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ABSTRACT

Objective: The aim of this study was to evaluate the effect of the m.15059G>A mitochondrial 
nonsense mutation on cellular functions related to atherosclerosis, such as lipidosis, pro-
inflammatory response, and mitophagy. Heteroplasmic mutations have been proposed as 
a potential cause of mitochondrial dysfunction, potentially disrupting the innate immune 
response and contributing to the chronic inflammation associated with atherosclerosis.
Methods: The human monocytic cell line THP-1 and cytoplasmic hybrid cell line TC-
HSMAM1 were used. An original approach based on the CRISPR/Cas9 system was developed 
and used to eliminate mitochondrial DNA (mtDNA) copies carrying the m.15059G>A 
mutation in the MT-CYB gene. The expression levels of genes encoding enzymes related to 
cholesterol metabolism were analyzed using quantitative polymerase chain reaction. Pro-
inflammatory cytokine secretion was assessed using enzyme-linked immunosorbent assays. 
Mitophagy in cells was detected using confocal microscopy.
Results: In contrast to intact TC-HSMAM1 cybrids, Cas9-TC-HSMAM1 cells exhibited a 
decrease in fatty acid synthase (FASN) gene expression following incubation with atherogenic 
low-density lipoprotein. TC-HSMAM1 cybrids were found to have defective mitophagy and 
an inability to downregulate the production of pro-inflammatory cytokines (to establish 
immune tolerance) upon repeated lipopolysaccharide stimulation. Removal of mtDNA 
harboring the m.15059G>A mutation resulted in the re-establishment of immune tolerance 
and the activation of mitophagy in the cells under investigation.
Conclusion: The m.15059G>A mutation was found to be associated with defective 
mitophagy, immune tolerance, and impaired metabolism of intracellular lipids due to 
upregulation of FASN in monocytes and macrophages.
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INTRODUCTION

Atherosclerosis is a chronic disease characterized by localized inflammation within the walls 
of human arteries. The initial trigger for atherosclerosis development is the accumulation 
of intracellular lipids by intimal cells, resulting from the phagocytosis of modified low-
density lipoprotein (LDL) particles.1 Moreover, the phagocytosis of modified LDL can 
trigger a cellular pro-inflammatory response, which is part of the innate immune system. 
Disturbances in the innate immune response can result in chronic inflammation, which may 
ultimately lead to the development of an atherosclerotic lesion. Mitochondrial dysfunction is 
thought to be one of the causative factors of impaired innate immunity during atherosclerosis 
development. The presence of heteroplasmic mutations in mitochondrial DNA (mtDNA) 
can result in the emergence of dysfunctional mitochondria in intimal cells.2 The primary 
mechanism for eliminating damaged mitochondria in cells is mitophagy, a process in which 
mitochondria merge with lysosomes for subsequent degradation.3 It has been established 
that certain mutations in mtDNA can disrupt the mitophagy process.4,5 Defective mitophagy 
allows damaged mitochondria to persist within cells, potentially triggering a chronic immune 
response,6 which contributes to the development of an atherosclerotic lesion accompanied by 
plaque formation.7

Our previous studies have identified several heteroplasmic mutations in mtDNA that 
are associated with atherosclerosis. These mutations were found to be present in 
atherosclerotic lesions within the human aortic intima.8,9 Specifically, mutations in the 
MT-RNR1(m.1555A>G), MT-TL1 (m.3256C>T), MT-TL2 (m.12315G>A), and mitochondrial 
cytochrome B (MT-CYB, m.15059G>A) genes were established to be associated with the 
formation of lipofibrous plaques in the intima of the human aorta.8 We have created 
cytoplasmic hybrid (cybrid) cell lines containing mitochondrial mutations associated 
with atherosclerosis in order to study the possible association between mutations in the 
mitochondrial genome and manifestations of atherosclerosis at the cellular level (e.g., the 
pro-inflammatory response and the accumulation of intracellular lipids).10 Using these 
cybrid cells, we have demonstrated the negative effect of mitochondrial mutations associated 
with atherosclerosis on the ability of cells to activate mitophagy and reduce the production 
of pro-inflammatory cytokines (leading to immune tolerance) in response to repeated 
lipopolysaccharide (LPS) stimulation.7 In summary, mitochondrial dysfunction, caused by a 
mitochondrial mutation, may provoke the accumulation of damaged mitochondria, leading 
to immune intolerance, non-resolving inflammation, and increased lipid accumulation in the 
cells of atherosclerotic plaques.

In this study, we investigated the effect of a mitochondrial mutation on lipidosis, the 
immune response, and mitophagy. Specifically, we focused on the role of the nonsense 
mutation m.15059G>A in the MT-CYB. This mutation results in the formation of a truncated 
cytochrome B protein, which can affect mitochondrial function. To eliminate mtDNA 
copies carrying the m.15059G>A mutation, we developed an original approach based on the 
CRISPR/Cas9 system. Using this approach, we successfully removed mtDNA carrying this 
target mutation and created cells that did not carry the m.15059G>A mutation (Cas9-TC-
HSMAM1), based on the TC-HSMAM1 cybrid cell line. This made it possible to evaluate the 
effect of the m.15059G>A mutation, which may result in defective mitophagy and immune 
intolerance, on cellular metabolism and functions.
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MATERIALS AND METHODS

1. MitoCas9 vector construction
The strategy of eliminating mtDNA from cybrid cells using a specific mitochondria-targeted 
CRISPR/Cas9 system was used in accordance with recent studies.11-13 A MitoCas9 vector was 
constructed that contained the full coding sequence of Sniper-Cas9 (Streptococcus pyogenes) 
with the flanking mitochondrial targeting sequence (MTS) of human cytochrome C oxidase 
subunit 8A and the T7 promoter sequence. The streptavidin-SpyTag sequence was added 
after the MTS site through the S1m aptamer for simultaneous delivery of Cas9 nuclease and 
single-guide RNA (sgRNA) into mitochondria.14 To increase the efficiency and specificity 
of mtDNA cutting with the MitoCas9 vector, biotinylated sgRNA was used. Site-specific 
mutagenesis with Sniper-Cas9 was performed to increase its stability and specificity, as 
previously described.15-18 The mtDNA-encoded gene MT-CYB with the m.15059G>A mutation 
was selected as a target for the MitoCas9 RNA complex.

2. Cell culture and transfection
The human monocytic cell line THP-1, as well as the cybrid cell line TC-HSMAM1 and Cas9-
TC-HSMAM1 cells, was cultured in a complete culture medium of RPMI-1640 supplemented 
with L-glutamine, 10% (v/v) fetal bovine serum (FBS) (Gibco), 100 U/mL of penicillin−
streptomycin (Gibco), and 50 mM β-mercaptoethanol (Sigma-Aldrich) at 37°C under a 
humidified atmosphere with 5% CO2. THP-1 was used as a control (reference) cell line.

In total, 2.5×105 cells were seeded in a 24-well plate 24 hours prior to transfection. The MitoCas9 
vector (1,000 ng) was transfected using mannose-containing cationic liposomes following an 
N/P ratio of 6:1, which represents the ratio of the number of amino groups in the cationic lipid 
to the number of phosphate groups in the nucleic acid.19,20 After 24 hours, the medium and 
liposomes were removed by washing the cells twice with phosphate-buffered saline (PBS).

3. Analysis of the efficiency of mitochondrial genome editing
For genomic DNA extraction, Cas9-TC-HSMAM1 cells were lysed overnight at 60°C in SNET 
lysis buffer (20 mM Tris, pH 8.0; 5 mM ethylenediaminetetraacetic acid [EDTA], pH 8.0; 
400 mM NaCl; 1% sodium dodecyl sulfate) supplemented with proteinase K (20 mg/mL) 
(Sigma-Aldrich). Genomic DNA was purified using phenol:chloroform:isoamyl alcohol 
(25:24:1) according to the standard protocol.21 The DNA concentrations were determined 
using a BioSpec nano-spectrophotometer (Shimadzu). Extracted genomic DNA was used to 
amplify the surrounding region of the m.15059G>A mutation for the T7 endonuclease I (T7EI) 
mismatch detection assay using Q5 Hot Start High-Fidelity 2X Master Mix (New England 
BioLabs) in accordance with recent studies.22 Polymerase chain reaction (PCR) was conducted 
in a T100 thermal cycler (BioRad) in order to obtain PCR products. The purification and T7EI 
digestion of PCR products were carried out in accordance with the New England BioLabs 
protocol. Agarose gel electrophoresis of the digested PCR products was performed in the Sub 
Cell GT (BioRad) horizontal electrophoresis system. Gel imaging was carried out using the Gel 
Doc XR+ Gel Documentation System (BioRad). To confirm mtDNA cutting at the target site, 
we performed digital droplet PCR (ddPCR) on the PCR products isolated from agarose gel. 
Amplification was conducted using a QX200 (BioRad) with primers designed to detect double-
strand DNA breaks (DSBs) in the region of heteroduplex formation after Cas9 endonuclease 
cleavage of the gene sequence (Supplementary Table 1). The number of events, corresponding 
to the fluorescent signals from cut mtDNA (positive) and wild-type mtDNA (negative), was 
quantified using QuantaSoft Analysis Pro software (BioRad).
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4. Preparation of human plasma LDL
Plasma was obtained from patients with atherosclerosis and myocardial ischemia, 
consistent with the World Medical Association Declaration of Helsinki. Human LDL 
(density=1.019–1.063 g/cm3) was isolated by preparative sequential ultracentrifugation using 
KBr for density adjustments, according to standard techniques.23,24 To prevent lipoprotein 
oxidation, all steps were performed in the presence of 3 mM EDTA. The LDL preparations 
were dialyzed at 4°C in the dark against PBS containing 0.01 mM EDTA and sterilized through 
a polycarbonate filter with a 0.45 μm pore diameter (Corning Inc.). The protein content 
in LDL preparations was measured according to the method of Lowry et al.25 using Folin-
Ciocalteu’s phenol reagent (Sigma-Aldrich). LDL preparations were stored in the dark at 4°C 
for 7 days until use.

5.  Generation of macrophage foam cells and measurement of their cellular 
cholesterol content

THP-1, TC-HSMAM1, and Cas9-TC-HSMAM1 cells were maintained in a complete RPMI-
1640 medium and 100 ng/mL of phorbol 12-myristate-13-acetate (Sigma-Aldrich) at 37°C for 
48 hours to induce cell differentiation to macrophages.26 Cell-derived macrophages were 
incubated in the presence of previously isolated LDL (100 μg/mL) for 24 hours to induce 
lipid accumulation and foam cell formation. To measure cellular cholesterol content, the 
cells were lysed in a 0.2N sodium hydroxide solution, and the protein levels in the cellular 
lysates were then measured according to the method of Lowry et al.,25 using 1 mg/mL bovine 
serum albumin as a standard. Cellular lipids were extracted from cell samples using hexane–
isopropanol (3:2; v/v). Cholesterol levels in the lipid extracts were measured using Fluitest 
CHOL (Analyticon) and a 1 mg/mL cholesterol solution as a standard. The total cholesterol 
content was calculated as the ratio of cholesterol to cell protein in each sample.

6. Analysis of gene expression for lipid metabolism enzymes
Quantitative real-time PCR (qPCR) was used to analyze the expression levels of selected genes 
that encode enzymes involved in cholesterol metabolism in non-loaded and cholesterol-
loaded macrophages. Total cellular RNA was isolated using the ExtractRNA (Evrogen) 
with the removal of genomic DNA using the ezDNase Enzyme (Invitrogen) according to 
the manufacturer’s protocol. RNA concentrations were determined using a BioSpec nano-
spectrophotometer (Shimadzu). The RNA from each sample was then converted to cDNA 
using an MMLV RT kit (Evrogen) according to the manufacturer’s protocol. cDNAs from 
samples were amplified in triplicate with CFX96 Touch (BioRad) using the qPCRmix-HS 
SYBR (Evrogen) for qPCR using designed primers (Supplementary Table 2). The data were 
normalized relative to the median Ct values of endogenous controls (GAPDH and CAP1). The 
fold difference between the THP-1 control and treatments was calculated using the 2−∆∆Ct 
method, where ∆∆Ct=(∆Ct THP-1 control)−(∆Ct treatment) and ∆Ct=(Ct target gene)−(median 
Ct value of the endogenous control).

7.  Evaluation of tumor necrosis factor (TNF)-α secretion of LPS-stimulated 
cells using enzyme-linked immunosorbent assay (ELISA)

THP-1, TC-HSMAM1, and Cas9-TC-HSMAM1 cells were maintained in a complete RPMI-
1640 medium supplemented with 10% FBS and 1 μg/mL LPS from Escherichia coli O111:B4 
(Sigma-Aldrich) at 37°C for 16 hours (first LPS hit) to induce a pro-inflammatory response.27 
After incubation, the samples were centrifuged at 200 × g for 10 minutes and washed with 
PBS. The supernatant was removed, and fresh complete RPMI-1640 medium supplemented 
with 10% FBS with or without 1 μg/mL LPS was added to the cells for additional incubation 
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for 4 hours (second LPS hit). Next, cell culture medium from each sample was aspirated and 
centrifuged at 200 × g for 10 minutes. The supernatants were used for subsequent analyses. 
The concentration of TNF-α in the supernatants was determined using a TNF-α ELISA 
Kit (R&D Systems) and Nunc MaxiSorp ELISA Plates (Thermo Fisher Scientific) following 
the manufacturer’s protocol. Absorbance was measured at 495 nm using an AMR-100T 
microplate reader (Allsheng).

8. Mitochondrial membrane potential measurement
The mitochondrial membrane potential (ΔΨm) was estimated using tetramethylrhodamine 
methyl ester (TMRM) (Ex/Em 551/578) (Invitrogen) with an epifluorescence inverted 
microscope. Fluorescence was excited by a xenon arc lamp with a monochromator (550±10 
nm) and recorded after passing through a filter with a bandwidth of 575–630 nm (Cairn 
Research) using a cooled sCMOS camera (Teledyne Photometrics). Briefly, 1×106 cells were 
washed twice with Hank’s balanced salt solution (HBSS) and loaded with 25 nM TMRM in 
HBSS for 45 minutes without subsequent washing. To determine the mechanism of ΔΨm 
maintenance, oligomycin A (2 µg/mL) (Sigma-Aldrich), rotenone (2 µM) (Sigma-Aldrich), 
and carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (2 µM) (Sigma-Aldrich) 
were added during fluorescence intensity recording.28

9. Detection of mitophagy in cells using confocal microscopy and qPCR
THP-1, TC-HSMAM1, and Cas9-TC-HSMAM1 cells were cultured in complete RPMI-1640 
medium on a 6-well plate. Mitochondria were stained with 100 nM MitoTracker Green 
(Invitrogen) for 30 minutes at room temperature. The cells were then incubated for 6 hours 
at 37°C under a humidified atmosphere with 5% CO2 in the presence of 5 μM FCCP (Sigma-
Aldrich) to induce mitophagy. Next, the lysosomes were stained with 50 nM LysoTracker 
Deep Red (Invitrogen) for 30 minutes at room temperature. After that, the cells were 
transferred to confocal dishes. The images were captured on a Leica DMi8 STELLARIS 5 
confocal microscope (Leica Microsystems) with an HC PL APO CS2 63x/1.40 OIL objective. 
Some of the cell samples were utilized for RNA isolation, followed by real-time PCR and 
qPCR to analyze the expression of genes associated with the activation of both the canonical 
and non-canonical mitophagy pathways, employing primers designed for this purpose 
(Supplementary Table 2).

10. Statistical analysis
All experiments were performed in triplicate to confirm the reproducibility of the results. 
IBM SPSS Statistics 27.0.1 software (IBM Corp.) was used to analyze the data. The normality 
of the data distribution was tested with the Shapiro-Wilk or Kolmogorov-Smirnov tests. 
The Student’s t-test was used for comparisons between 2 groups when the data distribution 
was normal. If the data distribution was non-normal, the Mann-Whitney U test was 
used. For comparisons of more than 2 groups, one-way analysis of variance adjusted with 
the Bonferroni correction was employed if the data distribution was normal. If the data 
distribution was non-normal, the Kruskal-Wallis test adjusted with the Bonferroni correction 
was used for comparisons of more than 2 groups. The results of relative gene expressions, 
cytokine secretion, and normalized mitophagy levels are shown as the means ± standard 
deviation. The captured confocal images were assessed using the CellProfiler software (Broad 
Institute of MIT and Harvard). The level of significance was set to p<0.05. Data visualizations 
for ddPCR analysis, relative gene expressions, cytokine secretion, and normalized mitophagy 
levels were prepared using GraphPad Prism 8 software (GraphPad Software Inc.).
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RESULTS

1.  Elimination of m.15059G>A mutation in the MT-CYB gene by MitoCas9 RNA 
complex

We developed a method to eliminate the m.15059G>A mutation from the mitochondrial 
genome using the MitoCas9 RNA complex to target and remove all mtDNA copies carrying 
this mutation (Fig. 1A). The efficiency of cell transfection and elimination of mtDNA 
containing the m.15059G>A mutation was assessed using ddPCR with primers that detected 
DSBs at the region of heteroduplex formation after Cas9 endonuclease-mediated gene 
cleavage. The cutting of mtDNA at the site of the m.15059G>A mutation was confirmed 
using the T7EI mismatch detection assay (Fig. 1B). As a result, the heteroplasmy level of the 
m.15059G>A mutation was reduced from 79.29%±11.58% to 12.81%±3.24% (p<0.001) in TC-
HSMAM1 cybrids treated with the MitoCas9 RNA complex (Fig. 1C).

Thus, we showed that the MitoCas9 RNA complex can effectively induce DSBs in the MT-CYB 
gene carrying the m.15059G>A pathogenic mutation in TC-HSMAM1 cytoplasmic hybrids. 
This approach allowed us to minimize the heteroplasmy level of the m.15059G>A mutation.
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2.  The m.15059G>A mutation can potentially affect intracellular lipid 
metabolism by altering the expression of the FASN gene

To assess the role of m.15059G>A in the intracellular cholesterol accumulation, THP-1, TC-
HSMAM1, and Cas9-TC-HSMAM1 cells were incubated with LDL isolated from the blood 
of patients with atherosclerosis (atherogenic LDL). The initial content of total cholesterol 
was found to be similar across all studied cell lines (Fig. 2A). However, when control THP-1 
cells were incubated with LDL from atherosclerotic patients, there was a 1.15-fold increase 
in cholesterol content (p<0.01), highlighting the atherogenic properties of LDL in native 
cell culture. Additionally, incubation of TC-HSMAM1 and Cas9-TC-HSMAM1 cells with 
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ns, not significant; LDL, low-density lipoprotein; PMA, phorbol 12-myristate-13-acetate; ACAT1, acetyl-CoA acetyltransferase 1; LIPA, lysosomal acid lipase; FASN, 
fatty acid synthase; TC-HSMAM1, cybrid cells without transfection with MitoCas9 RNA complex. 
ns (p>0.05), *p<0.05, **p<0.01, ***p<0.001, ###p<0.001 vs. THP-1 (one-way analysis of variance adjusted with the Bonferroni correction).



atherogenic LDL led to a significant increase in total cholesterol levels by 1.29-fold (p<0.001) 
and 1.26-fold (p<0.001), respectively, compared to cells not incubated with LDL. Despite this, 
there was no significant difference in total cholesterol levels between the 2 cybrid cell lines 
incubated with atherogenic LDL. The lack of a significant effect on cholesterol accumulation 
in cybrid cells following the elimination of mtDNA suggests that the m.15059G>A mutation 
in the MT-CYB gene does not substantially influence intracellular cholesterol accumulation. 
Intracellular lipid metabolism was evaluated using real-time PCR to measure the relative 
gene expression of key enzymes involved in lipid metabolism: acetyl-CoA acetyltransferase 
1 (ACAT1), which is responsible for the formation of acetoacetyl-CoA; lysosomal acid 
lipase (LIPA), also known as cholesterol ester hydrolase, which catalyzes the hydrolysis of 
cholesterol esters and triglycerides within lysosomes; and fatty acid synthase (FASN), which is 
involved in the synthesis of saturated fatty acids (Fig. 2B-D). We observed that the basal gene 
expression levels of ACAT1, LIPA, and FASN were downregulated in TC-HSMAM1 and Cas9-
TC-HSMAM1 cells compared to the control THP-1 cells (p<0.001). Furthermore, there was no 
significant difference in the basal gene expression of these key enzymes in lipid metabolism 
between TC-HSMAM1 and Cas9-TC-HSMAM1 cells, except for LIPA, which showed increased 
expression in Cas9-TC-HSMAM1 cells (p<0.01).

In THP-1 cells incubated with atherogenic LDL, there was an increase in ACAT1 and LIPA 
gene expression (p<0.01 and p<0.001, respectively), while FASN gene expression decreased 
(p<0.01) compared to cells not incubated (basal gene expression). In TC-HSMAM1 cybrids 
treated with LDL, there was an observed increase in ACAT1 (p<0.001) and FASN (p<0.05) 
gene expression relative to the basal expression, whereas LIPA gene expression remained 
unchanged. In Cas9-TC-HSMAM1 cells incubated with LDL, there was an increase in LIPA 
and ACAT1 gene expression (p<0.001) and a decrease in FASN gene expression (p<0.05) when 
compared to the basal gene expression (Fig. 2D).

Taken together, the data on the expression of the key enzymes of lipid metabolism and the 
content of cholesterol in cybrids before and after the elimination of the proatherogenic 
mutation support the conclusion that the m.15059G>A mutation can affect intracellular lipid 
metabolism by changing the expression of the FASN gene. It is interesting to note that the 
expression of this gene in Cas9-TC-HSMAM1 cells decreases in response to LDL, since the 
cells do not require de novo synthesized fatty acids in the presence of a source of exogenous 
fatty acids. However, this reduction in FASN expression was not observed in cybrids 
harboring the m.15059G>A mutation.

3.  The m.15059G>A mutation may contribute to the inability of monocyte-like 
cells to form innate immune tolerance

The ability of intact THP-1, TC-HSMAM1, and Cas9-TC-HSMAM1 cells to form immune 
tolerance in response to pro-inflammatory stimulation with bacterial LPS was evaluated 
using ELISA (Fig. 3). Secretion of the pro-inflammatory cytokine TNF-α was measured after 
the first and second stimulation of cells with LPS (i.e., LPS hits).

An increase in TNF-α secretion in response to initial LPS stimulation, followed by an absence 
of this effect upon subsequent stimulation, was demonstrated in control THP-1 cells (Fig. 3).  
Consequently, these control cells were capable of developing immune tolerance. In contrast, 
TC-HSMAM1 cybrids harboring the m.15059G>A mutation exhibited an inability to establish 
immune tolerance in response to LPS stimulation, as evidenced by sustained TNF-α 
secretion upon repeated LPS challenges. Notably, TNF-α secretion following the second LPS 
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stimulation was significantly reduced (p<0.01) in Cas9-TC-HSMAM1 cells compared to the 
secretion after the initial stimulation, indicating a restoration of immune tolerance in these 
cells. Therefore, the m.15059G>A mutation was identified as having a detrimental impact on 
the immune tolerance of monocytes, thereby impeding the resolution of inflammation.

4.  The m.15059G>A mutation has the potential to disrupt PTEN-induced kinase 
(PINK)/Parkin-mediated mitophagy and impair the function of complex I

ΔΨm serves as a crucial indicator of mitochondrial health. The change in TMRM 
fluorescence intensity between basal and fully depolarized states can be used to assess ΔΨm 
(Fig. 4A). After the removal of mutated mtDNA, there was a significant 43.5% increase in 
ΔΨm levels in Cas9-TC-HSMAM1 cells compared to THP-1 cells (p=0.001). However, there 
was no statistically significant difference in ΔΨm levels between Cas9-TC-HSMAM1 cells and 
TC-HSMAM1 cybrids (Fig. 4B). Exposure to oligomycin A (an inhibitor of F1FO-ATP synthase), 
rotenone (an inhibitor of complex I), and FCCP (a mitochondrial uncoupler) was used to 
probe for potential disturbances in ΔΨm maintenance that could be associated with mtDNA 
damage. Treatment with oligomycin A and FCCP did not result in statistically significant 
changes in TMRM fluorescence intensity across all cell lines studied. However, exposure to 
rotenone led to a 1.34-fold reduction in TMRM fluorescence intensity in TC-HSMAM1 cells 
compared to THP-1 cells, suggesting impaired complex I function due to the m.15059G>A 
mutation’s effect on complex III of the electron transport chain (ETC). In Cas9-TC-HSMAM1 
cells, rotenone exposure caused a degree of mitochondrial membrane depolarization similar 
to that observed in THP-1 cells, indicating an improvement in complex I function (Fig. 4C).  
Therefore, we demonstrated that a mutation in the gene encoding a critical subunit of 
complex III also results in complex I dysfunction in the respiratory chain, which may be 
closely related to the onset of mitochondrial dysfunction.

Mitophagy activation in control THP-1 cells, TC-HSMAM1 cybrids, and Cas9-TC-HSMAM1 
cells was evaluated by observing the colocalization of mitochondria and lysosomes using 
confocal microscopy, with MitoTracker Green and LysoTracker Deep Red indicating their 
respective locations. We examined PINK1-dependent mitophagy, which was triggered 
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by depolarizing the mitochondrial membrane with FCCP, and compared it to the basal 
mitophagy levels in unstimulated cells. In TC-HSMAM1 cells, FCCP failed to induce a 
significant change in mitophagy levels (Fig. 5B), suggesting that mitophagy was impaired in 
this cell line.

In contrast, the level of mitophagy increased by 1.39-fold (p<0.001) in FCCP-treated control 
THP-1 cells (Fig. 5A). Similarly, Cas9-TC-HSMAM1 cells treated with FCCP exhibited a 1.38-
fold enhancement in mitophagy compared to their basal level (p<0.05) (Fig. 5C). Confocal 
imaging provided further insight into mitophagy activation, revealing the colocalization of 
mitochondria with lysosomes, which illustrated the dynamics of mitophagy (Fig. 5D-F).

To estimate the activation of mitophagy induced by the FCCP=induced depolarization of 
mitochondrial membranes, we assessed the relative expression of genes involved in the 
regulation of both canonical (PINK/parkin-mediated pathway) and non-canonical mitophagy 
(FUN14 domain containing 1 [FUNDC1]-mediated pathway and BCL2 interacting protein 3 
[BNIP3)/BCL2 interacting protein 3 like [NIX]-mediated pathway) using real-time qPCR. The 
genes we examined were PINK1, parkin RBR E3 ubiquitin protein ligase (PRKN), microtubule 
associated protein 1 light chain 3 beta (MAP1LC3B), FUNDC1, BNIP3 and NIX.

Upon FCCP treatment, the THP-1 cells exhibited significant upregulation of PINK1, PRKN, and 
microtubule-associated proteins 1A/1B light chain 3B (MAP1LC3B) gene expression, confirming 
the activation of the canonical pathway of mitophagy in these cells (Fig. 6A-C). Moreover, the 
genes related to the non-canonical pathways did not show altered expression in response to 
FCCP treatment of the THP-1 cells (Fig. 6D-F). A similar pattern was observed in the activation 
of the canonical pathway in the Cas9-TC-HSMAM1 cells: PINK1, PRKN, and MAP1LC3B gene 
expression increased upon stimulation of mitophagy by FCCP (Fig. 6A-C). The only difference 
is that the FUNDC1, BNIP3, and NIX genes were downregulated in FCCP-treated Cas9-TC-
HSMAM1 cells (Fig. 6D-F). In contrast, there was no activation of PINK1 and PRKN gene 
expression upon FCCP treatment of the TC-HSMAM1 cybrid cells (Fig. 6A and B). However, 
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TC-HSMAM1 cells treated with FCCP demonstrated a different pattern of expression of 
BNIP3 and NIX genes compared to Cas9-TC-HSMAM1 cells (Fig. 6E and F). Accordingly, the 
incubation of TC-HSMAM1 cybrids with FCCP resulted in a statistically significant increase 
in MAP1LC3B and NIX expression by 3.32 and 1.42 times, respectively, compared to the basal 
levels (Fig. 6C and F). However, the expression of MAP1LC3B in TC-HSMAM1 cells was 
significantly reduced compared to Cas9-TC-HSMAM1 cybrids by 3.24 times. Simultaneously, 
the expression of the PINK1, PRKN, and BNIP3 genes in TC-HSMAM1 cybrids did not change 
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significantly compared to the basal level. Furthermore, the expression of FUNDC1 in TC-
HSMAM1 cybrids was reduced by 13.33 times (p<0.001) upon mitophagy induction with 
FCCP compared to the basal level (Fig. 6D).
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Thus, the elimination of mtDNA carrying the m.15059G>A mutation in cybrid cells led 
to a significant increase in the expression of the PINK1, PRKN, and MAP1LC3B genes. Our 
results imply that the m.15059G>A mutation may be associated with the disruption of PINK/
parkin-mediated mitophagy processes in monocyte cells. Defective mitophagy, in turn, can 
lead to the preservation and accumulation of dysfunctional mitochondria in cells, and the 
aggravation of atherosclerosis.

DISCUSSION

The present study successfully demonstrated the effectiveness of the developed MitoCas9 
vector in eliminating mtDNA copies containing the m.15059G>A mutation in the MT-CYB 
gene. Our findings are corroborated by previously reported data from studies utilizing 
CRISPR/Cas9-based mitochondrial genome editing systems to decrease the targeted mtDNA 
copy number and levels of its transcripts.11-13 Our approach to eliminate mtDNA carrying 
the m.15059G>A mutation in the MT-CYB gene significantly reduced heteroplasmy for this 
mutation. This allowed us to evaluate the effect of this mutation on the phenotypic and 
functional properties of the cybrid cells. In addition to TC-HSMAM1 cybrids, we utilized the 
human monocytic cell line THP-1 as a reference for evaluating the impact of mitochondrial 
mutations on the functions of cybrid cells obtained from control THP-1 cells. While THP-1 
cells and TC-HSMAM1 cybrids have the same nuclear genome, the original cell line cannot 
serve as a suitable control due to the presence of mitochondria with mtDNA from patients 
with atherosclerosis, the genetic material of which differs from that of the mitochondria in 
the THP-1 cell line.10,29 Therefore, we evaluated the effect of eliminating mtDNA containing an 
atherogenic mutation on Cas9-TC-HSMAM1 cells and used the THP-1 cell line as a reference 
for the macrophage phenotype in a normal physiological condition.

In this study, we utilized the THP-1 cell line, along with the TC-HSMAM1 cybrid cell line and 
Cas9-TC-HSMAM1 cells, to evaluate cellular parameters. These parameters included the 
capacity for intracellular lipid accumulation, the production of pro-inflammatory cytokines 
following LPS stimulation, and mitochondrial function, as indicated by measurements of 
ΔΨm and the activation of mitophagy.

The examined mitochondrial mutation was found to have no significant impact on the 
accumulation of intracellular cholesterol when the cells were incubated with atherogenic 
LDL. Gene expression analysis revealed that FASN was downregulated in Cas9-TC-HSMAM1 
cells, suggesting that the m.15059G>A mutation affects the expression of this gene in TC-
HSMAM1 cybrids. Consequently, it appears that the m.15059G>A mutation may be linked 
to alterations in intracellular fatty acid synthesis, even though intracellular cholesterol 
levels remained unchanged. Numerous studies have indicated a strong correlation between 
fatty acid synthesis and the development of atherosclerosis.30,31 Accordingly, it was reported 
that the downregulation of the Fasn gene in mouse macrophages can contribute to the 
reduction of atherosclerotic lesions. Moreover, in our previous study, we showed that the 
m.15059G>A mutation was associated with atherosclerotic lesions in the human aorta.8 
This finding may partially explain the observed changes in TC-HSMAM1, which include 
increased FASN gene expression compared to both the reference THP-1 cells and the Cas9-
TC-HSMAM1 cells. It is well known that macrophage differentiation into foam cells plays 
a pivotal role in the initial stages of atherosclerotic lesion formation, due to disruptions in 
intracellular lipid metabolism.32 In turn, the formation of foam cells within atherosclerotic 
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lesions is thought to be closely linked to mitochondrial dysfunction, which contributes to 
the disturbance of intracellular lipid metabolism.33 Therefore, the presence of macrophages 
harboring atherogenic mtDNA mutations within atherosclerotic lesions could exacerbate the 
progression of atherosclerosis.

TC-HSMAM1 cybrids were found to be unable to form immune tolerance in response to 
repeated stimulation with LPS. Immune tolerance is characterized by a reduced immune 
response in monocytes upon secondary LPS stimulation, which results in decreased cytokine 
production.34 In the present study, both Cas9-TC-HSMAM1 cells and the original THP-1 cell 
line exhibited an appropriate response to LPS stimulation. This response was evidenced by 
an increase in TNF-α secretion following the initial LPS challenge and a reduction in pro-
inflammatory cytokine secretion after repeated LPS exposure. The observed effect confirms 
the development of immune tolerance in human monocytes. Consequently, the m.15059G>A 
mutation may adversely affect monocyte tolerance, impeding the resolution of inflammation 
and potentially leading to its chronicity. These findings align with our previous research, 
which demonstrated a correlation between certain heteroplasmic mtDNA mutations and the 
pro-inflammatory activation of monocytes in patients with atherosclerosis.35 Furthermore, 
our results are consistent with data suggesting a possible link between pro-atherogenic 
mtDNA mutations and the impaired ability of monocytes to establish immune tolerance.7

In the assessment of mitochondrial function in the investigated cells, we observed impaired 
function of complex I in TC-HSMAM1 cybrids following mitochondrial membrane 
depolarization induced by exposure to rotenone. It is well established that complex I and 
complex III of the ETC are assembled into a wider supramolecular structure known as the 
respiratory supercomplex.36,37 Consequently, it has been found that a deficiency in complex III, 
stemming from the presence of nonsense mutations or deletions in the MT-CYB gene, coincides 
with a reduction in the activity of complex I.38,39 Recent research has demonstrated the critical 
role of the C-terminal region of cytochrome b in the regulation of cytochrome b synthesis 
and the assembly of complex III.40 In turn, the m.15059G>A mutation in MT-CYB results in 
the conversion of Gly105 into a stop codon at the C-terminus of cytochrome b, culminating 
in the formation of a truncated protein.41 Moreover, complex III is postulated to play a pivotal 
role in governing the assembly and formation of the supercomplex.36 The dysfunction or loss 
of complex III due to mutations in MT-CYB may impede the assembly of complex I, thereby 
preventing the incorporation of the NADH module, yet not leading to the degradation of the 
fully assembled complex I.36 Consequently, the impairment in complex I function that we 
observed in cells harboring the m.15059G>A mutation in mtDNA is consistent with findings 
from other studies, indicating a possible onset of mitochondrial dysfunction.

The treatment of cells with FCCP, a mitochondrial uncoupler, can lead to the dissipation 
of ΔΨm, the production of reactive oxygen species, and other stress signals that activate 
mitophagy.42 We have shown that upon FCCP treatment, cells bearing the m.15059G>A 
mutation did not show increased expression of the PINK1 and PRKN genes, and the 
expression level of the MAP1LC3B gene was significantly lower than in cells without the 
m.15059G>A mutation. These 3 genes play a crucial role in the canonical pathway of damaged 
mitochondria degradation, and downregulation of these genes in TC-HSMAM1 cybrids can 
decrease the capacity of these cells to degrade damaged mitochondria.4,43 The upregulation of 
BNIP3 and NIX genes in mutant cells may indicate the presence of non-canonical mitophagy 
in these cells.44 However, their activity was insufficient to restore mitophagy upon FCCP 
treatment, as shown by confocal microscopy.
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Our findings indicate that the m.15059G>A mutation can negatively affect PINK1/parkin-
mediated mitophagy activation in monocytes, leading to defective mitophagy. It is known 
that defective mitophagy, caused by the influence of certain agents on cells or mutations 
in nuclear genes, is accompanied by reduced activity of complex III of the mitochondrial 
respiratory chain.45,46 We hypothesize that in our study, an opposite effect occurred, where the 
impaired activity of complex III contributed to the reduction of mitophagy activity in cells. 
Furthermore, a connection between mtDNA mutations and the compromised elimination of 
dysfunctional mitochondria has been supported by research showing that the m.12338T>C 
mutation in the mitochondrial gene MT-ND5 caused a reduction in complex I activity and 
disrupted mitophagy in cells.4 Our data regarding the m.15059G>A mutation’s association 
with the impaired clearance of defective mitochondria in monocytes are consistent with 
the observed capacity of the cells under study to establish immune tolerance. This provides 
evidence supporting our theory that defects in cellular immune responses are linked to 
impaired mitophagy. It should be pointed out that FASN may also be involved in LPS-
stimulated and Toll-like receptor 4-mediated macrophage activation, leading to increased 
secretion of pro-inflammatory cytokines.47 Consequently, the increased expression of FASN 
may contribute to the increased secretion of TNF-α in response to repeated stimulation of 
cells with LPS, indicating the inability of cells carrying the m.15059G>A mutation to form 
immune tolerance.

It is well known that mitophagy is one of the key processes involved in controlling the 
quality and quantity of mitochondria in cells.48 In turn, the close interaction between 
mitophagy and innate immunity is important for the protective immune response of cells 
to infectious agents. When cells are exposed to pathogens and inflammation ensues, the 
innate immune response can influence mitochondrial dynamics and homeostasis, and 
may also trigger the activation of mitophagy.49 It is highly probable that a disruption in the 
removal of dysfunctional mitochondria could lead to an accumulation of mtDNA mutations, 
compromised cellular functions, and ultimately, cell death. Conversely, a disruption in 
autophagy, particularly mitophagy, results in an accumulation of defective mitochondria, 
which is associated with increased ROS production.50 Furthermore, defective mitophagy 
promotes the hyperactivation of inflammatory pathways, including abnormal inflammasome 
activation and the subsequent development of chronic systemic inflammation, as well as 
neurodegenerative, myopathic, cardiovascular, and autoimmune diseases.3,51 We have recently 
shown that modulation of mitophagy in human monocytes can influence the inflammatory 
response of innate immunity, leading to a decrease in the secretion of pro-inflammatory 
cytokines. This finding further highlights the close relationship between the degradation 
processes of defective mitochondria and the development of inflammation.7

In summary, the m.15059G>A mutation has previously been shown to be associated with 
atherosclerotic lesions in the human aorta. In this study, we have determined that the 
m.15059G>A mutation may be associated with defective mitophagy and the development 
of chronic inflammation due to the inability of monocytes carrying the mutation to form 
immune tolerance, as well as with disrupted intracellular lipid metabolism via upregulation 
of the FASN gene. This mutation may play an important role in atherogenesis by potentially 
contributing to the chronification of inflammation and thereby aggravating the progression 
of atherosclerosis. The m.15059G>A mutation in the MT-CYB gene can be used as a novel 
genetic marker of predisposition to atherosclerosis in the early stages of the disease. In 
addition, this mutation may be a potential target for the development of anti-atherosclerotic 
drugs and therapies.
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