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Abstract 

Background  Activated Cdc42-associated kinase 1 (ACK1) is a promising druggable target for cancer, but its inhibi-
tors only showed moderate effects in clinical trials. The study aimed to investigate the underlying mechanisms and 
improve the antitumor efficacy of ACK1 inhibitors.

Methods  RNA-seq was performed to determine the downstream pathways of ACK. Using Lasso Cox regression 
analysis, we built a risk signature with ACK1-related autophagy genes in the lung adenocarcinoma (LUAD) patients 
from The Cancer Genome Atlas (TCGA) project. The performance of the signature in predicting the tumor immune 
environment and response to immunotherapy and chemotherapy were assessed in LUAD. CCK8, mRFP-GFP-LC3 
assay, western blot, colony formation, wound healing, and transwell migration assays were conducted to evaluate the 
effects of the ACK1 inhibitor on lung cancer cells. A subcutaneous NSCLC xenograft model was used for in vivo study.

Results  RNA-seq revealed the regulatory role of ACK1 in autophagy. Furthermore, the risk signature separated LUAD 
patients into low- and high-risk groups with significantly different prognoses. The two groups displayed different 
tumor immune environments regarding 28 immune cell subsets. The low-risk groups showed high immune scores, 
high CTLA4 expression levels, high immunophenoscore, and low DNA mismatch repair capacity, suggesting a better 
response to immunotherapy. This signature also predicted sensitivity to commonly used chemotherapy and targeted 
drugs. In vitro, the ACK1 inhibitors (AIM-100 and Dasatinib) appeared to trigger adaptive autophagy-like response to 
protect lung cancer cells from apoptosis and activated the AMPK/mTOR signaling pathway, partially explaining its 
moderate antitumor efficacy. However, blocking lysosomal degradation with chloroquine/Bafilamycine A1 or inhibit-
ing AMPK signaling with compound C/shPRKAA1 enhanced the ACK1 inhibitor’s cytotoxic effects on lung cancer 
cells. The efficacy of the combined therapy was also verified using a mouse xenograft model.

Conclusions  The resulting signature from ACK1-related autophagy genes robustly predicted survival and drug sensi-
tivity in LUAD. The lysosomal degradation inhibition improved the therapeutic effects of the ACK1 inhibitor, suggest-
ing a potential role for autophagy in therapy evasion.
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Introduction
Lung cancer remains top-ranked in incidence and mor-
tality globally (Bray et  al. 2018), 85% of which is non-
small cell lung cancer (NSCLC). Most patients are not 
diagnosed until they develop locally advanced or widely 
metastatic tumors (Herbst et  al. 2018). As a result, the 
5-year survival of lung cancer is as low as 15%, despite 
dramatic progress in multimodality therapy (Ashrafiza-
deh et al. 2020; Herbst et al. 2018). Aberrant activities of 
many fundamental signaling pathways are responsible for 
the uncontrol growth and metastasis of NSCLC, includ-
ing the AMPK, KRAS/RAF/MEK, PI3K/AKT/mTOR, 
and JAK-STAT pathways (Ashrafizadeh et  al. 2021a, b; 
Herbst et  al. 2018; Rotow and Bivona 2017). In the era 
of precision medicine, targeted therapies have caused a 
revolutionary improvement in cancer management by 
inhibiting activating genetic alterations in the epidermal 
growth factor receptor (EGFR), anaplastic lymphoma 
kinase (ALK), and ROS1 proto-oncogene receptor tyros-
ine  kinase (ROS1). However, advanced-stage NSCLC 
remains rarely cured because of therapeutic resist-
ance (Ashrafizadeh et  al. 2021a, b; Bivona and Doebele 
2016; Rotow and Bivona 2017). Therefore, it is urgent to 
develop more potent targeted therapies. Equally impor-
tant is to identify the targetable resistance mechanisms of 
existent drugs and develop a combinational therapy strat-
egy to overcome the resistance.

Activated Cdc42-associated kinase 1 (ACK1), also 
known as a non-receptor tyrosine kinase 2 (TNK2),  is 
a ubiquitously existing non-receptor tyrosine kinase 
(NRTK) (Wang et  al. 2021). ACK1 gene is frequently 
amplified or mutated in a broad spectrum of human 
cancer, along with aberrantly activated ACK1 signaling 
(Mahajan et  al. 2015). This atypical receptor tyrosine 
kinase converges and transduces signals from multiple 
ligand-activated RTKs (e.g., EGFR, HER2, and PDGFR) 
to downstream effectors (Mahajan et  al. 2015). There-
fore, ACK1 has been considered a promising thera-
peutic target for multiple cancers, including colorectal 
cancer (Qi and Ding 2018), breast cancer (Mahajan 
et al. 2015), hepatocellular carcinoma (HCC) (Lei et al. 
2015), head and neck squamous carcinoma (Peng et al. 
2022), and NSCLC (Gu et al. 2020; Hu et al. 2016; Tan 
et al. 2014; Zhu et al. 2020; Zhu et al. 2021a, b). One of 
the mechanisms underpinning tyrosine kinase inhibi-
tor (TKI) resistance is that drugs often unintentionally 
activate signaling molecules (e.g., MET, BRAF, PIK3CA, 
AXL, and Src family kinases). The subsequent activa-
tion of these parallel signaling pathways can adequately 
support cell survival and growth and thereby cause 
tumor cells to evade TKI-mediated tumor cell killing 
(Zhang et al. 2020; Zhu et al. 2021a, b). Because ACK1 
integrates signals from several RTKs, its inhibitors 

may restrict the compensatory activation of the sign-
aling pathways mentioned above and minimize drug 
resistance. Therefore, ACK1 inhibitors may be a better 
therapeutic strategy for cancer treatment. Many ACK1 
inhibitors have been identified, such as Dasatinib, Suni-
tinib, and  (R)-9b (Ghildiyal et  al. 2022; Wang et  al. 
2021). However, clinical responses of Dasatinib were 
dissatisfying (Kelley et  al. 2017; Kruser et  al. 2011). 
Therefore, it is warranted to investigate the potential 
resistance mechanism of ACK1 inhibitors.

Autophagy is a programmed catabolic process assist-
ing cells to survive stresses, such as hypoxia, starvation, 
or cytotoxic drugs (Zhao et  al. 2021). Autophagosomes 
coupled with lysosomes to eradicate protein aggregates 
and damaged detrimental organelles (e.g., mitochon-
dria). Autophagy is a double-edged sword in cancer 
development (Levy et al. 2017; White and DiPaola 2009). 
Autophagy may prevent tumorigenesis-driving genome 
damage by removing damaged proteins and organelles 
(White and DiPaola 2009). Some evidence demonstrated 
that impaired autophagy, arising from a deficiency in 
beclin 1 or the autophagy gene Atg5, is tumor-promot-
ing. In contrast, autophagy can also disintegrate cellular 
contents to fuel tumor cell growth and facilitate tumor 
cells to survive metabolic stress, thereby promoting 
tumorigenesis (White and DiPaola 2009; Xia et al. 2021). 
Several signaling pathways have been found to regulate 
autophagic activity, involving PI3K/AKT/mTOR, AMPK/
CaMKK, RAS, p53, and JAK-STAT pathways (Galluzzi 
et al. 2017; Levy et al. 2017). Over the past years, accu-
mulating evidence illustrated that autophagy is a cru-
cial drug resistance mechanism in anticancer therapy 
(Holohan et  al. 2013; Kwon et  al. 2019). Many antican-
cer therapies stimulate autophagic pathways, including 
chemotherapy and targeted therapies. Autophagy inhibi-
tors, chloroquine or hydroxychloroquine, combined 
with several anticancer drugs, could elevate cytotoxic-
ity in preclinical models (Chang and Zou 2020; Ishaq 
et  al. 2020). Intriguingly, the effect of autophagy on 
cells is context-dependent. For instance, arsenic tri-
oxide (ATO) inhibits cancer  cell  growth by trigger-
ing autophagic cell death  (Agrawal et al. 2022). To date, 
it remains unknown whether ACK1 regulates cellular 
autophagic activity or whether ACK1 inhibitors stimulate 
self-defense autophagy to resist their therapeutic effect.

In this study, we developed a predicting signature of 
ACK1-related autophagy genes. This signature potently 
predicted prognosis, chemotherapy response, and drug 
sensitivity in LUAD. Moreover, by performing in  vitro 
and in vivo experiments, we found that inhibiting AMPK 
or lysosomal degradation with Chloroquine (CQ)/ Bafilo-
mycin A1 (BafA1) boosted the cytotoxic effects of ACK1 
inhibitors on lung cancer cells.
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Methods and materials
RNA‑sequencing
Details of the silencing of ACK1 in A549 cells by lenti-
virus-medicated shRNA and RNA-sequencing were pro-
vided elsewhere (Zhu et al. 2021a, b).

Bioinformatics analysis
Construction of a multiple gene signature 
with ACK1‑associated autophagy genes
We retrieved 20,198 ACK1-related genes (P < 0.05) from 
the TCGA-LUAD cohort and 232 autophagy genes 
Human Autophagy Database (HADb, http://​autop​hagy.​
lu/​clust​ering/​index.​html). Totally, 149 autophagy genes 
overlapping ACK1-associated genes were defined as 
ACK1-related autophagy genes. We further screened for 
genes significantly associated with overall survival in the 
TCGA-LUAD cohort using the univariate Cox regression 
analysis. The significant genes were entered into the least 
absolute shrinkage and selection operator (LASSO) Cox 
regression algorithm to establish an optimal risk model 
with ACK1-related autophagy genes as published previ-
ously (Cao et al. 2021a, b; Liu et al. 2020, 2019).

Next, using a risk score formula linearizing the expres-
sion levels of the gene signature in LUAD patients, we 
quantitated the risk for unfavorable survival for each 
patient (Liu et  al. 2019; Zhu et  al. 2021a, b). Further-
more, we built a Cox-based nomogram to test the ability 
of the risk score to predict personal OS, with a concord-
ance index (C-index) to measure its discriminative ability 
(Iasonos et  al. 2008). Nomogram-predicated probability 
was compared with the observed outcome by plotting 
the calibration curve. Decision curve analysis (DCA) was 
used to assess the clinical net benefit of the risk score 
compared to ACK1 and TNM stage (Vickers et al. 2008; 
Vickers and Elkin 2006).

Evaluation of tumor immune environment and drug 
sensitivity
We first estimated the association of risk score with 
immune checkpoint genes or DNA mismatch repair 
genes with the R package ggstatsplot in the TCGA-
LUAD cohort because they were considered as a predic-
tive biomarker for immunotherapy (Chan et al. 2019; Le 
et  al. 2017; Luchini et  al. 2019; Rizvi et  al. 2018). Based 
on the metagene methodology, we used the single-sam-
ple Gene Set Enrichment Analysis (ssGSEA) algorithm 
to calculate the fraction of 28 immune cell subpopula-
tions in LUAD (Charoentong et al. 2017). We also down-
loaded the immunophenoscore (IPS) dataset for LUAD 
patients from The Cancer Immunome Atlas (TCIA, 
https://​tcia.​at/​home). The IPS was derived by compre-
hensively integrating four crucial tumor immunogenicity 

determinants, that is, major histocompatibility complex 
(MHC) molecules (antigen processing), effector cells, 
immunosuppressive cells, as well as checkpoints and 
immunomodulators (Charoentong et al. 2017).

Moreover, to predict other drug sensitivity, an R pack-
age named pRRophetic  was generated (Geeleher et  al. 
2014a, b) with reference to gene expression microarray 
data of near 700 cell lines before and after the adminis-
tration of 138 drugs from the Cancer Genome Project 
(CGP). This R package (https://​github.​com/​paulg​eeleh​er/​
pRRop​hetic) permitted us to predict clinical drug sensi-
tivity by analyzing gene expression profiles of tumors. By 
applying this methodology, we calculated half inhibitory 
concentrations (IC50) of standard anticancer drugs for 
both high- and low-risk groups.

Cell culture
We obtained human lung bronchial epithelial (BEAS-2B, 
cat# CBP60577) from COBIOER Biosciences CO., LTD 
(Nanjing, China) and a number of lung cancer cells from 
the Cell Bank of the Chinese Academy of Science (Shang-
hai, China), including A549 (cat# SCSP-503), PC-9 (cat# 
SCSP-5085), HCC827 (cat# SCSP-538), NCI-H460 (cat# 
SCSP-584), NCI-H1299 (cat# SCSP-589), NCI-H1915 
(cat# SCSP-597), and H1650 (cat# SCSP-592). Cells 
were maintained in the recommended medium, DEME 
medium for Beas-2B, or RPMI 1640 for the rest of the 
cell lines (Procell, China) with the addition of 10% fetal 
bovine serum (Hyclone, Life Sciences, Shanghai, China), 
penicillin G (100 U/ml, Beyotime, China), streptomycin 
(100  μg/ml, Corning, China) in a humidified incubator 
with 5% CO2, at 37 °C.

Lentivirus infection
Lentivirus encoding shRNA targeting ACK1/TNK2 and 
a negative control shRNA were purchased from Gene-
Chem (Shanghai, China). Sequence targeting ACK1 
(RNAi, tgCTT​CCT​ CTT​CCA​CCC​AAT​T) were inserted 
in pLVshRNA-puro. A pLVX-Puro vector carrying the 
coding DNA sequence (CDS) region of ACK1/TNK2 was 
obtained from the same company and used to overex-
press ACK1 in the lung cancer cells. Lentivirus infection 
was conducted on cells while they reached 80% conflu-
ency, with a multiplicity of infection (MOI) of 50. The 
shACK1 cells, ACK1 overexpression cells, and respec-
tive control cells were passaged in a culture medium sup-
plemented with puromycine to establish stable cell lines. 
Total RNA was extracted to detect ACK1 mRNA expres-
sion levels using TRIzol reagent (Invitrogen, Thermo 
Fisher Scientific, USA). ACK1 transcripts were amplified 
using real-time PCR with GAPDH as an internal con-
trol. The primer information was referred to a previous 
publication.

http://autophagy.lu/clustering/index.html
http://autophagy.lu/clustering/index.html
https://tcia.at/home
https://github.com/paulgeeleher/pRRophetic
https://github.com/paulgeeleher/pRRophetic
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Plasmids, transfection, and RNA interference
Plasmid (hU6-MCS-Ubiquitin-EGFP-IRES-puromy-
cin) overexpressing PRKAA1 shRNA and controls were 
obtained from Shanghai Genechem Co., Ltd. (China). We 
used the shRNA sequence CAT​AAA​GTA​GCT​GTG​AAG​
ATA to knock down the PRKAA1 gene. While reaching 
80% confluence, cells in 6-well plates were transfected 
with control plasmids or plasmid encoding shRNAs tar-
geting PRKAA1 (50  nM) using jetPRIME® transfection 
reagent (Polyplus Transfection Inc. New York, NY, USA). 
Cells were maintained in a culture medium for 24  h 
before being used for experiments.

Materials and reagents
AIM-100, chloroquine (CQ), and bafilomycin A1 (BafA1) 
were purchased from MedChemExpress (MCE, Prince-
ton, NJ, USA). Antibodies purchased from Cell Signal-
ing Technology (Danvers, MA, USA) were as follows: 
anti-ACK1, anti-total AMPK and anti-phosphorylated-
AMPKα1 (Ser485), anti-total and anti-phosphorylated-
mTOR (Ser2448), anti-Agt5, anti-beclin 1, anti-LC3, and 
anti-p62 antibodies. Antibody against phosphorylated-
ACK1 (Y284) was obtained from Abcam Inc. (Cam-
bridge, MA, USA).

Apoptosis analysis
Apoptosis was detected with an Annexin-V APC detec-
tion kit (eBioscience, USA). Briefly, cells subjected to 
different treatments were harvested and incubated with 
anti-Annexin V antibody labeled with APC and PI for 
10  min in the dark, following the protocol provided by 
the manufacturer. Apoptotic cells were quantified using 
FACS Calibur flow cytometry.

Western blot analysis
Cells were grown in the 75  mm flask and treated with 
different concentrations of drugs. We collected and dis-
integrated cells in RIPA buffer at indicated times. Whole-
cell extracts were prepared and separated in SDS-PAGE 
and blotted onto a polyvinylidene difluoride mem-
brane. Blots were visualized using Immobilon Western 
Chemiluminescence HRP substrate (Millipore, Billerica, 
MA). If needed, blots were washed off using a stripping 
buffer, followed by reprobation with different primary 
antibodies.

Cell viability assay
The cancer cell suspension was added to 96-well plates 
at 1000 to 5000 cells/wells. After attachment, cells were 
treated with various concentrations of AIM-100 for 72 h. 
Cell viability was determined using Dojindo cell counting 
kit-8 (CCK-8, GlpBio, USA) at 24, 48, and 72 h, following 
the manufacturer’s instructions.

Colony formation assay
Cells were plated in a 12-well plate at a density of 800 
cells per well. Cells grew for ten days in a 37 °C incuba-
tor until small cell colonies were observed with the naked 
eye. Then, cells were fixed with 4% paraformaldehyde for 
20  min, followed by staining with 0.2% crystal violet at 
room temperature. Image J was used to quantify the rela-
tive density of colonies with different treatments.

Wound healing assay
A549 cells were cultured in the 6-well plates. While cells 
reached 95% confluence, vertical scratches were created 
on monolayers. And afterward, a serum-free medium 
was used to maintain cells. Images were taken, and gaps 
in the wounds were measured at 0 h and 18 h.

Migration assay
Migration assays were carried out using Transwell cham-
bers (8  µm; Corning, Tewksbury, MA, USA). Briefly, 
cells were harvested, washed, and resuspended. Cell 
suspension with serum-free DMEM was added to the 
upper wells of the chambers at a density of 5 × 104 cells/
well, whereas the lower wells of the chambers contained 
DMEM supplemented with 10% FBS serving as a chem-
oattractant. The transwell chambers were maintained in 
a 37 °C incubator for 18 h to allow cells to migrate to the 
lower surface of the filter. Migrated cells were fixed with 
4% paraformaldehyde, visualized with 0.1% crystal violet, 
and numerated under a microscope.

Monitoring autophagosome formation
Various methods have been developed to measure 
autophagy, including the long-lived protein degradation 
assay, the lactate dehydrogenase sequestration assay, 
and the mRFP-GFP-LC3B fusion protein assay (Klionsky 
et al. 2021, 2016; Luhr et al. 2018a, b; Luhr et al. 2018a, 
b). Adenoviral vectors expressing mRFP-GFP-LC3 fusion 
protein and empty vectors were obtained from HanBio 
(Shanghai, China). A549 cells infected with adenoviral 
vectors were cultured for 24 h to allow the expression of 
mRFP-GFP-LC3B fusion protein. And then, cells were 
treated with AIM-100 (20 μm) or Dasatinib (20 μm) for 
an additional 12. Cells treated with DMSO served as con-
trol. After fixation with 4% paraformaldehyde (PFA) for 
15  min, images of cells were taken using NIKON-TS2 
fluorescence microscopy (Nikon Instruments Inc., Japan) 
with NIS-Elements F imaging software). The mRFP-GFP-
LC3 fusion proteins were diffused in the cytoplasm of 
cells; therefore, both fluorophores fluoresce were very 
weak. Upon the stimulation, mRFP-GFP-LC3 fusion 
proteins were recruited to the membrane of autophago-
somes. As a result, autophagosomes could be visualized 
as yellow fluoresce puncta. When an autophagosome 
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fused with a lysosome, only red puncta can be observed 
because GFP signals were quenched in the lower pH 
environment of the autolysosome.

In vivo tumorigenesis study
The Institutional Review Board of Harbin Medical Uni-
versity Cancer Hospital approved the animal study proto-
col. Female BALB/c nude mice at 4–5 weeks of age were 
purchased from Charles River (Beijing Vital River Labo-
ratory Animal Technology Co., Ltd., China). Mice were 
kept under specific pathogen-free conditions.

Every mouse received a dose of 1 × 106 A549 cells 
through subcutaneous injection. Mice were randomized 
into four groups ten days post-injection: Group 1: 0.1% 
DMSO as vehicle control; Group 2: CQ (30  mg/kg) via 
intraperitoneal injection every other day; Group 3: Dasat-
inib (30  mg/kg) administrated intragastrically; Group 4: 
the combination of CQ (30 mg/kg) and Dasatinib (20 mg/
kg). The dosages of ACK1 inhibitor, Dasatinib (20  mg/
kg), and autophagy inhibitor, CQ, were determined based 
on previous publications (Wang et al. 2018; Zhang et al. 
2020), and both drugs were administrated every other 
day for four weeks. Tumor sizes were measured and 
recorded regularly. Mice were euthanized, and tumors 
were harvested and weighed at the end.

Statistics
The statistical analysis was performed using SPSS ver-
sion 22 (SPSS, Inc., Chicago, IL, USA) and R version 4.0.3 
(https://​www.r-​proje​ct.​org/). We integrated the differ-
ences between two groups using the Student’s t-test, and 
the differences among three groups or more were tested 
with one-way ANOVA. If a significant result was found 
in the latter test, Tukey’s multiple comparisons tests were 
performed to determine which two groups the signifi-
cant difference existed. Kaplan–Meier survival curves of 
OS were plotted for high- and low-risk groups. Receiver 
operating characteristic (ROC) curves were used to 
determine the prognostic accuracy of risk factors. Both 
univariate and multivariate Cox proportional hazards 
regression analyses were conducted to assess the associa-
tion of the combined score and clinicopathological char-
acteristics with overall survival. P < 0.05 was considered 
to be significant.

Results
Association of ACK1 with autophagy and generation 
of a prognostic signature with ACK1‑related autophagy 
genes
A549 cells were used for the RNA-Seq screening. Differ-
entially expressed genes, retrieved from gene expression 
profiles of control and ACK1 knockdown cells, were used 
to interrogate ACK1-regulated signaling pathways and 

cellular events. A total of 1,076 differentially expressed 
genes (DEGs) were identified in cells with ACK1 knock-
down compared to controls (Zhu et al. 2021a, b). Inter-
estingly, Gene Ontology (GO) and Kyoto encyclopedia 
of genes and genomes (KEGG) enrichment analysis 
revealed that DEGs were enriched in autophagy (Fig. 1A), 
a cellular process related to drug resistance in various 
cancer. The association of ACK1 with survival in NSCLC 
is controversial (Hu et al. 2016; Tan et al. 2014). A single 
biomarker cannot fully recapitulate the distinct molecu-
lar heterogeneity of cancer. Therefore, ACK1 alone may 
not adequately predicate prognosis in NSCLC robustly. 
Increasing publications demonstrated that integrating 
biomarker genes and their functional relevance to car-
cinogenesis yielded gene signatures greatly predictive 
of cancer outcomes (Sheng et  al. 2020; Zhu et  al. 2020; 
Zhu et al. 2021a, b). Because of the close linkage between 
ACK1 and autophagy, we are motivated to ameliorate 
the prognostic accuracy of ACK1 by considering ACK1’s 
role in autophagy. The relevance of ACK1 to autophagy 
may unveil its implications for cancer outcomes and 
drug resistance. We identified 149 ACK1-associated 
autophagy genes, among which univariate Cox analysis 
was conducted to identify 32 genes significantly associ-
ated with survival in the TCGA-LUAD cohort. Using 
the LASSO algorithm, we generated an optimal signa-
ture consisting of 23 ACK1-related autophagy genes 
(Additional file 1: Fig. S1A, B). A risk score formula was 
adopted to quantify patient risk for unfavorable sur-
vival. Every patient received a risk score based on each 
gene’s expression level and risk coefficient in the signa-
ture (Table 1). While plotting the ROC curves with indi-
cated parameters, the risk score reached the highest AUC 
value of 0.700, and TNK2 combined with the TNM stage 
and risk score achieved a maximum AUC value of 0.724 
(Fig.  1B). We next plotted time-dependent ROC for the 
risk score against OS. The risk score with the highest 
Youden index in 3-year ROC was used as the best cut-
off value to divide patients into high- and low-risk groups 
(Additional file  1: Fig. S1C). Kaplan–Meier survival 
analyses indicated that life spans of LUAD patients with 
high risk were significantly shorter than those of low-risk 
patients (Fig.  1C). High-risk LUAD patients showed a 
significantly higher frequency of cancer death than their 
low-risk counterparts (Fig. 1D). Moreover, univariate and 
multivariate Cox regression analyses revealed that risk 
score is an independent prognostic LUAD (Fig. 1E, F).

We also constructed a nomogram  prediction model 
with stage and risk score (concordance index = 0.714) 
(Fig.  2A). As shown in calibration curves, the observed 
and predicted probabilities of patient groups are 
located along the 45-degree line, suggesting high 
predictive accuracy of the nomogram (Fig.  2B). 

https://www.r-project.org/
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Fig. 1  The association of ACK1 with autophagy and the prognostic accuracy of the risk signature of ACK1-related autophagy genes in the 
TCGA-LUAD cohort. A RNA-seq was performed to examine RNA expression profilings in shControl and shACK1 A549 cells. Differentially expressed 
genes were enriched in autophagy. The LASSO regression model was used to identify ACK1-correlated autophagy genes contributing most to 
prognosis and built the best risk signature in the TCGA-LUAD cohort. B The 5-year ROC curves with the risk score show a higher AUC value than 
other single risk factors. C The Kaplan–Meier survival curves indicated overall survival for low- and high-risk LUAD patients defined by the risk 
signature. D The relation between the risk score and survival status of the TCGA-LUAD patients. Forest plots of univariate E and multivariate F Cox 
regression analyses
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Decision  Curve  Analysis  (DCA) is a novel method to 
assess the clinical net benefit of predictive models, treat-
ments, diagnostic tests, and molecular markers. We 
found that the combination of the stage with a risk score 
was the preferred model because it showed the best net 
benefit at all given thresholds (Fig. 2C). We further vali-
date the prognostic performance of the 23-gene signature 
with 495 patients with LUAD collected from three GEO 
datasets (GSE31210, GSE37745, and GSE50081). In this 
validating set, the risk score could distinguish patients 
with better outcomes (Fig. 2D, E). A nomogram was also 
constructed with a C-index of 0. 611, followed by a cali-
bration curve (Additional file 2: Fig. S2A, B).

Moreover, we found that both the immune score and 
ESTIMATE score were significantly lower in the high-
risk group than in the low-risk group (Fig. 3A, B), which 
was confirmed by the negative association of immune 
score and ESTIMATE score with a risk score (Fig. 3C, D). 
While using ssGSEA to identify 28 types of immune cells 
in LUAD based on previously reported signature genes, 
we found that the predicting signature could discrimi-
nate the differences in immune cell infiltration between 
the high- and low-risk group (Fig. 3E). A deficient DNA 
mismatch repair (MMR) system was positively associ-
ated with sensitivity to immune checkpoint blockade 

(Luchini et  al. 2019). MSH2, MSH6, PMS2, and MLH1 
are often examined to evaluate the mismatch repair defi-
ciencies (Le et  al. 2017). Our results indicated that the 
low-risk group had significantly lower expression levels 
of mismatch repair genes, MSH2 and MSH6 (Fig. 3F–I), 
indicating a compromised DNA mismatch repair abil-
ity. Increased expression levels of CTLA4 and defective 
MMR suggest the low-risk group is more likely to benefit 
from immunotherapy.

We also interrogated the differences in immune 
checkpoint gene expression between high- and low-risk 
groups, including programmed cell death 1 ligand 1 (PD-
L1)/CD274, cytotoxic T-lymphocyte associated protein 4 
(CTLA4), hepatitis A virus cellular receptor 2 (HAVCR2), 
Lymphocyte-Activation Gene 3 (LAG3), Programmed 
Cell Death 1 (PDCD1), and programmed cell death 1 
ligand 2 (PDCD1LG2). Interestingly, CTLA4 expression 
levels were significantly high in the low-risk group than 
in the high-risk group (Fig.  4A). Immunophenoscore 
(IPS) is the most comprehensive immune determinant 
by far. The low-risk group showed significantly enhanced 
IPS when compared with the low-risk group. Moreover, 
The low-risk group was more likely to respond to anti-
CTLA4 antibodies than the high-risk group (Fig. 4B–D). 
Finally, we investigated whether the risk score is related 

Table 1  List of genes included in the risk signature

Gene Information Coefficient

APOL1 Apolipoprotein L1 0.01984183

ARSA Arylsulfatase A − 0.0645501

ATG10 Autophagy Related 10 0.29116592

ATG12 Autophagy Related 12 0.41732508

ATG4A Autophagy Related 4A Cysteine Peptidase − 0.4109275

BCL2L1 BCL2 Like 1 0.08080018

BNIP3L BCL2 Interacting Protein 3 Like − 0.0593609

CAPNS1 Calpain Small Subunit 1 0.29692815

CX3CL1 C-X3-C Motif Chemokine Ligand 1 − 0.0257955

DAPK2 Death Associated Protein Kinase 2 − 0.0054654

EEF2K Eukaryotic Elongation Factor 2 Kinase − 0.1395836

EIF2S1 Eukaryotic Translation Initiation Factor 2 Subunit Alpha 0.11957601

EIF4G1 Eukaryotic Translation Initiation Factor 4 Gamma 1 0.25277625

GNAI3 G Protein Subunit Alpha I3 0.05925382

KLHL24 Kelch Like Family Member 24 − 0.2001073

MAPK8IP1 Mitogen-Activated Protein Kinase 8 Interacting Protein 1 − 0.016518

MBTPS2 Membrane Bound Transcription Factor Peptidase, Site 2 0.19392453

NLRC4 NLR Family CARD Domain Containing 4 − 0.0950729

PRKCD Protein Kinase C Delta − 0.2369349

RELA RELA Proto-Oncogene, NF-KB Subunit 0.18438262

SIRT2 Sirtuin 2 − 0.0924301

SPHK1 Sphingosine Kinase 1 0.10961033

ST13 ST13 Hsp70 Interacting Protein 0.29078597
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Fig. 2  Clinical significance of the risk signature in the TCGA-LUAD cohort and validation in GEO cohorts. A The construction of a nomogram by 
integrating risk score and clinical stage. B The calibration plots compare the observed (y-axis) and predicated (x-axis) 1-, 3- and 5-year survival. C 
Decision curve analysis revealed that the combination of the risk score and TNM stage improved net benefit at any given threshold. The predicting 
accuracy of the 23-gene signature was tested in 495 patients with LUAD collected from GSE31210, GSE37745, and GSE50081 cohorts, by plotting 
ROC (D) and Kaplan–Meier survival curves (E)
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Fig. 3  Correlation between risk score and tumor immunogenicity in the TCGA-LUAD cohort. ESTIMATE algorithm indicates that immune (A) 
and ESTIMATE (B) scores in the high-risk group are significantly lower than those in the low-risk group. Immune (C) and ESTIMATE (D) scores are 
negatively associated with the risk score. E Comparison of the composition of 28 immune cell subsets in LUAD between the high- and low-risk 
groups. F–I In the low-risk group, there were decreased expression levels of mismatch repair genes, MSH2 and MSH6
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Fig. 4  The risk signature predicted response to common antitumor drugs in the TCGA-LUAD cohort. A Comparison of immune checkpoint gene 
expression between the high- and low-risk groups. B–D Calculation of the immunophenoscore B and the sensitivity to anti-CTLA4 C and anti-PD1/
PDL1/PDL2 D immunotherapy for the two subgroups. E–J. Half inhibitory concentrations (IC50) were compared between high- and low-risk groups 
for cisplatin (E), docetaxel (F), gemcitabine (G), paclitaxel (H), erlotinib (I), and gefitinib (J)
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sensitivity of commonly used anticancer drugs. Estimated 
IC50 indicated that the high-risk group has significantly 
lower IC50 for cisplatin, docetaxel, gefitinib, gemcitabine, 
and paclitaxel (Fig.  4E–J). These results suggested that 
LUAD patients in the high-risk group were more like to 
respond to these drug treatments.

Inhibiting ACK1 reduced proliferation and promoted 
apoptosis of NSCLC cells
We next validated the effects of ACK1 using in  vitro 
experiments. We first determined the expression levels 
of ACK1 in different NSCLC cell lines (Fig.  5A). Based 
on endogenous ACK1 expression levels, A549 and NCI-
H1299 cells were used to knock down and overexpress 
the ACK1 gene, respectively, followed by RT-qPCR 
(Fig.  5B) and western blot (Fig.  5C) assays to confirm 
the genetic manipulation efficiency. AIM-100, an ACK1 
inhibitor, significantly reduced the colony formation of 
A549 cells (Fig. 5D). Inhibition of ACK1 also significantly 
decreased A549 cell proliferation (Fig.  5E). In contrast, 
AIM-100 significantly promoted A549 cell apoptosis as 
quantitated by flow cytometry (Fig.  5F, G). Moreover, 
we observed that silencing ACK1 suppressed the migra-
tion of A549 cells (Fig.  5H); meanwhile, overexpression 
of ACK1 accelerated the movement of NCI-H1299 cells 
(Fig. 5I).

Inhibiting ACK1 induced autophagy‑like response
Furthermore, we tested whether inhibiting ACK1 induces 
autophagy in NSCLC cells. Besides AIM-100, Dasatinib, 
another ACK1 inhibitor, has been frequently used to 
inhibit ACK1 both in vitro and in vivo (Zhang et al. 2020). 
Here, we adopted Dasatinib to validate the effects of 
AIM-100 on NSCLC cells. First, A549 cells were infected 
with retroviral vectors overexpressing the mRFP-GFP-
LC3 fusion protein. Using a fluorescence microscope, 
we observed yellow and red LC3 puncta in A549 cells 
treated with either AIM-100 or Dasatinib (Fig. 6A). Sec-
ond, western blot analysis was performed to confirm the 
effects of ACK1 inhibition on autophagy-like response. 
It is known that once autophagy is initiated, microtu-
bule-associated protein 1 light chain 3 β (MAP1LC3B) 
is cleaved, named LC3-I, which is conjugated with lipid 
phosphatidylethanolamine (PE) to form LC3-II. The 
resulting lipid-conjugated forms of LC3 are further 
recruited to autophagosome membrane. As a result, 
LC3-II levels increase with the number of autophago-
somes and are therefore used to measure autophagy 
activity quantitatively despite some limitations (Klion-
sky et  al. 2021; Levy et  al. 2017). We found that Dasat-
inib increased autophagy-related protein 5 (Atg5) and 
processed LC3-II form coupled with a decrease in p62 
(Fig. 6B). P62 is a cargo protein that disintegrates during 

the progression of autophagy flux. Likely, 24 h after AIM-
100 treatment, increased LC3-II, Atg5, and decreased 
p62 levels were observed in A549 cells. (Fig.  6C and 
Additional file 4: Fig. S4). The decrease of cargo protein 
p62 was observed as early as 12 h after ACK1 inhibition. 
The time course of autophagy-like events induction by 
ACK1 inhibitor was also investigated. Both low and high 
concentrations of AIM-100 could induce autophagy-like 
reponses 12 h after treatment. We also checked essential 
proteins that regulate the autophagic process. Intrigu-
ingly, suppression of ACK1 increased Atg5 but not beclin 
1 (Fig.  6C). Inversely, we found that ACK1 overexpres-
sion suppressed autophagy-like reponses, as evidenced 
by decreased LC3-II and increased p62 in NCI-1299 cells 
(Fig. 6D and Additional file 4: Fig. S4). These results sug-
gest that inhibition of ACK1 enhanced autophagy-like 
reponses in A549 cells.

ACK1 inhibitor activated the AMPK signaling pathway
Our RNA-seq results revealed that silencing of ACK1 
affected many fundamental signaling pathways, among 
which AMPK is known to regulate autophagy (Addi-
tional file  3: Fig. S3). As exhibited in Fig.  6B, Dasatinib 
augmented the phosphorylation of AMPK (Ser485) 
but depressed the phosphorylation of mTOR (Ser2448) 
12  h post-treatment. Likely, AIM-100 also activated the 
AMPK-mTOR signaling pathway at 12  h; however, its 
effects on AMPK phosphorylation were not captured 
after exposure to AIM-100 for 24  h (Fig.  6E and Addi-
tional file 4: Fig. S4). Furthermore, enforced expression of 
ACK1 inactivated the AMPK/mTOR signaling pathway 
in NCI-H1299 cells (Fig. 6F and Additional file 4: Fig. S4). 
Moreover, Compound C (CC) abolished AIM-100-in-
duced AMPK phosphorylation and mTOR dephospho-
rylation, restoring levels of p62 and LC3-II altered by 
AIM-100 (Fig.  6G and Additional file  4: Fig. S4). These 
results suggested that the ACK1 inhibitor activated the 
AMPK signaling pathway.

Inhibiting AMPK sensitized lung cancer cells to ACK1 
inhibitor
We also would like to know whether the AMPK acti-
vation induced by inhibiting ACK1 was protective or 
detrimental for NSCLC cells. Our results showed that 
inhibiting AMPK by CC significantly increases lung can-
cer cells’ response to AIM-100, as revealed by CCK8, 
colony formation, wound healing, and transwell assays 
(Fig. 7A, C, D, F). Besides, we also used shRNA to knock 
down protein kinase AMP-activated catalytic subunit 
alpha 1 (PRKAA1), which encodes a catalytic subunit of 
AMP-activated protein kinase (AMPK). Like CC, silenc-
ing PRKAA1 sensitized lung cancer cells to AIM-100 as 
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Fig. 5  The function of ACK1 in lung cancer cells. A Expression of ACK1 in human lung bronchial epithelial (Beas-2B) and indicated lung cancer cell 
lines. B, C RT-qPCR B and western blot analyses C were used to verify ACK1 at mRNA and protein levels in A549 cells infected with lenti-shACK1 
and NCI-H1299 cells with empty vectors and ACK1 overexpression lentiviral vectors. The black arrowhead indicated the ACK1 bands in the blot. The 
colony formation D and CCK8 E assays showed the effect of ACK1 inhibitor (AIM-100) on A549 cell viability and proliferation capacity, respectively. 
Cells were allowed to grow for ten days to form visible colonies. F, G The impact of AIM-100 on apoptosis of A549 cells at 24 h after treatments. H, I 
After an incubation of 18 h, the effects of knockdown and overexpression of ACK1 on cell migration were measured using a transwell assay in A549 
H and NCI-1299 I NSCLC cells, respectively. *P < 0.05, **P < 0.01, ***P < 0.001
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shown by CCK8, transwell, and wound healing analyses 
(Fig. 7B, E, G).

Given that inhibiting ACK1 provoked an autophagy-
like response, we speculated that the resulting response 
might attenuate the efficacy of therapies targeting ACK1. 

If so, blocking autophagy-like response should sensi-
tize lung cancer cells to ACK1 inhibitors. Cells were 
treated with both AIM-100 and a lysosomal degradation 
inhibitor (chloroquine, CQ) or two agents alone. CCK8 
results revealed that ACK1 inhibitor combined with CQ 

Fig. 6  Suppressing ACK1 stimulated an autophagy-like response and activated the AMPK/mTOR pathway in lung cancer cells. A A549 cells were 
infected with adenoviral vectors carrying mRFP-GFP-LC3 and cultured for 24 h, followed by incubation with AIM-100 (20 μM) or Dasatinib (20 μM) 
for an additional 12 h. mRFP-LC3 and GFP-LC3 puncta, representing autophagosomes, in A549 cells induced by AIM-100 or Dasatinib (at × 400 
magnification). The number of LC3 puncta per cell was quantitated. B A549 cells were treated with Dasatinib (20 μM) for 12 h. Cell lysates were 
analyzed, and immunoblots were probed with indicated antibodies. C, E) A549 cells were treated with different concentrations of AIM-100 for 
indicated hours. Influences of AIM-100 on common biomarkers of autophagy C and the AMPK/mTOR signaling pathway E were examined. D, F 
NCI-H1299 cells were used to investigate the effects of ACK1 overexpression on the biomarkers of autophagy (D) and the AMPK/mTOR signaling 
(F). G A549 cells were incubated with AIM-100 (20 μM) and/or AMPK inhibitor (Compound C, 20 μM) for 12 h, succeeded by Western blot. *P < 0.05, 
**P < 0.01, ***P < 0.001
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Fig. 7  AMPK inhibitor compound C (CC, 20 μM) and shPRKAA1 reinforced the cytotoxic effects of AIM-100 (20 μM) on A549 cells. A A CCK8 assay 
for A549 cells treated with AIM-100, CC, or both agents for 48 h. B Impacts of AIM-100, shPRKAA1, or combined treatments on the proliferation 
of A549 cells). C The colony formation assay was adopted to estimate the influences of indicated treatments on A549 cell proliferation. Colony 
formation was estimated after cells were treated for ten days. D–G Wound-healing (D, E) and transwell migration assays (F, G) were used to check 
the effects of indicated treatments on A549 cells’ migration abilities, which were evaluated after cells were treated with indicated agents for 18 h. 
*P < 0.05, **P < 0.01, ***P < 0.001
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significantly more potently suppressed proliferation, 
migration, and wound healing of lung cancer cells than 
either AIM-100 or CQ alone. Our results indicate that 
AIM-100 induced protective autophagy-like response, 
thereby causing A549 cells to be insensitive to the ther-
apy, while the combination therapy can overcome resist-
ance to the ACK1 inhibitor. CQ, in combination with the 
ACK1 inhibitor, significantly inhibited viability, prolif-
eration (Fig. 8A, C), and migration (Fig. 8E, G) of A549 
cells compared with either agent alone. Bafilomaycin A1 
(BafA1), an inhibitor of lysosomal degradation, was also 
adopted to block autophagy-like response and validate 
the beneficial effects of dual inhibitors (Fig. 8B, D, F, H). 
Similarly, our results indicated that combing BafA1 and 
AIM-100 more potently reduced proliferation and migra-
tions of A459 cells than either inhibiting autophagy-like 
response or ACK1. Overall, Blocking autophagy-like 
response with inhibitors of lysosomal degradation aggra-
vated the inhibitory effects of AIM-100 on lung cancer 
cells.

Dasatinib and CQ combination treatment reduces tumor 
burden in an NSCLC xenograft model
Based on in vitro results, we verified the antitumor effi-
cacy of the combined ACK1 inhibitor and CQ in  vivo 
using a subcutaneous NSCLC xenograft model. Dasatinib 
and CQ were used to inhibit ACK1 and autophagy-like 
response, respectively, because they were proven by FDA. 
A study schema is displayed in Fig. 8A. Dasatinib alone 
led to a significant decrease in the growth and weight 
of NSCLC xenograft, to a certain extent. Moreover, 
mice administrated with both CQ and Dasatinib exhib-
ited significantly reduced tumor burden as measured by 
tumor volumes and weights compared to counterparts 
receiving single drugs (Fig. 9A–D). These results further 
demonstrated that inhibiting autophagy-like response 
by CQ enhances NSCLC’s response to the ACK1 inhibi-
tor. Overall, the ACK1 inhibitor activated protective 
autophagy-like response, which decreased the antitumor 
efficacy of the ACK1 inhibitor. However, the blockade of 
autophagy-like response improved the therapeutic effects 
of the ACK1 inhibitor (Fig. 9E).

Discussion
NSCLC is one of the most lethal malignancies world-
wide. Targeted therapies have dramatically improved 
life quality and survival in patients harboring druggable 

oncogenic driver mutations. However, responses to 
these therapies are mostly partial and short-term. For 
instance, sometimes, patients may experience a moderate 
response to anticancer agents; however, some tumor cells 
can undergo early adaptive changes that make themself 
resistant to therapy and survive. The activities involved 
in adaptive resistance include, but are not limited to, the 
activation of survival and anti-apoptotic signals, histolog-
ical transformation (e.g., the transformation of NSCLC 
to a small-cell lung cancer histology), phenotypic change 
(e.g., epithelial-mesenchymal transition (EMT)), and 
autophagy (Holohan et  al. 2013). Discerning resistance-
related events and developing a combination regime is a 
promising strategy to advance outcomes in patients with 
NSCLC.

ACK1 is a promising target in cancer treatment. How-
ever, inhibiting ACK1 has archived only a moderate 
response in cancer patients. The underpinning mecha-
nism of ACK1 inhibitor resistance remains obscure. The 
current study showed that inhibiting ACK1 alone hin-
dered proliferation and migration but promoted apop-
tosis of lung cancer cells. The oncogenic roles of ACK1 
have been verified in various cancers. ACK1 can promote 
cancer cell proliferation, EMT, migration, and invasion 
in different cancers, including colorectal cancer, hepato-
cellular carcinoma, glioma, prostate cancer, renal cancer, 
and NSCLC (Chua et  al. 2010; Hu et  al. 2016; Lei et  al. 
2015; Mahajan et al. 2013, 2005; Qi and Ding 2018; Tan 
et al. 2014; Zhang et al. 2015). Many studies substantiated 
that ACK1 inhibitors can inhibit tumor cells. For exam-
ple, Tan et  al. demonstrated that Bosutinib downregu-
lated migration and invasion of Kras mutant NSCLC cells 
via neutralizing ACK1 (Tan et al. 2014). Recently, Zhang 
et  al. identified ACK1 activation as a novel mechanism 
resisting EGFR inhibitor ASK120067 in NSCLC and con-
currently inhibiting EGFR and ACK1 could overcome the 
acquired resistance of ASK120067 efficaciously (Zhang 
et al. 2020).

The clinical relevance of ACK1 has been investigated 
in NSCLC. ACK1 expression levels were significantly 
higher in 210 Singaporean lung adenocarcinomas than 
in paired adjacent non-tumor tissues. Intriguingly, ACK1 
expression in adjacent tissue was significantly associ-
ated with prognosis but not in the tumor itself (Tan et al. 
2014). Hu et al. verified significantly elevated expression 
of ACK1 in NSCLC tissue at both transcript and protein 
levels compared with paired normal tissues (Chua et al. 

(See figure on next page.)
Fig. 8  Chloroquine (CQ, 20 μM) or Bafilamycine A1 (BafA1, 20 nM) sensitized lung cancer cells to ACK1 inhibition by AIM-100 (20 μM). A A549 cells 
were treated with CQ, AIM-100, or in combination for 48 h, and cellular viability was measured using CCK8 assay. B CCK8 assay was performed on 
A549 cells with the replacement of CQ with BafA1. C, D After A549 cells were treated as A and B for ten days, colony formation was evaluated for 
each group. E–H Impacts of indicated treatments on A549 cells’ migration abilities were assessed by wound-healing (E, F) and transwell migration 
assay (G, H), which were determined after exposure to noted drugs for 18 h. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 8  (See legend on previous page.)
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Fig. 9  The combination of Dasatinib and chloroquine reduced tumor volume and weights in an A549 cell-derived xenograft model. A A Schematic 
diagram of the animal study. B Caliper measurement of tumor volumes for different groups at the indicated time points. C The average weight 
of mice was measured at the endpoint. D The upper row exhibits mice administrated with vehicle control; Dasatinib, chloroquine (CQ), and a 
combination of Dasatinib and CQ. The lower row shows tumors collected from corresponding mice. E The schematic mechanism on the left panel 
showed that the ACK1 inhibitor killed tumor cells by partially impairing cellular organelles and proteins. Damaged organelles lead cells to death 
by partly generating reactive oxygen species (ROS). The left panel indicated that upon treating the ACK1 inhibitor, the adaptive autophagy-like 
response cleared damaged cellular organelles and proteins, eradicated oxidative damages, and provided nutritional needs, consequently 
maintaining homeostasis and cell survival. CQ inhibited ACK1 inhibitor-triggered protective autophagy-like response. *P < 0.05, **P < 0.01, 
***P < 0.001
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2010). They also reported a reversal associated between 
ACK1 expression levels and survival time (Chua et  al. 
2010). The controversies over the prognostic value of 
ACK1 suggest that ACK1 alone may not be sufficient to 
predict the clinical outcomes in NSCLC. Alternatively, 
accumulating evidence substantiated that the combina-
tion of molecular biomarkers with their cancer-related 
functional relevance may greatly improve compared to a 
single molecule (Sheng et al. 2020; Zhu et al. 2021a, b).

Since our RNA-seq results suggested that ACK1 was 
related to autophagy, we built a signature of 23 ACK1-
associated autophagy genes by integrating ACK1 and 
its functional role in autophagy. The risk score derived 
from this signature was superior to ACK1 alone in pre-
dicting prognosis in LUAD. We also construct a nomo-
gram with refined discrimination ability. DCA illustrated 
that the risk score combined with TNM stage and ACK1 
attained the highest net benefit among all tested param-
eters. We integrated ACK1 and autophagy because of 
two reasons. First, autophagy is tightly linked to NSCLC, 
and characteristic patterns of autophagy-related genes 
in NSCLC are significantly associated with clinical out-
comes of patients (Liu et al. 2019). Second, our findings 
revealed that autophagy resulted in adaptive resistance 
of the ACK1 inhibitor in lung cancer cells, suggesting the 
critical role of ACK1 in regulating autophagy. Our results 
agree with several other publications (Sheng et al. 2020; 
Zhu et al. 2021a, b). Shen et al. proclaim that a signature 
consisting of cancer survival genes could robustly predict 
lung cancer progression (Sheng et al. 2020). In addition, 
an oncogene UBE2T promoted cisplatin resistance by 
inducing protective autophagy in lung cancer cells, and 
the signature of UBE2T-related autophagy genes showed 
better prognostic accuracy than UBE2T alone or tradi-
tional TNM stage (Zhu et al. 2021a, b).

Interestingly, our ACK1-associated gene signature 
could also predict response to ICIs, chemotherapy, and 
targeted therapy in LUAD. The low-risk group showed 
increased expression levels of CTLA4, suggesting a 
response to ICIs. Moreover, significantly decreased 
expression levels of MSH2 and MSH6 were observed 
in the low-risk group when compared with the low-risk 
group. Generally, defective mismatch repair in cancer is 
speculated to lead to a dramatic increase in mutation-
associated neoantigens (MANAs) recognizable by the 
immune system. Several studies demonstrated that 
MMR deficiency-related mutations are predictive of the 
response to PD-1 blockade in colorectal cancer (Le et al. 
2017; Overman et  al. 2018). Furthermore, Le and col-
leagues launched a clinical trial across 12 different tumor 
types, substantiating that patients with advanced mis-
match repair-deficient cancers greatly benefited from 
PD-1 blockade therapy regardless of cancer type (Le 

et  al. 2017). In contrast, patients in the high-risk group 
tended to respond to several chemotherapeutic agents. 
These results are in line with other studies. Patients in the 
low-risk group may be more suitable for ICIs, while those 
in the high-risk group may be more likely to respond to 
chemotherapy.

Furthermore, our in  vitro and in  vivo studies 
showed that the ACK1 blockade spurred autophagy-
like response, and blocking autophagy-like response 
enhanced the antitumor efficacy of ACK1 inhibi-
tors. Autophagy-like event seemed to be an adaptive 
response to the ACK1 tyrosine kinase inhibitor. While 
exposed to nonfatal stress, such as alterations in tem-
perature, hypoxia, redox potential, extracellular signals, 
and cytotoxic agents, cells experience metabolic and 
physiological reshaping to restore disrupted homeosta-
sis and resist death. The adaptive response mechanisms 
include, but be not limited to, autophagy, endoplasmic 
reticulum (ER) stress signaling, and senescence (Chern 
and Tai 2020). The role of autophagy in the tumor is 
context-dependent. Some reported that autophagy pro-
voked by antineoplastic therapies aggravated tumor 
cell death, while others showed that induced autophagy 
provided tumor cells with survival advantages to fight 
stresses and acted as a self-protection reaction for 
resisting therapy. In the latter case, autophagy facili-
tates the survival of tumor cells under cytotoxic stress 
by scavenging impaired organelles, minimizing oxida-
tive damages, and fulfilling nutritional needs (Chern 
and Tai 2020). Many antitumor drugs unintentionally 
induced adaptive autophagy in cancer cells, includ-
ing targeted therapeutic agents (gefitinib, dasatinib, 
lapatinib, trametinib, and trastuzumab) and chemo-
therapeutic agents (e.g., 5-Fluorouracil, cisplatin, doc-
etaxel, and vincristine) (Chern and Tai 2020). In our 
study, autophagy is part of an adaptive response con-
ferring acquired resistance to ACK1 inhibitors in lung 
cancer cells. Consistent with our findings, mounting 
studies manifested that autophagy inhibition boosted 
the cytotoxic effects of targeted therapies in NSCLC 
(Chude and Amaravadi 2017; Kwon et  al. 2019; Tang 
et  al. 2018). Many targeted drugs can synergize with 
anti-autophagic drugs to augment antitumor effi-
ciency in NSCLC, including lapatinib, afatinib, erlo-
tinib, gefitinib, and dacomitinib (Kwon et  al. 2019). 
Cepharanthine, a novel autophagy inhibitor, sensitizes 
NSCLC cells to EGFR-TKI dacomitinib by preventing 
autophagosome-lysosome fusion (Tang et  al. 2018). 
Similarly, chloroquine intensified erlotinib-induced 
growth inhibition in lung cancer cells (Zou et al. 2013). 
To date, many clinical trials are ongoing, investigating 
whether hydroxychloroquine, the clinically approved 
autophagy inhibitor, leads to accelerated tumor 
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regression in combination with available drugs across 
a broad spectrum of cancer (Mahajan et  al. 2010). 
Taken together, these findings indicate that inhibiting 
autophagy-like response increases the cytotoxicity of 
ACK1 inhibitors in cancer cells by overcoming drug-
induced adaptive resistance.

We found that the ACK1 inhibitor promoted protective 
autophagy-like response via the AMPK/mTOR signal-
ing pathway. In line with our findings, Li et al. found that 
high mobility group box protein 1 (HMGB1) mediated 
doxorubicin (DOX) resistance in human hepatocellular 
carcinoma cells (HCCs). The underlying mechanism was 
that the HMGB1 activated the AMPK/mTOR signaling 
pathway to invoke adaptive autophagy (Li et  al. 2021). 
Inhibition of either HMGB1 or autophagy conquers the 
resistance of HCCs to DOX (Li et  al. 2021). mTOR is a 
central checkpoint of autophagy. Activation of mTOR 
negatively regulates autophagy, whereas anticancer drugs 
suppressing the PI3K/Akt/mTOR pathway can trigger 
autophagy (Galluzzi et  al. 2017; Janku et  al. 2011). The 
AMPK pathway is one of the crucial pathways control-
ling autophagic activity under stress (Yang et  al. 2009). 
Some studies suggested that the AMPK/mTOR signal-
ing pathway was implicated in p53-mediated autophagy 
(Tasdemir et  al. 2008). Tasdemir et  al. found that cyto-
plasmic p53 downregulated autophagy by suppressing 
the AMPK/mTOR pathway (Tasdemir et al. 2008). Like-
wise, a recent publication revealed that the knockdown 
of UBE2T resulted in cytoplasmic translocations of p53, 
which in turn decreased autophagic activity through the 
AMPK/mTOR pathway (Zhu et al. 2021a, b). Activation 
of AMP-activated protein kinase (AMPK) can cause the 
inactivation of mTORC1 and consequently inhibit the 
autophagic process. Moreover, AMPK also enhances 
autophagic activity by phosphorylating and activat-
ing ULK1 and beclin 1 (BECN1) (Galluzzi et  al. 2017). 
However, it is unclear how the ACK1 inhibitor activates 
the AMPK signal pathway. Since nutrient energy sensor 
AMP kinase (AMPK) is sensitive to cAMP accumulation 
resulting from ATP consumption, it may be activated by 
metabolic stresses caused by anticancer therapy (Holo-
han et al. 2013).

The limitations of the current study should be 
addressed. First, the predictive capacity of our multi-gene 
model should be tested in patients with lung adenocar-
cinoma in the future. Second, in addition to chemical 
approaches, such as autophagy inhibitors, genetically 
targeting the autophagic machinery should be con-
ducted to strengthen the findings. Third, the autophagy-
like response should be validated and quantified using 
different methods, such as mRFP-GFP-LC3B fusion 
protein assay coupled with ratiometric FACS analy-
sis. Finally, most of the experiments were conducted in 

A549 cells only. Extra NSCLC cell lines should be used 
to verify these results. The findings should be interpreted 
cautiously.

Conclusions
We found that the ACK1 inhibitor triggered an adap-
tive autophagy-like response in lung cancer cells, and 
blocking AMPK or lysosomal degradation increased 
the cytotoxic effects of ACK1-targeted therapy. Moreo-
ver, integrating ACK1 and its regulation on autophagy 
produced a robust predicting signature for survival and 
drug sensitivity in LUAD. Overall, these results provide 
evidence of a potential role for autophagy in therapy 
evasion.
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