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[image: Lysosome-associated membrane proteins (LAMPs) play a critical role in various cellular processes, including phagocytosis, lipid transport, neoangiogenesis, and tissue remodeling. Recent discussions have focused on their involvement in autophagy related to tumor progression. Emerging studies have underscored the connection between tumorigenesis and autophagy, highlighting that dysregulation of this process is associated with the resistance of tumor cells to conventional chemotherapy across numerous malignancies, including colorectal cancer (CRC). Currently, there is a notable absence of reliable prognostic biomarkers for effectively stratifying and predicting treatment responses in CRC patients. Our study examines the expression of LAMP1 and LAMP2 proteins and genes alongside key autophagy markers such as BECLIN1 and LC3B, investigating their relationships with CRC invasiveness. We present original data illustrating the association of LAMP molecules with standard autophagy markers and tumor budding. Our findings provide novel insights into the significance of these markers in CRC invasiveness, their relationship with survival rates, and their potential role as prognostic biomarkers.]
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Introduction

Colorectal cancer (CRC) is a major contributor to cancer related mortality and morbidity. It is the third most common type of cancer and the second leading cause of cancer-related deaths worldwide. By 2040, the number of CRC cases is predicted to reach 3.2 million (1). Despite the availability of therapeutic options, there remains a lack of reliable evidence to guide optimal treatment strategies. In the era of personalized medicine, high interpatient and intratumoral heterogeneity pose significant challenges to effective disease management.

Histopathological analysis remains essential for both clinical management and oncology research. Biopsy plays a crucial role in detecting and monitoring early relapses. In addition, molecular profiling provides essential information that guides subsequent decisions and predicts therapeutic response in CRC (2). One key histopathological feature is tumor budding, characterized by the dissociation of tumor cells from the primary tumor mass. observed in various types of cancers. It is defined as the presence of single tumor cells or small clusters of up to four cells located at the invasive tumor front (3). Increasing evidence suggests that tumor budding is associated with epithelial-mesenchymal transition (EMT), contributing to tumor aggressiveness. Although considered a poor prognostic factor for CRC (3), tumor budding has yet to be incorporated into routine pathology reporting.

Recent studies have increasingly highlighted the link between tumorigenesis and autophagy. Autophagy is a crucial catabolic process responsible for degrading redundant or damaged cellular components, thereby maintaining cellular homeostasis (4). It plays a fundamental role in energy metabolism, macromolecular synthesis, and the clearance of potentially harmful elements. In cancer, autophagy exerts a dual role—acting as both a tumor suppressor and a tumor promoter, depending on the stage of tumor progression (5). In early tumor development, autophagy facilitates removal of damaged organelles and toxic waste, promoting tumor cell death (6, 7). Conversely, in advanced stages, it serves as a survival mechanism enabling tumor cells to adapt to metabolic stress hypoxia, and nutrient deprivation within the tumor microenvironment (TME), as well as contributing to therapy resistance (8). Dysregulated autophagy has been implicated in both CRC carcinogenesis and resistance of tumor cells to conventional therapeutic approaches. Several studies have demonstrated that inhibition of autophagy can enhance the effectiveness of 5-FU chemotherapy in CRC in both in vitro and in vivo models (9). Moreover, autophagy activation during chemotherapy, has been shown to promote cancer cell death by blocking apoptosis (10).

The three main types of autophagy, microautophagy, macroautophagy, and chaperon–mediated autophagy (CMA) share a common target, through mechanistically different selective pathways. The lysosome plays a central role in all three processes. Among the five known lysosome-associated membrane proteins, LAMP1 and LAMP2 are the most widely expressed. These glycoproteins are implicated in a multitude of cellular processes, including phagocytosis, lipid transport, and aging. They are also believed to facilitate neoangiogenesis, tissue remodeling and tumor progression through interactions with extracellular matrix proteins (11). Despite the numerous studies, the precise functions remain incompletely understood. In recent years, increasing evidence has linked LAMP1 and LAMP2 to autophagy (12–16). Notably, studies have highlighted a significant role for the LAMP2A isoform, which is essential for CMA (17, 18). Additionally, LAMP2B has been shown to facilitate autophagosome-lysosome fusion in cardiomyocytes (19, 20), and LAMP2C is implicated in RNA and DNA autophagy by direct nucleic acid degradation (21–23).

Another key autophagy marker, BECLIN1 is frequently overexpressed in tumor cells and is often associated with poor prognosis (24). BECLIN1 is involved in the formation of the autophagosome (25) and makes the first connection between autophagy and tumor cells (26). Similarly, LC3 (microtubule-associated protein 1 light chain 3), a microtubule-associated protein, plays a crucial role in the progression of autophagy (27). The cleavage of the cytosolic form of LC3 yields three variants, among which membrane-associated LC3B is the most closely associated with autophagy (27). Dysregulated levels of LC3 have been implicated in various malignancies, including brain cancer, CRC, and melanoma (28, 29).

All these studies provide significant evidence supporting the potential use of LAMP proteins as novel predictive markers or therapeutic targets, given that autophagy plays a pivotal role in CRC development and response to therapy. Currently, there is a critical need for reliable prognostic biomarkers to improve patient stratification and treatment responses prediction in CRC patients. Therefore, our study aimed to investigate the expression of LAMP1 and LAMP2 at both the protein and gene levels, in parallel with the key autophagy markers BECLIN1 and LC3B, and their relationship with the invasiveness of CRC. By analyzing patient tissue and blood samples using immunohistochemistry, ELISA, and qPCR, we provide original data on the association between LAMP molecules, standard autophagy markers, and tumor budding. This novel data sheds light on the role these molecules play in the invasiveness of CRC. Additionally, they are linked to survival rates and hold potential as prognostic biomarkers.





Materials and methods




Patients and samples

Samples of clinically and histologically diagnosed CRC patients in the Centre Hospitalier de Marne-la Vallee, France (n=31) and in the Department of General and Clinical Pathology, Medical University of Plovdiv, Bulgaria (n=48), in the period of 2021-2024, were included in the study. Medical records provided patient demographic information (age, sex) and clinicopathological data, including tumor localization, histological grade, tumor stage - pTNM, lymphovascular invasion, presence of mutations, microsatellite instability (MSI) and tumor budding.

Tissue samples from CRC patients were examined in parallel with control samples. The internal control consisted of fifteen normal colonic tissues obtained from regions distal to the tumor site of CRC patients. External control included 5 non-neoplastic colon tissue samples (age-matched to CRC patients), derived from surgical margins of specimens from patients with sigmoid diverticulosis.

The resected colonic tissue was cryopreserved in a vial of liquid nitrogen, while another piece was fixed in 10% neutral buffered formaldehyde and embedded in paraffin. 4µm thick paraffin sections were cut for immunohistochemical analysis and hematoxylin-eosin (HE) staining. Surgical specimens were histologically evaluated by two independent pathologists, following the 8th edition of the American Joint Committee on Cancer guidelines (30).

Peripheral blood was collected from the CRC patients prior to surgery, as well as from healthy controls. Plasma and white blood cells (WBCs) were isolated and stored at − 80 °C for subsequent analyses.

The study was approved by the Ethics Committee of the Medical University of Plovdiv (Protocol No 4/08.06. 2022), and informed consent was obtained from all participants. None of the patients had received prior radio therapy or neoadjuvant therapy.





Immunohistochemistry

Immunohistochemistry was performed using the Novocastra™ Peroxidase Detection System (Cat No RE7110-K). After antigen retrieval, endogenous peroxidase was blocked followed by protein blocking. All samples were incubated with primary anti-human LAMP1 and LAMP2 mouse monoclonal antibodies (clones H4A3 and H4B4, DSHB, Yowa University) at working dilution of 1:100; anti-LAMP2A (Abcam Cat. No Ab125068) at a dilution of 1:100; anti- Beclinazako1 (GeneTex Cat. No GTX31722) at a dilution of 1:300; anti- LC3B (GeneTex Cat. No GTX82986) at a dilution of 1:400 at 4°C, overnight. All samples were then treated with secondary antibodies and DAB chromogen as previously described (31). The specificity of staining was assessed using negative controls as shown by Ivanova et al. (31). Immunoreactivity was assessed by using a semi-quantitative scale evaluating the expression in all cells in one visual field at 400 X magnification: 3+ (80-100% positive tumor cells), 2+ (40-80% positive tumor cells), 1+ (20-40% positive tumor cells), and (-) for no reaction.





Tumor budding assessment

A senior pathologist (DD) conducted a quantitative morphologic analysis of tumor budding, according to the guidelines outlined in the International Tumor Budding Consensus Conference (ITBCC) of 2016. The analysis involved scoring tumor budding using a 3-tier system (Bd1-Bd3), based on the number of buds observed in the highest count after examining 10 separate fields (at 20x objective lens) along the invasive front of the tumor. The assessment of tumor buds was based on HE evaluation (32) and the results were corrected for microscope eyepiece field diameter and bud count normalization to a field area of 0.785 mm2 (Figure 1B).
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Figure 1 | Characteristics of CRC patients. (A) Distribution (%) and frequency of CRC patients with tumor grade of differentiation G1- well-differentiated tumor, G2- moderately differentiated tumor and G3- poorly differentiated tumor, in the study group; (B) Distribution (%) and frequency of CRC patients with tumor size pT1, pT2, pT3 and pT4 within the study group; (C) Distribution (%) and frequency of CRC patients with invasion in the lymph nodes pN0, pN1and pN2 within the study group; (D) Distribution (%) and frequency of CRC patients with tumor budding B0, B1, B2 and B3 within the study group; (E) Distribution (%) and frequency of CRC patients with tumor grade of differentiation G1- well-differentiated tumor, G2- moderately differentiated tumor and G3- poorly differentiated tumor, in group with budding B0+B1 and in group with budding B2+B3; (F) Distribution (%) and frequency of CRC patients with tumor size pT1, pT2, pT3 and pT4 within the study group; (G) Distribution (%) and frequency of CRC patients with invasion in the lymph nodes pN0, pN1and pN2 within the study group.





ELISA

Plasma protein levels of LAMP1, LAMP2 and BECLIN1 of both CRC patients and controls were assessed by ELISA using commercial kits (DEVELOP Cat No. DL-LAMP1-Hu and Cat No. DL-LAMP2-Hu; Cloud-Clon Corp, Cat No. SEJ557Hu) according to the manufacturer’s protocols. All samples were analyzed in duplicate, and absorbance was measured at 405 nm using the ELISA Sunrise Reader (Tecan, Mannedorf, Switzerland).





RNA extraction and gene expression analysis

Total RNA was extracted from WBCs using TRIzol (ThermoFisher Scientific, USA, Cat No. 1559602). DNA contamination was removed by TURBO DNA-free™ treatment (TURBO DNA-free kit, Thermo Fisher Scientific, USA, Cat No. AM1907). RNA concentration and purity were measured spectrophotometrically with NanoDrop 2000 (Thermo Scientific, USA). Gene expression in WBCs was assessed using the RevertAidTM First-strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA, Cat. No. K1632) to obtain cDNA.

qRT-PCR analysis was performed using the Green MasterMix, (Genaxxon bioscience GmbH, Ulm, Germany, Cat No. M3023.0500) according to the manufacturer’s instructions. Each sample was run in duplicate for analysis on a Rotor-Gene Q 600 real-time PCR detection system (Qiagen, Hilden, Germany). The data were normalized to GAPDH, ACTINB, and UBC as endogenous controls. The primer sequences for all genes are listed in Table 1A. Relative gene expression was calculated using the comparative 2−ΔΔCt method and normalized to the GAPDH, ACTINB, and UBC gene levels.


Table 1A | Primer sequences used for the qPCR analysis.
	No
	Gene name
	Sequence 5`- 3`



	1
	LAMP1 Fw
	5`- CTCTAATGTCTGCAGCTCAAGG - 3`


	2
	LAMP1 Rev
	5`- TGTACACAGCGCAGAACAGG- 3`


	3
	LAMP2 Fw
	5`- GGCAATGATACTTGTCTGCTGGC - 3`


	4
	LAMP2 Rev
	5`- GTAGAGCAGTGTGAGAACGGCA - 3`


	5
	BECLIN1 Fw
	5`- CTGGACACTCAGCTCAACGTCA - 3`


	6
	BECLIN1 Rev
	5`- CTCTAGTGCCAGCTCCTTTAGC - 3`


	7
	LC3B Fw
	5`- GAGAAGCAGCTTCCTGTTCTGG - 3`


	8
	LC3B Rev
	5`- GTGTCCGTTCACCAACAGGAAG - 3`


	9
	GAPDH Fw
	5`- AGGTCCACCACTGACACGTTG - 3`


	10
	GAPDH Rev
	5`- AGCTGAACGGGAAGCTCACT - 3`


	11
	ACTINB Fw
	5`- AGTGTGACG TGGACATCCGGA - 3`


	12
	ACTINB Rev
	5`- GCCAGGGCAGTGATCTCCTCCT - 3`


	13
	hUBC Fw
	5`- TCCTGATCAGGCAGAGGTTGATCTT - 3`


	14
	hUBC Rev
	5`- GGACCAAGTGCAGAGTGGACTCTT - 3`











CRC patient databases and bioinformatics analysis

Statistical data processing was conducted using the Fisher-Freeman-Halton test and GraphPad Prism10. Statistical analyses of qRT-PCR and ELISA experiments were performed by a two-sided Student’s t-test. Fisher’s exact test was applied to determine the presence of nonrandom associations between clinical characteristics. All data are shown as the mean standard deviation. Considering most variables being binary or ordered categorically, we opted to use Kendall’s rank correlation analysis to investigate the patterns of association in our dataset. It allowed the generation of maximum likelihood estimates, under the assumption that the observed ordinal variables reflected continuous latent constructs. Moreover, Kendall’s tau is more accurate than Spearman’s rho with small sample sizes (33, 34). These tests were performed using the “ Kendall’s “ package in Stata v.18.

In all statistical analyses, associations were considered statistically significant at p <0.05 level (two-tailed). However, to effectively manage the rate of type I errors (false discovery rate) that may arise from multiple testing within a specific statistical test group, such as a correlation matrix consisting of numerous bivariate tests, we have employed the Benjamini-Hochberg correction method (35).

The assessment of gene expression data analysis and other statistical analyses on public datasets were performed in a multi-cohort study of public human CRC expression profiles and clinical data (n=624), based on the GEPIA 2 - Copyright ˝ 2018 Zhang’s Lab data platform.

Disease-free survival (DFS) was computed using the GEPIA2 package, where DFS was defined as the time from randomization to tumor recurrence or death and presented as Kaplan–Meier analysis.






Results




Clinicopathological characteristics of CRC patients

The mean age of the CRC patients was 70,8 years, with 47,4% being female. The clinicopathological characteristics of the patients are summarized in Table 1B. More than 70% of the CRC cases were moderately differentiated G2 (Figure 1A, with 61% classified as pT2 and 29% as pT3 (Figure 1B). Additionally, above 40% were with pN1 and pN2 lymph node invasion (Figure 1C). Currently, the observed survival time following the initial diagnosis ranges from 3 to 12 years (data not shown).


Table 1B | Demographic and clinicopathological characteristics of CRC patients.
	Characteristics
	Patients %
	Characteristics
	Patients %



	Age (years), mean
	
	Tumor stage
	


	Sex
	70,8 ± 9,3
	pT1
	4


	Female
	47
	pT2
	6


	Male
	53
	pT3
	66


	pT4
	24


	Primary site


	Right colon
	41,5
	Lymphatic and vascular invasion
	 


	Left colon
	51,2
	Present
	48,8


	Other (rectum. colon transversum)
	7,3
	Absent
	52,2


	Histology
	
	Microsatellite instabilty
	


	Conventional
	95,1
	Present
	38,7


	Not determined
	4,9
	Absent
	61,3


	Histological grade (G)
	
	Genetic mutations
	


	G1-G2 (low)
	92
	K-Ras
	80,6


	N-Ras
	6,5


	G3 (high)
	8
	Other (PIK3CA/p.E545K
	12,9





G1-well-differentiated tumor; G2-moderately differentiated tumor; G3-poorly differentiated tumor.

Integrated DNA Technologies, Leuven, Belgium.







Evaluation of tumor budding

Tumor budding was classified as high (Bd2 and Bd3) in 69% (Figure 1D). Among these cases, half exhibited no lymph node invasion (pN0), while the remaining half were categorized as pN1 and pN2. (Figure 1G). Furthermore, 61% of the positive cases were moderately or poorly differentiated CRC (Figure 1E), while 63% were classified as pT2 and pT3 (Figure 1F). Absence of tumor buds (Bd0) was found in 2,4% of the patients (Figure 1D).





LAMPs and autophagy in CRC and normal colon tissues

The immunohistochemical analysis demonstrated higher expression of all examined molecules in CRC tissues compared to normal mucosa. Notably, there was an absence (0) or a low (1) reactivity in the normal colon glandular parenchyma and in the distal normal colon of CRC patients. Figures 2A–E illustrates the immunohistochemical staining of LAMP1, LAMP2, LAMP2A, LC3B and BECLIN1 in normal colon distal to the CRC area. The expression patterns in tumor parenchyma varied by differentiation status: well-differentiated adenocarcinoma (Figures 2F–J), poorly differentiated adenocarcinoma (Figures 2K–O), and tumor front and budding regions (p-t).

[image: Microscopic images showing immunohistochemical staining in colon tissues for LAMP1, LAMP2, LAMP2A, LC3B, and BECLIN1. Panels A to U display normal colon, well-differentiated, and low-differentiated tumor tissues, as well as tumor margins. Various magnifications highlight differential expression and localization across different areas and grades of tissues.]
Figure 2 | Strong LAMP and autophagy markers expression in tumor buds within the front of tumor invasion in CRC. Tissue sections. Normal colon distal to the CRC area a- e: (A) Glandular parenchyma 0; stroma 2+ in the upper 1/3 of the mucosal chorion. Immunohistochemistry (IHC), anti-LAMP1, x200 (original magnification); (B) Glands 1 +. IHC, anti- LAMP2, x200 (original magnification); (C) Expression 1 +. IHC, anti- LAMP2A, x200 (original magnification); (D) Left side of the microphotograph, tumor parenchyma 1+, stroma 3+ IHC, anti- LC3B, x50 (original magnification); (E) Expression 2 +. IHC, anti- BECLIN1, x200 (original magnification); Tumor parenchyma in well-differentiated adenocarcinoma (G1) f-j: (F) Tumor parenchyma predominantly apical cytoplasmic signal 2+; (IHC), anti-LAMP1, x400 (original magnification); (G) Tumor parenchyma 2+, stroma 2 +. IHC, anti- LAMP2, x100 (original magnification); (H) In the tumor cells of tumor parenchyma 2 +. IHC, anti- LAMP2A, x200 (original magnification); (I) Right side of the microphotograph, tumor parenchyma 2+, stroma 3+ IHC, anti- LC3B, x200 (original magnification); (J) In the tumor cells of tumor parenchyma 2+ with expression enhanced (accentuated) around the lumen of the tumor glands. IHC, anti- BECLIN1, x200 (original magnification) Tumor parenchyma in poorly differentiated adenocarcinoma (G3) (K–O): (K) Tumor parenchyma with marked diffuse cytoplasmic expression 3 +. (IHC), anti-LAMP1, x200 (original magnification); (l) Tumor parenchyma (top) and tumor front (bottom) with clearly visible expression gradient, with more pronounced expression; expression also in the stroma around the tumor front zone in the form of vacuoles and diffusely. IHC, anti- LAMP2, x100 (original magnification); (M) In the tumor cells of the tumor parenchyma 2 +. IHC, anti- LAMP2A, x200 (original magnification); (N) Tumor parenchyma and stroma 3+ & internal positive normal colon with a nerve fiber 3+ (arrow). IHC, anti- LC3B, x400 (original magnification); (O) 3+ expression in tumor cells from the tumor parenchyma, with expression enhanced (accentuated) around the nucleus but diffuse in nature. IHC, anti- BECLIN1, x200 (original magnification). Tumor front and budding p-u: (P) Tumor front (middle) with marked diffuse cytoplasmic 3+ expression and surrounding stroma with 3 +. (IHC), anti-LAMP1, x200 (original magnification); (Q) Tumor front (Budd 3) with more pronounced expression in tumor cells. IHC, anti- LAMP2, x200 (original magnification); (R) Pronounced expression 3+ in tumor embolus (arrow). IHC, anti- LAMP2, x400 (original magnification); (S) 3+ expression in the tumor cells of the tumor front. IHC, anti- LAMP2A, x400 (original magnification); (T) Tumor front 3 +. IHC, anti- LC3B, x200 (original magnification); (U) In the tumor front area of the above case (O), the expression decreases; expression 1+ in the tumor front area. IHC, anti- BECLIN1, x200 (original magnification); LAMP1, LAMP2, LAMP2A, LC3B and BECLIN1 expression levels in tumor parenchyma, stroma and front are assessed on adenocarcinomatous cells (cytokeratin 20+/cytokeratin 7-/CDX2+ markers).

All LAMPs (LAMP1, LAMP2, LAMP2A) and LC3B were highly expressed in the tumor front. While in the normal colon and tumor parenchyma the expression was predominantly membranous or cytoplasmic, characterized by apical and vacuolar localization. The expression pattern in the tumor front shifted to a basal and diffuse cytoplasmic distribution, accompanied by the presence of vacuoles.

Thus, in well-differentiated adenocarcinoma (G1), the tumor parenchyma and stroma exhibited moderate to strong expression intensity (2+ to 3+) for LAMPs and LC3B (Figures 2F–I). In contrast, poorly differentiated CRC (G3) exhibited a distinct expression gradient, both diffusely and in vacuole-like formations, with a more pronounced signal increasing from the tumor parenchyma toward the tumor front. This expression was also apparent in the surrounding stroma near the tumor front (Figures 2K–N).

Strikingly, all LAMPs and LC3B were more highly expressed in the invasive tumor front. This region displayed robust immunostaining at the invasive tumor front, characterized either by marked diffuse cytoplasmic expression (3+) or by the presence of vacuoles in various regions of the cytoplasm or basally, within the tumor budding (Figures 2P–S). Notably, LAMP2 expression exceeded that of LAMP1 (Figures 2G vs. F, Figures 2Q vs. P) with strong LAMP2 immunostaining (3+) observed in tumor front buds and tumor emboli (Figure 2R).

In contrast to the other studied markers, there was a clear trend of reduced expression gradient of BECLIN1 from the tumor parenchyma to the tumor stroma and ultimately to the tumor front. In normal tissues and in poorly differentiated CRC, BECLIN1 expression was primarily localized to the paranuclear zone, which aligns with the localization of the Golgi complex, as a potential source of membrane for the generation of the phagophore (Figures 2E, G). In human CRC tissues, BECLIN1 was detected immunohistochemically within the plasma membrane, cytoplasm and nucleus. Poorly differentiated CRC (G3) tumor parenchyma exhibited strong (3+) expression, particularly accentuated around the nucleus but with a diffuse pattern overall (Figure 2O). However, BECLIN1 expression significantly decreased at the tumor front, with a low (1+) signal (Figure 2U).





LAMPs and autophagy in the tumor front of CRC tissues

Next, we quantitatively compared the expression levels of LAMP1, LAMP2, LAMP2A, BECLIN1, and LC3B across different tumor regions, including tumor parenchyma, stroma, and the tumor front in adenocarcinoma cells (cytokeratin 20+/cytokeratin 7-/CDX2+).

Statistically significant differences in the expression in all examined tumor and normal colon areas were detected, with specifically intense staining observed in the front of tumor invasion relative to the tumor parenchyma and noncancerous tissue. While BECLIN1 expression was elevated in tumor tissues relative to other markers, it exhibited a reverse gradient, decreasing from the tumor parenchyma to the stroma and tumor front (Figure 3A).

[image: Panel A displays bar charts showing the expression frequencies of LAMP1, LAMP2, LAMP2A, BECLIN1, and LC3B across various categories such as TP, TS, TF, TNC, NC-CRC, and NC. Expression levels are categorized into no expression, low, moderate, and high expression. Statistical significance is marked by asterisks. Panel B is a correlation matrix highlighting relationships among variables such as pT, pN, Budd, Mutaci, and expression levels of LAMP1, LAMP2, LAMP2A, BECLIN1, and LC3B across different sample types. Correlation strength is indicated by color intensity.]
Figure 3 | LAMP1, LAMP2, LAMP2A, BECLIN1 and LC3B tissue expression in CRC and healthy individuals. (A) Difference in the intensity of LAMP1, LAMP2, LAMP2A, BECLIN1 and LC3B expression in tumor parenchyma, stroma and front in CRC and in normal colon. Statistical significative differences of the protein expression levels in the tumor parenchyma and in the tumor stroma relative to the tumor front and negative controls, respectively. Expression levels were categorized into four groups (category 0- no expression, 1- low expression, 2- moderate expression, 3- high expression) in the tissue regions analyzed: (TP- tumor parenchyma; TS- tumor stroma; TF- tumor front; TNC- normal colon tissue in the CRC area; NC CRC- normal colon distal to the CRC area; NC- normal colon from nontumorous patients). Fisher-Freeman-Halton test. Differences are statistically significant with a Benjamini-Hochberg corrected p value (* p< 0,05; ** p< 0,01; *** p< 0,001; not significant (NS), p> 0.05). For exact uncorrected and corrected p-values, see Supplementary Table S1, a); (B) Kendall`s tau correlation matrix between LAMP1, LAMP2, LAMP2A, BECLIN1 and LC3B tissue expression, budding and other clinical variables. G, histological grade; pT, tumor stage; pN, invasion in lymph nodes; L, invasion in lymphatics; V, invasion in blood vessels; MSS/MSI, microsatellite stability/microsatellite instability; TP, tumor parenchyma; TS, tumor stroma; TF, tumor front. *Correlation is statistically significant with a Benjamini-Hochberg corrected p value <0.05. For exact uncorrected and corrected p-values, see Supplementary Table S1b); The colors span from dark blue to dark red, where dark blue denotes a r value of - 1, and dark red indicates a r value of 1.





LAMP1, LAMP2 and BECLIN1 expression significantly correlates with budding at the tumor front in CRC

To explore potential relationship between expression levels, tumor budding and clinicopathological parameters, we conducted a Ktau analysis (Figure 3B). This matrix was developed by highlighting the most significant correlation coefficients, with p-values adjusted via the Benjamini-Hochberg correction. Statistically significant associations were observed among LAMP1, LAMP2, LAMP2A, and BECLIN1 across different tumor regions. Notably, we found correlations between the tumor parenchyma and stroma (r = 0.4840, p = 0.0013 for LAMP1; r = 0.5917, p = 0.0273 for LAMP2; r = 0.5418, p = 0.0014 for LAMP2A) as well as between the tumor front and both the tumor parenchyma and stroma, respectively (r = 0.6586, p = 0.0000; r = 0.4999, p = 0.0013 for LAMP1; r = 0.5622, p = 0.0000; r = 0.4917, p = 0.0007 for LAMP2; r = 0.6816, p = 0.0000; r = 0.6321, p = 0.0000 for LAMP2A). Furthermore, significant correlations were observed between the two glycoproteins, LAMP1 and LAMP2 (r= 0.446, p= 0.0297). Tumor budding was significantly associated with lymph node involvement and vascular invasion (r = 0.538, p = 0.0049; r = 0,522, p = 0.0375, respectively). A link between LAMP2 protein levels in the tumor front and the tumor budding (r= 0.2838, p = 0.0516) was also noted, though it did not remain significant after the Benjamini-Hochberg correction.





Increased LAMP1 and decreased LAMP2 and BECLIN1 protein levels in plasma of patients with CRC

In addition to evaluating the tissue and spatial expression of lysosomal and autophagy-related molecules, we assessed the protein levels of LAMP1 and LAMP2, along with BECLIN1, in plasma samples. Our analysis revealed a significant increase in LAMP1 concentrations compared to the control group (Figure 4A). Interestingly, we observed a decrease in the secretory form of LAMP2 in CRC patients when compared to healthy individuals (Figure 4B). Notably, in CRC patients, higher levels of LAMP1 were associated with lower levels of LAMP2, while the opposite was true in the control group (Figure 4C). Although overall BECLIN1 plasma levels did not differ significantly between both groups, two distinct CRC subgroups with BECLIN high and BECLIN1low expression were identified (Figure 4D).

[image: Multiple graphs and charts depict plasma and mRNA expression levels of LAMP1, LAMP2, LC3B, and BECLIN1 in CRC and control groups. Violin and box plots highlight significant differences, p-values indicating statistical significance. A correlation matrix at the bottom displays relationships among variables, with some values marked for significance.]
Figure 4 | Protein and gene expression levels of LAMPs and autophagy markers in blood samples. (A-D) Difference in the secretory plasma circulating form of LAMP1, LAMP2, and BECLIN1 in CRC and in healthy patients. Statistical significative differences of the protein plasma levels in the CRC blood samples relative to the healthy controls, respectively. Statistically significative differences were calculated by t-test with Welch`s correction, ****p<0,0001; not significant (ns), p> 0.05. (E–H) LAMP1, LAMP2, BECLIN1 and LC3B overexpression in CRC. qPCR analysis of LAMP1, LAMP2, BECLIN1 and LC3B mRNA levels in WBC in CRC and healthy donors. Data are shown as mean ± SD. Statistically significative differences were calculated by t-test. p value (*p< 0,05; **p<0,001; ***p< 0,0001; ****p<0,0001). (I) Тwo subcategories, with lower levels of BECLIN1 (within the red circle) and higher- above. BECLIN1low plasma concentrations are associated with CRC patients displaying elevated transcript levels in WBCs (the figure on the right- t-test with Welch`s correction, box plot analysis). (J) Kendall`s tau rank correlation matrix between LAMP1, LAMP2, BECLIN1 and LC3B plasma protein and gene expression levels in WBC and other clinical variables. pT, tumor stage; pN, invasion in lymph nodes; *Correlation is statistically significant with a Benjamini-Hochberg corrected p value < 0.05. For exact uncorrected and corrected p-values, see Supplementary Table S1c); The colors span from dark blue to dark red, where dark blue denotes a r value of - 1, and dark red indicates a r value of 1.





Upregulated LAMPs and autophagy genes in CRC patients and healthy controls

Gene expression analysis in WBCs from CRC patients revealed significant upregulation of LAMP1, LAMP2, BECLIN1 and LC3B compared to controls (Figures 4E–H). These findings were also confirmed by the immunohistochemical analysis shown in Figure 2. While a similar trend was detected between the expression levels of LAMP1 and LAMP2,moderate to strong correlations were registered between LAMP2, BECLIN1 and LC3B, respectively (r=0.588, p< 0.001 for LAMP2 and BECLIN1; r=0.567, p< 0.001 for LAMP2 and LC3B; r=0.622, p< 0.001 for BECLIN1 and LC3B) (Figure 4G).

Interestingly, CRC patients with low plasma BECLIN1 levels exhibited higher transcript levels in WBCs (Figure 4I), a pattern also noted for LAMP2.





Prognostic significance of LAMP1 and LAMP2 in CRC

Public data analysis (GEPIA 2 - Copyright © 2018 Zhang’s Lab) confirmed that LAMP1, LAMP2, BECLIN1, and LC3B were significantly upregulated in CRC tissues (Figure 5A), particularly in later disease stages (Figure 5B). A good correlation was observed in the expression of LAMP1 and LAMP2 in the TCGA data (r=0.34, p=4.9e-09). Moreover, a strong correlation was noted when analyzing TCGA Tumor/Normal and the GTEx data for the colon-sigmoid/transverse sections (r=0.62, p=0) (Figure 5C).
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Figure 5 | LAMP and autophagy signatures as potential markers of invasiveness in CRC and their prognostic significance. (A) LAMP1, LAMP2, BECLIN1 and LC3B tissue expression in CRC and healthy individuals. Box plot analysis of LAMP1, LAMP2, BECLIN1 and LC3B mRNA levels in tissues in CRC TCGA COAD tumor and TCGA COAD normal and GTEx normal data, using the GEPIA 2 data platform-Copyright © 2018 Zhang’s Lab. For the gene expression profile were considered: Differential Method ANOVA; ILog2FCI Cutoff 1, q-value Cutoff: 0.0. (B) CRC stage distribution (I-IV) of LAMP1, LAMP2, BECLIN1 and LC3B in the TCGA data COAD tumor, using the GEPIA 2 data platform - Copyright © 2018 Zhang’s Lab. (C) Correlation analysis of LAMP1 and LAMP2 gene signatures in the TCGA data COAD tumor (left, r=0.34, p=4.9e-09) and in the TCGA Tumor/Normal and the GTEx data for the colon-sigmoid/transverse sections (right, r=0.62, p=0), using the GEPIA 2 data platform - Copyright © 2018 Zhang’s Lab. Pearson correlation coefficient was calculated using the expression data sets derived from TCGA COAD tumor (n=275), TCGA COAD normal (n=41), as well as GTEx colon sigmoid and colon transverse (n=308). (D) Cancer-specific survival analysis in the context of LAMP1, LAMP2, BECLIN1 and LC3B expression in patients with CRC (TCGA). Kaplan-Meier analysis was performed, comparing TCGA-COAD patients with high 75% Cutoff and patients with low 25% Cutoff expression values within 140 months, using the GEPIA 2 data platform - Copyright © 2018 Zhang’s Lab, where MSI-H (n=52), MSI-L (n=52) and MSS (n=184).

In addition, we also followed the prognostic significance of LAMP1 and LAMP2. Based on the expression levels, a Kaplan-Meier analysis was performed, comparing patients with high and low expression values. As presented in Figure 5D, the high expression of both signatures determined a shorter disease-free survival (DFS) in the TCGA cohort compared to patients with low expression. Notably, increased BECLIN1 expression improved survival by up to 30% in the LAMP1highLAMP2high group, whereas concurrent upregulation of all four markers resulted in a DFS rate of 0% after 85 months. Collectively, these findings indicate that the upregulation of the examined proteins correlates with poor prognosis.






Discussion

To the best of our knowledge, the present study constitutes the first comprehensive examination of LAMP1 and LAMP2 expression across distinct regions of CRC tissue. Initially, we explored the clinical significance of lysosomal and autophagy signatures in relation to conjunction with tumor budding and the clinicopathological characteristics in CRC to better understand their prognostic potential. Our findings reveal a clear upregulation of LAMP1, LAMP2 and LAMP2A in the tumor parenchyma, stroma and front of CRC tissues. These observations were further corroborated by comparative gene expression analysis using publicly available datasets. Furthermore, upregulation of autophagy-associated molecules, such as BECLIN1 and LC3B, was also observed in the CRC study group and confirmed by the data analyzed from public sources.

Our study indicates that LAMP1 and LAMP2 are not only expressed in tumor cells but are also prominently present at the tumor front - both in tumor and stromal cells. A key finding is their specific localization reported in the tumor buds, which suggests a role in the invasive potential of cancer cells. In support of this, previous research by Sitoh et al. reported elevated expression of LAMP1 and LAMP2 on the surface of highly metastatic cells (mCRC), which the authors linked to tumor progression and the acquisition of metastatic traits (36). Additional studies have highlighted dysregulated expression of other LAMP molecules, specifically LAMP3 (37), LAMP4 (38) and LAMP5, whose upregulation has been associated with CRC invasion and metastasis, serving as poor prognostic biomarkers (39).

Additionally, the fact that we observed overexpressed levels of LAMP2A at the tumor stroma and front, suggests that CMA may be active at these sites in our CRC study group. Notably, a 2.8-fold upregulation of CMA is recorded in multiple cancer cell types (40, 41) which fosters cancer cells’ growth and development (42, 43). Supporting this, Peng et al. reported a significant increase in LAMP2A expression in CRC patients and mouse models (44), while the inhibition of CMA through the downregulation of LAMP2A resulted in inhibited CT26 colon cell proliferation and a decrease in lung tumor burden in mice (43).

The spatial expression pattern of LC3B in our study closely mirrored that of LAMP1, LAMP2 and LAMP2A, with marked enrichment at the tumor front within the tumor buds. Few studies in the last years showed conflictive results associated with varied LC3B levels. In CRC, the overexpression of LC3B is positively correlated with lymph node metastasis, a factor typically associated with poor prognosis. Conversely, elevated LC3B is also linked to improved overall survival outcomes (45). A confirmatory study in CRC demonstrated that low cytoplasmic staining for LC3B and p62 is associated with worse overall survival, while the high expression of both markers, is indicative of impaired autophagic activation, and correlated with better outcomes (46).

There is evidence that BECLIN1 plays a significant role in the growth and metastasis of CRC. Patients exhibiting extensive overexpression or underexpression of BECLIN1 had a markedly poorer overall survival rate (47). We detected moderately increased levels of BECLIN1 in tumor parenchyma, which aligns with the expression patterns of the other examined markers. Conversely, minimal expression was observed in the tumor stroma, while the immunostaining at the tumor front was comparable to that in normal colon tissue. The reasons for such a reduction remain unclear. A possible explanation is that its specific activity may not be required at the site of tumor invasion because BECLIN1 is essential for autophagy induction by initiating phagophore formation at the ER, mitochondria, or ER–plasma membrane contact sites. The progression of CRC might not require further BECLIN1 activity as decreased BECLIN1 has been associated with CRC invasion (48). Our data confirms that this molecule is primarily concentrated around the nucleus, specifically within the tumor parenchyma of the CRC studied group and is reduced in the invasive front. In poorly differentiated (G3) CRC a 3+ expression was noted. However, in our CRC study group, only 9.7% of cases were classified as G3, whereas 68% were G2.

Furthermore, moderate correlations were found between the tissue expression of LAMP1 and LAMP2, as well as between BECLIN1 in the tumor front and LAMP1 in the tumor stroma. Notably, the assessment of tissue samples indicated an upward trend in the expression levels of LAMP1, LAMP2, LAMP2A, BECLIN1, and LC3B correlating with more advanced stages of CRC, especially considering that 90% of our study cohort was classified as pT3-pT4. This trend was consistent with gene expression data from publicly available databases.

Currently, there is a lack of research concerning the expression of LAMPs and tumor budding in CRC. Although a notably enhanced staining for LAMP1 and LAMP2, together with LC3B was observed within the tumor buds, no significant correlation was detected between their expression levels and the budding score. Nonetheless, association and relationship were identified between budding and the invasion in lymphatics and blood vessels. Therefore, this trend suggests a potential role of these glycoproteins in CRC invasiveness.

Given the emerging role of liquid biopsy in CRC detection, molecular profiling and treatment response prediction, we also assessed the protein and gene expression levels of the lysosomal and autophagy-associated markers in blood samples. To our knowledge, this is the first research reporting the transcriptional and protein levels of lysosomal and autophagy-related molecules in WBCs and plasma in the context of CRC. Notably, transcripts for all examined molecules were significantly overexpressed in the CRC group compared to healthy individuals (Figures 4E–H), with strong correlation observed between LAMP2, BECLIN1 and LC3B (Figure 4J). However, while plasma protein levels of LAMP1 remained elevated in the CRC patients, LAMP2 and BECLIN1low protein levels were paradoxically higher in the control group. The regulatory mechanism responsible for the reduction of the circulating LAMP2 and BECLIN1low forms requires further exploration and analysis. Post-translational modifications, mRNA stability, protein degradation, secretion, immune-mediated clearance and altered glycosylation are all potential factors for consideration. E3 ubiquitin ligases play a critical role in colon carcinogenesis by regulating protein ubiquitination and proteasomal degradation, thereby affecting key signaling (49). The tripartite motif (TRIM) family, which includes RING-finger E3 ligases, has been shown to regulate autophagy and protein degradation. For example, TRIM3 promotes BECLIN1 degradation in Ewing sarcoma cells (50). Changes in secretion pathways can also impact protein levels. LAMP2 is commonly found on exosomes from immune cells, but the specific secretory mechanisms involved remain unclear (51). The trafficking of LAMP1 is still debated, with evidence suggesting its endocytosis relies on clathrin, dynamin, and AP2 (52, 53). LAMP1 and LAMP2 are both heavily glycosylated, though LAMP1 undergoes additional modification by fucosyltransferases, which may affect their secretion. BECLIN1 also contributes to the secretory pathway through its non-autophagy functions, particularly via the PI3K-III complex. BECLIN1 levels can be altered by protein interactions, proteolytic cleavage, or epigenetic regulation, and reduced levels of BECLIN1 or its partners VPS34 and UVRAG can impair TGF-β signaling (54). Immune-mediated clearance is another important mechanism. Recent studies have shown that tumor-derived exosomes can impair T-cell function and promote Th17 cell differentiation (55), influencing CRC progression (56). STAT3 may directly affect lysosomal composition and function, with LAMP2 as a key target (57). Overall, these findings suggest that distinct and multiple mechanisms may modulate plasma protein levels of LAMP2 and BECLIN1. Further research is needed to determine whether the reduced plasma levels of LAMP2 and BECLIN1 observed in our CRC study group have pro- or anti-tumor effects. However, these aspects were not the primary focus of our study. Whether the reduced plasma levels of LAMP2 and BECLIN1 observed in our CRC study group exert pro- or anti-tumor effects definitely need more investigation. Whether the downregulated levels are required for the invasion and survival of circulating tumor cells, as well as their potential association with an altered and more metastatic phenotype, necessitates further analysis. It is essential to emphasize that the autophagic flux present within the plasma is distinct from the autophagy occurring in tumor cells and may play a significant role in regulating tumor cell escape. In this regard, work by Han and team has shown that impaired macroautophagy is required for the CMA-induced growth and metastasis in human breast cancer cells (58). Data presented by Hu et al. indicate that BECLIN1 deficiency in CRC samples has no effect on cancer cell growth but significantly increases their mobility and invasion (48). Additionally, an interesting correlation was uncovered between LAMP1 levels measured in plasma and transcript levels in WBCs of CRC cases (Figure 4J). These findings all together indicate that not only tissue but also blood (plasma and WBCs) levels of these glycoproteins could serve as valuable biomarkers.

To date, no prior studies have investigated the expression of LAMPs in relation to tumor budding and autophagy in CRC. Therefore, we are the first to demonstrate moderate to strong expression of LAMP1, LAMP2 and LAMP2A in the tumor stroma and front in CRC tissues. The significant association between the expression of these proteins and the tumor budding indicates their implication in cancer cells’ invasiveness. Given the higher protein and gene expression levels of LAMP1 and LAMP2 in CRC tissues, as evidenced by both our findings and public data, we explored the prognostic significance of LAMP1 and LAMP2, individually and in combination with BECLIN1 and LC3B. We found that patients with high LAMP1 and LAMP2 experienced shorter DFS compared to those with low expression levels within the TCGA cohort. Notably, high BECLIN1 expression improved survival in the same study group. Our findings are consistent with previous investigations that have established a positive correlation between BECLIN1 expression and favorable prognosis in patients with intestinal-type carcinoma (59) and specifically in stage IIIB CRC (60). Additionally, BECLIN1 overexpression in vivo significantly inhibits the proliferation of CRC cells in xenograft models, inducing apoptosis through the upregulation of LC3B (61). However, we discovered that the elevated expression of all four markers resulted in a significantly reduced DFS after 85 months. Collectively, these findings indicate that the upregulation of these proteins correlates with poor prognosis.

Our results demonstrate that all the three major forms of autophagy might be activated in our CRC group. The trafficking of lysosomes toward the tumor stroma plays a crucial role in remodeling the EMT, thereby promoting invasion at the tumor front. Notably, numerous studies indicated that repositioning of lysosomes toward the cell periphery is essential for lysosomal exocytosis (62) with LAMP1 being crucial for the docking phase at the plasma membrane during this process (63). Furthermore, recent research showed that lysosomal exocytosis is fundamental in remodeling the extracellular matrix and facilitating EMT activation. Thus, cancer cells exploit the mechanism of lysosomal exocytosis to acidify the tumor microenvironment, restructure the extracellular matrix, and communicate with surrounding cells in the tumor stroma. Additionally, we also observed elevated LAMP2A at the tumor stroma and front. All these facts suggest that, alongside CMA, microautophagy is possibly taking place at the invasive tumor front. Furthermore, the prominent staining of LC3B that we observed at the tumor front underscores the active role of macroautophagy in this region. It is considered as essential for the subsequent fusion of autophagosomes with lysosomes. Based on our data, we hypothesize that while BECLIN1 is essential for the initial stages of macroautophagy, CMA and potentially microautophagy may also occur. Thus, the evidence presented by us and others indicate that all three forms of autophagy create conducive conditions for CRC progression and invasion (64). The complex molecular networks that underlie the distinct autophagic pathways, in the context of cancerogenesis, and in particular the double-edge interplay between autophagy and cancer and CRC have been a subject of extensive investigation during the last years. Autophagy often plays a suppressive role during the initial stages of carcinogenicity, while in the later stages of cancer development, it can play a promoting role. It is extremely important to determine the regulation of this duality of autophagy in the development of CRC and to identify the molecules involved, as well as the signals and the mechanisms behind.

In addition to autophagy, researchers have increasingly focused on tumor budding as a potential marker for EMT, given that tumor buds communicate with multiple components of the tumor stroma (65). Notably, in pT1 CRC, tumor budding serves as a strong predictor of lymph node metastasis (66) and is associated with poor prognosis in stage II CRC (67). It is crucial to continue to delve into the intricacies of tumor budding and autophagy machinery to enhance our understanding of cancer prognosis and ultimately improve patient outcomes. Our results also suggest that LAMP1, LAMP2 and LC3B may play a significant role in cancer progression, as evidenced by their abundant expression at the tumor front and the observed correlation between tumor budding and lymphatic and blood vessel invasion. The spatial implications of the budding phenomenon and the potential of LAMPs and autophagy molecules as biomarkers for the diagnosis and stratification of CRC warrant further investigation. The standard treatment protocol for CRC patients typically involves oxaliplatin and 5-fluorouracil (68, 69). However, autophagy induced by genomic and epigenetic modifications has been linked to resistance to these chemotherapeutic agents. Recent studies have established a link between CMA and resistance to antitumor therapies (70) identifying LAMP2A as a mediator of cisplatin resistance in CRC (9). Additionally, increased LAMP1 expression has been observed in breast cancer cells following the development of doxorubicin resistance (71). Inhibition of LAMP2 has been shown to reverse macrophage activation and enhance tumor cytotoxicity. Suppression of autophagy may therefore improve tumor cell responsiveness to standard therapies and help overcome chemoresistance. Down-regulation of LAMP proteins increases drug sensitivity in human colon and breast carcinoma cells. O’Donovan et al. demonstrated that lithium treatment sensitizes CRC cells to cisplatin or 5-FU and depletes LAMP1, LAMP2, and cathepsin B, indicating compromised lysosomal stability (72). Furthermore, lithium combined with oxaliplatin synergistically inhibits tumor growth in a xenograft colorectal carcinoma model (73). Further investigation is required to elucidate the specific mechanisms of LAMPs in order to develop more effective therapeutic strategies, particularly in the context of personalized and combination therapies, with the aim of improving survival rates and quality of life for cancer patients.

However, our study has its limitations. The analysis sample is modest, which could explain some of the null associations observed. Future validation studies are needed to test the robustness of our findings. The limited sample size resulted in insufficient statistical power for exploring the potential effect modifiers at different stages of CRC progression (as stage II vs III/IV). However, since CRC is a highly heterogeneous disease stratified analyses could have revealed associations that may have been obscured in the total sample group. Another limitation is that the study is exploratory and correlational, providing only suggestive evidence of causality. Actual experimental manipulation in CRC models would provide stronger mechanistic evidence.

In summary, we present novel data on the expression of LAMP1, LAMP2 and LAMP2A, together with autophagy-associated BECLIN1 and LC3B glycoproteins in parallel with tumor budding in CRC. Our findings indicate that the lysosomal markers together with LC3B accumulated at the tumor front may suggest a role in tumor aggressiveness. This research offers a new perspective on the clinical relevance of the identified signatures and the spatial immunochemical expression within the tumor buds. These findings contribute to our understanding of CRC progression and may have implications for the development of targeted therapeutic strategies.
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