig. 3):

1. Homoplasmy—is a state in a cell where all copies of
mtDNA are identical. This can apply to cells that contain
all normal mtDNA or all mutated mtDNA.

2. Heteroplasmy—is a state in a cell where there is a mixture
of normal mtDNA and mutated mtDNA.

A unique feature of mtDNA is that, at cell division, the
mtDNA replicates and sorts randomly among

mitochondria. In turn, the mitochondria sort randomly
among daughter cells. Therefore, in cells where
heteroplasmy is present, each daughter cell may receive
different proportions of mitochondria carrying normal and
mutant mtDNA. This is in sharp distinction to nuclear
DNA mutations that is binary. In the case of mitochondria
DNA, heteroplasmic mutation can be present in varying
degrees.

Threshold—the mtDNA mutational load that is required
within a cell to manifest a particular biochemical or phe-
notypic manifestation.

Cybrids have been used as early as the 1970s to study
cytoplasmic inheritance of antibiotic resistance in various
tissue culture cells [12, 13]. Cybrids have also been used
to study disease states that involve known mtDNA muta-
tions. These include Leigh’s disease, myoclonic epilepsy,
and ragged red fiber disease (MERRF), Kearns-Sayre
syndrome and Leber’s hereditary optic neuropathy
(LHON). LHON is a mitochondrial-inherited degenera-
tion of retinal ganglion cells and their axons that lead to
progressive loss of central vision. LHON is only transmit-
ted through the mother as it is due to mutations in the
mitochondrial genome, and only the egg contributes mi-
tochondria to the embryo. LHON is usually due to one of
three pathogenic mtDNA point mutations. These muta-
tions are at nucleotide positions 11778, 3460 G to A,
and 14484 T to C, respectively, in the ND4, NDI, and
ND6 subunit genes of complex I of the oxidative phos-
phorylation chain in mitochondria [14, 15].

Cybrid studies on LHON reveal that the biochemical
manifestation is dependent on the nuclear background and
mutation of the p0 cell line that is used. For example,
LHON mutations can show complex I dysfunction in
one nuclear background but not in a separate nuclear
background. Even with the difference in various LHON
cybrids, there are some consistent findings and that is a
reduction in complex I-dependent ATP synthesis and def-
icits in oxygen consumption. Another important findings
from the various LHON cybrid studies are that all pheno-
typic differences require a very high mutational load [16,
17].

Another important contribution of cybrids is in the un-
derstanding of how haplogroups influence diseases with
multifactorial components such as LHON. A haplogroup
is a group of similar haplotypes that share a common
ancestor. A haplotype is a collection of specific alleles
(particular DNA sequence) in a cluster of tightly linked
genes on a chromosome that are usually inherited togeth-
er. Haplotype can also mean a set of single-nucleotide
polymorphisms (SNPs) on a single chromosome of a
chromosome pair [16]. In the case of LHON, haplogroups
Uk and J are found at higher levels in patients with LHON
when compared to haplogroup H that is underrepresented
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Fig. 2 Cytoplasmic hybrid
(cybrids) generation techniques:
Cybrids are produced in a variety
of ways. The nucleated cell can be
unaltered or could have
undergone endogenous mtDNA
depletion as illustrated here
before cytoplasmic mixing. The
primary purpose in either case is
to populate the nucleated cell with
mtDNA from the non-nucleated
cell
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in patients with LHON. Cybrids from different mitochon-
drial haplogroups were generated using platelets of differ-
ent haplogroups fused with the osteosarcoma p0 cell line.
Cybrids with haplogroups Uk and J were found to have
lower ATP production, lower oxygen consumption, and
decreased mtDNA when compared to haplogroup H [18,
19].

The A3243G mtDNA mutation is another mitochon-
drial disorder in which the application of cybrids has fur-
thered our understanding of certain diseases. The mtDNA
nucleotide 3243 is located within one of two mtDNA
genes that encodes a leucine tRNA (tRNA Leu""%).
This mutation is associated with the syndrome of mito-
chondrial encephalomyopathy, lactic acidosis, and stroke-
like episodes (MELAS). MELAS is a condition that af-
fects many of the body’s systems, particularly the central

Fig. 3 Heteroplasmy: Cybrids
cell lines of increasing
heteroplasmy matched for a
constant nuclear background can
be generated allowing for the
phenotypic observation at a
particular percentage of
heteroplasmy
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nervous system and muscles. The signs and symptoms of
this disorder most often appear in childhood following a
period of normal development. Early symptoms may in-
clude muscle weakness and pain, recurrent headaches,
loss of appetite, vomiting, and seizures. Other important
clinical findings include hemiparesis, seizures, visual loss,
and progressive dementia [19]. At this time, MELAS
largely remains an untreatable disease where deaths typi-
cally occur by the fourth decade of life from the above
complications.

Cybrids have also been utilized to further our under-
standing of MELAS. Osteosarcoma p0 cell lines were
used to generate MELAS cybrids and found that a very
high mtDNA mutational load of 85 % was required before
phenotypic manifestations were observed. This mtDNA
mutation is related to translation deficiency of mtDNA-

Cytoplasmic Hybrid (Cybrid) Cell Lines

@ Normal Mitochondrial DNA

@ Mutated Mitochondrial DNA

0% 30%

50% 80% 100%

___._—



J. Med. Toxicol. (2015) 11:201-207

205

encoded structural proteins. These same studies also dem-
onstrated the important contributions of the nuclear ge-
nome where the nuclear background of the p0 cells influ-
ence the degree of mtDNA mutation required for pheno-
typic expression. For example, in the osteosarcoma
MELAS cybrid model, a 90 % mutational load results in
around a 30 % decrease in cytochrome oxidase activity
[20]. In an A549 lung carcinoma MELAS cybrid model, a
50 % mutational load results in a 50 % reduction in cyto-
chrome oxidase activity [21]. This illustrates the impor-
tant role the nuclear genome plays in the mitochondrial
genotype-phenotype relationships [22].

Application of Cybrids to Toxicologic Poisoning

Cybrids offer a powerful tool to study many inherited mito-
chondrial defects such as MELAS, LHON, and Leigh syn-
drome. Cybrids are also utilized to study common clinical
diseases such as diabetes, heart disease, autism, and
Parkinson’s disease. For example, mtDNA is transferred from
an individual with a particular condition of interest such as
Alzheimer’s disease generating cell lines [23]. The cybrids
generated can now be used to measure an extensive array of
biochemical and molecular measurements. Examples of anal-
yses include membrane potential, measurement of respiratory
complexes, glycolysis gene expression, and transcriptional
profile utilizing RNA sequencing. The measurements obtain-
ed from these cybrids can now be compared to control sam-
ples. Since the nuclear genome is assumed to be constant, any
differences in the indices obtained can be assumed to be from
differences in mtDNA.

A potential application of engineered cybrids is to study
certain toxicologic exposures, especially those that inhibit
the mitochondria preventing oxidative phosphorylation.
There are many poisons that inhibit the mitochondria includ-
ing cyanide, hydrogen sulfide, and carbon monoxide that act
predominantly at complex IV. Acute exposure from these
toxins often results in multi-organ dysfunction, particular or-
gan systems highly dependent on ATP production from oxi-
dative phosphorylation such as the central nervous system.
Consequential exposures often result in death from cardiovas-
cular collapse [24].

There are other poisons that are also mitochondrial
inhibitors and have also been linked to certain metabolic
disorders with chronic low concentration exposures.
Such inhibitors include certain pesticides such as atra-
zine and rotenone, inhibiting complex III and I, respec-
tively. It has been noted that in agricultural areas where
the use of pesticides is prevalent, there is a high inci-
dence of metabolic disorders such as diabetes, cardio-
vascular disease, and obesity [25, 26]. Chronic

exposures to these mitochondrial inhibitors (pesticides)
have also been linked to certain neurologic disorders
such as Parkinson’s disease and autism [27, 28].
Experimental studies have linked chronic exposures of
these toxins to the development of specific metabolic
disorders. While there are a variety of reasons for this
relationship, it is clear that there is an association be-
tween chronic mitochondrial inhibition from these toxins
and the various metabolic diseases described above.

Cytoplasmic hybrids represent a method to study the
effects of mitochondrial inhibition from specific inhibi-
tors such as pesticides. A series of cybrids with increas-
ing percentages of heteroplasmy (A3243G mutation)
have been utilized as a model for the effects of incre-
mental inhibition of mitochondrial function. This results
in increasing deficiency of mitochondrial protein synthe-
sis on gene expression which can be assessed with
RNA sequencing. An interesting finding is when there
is an increase in mitochondrial dysfunction (resulting
from increasing mitochondrial DNA mutation); there
are four discrete transcriptional phases which corre-
sponds to specific phenotypic expressions. For example,
individuals that inherit the most common 3243 mutation
and harbor ~10-30 % 3243G mutant mtDNAs manifest
diabetes, whereas the same individuals with ~50-90 %
mutant mtDNA display encephalomyopathies. Given the
stepwise nature of these transcriptional phase transitions,
significant mitochondrial inhibition can occur before
phenotypic expression occurs from an induction of
phase transition [21]. It is therefore critical to detect
early mitochondrial changes before phenotypic expres-
sion can occur. Cybrids offer a potential way to serve
as a sensitive assay to detect possible mitochondrial
inhibition from select toxins before phenotypic expres-
sion can occur.

Exposure from environmental toxins such as pesticides that
inhibit the mitochondria may also exhibit phase transitions
similar to what is seen with increased heteroplasmy.
Accumulation of pesticides from the environment may also
result in increasing inhibition of mitochondrial function with
exposure leading to discrete phase transitions such as heart
disease, diabetes, and autism. Cybrids may serve as a sensitive
assay to detect low concentrations of environmental mito-
chondrial inhibitors such as pesticides. Cybrids with increas-
ing heteroplasmy can be exposed to certain mitochondrial
inhibitors to serve as a sensitive assay for detecting these
toxins before phenotypic manifestations occur.

There are some limitations to consider with the use of
cybrids. The nuclear background of the p0 cells used to pro-
duce the cybrid influences the variation in mitochondrial
physiology from one cell type to the next. This is a consider-
ation when interpreting study results as cybrid methodology
may also vary from one study to the next. Another limitation is
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the majority of p0 cell lines used to produce cybrids are tumor
cells so do not necessarily reflect normal cell lines. Tumor
cells are anaerobic at baseline that should be taken into ac-
count. Itis also important to take into account the method used
to deplete mtDNA. While the majority of cybrid studies have
used EtBr, newer methods are being utilized to deplete
mtDNA. This should also be taken into consideration in the
interpretation of findings [29].

Summary

In summary, the use of cybrids has allowed research scientists
to study disease states that relate to mtDNA mutations. Cybrid
studies continue to gain further insight into how altered mito-
chondrial function affects cell physiology and phenotypic ex-
pression and the role the nuclear genome contributes to this
relationship. While cybrids have been traditionally utilized to
study inherited and sporadic disease states, they also represent
a powerful tool to study acquired mitochondrial inhibition
from specific poisons such as pesticides, cyanide, and carbon
monoxide.
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