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I M M U N O L O G Y

Inflammation causes remodeling of mitochondrial 
cytochrome c oxidase mediated by the bifunctional 
gene C15orf48
Sally A. Clayton1,2,3*, Kalbinder K. Daley1,2, Lucy MacDonald1,4, Erika Fernandez-Vizarra5, 
Giovanni Bottegoni6,7, John D. O’Neil1,2, Triin Major2, Daniel Griffin2†,  
Qinqin Zhuang2, Adeolu B. Adewoye2, Kieran Woolcock1,4, Simon W. Jones1,2,  
Carl Goodyear1,4, Aziza Elmesmari1,4, Andrew Filer1,2, Daniel A. Tennant3,  
Stefano Alivernini1,8, Christopher D. Buckley1,2,9, Robert D. S. Pitceathly10,  
Mariola Kurowska-Stolarska1,4, Andrew R. Clark1,2*

Dysregulated mitochondrial function is a hallmark of immune-mediated inflammatory diseases. Cytochrome 
c oxidase (CcO), which mediates the rate-limiting step in mitochondrial respiration, is remodeled during develop-
ment and in response to changes of oxygen availability, but there has been little study of CcO remodeling during 
inflammation. Here, we describe an elegant molecular switch mediated by the bifunctional transcript C15orf48, 
which orchestrates the substitution of the CcO subunit NDUFA4 by its paralog C15ORF48 in primary macrophages. 
Expression of C15orf48 is a conserved response to inflammatory signals and occurs in many immune-related 
pathologies. In rheumatoid arthritis, C15orf48 mRNA is elevated in peripheral monocytes and proinflammatory 
synovial tissue macrophages, and its expression positively correlates with disease severity and declines in remission. 
C15orf48 is also expressed by pathogenic macrophages in severe coronavirus disease 2019 (COVID-19). Study of 
a rare metabolic disease syndrome provides evidence that loss of the NDUFA4 subunit supports proinflammatory 
macrophage functions.

INTRODUCTION
Changes in activation state of immune cells are accompanied by, and 
dependent on, profound alterations of cellular metabolism (1, 2). 
Mitochondria are versatile organelles that play central roles in energy 
metabolism and act as signaling hubs. The ability of mitochondria 
to shape cellular phenotype has become a key concept in the field of 
immunometabolism (3). An example of mitochondrial plasticity is 
the reprogramming of myeloid cells in response to activation or 
polarization cues. Stimulation of murine macrophages and dendritic 
cells with the pathogen-associated molecular pattern lipopolysac-
charide (LPS) results in a Warburg-like metabolic state involving rapid 
up-regulation of glycolytic metabolism and lactate production. Mi-
tochondria in these cells are described as being repurposed for the 
generation of reactive oxygen species (ROS), which have both sig-
naling and direct bactericidal roles, as well as for the diversion 
of tricarboxylic acid (TCA) cycle metabolites into biosynthetic 
and immunoregulatory pathways (4–6). However, there is growing 

evidence that metabolic responses to proinflammatory stimuli dif-
fer between human and mouse myeloid cells, suggesting that conclu-
sions based on mouse cells should be extrapolated with caution (7). 
It has been demonstrated that metabolic pathways and mitochon-
drial activity contribute to autoimmune and chronic inflammatory 
pathologies such as rheumatoid arthritis (RA), underpinning the 
concept that these conditions might be effectively treated by target-
ing cellular metabolism (8–10).

Mitochondrial adaptation occurs on several different scales 
(11–14), and disruption of these processes is a common hallmark of 
many inflammatory, neurodegenerative, oncological, and age-related 
diseases (15). Mitochondrial regulation at a gross scale includes 
the balancing of biogenesis and mitophagy to control mitochondrial 
number and quality, the opposing processes of fusion and fission, 
and architectural organization of mitochondrial membranes and 
formation of cristae (16, 17). The complexes of the mitochondrial 
electron transport chain associate with each other forming super-
complexes, the assembly and turnover of which may represent an 
additional level at which mitochondrial activity is regulated (18, 19). 
At a smaller scale, mitochondrial function may be fine-tuned by 
remodeling of individual electron transport chain complexes (20). 
This is particularly evident in the case of complex IV [the cytochrome 
c oxidase (CcO) complex], a multiprotein complex that transfers 
electrons from cytochrome c to molecular oxygen as the final and 
rate-limiting step of the electron transport chain (21). This complex is 
the only one within the electron transport chain that contains tissue- 
specific isoforms of several subunits (20). The hypoxia-responsive 
transcription factor hypoxia-inducible factor-1 (HIF-1) mediates 
interchange of CcO subunits in response to changing availability of 
oxygen (20, 22–24).

1Research into Inflammatory Arthritis Centre Versus Arthritis (RACE), Universities 
of Glasgow, Birmingham, Newcastle, Oxford, UK. 2Institute of Inflammation and Ageing, 
University of Birmingham, Birmingham, UK. 3Institute of Metabolism and Systems 
Research, University of Birmingham, Birmingham, UK. 4Institute of Infection, Immunity 
and Inflammation, University of Glasgow, Glasgow, UK. 5Institute of Molecular, Cell 
and Systems Biology, University of Glasgow, Glasgow, UK. 6Dipartimento di Scienze 
Biomolecolari, University of Urbino, Urbino, Italy. 7School of Pharmacy, Institute of 
Clinical Sciences, University of Birmingham, Birmingham, UK. 8Division of Rheuma-
tology, Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome, Italy. 9Kennedy 
Institute of Rheumatology, University of Oxford, Oxford, UK. 10Department of Neuro-
muscular Diseases, UCL Queen Square Institute of Neurology and The National 
Hospital for Neurology and Neurosurgery, London, UK.
*Corresponding author. Email: s.clayton@bham.ac.uk (S.A.C.); a.r.clark@bham.ac.uk 
(A.R.C.)
†Present address: UCB, Slough, UK.

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
License 4.0 (CC BY).

mailto:s.clayton@bham.ac.uk
mailto:a.r.clark@bham.ac.uk


Clayton et al., Sci. Adv. 7, eabl5182 (2021)     8 December 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 19

NDUFA4 [reduced form of nicotinamide adenine dinucleotide 
(NADH) dehydrogenase (ubiquinone) 1 subcomplex subunit 4] 
was originally identified as a subunit of electron transport chain 
complex I. More recent evidence indicates that NDUFA4 is a component 
of the CcO complex and is essential for maximal CcO enzymatic activity 
in muscle and HeLa cells (25–28). Very rare homozygous loss-of-
function mutations of the NDUFA4 gene causes a severe neuro-
muscular condition resembling Leigh syndrome, characterized by 
impairment of CcO activity in muscle, lactic acidosis, dystonia, 
ataxia, and spasticity (26). A recent crystallographic structure of 
human CcO, isolated using the mild detergent digitonin, showed 
NDUFA4 to be located at the periphery of the complex, as a trans-
membrane protein, making contacts with the mitochondrial mem-
brane lipid cardiolipin (28). NDUFA4 is thought to be added late in 
the biogenesis of the CcO complex, its peripheral site accounting for 
its facile loss under certain conditions of mitochondrial isolation 
(18, 29). Renaming it as COXFA4 (cytochrome c oxidase subunit 
FA4) has been proposed but not yet formally adopted (27). A re-
cently identified form of electron transport chain subunit exchange 
may occur between NDUFA4 and the related protein NDUFA4L2. 
Increased NDUFA4L2 expression and reciprocal down-regulation 
of NDUFA4 occur under hypoxia and are associated with poor 
prognosis in patients with cancer (30–32). NDUFA4L2 expression 
has been shown to aid cell survival and proliferation by reducing 
oxidative stress (30, 32–34). However, it has not yet been formally 
shown whether NDUFA4L2 replaces NDUFA4 in CcO.

The C15orf48 gene is otherwise known as NMES1 in human 
and as Nmes1 or AA467197 in mouse. Until relatively recently, 
the main insight into the role of this gene came from the ob-
servations that the gene locus is highly methylated in epithelial 
cell cancers, resulting in markedly reduced transcript expression 
(35, 36). The gene encodes a short protein product with poorly 
described function. In addition, the C15orf48/NMES1 gene en-
codes the microRNA (miRNA) miR-147b (miR-147 in mouse), 
which is up-regulated in response to Toll-like receptor (TLR) 
activation of macrophages and has been reported to indirectly 
down-regulate expression of inflammatory cytokines interleukin-6 
(IL-6) and tumor necrosis factor– (TNF) (37). More recently, the 
C15ORF48 protein has been described to be mitochondrially 
localized and was found to interact with subunits of complexes I, 
III, and IV (38).

Although much is known about metabolic reprogramming in 
activated myeloid cells (2, 5), the process of mitochondrial electron 
transport chain component switching is poorly understood in this 
context. Here, we describe an elegant and economical mechanism 
by which a single bifunctional transcript causes substitution of the 
CcO component NDUFA4 by the related protein C15ORF48. This 
substitution is a conserved response to many different inflammato-
ry challenges both in vitro and in vivo. Expression of C15orf48 is 
elevated in peripheral monocytes and synovial macrophages of pa-
tients with RA. Its expression forms part of a coherent metabolic 
reprograming, correlates positively with disease severity, and de-
clines in remission. In severe coronavirus disease 2019 (COVID-19), 
C15orf48 is highly expressed by pathogenic populations of macro-
phages that invade the airways. We also show that macrophages 
from individuals lacking NDUFA4 display a hyperinflammatory 
phenotype, characterized by elevated chemokine production, linking 
this regulatory axis to potentially pathogenic mechanisms during 
inflammatory disease.

RESULTS
The highly conserved gene C15orf48 and its miRNA product 
are induced during macrophage stimulation
The C15orf48 transcript, transcribed from chromosome 15 in hu-
mans, encodes a small protein of 83 amino acids. It is also the source 
of miRNA-147b-3p (hereafter referred to as miR-147b), which is 
produced from the 3′ untranslated region (3′UTR) encoded by the 
fourth exon. Both the open reading frame and miRNA source se-
quence are very highly conserved (Fig. 1A). For example, the latter 
is identical in human, cow, hen, and green anole lizard C15orf48 
transcripts. In the orthologous mRNAs of coelacanth, a lobe-finned 
fish, and six randomly selected ray-finned fish, we found a maxi-
mum of two nucleotide differences within the miR-147b source 
sequence, none within the seed sequence that is the principal deter-
minant of target specificity. This suggests that the miRNA has been 
subject to strong selective pressure for more than 450 million years. 
Expression of mature C15orf48 mRNA and mature miR-147b was 
increased by LPS treatment of primary human monocyte-derived 
macrophages (MDMs) (Fig. 1, B and D). Both the mRNA and its 
miRNA product were even more strongly induced by LPS in mouse 
bone marrow–derived macrophages (BMDMs) (Fig. 1, C and E), 
consistent with a previous report (37). According to publicly available 
microarray datasets, C15orf48 was among the most highly up-regulated 
genes in several inflammatory pathologies including sepsis, intracere-
bral hemorrhage, psoriasis, and RA (Table 1).

Analysis of publicly available expression data highlighted poly-
inosinic:polycytidylic acid [poly(I:C)] and type 1 interferons (IFNs) 
as strong inducers of C15orf48 expression in murine macrophages. 
However, these responses were notably reduced or absent in human 
MDMs (table S1). We confirmed that IFN- is a potent inducer of 
C15orf48 in mouse BMDMs (Fig. 1G). Janus kinase–signal trans-
ducer and activator of transcription (JAK-STAT) signaling was 
necessary for LPS-induced expression in mouse BMDMs as the 
response could be blocked by the Janus kinase inhibitor ruxolitinib 
(Rux) (Fig. 1I), suggesting that secondary signaling through the type 1 
IFN receptor controls C15orf48 expression in these cells. Consistent 
with this hypothesis, the expression of C15orf48 in response to lipid 
A (a purified TLR4 agonist) was strongly impaired by disruption of 
mouse Ifnar1, Trif, or Irf3 genes, all of which play essential roles 
in IFN- signaling (C15orf48 is identified by its alternative name 
AA467197 in this paper) (39). In contrast, human C15orf48 expres-
sion was not induced by IFN- (Fig. 1F), and its LPS-induced 
expression was insensitive to Rux (Fig. 1H). These results indicate 
that while the sequences of this gene and its miRNA are highly 
conserved, the signaling pathways controlling their expression are 
divergent.

miR-147b targets electron transport chain 
component NDUFA4
Four online algorithms were used to predict mRNA targets of miR-
147b: TargetScan7.1, miRTarBase, miRDB, and miRanda. NDUFA4 
was the only target predicted by all four algorithms (Fig. 2A) and was 
the top scoring target in each case. Interaction between miR-147b 
and murine Ndufa4 mRNA was conserved, although with some dif-
ferences of base pairing outside of the seed sequence (Fig. 2B), and 
was also predicted by the algorithms listed above. LPS treatment of 
MDMs caused sustained down-regulation of NDUFA4 mRNA 
(Fig. 2C). A miR-147b mimic was transfected into primary human 
MDMs, with careful titration to achieve a level similar to that in 
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LPS-treated MDMs to minimize off-target effects (Fig.  2D). The 
miR-147b mimic significantly reduced the expression of both 
NDUFA4 mRNA and NDUFA4 protein (Fig. 2, E and F). A luciferase 
reporter containing the NDUFA4 3′UTR was down-regulated by 
miR-147b mimic cotransfection but not by a negative control 
miRNA. Mutation of the putative seed binding sequence rendered the 

NDUFA4 reporter nonresponsive to the miR-147b mimic (Fig. 2G). 
These results confirm a conserved, seed-dependent interaction be-
tween miR-147b and NDUFA4 mRNA.

C15ORF48 protein replaces NDUFA4 within CcO under 
inflammatory conditions
In the UniProt database, C15ORF48 protein is annotated as a 
relative of NDUFA4. Amino acid identity between C15ORF48 and 
NDUFA4 is 26%, but the two proteins display high conservation 
of amino acid properties (fig. S1, A and B) and matching predicted 
-helical transmembrane regions (Fig.  3A). The topology of 
NDUFA4 within the CcO complex is known from a published cryo– 
electron microscopy (cryo-EM) structure (28). In this three-dimensional 
model, NDUFA4 could be substituted by C15ORF48 without any 
conflicts (Fig. 3B). Predicted interactions between NDUFA4 and 
cardiolipin within the inner mitochondrial membrane (IMM) were 
partially conserved. In the hypothetical structure, the regions of 
sequence divergence between the two proteins projected outward 
from the CcO complex on the matrix side of the IMM (Fig. 3B). 
A systematic analysis of protein-protein interactions within mito-
chondria (38) identified four structural components of the CcO com-
plex (COX5A, COX6A1, COX7C, and COX8A) that interact with 
both NDUFA4 and C15ORF48 but none that interact uniquely with 
either NDUFA4 or C15ORF48. No interactions between NDUFA4 
and C15ORF48 were detected, suggesting that occupancy of CcO by 
the two proteins is mutually exclusive.

In human MDMs stimulated with LPS, there was notable inverse 
regulation of NDUFA4 and C15ORF48 protein levels over a 36-hour 
time course (Fig. 3C). Several other TLR ligands also increased 
C15ORF48 and decreased NDUFA4 protein levels (Fig. 3D). Nota-
ble exceptions were poly(I:C) and ODN2006, which activate the 
endosomally localized receptors TLR3 and TLR9, respectively. This 
result is consistent with the transcriptomic analysis that showed lit-
tle or no response of C15orf48 or NDUFA4 genes to poly(I:C) in 
human macrophages (table S1). Imiquimod and single-stranded 
RNA caused relatively weak up-regulation of C15ORF48 protein 
and partial loss of NDUFA4 protein. In mouse BMDMs, LPS also 
caused inverse regulation of NDUFA4 and C15ORF48 protein levels, 
although the loss of NDUFA4 was less marked than observed in 
human primary macrophages (Fig. 3E). Inspection of publicly ac-
cessible macrophage gene expression datasets revealed that C15orf48 
expression was commonly increased in both mouse and human 
primary macrophages by proinflammatory stimuli such as purified 
TLR agonists or exposure to pathogens (Fig. 3F). The response of 
the C15orf48 gene to these different stimuli was consistently ranked 
above the 90th centile in terms of both magnitude and statistical 
significance (table S1). In the same datasets, the expression of Ndufa4/ 
NDUFA4 mRNA was generally decreased, although with smaller 
fold changes (Fig. 3F). Changes in the expression of C15orf48 and 
Ndufa4/NDUFA4 mRNA were significantly negatively correlated across 
these varied experimental conditions (P = 3.42 × 10−6), suggesting a 
mechanistic link and a conserved response to several pathogen-related 
challenges.

Fractionation of untreated or LPS-stimulated primary human 
MDMs confirmed that both NDUFA4 and C15ORF48 proteins 
were predominantly localized to mitochondria (tracks marked “M” 
in Fig. 3G). One-dimensional blue native polyacrylamide gel elec-
trophoresis (BN-PAGE) was then performed on mitochondrially 
enriched lysates of control and LPS-treated MDMs. Under resting 

Fig. 1. C15orf48 expression is induced by LPS treatment of human and mouse 
macrophages. (A) Basewise conservation of the C15orf48 gene, including miR-
147b encoding sequence, across vertebrate species based on PhyloP analysis 
(UCSC Genome Browser, https://genome.ucsc.edu). (B to I) Expression of C15orf48 
transcript or mature miR-147b in human peripheral blood MDMs and mouse 
BMDMs detected by reverse transcription quantitative polymerase chain reaction 
(RT-qPCR) (all n = 3; means ± SEM). (B to E) Cells treated with LPS (10 ng/ml) for the 
indicated times. (F and G) Cells treated with IFN- (10 ng/ml) for the indicated 
times. (H and I) Cells treated with LPS (10 ng/ml) with or without Rux (1 M) for 
12 hours (human, left) or 8 hours (mouse, right). (B to G) One-way analysis of variance 
(ANOVA) with Dunnett’s correction for multiple comparisons relative to time 0. 
(H and I) Two-tailed t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. n.s., not 
significant.

https://genome.ucsc.edu
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conditions, Western blotting confirmed the presence of NDUFA4 
in all CcO-containing structures (based on well-established migra-
tion patterns) (Fig. 3H). Specifically, NDUFA4 was present in CcO 
(complex IV) monomers, dimers, III2 + IV supercomplexes, and 
higher-order I + III2 + IV supercomplexes. Consistent with the ex-
pression data, the overall levels of NDUFA4 protein and amounts 
within each CcO-containing species were decreased following LPS 
treatment (Fig. 3H). C15ORF48 was detected in all of the same electron 
transport chain complexes and supercomplexes but showed the 
reverse pattern of expression, being increased in response to LPS 
(Fig. 3H). No band corresponding to the size of “free” complex I 
could be detected with either anti-NDUFA4 or anti-C15ORF48 
antibodies under resting or LPS-stimulated conditions.

LPS-activated mouse macrophages enter a pseudo-hypoxic state, 
in which HIF-1 becomes activated despite the presence of ade-
quate oxygen (40,  41). In some solid tumors, hypoxia promotes 
down-regulation of NDUFA4 and reciprocal up-regulation of 
NDUFA4L2, at least partly mediated by HIF-1 (30, 32, 34, 42). 
We therefore asked whether the expression of NDUFA4L2 was 
influenced by LPS treatment of MDMs. We were unable to detect 

NDUFA4L2 mRNA in primary human macrophages activated by 
LPS, subjected to hypoxia or treated with the hypoxia mimetic di-
methyloxallylglycine (fig. S2A), despite the fact that all of these 
treatments caused robust activation of HIF-1 (fig. S2B). Hypoxia- 
treated HeLa cells robustly increased NDUFA4L2 mRNA as previously 
reported (34), providing a positive control for this experiment (fig. 
S2A). In primary human macrophages, hypoxia partially decreased 
NDUFA4 protein levels, but this response occurred in the absence 
of any detectable change in expression of C15ORF48 protein 
(fig. S2C). Therefore, the substitution of NDUFA4 by C15ORF48 in 
macrophages is a specific response to proinflammatory stimuli and 
not a consequence of the pseudo-hypoxic state.

An additional, miR-147b–independent mechanism of  
down-regulation of NDUFA4 protein
To test whether miR-147b is essential for the down-regulation of 
NDUFA4, we transfected MDMs with a miR-147b–targeting antag-
omir or nontargeting control, then treated with LPS, and harvested 
for both mRNA and protein. The miR-147b antagonist prevented 
the LPS-induced down-regulation of NDUFA4 mRNA (Fig. 4A) but 

Table 1. Expression of C15orf48 mRNA in selected gene expression datasets. Inspected using GEO2R at GEO (http://ncbi.nlm.nih.gov/geo). Log2FC, log2 fold 
change; NA, not applicable. 

GSE (GEO series reference) Comparison Log2FC Centile Padj Centile

77298 Synovial biopsy; RA 
versus healthy control 3.956 100 0.0498 100

7307 Synovial biopsy; RA 
versus healthy control 3.966 100 0.0084 100

14905
Skin biopsy; lesional 

psoriatic versus 
noninvolved

2.8 100 9.91 × 10–13 100

24265
Brain biopsy; 

perihematoma (stroke) 
versus contralateral

4.604 100 0.135 93

16538
Lung biopsy; 

pulmonary fibrosis 
versus healthy control

3.01 100 0.13211 91

28619
Liver biopsy; alcoholic 

hepatitis versus healthy 
control

3.56 100 3.49 × 10–5 97

64486
Coronary artery biopsy; 

Kawasaki’s disease 
versus control

2.0 NA 0.0004 NA

40885
Alveolar macrophages 
after instillation of LPS 

versus PBS
3.42 100 0.00032 92

48119
Whole blood 4 hours 

after LPS injection 
versus 0 hours

3.383 100 8.86 × 10–16 100

48080
PBMCs of patients with 

sepsis at diagnosis 
versus healthy controls

2.567 100 0.454 100

46955
Peripheral monocytes 
of patients with sepsis 
versus healthy controls

2.5 100 2.01 × 10–4 98

28991
Whole blood; early 

dengue infection versus 
recovery

4.296 100 3.66 × 10–9 100

http://ncbi.nlm.nih.gov/geo
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did not protect NDUFA4 protein (Fig. 4B). We conclude that eleva-
tion of miR-147b is sufficient for down-regulation of NDUFA4 protein 
in transfected MDMs but not necessary for NDUFA4 down-regulation 
in the context of an LPS stimulus. In addition, note that LPS de-
creased NDUFA4 mRNA levels by approximately 50% (Fig. 2C) but 
decreased NDUFA4 protein levels by greater than 90% (Figs. 3, C 
and D, and 4, C to F). This suggests that at least one other mecha-
nism may regulate NDUFA4 protein expression at a translational or 
posttranslational level. To investigate this phenomenon, we treated 
MDMs with vehicle or LPS for 12 hours (allowing LPS-induced 
processes to initiate) and then chased those with the protein synthe-
sis inhibitor cycloheximide (CHX) or vehicle for a further 12 hours. 
LPS caused a steady decrease in NDUFA4 protein levels between 
the 12- and 24-hour time points (Fig. 4C). The lack of impact of 
CHX indicates that the phenomenon was not dependent on chang-
es of de novo protein synthesis during this interval. LPS therefore 
causes active destabilization of NDUFA4 protein.

Under hypoxic conditions, HIF-1 induces expression of LONP1 
and COX4I2 genes encoding, respectively, the mitochondrial protease 
LON and the alternative CcO subunit COX4-2 (20, 22, 43). The 

protease mediates degradation of COX4-1 and permits its substi-
tution by COX4-2, modulating the affinity of the CcO complex for 
oxygen and sustaining its activity. LPS treatment of MDMs decreased 
the expression of the LONP1 gene (fig. S2D) and did not alter COX4-1 
levels (Fig. 4D). Therefore, despite the involvement of HIF-1, the 
response of macrophages to LPS does not resemble a classical hy-
poxia response, and LON is unlikely to be involved in the degradation 
of NDUFA4 protein. Unchanged expression of the mitochondrially 
encoded CcO component MT-CO1 (mitochondrially encoded cyto-
chrome c oxidase 1) (Fig. 4D) and components of other electron 
transport chain complexes (Fig. 4E) suggests that the degradation of 
NDUFA4 is selective.

We then tested the effects of four distinct small interfering RNA 
(siRNA) molecules designed to target C15orf48 mRNA. Two of the 
siRNAs effectively blocked the LPS-induced increase in C15ORF48 
protein, whereas the other two were nonfunctional (Fig. 4F). Each 
of the functional siRNAs partially blocked the LPS-induced decrease in 
NDUFA4 protein. The C15orf48-targeting siRNAs also prevented 
the replacement of NDUFA4 by C15ORF48 in CcO in LPS-treated 
MDMs (Fig. 4G). The differential effects of antagonizing C15orf48 

Fig. 2. miR-147b targets electron transport chain component gene NDUFA4. (A) Comparison of human miR-147b target prediction results from four online tools: 
mirDB, TargetScan, miRTarBase, and miRanda (top 500 results only from miRanda used for comparison). (B) Schematic of predicted target match between 3′UTR of NDUFA4/
Ndufa4 and miR-147b/miR-147 in human and mouse. miRNA seed sequence highlighted, showing 100% match to predicted target site. (C) NDUFA4 mRNA expression 
in human MDMs treated with LPS (10 ng/ml) for the indicated times (n = 3; means ± SEM). (D to F) Human MDMs transfected with control (Ctrl) or miR-147b mimic (2 nM), 
or nontransfected (NT). miR-147b (D) or NDUFA4 mRNA (E) detected by RT-qPCR (n = 3; means ± SEM). NDUFA4 protein (F) detected by Western blotting. Representative 
blot and quantification by densitometry normalized to -tubulin, reported relative to nontransfected condition (n = 3; means ± SD). (G) miRNA luciferase reporter assay 
performed in human embryonic kidney (HEK) 293 cells using unmodified reporter plasmid (pmirGLO), reporter plasmid containing wild-type (WT) NDUFA4 3′UTR (pmir-
GLO NDUFA4 WT) and reporter plasmid containing mutated NDUFA4 3′UTR (pmirGLO NDUFA4 mut) (n = 3; means ± SEM). Schematic shows miRNA seed sequence and 
corresponding target sequence in WT and mutated plasmids. (C) One-way ANOVA with Dunnett’s correction for multiple comparisons relative to time 0. (D to F) One-way 
ANOVA with Tukey’s correction for multiple comparisons. (G) Two-way ANOVA with Sidak correction for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.
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(Fig. 4, F and G) and miR-147b (Fig. 4B) suggested that expression 
of C15ORF48 protein itself may contribute to the down-regulation 
of NDUFA4 protein. To test this hypothesis, we transiently trans-
fected human embryonic kidney (HEK) 293 cells with a vector ex-
pressing the C15ORF48 open reading frame but lacking the 3′UTR 
from which miR-147b is derived. Increasing the quantity of exogenous 
C15ORF48 protein was sufficient to cause a corresponding down- 
regulation of endogenous NDUFA4 protein (Fig. 4H). C15ORF48 

protein therefore promotes loss of NDUFA4 protein, most likely via 
its destabilization.

Expression of C15orf48 in RA and COVID-19
Bulk RNA sequencing (RNA-seq) was used to analyze differential 
gene expression in peripheral blood monocytes of patients with RA 
and healthy controls (K.W. and C.G., manuscript in preparation). 
Mean C15orf48 mRNA abundance was 30.48-fold higher in patients 

Fig. 3. C15ORF48 protein exchanges with NDUFA4 within CcO in response to TLR activation. (A) Pairwise amino acid alignment between NDUFA4 (positions 3 to 76 of 81) and 
C15ORF48 (positions 1 to 74 of 83). Identical positions (dark blue and *); conserved residues (:); similar residues (.); residues predicted to directly contact cardiolipin (red boxes). 
Secondary structure as solved in (28) (orange tubes,  helix). (B) Comparison of solved structure of NDUFA4 (left) with modeled structure of C15ORF48 (right) complexed with 
cardiolipin and CcO subunits. Connolly surface of NDUFA4 and C15orf48 in complex-forming conformations cultured according to residue type: blue, positively charged; 
red, negative; green, hydrophobic. Connolly surface of other subunits in light gray. Cardiolipin in ball-and-stick representation (magenta carbon atoms). Mitochondrial mem-
brane highlighted by dotted surfaces. IMM, inner mitochondrial membrane; IMS, inter-membrane space. (C) C15ORF48 and NDUFA4 protein detected by Western blotting 
from human MDMs LPS treated (10 ng/ml) for the indicated times. Quantification by densitometry, expressed as C15ORF48/NDUFA4 ratio (n = 3; means ± SD). (D) C15ORF48 
and NDUFA4 protein detected by Western blotting from human MDMs treated with the indicated TLR agonists for 24 hours. Pam3C, Pam3CSK4; HKLM, heat-killed Listeria 
monocytogenes; Poly(I:C) H, high molecular weight; Poly(I:C) L, low molecular weight; ODN2006, class B CpG oligonucleotide. Representative of n = 2. (E) C15ORF48 and 
NDUFA4 protein detected by Western blotting from mouse BMDMs treated with LPS (10 ng/ml) for the indicated times. Representative of n = 6. (F) Regression analysis of 
C15orf48 and NDUFA4/Ndufa4 differential expression in unstimulated versus stimulated human and mouse macrophages. Combined from 10 datasets [Gene Expression 
Omnibus (GEO)], in which a range of stimuli were used (see Materials and Methods). FC, fold change. (G) Human MDMs unstimulated or LPS treated (10 ng/ml) for 24 hours, 
separated into nuclear (N), cytosolic (C), or mitochondrial (M) fractions. T, total cell lysate. Blotted for C15ORF48, NDUFA4, mitochondrial, nuclear and cytosolic markers SDHA, lamin A/C, 
and -tubulin, respectively. Representative of n = 3. (H) Blue native polyacrylamide gel electrophoresis (BN-PAGE) and Western blotting to determine NDUFA4 and C15ORF48 
distribution in electron transport chain (ETC)  complexes and supercomplexes. Human MDMs unstimulated or LPS treated (10 ng/ml) for 24 hours. Representative of n = 4.
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Fig. 4. C15ORF48 induces NDUFA4 protein degradation in stimulated macrophages. (A and B) Human MDMs transfected with control or miR-147b locked nucleic acid 
(LNA) antisense miRNA antagonist (25 nM), or nontransfected. (A) Cells unstimulated or treated with LPS (10 ng/ml) for 12 hours starting 1 day after transfection. NDUFA4 
mRNA detected by RT-qPCR (n = 4; means ± SEM). (B) Cells unstimulated or treated with LPS (10 ng/ml) for 24 hours starting 1 day after transfection. NDUFA4 protein detected 
by Western blotting. Representative blot of n = 3. Graph n = 3; means ± SEM. (C) CHX chase and Western blotting to determine NDUFA4 protein decay in human MDMs un-
stimulated [vehicle (Veh)] or treated with LPS (10 ng/ml) for the indicated times with or without addition of CHX (5 g/ml). Samples collected at time points as indicated by 
arrows in experimental time line (top). Representative blot (left) and quantification by densitometry normalized to -tubulin, reported relative to 0 hours CHX (right) (n = 3; 
means ± SD). (D) CcO subunits detected by Western blotting in human MDMs unstimulated or treated with LPS (10 ng/ml) for 24 hours. Representative blot of n = 3. (E) Select 
subunits of ETC complexes detected by Western blotting in human MDMs unstimulated or treated with LPS (10 ng/ml) for 24 hours. Representative blot of n = 3. (F and 
G) Human MDMs transfected with control or C15orf48 small interfering RNA (siRNA) (25 nM), or nontransfected. (F) Cells unstimulated or treated with LPS (10 ng/ml) for 
24 hours starting 1 day after transfection. C15ORF48 and NDUFA4 proteins detected by Western blotting. Representative blot of n = 5. (G) Cells treated with LPS (10 ng/ml) for 
24 hours starting 1 day after transfection. BN-PAGE and Western blotting for detection of NDUFA4 and C15ORF48 distribution in ETC complexes and supercomplexes. 
(H) HEK293 cells transfected with the indicated amounts of pCMV6-Flag-C15ORF48 expression plasmid. C15ORF48 (detected with -Flag antibody) and NDUFA4 proteins 
detected by Western blotting. Representative blot of n = 3. (A and B) One-way ANOVA with Tukey’s correction for multiple comparisons. ***P < 0.001.
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with RA than in healthy, age-matched controls (Fig. 5A). This tran-
script was among the most strongly differentially expressed between 
patients and controls (Padj = 1.1 × 10−17).

C15orf48 expression was elevated in bulk synovial tissue of pa-
tients with RA (Table 1). In situ hybridization showed expression of 
C15orf48 mRNA almost exclusively in CD68+ macrophages of RA 
biopsies (Fig. 5B), whereas no expression was detected in synovial 
biopsies of patients with osteoarthritis (OA). Strongly staining cells 
tended to be found in discrete clusters, which were present in the 
lining layer (Fig. 5B, left) and inflammatory infiltrates in the sub-
lining layer (Fig. 5B, right). We then used our existing dataset (44) 
to investigate the expression of members of this gene family in the 
RA synovium at single-cell resolution. NDUFA4 was broadly expressed 
in all cell types, whereas expression of NDUFA4L2 was restricted to 
myofibroblasts and synovial lining layer fibroblasts, and C15orf48 
mRNA was enriched in cells of myeloid origin (Fig. 5C). These 
patterns of expression were confirmed in a second, independent 
single-cell RNA-seq (scRNA-seq) dataset (fig. S3A) (45). In this 
second cohort, expression of C15orf48 mRNA was significantly ele-
vated in myeloid cells of leukocyte-rich synovial biopsies compared 
with OA or leukocyte-poor RA biopsies (P = 3 × 10−5) (fig. S3B). In 
a third, independent cohort of patients with RA (46), synovial biopsies 
were grouped into three pathotypes on the basis of immuno-
histology. F (fibroid or pauci-immune) pathotype displays little in-
filtration of the synovium by immune cells; M (diffuse myeloid) 
pathotype is characterized by strong myeloid infiltration with little 
evident cellular organization; L (lympho-myeloid) pathotype is 
characterized by infiltration of macrophages, T cells, and B cells 
demonstrating distinct organization into ectopic lymphoid struc-
tures. In bulk RNA-seq of synovial biopsies, C15orf48 mRNA was 
significantly enriched in biopsies of L and M pathotypes; NDUFA4L2 
mRNA was enriched in M and F pathotypes; and NDUFA4 displayed 
no significant differential expression between L-, M-, and F-type 
synovial biopsies (fig. S4, A and B). Abundance of C15orf48 mRNA 
in synovial tissue was significantly positively correlated with measures 
of disease activity, whereas NDUFA4 and NDUFA4L2 displayed no 
significant correlation with disease activity (fig. S4C).

Our scRNA-seq of synovial biopsies (44) identified phenotypic 
clusters of synovial tissue macrophages (STMs) that broadly fall into 
two main populations with distinct roles in the regulation of joint 
inflammation (Fig.  5D, left). MERTKneg (MER tyrosine kinase) 
STMs promote inflammation by producing cytokines and activat-
ing synovial fibroblasts, whereas MERTKpos STMs have broadly 
anti-inflammatory or proresolution properties and are expanded in 
resolution of disease. NDUFA4L2 expression was extremely low 
in STMs. Expression of NDUFA4 was quite uniform but highest in 
population 1 (MERTKposTREM2high) macrophages, which are thought 
to serve a protective, barrier-like function in the healthy joint 
(Fig. 5D, middle) (44, 47). MERTKpos populations 1 to 4 expressed 
C15orf48 weakly, whereas the levels were higher in MERTKneg popu-
lations 6 to 9, particularly populations 8 (CD48highS100A12pos) and 9 
(CD48posSPP1pos) (Fig. 5D, right). The levels of C15orf48 mRNA were also 
relatively high in STMs of population 5 (MERTKposFOL2RposICAMpos), 
which, uniquely among MERTKpos STMs, display proinflammatory 
properties (44). Increased C15orf48 expression in proinflammatory 
STM populations was accompanied by increased expression of sever-
al genes involved in aerobic glycolysis and the pentose phosphate 
pathway (fig. S5) (8), both of which fuel proinflammatory functions 
of myeloid cells (1–10, 41). STM expression of C15orf48 was elevated 

in active RA but, in remission, returned almost to the levels seen in 
healthy control synovium (Fig. 5E). The proportion of NDUFA4pos/
C15orf48pos macrophages significantly increased in active RA 
and returned to near healthy levels in remission. Contrarily, the 
proportion of NDUFA4pos/C15orf48neg macrophages significantly 
declined in active RA and returned to near healthy levels in remis-
sion (Fig. 5F).

Although expression of C15orf48 mRNA was clearly elevated in 
STMs, in two independent studies (44,  45), expression was also 
detected in some synovial fibroblasts (Fig. 5C and fig. S3A). TNF 
strongly and consistently elevated the expression of C15orf48 mRNA 
in synovial fibroblasts (Fig. 5G). Although not conclusive, these ob-
servations collectively suggest that increased C15orf48 expression 
may contribute to the pathogenesis of RA: C15orf48 expression is 
enriched in myeloid cell populations that demonstrate proinflam-
matory properties; associated with active, myeloid cell–mediated 
joint inflammation; positively correlated with clinical measures of 
disease activity; negatively correlated with remission of disease; in-
creased in peripheral monocytes of patients with RA; and up-regulated 
by a highly disease-relevant proinflammatory stimulus in stromal 
cells that contribute to joint destruction (48).

C15orf48 expression was also significantly elevated in lung tissue 
or bronchoalveolar lavage (BAL) of patients with severe COVID-19 
(49, 50). We recently reported (51) that S100A12pos and SPP1pos 
STM clusters (clusters 8 and 9 in Fig. 5D), which are abundant in 
active RA, transcriptionally resemble FCN1pos and FCN1posSPP1pos 
BAL macrophage clusters that predominate in severe COVID-19 (fig. 
S6, A and B) (52). We therefore analyzed the expression of C15orf48 
and NDUFA4 in BAL macrophages from healthy controls and pa-
tients with COVID-19, using data from Liao and colleagues (52). 
NDUFA4 expression predominated in resident alveolar macrophages 
in the healthy state, whereas the FCN1pos and FCN1posSPP1pos alveolar 
macrophage populations that are enriched in patients with severe 
COVID-19 and implicated in disease pathogenesis (51, 52) strongly 
expressed C15orf48 (fig. S6, C to E). Elevation of C15orf48 expres-
sion is therefore part of the common fingerprint of pathogenic mac-
rophage populations in RA and COVID-19.

Consequences of remodeling of CcO in  
human macrophages
LPS treatment of murine myeloid cells provokes repurposing of mi-
tochondria for production of ROS, accompanied by impairment of 
oxidative phosphorylation (40, 41). This response is at least partly 
mediated by nitric oxide as a consequence of up-regulation of Nos2 
gene expression (6, 53). To meet energetic and biosynthetic needs of 
the cell, aerobic glycolysis is increased in parallel. We hypothesized 
that the substitution of NDUFA4 by C15ORF48 contributes to these 
profound metabolic changes. However, the LPS responses of human 
macrophages were found to differ from those of murine macro-
phages. LPS treatment of mouse BMDMs caused the expected 
impairment of maximum mitochondrial respiratory capacity but no 
change in basal respiration (Fig. 6A, top). In contrast, LPS increased 
basal respiration of human macrophages but did not affect maximal 
respiratory capacity (Fig. 6A, bottom). Glycolytic capacity was in-
creased by LPS in macrophages of both species (Fig. 6B), indicating 
that Warburg-like metabolism can be uncoupled from impairment 
of oxidative phosphorylation. LPS treatment of human macrophages 
did not significantly increase mitochondrial ROS production (Fig. 6C). 
Because the switch between NDUFA4 and C15ORF48 occurs in 
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Fig. 5. C15orf48 is expressed during RA and associated with an inflammatory state. (A) C15orf48 expression determined by bulk RNA-seq analysis of peripheral blood CD14+ 
monocytes from healthy controls (n = 15) or patients with RA (n = 9) (individual data points and means ± SEM are shown). (B) C15orf48 mRNA (pink) detected by RNAscope and 
CD68 protein (brown) detected by immunohistochemistry in synovial tissue sections from patients with RA undergoing joint replacement. (C) UMAP visualization of 37,840 cells 
from scRNA-seq of synovial tissue of patients with early undifferentiated arthritis, active RA, and RA in remission (nine samples total) (44). Left: Cellular identities of identified clus-
ters are indicated. Right: UMAP visualization of NDUFA4, NDUFA4L2, and C15orf48 expression across different synovial cell types. The degree of expression is visualized by purple. 
cDC, conventional dendritic cell; FLS, fibroblast-like synoviocyte; NKT cell, natural killer T cell. pDC, plasmacytoid dendritic cell. (D to F) scRNA-seq analysis of 32,139 sorted synovial 
tissue macrophages (STMs) from healthy (n = 4), active RA (n = 11), and RA in remission (n = 6) (44). (C) UMAP visualization (left) identifies nine distinct clusters grouped into two 
main populations based on MerTK expression. Right: Expression of NDUFA4 and C15orf48 mRNA in different STM clusters. Data presented as box plots showing median with 
25th/75th percentiles and whiskers from minimum to maximum and individual values plotted. Each dot represents an individual healthy donor or patient with RA. (E) UMAP visualiza-
tion of C15orf48pos, NDUFA4pos, and double-positive STMs in healthy, active RA, and RA in remission. (F) Distribution of C15orf48pos, NDUFA4pos, and double-positive STMs between 
conditions. Box plots show median with 25th/75th percentiles and whiskers from minimum to maximum and individual values plotted. Each dot represents individual healthy 
donors or patient with RA. (G) C15orf48 expression determined by microarray analysis of synovial fibroblasts (SFs) untreated or treated with TNF in culture for 24 hours (untreated, 
n = 48; TNF, n = 45; means ± SEM). (A and G) Two-tailed t test. ****P < 0.0001. (F) Two-way ANOVA with Tukey’s corrections for multiple comparisons.



Clayton et al., Sci. Adv. 7, eabl5182 (2021)     8 December 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 19

LPS-treated mouse and human macrophages but human macrophages 
do not lose respiratory capacity under these conditions, we suggest 
that the subunit exchange within CcO is not responsible for im-
paired oxidative phosphorylation. The fact that repurposing of mi-
tochondria for ROS production does not occur in human MDMs 

may be explained by the fact that, unlike murine BMDMs, they do 
not produce nitric oxide in response to LPS, even when IFN- is 
added (Fig. 6D).

We directly measured CcO activity in macrophages to gain better 
insight into the potential consequences of the subunit switch. In-gel 

Fig. 6. Substitution of NDUFA4 does not influence mitochondrial respiration in macrophages. (A and B) Seahorse metabolic flux Mito/Glyco stress test of mouse BMDMs and 
human MDMs unstimulated or treated with LPS (10 ng/ml) for 24 hours. Injections: (i) glucose; (ii) oligomycin; (iii) carbonyl cyanide p-trifluoromethoxyphenylhydrazon (FCCP); 
(iv) rotenone + antimycin A + 2-deoxyglucose. Representative traces and calculated parameters from n = 3 (mouse) or n = 6 (human) (means ± SEM). ECAR, extracellular acidification 
rate; OCR, oxygen consumption rate. (C) Mitochondrial ROS measurement by MitoSOX staining of human MDMs treated with LPS for 24 hours (left) or the indicated times 
(right) (n = 3, means ± SD). Antimycin A treatment for 1 hour as positive control. (D) Nitrite measurement by Griess reaction from conditioned medium of mouse BMDMs 
and human MDMs treated with LPS (100 ng/ml) ± IFN- (100 ng/ml) for 20 hours (n = 3 per species, means ± SEM). (E) BN-PAGE and in-gel activity assay for complex IV from 
human MDMs unstimulated or treated with LPS (10 ng/ml) for 24 hours. Representative image of n = 3. (F) Complex IV activity measurement by Seahorse assay from human 
MDMs unstimulated or treated with LPS (10 ng/ml) for 24 hours and permeabilized before assaying. Injections: (i) N,N,N′,N′-tetramethyl-p-phenylenediamine + ascorbic acid; 
(ii) oligomycin; (iii) rotenone + antimycin A; and (iv) azide. Representative trace (left) and calculated activity from n = 6. (A, B, and F) Paired two-tailed t test. (C) One-way 
ANOVA with Dunnett’s correction for multiple comparisons relative to time 0 (no significant differences). (D) Two-way ANOVA with Tukey’s multiple comparisons test. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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activity assays did not show prominent changes of CcO activity in 
response to LPS (Fig. 6E). A more quantitative complex-specific 
metabolic flux assay revealed a small but statistically significant 
(16 ± 4%) LPS-induced reduction of CcO activity (Fig. 6F). We 
attempted to use RNA interference to investigate the metabolic and 
functional consequences of remodeling of the CcO complex. How-
ever, the process of transfecting primary MDMs (using three 
chemically distinct transfection reagents) altered both metabolic 
functions and inflammatory outputs. Three different control siRNAs 
exerted additional donor- and gene-specific effects, rendering con-
clusions about specific consequences of NDUFA4 or C15ORF48 
knockdown impossible. Electroporation also caused sustained 
mitochondrial ROS production indicating disruption of metabo-
lism. Derangement of cellular metabolism is a hallmark of onco-
genic transformation (54); for example, LPS did not increase 
aerobic glycolysis in the mouse macrophage cell line RAW264.7. 
We reasoned that knockdown or gene editing approaches in 
transformed myeloid cell lines were likely to generate misleading 
results.

We therefore turned our attention to a very rare genetic con-
dition, in which a mutated allele of the NDUFA4 gene produces no 
detectable NDUFA4 protein (26). Individuals who are homozygous 
for this loss-of-function mutation display severe neuromuscular 
symptoms, but inflammatory features have not previously been 
investigated. Monocytes were isolated from all three known, sur-
viving homozygous individuals, and differentiated into macrophages 
in vitro. In these macrophages, there was a de facto substitution of 
NDUFA4 by C15ORF48 under resting conditions (Fig. 7A). Basal 
expression of C15ORF48 was possibly increased in the absence of 
NDUFA4, but the limited number of replicates makes this conclu-
sion tentative at best. The levels of the CcO components MT-CO1 
and COX4-1 were unaffected by the NDUFA4 mutation. These 
macrophages represent a model for the specific substitution of 
NDUFA4 in the absence of a proinflammatory stimulus. Under 
resting conditions or following stimulation with LPS, there were 
no significant differences between NDUFA4-null macrophages and 
those derived from healthy controls in terms of mitochondrial, 
glycolytic, or total adenosine 5′-triphosphate (ATP) production 
rates (Fig.  7B). Constitutive loss of NDUFA4 therefore did not 
seem to impair mitochondrial ATP production or cause a shift to 
glycolytic metabolism under resting conditions in this cell type; nei-
ther did it influence the metabolic response to LPS.

Gene expression was compared between control and NDUFA4- 
null macrophages using a NanoString inflammation panel. We 
focused on unstimulated macrophages because differences in expres-
sion of CcO components were most notable under this condition 
(Fig. 7A). Principal components analysis clearly separated NDUFA4- 
null from control macrophages, with the first principal component 
accounting for 98% of experimental variance (Fig. 7C). Controls 
clustered together well, whereas cases were more dispersed, sug-
gesting that there may be variations in penetrance of the condition 
caused by loss of NDUFA4 function. Across 249 inflammation-related 
transcripts represented in the panel, 47 were significantly (P < 0.05) 
differentially expressed between NDUFA4-null and control macro-
phages (Fig. 7D). All were overexpressed by NDUFA4-null macro-
phages with the single exception of HIF1A (fold difference case/
control = 0.652, P = 0.026). One of the most notable differentially 
expressed genes was CFB, encoding complement factor B, the C3 
convertase of the alternative pathway (fold difference case/control = 16.0, 

P = 0.00018). Expression of the complement genes C1QA, C1QB, 
and C1R was also elevated in NDUFA4-null macrophages (Fig. 7D), 
whereas other complement genes were either not expressed or not 
differentially expressed.

Several genes encoding cytokines and CCL and CXCL 
chemokines were overexpressed at the mRNA level by unstimulated 
NDUFA4-null macrophages (Fig.  7D). To confirm this broadly 
proinflammatory pattern, we used multiplexed bead immunoassays 
to quantify secreted factors in supernatants of unstimulated control 
and NDUFA4-null macrophages. Principal components analysis again 
demonstrated clear separation between control and NDUFA4-null 
macrophages, 92% of experimental variance being accounted for by 
the first principal component (Fig.  7E). Again controls clustered 
well, whereas cases were more dispersed in PC1. Twenty-one of 
45 analytes were significantly overexpressed by NDUFA4-null macro-
phages, whereas none were significantly underexpressed (Fig.  7F; 
absolute quantities are plotted in fig. S7). The expression of several 
cytokines and chemokines was increased by more than 10-fold in 
NDUFA4-null macrophages (fig. S7), for example, CCL13 (10.75-
fold), CXCL1 (12.78-fold), and CXCL2 (13.58-fold). In some cases, 
fold differences of expression had to be estimated because levels 
were either below detection limit in control or above detection limit 
in NDUFA4-null macrophages. For example, IL-6 was overexpressed 
at least 40-fold by NDUFA4-null macrophages (fig. S7). Several se-
creted factors (for example, CCL21 and IL-12p70) were well within 
linear range of the assay and did not differ significantly between 
control and NDUFA4-null macrophages, emphasizing that consti-
tutive loss of NDUFA4 has broad but not indiscriminate effects on 
macrophage biology. Although the NanoString and multiplexed 
bead panels did not perfectly overlap, where they did overlap there 
was generally good agreement as to altered expression at mRNA and 
protein levels. Collectively, these data reveal a notable proinflam-
matory phenotype of macrophages lacking NDUFA4 protein, sug-
gesting that exchange of CcO components plays an important role 
in the regulation of macrophage functions.

DISCUSSION
C15ORF48 (NMES1) was originally described as a nuclear protein 
(36); however, this was based on low-resolution immunohistology 
using an unvalidated polyclonal antiserum. Although lacking canonical 
mitochondrial localization signals, both NDUFA4 and C15ORF48 
are now annotated as mitochondrial proteins in the expert-curated 
databases MitoCarta (55) and the Integrated Mitochondrial Protein 
Index (www.mrc-mbu.cam.ac.uk/impi). This annotation is supported 
by published evidence (26, 38, 55–57) including confocal microscopy 
and cell fractionation experiments using overexpressed C15ORF48 
(38, 56). To this, we have added cell fractionation of primary human 
macrophages and Western blotting of endogenous proteins with 
antibodies validated by knockdown, showing predominantly mito-
chondrial staining of both proteins (Fig. 3G). Under conditions of 
maximal expression (without and with LPS in the cases of NDUFA4 
and C15ORF48, respectively), we could detect very weak staining of 
each protein in nuclear fractions. This was almost certainly a result 
of mitochondrial contamination, because similar weak staining of 
the mitochondrial protein SDHA (succinate dehydrogenase com-
plex subunit A) could be detected in nuclear fractions. We conclude 
that both NDUFA4 and C15ORF48 are exclusively, or almost exclu-
sively, mitochondrial proteins.

http://www.mrc-mbu.cam.ac.uk/impi
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The NDUFA4 and C15orf48 genes share an extraordinarily com-
plex relationship. They have limited sequence similarity but their 
exon-intron structures are the same. The positions of the first and 
third exon boundaries are identical, while the second is shifted by 
only two nucleotides, a very high degree of relatedness that points 
to an origin in gene duplication. The encoded proteins share less 
than 30% amino acid identity but are predicted to have similar sec-
ondary structures and electrostatic properties (Fig. 3B and fig. S1, A 
and B) (56, 57). The 3′UTR of C15orf48 mRNA is also the source of 
the miRNA miR-147b. The protein and miRNA products of the 
C15orf48 transcript converge to bring about down-regulation of 
NDUFA4 protein levels; miR-147b specifically recognizes a con-
served site within the NDUFA4 3′UTR, causing down-regulation of 

this target mRNA (Fig. 2); and C15ORF48 protein promotes loss of 
NDUFA4 protein (Fig. 4H), most likely by inducing its degradation 
(Fig. 4C). While this manuscript was in preparation, other researchers 
described similar combinatorial effects of miR-147b and C15ORF48 
protein on NDUFA4 expression in transfected HEK293 (embryonic 
kidney) or A549 (airway epithelial) cell lines (56, 57). The excep-
tional evolutionary conservation of both protein- and miRNA-
encoding portions of the C15orf48 gene (Fig. 1A) suggests that this 
complex phenomenon has been subject to powerful positive selec-
tion for some hundreds of millions of years (56).

Not all of the effects of miR-147b can be attributed to down- 
regulation of NDUFA4 (57). miRNAs commonly target several 
transcripts within a single biological process or pathway; therefore, 

Fig. 7. Human MDMs lacking NDUFA4 protein show a hyperinflammatory phenotype. (A) Western blot of human MDMs from NDUFA4-null patients (cases) or 
healthy controls unstimulated or treated with LPS (10 ng/ml) for 24 hours. (B) ATP synthesis rate measured by Seahorse assay of human MDMs from NDUFA4-null patients 
(cases) or healthy controls unstimulated or treated with LPS (10 ng/ml) for 24 hours (controls, n = 7; cases, n = 3). The NanoString Human Inflammation panel was used to 
examine gene expression in resting macrophages of cases and controls. (C) Principal components analysis. (D) Heatmap of all genes significantly differently expressed 
between controls and cases. Two multiplexed bead immunoassays were used to measure secreted factors in supernatants of resting macrophages from NDU-
FA4-null cases and healthy controls. (E) Principal components analysis. (F) Heatmap of all analytes that were expressed at detectable levels. Green blocks indicate missing 
values (three control supernatants were used in the second multiplexed assay). (B) Two-way ANOVA with Sidak correction for multiple comparisons (no significant differ-
ence between groups). (E and F) ANOVA performed to identify significantly differentially expressed genes within whole datasets. *P < 0.05; **P < 0.01; ***P < 0.001.
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we were interested in two putative miR-147b targets that encode 
mitochondrial proteins; SDHD and ALDH5A1 (aldehyde dehydro-
genase 5 family member A1) (58, 59). miR-147b–mediated down- 
regulation of SDHD was reported to contribute to TCA cycle 
dysfunction in lung adenocarcinomas (59). The predicted interactions 
between miR-147b and SDHD mRNA were not conserved in the 
mouse. Furthermore, SDHD mRNA levels in MDMs were not sig-
nificantly reduced by either LPS treatment or transfection of a miR-147b 
mimic. Seed sequence interactions between miR-147b and ALDH5A1/ 
Aldh5a1 mRNAs were conserved between human and mouse, but 
there were few base pairs outside the seed region. ALDH5A1 mRNA 
was strongly down-regulated following treatment of human MDMs 
with LPS, but transfection with a miR-147b mimic failed to recapitu-
late this effect. We conclude that neither ALDH5A1 nor SDHD is 
likely to be a major target of miR-147b in MDMs and that further 
relevant targets remain to be identified.

As indicated by its name, NDUFA4 was originally thought to be 
a component of mitochondrial electron transport chain complex I 
(the NADH dehydrogenase complex). More recent cryo-EM struc-
tural evidence places NDUFA4 at the outer surface of the CcO complex 
(complex IV) (28), and molecular modeling suggests that C15ORF48 
could occupy the same position (Fig. 3B). Consistent with these 
reports, in primary human macrophages, the pattern shown by NDUFA4 
and C15ORF48 proteins was consistently that of CcO complex sub-
units (Figs.  3H and 4G). Others have reported similar findings 
(25, 26, 57, 60), lending strong support to a change in systematic 
name from NDUFA4 to COXFA4 (27). LPS treatment of primary 
human macrophages caused an increase in levels of C15ORF48 protein 
and a reciprocal decrease in levels of NDUFA4 (Fig. 3C), resulting 
in substitution of NDUFA4 by C15ORF48 in all CcO complexes 
(Fig. 3H). LPS-induced degradation of NDUFA4 protein (Fig. 4C) 
may be a consequence of its exclusion from CcO (57). Overexpression 
of C15ORF48 caused a similar protein substitution in CcO com-
plexes of mouse heart mitochondria (57). Efficient substitution of 
NDUFA4 by C15ORF48 in CcO also occurred during mouse sper-
matogenesis (60), most likely involving the mechanisms described 
above. The question is why cells should go to such lengths to replace 
one mitochondrial protein with another. Put another way, what are 
the consequences of the replacement of NDUFA4 by C15ORF48?

Depletion of NDUFA4 impaired CcO function in HeLa or mus-
cle cells (25, 26). HeLa cells do not express C15orf48 mRNA in ei-
ther normoxia or hypoxia, and muscle tissue expresses little or no 
C15ORF48 protein (Human Protein Atlas); therefore, the decrease in 
CcO activity upon NDUFA4 depletion in these studies likely rep-
resents conditions in which neither protein is present. In contrast, 
we found only very slight impairment of CcO function in LPS-treat-
ed MDMs (Fig. 6F), and no deficit in mitochondrially derived 
ATP production due to either genetically determined or LPS-
induced loss of NDUFA4 protein (Fig.  7B). Therefore, NDUFA4 is 
dispensable for mitochondrial respiration in MDMs, most likely 
because it can be functionally replaced by C15ORF48, even under 
resting conditions (Fig. 7, A and B). Under hypoxic conditions, HIF-1 
promotes the substitution of NDUFA4 by NDUFA4L2, miti-
gating mitochondrial ROS production and consequent cell death 
(30, 32, 34, 42). Others have reported or speculated that substitution 
of NDUFA4 by C15ORF48 similarly reduces mitochondrial ROS 
production under hypoxia or other stressful conditions (56, 57, 60). 
This appears not to be the case in primary human MDMs, for the 
following reasons: (i) Although LPS activates HIF-1 and decreases 

NDUFA4 protein levels in MDMs, these occur in the absence of 
any changes of C15ORF48 expression (fig. S2). (ii) Unlike mouse 
BMDMs, human MDMs do not produce nitric oxide (Fig. 6D), in-
crease mitochondrial ROS production (Fig. 6C), or display im-
pairment of oxidative phosphorylation (Fig. 6A) in response to LPS. 
(iii) In mouse myeloid cells, LPS-induced mitochondrial ROS 
production is principally mediated by reverse electron transport at 
complex I (61). There is no documented mechanism by which 
alterations in composition of CcO (complex IV) can influence this 
process. In the absence of new evidence, consequences of the 
NDUFA4-C15ORF48 substitution must be sought elsewhere.

An alternative hypothesis is that exchange of subunits affects the 
ability of CcO to participate in higher-order electron transport chain 
structures. Dimerization of CcO was proposed to exclude the binding 
of NDUFA4, with effects on respiratory efficiency and sensitivity to 
negative feedback by high intracellular concentrations of ATP (21). 
However, both NDUFA4 and C15ORF48 were detected in both 
CcO monomeric and dimeric structures (Fig. 3H), implying that 
the switch does not contribute to regulation of dimerization. Both 
NDUFA4 and C15ORF48 can interact with subunits of complexes I 
and III, leading to the suggestion that they may regulate the forma-
tion of higher-order electron transport chain complexes (38, 62, 63). 
Assembly factors by definition do not stably associate with the com-
plexes that they help to form. Both NDUFA4 and C15ORF48 could be 
consistently detected in supercomplexes (Fig. 3H) (28), and there-
fore, they do not seem to be supercomplex assembly factors but rather 
structural components of CcO necessary for its optimal activity (26). 
We reproducibly observed an increase in abundance of supercom-
plexes following LPS treatment of MDMs (fold increase 1.90 ± 
0.24 SEM; n = 4; P < 0.01) (Fig. 6E). However, we cannot yet conclude 
whether this increase was dependent on exchange of CcO subunits. 
We also cannot rule out functions that are not directly related to 
oxidative phosphorylation. For example, loss of NDUFA4 has been 
linked to increased sensitivity to stress-induced apoptosis (56). 
Functions outside of the mitochondria appear unlikely.

Expression of C15orf48 was increased by LPS treatment of 
primary macrophages from mouse, human (Fig. 1) (37), and sever-
al other mammalian species (64). It was also increased by treatment 
of synovial fibroblasts with TNF (Fig. 5G); A549 cells (56) or mouse 
macrophages with type I IFN (Fig. 1G); RAW264.7, A549, HL-60, 
and L929 cells with type II IFN (56); A549 cells or astrocytes with 
IL-1 (65, 66); microglia with M1 polarizing agonists LPS and/or 
IFN- (67); and natural killer cells with IL-2 and IL-12 (68). Of 
course, these potent responses to proinflammatory agonists do not 
prove a proinflammatory role for C15orf48. Most reports to date, 
using overexpression in a variety of primary and transformed cell 
types, agree that the protein and miRNA products of C15orf48 
mRNA have anti-inflammatory effects (37, 57, 66, 69, 70). However, 
a proinflammatory function of miR-147b was previously reported 
(71) and is also suggested by the studies described here.

Expression of C15orf48 was notably increased under several in-
flammatory conditions of autoimmune, metabolic, cardiovascular, 
bacterial, or viral nature (Table 1). These associative data still do not 
prove that C15orf48 has a causative role in inflammatory pa-
thologies; therefore, we investigated in more detail the expression 
of C15orf48 and its relatives in RA. Expression of C15orf48 was pos-
itively correlated with disease activity scores in bulk RNA-seq of 
RA synovial biopsies (fig. S4) and decreased in remission of disease 
(Fig. 5E). By scRNA-seq C15orf48 expression was found to be strongly 



Clayton et al., Sci. Adv. 7, eabl5182 (2021)     8 December 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 19

enriched in STM populations having demonstrable proinflamma-
tory functions (Fig. 5D) (44). In these cell populations, elevated ex-
pression of C15orf48 was accompanied by elevated expression of 
genes belonging to glycolytic and pentose phosphate pathways (fig. 
S5) (8, 44). NDUFA4 was expressed quite widely but most strongly 
in TREM2high STMs (Fig. 5D), which are believed to play an important 
role in the preservation of synovial joint integrity (44, 47). In this 
population, elevated expression of NDUFA4 was accompanied by 
elevated expression of genes belonging to the oxidative phospho
rylation pathway and by low expression of genes contributing to 
aerobic glycolysis and the pentose phosphate pathway (fig. S5) (8, 44).

Analogous to its up-regulation in proinflammatory synovial 
macrophages during RA, C15orf48 was also found to be elevated in 
severe COVID-19 and to be expressed by subsets of macrophages 
that have been implicated in pathogenic processes (fig. S6) (51, 52). 
In addition, mirroring RA STM subsets, NDUFA4-expressing alve-
olar macrophages (FABP4pos) showed elevated expression of genes 
related to oxidative phosphorylation and fatty acid metabolism and 
decreased glycolytic gene expression, while the opposite was true 
for C15orf48-expressing subsets (FCN1pos or FCN1posSPP1pos) (52). 
Divergent expression of NDUFA4 and C15orf48 in macrophage 
populations therefore appears to be part of a consistent pattern of 
metabolic commitment to either homeostatic or proinflammatory, 
destructive processes across different diseases (72). Mitochondrial 
dysregulation has been linked to pathogenic processes in RA (8), 
and in COVID-19, mitochondrial fitness has been posited as a de-
terminant of COVID-19 disease severity (73). Severe acute respiratory 
syndrome coronavirus 2 viral components have also been suggested 
to interact with mitochondria to facilitate viral replication and 
evade host immunity, thereby disrupting mitochondrial function 
(73–75). These hypotheses still require full experimental validation, 
and it will be interesting to ascertain the precise role that the 
C15orf48/NDUFA4 axis plays in these disease processes.

Mutations of the NDUFA4 gene allowed us to ask what happens 
in primary human macrophages that already lack NDUFA4 protein 
in the absence of any stimulus, and in which only C15ORF48 protein 
is available to occupy the position on the outer surface of CcO. Under 
resting conditions, these macrophages very strongly overexpressed 
a large number of secreted factors, including several chemokines of 
the CCL and CXCL families (Fig. 7 and fig. S7). It remains to be 
determined whether dysregulated innate immunity contributes to 
the severe condition caused by homozygous NDUFA4 mutations 
(26). Collectively, these observations provide circumstantial evidence 

that the up-regulation of C15orf48 mRNA and the consequent re-
placement of NDUFA4 by C15ORF48 in CcO promote inflamma-
tion, although there are contradictory data derived from in vitro 
experiments. Conclusive evidence may depend on the development 
of better experimental tools, such as conditional knockout mouse 
strains. The notable evolutionary conservation of the mechanism 
and its recapitulation at many sites of inflammatory pathology sug-
gest that further research is strongly justified.

MATERIALS AND METHODS
Macrophage isolation and culture
Human monocytes from healthy blood donors were isolated from 
leukapheresis blood cones supplied by the National Blood and 
Transplant Service (ethical approval ERN_16-0191). Monocytes were 
enriched by negative selection using STEMCELL RosetteSep Human 
Monocyte Enrichment Cocktail (STEMCELL Technologies. 15068; 
blood, 75 l/ml) and Ficoll-Paque (VWR, 17144003). Cells were dif-
ferentiated for 7 days in RPMI 1640 medium with l-glutamine (Gibco, 
Thermo Fisher Scientific, 21875034) supplemented with 5% heat- 
inactivated fetal bovine serum (Biosera, FB-1001) and recombinant 
macrophage colony-stimulating factor (M-CSF) (50 ng/ml; Pepro-
Tech, 300-25).

All mice were maintained at the Biomedical Services Unit of the 
University of Birmingham. Animal care and experimental proce-
dures were performed according to the Home Office guidelines and 
approved by the University of Birmingham Local Ethical Review 
Committee. Wild-type (WT) C57/BL6J mice between 6 and 12 weeks 
of age were humanely culled, bone marrow–flushed from femurs, 
and BMDM-obtained by culture for 7 days in RPMI 1640 with 
l-glutamine (Gibco, Thermo Fisher Scientific, 21875034) supplemented 
with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich, F0392) 
and recombinant M-CSF (50 ng/ml; PeproTech, 300-25).

Stimulations were carried out in 12-well culture plates at 0.5 × 
106 cells per well (human) or 1 × 106 cells per well (mouse) or in 
6-well culture plates at 1 × 106 cells per well (human) or 2.5 × 106 
cells per well (mouse) using the following reagents and concentrations, 
unless otherwise stated: LPS (10 ng/ml; Enzo, ALX-581-010-L002), 
recombinant human IFN- (10 ng/ml; PeproTech, 300-02 BC—
cross-reacts with mouse), Rux (1 M; Selleck, S1378), CHX (5 g/ml; 
Sigma-Aldrich, 01810), human TLR agonist kit (Invivogen, tlrl-kit1hw), 
Pam3CSK4 (1 g/ml; TLR1/2), heat-killed Listeria monocytogenes 
(108 cells/ml; TLR2), poly(I:C) high molecular weight (10 g/ml; 

Table 2. RT-qPCR primer sequences.  

Target gene Species Forward primer Reverse primer

C15orf48 Human AACTCATTCCCTTGGTGGTGTTCAT CTCGTCATTTGGTCACCCTTTGGAC

AA467197 (Nmes1/C15orf48) Mouse AGGAACTCATTCCTTTGGCGT TTTTCCGATCAATAACCACGTC

NDUFA4 Human AAGCATCCGAGCTTGATCCC ACAATGCCAGACGCAAGAGA

NDUFA4L2 (primer set 1) Human TTCTACCGGCAGATCAAAAGACA GGGCGAGTCGCAGCAA

NDUFA4L2 (primer set 2) Human CAAAAGACATCCGGGGATCA GCGAGTCGCAGCAAGTAAAG

LONP1 Human CGGGAAGATCATCCAGTGTT ACGTCCAGGTAGTGGTCCAG

UBC Human CGGGATTTGGGTCGCAGTTCTTG CGATGGTGTCACTGGGCTCAAC

Rpl13a Mouse GCGGATGAATACCAACCCCT CCACCATCCGCTTTTTCTTGT
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TLR3), poly(I:C) low molecular weight (10 g/ml; TLR3), flagellin 
from Salmonella typhimurium (100 ng/ml; TLR5), FSL-1 (diacylated 
lipopeptide Pam2CGDPKHPKSF) (1 g/ml; TLR6/2), imiquimod 
(1 g/ml; TLR7), ssRNA40 (10 g/ml; TLR8), and ODN2006 (5 M; 
TLR9). All stimulations were carried out in the absence of M-CSF.

Studies of patients with RA
Monocytes
Peripheral blood was collected from patients with RA with active 
disease (DAS28 > 2.8), Gartnavel General Hospital Rheumatology, 
Glasgow. Healthy controls were obtained from age-matched volun-
teers at the University of Glasgow. Informed consent was obtained 
before sample collection alongside the appropriate ethical approval 
(West of Scotland REC 4, approval 19/WS/0111, project reference 
CG_2019_09_A_AM01).

Peripheral blood mononuclear cells (PBMCs) were separated 
by Ficoll-Paque density centrifugation. CD14+ monocytes were 
magnetically isolated from PBMCs using the EasySep Human CD14 
Positive Selection Kit II (STEMCELL Technologies). Isolated CD14+ 
monocytes were lysed using the RNA Lysis Buffer containing 
-mercaptoethanol, and RNA was extracted using the PureLink 
RNA Mini Kit (Invitrogen). RNA samples were sequenced by 
GenomeScan BV (Leiden, The Netherlands). RNA sample libraries 
were prepared using the NEBNext Ultra II Directional RNA Library 
Prep Kit for Illumina [New England BioLabs (NEB)]. RNA-seq was 
performed using the NovaSeq 6000 (Illumina), paired-end 150 base 
pairs, 20 million reads, using 1.1 nM DNA. The reads generated by 
RNA-seq were aligned to the reference genome (GRCh38.p13, 
Ensembl) using STAR (version 2.7.3), with default settings. DESeq2 
was then used to normalize read counts and identify differentially 
expressed genes between sample groups.
scRNA-seq data
Participants fulfilling the American College of Rheumatology 2010 
revised criteria for RA were recruited and underwent ultrasound-guided 
synovial tissue biopsy of the knee at the Division of Rheumatology 
of Fondazione Policlinico Universitario A. Gemelli IRCCS, Univer-
sità Cattolica del Sacro Cuore, Rome, Italy. The work was approved 
by the Ethics Committee of the Università Cattolica del Sacro Cuore 
(no. 6334/15) and by the West of Scotland Research Ethics Com-
mittee (no. 19/WS/0111). All participants provided signed informed 
consent. Clinical and demographic information, sample preparation, 
scRNA-seq data generation, and data analysis are described (51). 
“Healthy” group comprises healthy donors attending arthroscopy for 
meniscal tear or cruciate ligament damage and with normal synovium 
(via magnetic resonance imaging and macroscopically) (University of 
Glasgow). “Active RA” group includes treatment-naïve patients and 
treatment-resistant patients (inadequate responder to methotrexate). 
“Remission” group comprises participants in sustained (minimum 
of 6 months) clinical and ultrasound remission under methotrex-
ate and TNF inhibitor therapy.
Synovial fibroblasts
Synovial tissue samples were obtained from patients undergoing joint 
replacement surgery or by ultrasound-guided biopsy from treatment- 
naïve patients attending an early arthritis clinic with joint pain and/
or inflammation of duration of less than 12 weeks . Fibroblasts were 
isolated as previously described (76). Between passages 4 and 6, 
fibroblasts were left untreated or stimulated with TNF (100 ng/ml) 
for 24  hours. Differential gene expression was determined by 
Agilent microarray (A.F. in preparation). Stratification of patients 

(76) revealed no differences in the response of the C15orf48 gene to 
TNF according to disease stage or outcome; therefore, all 48 inde-
pendent synovial fibroblast isolates were grouped together. All human 
samples were obtained with written, informed consent and approval 
from the West Midlands Black Country Local Research Ethics 
Committee (references 07/H1204/191 and 07/H1203/57).

NDUFA4 patients
Three individuals suffering from NDUFA4 mutation-associated Leigh 
syndrome were recruited at the Queen Square Centre for Neuro-
muscular Diseases, University College London, under the ethical 
approval by the Queen Square Research Ethics Committee, London 
(no. 09/H0716/76). Informed consent was obtained from all partic-
ipants. Genetic and clinical patient details are described in (26). 
Monocytes were isolated from peripheral blood and differentiated 
into macrophages as described above.

Reverse transcription quantitative polymerase 
chain reaction
RNA was isolated using the Norgen Total RNA Purification Plus 
Kit (Geneflow, P4-0016) according to the manufacturer’s instruc-
tions. cDNA was synthesized to allow miRNA and mRNA detection 
using the miScript II RT Kit (QIAGEN, 218161). mRNA was detected 
by reverse transcription quantitative polymerase chain reaction 
(RT-qPCR) using SYBR TB Green Premix Ex Taq (Takara, RR820W) 
and primers supplied by Eurofins Genomics (Table 2). UBC (human) 
or Rpl13a (mouse) were used to normalize mRNA measurements 
via 2−Ct method.

miRNAs were detected by RT-qPCR using miScript SYBR Green 
(QIAGEN, 218075) and Hs_miR-147b_1 or Mm_miR-147_2 
miScript Primer Assays (QIAGEN). Hs_RNU6-2_11 miScript Primer 
Assay (QIAGEN) was used to normalize miRNA measurements via 
2−Ct method.

miRNA target analysis
Target prediction for hsa–miR-147b-3p was performed using 
TargetScan7.1, miRTarBase, miRDB, and miRanda (microRNA.org). 
The results were compared for commonly predicted targets. Target 
match between mmu-miR-147-3p and mmu-Ndufa4 was analyzed 
using miRanda (microRNA.org).

Transfections
Macrophage transfections were performed on day 6 of macrophage 
differentiation in 12-well culture plates using Mirus TransIT-X2 reagent 
(Geneflow, E7-0106) according to the manufacturer’s instructions. 
miRNA mimic experiments were performed using Dharmacon 
miRIDIAN human miR-147b or negative control mimics (2 nM; 
Horizon Discovery). Antagomir experiments were performed using 
miRCURY LNA (locked nucleic acid) human miR-147b or negative 
control power inhibitors (25 nM; QIAGEN). siRNA transfections 
were performed using Dharmacon siGenome siRNAs and nontar-
geting controls (25 nM; Horizon Discovery). Nontransfected samples 
were treated with TransIT-X2 transfection reagent alone. Samples 
were harvested 24 hours after transfection for RNA analysis or 
48 hours after transfection for protein analysis.

HEK293 transfections for Western blot were performed in 
six-well culture plates using Mirus TransIT-X2 reagent (Geneflow, 
E7-0106) according to the manufacturer’s instructions. C15ORF48- 
MycDDK expression plasmid was obtained from OriGene.

http://microRNA.org
http://microRNA.org
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Western blotting
For whole-cell lysates, cells were harvested in radioimmunoprecip-
itation assay buffer and samples passed through a QIAshredder col-
umn to remove genomic DNA (QIAGEN, 79656). Cell fractionation 
was performed essentially as described in (77), using 10 × 106 to 20 × 
106 primary MDMs per condition and a 2-ml Dounce tissue grinder 
with small clearance pestle (30 strokes) (Sigma-Aldrich, D8938). 
Nuclear fraction was taken as pellet following homogenization and 
centrifugation at 1200g. Cytoplasmic fraction was taken as superna-
tant following mitochondrial sedimentation at 17,000g. Protein was 
quantified by the Pierce BCA Assay (Thermo Fisher Scientific, 
23225). Laemmli buffer was added and samples heated to 95°C for 
5 min (unless blotting for MT-CO1). Western blotting was per-
formed using Criterion TGX protein gels (Bio-Rad) and tris-glycine 
SDS buffer (Geneflow, B9-0032) or using XT bis-tris protein gels 
(Bio-Rad) and XT MES running buffer (Bio-Rad, 1610789). Protein 
was transferred to Bio-Rad Trans-Blot polyvinylidene difluoride 
(PVDF) membranes (Bio-Rad, 1704157) using Bio-Rad Trans-Blot 
Turbo transfer system. The following antibodies and dilutions were 
used: C15orf48 (1:1000; Antibodies-online.com, ABIN2784037); 
NDUFA4 (1:5000; Thermo Fisher Scientific, PA5-50068); -tubulin 
(1:2000; Sigma-Aldrich, T9026); SDHA (1:2000; Abcam, ab14715); 
lamin A/C (1:1000; BD Biosciences, 612163); MT-CO1 (1:1000; 
Abcam, ab14705); COX4-1 (1:1000; Abcam ab14744); total oxidative 
phosphorylation human WB antibody cocktail (1:500; Abcam, ab110411); 
anti-rabbit immunoglobulin G (IgG), horseradish peroxidase (HRP)– 
linked (1:2000; NEB, 7074SNEB); and anti-mouse IgG, HRP-linked 
(1:2000; NEB, 7076SNEB). Blots were imaged using Clarity West-
ern ECL Substrate (Bio-Rad, 1705061) and Bio-Rad ChemiDoc MP 
Imaging System. Densitometry for Western blot quantification was 
performed using ImageJ.

Luciferase 3′UTR reporter assay
WT NDUFA4 3′UTR was amplified from human genomic DNA 
and cloned into the pmirGLO Dual-Luciferase miRNA Target Ex-
pression Vector (Promega, E1330) using standard molecular clon-
ing methods. ImiRP computational biology tool (imirp.org) was 
used to predict tolerated mutation of the miR-147b target site with-
out the generation of new miRNA binding sites. The WT miR-147b 
seed sequence target site (CCGCACA) was mutated to CCGCGGG 
to produce pmirGLO NDUFA4mut using the QuikChange II Site- 
Directed Mutagenesis Kit (Agilent, 200523). Cloning was confirmed 
by Sanger sequencing (Eurofins Genomics).

HEK293 cells were seeded at 100,000 cells per well in 24-well 
plates and transfected with 20 nM control mimic or miR-147b 
mimic (Horizon Discovery) along with pmirGLO plasmid DNA at 
0.5 g per well (unmodified/NDUFA4 WT/NDUFA4mut) using 
TransIT-X2 reagent (Geneflow, E7-0106). Luciferase assays were 
performed using the Dual Luciferase Assay Kit (Promega, E1910) 
according to the manufacturer’s instructions using cell lysates har-
vested 1 day after transfection and a plate reader integration time of 
0.1 s. Measurements were performed in technical triplicate, and the 
experiment was performed three separate times.

Protein modeling
The model of C15ORF48 was built using the structure of NDUFA4 
as reported in the human complex IV (28), according to the default 
energy-based homology model protocol implemented in Prime 
(Prime, Schrödinger, LLC, New York, NY, 2020). Unsolved atoms 

in side chains of residues 3 to 11, 42 to 44, and 46 to 83 of NDUFA4 
were added. The completed side chains were assigned an energy 
minimum conformation. Sequences of NDUFA4 and C15ORF48 
were retrieved from UniProt (www.uniprot.org). In light of the levels 
of identity (30%) and similarity (44%) between the two sequences, 
the default Prime pairwise sequence alignment routine was adopted. 
During the coordinate transfer, the cardiolipin from the experi-
mental structure was explicitly retained. The multimeric structure 
encompassing C15ORF48 and all subunits from complex IV except 
NDUFA4 was obtained superimposing the backbone coordinates of 
the model to those of the template, deleting the template and mini-
mizing the generated complex. The position and thickness of the mito-
chondrial membrane were assigned according to the predictions generated 
by the OPM (orientation of proteins in membranes) server.

One-dimensional BN-PAGE
Mitochondrial-enriched fractions were prepared from unstimulated 
or LPS-treated human MDMs (1 × 106 to 2 × 106 cells per condition) by 
treatment with digitonin (4 mg/ml), centrifugation at 10,000g (4°C), 
and washing. Mitochondrial membranes were solubilized with 10% 
digitonin in 1.5 M aminocaproic acid, 50 mM bis-tris/HCl (pH 7.0), 
followed by centrifugation at 18,000g (4°C). BN sample buffer was 
added at 10% volume [0.75 M aminocaproic acid, 50 mM bis-tris/
HCl (pH 7.0), 0.5 mM EDTA, 5% Coomassive Brilliant Blue G-250] 
and a portion of each sample run on NativePAGE 3 to 12% bis-tris 
gel (Thermo Fisher Scientific, BN1001) according to the manufac-
turer’s instructions. For Western blotting, protein was transferred to 
PVDF membranes by wet transfer, and protein detection was performed 
as described above. For in-gel activity assay, the gel was incubated 
overnight with complex IV activity solution as described (77).

In situ hybridization and immunohistochemistry
RNAscope in situ hybridization was carried out on formalin-fixed 
paraffin-embedded human joint replacement tissues sections of OA 
and RA synovium provided by the Royal Orthopaedic Hospital 
(ethical approval no. 07/H1204/191). Sections were deparaffinized 
in xylene, followed by 100% ethanol. Detection of human C15orf48 
transcript was performed using an RNAscope 2.5 HD manual assay 
red kit reagents and methods according to the manufacturer (ACD 
Bio-Techne). Following the last wash for the RNAscope protocol, 
slides were washed in distilled water for 5  min and then blocked 
with Bloxall (Vector Laboratories) for 10 min, followed by incuba-
tion with 10% normal horse serum in tris buffer for 10 min. Immu-
nohistochemistry was performed by incubating sections overnight 
at 4°C with biotin-conjugated mouse anti-human CD68 (Novus, 
NBP2-34661B), followed by streptavidin-HRP (Thermo Fisher Sci-
entific) and ImmPACT DAB Peroxidase (HRP) Substrate (Vector 
Laboratories). Hematoxylin QS (Vector Laboratories) was used for 
counterstain. Images were obtained using the Zeiss Axio Scan and 
analyzed in Zen Blue (both Zeiss).

Metabolic activity assays
Metabolic assays were carried out using an Agilent Seahorse XFe96 
Extracellular Flux analyzer. For intact cell assays, macrophages 
were seeded into Seahorse XFe96 assay plates at 50,000 cells per well 
(human) or 75,000 (mouse), left for 1 hour at room temperature to 
settle, and incubated overnight to adhere. Cells were left unstimu-
lated or stimulated with LPS (10 ng/ml) for 24 hours. For normal-
ization of measurements, a viable cell count ratio was determined. 

http://Antibodies-online.com
http://imirp.org
http://www.uniprot.org
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Calcein-AM viability dye (eBioscience, 65-0853-78) at 1 M in 
phosphate-buffered saline (PBS) was added to cells following assay 
completion, incubated at 37°C for 30 min, and fluorescence-measured 
by plate reader (excitation, 490 nm; emission, 515 nm).
Mito/Glyco stress test
A combined version of the standard Mito and Glyco stress tests was 
carried out as described (78). Assay medium is as follows: seahorse 
XF base medium (Agilent, 102353-100) + 2 mM glutamine. Stimu-
lation medium was exchanged for assay medium 1 hour before running 
the assay. Assay injections are as follows (final assay concentra-
tions): (i) glucose (10 mM), (ii) oligomycin (1 M), (iii) carbonyl 
cyanide p-trifluoromethoxyphenylhydrazone (human, 5 M; mouse, 
0.5 M) + sodium pyruvate (1 mM), and (iv) rotenone (100 nM) + 
antimycin A (1 M) + 2-deoxyglucose (20 mM).
ATP production rate assay
Assay medium is as follows: seahorse XF Dulbecco’s modified Eagle’s 
medium with Hepes, without phenol red (pH 7.4) (Agilent, 103575-
100) + glutamine (2 mM) + glucose (10 mM) + sodium pyruvate 
(1 mM). Stimulation medium was exchanged for assay medium 
1 hour before running the assay. Assay injections are as follows 
(final assay concentrations): (i) oligomycin (1 M), (ii) rotenone 
(100 nM) + antimycin A (1 M), and (iii) 2-deoxyglucose (20 mM). 
ATP production rates were calculated using Agilent ATP rate assay 
report generator.
Complex IV assay
This was performed according to Salabei et al. (79). Human MDMs 
were seeded into seahorse XFe96 assay plates at 30,000 cells per 
well, left for 1  hour at room temperature to settle and incubated 
overnight to adhere. Cells were left unstimulated or stimulated with 
LPS (10 ng/ml) for 24 hours. Assay medium is as follows: buffer 
prepared as in (79) + adenosine 5′-diphosphate (1 mM) + fatty 
acid–free bovine serum albumin (4 mg/ml) + seahorse XF plasma 
membrane permeabilizer (1 nM; Agilent, 102504-100). Stimulation 
medium was exchanged for assay medium immediately before 
running the assay due to permeabilization. Assay injections are as 
follows (final assay concentrations): (i) N,N,N′,N′-tetramethyl-p- 
phenylenediamine (500 mM), l-ascorbic acid (200 mM); (ii) oligo-
mycin (1 M); (iii) rotenone (1 M), antimycin A (1 M); and (iv) 
sodium azide (20 mM). For normalization of permeabilized cells, 
DNA content was quantified using PicoGreen fluorescent dsDNA 
dye (Thermo Fisher Scientific, 41116133) after assay completion 
(excitation, 485 nm; emission, 528 nm).

Mitochondrial ROS measurement
Mitochondrial ROS was detected using MitoSOX dye (5 M; Ther-
mo Fisher Scientific, M36008). Staining was performed in culture plates 
immediately following the stimulation period. Cells were washed 
with PBS and stained for 20 min at 37°C in Hanks’ balanced salt 
solution + Ca2+ + Mg2+. For positive control, antimycin A was spiked 
into the well 1 hour before staining. Cells were run on a BD LSRFortessa 
X-20, and results were analyzed using FlowJo v10. Dead cells were 
excluded on the basis of positive staining for eBioscience Fixable 
Viability Dye eFluor 780 (Thermo Fisher Scientific, 65-0865-14).

Nitric oxide measurement
Nitrite concentration in conditioned medium from cultured mac-
rophages was determined using the Griess reagent kit (Thermo Fisher 
Scientific, G7921) according to the manufacturer’s instructions. Briefly, 
cultured cell supernatant was collected after treatment and centrifuged 

to remove debris. The supernatant (100 l) was added to 96-well 
plate containing 20 l of deionized water per well and followed by 
the addition of an equal volume of N-(1-naphthyl)ethylenediamine 
and sulfanilic acid mixture to a total volume of 200 l. The reaction 
was incubated for 30 min at room temperature. Absorbance at 
548 nm was measured by microplate reader, and nitrite concentra-
tions were estimated using a standard nitrite curve and correcting 
for background noise.

NanoString gene expression analysis
Gene expression analysis from NDUFA4 patient and control 
macrophages was performed using the NanoString nCounter 
Human Inflammation Panel (NanoString, XT-CSO-HIN2) according 
to the manufacturer’s instructions, using 150 ng of RNA per sam-
ple. Analysis and visualization were performed using NanoString 
nSolver software and Qlucore Omics Explorer 3.6.

Multiplex cytokine analysis
Conditioned medium samples from cultured macrophages were 
subjected to multiplex Luminex assay (Biotechne R&D Human mag-
netic luminex assay LXSAHM and Bio-Rad Bio-Plex Pro Human 
Chemokine Panel, 40-Plex 171AK99MR2) according to the manu-
facturer’s instructions. Differential abundance analysis and data 
visualization were performed using Qlucore Omics Explorer 3.6.

Statistics
Statistical analyses were carried out using GraphPad Prism v6 un-
less otherwise stated. Statistical tests and corrections used are indi-
cated in the figure legends. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. N numbers specified in the figure legends indicate 
biological replicates.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl5182

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
	 1.	 M. P. Murphy, L. A. J. O'Neill, How should we talk about metabolism? Nat. Immunol. 21, 

713–715 (2020).
	 2.	 L. A. O'Neill, R. J. Kishton, J. Rathmell, A guide to immunometabolism for immunologists. 

Nat. Rev. Immunol. 16, 553–565 (2016).
	 3.	 J. Garaude, Reprogramming of mitochondrial metabolism by innate immunity. Curr. 

Opin. Immunol. 56, 17–23 (2019).
	 4.	 E. L. Mills, L. A. O'Neill, Reprogramming mitochondrial metabolism in macrophages 

as an anti-inflammatory signal. Eur. J. Immunol. 46, 13–21 (2016).
	 5.	 J. Van den Bossche, L. A. O'Neill, D. Menon, Macrophage immunometabolism: Where are 

we (going)? Trends Immunol. 38, 395–406 (2017).
	 6.	 B. Everts, E. Amiel, G. J. van der Windt, T. C. Freitas, R. Chott, K. E. Yarasheski, E. L. Pearce, 

E. J. Pearce, Commitment to glycolysis sustains survival of NO-producing inflammatory 
dendritic cells. Blood 120, 1422–1431 (2012).

	 7.	 V. Vijayan, P. Pradhan, L. Braud, H. R. Fuchs, F. Gueler, R. Motterlini, R. Foresti, 
S. Immenschuh, Human and murine macrophages exhibit differential metabolic 
responses to lipopolysaccharide – A divergent role for glycolysis. Redox Biol. 22, 101147 
(2019).

	 8.	 S. A. Clayton, L. MacDonald, M. Kurowska-Stolarska, A. R. Clark, Mitochondria as key 
players in the pathogenesis and treatment of rheumatoid arthritis. Front. Immunol. 12, 
673916 (2021).

	 9.	 E. M. Pålsson-McDermott, L. A. J. O'Neill, Targeting immunometabolism as an anti-
inflammatory strategy. Cell Res. 30, 300–314 (2020).

	 10.	 E. Sanchez-Lopez, A. Cheng, M. Guma, Can metabolic pathways be therapeutic targets 
in rheumatoid arthritis? J. Clin. Med. 8, 753 (2019).

	 11.	 G. W. Dorn II, Evolving concepts of mitochondrial dynamics. Annu. Rev. Physiol. 81, 1–17 
(2019).

https://science.org/doi/10.1126/sciadv.abl5182
https://science.org/doi/10.1126/sciadv.abl5182
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abl5182


Clayton et al., Sci. Adv. 7, eabl5182 (2021)     8 December 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

18 of 19

	 12.	 A. R. Fenton, T. A. Jongens, E. L. F. Holzbaur, Mitochondrial dynamics: Shaping 
and remodeling an organelle network. Curr. Opin. Cell Biol. 68, 28–36 (2021).

	 13.	 B. Glancy, Y. Kim, P. Katti, T. B. Willingham, The functional impact of mitochondrial 
structure across subcellular scales. Front. Physiol. 11, 541040 (2020).

	 14.	 R. A. Gottlieb, D. Bernstein, Mitochondrial remodeling: Rearranging, recycling, 
and reprogramming. Cell Calcium 60, 88–101 (2016).

	 15.	 D. C. Chan, Mitochondrial dynamics and its involvement in disease. Annu. Rev. Pathol. 15, 
235–259 (2020).

	 16.	 I. Gkikas, K. Palikaras, N. Tavernarakis, The role of mitophagy in innate immunity. Front. 
Immunol. 9, 1283 (2018).

	 17.	 L. Pernas, L. Scorrano, Mito-Morphosis: Mitochondrial fusion, fission, and cristae 
remodeling as key mediators of cellular function. Annu. Rev. Physiol. 78, 505–531 (2016).

	 18.	 A. Signes, E. Fernandez-Vizarra, Assembly of mammalian oxidative phosphorylation 
complexes I-V and supercomplexes. Essays Biochem. 62, 255–270 (2018).

	 19.	 J. A. Letts, L. A. Sazanov, Clarifying the supercomplex: The higher-order organization 
of the mitochondrial electron transport chain. Nat. Struct. Mol. Biol. 24, 800–808 (2017).

	 20.	 C. A. Sinkler, H. Kalpage, J. Shay, I. Lee, M. H. Malek, L. I. Grossman, M. Hüttemann, 
Tissue- and condition-specific isoforms of mammalian cytochrome c oxidase subunits: 
From function to human disease. Oxid. Med. Cell. Longev. 2017, 1–19 (2017).

	 21.	 B. Kadenbach, Complex IV – The regulatory center of mitochondrial oxidative 
phosphorylation. Mitochondrion 58, 296–302 (2021).

	 22.	 R. Fukuda, H. Zhang, J. W. Kim, L. Shimoda, C. V. Dang, G. L. Semenza, HIF-1 regulates 
cytochrome oxidase subunits to optimize efficiency of respiration in hypoxic cells. Cell 
129, 111–122 (2007).

	 23.	 M. Hüttemann, I. Lee, J. Liu, L. I. Grossman, Transcription of mammalian cytochrome c 
oxidase subunit  IV-2 is controlled by a novel conserved oxygen responsive element. 
FEBS J. 274, 5737–5748 (2007).

	 24.	 D. Pajuelo Reguera, K. Čunátová, M. Vrbacký, A. Pecinová, J. Houštěk, T. Mráček, P. Pecina, 
Cytochrome c oxidase subunit 4 isoform exchange results in modulation of oxygen 
affinity. Cell 9, 443 (2020).

	 25.	 E. Balsa, R. Marco, E. Perales-Clemente, R. Szklarczyk, E. Calvo, M. O. Landazuri, 
J. A. Enriquez, NDUFA4 is a subunit of complex IV of the mammalian electron transport 
chain. Cell Metab. 16, 378–386 (2012).

	 26.	 R. D. Pitceathly, S. Rahman, Y. Wedatilake, J. M. Polke, S. Cirak, A. R. Foley, A. Sailer, 
M. E. Hurles, J. Stalker, I. Hargreaves, C. E. Woodward, M. G. Sweeney, F. Muntoni, 
H. Houlden, J. W. Taanman, M. G. Hanna; UK10K Consortium, NDUFA4 mutations underlie 
dysfunction of a cytochrome c oxidase subunit linked to human neurological disease. Cell 
Rep. 3, 1795–1805 (2013).

	 27.	 R. D. S. Pitceathly, J. W. Taanman, NDUFA4 (renamed COXFA4) is a cytochrome-c oxidase 
subunit. Trends Endocrinol. Metab. 29, 452–454 (2018).

	 28.	 S. Zong, M. Wu, J. Gu, T. Liu, R. Guo, M. Yang, Structure of the intact 14-subunit human 
cytochrome c oxidase. Cell Res. 28, 1026–1034 (2018).

	 29.	 S. Vidoni, M. E. Harbour, S. Guerrero-Castillo, A. Signes, S. Ding, I. M. Fearnley, R. W. Taylor, 
V. Tiranti, S. Arnold, E. Fernandez-Vizarra, M. Zeviani, MR-1S interacts with PET100 
and PET117 in module-based assembly of human cytochrome c oxidase. Cell Rep. 18, 
1727–1738 (2017).

	 30.	 R. K. Lai, I. M. Xu, D. K. Chiu, A. P. Tse, L. L. Wei, C. T. Law, D. Lee, C. M. Wong, M. P. Wong, 
I. O. Ng, C. C. Wong, NDUFA4L2 fine-tunes oxidative stress in hepatocellular carcinoma. 
Clin. Cancer Res. 22, 3105–3117 (2016).

	 31.	 Y. Lv, S. L. Nie, J. M. Zhou, F. Liu, Y. B. Hu, J. R. Jiang, N. Li, J. S. Liu, Overexpression 
of NDUFA4L2 is associated with poor prognosis in patients with colorectal cancer. ANZ 
J. Surg. 87, E251–E255 (2017).

	 32.	 L. Meng, X. Yang, X. Xie, M. Wang, Mitochondrial NDUFA4L2 protein promotes 
the vitality of lung cancer cells by repressing oxidative stress. Thorac Cancer 10, 
676–685 (2019).

	 33.	 G. Lucarelli, M. Rutigliano, F. Sallustio, D. Ribatti, A. Giglio, M. Lepore Signorile, V. Grossi, 
P. Sanese, A. Napoli, E. Maiorano, C. Bianchi, R. A. Perego, M. Ferro, E. Ranieri, G. Serino, 
L. N. Bell, P. Ditonno, C. Simone, M. Battaglia, Integrated multi-omics characterization 
reveals a distinctive metabolic signature and the role of NDUFA4L2 in promoting 
angiogenesis, chemoresistance, and mitochondrial dysfunction in clear cell renal cell 
carcinoma. Aging 10, 3957–3985 (2018).

	 34.	 D. Tello, E. Balsa, B. Acosta-Iborra, E. Fuertes-Yebra, A. Elorza, A. Ordonez, M. Corral-Escariz, 
I. Soro, E. Lopez-Bernardo, E. Perales-Clemente, A. Martinez-Ruiz, J. A. Enriquez, 
J. Aragones, S. Cadenas, M. O. Landazuri, Induction of the mitochondrial NDUFA4L2 protein 
by HIF-1 decreases oxygen consumption by inhibiting complex I activity. Cell Metab. 14, 
768–779 (2011).

	 35.	 P. Sova, Q. Feng, G. Geiss, T. Wood, R. Strauss, V. Rudolf, A. Lieber, N. Kiviat, Discovery 
of novel methylation biomarkers in cervical carcinoma by global demethylation 
and microarray analysis. Cancer Epidemiol. Biomarkers Prev. 15, 114–123 (2006).

	 36.	 J. Zhou, H. Wang, A. Lu, G. Hu, A. Luo, F. Ding, J. Zhang, X. Wang, M. Wu, Z. Liu, A novel 
gene, NMES1, downregulated in human esophageal squamous cell carcinoma. Int. 
J. Cancer 101, 311–316 (2002).

	 37.	 G. Liu, A. Friggeri, Y. Yang, Y.-J. Park, Y. Tsuruta, E. Abraham, miR-147, a microRNA that is 
induced upon Toll-like receptor stimulation, regulates murine macrophage inflammatory 
responses. Proc. Natl. Acad. Sci. U.S.A. 106, 15819–15824 (2009).

	 38.	 B. J. Floyd, E. M. Wilkerson, M. T. Veling, C. E. Minogue, C. Xia, E. T. Beebe, R. L. Wrobel, 
H. Cho, L. S. Kremer, C. L. Alston, K. A. Gromek, B. K. Dolan, A. Ulbrich, J. A. Stefely, 
S. L. Bohl, K. M. Werner, A. Jochem, M. S. Westphall, J. W. Rensvold, R. W. Taylor, 
H. Prokisch, J. P. Kim, J. J. Coon, D. J. Pagliarini, Mitochondrial protein interaction 
mapping identifies regulators of respiratory chain function. Mol. Cell 63, 621–632 
(2016).

	 39.	 A. J. Tong, X. Liu, B. J. Thomas, M. M. Lissner, M. R. Baker, M. D. Senagolage, A. L. Allred, 
G. D. Barish, S. T. Smale, A stringent systems approach uncovers gene-specific 
mechanisms regulating inflammation. Cell 165, 165–179 (2016).

	 40.	 E. M. Palsson-McDermott, A. M. Curtis, G. Goel, M. A. Lauterbach, F. J. Sheedy, 
L. E. Gleeson, M. W. van den Bosch, S. R. Quinn, R. Domingo-Fernandez, D. G. Johnston, 
J. K. Jiang, W. J. Israelsen, J. Keane, C. Thomas, C. Clish, M. Vander Heiden, R. J. Xavier, 
L. A. O'Neill, Pyruvate kinase M2 regulates Hif-1 activity and IL-1 induction and is 
a critical determinant of the warburg effect in LPS-activated macrophages. Cell Metab. 21, 
65–80 (2015).

	 41.	 G. M. Tannahill, A. M. Curtis, J. Adamik, E. M. Palsson-McDermott, A. F. McGettrick, G. Goel, 
C. Frezza, N. J. Bernard, B. Kelly, N. H. Foley, L. Zheng, A. Gardet, Z. Tong, S. S. Jany, 
S. C. Corr, M. Haneklaus, B. E. Caffrey, K. Pierce, S. Walmsley, F. C. Beasley, E. Cummins, 
V. Nizet, M. Whyte, C. T. Taylor, H. Lin, S. L. Masters, E. Gottlieb, V. P. Kelly, C. Clish, 
P. E. Auron, R. J. Xavier, L. A. O'Neill, Succinate is an inflammatory signal that induces IL-1 
through HIF-1. Nature 496, 238–242 (2013).

	 42.	 J. Zheng, M. Zhang, H. Weng, Induction of the mitochondrial NDUFA4L2 protein by 
HIF-1a regulates heart regeneration by promoting the survival of cardiac stem cell. 
Biochem. Biophys. Res. Commun. 503, 2226–2233 (2018).

	 43.	 N. B. V. Sepuri, R. Angireddy, S. Srinivasan, M. Guha, J. Spear, B. Lu, 
H. K. Anandatheerthavarada, C. K. Suzuki, N. G. Avadhani, Mitochondrial LON 
protease-dependent degradation of cytochrome c oxidase subunits under hypoxia 
and myocardial ischemia. Biochim. Biophys. Acta Bioenerg. 1858, 519–528 (2017).

	 44.	 S. Alivernini, L. MacDonald, A. Elmesmari, S. Finlay, B. Tolusso, M. R. Gigante, L. Petricca, 
C. Di Mario, L. Bui, S. Perniola, M. Attar, M. Gessi, A. L. Fedele, S. Chilaka, D. Somma, 
S. N. Sansom, A. Filer, C. McSharry, N. L. Millar, K. Kirschner, A. Nerviani, M. J. Lewis, 
C. Pitzalis, A. R. Clark, G. Ferraccioli, I. Udalova, C. D. Buckley, E. Gremese, I. B. McInnes, 
T. D. Otto, M. Kurowska-Stolarska, Distinct synovial tissue macrophage subsets regulate 
inflammation and remission in rheumatoid arthritis. Nat. Med. 26, 1295–1306 (2020).

	 45.	 F. Zhang, K. Wei, K. Slowikowski, C. Y. Fonseka, D. A. Rao, S. Kelly, S. M. Goodman, 
D. Tabechian, L. B. Hughes, K. Salomon-Escoto, G. F. M. Watts, A. H. Jonsson,  
J. Rangel-Moreno, N. Meednu, C. Rozo, W. Apruzzese, T. M. Eisenhaure, D. J. Lieb, 
D. L. Boyle, A. M. Mandelin II; Accelerating Medicines Partnership Rheumatoid Arthritis 
and Systemic Lupus Erythematosus (AMP RA/SLE) Consortium, B. F. Boyce, E. DiCarlo, 
E. M. Gravallese, P. K. Gregersen, L. Moreland, G. S. Firestein, N. Hacohen, C. Nusbaum, 
J. A. Lederer, H. Perlman, C. Pitzalis, A. Filer, V. M. Holers, V. P. Bykerk, L. T. Donlin, 
J. H. Anolik, M. B. Brenner, S. Raychaudhuri, Defining inflammatory cell states in rheumatoid 
arthritis joint synovial tissues by integrating single-cell transcriptomics and mass cytometry. 
Nat. Immunol. 20, 928–942 (2019).

	 46.	 M. J. Lewis, M. R. Barnes, K. Blighe, K. Goldmann, S. Rana, J. A. Hackney, N. Ramamoorthi, 
C. R. John, D. S. Watson, S. K. Kummerfeld, R. Hands, S. Riahi, V. Rocher-Ros, F. Rivellese, 
F. Humby, S. Kelly, M. Bombardieri, N. Ng, M. DiCicco, D. van der Heijde, R. Landewé, 
A. van der Helm-van Mil, A. Cauli, I. B. McInnes, C. D. Buckley, E. Choy, P. C. Taylor, 
M. J. Townsend, C. Pitzalis, Molecular portraits of early rheumatoid arthritis identify 
clinical and treatment response phenotypes. Cell Rep. 28, 2455–2470.e5 (2019).

	 47.	 S. Culemann, A. Grüneboom, J. Nicolás-Ávila, D. Weidner, K. F. Lämmle, T. Rothe, 
J. A. Quintana, P. Kirchner, B. Krljanac, M. Eberhardt, F. Ferrazzi, E. Kretzschmar, M. Schicht, 
K. Fischer, K. Gelse, M. Faas, R. Pfeifle, J. A. Ackermann, M. Pachowsky, N. Renner, 
D. Simon, R. F. Haseloff, A. B. Ekici, T. Bäuerle, I. E. Blasig, J. Vera, D. Voehringer, A. Kleyer, 
F. Paulsen, G. Schett, A. Hidalgo, G. Krönke, Locally renewing resident synovial 
macrophages provide a protective barrier for the joint. Nature 572, 670–675 (2019).

	 48.	 J. S. Smolen, D. Aletaha, A. Barton, G. R. Burmester, P. Emery, G. S. Firestein, A. Kavanaugh, 
I. B. McInnes, D. H. Solomon, V. Strand, K. Yamamoto, Rheumatoid arthritis. Nat. Rev. Dis. 
Primers. 4, 18001 (2018).

	 49.	 D. Blanco-Melo, B. E. Nilsson-Payant, W. C. Liu, S. Uhl, D. Hoagland, R. Møller, T. X. Jordan, 
K. Oishi, M. Panis, D. Sachs, T. T. Wang, R. E. Schwartz, J. K. Lim, R. A. Albrecht, 
B. R. tenOever, Imbalanced host response to SARS-CoV-2 drives development 
of COVID-19. Cell 181, 1036–1045.e9 (2020).

	 50.	 Z. Zhou, L. Ren, L. Zhang, J. Zhong, Y. Xiao, Z. Jia, L. Guo, J. Yang, C. Wang, S. Jiang, 
D. Yang, G. Zhang, H. Li, F. Chen, Y. Xu, M. Chen, Z. Gao, J. Yang, J. Dong, B. Liu, X. Zhang, 
W. Wang, K. He, Q. Jin, M. Li, J. Wang, Heightened innate immune responses in the 
respiratory tract of COVID-19 patients. Cell Host Microbe 27, 883–890.e2 (2020).

	 51.	 L. MacDonald, S. Alivernini, B. Tolusso, A. Elmesmari, D. Somma, S. Perniola, A. Paglionico, 
L. Petricca, S. L. Bosello, A. Carfì, M. Sali, E. Stigliano, A. Cingolani, R. Murri, V. Arena, 



Clayton et al., Sci. Adv. 7, eabl5182 (2021)     8 December 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

19 of 19

M. Fantoni, M. Antonelli, F. Landi, F. Franceschi, M. Sanguinetti, I. B. McInnes, C. McSharry, 
A. Gasbarrini, T. D. Otto, M. Kurowska-Stolarska, E. Gremese, COVID-19 and RA share 
an SPP1 myeloid pathway that drives PD-L1+ neutrophils and CD14+ monocytes. JCI 
Insight 6, 147413 (2021).

	 52.	 M. Liao, Y. Liu, J. Yuan, Y. Wen, G. Xu, J. Zhao, L. Cheng, J. Li, X. Wang, F. Wang, L. Liu, 
I. Amit, S. Zhang, Z. Zhang, Single-cell landscape of bronchoalveolar immune cells 
in patients with COVID-19. Nat. Med. 26, 842–844 (2020).

	 53.	 J. Van den Bossche, J. Baardman, N. A. Otto, S. van der Velden, A. E. Neele, 
S. M. van den Berg, R. Luque-Martin, H. J. Chen, M. C. Boshuizen, M. Ahmed, 
M. A. Hoeksema, A. F. de Vos, M. P. de Winther, Mitochondrial dysfunction prevents 
repolarization of inflammatory macrophages. Cell Rep. 17, 684–696 (2016).

	 54.	 D. Hanahan, R. A. Weinberg, Hallmarks of cancer: The next generation. Cell 144, 646–674 
(2011).

	 55.	 S. Rath, R. Sharma, R. Gupta, T. Ast, C. Chan, T. J. Durham, R. P. Goodman, Z. Grabarek, 
M. E. Haas, W. H. W. Hung, P. R. Joshi, A. A. Jourdain, S. H. Kim, A. V. Kotrys, S. S. Lam, 
J. G. McCoy, J. D. Meisel, M. Miranda, A. Panda, A. Patgiri, R. Rogers, S. Sadre, H. Shah, 
O. S. Skinner, T. L. To, M. A. Walker, H. Wang, P. S. Ward, J. Wengrod, C. C. Yuan, S. E. Calvo, 
V. K. Mootha, MitoCarta3.0: An updated mitochondrial proteome now with sub-organelle 
localization and pathway annotations. Nucleic Acids Res. 49, D1541–D1547 (2021).

	 56.	 M. Sorouri, T. Chang, P. Jesudhasan, C. Pinkham, N. C. Elde, D. C. Hancks, Signatures 
of host-pathogen evolutionary conflict reveal MISTR-A conserved MItochondrial STress 
Response network. PLOS Biol. 18, e3001045 (2020).

	 57.	 C. Q. E. Lee, B. Kerouanton, S. Chothani, S. Zhang, Y. Chen, C. K. Mantri, D. H. Hock, R. Lim, 
R. Nadkarni, V. T. Huynh, D. Lim, W. L. Chew, F. L. Zhong, D. A. Stroud, S. Schafer, 
V. Tergaonkar, A. L. S. John, O. J. L. Rackham, L. Ho, Coding and non-coding roles 
of MOCCI (C15ORF48) coordinate to regulate host inflammation and immunity. Nat. 
Commun. 12, 2130 (2021).

	 58.	 T. Bertero, S. Grosso, K. Robbe-Sermesant, K. Lebrigand, I. S. Henaoui, M. P. Puissegur, 
S. Fourre, L. E. Zaragosi, N. M. Mazure, G. Ponzio, B. Cardinaud, P. Barbry, R. Rezzonico, 
B. Mari, “Seed-Milarity” confers to hsa-miR-210 and hsa-miR-147b similar functional 
activity. PLOS ONE 7, e44919 (2012).

	 59.	 W. C. Zhang, J. M. Wells, K. H. Chow, H. Huang, M. Yuan, T. Saxena, M. A. Melnick, K. Politi, 
J. M. Asara, D. B. Costa, C. J. Bult, F. J. Slack, miR-147b-mediated TCA cycle dysfunction 
and pseudohypoxia initiate drug tolerance to EGFR inhibitors in lung adenocarcinoma. 
Nat. Metab. 1, 460–474 (2019).

	 60.	 M. Endou, K. Yoshida, M. Hirota, C. Nakajima, A. Sakaguchi, N. Komatsubara, Y. Kurihara, 
Coxfa4l3, a novel mitochondrial electron transport chain complex 4 subunit protein, 
switches from Coxfa4 during spermatogenesis. Mitochondrion 52, 1–7 (2020).

	 61.	 E. T. Chouchani, V. R. Pell, A. M. James, L. M. Work, K. Saeb-Parsy, C. Frezza, T. Krieg, 
M. P. Murphy, A unifying mechanism for mitochondrial superoxide production during 
ischemia-reperfusion injury. Cell Metab. 23, 254–263 (2016).

	 62.	 M. T. Moutaoufik, R. Malty, S. Amin, Q. Zhang, S. Phanse, A. Gagarinova, M. Zilocchi, 
L. Hoell, Z. Minic, M. Gagarinova, H. Aoki, J. Stockwell, M. Jessulat, F. Goebels, K. Broderick, 
N. E. Scott, J. Vlasblom, G. Musso, B. Prasad, E. Lamantea, B. Garavaglia, A. Rajput, 
K. Murayama, Y. Okazaki, L. J. Foster, G. D. Bader, F. S. Cayabyab, M. Babu, Rewiring 
of the human mitochondrial interactome during neuronal reprogramming reveals 
regulators of the respirasome and neurogenesis. iScience 19, 1114–1132 (2019).

	 63.	 B. Kadenbach, Regulation of mammalian 13-subunit cytochrome c oxidase and binding 
of other proteins: Role of NDUFA4. Trends Endocrinol. Metab. 28, 761–770 (2017).

	 64.	 S. J. Bush, M. E. B. McCulloch, Z. M. Lisowski, C. Muriuki, E. L. Clark, R. Young, C. Pridans, 
J. G. D. Prendergast, K. M. Summers, D. A. Hume, Species-specificity of transcriptional 
regulation and the response to lipopolysaccharide in mammalian macrophages. Front. 
Cell Dev. Biol. 8, 661 (2020).

	 65.	 E. M. King, J. E. Chivers, C. F. Rider, A. Minnich, M. A. Giembycz, R. Newton, Glucocorticoid 
repression of inflammatory gene expression shows differential responsiveness by 
transactivation- and transrepression-dependent mechanisms. PLOS ONE 8, e53936 
(2013).

	 66.	 J. van Scheppingen, J. D. Mills, T. S. Zimmer, D. W. M. Broekaart, V. Iori, A. Bongaarts, 
J. J. Anink, A. M. Iyer, A. Korotkov, F. E. Jansen, W. van Hecke, W. G. Spliet, P. C. van Rijen, 
J. C. Baayen, A. Vezzani, E. A. van Vliet, E. Aronica, miR147b: A novel key regulator 
of interleukin 1 beta-mediated inflammation in human astrocytes. Glia 66, 1082–1097 
(2018).

	 67.	 E. Beins, T. Ulas, S. Ternes, H. Neumann, J. L. Schultze, A. Zimmer, Characterization 
of inflammatory markers and transcriptome profiles of differentially activated embryonic 
stem cell-derived microglia. Glia 64, 1007–1020 (2016).

	 68.	 G. Sciumè, Y. Mikami, D. Jankovic, H. Nagashima, A. V. Villarino, T. Morrison, C. Yao, 
S. Signorella, H. W. Sun, S. R. Brooks, D. Fang, V. Sartorelli, S. Nakayamada, K. Hirahara, 
B. Zitti, F. P. Davis, Y. Kanno, J. J. O'Shea, H.-Y. Shih, Rapid enhancer remodeling 
and transcription factor repurposing enable high magnitude gene induction upon acute 
activation of NK cells. Immunity 53, 745–758.e4 (2020).

	 69.	 C. G. Wu, C. Huang, MicroRNA-147 inhibits myocardial inflammation and apoptosis 
following myocardial infarction via targeting HIPK2. Eur. Rev. Med. Pharmacol. Sci. 24, 
6279–6287 (2020).

	 70.	 Q. Xu, G. D. Huang, G. C. Duan, H. J. Qin, MicroRNA-147b alleviates inflammation 
and apoptosis in acute lung injury via inhibition of p38 MAPK signaling pathway. Eur. Rev. 
Med. Pharmacol. Sci. 25, 1974–1981 (2021).

	 71.	 C. Jiang, X. Wu, X. Li, M. Li, W. Zhang, P. Tao, J. Xu, X. Ren, L. Mo, Y. Guo, S. Wang, M. Geng, 
F. Zhang, J. Tian, W. Zhu, L. Meng, S. Lu, Loss of microRNA-147 function alleviates synovial 
inflammation through ZNF148 in rheumatoid and experimental arthritis. Eur. J. Immunol. 
51, 2062–2073 (2021).

	 72.	 M. Biniecka, M. Canavan, T. McGarry, W. Gao, J. McCormick, S. Cregan, L. Gallagher, 
T. Smith, J. J. Phelan, J. Ryan, J. O'Sullivan, C. T. Ng, D. J. Veale, U. Fearon, Dysregulated 
bioenergetics: A key regulator of joint inflammation. Ann. Rheum. Dis. 75, 2192–2200 
(2016).

	 73.	 S. Shenoy, Coronavirus (Covid-19) sepsis: Revisiting mitochondrial dysfunction 
in pathogenesis, aging, inflammation, and mortality. Inflamm. Res. 69, 1077–1085 (2020).

	 74.	 K. Singh, Y. C. Chen, S. Hassanzadeh, K. Han, J. T. Judy, F. Seifuddin, I. Tunc, M. N. Sack, 
M. Pirooznia, Network analysis and transcriptome profiling identify autophagic 
and mitochondrial dysfunctions in SARS-CoV-2 infection. Front. Genet. 12, 599261 (2021).

	 75.	 K. E. Wu, F. M. Fazal, K. R. Parker, J. Zou, H. Y. Chang, RNA-GPS predicts SARS-CoV-2 RNA 
residency to host mitochondria and nucleolus. Cell Syst. 11, 102–108.e3 (2020).

	 76.	 A. Filer, L. S. C. Ward, S. Kemble, C. S. Davies, H. Munir, R. Rogers, K. Raza, C. D. Buckley, 
G. B. Nash, H. M. McGettrick, Identification of a transitional fibroblast function in very 
early rheumatoid arthritis. Ann. Rheum. Dis. 76, 2105–2112 (2017).

	 77.	 E. Fernandez-Vizarra, M. Zeviani, Blue-native electrophoresis to study the OXPHOS 
complexes. Methods Mol. Biol. 2192, 287–311 (2021).

	 78.	 J. Van den Bossche, J. Baardman, M. P. de Winther, Metabolic characterization of polarized 
M1 and M2 bone marrow-derived macrophages using real-time extracellular flux 
analysis. J. Vis. Exp. 2015, 53424 (2015).

	 79.	 J. K. Salabei, A. A. Gibb, B. G. Hill, Comprehensive measurement of respiratory activity 
in permeabilized cells using extracellular flux analysis. Nat. Protoc. 9, 421–438 (2014).

Acknowledgments: We would like to thank K. Hunter (Cancer Research UK Birmingham 
Centre award C17422/A25154) and J. Flint at the Molecular Histology Facility, University of 
Birmingham, for running the NanoString gene expression panel. We also thank J. Turner, 
Institute of Inflammation and Ageing, University of Birmingham, for running expression 
analysis from public RNA-seq data. Funding: This work was supported by Programme Grant 
21802 and Research into Inflammatory Arthritis Centre Versus Arthritis (22072), both from 
Versus Arthritis, UK. Author contributions: A.R.C. conceived the study. A.R.C. and S.A.C. 
directed and managed the study and wrote the manuscript. S.A.C. designed and performed 
most of the experiments. E.F.-V., D.A.T., R.D.S.P., and M.K.-S. reviewed and edited the 
manuscript. E.F.-V., G.B., J.D.O., S.W.J., C.G., A.E., D.A.T., C.D.B., R.D.S.P., and M.K.-S. contributed 
technical and intellectual support. Human and mouse macrophage stimulations, quantitative 
PCRs, Western blotting: S.A.C., K.K.D., and J.D.O. Synovial macrophage isolation and scRNA-seq 
analysis: L.M., A.E., S.A., and M.K.-S. Mitochondrial assays: S.A.C. and E.F.-V. Protein structural 
modeling: G.B. In situ hybridization and immunohistochemistry: T.M. Expression analysis: 
D.G. Transfections: S.A.C. and Q.Z. Metabolic assays: S.A.C. and A.B.A. RA monocyte 
experiments: K.W. and C.G. COVID-19 scRNA-seq analysis: L.M. and M.K.-S. RA fibroblasts: 
A.F. NDUFA4 patient recruitment: R.D.S.P. Inflammatory profiling of patient macrophages: 
S.A.C. and J.D.O. Competing interests: D.A.T. has undertaken paid consultancy work with 
Sitryx. Other authors declare that they have no competing interests. Data and materials 
availability: Sources of expression data used are specified throughout the text and 
Supplementary Materials as references to original papers or as GEO accession numbers. 
Otherwise, data needed to evaluate the conclusions in the paper are present in the paper and/
or the Supplementary Materials.

Submitted 20 July 2021
Accepted 18 October 2021
Published 8 December 2021
10.1126/sciadv.abl5182


