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Introduction

Nowadays, one of the most common cancers in the word 
is lung cancer (1) and it is a leading cause of cancer-
associated mortality (2). Non-small cell lung cancer 
(NSCLC) accounts for most of the diagnosed cases of lung  
cancer (3) and adenocarcinoma is the most common 
subtype of NSCLC (4). Currently, the therapies for 
lung cancer have been significant developed, yet still not 
developed enough. For patients with pathologic stage IA 
and IB NSCLC, the 5-year survival rates are only 83% and 

71%, respectively. However, the majority of lung cancer 
cases are diagnosed at advanced stage and patients with 
advanced NSCLC can undergo rapid clinical deterioration 
during disease progression. For those patients with 
pathologic stage II disease, the 5-year survival rates drop to  
50% (5). The adjuvant chemotherapy could only make 
minimal improvement (6) and less than 50% of these 
patients with advanced NSCLC ever receive second-
line therapy (7,8). Based on this, the mechanism study 
underlying lung cancer, especially those with poor 
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prognosis, become more and more important. 
The acyl-CoA thioesterase gene (ACOT) family encodes 

enzymes and the enzymes could hydrolyze the Fatty acyl-
CoA esters into free fatty acids and CoA (9-11). In lipid 
metabolism, fatty acyl-Coenzyme A (CoA) esters are 
very essential components and they regulates of multiple 
cellular functions (12). The fatty acids are expressed at a 
significant higher level in the plasma of patients with lung 
adenocarcinoma (LUAD) compared with healthy individuals 
(13,14). These references indicate that the ACOT family 
might play an important role in the lung cancer. Some 
ACOT members have already been reported to be involved 
in the cancer development. For example, overexpression 
of ACOT8 is associated with metastasis in LUAD (15) and 
it could also mediate intracellular lipid metabolism (16). 
ACOT12 regulates cellular acetyl-CoA levels and histone 
acetylation in promoting epithelial-mesenchymal transition 
and metastasis in hepatocellular carcinoma (17). ACOT13 
and ACOT15 were also reported to regulates hepatic lipid 
metabolism (18,19). ACOT1 expression is associated with 
poor prognosis in gastric adenocarcinoma (20). However, 
there are over 15 ACOT enzymes in humans, and these 
enzymes exhibit different tissue distribution, subcellular 
location and substrate specificity (21). The functions of 
other ACOT members and the regulatory mechanism 
remained largely unknown.

Previous study has showed that high expression of 
ACOT11 and ACOT13 in patients with LUAD was 
associated with cell proliferation and poor prognosis 
(22,23). These findings indicated that it ACOT11 might 
play an important role in lung cancer, especially those 
with poor prognosis. However, the cellular functions and 
the regulatory mechanism of ACOT11 remains largely 
unknown. The studies on this direction could improve our 
understanding about the mechanism of poor prognosis lung 
cancer and might inspire the clinical research.

In this study, the ACOT11 cellular function and the 
regulatory mechanism in lung cancer were demonstrated 
for the first time both in vitro and in vivo. We chose 
Female BALB/c nude mice as in vivo model as they are the 
most commonly accepted model to study tumor growth. 
Remarkably, we employed transcriptional profiling to 
investigate the regulatory mechanism of ACOT11 in lung 
cancer and found 214 up-regulated genes and 397 down-
regulated genes induced by ACOT11 knockdown. These 
genes provide a comprehensive image of how ACOT11 
might work in lung cancer, indicating that ACOT11 was 
involved in a complicated network. To further confirm 

this result, immunoprecipitation–mass spectrometry was 
performed to reveal the interactome of ACOT11 and 573 
proteins were proved to interact with ACOT11. This result 
provides a valuable resource to study the downstream 
mechanism of ACOT11 in lung cancer.

We present the following article in accordance with the 
ARRIVE Reporting Checklist (available at http://dx.doi.
org/10.21037/tlcr-19-509).

Methods

Cell culture 

Both lung carcinoma cell line A549 and NCI-H1975 were 
obtained from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). Prior to this study, multiple 
cell lines were tested for the ACOT11 mRNA levels. A 
moderate expression was found in A549 and NCI-H1975 
cell lines, which were suitable for both gene silencing and 
overexpression in the future experiments, so we chose 
A549 and NCI-H1975 cell lines in this study. Both cell 
lines were cultured at 37 ℃ in Dulbecco’s modified Eagle’s 
medium (DMEM, Thermo Fisher Scientific) containing 
10% fetal bovine serum (Thermo Fisher Scientific), 
100 units/mL penicillin and 100 mg/mL streptomycin 
(Hyclone, Logan, UT, USA) in a humidified atmosphere 
of 5% CO2. 

Lentiviral transduction

ACOT11 gene expression in A549 cell lines were down-
regulated by using the lentiviral vectors carrying three 
shRNAs of ACOT11 or CSE1L gene to infect cells 
(Shanghai GeneChem, Shanghai, China). The vector 
also encoded enhanced green fluorescent protein (EGFP) 
under control of the CMV promoter. In reference to the 
manufacturer, lentivirus was added to cultured cells at a 
multiplicity of infection (MOI) of 10. Cells were transduced 
for 72 h before treated with Puromycin at 2.5 μg/mL to 
select transductants. After treated with Puromycin for 48 h, 
the cells were observed with microscope (Olympus IX71).

TCGA database

The expression profiles of Acot11 as well as clinical 
information of LUAD and lung squamous carcinoma 
(LUSC) samples were obtained from TCGA database, 
including 576 LUAD patients and 552 LUSC TCGA 
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samples. The K-means clustering analysis (K=2) was carried 
out to categorize the patients into two groups based on 
expressions of ACOT11. The log-rank test and Kaplan-
Meier curve were employed to evaluate the statistical 
significance and prognosis of the two groups.

Microarray analysis

We performed microarray assays to identify the ACOT11 
downstream pathways regulating NSCLC in A549 cells. 
First, we generated ACOT11 knockdown stable cell line 
by transducing A549 cells with lentivirus encoding anti-
ACOT11 shRNA (n=3). The ACOT11 shRNA target 
Sequence was TTGTCTATGCAGACACCAT. Virus 
without anti-ACOT11 served as the negative control. Total 
RNA were extracted from ACOT11 knockdown and control 
stable cell lines (Three wells and three chips for each group) 
with Trizol reagent (Thermo Fisher Scientific, Grand Island, 
NY, USA). We then synthesized, labeled and hybridized the 
complementary DNA to the human GeneChip Primeview 
array (Affymetrix, Santa Clara, CA, USA) and employed 
the GeneChip Scanner 3000 to conduct scanning as well as 
GeneChip GCOS 1.4 software (Affymetrix) to analyze the 
data. These assays were performed by Shanghai GeneChem 
(Shanghai, China). Microarray data were available in the 
NCBI Gene Expression Omnibus public database (http://
www.ncbi.nlm.nih.gov/geo/).

High-content screening and cell growth curve analysis

Both A549 and NCI-H1975 cell lines were transfected 
with anti-ACOT11 or NC lentivirus and seeded into 
96-well plates at the density of 1,000 cells per well in  
100 μL medium. Three repetitions were performed for each 
group. GFP expression was observed every day for 5 days 
to monitor cell growth. The Celigo Imaging Cytometer 
(Nexcelom Bioscience) was employed to collect and analyze 
the images. Cells on the images were counted with image 
analysis software. The cell number at each time point were 
compare with that on day 1 to generate a cell proliferation 
rate. The cell growth curve was produced with the fold 
change in proliferation.

Quantitative real-time PCR 

Total RNA was extracted from the A549 cells using Trizol 
reagent (Thermo Fisher Scientific, Grand Island, NY, 
USA). Reverse transcription was performed using the 

M-MLV Reverse Transcriptase (Promega). The resulting 
cDNA was used to examine levels of mRNAs encoding 
PDPK1, AKT3, TNFAIP3, ATF3, VEGFB, PPARGC1A, 
FAS, SKP2, BIRC3, WASL, CDC42, KRAS, SOCS2, 
FBXW7, JUN, CDKN1C, MAP4K4, TPM1, RASA1, IRF1, 
BMP2, E2F1, MKI67, FOSL1, SOD2, RAPGEF1, CARM1, 
PRKACA, GRIP1, TRIB1. GAPDH was used as an internal 
control. Primer sequences are shown in Table 1. The real-
time PCR was performed on LightCycler 480II system 
(Roche). The conditions were as follows: pre-denaturation 
(95 ℃ for 30 s), denaturation (95 ℃ for 5 s), annealing and 
extension (60 ℃ for 60 s) for a total 40 cycles. mRNA levels 
are presented as: 2−ΔΔCT (with CT being the cycle threshold), 
where ΔCT = [CT (target gene) − CT (GAPDH)].

Western blot analysis

Protein was extracted using 2× lysis buffer (100 mM Tris-
HCl, 2% mercaptoethanol, 4% SDS, 20% glycerinum) 
and sonication on ice for 10–15 min. The extracted protein 
was separated by SDS-PAGE, transferred onto a PVDF 
membrane (Meck Millipore, Billerica, MA, USA.), and 
blocked with blocking buffer (5% skim milk in TBST). The 
PVDF membranes were incubated overnight at 4 ℃ or 2 h 
at room temperature with a primary antibody. Membranes 
were washed 8 min × 4 times and incubated with a 
horseradish peroxidase-conjugated secondary antibody. The 
blots were visualized using Pierce™ ECL Western Blotting 
Substrate Kit (Thermo Fisher Scientific).

Co-immunoprecipitation

Co-IP was employed to examine interaction between 
ACOT11 and its potential partner in regulating lung 
carcinoma. 3X Flag-ACOT11 was overexpressed in A549 
cells. We used flag antibody to do the immunoprecipitation 
and detected the following proteins with Western blot: 
CAMK2D , AHCY , EZR , RHEB , SMAD3 , SQSTM1 , 
ATP2A2, CTNNB1, CSE1L. Cells were treated with Co-
IP Lysates (Beyotime Biotechology Co., Shanghai, China) 
and processed with ANTI-FLAG® M2 Affinity Gel (Merck 
Millipore) according to the manufacturer’s instructions. 
Samples were then analyzed by Western blotting. Sources 
of all antibodies employed are listed as following: Mouse 
anti-flag (1:1,000, Sigma), Rabbit anti-CSE1L (1:1,000, 
Abcam), Rabbit anti AHCY (1:1,000, Abcam), Rabbit anti-
EZR (1:1,000, Abcam), Rabbit anti-RHEB (1:1,000, Abcam), 
Rabbit anti-SMAD3 (1:1,000, Abcam), Rabbit anti SQSTM1 
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(1:1,000, CST), Rabbit anti ATP2A2 (1:1,000, Abcam), 
Rabbit anti CTNNB1 (1:1,000, CST), Rabbit anti CSE1L 
(1:1,000, Abcam).

Tissue microarray and survival analysis

Tissue microarray (TMA) slides contained 45 pairs of 

Non-small lung cancer tissue samples and were hybridized 
with primary antibody against ACOT11 (1:50; Rabbit anti 
Human, SIGMA). The clinical information are shown at 
http://cdn.amegroups.cn/static/application/3ad9a80f3c8
e6099d5d0deef37e50bb7/TLCR-19-509-Table S1.xlsx. 
The human lung specimens including normal, tumor 
and adjacent normal tissues were bought from superchip 

Table 1 Primers for real-time PCR

Target Primer 5’ Primer 3’

PDPK1 GGAACAGCGCAGTACGTTTCT CTCGTTTCCAGCTCGGAATGG

AKT3 AATGGACAGAAGCTATCCAGGC TGATGGGTTGTAGAGGCATCC

TNFAIP3 CCACGATGCTCAGGTTTG TCCCTTTCTCAGCCAAGAC

ATF3 GCTAAGCAGTCGTGGTATG CTGGAGTTGAGGCAAAGAT

VEGFB CAGGGATAGCCCAGTCAATA ACAAGCAAGGTCACTCAGTAGAT

PPARGC1A TCTGAGTCTGTATGGAGTGACAT CCAAGTCGTTCACATCTAGTTCA

FAS ACACTCACCAGCAACACCAA CTTCCTTTCTCTTCACCCAAACA

SKP2 TGTTTGTAAGAGGTGGTATCG ACAGTATGCCGTGGAGGG

BIRC3 TTTCCGTGGCTCTTATTCAAACT GCACAGTGGTAGGAACTTCTCAT

WASL GAACGAGTCCCTCTTCACTTTC GTTCCGATCTGCTGCATATAACT

CDC42 CTTTCTTGCTTGTTGGGACT TAGGCTTCTGTTTGTTCTTGG

KRAS AGTTGGAGCTGGTGGCGTAG CCTCATGTACTGGTCCCTCATT

SOCS2 AGCTGGACCAACTAATCTTCG GTCCGCTTATCCTTGCACATC

FBXW7 TTAGTGGGACATACAGGTGGA GAGAACCGCTAACAACTCTTTT

JUN ATGGTCAGGTTATACTCCTCCTC CACATGCCACTTGATACAATCC

CDKN1C GTCCGGGCCTCTGATCTCC ATCGCCCGACGACTTCTCA 

MAP4K4 CGGAGATTCGTAAATACAAGA CTTCGGTTGATAAGAGGATAGA

TPM1 GAGAAGGCAGCAGATGAGA AATGATGACCAGCTTACGG

RASA1 GTCCAACGCCAAACAATCAGT AGATTTCCTTGCCATCCACTG

IRF1 GATGCTTCCACCTCTCACC TGCTCCACCTCCAAGTCC

BMP2 CATGCCATTGTTCAGACG TGTACTAGCGACACCCACA

E2F1 AGGCCCTCGACTACCACT CCAAGCCCTGTCAGAAAT

MKI67 GGAACAGCCTCAACCATCAG CCACTCTTTCTCCCTCCTCTC

FOSL1 ACCCTCCCTAACTCCTTTCA CTGGAGTTGGATGTGGGATA

SOD2 TGGACAAACCTCAGCCCT TGAAACCAAGCCAACCC

RAPGEF1 AGTGCCCTGCGCTACTTTAAG GGCTTTGGTACACTCGGCTAT

CARM1 TCGCCACACCCAACGATTT GTACTGCACGGCAGAAGACT

PRKACA AGCCCACTTGGATCAGTTTGA GTTCCCGGTCTCCTTGTGT

GRIP1 TTTTCCGAACAGTGGAGGTCA CTGTCACCGGGTTTGATCGT

TRIB1 TTGGGGACATGCACTCCTATG GGCGGAGACAATCTGCTTGA

GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA
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(Shanghai Outdo Biotech Co. Ltd). The distance between 
adjacent normal and cancer tissue boundary is about 1cm, 
while that of distant normal tissue and cancer tissue is about 
10 cm. Images were captured with microscope (Caikon, 
Shanghai, China) and processed using Nano Zoomer 
Digital Pathology View 1.6 software. We determined 
the Immunohistochemical score by two independently 
experienced pathologists blinded to the clinical and 
pathological data. The expression levels of ACOT11 
was assessed for significance using student t-test. Mann-
Whitney U analysis was used to analysis the clinical features 
of patients (shown in Table 2).

Colony formation assay

A549 and NCI-H1975 cell lines were employed to do cell 
survival analysis. Three independent experiments were 
performed. Anti-ACOT11 shRNA transduced cells were 
seeded into 6-well plates (A549 cell line: 700 cells/well; 
NCI-H1975 cell line: 400 cells/well) and incubated in 
humidified air containing 5% CO2 at 37 ℃ for 14 days to 
allow colony formation. Medium was replaced every 3 days. 
Virus without anti-ACOT11 served as the negative control. 
Cells were fixed with 4% paraformaldehyde for 30–60 min 

and stained with GIEMSA. After staining, images were 
captured with microscope (IX71, Olympus, Japan) and 
colony numbers were counted. Data were normalized to 
results for control cells.

Cell cycle analysis

Cells were cultured in 6-cm dishes and were harvested when 
grown to 80% confluence. Cells were washed with ice-cold 
D-Hanks buffer and fixed with 70% ethanol at 4 ℃ for 1 h. 
The cells were washed with ice-cold D-Hanks buffer one 
more time and stained with PI/RNase Staining Solution 
(Thermo Fisher Scientific). DNA data was analyzed by 
fluorescence-activated cell sorting (Guava easyCyte HT, 
Merck Millipore, Billerica, MA, USA). 

Apoptosis analysis

The cells were washed with ice-cold D-Hanks buffer 
followed by binding buffer and processed with Annexin 
V-APC Apoptosis Detection Kit (eBioscience). The 
percentage of apoptosis was analyzed by fluorescence-
activated cell sorting (Guava easyCyte HT, Merck 
Millipore, Billerica, MA, USA).

Table 2 Clinical features of lung cancer patients

Characteristics
ACOT11 levels

Total P value
Low High

Gender 56 83 139 0.242 

Male 38 45 83 

Female 18 38 56 

Age 56 84 140 0.818 

≤60 30 45 75 

<60 26 39 65 

Clinical stage 55 83 138 0.832

I/II 38 46 84 

III/IV 17 37 54 

Grade 54 83 137 0.433 

NA 4 1 5 

1/2 34 56 90 

3 16 26 42 

TNM stage 56 83 139 0.543 

1/2 45 63 108 

3/4 11 20 31 
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In vivo experiments

All procedures involving animals and their care was 
approved and performed by the Committee of China-Japan 
Friendship Hospital. In the whole project, animal care 
and experiments were performed strictly abidance by the 
“Guide for the Care and Use of Laboratory Animals” and 
the “Principles for the Utilization and Care of Vertebrate 
Animals”. Female BALB/c nude mice (4 weeks, 16–23 g) 
used in this study were bought from Shanghai Lingchang 
Biotech Co. Ltd (Shanghai, China) and maintained in home 
cages in a specific pathogen-free facility in our laboratory. 
Animals were randomly divided into two groups: negative 
control group (NC) and knockdown group (KD). The dark/
light cycle were maintained at 12 h/12 h. A549 cells (1×107) 
in 200 μL PBS were injected subcutaneously into the right 
flank of nude mice (at 1–2 P.M., n=10 for each group). 
Starting on day 15 after the first injection, tumor growth 
was monitored two to three times (every week for 19 days). 
Tumor volume (mm3) equaled (π/6) (L × W2), where L and 
W refer to the longest longitudinal and transverse diameters, 
respectively. Before mice were sacrificed for tissue collection, 
tumor images were obtained (at 10–11 A.M.) with an IVIS 
Spectrum whole live-animal imaging system (PerkinElmer, 
Waltham, MA, USA). Animals were sacrificed after 34 days of 
injection, the isoflurane was used to anesthetize the animals 
by the gas anesthesia system followed by the manufacture’s 
protocol (UGO Basile Co. Ltd). The tumors and adjacent 
normal tissues were collected, and a part of each sample was 
fixed in formalin, another part of each tumor was chopped 
and immediately photographed then frozen in liquid nitrogen 
for further analysis.

Wound healing assay

We employed the scratch motility assay to measure two-
dimensional cancer cell movement. Both A549 cell 
line and NCI-H1975 cell line were used in the assay. A 
proper number of cells were seeded in 96-well plate in  
100 μL medium so that they would reach 90% confluence 
overnight. A scratch was made on the cell monolayer with 
a 96-wounding replicator (VP scientific). The floating cells 
were removed by washing. The culture plate was incubated 
in a complete medium for 24 h. The images were captured 
and analyzed by Celigo software (Nexcelom).

Cell migration and invasion assay

The transwell assay was performed to detect cell migration. 

Both A549 and NCI-H1975 cell lines were used in the 
assay. Cells were trypsinized and resuspended in medium 
without serum. 105 NCI-H1975 cells or 5×104 A549 cells in  
100 μL medium were gent ly  added to the upper 
compartment of Transwell (Corning). 600 μL DMEM 
with 30% FBS was added to the lower compartment of 
Transwell. The cells were incubated in the culture incubator 
at 37 ℃ plus 5% CO2 for 18 h (NCI-H1975 cells) or 24 h  
(A549 cells). The remained cells on the upper side were 
removed with cotton balls. The cells were stained with 0.5% 
crystal violet for 5 min. The images of stained cells on the 
lower side were obtained under microscope from 4 different 
randomly selected views under 100× magnification and 9 
different randomly selected views under 200× magnification. 
The cell number averaged from the 200× magnification 
microscopic views was used as the migration cell number. 

Statistical analyses

Statistical analysis was performed using GraphPad Prism 
(version 8.02; GraphPad Software) and SPSS (version 19.0, 
SPSS Inc) statistical software (24). The Student’s t-test 
and paired t-test were used to analyze significance between 
independent groups and paired materials, respectively. 
Results of continuous variables were presented as mean ± 
SD. unless were stated otherwise. Independent sample t-tests 
were used to compare the treatment groups. P≤0.05 was 
considered statistically significant. Biochemical experiments 
were performed in triplicate and a minimum of three 
independent experiments were evaluated.

Results

High expression of ACOT11 is found in both LUSC and 
LUAD patients and up-regulation in ACOT11 correlates 
with poor prognosis in LUSC

We first measured the expression of ACOT11 in a cohort 
(45-paired lung cancer vs adjacent noncancerous tissues 
and 10 normal lung tissues) of human LUAD patients 
through immunohistochemistry tissue microarray. Results 
confirmed that ACOT11 was located in tumor cytoplasm, 
and highly expressed in Squamous Carcinoma and 
different subtype of adenocarcinoma including papillary 
and mucinous adenocarcinoma compared with adjacent 
normal tissue (Figure 1A,B). The clinical features of lung 
cancer patients were shown in Table 2. We next analyzed 
the mRNA expression of ACOT11 in The Cancer Genome 
Atlas (TCGA, http://cancergenome.nih.gov) (25). Data 
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showed the transcriptional level of ACOT11 was higher 
in both LUAD and lung squamous cell carcinoma tissues 
than in normal tissues (Figure 1C). Kaplan-Meier analysis 
showed that the overall survival time of LUSC patients 
with ACOT11 low or medium expression was longer than 
those with ACOT11 high expression. While in LUAD 
patients, ACOT11 showed no prognosis value (Figure 1D). 
These results suggested that ACOT11 was up-regulated in 
lung cancer and correlated with poor survival time of lung 
squamous cell carcinoma patients.

ACOT11 knock down impairs lung cancer cell growth

Highly expressed ACOT11 in lung cancer and correlation 
with poor survival in LUAD patients indicates an oncogenic 
role of ACOT11 in lung cancer development. To evaluate 
the function of ACOT11 in lung cancer, lentiviral-based 
shRNA strategy was employed to knockdown ACOT11 
both in lung cancer cell lines A549 and NCI-H1975. 
Lentivirus expressing shRNA specifically targeting human 
ACOT11 (shACOT11) or scrambled sequence (shCtrl) 
were generated initially. Results showed that ACOT11 
were efficiently knocked down in NCI-H1975 and A549 
cells through Western blot (Figure 2A). As sustained 
growth is one of the most hallmarks of cancer cells (26), 
we first investigate the impact of ACOT11 knockdown on 
cell growth in NCI-H1975 and A549 using high content 
screening. Results showed that ACOT11 knock down 
significantly reduced the growing number of NCI-H1975 
cells (Figure 2B,C) while a mild inhibiting effect was 
observed in A549 cells (Figure 2D,E). 

ACOT11 knock down affects clone formation and induces 
cell cycle arrest and apoptosis in lung cancer cells

Colony formation ability is dependent on the replicative 
immortality of cancer cells, which is also one of the hall 
marks of cancer. So we also investigate if ACOT11 knock 
down could impair the clonogenic ability of lung cancer 
cells. Consistently, colony formation was significantly 
suppressed upon ACOT11 knock down both in NCI-H1975 
(Figure 3A,B) and A549 (Figure 3C,D). These results imply 
an important role of ACOT11 in regulating lung cancer 
cell proliferation and clonogenicity. Resistance to apoptosis 
is another hallmark of tumor, as this confers the tumor 
cells to survive through anoikis and cell contact inhibition 
induced by rapid expansion. Annexin V-APC assay by 
flow cytometry were conducted to measure cell apoptosis 

in NCI-H1975 and A549 with ACOT11 knocked down. 
Results showed that the proportion of cells under apoptosis 
was enhanced both in NCI-H1975 (Figure 3E,F) and A549 
cells (Figure S1A,B) when ACOT11 was knocked down. 
Uncontrolled cell cycle and accelerated cell division rates 
are often observed in cancer initiation progression, which 
is one of the major mechanisms that leads to accelerated 
tumor growth. So we next examined if ACOT11 could 
also regulate cell cycle progression in lung cancer cells. 
propidium iodide (PI) flow cytometric assay was conducted 
to evaluate the effect of ACOT11 on cell cycle. We found 
the proportion of cells in G1 phase was accumulated while 
that in S phase was reduced after ACOT11 was knocked 
down in NCI-H1975 (Figure 3G,H), indicating a positive 
role of ACOT11 in regulating G1 to S transition, which 
may partly explain the results that knock down of ACOT11 
almost completely block cell proliferation in H1975. As 
a contrast, we did not observe significant changes in cell 
cycle when ACOT11 was knocked down in A549 cell lines 
(Figure S1C,D), this is consistent with results that ACOT11 
knocked down cause a less inhibition effect on proliferation 
in A549 than in NCI-H1975 cell, indicating a cell content 
dependent function of ACOT11 in regulating proliferation 
in different lung cancer cell lines. These results indicate 
that the inhibition on lung cancer cell growth with ACOT11 
knocked down was caused by induced cell cycle arrest and 
increased apoptosis.

Knock down of ACOT11 inhibited lung cancer cell 
migration, invasion and epithelial-mesenchymal transition 
(EMT)

Remote metastasis is one of the main causes of lung cancer 
death, which requires the cancer cell to obtain migration 
and invasion ability during cancer progression. As ACOT11 
knocked down had a strong effect on inhibiting lung cancer 
cell growth, we asked if ACOT11 could also regulate tumor 
cell migration and invasion. Using Transwell migration 
assay (without adding ECM), we found ACOT11 knock 
down significantly inhibited migration rate both in 
NCI-H1975 (Figure 4A,B) and A549 cells (Figure 4C,D), 
when switching to Transwell invasion assay (adding ECM), 
the inhibitory effect got more significant in NCI-H1975 
(Figure 4E,F) and A549 cells (Figure 4G,H), indicating an 
important role of ACOT11 on regulating both migration 
and invasion. Wound healing assay is another classic 
experiment to measure cell migration and movement ability, 
but we had not observed inhibitory effect of ACOT11 
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Figure 1 ACOT11 is highly expressed in lung cancer tissues and correlated with poor prognosis of lung squamous carcinoma (LUSC) 
patient. (A,B) ACOT11 protein levels in lung cancer tissues vs. adjacent normal tissues were measured using an immunohistochemistry-based 
tissue microarray. Representative images (A; immunohistochemistry, ×100) of normal, squamous carcinoma, adenocarcinoma with different 
subtype were shown. ACOT11 protein expression was upregulated in lung cancer tissues compared with normal tissues (B). Statistic analysis 
was conducted using Student’s t-test. (C) ACOT11 mRNA expression in lung adenocarcinoma (LUAD) and LUSC samples was analyzed 
utilizing database from The Cancer Genome Atlas (TCGA). (D) Correlation between mRNA expression of ACOT11 and survival of LUAD 
and LUSC samples was analyzed in Kaplan-Meier plots utilizing LUAD database from TCGA. ***P<0.001.
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Figure 2 High content screening identifying ACOT11 as an essential gene in promoting lung cancer cell proliferation. (A) Western blotting 
was performed to determine RNAi efficiency of ACOT11 protein in NCI-H1975 and A549 cell lines 72 h after ACOT11 RNAi lentivirus or 
control lentivirus was transduced. Using GAPDH as an internal control. ACOT11 was efficiently knocked-down in NCI-1299 and A549 cell 
lines. (B,C,D,E) High content screening was conducted to measure the effect of ACOT11 knock down on growth of NCI-H1975 (B,C) and 
A549 (D,E) transduced with GFP-expressing ACOT11 RNAi lentivirus or control lentivirus. Representative images of GFP-expressing cells 
(successfully transduced cells) was shown in each time point after transduction (B,D), and GFP signaling of transduced cells was normalized 
to day1 for comparison of growth rate between different groups (C,E). ACOT11 knock down significantly reduced cell growth rate in both 
NCI-H1975 and A549 lung cancer cell lines. Data are presented as mean ± SD.
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Figure 3 ACOT11 knock down inhibit lung cancer cell G1-S transition and induce cell apoptosis in vitro. (A,B,C,D) Colony formation assay 
was performed to confirm the effect of ACOT11 knock down on cell survival in NCI-H1975 (A,B) and A549 (C,D). Representative images of 
colony formation for NCI-H1975 (A) and A549 (C) was shown. Colony numbers was calculated in NCI-H1975 (B) and A549 (D) for each 
group. ACOT11 knock down inhibit colony formation in both NCI-H1975 and A549 lung cancer cell lines. (E,F) Annexin-V-APC labelling 
and flow cytometry was conducted to measure cell apoptosis in NCI-H1975 (E) after ACOT11 was knocked down. Percentage of cells (F) in 
apoptosis was quantified. ACOT11 knock down induced cell apoptosis in NCI-H1975. (G,H) PI staining and flow cytometry was performed 
to evaluate cell cycle in NCI-H1975 (G) after ACOT11 was knocked down. Cell numbers in indicated cell cycle phase was quantified (H). 
ACOT11 knock down leads to a reduction of cell numbers in S phase and an accumulation of cells in G1 phase in NCI-H1975. Data are 
presented as mean ± SD. Student’s t-test was conducted to calculate the significance. **P<0.01.
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Figure 4 Knockdown of ACOT11 significantly inhibit cell migration, invasion and epithelial-mesenchymal transition in vitro. (A,B,C,D) 
The migration of NCI-H1975 (A,B) and A549 (C,D) was measured by the Transwell migration assay after ACOT11 was knocked down. 
Representative images of NCI-H1975 (A) and A549 (C) was shown. Cell numbers for NCI-H1975 (B) and A549 (D) were quantified 
respectively. ACOT11 knocked down inhibit cell migration both in NCI-H1975 and A549. (E,F,G,H) The invasion of NCI-H1975 
(E,F) and A549 (G,H) was determined through the Transwell invasion assay after ACOT11 was knocked down. Representative images of 
NCI-H1975 (E) and A549 (G) was shown. Cell numbers for NCI-H1975 (F) and A549 (H) were quantified respectively. ACOT11 knocked 
down inhibit cell invasion both in NCI-H1975 and A549. (I) The expression level of EMT marker E-cadherin and vimentin was measured 
through western blot in NCI-H1975 and A549 cells after ACOT11 was knocked down. ACOT11 knock down increased epithelial cell marker 
E-cadherin expression and reduced mesenchymal cell marker Vimentin expression. Staining method for (A,C,E,G): 0.5% crystal violet; 
magnification, ×200. Data are presented as mean ± SD. Student’s t-test was conducted to **P<0.01. 
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knock down on both NCI-H1975 (Figure S2A,B) and A549 
cells (Figure S2C,D), indicates the inhibition of ACOT11 
knock down on migration and invasion may not depend 
on dampened movement ability. Activated EMT is one 
of the mechanisms underlying enhanced cell migration 
and invasion in multiple cancer (27). We found epithelial 
marker E-cadherin was highly expressed and mesenchymal 
marker Vimentin was significantly reduced in both A549 
and H1299 cells (Figure 4I), when ACOT11 was knocked 
down, which means EMT was inhibited. These results 
indicate knock down of ACOT11 could inhibit lung cancer 
cell migration and invasion through blocking Epithelial–
mesenchymal transition. We also measured the effect 
of ACOT11 knock down on angiogenesis, as it is often 
activated during cancer progression, but we had not found 
any difference in NCI-H1975 cells (Figure S3A,B) and A549 
(Figure S3C,D,E).

Knock down of ACOT11 inhibited tumor growth in lung 
cancer xenograft model

To further determine whether ACOT11 promote lung 
cancer cell tumorigenicity in vivo, we generated a lung 
cancer mouse xenograft model by subcutaneously injecting 
A549 cells into the flank of nude mice. By the end of the in 
vivo experiment, all animals were healthy. All animals were 
taken into analysis (n=10 for each group). As the lentivirus 
expressing ACOT11 shRNA or control shRNA were loaded 
with GFP element, which means the transfected lung cancer 
cells in tumors could be imaged with GFP signaling, so we 
measured the GFP signaling on the tumor area before the 
mice were sacrificed. Consistently with the tumor volume 
collecting data, the GFP signaling was significantly reduced 
in shACOT11 group (Figure 5A,B), the volumes and weight 
of ACOT11-deficient xenograft tumors were significantly 
lesser than those of the control tumors (Figure 5C,D,E). 
indicating transfected lung cancer cells was diminished 
in xenograft. These results imply that ACOT11 maybe 
indispensable in tumor formation.

Expression profile of genes regulated by ACOT11 in lung 
cancer

Since ACOT11 has a strong role in regulating both 
tumor proliferation and invasion, we next investigate the 
signaling mechanisms underlying it. cDNA microarray 
assay was conducted to identify the transcriptional profiling 
downstream of ACOT11 in A549 cells. In total, 611 genes 

were differentially expressed [false discovery rate (FDR) 
<0.05 and absolute fold change (FC Absolute) >2] after 
ACOT11 was knocked down (http://cdn.amegroups.cn/
static/application/36f22769865ddea37e2878034b3de
ee4/TLCR-19-509-Table S2.xlsx). Of the differentially 
regulated genes, 214 were upregulated and 397 were 
downregulated (Figure 6A,B). Signaling pathway enrichment 
analysis revealed the TOP 10 most potentially suppressed 
signaling, which were ranked by the Z-score in Ingenuity 
Pathway Analysis (IPA). These enriched pathways including 
Wnt/β-catenin signaling, PI3K/AKT signaling, CDC42 
signaling and SAPK/JNK signaling, etc., which were related 
with cancer progression as previously reported (Figure 6C). 
To further investigate the related regulatory network of 
ACOT11-induced malignancy, we analyzed the knowledge-
based interactome and constructed a network map  
(Figure 6D) including ACOT11 and differentially expressed 
genes enriched in the TOP10 signaling pathway above. 
Multiple genes, including JUN, SKP2, TNFAIP3, that have 
been previously reported to be involved in tumorigenesis 
were confirmed differentially regulated with ACOT11 knock 
down by qPCR and Western blot (Figure 6E,F), indicating 
ACOT11 could regulate cancer proliferation and invasion 
through multiple signaling axis.

Immunoprecipitation-mass spectrometry reveals ACOT11 
interacting with CSE1L in lung cancer 

To further gain insight into the detailed molecular 
mechanistic basis of the tumour promotion effect 
of ACOT11  in lung cancer,  we sought to identify 
its interacting partners by Co-IP followed by mass 
spectrometry. We found ACOT11 could interact with 
573 proteins (http://cdn.amegroups.cn/static/applicatio
n/82d275e928471984427a30cfcd6fa209/TLCR-19-509-
Table S3.xlsx; http://cdn.amegroups.cn/static/application/
c4882867ac9c15d6ddab7e65cdf9197a/TLCR-19-509-
Table S4.xlsx) by comparing the anti-Flag IP product of 
A549 cells overexpressing ACOT11-Flag with A549 cells 
transfected with blank vector (Figure 7A,B). Among these 
interacted proteins, tumor proliferation and invasion related 
proteins were manually selected to further confirm their 
interaction with ACOT11 through CO-IP and western 
blot, including CAMK2D, AHCY, EZR, RHEB, SMAD3, 
SQSTM1, ATP2A2, CTNNB1, CSE1L. Finally, as shown in 
Figure 7C, we found CSE1L was validated to interact with 
ACOT11. Chromosome segregation 1 like (CSE1L) is an 
oncogene in multiple tumors such as female reproductive 

http://cdn.amegroups.cn/static/application/36f22769865ddea37e2878034b3deee4/TLCR-19-509-Table S2.xls
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Figure 5 ACOT11 knock down inhibit tumor growth in vivo. In vivo tumorgenicity was measured by subcutaneously injecting GFP-
expressing ACOT11 RNAi lentivirus or control lentivirus transfected A549 into nude mice, n=10. Luciferase fluorescence signaling of 
xenografts was imaged (A) before mice were sacrificed and the signal intensity within the interested region was quantified (B). Gross pictures 
of Tumors and corresponding mice was shown (C). Tumor size were monitored (D) at indicated time and tumor weight (E) were measured 
after mice was sacrificed. Data are presented as mean ± SD. Student t-test was conducted to **P<0.01; ***P<0.001.
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Figure 6 Gene expression profiling identifies transcriptional targets downstream of ACOT11. (A,B) Transcriptome profiling through 
microarray assay identified differentially expressed genes (DEGs) in A549 cells transduced with ACOT11 RNAi lentivirus or blank lentivirus. 
DEGs was shown in a hierarchical clustering plot (A) and a volcano plot (B). Genes with absolute fold change >2.0 and FDR <0.05 were 
defined as DEGs. (C) Ingenuity Pathway Analysis (QIAGEN, USA) was conducted to determine the enriched signaling pathways with 
all DEGs. The Top 10 enriched Pathways with Z-score <0 was listed. Pathways with Z-score <0 was considered to be inhibited due to the 
integrative negative regulating effect performed by the DEGs involved. (D,E,F) Gene interaction network analysis (D) was performed using 
DEGs manually selected from the top 10 enriched pathways, and mRNA expression of the DEGs were confirmed by qPCR (E), among which 
BIRC3, JUN, TNFAIP3, SKP2, BMP2 protein expression (F) were further measure through Western blot. *P<0.05; **P<0.01; ***P<0.001.
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endometrioid cancer and colorectal cancer. Among its 
related pathways are p53 pathway and Cell cycle_Spindle 
assembly and chromosome separation. However, as far as 
we know, the function of CSE1L in lung cancer has not 
been reported. Thus, we did the following experiments 
to validate the functions of CSE1L in A549 cells and 
NCI-H1975 cells, including cell proliferation assay  
(Figure 7D ) ,  colony formation assay (Figure 7E ) , 
cell migration assay (Figure 7F) and invasion assay  
(Figure 7G). The results proved that CSE1L promotes the 
cell proliferation, migration and invasion in both A549 and 
NCI-H1975 cells, indicating that ACOT11 could regulate 
tumor proliferation and invasion through binding with 
CSE1L.

Discussion

In this study, we first demonstrated the ACOT11 functions 
in lung cancer both  in vitro and in vivo. ACOT11 
knockdown could suppress cell growth, cell migration and 
invasion, as well as apoptosis in vitro. Consistent with these 
findings, in vivo study showed that ACOT11 knockdown 
significantly reduced tumor size and weight using 
xenograft model. For the first time, these findings clearly 
demonstrated the importance of ACOT11 in lung cancer 
and provide evidences showing that ACOT11 knockdown 
could suppress tumor cell growth and migration. Since 
ACOT11  was reported to be associated with poor  
prognosis (22), which was now a difficult issue in clinical 
treatment, ACOT11 provide a potential therapy target in 
the future, especially for lung cancer with poor prognosis.

To understand the regulatory mechanism of ACOT11, 
we investigated the downstream pathways of ACOT11 with 
transcriptional profiling. ACOT11 knockdown significantly 
up-regulated 214 genes expression and down-regulated 
397 genes expression. The immunoprecipitation–mass 
spectrometry showed that ACOT11 could interact with 573 
proteins. These proteins were enriched in multiple cancer 
signaling pathway including Wnt/β-catenin signaling, PI3K/
AKT signaling, CDC42 signaling and SAPK/JNK signaling 
etc. This is a database of great value for ACOT 11 study in 
the future and would definitely contribute to the mechanism 
study of lung cancer. Among these proteins, we further 
selected CAMK2D, AHCY, EZR, RHEB, SMAD3, SQSTM1, 
ATP2A2, CTNNB1, CSE1L to confirm the interaction with 
ACOT11 by co-immunoprecipitation. These proteins were 
reported to play a role in regulating tumor proliferation 
and invasion, further investigation is needed to distinguish 

which signaling axis may be responsible for the positive 
regulation of ACOT11 on multiple tumor hallmarks. 
Finally, we proved that ACOT11 could bind with CSE1L 
in A549 cells. Considering the potential roles of CSE1L in 
cancer, we speculate that CSE1L plays an important role in 
the ACOT11 mediated cell signaling. 

However, the regulatory mechanism behind the ACOT11 
functions is still not well established. ACOT11 and ACOT12 
are both belong to the type II ACOT family and they 
share 51 per cent sequence identity and both enzymes 
contain a C-terminal steroidogenic acute regulatory 
protein (StAR)-related lipid transfer (START) domain 
(28,29), indicating these two enzymes might share the same 
regulatory mechanism. ACOT12 regulates cellular acetyl-
CoA levels and histone acetylation in promoting epithelial-
mesenchymal transition and metastasis in hepatocellular 
carcinoma (17). This might be the regulatory mechanism of 
the ACOT11 function in the lung cancer.

Another possibility of the regulatory mechanism is that 
ACOT11 might function to promote energy expenditure in 
cancer. ACOT11 was initially named brown fat inducible 
thioesterase because it is highly enriched in brown adipose 
tissue. It was also significantly upregulated when mice were 
exposed to cold ambient temperatures (30). It was also 
reported that ACOT11−/− mice exhibited increased energy 
expenditure and were resistant to diet-induced obesity, 
as well as associated metabolic disorders (31). It is well 
demonstrated that in cancer cells, metabolic reprogramming 
is a very important process to accommodate their 
biosynthetic needs and proliferation (32,33). However, our 
finding is that the ACOT11 knockdown could induce the 
tumor size significant reduction in vivo. It is not consistent 
with the reported phenomenon that the ACOT11−/− mice 
exhibited increased energy expenditure. These findings 
indicating that the ACOT11 functions are very complicated. 
Is it possible that there is a compensatory mechanism of 
ACOT11? These questions need further investigation. 
Our study definitely showed a path on the compensatory 
mechanism study.

To further explore the intracellular mechanism 
o f  ACOT11  i n  the  p rogre s s ion  in  l ung  cancer. 
Immunoprecipitation was carried out to find the potential 
proteins that could bind to ACOT11. Among which, we 
found CSE1L (also named as XPO2). CSE1L is a Protein 
Coding gene which was closely related to the progression of 
colorectal cancer. Similarly, in this study, we found ACOT11 
or CSE1L knockdown could inhibit the proliferation, 
promote cellular apoptosis and inhibit cell invasion and 
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Figure 7 Shot-gun proteomics reveals interactions between ACOT11 and multiple tumor proliferation-associated proteins. (A) Stable cell 
line was established by transfection of Flag-ACOT11 expressing lentivirus or flag-empty lentivirus into A549 cells followed by puromycin 
selection. Cell lysates were then precipitated with anti-Flag antibody and pellets were separated through SDS-PAGE followed with 
Coomassie brilliant blue (CBB) staining and shotgun mass spectrometry. (B) Venn diagrams showing ACOT11 specific and non-specific 
binding protein number. (C) Immunoprecipitation and western bolt were conducted to confirm the interactions between ACOT11 and 
CSE1L from ACOT11 interactome in A549 cells. (D) CSE1L knock down significantly reduced cell growth rate in both NCI-H1975 and 
A549 lung cancer cell lines. (E) Colony formation assay was performed to confirm the effect of CSE1L knock down on cell survival in 
NCI-H1975 and A549 (GIEMSA, ×2). Representative images of colony formation for NCI-H1975 and A549 was shown. Colony numbers 
was calculated in NCI-H1975 and A549 for each group. CSE1L knock down inhibit colony formation in both NCI-H1975 and A549 lung 
cancer cell lines. (F) The migration of NCI-H1975 and A549 was measured by the Transwell migration assay after CSE1L was knocked 
down. Representative images of NCI-H1975 and A549 was shown. Cell numbers for NCI-H1975 and A549 were quantified respectively. 
CSE1L knocked down inhibit cell migration both in NCI-H1975 and A549. (G) The invasion of NCI-H1975 and A549 was determined 
through the Transwell invasion assay after CSE1L was knocked down. Representative images of NCI-H1975 and A549 was shown. Cell 
numbers for NCI-H1975 and A549 were quantified respectively. CSE1L knocked down inhibit cell invasion both in NCI-H1975 and A549. 
(F,G) 0.5% crystal violet, ×200. Data are presented as mean ± SD. Student t-test was conducted to calculate the significance. **P<0.01.
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migration. Furthermore, previous report has proved the 
roles of CSE1L in controlling cellular EMT in primary 
human mammary epithelial cells, and CSE1L was proved to 
be a potential target for reversing epithelial to mesenchymal 
transition. Thus, in this study we speculate that CSE1L 
might be a bridge between ACOT11 and cellular EMT 
regulation network.

After all, we confirmed that ACOT11 is upregulated 
in both LUAD and squamous cell carcinoma with tissue 
microarray test. We next reported that ACOT11 could 
suppress lung tumor cell growth, cell migration and 
invasion by potentially interacting with CSE1L, indicating 
ACOT11 might be a potential therapy target in the future 
clinical treatment. We provide a database of 214 up-
regulated genes and 397 down-regulated genes induced 
by ACOT11 knockdown, which are of great value for the 
ACOT11 downstream pathways mechanism study in the 
future. Our study revealed ACOT11 as a potential therapy 
target of lung cancer and provide a database of great value 
for its regulatory mechanism study.

Conclusions

The results revealed that ACOT11 regulates proliferation, 
migration and invasion of lung cancer carcinoma via 
multiple signaling pathways, potentially by binding with 
CSE1L. The novel findings identified new roles played 
by ACOT11 in the progression of LUAD and LUSC, 
indicating its potential therapeutic target in the treatment 
of lung cancer.
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Supplementary

Figure S1 ACOT11 knock down induced apoptosis and cell cycle dysregulation in A549 cells. (A,B) Annexin-V-APC labelling and flow 
cytometry was conducted to measure cell apoptosis in A549 after ACOT11 was knock down. percentage of cells in apoptosis was quantified. 
(C,D) PI staining and flow cytometry was performed to evaluate cell cycle in A549 after ACOT11 was knock down. Cell numbers in 
indicated cell cycle phase was quantified. Data are presented as mean ± SD. Student’s t-test was conducted to *P<0.05; **P<0.01.
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Figure S2 The effect of ACOT11 knock down on lung cancer cell migration through wound healing assay. The migration of NCI-H1975 
(A,B) and A549 (C,D) was measured by the wound healing assay after ACOT11 was knocked down. Representative images of NCI-H1975 (A) 
and A549 (C) was shown (×100). The migration area inhibition rate was calculated for NCI-H1975 (B) and A549 (D) respectively. data are 
presented as mean ± SD.
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Figure S3 The effect of ACOT11 knock down on angiogenesis. The angiogenesis of HUVEC cultured with medium from NCI-H1975 (A,B) 
and A549 (C,D) was measured. NCI-H1975 and A549 were transfected with ACOT11 shRNA lentivirus or Control lentivirus before the 
medium was transferred to culture with HUVEC. Representative images and quantified total tube area of HUVECs cultured with medium 
from NCI-H1975 (A,B) and A549 (C,D) was shown  (×200 for A,C). Angiogenesis related proteins in A549 cells are tested by Western blot (E). 
Data are presented as mean ± SD. Student’s t-test was conducted to **P<0.01. 
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