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COX17 shRNA-downregulated HEK293 cell lines 
that have less than 10 % of the residual Cox17 pro-
tein level. Cox17-depleted cell lines exhibited decreased 
intramitochondrial copper content, decreased CcO 
subunit levels (Cox1, Cox4 and Cox5a) and accumu-
lation of CcO subcomplexes. Similarly to yeast cells, 
mitochondria in Cox17-downregulated HEK293 cell 
lines exhibited ultrastructural changes including 
cristae reduction and mitochondrial swelling. Charac-
terization of the molecular pathogenesis of long-term 
Cox17 deficiency complements our knowledge of the 
mitochondrial copper metabolism and assembly of 
cytochrome c oxidase in human cells.

Introduction
Mitochondrial cytochrome c oxidase (COX, complex 

IV, CcO) is one of the five complexes of the oxidative 
phosphorylation system (OXPHOS) in which more than 
90 % of ATP molecules are produced to supply the cel-
lular energy demand. CcO, together with OXPHOS com-
plexes I, II and III, generate a proton gradient across the 
inner mitochondrial membrane through oxidation of 
NADH and FADH2 cofactors, which is then used by 
ATP synthase to generate ATP. Mitochondria fulfil many 
other important functions, including amino acid metab-
olism, purine synthesis, serving as a calcium repository 
and restoring the cellular copper pool (Baker et al., 
2017; Bravo-Sagua et al., 2017; Ducker and Rabinowitz 
2017; Chan et al., 2018). 

Mammalian CcO is a hetero-oligomeric complex, 
which, for a long time, has been considered to be com-
posed of 13 structural subunits (Kadenbach et al., 1983). 
Outcomes of some recent studies (Balsa et al., 2012; 
Pitceathly et al., 2013), although still debated (Kaden-
bach, 2017; Pitceathly and Taanman, 2018), call for re-
consideration of CI structural subunit NDUFA4 to be 
the 14th CcO structural subunit COXFA4 instead. Sub-
units Cox1, Cox2 and Cox3, which constitute the cata-
lytic centre of CcO, are encoded by mitochondrial DNA 

Abstract. Cox17 is an assembly factor that par-
ticipates in early cytochrome c oxidase (COX, CcO) 
assembly stages. Cox17 shuttles copper ions from the 
cytosol to the mitochondria and, together with Sco1 
and Sco2, provides copper ions to the Cox1 and Cox2 
mitochondrially encoded subunits. In Saccharomyces 
cerevisiae, Cox17 also modulates mitochondrial mem-
brane architecture due to the interaction of Cox17 
with proteins of the MICOS complex (mitochondrial 
contact site and cristae organizing system). There is 
currently no data regarding the impact of long-term 
Cox17 deficiency in human cells. Here, we present 
construction and characterization of three stable 
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(mtDNA) and synthesized in mitochondria. Cox1 and 
Cox2 contain redox-active copper cofactors (CuA and 
CuB) and two haem centres (haem a and haem a3). They 
are involved in electron transport to the terminal accep-
tor oxygen and are essential for the catalytic function of 
CcO (Stiburek et al., 2006). Both Cox1 and Cox2 are 
incorporated during the early stages of CcO assembly 
along with Cox3. The remaining 10 structural subunits, 
encoded by nuclear DNA (nDNA), are posttranslation-
ally transported to the mitochondria. Several of these 
subunits are expressed as tissue-specific isoforms and 
are required to protect the catalytic centre and stabilize 
CcO within the membrane (Beauvoit et al., 1999, Balsa 
et al., 2012). Additionally, more than 30 auxiliary fac-
tors, called assembly proteins, participate in the CcO as-
sembly process (Barrientos et al., 2002).

One of these assembly factors – Cox17 – is a specific 
copper donor to both Sco1 and Cox11 assembly factors 
in the mitochondrial intermembrane space (IMS). In co-
operation with other factors such as Sco2, Cox19, CoA6 
and Cox23, Cox17 functions to deliver copper ions to 
the active sites of the CcO Cox1 and Cox2 subunits 
(Carr and Winge 2003; Palumaa et al., 2004; Pacheu-
Grau et al., 2015). It was recently reported that mito-
chondrial phosphate carrier SLC25A3 can also serve as 
a copper chaperone in CcO biogenesis (Boulet et al., 
2018).

It is supposed that Cox17 shuttles copper ions from the 
cytosol to the mitochondria to incorporate them into CcO 
(Glerum et al., 1996), but some studies with yeast suggest 
that Cox17 functions only in the mitochondrial IMS 
(Maxfield et al., 2004). Cox17 can bind four copper ions 
via evolutionarily conserved metal-binding cysteine 
residues and is transferred into the mitochondrial inter-
membrane space via the Mia40/Erv1 pathway (Palumaa 
et al., 2004). 

In 2015, it was discovered that Cox17 is involved in 
regulating the mitochondrial inner membrane integrity 
via its interaction with Mic60 of the MICOS complex 
(mitochondrial contact site and cristae organizing sys-
tem) (Chojnacka et al., 2015).

In the yeast, Cox17 deficiency leads to the functional 
impairment of CcO, respiratory chain deficiency and 
impaired growth on non-fermentable substrates (Glerum 
et al., 1996). In HeLa cells, transient Cox17 silencing 
affected supercomplex organization of the OXPHOS 
complexes. This study supports the role of Cox17 as a 
copper shuttle between the cytosol and mitochondrial 
intermembrane space, where 80 % of the Cox17 cellular 
pool is localized (Oswald et al., 2009). Cox17 knockout 
mice showed embryonic lethality (Takahashi et al., 2002). 
As yet, no patients with mutations of the Cox17 gene 
have been described. 

Defects in copper transport to CcO (Sco1, Sco2) 
have been previously described in humans (Stiburek et 
al., 2009). These defects typically have a fatal impact 
on mitochondrial function and are characterized by a 
serious clinical phenotype with an unfavourable prog-
nosis. 

In the present study, we characterized the impact of 
the long-term (stable) depletion of Cox17 on the mito-
chondrial structure and function of HEK293 cells.

Material and Methods

Cell culture

Human embryonic kidney cells (HEK293) (American 
Type Culture Collection, Rockville, MD) were used for 
stable transfection and cultivation. The cells were grown 
at 37 °C in a humidified 5% (v/v) CO2 atmosphere in 
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich – Merck, Darmstadt, Germany) supplemented 
with 10% (v/v) foetal bovine serum (FBS, Thermo Fisher 
Scientific, Waltham, MA). 

shRNA constructs and cell transfection
To produce RNA interference (RNAi) in HEK293 

cells, we used the pGIPZ plasmid (Open Biosystems, 
Dharmacon, Lafayette, CO), in which short hairpin 
RNA (shRNA) is expressed as human microRNA-30 
(miR-30) primary transcript. In addition to generating 
shRNA, the primary transcript leads to the production of 
TurboGFP and puromycin N-acetyl transferase, thus al-
lowing visual marking and selection of shRNA-express-
ing cells. Three predesigned pGIPZ constructs for spe-
cific silencing of human COX17 (V3LHS_336599, 
V3LHS_405108 and V3LHS_336598) and a non-si-
lencing control (NS) were purchased from Open Bio-
systems (Dharmacon, Lafayette, CO).

Subconfluent HEK293 cells were transfected by elec-
troporation using Amaxa™ Nucleofection™ Technology 
(Lonza, Walkersville, MD) with a cell-specific kit ac-
cording to the manufacturer’s instructions. Transfected 
cells were selected using puromycin (Sigma-Aldrich-
Merck) at a concentration of 5 μg/ml over a period of 
three weeks. The residual levels of Cox17 protein in the 
stable knockdown cell lines were quantified by SDS-
PAGE immunoblot of whole cell lysates using Cox17-
specific polyclonal antibodies (ab139375 and ab115309, 
Abcam, Cambridge, United Kingdom). The cell line 
transfected with the non-silencing shRNA construct (NS) 
and original HEK293 cells (WT) were used as controls.

Protein analysis
Total cellular protein was prepared by extraction in 

RIPA buffer [50 mM Tris/HCl – pH 7.4, 150 mM NaCl, 
1 mM PMSF, 1 mM EDTA, 1% Triton X-100 and 0.1% 
(w/v) SDS] with 1% (v/v) protease inhibitor cocktail 
(PIC, Sigma-Aldrich-Merck) on ice for 20 min, fol-
lowed by centrifugation at 51,000 × g for 25 min at 4 °C. 
The protein concentration was determined by the Lowry 
method using BSA as a standard (Lowry et al., 1951). 
Samples were dissolved in SDS-PAGE sample buffer 
[50 mM Tris/HCl – pH 6.8, 12% (v/v) glycerol, 4% 
(w/v) SDS, 2% (v/v) 2-mercaptoethanol, 0.01% (w/v) 
bromophenol blue] by incubation at 37 °C for 30 min. 
Samples of 5–20 µg protein in each lane were resolved 
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by tricine-SDS-PAGE in 12% polyacrylamide minigels 
using the MiniProtean®3 System (Bio-Rad Laboratories, 
Hercules, CA). Proteins were electrotransferred from 
gels onto PVDF membranes (Immobilon-P, Millipore-
Merck, Darmstadt, Germany) using semidry Western 
blot transfer, as previously described (Stiburek et al., 
2005). Immunodetection was performed with the fol-
lowing antibodies: Cell Signaling Technology (Danvers, 
MA) α-tubulin – α-Tubulin (11H10) rabbit mAb, 2125S, 
1 : 2000 (Abcam) Cox17 – anti-COX17 – N-terminal, 
ab139375, 1 : 2000; Cox1 – anti-MTCO1 [1D6E1A8], 
ab14705, 1 : 5000; Cox2 – anti-MTCO2 [12C4F12], 
ab110258, 1 : 2000 Cox4 – anti-COX IV [20E8C12], 
ab14744, 1 : 2000; Cox5a – anti-COX5A [6E9B12D5], 
ab110262, 1 : 2000; Sco1 – anti-SCO1, ab88658, 
1 : 5000; Sco2 – anti-SCO2, ab169042, 1 : 10,000. All 
samples were normalized to the amount of α-tubulin and 
total protein loading.

Blue native polyacrylamide gel electrophoresis (BN-
PAGE) (Schagger and von Jagow, 1991) was used to 
separate mitochondrial membrane protein complexes in 
polyacrylamide 6–15% (w/v) gradient gels using a Mini-
Protean®3 system (Bio-Rad Laboratories). Isolated mi-
tochondria were solubilized with n-dodecyl β-d-malto-
side (DDM; Sigma-Aldrich - Merck), with a final DDM/
protein ratio of 4.8 g/g in a buffer containing 1.5 M ami-
nocaproic acid, 2 mM EDTA and 50 mM 2-bis(2-hy-
droxyethyl)amino-2-(hydroxymethyl)-1,3-propanediol 
– pH 7.0 at 4 °C for 20 min. The samples were then cen-
trifuged for 20 min at 51,000 × g and 4 °C. Serva Blue G 
dye (Serva, Heidelberg, Germany) was added to the col-
lected supernatant at a concentration of 0.1 g/g of deter-
gent. A 20 μg aliquot of protein was loaded in each lane. 
The electrophoresis was performed at 30 V, 4 °C for 
30 min, then at 40 V, 4 °C for 2 h and then overnight at 
25 V, 4 °C. 

For the second dimension of the two-dimensional 
BN/SDS-PAGE, strips of the first-dimension gels were 
incubated for 40 min in 1% (v/v) 2-mercaptoethanol and 
1% (w/v) SDS and washed for 30 min in water. The de-
natured proteins were then resolved in the second dimen-
sion with a 12% polyacrylamide SDS gel. The OXPHOS 
complex subunits were transferred to PVDF membranes 
and probed with the following antibodies: Cox1 – anti-
MTCO1 [1D6E1A8], Abcam ab14705, 1 : 5000; anti-
SDHA (MitoSciences, Eugene, OR, MS203, 1 : 7000).

All immunoreactive material was visualized by chemi-
luminescence using horseradish peroxidase-conjugated 
secondary anti-mouse (A0545) or anti-rabbit (A8924) 
antibodies (Sigma-Aldrich-Merck) and SuperSignal West 
Femto Maximum Sensitivity Substrate (Thermo Scien-
tific, Rockford, IL). Signal acquisition was performed 
using a G: Box SynGene imaging system (Syngene, 
Cambridge, United Kingdom). 

Isolation of mitochondria
Mitochondria were isolated from frozen (–80 °C) pel-

lets of harvested KD and control HEK293 cells by ho-
mogenization at 4 °C with a glass/glass Dounce homog-

enizer in isotonic medium [250 mM sucrose, 10 mM 
Tris, 1 mM EDTA, pH 7.4] (STE buffer) with 1% (v/v) 
protease inhibitor cocktail (PIC, Sigma-Aldrich-Merck). 
The homogenate was centrifuged for 15 min at 600 × g, 
4 °C. The supernatant was then centrifuged for 25 min at 
10,000 × g, 4 °C in order to pellet the mitochondria. The 
pellet was washed with STE buffer and re-isolated by 
centrifugation as described above. The mitochondria 
were then resuspended in STE buffer (2.5 volume of the 
pellet), divided into aliquots and stored at –80 °C for 
subsequent analyses.

Transmission electron microscopy (TEM) 
HEK293 cells were cultivated to 90% confluence and 

fixed in 1× phosphate-buffered saline (PBS, BioWhit-
taker, Lonza, Walkersville, MD) containing 2% (w/v) 
potassium permanganate for 15 min at room tempera-
ture (RT). After fixation, cells were dehydrated by etha-
nol series (for 10 min in 50%, 70% and 90% ethanol, for 
30 min in 100% ethanol). Samples were incubated in 
propylene oxide (2 x 15 min) and embedded in Durcupan 
Epon (Durcupan Epon : propylene oxide 1 : 1 for 2 h, 
Durcupan Epon : propylene oxide 1 : 3 overnight). Poly-
merized blocks were sectioned by an Ultracut Reichert 
microtome. Slices of thickness 600-900A were stained 
with lead citrate and uranyl acetate (Brantova et al., 
2006). Images were acquired with a JEOL JEM 1400 
(Plus) transmission electron microscope (JEOL, Pea-
body, MA).

Epifluorescence microscopy
Cox17 KD and control HEK293 cells were grown on 

cover glasses. The mitochondria were stained using vi-
tal probe 10 nM MitoTracker Red CMX Ros (Molecular 
Probes, Eugene, OR) for 15 min at 37 °C. Next, the cells 
were washed with 1× PBS (PBS, BioWhittaker, Lonza, 
Walkersville, MD) and the mitochondrial network was 
detected by a Nikon Diaphot 200 inverted microscope 
(Nikon, Tokyo, Japan). The images were acquired with 
an Olympus DP50 CCD camera and Viewfinder Lite 1.0 
software (Pixera, Santa Clara, CA). 

Atomic absorption spectroscopy
To determine the total copper content in the cells and 

isolated mitochondria after sample mineralization we 
used inductively coupled plasma mass spectrometry 
(ICP-MS). The sample was weighed into high-pressure 
Teflon (TFM) vessels and digested with a mixture of 
HNO3 and H2O2 in microwave oven Milestone Ethos 1 
(Milestone, Italy). After mineralization and evaporation 
of acids, the mineralizate was diluted with deionized 
water to a total volume of 10 ml. The determination of 
total copper concentration in mineralized samples was 
performed using an Elan DRC-e spectrometer (Perkin-
Elmer SCIEX, Norwalk, CT) equipped with a concen-
tric glass nebulizer and quartz cyclonic spray chamber. 

The isotope 63Cu was used for quantification and ger-
manium 74Ge was used as an internal standard. The ex-
ternal calibration curve for copper was in the range of 
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0–50 µg copper/l, the concentration of internal standard 
Ge was 10 µg/l. Blank samples were processed with the 
tested samples. The quality control was performed using 
samples of reference material INCT MPH 2 (INCT, War-
saw, Poland) with a copper concentration of 7.7 mg/kg 
sample. The recovery of the reference material was 
98.2–99.6 %.

Results

Cox17 protein levels were successfully knocked 
down by shRNA expression in HEK293 cells

The HEK293 cell lines Cox17A, Cox17B and Cox17C 
were successfully stably silenced for Cox17 protein ex-
pression. After 21 days of cultivation, 100 % of the 
transfected cells were green fluorescent protein (GFP) 
positive. The reduction in Cox17 protein levels in the 
silenced cells was identified by SDS-PAGE immunoblot 
of whole-cell lysates. All three Cox17-silenced lines 
(Cox17A, Cox17B and Cox17C) showed a significant 
decline in the Cox17 protein level to less than 10 % of 
the control values. The immunoblot signal of the Cox17 
protein in the Cox17C-downregulated cell line was al-
most undetectable (Fig. 1A). 

The mitochondrial copper level was decreased 
in Cox17-silenced cells

AAS was used to determine the amount of copper 
ions in Cox17-downregulated and control cells. Analysis 
was performed in whole-cell samples and in isolated mi-
tochondrial fractions of Cox17-depleted and control cell 
lines. The isolated mitochondria samples showed de-
creased levels of copper ions in all Cox17-depleted cell 
lines compared to the mitochondrial fraction from con-
trols. The copper content in the mitochondria from the 
Cox17-silenced cell lines was between 70 % and 80 % 
of the control values (Fig. 2). Identical analysis carried 
out in whole-cell samples failed to show significant dif-
ferences between the control and Cox17-downregulated 
cell lines (data not shown). 

Cox17-silenced cells showed impaired 
mitochondrial ultrastructure

In all three cell lines, the mitochondrial ultrastructure 
of the Cox17-downregulated cells showed moderate 
disturbances including mitochondrial swelling and cris-
tae disorganization. While swollen mitochondria were 
frequently observed in the Cox17A, Cox17B and Cox17C 

Fig. 1. Effect of Cox17 depletion on the structure and assembly of complex IV (CcO) 
(A) Immunoblot analysis of control (NS) and Cox17-depleted (Cox17A-C) samples  under denaturing conditions. Equal 
amounts (20 µg) of total cell lysates were resolved by SDS-PAGE and subjected to immunoblot analysis with antibodies 
raised against selected assembly factors (Cox17, Sco1, Sco2, Surf1) and structural subunits (Cox1, 2, 4, 5a) of CcO. The 
level of a-tubulin was monitored as a loading control. (B) Immunoblot analysis of control (NS, WT) and Cox17-depleted 
samples (Cox17A,C) under native conditions. Equal amounts (20 µg) of mitochondrial protein prepared by solubilization 
using 1.1% DDM (4.8 g DDM/g protein) were resolved by 2D BN/SDS PAGE and subjected to immunoblot analysis. 
CcO holoenzyme (IV) and assembly intermediates (sub) were detected with antibody against the Cox1 subunit. The mi-
gration direction of the first (native) gradient (BN-PAGE 6-15 %) and the second (denaturing) (SDS-PAGE) dimension 
are indicated. The migration of respiratory chain complexes III (III2) and II are marked (grey Roman numerals).
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lines, this phenotype was rarely detected in control cells. 
The most intensive mitochondrial swelling was found in 
the Cox17C line, corresponding with the lowest residual 
Cox17 level in these cells (Fig. 3).

Due to the changes in mitochondrial ultrastructure, 
we also visualized the mitochondrial network in culti-
vated cells using native fluorescent dye (MitoTracker 

Red CMX Ros, Molecular Probes, Eugene, OR). In con-
trast to the mitochondrial ultrastructure, the mitochon-
drial network did not show any significant changes in 
the Cox17-downregulated cell lines compared to the 
controls (data not shown). 

Western blot analysis of complex IV showed 
diminished amounts of CcO subunits and 
accumulation of early CcO assembly intermediates 

SDS-PAGE and immunoblot analyses showed mar-
ked decreases in all tested CcO subunits except for Cox2 
in the Cox17A line, which corresponded to 85 % of the 
control value (Fig. 1A). In the Cox17B and Cox17C 
lines, Cox2 subunit levels were decreased to 57 % and 
11 %, respectively. Cox1 subunit levels were decreased 
to 78 % in the Cox17A line, to 53 % in the Cox17B line 
and to 33 % in the Cox17C line. Cox4 subunit levels 
were decreased to less than 60 % of the control values in 
all silenced cell lines (Cox17A: 52 %, Cox17B: 33 %, 
Cox17C: 24 %). Cox5a subunit levels were decreased to 
72 % in the Cox17A line, to 60 % in the Cox17B line 
and to 57 % in the Cox17C line compared to the con-
trols. The almost complete absence of Cox17 protein 
was accompanied by a significant reduction of Sco1 and 
Sco2 proteins. Sco1 protein levels were reduced to 73 % 
in Cox17A, to 37 % in Cox17B and to 39 % in Cox17C 
cell lines. Sco2 protein levels were reduced to 75 % in 
Cox17A and to 65 % in both Cox17B and Cox17C cell 
lines. 

2D BN/SDS-PAGE immunoblot analysis revealed in-
creased accumulation of CcO assembly intermediates in 
all Cox17-silenced cell lines (Fig. 1B).

Discussion
Most of the current knowledge of the Cox17 protein 

function is based on yeast studies. Cox17 is a metal-
lochaperone thought to traffic copper ions to mitochon-
drial CcO (Palumaa et al., 2004). In the yeast, Cox17 
defects lead to CcO deficiency and growth impairment 
(Glerum et al., 1996). However, deletion of Cox17 in 
Saccharomyces cerevisiae does not affect the mitochon-
drial copper content (Cobine et al., 2004). The Cox17 
protein is imported to the IMS via the MIA40/Erv1 
pathway (Mesecke et al., 2005). In contrast to these 
studies, the Cox17 protein function in human cells is 
poorly understood. A mouse COX17 knockout model 
presented with embryonic lethality (Takahashi et al., 
2002). In 2009, it was reported that transient Cox17 si-
lencing in HeLa cells blocks CcO assembly (Oswald et 
al., 2009). No data about stable, long-term Cox17 defi-
ciency are known, and no patient with a Cox17 mutation 
has yet been described. Mutations in Cox17 binding 
partners Sco1 and Sco2 are associated with mitochon-
drial impairment and hypertrophic cardiomyopathy (re-
viewed in Baker et al., 2017).

In our study, we analysed how the stable shRNA si-
lencing of Cox17 expression affects mitochondrial struc-

Fig. 2. Total copper content in mitochondria isolated from 
Cox17-silenced (Cox17A-C) and control (NS) HEK293 
cells 
Analysis was carried out by atomic absorption spectrosco-
py with the ICP-MS method. The control value represents 
100 %.

Fig. 3. Effects of Cox17 depletion on the mitochondrial ultra-
structure in Cox17 knockdown HEK293 cell lines (Cox17A, 
B and C) in comparison with control (NS) 
Mild mitochondrial swelling and cristae disorganization 
were detected in all Cox17-silenced cell lines in compari-
son with control lines. The most prominent alterations were 
observed in the Cox17C line. Selected images show repre-
sentative examples. Original magnification: 25,000 ×, Jeol 
JEM1400+

Role of Copper Chaperone Cox17 in Human Cells
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ture and function in the HEK293 cell model. Three 
HEK293 cell lines stably silenced for Cox17 protein ex-
pression (Cox17A, Cox17B, Cox17C) were successful-
ly generated and characterized. The amount of Cox17 
protein was knocked down to less than 10 % of the con-
trol values in all three generated cell lines. The content 
of copper ion in the mitochondria of downregulated 
cells was reduced to 70–80 % of control values in all of 
the three silenced cell lines. We can speculate that the 
relatively high residual level of intramitochondrial cop-
per in Cox17-downregulated cells could stem from the 
existence of alternative copper shuttle proteins with 
functions that are redundant to Cox17 (Baker et al., 
2017). Another explanation might be that human Cox17 
does not function in copper transport to mitochondria 
and operates functionally only in the mitochondrial IMS, 
where it transports copper to CcO active sites (with its 
binding partners), similarly to the situation observed in 
the yeast (Maxfield et al., 2004). In this scenario, the 
diminished copper content in Cox17-downregulated mi-
tochondria could be caused by feedback signalling due 
to the decreased Cox17, Sco1 and Sco2 protein levels 
(Fig. 3). The signalling role of CcO assembly factors 
Sco1 and Sco2 in CcO deficiency has been previously 
described (Leary, 2010; Dodani et al., 2011). 

In the yeast, besides its role as a CcO assembly factor, 
Cox17 transiently associates with MICOS complexes 
and regulates the inner mitochondrial membrane archi-
tecture and its phospholipid composition (Chojnacka et 
al., 2015). We analysed the mitochondrial structure of 
Cox17-downregulated cell lines by TEM. In Cox17A, 
Cox17B and (especially) Cox17C, the TEM analysis 
showed cristae disorganization and mitochondrial swell-
ing, which is in agreement with the suggested role of 
Cox17 in controlling the inner mitochondrial membrane 
organization (Chojnacka et al., 2015).

Immunoblot analysis of the Cox17-silenced cell lines 
under denaturing conditions showed markedly reduced 
levels of selected CcO subunits (Cox1, Cox2, Cox4, 
Cox5a). Moreover, 2D blue-native/denaturing immuno-
blotting showed increased accumulation of several CcO 
assembly intermediates in the mitochondria of COX17-
silenced cells. CcO contains three copper ions within 
two copper centres (CuA and CuB) of the Cox1 and 
Cox2 subunits, respectively. Failure to provide copper 
ions to Cox1 and Cox2 likely abrogates the assembly of 
these crucial core subunits into the CcO complex, lead-
ing to the appearance of early CcO assembly intermedi-
ates (Baker et al., 2017; Jett and Leary, 2018). These 
subassemblies lack the protection of nuclear-encoded 
CcO subunits, rendering them accessible to proteolysis 
by mitochondrial proteases and leading to stalled CcO 
holoenzyme assembly (Cesnekova et al., 2016). In addi-
tion to CcO subunits, the immunoblot analysis showed 
reduced amounts of both Sco1 and Sco2 metallochaper-
ones in our Cox17-silenced cell lines. Indeed, the bind-
ing of copper ions, as well as the interaction with Cox17, 
is likely to stabilize Sco1 and Sco2 (Baker et al., 2017, 
Jett and Leary 2018). In addition to the Sco metal-

lochaperones, the immunoblot analysis revealed a mod-
erate reduction of the Surf1 protein in our Cox17 cells. 
Whereas the yeast homologue of Surf1 is likely involved 
in the haemylation of the Cox1 subunit, mammalian 
Surf1 is probably involved in assembling Cox2 into the 
CcO complex (Hannappel et al., 2012; Quadalti et al., 
2018). Hence, the markedly reduced Cox2 levels in our 
Cox17 cell lines might compromise the stability of 
Surf1 through the diminished formation of Surf1-Cox2 
complexes. 

In conclusion, our study has shown that Cox17 plays 
a direct role in CcO assembly/stability and that the loss 
of Cox17 function in HEK293 cells affects the level of 
intramitochondrial copper and impairs the morphogen-
esis of mitochondrial cristae. Further knowledge of the 
role of human Cox17 will help us to understand the un-
derlying pathomechanisms of CcO assembly defects in 
humans.
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