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Abstract
Chaperone-mediated autophagy (CMA) is a lysosomal degradation pathway of selec-
tive soluble proteins. Lysosome-associated membrane protein type 2a (LAMP2A) is 
the key receptor protein of CMA; downregulation of LAMP2A leads to CMA block-
ade. Although CMA activation has been involved in cancer growth, CMA status and 
functions in non–small cell lung cancer (NSCLC) by focusing on the roles in regulat-
ing chemosensitivity remain to be clarified. In this study, we found that LAMP2A 
expression is elevated in NSCLC cell lines and patient's tumors, conferring poor 
survival and platinum resistance in NSCLC patients. LAMP2A knockdown in NSCLC 
cells suppressed cell proliferation and colony formation and increased the sensitivity 
to chemotherapeutic drugs in vitro. Furthermore, we found that intrinsic apoptosis 
signaling is the mechanism of cell death involved with CMA blockade. Remarkably, 
LAMP2A knockdown repressed tumorigenicity and sensitized the tumors to cisplatin 
treatment in NSCLC-bearing mice. Our discoveries suggest that LAMP2A is involved 
in the regulation of cancer malignant phenotypes and represents a promising new 
target against chemoresistant NSCLC.
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1  | INTRODUC TION

Lung cancer is a leading cause of cancer-related death worldwide, and 
more than 85% of cases are classified as non–small cell lung cancer 
(NSCLC), including adenocarcinoma, squamous cell carcinoma, and 
large cell carcinoma.1 Despite continuous development of chemother-
apies including novel targeted therapies and cancer immunotherapies, 
the prognosis of lung cancer remains poor due to drug resistance and 
tumor recurrence. Further understanding of molecular mechanisms un-
derlying the development of chemoresistance in NSCLC is an import-
ant issue for developing novel and effective therapeutic strategies.

Autophagy is the intracellular degradation system by which cyto-
plasmic materials are delivered to and degraded in the lysosome. It is 
subdivided into three subtypes: macroautophagy, microautophagy, 
and chaperone-mediated autophagy (CMA).2 Macroautophagy delivers 
proteins and organelles to lysosomes for degradation upon sequestra-
tion in a double-membraned vesicle (autophagosome).3 In microautoph-
agy, the lysosome itself engulfs small components of the cytoplasm by 
inward invagination of the lysosomal membrane.4 In contrast, protein 
substrates for CMA are selectively identified and targeted to the lyso-
somes through the interaction of a cytosolic chaperone protein HSC70. 
The substrate protein is taken up and degraded from lysosome-asso-
ciated membrane protein type 2a (LAMP2A) on the lysosomal mem-
brane, so the LAMP2A expression level reflects CMA activity.5

Currently, it has been reported that cancer cells upregulate their 
own CMA, a process that delivers selective cytosolic proteins to 
lysosomes for degradation, with pro-oncogenic effects.6 Indeed, 
LAMP2A expression is elevated in many types of cancer, including 
gastric cancer, colon cancer, breast cancer, and NSCLC.7 Selected 
proteins associated with cancer growth such as accumulated mu-
tant p53 as well as misfolded nuclear receptor corepressor (NCOR) 
proteins have been shown to be degraded by CMA in cancer cells.8,9 
The bases for the pro-oncogenic effect of CMA are probably multi-
ple and depend on the type and stage of cancer.5,10 Although patho-
logic importance of LAMP2A expression reflecting CMA activity is 
well established in aging and neurodegenerative diseases,5 a link 
between cancer malignancy and CMA remains to be fully identified.

In the present study, to learn more about the role of LAMP2A in 
cancer, we examined LAMP2A expression in tumor specimen from 
NSCLC patients and assessed clinical features such as cancer malig-
nant phenotypes. Additionally, we also investigated whether LAMP2A 
affected cancer growth and drug resistance in vitro as well as in vivo. 
Our findings suggest that modulation of LAMP2A and, consequently, 
CMA represents a viable therapeutic target for chemoresistant NSCLC.

2  | MATERIAL S AND METHODS

2.1 | Antibodies and reagents

Antibodies used were rabbit anti-LAMP2A (# ab125068; Abcam), 
mouse anti-β-actin (# A5316; Sigma-Aldrich), rabbit anti-caspase-3 
(# 14220; Cell Signaling Technology), rabbit anti-Ki67 (# ab15580; 

Abcam), rabbit anti-p53 (# 9282; Cell Signaling Technology), rabbit 
anti-Bax (# 2870; Cell Signaling Technology), rabbit anti-Bcl-2 (# 
ab32503; Abcam), and rabbit anti-GAPDH (# 5174; Cell Signaling 
Technology). Cisplatin (CDDP) was obtained from Yakult Co., Ltd. 
Paclitaxel (PTX) was obtained from FUJIFILM Wako.

2.2 | Cell culture

Human NSCLC cell lines A549, H460, H226, PC9, PC14, and human 
bronchial epithelial cell line BEAS-2B were purchased from the 
American Type Culture Collection (ATCC). PC9CDDP and PC14CDDP11 
were kindly provided by Shien-Lab, Medical Oncology, National Cancer 
Center Hospital of Japan. These cells were maintained in RPMI 1640 me-
dium (# 11875-093; Thermo Fisher Scientific) with 10% heat-inactivated 
fetal bovine serum and penicillin-streptomycin (# 15070-063; Thermo 
Fisher Scientific) at 37°C in 5% CO2. The cumulative culture length of 
the cells was less than 6 months after resuscitation. Early-passage cells 
were used for all experiments and they were not reauthenticated.

2.3 | Lentiviral shRNA transduction

Cells were transfected with shRNAs using Lipofectamine 3000 
(Invitrogen). The shRNAs (pLV-EGFP:T2A:Puro-U6) were purchased 
from VectorBuilder. shRNAs target human LAMP2A mRNA (tar-
get sequences of #1 5’-TCTAGTGTTGCTGGCTTATTT-3’ and #2 
5’-TGCCTTGGCAGGAGTACTTAT-3’). A random stuffer fragment 
(300 bp) from a noncoding sequence was inserted for proper nega-
tive control (NC) shRNA. Lentiviral particles were prepared using 
standard protocols. Briefly, shRNA plasmid and the second genera-
tion of packaging plasmids delta R8.2 and VSV-G (Addgene) were 
transfected into HEK293T cells (ATCC). Viral supernatants were 
collected after 48 hours of culture and used with polybrene (Sigma-
Aldrich) for infection of indicated cell lines.

2.4 | siRNA transfection

NC siRNAs were purchased from Invitrogen (# AM4635). LAMP2A 
siRNA was designed by using BLOCK-iT™ RNAi Designer (https://
rnaid​esign​er.therm​ofish​er.com). The sequences of the regions 
targeted by the siRNA in the exon of the LAMP2A gene were 5’- 
GCAGTGCAGATGACGACAA-3 corresponding to bases 1230-
1248. Transfections of indicated cell lines were performed using 
Lipofectamine3000.

2.5 | RNA extraction, reverse transcription, and 
quantitative real-time reverse transcription PCR (qRT-PCR)

Total RNA was extracted from cultured cells using QIAzol and the 
miRNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. 

https://rnaidesigner.thermofisher.com
https://rnaidesigner.thermofisher.com
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The purity and concentration of all RNA samples were quantified using 
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). 
The reverse transcription reaction was performed using a High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and 
a random hexamer primer. The synthesized cDNAs were quanti-
fied by SYBR Green I qRT-PCR. Quantitative real-time reverse tran-
scription PCR (qRT-PCR) analysis was conducted using primers for 
human LAMP2A (forward: 5′-GCACAGTGAGCACAAATGAGT-3′; 
reverse: 5′-CAGTGGTGTGTATGGTGGGT-3′). β-actin (forward: 5′-C 
ATGTACGTTGCTATCCAGGC-3′; reverse: 5′-CTCCTTAATGTCACGC 
ACGAT-3′) was used for normalization of quantification. The relative 
amounts of LAMP2A were measured using the 2(-Delta Delta C(T)) 
method. The reactions were performed using an ABI 7300 Real-Time 
PCR System (Applied Biosystems). All reactions were performed in trip-
licate. Primer sequences were from Primer Bank (http://pga.mgh.harva​
rd.edu/prime​rbank).

2.6 | Immunohistochemistry staining

Immunohistochemical (IHC) staining was performed as previously 
described with minor modification on the paraffin-embedded lung 
tissues.12 Staining intensity of LAMP2A (# ab125068; Abcam) was 
scored using a four-tier scale from 0 (no staining) to 3 (strongest stain-
ing). Intensity scores were multiplied by the percentage of cancer cells 
with positive staining to generate an IHC score (maximum score, 300) 
by ImageJ, an open-source image processing program. Ki67 and cas-
pase-3 IHC staining were assessed by measuring positively staining 
cells in the tumors at a magnification of X400 using ImageJ.

2.7 | Western blot analysis

Cultured cells were lysed in Mammalian Protein Extract Reagent (M-PER, 
# 78501; Thermo Fisher Scientific) with sample buffer solution (# 191-
13272; FUJIFILM Wako). For each experiment, equal amounts of total 
protein were loaded onto 4%-20% SDS-PAGE. After SDS-PAGE, pro-
teins were transferred to a polyvinylidene difluoride (PVDF) membrane 
(# ISEQ00010; Millipore). The membranes were incubated for 1 hour at 
room temperature with specific primary antibody including anti-LAMP2A 
(# ab125068; Abcam) was performed after blocking. After washing sev-
eral times with Phsophate Buffered Saline with Tween 20, the membrane 
was incubated with anti-rabbit IgG, HRP-linked secondary antibody (# 
7074; Cell Signaling Technology) or anti-mouse IgG, HRP-linked second-
ary antibody (# 7076; Cell Signaling Technology) followed by chemilumi-
nescence detection (# 34080; Thermo Fisher Scientific, and # 1705061; 
BIO-RAD) with the ChemiDocTM Touch Imaging System (BIO-RAD).

2.8 | Cell viability assay

A Cell Counting Kit-8 (CCK-8; Dojindo) was used in the cell viability 
assay. A total of 3000 cells per well were seeded into 96-well plates. 

The cells were used for cell proliferation assays or cytotoxicity assays. 
For the cell proliferation assay, 10 μL of CCK-8 solution was added to 
each well after 24 hours, 48 hours, 72 hours, and 96 hours. The plate 
was further incubated for 2 hours at 37°C. The absorbance at 450 nm 
was measured. For cytotoxicity assays, the medium was aspirated off 
the following day and replaced with fresh media containing CDDP and 
PTX at different concentrations. After 3 days of culture, the plate was 
assayed by adding 10 μL of CCK-8 solution to each well, and the plate 
was further incubated for 2 hours at 37°C. The absorbance at 450 nm 
was measured. Cell viability is expressed as a percentage of the con-
trol cell viability. For each concentration of CDDP and PTX, the mean 
values of the mean absorbance rates from eight wells were calculated.

2.9 | Clonogenic assay

After harvesting with 0.05% trypsin, 200 cells were plated. Cells 
were incubated in 5% CO2 atmosphere at 37°C for 14 days to allow 
colony formation. Colonies were fixed with methanol and stained 
with 1% crystal violet. The number of colonies with at least 50 cells 
was counted using ImageJ.

2.10 | Flow cytometry by annexin V-FITC 
conjugated with PI staining

Apoptosis was evaluated by flow cytometry, using annexin V-FITC and 
propidium iodide (PI) double staining following the manufacturer in-
struction of MEBCYTO apoptosis kit (MBL). Cells in each treated group 
were washed twice with cold PBS and then resuspended in binding 
buffer. A total of 1 × 106 cells/mL were transferred in a 5-mL tube con-
taining 10 μL of annexin V-FITC and 5 μL of PI and were incubated for 15 
minutes at room temperature in the dark. After adding 400 μL of binding 
buffer, the samples were analyzed by flow cytometry (Miltenyi Biotec 
MACSQuant) within 1 hour. Annexin V-positive cells were determined 
as apoptotic cells. Data analysis was performed with FlowJo software.

2.11 | Soft agar assay

Each 6-well plate was coated with 1.5 mL of bottom agar (RPMI 1640 
containing 10% FBS and 0.5% Difco agar noble from BD Biosciences). 
Cells (5 × 103 cells) were suspended in 1.5 mL of top agar (RPMI 1640 
containing 10% FBS and 0.35% Difco agar noble) into each well. Cells 
were cultured for approximately 2 weeks and replaced with fresh me-
dium every 3 days. Colonies were stained using 0.005% crystal violet 
in 5% methanol and quantified using ImageJ software.

2.12 | Animal studies

The protocol of animal experiments was reviewed and approved 
by the Institutional Animal Care and Use Committee of the Jikei 

http://pga.mgh.harvard.edu/primerbank
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University School of Medicine (No. 2018-052) and conformed to 
the Guidelines for the Proper Conduct of Animal Experiments of 
the Science Council of Japan (2006). Six- to seven-week-old male 
CB17.Cg-PrkdcscidLystbg-J/CrlCrlj mice (SCID-beige) or NOD/Shi-scid, 
IL-2RγKO Jic mice (NOG) (CLEA) were used in the experiments. The 
cells were resuspended in PBS as a half volume of inoculum and 
diluted with an equal volume of growth factor–reduced Matrigel 
(# 356 231; BD Biosciences). Lung cancer development was moni-
tored twice a week for calculation of tumor volume. In the repeated 
administration study, the treatment (2.5 μg/kg of CDDP) was per-
formed on days 34, 41, and 48 (once a week for 3 weeks, three treat-
ments total).

2.13 | Clinical samples

The study protocol was approved by the Institutional Review Board 
at the National Cancer Center (Number: 2019-092). All materials 
were obtained with written informed consent and were provided 
by the National Cancer Center Biobank. All human lung tissue sam-
ples were derived from the resected lungs of lung cancer patients 
who had recurrence after pulmonary resection at the Department 
of Thoracic Surgery in the National Cancer Center Hospital between 
1997 and 2010. According to the clinical database obtained from 
the Department of Thoracic Oncology Division in National Cancer 
Center Hospital, we selected 30 lung tumor samples with 12 corre-
sponding normal lung tissues for LAMP2A expression analysis, and 
36 lung tumor samples for LAMP2A expression analysis in the chem-
otherapeutic response of tumors for platinum-based chemotherapy 
(Tables S1 and S2). In this study, patients who were diagnosed with 
NSCLC (adenocarcinoma or squamous cell carcinoma) were enrolled. 
Upon removal of the surgical specimen, the research person imme-
diately transported the tissues to the Biobank. Tissues were stored 
at − 80°C after snap freezing in liquid nitrogen. All tumors were 
reviewed by pathologists and were pathologically diagnosed ac-
cording to the World Health Organization Classification of Tumors. 
The chemotherapeutic response of tumors for platinum-based 
chemotherapy was clinically evaluated according to the Response 
Evaluation Criteria in Solid Tumors (RECIST) as follows: (a) complete 
response, disappearance of all known disease; (b) partial response, 
30% or more decrease in the entire tumor burden; (c) stable disease, 
less than 30% decrease or less than 20% increase in the entire tumor 
burden; and (d) progressive disease, 20% increase in the entire tumor 

burden or appearance of new lesions. In our report, subjects with 
complete response and partial response were defined as respond-
ers, and subjects with progressive disease were defined as nonre-
sponders. Platinum-based chemotherapy was given for four or more 
cycles after recurrence. No cases received adjuvant chemotherapy 
after curative resection.13

2.14 | Statistics

The data presented in bar graphs are shown as the average (±SEM) 
for technical replicates. A Student t-test was used for comparison 
of two data sets. Analysis of variance (ANOVA) was used for mul-
tiple comparisons, followed by Tukey's or Dunnett's multiple com-
parison to find where the differences lie. Significance was defined 
as P < 0.05. Statistical software used was Prism version 8 (GraphPad 
Software, Inc).

3  | RESULTS

3.1 | High LAMP2A expression is associated with 
poor survival in NSCLC patients

To explore the role of CMA in NSCLC cells, we first verified the ex-
pression level of LAMP2A using qRT-PCR and Western blot analysis in 
various lung cancer cell lines (Figure 1A and B). In general, the LAMP2A 
proteins of lung cancer cell lines are highly glycosylated.14,15 Although 
glycosylation might cause a discrepancy between mRNA and protein 
levels of LAMP2A, we found a higher expression of LAMP2A in A549, 
H460, H226, PC9, and PC14 cells than in normal human bronchial cells 
BEAS-2B. To investigate the roles of LAMP2A in NSCLC patients, we 
analyzed the protein expression level of LAMP2A in a cohort study of 
primary NSCLC tissues (30 cases) and adjacent normal lung tissues (12 
cases) from patients with postoperative recurrence (Table S1). The IHC 
analysis revealed significantly higher LAMP2A expression in NSCLC 
patients who had recurrence after pulmonary resection compared with 
normal lung samples, and significant variation of LAMP2A expression, 
ranging from entirely negative to strongly positive, localized in the cy-
toplasm in NSCLC tumor samples (Figure 1C and D). The Kaplan-Meier 
analysis in the cohort study showed that the high expression levels of 
LAMP2A were significantly associated with poor relapse-free survival 
(Figure 1E). To further understand the potential biological significance 

F I G U R E  1   LAMP2A confers tumor survival in NSCLC patients. qRT-PCR analysis (A) and Western blot analysis (B) of the expression 
levels of LAMP2A in various lung cancer cell lines. *P < 0.05, by ANOVA and Bonferroni's post-test. C, Immunohistochemical (IHC) staining 
for LAMP2A in representative normal lung tissues and tumors of lung cancer patients (negative & positive) (scale bar 100 μm). D, LAMP2A 
IHC score in normal lung tissue (n = 12) and tumor samples (n = 30). ***P < 0.0001, by Student's t-test. E, The relapse-free survival Kaplan-
Meier curves were based on LAMP2A IHC score. A total of 30 tumor samples were divided into two groups based on LAMP2A IHC score. F, 
Relapse-free survival and overall survival Kaplan-Meier curves from GSE31210 using PrognoScan database (http://dna00.bio.kyute​ch.ac.jp/
Progn​oScan/​index.html) were based on LAMP2A expression. NSCLC patients are stage I (n = 162) or stage II (n = 42). G, Enrichment plots 
of gene expression signatures for glycolysis, apoptosis, complement, mTORC1 signaling, hypoxia, and coagulation according to LAMP2A 
expression levels. The bar code plot indicates the positions of genes in each gene set; red and blue colors represent positive and negative 
Pearson correlations with LAMP2A expression, respectively

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31210
http://dna00.bio.kyutech.ac.jp/PrognoScan/index.html
http://dna00.bio.kyutech.ac.jp/PrognoScan/index.html
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of a high LAMP2A expression level during lung cancer progression, 
we estimated the correlation between the LAMP2A expression pro-
file and patient survival in the other cohort by using public database 
(Figure 1F). The Kaplan-Meier analysis from GSE3121016 indicated that 
high expression levels of LAMP2A in early-stage NSCLC patients who 
had pulmonary resection were significantly associated with poor re-
lapse-free survival (P = 0.001607) and overall survival (P = 0.000151). 
These findings suggest that a high LAMP2A expression level in NSCLC 
is associated with poor patient survival and may regulate lung cancer 
progression. To further examine the biological function and associated 
signal pathways that LAMP2A is possibly involved in, gene set enrich-
ment analysis (GSEA) was performed using data from the cohort GSE 
31 210. The GSEA results indicated that glycolysis, apoptosis, comple-
ment, mTORC1 signaling, hypoxia, and coagulation were evidently en-
riched in the LAMP2A-high group with a nominal P-value <0.05 and 
size > 100 (Figure 1G and Doc. S1). The data suggest that LAMP2A 
is involved in cancer-related signaling pathways, possibly resulting in 
poor survival in NSCLC.

3.2 | LAMP2A regulates lung cancer cell 
proliferation and chemoresistance through 
modulating intrinsic apoptosis signaling in vitro

In this study, we selected two NSCLC cell lines, A549 (mutant k-ras) and 
H460 (mutant PIK3CA) cells, in which to analyze the detailed function 
of LAMP2A in NSCLC. We conducted shRNA-based stable knockdown 
of LAMP2A in the two cell lines. The reduced expression of LAMP2A 
was verified by Western blot analysis (Figure 2A). The cell viability assay 
showed that LAMP2A shRNA significantly inhibited the cell prolifera-
tion of A549 and H460 cells (Figure 2B). We also performed clonogenic 
assay to determine the ability of LAMP2A to clonally expand and create 
colonies. Remarkably, knockdown of LAMP2A significantly decreased 
the colony number of A549 and H460 cells (Figure 2C and D). Next, 
we assessed the effects of LAMP2A knockdown on drug sensitivity. 
Notably, we observed that knockdown of LAMP2A in these cell lines 
sensitized the response of the cells to CDDP and PTX (Figure 2E). 
Furthermore, we found that expression levels of LAMP2A in drug-re-
sistant cell line PC9/CDDP or PC14/CDDP were higher than those in 
their parental drug-sensitive PC9 or PC14, respectively (Figure 2F). To 
clarify the mode of cell death associated with reduced LAMP2A in lung 
cancer cells, we performed assay for apoptosis using flow cytometry in 

these cells after LAMP2A transient knockdown (Figure 2G). Annexin 
V staining revealed higher rates of apoptosis in A549 and H460 cells 
with LAMP2A transient knockdown. Further investigations with some 
key proteins in the intrinsic apoptosis pathway, such as p53, Bax, and 
Bcl-2 were performed with LAMP2A knockdown. In line with previous 
reports, the results showed that p53 and Bax expression increased and 
Bcl-2 expression decreased in H460 cells after LAMP2A transfection 
compared with NC shRNA transfection (Figure 2H and I). Along with 
decreased LAMP2A protein levels, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), a representative selective target protein for CMA 
degradation,17 was clearly increased, which may reflect decreased CMA 
activity (Figure 2H and I). Based on these data, LAMP2A can regu-
late malignant phenotypes of NSCLC in terms of apoptosis regulation 
through CMA modulation in vitro.

3.3 | LAMP2A knockdown contributes to the 
inhibition of tumorigenicity in vivo

For analyzing anchorage-independent growth as the function of 
LAMP2A, we used the soft agar colony formation assay to detect 
the malignant transformation in the lung cancer cells. In A549 and 
H460 cells, LAMP2A knockdown significantly formed fewer colo-
nies in soft agar than the control cells (Figure 3A and B). Next, to 
validate the role of LAMP2A as a regulator of lung cancer progres-
sion in vivo, we examined the effects of LAMP2A knockdown on 
tumorigenicity using lung cancer xenograft models. Based on the 
data of tumor volume, LAMP2A knockdown in H460 cells inhibited 
tumorigenic ability 14 days after subcutaneous implantation com-
pared with that in control cell-transplanted mice (Figure 3C and 
D). Furthermore, LAMP2A knockdown in H460 cells significantly 
reduced the cells with positive staining for Ki-67 and increased 
the cells with cleaved caspase-3 compared with the control group 
(Figure 3E and F). Collectively, these results showed that LAMP2A 
knockdown could significantly impede tumor growth in vivo.

3.4 | LAMP2A knockdown contributes to 
chemosensitivity in vivo

Next, to explore whether LAMP2A knockdown affected the chem-
oresistance of lung cancer cells to CDDP in vivo, tumors were 

F I G U R E  2   LAMP2A modulates lung cancer cell proliferation and chemoresistance in vitro. A, Western blot analysis of the expression 
levels of LAMP2A in A549 or H460 -shNC, -shLAMP2A#1, and #2 cells. B, Cell proliferation (%) of A549 or H460 -shNC, -shLAMP2A#1, 
and #2 cells. **P < .001 and ***P < .0001, by ANOVA and Bonferroni's post-test. C, Representative images and (D) quantification of the 
colony number on clonogenic assay in A549 or H460 -shNC, -shLAMP2A#1, and #2 cells. ***P < .0001, by ANOVA and Bonferroni's 
post-test. E, Cell viability (%) was obtained by MTT with different doses of cisplatin (CDDP) or paclitaxel (PTX) in A549 or H460 -shNC, 
-shLAMP2A#1, and #2 cells. F, Western blot analysis of the expression levels of LAMP2A in PC9, PC9/CDDP, PC14, and PC14/CDDP cells. 
G, Apoptosis was detected by flowcytometric evaluation of FITC-Annexin V and PI double staining. Percentage of apoptosis was calculated 
by adding early apoptotic cells (Annexin V+/PI−) and late apoptotic/necrotic cells (Annexin V+/PI+). A549 or H460 cells were transfected 
with control or LAMP2A siRNA. Percentage of apoptotic cell count was assessed after 24 h treatment. **P < .001, by Student's t-test. H, 
Western blot analysis and the quantifications (I) of the expression levels of LAMP2A, p53, Bax, Bcl-2, and GAPDH in H460 cells treated with 
shNC or shLAMP2A. *P < .05, by Student's t-test

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31210
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FIGURE 3 LAMP2A promotes anchorage-independent cancer cell growth and tumorigenicity in vivo. A, Representative images and (B) 
quantification of the colony number on soft agar colony formation in A549 or H460 -shNC, -shLAMP2A#1, and #2 cells. ***P < .0001, by 
ANOVA and Bonferroni's post-test. C, Representative pictures of subcutaneous tumors (indicated by arrows) and (D) tumor volume of H460 
-shNC (n = 5), -shLAMP2A#1 (n = 3), and #2 cells (n = 4) at 14 days after subcutaneous implantation of 3x107 cells into the SCID-beige mice. *P 
< .05, by ANOVA and Bonferroni's post-test. E and F, Immunohistochemical (IHC) staining for (E) Ki67 and (F) cleaved caspase-3 in the tumors 
of H460 -shNC, -shLAMP2A#1, and #2 cells (scale bar 100 μm). *P < .05, **P < .01 ***P < .0001, by ANOVA and Bonferroni's post-test
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initiated in immunodeficient mice and then followed by an intra-
peritoneal injection of 2.5 mg/kg CDDP or the same amount normal 
saline (NS) once a week for 4 weeks (Figure 4A). At the point of start-
ing CDDP treatment on day 34, there was no statistically significant 
difference in the tumor sizes between the four groups. At 8 weeks 
after subcutaneous implantation, the tumors formed in the H460-
shLAMP2A–bearing mice were significantly smaller compared with 
the tumors in the H460-shNC–bearing mice after CDDP treatment 
(Figure 4B-D). Furthermore, we found that the cells with cleaved 
caspase-3 in the tumors formed in the H460-shLAMP2A–bearing 
mice with NS significantly increased compared with the tumors 
formed in the H460-shNC–bearing mice with CDDP treatment. 
On the other hand, we found that the tumors formed in the H460-
shNC–bearing mice with CDDP treatment significantly reduced the 
cells with cyclin D1 compared with the tumors formed in the H460-
shLAMP2A–bearing mice with NS (Figure 4E and F). Mechanistically, 
we speculated that CDDP treatment suppressed tumor cell cycle and 
LAMP2A knockdown induced tumor cell apoptosis, resulting in dra-
matic tumor reduction in the combination treatment. These results 
indicate that CMA blockade confers CDDP therapeutic advantages 
to lung cancer cells in vivo. To further examine whether LAMP2A is 
related with chemoresistance in NSCLC patients, we compared the 
LAMP2A expression in the responder (n = 19) with that in the nonre-
sponder group (n = 17) to platinum-based chemotherapy (Table S2). 
In this cohort study, we observed increased LAMP2A expression in 
the tumors of the nonresponder group compared with that in the 
tumors of the responder group (Figure 4E). Furthermore, both uni-
variate and multivariate analysis revealed that LAMP2A IHC score 
is a significant predictive factor for the response of platinum-based 
chemotherapy (Table S3).

Taken together, these data indicated that LAMP2A plays a piv-
otal role in cancer progression and chemoresistance, and demon-
strate the clinical importance of the CMA-regulated pathway with 
LAMP2A modulation in NSCLC.

4  | DISCUSSION

Our preclinical data demonstrate the clinical relevance of CMA-
mediated cancer malignancy and represents a promising novel target 
for LAMP2A against NSCLC. We showed that LAMP2A expression, 
a surrogate for CMA activity in human tumors, correlated with the 
response of NSCLC patients to platinum-based chemotherapy, sug-
gesting this protein could be used as a valuable biomarker of the 
response. We also showed that LAMP2A may regulate antiapoptotic 
intrinsic signaling which, in turn, affected cancer malignant pheno-
types and response to CDDP. Our data suggest that combination 
CMA blockade with platinum-based chemotherapy could have bet-
ter therapeutic potential for NSCLC treatment.

CMA is a highly selective form of autophagy that targets cy-
tosolic proteins carrying the KFERQ pentapeptide, a sequence 
found in approximately 30% of cytosolic proteins.18 CMA plays 

a critical role in cellular quality control under physiological and 
pathological conditions. In terms of cancer biology, the first re-
port by Kon et al showed that CMA is required for cancer cell pro-
liferation in vitro because it contributes to the maintenance of the 
metabolic alterations characteristic of malignant cells.6 Recently 
it has been shown that levels of LAMP2A expression, a surrogate 
for CMA activity in human tumors, are elevated in many tumors, 
including gastric cancer, colon cancer, breast cancer, and NSCLC.7 
It has been reported that blockade of CMA reduces their tum-
origenic capabilities. Cancer cells depend on CMA for a variety 
of pro-oncogenic functions such as sustained glycolytic activity, 
resistance to stressors, and maintenance of high oncogene load.10 
Moreover, CMA confers resistance to cancer treatment through 
cell type–specific mechanisms. For instance, CMA prevents apop-
tosis and contributes to resistance to oxaliplatin in hepatocel-
lular carcinoma by degrading the apoptosis trigger cyclin D1,19 
and to irradiation by degrading HMGB1.20 Furthermore, active 
degradation of the acetyltransferase p300/CBP by CMA confers 
resistance to 5-fluorouracil in colorectal cancer.21 However, it is 
still unclear how CMA is involved in chemosensitivity in NSCLC. 
Here, we speculate that LAMP2A modulates the response to plat-
inum-based chemotherapy by modulating antiapoptotic intrinsic 
signaling in NSCLC patients.

For the treatment of NSCLC, patients who have genetic alter-
ations in the epidermal growth factor receptor (EGFR), anaplastic 
lymphoma kinase (ALK), and ROS1 proto-oncogene receptor tyro-
sine kinase benefit from targeted therapies in the first-line setting 
and in subsequent lines. In patients with no known driver mutations 
or with wild-type tumors, immunotherapy with checkpoint inhibitors 
combined with platinum-based chemotherapy has revolutionized 
treatment. Although platinum-based chemotherapy is still used as 
first-line or second-line therapy for advanced lung cancer, there is 
no putative indicator which can predict whether the NSCLC patient 
would be chemoresistant or sensitive to the treatment. Therefore, 
elucidating the underlying mechanistic insights of CDDP resistance 
will be beneficial for improving the efficiency of chemotherapy as 
well as for developing novel therapeutic strategies to decrease re-
currence and to improve NSCLC patient survival. Based on our data, 
the underlying mechanisms by CMA in NSCLC may allow stratifica-
tion of treatment selection based on LAMP2A expression levels as 
well as developing molecular targeting to improve the efficacy of 
platinum-based chemotherapy.

A current limitation is that many studies including this study lack 
functional CMA analysis and rely instead on levels of LAMP2A or 
other CMA components. Although LAMP2A knockdown by RNAi-
based therapeutics may be a novel therapeutic strategy for many 
types of cancer, LAMP2A is a difficult target owing to its high ho-
mology with other splice variants of the LAMP2A gene that are in-
volved in other cellular processes. Therefore, we need to develop 
the method to monitor CMA status and generate selective inhibi-
tors of CMA in humans for cancer treatment. We propose that tu-
mor-specific dysregulation of CMA may be considered as a novel 
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therapeutic strategy for inducing tumor apoptosis and chemosen-
sitivity in NSCLC.

In summary, we showed that LAMP2A expression correlated 
with responses of NSCLC patients to platinum-based chemother-
apy. Analysis of clinical samples in our study demonstrated that 
LAMP2A was highly expressed in nonresponders compared with 
the responders of NSCLC patients to platinum-based chemother-
apy. A complete understanding of the precise function of LAMP2A 
in NSCLC may allow for the use of LAMP2A as a biomarker for pre-
dicting patient response to platinum-based chemotherapy, further 
assisting in the development of new therapeutic strategies.
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