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INTRODUCTION 
 

Metastasis is the leading cause of cancer-related deaths. 

Metastasis begins with local invasion, whereby cancer 

cells at the primary site invade the surrounding tissues 

and migrate towards the vascular systems. Solid tumors 

are highly heterogeneous and can often be anatomically 

classified into areas of the leading edge and tumor body 

[1–3]. Cancer cells at different locations are exposed to 

microenvironments with distinct mechanical, nutrient, 

oxygen supply, and pH characteristics [4], which affect 

their transcriptomics, metabolism, and signaling 

cascades and consequently resulting in dysregulated 

cellular behaviors [5–7]. Reports have shown that 

cancer cells at the leading edge are more invasive than 

cancer cells inside the tumor body [8–10]. 

 

Macroautophagy/autophagy (hereafter referred to as 

autophagy), a multistep lysosomal degradation pathway 

that supports nutrient recycling and metabolic 

adaptation, has been considered as a process that 

regulates cancer survival during stresses [11]. Although 

autophagy induction may inhibit tumors initiation [12], 

evidence in mouse models demonstrates that autophagy 

inhibition can limit the growth of established tumors 

and improve the response to cancer therapeutics [13, 
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ABSTRACT 
 

Cancer cells at the invasive front directly interact with stromal tissue that provides a microenvironment with 
mechanical, nutrient, and oxygen supply characteristics distinct from those of intratumoral tissues. It has long 
been known that cancer cells at the invasive front and cancer cells inside the tumor body exhibit highly 
differentiated functions and behaviors. However, it is unknown whether cancer cells at different locations 
exhibit a variety of autophagic flux, an important catabolic process to maintain cellular homeostasis in 
response to environmental changes. Here, using transmission electron microscopy (TEM), we found that 
invading cancer cells at the invasive front, which show mesenchymal transcriptomic traits, exhibit higher 
autophagic flux than cancer cells inside the tumor body in human primary non-small cell lung cancer (NSCLC) 
tissues. This autophagic feature was further confirmed by a live cell autophagic flux monitoring system 
combined with a 3D organotypic invasion coculture system. Additionally, the increased autophagic flux endows 
cancer cells with invasive behavior and positively correlates with the advanced tumor stages and the reduced 
survival period of lung cancer patients. These findings expand the understanding of autophagic dynamics during 
cancer invasion. 
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14]. Targeting autophagy is becoming an attractive 

strategy for cancer treatment. However, an atlas of 

autophagy in human primary cancer tissue is still 

lacking. The autophagic properties of cancer cells at 

different locations in human primary cancer tissues 

remain undefined. As a biological process responding to 

the intracellular and environmental changes, autophagy 

should be highly different in every single cancer cells 

exposed to different environments and exhibiting 

different cellular behaviors [15, 16]. Understanding the 

autophagic state in cancer cells with different behaviors 

will facilitate the development of therapeutic strategies 

involving autophagy targeting. 

 

In this report, we used toluidine blue-staining-directed 

transmission electron microscopy (TEM) to evaluate 

autophagic flux in cancer cells at different locations in 

human primary lung cancer tissues. We also 

developed an in vitro live cell autophagy monitoring 

system to assess the change of autophagy in cancer 

cells during the invading process. Our studies 

demonstrated that cancer cells at the leading edge 

exhibited higher autophagic flux than cancer cells 

inside the tumor body, providing an in vivo evidence 

for understanding dynamic and functional autophagy 

process in cancer. 
 

RESULTS 
 

Cancer cells at the invasive front exhibit increased 

autophagic flux 
 

We studied autophagic flux in cancer cells at different 

locations in human primary non-small cell lung cancers 

(NSCLCs) using ultrathin-section TEM. To precisely 

locate the invasive front in lung cancer tissues, we 

prescreened resin-embedded semi-thick sections of 

primary human lung cancer tissues, including two 

squamous lung cancers (LUSC) and two lung 

adenocarcinomas (LUAD), by toluidine blue staining, 

and the invasive front region was subjected to further 

TEM analysis (Figure 1A). Under TEM, we observed a 

 

 
 

Figure 1. The autophagic flux is increased at the tumor invasive front. (A) Toluidine blue staining of the LUSC and LUAD for TEM (left 
panel). The TEM images show the autophagic vacuoles (blue arrows) in tumor cells located at the invasive front and inside the tumor body of 
LUSC and LUAD (right panel). Dashed line, tumor-stroma border. Red arrows, leader cells and following cells in invasive front and cells inside 
the tumor body. The enlarged images show autophagic vacuoles, including phagophores (a and g), autophagosomes (b and h), amphisomes 
(c, e, f and i) and autolysosomes (d and j). Scale bars, 50 µm for toluidine blue staining and 1 µm for TEM. (B) The quantification of the 
autophagic vacuoles per cell located at the tumor invasive front and inside the tumor body (P = 0.0006 in LUSC, P = 0.0294 in LUAD). Error 
bars, means ± SEM for 10 cells in a representative experiment. (C) Representative immunohistochemistry (IHC) images of HSP60, TOMM20 
and RSCA1 in LUSC specimens and tumor-adjacent tissues. Scale bars, 50 µm. 



 

www.aging-us.com 20231 AGING 

large number of autophagy-related structures representing 

different stages of autophagy, such as phagophores, 

autophagosomes, amphisomes, and autolysosomes in the 

cells at the invasive front but not in cells inside the tumor 

body in both LUSC tissues and LUAD tissues (Figure 1A, 

1B), suggesting that cancer cells at the invasive front may 

undergo very fast autophagic recycling. 

 

Interestingly, in these high autophagic cancer cells, less 

organelles including mitochondria, endoplasmic 

reticulum, or Golgi apparatus were observed (Figure 1A, 

1B). Consistently, the heat shock protein 60 (HSP60), 

translocase of outer mitochondrial membrane 20 

homologs (TOMM20) and the Golgi protein receptor 

binding cancer antigen expressed on SiSo cells (RCAS1) 

were less expressed at the invasive front, compared with 

the strong IHC signal of these proteins in the 

intratumoral cells (Figure 1C). Next, we evaluated the 

cellular functions by assessing the single-cell RNA-seq 

data of human primary lung cancers based on 

expression of mitochondria genes. We analyzed single-

cell RNA-seq of six human primary LUADs including 

two stage I, three stage II and one stage III tumors in 

ArrayExpress under accessions E-MTAB-6149 and E-

MTAB-6653 using the uniform manifold approximation 

and projection (UMAP) [17]. We removed the immune 

cells that expressed PTPRC/CD45, endothelial cells that 

expressed PECAM1/CD31, and fibroblast cells 

(Supplementary Figure 1) and regrouped the remaining 

cells using UMAP (Figure 2A, upper panel). Based on 

expression of mitochondria genes, cancer cells were 

divided into MT
lo
 subgroup (lacking detectable 

expression of the mitochondria genes) and MT
hi

 

subgroup (Figure 2A, lower panel and Supplementary 

Figure 2). Compared to MT
hi
 cancer cells, MT

lo
 cancer 

cells exhibited upregulated mitophagy and glycolytic 

 

 
 

Figure 2. High autophagic cancer cells exhibited low MT-gene signature. (A) After removing the immune, endothelial and fibroblast 
cells, and re-clustering the remaining cells, predicted normal epithelial cell types, including AT1 (alveolar type I) cells, AT2 (alveolar type II) 
cells and club cells, based on gene expression were labeled (upper panel), and visualization of MT-gene signature scores (MT-ATP8, MT-ATP6, 
MT-CO1, MT-CO2, MT-CO3, MY-CYB, MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5, MT-ND6) of malignant cells in 6 primary 
LUADs (lower panel). (B) GSEA analysis was performed to further screen the significant pathway between MT

lo
 and MT

hi
 cancer cells. (C) 

Heatmap showing the expression level of the top 20 differentially expressed genes for MTlo and MThi clusters. (D) UMAP visualization of CDH1 
and VIM of malignant cells in 6 primary LUADs. (E) IHC staining of phosphorylated AMPK (p-AMPK) and GLUT1 in tumor-adjacent tissue and 
LUSC tissue. Dashed line, tumor-stroma border. Scale bars, 50 µm. 
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pathways, as expected, but downregulated cell-matrix 

adhesion pathway (Figure 2B). In addition, MT
lo
 cancer 

cells expressed higher levels of SMTN1, TUBB, 

TUBA1A, and TUBA1B genes involved in microtubule 

turnover which contributes to cellular processes such as 

intracellular transport, cell division and migration, than 

MT
hi

 cancer cells did [18] (Figure 2C). Also, MT
lo

 cells 

expressed high level of VIM but lack CDH1 (Figure 

2D). These transcriptomic features suggest that the high 

autophagic MT
lo

 cancer cells may reside in a 

mesenchymal state and exhibit reduced substrate-

adherence while increased migration, and glycolysis. 

Consistently, cell surface expression of GLUT1 and 

phosphorylated AMPK (a protein that activate 

autophagy) were predominantly observed in cancer cells 

at the invasive front in immunostaining (Figure 2E). 

These collective results indicate that in human primary 

lung cancer tissues, invading cancer cells at the invasive 

front exhibit higher level of autophagic flux than cancer 

cells inside the tumor body. 

Autophagic flux is elevated in invading cancer cells 

in vitro 

 

Then, we sought to develop an in vitro system to 

monitor autophagic flux in the invading cancer cells. To 

do this, we combined a live cell autophagy monitoring 

system with a three-dimensional (3D) organotypic 

invasion coculture system. Knowing that paracrine 

interaction between human cancer-associated fibroblasts 

(CAFs) and malignant cells promotes invasion of 

malignant cells at the tumor-stroma border [1], we 

seeded lung adenocarcinoma cells A549 on the surface 

of a dense gel composed of collagen I and Matrigel, 

which closely mimics the tumor-associated 

microenvironment, with or without human CAFs 

embedded in the gels. As expected, A549 cells were 

able to invade the gel only when CAFs were embedded. 

In the absence of embedded CAFs, A549 cells grew 

only on the top of the gel and could not invade it 

(Figure 3A). 

 

 
 

Figure 3. Autophagic degradation and recycling are elevated during the invading process. (A) H&E stained sections of 3D 
organotypic coculture gels. Scale bars, 50 µm. (B) The GFP/RFP ratio in single A549 cell colonies stable expressing the GFP-LC3-RFP-LC3ΔG 
cassette was determined under the indicated treatment. Scale bars, 200 µm. (C) Fluorescent images indicating GFP and RFP of A549 cells 
expressing GFP-LC3-RFP-LC3ΔG in cryosections of paraformaldehyde-fixed organotypic gels (upper panel) and GFP and RFP in a 3D volume 
rendering of live A549 cells expressing GFP-LC3-RFP-LC3ΔG (lower panel). White arrow, invasive front of A549 cells in the 3D organotypic 
coculture system. These fluorescent images of the gels in the 3D organotypic coculture system are representative of three independent 
experiments. Scale bars, 200 µm. The increments on the Z-axis indicate invasion distance (μm). (D) Representative images of H&E staining 
and GFP/RFP fluorescence in subcutaneous tumors formed by GFP-LC3-RFP-LC3ΔG-expressing A549 cells. Dashed line, tumor-stroma border. 
Scale bar, 200 µm for H&E staining and 50 µm for fluorescence images. 
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To monitor the autophagic flux in this model, we 

transduced the fluorescent probe GFP-LC3-RFP-

LC3ΔG into A549 cells to assess the formation and 

degradation of LC3 puncta [19]. Upon autophagy 

activation, this probe is cleaved by endogenous ATG4 

proteases into equimolar amounts of GFP-LC3 and 

RFP-LC3ΔG. GFP-LC3 is degraded by autophagic 

process, while RFP-LC3ΔG remains in the cytosol, 

serving as an internal control. Thus, the GFP/RFP signal 

ratio correlates inversely with autophagic activity. As 

expected, the autophagy inducer torin1 significantly 

decreased the GFP/RFP ratio, whereas the autophagy 

inhibitor bafilomycin A1 (Baf A1) increased this ratio 

(Figure 3B). 

 

Next, we monitored intact autophagic flux in live cells 

in the 3D organotypic coculture invasion system under a 

laser scan confocal microscope. A549 cells did not 

invade and showed substantial cytosol yellow 

fluorescence in the organotypic gels without embedded 

CAFs (Figure 3C, upper panel). In comparison with 

A549 cells grown in the absence of CAFs, A549 cells 

formed a bulky invasive front in coculture with CAFs, 

with the GFP/RFP ratio gradually decreasing along the 

Z-axis from the tumor-stroma border in the direction of 

invasion (Figure 3C, upper panel). Additionally, as the 

scanning depth was increased, the invasion distance of 

the tumor cells increased, resulting in a decreased 

GFP/RFP ratio and suggesting enhanced autophagic 

flux in the invading cancer cells (Figure 3C, lower 

panel). Confocal imaging of cryosections of 

paraformaldehyde-fixed organotypic gels confirmed the 

reduced GFP/RFP ratio in the invading cancer cells 

(Figure 3C). Consistent with these observations, tumors 

formed from subcutaneous engraftments of GFP-LC3-

RFP-LC3ΔG-expressing A549 cells exhibited a lower 

GFP/RFP ratio in the invasive front at the tumor-stroma 

border than inside the tumor body (Figure 3D). Taken 

together, the results of these in vitro and in vivo assays 

indicate that autophagy is increased in cancer cells at 

the invasive front, consistent with the results of our 

above TEM in human primary lung cancer tissues. 

 

Elevated autophagic flux is required during the 

invasion process and potentiates cells invasiveness 
 

Autophagy-related genes (ATGs) including ATG5, 

ATG6 (also known as BECN1), ATG7, and SQSTM1 are 

key components involved in specific steps during 

autophagosome biogenesis [20]. To further evaluate the 

impact of autophagy on the invasive ability of cancer 

cells, we depleted these ATGs by shRNA-mediated 

knockdown and tested the changes in invasion using the 

3D organotypic coculture invasion system. Inhibition of 

ATG6, ATG5, ATG7, or Sequestosome 1 (SQSTM1)/p62 

blocks the nucleation of the autophagosome, the 

expansion and completion of the autophagosome 

membrane, and the maturation and degradation of the 

autophagosome membrane, respectively [16]. 

Interestingly, depletion of these ATGs profoundly 

attenuated A549 cell invasion in the presence of CAFs 

in the 3D organotypic coculture invasion assay (Figure 

4A, 4B). Therefore, impairment of autophagic initiation 

or autophagic degradation in lung cancer cells decreased 

invasion. 

 

Next, we modulated autophagic flux in the A549 cells 

using trehalose (Tre, an autophagy inducer) [21], CoCl2 

(a hypoxia-dependent autophagy inducer) [22], or CQ 

(an autophagic degradation inhibitor) [23] to assess cell 

invasion in the same model, respectively. We treated the 

A549 cells with Tre, CQ, or CoCl2 at different 

concentrations and selected a dose at which cell 

viability was not affected but autophagic flux was 

changed, as evaluated by SQSTM1 accumulation and 

microtubule-associated protein 1 light chain 3 B 

(MAPLC3B/LC3B)-II/LC3B-I ratio (Figure 4C). Tre 

(50 mM) treatment and hypoxic condition (CoCl2, 150 

μM) promoted more cells invading from the tumor-

stroma border into the CAFs-containing gels, but CQ 

(50 μM) treatment completely inhibited this invasion 

(Figure 4D). Notably, even in the absence of CAFs, the 

elevated autophagic flux proficiently endowed A549 

cells with invasive ability, whereas CQ treatment did 

not (Figure 4D). These results indicate that a high level 

of autophagic flux is required for cells invasion and is 

sufficient for the invasion of cancer cells in the absence 

of an interaction with stromal cells. 

 

Increased SQSTM1-LC3B interaction at the tumor 

invasive front is correlated with poor prognosis for 

NSCLC patients 
 

The physical interaction between SQSTM1 and LC3B is 

essential for autophagosome formation [24]. To 

accurately evaluate the location at which the 

SQSTM1/LC3B interactions occur, we used highly 

sensitive in situ proximity ligation assay (PLA) to assess 

the dynamic autophagic flux in cancer cells at different 

locations in the corresponding human lung cancer tissue 

sections, counterstained the tumor tissue sections with 

DIO, a dye to label membrane. Using this approach, we 

observed significantly more positive SQSTM1/LC3B 

interactive signals, most of which located in the cytosol, 

in cancer cells at the invasive front than in cancer cells 

inside the tumor body (Figure 5A). 

 

To investigate the correlation of autophagy at the 

invasive front with patient prognosis, we studied the 

interaction of SQSTM1 and LC3B in 148 NSCLC 

specimens, including 39 LUSC and 99 LUAD 

specimens, and in 10 tumor-adjacent lung tissues using 
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bright-field PLA. No PLA signal of SQSTM1/LC3B 

interaction was detected in epithelial cells in tumor-

adjacent lung tissues, indicating a relatively low 

autophagic flux (Figure 5B). The PLA signal of 

SQSTM1/LC3B interaction was found mainly in the 

cytoplasm of NSCLCs at the invasive front, consistent 

with the results of fluorescent PLA shown in Figure 5A, 

representing the high levels of autophagic flux at tumor 

invasive front (Figure 5B), consistent with our previous 

observations under TEM. 

 

Quantification of PLA signals based on the intensity of 

PLA puncta and percentage of SQSTM1/LC3B 

complex-positive tumor cells revealed higher levels of 

SQSTM1/LC3B protein complexes in LUSCs than in 

LUADs (Figure 5C, left panel). In addition, a higher

 

 
 

Figure 4. Deficient autophagy blocks cell invasion into organotypic gels. (A) The knockdown efficiency of shRNAs for autophagy-
related proteins, including ATG5, ATG6, ATG7 and SQSTM1, was assessed by Western blotting. (B) Representative H&E-stained sections of 
ATG5-, ATG6-, ATG7- and SQSTM1-depleted A549 cells in the 3D organotypic coculture invasion system with or without human CAFs. The 
experiment was performed in triplicate. Scale bars, 50 µm. (C) The viability of A549 cells was evaluated by a CCK8 assay after 72 h of 
treatment with Tre, CQ, DMSO (vehicle control), or CoCl2 at the indicated concentration (upper panel). Error bars, means ± SD of a 
representative set of triplicate experiments. Immunoblots of HIF1α, LC3B, and SQSTM1 with the indicated treatment for 10 h, ACTB used as a 
loading control (lower panel). (D) The invasion capability of A549 cells was evaluated in the 3D organotypic coculture invasion system on gels 
with or without CAFs under treatment with DMSO, Tre (50 mM), CQ (50 μM), or CoCl2 (150 μM) for 10 days. The experiment was performed 
in triplicate. Scale bars, 50 µm. The number of invasive strands was quantified in 5 H&E-stained sections of each organotypic coculture gels. 
Error bars, means ± SD of a representative set of triplicate experiments. 
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Figure 5. Increased SQSTM1-LC3B interaction at the tumor invasive front is correlated with poor outcome in NSCLC patients. 
(A) Endogenous physical interactions between SQSTM1 and LC3B in LUSC sections were detected by in situ PLA (indicated by red fluorescent 
puncta) and visualized by laser scan confocal microscopy. Membrane structures were counterstained with a DIO probe (green). The enlarged 
regions show positive PLA signals of SQSTM1-LC3B protein complexes at the tumor invasive front (a-b). Scale bars, 50 µm. The scatter 
diagram of the PLA results shows the number of red fluorescent puncta per cell at the tumor invasive front and inside the tumor body (P < 
0.0001). Error bars, means ± SEM for 30 cells in a representative experiment. (B) Representative images of in situ bright-field PLA of SQSTM1-
LC3B protein complexes in NSCLC specimens and tumor-adjacent tissues, counterstained by Hematoxylin. Scale bars, 50 µm. (C) in situ PLA of 
SQSTM1-LC3B protein interaction was performed on tumor-adjacent lung tissues (n = 10), LUSC (n = 39), and LUAD (n = 99) specimens. The 
frequency of patient with undetectable (0), low (< 4.5), or high (4.6–9.0) PLA signal scores stratified by IHC-defined lung cancer subtype 
(ANOVA, P = 0.003) (left panel) or by NSCLC grade (ANOVA, P = 0.0045) (right panel). (D) Survival rates in 64 of the 148 NSCLC patients 
determined by Kaplan-Meier analysis were compared between patients with undetectable and low (PLA signals score ≤ 4.5, n = 48, blue line) 
and high (PLA signals score > 4.6, n = 16, red line) PLA signal scores for the SQSTM1-LC3B interaction. Three-year survival rates were 85% 
(undetectable and low PLA signal scores of SQSTM1-LC3B interaction) versus 33% (high PLA signal scores of SQSTM1-LC3B interaction; P = 
0.028). (E and F), Representative IHC images of ATG7 and BECN1 in NSCLC specimens and tumor-adjacent tissues. Scale bars, 50 µm. 
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PLA signal score of the SQSTM1/LC3B interaction was 

associated with an advanced stage of NSCLC (Figure 5C, 

right panel). To assess the prognostic significance of 

SQSTM1/LC3B protein complexes, we examined their 

levels in resected NSCLC tissues from 64 subjects with 

known clinical outcomes. Patients with tumors showing 

undetectable and low PLA signal scores for 

SQSTM1/LC3B interaction (PLA signal score ≤ 4.5, n = 

48) had longer disease-free survival time than patients 

whose tumors had high PLA signal score (PLA signal 

score > 4.5, n = 16), with three-year survival rates of 85% 

for those with low PLA signal score for the 

SQSTM1/LC3B interaction and 33% for those with high 

PLA signal scores (Figure 5D). These results indicate 

that the abundance of SQTM1/LC3B complexes is 

increased at the in invasive front of lung cancers and that 

this high abundance correlates with poor prognosis in 

human lung cancer. Consistently, we also noticed that the 

expression of ATG7 and BECN1 were predominantly 

located at the tumor edge rather than tumor nest by IHC 

in these tumor tissues (Figure 5E, 5F). Thus, the 

detection of the SQTM1/LC3B complex may have a 

value for predicting cancer cell invasiveness around the 

invasive front in clinical cancer samples. However, based 

on the dynamic autophagy changes in cancer cells, the 

use of autophagy-targeting therapies in cancer patients 

still require a much deeper understanding of autophagic 

processes that mediate cancer cell behaviors. 

 

DISCUSSION 
 

Human lung cancers are widely known highly 

heterogeneous as revealed by transcriptomic, genomic, 

epigenomic, and proteomic profiles analysis [7, 25, 26]. 

In this study, we provide the in vivo evidence showing 

that cancer cells at the invasive front exhibit a higher 

level of autophagic flux than cancer cells inside the 

tumor body do. It is noteworthy that the high autophagic 

cancer cells at the invasive front contain very few other 

organelles such as mitochondria, Golgi, and ERs. This 

suggests that these high autophagic cancer cells do not 

rely on mitochondrial metabolism to generate ATP. 

Instead, they may adapt to glycolysis to meet ATP 

demand, which subsequently leads to lactate production, 

micro-environmental acidosis, and metastasis [27, 28]. 

This scenario is supported by our analysis of 

transcriptional profiling of those single lung cancer cells 

that lack expression of mitochondria encoded genes, 

showing the increased glycolytic and migratory profiles. 

Our findings are consistent with the observation that 

tumor cells exhibit rapid glucose uptake and lactate 

secretion, as well as suppression of mitochondrial 

metabolism [29]. 

 

It has been noticed that autophagy is dysregulated in 

many cancers and dysregulation of autophagy can be 

both tumor promotional and tumor suppressive, 

depending on the cellular context [16]. In established 

tumors, autolysosomal degradation promotes their 

ability to adapt to limiting nutrient supplies, therefore 

maintaining cellular aggressiveness [30, 31]. Although 

it is well established that autophagic inhibition represses 

cancer invasion, a full view of the diversity of 

autophagic states in human primary lung cancer tissues 

remain less certain. Our data suggest that a rapid 

autophagic recycling process might also be needed for 

mitochondria downregulation. The supporting data 

include 1) higher levels of cytoplasmic LC3/SQSTM1 

complexes by in situ PLA, 2) the increased number of 

autophagic vesicles at the invasive front of human 

primary NSCLC tissue, and 3) the enhanced autophagic 

flux in the live invading cancer cells of the 3D 

organotypic cocultures. Indeed, the invading cancer 

cells locate at the tumor-stroma border and interact with 

a complex microenvironment containing extracellular 

matrix that provides active or passive mechanical cues 

[4], such as fibroblasts that secret various growth 

factors, cytokines, chemokines and proteinases [32], 

and leaky blood vessels that change the pH and oxygen 

supplement of the microenvironment [33]. We also 

examined hypoxic status by immunostaining for HIF1α 

in lung cancer tissue sections. Cancer cells at the 

invasive strand and cancer cells inside the tumor body, 

which exhibited different cytoplasmic/dot-like 

SQSTM1 staining, showed similar HIF1α staining 

intensity (data not shown). Thus, the elevated 

autophagic flux in invading cancer cells may not due to 

the limited nutrient or oxygen supplement. 

 

In our 3D organotypic cocultures, cancer cells could not 

invade without CAFs embedded in the gel. The bottom 

layer of cancer cells directly interact with the gel which 

contains various soluble signals but does not show 

enhanced autophagic flux. With embedded CAFs in the 

gel, cancer cells started to invade. Invading cancer cells 

encounter CAFs and a physical force dictated by 

extracellular matrix besides those soluble signals in the 

gel. Given that both invading cancer cells and non-

invading cancer cells interact with those soluble signals, 

it is possible that either one or both of physical force 

and CAFs caused enhanced autophagic flux. 

Mechanical cues elicit biochemical signals and regulate 

cell function and behavior through 

mechanotransduction [34]. For example, YAP/TAZ, 

downstream effectors of extracellular matrix dependent 

cellular mechanotransduction, can regulate autophagic 

flux in pancreatic and mammary cancer cells [35]. 

Nevertheless, tumor cell plasticity is required in 

transition states including epithelial-mesenchymal 

transition (EMT) and mesenchymal-epithelial transition 

(MET), which may vary based on the tumor type, the 

state of dissemination, and the context of tumor 
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metastasis [36]. The invasive front cancer cells express 

the mesenchymal marker vimentin but lack the 

epithelial marker E-cadherin, and exhibit mesenchymal 

attributes [9]. Further studies and better models that 

cancer cells can imitate in vivo invasion are needed to 

illustrate whether rigidity of extracellular matrix is 

indispensable to the regulation of autophagic flux. 

 

Since a higher level of autophagic flux is required and 

sufficient for cancer cells to invade into the surrounding 

microenvironment, inhibition of autophagic flux 

through knockdown of autophagy proteins or the use of 

conventional small inhibitory molecules suppressed the 

invasion of cancer cells. In contrast, inducing autophagy 

with an autophagic stimulator such as trehalose or 

CoCl2 endows cancer cells with invasive capability in a 

3D organotypic coculture system. Furthermore, 

suppression of autophagy inhibits cellular invasion but 

not polarization, consistent with the previous reports 

[37–39]. However, suppression of autophagy can also 

promote cancer cell invasion [40–42], dictating the 

context-dependent autophagy on metastatic progression. 

The functional roles of tumor cells as well stromal cells 

within tumor microenvironment are extremely complex 

and are critical to diverse aspects of tumor biology [43]. 

 

In summary, our data showed that invading cancer cells 

require increased autophagic flux to migrate and invade 

at the invasive front. Targeting autophagy at the 

invasive front in the tumor-stroma border may serve as 

an adjuvant therapeutic strategy to improve treatment 

efficacy. 

 

MATERIALS AND METHODS 
 

Human samples 
 

Human lung cancer tissues were collected at Tianjin 

Medical University Cancer Hospital. The use of all 

human lung cancer tissues was approved by the 

Institutional Review Board of Tianjin Medical 

University. Informed consent was obtained from all 

patients, and samples were deidentified prior to analysis. 

 

TEM 

 

Samples from human primary lung cancer tissues were 

fixed in a fixative solution containing 6% 

glutaraldehyde followed by post-fixed with 2% osmium 

tetroxide (Sigma-Aldrich, 75632), thereafter were 

dehydrated in ascending ethanol solutions and absolute 

acetone, immersed in 50% Epon812 (Electron 

Microscopy Sciences, 14120) in acetone and embedded. 

The semi-thick sections were subjected to toluidine blue 

staining to identify the tumor invasive front and tumor 

body. The serial ultra-thin sections of invasive front and 

tumor body that identified by toluidine blue staining 

subsequently stained with uranyl acetate and lead citrate. 

Digital TEM images were acquired from thin sections 

using a HITACHI HT7700 transmission electron 

microscope (Hitachi High-Tech, Japan). 

 

Cells, lentiviral transduction, and chemicals 
 

A549 cells were purchased from ATCC and maintained 

in ATCC recommended media: RPMI1640 (Thermo 

Fisher Scientific) with 10% fetal bovine serum, 100 U 

of penicillin/mL, 100 µg of streptomycin/mL (Thermo 

Fisher Scientific). All experiments were performed 

within 1 month after thawing early-passage cells. A549 

cells were tested negative for mycoplasma and were 

authenticated in April 2017. DNA purified from A549 

cell lines were tested by the short tandem repeat 

analysis method using Promega PowerPlex 1.2 analysis 

system (Genewiz Inc.). Data were analyzed using 

GeneMapper4.0 software and then compared with the 

ATCC databases for reference matching. Human 

cancer-associated fibroblasts were isolated from 

primary lung tumors by physical fragmentation and 2 

mg/ml collagenase (Sigma-Aldrich, C2139) digestion 

and maintained in DMEM supplemented with 10% FBS, 

100 U of penicillin/mL, 100 µg of streptomycin/mL, 1% 

OriCellTM ITS (Cyagen) and 2 mM GlutaMAXTM-I 

(Thermo Fisher Scientific). For lentiviral transduction, 

Phoenix-293T cells were seeded in 100-mm plates and 

co-transfected with the target constructs and the 

packaging plasmids pMD2.VSVG, pMDLg/pRRE, and 

pRSV-REV. A549 cells were allowed to viral infect in 

35-mm plates for 8 h and recover for 24 h prior to the 

further procedure. Single cell clones were developed for 

all the following assays. The autophagy inducers and 

inhibitors used in this study were purchased from 

Sigma-Aldrich: torin1 (475991), trehalose (Tre, T9531), 

Cobalt chloride hexahydrate (CoCl2, V900021), 

bafilomycin A1 (Baf A1, 196000), chloroquine (CQ, 

C6628). GFP-LC3-RFP-LC3ΔG probe was purchased 

from Addgene, 84572. The DNA sequences for shRNA 

knockdown assay are listed in Table 1. All primary 

antibodies for this study are listed in Table 2. 

 

3D organotypic coculture 
 

The 3D organotypic coculture invasion assays were 

performed as follows: fibrillar rat-tail collagen I 

(Corning; 354249) and growth factor-reduced Matrigel 

(BD Biosciences; 356230) were mixed to generate a 

mixture gel containing collagen at 4 mg/ml and 

Matrigel at 2 mg/ml. Neutralized mixture gel 600 

µL/well was then aliquoted onto a 0.4 µm polyester 

membrane (Corning Costar; 34818034). For assays 

involving the human cancer-associated fibroblasts 

(CAFs), 5 × 10
5
 human CAFs were embedded in 1 ml 
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Table 1. shRNA sequences used in this study. 

shRNA target sequence (5′–3′) Efficiency (%) 

ATG5 (human, NM_00449)  

#1 GCAACTCTGGATGGGATTG 70 

#2 AGTGAACATCTGAGCTACC 80 

ATG7 (human, NM_006395)  

#1 GCCTGCTGAGGAGCTCTCCA 80 

#2 CCCAGCTATTGGAACACTGTA 75 

ATG6/NECN1 (human, NM_003766)  

#1 ACAGGAGCTGGAAGATGTGGAA 85 

#2 AGCCAATAAGATGGGTCTGAAA 80 

SQSTM1/p62 (human, NM_003900)  

#1 GGAGCACGGAGGGAAAAGATT 70 

#2 GTGACGAGGAATTGACAATTT 84 

Firefly luciferase (con)  

CGTACGCGGAATACTTCGATT Irrelevant control 

 

Table 2. Primary antibodies used in this study. 

Primary Antibody Dilution Ratio Supplier 

IHC/PLA WB 

ATG5 1:100 1:5,000 Abcam, ab109490 

ACTB  1:3,000 Sigma-Aldrich, A-3853 

ATG7 1:100 1:1,0000 Abcam, ab52472 

BECN1 1:100  BIOSS, bs-1353R 

HSP60 1:100  Santa Cruz Biotechnology, sc-376261 

RSCA1 1:100  Abcam, ab16568 

TOMM20 1:100  Abcam, ab186735 

LC3B 1:100/1:100 1:2,000 Sigma-Aldrich, L7543 

SQSTM1/p62 1:400/1:100 1:1,000 Abcam, ab56416 

HIF1a 1:400 1:3,000 Abcam, ab51608 

ATG6/BECN1  1:2,000 Cell Signaling Technology, 3738 

p-AMPK 1:100  Cell Signaling Technology, 2535 

GLUT1 1:100  Abcam, ab115730 

 

mixture. The 3D organotypic coculture invasion gel 

with or without human CAFs was allowed to 

polymerize at 37 °C for about 1 h, after that 5 × 10
5
 

A549 cells were plated on the top of gel. The gel was 

fed from underneath with complete medium 

supplemented 1% insulin-transferrin-selenium (Thermo 

Fisher Scientific; 51500-056) and 2 mM 

GlutaMAXTM-I (Thermo Fisher Scientific). Medium 

was changed daily. Tumor cells invade into gels over a 

period of 8 to 10 days. Gel was fixed using 4% 

paraformaldehyde plus 1% glutaraldehyde in PBS and 

embedded in paraffin or optimal cutting temperature 

compound (SAKURA, T4583). 5 µm paraffin sections 

were subjected to Hematoxylin and Eosin (H&E) 

staining and 10 µm cryo-sections were visualized by 

confocal microscope. 

 

in situ PLA 
 

All the tumor tissues from the patients received standard 

surgical excision, after that, tumor tissues were fixed in 

4% paraformaldehyde in phosphate-buffered saline 
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(PBS, pH 7.4; Invitrogen, 10010023) for 24 h, 

embedded in paraffin, sectioned at 5 µm. in situ PLA 

was performed to visualize protein-protein interactions 

in lung cancer tissues. Briefly, paraffin-embedded 

tissues were deparaffinized and rehydrated using 

standard methods. After heat-mediated antigen retrieval 

in citrate buffer (10 mM citric acid, pH 6.0) at 100°C 

for 40 min, sections were permeabilized with PBS 

containing 0.5% Triton X-100 (Sigma-Aldrich, 

SLCD3237) for 30 min, subsequently blocked in 

Blocking Solution (Sigma-Aldrich, DUO92004) at 37°C 

for 1 h and incubated with primary antibodies overnight 

at 4°C. On the following day, sections were washed 

twice with washing buffer (Sigma-Aldrich, DUO82049), 

and incubated with PLA probes in a ratio of 1:10 in 

antibody diluent for 1 h at 37°C. The sections were then 

incubated with ligation solution at 37°C for 30 min and 

subsequently with amplification solution at 37°C for 

120 min. For fluorescent PLA, the tumor tissue sections 

were counterstained with 3, 3’-

dioctadecyloxacarbocyanine perchlorate (DIO, 

Beyotime, C1038), a dye to label membrane or 

mounting medium (Origene, ZLI-9557) together with 

DAPI for 10 min. Cell images were captured with a 

confocal microscope (Carl Zeiss, Axio Imager A2, 

Germany). For bright-field PLA, sections were 

incubated with Detection Solution (Sigma-Aldrich, 

DUO92012B) at room temperature for 60 min and then 

developed with Substrate Solution (Sigma-Aldrich, 

DUO92012B) for 5–10 min. Nuclear was stained with 

Nuclear Stain (Sigma-Aldrich, DUO92012B) for 5 min. 

 

For evaluation of PLA signal score of SQSTM1-LC3B 

complex in tumor tissue array, we defined the PLA 

puncta expression patterns into an intensity score from 

0-3 for quantitative evaluation as follows: score 0, no 

puncta or barely visible puncta in <5% of the cells; 

score 1, detectable puncta in 5–25% of cells; score 2, 

readily detectable puncta in 25–75% of cells; score 3, 

puncta in >75% of cells. The number of cytoplasmic 

PLA puncta was assessed as absent (score 0), weak 

(score 1), moderate (score 2) or strong (score 3). 

Cytoplasmic PLA signal for SQSTM1-LC3B complex 

was classified as low and undetectable signal for a score 

of 0–4.5 and high signal for a score of 4.6–9.0. 

 

Single-cell RNA-seq data accessibility and 

processing 

 

We accessed processed data of single-cell RNA-seq 

from ArrayExpress database (Accessions # E-MTAB-

6149 and E-MTAB-6653) for our analysis [17]. To 

visualize the processed data from Cell Ranger analysis, 

we utilized Seurat suite version 3.1 to perform cell 

clustering. First, filtered gene-barcode matrix of the 

sample identified by Cell Ranger Count was inputted 

into Seurat. Low quality cells/dying cells were 

removed, and we retained the cells with properly 

molecular read count and gene number (nCount_RNA < 

50000, nFeature_RNA < 6000, and nFeature_RNA 

>200) and with low mitochondrial transcript proportion 

(percent.mt < 25). Then we normalized and scaled the 

data, and then performed linear dimensional reduction 

by PCA (Principal components analysis) on the scaled 

data. Next, we clustered and visualized the cell 

distribution by UMAP (Uniform Manifold 

Approximation and Projection). By checking the know 

cell type markers, we well defined normal mesenchymal 

cells, epithelial cells and cancer cells. Then the cancer 

cell extraction and other further analysis were also 

performed by Seurat package and gene expression was 

visualized by UMAP. 

 

Single-cell RNA-seq differentially expressed (DE) 

gene identification 
 

Tumor cells with low expression of 13 mitochondrial 

genome code genes were subset from the other tumor 

cells using “Subset” function and cells expressing both 

low and high mitochondrial genes were used for further 

analysis as two groups. DE genes were identified by 

“Find All Markers” command and top 20 genes of each 

group were visualized by heatmap on 100 randomly 

selected cells from each group by “downsample = 100”. 

 

Xenograft assay 
 

2 × 10
7
 cells (1:1 of GFP-LC3-RFP-LC3ΔG-expressing 

A549 cells and CAFs) were suspended in 100 μL 

medium containing 50% Matrigel and were 

subcutaneously injected into 8-week-old female nude 

mice. 8 weeks after the inoculation, the mice were 

sacrificed and the tumors were dissected for further 

analysis. All animal procedures were approved by 

Animal Care and Use Committee at Tianjin Medical 

University and conform to the legal mandates and 

national guidelines for the care and maintenance of 

laboratory animals. 

 

Immunohistochemistry (IHC) 

 

For IHC staining, antibodies were processed following 

the standard protocol. Briefly, deparaffinized and 

rehydrated using standard methods. After heat-mediated 

antigen retrieval in citrate buffer (10 mM citric acid, pH 

6.0) at 100°C for 40 min, sections were blocked with a 

solution of 10% normal goat serum (NGS) in PBS at 

room temperature for 30 min. For primary antibody, an 

overnight incubation at 4°C was followed by 2 h 

incubation at room temperature with secondary 

antibodies (Thermo Fisher Scientific). Sections were 

then stained with the DAB (diaminobenzidine) substrate 
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kit (ORIGENE, ZLI-9017), washed with deionized 

water and counterstained with Hematoxylin. 

 

Confocal microscopy 
 

To obtain GFP and RFP fluorescence signals in the 3D 

organotypic coculture invasion system, gels was placed 

onto the glasses without fixing at the endpoint of the 

experiment. The Zst images were captured using a laser 

scanning confocal microscope immediately (Carl Zeiss, 

Axio Imager A2, Germany). In brief, serial scanning 

was performed at the XY level by moving the scanning 

depth under identical imaging conditions, including the 

same high voltage, offset and gain settings, same frame 

size, same pixel size, and same z-stack interval (5 µm) 

to acquire z-series images. During the process, RFP 

signals were uniformly strong irrespective of depth 

from the surface and accurately matched GFP signals. 

For 3D reconstructions, 14 (– CAFs) and 30 (+ CAFs) 

slices of 5 µm each from the whole 3D organotypic 

coculture invasion gels were fluorescently imaged, and 

the 3D volume render were performed by the extended 

depth of focus after stacking images along the Z-axis 

sequentially. Inserts in the z-axis represented the sum of 

z slices of 3D organotypic coculture invasion gels and 

illustrated the depth-distribution of fluorescence. 

 

Western blot 

 

Protein lysates of cells were prepared using RIPA buffer 

(Thermo Fisher Scientific, 89900) and protein 

concentration was quantified using the BCA protein 

assay kit (Thermo Fisher Scientific, 23235) after 

sonication. Primary antibodies diluted in blocking 

buffer were incubated overnight at 4°C followed by a 2 

h incubation of secondary goat-anti-rabbit IgG and 

goat-anti-mouse IgG antibodies (Thermo Fisher 

Scientific, 1:10,000) at room temperature. Membranes 

were visualized using the Amersham Imager 600 

system (GE Healthcare, USA). 

 

CCK8 assay 
 

Cell viability was examined using the Transdetect Cell 

Counting Kit (Transgen, Beijing, China) according to 

the manufacturer’s instructions. Briefly, A549 cells 

were grown in a 96-well plate for 24 h, followed by the 

treatment with DMSO, Tre, CQ or CoCl2 for the 

indicated time, respectively. To measure the cell 

viability, 10 μL of CCK-8 was added to each well for 2 

h. Absorbance was measured at a wavelength of 450 nm. 

 

Statistical analysis 
 

Our experimental data were summarized as the mean ± 

standard error or mean ± deviation and statistically 

analyzed using a t-test and ANOVA. Graphpad 7 was 

used for statistical analysis. High vs. low and 

undetectable PLA signal score of SQSTM1-LC3B 

protein interaction was statistically analyzed using the 

Kaplan-Meier curves and the log-rank test for the 

disease-free survival of lung cancer patients. A P-

value of less than 0.05 was considered statistically 

significant. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 
 

Supplementary Figure 1. Transcriptionally distinct cell types were identified by the transcripts of canonical cell type marker 
genes (Immune cells: PTPRC, endothelial cells: PECAM1, fibroblast cells: FAP, ACTA2, MMP2, epithelial cells: KRT19, KRT7, 
EPCAM). 
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Supplementary Figure 2. UMAP visualization of MT-gene signature scores of malignant cells in 6 primary LUADs. 
 

 


