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Barth syndrome (BTHS) is an X-linked disorder of mito-
chondrial phospholipid metabolism caused by pathogenic
variants in TAFFAZIN, which results in abnormal cardiolipin
(CL) content in the inner mitochondrial membrane. To identify
unappreciated pathways of mitochondrial dysfunction in
BTHS, we utilized an unbiased proteomics strategy and iden-
tified that complex I (CI) of the mitochondrial respiratory
chain and the mitochondrial quality control protease
presenilin-associated rhomboid-like protein (PARL) are altered
in a new HEK293–based tafazzin-deficiency model. Follow-up
studies confirmed decreased steady state levels of specific CI
subunits and an assembly factor in the absence of tafazzin; this
decrease is in part based on decreased transcription and results
in reduced CI assembly and function. PARL, a rhomboid pro-
tease associated with the inner mitochondrial membrane with a
role in the mitochondrial response to stress, such as mito-
chondrial membrane depolarization, is increased in tafazzin-
deficient cells. The increased abundance of PARL correlates
with augmented processing of a downstream target, phospho-
glycerate mutase 5, at baseline and in response to mitochon-
drial depolarization. To clarify the relationship between
abnormal CL content, CI levels, and increased PARL expres-
sion that occurs when tafazzin is missing, we used blue-native
PAGE and gene expression analysis to determine that these
defects are remediated by SS-31 and bromoenol lactone,
pharmacologic agents that bind CL or inhibit CL deacylation,
respectively. These findings have the potential to enhance our
understanding of the cardiac pathology of BTHS, where
defective mitochondrial quality control and CI dysfunction
have well-recognized roles in the pathology of diverse forms of
cardiac dysfunction.

Barth syndrome (BTHS; Mendelian Inheritance in Man
accession number: 302060) is a rare X-linked inborn error of
mitochondrial phospholipid metabolism caused by pathogenic
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variants in the gene TAFAZZIN (1–3). TAFAZZIN encodes a
transacylase essential for the remodeling and maturation of the
mitochondrial phospholipid cardiolipin (CL) (1, 4). CL, pri-
marily localized to inner mitochondrial membrane (IMM), has
many key functions, including roles in maintaining mito-
chondrial cristae structure, organization of respiratory com-
plexes, protein import, fusion, and cellular signaling (5–7).
Tafazzin deficiency results in abnormal CL content, including
an accumulation of the remodeling intermediate mono-
lysocardiolipin (MLCL), decreased remodeled CL, and a shift
toward saturated CL species (1, 5). An elevated MLCL:CL ratio
is the pathognomonic metabolic defect in BTHS and is found
in 100% of affected individuals (8).

BTHS is a multisystem disorder characterized by prenatal
onset of left ventricular noncompaction, early onset cardio-
myopathy, skeletal myopathy, growth abnormalities, and
neutropenia among other features and is the only known
Mendelian disorder of CL metabolism (9–11). Despite
knowledge of the primary metabolic defect in BTHS, there is
limited knowledge of downstream mechanisms of cellular
pathogenesis, and consequently, there is a dearth of targets for
therapeutic intervention and clinical monitoring (12). In
addition to BTHS, CL abnormalities have been described in
common conditions such as idiopathic cardiomyopathy, fatty
liver disease, and diabetes (13–16). Consequently, studies in
BTHS have the potential to illuminate pathophysiology in a
range of common diseases.

We performed shotgun proteomics on a new model of
tafazzin deficiency in human embryonic kidney 293 (HEK293)
cells developed and validated in our laboratory to identify and
clarify pathways of mitochondrial dysregulation. We found that
steady-state levels of specific subunits of complex I (CI) are
decreased in tafazzin deficiency and are associated with
abnormal CI function and assembly. We further identified
elevated abundance of presenilin-associated rhomboid-like
protein (PARL), a rhomboid protease associated with the
mitochondrial membrane response to stress, and observed
increased cleavage of a downstream protease target,
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Mitochondrial abnormalities in a new TAFAZZIN-null cell model
phosphoglycerate mutase 5 (PGAM5), in response to mito-
chondrial depolarization. Importantly, we showed that small-
molecule modifiers of CL metabolism remediate both CI de-
fects and PARL overexpression in tafazzin deficiency. These
findings are highly relevant to the cardiac pathology of BTHS,
as defective mitochondrial quality control (MQC) and mito-
chondrial CI defects are increasingly recognized as playing
important roles in diverse forms of cardiac dysfunction (17–19)
and suggest specific therapeutic approaches.
Results

Generation of a HEK293 TAFAZZIN-deficient model, TAZΔ45

We used CRISPR–Cas9 genome editing in HEK293 cells to
create a novel TAFAZZIN-deficient cellular model. Using two
single-guide RNAs (sgRNAs) targeting exon 2 of TAFAZZIN,
we isolated three clones with a 45 bp deletion at the 30-end of
exon 2; TAZΔ45.4, TAZΔ45.5, and TAZΔ45.6 (Fig. S1 and
Table S1). The deletion encompasses a predicted acyl-
transferase domain and covers an area of TAFAZZIN where
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multiple pathological variants in patients with BTHS have
been described (3). The 45 bp in-frame deletion is not pre-
dicted to result in nonsense mediated decay, and mRNA
expression was detected at an intensity comparable to WT but
at a smaller size (Fig. 1A). However, the deletion resulted in
undetectable expression of tafazzin protein in all three clones
(Fig. 1B). In the absence of tafazzin, there was no significant
difference in the abundance of cytosolic (β-actin) and mito-
chondrial proteins (glucose-regulated protein 75, voltage-
dependent anion channel 1, and translocase of the outer
membrane 20) (Fig. S2).

Shotgun lipidomics viaMS revealed a significant decrease in
CL, a significant increase in MLCL, and a significantly
increased MLCL:CL ratio (p = 0.03, p = 4.9 × 10−5, p = 4.6 ×
10−6, respectively) (Fig. 1C). Tafazzin-based remodeling is
characterized by the incorporation of unsaturated acyl chains
compared with nascent CL. Of the 31 CL species assessed, the
TAZΔ45 clones had a significant increase in CL containing one
to three double bonds (p = 0.007, p = 1.5 × 10−9, p = 7.4 × 10−6,
respectively) and a significant decrease in CL containing four
N
um

be
r o

f D
ou

bl
e 

B
on

ds

1

2

3

4

5

6

% of Total CL pmol/mg
0 10 20 30 40 50 60 70

****

****

*

**

****

= WT
= TAZΔ45 

DTotal MLCL

0

0

****

:CL

32
Fold Change (FC = TAZΔ45/WT)

FC ≤ 0.80 
FC ≥ 1.20 

PRELID1
CT45A5

PARL
DHRS1

PRELID3B

WT .4 .5 .6
TAZΔ45 

ALL

.6
TAZΔ45 

ALL

*

*

*

* *

mics analysis. A, RT-PCR of mRNA extracted from the HEK293 TAZΔ45 clones
(45 μg) of the indicated cell lines immunoblotted for tafazzin and loading
nes (n = 3, per clone) was determined by shotgun lipidomics via MS. D, the
ge of total CL. E, 7713 proteins were identified and quantified with tandem
lls (n = 3). Protein abundance fold change (FC) is calculated by dividing the
ndance per protein. The genes that encode the most significantly reduced
= 6.6 × 10−4), MOCOS (FC = 0.45; p = 0.011), ANAX1 (FC = 0.478; p = 0.01), and
y increased proteins in TAZΔ45 cells are PRELID1 (FC = 2.125; p = 8.4 × 10−4),
95; p = 3.9 × 10−4), and DHRS1 (FC = 1.774; p = 0.016). Proteins with an FC ≤
ighlighted in black (n = 621). Significant differences are indicated; *≤0.05,
yonic kidney 293 cells; MLCL, monolysocardiolipin; TAZ, TAFFAZIN.



Mitochondrial abnormalities in a new TAFAZZIN-null cell model
to six double bonds (p = 0.03, p = 0.003, p = 4.2 × 10−9,
respectively), highlighting the loss of tafazzin-based remodel-
ing (Fig. 1D). Collectively, the TAZΔ45 clones recapitulate the
pathognomonic metabolic defect of BTHS and other well-
published cellular models of BTHS (2) and validate the
TAZΔ45 clones as cellular models of BTHS.

Differentially abundant proteins in TAZΔ45 cells reveal
downstream cellular dysfunction because of TAFAZZIN
deficiency

Shotgun proteomics analysis identified a total of 7713 pro-
teins in WT and TAZΔ45 cells. To focus our downstream
workflow on proteins with differential abundance between the
WT and TAZΔ45 cells, we selected proteins with a protein
abundance fold change (FC; TAZΔ45/WT) less than or equal to
0.80 (FC ≤ 0.80) and proteins with an FC greater than or equal
to 1.2 (FC ≥ 1.20) (Fig. 1E). Based on these criteria, there were
a total of 836 differentially abundant proteins, 215 with an FC
≤ 0.80 and 621 with an FC ≥ 1.20 (Fig. 1E). Functional anno-
tation of the differentially abundant proteins, with Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and
Gene Ontology (GO) term enrichment analysis, identified
multiple pathways of interest in TAZΔ45 cells (Table S2, A and
B) (18, 19).

Functional annotation and analysis of proteins with
decreased expression: proteins of respiratory CI

We identified 86 significantly enriched (p ≤ 0.05) KEGG
pathways and GO terms for proteins with an FC ≤ 0.80, such as
oxidative phosphorylation (OXPHOS) (p = 2.7 × 10−6), mito-
chondrial respiratory chain CI assembly (p = 7.9 × 10−5),
mitochondrial chain CI (p = 2.1 × 10−4), response to oxidative
stress (p = 1.6 × 10−3), NADH dehydrogenase (ubiquinone)
activity (p = 2.1 × 10−3), and metabolic pathways (p = 0.019)
(Table S2A). Defects in OXPHOS function have been previ-
ously described in BTHS, and consistent with these previous
studies, we found that of the 86 terms significantly enriched for
proteins with an FC ≤ 0.80 in TAZΔ45 cells, 18 reference the
mitochondrion and/or OXPHOS (Table S2A). Specifically, 11
proteins with an FC ≤ 0.80 are encoded by genes associated
with the OXPHOS KEGG pathway (Fig. S3). Of these 11
proteins, five are subunits of CI and the remaining six proteins
are subunits of complexes III, IV, and V (Fig. S3). When we
further examined the 18 terms that reference the mitochon-
drion and/or OXPHOS, we found that four specifically refer-
ence CI of OXPHOS (Table S2A).

The enrichment of the CI-associated terms in our functional
annotation analysis was driven by seven proteins encoded by
the genes: MT-ND3, NDUFAF1, NDUFA5, NDUFAB1,
NDUFB2, NDUFB4, and OXA1L (Fig. 2A). Five are subunits of
CI (MT-ND3, NDUFA5, NDUFAB1, NDUFB2, and NDUFB4),
one is a CI assembly factor (NDUFAF1), and one assists with
inserting proteins into the IMM and has been implicated in CI
biogenesis (OXA1L) (20, 21).

Examination of the proteomics data for expression and
abundance of each individual protein involved with CI
function showed that 46 of the 56 identified/quantified CI
proteins had reduced abundance in TAZΔ45 cells compared
with WT (FC range = 0.608–0.998) (Table S3), highlighting
that while the CI association identified by functional annota-
tion was driven by seven proteins, the total proteomics data
showed an overall decrease in expression of most CI-
associated proteins.

Functional annotation and analysis of proteins with increased
expression: proteins of mitochondrial stress response

We identified 127 significantly enriched (p ≤ 0.05) KEGG
pathways and GO terms for proteins with an FC ≥ 1.20 and
found that 20 terms reference the mitochondrion or mito-
chondrial dynamics, including metabolic pathways (p = 3.1 ×
10−3), positive regulation of the apoptotic process (p = 4.2 ×
10−3), and IMM (p = 5.2 × 10−3) (Table S2B). The functional
annotation analysis revealed other genes of interest because of
their potential roles in apoptosis, lipid trafficking, and/or
MQC, such as PRELID1, PRELID3B, CASP2, CASP7, CASP8,
and CASP9 (22–24). PARL was among the top five proteins
with significantly increased abundance in the proteomics data
providing further evidence of dysregulation in associated
pathways (Fig. 1E). PARL has been implicated in regulating the
mitochondrial responses to stress, including membrane de-
polarization and increased reactive oxygen species (25–27),
and dysregulation of PARL substrates has been implicated in
cardiomyopathy and cardiac development (28–30). Together
with the proteomics findings, the functional annotation anal-
ysis suggests an increased abundance of proteins involved in
the mitochondrial stress response, a pathway not previously
described in BTHS.

Reduced CI holoenzyme and activity in HEK293 TAZΔ45 cells

Because of the decrease in CI-associated proteins uncovered
via proteomics analysis, we investigated the overall function
and assembly of CI. To determine the total abundance of in-
dividual respiratory complexes including the CI holoenzyme,
HEK293 cells were solubilized with Triton X-100 and resolved
by blue native-PAGE (BN-PAGE). CI was the most signifi-
cantly reduced complex, and the ratio of CI to complex IV
(CIV) (CI:CIV) or CI to complex II (CII) (CI:CII) was signifi-
cantly reduced in TAZΔ45 versus WT (p = 2.32 × 10−5, p =
1.62 × 10−4, respectively) (Fig. 2, B and C). To verify that the
observed differences in CI abundance were not because of an
effect of altered CL on Triton X-100 solubilization, we
compared starting material and the cellular pellet following
solubilization via immunoblotting and found no significant
difference in CI solubilization in TAZΔ45 and WT cells. In
order to determine whether the effects of tafazzin deficiency
were specific to CI, we immunoblotted for a subunit of res-
piratory complex III (for ubiquinol–cyctochrome C reductase
core protein 2) and found no significant difference in abun-
dance between WT and TAZΔ45 cells (Fig. S5).

We next demonstrated a significant reduction in CI enzyme
activity in TAZΔ45 cells compared with WT (p = 9.4 × 10−5)
using a colorimetric CI enzyme activity assay that detects the
J. Biol. Chem. (2021) 297(3) 101005 3
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oxidation of NADH to NAD+ (Fig. 2D). There was no signif-
icant difference in CII activity between WT and TAZΔ45 cells,
emphasizing the specificity for CI, as opposed to generalized
respiratory chain dysfunction, which occurs when tafazzin is
lacking (Fig. 2E).
4 J. Biol. Chem. (2021) 297(3) 101005
Measurement of intracellular NADH and NAD+ showed a
trend toward an increase in the ratio of NADH to NAD+ in
TAZΔ45 compared with WT, though this did not reach sta-
tistical significance (Fig. 2F). There was also an increase in
intracellular AMP in TAZΔ45 cells compared with WT
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(Fig. 2G). This disturbance in energy homeostasis is consistent
with the decreased CI expression and activity in tafazzin
-deficient cells.

CI subunit and assembly factor expression in TAZΔ45 cells

The most significantly reduced CI-associated protein iden-
tified in the proteomics data was NDUFAF1 (p = 0.004).
NDUFAF1 is a CI assembly factor, involved in the stepwise
construction of CI assembly modules (31). Defects in NDU-
FAF1 have been shown to cause infantile-onset cardiomyop-
athy, CI enzymatic defects, and CI assembly defects (19). Thus,
decreased expression of this protein represented a strong
candidate for playing a major role in the abnormal expression
of CI and CI function in tafazzin-deficient cells. Immuno-
blotting of HEK293 whole cell lysate for NDUFAF1 confirmed
reduced protein abundance in TAZΔ45 cells (FC = 0.69; p =
4.89 × 10−10) (Fig. 2, H and I). Decreased mRNA expression of
NDUFAF1 was also seen in TAZΔ45 cells (FC = 0.80; p = 6.4 ×
10−4) (Fig. 2J). To determine if rescuing decreased NDUFAF1
would restore CI dysfunction in tafazzin-deficient cells, we
overexpressed NDUFAF1 in TAZΔ45 cells. Overexpression of
NDUFAF1 did not normalize the CI functional deficiency in
TAZΔ45 cells (Fig. S6, A–C), prompting further investigation
into the other CI subunits and assembly factors shown to be
altered via proteomics in tafazzin-deficient cells.

We next measured the relative mRNA expression of the five
other CI-associated proteins that had a reduced protein
expression (FC ≤ 0.80) in the proteomics analysis (NDUFB2,
NDUFAB1, NDUFB4, MT-ND3, and NDUFA5) and three
additional CI-associated proteins (NDUFA9, NDUFS3, and
NDUFB6), which did not have an FC ≤ 0.80 but had been
previously shown to have reduced protein abundance in
another tafazzin-deficient cellular model (Fig. S4) (17). Of
these eight genes, four had significantly reduced mRNA
expression in TAZΔ45 cells (NDUFB2, p = 0.04; NDUFAB1, p =
0.001; NDUFB4, p = 0.02; and NDUFB6, p = 0.01) (Fig. S4).
NDUFA5, NDUFA9, and NDUFS3 had reduced mRNA
expression in TAZΔ45 cells although they did not reach sta-
tistical significance (Fig. S4).

Thus, we identified a CI function- and expression-specific
respiratory chain defect in tafazzin-deficient HEK293 cells,
driven by both abnormal gene and protein expression of CI
subunits and assembly factors. Our results suggest that of the
five OXPHOS complexes, CI expression and function is
uniquely sensitive to the absence of tafazzin-based CL
remodeling. A limited number of studies in patient-derived
lymphoblasts have also suggested a special role for CI
dysfunction in tafazzin deficiency, highlighting the relevance of
these findings for human disease (32–34).

Abnormal PARL abundance and cleavage of its downstream
target PGAM5

We next studied a potentially upregulated mitochondrial
pathway in tafazzin-deficient cells involving PARL. Immuno-
blotting of WT and TAZΔ45 HEK293 whole cell lysates
confirmed the proteomics finding of increased PARL
abundance (FC = 1.815; p = 0.016) (Fig. 3, A and B). There was
also a subtle but significant increase in the relative mRNA
expression of PARL in TAZΔ45 cells (p = 0.02) (Fig. 3C). Thus,
increased PARL in tafazzin-deficient HEK293 cells may be
regulated both at the transcriptional and protein expression
levels.

To investigate the biological significance of increased
PARL abundance in TAZΔ45 cells, we assessed a downstream
proteolytic target of PARL, PGAM5. Previous evidence
suggests that PGAM5 is cleaved by PARL and another
stress-activated IMM protease, OMA1, in response to loss of
mitochondrial membrane potential (ΔΨm) (35). At baseline,
we observed a significant increase in the percent of cleaved
PGAM5 in TAZΔ45 cells (p = 1.5 × 10−7) (Fig. 3, D and H).
Importantly, PGAM5 cleavage was absent in PARL-deficient
HEK293 cells at baseline demonstrating that in unstressed
HEK293 cells, PGAM5 cleavage is primarily mediated by
PARL (Fig. 3J).

To induce stress, cells were exposed to the membrane
depolarizer carbonyl cyanide m-chlorophenyl hydrazine
(CCCP) for increasing periods. With the exception of the final
120 min time point, TAZΔ45 cells maintained a significantly
greater abundance of PARL than WT (Fig. 3, E and F and
Table S4). While CCCP treatment stimulated PGAM5 cleav-
age in both WT and TAZΔ45 cells, the increased abundance of
PARL in the latter correlated with an increased percentage of
cleaved PGAM5 at all time points in TAZΔ45 cells (Fig. 3, G
and H and Table S5). The difference in the percentage of
cleaved PGAM5 between WT and TAZΔ45 cells increased over
time, from an 11% difference at 0 min to an 18% difference at
120 min (Fig. 3, G and H). Immunoblotting showed that the
increased percent of cleaved PGAM5 in TAZΔ45 cells was
largely because of reduction in full-length PGAM5 (Fig. 3G).
To further demonstrate differences in PGAM5 cleavage be-
tween WT and TAZΔ45 cells in response to depolarization, we
examined PGAM5 cleavage with increasing CCCP concen-
trations ranging from 0 to 100 μM. We found that exposure to
increasing concentrations of CCCP resulted in increased
cleavage of PGAM5 in both WT and TAZΔ45, but this cleavage
was significantly greater in TAZΔ45 cells compared with WT at
all concentrations tested (Fig. S7). Importantly, PGAM5
cleavage was reduced in CCCP-treated PARL-KO HEK293
cells demonstrating that PGAM5 is predominantly cleaved by
PARL under stress (Fig. 3J).

PGAM5 mRNA expression was not significantly different
between WT and TAZΔ45 cells at 0 min or 120 min (Fig. 3I).
There was a subtle but significant reduction in PGAM5mRNA
expression between WT at 0 min and WT following 120 min
CCCP treatment (Fig. 3I). Combined with the predicted
negative impact of CCCP on import and assembly of mito-
chondrial precursors, this strongly suggests that the increased
cleavage of PGAM5 in TAZΔ45 cells at baseline and following
CCCP treatment is due to the increased cleavage and degra-
dation of existing full-length PGAM5.

In summary, we demonstrated baseline increased PARL
abundance and PGAM5 cleavage, which is exacerbated upon
mitochondrial depolarization in tafazzin-deficient HEK293
J. Biol. Chem. (2021) 297(3) 101005 5
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cells. We also showed that in PARL-KO HEK293 cells,
PGAM5 cleavage at baseline and in the setting of inner
membrane depolarization is severely reduced. Together with
prior published in vitro data showing that overexpression of
PARL results in increased PGAM5 cleavage with CCCP
treatment (35), our data demonstrate that PGAM5 cleavage is
primarily attributable to cleavage by PARL in this setting.
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Bromoenol lactone and SS-31 normalize cellular dysfunction
in TAZ deficiency

To determine if targeting CL and CL metabolism would
remediate decreased CI expression and/or increased PARL
expression and PGAM5 cleavage, TAZΔ45 and WT cells were
treated with either bromoenol lactone (BEL) or SS-31. Pre-
vious studies have established that treatment with BEL, an
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inhibitor of calcium-independent PLA2, partially remediates
CL abnormalities by reducing MLCL accumulation and CL
depletion (36, 37). SS-31, a cell permeable mitochondria-
targeted tetrapeptide, selectively binds CL, where it has
been shown to stabilize cristae morphology, preserve mito-
chondrial bioenergetics, and potentially facilitate in-
teractions between CL and specific CL-interacting proteins
(38–40).

The relative abundance of NDUFAF1 in TAZΔ45 cells
increased following BEL treatment and significantly increased
following SS-31 treatment (p = 2.8 × 10−5) (Fig. 4, A and B).
NDUFAF1 relative mRNA expression significantly increased in
TAZΔ45 cells following both BEL and SS-31 treatment (p =
0.05 and p = 0.01, respectively) (Fig. 4C). The relative mRNA
expression was also measured for the other four CI-associated
genes that had significantly reduced levels in TAZΔ45 cells at
baseline (NDUFB2, NDUFAB1, NDUFB4, and NDUFB6).
Following BEL treatment, these significant differences in
expression between TAZΔ45 versus WT were no longer
observed in any of the four genes tested, and following SS-31
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treatment, the significant differences were no longer
observed in three of the four genes tested (Fig. S8).

CI holoenzyme abundance was measured in BEL and SS-
31–treated cells by BN-PAGE. CI remained the most signifi-
cantly reduced complex in TAZΔ45 cells after BEL or SS-31
treatment (Fig. 4D). However, both treatments partially
remediated the ratio of both CI to CIV (CI:CIV) and CI to CII
(CI:CII) (Fig. 4, D and E). The CI:CIV relative abundance
increased from 0.59 in untreated TAZΔ45 cells to 0.77 in
TAZΔ45-BEL cells and 0.80 in TAZΔ45-SS-31 cells (Fig. 4E).
The CI:CII relative abundance significantly increased from
0.66 in untreated TAZΔ45 cells to 0.89 in TAZΔ45-BEL cells
(p = 6.1 × 10−3) and to 0.83 in TAZΔ45-SS-31 cells (not sig-
nificant) (Fig. 4E). Overall, treatment with either BEL or SS-31
showed an increase in CI holoenzyme abundance.

The percentage of cleaved PGAM5 was significantly
decreased in TAZΔ45-BEL (18%; p = 0.01) and TAZΔ45-SS-31
(13%; p = 2.6 × 10−4) cells compared with TAZΔ45-untreated
cells (23%) (Fig. 4, F and G). Moreover, there was no significant
difference in the percentage of cleaved PGAM5 in TAZΔ45-
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BEL versus WT-BEL cells or TAZΔ45-SS-31 versus WT-SS-31
cells (Fig. 4G). Furthermore, PARL was significantly
decreased in TAZΔ45-BEL (FC = 0.93; p = 7.1 × 10−15) and
TAZΔ45-SS-31 (FC = 1.11; p = 9.9 × 10−5) cells compared with
TAZΔ45-untreated cells (FC = 1.53) (Fig. 4, H and I) and
essentially restored to WT levels following each treatment.
Collectively, these results indicate that compounds that bind
CL or inhibit CL deacylation partially rescue the observed
defects in CI and PARL–PGAM5 in tafazzin-deficient cells.
Discussion

As a central phospholipid of the IMM, CL has been shown
to have diverse roles in mitochondrial function (1). Yet, these
diverse roles are currently underappreciated in the patho-
physiology of BTHS, which is the only known Mendelian
disorder of CL metabolism. In this study, we took an
untargeted approach to identify dysregulated proteins in
tafazzin-deficient HEK293 cells and pursued two areas of
mitochondrial dysfunction for further study: decreased
expression and function of CI of the respiratory chain and
increased expression of the IMM rhomboid protease, PARL.

Mitochondrial respiratory chain dysfunction and super-
complex destabilization have been shown in several cellular
models of BTHS, though a specific decrease of CI has only
been described in a limited number of studies in patient-
derived lymphoblasts (32–34). We show, for the first time,
decreased gene and protein expression of specific subunits of
CI. Furthermore, we show that expression of NDUFAF1, a CI
assembly factor, is strikingly abnormal in the setting of tafazzin
deficiency. We also demonstrated that decreased expression of
CI gene subunits and assembly factors is partially rescued by
drugs that target CL or its metabolism. As respiratory chain
assembly and subunit gene and protein expression are tightly
linked, it is not possible at this time to know which is the
primary versus secondary in the setting of tafazzin deficiency
(i.e., whether decreased CL and/or increased MLCL affect one
or all these CI-associated abnormalities), and this warrants
further investigation (41). However, in demonstrating that CL
modulation can in part rescue CI defects, we propose CI as-
sembly, assembly factor expression (NDUFAF1), and subunit
expression (MT-ND3, NDUFA5, NDUFAB1, NDUFB2, and
NDUFB4) are valid cellular markers for treatment efficacy in
BTHS.

Our untargeted proteomics approach in tafazzin-deficient
cells also led us to identify increased expression of the IMM
rhomboid protease PARL, which has roles in the mitochon-
drial response to stress via regulation of apoptosis and
mitophagy through reciprocal cleavage of PGAM5 and phos-
phatase and tensin homolog–induced kinase 1 (42). PARL, and
its cleavage of PGAM5, are of particular interest in BTHS,
where enlarged mitochondria have been observed in BTHS
patient and tafazzin-deficient mouse cardiac tissue, consistent
with impaired mitophagy (43–46). Similar to CI defects, tar-
geting CL or its metabolism with BEL and SS-31 partially
remediated PARL abundance and PGAM5 cleavage in the
absence of tafazzin. The PARL proteolytic and signaling
8 J. Biol. Chem. (2021) 297(3) 101005
cascade has diverse downstream targets in addition to
PGAM5, including phosphatase and tensin homolog–induced
kinase 1, BCL-xL, FUNDC1, and others, with sundry effects on
mitochondrial and cellular metabolism and survival, and thus
represents a wide area for future study in tafazzin deficiency
(47, 48).

It is also not clear at this time if the increased PARL
expression and decreased CI expression/function are interde-
pendent or are each independently initiated by IMM distur-
bances caused by CL abnormalities. One way to test this would
be to correct the CI dysfunction in isolation and examine for
remediation of PARL defects. Because overexpression of
NDUFAF1 in the tafazzin-deficient cells was not sufficient to
correct CI defects and test this hypothesis, other approaches
such as downregulating PARL and assaying CI function/as-
sembly could be considered.

Together, CI dysfunction and imbalances between
apoptosis/mitophagy via PARL represent attractive areas for
study in the tissue-specific aspects of BTHS. Defective MQC,
particularly as it affects stress responsiveness, is increasingly
recognized for its role in several forms of cardiac dysfunction
(17), and both primary and secondary CI defects are well
documented in many forms of cardiac dysfunction (18, 19).
Furthermore, understanding the diverse mitochondrial effects
caused by tafazzin deficiency has important implications for
development of therapeutics, for example, CI targeting agents
may not be sufficient to remediate cardiac or skeletal muscle
abnormalities in BTHS, where underlying defects in mitophagy
and apoptosis are prominent tafazzin-deficient–associated
abnormalities.

Conclusions

We identified and characterized two cellular pathways
impacted by tafazzin deficiency by employing a discovery-
based approach in a new HEK293 tafazzin-deficient cellular
model: CI of the mitochondrial respiratory chain and the
PARL–PGAM response to mitochondrial depolarization. We
not only confirmed reduced CI protein and holoenzyme
abundance but expanded our current understanding of respi-
ratory chain abnormalities by showing reduced CI mRNA
expression. In addition, we uncovered increased abundance of
the inner membrane protease, PARL, which was accompanied
by enhanced cleavage of its downstream target, PGAM5.
Finally, we found that compounds that target CL or CL
metabolism normalized CI gene expression, protein, and ho-
loenzyme abundance, as well as ameliorated PARL abundance
and PGAM5 cleavage when TAZ is missing.

Experimental procedures

Cell lines and culture conditions

HEK293 WT cells were purchased from American Type
CultureCollection (293 (7)xATCCCRL-1573). Cellswere grown
at 37 �C and 5%CO2. HEK293WT andTAZΔ45 weremaintained
in Dulbecco’s modified Eagle’s medium with L-glutamine and
4.5 g/l glucose (Corning Cellgro; catalog no. 10-017) containing
10% fetal bovine serum (Gemini) and 2 mM L-glutamine (Gibco;
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catalog no. 25030149).Mycoplasma contaminationwas routinely
monitored and not detected.

For CCCP treatment, cells were seeded into 6-well plates. At
confluence, cells were either treated with 20 μMCCCP (Sigma;
catalog no. C2759) for 0, 10, 30, 60, 90, and 120 min or 0, 10,
20, 40, 80, and 100 μM CCCP for 45 min. For BEL treatment,
cells (400 K) were seeded into 6-well plates. 48 h later, at 80 to
90% confluence, cells were treated with 2.5 μM BEL (Sigma;
catalog no. B1552) for 48 h. For SS-31 treatment, cells (50 K)
were seeded into 6-well plates. For 7 days, cells were fed fresh
100 nM SS-31 (provided by Stealth BioTherapeutics).

CRISPR–Cas9 genome editing

sgRNAs (Fig. S1 and Table S1) targeting exon 2 of
TAFAZZIN were designed at www.crispr.mit.edu and selected
based on the scoring algorithm detailed by Hsu et al. (49–51)
(Table S1). Synthesized sgRNA 1 and sgRNA 2 were individ-
ually cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0 vector.
pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng
Zhang (Addgene plasmid no. 62988; http://n2t.net/addgene:62
988; research resource identifier: Addgene_62988) (55).
HEK293 WT cells were transfected with both sgRNA vectors
using Lipofectamine 2000 (Invitrogen). About 24 h after
transfection, cells were subjected to puromycin selection (2 μg/
ml) for approximately 48 h. Following selection, cells were
passaged in order to isolate single cell clones. Confluent col-
onies of single cell clones were collected using a cloning cyl-
inder and expanded for DNA isolation and screening. For
three TAFAZZIN-deficient clone isolates, we amplified and
Sanger sequenced five of the top 10 predicted off-target sites,
five off-target sites per sgRNA, which revealed no detectable
off-target CRISPR–Cas9 genome editing activity (Table S1).
The other five off-target sequences were not able to be
amplified likely because of highly repetitive sequences and/or
increased GC base pair content. None of the top 10 predicted
off-target sites were located in coding regions. Still, in an effort
to mitigate consequences of undetected off-target editing in
any one of the clones, the clones, TAZΔ45.4, TAZΔ45.5,
TAZΔ45.6, were combined at a 1:1:1 ratio to create the cellular
model TAZΔ45.

RT-PCR

RNA was extracted from an aliquot of 3 × 106 cells using the
RNeasy Plus Kit (Qiagen). Complementary DNA (cDNA) was
synthesized from extracted RNA using the iScript cDNA
Synthesis Kit (BioRad). The region surrounding the CRISPR–
Cas9 target site was PCR amplified using AccuPrime GC-Rich
DNA Polymerase (Invitrogen) (forward primer: 50 TACAT-
GAACCACCTGACCGT 30 and reverse primer: 50

CAGATGTGGCGGAGTTTCAG 30). PCR products were
resolved on a 0.8% agarose gel.

Whole cell lysate extraction

An aliquot of 3 × 106 cells was centrifuged for 4 min at
1000 rpm. The resultant cell pellet was washed twice with ice-
cold PBS and lysed with radioimmunoprecipitation assay lysis
buffer (1% [v/v] Triton X-100, 20 mm Hepes–KOH, pH 7.4,
50 mm NaCl, 1 mm EDTA, 2.5 mm MgCl2, and 0.1% [w/v]
SDS) spiked with 1 mm PMSF for 30 min at 4 �C with rotation.
Insoluble material was removed by centrifugation for 30 min at
21,000g at 4 �C, the supernatant collected, and protein quan-
tified using a bicinchoninic acid assay (Pierce).

Mitochondrial isolation

Mitochondrial isolation of HEK293 cells was performed as
previously described by Lu et al. (2). Briefly, cells were sus-
pended in PBS and centrifuged at 600g for 10 min. The pel-
leted cells were washed and resuspended in 3 ml isolation
buffer (10 mm Tris–Mops, 1 mm EGTA–Tris, pH 7.4, and
200 mm sucrose) and homogenized. Cell lysates were centri-
fuged at 600g for 10 min two times to pellet the nuclear
fraction. Mitochondria were then isolated from the superna-
tant by centrifugation at 7000g for 10 min. The mitochondrial
pellet was resuspended and centrifuged again at 7000g spin
and then 10,000g spin to obtain crude mitochondria.

Immunoblotting

Whole cell extracts of mitochondria, resuspended in XT
sample buffer (BioRad) and reducing agent (BioRad), were
resolved on Criterion XT 12% Bis–Tris gels (BioRad) in XT
Mops running buffer (BioRad). Proteins were transferred to
Immuno-Blot polyvinylidene difluoride (BioRad) at 100 V for
1 h. Following transfer, membranes were blocked with 5% (w/
v) milk and 0.05% (v/v) Tween-20 in PBS (blocking buffer) for
1 h at room temperature or at 4 �C if longer, with blocking.
Following blocking, membranes were briefly washed with PBS
with 0.2% (v/v) Tween-20 (PBST) and then incubated with
primary antibody in PBST with 0.02% (w/v) sodium azide
overnight at 4 �C with blocking. Following three successive 10-
min washes with PBST at room temperature, horseradish
peroxidase–conjugated secondary antibodies were added and
incubated for 45 min at room temperature. The membranes
were then washed three times for 10 min with PBST and twice
for 10 min with PBS. Immunoreactive bands were visualized
using ECL Western Blotting Detection (Amersham) or
SuperSignal West Pico PLUS (Pierce). Images were captured
with a Fluorchem Q (Cell Biosciences, Inc) or on film. Film
was scanned before quantification. Quantitation of bands was
performed using ImageJ (http://imagej.nih.gov/ij/) and protein
expression values were normalized to loading controls.

Antibodies

Antibodies against the following proteins were used; β-actin
(loading control; Life Technologies; catalog no. AM4302),
glucose-regulated protein 75 (loading control; Antibodies, Inc;
catalog no. 75-127), TAZ (#2C2C9; Epitope: 237-
TDFIQEEFQHL, exon 11) (3), NDUFAF1 (Abcam; catalog no.
ab79826), PARL (Abcam; catalog no. ab45231; Proteintech;
catalog no. 26679-1-AP; Langer Laboratory), ubiquinol–
cyctochrome C reductase core protein 2 (Abcam: catalog no.
ab14745), NDUFA9 (Abcam; catalog no. ab14713), NDUFS3
(Abcam; catalog no. ab110246), and NDUFB6 (Abcam: catalog
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no. ab110244). Two horseradish peroxidase–conjugated sec-
ondary antibodies were used; goat anti-rabbit (Abcam; catalog
no. ab6721) and goat antimouse (Abcam; catalog no. ab205719).

Lipidomics

Lipids were extracted from cell pellets (3 × 106 cells) and
analyzed as previously described by Houtkooper et al. (52).

Proteomics

Samples (WT [n = 3] and TAZΔ45 [n = 3], serial passages)
were reduced in 5 mM DTT for 1 h at 56 �C, alkylated in
10 mM iodoacetamide for 30 min in the dark at room tem-
perature, and precipitated in cold (−20 �C) acetone 10% (w/v)
trichloroacetic acid. The precipitate was pelleted by centrifu-
gation at 16,000g for 15 min, the supernatant was discarded,
and the pellet was rinsed with cold acetone and dried at room
temperature. The samples were reconstituted in 50 μl of 20%
acetonitrile and 80 mM TEAB and digested with 3.3 μg of
trypsin/Lys-C mix (Promega) at 37 �C overnight. The digested
samples were labeled with tandem mass tag 10-plex reagent
(Thermo; lot no. SK257889) and combined. The sample was
lyophilized and reconstituted in 0.5 ml of 10 mM TEAB and
fractionated by high (8, 9) pH-reversed phase chromatography
into 84 fractions, which were concatenated into 24. Each of the
24 fractions was lyophilized and reconstituted in 2% acetoni-
trile and 0.1% formic acid and separated over a 90-min low
(2, 3) pH-reversed phase gradient (120 min run time) for MS
analysis on an Orbitrap Fusion.

MS data were acquired using serial data-dependent frag-
mentation of individual precursor ions (data-dependent
acquisition). An intact precursor ion scan (MS1) spanning 400
to 1600 Th was acquired every 3 s at a resolution of 120,000 (at
m/z = 200). Fragmentation scans (MS2) were acquired at
60,000 resolution between precursor scans by isolation of in-
dividual precursor ions at 0.6 Th resolution, accumulation to
5 × 104 automatic gain control for a maximum injection time
of 250 ms, and activation with beam collision at 38% energy.
Mass accuracy was maintained throughout the experiment by
internal calibrant lock mass.

Proteomics raw spectra were processed in Proteome
Discoverer (version 2.2.0.38) using Mascot (version 2.5.1)
against a complete SwissProt database, specifying the taxon-
omy Homo sapiens (taxonomy ID = 9606; release date v 2017-
06-07; 20,206 sequences). The mass tolerances were set to 5
ppm and 0.01 Da for the precursor and fragment masses,
respectively. Trypsin was selected as the protease, allowing two
missed cleavages. Based on a decoy database search, peptide
spectral matches were assigned a strict false discovery rate of
0.01, based on a q value validation. Only peptides that met
these high criteria were selected for quantitation. Only unique
peptides were used, and abundances were normalized on total
peptide amount.

Protein quantification is based on the normalized median
ratio of all spectra of tagged peptides from the same protein
(53, 54). From analyzing technical replicates, we have
assessed the accuracy and precision of relative quantitative
10 J. Biol. Chem. (2021) 297(3) 101005
experiments using isobaric mass tags in the proteomics core
and have established that the technical variation contributes
less than 10% to FCs (54). Protein ratios between cell types
were directly calculated from the grouped protein abun-
dances. An ANOVA-based hypothesis test was used to
calculate the p values for the abundances of the individual
proteins across the three biological replicates in each sample
group.

Functional annotation

We selected proteins with a protein abundance FC (TAZΔ45/
WT) less than or equal to 0.80 (FC ≤ 0.80) and proteins with
an FC greater than or equal to 1.2 (FC ≥ 1.20). Each subset was
individually uploaded to DAVID 6.8 and compared with the
background “Homo sapiens” (18, 19). With the functional
annotation tool, we pulled all KEGG pathways and GO terms
for further analysis.

Quantitative RT-PCR

Total RNA was extracted from an aliquot of 3 × 106 cells
using the RNeasy Plus Kit (Qiagen). cDNA was synthesized
from extracted RNA using the iScript cDNA Synthesis Kit
(BioRad) in 20 μl reactions according to the manufacturer’s
suggested protocol using 1 μg of RNA. cDNA was subse-
quently diluted 10-fold with water. About 2.4 μl of cDNA
was analyzed in 12 μl reactions using the SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) according to the
manufacturer’s instructions and included each respective
forward and reverse gene-specific primers (Table S6). Each
sample-primer reaction was plated in triplicate per plate.
Each plate also included both no RT controls (no-RT) for
each cDNA sample and no template controls (no-template)
for each primer pair. The reaction conditions were as fol-
lows: 2 min at 95 �C, followed by 40 two-temperature cycles
of 5 s at 95 �C and 30 s at 60 �C. For nuclear genes,
expression of each gene was analyzed by the comparative CT
(ΔΔCT) method with TBP and HPRT1 being averaged as
endogenous reference genes. For mitochondrial genes (MT-
ND3), expression of each gene was analyzed by the
comparative CT (ΔΔCT) method with MT-RNR1, MT-CO1,
and MT-ATP6 being averaged as endogenous reference
genes. Values were represented as average FC relative to
respective WT or untreated controls.

1D BN-PAGE

Cell pellets (100,000 cells,�120μg)were solubilized for 30min
on ice in 20 mm Bis–Tris, 10% (v/v) glycerol, 50 mM NaCl,
supplemented with 1% (v/v) Triton X-100, and protease in-
hibitors (PMSF, leupeptin, and pepstatin). Extracts were clarified
by centrifugation for 30min at 21,000g at 4 �Cand analyzedby 1D
BN/SDS-PAGE as described by Claypool et al. (55).

CI and CII activity assays

The activity of CI was measured using the Complex I
Enzyme Activity Microplate Assay Kit (Abcam; catalog
no. ab109721) according to the manufacturer’s
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instructions using 200 μg of isolated mitochondria from
HEK293 cells. The activity of CII was measured using
the Complex II Enzyme Activity Microplate Assay Kit
(Abcam; catalog no. ab109908) according to the manu-
facturer’s instructions using 200 μg of isolated mito-
chondria from HEK293 cells.
NDUFAF1 transfection

HEK293 cells were seeded into 15 cm plates. When cells
reached �80% confluency, cells were transiently transfected
with NDUFAF1 (NM_016013) C-Myc/DDK-tagged plasmid
(Origene; catalog no. RC200029) with Lipofectamine 3000
(Thermo; catalog no. L3000001) according to manufacturer’s
instructions. About 75.4 μg of plasmid was transfected with
105 μl of Lipofectamine 3000 per 15 cm plate. The cells were
grown in galactose media for 48 h before mitochondria
extraction performed as described previously.
Metabolomics

HEK cell samples undergoing metabolic analysis were
initially kept on ice and washed with ice-cold PBS prior to
collection, followed by centrifugation at 1500 rpm and 4 �C.
Metabolites within the cell pellet were extracted with 80%
HPLC-grade methanol (Fisher Scientific) and 20% MS-grade
water as previously described (56). The extraction solution
was then collected and evaporated using a speedvac and a
lyophilizer, which resulted in a white powder of dried me-
tabolites. The collected metabolites were subsequently resus-
pended in 50% (v/v) acetonitrile diluted with MS-grade water
and analyzed via an Agilent 1260 HPLC and 6490 triple-
quadrupole (QQQ) mass spectrometer.

The Agilent 1260 HPLC-autosampler system was kept at
4 �C for the entirety of the run to prevent any degradation
within the samples. Optimal separation was achieved with a
reverse-phase chromatography system with an aqueous mobile
phase of MS-grade water with 0.1% formic acid and an organic
mobile phase of 98% acetonitrile with 0.1% formic acid. The
Discovery HS F5 HPLC Column (3 μm particle size, L × I.D.
15 cm × 2.1 mm; Sigma) with a compatible guard column
(Sigma) was used and maintained at a temperature of 35 �C.
The injection volume was 2 μl, and the runtime was 50 min per
sample. The flow rate, buffer gradient, and mass spectrometer
parameters for the method were the same as previously
described (57).

Data from pure standards of each compound of interest
were acquired prior and simultaneously with samples in
identical setting: precursor and product ion transitions,
collision energy, and ion polarity. Agilent MassHunter and
Agilent Qualitative and Quantitative Analysis Software pack-
ages were used to analyze the metabolic profiles. The
metabolite peaks were integrated for raw intensities and then
normalized by protein concentration collected from the
original cell pellet. Protein concentration was determined
using a FilterMax F5 microplate reader and a bovine serum
albumin standard.
Data analysis

All statistical analyses were performed using R, version 3.3.2
(October 31, 2016) (58). Between-group comparisons were
performed using Welch’s two-sample t test. Outliers, outside
1.5× the interquartile range above the upper quartile and
below the lower quartile, were only removed for statistical
analyses of the isogenic HEK293 cell lines.
Data availability

The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD026731 and 10.6019/
PXD026731. All remaining data are contained within the
article and supporting information.

Supporting information—This article contains supporting
information.
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