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Increased expression of the regulatory subunit of HIFs (HIF-1α or HIF-2α) is associated with metabolic adaptation,
angiogenesis, and tumor progression. Understanding how HIFs are regulated is of intense interest. Intriguingly, the
molecular mechanisms that link mitochondrial function with the HIF-regulated response to hypoxia remain to be
unraveled. Here we describe what we believe to be novel functions of the human gene CHCHD4 in this context. We found
that CHCHD4 encodes 2 alternatively spliced, differentially expressed isoforms (CHCHD4.1 and CHCHD4.2). CHCHD4.1
is identical to MIA40, the homolog of yeast Mia40, a key component of the mitochondrial disulfide relay system that
regulates electron transfer to cytochrome c. Further analysis revealed that CHCHD4 proteins contain an evolutionarily
conserved coiled-coil-helix-coiled-coil-helix (CHCH) domain important for mitochondrial localization. Modulation of
CHCHD4 protein expression in tumor cells regulated cellular oxygen consumption rate and metabolism. Targeting
CHCHD4 expression blocked HIF-1α induction and function in hypoxia and resulted in inhibition of tumor growth and
angiogenesis in vivo. Overexpression of CHCHD4 proteins in tumor cells enhanced HIF-1α protein stabilization in hypoxic
conditions, an effect insensitive to antioxidant treatment. In human cancers, increased CHCHD4 expression was found to
correlate with the hypoxia gene expression signature, increasing tumor grade, and reduced patient survival. Thus, our
study identifies a mitochondrial mechanism that is critical for regulating the hypoxic response in tumors.
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Increased	expression	of	the	regulatory	subunit	of	HIFs	(HIF-1α	or	HIF-2α)	is	associated	with	metabolic	adap-
tation,	angiogenesis,	and	tumor	progression.	Understanding	how	HIFs	are	regulated	is	of	intense	interest.	
Intriguingly,	the	molecular	mechanisms	that	link	mitochondrial	function	with	the	HIF-regulated	response	
to	hypoxia	remain	to	be	unraveled.	Here	we	describe	what	we	believe	to	be	novel	functions	of	the	human	
gene	CHCHD4	in	this	context.	We	found	that	CHCHD4	encodes	2	alternatively	spliced,	differentially	expressed	
isoforms	(CHCHD4.1	and	CHCHD4.2).	CHCHD4.1	is	identical	to	MIA40,	the	homolog	of	yeast	Mia40,	a	key	
component	of	the	mitochondrial	disulfide	relay	system	that	regulates	electron	transfer	to	cytochrome	c.	Fur-
ther	analysis	revealed	that	CHCHD4	proteins	contain	an	evolutionarily	conserved	coiled-coil-helix-coiled-coil-
helix	(CHCH)	domain	important	for	mitochondrial	localization.	Modulation	of	CHCHD4	protein	expression	
in	tumor	cells	regulated	cellular	oxygen	consumption	rate	and	metabolism.	Targeting	CHCHD4	expression	
blocked	HIF-1α	induction	and	function	in	hypoxia	and	resulted	in	inhibition	of	tumor	growth	and	angio-
genesis	in	vivo.	Overexpression	of	CHCHD4	proteins	in	tumor	cells	enhanced	HIF-1α	protein	stabilization	
in	hypoxic	conditions,	an	effect	insensitive	to	antioxidant	treatment.	In	human	cancers,	increased	CHCHD4	
expression	was	found	to	correlate	with	the	hypoxia	gene	expression	signature,	increasing	tumor	grade,	and	
reduced	patient	survival.	Thus,	our	study	identifies	a	mitochondrial	mechanism	that	is	critical	for	regulating	
the	hypoxic	response	in	tumors.

Introduction
The HIF pathway plays a central role in both sensing and respond-
ing to changes in cellular oxygen levels (1). HIFs (HIF-1 or HIF-2) 
are basic helix-loop-helix/per/arnt/sim domain (bHLH/PAS) tran-
scription factors, composed of a regulatory HIF-α subunit (HIF-
1α or HIF-2α) and constitutively expressed β subunit (HIF-1β) 
(2). HIF-α is rapidly stabilized in response to hypoxia and, upon 
binding to HIF-1β in the nucleus, transactivates the expression of 
numerous genes involved in cellular processes, such as angiogene-
sis, metabolic adaptation, and cell survival. Increased expression of 
HIF-α is observed in many human cancers and usually correlates 
with increased vascular density, the severity of tumor grade, and a 
poor prognostic outcome using conventional treatments. There-
fore, understanding how HIF-α becomes deregulated in cancer is 
particularly relevant to identifying new therapeutic strategies for 
targeting the HIF pathway (3).

During the last decade, great advances have been made in our 
understanding of HIF-α regulation by oxygen (1). HIF-α protein 
stability is tightly regulated by oxygen-dependent prolyl hydroxy-
lase domain (PHD) enzymes (4–6). Prolyl hydroxylation of HIF-α 

leads to the recognition and binding of the von Hippel-Lindau 
(VHL) E3 ligase, which targets HIF-α for ubiquitin-mediated 
degradation via the proteasome (4, 5, 7). Of particular interest 
are previous studies indicating that mitochondria are important 
for HIF-1α induction and HIF-1–dependent gene transcription 
in response to hypoxia (8–14). Reactive oxygen species (ROS) 
released from complex III in response to hypoxia are proposed to 
play a role in the stabilization of HIF-1α (9, 11, 13) by inhibiting 
PHD-mediated hydroxylation of HIF-1α (15). Pharmacological 
inhibitors of the respiratory chain reaction, loss of cytochrome 
c, or genetic knockdown of mitochondrial complex components 
suppress hypoxia-induced ROS production and HIF-1α stabiliza-
tion (11, 13, 16). In addition, alterations in mitochondrial oxygen 
consumption via cytochrome c oxidase (COX [complex IV]) have 
been proposed to regulate HIF-1α stabilization in a ROS-inde-
pendent manner (10, 17–19).

The emerging relationship between mitochondria and compo-
nents of the respiratory chain in oxygen sensing, HIF-α induc-
tion, and the hypoxic response suggests that novel molecular 
mechanisms exist to regulate HIF-α function and hypoxia sig-
naling via the mitochondria. For the first time to our knowledge, 
here we describe a role for the CHCHD4 (also known as MIA40) 
mitochondrial proteins in HIF-1α regulation, metabolism, and 
tumor progression.
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Results
CHCHD4 encodes 2 alternatively spliced and differentially expressed 
isoforms. Using a bioinformatics approach that has been described 
previously (20–22), we performed analyses to identify protein regu-
lators of HIF-1α (see Supplemental Methods; supplemental mate-
rial available online with this article; doi:10.1172/JCI58780DS1). 
We identified CHCHD4 transcript variant 2 (GenBank accession 
no. NM_144636.2, GI no. 148612891; http://www.ncbi.nlm.nih.
gov/sites/entrez?db=nucleotide). The human CHCHD4 gene is 
located on chromosome 3p25.1 and consists of 4 exons (Gen-
Bank accession no. BC033775, GeneID 131474). Using the BLAST 
homology search algorithm (http://www.ncbi.nlm.nih.gov/
BLAST), we found that CHCHD4 is predicted to generate 2 alterna-
tively spliced mRNA transcripts termed CHCHD4 transcript vari-
ant 1 (CHCHD4.1; GenBank accession no. NM_001098502, GI no. 
148612858) and CHCHD4 transcript variant 2 (CHCHD4.2; Gen-
Bank accession no. NM_144636.2, GI no. 148612891). CHCHD4.1 
encodes exon 2 to exon 4, while CHCHD4.2 encodes exon 1, exon 
3, and exon 4 (Figure 1A). To examine the expression pattern of 
the CHCHD4 isoforms in different human tissues, we designed 
exon specific primers and determined their mRNA expression pat-
tern using RT-PCR. We found that both CHCHD4 isoforms were 
expressed across a variety of human tissues (Figure 1B). Interest-
ingly, we found that CHCHD4.2 displayed a differential expression 
pattern, while the expression levels of CHCHD4.1 were found to be 
similar in all human tissues that we examined (Figure 1B).

Further analysis indicated that CHCHD4.1 encodes a protein of 
142 amino acids, CHCHD4.1, which is identical to MIA40 (23, 24),  

while CHCHD4.2 contains an open reading frame encoding a pro-
tein of 155 amino acids, CHCHD4.2 (Figure 1C). Sequence com-
parison revealed that the 2 proteins only differ by a short addi-
tional N-terminal sequence found in CHCHD4.2 (Figure 1C). To 
assess the relative abundance of the CHCHD4 proteins, we exam-
ined a panel of human tumor cell lines, including HCT116 (colon 
carcinoma), MCF-7 (breast carcinoma), Saos-2 (osteosarcoma), 
and RCC4 (renal carcinoma) cells, using specific antibodies that 
recognize both protein isoforms. Consistent with our findings for 
the CHCHD4 transcripts (Figure 1B), we found that CHCHD4.1 
was the most abundant isoform detected (Figure 1D and Supple-
mental Figure 1), while CHCHD4.2 protein appeared to be dif-
ferentially expressed (Figure 1D). We used short interfering RNA 
(siRNA) duplexes, designed to knock down the expression of both 
CHCHD4 proteins, to further confirm their expression in the cell 
lines used (Figure 1D and Supplemental Figure 1).

CHCHD4 proteins contain an evolutionarily conserved coiled-coil-helix-
coiled-coil-helix domain and localize to mitochondria. Examination of the 
CHCHD4 proteins across species indicated that they share 6 highly 
evolutionarily conserved cysteines (Figure 2A), 4 of which are locat-
ed within a conserved coiled-coil-helix-coiled-coil-helix (CHCH) 
domain containing a characteristic Cx9C motif (ref. 25 and Figure 
2A). Yeast Mia40 and several other CHCH-domain containing pro-
teins have been identified as mitochondrial proteins (23). To evalu-
ate the subcellular localization of endogenous and exogenously 
expressed CHCHD4 proteins, we performed immunostaining and 
subcellular fractionation analyses. We found that both exogenously 
and endogenously expressed CHCHD4 proteins were predomi-

Figure 1
CHCHD4 encodes 2 alternatively spliced and differentially expressed isoforms. (A) Schematic representation of the CHCHD4 genomic region 
showing 4 exons that are subject to alternative splicing. Exons are represented by gray boxes, introns are represented by black thick lines, and 
patterns of alternative splicing are represented by thin lines (blue and black). Gene-specific primers (GSP) were used for PCR to examine the 
alternative splicing transcripts. (B) Human tissue expression analysis shows that the CHCHD4 transcripts are ubiquitously expressed. Gene-spe-
cific primers for CHCHD4.1 and CHCHD4.2 described in A were used to examine human tissue expression, as indicated by RT-PCR. GAPDH 
was used as a loading control. (C) The amino acid sequences encoded by CHCHD4.1 and CHCHD4.2 were aligned using the ClustalW program. 
The short N-terminal sequence in CHCHD4.2 is underlined. Identical (asterisk), conserved (double dot), and partially conserved (single dot) 
amino acid residues are indicated. (D) Western blot showing differential expression of the CHCHD4 proteins in tumor cells. HCT116, RCC4, and 
RCC4/VHL cells were transfected with CHCHD4 siRNA (CH) or NSC (N) siRNA. Cell lysates were analyzed by Western blot for endogenous 
CHCHD4 proteins (CHCHD4.1 and CHCHD4.2) as indicated (arrows).
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nantly localized to the mitochondria and colocalized with cyto-
chrome c (Figure 2, B–D). Furthermore, we found that CHCHD4 
proteins from isolated mitochondria were resistant to proteinase K 
treatment (Supplemental Figure 2A), confirming their localization 
to within mitochondria. Some mitochondrial proteins (e.g., Bax 
and Bak) can also localize to other subcellular compartments, such 
as the ER (26). Thus, using the specific ER marker protein disul-
fide isomerase (PDI) and the Golgi marker Golgin97, we assessed 
whether the CHCHD4 proteins localized elsewhere. We found that 
the CHCHD4 proteins were not detected in either ER, Golgi, or 
nuclear compartments (Supplemental Figure 2B and Supplemen-
tal Figure 3). To examine whether the highly conserved cysteines 
are important for subcellular localization of CHCHD4, we assessed 
the localization of cysteine-to-alanine substituted mutant proteins 
by immunofluorescence (Figure 2, E and F). Interestingly, we found 
that the highly conserved cysteines, including those within the 
CHCH domain, were important for CHCHD4 localization to mito-
chondria, since the CHCHD4-cysteine mutant proteins displayed 
a diffuse distribution in the cytoplasm (Figure 2E) and showed 
some partial localization to the ER (Figure 2F). Collectively, our 
data indicate that the CHCHD4 proteins are mitochondrial and 
that the highly evolutionarily conserved cysteines are important for 
regulating subcellular localization to mitochondria.

CHCHD4 proteins control cellular oxygen consumption rate and metabo-
lism. Recent studies in yeast have identified Mia40 as a critical com-
ponent of the mitochondrial disulfide relay system (DRS). Mia40, 
along with Erv1 of the DRS, participates in the transfer of electrons 
to molecular oxygen through interactions with cytochrome c and 
cytochrome c oxidase (COX, complex IV of the respiratory chain), 
thus linking the DRS to cytochrome c and the respiratory chain 
(27, 28). COX (complex IV) is an important site for regulating 

mitochondrial oxygen consumption rate (OCR) (29). Therefore, 
next we investigated whether CHCHD4 proteins regulate basal 
OCR and cellular ATP levels. Indeed, we found that overexpres-
sion of CHCHD4 enhanced basal OCR in HCT116 cells (Figure 
3A and Supplemental Figure 4) and cellular ATP levels (Figure 3B). 
Conversely, we found that knockdown of CHCHD4 significantly 
reduced basal OCR (Figure 3A and Supplemental Figure 4) and 
cellular ATP levels, without affecting cytochrome c protein expres-
sion (Figure 3C). The significant reduction in basal OCR observed 
upon CHCHD4 knockdown is consistent with inhibitory effects 
observed using specific electron transport chain inhibitors (19).

CHCHD4 proteins are critical for HIF-1α induction and function in 
response to hypoxia. Given that CHCHD4 controls basal OCR (Figure 3),  
and intracellular oxygen levels tightly control HIF-1α protein avail-
ability (10), we hypothesized that CHCHD4 proteins may be impor-
tant for regulating HIF-1α protein induction in response to hypox-
ia. We found that CHCHD4 knockdown inhibited HIF-1α protein 
induced in response to hypoxia in several cell lines (Figure 4A  
and Supplemental Figure 1), without affecting Hif1a mRNA levels 
(Supplemental Figure 5). Notably, we found that the subcellular 
localization and expression of the CHCHD4 proteins were the same 
in normoxia and hypoxia (Supplemental Figure 3). Interestingly, 
CHCHD4 knockdown did not significantly affect HIF-1α induced in 
response to deferoxamine mesylate (DFX) (Supplemental Figure 1A).  
Similar observations were described previously for cytochrome c– 
null mouse embryonic cells, in which loss of cytochrome c signifi-
cantly reduced HIF-α induced in hypoxia but had no significant 
effect on DFX-induced HIF-α (13). Next, we examined whether 
CHCHD4 knockdown also affected HIF transcriptional activity. 
We found that the induction of GLUT-1, VEGF, and lysyl oxidase 
(LOX), the products of 3 known HIF target genes, was markedly 
reduced in hypoxia when CHCHD4 was knocked down (Figure 4, 
B–D). To examine whether the CHCHD4 proteins also regulate 
cell motility and invasion, we performed migration and invasion 
assays (Figure 4, E–G). We found that knockdown of either HIF-1α  
or CHCHD4 in several cell lines, including HCT116, resulted in a 
significant reduction in tumor cell migration (Figure 4E and Sup-
plemental Figure 6), motility (Figure 4F), and invasion (Figure 4G).  
Our data indicate that CHCHD4 proteins can regulate HIF-1α 
induction and function in response to hypoxia in tumor cells.

Targeting CHCHD4 inhibits tumor growth and angiogenesis in vivo. To 
investigate the role of CHCHD4 in tumor growth and angiogenesis 
in vivo, we generated stable HCT116 cells expressing either 2 inde-
pendent shRNA control vectors or 2 independent shRNA vectors 
designed to target CHCHD4. We found that targeting CHCHD4 
by shRNA blocked HIF-1α protein induction and CHCHD4 pro-
tein levels (Figure 5A) and significantly inhibited VEGF expres-
sion (Figure 5B) in response to hypoxia. We found that CHCHD4 
knockdown had no significant effect on tumor cell prolifera-
tion in vitro (Figure 5C), although Mia40 has been described as 
an essential gene in yeast (30, 31). Targeting CHCHD4 by shRNA 
resulted in reduced tumor growth in vivo compared with that of 
independent tumors expressing 2 different shRNA controls (Fig-
ure 5D). Furthermore, using immunohistochemical analyses, we 
observed significantly reduced tumor blood vessel formation in 
the CHCHD4 shRNA knockdown tumor xenografts compared 
with that in tumors expressing the shRNA control (Figure 5, E 
and F). As anticipated, we found reduced nuclear HIF-1α expres-
sion immediately adjacent to the hypoxic regions within the tumor 
(as indicated by pimonidazole staining) and decreased expression 

Figure 2
CHCHD4 proteins contain an evolutionarily conserved CHCH domain 
and localize to mitochondria. (A) Sequence alignment of the CHCH 
domain of CHCHD4 and orthologs showing identical (red, asterisk), 
conserved (blue, double dot), and partially conserved (green, single 
dot) amino acid residues. The conserved 6 cysteine residues (red) 
are highlighted in yellow. The GEO accession numbers (http://www.
ncbi.nlm.nih.gov/protein) are as follows: H. sapiens (Hm, NP_653237),  
M. musculus (Mm, NP_598689), X. laevis (Xl, AAH59772), D. melano-
gaster (Dm, AAN14214), A. mellifera (Am, XP_392382), C. elegans 1  
(Ce1, NP_500803), C. elegans 2 (Ce2, NP_510159), C. elegans 3  
(Ce3, NP_500804), and C. elegans 4 (Ce4, NP_498876). (B) 
Immunostaining analysis of HCT116 cells transfected with myc-tagged 
CHCHD4.1 or CHCHD4.2 expression vectors. Cells were fixed and 
stained with an anti-myc antibody (CHCHD4, green) and imaged by 
confocal microscopy. The mitochondria were visualized using an anti-
body to cytochrome c (red). The nuclei were stained with DAPI (blue). 
The overlay shows colocalized proteins in yellow. (C) Western blot 
showing endogenous and exogenously expressed CHCHD4 proteins 
in cytosolic (Cyto) and mitochondrial (Mito) fractions. Cytochrome c 
was used to confirm efficient mitochondrial fractionation. (D) West-
ern blot analysis showing endogenous CHCHD4 proteins in HCT116 
cells from cytosolic (C) and mitochondrial (M) fractions. Cytochrome c  
was used to confirm efficient mitochondrial fractionation. (E and F) 
Immunostaining analysis of HCT116 cells transfected with myc-tagged 
CHCHD4.2 cysteine mutants as indicated. Cells were fixed, stained, 
and imaged as described in B. (F) The ER was visualized using an 
antibody to PDI. The partial yellow staining in the overlay image indi-
cates colocalization of CHCHD4.2 with PDI. Original magnification, 
×60 (B); ×100 (E and F).
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of the HIF-1α targets CAIX and GLUT-1 (Supplemental Figure 
7 and data not shown). Collectively, these data indicate that the 
CHCHD4 proteins regulate HIF-1α induction, angiogenesis, and 
tumor growth in vivo.

Increased expression of CHCHD4 enhances HIF-1α protein availability 
and correlates with the hypoxia gene expression signature, increased sever-
ity of tumor grade, and decreased patient survival. Since knockdown 
of CHCHD4 proteins blocked HIF-1α protein induction (Figure 
4A), next we addressed whether CHCHD4 overexpression could 
enhance HIF-1α expression. Indeed, we found that CHCHD4 over-
expression led to increased HIF-1α protein stability in hypoxia 
(Figure 6, A and B, and Supplemental Figure 8A) and significantly 
enhanced cellular lactate levels (Supplemental Figure 8B). Increas-
ing evidence shows that overexpression of HIF-1α in cancer func-
tions to drive tumor progression and metastasis (3, 32). Therefore, 
to investigate the clinical relevance of CHCHD4 expression, first 
we analyzed gene expression microarray data from a breast cancer 
series that included 251 patients for whom long-term follow-up 
was available in at least 236 patients (33). We found that CHCHD4 
expression significantly correlated with the hypoxia gene expression 
signature, which was recently described (34). CHCHD4 expression 

showed a significant correlation with the hypoxia score (Table 1),  
such that increasing CHCHD4 expression levels were associated with 
a high hypoxia score (Spearman rho = 0.54, P = 0.000001). Next, 
we compared CHCHD4 expression with tumor size as a continu-
ous variable, and there was a highly significant correlation (Spear-
man rho = 0.23, P = 0.0002) (Supplemental Figure 9A). Similarly, 
increasing CHCHD4 expression significantly correlated (Spearman 
rho = 0.21, P = 0.0007) with increasing tumor grade (Supplemen-
tal Figure 9B). Moreover, when we split the series to assess sur-
vival of patients with above or below median CHCHD4 expres-
sion, we found that CHCHD4 expression above the median was 
associated with a significantly poorer survival outcome (P = 0.016,  
log-rank test; Figure 6C). Confirming these findings, analysis of the 
microarray data from 3 independently published studies (35–37)  
showed that CHCHD4 expression was higher in pancreatic can-
cer compared with that in normal pancreatic tissue (Figure 6D), 
and in breast cancer, increasing CHCHD4 expression correlated 
with increasing tumor grade (Figure 6E). Furthermore, analy-
ses of CHCHD4 expression in glioma (37) showed that increas-
ing CHCHD4 expression correlated with increasing tumor grade  
(Figure 6F) and reduced survival (Figure 6G). Collectively, our 

Figure 3
CHCHD4 proteins regulate basal cellular OCR and cellular ATP levels. CHCHD4.1 (myc-tagged), a control vector, CHCHD4 siRNA, or a NSC 
siRNA were transfected into HCT116 cells, and basal OCR and cellular ATP levels were measured. (A) Graph showing OCR (pM/min) over time. 
Data represent 3 independent experiments. **P < 0.01. (B) Graph showing cellular ATP levels (RLUs) as a percentage of control in control and 
2 independent clonal cell lines (clone.1 and clone.3) stably overexpressing CHCHD4.1 (myc-tagged). *P < 0.05. Western blot analysis showing 
CHCHD4.1 protein expression using a myc antibody. Actin was used as a loading control. (C) Graph showing cellular ATP levels (RLUs) as a 
percentage of control in HCT116 cells transfected with CHCHD4 siRNA or a NSC siRNA. *P < 0.05. Western blot analysis showing CHCHD4 
protein knockdown. Cytochrome c was used as a mitochondrial control. Actin was used as a loading control.
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analyses indicate that increased expression of CHCHD4 in human 
cancers significantly correlates with the gene expression signature 
associated with hypoxic tumors, increased severity of tumor grade, 
and reduced patient survival.

CHCHD4 regulates HIF-1α protein stability. Mechanisms that regulate 
PHD activity and VHL tumor suppressor protein–dependent HIF-1α 
protein stability are central to mediating changes in HIF-1α protein 
availability in response to hypoxia (4, 7). Changes in mitochondrial 

OCR at COX (complex IV) in response to hypoxia have been postu-
lated to result in a redistribution of intracellular oxygen that leads to 
PHD inactivation and HIF-1α stabilization (10). To further explore 
the mechanism by which CHCHD4 regulates HIF-1α protein avail-
ability, we assessed the effects of loss of CHCHD4 on HIF-1α pro-
tein levels using cycloheximide (Figure 7, A and B) or the proteosome 
inhibitor MG132 (Figure 7C). Experiments with cycloheximide indi-
cated that loss of CHCHD4 promoted a marked decrease in HIF-1α 

Figure 4
CHCHD4 proteins are critical for HIF-1α induction and function in response to hypoxia. (A) Two independent CHCHD4 siRNAs or a NSC siRNA 
were transfected into p53–/– HCT116 cells. Cells were incubated in normoxia (Norm) or hypoxia (1% O2) (Hyp). Western blots showing HIF-1α 
and CHCHD4 proteins. Tubulin was used as a loading control. (B–D) HCT116 cells were transiently transfected with CHCHD4 siRNA or a NSC 
siRNA, and cells were incubated in normoxia or hypoxia (1% O2) for 16 hours. (B) Western blot showing GLUT-1 protein, (C) graph showing 
VEGF (pg/ml) protein, and (D) Western blot showing LOX protein (hypoxia samples are shown in duplicate). (E–G) HCT116 cells transiently 
transfected with CHCHD4 siRNA or NSC siRNA were labeled with the fluorescence tracker CMFDA and trypsinized. Cells were (E) serum 
starved for 4 hours and assessed for their ability to migrate toward FCS (5%) as a chemoattractant using an HTS FluoroBlok insert (BD Biosci-
ences) (original magnification, ×20), (F) replated and assessed for haptomigration in a scratch assay, or (G) replated and assessed for invasion 
using the BD Biosciences invasion assay system. Cells in E–G were incubated in hypoxia (1% O2) for 16 hours then fixed and examined by 
microscopy. Graphs represent (E) the average number of migrated cells, (F) the percentage of haptomigrated cells, and (G) the average number 
of invaded cells. Cells were counted from at least 3 independent fields of view. *P < 0.05.
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protein half-life (Figure 7, A and B, and Supplemental Figure 10). Fur-
thermore, we found that HIF-1α protein could rapidly accumulate 
in hypoxia when proteasomal degradation was blocked by MG132, 
even when CHCHD4 protein was knocked down (Figure 7C). Inter-
estingly, and consistent with our findings with DFX (Supplementary 
Figure 1A), we found that HIF-1α stabilized by the prolyl hydroxy-
lase inhibitor dimethyloxalylglycine (DMOG) was also not affected 
by CHCHD4 knockdown (Figure 7D). These data parallel previous 

studies with cytochrome c–null cells (13), in which mitochondrial 
ROS production induced at complex III was identified as a molecular 
mechanism for contributing to HIF-1α stabilization in hypoxia (11, 
13). To address the role of ROS in CHCHD4-mediated enhancement 
of HIF-1α stabilization, we used the antioxidant N-acetyl cysteine. 
Consistent with another study (38), we found that N-acetyl cysteine 
partially blocked HIF-1α protein levels induced in hypoxia (Figure 7, E 
and F). However, we found that the enhanced stabilization of HIF-1α  

Figure 5
CHCHD4 proteins regulate tumor growth and angiogenesis in vivo. HCT116 cells stably expressing a CHCHD4 shRNA vector or 2 independent 
control shRNA vectors were exposed to normoxia (N) or hypoxia (H) (1% O2) for 16 hours. Whole cell lysates were assessed (A) by Western blot 
analysis for HIF-1α and CHCHD4 protein or (B) by ELISA for VEGF (pg/ml) expression. *P < 0.05. (C) Graph showing cell viability (% relative to 
control) of HCT116 cells stably expressing 2 independent CHCHD4 shRNA vectors or 2 independent control shRNA vectors. Cell viability was 
measured using a MTT assay (n = 6; average ± SD). (D) HCT116 cells stably expressing 2 independent CHCHD4 shRNA or control shRNA vectors 
were subcutaneously injected into 8 nude mice (per group) and grown as xenografts. Graph showing tumor growth (cm3) over time in days. Data 
are representative of 2 independent experiments (n = 8). **P < 0.01, for CHCHD4 shRNA1 versus control1 shRNA and CHCHD4 shRNA2 versus 
control2 shRNA, respectively. (E) Immunohistochemical analysis of HCT116 xenograft tumor sections using either an antibody control (Ab-ctrl) or 
CD34 staining to identify blood vessels (as indicated with arrows). (F) Graph shows average blood vessel (CD34+) count per field of view (3 inde-
pendent fields for CHCHD4 shRNA2 or control2 shRNA HCT116 xenograft tumor sections). Values are expressed as average ± SD. *P < 0.05.



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 122   Number 2   February 2012 607

protein induced by CHCHD4 overexpression in hypoxia was not 
sensitive to N-acetyl cysteine treatment (Figure 7, E and F). There-
fore, finally, to ascertain whether inhibition of complex IV activity 
affects CHCHD4-mediated enhancement of HIF-1α protein levels 
in hypoxia, we blocked complex IV activity using sodium azide. We 
found that sodium azide blocked HIF-1α protein levels stabilized 
in hypoxia, even when CHCHD4 was overexpressed (Supplemental 

Figure 11). Taken together, our data suggest that CHCHD4 is linked 
to cytochrome c and COX (complex IV) function and are consistent 
with previous studies in yeast (27, 28).

Discussion
Overexpression of HIF-α occurs in many human cancers and cor-
relates with increased hypoxia, angiogenesis and metastasis, treat-

Figure 6
Increased expression of CHCHD4 enhances HIF-1α protein stability and correlates with increased severity of tumor grade and decreased 
patient survival. (A and B) Control HCT116 cells or HCT116 cells stably expressing myc-tagged CHCHD4.1 were exposed to hypoxia (1% O2) 
for 16 hours and treated with cycloheximide (CHX; 20 μg/ml) for the times indicated. (A) Western blot analysis showing HIF-1α and myc-tagged 
CHCHD4 proteins. Actin was used as a loading control. (B) Graph showing HIF-1α protein levels in A represented as a percentage of each 
untreated condition (t0) measured by densitometric analysis. (C) Graph showing disease-specific survival over time (years) in patients with breast 
cancer that have associated CHCHD4 expression below or equal to/above the median. (D–G) CHCHD4 gene expression data were retrieved 
from the Oncomine website (https://www.oncomine.org/resource/login.html). Each symbol represents an individual sample. (D) Graph showing 
normalized CHCHD4 mRNA expression in 25 normal pancreatic duct cells (NP) and 24 pancreatic ductal carcinoma samples (DPca) analyzed 
from gene expression profiling data described previously (35). P = 0.005. The bar represents the median value. (E) Graph showing normalized 
CHCHD4 mRNA expression in grade 1, 2, and 3 breast carcinoma as indicated, analyzed from gene expression profiling data described previ-
ously (36). Significance values are indicated. The bar represents the median value. (F and G) Graphs showing (F) CHCHD4 DNA copy number 
(log2 transformed) in grade 1, 2, and 3 glioma and (G) in glioma tumor samples from patients taken at survival intervals (yr) as indicated, analyzed 
from gene expression profiling data described previously (37). The bar represents the median value. Significance values are indicated.
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ment resistance, and poor patient survival. Targeting HIF-1α in 
cancer has been shown to block tumor cell growth and angiogen-
esis (3, 32). Thus, elucidating the key molecular mechanisms that 
regulate HIF-α is of particular interest therapeutically.

HIF-α is central to both sensing and responding to changes in 
cellular oxygen levels. However, the mechanisms by which HIF-α  
responds to low oxygen levels are complex. Oxygen is required for 
HIF-α hydroxylation catalyzed by the PHDs, which have been pro-
posed to serve as the oxygen sensors that activate HIF-dependent 
gene expression (5). Intriguingly, however, HIF-1α protein accu-
mulation does not usually occur until oxygen levels are below 5% 
(39), while the activities of the PHDs decrease linearly with oxy-
gen concentration (40). Thus, other studies (8, 9, 14) propose that 
mitochondrial function is also important for regulating HIF-1α 
stabilization in hypoxia.

Here we describe and characterize functions of the human 
CHCHD4 proteins in the context of HIF-1α/hypoxia signaling 
in tumor cells. The human CHCHD4 gene encodes 2 alternative-
ly spliced isoforms (CHCHD4.1 and CHCHD4.2) that we found 
to be differentially expressed across human tissues. CHCHD4.1 
is identical to the mitochondrial intermembrane space (IMS) 
protein, MIA40 (23), which we found to be the predominant 
isoform detected in most human tumor cell lines that we inves-
tigated. Furthermore, we found that both CHCHD4 proteins 
are localized to mitochondria and are resistant to proteinase 
K treatment, confirming that they are not associated with the 
outer mitochondrial membrane. The CHCHD4 proteins contain 
a CPC motif and an identical evolutionarily conserved CHCH 
domain that bears a twin Cx9C motif (25). Consistent with a 
previous study (23), we found that the cysteine residues within 
the CPC motif and CHCH domain are important for regulating 
mitochondrial localization.

The yeast Mia40 and human MIA40 proteins play a key role 
in the import of proteins into mitochondrial IMS (23, 30, 41). 
As an oxidoreductase and essential component of the DRS (41), 
Mia40 catalyses an oxidative protein folding mechanism, lead-
ing to the stabilization of protein conformation by the introduc-
tion of disulfide bonds into cysteine-rich proteins (24). Through 
this process, electrons are transferred from Mia40 via Erv1 to 
cytochrome c and COX (complex IV), thus linking the DRS to 
the respiratory chain (27, 28). We found that CHCHD4 proteins 
are important for controlling cellular OCR and ATP production. 
Modulation of CHCHD4 expression levels, either via knock-
down or overexpression, may lead not only to changes in elec-
tron transfer via the DRS but could also change the steady-state 
levels of cysteine-containing proteins within the IMS, includ-

ing Erv1 and Cox proteins (23). In yeast, conditions causing 
the reduced conformation of Mia40 also prevent its ability to 
import proteins into the IMS (41).

Interestingly, we found that CHCHD4 knockdown blocked 
HIF-1α induction and HIF-1 transcriptional activity in response 
to hypoxia and resulted in the inhibition of tumor cell migration, 
motility, and invasion. In tumor xenografts studies, we found 
that stable knockdown of CHCHD4 resulted in reduced HIF-1α 
protein levels detected in areas immediately adjacent to hypoxic 
regions within the tumor and led to reduced tumor growth and 
significantly reduced angiogenesis. Conversely, we found that 
overexpression of CHCHD4 in tumor cells increased HIF-1α pro-
tein stability and enhanced glycolysis. In human cancers, increased 
CHCHD4 gene expression significantly correlated with the expres-
sion of a gene signature that has been shown to be associated 
with highly hypoxic tumors and with a range of clinical outcomes 
known to be associated with poor prognosis (34).

How do mitochondria interface with the cellular oxygen sens-
ing machinery? Currently, 2 mechanisms for how mitochondria 
regulate HIF-1α stabilization in hypoxia have been described. 
First, the production of mitochondrial ROS in hypoxia at com-
plex III (9, 11, 13) has been proposed to lead to the inhibition of 
PHD enzymatic activity, resulting in the stabilization of HIF-1α  
(15) and increased HIF-1 transcriptional activity (9). In addi-
tion, modulation of mitochondrial OCR at COX (complex IV) 
in response to hypoxia has been postulated to result in a redis-
tribution of intracellular oxygen that leads to PHD inactivation 
and HIF-α stabilization (10) in a ROS-independent manner (10, 
17–19). While these 2 mechanisms have been proposed as distinct 
(ROS dependent and ROS independent), the molecular basis for 
precisely how mitochondria regulate HIF-α/hypoxia signaling via 
complex III and/or COX (complex IV) is still not known.

We found that modulation of CHCHD4 expression levels affect-
ed HIF-1α protein stability. However, CHCHD4 knockdown had 
no significant effect on HIF-1α stabilized in normoxia by DFX 
or DMOG, which block the PHD enzymes. These data indicate 
that CHCHD4 may control the hypoxic response by mediating 
a regulatory effect on the PHD enzymes. Interestingly, a previ-
ous study described similar effects on HIF-1α induction using 
cytochrome c–null mouse embryonic cells (13) and highlighted 
a role for mitochondrial ROS in contributing to HIF-1α stabili-
zation in hypoxia (11). Indeed, we found that treatment of cells 
with the antioxidant N-acetyl cysteine partially reduced HIF-1α 
protein induced in response hypoxia, as previously described (38), 
indicating that ROS contributes in part to HIF-1α stabilization 
in hypoxia. However, we found that CHCHD4-mediated enhance-
ment of HIF-1α protein stabilized in hypoxia was not sensitive to 
N-acetyl cysteine treatment, suggesting that enhanced HIF-1α sta-
bilization observed in hypoxia when CHCHD4 is overexpressed is 
not dependent on ROS. Interestingly, we found that inhibition of 
complex IV activity using sodium azide blocked both HIF-1α pro-
tein stabilized in hypoxia and CHCHD4-mediated enhancement 
of HIF-1α protein stabilized in hypoxia, indicating that human 
CHCHD4, like yeast Mia40, connects the DRS to cytochrome c 
and COX (complex IV) function (27, 28). Collectively, our data 
suggest that rather than an either/or scenario, both ROS and 
other mitochondrial mechanisms involving CHCHD4 potentially 
work in concert to contribute overall to HIF-1α stabilization in 
hypoxia, and it will be of interest to ascertain whether HIF-2α is 
also regulated in a similar manner.

Table 1
Increased expression of CHCHD4 correlates with the hypoxia 
gene expression signature

	 	 Gene	expression	signatures	
	 Hypoxia	 Apoptosis	 Immune	response
rho 0.54 0.09 0.09
P 0.000001 0.1568 0.1474
n 251 251 251

CHCHD4 gene expression data from 251 breast cancer samples (n) 
analyzed for hypoxia, apoptosis, and immune response gene signatures 
(rho and P values are indicated).
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In summary, our study identifies a critical function for the 
CHCHD4 mitochondrial proteins in controlling cellular OCR, 
metabolism, and the HIF-1α/hypoxia response. The clinical 
importance of these observations is highlighted by our findings 
that in human tumors increased CHCHD4 expression is associated 
with the hypoxia gene signature and correlates with the severity 
of tumor grade and poor patient survival. We propose that the 
CHCHD4-HIF-1α axis provides an important role in mediating 
metabolic adaptive responses in tumor cells.

Methods
Cell culture. Cell lines were maintained in DMEM supplemented with 10% 
FCS (Harlan), 100 IU/ml penicillin, 100 μg/ml streptomycin, and 2 mM glu-

tamine (Sigma-Aldrich). The RCC4 renal carcinoma cells were purchased 
from the European Collection of Cell Cultures and have been described 
previously (7). We thank Celeste Simon (University of Pennsylvania Cancer 
Center, Philadelphia, Pennsylvania, USA) for providing cytochrome c–null 
mouse embryonic cells. All other cell lines were purchased from the ATCC.

Antibodies and reagents. The polyclonal antibody against CHCHD4 was 
generated by immunizing rabbits with GST-CHCHD4.2 fusion protein 
produced in E. coli. The antibody was affinity purified using a protein A-
Sepharose bead column. Notably, endogenous CHCHD4.2 protein was 
usually observed to be expressed at much lower levels than CHCHD4.1 
in some cell lines (e.g., HCT116 cells; Figure 1D). Interestingly, however, 
we found that the detection of endogenous CHCHD4.2 protein could be 
enriched in mitochondrial fractions (Figure 2D) when compared with that 

Figure 7
CHCHD4 proteins regulate HIF-1α protein stability. (A–C) HCT116 cells transiently expressing either a NSC siRNA or CHCHD4 siRNA were 
exposed to hypoxia (1% O2) for 16 hours and then treated with cycloheximide (50 μg/ml) for the times indicated. Western blots were assessed 
for HIF-1α protein. Actin was used as a loading control. (B) Graph showing HIF-1α protein levels in A represented as a percentage of each 
untreated condition (t0) measured by densitometric analysis. (C) HCT116 cells transfected as described in A were exposed to MG132 (50 μM) 
as indicated. Western blots were assessed for HIF-1α protein. Actin was used as a loading control. (D) HCT116 cells transfected as described 
in A were exposed to DMOG (1 mM) for the times indicated. Western blots were assessed for HIF-1α and CHCHD4 proteins. Actin was used 
as a loading control. (E and F) Control HCT116 cells (WT) or HCT116 cells stably expressing myc-tagged CHCHD4.1 were exposed to hypoxia 
(1% O2) for 16 hours in the absence (untreated [UT]) or presence (N) of N-acetyl cysteine (10 mM). (E) Western blots were assessed for HIF-1α 
and CHCHD4 proteins. Actin was used as a loading control. (F) Graph showing HIF-1α protein levels in E relative to the WT untreated samples, 
measured by densitometric analysis.
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of total lysates (Figure 1D). HIF-1α antibodies were purchased from BD 
Biosciences. Antibodies for β-actin and α-tubulin were purchased from 
Sigma-Aldrich. Anti-myc antibodies (9B11 or 9E10) were purchased from 
Roche and Upstate, respectively, and used in immunoprecipitation assays. 
The anti-myc (for localization studies), were purchased from Cell Signaling 
Technology. The PDI and Golgin97 antibodies for immunostaining were 
purchased from Invitrogen. Cellular lactate levels were measured using the 
Lactate Colorimetric Assay Kit (Abcam), and cellular ATP levels were mea-
sured using the CellTiter-Glo Luminescent Assay (Promega).

Sequence analysis and structural modeling. The BLAST program was used to 
identify similar sequences between the CHCHD4 homologs. The sequences 
were aligned with the ClustalW program (http://www.ebi.ac.uk/clustalw), 
and the CHCH domain sequence was identified using the InterProScan 
Sequence Search (http://www.ebi.ac.uk/InterProScan/).

siRNA duplexes, transient transfections, and shRNA lentivirus. siRNA duplex-
es were purchased from Dharmacon and transfected into subconfluent 
HCT116, Saos-2, MCF-7, RCC4, and RCC4/VHL cells using HiPerfect trans-
fection reagent (QIAGEN) according to the manufacturer’s instructions. 
The target sequences for CHCHD4 siRNA were 5′-ATAGCACGGAGGAGA-
TCAA-3′ and 5′-GAGGAAACGTTGTGAATTATT-3′, corresponding to bases 
546–564 and 1501–1519 in NM_144636, respectively, and targeted both 
CHCHD4 isoforms. The target sequence for HIF-1α siRNA was 5′-TACGTT-
GTGAGTGGTATTATT-3′ from NM_001530 (1302–1322). The nonsilenc-
ing control (NSC) siRNA duplexes (5′-AATTCTCCGAACGTGTCACGT-3′) 
were obtained from QIAGEN. The HIF-1α siRNAs have been described by us 
previously (42). For stable transfection of shRNA, lentiviruses expressing a 
SMARTvector shRNA nontargeting control (control2), an empty vector con-
trol lentivirus (control1), or 3 independent SMARTvector shRNAs target-
ing CHCHD4 (Thermo Scientific Dharmacon) were used to stably transfect 
HCT116 cells. Stable cells pools were selected using puromycin (0.5 μg/ml).

Basal OCR measurements. The basal OCRs of HCT116 cells were measured 
using a Seahorse Bioscience XF24 analyzer. Briefly, cells were seeded into  
6-well plates at 2.0 × 105 cells per well 24 hours before siRNA transfection was 
carried out using a specific CHCHD4 siRNA or NSC siRNA using HiPerfect 
transfection reagent (Qiagen). Twenty-four hours later, transfection com-
plexes were washed off, and cells were reseeded into Seahorse V7 cell culture 
plate at 30,000 cells per well using complete media in preparation for analysis 
using the Seahorse Bioscience XF24 analyzer. Prior to the assay, cells had their 
media changed to DMEM without sodium bicarbonate and phenol red and 
were placed in an incubator without CO2. The dissolved oxygen in the media 
surrounding the cells was then measured, and the OCR was calculated. Mix, 
wait, and measure cycles of 3.0, 2.0, and 2.0 minutes, respectively, were used.

In vivo xenograft studies and study approval. For tumor growth studies, subcu-
taneous xenografts were established by injecting 5 × 106 cells into the right 
flank of 6- to 8-week-old female athymic MF1 nude mice, using 8 mice per 
group. Tumors were measured twice weekly until volume (length × width × 
height/2) reached 1.5 cm3, and the mice were culled. Mice were given food 
and water ad libitum, and all experiments were in compliance with the 
United Kingdom Co-ordinating Committee on Cancer Research (UKCCCR) 
Guidelines for the Welfare of Animals in Experimental Neoplasia. Tumor 
preparation and microscopy were carried out as described previously (43). 
All in vivo studies were performed in accordance with the United Kingdom 
Home Office Animal Procedures Act of 1986 and with approval of the Uni-
versity College London Animal Ethics Committee.

CHCHD4 gene expression analyses. To investigate the CHCHD4 expression 
relative to that of other patterns of gene expression, we analyzed a breast 
cancer series in which U133A and B Affymetrix chips had been used (33). 
Information on up to 251 breast cancer samples was analyzed where long-
term patient follow-up was also available (33). We compared CHCHD4 
expression with a hypoxia profile that we have previously described (34). 

This showed a clear correlation (Spearman rho = 0.54, P = 0.00001) with 
the hypoxia score. The gene expression data were retrieved from the Gene 
Expression Omnibus (GEO) website (http://www.ncbi.nlm.nih.gov/geo/). 
SPPS and R were used for statistical calculations. Independent CHCHD4 
gene expression data were also retrieved from the Oncomine website 
(https://www.oncomine.org/resource/login.html). The Prism program was 
used for statistical calculations, and graphic values represent normalized 
CHCHD4 mRNA expression and CHCHD4 DNA copy number (log2 trans-
formed) as indicated. The study from Ishikawa et al. includes 25 normal 
pancreatic duct cells and 24 pancreatic ductal carcinoma samples (GEO 
accession no. GSE1542) (35). Gene expression profiling was performed 
using the Affymetrix Human Genome U133A and U133B. The study from 
Ma et al. includes 3 breast carcinomas with grade 1 classification, 39 breast 
carcinomas with grade 2 classification, and 18 breast carcinomas with grade 
3 classification (GEO accession no. GSE1378) (36). A custom-designed 
22,000-gene oligonucleotide (60-mer) microarray was fabricated (Agilent 
Technologies) for gene expression profiling. The study from Kotliarov et 
al. for tumor grade includes 55 gliomas with grade 1 classification, 41 glio-
mas with grade 2 classification, 82 gliomas with grade 3 classification (GEO 
accession no. GSE6109) (37). The survival study includes 30 gliomas from 
patients with more than 5-year survival, 16 gliomas from patients with 3- to 
5-year survival, 50 gliomas from patients with 1- to 3-year survival, and 53 
gliomas from patients with less than 1-year survival. The Genechip Human 
Mapping 100K arrays (Affymetrix), which covers 116,204 single nucleotide 
polymorphism loci in the human genome, with a mean intermarker dis-
tance of 23.6 kb, was used to study the DNA copy number.

Statistics. All in vitro experiments are representative of at least 3 indepen-
dent repeats. The numbers of mice or tissues used in each experiment are 
presented in the text or figure legends. Values are expressed as mean ± SEM 
unless otherwise stated, and statistical significance was determined by a  
1-tailed or 2-tailed Student’s t test, with significance set at P < 0.05.
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