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ATAD3A mediates activation of RAS-
independent mitochondrial ERK1/2 signaling, 
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Abstract 

Background: Targeting mitochondrial oncoproteins presents a new concept in the development of effective cancer 
therapeutics. ATAD3A is a nuclear-encoded mitochondrial enzyme contributing to mitochondrial dynamics, choles-
terol metabolism, and signal transduction. However, its impact and underlying regulatory mechanisms in cancers 
remain ill-defined.

Methods: We used head and neck squamous cell carcinoma (HNSCC) as a research platform and achieved gene 
depletion by lentiviral shRNA and CRISPR/Cas9. Molecular alterations were examined by RNA-sequencing, phospho-
kinase profiling, Western blotting, RT-qPCR, immunohistochemistry, and immunoprecipitation. Cancer cell growth was 
assessed by MTT, colony formation, soft agar, and 3D cultures. The therapeutic efficacy in tumor development was 
evaluated in orthotopic tongue tumor NSG mice.

Results: ATAD3A is highly expressed in HNSCC tissues and cell lines. Loss of ATAD3A expression suppresses HNSCC 
cell growth and elicits tumor regression in orthotopic tumor-bearing mice, whereas gain of ATAD3A expression 
produces the opposite effects. From a mechanistic perspective, the tumor suppression induced by the overexpres-
sion of the Walker A dead mutant of ATAD3A (K358) produces a potent dominant-negative effect due to defective 
ATP-binding. Moreover, ATAD3A binds to ERK1/2 in the mitochondria of HNSCC cells in the presence of VDAC1, and 
this interaction is essential for the activation of mitochondrial ERK1/2 signaling. Most importantly, the ATAD3A-ERK1/2 
signaling axis drives HNSCC development in a RAS-independent fashion and, thus, tumor suppression is more effec-
tively achieved when ATAD3A knockout is combined with RAS inhibitor treatment.

Conclusions: These findings highlight the novel function of ATAD3A in regulating mitochondrial ERK1/2 activation 
that favors HNSCC development. Combined targeting of ATAD3A and RAS signaling may potentiate anticancer activ-
ity for HNSCC therapeutics.
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Background
Mitochondria are highly responsive and dynamic orga-
nelles that are fundamental to energy production, cell 
metabolism, survival, and death. Recent evidence has also 
indicated that mitochondria are highly associated with 
cell biological behaviors that facilitate cancer hallmark 
capabilities [1, 2]. While non-specific anti-mitochondrial 
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targeting may be effective against cancer cells, it is likely 
to produce ill effects on the growth and survival of nor-
mal cells as well. As a result, promising treatments that 
precisely target the specific mitochondrial proteins 
involved in tumor development and progression are 
greatly needed. It is clear, however, that understanding 
these cancer-associated mitochondrial proteins is the 
first step in the development of mitochondria-based anti-
cancer regimens.

The ATPase family AAA-domain containing protein 3A 
(ATAD3A), a nuclear-encoded mitochondrial enzyme, is 
anchored to the mitochondrial inner membrane (MIM) 
with its N-terminus in contact with the mitochondrial 
outer membrane (MOM) [1, 3–5]. This protein contains 
two coiled-coil domains (CC1 and CC2), Walker A (WA) 
and Walker B (WB) motifs, among which, the WA motif 
is responsible for ATP binding in the AAA module of 
ATAD3A [1, 6]. Disease-causing mutations in ATAD3A 
often include point mutations in these motifs [1, 6]. For 
example, a structural in silico analysis of a WA mutant 
suggests that the substitution of lysine 358 to alanine 
(K358A) changes the affinity of the substrate-binding 
site for ATP and results in reduced ATPase activity of 
ATAD3A, which has been associated with neurodevel-
opmental disorders [6, 7]. As a mitochondrial protein, 
ATAD3A controls a broad spectrum of physiological 
and pathological responses with functions implicated in 
mitochondrial dynamics, nucleoid organization, signal-
ing transduction, and cholesterol metabolism [5, 8, 9]. Of 
particular relevance to the essential processes underlying 
mitochondrial biogenesis, metabolism and mitophagy, 
ATAD3A has been considered one of most common 
genes linked to mitochondrial diseases in childhood, and 
deletion of ATAD3A and its orthologues in flies, worms, 
and mammals leads to embryonic lethality with growth 
retardation and aberrant mitochondrial activity [1, 9–11].

Increasing evidence suggests that ATAD3A is engaged 
in cancer development, progression, and treatment. In 
lung adenocarcinoma, ATAD3A overexpression corre-
lates with tumor stage and lymphovascular involvement 
in patients, and silencing its expression increases mito-
chondrial fragmentation and cisplatin sensitivity [12]. In 
prostate cancer, loss of ATAD3A reduces the secretion of 
prostate-specific antigen and resensitizes cisplatin-resist-
ant tumor cells to cisplatin [13]. Noticeably, ATAD3A 
acts as a broker of a mitochondria-endoplasmic reticu-
lum (ER) connection to manipulate cell signaling [1, 3]. 
This is supported by one of our studies that demonstrated 
ATAD3A interacts with the WAS protein family member 
3 (WASF3) metastasis-promoting protein and promotes 
invasion of breast and colon cancer cells through regu-
lating GPR78-mediated stabilization of WASF3 on the 
boundary of the mitochondrial and ER membranes [3]. 

Nevertheless, a comprehensive understanding of the role 
ATAD3A plays in cancer development needs to be fur-
ther determined.

In the present study, we focused primarily on the func-
tional characterization of ATAD3A in head and neck 
squamous cell carcinoma (HNSCC) and report for the 
first time that ATAD3A serves as a mitochondrial onco-
protein to drive the development of this deadly disease. 
In HNSCC cells, the function of ATAD3A is dependent 
on its ATP-binding ability and is enabled by a novel regu-
latory mechanism in which it activates mitochondrial 
ERK1/2 via protein-protein interaction. Notably, the volt-
age-dependent anion channel 1 (VDAC1), another gate-
keeper that fuels mitochondrial functions, is essential for 
the ATAD3A-ERK1/2 signaling, which is RAS-independ-
ent. These novel findings signify that the impairment of 
ATAD3A-mediated mitochondrial oncogenic signaling 
could be a potential therapeutic approach, which may 
further combine with RAS inhibition to achieve synergis-
tic anti-HNSCC efficacy.

Materials and methods
Cell lines and standard assays
The human HNSCC cell lines HN6, HN8, HN12, and 
HN17 were gifted from Dr. W. Andrew Yeudall [14] and 
maintained in our lab. All cell lines were cultured in 
DMEM/F12 medium (50/50) containing 10% fetal bovine 
serum at 37 °C in a humidified incubator maintained 
at 5%  CO2. Human telomerase-immortalized tonsillar 
keratinocytes hTERT HAK Clone 41 were a gift from Dr. 
A. Klingelhutz and Dr. J. Lee (University of Iowa, Iowa 
City, IA) and cultured in KSFM with 0.2 ng/ml EGF and 
30 μg/ml bovine pituitary extract [15]. Cells with a pas-
sage number less than ten were used for the experiments 
in this study. Cell culture, transfection and infection, cell 
proliferation, immunofluorescence (IF), Western blot-
ting, Matrigel invasion assays and colony formation 
assays were carried out as we previously described [16–
18]. Densitometric analysis of Western blots was per-
formed using with ImageJ Fiji (version 1.2; WS Rasband, 
National Institute of Health, Bethesda, MD).

Antibodies and reagents
Antibodies that recognize ERK1/2, p-ERK1/2, RAF1, 
p-RAF1, AKT, p-AKT, MEK1/2, p-MEK1/2, GAPDH, 
COXIV, VDAC1, cleaved caspase-3, calnexin, PCNA, 
E-cadherin and vimentin were purchased from Cell 
Signaling Technology (Beverly, MA). Antibodies against 
β-actin, Myc, and Flag were obtained from Sigma-
Aldrich (St Louis, MO). Antibodies that recognize cyclin 
D1 and CDK4 were purchased from Santa Cruz Biotech-
nology (Dallas, TX). ATAD3A antibody was purchased 
from Novus Biologicals (Abingdon, UK). CellTiter 96® 
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AQueous One Solution Cell Proliferation Assay (MTS) 
was obtained from Promega (Madison, WI). Texas-red 
phalloidin, D-luciferin bioluminescent substrate, and 
alamarBlue Cell Viability Reagent were purchased from 
ThermoFisher Scientific (Waltham, MA). The RAS inhib-
itor salirasib and the ERK1/2 inhibitor SCH772984 were 
obtained from SelleckChem (Houston, TX), and 4-nitro-
quinoline-1-oxide (4NQO) was purchased from Sigma-
Aldrich (St. Louis, MO).

Constructs and gene modifications
To construct the Flag-tagged full-length ATAD3A gene 
and its WA dead mutant K358A (with the substitution 
of lysine 358 to alanine), DNA fragments were ampli-
fied by PCR from pcDNA5-ATAD3A and pcDNA5-
ATAD3A-K358A plasmids [6] and subcloned into the 
lentiviral vector pCDH-CMV-MCS-EF1-PURO (System 
Biosciences) using XbaI and BamHI individually. An 
epitope Flag tag was introduced by PCR, and the primer 
sequences used in this assay were 5′-CGT CTA GAG CCA 
CCA TGT CGT GGC TCT TCG GC-3′ (forward primer) 
and 5′-ACG GAT CCT TAT CAC TTG TCG TCA TCG TCT 
TTG TAG TCG GAT GGG GAG GGC TCG TC-3′ (reverse 
primer). Myc-tagged pcDNA3.1-ATAD3A-N-terminus 
(ATAD3A-Cter, 1-287 aa) and pcDNA3.1-ATAD3A-C-
terminus (ATAD3A-Nter, 258-586 aa) plasmids were 
kindly provided by Dr. Rousseau Denis [19, 20]. For 
ATAD3A knockout (KO), a single guide RNA (sgRNA) 
of 20 nucleotides was designed to target a region span-
ning the exon 6 (5′-CCG CCG GCT CGT GGC AGT CT-3′). 
Guide sequences were cloned into the sgRNA scaffold of 
pSpCas9n (BB)-2A-Puro (PX459) V2.0 (Addgene plasmid 
#62988) [21]. For the isolation of ATAD3A KO clones, 
cells were selected by 1.0 μg/ml puromycin for 3 days 
after transfection, and single cells were then seeded into 
a 96-well plate. Derived clones were screened by West-
ern blotting and verified by sequencing. For gene knock-
down, the pLKO.1-puro TRC control shRNA targeting 
the green fluorescent protein (shGFP) and shRNAs tar-
geting ATAD3A, VDAC1, and RAF1 were obtained 
from Horizon Discovery (Waterbeach, UK). The lenti-
virus generated by co-transfecting the lentiviral shRNA 
and packaging plasmids (Viropower kit; Invitrogen) into 
HEK293FT cells (Invitrogen) was used to infect HNSCC 
cells as previously described [16, 22].

Soft agar colony formation and three‑dimensional (3D) cell 
cultures
This assay was performed using a two-layer soft agar sys-
tem as previously described [22]. Briefly, 2 ×  104 ATAD3A 
KO and parental HN12 cells suspended in 1.5 ml of 
top agar (0.3% agar in two-fold complete cell culture 
medium) were overlaid onto a 1.5 ml layer of bottom agar 

(0.6% agar in the same culture medium). After 14 days of 
incubation, the colonies were photographed and scored 
by inverted phase-contrast microscopy without fixation 
and staining. As for 3D culture, ATAD3A gene modi-
fied HN12 cells and their corresponding control cells 
(1 ×  105) were seeded into SeedEZ scaffolds (Lena Biosci-
ence, Atlanta, GA) supplied with complete medium. On 
Day 14 after treatment, cell growth in SeedEZ scaffolds 
was stained by Texas-red phalloidin and measured by 
alamarBlue at 545/590 nm ex/em [23].

Cell cycle analysis
Cell cycle progression was assessed by flow cytometry. 
Briefly, ATAD3A KO and parental HN12 cells at a density 
of 1 ×  106/ml were collected, fixed in 1% methanol-free 
formaldehyde (Sigma-Aldrich) for 20 min and suspended 
in 70% ethanol solution to dehydrate at − 20 °C for 24 h. 
Cells were washed and treated with 0.5μg/ml RNAse A 
for 10 min at room temperature, followed by incubation 
of 20 μg/ml propidium iodide (Invitrogen) overnight at 
4 °C. Samples were analyzed using a FACSCalibur system 
and ModFitLT V3.2.1 software (BD Bioscience, San Jose, 
CA).

Mitochondria isolation, purification and trypsin proteolysis
Mitochondrial fractions were isolated using the Pro-
teoExtract Mitochondria/Cytosol Fractionation Kit 
(Millipore, Billerica, MA, USA) according to the manu-
facturer’s instructions. The crude mitochondria were 
purified from sucrose-density gradient as previously 
described [24]. The highly purified mitochondrial and 
cytoplasmic fractions were confirmed by Western blot-
ting analysis using the mitochondrial marker COXIV, 
ER marker calnexin, cytoplasmic GAPDH protein and 
nuclear PCNA protein. For trypsin proteolysis, isolated 
mitochondria were treated with 50 μg/ml trypsin for 
30 min and then pelleted and lysed as described previ-
ously [3].

Immunoprecipitation (IP)
In vitro protein-protein interactions were assessed by IP 
as previously described [3, 25, 26]. Briefly, the cell lysate 
was diluted in 500 μl IP lysis buffer with the correspond-
ing antibodies, followed by incubation with Protein A/G 
Sepharose® (Abcam, Cambridge, MA) for at least 4 h at 
4 °C. The immunoprecipitated proteins were washed 
three times and then subjected to Western blotting 
analysis.

Tissue microarrays and immunohistochemistry (IHC)
The human head and neck tissue microarrays (HN802 
and HN803c) were purchased from US Biomax (Rock-
ville, MD). IHC of the human tissue microarrays and 
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paraffin-embedded xenografts was conducted as previ-
ously described [16]. Human tissue microarrays were 
immunostained with anti-ATAD3A antibody, and sec-
tions of tongue tumor xenografts were immunostained 
with antibodies against phospho-ERK1/2 and Ki67. 
Negative controls included non-specific polyclonal rabbit 
antibody at 2 μg/ml (Abcam, Cambridge, MA). Immuno-
reactivity was visualized using the DAB Kit (Vector 
Laboratories, Burlingame, CA) and counterstained with 
hematoxylin according to the manufacturers’ procedure. 
Five areas of each sample from xenograft sections or tis-
sue microarrays were imaged at random by a CCD cam-
era (Zeiss), and IHC staining intensity of targeted protein 
was quantified using Image pro-Plus6.0 software (Media 
Cybernetics, Silver Springs, MD) and presented as inte-
grated optical density (IOD).

Transmission electron microscopy (TEM)
A standardized method was used according to our estab-
lished protocol [14, 18]. Briefly, 1.0 ×  107 ATAD3A KO 
and parental HN12 cells were harvested and fixed in 2% 
glutaraldehyde for 45 min. The samples were postfixed 
in 2% osmium tetroxide for 2 h, dehydrated through a 
graded series of ethanol (50, 70, 90, and 100% for 15 min 
and then three times at 100%), and embedded in Epon-
Araldite resin. Ultrathin sections were double-stained 
with 1% lead citrate and 0.5% uranyl acetate and exam-
ined with the JEOL JEM-1230 TEM.

Seahorse bioanalyzer
Live cell analyses of oxygen consumption rate (OCR) 
and extracellular acidification rate (ECAR) were meas-
ured by Seahorse XF Cell Energy Phenotype Test Kit on 
a Seahorse XFe96 Extracellular Flux analyzer (Agilent 
Technology) as previously described [27]. In brief, 4 ×  103 
cancer cells were seeded on each well of poly-D-lysine 
coated XF96 miniplates overnight and then incubated in 
100 μl XF medium (10 mM glucose, 2 mM L-glutamine, 
and 1 mM sodium pyruvate) for 45 mins. Three measure-
ments were obtained under basal conditions and upon 
sequential injection of 1 μM oligomycin (Oligo) and 1 μM 
fluoro-carbonyl-cyanide phenylhydrazone (FCCP). OCR 
and ECAR values were calculated from 3-min measure-
ment cycles and adjusted to cell numbers. OCR:ECAR 
ratio was calculated according to previous report [28].

RNA‑sequencing (RNA‑seq) and data analysis
Total RNA was extracted from ATAD3A KO and parental 
HN12 cells using TRIzol reagent (Invitrogen, Carlsbad, 
CA) according to the manufacturer’s protocol. The puri-
fied RNA samples were sent to Novogene Corporation 
(Sacramento, CA) for library construction and sequenc-
ing using the Illumina HiSeq™ 2000 platform to obtain 

expression libraries of 50-nt read length. Independent 
duplicate cultures were sampled to avoid random error. 
Differentially expressed genes (DEGs) were identified 
using the DESeq R package functions estimateSizeFac-
tors and nbinomTest. P value < 0.05 and fold change 
> 1.25 or fold change < 0.75 was set as the threshold for 
significantly differential expression. Hierarchical cluster 
analysis of DEGs was performed to explore transcript 
expression patterns, and Gene Ontology (GO) was per-
formed to identify the potential function of all DEGs. The 
detailed RNA-seq information of this assay is available 
in GSE163939 deposited in the NIH Gene Expression 
Omnibus (GEO) database.

Reverse transcription quantitative PCR (RT‑qPCR) 
and phospho‑kinase profiling
RT-qPCR was performed using Applied Biosystems™ 
Power SYBR™ Green PCR Master Mix (ThermoFisher 
Scientific) on the StepOne Plus Real-Time PCR System 
(Applied Biosystems, Foster City, CA). Technical trip-
licates of each sample were examined, and gene expres-
sion levels were normalized against β-actin. In this assay, 
the primers for human TNFα were: 5′-TGC ACT TTG 
GAG TGA TCG GC-3′ (forward) and 5′-CTC AGC TTG 
AGG GTT TGC TAC-3′ (reverse). The primers for human 
β-actin were: 5′-GAG CAC AGA GCC TCG CCT TT-3′ 
(forward) and 5′-TCA TCA TCC ATG GTG AGC TGG-3′ 
(reverse). the primers for human ATAD3B were: 5′-TGC 
CCT CAT CAC AGT CCA AA-3′ (forward) and 5′-GGA 
GGA ATC CAG ACC CAC AG-3′ (reverse). To determine 
the phosphorylation status of numerous interrelated 
phospho-kinases in HN12 cells with or without ATAD3A 
KO, the Proteome Profiler Human Phospho-Kinase 
Array Kit (R&D Systems, Minneapolis, MN) was applied 
according to the manufacturer’s protocol.

Animal studies
All animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of 
Augusta University. Six-week-old NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ (NSG) mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME). An orthotopic 
xenograft tongue tumor model was generated as we 
previously described [16]. Briefly, 1 ×  105 luciferase con-
taining HN12 cells carrying different ATAD3A gene 
modifications were suspended in 50 μl of PBS/Matrigel 
(3:1) and injected into the anterior ~ 1/3 tongue of 
NSG mice under anesthesia. Twenty-one days after cell 
implantation, mice were imaged for bioluminescent lucif-
erase signal using a Xenogen IVIS-200 In  Vivo Imaging 
System (PerkinElmer, Waltham, MA). For drug treat-
ment, 7 days after receiving ATAD3A KO or parental 
HN12 cells, tumor-bearing NSG mice were treated with 
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salirasib intraperitoneally once every other day for two 
consecutive weeks at 30 mg/kg body weight. The mice 
treated with an equal volume of vehicle (PBS) were used 
as control. When the experiment was terminated, the pri-
mary xenografts were excised and processed for standard 
histological analysis with H&E staining and IHC with 
antibodies against p-ERK1/2 and Ki67 as we previously 
described [29, 30].

TCGA data retrieval and statistics
The mRNA expression of ATAD3A from the TCGA Pan-
Cancer cohort, as well as the mRNA expression from 
ATAD family members from the TCGA head and neck 
cancer cohort, were obtained using the UCSC Xena 
Browser (http:// xena. ucsc. edu/). The data were analyzed 
using two-tailed Student’s t-test by comparing with the 
control group. For multiple comparisons, data were ana-
lyzed via analysis of variance (ANOVA) with the Tukey-
Kramer Multiple Comparisons Test. The data obtained 
from three independent repetitions were presented in 

the form of an average and a standard deviation, and a 
p-value of < 0.05 was set as the criterion for statistical 
significance.

Results
High expression levels of ATAD3A are associated 
with human HNSCC development
Investigation of ATAD3A expression levels from TCGA 
Pan-Cancer analysis revealed that ATAD3A was highly 
expressed in many types of cancer, including HNSCC 
(Fig.  1A), which was confirmed by data from the 
Oncomine database (Supplementary Fig. S1A). We then 
examined the distribution of ATAD3A expression lev-
els within TCGA HNSCC cases. This analysis showed 
ATAD3A was one of four ATAD family members that 
were upregulated in HNSCC (Fig.  1B). Moreover, the 
expression levels of ATAD3A were higher in advanced 
tumor stages (II, III, and IV) than in Stage I of HNSCC, 
although there was no statistical significance (Supple-
mentary Fig. S1B). To verify whether ATAD3A protein 

Fig. 1 ATAD3A is highly expressed in HNSCC tissues. A The mRNA expression of ATAD3A within TCGA Pan-Cancer cohort (among 33 cancer types). 
ATAD3A shows significantly higher expression in HNSCC tissues compared with solid tissue normal samples. B Distribution of the expression of 
ATAD family members within TCGA HNSCC cases. C, D The protein levels of ATAD3A in HNSCC tissue arrays analyzed by IHC. Representative IHC 
images (C) and quantitative data of staining intensity presented as positive area score (D). E ATAD3A expression levels in  HPV− and  HPV+ HNSCC 
tumors illustrated by TCGA head and neck cancer cohort (n = 528). **p < 0.01

http://xena.ucsc.edu/
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expression corresponded with the observations of 
high mRNA expression changes, we compared the lev-
els of ATAD3A protein in HNSCC and normal tissues 
using tissue microarrays. Significantly higher levels of 
ATAD3A were observed in primary HNSCC tissues, 
including the tongue, pharynx, and larynx, as illus-
trated by IHC with anti-ATAD3A antibody (Fig. 1C and 
D). We also examined the expression levels of ATAD3A 
in human papillomavirus (HPV) negative (−) and posi-
tive (+) HNSCC using the gene expression data from 
TCGA head and neck cancer cohort (Fig.  1E). There 
was no statistically significant difference in ATAD3A 
expression levels between  HPV− and  HPV+ tumor 
groups, suggesting that it is not specifically associated 
with HPV infection status. These findings support the 
involvement of ATAD3A in HNSCC development and 
progression.

Loss of ATAD3A gene expression impairs mitochondrial 
functions and subsequently constrains HNSCC 
development
Next, we determined the levels of ATAD3A protein 
in various HNSCC cells and found that ATAD3A was 
expressed in all cell lines examined (Fig.  2A). Interest-
ingly, the levels of ATAD3A were stronger in all HNSCC 
cell lines compared with oral keratinocytes (Fig. 2A). IF 
assay showed that ATAD3A localized to mitochondria 
in HNSCC cells as evidenced by co-localization between 
the MitoTracker signal and the signal produced from 
anti-ATAD3A antibody (Fig.  2B). To better understand 
the role of ATAD3A in HNSCC, we generated ATAD3A 
KO HN12 cells using the CRISPR/Cas9 gene-editing 
system (Supplementary Fig.  S2). Clone screening of 
ATAD3A KO by Western blotting showed that clones #1 
and #5 from HN12 cells experienced a complete loss of 

Fig. 2 Loss of ATAD3A impairs mitochondrial function in HNSCC cells and inhibits tumor development. A ATAD3A protein levels in various HNSCC 
cell lines and normal oral keratinocytes (hTERT). B Subcellular localization of ATAD3A in HN12 cells determined by confocal microscopy after IF 
staining. C ATAD3A KO clones derived from the sgATAD3A-targeting HN12 cells screened by Western blotting. D Mitochondrial structure of ATAD3A 
KO (#1) and parental HN12 cells assessed by TEM. Mitochondrial cristae density, minor axes and aspect ratio (major axis/minor axis) were quantified 
from 20 randomly selected fields. Arrow heads indicate mitochondria. E OCR and ECAR profiles of ATAD3A KO (#1) and parental HN12 cells 
measured by a Seahorse XFe96 analyzer. In this assay, 1 μM Oligo that inhibits ATP synthesis and 1 μM FCCP that uncouples OXPHOS were injected 
at the indicated point (arrow). F OCR:ECAR ratio at basal and maximal respiration in ATAD3A KO and parental HN12 cells. G The effect of ATAD3A 
KO (#1 and #5) on cell proliferation on Day 3. H The effect of ATAD3A KO on cell colony formation within 3 weeks. Quantitative data from colony 
formation are shown in the lower panel (n = 3). I The effect of ATAD3A KO on soft agar cell growth on Day 14. Quantitative data from soft agar 
assays are shown in the lower panel (n = 3). J The effect of ATAD3A KO on HN12 cell growth on Day 14 in 3D SeedEZ scaffold. Quantitative data from 
3D assays are shown in the right lower panel (n = 3). K Representative bioluminescence images showing the effect of ATAD3A KO on HN12-derived 
tongue tumor growth in NSG mice. Tumor progression was monitored on Day 15 by examining bioluminescence in Xenogen IVIS-200 In Vivo 
Imaging System. L Quantitative data of bioluminescence intensity and tumor volume in the indicated groups (n = 5 mice/group). hTERT: Human 
telomerase-immortalized tonsillar keratinocytes hTERT HAK Clone 41. *p < 0.05; **p < 0.01
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ATAD3A expression (Fig.  2C) and, therefore, they were 
used for subsequent study.

We first examined the alterations in mitochondrial 
functions in HNSCC cells with or without ATAD3A KO. 
TEM revealed that loss of ATAD3A in HN12 cells led to 
significant changes in mitochondrial structure, showing a 
high reduction in the number of normally shaped mito-
chondria with decreased mitochondrial cristae density 
(Fig. 2D). It was also apparent that depletion of ATAD3A 
decreased mitochondrial aspect ratio (major axes/minor 
axes), reflecting so-called fragmentation (Fig. 2D). Since 
inhibition of mitochondrial fusion may result in oxida-
tive phosphorylation (OXPHOS) impairment, we then 
assessed the impact of ATAD3A loss on mitochondrial 
metabolic function by measuring OCR and ECAR, two 
indicators of cellular respiration and glycolysis respec-
tively. A sustained decrease in baseline OCR level was 
observed in ATAD3A KO HN12 cells compared with 
parental cells, which remained relatively lower level even 
following exposure to Oligo and FCCP (Fig.  2E). Both 
basal and stimulated ECAR levels were slightly lower in 
ATAD3A KO HN12 cells than in parental cells (Fig. 2E). 
Most importantly, a significant decrease in OCR:ECAR 
ratio at basal and maximal respiration was seen in HN12 
cells when ATAD3A was depleted (Fig.  2F), suggesting 
that ATAD3A-deficient HNSCC cells are more reliant on 
glycolysis for growth.

Consistent with the functional changes of mitochon-
dria, ATAD3A KO (#1 and #5) remarkably reduced the 
potential of cell proliferation and colony formation 
compared with parental cells (Fig.  2G and H). DNA 
flow cytometry was performed to ascertain the cell 
cycle distribution of growing HN12 cells after ATAD3A 
depletion. The distribution profile showed that loss of 
ATAD3A induced S phase cell cycle arrest, as evidenced 
by a slight but significant accumulation of cell population 
in this phase (Supplementary Fig.  S3A). There were no 
noticeable changes in the protein levels of cyclin D1 and 
CDK4 between ATAD3A KO and parental HN12 cells 
(Supplementary Fig. S3C), suggesting that ATAD3A sup-
presses cell growth by mechanisms other than directly 
affecting the major cell cycle checkpoint factors. Addi-
tionally, ATAD3A KO could not trigger apoptosis in 
HN12 cells as cleaved caspase 3 was not detected in these 
cells (Supplementary Fig.  S3C). Soft agar colony forma-
tion assays further revealed that either the colony size or 
number was significantly reduced in ATAD3A KO cells 
(Fig.  2I), indicating that loss of ATAD3A abrogates the 
ability for HNSCC cell anchorage-independent growth. 
It is well accepted that 3D cell cultures hold promise 
to avoid certain drawbacks of 2D cultures, by allow-
ing cells to replicate in vitro while providing an accurate 
representation of cell growth in  vivo [31, 32]. Next, we 

determined the effect of ATAD3A KO on the 3D growth 
of HN12 cells using SeedEZ scaffold and found that inhi-
bition of ATAD3A significantly suppressed cell growth 
when compared with the parental cells (Fig. 2J). To deter-
mine whether this was also the case in other HNSCC 
cells, HN8 and HN17 cells were used to generate stable 
ATAD3A knockdown cells. Lentivirus-mediated shRNAs 
remarkably decreased ATAD3A expression levels and led 
to a reduction in both cell proliferation and the capacity 
for colony formation (Supplementary Fig.  S4), suggest-
ing that ATAD3A promotes cell growth in a broad range 
of HNSCC cells. Our previous study has demonstrated 
that loss of ATAD3A suppresses invasion potential in 
breast cancer cells [3]. Similar results were observed in 
ATAD3A KO HN12 cells, and reduced cell invasion was 
accompanied by increased E-cadherin protein levels and 
decreased vimentin protein levels compared with paren-
tal cells (Supplementary Fig. S3B and C).

To understand the in vivo role of ATAD3A in HNSCC, 
we generated an orthotopic mouse model of HNSCC 
by injecting 1 ×  105 luciferase containing HN12 cells 
(HN12-luc) into the anterior ~ 1/3 tongue of NSG mice. 
Three weeks after inoculation, the tumor size in the mice 
receiving ATAD3A KO cells was significantly smaller 
compared with that in mice receiving the parental cells, 
as measured by bioluminescence and tumor volume 
(Fig. 2K and L). These results indicate that inhibition of 
ATAD3A can largely constrain HNSCC.

ATAD3A WA dead mutant impairs its oncogenic function 
in HNSCC cells
In contrast, overexpression of ATAD3A counteracted the 
effects observed in ATAD3A depleted cells, as evidenced 
by increased cell proliferation and enhanced cell colony 
formation (Fig.  3A-C). To clarify the importance of the 
WA motif in ATAD3A-mediated oncogenic function, we 
generated a WA dead mutant of ATAD3A (K358) lack-
ing ATP binding ability. Overexpression of this mutant 
significantly decreased proliferation and colony num-
ber compared with control cells, contrasting the effects 
observed in ATAD3A-overexpressing cells (Fig.  3A-C). 
To minimize off-target effects, ATAD3A was overex-
pressed in ATAD3A KO HN12 cells (#1 pooled with #5). 
While the rescue of ATAD3A expression in ATAD3A KO 
cells restored cell proliferation and colony-forming ability 
(Fig. 3D-F), no changes were detected in cell proliferation 
and colony formation in ATAD3A KO cells overexpress-
ing ATAD3A WA dead mutant (Fig.  3D-F). Consistent 
data was also seen in cells growing in SeedEZ scaffolds 
(Fig. 3G). These observations indicate that the ATP-bind-
ing ability of ATAD3A is required for its oncogenic role 
in HNSCC cells.
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Next, we generated xenograft tongue tumors in NSG 
mice through injection of luciferase containing HNSCC 
cells into the anterior tongue of mice [16]. A marked 
increase in tumor growth was observed in mice that were 
implanted with ATAD3A-overexpressing HN12 cells 
compared with mice receiving parental cells (Fig. 3H). In 
line with in vitro data, either KO of ATAD3A or overex-
pression of its WA dead mutant significantly suppressed 
tumor outgrowth in mice, as evidenced by reduced biolu-
minescence intensity and tumor size compared with the 
other two groups (Fig. 3H). Collectively, these novel data 
demonstrate that ATAD3A controls HNSCC growth in a 
manner dependent on its ATP-binding ability.

ATAD3A regulates mitochondrial ERK1/2 signaling 
in HNSCC cells
Next, we performed Proteome Profiler Human Phos-
pho-Kinase Array assays for the parallel assessment of 
the relative phosphorylation levels of 43 human protein 
kinases upon ATAD3A loss. Of these, the phosphoryla-
tion of nine protein kinases was significantly downregu-
lated in HN12 cells when ATAD3A was knocked out 
(Fig.  4A and B). Among them, ERK1/2 was the protein 
kinase most inactivated in ATAD3A knockdown HN12 

cells (Fig.  4A and B), which was confirmed by Western 
blotting (Fig.  4C). Dephosphorylation of ERK1/2 result-
ing from ATAD3A loss did not affect the phosphor-AKT 
levels in HN12 cells (Fig.  4C). Additionally, decreased 
phospho-ERK1/2 levels were seen in HN6 and HN17 
cells when ATAD3A was depleted (Fig.  4D), suggesting 
this is not a cell-type-specific effect. IHC data from mice 
tongue tumors derived from ATAD3A KO and parental 
HN12 cells validated that the loss of ATAD3A signifi-
cantly inhibited ERK1/2 phosphorylation in xenograft 
tumors (Fig.  4E). In contrast, ATAD3A overexpression 
increased phospho-ERK1/2 levels in HN12 cells (Fig. 4F), 
suggesting that ATAD3A has the potential to activate 
ERK1/2 in HNSCC cells. We then focused on study-
ing the regulation of ERK1/2 by ATAD3A. Interestingly, 
ATAD3A WA dead mutant decreased ERK1/2 phospho-
rylation (Fig.  4G), which was in line with the observa-
tions of deceased cell growth (Fig.  3B and C). Western 
blotting data further revealed the presence of ERK1/2 in 
the mitochondria of HN12 cells, and ATAD3A knock-
down was seen to almost completely repress ERK1/2 
phosphoactivation in the mitochondria (Fig.  4H), sug-
gesting that ATAD3A primarily regulates mitochondrial 
ERK1/2 activation.

Fig. 3 ATAD3A WA dead mutant functions as a dominant-negative for its oncogenic role in HNSCC cells. A Overexpression of ATAD3A and its WA 
dead mutant (K358A) in HN12 cells determined by Western blotting. B The effect of overexpression of ATAD3A and its WA dead mutant on cell 
proliferation on Day 3 in HN12 cells. C The effect of overexpression of ATAD3A and its WA dead mutant on cell colony formation within 3 weeks 
in HN12 cells. Quantitative data from colony formation assays are shown in the right panel (n = 3). D Overexpression of ATAD3A and its WA dead 
mutant in ATAD3A KO HN12 cells determined by Western blotting. E The effect of overexpression of ATAD3A and its WA dead mutant on cell 
proliferation on Day 3 in ATAD3A KO HN12 cells. F The effect of overexpression of ATAD3A and its WA dead mutant on cell colony formation within 
3 weeks in ATAD3A KO HN12 cells. Quantitative data from colony formation assays are shown in the right panel (n = 3). G The effects of ATAD3A KO 
and overexpression of ATAD3A or its WA dead mutant on 3D cell growth on Day 14 in HN12 cells. Quantitative data from alamarBlue staining are 
shown in the right panel (n = 3). H The effect of ATAD3A WA dead mutant on HN12-derived tongue tumor growth in NSG mice. Representative 
scanning images of mice tongue with H&E staining and quantitative tumor volume (n = 5 mice/group) are shown in the right and left panels, 
respectively. WT: wild-type cells; KO: ATAD3A knockout cells; EV: cells overexpressing empty vector; 3A-WT: cells overexpressing wild-type ATAD3A; 
3A-K358: cells overexpressing ATAD3A WA dead mutant. *p < 0.05 versus EV or WT; **p < 0.01 versus EV or WT; #p < 0.05 versus KO; ##p < 0.01 versus 
KO
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Fig. 4 ATAD3A regulates mitochondrial ERK1/2 activation in HNSCC cells. A, B The effect of ATAD3A KO on the activation of phospho-kinases in 
HN12 cells determined by Human Phospho-Kinase array. Representative images and quantitative data (n = 2) are respectively shown in (A) and (B). 
C The effect of ATAD3A KO on ERK1/2 inactivation validated in HN12 cells by Western blotting. D The effect of ATAD3A KO on ERK1/2 inactivation 
in HN8 and HN17 cells. E The phosphorylation levels of ERK1/2 in tumor xenografts from mice implanted with ATAD3A KO or parental HN12 cells 
determined by IHC. Representative images and quantitative data are shown in the left and right panels, respectively. F The effect of ATAD3A 
overexpression on ERK1/2 activation. G The effect of ATAD3A WA dead mutant on ERK1/2 activation. H The effect of ATAD3A KO on the cytosolic 
and mitochondrial ERK1/2 activation in HN12 cells. The purity of the mitochondrial fractions was indicated by the mitochondrial COXIV protein and 
the absence of cytosolic GAPDH protein, nuclear PCNA protein and ER-localized Calnexin protein. I, J Volcano (I) and butterfly (J) plots resulted from 
the differential expression analysis between ATAD3A KO and parental HN12 cells. K GO enrichment analysis of DEGs resulting from ATAD3A loss 
showing downregulation of the ERK1/2 related pathways upon ATAD3A KO in HN12 cells. L A down-regulated enrichment plot for a priori gene sets 
for the regulation of MAPK activity. M The effect of SCH772984 on TNFα expression in three HNSCC cell lines determined by RT-qPCR. N The effect 
of ATAD3A loss on TNFα expression in three HNSCC cell lines determined by RT-qPCR. O The effect of ATAD3A overexpression on TNFα expression in 
three HNSCC cell lines determined by RT-qPCR. Cyto: cytosol; Mito: mitochondria. *p < 0.05; **p < 0.01
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To explore changes in gene expression occurring 
in cells with or without ATAD3A loss, we carried 
out whole-transcriptome sequencing studies, which 
showed that 1475 genes were upregulated and 1401 
genes were downregulated in ATAD3A KO HN12 cells 
(Fig.  4I and J). GO pathway analysis revealed differ-
ential enrichment for multiple functions upon com-
parison of genes downregulated in ATAD3A KO cells 
with controls (Fig.  4K). Intriguingly, downregulation 
of the ERK1/2 related pathways was seen in ATAD3A 
KO HN12 cells (Fig.  4K and L). As shown in Fig.  4L, 
TNFα, a well-known ERK1/2 downstream target, 
was identified as one of the top three downregulated 
genes involved in the MAPK pathway upon ATAD3A 
loss. RT-qPCR confirmed that TNFα was downregu-
lated both in cells treated with ERK1/2 inhibitor 
SCH772984 (Fig. 4M) and in cells with ATAD3A deple-
tion (Fig. 4N). As expected, elevated TNFα expression 
levels were seen in ATAD3A-overexpressing HN12 cells 
(Fig. 4O). Collectively, these observations indicate that 
ATAD3A regulates MAPK activity through modulating 
mitochondrial ERK1/2 activation in HNSCC cells.

ATAD3A interacts with the mitochondrial ERK1/2 
via VDAC1 in HNSCC cells
ATAD3A may regulate ERK1/2 activation by protein-
protein interactions. To test this possibility, an anti-
ATAD3A antibody was used to IP the ATAD3A protein 
complex from HN12 cells, followed by Western blot-
ting with an anti-ERK1/2 antibody. This assay identified 
the presence of ERK1/2 in the ATAD3A immunocom-
plex (Fig.  5A). To determine whether the interaction 
between ATAD3A and ERK1/2 is maintained in the 
mitochondria, mitochondria fractions were isolated from 
ATAD3A-overexpressing HN12 cells and the exogenous 
ATAD3A protein was immunoprecipitated by the Flag 
antibody. Intriguingly, the ERK1/2-ATAD3A interac-
tion was found in the mitochondria (Fig.  5B), suggest-
ing that ATAD3A binds to the mitochondrial ERK1/2 
in HNSCC cells. Higher levels of ERK1/2 protein were 
seen in the ATAD3A immunocomplex from HN12 cells 
overexpressing wild-type ATAD3A compared with cells 
overexpressing ATAD3A K358 mutant (Fig. 5D), suggest-
ing that binding of ATAD3A to ATP is a necessary step 
to facilitate ERK-ATAD3A interaction and the mutation 

Fig. 5 ATAD3A interacts with mitochondrial ERK1/2 in a VDAC1-dependent manner. A The interaction between ATAD3A and ERK12 proteins 
in HN12 cells determined by IP. B The presence of VDAC1 in the ATAD3A-ERK1/2 immunocomplex in HN12 cell mitochondria. C The binding of 
ATAD3A N-terminus (Nter, 1-287 aa) and C-terminus (Cter, 258-586 aa) to VDAC1 protein in HN12 cells. D The necessity of the ATPase activity of 
ATAD3A for ATAD3A-ERK1/2 interaction in HN12 cells. E The effect of ATAD3A KO on the interaction between VDAC1 and ERK1/2. F The effect of 
VDAC1 knockdown on ERK1/2 activation in HN12 cells. G The effect of VDAC1 knockdown on the interaction between ATAD3A and ERK1/2 proteins 
in ATAD3A-overexpressing HN12 cells. The immunoprecipitates were pulled down using an anti-Flag antibody. H The effect of VDAC1 knockdown 
on the levels of mitochondrial ERK1/2 in HN12 cells. I The effect of VDAC1 on the cytosolic and mitochondrial ERK1/2 protein levels in HN12 cells. 
The purity of the mitochondrial fractions was indicated by the mitochondrial COXIV protein and the absence of the cytosolic GAPDH protein. 
Representative results and quantitative data from three independent experiments are shown in the upper and lower panels, respectively. *p < 0.05; 
**p < 0.01
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of ATAD3A at K358 represses ERK1/2 activation through 
impairing its interaction with ERK1/2.

VDAC1 is one protein known to interact with ATAD3A 
[5, 33], which is the main channel of the MOM [17, 34]. 
IP confirmed that VDAC1 was present in the ATAD3A 
immunocomplexes in HN12 cells (Fig.  5B). It is worth 
mentioning that ATAD3A has two transmembrane 
regions: transmembrane domain 1 (TM1, 225-242 aa) 
for integrating with MOM and transmembrane domain 
2 (TM2, 247-264 aa) for integrating with MIM [5]. Fur-
ther analysis showed that ATAD3A only interacted with 
VDAC1 at its N-terminal part (1-287 aa) (Fig. 5C), sup-
porting the notion that these two proteins are bound 
together on the MOM in HNSCC cells. The binding of 
ATAD3A to VDAC1 was independent of its ATPase activ-
ity, as no decreased amount of VDAC1 was present in the 
ATAD3A immunocomplex regardless of the overexpres-
sion of ATAD3A wild-type or K358 mutant (Fig. 5D). In 
addition, loss of ATAD3A in HN12 cells did not affect 
the binding of VDAC1 to ERK1/2 (Fig. 5E). To determine 
whether VDAC1 is required for the interaction between 
ATAD3A and ERK1/2, we depleted it by shRNAs. Knock-
down of VDAC1 in HN12 cells significantly decreased 
cell proliferation and impaired the capability of a single 
cell to grow into a large colony (Supplementary Fig. S5), 
which was also associated with reduced ERK1/2 phos-
phorylation levels (Fig. 5F). Loss of VDAC1 did not affect 
the total ATAD3A and ERK1/2 protein levels (Fig.  5F); 
however, it disrupted the ERK1/2-ATAD3A interaction, 
as evidenced by a remarkable reduction in the bind-
ing of ERK1/2 to ATAD3A (Fig. 5G and Supplementary 
Fig. S6). Moreover, there was no ERK1/2 detected in the 
mitochondria of HN12 cells where VDAC1 was depleted 
(Fig. 5H). There was a possibility that VDAC1 might facil-
itate the mitochondrial transport of ERK1/2. To test this, 
the mitochondrial and cytosolic fractions were isolated 
from VDAC1 knockdown and control HN12 cells and 
then subjected to Western blotting analysis. Strikingly, a 
statistically significant increase in cytosolic ERK1/2 levels 
was observed in VDAC1-depleted cells when compared 

with the knockdown control cells, which was associ-
ated with the absence of mitochondrial ERK1/2 (Fig. 5I). 
Taken together, these findings suggest that VDAC1 pro-
motes ERK1/2 mitochondrial transport which is essential 
for the formation of ATAD3A-ERK1/2 protein complex 
in the HNSCC cell mitochondria.

ATAD3A regulates mitochondrial ERK1/2 activation 
in a RAS‑independent fashion
The ERK cascade controlled by RAS-RAF-MEK signal-
ing has been well studied [35]. There was a possibility 
that the mitochondrial ERK1/2 regulated by ATAD3A 
was under the control of RAS-RAF-MEK signaling. To 
address this, we first examined the subcellular localiza-
tion of RAF1 and MEK1/2 by treating isolated mitochon-
dria of HN12 cells with the exogenous protease trypsin. 
The presence of mitochondrial COXIV and the absence 
of the common cytoplasmic GAPDH demonstrated the 
purity of the mitochondrial fraction (Fig.  6A). Intrigu-
ingly, ERK1/2, but not RAF1 and MEK1/2, was present 
in HN12 cell mitochondria (Fig.  6A), suggesting that 
ATAD3A-mediated ERK1/2 activation may be inde-
pendent of the RAS-RAF-MEK pathway. Moreover, KO 
of ATAD3A did not affect the phosphorylation levels of 
RAF1 and MEK1/2 (Fig.  6B). Depletion of RAF1 sup-
pressed total ERK1/2 phosphorylation without affect-
ing ATAD3A protein levels in HN12 cells, regardless 
of whether ATAD3A was overexpressed or not (Fig.  6C 
and D). However, RAF1 knockdown could not attenu-
ate the mitochondrial ERK1/2 phosphorylation that was 
induced by ATAD3A overexpression (Fig. 6C and D). In 
line with these observations, both the ERK1/2 inhibi-
tor SCH772984 and RAS inhibitor salirasib induced the 
repression of total ERK1/2 phosphorylation in HN12 
cells, but only SCH772984 inhibited mitochondrial 
ERK1/2 phosphorylation (Fig.  6E). While SCH772984 
dramatically abrogated ATAD3A-mediated increase 
of mitochondrial ERK1/2 phosphorylation (Fig.  6F) 
and attenuated the proliferation induced by ATAD3A 
overexpression (Fig.  6G), there were no changes in the 

Fig. 6 ATAD3A regulates mitochondrial ERK1/2 activation via RAS-independent mechanisms and co-inhibiting ATAD3A and RAS signaling 
pathways exhibits a synergistic anti-HNSCC effect. A The presence of RAF1, MEK1/2, and ERK1/2 in the mitochondria of three HNSCC cell lines. B 
The effect of ATAD3A KO on RAF1 and MEK activation in HN12 cells. C The effect of RAF1 knockdown on ATAD3A and ERK1/2 phosphorylation in 
HN12 cells. D The effect of RAF1 knockdown on mitochondrial ERK1/2 phosphorylation in ATAD3A-overexpressing HN12 cells. E The effect of RAS 
inhibitor salirasib (50 μM) and ERK1/2 inhibitor SCH772984 (1 μM) on ERK1/2 phosphorylation in HN12 cells. F The effect of salirasib and SCH772984 
on mitochondrial ERK1/2 phosphorylation in ATAD3A-overexpressing HN12 cells. G The effect of SCH772984 on cell proliferation in ATAD3A 
overexpressing or parental HN12 cells. H The synergistic effect of salirasib treatment and ATAD3A KO on HN12-derived tongue tumor growth in NSG 
mice. Tumor progression was monitored on day 14 after treatment initiation by examining bioluminescence in Xenogen IVIS-200 In Vivo Imaging 
System. Representative bioluminescence images and quantitative data (n = 5 mice/group) are respectively shown in upper and lower panels. I The 
phosphorylation levels of ERK1/2 and Ki67-positive cells in xenograft tumors derived from mice receiving the indicated treatment were determined 
by IHC. Representative images and quantitative data are shown in the upper and lower panels, respectively. J Proposed model for the synergistic 
effect of cytoplasmic RAS/RAF1/MEK/ERK signaling and mitochondrial ATAD3A-ERK1/2 signaling in HNSCC development. Whole: whole cells; C: 
cytosol; M or Mito: mitochondria. *p < 0.05; **p < 0.01

(See figure on next page.)
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phosphorylation levels of mitochondrial ERK1/2 when 
ATAD3A-overexpressing HN12 cells were treated with 
salirasib (Fig.  6F). Collectively, these findings demon-
strate that ATAD3A promotes HNSCC development at 
least partially via RAS-independent ERK1/2 activation.

Co‑inhibition of ATAD3A and RAS signaling pathways 
achieves greater anti‑HNSCC efficacy than singly 
suppressing either pathway
Next, we generated orthotopic tongue tumors in mice to 
evaluate the synergistic effect of salirasib and ATAD3A 

Fig. 6 (See legend on previous page.)
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genetic depletion on tumor growth. After a two-week 
treatment, tumor burden was reduced in mice treated 
with salirasib compared with vehicle treatment (Fig. 6H). 
Intriguingly, salirasib-induced repression in tumor 
growth was more significant in mice receiving ATAD3A 
KO HN12 cells than those implanted with the parental 
cells (Fig. 6H), indicating that salirasib achieves a better 
outcome in oral tumors with loss of ATAD3A expression. 
To determine whether ERK1/2 signaling contributes to 
this synergistic effect, we measured ERK1/2 activation in 
xenograft tumors derived from the aforementioned treat-
ments. IHC analysis demonstrated that the depletion 
of ATAD3A augmented the decrease in ERK1/2 phos-
phorylation levels in salirasib treated tumors (Fig.  6I). 
Moreover, salirasib was effective in inhibiting tumor cell 
proliferation in mice and synergized with ATAD3A loss 
in hampering tumor growth, as illustrated by the low-
est number of Ki67-positive cells in xenograft tumors 
derived from mice receiving salirasib treatment and 
ATAD3A gene depletion (Fig. 6I). These findings indicate 
that co-inactivating cytosolic and mitochondrial forms of 
ERK1/2 may have a superior effect on oral tumor regres-
sion (Fig. 6J).

Discussion
HNSCC remains a lethal disease despite concerted 
efforts to improve its diagnosis and treatment [36]. 
Although there are no or few ATAD3A mutants reported 
in human cancers, the overexpression of ATAD3A has 
been observed in a high percentage of primary HNSCC 
tumors, including those HNSCC patients with the worst 
prognosis. Thus, there is a great need to understand 
the molecular mechanisms by which ATAD3A drives 
HNSCC malignancy. In the present study, we show that 
mitochondrial ATAD3A acts as an oncogene to promote 
HNSCC cell growth and inhibiting it by genetic depletion 
or overexpression of the WA dead mutant induces head 
and neck tumor regression. Most importantly, we iden-
tify a novel mechanism that ATAD3A exhibits its onco-
genic role through activating mitochondrial ERK1/2 in a 
RAS-independent fashion.

HPV infection and tobacco smoking are well-known 
risk factors for HNSCC [37]. Our TCGA analysis has 
shown no significant difference in ATAD3A expres-
sion levels between  HPV− and  HPV+ HNSCC subtypes. 
To determine the ATAD3A expression status under the 
influence of tobacco, we treated HNSCC cell lines HN12 
and HN8 with a smoking mimetic 4NQO at a dose 
of 100 μg/ml for 24 h. Interestingly, 4NQO augments 
ATAD3A expression in both cell lines (Supplementary 
Fig. S7), suggesting that tobacco may function as an envi-
ronmental trigger to upregulate ATAD3A expression in 
HNSCC cells. With this information, one of our future 

research focuses is to understand the clinical signifi-
cance of ATAD3A in HNSCC patients with tobacco use 
and explore mechanisms underlying its contribution to 
smoking-related cancer development.

ATAD3A has two gene family members: ATAD3B 
and ATAD3C. Our TCGA analysis also shows elevated 
ATAD3B expression levels in HNSCC tissues relative to 
normal counterparts, which is supported by our experi-
mental results from HNSCC cell lines and normal oral 
keratinocytes (Supplementary Fig.  S8A). ATAD3A is 
ubiquitously expressed in all tissues from very early 
embryonic stages to adulthood, while ATAD3B is spe-
cifically expressed in human embryonic stem cells and is 
re-expressed in certain types of cancers [1, 5, 38, 39]. It 
appears that ATAD3B gains more expression in HNSCC 
cells. Merle et al. has discovered that ATAD3B functions 
as dominant negative for the ubiquitous ATAD3A [40]. 
Recently, Shu and his colleagues reported that ATAD3B 
hetero-oligomerizes with ATAD3A in mitochondria, 
which may cooperate with or antagonize ATAD3A func-
tions [38]. Nevertheless, no evidence shows the regula-
tion of ATAD3B by ATAD3A. In the present study, we 
did not observe the reduction of ATAD3B expression lev-
els in ATAD3A KO HN12 cells (Supplementary Fig. S8B), 
excluding the possibility that ATAD3A affects ATAD3B 
function at the mRNA level.

Mitochondria constitute promising targets for the 
development of novel anticancer agents as they are a 
point of integration for signaling cascades which impact 
virtually all processes linked to oncogenesis, encompass-
ing malignant transformation, tumor progression, and 
metastasis [1, 41]. Of course, non-specifically target-
ing mitochondria may have major unwarranted effects 
in cancer treatment, including the inhibition of normal 
cell growth. Therefore, refined strategies that allow for 
specifically blocking the function of oncoproteins that 
physically localize to the mitochondria in cancer cells 
will have to be devised for therapeutics [2, 42]. Given that 
there is no simple standard for the role of mitochondrial 
oncoproteins in the regulation of malignant mitochon-
drial programs, gaining mechanistic insights into these 
proteins and their signaling network involved in the main 
stages of tumor development will be critical for the clini-
cal exploration of novel anticancer therapies. ATAD3A 
is one such oncoprotein contributing to mitochondrial 
dynamics, nucleoid organization, protein translation, cell 
growth, and cholesterol metabolism [3, 12, 19, 43], which 
is understudied in cancers. At this stage of our under-
standing, ATAD3A dysfunction is required and sufficient 
to drive the oncogenic process of HNSCC, and depleting 
it has significant therapeutic effects in reducing tumor 
burden. These results, therefore, indicate an as yet unde-
scribed functional relevance of ATAD3A in HNSCC and 
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provide a molecular basis for targeting ATAD3A to con-
trol HNSCC development, which may interest a range 
of cancer scientists and clinicians who seek to assess the 
feasibility of manipulating mitochondrial signaling for 
therapeutic purposes.

Recurrent de novo and biallelic variation of ATAD3A 
have been implicated to result in distinct neurological 
syndromes, providing an additional link between the 
dysfunction of mitochondrial proteins and recogniz-
able diseases [44]. The  WAK358A mutant is the WA dead 
mutant of ATAD3A and when it is expressed, it becomes 
incapable of ATP binding, leading to fragmentation of 
the mitochondrial network in human glioma U373 cells 
and mouse NIH 3 T3 cells [5, 7]. In our study, we dem-
onstrate that the ATP-binding ability of ATAD3A strictly 
regulates the ATAD3A-ERK1/2 signaling axis and ena-
bles its role in favor of HNSCC growth by overexpress-
ing  WAK358A. We also tested the necessity of the WB 
motif using the WB mutant of ATAD3A (E413Q, sub-
stitution of glutamine 413 to glutamate) that binds to 
ATP but is defective in ATP hydrolysis [7]. Expression of 
 WBE413Q does not result in phenotypes similar to those 
of  WAK358A, supporting the notion that the WA domain, 
but not the WB domain, is required for the oncogenic 
role of ATAD3A in HNSCC cells. G355D (substitution 
of glycine 355 to aspartate) is another WA mutant of 
ATAD3A representing patients with hereditary spastic 
paraplegia and tetraplegia [6]. This mutant changes the 
affinity of the substrate-binding site for ATP and has a 
strong dominant-negative effect on the ATPase activity of 
ATAD3A [6]. Whether the  WAG355D mutant has the same 
function as  WAK358A in HNSCC cells, however, remains 
to be explored. In addition, Baudier’s group found a trun-
cated 50-amino-acid N-terminus mutant functioned as a 
dominant-negative for participation in interactions with 
the mitochondrial outer membrane in glioma cells [7]. 
Therefore, vigorous research efforts are warranted to fur-
ther clarify which mutant of ATAD3A is more profound 
in blocking its oncogenic signaling in HNSCC cells.

The ERK1/2 cascade is a central signaling pathway that 
regulates a wide variety of stimulated cellular processes. 
The widespread involvement of ERK1/2 dysregulation 
has been reported in the induction and maintenance of 
cancers [35, 45]. The ERK1/2 signaling pathway is best 
known for its role in connecting activated growth fac-
tor receptors to changes in gene expression due to acti-
vated ERK1/2 entering the nucleus and phosphorylating 
transcription factors. Active ERK1/2 also translocates 
to a variety of other organelles including ER and mito-
chondria to access specific substrates and influence 
metabolic reprogramming during tumorigenesis [46]. 
Several mechanisms underlying how cellular ERK1/2 
is regulated and manipulated have been elucidated, 

including translational regulation, scaffolding interac-
tions, substrate competition, and crosstalk with other 
signaling components in each tier of the cascade [47]. It 
is well documented that ERK1/2 signaling can influence 
mitochondrial functions by regulating the expression 
of mitochondrial proteins in the nucleus [46, 47], but it 
appears that this signaling may also have intrinsic mito-
chondrial activities due to the mitochondrial localiza-
tion of ERK1/2 [2, 48]. The present study reveals for the 
first time that ERK1/2 is present in the mitochondria 
of HNSCC cells, which is consistent with the observa-
tion in HeLa cells [49]. VDAC1 that localizes on the 
MOM was reported to physically associate with ERK1/2 
in Hela cells [49]. In HNSCC cells, we also demonstrate 
that VDAC1 binds to ERK1/2 and facilitates its translo-
cation to mitochondria, which is required for ATAD3A-
ERK1/2 interaction. ERK phosphorylates an array of 
targets and subsequently increases the expression of sev-
eral inflammatory cytokines, such as TNFα, and contrib-
utes to inflammatory responses [50]. Here, we provide 
evidence that TNFα is downregulated in HNSCC cells 
with ATAD3A loss, which implicates ATAD3A-mediated 
ERK1/2 signaling from the MOM towards nuclear tar-
gets. Nevertheless, further investigation is warranted into 
the underlying regulatory mechanisms and function of 
ATAD3A-ERK1/2-TNFα signaling.

Blockade of the ERK1/2 pathway represents an attrac-
tive approach for treating malignant tumors with 
increased ERK1/2 activity [51, 52]. As ATAD3A-medi-
ated ERK1/2 phosphorylation is RAS-independent, it 
will be essential to harness this signaling together with 
the cytoplasmic ERK1/2 cascade to develop more effec-
tive regimens for combating cancer. Our data from ani-
mal studies have shown the therapeutic promise of this 
combination by the addition of salirasib treatment to the 
setting of ATAD3A gene suppression. Given the fact that 
there are no drugs currently available to inhibit ATAD3A, 
our study draws attention to extending the development 
of anti-HNSCC therapies to include novel anti-ATAD3A 
strategies. The promising nature of the results from this 
study indicates that targeting the WA motif of ATAD3A 
or the ATAD3A-ERK1/2 signaling node may curb the 
oncogenic function of ATAD3A in cancer cells. Follow-
up studies in our lab include designing highly specific 
stapled peptides [53, 54] to incorporate a hydrophobic 
staple at the interface of ATAD3A-ERK1/2 proteins.

Conclusions
Coupled with rigorous in  vitro and in  vivo valida-
tions, our work results in unprecedented insights into 
the mitochondrial oncogenic signaling mediated by 
ATAD3A as well as unraveling it as a promising molec-
ular target for anti-HNSCC. Co-inhibition of ATAD3A 
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and RAS pathways may have a better therapeutic 
potential for cancer treatment.
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