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Abstract 

The aarF domain containing kinase 2 (ADCK2) is a mitochondria-locating protein, important for fatty acid 
metabolism and coenzyme Q biosynthesis. The bioinformatics results show that elevated ADCK2 
transcripts in NSCLC correlate with poor overall survival and poor anti-PD-1/PD-L1 therapy response. 
ADCK2 is overexpressed in local human NSCLC tissues and various primary and established NSCLC 
cells. In NSCLC cells, ADCK2 shRNA or CRISPR/Cas9 knockout remarkably suppressed cell viability, 
proliferation, cell cycle progression, cell mobility, and provoked cell apoptosis. Moreover, ADCK2 
depletion disrupted mitochondrial functions in NSCLC cells, causing cytochrome C release, 
mitochondrial depolarization, DNA damage and ATP reduction. Contrarily, ectopic ADCK2 
overexpression promoted NSCLC cell growth. Further studies revealed that ADCK2 depletion 
inactivated Akt-mTOR signaling in primary NSCLC cells. NSCLC xenograft growth in nude mice was 
significantly hindered after ADCK2 silencing or knockout. ADCK2 depletion, apoptosis induction and 
oxidative injury as well as ATP reduction and Akt-mTOR inactivation were detected in ADCK2-silenced 
or ADCK2-knockout NSCLC xenograft tissues. Together overexpressed ADCK2 is important for the 
growth of NSCLC cells, representing an important therapeutic molecular oncotarget. 

Key words: NSCLC, ADCK2, mitochondrial function, therapeutic target, cancer growth 

Introduction 
Non-small cell lung cancer (NSCLC) represents 

the most prevalent lung cancer, and it accounts for 
85-90% of all lung cancers [1, 2]. Owing to the 
developments of early screening, emerging 
technologies and molecularly-targeted therapies, the 
prognosis for of NSCLC has been improved [3-7]. It 
incidence is still rising in China and other Eastern 
countries [3-7]. It is important to further research 
NSCLC tumorigenesis and progression’s mechanisms 
[3-5, 8, 9]. 

Mitochondria are vital for ATP production and 
macromolecules biosynthesis in eukaryotic cells. 

Recent studies have also proposed that mitochondrial 
bioenergetics and signaling are essential for 
tumorigenesis and cancer progression [10, 11]. 
Oxidative phosphorylation (OXPHOS) could be 
augmented in cancer cells of different background, 
including the primary and metastatic cancer cells 
[10-12]. Increased OXPHOS and mitochondrial 
respiration can fuel cancer cells, required for cancer 
cell survival, proliferation and metastasis [10-12]. 
Moreover, cancer cell mitochondrial OXPHOS 
dependency is associated with chemotherapy and 
radiotherapy resistance [10-12].  
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The aarF domain containing kinase 2 (ADCK2) 
locates at mitochondria with its function largely 
unknown. It is important for mitochondrial 
metabolism and bioenergetics [13]. ADCK2 promotes 
the transport of lipids into mitochondria and it is 
essential for mitochondrial fatty acid β-oxidation and 
Coenzyme Q (CoQ) biosynthesis [13]. Conversely, 
ADCK2 heterozygous (+/-) mice exhibited the 
impaired fatty acid oxidation and mitochondrial 
myopathy [13]. ADCK2 silencing inhibited the 
viability of glioblastoma cells and estrogen receptor- 
positive breast cancer cells [14, 15]. ADCK2 depletion 
suppressed tumor necrosis factor α (TNFα)-induced 
hypoxia-inducible factor-1 (HIF-1α) stability in cancer 
cells [16]. However, there is no information available 
about ADCK2 in NSCLC. The results herein show that 
ADCK2 is overexpressed in NSCLC, which is 
required for growth of NSCLC cells.  

Materials and Methods 
Reagents 

The anti-ADCK2 antibody was obtained from 
OriGene (Beijing, China). All other antibodies were 
provided by Cell Signaling Technologies (Beverly, 
MA, USA). The sequences and the associated viral 
constructs were all obtained from Genechem Co. 
(Shanghai, China). The fluorescence dyes, 
z-DEVD-cho and z-VAD-cho were from Biyuntian 
(Wuxi, China). 

Cells 
A549 and NCI-H1944 cell lines, and BEAS-2 

epithelial cells were described previously [17, 18]. 
Primary NSCLC cells that were derived from human 
patients, pCan-1/-2/-3 and the primary human lung 
epithelial cells (pEpi) were reported before [17-19]. All 
participants provided written-informed consent. 
Protocols were reviewed by the Ethics Committee of 
Soochow University, and conformed to the guidelines 
of Helsinki declaration. 

Human tissues 
As described previously [18], twenty (n = 20) 

primary NSCLC patients (8 female and 12 male, all 
with written-informed consent, 42 to 71-year old, 
stage-III-VI), administered at the authors’ institution, 
were enrolled. cancer tissues and the adjacent normal 
lung tissues were separated carefully. Tissue lysates 
were freshly prepared at the time of detection.  

ADCK2 shRNA or overexpression 
The verified ADCK2 shRNA or the ADCK2 

cDNA was cloned into a GV248 vector (from Li’s 
group [20]). The construct and the lentivirus package 
constructs were transfected to the HEK-293T cells, 

thereby generating shRNA lentiviral particles or 
ADCK2 overexpression lentiviral particles. The viral 
particles were then filtered and added (at MOI=20) to 
NSCLC/epithelial cells. Through puromycin stable 
cells were selected and ADCK2 silencing or 
overexpression were verified. The scramble control 
non-sense shRNA lentivirus (“shSCR”) or the empty 
vector (“Vec”) were stably transduced to control 
NSCLC/epithelial cells. 

ADCK2 KO 
Using Lipofectamine 3000 (Invitrogen) protocol, 

a LentiCas9-puro construct, provided by Genechem, 
was transduced to cultured NSCLC cells for 36h, and 
stable cells were selected through selection by 
puromycin. A Lenti-CRISPR/Cas9-ADCK2-KO 
construct (with sgRNA targeting sequence: 
GACCCTGACAGACAAACGCC, and the PAM 
sequence, AGG) was synthesized by Genechem. The 
construct and lentivirus packaging and envelope 
constructs were transfected into HEK293T cells. The 
virus-containing medium was then collected after 24h 
and virus was filtered and was utilized to infect 
Cas9-expressing NSCLC cells. After 96h, cells were 
verified of ADCK2 KO and single stable ADCK2 KO 
NSCLC cells were obtained. 

Other assays 
NSCLC cells or the lung epithelial cells were 

seeded at optimal cell density and cultured for 
indicated time periods. CCK-8, colony formation 
assay, “Transwell” assays, nuclear EdU staining, cell 
immunofluorescence staining, and the single strand 
DNA (ssDNA) ELISA were described early [17, 18, 
21-23]. Detecting measuring mitochondrial membrane 
potential by JC-1, the caspase activity assays, Histone 
DNA ELISA, and TUNEL nuclear staining were 
reported early [17, 18]. ATP contents in cellular and 
tissue lysates were measured as previously described 
[24]. The mitochondrial complex I activity in the 
described NSCLC cells was analyzed by a commercial 
kit (Abcam, Shanghai, China) according to the 
attached protocols. Lipid peroxidation was tested by a 
thiobarbituric acid reactive substance (TBAR) kit 
(Cayman Chemical, MI) according to the attached 
protocol. Immunohistochemistry (IHC) protocols 
were reported early [25].The detailed protocols for the 
Western blotting and the qRT-PCR assays were 
described previously [17, 18, 21]. The mRNA primer 
pair sequences were described previously [13]. The 
un-cropped blotting images were presented in Figure 
S1.  

Constitutively-active mutant Akt1 
The adenoviral constitutively-active Akt1 

(caAkt1, S473D) construct, as reported [17], was 
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utilized to transduce the primary NSCLC cells using 
the described protocols [17]. 

Tumor xenograft study 
All laboratory athymic nude mice (five-six week 

old, 18.3-19.2g weight, half male half female) were 
described early [21]. NSCLC cells (at three million 
cells per mouse, in 120 μL basic medium-Matrigel 
mix) were injected subcutaneously into flanks of mice. 
Tumor volume and the animal body weights were 
measured, with the volume of each tumor detected as 
reported [26]. Protocols were reviewed by the 
Institutional Animal Care & Use Committee (IACUC) 
and the Ethics Committee of Soochow University. 

Statistical analysis 
Data were always presented as mean ± standard 

deviation. Statistical analyses were carried out as 
described [27]. The in vitro experiments were always 
repeated five times. “n.s.” indicates non-statistical 
differences (P > 0.05). 

Results 
Increased ADCK2 transcripts in NSCLC 
correlates with poor overall survival and poor 
anti-PD-1/PD-L1 therapy response 

TCGA (The Cancer Genome Atlas)-LUAD/ 
LUSC cohorts revealed that ADCK2 mRNA transcript 
number in NSCLC tissues was higher when compared 
to that in lung epithelial tissues (Figure 1A and B). 
ADCK2 mRNA overexpression in NSCLC was 
associated with poor overall survival (OS) (P = 
0.00093) and poor progression-free survival (PPS, P 
=0.0061) (Figure 1C-D).  

ADCK2 TCGA-LUAD/LUSC cohorts were 
further explored and differentially expressed genes 
(DEGs) were retrieved in NSCLC tissues. Gene Set 
Enrichment Analysis (GSEA) revealed a significant 
difference (false discovery rate < 5%, nominal P value 
< 25%) collection enrichment. KEGG pathway 
analysis further revealed that DEGs of basal cell 
carcinoma, cell cycle and DNA replication cascades 
were enriched in the ADCK2-high NSCLC (Figure 1E). 
Whereas the gene set of complement and coagulation 
cascades as well as nitrogen metabolism showed 
enrichment in the ADCK2-low NSCLC (Figure 1E).  

Anti-PD-1/PD-L1 therapies are being applied 
for NSCLC patients [28, 29]. We found that differences 
in ADCK2 expression are closely associated with 
immune cell infiltration in TCGA-LUAD/LUSC 
cohorts (Figure 1F). Specifically, ADCK2-high 
expression is significantly correlated with less 
enrichment of CD8T cells, eosinophils and master 
cells (Figure 1G). The immunophenoscore (IPS) 
measures the tumor immunogenicity. To access the 

potential relationship between ADCK2 expression 
and possible immunotherapy response, IPS were 
retrieved from TCGA-LUAD/LUSC. There are 
significant differences between the high ADCK2 gene 
expression group and the low ADCK2 gene 
expression group in all four immunotherapy 
regimens (Figure 1H), and ADCK2-low predicts better 
anti-PD-1/PD-L1 therapy response (Figures 1H). 
Together, the bioinformatics analysis results show 
that increased ADCK2 transcripts in NSCLC correlates 
with poor overall survival and poor anti-PD-1/PD-L1 
therapy response. 

ADCK2 is overexpressed in local NSCLC 
tissues 

We next examined ADCK2 expression in local 
human NSCLC. Twenty (n = 20) primary human 
NSCLC patients with cancer resection surgery were 
enrolled. The fresh tumor tissues were obtained. In 
NSCLC tumor tissues (“T”) ADCK2 mRNA 
expression was dramatically elevated when compared 
to its expression in the adjacent normal lung tissues 
(“N”) (Figure 2A). ADCK2 protein was upregulated 
in six representative NSCLC tissues (tissues were 
derived from “Patient #1 to #6”) (Figure 2B). After 
combining the 20 sets tissue specimen blotting data, 
results demonstrated that elevation of the ADCK2 
protein in the NSCLC tissues was significant (Figure 
2C). The tissue immunofluorescence staining at the 
junction of cancer and normal tissues of two 
representative NSCLC patients (Patient-7#/-13#) 
showed that ADCK2 expression (green fluorescence) 
in cancer cells was higher than it in epithelial cells 
(“Epi”, EpCAM labeling, in red fluorescence) (Figure 
2D). The immunohistochemistry results in Figure 2E 
confirmed ADCK2 overexpression in tumors (“T”) of 
the representative NSCLC patient (Patient-1#, see our 
previous studies [17, 18]), whereas the expression was 
relatively low in cancer-surrounding normal lung 
tissues (“N”). 

We next examined ADCK2 expression in 
different NSCLC cells, including A549/NCI-H1944 
established cell lines and primary patient-derived 
NSCLC cells (namely “pCan-1”/“pCan-2”/ 
“pCan-3”). ADCK2 mRNA (results quantified in 
Figure 2F) and protein (Figure 2F) levels in the 
NSCLC cells were higher than those in primary 
human lung epithelial cells (“pEpi” [30, 31]). 
Moreover, the immunofluorescence images in Figure 
2G further confirmed that ADCK2 expression (in red 
fluorescence) in primary NSCLC cells was higher than 
its expression in pEpi, the latter was labeled with the 
epithelial marker EpCAM (epithelial cell adhesion 
molecule, Alexa Fluor 488-conjugated, in green 
fluorescence). Therefore, ADCK2 is upregulated in 
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local NSCLC tissues.  

ADCK2 depletion suppresses NSCLC cell 
survival, proliferation and cell motility 

The lentiviral particles encoding the ADCK2 
shRNA were transfected to the pCan-1 cells. The 
stable pCan-1 cells, “ADCK2-sh”, were established 
after selection. Also, a CRISPR/Cas9-ADCK2-KO 
construct was stably transduced to the Cas9- 
expressing pCan-1 cells to establish single stable 
“ADCK2-ko” cells. The lentiviral scramble control 
nonsense shRNA (“shScr”) and the CRISPR/Cas9 
empty construct (“koC”) were tranduced to the 
control cells (“shScr+koC”). ADCK2 mRNA decreased 

over 90% in ADCK2-sh and ADCK2-ko pCan-1 cells 
(Figure 3A). ADCK2 protein expression was depleted 
as well (Figure 3B). Figure 3C demonstrated that 
ADCK2 silencing/KO decreased viability (CCK-8 
OD) of the pCan-1 cells. Moreover, the pCan-1 cell 
colony number was significantly reduced in 
ADCK2-sh and ADCK2-ko pCan-1 cells (Figure 3D). 
The increased percentage of Trypan blue-positive 
staining indicated that ADCK2 silencing or KO 
induced death of pCan-1 cells (Figure 3E). These 
results implied that ADCK2 depletion led to potent 
cytotoxicity to pCan-1 cells. 

 

 
Figure 1. Increased ADCK2 transcripts in NSCLC correlates with poor overall survival and poor anti-PD-1/PD-L1 therapy response. TCGA cohorts revealed 
ADCK2 mRNA transcripts in the listed NSCLC tissues (“Tumor”) and normal lung tissues (“Normal”) (A and B). TCGA cohorts showed Kaplan Meier overall survival (OS) curve 
(C) and progression-free survival (PFS) curve (D) of ADCK2-low and ADCK2-high NSCLC patients (B and C). KEGG pathway analysis of ADCK2-associated DEGs and the 
enriched pathways (E). TCGA-LUAD/LUSC cohorts show the correlation between ADCK expression and immune cell infiltration (F and G). TCGA-LUAD/LUSC cohorts show 
predicted immunophenoscore (IPS) in ADCK2-low and ADCK2-highNSCLC patients (H). ***P < 0.001. 
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Figure 2. ADCK2 is overexpressed in local NSCLC tissues. ADCK2 mRNA (A) and protein (B and C) expression in the described NSCLC tumor tissues (“T”) and the 
adjacent normal lung tissues (“N”) of 20 NSCLC patients was shown. The tissue immunofluorescence staining of ADCK2 (green fluorescence) and EpCAM (red fluorescence) at 
the junction of cancer and normal tissues of two NSCLC patients (Patient-7#/-13#) (D). The IHC images testing ADCK2 protein expression in NSCLC tumors (“T”) and normal 
lung tissues (“N”) of one representative NSCLC patients (Patient-1#) were shown (E). ADCK2 expression in the listed cells was shown (F). The immunofluorescence images of 
ADCK2 and EpCAM in the described cells were presented as well (G). “Epi” stands for epithelial cells (D). * P < 0.05 vs. “N” tissues or “pEpi” cells. Scale bar = 100 μm (D, E 
and G). 

 
Nuclear EdU staining assays were employed to 

test cell proliferation, and EdU-stained nuclei ratio 
(vs. DAPI) was significantly decreased in ADCK2-sh 
and ADCK2-ko pCan-1 cells (Figure 3F), indicating 
proliferation inhibition by ADCK2 depletion. In 
addition, ADCK2 depletion in pCan-1 cells disrupted 
cell cycle progression, leading to G1-phase increasing 
but S-phase reduction (Figure 3G). ADCK2 
silencing/KO in pCan-1 cells potently inhibited cell 
migration (Figure 3H). The shScr+koC treatment did 
not significantly alter ADCK2 expression (Figure 
3A-B) or pCan-1 cellular functions (Figure 3C-H).  

Two primary NSCLC cells, “pCan2” and 
“pCan3” [17, 18], and the immortalized A549 cells 
were cultured and were stably transduced with 
ADCK2 shRNA lentiviral particles: “ADCK2-sh” 
cells. The control cells were stably transduced with 
“shScr”. ADCK2 mRNA was silenced in the tested 
NSCLC cells with ADCK2 shRNA (Figure 3I). In the 
tested NSCLC cells, ADCK2 shRNA reduced CCK-8 
viability (Figure 3J), decreased EdU-stained nuclei 
ratio , (Figure 3K) and slowed in vitro cell migration 
(Figure 3L).  
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Figure 3. ADCK2 depletion suppresses NSCLC cell survival, proliferation and cell motility. Puromycin-selected pCan-1 cells, with the lentiviral ADCK2 shRNA 
(“ADCK2-sh”), the CRISPR/Cas9-ADCK2-KO construct (“ADCK2-ko”) or the lentiviral scramble non-sense control shRNA plus the CRISPR/Cas9 control empty construct 
(“shScr+koC”), were formed, expression of ADCK2 mRNA (A) and protein (B) was shown; After culturing for designated time, cell viability (C), formed colonies (D), Trypan 
blue-positive staining cell ratio (E) and EdU-stained nuclei ratio (F), as well as cell cycle distribution (G) and in vitro cell migration (H) were tested. “pCan2” and “pCan3” primary 
cells, the established A549 cells, or “pEpi” lung epithelial cells, with “ADCK2-sh” or “shScr”, were established, and the expression of ADCK2 mRNA was shown (I and M). After 
culturing for designated time, cell viability (J and N), EdU-stained nuclei ratio (K and O) and in vitro cell migration (L) were measured, with the results always quantified. “Pare” 
stands for parental control cells (same for all Figures). * P < 0.05 vs. “Pare” or “shScr”. Scale bar = 100 µm. 

 
In the pEpi primary lung epithelial cells, ADCK2 

silencing by the same lentiviral shRNA (“ADCK2-sh”, 
Figure 3M) was unable to significantly reduce CCK-8 
viability (Figure 3N) and EdU incorporation (Figure 
3O), supporting a cancer cell-specific activity by 
ADCK2 depletion. 

ADCK2 depletion activates apoptosis in 
NSCLC cells 

ADCK2 shRNA or KO induced cytotoxicity in 
NSCLC cells, we thus analyzed whether apoptosis 
was induced. Caspase-3 and caspase-9 activities were 
dramatically augmented in ADCK2-sh and 
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ADCK2-ko pCan-1 cells (Figure 4A and B). Further 
supporting caspase activation, we showed cleavages 
of caspase-3/-9 and PARP were robustly induced in 
pCan-1 cells with ADCK2 shRNA/KO (Figure 4C), 
where the Histone-bound DNA contents were 
augmented (Figure 4D). Expression of total and 
cleaved GSDME (Gasdermin E), the indicator of 
pyroptosis activation [32], was unchanged in 
ADCK2-silenced or ADCK2-depleted cells (Figure 
4C). 

Confirming apoptosis induction, the ratio of 
TUNEL-positively stained nuclei was increased in 
pCan-1 cells after ADCK2 silencing or KO (Figure 4E). 
shScr+koC treatment was unable to stimulate 
caspase-apoptosis activation in pCan-1 cells (Figure 

4A-E). Significantly, ADCK2-sh- and ADCK2-ko- 
caused viability decrease (Figure 4F) and cell death 
(Figure 4G) were ameliorated by the caspase 
inhibitors z-DEVD-cho and z-VAD-cho. Therefore, 
apoptosis induction should be the primary cause of 
ADCK2 silencing-caused NSCLC cell death.  

In primary NSCLC cells (“pCan2” and “pCan3”) 
and A549 cells, ADCK2 silencing, by ADCK2-sh, 
significantly augmented the activity of caspase-3 
(Figure 4H) and increased the ratio of TUNEL-stained 
nuclei (Figure 4I), supporting apoptosis induction. 
Interestingly, in normal “pEpi” cells, ADCK2-sh 
treatment failed to significantly increase nuclear 
TUNEL ratio/apoptosis (Figure 4J), again indicating 
the cancer cell specific effect by ADCK2 depletion.  

 

 
Figure 4. ADCK2 depletion activates apoptosis in NSCLC cells. “ADCK2-sh”, “ADCK2-ko” or “shScr+koC” pCan-1 cells were cultured for applied time periods; The 
relative activities of caspase-3 (A) and caspase-9 (B), apoptosis-related proteins expression (C) and Histone DNA contents (D) were tested. Cell apoptosis was examined by 
calculating TUNEL-stained nuclei ratio (E). The stable pCan-1 primary NSCLC cells, co-treated with z-DEVD-cho (40 μM), z-VAD-cho (40 μM) or the vehicle control (0.1% 
DMSO), were stably infected with ADCK2-sh or ADCK2-ko, after 96h cell viability and death were respectively tested by CCK-8 (F) and Trypan blue staining (G) assays. 
“pCan2” and “pCan3” primary cells, A549 cells, or “pEpi” lung epithelial cells, with “ADCK2-sh” or “shScr”, were established and were cultured. The caspase-3 activity (H) and 
nuclear TUNEL percentage (I and J) were measured. * P < 0.05 vs. “Pare”/“shSCR” cells. # P < 0.05 vs. “DMSO” group (F and G). Scale bar = 100 µm. 
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Figure 5. ADCK2 depletion disrupts mitochondrial functions in NSCLC cells. “ADCK2-sh”, “ADCK2-ko” or “shScr+koC” pCan-1 cells were cultured, mitochondrial 
depolarization (by recording intensity of JC-1 green monomers, A), cytosol cytochrome C protein levels (B), lipid peroxidation (TBAR intensity, C), as well as ssDNA contents 
(D), expression of DNA-damage related-proteins (E), mitochondrial complex I activity (F) and ATP contents (G) were tested. “pCan2” and “pCan3” primary cells or the 
established A549 cells, with “ADCK2-sh” or “shScr”, were cultured, mitochondrial depolarization (H), the ssDNA contents (I), mitochondrial complex I activity (J) and ATP 
contents (K) were tested similarly. * P < 0.05 vs. “Pare” or “shSCR”. Scale bar = 100 µm. 

 

ADCK2 depletion disrupts mitochondrial 
functions in NSCLC cells 

ADCK2 is a mitochondrial protein with the aarF 
domain, we therefore tested whether ADCK2 
knockdown/depletion could disrupt normal 
functions of mitochondria. As shown in Figure 5A, in 
pCan-1 NSCLC cells ADCK2 shRNA or KO provoked 
mitochondrial depolarization and induced accumu-
lation of green JC-1 monomers. Cytochrome C was 
released from mitochondria, as cytochrome C levels in 
cytosol increased significantly in pCan-1 NSCLC cells 
with ADCK2 silencing/KO (Figure 5B). Moreover, the 
increased lipid peroxidation, or TBAR activity 
enhancement, was observed (Figure 5C). The ssDNA 
contents were elevated in ADCK2-sh and ADCK2-ko 
pCan-1 cells, indicating augmented DNA breaks 
(Figure 5D). Moreover, ATM and ATR phosphoryla-
tion was significantly increased in ADCK2-depleted 
pCan-1 NSCLC cells (Figure 5E). The mitochondrial 
complex I activity was significantly decreased in 
ADCK1-silenced/depleted cells (Figure 5F). ATP 
contents were reduced as well in ADCK2-depleted 
pCan-1 cells (Figure 5G). shScr+koC treatment did 
not significantly alter mitochondrial functions in 
pCan-1 cells (Figure 5A-G). 

In primary “pCan2” and “pCan3” cells and 
established A549 cells, ADCK2 shRNA similarly 
resulted in JC-1 green monomer increasing and 
mitochondrial depolarization (Figure 5H), and 
augmented DNA breaks (Figure 5I), but reduced 
mitochondrial complex I activity (Figure 5J) and 
decreased ATP contents (Figure 5K). These results 
implied that ADCK2 depletion in NSCLC cells 
disrupted normal functions of mitochondria. 

Ectopic overexpression of ADCK2 exerts 
pro-cancerous activity in NSCLC cells 

Next lentiviral particles with ADCK2-expressing 
construct were added to pCan-1 cells and stable cell 
selections, namely oe-ADCK2-StL1 and oe-ADCK2- 
StL2, were formed through selection. ADCK2 
mRNA/protein expression was dramatically 
increased in oe-ADCK2 pCan-1 cells (Figure 6A and 
B). As demonstrated, in oe-ADCK2 pCan-1 cells, the 
cellular ATP contents were significantly increased 
(Figure 6C). Ectopic ADCK2 overexpression 
promoted pCan-1 proliferation, and the ratio of the 
EdU-stained nuclei was increased (Figure 6D). 
Moreover, pCan-1 in vitro cell migration was 
enhanced as well after ADCK2 overexpression (Figure 
6E).  
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Figure 6. Ectopic overexpression of ADCK2 exerts pro-cancerous activity in NSCLC cells. Stable “pCan-1” cells, with the ADCK2-expressing lentiviral construct 
(oe-ADCK2-StL1 and oe-ADCK2-StL2, two stable selections) or the GV248 empty vector (“Vec”), were established, expression of ADCK2 mRNA (A) and protein (B) was 
shown; After culturing for designated time, ATP contents (C), EdU-stained nuclei ratio (D), and migrated cell number (E) were measured and recorded. The pCan-1 primary 
NSCLC cells were infected with ADCK2 shRNA lentivirus (“ADCK2-sh”), or together with the ADCK2-expressing construct lentivirus (“+oe-ADCK2”), stable cells were 
formed, and ADCK2 expression was tested (F and G). After culturing for indicated time, mitochondrial complex I activity (H) and ATP contents (I) were measured. “pCan2” and 
“pCan3” primary cells, A549 cells, or “pEpi” lung epithelial cells with “oe-ADCK2” or “Vec” were established, expression of ADCK2 mRNA was shown (I and K); The viable cell 
number was recorded after 96h (J); Cell viability (L) and proliferation (M) of pEpi cells were measured. * P < 0.05 vs. “Vec” cells. Scale bar = 100 µm. 

 
The rescue experiments were carried out. pCan-1 

cells were stably infected with ADCK2 shRNA 
lentivirus (“ADCK2-sh”) or together with the 
ADCK2-expressing construct lentivirus (“+oe- 
ADCK2”). As shown, oe-ADCK2 restored ADCK2 
mRNA and protein expression in ADCK2-sh pCan-1 
cells (Figure 6F). Significantly, ADCK2-sh-induced 
mitochondrial complex I activity inhibition (Figure 
6G) and ATP reduction (Figure 6H) were reversed by 
oe-ADCK2.  

In other primary NSCLC cells (“pCan2” and 
“pCan3”) and established A549 cells, stable 
transfection of the ADCK2-expressing lentiviral 
construct (“oe-ADCK2”) similarly increased ADCK2 

mRNA expression (Figure 6I). Consequently, the 
number of viable NSCLC cells was dramatically 
increased (Figure 6J). Interestingly, in “pEpi” normal 
cells, ADCK2 overexpression using the same 
construct (“oeADCK2”, Figure 6K) was unable to alter 
CCK-8 viability (Figure 6L) and cell proliferation 
(Figure 6M). These results again supported the 
selected effect of ADCK2 in cancerous cells.  

ADCK2 depletion inactivates Akt- mTOR 
signaling in primary NSCLC cells 

Considering that ATP production and energy are 
vital for activation of Akt-mTOR signaling [33-35], the 
vital oncogenic cascade essential for NSCLC 
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development and progression [36-39]. In pCan-1 cells, 
ADCK2 silencing or depletion resulted in robust 
inhibition of phosphorylation Akt (Ser-473, the same 
below) and S6K1 (Figure 7A), suggesting that ADCK2 
depletion indeed hindered Akt-mTOR activation in 
primary NSCLC cells. Conversely, ADCK2 overex-
pression further enhanced Akt-mTOR activation in 
pCan-1 cells (Figure 7B), as phosphorylation Akt and 
S6K1 was augmented in oe-ADCK2-StL1 and 
oe-ADCK2-StL2 pCan-1 cells (Figure 7B).  

To explore the relationship between ADCK2 
depletion-induced anti-NSCLC cell activity and 
Akt-mTOR inactivation, a constitutively-active Akt1 
(S473D, “caAkt1” [17]) was transduced to ADCK2 
shRNA-expressing pCan-1 cells. As demonstrated, 
caAkt1 was able to completely restore Akt-S6K 
phosphorylation in shADCK2-expressing pCan-1 cells 
(Figure 7C), but did not bring back ADCK2 protein 
expression (Figure 7C). Significantly, shADCK2- 
caused anti-proliferative activity (Figure 7D) and 
apoptosis (Figure 7E) were ameliorated by caAkt1. 
Thus Akt-mTOR inactivation should be one primary 
mechanism of ADCK2 depletion-induced activity 
against NSCLC cells.  

ADCK2 depletion slows NSCLC xenograft 
growth in nude mice 

Lastly, ADCK2-silenced pCan-1 cells (“ADCK2- 
sh”), the ADCK2 KO pCan-1 cells (“ADCK2-ko”) as 
well as the control “shScr+koC” pCan-1 cells were 
injected s.c. to nude mice’s flanks. Two weeks later, 
NSCLC xenografts were formed (labeled as “Day-0”). 
Figure 8A demonstrated that the growth of the 

ADCK2-silenced pCan-1 xenografts and the ADCK2 
KO pCan-1 xenografts was dramatically slower than 
that of shScr+koC NSCLC xenografts. At Day-35, 
NSCLC xenografts were isolated very carefully and 
individually weighted. pCan-1 xenografts with 
ADCK2 silencing or KO were dramatically lighter 
than shScr+koC xenografts (Figure 8B). The mice 
body weights showed no significant difference among 
the three experimental groups (Figure 8C). 

At experimental Day-10, one xenograft per 
group was separated and analyzed. ADCK2 mRNA/ 
protein expression was decreased significantly in the 
ADCK2-sh-xenograft tumors and the ADCK2-ko- 
xenograft tumors (Figure 8D and E). Notably, 
caspase-3 and PARP cleavages were significantly 
augmented in ADCK2-depleted tumors (Figure 8F), 
indicating apoptosis induction. The cleaved-GSDME 
expression was unchanged (Figure 8F). In addition, 
levels of the cytosol cytochrome C were increased in 
NSCLC xenograft tumors bearing ADCK2 shRNA or 
ADCK2 KO construct (Figure 8G). Moreover, the 
increased TBAR activity in ADCK2-sh- and 
ADCK2-ko-xenograft tumor tissues implied oxidative 
injury and mitochondrial injury (Figure 8H). Further 
studies showed that ATP contents were decreased 
after ADCK2 silencing or KO in pCan-1 xenograft 
tissues (Figure 8I). Moreover, phosphorylation of 
Akt-S6K1 were remarkably decreased in ADCK2- 
depleted tumors (Figure 8J). Thus, ADCK2 depletion 
decreased ATP contents and inhibited Akt-mTOR 
activation in pCan-1 xenografts. 

 

 
Figure 7. ADCK2 depletion inactivates Akt-mTOR signaling in primary NSCLC cells. Expression of listed proteins in “ADCK2-sh”, “ADCK2-ko” or “shScr+koC” 
pCan-1 cells, in oe-ADCK2-StL1 and oe-ADCK2-StL2 pCan-1 cells or in “Vec” pCan-1 cells was shown (A and B). ADCK2-sh pCan-1 cells were further stably transduced with 
a constitutively-active Akt1 (S473D, “caAkt1”) construct, and listed proteins were tested (C); After culturing for indicated time, EdU-stained nuclei ratio (D) and TUNEL-stained 
nuclei ratio (E) were measured. * P < 0.05 vs. “Pare” or “Vec”. # P < 0.05 (D and E). Scale bar = 100 µm. 
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Figure 8. ADCK2 depletion slows NSCLC xenograft growth in nude mice. “ADCK2-sh”, “ADCK2-ko” or “shScr+koC” pCan-1 cells were s.c. injected to the flanks of 
nude mice. Within two weeks of cell implantation, NSCLC xenograft tumors were established (“Day-0”), and tumor volumes (A) and mice body weights (C) were recorded. At 
Day-35, xenografts were isolated and weighted (B). At Day-10, one xenograft tumor per group was isolated, in tumor lysates expression of listed genes and proteins was tested 
(D-G and J), with TBAR activity (H) and ATP contents (I) measured as well. * P < 0.05 vs. “shScr+koC” group. 

 

Discussion 
The prognosis of the recurrent, metastatic, 

therapy-resistant and other advanced NSCLC is still 
poor. The five-year survival has not been significantly 
improved recently [40, 41]. It emphasizes the urgent 
need for identifying novel therapeutic targets with 
high efficiency for NSCLC diagnosis and treatment 
[37, 42-44]. ADCK2 is predicted as an atypical 
mitochondrial kinase that is vital for fatty acid 
metabolism and CoQ biosynthesis [13]. Here the 
bioinformatics results show that elevated ADCK2 
transcripts in NSCLC correlate with poor overall 
survival and poor anti-PD-1/PD-L1 therapy response. 
Moreover, ADCK2 overexpression was detected in 
local NSCLC tissues and different NSCLC cells. While 
its expression in lung epithelial tissues and cells is 
relatively low.  

Few studies have reported ADCK2’s potential 
function in cancer cells. A functional viability profile 
study in breast cancer has identified ADCK2 as a key 
gene for breast cancer cell survival [15]. ADCK2 
silencing potently inhibited ER-positive breast cancer 
cell survival [15]. ADCK2 is important for 
estrogen-induced breast cancer cell progression [15]. 
ADCK2 silencing inhibited estrogen signaling and 
decreased expression of ER target genes [15]. 
Conversely, estrogen stimulation increased ADCK2 
expression in breast cancer cells, while its expression 
was decreased after treatment with the ER inhibitors 
[15]. More importantly, ADCK2 co-immuno-
precipitated with ERα in breast cancer cells [15]. A 

functional genomics screen study has shown that 
TNFα-induced ADCK2 expression in human 
osteosarcoma cells and prostate cancer cells inhibited 
ROS production, and it was required for HIF-1α 
stability [16]. Conversely, depletion of ADCK2 largely 
inhibited TNFα-induced HIF-1α stability in cancer 
cells [16].  

The work herein supported that ADCK2 exerted 
significant pro-cancerous activity. In NSCLC cells, 
ADCK2 shRNA or KO robustly suppressed malignant 
behaviors, and provoked cell apoptosis. Contrarily, 
ectopic ADCK2 overexpression augmented NSCLC 
cell growth and accelerated in vitro cell migration. The 
growth of NSCLC xenografts in nude mice was 
significantly hindered after ADCK2 knockdown or 
KO. 

NSCLC, like other common tumors, exhibits 
elevated mitochondrial metabolism, including glyco-
lysis and glucose oxidation [10-12]. The biosynthesis 
and update of heme were significantly augmented in 
NSCLC cells, correlating with upregulation of ALAS1 
and SLC48A1 [45]. ALAS1 or SLC48A1 
overexpression promoted oxygen consumption and 
ATP generation, associated with the enhanced 
tumorigenic potential of NSCLC [45]. Conversely, 
cyclopamine tartrate (CycT), by inhibiting heme 
biosynthesis, remarkably hindered NSCLC cell 
growth [46]. 

ADCK2 is required for lipid transport into 
mitochondria, and following fatty acid β-oxidation 
and CoQ biosynthesis [13]. Here we found that 
ADCK2 is important for maintaining normal 
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mitochondrial functions in NSCLC cells. ADCK2 
depletion disrupted mitochondrial functions in 
NSCLC cells, causing cytochrome C release, 
mitochondrial depolarization and ATP depletion. 
Moreover, increased levels of cytosol cytochrome C 
and lipid peroxidation were detected in ADCK2-sh- 
and ADCK2-ko-NSCLC xenograft tumor tissues. 
Based on these results, we proposed that ADCK2 was 
required for mitochondrial metabolism in NSCLC 
cells and depletion of ADCK2 resulted in 
mitochondrial dysfunction, thereby arresting cancer 
cell growth. The underlying mechanisms for 
ADCK2-driven NSCLC cell growth require further 
characterizations.  

Akt-mTOR aberrant activation contributes 
significantly to tumorigenesis and cancer progression 
in NSCLC [36, 39]. We have previously shown that a 
highly-potent mTOR kinase inhibitor PQR620 
arrested growth of NSCLC cells [17]. Here we found 
that ADCK2 shRNA or KO inactivated Akt-mTOR 
signaling in NSCLC cells. Akt-mTOR inhibition was 
detected as well in ADCK2-depleted NSCLC 
xenograft tissues. While caAkt1 recovered Akt-mTOR 
activation and alleviated ADCK2 silencing-induced 
anti-NSCLC cell activity. Therefore, ADCK2- 
promoted NSCLC cell progression is mediated by 
promoting activation of the Akt-mTOR cascade.  

Conclusion 
Overexpressed ADCK2 is important for the 

growth of NSCLC cells, representing an important 
therapeutic molecular oncotarget. 
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