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Introduction

Chitinase-like proteins (CLPs) are associated with tissue-remodeling and inflammation but also with several disorders, including fibrosis, atherosclerosis, allergies, and cancer. However, CLP’s role in tumors is far from clear. 





Methods

Here, we utilize Drosophila melanogaster and molecular genetics to investigate the function of CLPs (imaginal disc growth factors; Idgf’s) in RasV12 dysplastic salivary glands. 





Results and discussion

We find one of the Idgf’s members, Idgf3, is transcriptionally induced in a JNK-dependent manner via a positive feedback loop mediated by reactive oxygen species (ROS). Moreover, Idgf3 accumulates in enlarged endosomal vesicles (EnVs) that promote tumor progression by disrupting cytoskeletal organization. The process is mediated via the downstream component, aSpectrin, which localizes to the EnVs. Our data provide new insight into CLP function in tumors and identifies specific targets for tumor control.
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1 Introduction

Chitinase-like protein (CLPs), including human YKL-39 and YKL-40 are synthesized and secreted under various conditions, including tissue injury, inflammatory and regenerative responses. Under pathological conditions they may contribute to asthma, sepsis, fibrosis and tumor progression (1, 2) including ductal tumors, such as the lung, breast, and pancreas (3, 4). CLPs are regulated by growth factors, cytokines, stress and the extracellular matrix (ECM). However, the causal connection between CLPs’ function and disease progression is only partially elucidated (5).

Animal models have been increasingly used in molecular oncology. This includes the fruitfly Drosophila melanogaster, where overexpression of dominant-active Ras (RasV12) in proliferating tissue leads to benign tumors and simultaneous reduction of cell polarity genes to progression towards an invasive stage. (6–9). Central to this switch towards increasing malignancy is the C-Jun N-terminal kinase (JNK)-signaling pathway, which becomes activated via loss of cell polarity and promotes tumor growth (10). However, the outcome of activated JNK is mediated in a context-dependent manner due to downstream effects several of which are yet to be elucidated (11, 12). Among potential JNK regulators, spectrin family members belong to cytoskeletal proteins which form a spectrin-based membrane skeleton (SBMS) (13). Through the Rac family of small GTPases, cell polarity and SBMS organization are maintained (14, 15). Although the exact relationship between Spectrin and JNK in tumors remains to be established, Rac1 under physiological conditions cooperates with JNK in tissue growth (16–18).

To explore CLPs’ tissue autonomous function in a ductal tumor, we utilize the Drosophila melanogaster salivary glands (SGs). Generally, Drosophila CLPs are endogenously expressed in the larvae and include six members, termed Idgf 1-6 (Imaginal disc growth factors), that are involved in development, establishment of the cuticle, wound healing and restoration of cell organization (19–23). The SGs’ epithelial luminal organization and the conserved activation of the tumor-promoting signaling factors make them suitable for dissecting CLP function. Moreover, the lumen separating a single layer of cells can be disrupted by constitutive active Drosophila Ras (RasV12) (24) leading to the loss of ECM integrity, the formation of fibrotic lesions and of the loss of secretory activity (25).

Here we investigated the role of Drosophila Idgf’s in RasV12-expressing SGs. We show that one of the CLP’s members, Idgf3, is induced in tumor glands, leading to a partial loss of epithelial polarity and promoting a reduction of lumen size. The mechanism is driven through JNK signaling upstream of Idgf3. In line with previous work, ROS production via JNK mediates induction of Idgf3, creating a tumor-promoting signaling loop. Idgf3 further promotes the formation of enlarged endosomal vesicles (EnVs) via αSpectrin. Inhibiting EnVs formation by individually knocking-down Idgf3 and αSpectrin, restores cell organization. Similar effects are observed upon expression of human CLP members in RasV12 SGs. Thus, our work identifies a phylogenetically conserved contribution of tumor-induced CLP’s towards the dysplasia of ductal organs and supports a role for spectrins as tumor modifiers.




2 Materials and methods



2.1 Drosophila maintenance and larvae staining

Stocks were reared on standard potato meal supplemented with propionic acid and nipagin in a 25°C room with a 12 h light/dark cycle. Female virgins were collected for five days and crossed to the respective males (see supplementary cross-list) after two days. Eggs were collected for six hours and further incubated for 18 h at 29°C. 24 h after egg deposition (AED), larvae were transferred to a vial containing 3 mL food supplemented with antibiotics (see Supplementary Table S1). 96 h and 120 h after egg deposition (AED), larvae were washed out with tap water before being dissected.




2.2 Sample preparation and immunohistochemistry

SGs were dissected in 1 x phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA) for 20 min. For extracellular protein staining, the samples were washed three times for 10 min in PBS and with PBST (1% TritonX-100) for intracellular proteins. Subsequently, samples stained for H2 were blocked with 0.1% bovine serum albumin (BSA) in PBS, and SG stained for pJNK, Idgf3, Spectrin, Dlg, p62 (ref(2)P), and GFP were blocked with 5% BSA for 20 min. After that, samples were incubated with the respective primary antibodies. Anti-pJNK (1:250), anti-Idgf3 (0.0134 µg/ml), anti-Spectrin (0.135 µg/ml) diluted in PBST were incubated overnight 4°C. anti-GFP (1 µg/ml) in PBST, H2 (1:5), and anti-SPARC (1:3000) in PBS were incubated for one hour at room temperature (RT). Samples were washed three times with PBS or PBST for 10 min and incubated with secondary antibody anti-mouse (4 µg/ml, Thermofisher #A11030) or anti-rabbit (4 µg/ml, Thermofisher #A21069) for one hour at RT. Subsequently, samples were washed three times in PBS or PBST for 10 min and mounted in FluoromountG.




2.3 Salivary gland size imaging and analysis

SG samples were imaged with Axioscope II (Objective 4x) (Zeiss, Germany) using AxioVision LE (Version 4.8.2.0). The images were exported as TIF and analyzed in FIJI (ImageJ: Version 1.53j). Representative confocal pictures were selected for figure panels and the complete set of replicate figures processed further for quantification (see below). Region of Interest (ROI) were drawn with the Polygon selection tool, and the scale was set to pixels (Px). The SG area was summarized as a boxplot with whisker length min to max. The bar represents the median. Statistical analysis was done with Prism software (GraphPad Software, 9.1.2, USA), the population was analyzed for normality with D’Agostino-Pearson and p-value quantified with Student’s t-test.




2.4 Nuclear volume imaging and quantification

Nuclei were stained with DAPI (1 µg/ml, Sigma-Aldrich D9542) in PBST for 1 h at RT. Mounted glands were imaged with Zeiss LSM780 (Zeiss, Germany) using a plan-apochromat 10x/0.45 objective with a pixel dwell 3.15 µs and 27 µm pinhole in z-stack and tile scan mode. Zeiss images were imported into ImageJ and viewed in Hyperstack. The selection threshold was set individually for each sample, and the analysis was performed with 3D objects counter. The nuclei volume was presented in boxplot, whisker length min to max and bar represent median. P-value quantified with Student’s t-test and the scale bar represent µm3.




2.5 Intensity and hemocyte quantification

The images for quantifying pJNK, TRE, Idgf3, and SPARC intensity and hemocyte recruitment were captured with AxioscopeII (Objective 4x) (Zeiss, Germany). The images were exported as TIF and analyzed in ImageJ. ROI was drawn with the Polygon selection tool, and subsequently, the total intensity was measured (pixel scale). The intensity was quantified according to the equation: Integrated Density – (SG area*Mean gray value). Hemocyte area was selected with Threshold Color and quantified by using the following equation: Ln (Hemocyte area + 1)/Ln (SG size + 1). Representative images were taken with Zeiss LSM780 (Zeiss, Germany). The images were then processed using Affinity Designer (Serif, United Kingdom). Graphs and statistical analysis were generated with Prism software (GraphPad Software, 9.1.2, USA). The population was analyzed for normality with D’Agostino-Pearson. Statistical significance was determined with Student’s t-test, One-way ANOVA with Tukey’s multiple comparison, and two-way ANOVA with Dunnett’s multiple comparison.




2.6 Enlarged endosomal vesicles penetrance quantification

The penetrance of the enlarged vesicles was subjectively quantified based on positive actin staining. Samples were analyzed in Axioscope II (Objective 20x) (Zeiss, Germany). At least 15 samples were analyzed with three independent replicates.




2.7 Humanized transgenic Drosophila lines

Plasmids were generated and transformed at VectorBuilder (https://en.vectorbuilder.com/). Human CH3L1 and CH3L2 genes were inserted into Drosophila Gene Expression Vector pUASTattB vector generating VB200527-1248haw and VB200518-1121xyy, respectively and transformed into E. coli. The bacteria were cultured in 3 ml LB supplemented with ampicillin (AMP: 100 ug/ml) for 15 h, at 37°C. The plasmid was extracted according to the GeneJetTm Plasmid Miniprep Kit #K0503 standard procedure. Plasmids were validated through sequencing at Eurofins (https://www.eurofins.se/: For primer details see Supplementary Table S1). Drosophila transgenic lines were generated at thebestgene (https://www.thebestgene.com/). Plasmids were extracted with QIAGEN Plasmid Maxi Kit according to the standard procedure and injected into w1118 strains. Expression of the human CLPs was validated with qPCR.




2.8 In situ hybridization

The Idgf3 (GH07453: DGRC) probe was generated according to (26). The staining procedure is described elsewhere with the following changes (26). The procedure was conducted in 200 µl transwells containing four salivary glands. The procedure included three technical replicates per genotype. Images were aqured with Leica MZ16 (Leica, Germany) microscope and Leica DFC300x FX digital color camera (Leica, Germany). Representative images were taken, and figures were generated in Affinity Designer (Serif, United Kingdom).




2.9 qPCR

mRNA isolation and cDNA synthesis were performed according to manufacture instructions (AM1931). qPCR procedures were performed as described earlier (24) with an adjusted Kappa concentration to 0.5x. At least three replicates and two technical replicates were performed for each qPCR. See Supplementary Table S1 for primer list.





3 Results



3.1 Idgf3 promotes a dysplastic phenotype

Obstruction of SG lumen by the constitutive-active oncogene, RasV12, under Beadex-Gal4 driver (RasV12) disrupts organ function between 96 h and 120 h after egg deposition (AED) (25). Being that CLPs have been implicated in the loss of cell polarity (27), we investigated whether Drosophila CLPs contribute to the observed phenotype. First, to find out whether CLPs were induced in the RasV12 glands, we assessed relative mRNA levels at two different time points, 96 h and 120 h AED. Only one of the CLP members, namely Idgf3, was significantly upregulated at both time points (Figures 1A, S1A). Therefore, we decided to focus on Idgf3’s effects on dysplastic glands.




Figure 1 | Idgf3 promotes growth and disrupts tissue architecture (A) qPCR data showing induction of Idgf3 in 120 h AED RasV12 glands. (B, C) Idgf3 tagged with GFP was localized in the dysplastic glands. (D-G) Knock-down of Idgf3 in RasV12 glands confirmed reduced mRNA levels as shown by in situ hybridization. (H) SG size quantification showing a reduction in tissue size in Idgf3KD;RasV12 SG compared to RasV12 alone. (I-L) F-actin (Phalloidin) staining revealed partial restoration of the lumen in Idgf3KD;RasV12 glands, in comparison to RasV12 alone. (M-P) Nuclei in DAPI stained SG displayed a reduced size in Idgf3KD;RasV12; quantified in (Q). Scale bars in (B, C) represent 100 µm, (D-G) represent 0.3 mm and (I-L) represent 20 µm (M-P) represents 10 µm. Data in (A) represent 3 independent replicates summarized as mean ± SD. Boxplot in (H, Q) represent at least 20 SG pairs. Whisker length min to max, bar represent median. P-value quantified with Student’s t-test.



Idgf3 contains an N-terminal signal peptide and has been detected in hemolymph (28). To analyze its subcellular tissue distribution in SGs, we used a C-terminally GFP tagged version of Idgf3 (21). At first we used in situ hybridization to show distribution of Idgf3 in salivary glands (Figures S1B-E). At 96 h we could not detect Idgf3 in the whole WT or RasV12 animals (Figures S1F-G’), possibly due to limited sensitivity. Likewise, 120 h old WT larvae did not show any detectable signal (Figure S1H-H’) while a strong Idgf3 signal was detected in RasV12 SGs (Figure S1I-I’). To better understand Idgf3 distribution at a higher resolution, we dissected 120 h AED glands. WT glands had a weaker Idgf3::GFP signal in comparison to the RasV12 (Figures 1B, C). Moreover, Idgf3 was unevenly distributed throughout RasV12 SGs (Figure 1C).

The increased level of Idgf3 between 96 h and 120 h strongly correlated with loss of tissue- and cell-organization and an increased nuclear volume (24). In order to characterize the role of Idgf3 in RasV12 glands, we used a specific Idgf3 RNA-interference line (IdgfKD). Moreover, we focused on 120 h larvae, unless otherwise stated, since they showed the most robust and developed dysplastic phenotype. Efficient knockdown of Idgf3 was confirmed using in situ hybridization and at the protein level (Figures 1D-G, S1J-M; quantified in N, (21)). Macroscopic inspection showed that IdgfKD;RasV12 SGs were smaller than RasV12 SGs (Figure 1H), resembling WT controls. To gain insight into the cellular organization, we stained the glands for F-actin (Phalloidin: Ph) and DNA using DAPI. In IdgfKD the cells retained their cuboidal structure, and the lumen was visible as in WT, indicating that Idgf3 on its own does not affect apicobasal polarity (Figures 1I, J). In contrast, in RasV12 glands apicobasal polarity was lost, and the lumen was absent (Figures 1K, (25)). In IdgfKD;RasV12 SGs a reversal to the normal distribution of F-actin and partial restoration of the lumen was observed (Figure 1L). Similarly, the nuclear volume, which increased in RasV12 SGs returned to near wild type levels upon IdgfKD (Figure 1M-P, quantified in Figure 1Q). This indicates that IdgfKD can rescue RasV12-induced dysplasia.

In order to unravel the specific effects mediated by Idgf3 we further investigated RasV12 associated phenotypes, including fibrosis and the cellular immune response. As recently reported, RasV12 SGs displayed increased levels of the extracellular matrix components (ECM), including collagen IV and SPARC (BM40, (25)). IdgfKD did not affect SPARC levels in comparison to the WT (Figures S1O-P) but Idgf-KD;RasV12 SGs displayed significantly reduced SPARC levels in comparison to RasV12 (Figures S1Q-R, quantified in S). To assess whether this led to a reduced inflammatory response, we investigated the recruitment of plasmatocytes, macrophage-like cells previously reported to be recruited towards tumors (9). We found that both control and IdgfKD glands did not show recruitment of hemocytes (Figures S1T-U). In contrast to the effects on ECM components, IdgfKD in RasV12 glands did not lead to any changes in hemocyte attachment (Figures S1V-W, quantified in X). Taken together, upon RasV12 overexpression, Idgf3 promotes SG overgrowth, loss of cell organization, and fibrotic-like accumulation of the ECM, but not immune cell recruitment.




3.2 Idgf3 induces dysplasia via JNK-signaling

Dysplasia is driven by internal and external factors that either work in concert or independently. Similar to what we observed in IdgfKD;RasV12 glands blocking the sole Drosophila JNK member basket reverts many tumor phenotypes (24). Moreover, the dysplastic loss of apical and basolateral polarity between 96 h and 120 h is driven by the JNK-pathway (24). The time frame when we observed upregulation of Idgf3 (Figures 1A, S1A) coincides with the period during which blocking JNK restores tissue organization and homeostasis, similar to what occurs in IdgfKD;RasV12 tissues (Figures 1L, S1R). Therefore, we decided to test a possible involvement of JNK-signaling in the regulation of Idgf3.

First, we performed a targeted JNK RNAi-screen using Idgf3::GFP intensity in the glands as readout upon KD of JNK signaling components. We first confirmed the sensitivity of the Idgf3::GFP construct by Idgf3-KD in RasV12 SGs compared to RasV12 glands (Figures S2A, B, quantified in Figure S2C). Knockdown of the two classical TNF receptors upstream of JNK, Grnd (Grindelwald) and Wgn (Wengen) (Figure S2D) similarly reduced Idgf3::GFP intensity (Figures 2A–C, quantified in Figure 2E (29). Similar effects were observed with BskKD (Figure 2D, quantified in E). Altogether this suggests that Idgf3 protein levels are regulated downstream of JNK and the TNF members Grnd and Wgn.




Figure 2 | Idgf3 dysplasia is mediated through JNK activity (A-D) Representative images of Idgf3::GFP in a JNK targeted screen. (E) Quantification showing Idgf3::GFP intensity was reduced by GrndKD, WgnKD and BskKD in RasV12 SG. Scale bars in (A-D) represent 100 µm. Boxplot in (E) represents at least 20 SG pairs. Whisker length min to max, bar represent median. P-value quantified with Student’s t-test.






3.3 ROS promotes Idgf3 induction via JNK

To further dissect Idgf3 regulation, we focused on the positive JNK regulators, reactive oxygen species (ROS) both intra- and extracellularly (9, 30). We previously reported that ROS production in RasV12 SGs increases via JNK (24). To inhibit ROS intra- and extracellularly, we separately overexpressed the H2O2 scavengers Catalase (Cat) and a secreted form of Catalase, IRC (immune-regulated Catalase), and   scavenger SOD (Superoxide dismutase A), in the RasV12 background and quantified Idgf3::GFP intensity. Reducing levels of intracellular H2O2 (CatOE), but not  (SODOE) lowered Idgf3::GFP intensity (Figures S3A-D quantified in E). Similarly, reduction of extracellular H2O2 by the secreted version of Catalase (IrcOE) lowered Idgf3::GFP levels (Figures 3A-D, quantified in Figure 3E) as well as JNK signaling (Figures 3J, K-N’, quantified in Figure 3O). We used detection of pJNK and TRE-GFP1b reporter construct, which recapitulates JNK-activation by expressing GFP under control of biding sites for JNK-specific AP-1 transcription factors (31). Confirming JNK-activation, three known JNK targets (puckered, puc, a negative feedback regulator of JNK; metalloproteinase 1, MMP1 and head involution defective, hid (32–34)) as well as Idgf3 itself showed the same dependence on IrcOE. In line with the reduced tissue size and improved tissue integrity in Idgf3KD;RasV12, overexpression of IRC in RasV12 SGs also reduced SG size (Figure 3T), improved tissue integrity and restored the SG lumen (Figure 3F-I, P-S).




Figure 3 | Antioxidants overexpression reduce Idgf3 and JNK signaling activity (A-D) Reduction of H2O2 by overexpression of secreted catalase (immune regulated catalase; IRC) lowered Idgf3::GFP levels, quantified in (E). (F-I) ISH showing reduced expression of Idgf3 in IRC-OE;RasV12glands. (J) qPCR data showing reduction of Idgf3, puc, MMP1 and Hid in IRCOE;RasV12glands. Selection of JNK targets with the most significant induction was partially based on our previous experiments ((24), Figure, S3A). (K-N’) pJNK staining and TRE reporter constructs showing reduced intensity in IRCOE;RasV12 in comparison to RasV12 glands, quantified in (O). (P-S) Phalloidin staining showing partially restored lumen in IRCOE;RasV12 glands, quantified in (T). Scale bars in (A-D, K-S) represent 100 µm and (F-I) represent 0.3 mm. Data in (J) represent 3 independent replicates summarized as mean ± SD. Boxplot in (E, O, T) represent at least 20 SG pairs. Whisker length min to max, bar represent median. P-value quantified with Student’s t-test.



In summary, ROSs contribute to pJNK signaling. In addition, overexpression of extracellular and intracellular Catalase but not SOD reduces Idgf3 induction via JNK, similar to the feedback loop that has been identified in other tumor models (9).




3.4 Idgf3 accumulates in large vesicles, which display markers for endocytosis and macropinocytosis

We previously noted the uneven distribution of Idgf3 in RasV12 SGs (Figure 1C). To further understand how Idgf3 promotes dysplasia, we dissected its subcellular localization (Figure 4A). We stained the glands for F-actin (Phalloidin) and addressed Idgf3::GFP localization at high resolution (Figures 4B, C’). Interestingly, we observed Idgf3::GFP clusters surrounded by F-actin (Figures 4C-C’: arrow). Using a different salivary gland driver (AB-Gal4) to drive expression of RasV12, we also observed increased expression of Idgf3::GFP and its localization within vesicular structures (Figure S4A-B’: arrow). The size of the vesicle-like structures was between 10-43 µm in comparison to secretory Drosophila vesicles (3-8µm, Figure 4D) (35). We refer to these as enlarged vesicles (EnVs). Based on the increased Idgf3 levels, we wondered whether the protein was aggregating in EnVs. The aggregation marker p62, which is autophagic adaptor marking cytoplasmic protein aggregates prepared for clearance (36) was strongly bound to the cytoplasm of RasV12 SGs unlike from WT glands. However, the EnVs did not contain any aggregated proteins (Figure S4C-D’). This may imply that Idgf3 is even taken up from the SG lumen in a soluble state.




Figure 4 | Idgf3 promotes formation of enlarged endosomes in the RasV12 background (A) The overall figure shows RasV12 salivary gland with EnVs marked by red color. The inlet depict Idgf3 enclosed by enlarged vesicles (EnVs) coated by cytoskeletal and cell polarity proteins. (B-C’) Idgf3::GFP clusters coated with Phalloidin. (D) Vesicle size quantification showing RasV12 enlarged vesicles in comparison to prepupae SG vesicles. (E-J’) Non secreted MFGE8 localizes to the surface of EnVs, co-stained with phalloidin. The secreted MFGE8 is packaged into EnVs in RasV12glands. (K-M) ISH showing no induction of Idgf3 by constitutively active Pak. (K’-M’’) Idgf3::GFP is not detectable in the PakCA glands and the lumen is detectable (Phalloidin). (N-R’’) Restoration of the lumen packed with Idgf3::GFP, no formation of EnVs and Idgf3 in PakKD;RasV12 glands. Scale bars in (B-C’, E-J’, K’-M’’, N’-R’’) represent 20 µm, (K-M) represents 0.3 mm and (N-R) represents 100 µm. Boxplot in (D) represents 20 EnVs and (S) represents at least 20 SG pairs. Whisker length min to max, bar represent median. P-value quantified with Student’s t-test.



Since we had observed a loss of secretion in RasV12 SGs we next addressed the presence of EnVs within the secretory pathway. We overexpressed two versions of human phosphatidylserine binding protein, MFG-E8 (Milk fat globule-EGF factor), without (referred as non-secreted: Figures 4F, F’, I, I’) and with a signal peptide (referred as secreted: Figures 4G, G’,J, J’37). In controls, the non-secreted form was found in the cytoplasm, whereas the secreted version was detected in the cytoplasm and in the lumen (Figures 4E–E’, F–G’). In RasV12 SGs, the non-secreted form was surrounding the EnVs (arrow), indicating the presence of phosphatidylserine on their membrane (Figures 4H–H’, I, I’). In contrast, the secreted form localized to the inside of the EnVs (Figures 4J, J’: arrow). These data suggest that EnVs are surrounded by a lipid membrane and probably derive from the secretory pathway.

In order to further characterize Idgf3-containing EnVs we co-expressed vesicle-specific Rab’s coupled with a GFP fluorophore, a lysosomal marker (Atg8), an autophagy marker (Vps35), and a marker for phosphatidylinositol-3-phosphate-(PtdIns3P: FYVE)-positive endosomes in RasV12 glands (For a complete set, see Figure S4E-M’’) which marks macroautophagy vesicles. To increase sensitivity and to identify EnVs, we stained with anti-GFP and co-stained with Phalloidin. Localization of Rabs and phalloidin to the same vesicles was observed with endosomal marker (Rab5) and recycling endosomal marker (Rab11) but not endosomal marker (Rab7) (Figure S4E-H’’, S4M-M’’). Moreover, EnVs were also positive for PtdIns3 (Figure S4L-L’’). In line with their dependence on secretion, this potentially identifies EnVs as enlarged recycling endosomes. EnV accumulation in RasV12 glands between 96 h and 120 h implies that (i) endosome formation is either increased compared to WT or (ii) that endosomes are not normally recycled leading to their accumulation. The latter hypothesis correlates with the loss of apico-basolateral polarity and the disruption of secretion due to a lack of a luminal structure in RasV12 glands (25). To test the first hypothesis, we blocked the formation of early endosomes with Rab5DN. Apico-basolateral polarity, detected by a visible lumen, was not affected by Rab5DN. Moreover, Rab5DN;RasV12 did not block EnV formation and restoration of apicobasal polarity (Figure S4N-Q). Halting the recycling endosome pathway via Rab11DN increases the endosomes’ accumulation without affecting cell polarity (Figure S4R). In contrast, in Rab11DN;RasV12 SGs, endosomes were not accumulating, and EnVs were still detected (Figure S4S). Taken together, EnV formation is independent of the classical recycling pathway, suggesting other candidates are involved in their generation.

In SGs, overexpression of Rac generates enlarged vesicles with similarity to the EnVs described here (14). Supporting a role in dysplasia in our system, RasV12 SGs showed stronger Rac1 expression in comparison to the control. Due to the pleiotropic effects of the Rac1DN construct, we addressed Rac1 function by modulating the expression of the Rac1 effector molecule, Pak (14). Overexpression of PakCA did not increase Idgf3 levels and had no detectable effect on F-actin distribution (Figures 4K-M’’). In contrast, Rac1 activity via Pak does affect RasV12 SG integrity: Idgf3::GFP levels were increased in Rac1-OE SGs and F-actin was disorganized (Figures 4N-P’’ quantified in S). However, the Rac1-OE glands did not grow larger compared to RasV12,indicating additional signals are necessary for gland overgrowth. Also, PakKD;RasV12 SGs displayed a more regular F-actin distribution leading to restoration of the lumen and proper secretion of Idgf3 (Figures 4Q-R’’ quantified in S). Moreover, we observed Rac1 also localized to EnVs (Figure S4T-U’). Decoration with Rac1 and actin as well as their dependence on Ras activation potentially identifies EnVs as macropinocytotic vesicles ((38), see also discussion). The enlarged vesicles that form upon Rac overexpression in SGs (14) also stain positive for Spectrins identifying them as additional candidates for EnVs formation. Of note, Spectrins under physiological settings are involved in the maintenance of cellular integrity including epithelial organization, which is lost in RasV12 SGs.




3.5 JNK promotes EnVs formation via Idgf3 upstream of αSpectrin

To analyze Spectrin contribution to EnVs formation, we stained for αSpectrin, one of the three members in flies (39) and found it to be induced in RasV12 SGs and to localize to the EnVs (Figure S5A-B’’). Knockdown of Idfg3 in RasV12 SGs reduced both αSpectrin levels and EnVs formation (Figures 5A-D’). Despite efficient Idfg3KD, transcript levels for both α- and βHeavySpectrin as well as for Rac1 were not affected indicating regulation at the posttranscriptional level (Figure 5E). Moreover, we found markers for cell polarity including Dlg, and Myosin II also decorate the EnVs (Figure S4V-Y’: arrow). In contrast, αSpectrinKD (Figure S5C-F quantified G) reduced Idgf3 levels (Figures 5F-I’ quantified Figure 5J) as well as JNK signaling upstream of Idgf3 (Figures 5U, V). Further supporting a role for Spectrins in SG dysplasia, knockdown of αSpectrin in RasV12 glands abolished EnVs formation and partially restored the SG lumen (Figure 5I’’).




Figure 5 | JNK promotes EnVs formation via Idgf3 upstream of αSpectrin (A-D’) αSpectrin staining showing restoration of normal distribution in Idgf3KD;RasV12glands. (E) qPCR data showing no reduction of αSpectrin and βHeavySpectrin in Idgf3KD;RasV12. (F-I’’) Reduced levels of αSpectrin (αSpectrinKD/RasV12) reduces Idgf3::GFP levels quantified in (J), prevents formation of EnVs and largely restores the SG lumen (arrows indicate EnVs). (K-S) Phalloidin staining showing epistasis of EnVs formation in which Idgf3 acts downstream of JNK. (T) EnVs penetrance quantification showing a strong induction of EnVs in JNKDN;Idgf3OE/RasV12 glands. (U) pJNK intensity quantification showing reduced levels in aSpectrinKD/RasV12. (V) TRE intensity quantification showing reduced levels in aSpectrinKD/RasV12. (W) Idgf3 promotes formation of EnVs, upstream of Rac1. Scale bars in (A-D’, F’-I’’, K-S’) represent 20 µm, (F-I) represents 100 µm. Data in (E) represent 3 independent replicates summarized as mean ± SD. Barplot in (T) represent 3 independent replicates with at least 10 SG pairs, summarized as mean ± SD. Boxplot in (J, U, V) represent at least 20 SG pairs. Whisker length min to max, bar represent median. P-value quantified with Student’s t-test.



Taken together this suggests that Idgf3 promotes EnVs formation (Figures 5C, C’) most likely post-transcriptionally (Figure 5E). In line, overexpression of Idgf3 throughout the whole gland, at 96 h, as shown by ISH (Figure S5I-L), led to an increase in the number of glands with endosomes (Figure S5M-P’’’, quantified in Q). To address epistasis between Idgf3 and JNK we calculated the penetrance of EnVs formation. In RasV12 SGs we observed EnVs in 100% of the glands, an effect that was strongly blocked in BskDN;RasV12 (Figures 5O, S, quantified in Figure 5T). Blocking JNK and overexpressing Idgf3 in RasV12 strongly reverted the BskDN;RasV12 phenotype, a lumen could not be detected, and around 98% of the glands contained enlarged endosomes (Figures 5O–S quantified in Figure 5T) while control SGs using RFP-overexpression retained the BskDN;RasV12 phenotype. Overexpression of Idgf3 alone did not result in EnVs formation (Figures 5K–N). In conclusion, the data suggest that Idgf3 acts downstream of JNK and - through formation of EnV’s - disrupts luminal integrity. The proposed activity of Idgf3 in EnVs formation is summarized in Figure 5W.




3.6 Human CLP members enhance dysplasia in Drosophila SGs

Finally, we wished to determine whether the tumor-modulating effects we had observed for Drosophila Idgf3 also applies to human CLP members. For this we expressed two human CLPs (Ch3L1 or Ykl-40; 29% amino acid identity to Idgf3 and Ch3L2 or Ykl-39; 26% amino acid identity, Figure 6A) in SGs, both on their own and in combination with RasV12. Overexpression of CLPs in salivary glands was confirmed by qPCR (Figure 6B). Similar to Idgf3, both CLPs enhanced the hypertrophy observed in Ras V12 SGs (Figures 6C-H quantified in Figure 6I). The lumen integrity stayed highly disturbed when CLPs were overexpressed in RasV12 background (Figures 6J–O). Additionally, Ch3L1 enhanced the prevalence of EnVs in the Ras mutant background (Figure 6P). Taken together this means that the tumor-promoting effect of CLPs is conserved between Drosophila and humans and may affect different phenotypes of dysplasia depending on the CLP under study.




Figure 6 | Human Chitinase-like proteins similarly to Idgf3 promotes EnVs formation (A) Comparison of Idgf3, CH3L1 and CH3L2 protein motifs (https://prosite.expasy.org). (B) qPCR confirmation of CH3L1 and CH3L2 expression in SG. (C-H) Representative images of phalloidin staining used for size quantification. (I) SG size quantification showing an increase in tissue size in CH3L1OE;RasV12 and CH3L2OE;RasV12 SG compared to RasV12 alone. (J-O) Phalloidin staining depicting disrupted lumen integrity in RasV12 glands. (P) EnVs penetrance quantification showing an induction of EnVs in CH3L1OE;RasV12 glands. Barplot in (B) represent 4 independent replicates with at least 10 SG pairs, summarized as mean ± SD. Scale bars in (C-H) represent 100 µm and (J-O) 20 µm. Boxplot in (I) represent at least 20 SG pairs. Whisker length min to max, bar represent median. P-value quantified with Student’s t-test. Barplot in (P) represent 3 independent replicates with at least 10 SG pairs, summarized as mean ± SD.







4 Discussion

The levels of Chitinase-like proteins (CLPs) are elevated during a wide range of inflammatory processes as well as neoplastic disorders. Their physiological function has been more elusive but includes the formation of extracellular assemblages (40) including the insect cuticle (22), wound healing and in both mammals (40) and insects (41) and the restoration of cell integrity after oxidative damage (42). Conversely, induction of CLPs has been associated with the development of fibrotic lesions and cancer development with poor prognosis (reviewed in (40)). We used Drosophila as a tumor model to dissect CLP (Idgf3) function genetically in a secretory ductal organ, the salivary glands. We show that Idgf3 promotes tumor overgrowth through the disruption of cell polarity. The induction of Idgf3 disrupts cell organization and leads to the formation of enlarged endosome vesicles (EnVs) which accumulate in the cytoplasm. Genetically, Idgf3 is induced via a pro-tumorigenic JNK and ROS signaling feedback loop. Consequently, Idgf3 recruits the spectrin-based membrane skeleton (SBMS) for the formation of EnVs. Significantly, KD of Idgf3 inhibits overgrowth, restores cell polarity, reduces ECM size and blocks EnV formation.

Our identification of a contribution of JNK signaling and both extra- and intracellular ROS to dysplasia is in line with previous findings from other Drosophila tumor models (43). Similarly, like others (43) we observe an amplification loop between ROS and JNK signaling, which augments the dysplastic phenotype (24). Several studies have demonstrated that activation of JNK signaling in mammals promotes the progression of ductal tumors (44–46). Here we identify Idgf3 as an additional component that feeds into JNK signaling. Ultimately in RasV12-expressing SGs this leads to the formation of EnVs involving Spectrins. Under physiological conditions, members of the Spectrin family have a supporting role in maintaining cellular architecture through interaction with phospholipids and actively promoting polymerization of F-actin (47–49). Moreover, the secretory activity of ductal organs has been shown to be facilitated by Spectrins (50).

During Drosophila development and under physiological conditions, the pathway that involves Spectrins, Rac1 and Pak1 has been shown to be required for the maintenance of cell polarity while when deregulated it leads to the formation of enlarged vesicles similar to the EnVs (14). Thus, our results provide a possible link between the observed induction of CLPs in a range of tumors and the effects of Spectrins and their deregulation in tumors (51, 52). In addition to the genetic interaction we find, previous work suggests an additional mechanical link via a Spectrin binding protein (Human spectrin Src homology domain binding protein1; Hssh3bp1, (53)) the loss of which has been associated with prostatic tumors (54). Hhh3bp1 may influence tumor progression possibly through interaction with tyrosine kinases such as Abelson kinase (54). Interestingly Hhh3bp1 is a marker and possible regulator of macropinocytosis (55), a recycling pathway that is known to be hijacked by Ras-transformed tumor cells to acquire nutrients (38) and also leads to the formation of large intracellular vesicles (56). In favor of this hypothesis macropinocytosis is known to depend on Rac1/Pak1 signaling although the resulting vesicles are usually smaller (0.2-5 micrometers) than EnVs (57). We find that - like macropinocytosis - EnV-formation depends on the activity of growth factors (38), in this case Idgf3, much in line with its original description as an in vitro mediator of insulin signaling (20). In vivo, under normal conditions Idgf3 is required for proper formation of chitin-containing structures, wound healing and cellular integrity (22). Thus, under these circumstances Idgf3 acts to preserve cellular integrity including the epithelial character of SG cells upstream of spectrins. We propose that in a non-physiological setting such as upon overexpression of RasV12, this mechanism is overwhelmed leading to the breakdown of homeostasis, loss of cell polarity and the gland lumen, loss of secretory activity and the formation of EnVs larger than macropinocytotic vesicles. Large vesicles accompany several scenarios of non-apoptotic programed cell death, which occurs a.o. in apoptosis-resistant tumors (58, 59). Such modes of cell death include methuosis, a deregulated form of macropinocytosis (56, 58). Of note, apoptotic cell death is inhibited in Drosophila polytenic SGs to account for the increased number of DNA breaks that occur during endoreplication, which in mitotic cells induce apoptosis in both a p53-dependent and independent manner (60, 61). In line, despite the activation of caspase activity and nuclear fragmentation, which are considered hallmarks of apoptosis, RasV12 SG cells don’t disintegrate to produce apoptotic bodies (24). This may also explain the difference to mitotically cycling tumor models, which also activate JNK – yet with apoptosis as an outcome (32, 62, 63). Thus, SGs provide a suitable model for apoptosis-resistant tumors. In a mammalian setting, the phenotypes that are associated with non-apoptotic cell death such as disruption of cellular polarity and reorganization of the ECM provide potential targets for therapeutic treatments (46). Our work adds CLPs and spectrins to this list. Depending on the tissue environment and similar to JNK signaling, CLP’s may have varying roles in a context-dependent manner. Overexpression of Idgf3 alone is not sufficient for the loss of cell polarity, overgrowth, and fibrosis. Collectively, this suggests a tumor-specific phenotype for Idgf3 (Figures 6C-H), in line with mammalian CLPs (reviewed in (40)). Due to their pleiotropic effects, further investigation of CLPs role will be required to dissect their molecular function in a given tissue and to ultimately design tumor-specific treatments (64).

Taken together our findings provide new insight into the loss of tissue integrity in a neoplastic tumor model including the contribution of CLPs, Spectrins and alternative forms of cell death. This may provide further ways to test how developmentally and physiologically important conserved mechanisms that maintain cellular hemostasis - when deregulated - contribute to tumor progression.
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Background

Endothelial cells (ECs) play a vital role in promoting the progression of malignant cells, and they exhibit heterogeneity in their phenotypic characteristics. We aimed to explore the initiating cells of ECs in osteosarcoma (OS) and investigate their potential interaction with malignant cells.





Method

We obtained scRNA-seq data from 6 OS patients, and datasets were batch-corrected to minimize variations among samples. Pseudotime analysis was performed to investigate the origin of differentiation of ECs. CellChat was employed to examine the potential communication between endothelial cells and malignant cells, and gene regulatory network analysis was performed to identify transcription factor activity changes during the conversion process. Importantly, we generated TYROBP-positive ECs in vitro and investigated its role in OS cell lines. Finally, we explored the prognosis of specific ECs cluster and their impact on the tumor microenvironment (TME) at the bulk transcriptome level.





Results

The results showed that TYROBP-positive ECs may play a crucial role in initiating the differentiation of ECs. TYROBOP-positive endothelial cells (ECs) exhibited the strongest crosstalk with malignant cells, likely mediated by TWEAK, a multifunctional cytokine. TYROBP-positive ECs exhibited significant expression of TME-related genes, unique metabolic and immunological profiles. Importantly, OS patients with low enrichment of TYROBP-positive ECs had better prognoses and a lower risk of metastasis. Finally, vitro assays confirmed that TWEAK was significantly increased in ECs-conditioned medium (ECs-CM) when TYROBP was over-expressed in EC cells, and could promote the proliferation and migration of OS cells.





Conclusion

We concluded that TYROBP-positive ECs may be the initiating cells and play a crucial role in the promotion of malignant cell progression. TYROBP-positive ECs have a unique metabolic and immunological profile and may interact with malignant cells through the secretion of TWEAK.
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Introduction

Osteosarcoma (OS) is a highly malignant bone tumor, mainly affecting children and adolescents (1). With the development of multimodal therapy, including surgery, chemotherapy, and radiation therapy, the survival rate of OS patients has improved significantly over the past few decades (2). Current research efforts on OS treatment are mainly focused on two aspects: identifying novel therapeutic targets and improving the effectiveness of existing therapies (3). Several potential therapeutic targets for OS have been identified, including receptor tyrosine kinases, immune checkpoints, and metabolic pathways (4, 5). Moreover, advances in genomics and transcriptomics have led to the identification of several molecular subtypes of OS, which may have different treatment responses and prognoses (6). Understanding the molecular characteristics of OS can help to develop personalized treatment strategies and improve patient outcomes.

The tumor microenvironment (TME) plays a crucial role in the progression of OS (7). For example, studies have shown that the TME can affect the behavior of OS cells by promoting angiogenesis, remodeling of the extracellular matrix, and immune evasion (8). Additionally, studies have shown that the TME can influence the response of OS to chemotherapy and radiation therapy (9). Endothelial cells (ECs), the major component of vascular endothelium, have important impacts on tumor growth and metastasis in cancer (10). In cancer, ECs can be classified into multiple subtypes with different transcriptional profiles, phenotypes, and functions (7). The expression profiles and distribution of endothelial cell subtypes are closely associated with different tumor types and microenvironments. Specific proteins expressed by ECs in tumor vasculature can be used for screening potential therapeutic targets, and different subtypes of ECs may respond differently to therapeutic drugs (7). In some cases, ECs can suppress tumor immune responses by expressing immune checkpoint molecules such as PD-L1 (11), and some studies have suggested that tumor vasculature ECs can promote tumor immune evasion and metastasis (12). Therefore, a deeper understanding of endothelial cell heterogeneity in cancer can not only promote the understanding of the tumor microenvironment but also provide valuable insights for the development of novel cancer therapeutic strategies.

The impact of single-cell omics methods on OS and other tumors in the introduction. Indeed, single-cell omics methods have revolutionized our ability to study tumors at the single-cell level, providing unprecedented insights into tumor heterogeneity, cell-to-cell communication, and cellular plasticity (13). Single-cell RNA sequencing (scRNA-seq) is particularly powerful, allowing us to identify rare cell populations and study their transcriptional profiles in depth. In this study, we analyzed scRNA-seq data from OS patients and identified heterogeneity of ECs across different patients. Specifically, we observed that TYROBP-positive ECs showed the strongest interaction with malignant cells and may serve as initiating cells by secreting TWEAK and other proteins that influence tumor progression. We also found that patients with low enrichment of TYROBP-positive ECs had better prognoses and a lower risk of metastasis.





Materials and methods




Pre-processing of the scRNA-seq datasets

We obtained the scRNA-seq dataset for osteosarcoma comprising of 6 samples (GSE162454) and the corresponding meta information from the Tumor Immune Single-cell Hub (TISCH) database (14). To ensure the quality of the data, we conducted quality control (QC), normalization, scaling, and principal component analysis (PCA) using the Seurat package (v4.0.5). We then performed clustering using the “Find Neighbors” and “Find Clusters” functions at a resolution of 0.7. The resulting clusters were visualized by t-distributed stochastic neighbor embedding (tSNE) and identified using the meta information files from TISCH database. Subsequently, we extracted the data for ECs from the Seurat object and repeated the aforementioned process with LogFC = 0.5 and min.pct = 0.35 to identify markers for different clusters.





Cell culture and conditioned medium collection

As EC cells are difficult to extract from OS tissues, we selected the Human umbilical vein endothelial cells (HUVECs) as an in vitro model, based on previous references. The HUVECs were cultured in an endothelial growth medium supplemented with 10% fetal bovine serum and penicillin-streptomycin, as well as all the supplied endothelial growth medium supplements (Procel, Wuhan, China). For the preparation of endothelial cell-conditioned medium (ECs-CM), 1 × 106 cells were seeded onto T25 culture flasks and incubated for 48 hours. The medium was then replaced with 5mL of serum-free DMEM/F12 (keyGEN, China) and further incubated for 24 h. The resulting CM was collected, filtered, and stored at −80°C. The human OS cell lines U2-OS and 143B (Procel, Wuhan, China) were cultured in DMEM/F12 supplemented with 10% FBS. All cells were cultured at 37°C in a humidified atmosphere of 95% air/5% CO2.





Lentiviral transfection

LV-TYROBP and LV-NC were purchased from Sangon Biotech (Shanghai, China). HUVECs cells stably expressing TYROBP were established by transfecting the lentivirus.





Enzyme-linked immunosorbent assay

Cell culture supernatants from normal HUVECs and TYROBP-positive HUVECs were collected to assess TWEAK secretion levels using a specific TWEAK ELISA kit (R&D Systems Inc., Minneapolis, MN). The color intensity of the wells was measured using a microplate reader (BioTek, Winooski, VT) at 450 nm after color development was stopped.





Migration assay and Cell Counting Kit-8

We utilized Transwell chambers (8-µm pores) in a 24-well plate (Corning, MA, USA) to evaluate the migration of U2-OS and 143B. In the upper chamber, serum-free F12/DMEM containing tumor cells was added, while the lower chamber contained ECs-CM supplemented with 20% FBS. After culturing for 24 h, the migrated cells were fixed with 4% paraformaldehyde, stained with crystal violet, and enumerated using bright-field microscopy. The proliferation of U2-OS and 143B was assessed using a 96-well plate, with 2000 cells per well, and various concentrations of ECs-CM derived from normal HUVECs and TYROBP-positive HUVECs. The plate was incubated for two hours at 37°C, and the Cell Counting Kit-8 (CCK-8) reagent (Dojindo, Japan) was added before measuring absorbance at 450 nm. Assays were performed every 24 h.





RNA extraction and real-time polymerase chain reaction (PCR) assay

RNA isolation was performed using the FastPure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme, Nanjing, China) according to the manufacturer’s protocol. Complementary DNA (cDNA) was synthesized from the isolated RNA using the HiScript III All-in-one RT SuperMix Perfect for qPCR Kit (Vazyme, Nanjing, China). Real-time PCR was carried out on the synthesized cDNA using the Taq Pro Universal SYBR qPCR Master Mix Kit (Vazyme, Nanjing, China) in an ABI7500 real-time PCR system (Applied Biosystems). The primer sequence was from the previous references (15).





Gene regulatory network analysis and pseudotime analysis

In order to identify the gene regulatory network of each cluster of ECs, we employed the single-cell regulatory network inference and clustering (SCENIC) approach using the SCENIC package (v1.3.1). The method infers potential transcription factor targets based on the expression data and evaluates the activity of regulons in individual cells. The differentially activated regulons of each cluster of ECs were identified by constructing a heatmap. Pseudotime analysis was conducted using the Monocle package (v2.22.0). Single-cell trajectories were calculated using the functions “order_cells” based on ECs cluster from Seurat.





Cell–cell communication analysis

Cell-Cell Communication (CCC) Analysis serves as an essential reference database for establishing ligand-receptor pairs and secretory signaling pathways via the CellChat package (v1.1.3). The principal focus of CCC is to explore the relationship between malignant cells and ECs. To this end, the analytical suite, including “netAnalysis signalingRole scatter,” “netAnalysis signalingRole heatmap,” and “netVisual circle,” was utilized to gain valuable insight into the complex interplay between these cells.





Gene set variation analysis and metabolic analysis

Gene set variation analysis (GSVA) (16) was executed utilizing the GSVA package (v1.40.1). Specifically, in the single-cell RNA sequencing dataset, the pathway activation was calculated for each cluster using “hallmark” gene sets. In addition, in the bulk RNA data, the score for each sample was evaluated using “KEGG.v7.4” gene sets, and a list of 29 immune cell-associated genes previously reported in the references was also considered. Metabolic analysis was executed utilizing the scMetabolism package (v0.2.1). The package was pre-populated with a human metabolic gene set, including 85 KEGG pathways and 82 REACTOME entries, based on the mean of the above gene sets values for metabolic activity analysis. These approaches provide a comprehensive and in-depth understanding of the gene expression pattern in these datasets.





Pre-processing of the bulk transcriptome datasets

We utilized RNA-seq data from the TARGET database, including 88 OS samples, with non-coding RNAs excluded for downstream analysis. To ensure robustness of our modeling, we finally included 84 osteosarcoma samples without duplicate sequencing. To complement our findings, we also obtained the GSE21257 dataset from the GEO database, with samples screened using the same inclusion and exclusion criteria. An external validation cohort of 53 OS patients was included in our study. Finally, the specific endothelial cell cluster’s score of the bulk transcriptome sample was calculated using ssGSEA algorithm based on the marker genes derived from the scRNA-seq data. Overall patients were divided into high-score and low-score groups based on the cut-off of endothelial cell scores in survival analysis.





ESTIMATE algorithm

We employed the ESTIMATE package (v1.0.13) to estimate stromal score and immune score of tumor samples based on their expression data. Furthermore, differential comparisons were conducted based on specific epithelial cells score.





Construction and validation of the ECs-derived risk score

We used the limma package (v3.50.3) to calculate the differentially expressed genes (DEGs) between different epithelial cell score in the TARGET cohort. An adjusted p-value <0.05, and an absolute value of logFC greater than 1 were used as thresholds for selecting DEGs. We conducted a series of analyses to identify genes with prognostic value for our study. Initially, we performed univariate Cox regression analysis on the previously identified genes (p-value <0.05). Next, we applied a least absolute shrinkage and selection operator (LASSO) model to eliminate genes that were not useful for prognosis. We then constructed risk score formulas by integrating gene expression values weighted by their LASSO-Cox coefficients, as recommended in previous references’s pipline (17, 18). Finally, we assessed the independent prognostic value of the risk score in our dataset using multivariate Cox regression analysis. Additionally, we employed time-dependent subject operating characteristic (ROC) curves to compare the predictive accuracy of the risk score in different survival time. Finally, all patients were divided into high and low risk groups according to the cut-off value of risk score. For nomogram, based on our previous references, we utilized the regplot package (v1.1) to develop a nomogram that combined risk scores with significant clinical indicators identified by multivariate Cox regression analysis (19). To validate the prognostic predictive ability of the newly generated scores, we employed several packages, including survminer (v3.3-1), timeROC (v0.4), rms (v6.3-0), and rmda (v1.6). These packages were instrumental in assessing the performance of the scores and determining their usefulness in predicting outcomes.





Drug sensitivity

The compDrugsen function of MOVICS package (v0.99.17) was used to compare the IC50 of drug of different groups by constructing ridge regression model.





Statistical analysis

We conducted statistical analysis using R software (v4.1.2). For most cases, the significance of differences was tested using the Wilcoxon rank-sum test. The level of statistical significance was set at a p-value < 0.05, denoted by *p < 0.05, **p < 0.01, or ***p <0.001, while results without significant differences were marked as ns (not significant). We also performed overall survival analysis using the log-rank test.Results





TYROBP-positive endothelial cells may be the initiating cells

We obtained the GSE162454 dataset from the TISCH database, which had been batch-corrected to minimize variations among samples. The dataset comprised of scRNA data from 6 OS patients, and these cells were clustered to yield 29 subgroups (Figure 1A). Using the annotation information provided in the TISCH database, the cells were classified into eight different cell types, namely, plasma cells, conventional CD4+ T cells (CD4Tconv), exhausted CD8+ T cells (CD8Tex), ECs, epithelial cells, fibroblasts, monocytes/macrophages (mono/macro), and osteoblasts (Figure 1B). As ECs are known to promote the progression of malignant cells (10), the original data was extracted from the endothelial cell clusters and re-clustered to construct an endothelial cell atlas, and the final ECs were divided into four clusters. The highly expressed genes in each cluster were identified as EDNBR (endothelial_0), FABP4 (endothelial_1), MKI67 (endothelial_2), and TYROBP (endothelial_3), as depicted in Figure 1C. To explore the specificity of different ECs, we determined the percentage of different ECs in six patients. For instance, endothelial_0 accounted for 62.2% in GSM4952363, endothelial_0 accounted for 66.2% in GSM4952364, endothelial_1 accounted for 63.6% in patient GSM4952365, endothelial_0 accounted for 77.3% in patient GSM5155198, endothelial_0 accounted for 60.1% in patient GSM5155199, and endothelial_1 accounted for 78.9% in patient GSM5155200 (Figure 1D). These results indicated that endothelial_0 and endothelial_1 was predominant in different patients, and there was heterogeneity in the distribution of other ECs among patients. To investigate the origin of differentiation of ECs, pseudotime analysis was performed, and interestingly, four nodes were identified in the trajectory in two-dimensional space after sorting the cells, with endothelial_3 being the initiating cells at the beginning (Figure 1E). Therefore, we speculate that TYROBP-positive ECs (endothelial_3) may play a crucial role in initiating the differentiation of ECs.




Figure 1 | Endothelial cell atlas of osteosarcoma. (A) Clustering analysis of scRNA data from 6 osteosarcoma patients, which generated 29 subgroups. (B) Classification of cells into eight different cell types: plasma cells, conventional CD4+ T cells (CD4Tconv), exhausted CD8+ T cells (CD8Tex), endothelial cells, epithelial cells, fibroblasts, monocytes/macrophages (mono/macro), and osteoblasts. (C) Expression of highly expressed genes in four endothelial cell clusters: EDNBR (endothelial_0), FABP4 (endothelial_1), MKI67 (endothelial_2), and TYROBP (endothelial_3). (D) Percentage of different endothelial cells in six patients, with endothelial_0 and endothelial_1 being predominant in different patients. (E) Pseudotime analysis of endothelial cells, showing four nodes in the trajectory in two-dimensional space, with TYROBP-positive endothelial cells (endothelial_3) being the initiating cells.







TYROBP-positive endothelial cells generate the strongest crosstalk with malignant cells

We have re-annotated and visualized ECs using highly expressed markers of different subsets of ECs. Our analysis identified four renamed subclusters of endothelial cells, namely TYROBP-positive ECs, EDNRB-positive ECs, FABP4-positive ECs, and MKI67-positive ECs, as shown in the t-sne plot in Figure 2A. Interestingly, TYROBP-positive ECs displayed the highest incoming and outgoing signal strength, indicating that they may play a critical role in the communication between endothelial cell clusters and malignant cells (Figure 2B). We further examined the strength of secretory signals in different cell types using heatmaps, and our results demonstrated significant activation of key efferent signals such as VEGF and CCL (Figure 2C). Moreover, we used a network to calculate the weight and strength ratio of the interactions, and our findings revealed major interactions between malignant cells and TYROBP-positive ECs, MKI67-positive ECs, and EDNRB-positive ECs, as well as interconnections between different ECs (Figure 2D).




Figure 2 | Analysis of endothelial cell subsets and interactions with malignant cells. (A) Tsne plot showing the four renamed subclusters of endothelial cells based on highly expressed markers. (B) TYROBP-positive ECs exhibit the highest incoming and outgoing signal strength, suggesting a critical role in communication between endothelial cell clusters and malignant cells. (C) Heatmap analysis demonstrates significant activation of key efferent signals, such as VEGF and CCL, in different cell types. (D) Network analysis reveals major interactions between malignant cells and TYROBP-positive ECs, MKI67-positive ECs, and EDNRB-positive ECs, as well as interconnections between different ECs.







Overexpression of TYROBP results in increased TWEAK production by endothelial cells

We investigated the potential mechanism by which TYROBP-positive ECs may interact with malignant cells through the secretion of chemokines, such as TNFSF12, TNF, RETN, and PDGFB, among others (Figure 3A). It is worth noting that TNSF12 showed the strongest communication scores. TNFSF12, also known as TNF-related weak inducer of apoptosis (TWEAK), is a cytokine that has been implicated in a variety of physiological and pathological processes. TNFSF12 is expressed by a range of cell types, including endothelial cells, and has been shown to interact with its receptor, fibroblast growth factor-inducible 14 (Fn14), to activate downstream signaling pathways. To investigate the impact of TYROBP overexpression in endothelial cells, we attempted to transfect TYROBP into HUVECs cell lines. However, due to the inherent characteristics of HUVECs, we encountered suboptimal transfection efficiency (Figure 3B). Nevertheless, we successfully confirmed the presence of TYROBP-positive endothelial cells through the detection of TYROBP mRNA (Figure 3C), which was further validated by ELISA data showing a significant increase in TWEAK production in the conditioned medium (Figure 3D). Notably, the conditioned medium from TYROBP-positive endothelial cells induced significant changes in the proliferation and migration of osteosarcoma cell lines (Figures 3E–G). Mechanistically, our data suggest that the elevated expression of TWEAK and other proteins in the TYROBP-positive endothelial cell-conditioned medium promoted the malignant phenotype of OS cells.




Figure 3 | TYROBP-positive endothelial cells-derived TWEAK promote proliferation and migration of osteosarcoma. (A) Potential mechanism of interaction between TYROBP-positive ECs and malignant cells through the secretion of chemokines, including TNFSF12, TNF, RETN, and PDGFB, among others. (B) Fluorescence image 48h after transfection. (C) Relative mRNA expression of TYROBP in HUVECs cell lines after TYROBP overexpression. (D) TWEAK concentration in different conditioned medium. (E) Migration images of OS cell lines (U2-OS and 143B) treated with different conditioned medium. (F) The change of proliferative ability of U2-OS cell line under different conditioned medium. (G) The change of proliferative ability of 143B cell line under different conditioned medium. **P < 0.01; ***P < 0.001.







TYROBP-positive endothelial cells have a unique metabolic and immunological profile

Notably, TYROBP-positive ECs exhibited significant expression of TME-related genes, including those regulating chemokine expression, such as CXCL12 and CXCL3, as demonstrated in Figure 4A. Additionally, differential expression of immune checkpoints (ICI) on ECs clusters was observed, with LAG3, CD48, PDCD1LG2, CD244, SLAMF7, and HAVCR2 being highly expressed in TYROBP-positive ECs, while IDO1, TIGIT, CD95, CD160, and CTLA4 were highly expressed in FABP4-positive ECs, as depicted in Figure 4B. Subsequently, we examined the gene regulatory network to elucidate the transcription factors (TFs) activity changes during the conversion process. Our findings revealed that TYROBP-positive ECs exhibited high activity of FOS, FOSB, HES1, and JUNB, indicating that these TFs may promote the differentiation of initiating cells (TYROBP-positive ECs) to other isoforms, as illustrated in Figure 4C. Pathway analysis demonstrated that TYROBP-positive ECs were highly activated in fatty acid metabolic signaling pathways, inflammatory responses, and pro-oncogenic pathways, such as p53 and KRAS, as presented in Figure 4D. Therefore, we further investigated the differences in metabolic pathways between ECs clusters and found that they were distinct. The heat map of the top 10 activated metabolism-related pathways showed that FABP4-positive ECs were in a metabolic silent state, while MKI67-positive ECs were dominated by pyruvate metabolism, and TYROBP-positive ECs were primarily engaged in starch and sucrose metabolism (Figure 4E).




Figure 4 | Molecular characteristics of TYROBP-positive endothelial cells in the tumor microenvironment. (A) TYROBP-positive endothelial cells showed significant expression of tumor microenvironment-related genes, including those involved in chemokine regulation such as CXCL12 and CXCL3. (B) Endothelial cell clusters exhibited differential expression of immune checkpoints, with TYROBP-positive endothelial cells expressing high levels of LAG3, CD48, PDCD1LG2, CD244, SLAMF7, and HAVCR2, while IDO1, TIGIT, CD95, CD160, and CTLA4 were highly expressed in FABP4-positive endothelial cells. (C) Analysis of gene regulatory networks revealed high activity of FOS, FOSB, HES1, and JUNB in TYROBP-positive endothelial cells, suggesting that these transcription factors may promote the differentiation of initiating cells to other isoforms. (D) Pathway analysis showed that TYROBP-positive endothelial cells were highly activated in fatty acid metabolic signaling pathways, inflammatory responses, and pro-oncogenic pathways, such as p53 and KRAS. (E) A heatmap of the top 10 activated metabolism-related pathways showed that FABP4-positive endothelial cells were in a metabolic silent state, while MKI67-positive endothelial cells were dominated by pyruvate metabolism. In contrast, TYROBP-positive endothelial cells were primarily engaged in starch and sucrose metabolism, highlighting distinct metabolic pathway utilization between different endothelial cell clusters in the tumor microenvironment.







High enrichment of TYROBP-positive endothelial cells indicates a better prognosis

We utilized the ssGSEA algorithm to assess different ECs scores per patient from bulk transcriptome data. Remarkably, only TYROBP-positive ECs were found to be downregulated in metastatic samples in the TARGET-OS cohort, indicating its potential role in inhibiting tumor metastasis (Figures 5A–D). Additionally, we evaluated the prognostic impact of different ECs on patient outcomes in the TARGET-OS cohort, and only TYROBP-positive ECs exhibited significant prognostic implications. Specifically, patients with low levels of enriched TYROBP-positive ECs had a poorer prognosis (Figures 5E–H). Notably, the prognostic power of TYROBP-positive ECs was consistently observed in the validation cohort GSE21257 (Figure 5I).




Figure 5 | TYROBP-positive endothelial cells as potential suppressors of tumor metastasis and prognostic indicators in osteosarcoma. (A) The scores of EDNRB-positive ECs in metastatic samples and no-metastatic samples. (B) The scores of FABP4-positive ECs in metastatic samples and no-metastatic samples. (C) The scores of MKI67-positive ECs in metastatic samples and no-metastatic samples. (D) The scores of TYROBP-positive ECs in metastatic samples and no-metastatic samples. TYROBP-positive endothelial cells were found to be downregulated in metastatic samples in the TARGET-OS cohort. Kaplan-Meier plots of the prognostic impact of different endothelial cell types on patient outcomes in the TARGET-OS cohort, including EDNRB-positive ECs (E), FABP4-positive ECs (F), and MKI67-positive ECs (G) and TYROBP-positive ECs (H). (I) Kaplan-Meier plots of the prognostic impact of different endothelial cell types on patient outcomes in the GSE21257 cohort. **p < 0.01, ns (not significant).







High enrichment of TYROBP-positive endothelial cells represents the “hot” tumor state

Using the GSVA algorithm, we observed differences in the immune microenvironment among patients with varying enrichment levels of TYROBP-positive ECs. Interestingly, patients with high enrichment of TYROBP-positive ECs had greater numbers of activated CD4+ T cells, CD8+ T cells, and natural killer cells (Figure 6A). To ensure the robustness of our findings, we further used the ESTIMATE algorithm to determine that patients with highly enriched TYROBP-positive ECs also exhibited higher immune scores, indicative of a “hot” tumor state (Figure 6B). Additionally, we compared the mRNA expression levels of immune checkpoint inhibitors (ICIs) in patients with different EC enrichments and found that those with highly enriched ECs had higher expression of classical ICIs, such as CD276 and CD274 (Figure 6C). Finally, we evaluated the activation of KEGG pathways among different patients and found that high enrichment of TYROBP-positive ECs was associated with significantly activated chemokine, T cell receptor, B cell receptor, and Nod-like receptor signaling pathways, further supporting our conclusion that it corresponds to a “hot” tumor state. (Figure 6D).




Figure 6 | Immune microenvironment differences in patients with varying TYROBP-positive EC enrichment levels. (A) Patients with high enrichment of TYROBP-positive ECs had increased numbers of activated CD4+ T cells, CD8+ T cells, and natural killer cells. (B) Patients with highly enriched TYROBP-positive ECs also exhibited higher immune scores, indicative of a “hot” tumor state, as determined by the ESTIMATE algorithm. (C) Patients with highly enriched ECs had higher expression of classical immune checkpoint inhibitors (ICIs). (D) High enrichment of TYROBP-positive ECs was associated with significantly activated chemokine, T cell receptor, B cell receptor, and Nod-like receptor signaling pathways, indicating a “hot” tumor state. *P < 0.05; **P < 0.01; ***P < 0.001; ns represents no statistical significance.







TYROBP-positive endothelial cell-derived risk signature can be used for prognostic prediction and medication guidance

We identified 213 differential expression genes (DEGs) between patients with varying levels of TYROBP-positive EC enrichment (Figure 7A). Further KEGG enrichment analysis revealed a significant association between TYROBP-positive ECs and immunity, with cytokine-cytokine receptor interaction being the most enriched pathway (Figure 7B). Using LASSO-Cox model, we identified 35 overlapping prognostic genes from the validation cohort, and subsequently selected 6 TYROBP-positive endothelial cell-derived genes for risk score construction (Figure 7C). We divided patients into high-risk and low-risk groups using a cut-off value, and found that risk grouping was an independent prognostic factor, even after adjusting for clinicopathological variables (Figure 7D). The high-risk group had a better prognosis in different cohorts (Figures 7E, F). To aid clinical use, we developed nomograms based on meaningful clinical variables and risk scores, which demonstrated clinical benefit in ROC curve, calibration curve, and clinical impact curve analyses (Figures 8A–E). Additionally, we performed drug sensitivity analysis using three targeted drugs with therapeutic OS potential, including BMS-536924, KIN001, and PHA-665752. Our findings showed that the IC50 of the high-risk array was significantly lower than that of the low-risk array, indicating greater sensitivity to these drugs in the high-risk group (Figures 8F–H).




Figure 7 | TYROBP-positive endothelial cell enrichment is associated with immunity and is an independent prognostic factor. (A) Volcano plot depicting the 213 differentially expressed genes (DEGs) identified between patients with varying levels of TYROBP-positive ECs enrichment. (B) KEGG enrichment analysis demonstrating that cytokine-cytokine receptor interaction is the most enriched pathway associated with TYROBP-positive ECs. (C) LASSO regression model selecting 6 TYROBP-positive endothelial cell-derived genes for risk score construction. (D) Multifactorial Cox regression analysis showing that risk grouping based on the constructed risk score is an independent prognostic factor, even after adjusting for clinicopathological variables. Kaplan-Meier curves depicting the survival of patients in different cohorts, such as TARGERT-OS cohort (E) and GSE21257 (F), divided into high-risk and low-risk groups based on the constructed risk score.






Figure 8 | Nomograms and drug sensitivity analysis. (A) Nomograms based on clinical variables and risk scores demonstrate clinical benefit. (B) Kaplan-Meier curves depicting the survival of patients with different nomogram’s points. (C) The calibration curve shows the agreement between predicted and actual outcomes, further validating the clinical benefit of using the points-based classification scheme. (D) The clinical impact curve demonstrates the clinical benefit of using the points-based classification scheme. (E) The clinical impact curve demonstrates the clinical benefit of using the points-based classification scheme. Drug sensitivity analysis using BMS-536924 (F), KIN001 (G), and PHA-665752 (H) reveals greater sensitivity to these drugs in the high-risk group.



In summary, our findings suggest that TYROBP-positive EC enrichment plays a critical role in promoting immunity and can be used as an independent prognostic feature to predict patient outcomes. The development of visualized nomograms and drug sensitivity analysis further demonstrate the clinical benefit of using this classification scheme.






Discussion

ECs play a critical role in the TME and have been shown to promote tumor progression by providing oxygen and nutrients to tumor cells, regulating immune cell infiltration, and mediating tumor cell intravasation and extravasation during metastasis (20). In this study, we utilized scRNA-seq and bulk transcriptome to investigate the heterogeneity of ECs in OS and identify potential initiating cells and their role in tumor progression.

TYROBP, also known as DAP12, is a human gene located on chromosome 19q13.1. It encodes a transmembrane adaptor protein that is mainly expressed in cells, and the protein product of TYROBP is involved in a variety of immune responses, including regulating the activation and function of natural killer cells and dendritic cells (21). It forms complexes with cell surface receptors, such as triggering receptor expressed on myeloid cells 1 (TREM1), which activate downstream signaling pathways (22). Mutations in TYROBP have been associated with various diseases, including Nasu-Hakola disease, which is a rare neurodegenerative disorder that affects the brain and bones (23). Additionally, TYROBP has been implicated in the pathogenesis of Alzheimer’s disease and other neurodegenerative diseases (24, 25). Overall, TYROBP plays a crucial role in immune system function and has implications for various diseases, particularly those affecting the brain and immune system. Our results revealed that TYROBP-positive ECs displayed the highest incoming and outgoing signal strength when communicating with malignant cells. We also found that TYROBP-positive ECs exhibited significant expression of TME-related genes, including those regulating chemokine expression, and had high activity of transcription factors FOS, FOSB, HES1, and JUNB. These findings suggest that TYROBP-positive ECs may play a crucial role in regulating immune cell infiltration and promoting tumor progression through their interactions with malignant cells. Moreover, our analysis identified differential expression of immune checkpoints (ICI) on ECs clusters. LAG3, CD48, PDCD1LG2, CD244, SLAMF7, and HAVCR2 were highly expressed in TYROBP-positive ECs, while IDO1, TIGIT, CD95, CD160, and CTLA4 were highly expressed in FABP4-positive ECs. This differential expression of ICIs suggests that TYROBP-positive ECs may play a unique role in immune evasion in the TME.

There have been successful precedents for converting “cold” tumors to “hot” tumors and improving the efficacy of immunotherapy. “Cold” tumors are characterized by a lack of T cell infiltration, whereas “hot” tumors are characterized by high levels of T cell infiltration and activity (26). Immunotherapy, such as immune checkpoint inhibitors, can be highly effective in treating “hot” tumors, but has limited efficacy in “cold” tumors. We evaluated the activation of KEGG pathways among different patients and found that high enrichment of TYROBP-positive ECs was associated with significantly activated chemokine, T cell receptor, B cell receptor, and Nod-like receptor signaling pathways, further supporting our conclusion that it corresponds to a “hot” tumor state.

Studies have shown that the TYROBP gene may play a role in the development and progression of certain cancers. For example, TYROBP expression has been found to be increased in several types of cancer, including breast cancer (27), lung cancer (28), and low-grade glioma (8). In breast cancer, higher levels of TYROBP expression have been associated with worse clinical outcomes, including shorter overall survival and disease-free survival (27). In low-grade glioma, TYROBP has been shown to promote tumor growth and metastasis through its interaction with other proteins involved in cell signaling pathways (8). Although the exact mechanisms by which TYROBP contributes to tumorigenesis are not yet fully understood, these findings suggest that TYROBP may be a potential target for cancer therapy and highlight the need for further research into its role in cancer development and progression.

Currently, numerous studies have investigated the relationship between ECs and osteosarcoma; however, a specific subtype of ECs has not been the primary focus of most of these reports. ECs promote osteosarcoma progression by secreting Von Willebrand factor (VWF) and activating NF-κB signaling, which contributes to epithelial-mesenchymal transition (EMT) and metastasis; OS cells in turn activate phospholipase D1 signaling to promote VWF release by ECs, resulting in further tumor deterioration (29). Kanako Minami and his colleagues found that Free fatty acid receptor 1 (FFA1) and FFA4, which regulate various malignant properties in cancer cells, may play a significant role in the modulation of cellular functions by ECs in OS, with higher expression levels of FFAR1 and FFAR4 genes in highly migratory MG63-CR7(F2) cells than in MG-63 cells, and knockdown of FFA1 or FFA4 inhibiting cell survival in the presence of cisplatin (30). Filomena de Nigris a suggests that Cyclin-dependent kinase 2 and 5 (Cdk2, Cdk5) are important mediators of neoangiogenesis in osteosarcoma, and a specific Yin Yang 1 (YY1) protein-dependent signal from tumor cells determines proliferation of human ECs, with Roscovitine inhibiting Cdk2 and Cdk5 activity, decreasing ECs proliferation and angiogenesis, and potentially serving as a pharmacologically accessible target for both antiangiogenic and antitumor therapy (31). However, we concluded that TYROBP-positive ECs may be the initiating cells and target specific subgroups of ECs that may benefit patients with OS.

It is worth noting that our study has several limitations. About vitro experiment, the main limitation is the suboptimal transfection efficiency of HUVECs cell lines, which may have resulted in incomplete TYROBP overexpression. Additionally, the study did not investigate the specific mechanisms underlying the changes in osteosarcoma cell proliferation and migration induced by the TYROBP-positive endothelial cell-conditioned medium. Finally, while the data suggests a role for TWEAK and other proteins in promoting the malignant phenotype of osteosarcoma cells, the study did not provide conclusive evidence regarding the specific proteins or pathways involved. Moreover, our sample size is relatively small and that it may limit the generalizability of our findings. Our analysis was based on a single scRNA-seq dataset from the TISCH database, which may not fully represent the heterogeneity of ECs in OS. Further validation with additional datasets is necessary to confirm our findings. Second, we focused on the role of TYROBP-positive ECs in tumor progression, but other EC clusters may also play important roles in the TME. Finally, our study was based on computational analysis and further experimental validation is necessary to confirm our findings.





Conclusions

In conclusion, our study identified TYROBP-positive ECs as the initiating cells of differentiation in ECs clusters in OS, and suggested that they may play a crucial role in promoting tumor progression through their interactions with malignant cells and regulating immune cell infiltration in the TME. In the future, targeting TYROBP-positive ECs maybe represent a promising approach for the treatment of OS and holds great potential for improving patient outcomes.
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Breast cancer biology varies markedly among patients. Basal-like breast cancer is one of the most challenging subtypes to treat because it lacks effective therapeutic targets. Despite numerous studies on potential targetable molecules in this subtype, few targets have shown promise. However, the present study revealed that FOXD1, a transcription factor that functions in both normal development and malignancy, is associated with poor prognosis in basal-like breast cancer. We analyzed publicly available RNA sequencing data and conducted FOXD1-knockdown experiments, finding that FOXD1 maintains gene expression programs that contribute to tumor progression. We first conducted survival analysis of patients grouped via a Gaussian mixture model based on gene expression in basal-like tumors, finding that FOXD1 is a prognostic factor specific to this subtype. Then, our RNA sequencing and chromatin immunoprecipitation sequencing experiments using the basal-like breast cancer cell lines BT549 and Hs578T with FOXD1 knockdown revealed that FOXD1 regulates enhancer–gene programs related to tumor progression. These findings suggest that FOXD1 plays an important role in basal-like breast cancer progression and may represent a promising therapeutic target.
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Introduction

The biology of breast cancer, a leading cause of cancer-related death among women worldwide, varies greatly among patients (1, 2), and studies on gene expression profiles have revealed several intrinsic subtypes, e.g., luminal A, luminal B, HER2-enriched, normal-like, and basal-like (3–6). The most aggressive subtype, basal-like breast cancer, is characterized by a gene expression profile similar to that of basal or myoepithelial cells. However, basal-like breast cancer tumors often lack established therapeutic targets, such as hormone receptors or HER2, making their treatment challenging (7). Moreover, the heterogeneity of basal-like tumors makes identifying optimized therapeutic targets difficult.

In the epigenetic landscape of cancer, the complex and dynamic interplay between genetic and environmental factors has profound implications on the initiation, progression, and metastasis of malignant neoplasms (8). The aberrant regulation of cis-regulatory elements and transcription factors (TFs) is a key mechanism underlying reprogramming of the gene regulatory circuit in cancer and leads to the emergence of distinct phenotypic and functional states (9). Enhancers, a class of noncoding cis-regulatory elements, are characterized by specific histone modifications, such as acetylation of histone H3 lysine 27 (H3K27ac), which confer a permissive chromatin environment and promote the transcriptional activity of target genes. The aberrant activation of TFs, particularly those associated with oncogenic pathways, is one of the most common mechanisms underlying enhancer reprogramming in cancer (10). For example, in breast cancer, abnormal upregulation of the luminal-lineage TF FOXA1 modifies genome-wide enhancer activity and induces transcriptional reprogramming to establish an endocrine-resistant state in metastatic tumors (11).

Previous studies have found that FOXD1, a member of the forkhead TF family, plays a critical role in regulating various cellular and molecular processes in both normal and malignant tissues (12–16). The expression of FOXD1 is upregulated in primary breast cancer and promotes tumor proliferation and chemoresistance in the MDA-MB-231 (basal-like) and MCF7 (luminal) cell lines (17). However, the specific effects of FOXD1 in basal-like tumors, mechanisms underlying these effects, and association with enhancer–gene regulation have not been elucidated.

In the present study, we conducted integrative analysis of publicly available expression data and multiomics data from cell line experiments to identify potential therapeutic targets for basal-like breast cancer. We stratified patients with basal-like tumors in The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) data using a Gaussian mixture model (GMM) according to the expression level of each gene. We then performed survival analysis to identify genes associated with poor prognosis in basal-like breast cancer, finding that FOXD1 was associated with poor prognosis in basal-like breast cancer but not in other subtypes. RNA sequencing (RNA-seq) and H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) experiments in basal-like cell lines with FOXD1 knockdown revealed that FOXD1 maintains distinct enhancer-gene programs associated with tumor progression. Collectively, our findings suggest that FOXD1 plays a critical role in establishing an aggressive phenotype in a basal-like breast cancer subset by maintaining tumor-promoting epigenetic features and gene expression patterns.





Materials and methods




Quantification of FOXD1 expression in breast cancer cell lines

Breast cancer cell lines were either purchased from the Japanese Collection of Research Bioresources (JCRB) or American Type Culture Collection (ATCC) or were kindly gifted by Drs. Hitoshi Zembutsu and Yoshio Miki. The cells were maintained in accordance with the manufacturer’s instructions, and details were provided in Supplementary Table 1. Total RNA was extracted from the cells using QIAGEN RNeasy Plus Mini Kit (QIAGEN). Subsequently, cDNA was synthesized from 500 ng of total RNA using PrimeScript RT Master Mix Perfect Realtime (TaKaRa) and then diluted to 200 µL. Reverse transcription real-time polymerase chain reaction (RT–qPCR) was performed using 2 µL of cDNA per reaction with PowerUp™ SYBR™ Green Master Mix (ThermoFisher) via 7500 Fast Real-Time PCR System (Applied Biosystems). The relative expression levels of FOXD1 were determined using the delta-delta Ct method, with normal human breast tissue RNA (BioChain) as a reference, and the endogenous housekeeping gene ACTB serving as an internal control. The primers used in this study included FOXD1-F (GGACTCTGCACCAAGGGA), FOXD1-R(AAACACCGAACCACCAAGAC), ACTB-F(GCCAACCGCGAGAAGATGA), and ACTB-R(AGCACAGCCTGGATAGCAAC).





Small interfering RNA transfection

BT549 and Hs578T cells were seeded onto 6-well plates at a density of 1.6 × 105 cells per well and cultured for 24 h. Cells were transfected with FOXD1 small interfering RNA (siRNA) (Ambion, s5229 or s5230) and negative siRNA control (Ambion, Negative Control siRNA) at a final concentration of 16 nM using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) and Opti-MEM Reduced Serum Medium (Gibco) following the manufacturer’s instructions. Cells were subjected to RNA-seq and ChIP-seq 48 h after transfection. Knockdown efficiency was confirmed by quantifying FOXD1 mRNA as described above.





RNA-seq

Total RNA was extracted from BT549 and Hs578T cells that had been treated with siRNA for 48 h, using the method described previously. RNA-seq libraries were prepared with 10 ng of total RNA, as a technical duplicate, using a SMARTer Stranded Total RNA-Seq Kit v2-Pico Input Mammalian (Takara) following the manufacturer’s instructions. The resulting gene expression libraries were sequenced via an Illumina NextSeq 550 platform with paired-end reads (read1, 75 bp; index1 8 bp; read2, 75 bp).





ChIP-seq

BT549 and Hs578T cells treated with siRNA for 48 h were subjected to ChIP-seq. ChIP-seq was performed as described in our previous report with slight modifications (18). Briefly, approximately 3 × 105 cells were fixed with 0.5% formaldehyde for 10 min at room temperature, quenched with 1.25 M glycine, washed, and lysed. The chromatin was sheared using an S220 Focused-ultrasonicator (Covaris). The complex of anti-H3K27ac antibody (Cell Signaling Technology, 8173S) and protein G Dynabeads (Invitrogen) was mixed with sheared chromatin. After overnight incubation, the complex was washed and incubated at 65°C for 4 h for reverse cross-linking. The released DNA was purified using AMPure XP (Beckman). ChIP-seq libraries were prepared as a technical duplicate using ThruPLEX DNA-seq Kit (Takara) and were sequenced via Illumina NextSeq.





Cell growth assay

BT549 and Hs578T cells were seeded onto 96-well plates at a density of 3 × 103 cells per well. After 24 h, siRNA was transfected into the cells using the same method and concentration as described previously. After 5 h, RealTime-Glo™ MT Cell Viability Assay (Promega) reagent was added to the cells, and luminescence was quantified at 48 h using ARVO2 (PerkinElmer).





The cancer genome atlas breast invasive carcinoma data analysis

We downloaded TCGA-BRCA RNA-seq data as a SummarizedExperiment object via the R package TCGAbiolinks (19) using “GDCquery(project = “TCGA-BRCA,” data.category = “Transcriptome Profiling,” data.type = “Gene Expression Quantification,” workflow.type = “STAR–Counts”),” “GDCdownload(),” and “GDCprepare().” GMM clustering was performed using the “Mclust()” function in the mclust package with the option modelNames = “V.” For survival analysis, we used the “survfit()” function of the survival package and “ggsurvplot()” function of the survminer package.





RNA-seq analysis

To generate an expression count matrix, row reads were trimmed to remove adaptor sequences using Skewer (v0.2.2) and mapped to the hg38 genome using STAR (v.2.7.8a). The mapped reads were then counted using featureCounts (v.2.0.10). To quantify differential gene expression, we utilized edgeR’s glmQLFTest (v3.32.1). We used control and intervention experiments as input groups with a simple design using a 0 intercept ‘~0 + Group.’ First, we normalized the library sizes by calculating scaling factors using ‘calcNormFactors(y, method = TMM).’ We next estimated dispersions via ‘estimateDisp(y, design = design, robust = TRUE)’ and fitted the generalized linear model using ‘glmQLFit(y, design = design).’ Finally, we determined log2 fold changes and false discovery rates (FDRs) using glmQLFTest. Genes with an FDR of <0.01 and log2FC of >1 (upregulated) or <−1 (downregulated) were considered differentially expressed genes. Gene Ontology enrichment analysis was performed via Enrichr (20).





ChIP-seq analysis

The sequenced reads were mapped to the hg38 genome using bowtie2 (v.2.4.2). Multi-mapped reads and PCR duplicates were removed using Picard (v.2.25.3). Overlapping reads according to the ENCODE blacklist were filtered out using bedtools (2.30.0). MACS2 (v.2.2.7.1) was used for calling peaks with the “–keep-dup auto -q 0.1” parameter. After calling peaks, the peak summits were extended by 250 bp on both sides to a final width of 501 bp. Then, the regions of ENCODE hg38 blacklist were filtered out. Overlapping peaks within a single sample were removed using an iterative removal procedure that preserved the most significant peaks based on MACS2 ‘score’ values, thus identifying “a sample peak set.” The “score per million” was calculated by dividing individual peak score by the sum of all peak scores in each sample divided by 1 million. This iterative removal procedure was repeated across sample peak sets based on the score per million. The reproducible peak set was identified by selecting peaks with a score per million of ≥5 and overlaps between at least two samples; in addition, the peaks on chromosome Y were removed. Finally, we generated a reproducible high-quality set of 501 bp fixed-width peaks. To obtain the number of fragments in each peak, bam files were read as Genomic Ranges object via R using Rsamtool’s “scambam().” Each fragment per peak was estimated using “countOverlaps().” The counts matrix was normalized using edgeR’s “cpm(log = TRUE, prior.count = 1).” The motif enrichment score was calculated using ChromVAR (21) as follows: (i) adding GC bias information using “addGCBias(),” (ii) identifying elements with motifs via “matchMotifs()” using the motif annotation of the R package chromVARmotif’s “homer_pwms,” (iii) obtaining background peaks via “getBackgroundPeaks(),”and (iv) calculating motif deviations using “computeDeviations().” The Z-scores of motif deviations (i.e., Motif scores) were used for analysis. To perform differential peak analysis, we used edgeR as previously described for RNA-seq analysis. Peaks with an FDR of <0.1 and log2FC of >0 (upregulated) or <0 (downregulated) were determined as differential peaks. To annotate peaks and determine peak–gene association, Genomic Regions Enrichment of Annotations Tool (GREAT) was used with default settings.






Results




GMM based approach reveals genes associated with overall survival in basal-like breast cancer

RNA-seq data from 193 basal-like tumors in the TCGA-BRCA dataset were analyzed to identify prognosis-associated genes in basal-like breast cancer. Genes were screened using three steps: (1) filtering genes with low average expression and variance of expression, (2) classifying tumors based on the expression level of each gene using the GMM, and (3) comparing the survival rates between different GMM classifications via Kaplan–Meier analysis (Figure 1A).




Figure 1 | Identifying genes associated with poor outcome in basal-like breast cancer using a Gaussian mixture model. (A) Flow chart of gene identification. First, genes with low mean expression or low variance (both mean expression [log2(FPKM+1)] and variance of <0.5) across basal-like breast cancer samples were filtered out, leaving 5755 genes. Using GMM classification, 2747 genes that divided the patients into ≥2 expression groups were selected. Thus, based on gene expression, 2394 genes covering ≥2 GMM groups containing ≥10 patients were selected. Finally, 43 were identified as the genes whose expression level were associated with poor prognosis (Kaplan–Meier analysis; log-rank P-value of <0.01). (B) Scatter plot showing mean expression level and variance of expression of each gene. Each dot represents a gene. Red box represents the selected genes (N = 5755, average expression ≥ 0.5; variance ≥ 0.5). (C) Pie chart showing the distribution of the number of GMM groups. Overall, 2747 genes were selected covering ≥2 expression level-based GMM groups. (D) Dot plot showing log-rank test P-values of each filtered gene (2,394 genes) calculated via Kaplan–Meier analysis between GMM clusters. Red line represents filtering criteria (P < 0.01), and 43 genes were finally selected as the prognostic factors in basal-like breast cancer. (E) Ridge plots representing the distribution of YTHDF3-AS1 and KCNK6 expression in GMM groups. (F) Kaplan–Meier plots of patient groups stratified by the GMM for YTHDF3-AS1 and KCNK6 expression. P-values were calculated using log-rank test.



Of 60,660 genes, 5,755 genes had both an average expression and variance of expression of ≥0.5 across basal-like tumors (Figure 1B). Using GMM classification, we stratified the patients into one group (not stratified) for 3,008 genes, two groups for 1,584 genes, three groups for 756 genes, four groups for 311 genes, five groups for 85 genes, and six groups for 11 genes (Figure 1C). For 2,394 genes with ≥2 GMM groups that contained at least 10 patients per group, we conducted survival analysis, identifying 43 genes for which expression groups were associated with overall survival (log-rank P-value <0.01; Figure 1D and Supplementary Table 2). For example, YTHDF3-AS1 and KCNK6 were the top significant genes associated with poor prognosis. According to their expression levels, the patients were stratified into two groups, i.e., the low and high expression groups (Figure 1E), of which the high expression group exhibited shorter overall survival (Figure 1F). Although YTHDF3-AS1 has not been well-characterized, its antisense gene, YTHDF3, is involved in the progression and metastasis of triple-negative tumors (22). KCNK6 is as an overexpressed gene that promotes breast cancer cell proliferation, invasion, and migration (23). Overall, these results indicate that the GMM-based approach is useful for identifying genes associated with patient outcomes.





FOXD1 expression is associated with poor outcome in basal-like breast cancer but not in other subtypes

Of the 43 prognosis-related genes identified, we focused on FOXD1, a TF involved in breast cancer proliferation and drug resistance. According to FOXD1 expression levels, the GMM classified patients into four groups (Figure 2A), of which the groups with higher FOXD1 expression levels (groups 3 and 4) exhibited poorer outcomes (Figure 2B). According to GMM classification by FOXD1 expression and survival analysis in the other subtypes, there was no significant difference across the GMM classification for luminal A, luminal B, Her2-enriched, and normal-like tumors (Supplementary Figure 1). These results suggest that elevated FOXD1 expression is associated with poor outcome specifically in basal-like breast cancer.




Figure 2 | FOXD1 is associated with poor prognosis specifically in basal-like breast cancer. (A) Ridge plots representing the distribution of FOXD1 expression for GMM groups (group1, N=31; group2, N=33; group3, N=98; group4, N = 31). (B) Kaplan–Meier plot of FOXD1 expression-based GMM groups stratified by GMM for FOXD1 expression. P-values were calculated using log-rank test.







FOXD1 regulates distinct gene expression in basal-like breast cancer cell lines

To confirm our findings, we examined FOXD1 expression levels in a panel of breast cancer cell lines, including three luminal lines (MCF7, T47D, and YMB1), four HER2-amplified lines (BT474, SKBR3, MDA-MB-361, and MDA-MB-453), and six basal lines (BT549, Hs578T, MDA-MB-231, BT20, HCC1954, and HCT1937). We found that FOXD1 expression levels were low in all luminal lines, with high expression levels observed only in one HER2-amplified line (MDA-MB-361) and two basal cell lines (BT549 and HS578T) (Figure 3A). These results were consistent with the heterogeneity of FOXD1 expression found among basal-like tumors in our analysis of TCGA-BRCA data (Figure 2A).




Figure 3 | Gene expression changes induced by FOXD1-KD in basal-like breast cancer cell lines BT549 and Hs578T. (A) Bar chart showing FOXD1 expression levels in breast cancer cell lines (three luminal, four HER2 amplification, six basal-like lines) and normal breast tissue examined via qPCR. Error bars represent standard deviation. (B) Bar chart showing FOXD1 expression levels in BT549 and Hs578T cells transfected with control siRNA (siNC) or two siRNA against FOXD1 (siFOXD1#1 and siFOXD1#2). Error bars represent standard deviation. (C) Volcano plot showing differential expression analysis in BT549 cells between siNC and siFOXD1#1 (left) or siFOXD1#2 (right). Each dot represents a gene. The upregulated or downregulated genes are indicated in red or blue, respectively. (D) Volcano plot showing differential expression analysis in Hs578T cells between siNC and siFOXD1#1 (left) or siFOXD1#2 (right). Each dot represents a gene. The upregulated or downregulated genes are indicated in red or blue, respectively. (E) Venn diagram showing overlaps between the genes downregulated by siFOXD1#1 and siFOXD1#2 in BT549 (up) or Hs578T (bottom) cells. (F, G) Bar chart showing gene enrichment analysis (MSigDB Hallmark gene set) for the overlap of the downregulated genes by two siRNAs in BT549 (F) and Hs578T (G) cells.



To investigate the impact of FOXD1 on gene expression, we conducted FOXD1-knockdown (FOXD1-KD) experiments using siRNA in BT549 and Hs578T cells, followed by RNA-seq analysis. First, we validated the effectiveness of two different siRNAs against FOXD1 (siFOXD1#1 and siFOXD1 #2) (Figure 3B). Subsequently, we performed RNA-seq analysis and identified 56 genes in BT549 cells and 142 genes in Hs578T cells that were commonly downregulated by FOXD1-KD using two siRNAs (Figures 3C–E and Supplementary Table 3). We performed gene annotation analysis using The Molecular Signature Database Hallmark gene set and found that the genes downregulated by FOXD1-KD in BT549 cells were associated with myogenesis, and those in Hs578T cells were associated with the G2–M checkpoint (Figures 3F, G), suggesting that FOXD1 has a different effect on the gene expression program of each cell line. Interestingly, cell proliferation assays following FOXD1-KD did not indicate significant inhibition of cell growth in either cell line (Supplementary Figure 2). This suggests that although FOXD1 plays a role in tumor progression and shorter prognosis, it may not be involved in cell cycle regulation.





FOXD1 regulates enhancer–gene programs potentially associated with tumor progression

Enhancers play a critical role in maintaining gene expression programs in various tumors. To examine the impact of FOXD1 on enhancer activity, we conducted FOXD1-KD in BT549 and Hs578T cells, followed by H3K27ac ChIP-seq assays. Our analysis identified 25,669 and 53,794 consensus peaks in BT549 and Hs578T cells, respectively. Using principal component analysis, we observed distinct patterns of enhancer activity in both cells treated with control siRNA (siNC), siFOXD1#1, and siFOXD1#2 (Supplementary Figure 3).

To identify TFs that regulate FOXD1-associated enhancers, we used ChromVAR to calculate TF motif scores and found that EBF1, SNAI1, and SNAI2 were less enriched in both cell lines after FOXD1-KD (Figure 4A and Supplementary Table 4). EBF1 is a tumor-promoting TF in triple-negative breast cancer (24), whereas SNAI1/2 are master regulatory TFs for organogenesis and wound healing in normal tissue as well as for the epithelial–mesenchymal transition (EMT) in cancer cells (25). Interestingly, enhancers containing FOXD1 motifs themselves were not downregulated, indicating an indirect effect of FOXD1 for maintaining enhancer activity. These results suggest that FOXD1 is involved in maintaining the activity of the enhancers targeted by tumor-promoting TFs.




Figure 4 | Changes in enhancer activity induced by FOXD1-KD and enhancer–gene pairs maintained by FOXD1. (A) Scatter plot of ΔChromVAR motif scores (siNC − siFOXD1) calculated using H3K27ac ChIP-seq data. A high ΔChromVAR score indicates reduced motif enrichment in H3K27ac peaks by FOXD1-KD. Each dot represents a CISBP motif. The top 30 enriched motifs in each cell line are indicated in orange (BT549), purple (Hs578T), or red (both). (B) Volcano plot showing differential peak analysis in BT549 cells between siNC and siFOXD1#1. Each dot represents a peak. Upregulated or downregulated peaks are indicated in red or blue, respectively. (C) Volcano plot showing differential peak analysis in Hs578T cells between siNC and siFOXD1#1. Each dot represents a peak. Upregulated or downregulated peaks are indicated in red or blue, respectively. (D) Bar plot showing the GREAT GO Biological Process for H3K27ac peaks downregulated by siFOXD1#1 in BT549 cells. (E) Bar plot showing the GREAT GO Biological Process for H3K27ac peaks downregulated by siFOXD1#1 in Hs578T cells. (F) Schema representing the identification for downregulated peak–gene associations via FOXD1-KD. (G) Venn diagram showing overlaps between the genes downregulated by FOXD1-KD and the genes associated with the downregulated H3K27ac peaks by siFOXD1#1 and siFOXD1#2 in BT549 cells. (H) Venn diagram showing overlaps between the genes downregulated by FOXD1-KD and the genes associated with the downregulated H3K27ac peaks by siFOXD1#1 and siFOXD1#2 in Hs578T cells. (I) List of enhancer–gene pairs. For Hs578T cells, only overlapping genes are included (other pairs are shown in Supplementary Table 6).



Next, we performed differential analysis of the control and FOXD1-KD groups, where siFOXD1#1 and siFOXD1#2 identified 1,913 and 485 downregulated peaks in BT549 cells (Figure 4B and Supplementary Figure 4A) and 5,408 and 1,133 downregulated peaks in Hs578T cells, respectively (Figure 4C and Supplementary Figure 4B). GREAT Gene Ontology analysis revealed that these regions were associated with tumor microenvironment features such as extracellular structure organization, hemopoiesis regulation, and blood vessel morphogenesis (Figures 4D, E and Supplementary Figures 4C, D). In BT549 cells, the downregulated peaks were also associated with wound healing (Figure 1D), which was consistent with the lower SNAI1/2 motif enrichment in FOXD1-KD (Figure 4A).

To identify enhancer–gene pairs that could be regulated by FOXD1, we identified genes that were transcriptionally downregulated and were associated with the downregulated peaks in FOXD1-KD identified via GREAT analysis (Figure 4F). We found that 14 and 82 enhancer–gene pairs were downregulated by FOXD1-KD (at least one of the siRNAs) in BT549 or Hs578T cells, respectively (Figures 4G, H; Supplementary Tables 5, 6). Interestingly, we observed that these pairs were largely distinct between the two cell lines (Figure 4I; Supplementary Tables 5 and 6), indicating that the function of FOXD1 depends on the context. Both gene lists contained genes associated with tumor progression and metastasis, such as CDK6, SNED1, and MTDH (26–28). Taken together, these findings suggest that FOXD1 modulates gene expression programs involved in tumor progression.






Discussion

Forkhead box TFs are involved in various processes of cancer progression such as metastasis, hormone regulation, therapeutic resistance, and reprogramming metabolism (29). FOXA1 is a central regulator of gene expression programs in ER+ breast cancer (30), FOXC1 is associated with EMT and poor prognosis in basal-like breast cancer (31), and FOXO3 is often dysregulated and plays both tumor-suppressive and oncogenic roles (32, 33). FOXD1 plays a role in both normal development and cancer progression. In normal development, FOXD1 controls kidney morphogenesis (34, 35) and appropriate formation of the optic chiasm (36). FOXD1 also contributes to the successful reprogramming of cells during the establishment of induced pluripotent stem cells (37). Moreover, it has been suggested that FOXD1 plays critical roles in cell proliferation, invasion, metastasis, and poor prognosis in various cancer types. In glioma, FOXD1 has been found to activate signaling pathways that contribute to the tumorigenicity of mesenchymal glioma stem cells by activating ALDH1A3 transcription (38). A recent report also suggested that FOXD1 enhances GLUT1 expression, leading to cell proliferation, invasion, and metastasis by modulating aerobic glycolysis in pancreatic cancer (15). Similarly, FOXD1 regulates histone modification to promote tumor growth in clear cell renal cell carcinoma (16). These results suggest that FOXD1 is involved in tumor progression and is a promising target for multiple cancer types.

In this study, we analyzed publicly available expression data from clinical specimens, finding that elevated expression of FOXD1 is associated with poor outcomes in basal-like breast cancer but not in other subtypes. Therefore, FOXD1 may be a lineage-specific tumor-promoting TF in basal-like breast cancer. We also analyzed gene expression and enhancer profiles in the BT549 and Hs578T cell lines, finding that some enhancer-genes were regulated by FOXD1. The binding motifs of EMT-associated TFs SNAI1/2 were enriched in the potential enhancers regulated by FOXD1, suggesting that FOXD1 can modulate the enhancer activity regulating dedifferentiation. These enhancer–gene pairs included CDK6, [a key regulator of cell cycle and other tumor-promoting programs (26)], SNED1 [a metastasis-promoting gene associated with poor prognosis of triple-negative breast cancer (27)], and MTDH [a gene involved in breast cancer initiation, metastasis, and drug resistance (28)]. These findings are consistent with those of previous reports regarding FOXD1 function associated with tumor progression and metastasis. Further, they highlight that FOXD1 may be an oncogenic TF that activates tumor-promoting gene expression programs by modulating enhancers. Although FOXD1-KD downregulated cancer-associated enhancer–gene pairs, we did not observe any effect on the proliferation of either of the cell lines (Supplementary Figure 2). This result may seem contradictory to the RNA-seq results in Hs578T cells, which showed that FOXD1-KD downregulated the expression of cell cycle-associated genes (Figure 3G). However, we also observed that enhancers downregulated by FOXD1-KD were associated with EMT-related TFs (Figure 4A), suggesting that FOXD1 is more closely related to metastatic features than to cell proliferation.

The present study and other studies suggest that targeting FOXD1 is an attractive therapeutic approach for basal-like breast cancer. Accordingly, inhibiting FOXD1 could potentially reduce breast cancer metastasis by inactivating the enhancers associated with EMT. Furthermore, recent studies have shown that molecular targeting therapies can increase the sensitivity of established treatments, such as chemotherapy and radiotherapy, in various types of cancer (39–41). One of the primary challenges in developing FOXD1-targeting therapies is the lack of available FOXD1 inhibitors. TFs are generally not considered druggable, but recent progress in developing proteolysis-targeting chimera (PROTAC) technology has made it possible to target certain TFs. For example, a clinical trial for ARV-471, an estrogen receptor (ER) degrader, demonstrated significant clinical efficacy in patients with ER-positive breast cancer (42). This implicates that FOXD1 specific inhibitors could be developed using PROTAC technology. Therefore, further research is warranted to develop specific FOXD1 inhibitors and determine the precise role of FOXD1 in cancer using breast cancer preclinical models.

This study has a limitation of using only cell line models for investigating FOXD1 function. Although cell lines are useful tools for cancer biology, they may exhibit distinct features compared with primary tumors. To address this limitation, further research should focus on manipulating patient-derived models, such as patient-derived organoids and xenografts. Despite this limitation, our study is clinically relevant because it reveals the correlation between poor prognosis and FOXD1 expression levels in basal-like primary tumors and indicates that FOXD1 maintains specific enhancer–gene programs associated with tumor progression.

In summary, we used integrative analysis of TCGA-BRCA RNA-seq data and cell line experiments to highlight the intertumor heterogeneity of gene expression in basal-like tumors and identify a gene set associated with poor prognosis in basal-like breast cancer. FOXD1 knockdown experiments revealed that FOXD1 maintains the regulation of enhancers associated with tumor-promoting gene expression in basal-like cell lines. Based on our findings, we postulate that FOXD1 is a critical TF that influences the epigenetic machinery underlying tumor progression and may be a potential therapeutic target.
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Background and aims

Angiogenesis is a key factor in the growth and metastasis of hepatic tumors and thus a potential therapeutic target in hepatocellular carcinoma (HCC). In this study, we aim to identify the key role of apoptosis antagonizing transcription factor (AATF) in tumor angiogenesis and its underlying mechanisms in HCC.





Methods

HCC tissues were analyzed for AATF expression by qRT-PCR and immunohistochemistry. Stable clones of control and AATF knockdown (KD) were established in human HCC cells. The effect of AATF inhibition on the angiogenic processes was determined by proliferation, invasion, migration, chick chorioallantoic membrane (CAM) assay, zymography, and immunoblotting techniques.





Results

We identified high levels of AATF in human HCC tissues compared to adjacent normal liver tissues, and the expression was found to be correlated with the stages and tumor grades of HCC. Inhibiting AATF in QGY-7703 cells resulted in higher levels of pigment epithelium-derived factor (PEDF) than controls due to decreased matric metalloproteinase activity. Conditioned media from AATF KD cells inhibited the proliferation, migration, and invasion of human umbilical vein endothelial cells as well as the vascularization of the chick chorioallantoic membrane. Furthermore, the VEGF-mediated downstream signaling pathway responsible for endothelial cell survival and vascular permeability, cell proliferation, and migration favoring angiogenesis was suppressed by AATF inhibition. Notably, PEDF inhibition effectively reversed the anti-angiogenic effect of AATF KD.





Conclusion

Our study reports the first evidence that the therapeutic strategy based on the inhibition of AATF to disrupt tumor angiogenesis may serve as a promising approach for HCC treatment.





Keywords: apoptosis antagonizing transcription factor, angiogenesis, hepatocellular carcinoma, knockdown (KD), human umbilic vein endothelial cells (HUVEC), pigment epithelium derived factor




1 Introduction

Hepatocellular carcinoma (HCC), which makes up 80% of primary liver malignancies, has become a severe public health issue. It is estimated that in the next two decades, there will be a 55% increase in the incidence rate of liver cancer, posing a challenge worldwide (1). The underlying causes of HCC development have been identified as viral infections (Hepatitis B virus and Hepatitis C virus), as well as additional risk factors including metabolic syndrome, carcinogens, fatty liver disease, and cirrhosis (2). Hepatic injury and chronic liver inflammation cause hepatocyte necrosis, regeneration, and the progression to fibrosis, cirrhosis, resulting in the onset and progression of HCC (3). The pathophysiology of HCC is multifactorial and highly complex owing to its molecular and immune heterogeneity, and thus, understanding the molecular processes could facilitate the development of preventive measures, early diagnostic techniques, and improved therapeutic options (4, 5). HCC being a highly vascular tumor underscores the importance of angiogenesis in the process of tumor growth and metastasis, which is responsible for the rapid recurrence and poor survival rates of HCC (6).

Inducing or accessing the vasculature is one of the hallmarks of cancer and plays a crucial role in the development of solid malignancies (7). The process of inducing new blood vessel formation (angiogenesis) aids cancer cells in creating a local vascular ecology to deliver nutrients and growth factors, remove potentially toxic metabolites, and thereby promote cancer cell proliferation and metastasis (6, 7). Angiogenesis is stimulated by various proangiogenic factors such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and angiopoietins (8). The molecular understanding of this intricate and dynamic angiogenic tumor ecosystem has led to the advancement of anti-angiogenic therapy for HCC (9). The “starve a tumor to death” theory has emerged as an appealing anti-angiogenic therapy for a variety of cancers, including HCC (10). Sorafenib, a multikinase inhibitor, exerts an anti-tumor effect by inhibiting angiogenesis. In addition, over the last decade, ramucirumab and bevacizumab have been the FDA-approved drugs that target vascular endothelial growth factors (VEGFs) to treat HCC (11–13). Despite the positive effects of antiangiogenic therapies, their usage is constrained by drawbacks like tumor resistance, cardiovascular damage, and off-target effects on healthy tissues because they may activate various signaling pathways that are favorable to invasion, metastasis, and overall survival (14, 15). The ability to limit sprouting angiogenesis or vessel co-option is known to facilitate acquired resistance to antiangiogenic therapy in HCC (16). However, a mechanistic understanding to overcome tumor resistance and nanoparticle-based delivery techniques are emerging in cancer therapeutics (17). Thus, the novel cellular and molecular strategies targeting angiogenesis have been considered effective in treating HCC development and progression.

Apoptosis antagonizing transcription factor (AATF), also called Che-1, is a transcription factor that controls several genes involved in the regulation of different processes such as cell proliferation, cell cycle arrest, DNA damage response, and apoptosis (18). Previous studies have shown that AATF regulates the transcription of many genes, including nuclear hormone receptor-targeted genes, p53, p21, and the X-linked inhibitor of apoptosis (19–22). AATF plays a role in the pathogenesis of many cancers. AATF levels were found to be elevated in various cancers such as breast cancer, leukemia, lung cancer, Wilm’s tumor, osteosarcoma, and neuroblastoma, and their level increased during disease progression (23–28). It is interesting to note that the anti-apoptotic factor AATF, which is an oncogene, is also implicated in growth arrest and cellular checkpoint signaling. AATF is also well studied as a component of the unfolded protein response (UPR), which is an adaptive mechanism activated during endoplasmic reticulum (ER) stress. AATF induced as a resultant of ER stress protects the cells from apoptosis by activating the transcription factor Akt1 (29). An interesting study by Wang et al., has shown that AATF alleviates hypoxia/reoxygenation (H/R)-induced cardiomyocyte apoptosis by upregulating Nrf2 signaling (30). Shimizu et al., recently reported that elevated NRAGE expression is significantly correlated with AATF expression in accelerating cancer proliferation and migration, leading to hepatocarcinogenesis (31). However, the potential role of AATF in HCC pathogenesis has not been investigated.

We have previously, for the first time, unraveled the role of AATF as a potential driver of HCC in NAFLD and demonstrated that the knockdown of AATF inhibited tumor growth and metastasis (32). In the present study, we investigated whether suppression of AATF expression inhibits angiogenesis in HCC and explored its underlying mechanisms. The specific objectives of the study were to (i) confirm the overexpression of AATF in human HCC tissues and correlate AATF expression with different stages and grades of HCC; (ii) define the impact of AATF knockdown on key angiogenic properties of HCC; and (iii) identify the signaling pathway by which AATF inhibition suppresses angiogenesis in HCC. In this study, we showed the overexpression of AATF in human HCC tissues and evaluated the role of AATF in proliferation, migration, invasion of HUVECs, and vascular growth in a chicken embryo by testing the effect of conditioned media from control and AATF knockdown HCC cells. PEDF antibody was used to investigate the effect of PEDF on AATF-mediated angiogenesis in HCC. Our findings demonstrated that AATF inhibition exerts an anti-angiogenic effect in HCC via PEDF, and that AATF merits further investigation as a potential therapeutic target, leading to a better understanding of anti-angiogenic strategies for the treatment of HCC.




2 Materials and methods



2.1 Reagents

Endothelial cell growth medium (EGM), extracellular matrix gel (ECM), TRIzol, RIPA buffer, collagenase A, and AATF antibody were procured from Sigma-Aldrich (St. Louis, USA). Dulbecco’s modified eagle’s medium (DMEM), giemsa stain, hematoxylin, 8μm-transwell inserts, and 24- well plates were procured from HiMedia laboratories (India). Lipofectamine 3000, penicillin/streptomycin, glutamine, FBS were from Invitrogen (USA); WST-1 cell proliferation assay kit from Takara Bio Inc. (Shinga, Japan); antibodies to IgG, PEDF, pAkt, pErk1/2, pFAK, Akt, Erk, and control and AATF shRNA from Santa Cruz Biotechnology, Inc. (CA, USA); antibodies to β-actin from Cell Signaling Technologies (USA); verso cDNA synthesis kit, and DyNamo Colorflash SYBR green kit from Thermo Fisher Scientific (USA); western bright ECL HRP substrate from Advansta (USA); western blotting materials were from BioRad; primers from Integrated DNA Technologies (IDT) (Iowa, USA), and all other reagents were obtained from Thermo Fisher Scientific or Sigma.




2.2 Subjects and sample collection

Human HCC tissues (n=50) and normal tissues (n=15) were procured from the National Tumor Tissue Repository (NTTR), Tata Memorial Hospital, Mumbai, India. Normal liver tissue adjacent to the tumor will be considered as control. The study was approved by the institutional ethics committees of JSS Medical College, JSS AHER, Mysore, Karnataka, India (JSSMC/IEC/090721/28NCT/2021-22), and Tata Memorial Hospital (Inclusion Criteria: Patients with clinical or histologically documented hepatocellular carcinoma. All stages of HCC were considered; Exclusion Criteria: Patients with non-neoplastic lesions of the liver were excluded from the study). Clinical characteristics and biochemical parameters were evaluated. The demographic and clinicopathological data of the HCC subjects are described in Supplementary Table 1.

The human umbilical cord was procured from Shree Devi Nursing Home, Mysore. Informed consent was obtained from the subjects for the use of cells in clinical research. The study was approved by the institutional ethics committee at JSS Medical College, JSS AHER, Mysore, Karnataka, India. (JSSMC/IEC/260822/37NCT/2022-23).




2.3 Isolation and culture of human umbilical vein endothelial cells (HUVECs)

The freshly collected human umbilical cord (40-60 cm long, tied at both ends) from the maternity hospital was washed using 0.09% saline. After confirming the cord is devoid of hematic and physical damage, it is incubated with 2 mg/ml collagenase A solution at 370C. The digested cells were collected into a tube and centrifuged at 750 g for 10 min at 40C. The cells were resuspended with endothelial cell growth medium and cultured by incubating at 370C in 5% CO2. All procedure was carried out in the cell culture hood with laminar airflow under aseptic condition. HUVECs were used from passages 3-5 to ensure their endothelial characteristics and were freshly isolated to perform experiments in duplicate or triplicate (Supplementary Figure 1B).




2.4 Cell culture and stable clones preparation

Human HCC cells- QGY-7703 (kind donation from Dr. Devanand Sarkar, Virginia Commonwealth University, USA) and Hep3B (obtained from American Type Culture Collection (ATCC), USA) were cultured in Dulbecco’s modified eagle’s medium containing 4.5 g/L glucose and supplemented with 10% fetal bovine serum, L-glutamine, and 100 U/ml penicillin-streptomycin incubated at 370C in 5% CO2. The authentication of QGY-7703 cell line was done by short tandem repeats (STR) profiling.

Stable clones expressing AATF shRNA in QGY-7703 cells were prepared as described previously (32). Firstly, the optimal antibiotic concentration for selecting the stable cell colonies was determined using different concentrations of puromycin (1-10 μg/ml). Control and AATF shRNA plasmid containing puromycin resistance gene was transfected to QGY-7703 cells according to the manufacturer’s protocol. Individual colonies were isolated, expanded and maintained in 1 μg/ml Puromycin. Stable knockdown of AATF in QGY-7703 cells was confirmed by qRT-PCR and western blot. We have used two clones of AATF control and AATF knockdown cells in the experiments.




2.5 Tissue processing and histological analysis

Human normal and HCC tissues were fixed in a 4% (v/v) formaldehyde solution in phosphate buffered saline for 16 h. After formalin fixation, tissues were processed and embedded in standard paraffin blocks. Subsequently, tissue sections of 5 μm thickness were cut from each paraffin block and stained with hematoxylin and eosin (H&E). A pathologist at JSS Hospital performed the histological grading of HCC according to the World Health Organization (WHO) classification: well differentiated, moderately differentiated, or poorly differentiated HCC (33). The various stages of HCC were determined according to the classification criteria of the American Joint Committee on Cancer (AJCC) TNM [primary tumor features (T), presence or absence of nodal involvement (N), and distant metastasis (M) staging systems (34).




2.6 Immunohistochemistry

The formalin-fixed, paraffin-embedded (FFPE) tissue sections were deparaffinized and rehydrated following the treatment with xylene and a series of ethanol concentrations. After antigen retrieval with citrate buffer (pH 6) at 94°C for 15 min, followed by washing with water, the sections were incubated with 3% hydrogen peroxide for 10 min. After incubating the slides with blocking buffer for 1 hr at room temperature, the slides were incubated with AATF antibody (1:100 dilution) overnight at 4°C in a humidified chamber. The signals were developed using the polyexcel HRP/DAB detection system-one step (PathnSitu, Biotechnologies) as per the manufacturer’s protocol, and the nucleus was stained using hematoxylin. All the immunohistochemistry images were taken using an Olympus BX53 microscope. The images were quantified using Image J software.




2.7 Condition media preparation and neutralization of PEDF

To examine the effect of the biologically active components secreted by HCC cells on angiogenesis, conditioned media was prepared from control and AATF knockdown clones of QGY-7703 cells and then treated on HUVECs. The AATF control and knockdown clones were cultured until cells reached 80-85% confluency. The cells were washed with PBS and then incubated in serum-free DMEM medium for 24 hours. The conditioned medium was collected and centrifuged at 2500 rpm for 5 min at 40C to remove the dead cells and cell debris. The conditioned media was aliquoted and stored at -800C. The amount of protein in the conditioned media was determined by Bradford’s protein assay (Supplementary Figure 3B). For all the experiments, the volume of conditioned media was normalized to have the same protein concentration as the control and AATF knockdown cells.

To neutralize the PEDF in the conditioned media secreted by the control and AATF knockdown QGY-7703 cells, the conditioned media was treated with anti-PEDF antibody. A non-specific antibody was used as an isotype control. The antibodies were used at a concentration of 5 μg/ml.




2.8 Enzyme-linked immunosorbent assay)

The concentration of PEDF was measured in the conditioned media collected from control and knockdown QGY-7703 cells by using ELISA kit (R&D Systems, Minnesota, USA) according to the manufacturer’s protocol.




2.9 Proliferation assay

The HUVECs were seeded in 96 well plates at a density of 104 cells per well and cultured up to 70% confluency. The cells were treated with the conditioned media of control and AATF knockdown QGY-7703 cells for 24 h, 48 h, and 72 h. At the end of the treatment, the proliferation of HUVECs was evaluated using a premix WTS-1 cell proliferation assay mix (Takara Bio Inc., Japan). The absorbance was measured at 450 nm on a multi-mode plate reader (EnSpire™ Multimode Plate Reader, Perkin Elmer) according to the manufacturer’s protocol.




2.10 Migration assay

The HUVECs were seeded at a density of 5 X105 cells per well in 6 well plates and allowed to attain 70-80% confluency. A scratch was made using a 1 ml pipette tip across the centre of the well, and the medium was removed to get rid of the detached cells. The HUVECs were incubated with conditioned media of control and knockdown cells with or without IgG and PEDF antibodies (Santa Cruz). The migration ability of the HUVECs was evaluated by measuring the gap widths at time intervals of 0 and 24 h. Images were acquired with a Zeiss Primovert inverted microscope and analyzed for the measurement of gap distance using ImageJ software.




2.11 Invasion assay

Transwell inserts of 8 μm pore size were coated with matrigel matrix gel and placed into a 24-well plate. The HUVECs were suspended in the serum-free endothelial cell growth medium at the density of 5X104 cells and seeded into each pre-coated transwell inserts. In the lower chambers of 24 well plates were added conditioned media from control and knockdown cells with or without IgG and PEDF antibodies. Cells were incubated at 370C for 24 h to analyze the invasive ability of the cells. After the incubation, the non-invasive cells in the precoated transwell inserts were removed with a sterile PBS-soaked cotton swab. The invasive cells at the bottom of the transwell inserts were fixed with paraformaldehyde and stained with Giemsa stain. Images were captured using a Zeiss Primovert inverted microscope and analyzed by comparing the number of cells that had crossed the membrane between the control and knockdown conditioned media groups.




2.12 Chick chorioallantoic membrane assay

Fertilized chicken eggs were sterilized and pre-incubated at 370C in 85% humidity. After 7 days of incubation, a small hole was made on the broad side of the shell, and carefully, a window of 1 cm2 was created. The embryos were treated with the conditioned media of control and knockdown cells. The window was sealed, and the eggs were incubated for 48 h in the humidified incubator at 370C. Images were photographed using a Nikon digital camera, and angiogenesis is quantified by comparing the number of blood vessels between the control and knockdown groups.




2.13 Zymography

The protease activity of the metalloproteases was detected by gelatin zymography. 7.5% of polyacrylamide gels containing 0.1% gelatin with a Tris-glycine running buffer were used to separate proteins. After electrophoresis, gels were washed in 2.5% TritonX-100 prepared in 50 mM Tris-HCl of pH 7.5 for 1h. Later, gels were incubated in developing buffer (1% TritonX-100, 50 mM Tris-HCl pH 7.5 along with 5 mM Calcium chloride and 1 μM zinc chloride) for 24 h at 370C. After the incubation, gels were stained using coomassie blue for 1 h and destained using a destaining solution. Images were taken using the Gel Doc system (Genesys) and analyzed in ImageJ software.




2.14 RNA isolation and quantitative real-time PCR

Total RNA from the cells and frozen liver tissues was isolated using the TRIzol method. The quality and concentration of the RNA were determined by a nanodrop spectrophotometer. The RNA was reverse transcribed by following the manufacturer’s instructions using the Verso cDNA synthesis kit. The real-time PCR reactions were carried out using the DyNamo Colorflash SYBR Green kit with 0.5 mM primers (IDT), and 50 ng of cDNA in a 20 μl reaction volume. The real-time PCR reactions were performed using the Rotor-Gene Q5plex HRM System (Qiagen). The relative quantification of the mRNA fold change was calculated as 2-ΔΔCt and was expressed normalized with endogenous control β-actin. The primers for the qRT-PCR were validated, and the sequences of the primers used in this study are provided in Supplementary Table 2.




2.15 Immunoblotting

The lysates were prepared by homogenizing the human liver tissues and HCC cells in RIPA buffer containing protease/phosphatase inhibitors. The supernatant was collected after the homogenized tissue or cell samples were centrifuged at 13000 rpm for 10 minutes at 40C. The protein concentration was determined by using the Bio-Rad protein assay dye reagent (Bio-Rad) of Bradford’s protein estimation method. A 30-50 μg of protein was loaded to separate the proteins in the SDS-PAGE and transferred onto a nitrocellulose membrane for all western blots. The membranes were blocked using 5% nonfat skim milk for an hour at room temperature and probed with specific primary antibodies (AATF, β-actin, pErk1/2, Erk1/2, pAkt, Akt, pFak, and PEDF) for overnight incubation at 40C. Furthermore, membranes were washed and incubated for secondary antibodies for 2 h at room temperature. The blots were developed using the Western Bright ECL HRP substrate, and images were captured using the Uvitec Alliance Q9 chemiluminescence imaging system. The bands were quantified using ImageJ software. The intensity of each band was normalized to its respective endogenous control, β-actin.




2.16 Gene expression analysis using TCGA database

The RNA sequence and clinical information data of HCC tissues (n= 371) and normal liver tissues (n=50) were downloaded from the TCGA-LIHC website of The Genomic Data Commons (GDC: https://portal.gdc.cancer.gov/repository) up to November 15, 2022. TCGA dataset containing only primary tumors was processed. Different stages of HCC clinical samples as follows: Stage1: n=168; Stage2: n=84; Stage3: n=82 and Stage4: n=6. The expression values of AATF in terms of transcripts per million from the whole transcriptome profile were obtained for which a differential expression analysis was performed on normal and different stages of HCC datasets using limma R package at a significance level of FDR<0.05 along with p<0.05. The graphs were plotted using GraphPad Prism software (version 6).




2.17 Statistical analysis

Results were calculated as means ± SEM. Statistical significance was analyzed using Student’s t-test. All statistical analyses were performed using the GraphPad Prism software (version 6), and all experiments were considered significant with p<0.05 [p<0.05 (*, #) or <0.001 (**, ##)].





3 Results



3.1 Upregulation of AATF in human HCC

To investigate the role of AATF in HCC, mRNA and protein levels of AATF were measured in human HCC cell lines and found to be relatively overexpressed in QGY-7703 compared to Hep3B and normal liver tissues (Figures 1A, B). Consistent with these observations, the mRNA expression of AATF in human HCC tissues (n=50) was also found to be significantly upregulated compared to adjacent normal liver tissues (n=15) (Figure 1C). Histological analysis of human HCC tissues revealed distinctive changes in the cell structure and arrangement of the hepatocytes, confirming different grades of HCC (Figure 1D). Furthermore, immunohistochemistry revealed that AATF expression increased gradually from stages I to IV, as well as with the differentiation grades from well differentiated to poorly differentiated HCC (Figure E, Supplementary Figure 1A). These findings show that AATF expression increases with the HCC stage and loss of differentiation, confirming AATF’s role in the development and progression of HCC. Next, we analyzed the publicly available TCGA database to evaluate the status of AATF in normal (n=50) and HCC (n=371). In support of our results, the data from the TCGA database provided evidence that there are significantly higher AATF differential transcription levels in HCC compared to normal. The levels of AATF were found to be significantly related to the pathological stages and tumor grades of HCC (Supplemental Figure 2).




Figure 1 | Expression of AATF in human HCC cells and HCC tissues. AATF mRNA (A) and protein (B) expression in human HCC cells. (C) AATF mRNA expression in human normal and HCC subjects. (D) Representative Hematoxylin and eosin (H&E- 400X)–stained liver sections of human normal and HCC subjects. (E) Representative immunohistochemistry images (200X) showing the expression of AATF in formalin-fixed paraffin-embedded human normal liver and HCC tissues. The inset shows images at higher magnification (400X). (i) Normal human liver; (ii) stage I, well differentiated; (iii) stage I, poorly differentiated; (iv) stage II, well differentiated; (v) stage II, poorly differentiated; (vi) stage III, well differentiated; (vii) stage III, poorly differentiated; (viii) stage IV, well differentiated; (ix) stage IV, poorly differentiated. Data are expressed as the mean ± SEM. **p < 0.001 or *p < 0.05 compared to normal.






3.2 AATF knockdown suppresses the angiogenic potential of HCC

We investigated the regulatory role of AATF on angiogenesis, a major hallmark of cancer, which is responsible for the rapid recurrence and poor survival rate in HCC patients (35). The effect of AATF on angiogenesis was determined by assessing the impact of its loss of function. The initial step towards achieving this was the establishment of stable QGY-7703 cell lines. The expression of AATF was significantly reduced in the knockdown clones compared to puromycin-resistant control clones (Figure 2A, Supplementary Figure 3).




Figure 2 | Knockdown of AATF inhibits migration, invasion of HUVECs, and vascular growth in chicken embryo chorioallantoic membrane. AATF protein (A) expression in control (clone 1 and clone 2) and AATF knockdown (clone 1 and clone 2) QGY- 7703 cells. Effect of conditioned media from control (clone 1 and clone 2) and AATF knockdown (clone 1 and clone 2) QGY-7703 cells on proliferation- represented as cell proliferation rate (%) normalized to 72 h control (B), migration (C), and invasion (D) of the human umbilical vein endothelial cells (HUVECs). (E) CAM assay performed using the conditioned media from control and AATF knockdown QGY-7703 cells. Representative images are shown. UCM, unconditioned medium, CM, conditioned medium. Data are expressed as the mean ± SEM of three experiments. **p < 0.001 or *p < 0.05 compared to control.



Cell proliferation, migration and invasion are critical steps for the endothelial cells to form blood vessels in angiogenesis (36). To determine the effect of AATF on angiogenesis, the influence of conditioned media (CM) of control and AATF knockdown QGY-7703 cells on proliferation, migration, and invasion of human umbilical vein endothelial cells (HUVECs) was analyzed. We hypothesized that AATF knockdown would affect the angiogenic properties of HUVECs and vascular development in chick embryos. Consistent with this hypothesis, the CM of the knockdown cells significantly inhibited the proliferation of HUVECs compared to the control (Figure 2B). Furthermore, the chemotactic motility of endothelial cells was determined by migration assay and matrigel invasion assay. The results showed that CM of knockdown cells inhibited the migration of HUVECs and significantly reduced cell invasion compared to control, providing strong evidence that AATF knockdown affects the motility and matrix degradation capacity of HUVECs, which are critical for angiogenic sprouting (Figures 2C, D).

We further employed the chicken chorioallantoic membrane (CAM) assay, which is a physiological model of embryonic angiogenesis. Similar results were obtained where the CM of AATF knockdown cells showed a remarkable effect on the chicken embryo by significantly decreasing the vascular growth compared to the CM of the control cells (Figure 2E).




3.3 Effect of AATF knockdown on PEDF levels

The proangiogenic and anti-angiogenic genes manifest themselves differently in HCC due to the activation of diverse oncogenic pathways. Our previous study using a human angiogenesis array revealed that PEDF, or SerpinF1, a well-known anti-angiogenic factor, is highly expressed in AATF knockdown cells compared to control cells (32). With this rationale, we investigated the regulatory role of AATF on PEDF levels in control and knockdown QGY-7703 stable cells. The AATF knockdown cells showed upregulated PEDF protein expression compared to controls (Figure 3A). Furthermore, PEDF levels were also measured by ELISA using the CM from control and knockdown cells. Similar results were obtained where the secretion of PEDF was significantly higher in the CM of AATF knockdown cells compared to the control (Figure 3B).




Figure 3 | AATF knockdown increases PEDF expression. (A) The protein expression of PEDF in control (clone 1 and clone 2) and AATF knockdown (clone 1 and clone 2) QGY-7703 cells. The bar plot is the densitometric analysis of PEDF expression normalized to the endogenous control β-actin. (B) PEDF levels in conditioned media (CM) from control (clone 1 and clone 2) and AATF knockdown (clone 1 and clone 2) cells as measured by ELISA. The mRNA expression of MMP2 (C) and MMP9 (D) in control (clone 1 and clone 2) and AATF knockdown (clone 1 and clone 2) QGY-7703 cells. (E) MMP2 and MMP9 gelatinolytic activity in the conditioned media of control and AATF knockdown cells was detected by gelatin zymography. (F) Quantitative densitometric analysis of MMP2 and MMP9 lysis bands of control and AATF knockdown QGY-7703 cells following zymography. 2 clones of control (control clone #1 and control clone #2) and knockdown (KD clone #1 and KD clone #2) QGY-7703 cells were used for the experiments. Data are expressed as the mean ± SEM of three experiments. **p < 0.001 or *p < 0.05 compared to control.



We next explored the mechanism by which PEDF is upregulated in AATF knockdown cells. PEDF, a member of the serpin superfamily, acts as a natural angiogenesis inhibitor and is found to be significantly downregulated in most cancers, including HCC (37). There is an increasing body of evidence for the involvement of matrix metalloproteinases type 2 (MMP2) and type 9 (MMP9) in the degradation of PEDF. Of note, PEDF acts as a substrate for MMP2 and MMP9 (38). Along the same lines, we examined the expression of MMP2 and MMP9 in CM of control and knockdown QGY7703 cells and interestingly found that MMP2 and MMP9 were down regulated in AATF knockdown cells compared to control (Figures 3C, D). Additionally, we also tested the MMP activity by performing gelatin zymography. Consistent with the expression data, there was decreased gelatinolytic activity of MMP2 and MMP9 in knockdown cells compared to control (Figures 3E, F). Together, these findings suggested that AATF inhibition downregulates MMP2 and MMP9, which prevents PEDF from being degraded in AATF knockdown cells as opposed to control cells.




3.4 AATF knockdown exerts anti-angiogenic effect in HCC via PEDF

Further investigations were carried out to determine whether PEDF played a key role in the suppression of angiogenesis in AATF knockdown cells. To test this hypothesis, we further validated the effect of conditioned media from control and AATF knockdown QGY-7703 cells on the migration and invasion of HUVECs and vascular formation in CAM in the presence of neutralizing anti-PEDF antibody. A non-specific IgG antibody served as an isotype control. The concentration of anti-PEDF antibody was determined by a dose response experiment on the proliferation of HUVECs with control and AATF knockdown CM, and a concentration of 5 μg/ml was chosen for the experiments. Consistent with the previous experiments, the conditioned media of AATF knockdown cells inhibited the migration (30% vs. 100% of cell migration in the control) and invasion (18 vs. 75 cells per field in the control) of HUVECs, and this inhibition was significantly diminished in the presence of PEDF neutralizing antibody [72% of cell migration (Figures 4A, D) and invasion assay- 46 cells per field (Figures 4B, E)]. Similarly, the decrease in the vascular growth caused by the conditioned media of AATF knockdown cells (7 vs. 23 blood vessels in control) was diminished in the presence of PEDF neutralizing antibody (16 blood vessels) (Figures 4C, F). Taken together, these data provide solid evidence that knockdown of AATF suppresses angiogenesis in HCC via PEDF.




Figure 4 | AATF knockdown inhibits angiogenesis via PEDF. Effect of conditioned media from control and AATF knockdown QGY-7703 cells treated with or without anti-PEDF antibody on migration (A) and invasion (B) of the human umbilical vein endothelial cells (HUVECs). (C) CAM assay performed using the conditioned media from control and AATF knockdown QGY-7703 cells treated with or without anti-PEDF antibody. Representative images are shown. (D) Quantification of the gap distance at 0 hr and 24 hr was evaluated using Image J software and expressed as % cells migration. (E) Quantitative analysis of HUVECs that passed through the membrane treated with conditioned media as characterized by matrigel invasion assay. (F) Quantification of the number of blood vessels was performed using Image J software. CM, conditioned medium; ia, control CM + IgG antibody; ib, control CM + PEDF antibody; iia, knockdown CM + IgG antibody; iib, knockdown CM + PEDF antibody. Data are expressed as the mean ± SEM of three experiments. **p < 0.001 or *p < 0.05 compared to ia; ##p < 0.001 or #p < 0.05 compared to iia.






3.5 Mechanisms involved in AATF-mediated angiogenesis in human HCC

To examine the mechanisms underlying AATF-mediated angiogenesis in human HCC, we sought to explore several downstream signaling effectors that are responsible for endothelial cell survival and vascular permeability, cell proliferation, and migration. To test this hypothesis, HUVECs were treated with CM from control and AATF knockdown cells and examined for Erk1/2, Akt, and FAK phosphorylation by western blot analysis. Our results showed that the activation of the key components of the angiogenesis signaling pathway, including the phosphorylation of Erk1/2 (Figure 5A), Akt (Figure 5B), and FAK (Figure 5C), was decreased in HUVECs treated with CM from knockdown cells compared to control. To corroborate the involvement of PEDF in the angiogenesis signaling pathway, experiments were carried out in the presence of neutralizing anti-PEDF antibody. Consistent with our previous observations, the activation i.e. phosphorylation of Erk1/2, Akt, and FAK, which was decreased by the AATF knockdown, was diminished in the presence of PEDF neutralizing antibody (Figures 5A–C).




Figure 5 | Signaling pathway via which AATF knockdown inhibits angiogenesis in HCC. Western blots depicting the protein expression of pErk1/2 and Erk1/2 (A), pAkt and Akt (B), and pFAK (C) in HUVECs treated with conditioned media from control and AATF knockdown QGY-7703 cells treated with or without anti-PEDF antibody. Bar graphs show the densitometric values calculated after normalization to their respective controls (pErk/Erk, pAkt/Akt and pFAK/β-actin). Data are expressed as the mean ± SEM of three experiments. **p < 0.001 or *p < 0.05 compared to control.







4 Discussion

The current manuscript describes highly significant and relevant findings in the context of HCC, a highly vascularized tumor in which angiogenesis is critical to its growth, invasion, and metastasis (35). In our experiments and from genomic data mining analysis, AATF was significantly higher as the disease progressed in different stages and grades compared to normal liver tissue samples. While AATF expression is very low or non-existent in normal liver tissues, it gradually increases as the stages and grades of HCC disease progress. Numerous studies have discovered that AATF, a multifunctional and highly conserved protein, contributes significantly to the development of various malignancies (18, 21, 25). We have previously shown the novel regulatory role of AATF in NAFLD-associated HCC (32). This is the first study to elucidate that targeting AATF can be an effective antiangiogenic strategy in the treatment of HCC.

Our findings in NAFLD-associated HCC showed that AATF expression was upregulated, whereas knocking down AATF significantly reduced tumor burden and metastasis in a mouse xenograft model (32). These data led to investigations to understand the role of AATF in the molecular pathogenesis of HCC, and therefore we elucidated the unexplored regulatory role of AATF in tumor angiogenesis, one of the hallmarks that contribute to tumor growth and metastasis. To precisely elucidate the molecular mechanism underlying AATF function in angiogenesis, we focused on knocking down AATF in QGY-7703 human HCC cells. The first finding is that the CM of AATF knockdown cells inhibited the proliferation of human umbilical vein endothelial cells (HUVECs) compared to the control. The data are concordant with the migration and invasion of HUVECs, wherein AATF knockdown caused inhibition compared to control. We also document that the vascular growth in chicken embryos is inhibited with CM of AATF knockdown HCC cells, as assessed by the CAM assay, providing strong experimental evidence that inhibition of AATF suppresses angiogenesis in HCC.

Tumor-induced angiogenesis is typically associated with a complex interplay of multiple factors and pathways, with vascular endothelial growth factor (VEGF) being a key player (39). The process of angiogenesis in HCC is an extremely complex and tightly regulated process characterized by well-balanced interactions between pro- and anti-angiogenic factors. In addition to VEGF, the other key angiogenesis stimulating factors include PEDF, FGF, angiopoietins, and endoglins. On the other hand, endogenous angiogenesis inhibitors include anti-angiogenic peptides, hormone metabolites, and apoptosis modulators (8, 40). Thus, the angiogenic switch involving the proangiogenic factors overexpression as well as anti-angiogenic factors inhibition results in increased tumor vascular burden, which leads to tumor proliferation and progression (41). Perhaps, the strongest evidence to support the role of AATF in angiogenesis came from our previous studies which showed the increase of PEDF or SerpinF1 levels in the AATF knockdown HCC cells compared to control as demonstrated by the human angiogenesis array (32). This is further corroborated in the current study, which confirmed high levels of PEDF, both by immunoblot analysis and ELISA, in AATF knockdown cells compared to control cells. Similarly, Matsumato K. et al., found lower PEDF serum concentrations in patients with cirrhosis or HCC compared to healthy subjects (37). This provided a strong rationale to further examine the involvement of PEDF in AATF-mediated angiogenesis in HCC.

PEDF, belonging to the serine protease inhibitor (serpin) superfamily, has several roles that frequently work against the pathways that promote the progression of cancer (42). Notably, Dawson and his colleagues for the first time identified the potent anti-angiogenic activity of PEDF in the cornea and vitreous humour of the eye (43), which later paved the way for the exploration of PEDF as an angiogenesis inhibitor in tumors (44). PEDF, on the other hand, is a substrate for extracellular matrix metalloproteinases and has been found to be degraded in several cancers (38, 44). In this regard, our findings revealed a decrease in MMP2 and MMP9 activity in the CM of AATF knockdown cells compared to controls, providing a logical explanation for the presence of PEDF levels in AATF knockdown HCC cells versus controls. These data are in support of the studies carried out by Notari L. et al., which showed MMP-mediated degradation of PEDF leading to increased angiogenesis in the retina (38). In our previous studies, we discovered that human HCC cells have elevated STAT3 levels as well as the AATF-STAT3 nuclear interaction (32). Studies by Zhang et al., have demonstrated that elevated activation of STAT3 is responsible for the upregulation of MMP2 and MMP9 in cancer cells (45). Taken together, it is evident that AATF interacts with STAT3 and upregulates the matrix metalloproteinases, MMP2 and MMP9, which in turn degrade PEDF. In contrast, inhibiting AATF reduces MMP2 and MMP9 levels, effectively stopping the degradation process, while PEDF remains functionally active. It is interesting to note that, PEDF inhibits angiogenesis either by increasing γ-secretase-mediated cleavage of VEGFR2 or by inhibiting VEGF-induced phosphorylation and activation of VEGFR2 (46). However, in our studies, the activation of Erk1/2, Akt, and FAK, which are the angiogenic mediators, downstream of VEGF signaling, was inhibited in HUVECs treated with CM of knockdown cells. Also, this inhibition was diminished in the presence of the PEDF antibody. These data are thus in line with the mechanism of PEDF antagonizing the action of VEGF-A binding to its receptor, VEGFR2 and thereby preventing the activation and downstream VEGF-A signals (47). From the mechanistic point of view, our current study provides an insight into the mechanisms of AATF inhibition exerting anti-angiogenic effects in human HCC via PEDF (Figure 6). This also offers an additional advantage, as PEDF not only blocks angiogenesis but is also involved in anti-tumor and anti-metastatic activities.




Figure 6 | Schematic representation of the molecular mechanisms involved in AATF-mediated regulation of angiogenesis in human HCC.



This proof-of-concept study supporting the notion that AATF inhibition suppresses angiogenesis holds certain clinical implications. Clinically, liver-specific targeting of AATF by lipid nanoparticle-based delivery of siRNA-AATF or AAV8-mediated siRNA-AATF delivery appears to be an effective antiangiogenic approach. Another approach would be the generation of liver-specific AATF knockout mice that can be used to induce HCC and examine the role of AATF in tumor progression, angiogenesis, and metastasis. Though the FDA-approved angiogenesis inhibitors such as sorafenib, bevacizumab, and ramucirumab possess efficacy, they are known to have adverse effects, and resistance is a major concern (14). There also exists the therapeutic limitation of systemic administration of antiangiogenic compounds restricting their clinical applications (48). Of note, this antiangiogenic gene therapy involving AATF knockdown may be an attractive strategy due to its specificity. Unlike the angiogenic inhibitors/compounds that may inhibit growth factor-induced signal transduction that is required in tumor angiogenesis as well as normal vasculature, resulting in adverse effects. Thus, targeting angiogenesis by AATF inhibition would be a safe antiangiogenic approach. This also warrants future detailed preclinical studies involving AATF inhibition and understanding the molecular mechanisms of AATF-mediated metastasis in HCC. It is of prime importance that current strategies for combating angiogenesis and the potential for combining antiangiogenic therapy with other systemic modalities, like immunotherapy, would help HCC patients have a better prognosis.

In conclusion, the current study adds to the growing body of evidence supporting the key role of angiogenesis in tumor growth and progression. We demonstrated that AATF inhibition suppresses angiogenesis in human HCC via PEDF, and AATF may serve as a promising gene therapy for HCC treatment. The study offers a target for intervention and a direction for investigations to lessen the burden of HCC by targeting angiogenesis, and it provides a basis for future work that can be translated into human trials.
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Supplementary Figure 3 | (A) AATF mRNA expression in control (clone 1 and clone 2) and AATF knockdown (clone 1 and clone 2) QGY- 7703 cells. (B) Protein concentration (μg/ml) of conditioned media from control and (clone 1 and clone 2) and AATF knockdown (clone 1 and clone 2) QGY- 7703 cells. (C) Effect of conditioned media from control (clone 2) and AATF knockdown (clone 2) QGY-7703 cells treated with or without anti-PEDF antibody on migration (D) Quantification of the gap distance at 0 hr and 24 hr was evaluated using Image J software and expressed as % cells migration. Data are expressed as the mean ± SEM of three experiments. **p < 0.001 or *p < 0.05 compared to control.
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Although the role of METTL3 has been extensively studied in many cancers, its role in isoform switching in prostate cancer (PCa) has been poorly explored. To investigate its role, we applied standard RNA-sequencing and long-read direct RNA-sequencing from Oxford Nanopore to examine how METTL3 affects alternative splicing (AS) in two PCa cell lines. By dissecting genome-wide METTL3-regulated AS events, we noted that two PCa cell lines (representing two different PCa subtypes, androgen-sensitive or resistant) behave differently in exon skipping and intron retention events following METTL3 depletion, suggesting AS heterogeneity in PCa. Moreover, we revealed that METTL3-regulated AS is dependent on N6-methyladenosine (m6A) and distinct splicing factors. Analysis of the AS landscape also revealed cell type specific AS signatures for some genes (e.g., MKNK2) involved in key functions in PCa tumorigenesis. Finally, we also validated the clinical relevance of MKNK2 AS events in PCa patients and pointed to the possible regulatory mechanism related to m6A in the exon14a/b region and SRSF1. Overall, we characterize the role of METTL3 in regulating PCa-associated AS programs, expand the role of METTL3 in tumorigenesis, and suggest that MKNK2 AS events may serve as a new potential prognostic biomarker.
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1 Introduction

PCa is the second most prevalent malignancy in males and the fifth leading cause of cancer mortality in men worldwide (1). Clinically, relatively indolent PCa (i.e., Gleason grade (GS)≤7) is treated with radical prostatectomy with a favorable prognosis, whereas locally progressed and metastatic PCa is typically treated with androgen deprivation therapy (ADT) (2). Notably, despite current therapies that improve prognosis, most patients will eventually fail ADT and progress to a deadly condition (androgen insensitive, AR-) known as castration-resistant PCa (CRPC) (3). The molecular mechanisms of PCa progression, particularly CRPC, remain largely undefined.

m6A modification is ubiquitous in most eukaryotes (4) and plays crucial roles in a variety of bioprocesses, such as DNA damage response (5). Analogous to DNA methylation, the dynamic m6A is regulated by the methyltransferase complex (writers), demethylases (erasers), and reader proteins (6). Notably, METTL3 catalyzes the m6A modification process, which can be dramatically reduced by METTL3 deletion (7). Recently, a growing number of studies have revealed the link between imbalanced m6A levels and cancer progression (6). Experimentally, METTL3 acts synergistically with YTHDF2 to inhibit the expression of SOCS2, encouraging liver cancer (HCC) development and progression (8). In PCa, METTL3 enhances MYC expression thus promoting cell proliferation (9), promotes the invasion through regulating the SHH-GLI1 signaling pathway (10), and modulates the HuR-ITGB1 signaling pathway thus contributing to bone metastasis (11). Despite a few findings in PCa concentrating on specific genes on a small scale, the potential biological consequence of global m6A abnormalities on a genome-wide scale remains deserved.

Additionally, m6A alternations not only influence gene expression by changing RNA stability and mRNA export but also regulate AS and 3′-end processing (12). AS is a dynamic process coupled with transcription and involved in many physiological functions as well as disease pathogenesis (13). Evidence has demonstrated that METTL3 deletion can attenuate the inflammatory response induced by lipopolysaccharide by modifying the expression patterns of MyD88 isoforms (14). Moreover, the m6A reader YTHDC1 can interact with SRSF3 to regulate exon inclusion (15), while FTO regulates the process of SRSF2 binding to the m6A-containing RUNX1T1 transcript and results in exon skipping (16). However, a comprehensive study of the AS landscape governed by METTL3 has not been conducted in PCa.

Recently, the development of long-read sequencing (e.g., direct RNA sequencing of Oxford Nanopore Technologies) provides the possibility to study splicing variants and alternative polyadenylation events (17), which directly obtain the structural information of the entire transcript without the assembling step like standard RNA sequencing (RNA-Seq). Another significant advantage of direct RNA sequencing (DRS) over standard RNA-Seq is the use of long reads to correctly dissect transcript isoforms and simultaneously detect RNA-modified sites (e.g., m6A) (18).

In this study, we combined standard RNA-Seq and long-read DRS of Oxford Nanopore to comprehensively dissect the impact of METTL3 on RNA splicing in the setting of two PCa cell lines with distinct AR sensitivities. We revealed that METTL3 potentially had shared and unique mechanisms affecting alternative splicing in AR+ and AR- PCa cells. The different effects of METTL3 on exon skipping and intron retention might be related to distinct splicing partners.




2 Materials and methods



2.1 Cell culture

Normal epithelial prostate cell line (RWPE-1) and PCa cell lines (LNCaP and DU145) were obtained from Prof. Andrew Chan’s laboratory in the School of Biomedical Sciences, The Chinese University of Hong Kong. RWPE-1 cells were cultured using the KSFM-1 medium kit (Thermo Fisher, No.17005042) with supplementary bovine pituitary extract (BPE) and human recombinant epidermal growth factor (rEGF). LNCaP cells were maintained in RPMI-1640 medium (Invitrogen) supplemented with 10% FBS and 1% PS, and DU145 cells were cultured in DMEM (Invitrogen) supplemented with 10% FBS and 1% PS. All cells were incubated at 37°C and 5% CO2.




2.2 siRNA transfection, RNA extraction, and polyA RNA isolation

The siRNA against METTL3 (Invitrogen, Catalog: #4392422) or control was transfected into LNCaP and DU145 cells using RNAiMAX reagent (Invitrogen). Total RNA was extracted with a Pure-link mini kit (Invitrogen) 48 h after transfection. RNA concentration was measured via a Nanodrop 2000, and RNA integrity (RIN) was detected using an RNA 6000 nanochip (Agilent Technologies) (Requirement: RIN>8.8). PolyA RNA was isolated from 75 μg of total RNA using a Dynabeads™ kit.




2.3 Real-time quantitative PCR and western blot

cDNA transcription was performed using a SuperScript III synthesis kit (Invitrogen) and then used for qPCR based on SYBR (Applied Biosystems). Two siRNAs (siM3-1 and siM3-2) targeting METTL3 were designed, and we observed that the knockdown efficiency of siM3-1 was only 50%, which we considered insufficient for further analyses. Therefore, the more effective target-2 (siM3-2) was selected for the following analysis (Figure S1). The sequences of primers and siRNAs used in this study are shown in Supplementary Table S1.

The siRNA-transfected LNCaP and DU145 cells were lysed in RIPA lysis buffer and Western blotting was conducted as previously (9). Then, the intensity of METTL3 (Proteintech, 15073-1-AP) and GAPDH (Santa Cruz, sc-25778) bands was quantified using ImageJ software and GAPDH was used as the housekeeping marker.




2.4 RNA-Seq data processing

Paired-end sequencing (2 × 150 bp) of siControl- and siMETTL3-transfected cells was performed on a HiSeq 4000 sequencing platform (Illumina). Clean reads were aligned to the human hg38 genome (UCSC) using HISAT2 (v2.2.1) software (19). PCA of three replicates was executed, with one outlier in the DU145 siControl group excluded from downstream analysis. Differential gene expression (DEG) analysis was conducted using DESeq2 (20). Gene Ontology (GO) and KEGG enrichment analyses were performed using the clusterProfiler R package (21).




2.5 TCGA data analysis

A table containing FPKM values from 551 adjacent normal, and PCa tissue samples was downloaded from the TCGA database (https://portal.gdc.cancer.gov/projects/TCGA-PRAD), wherein we also retrieved the clinical data of 499 primary PCa patients. This FPKM table was used for expression profile analysis of m6A regulators. The association between METTL3 expression and overall survival and disease-free survival was determined using the GEPIA2 web server (22). The functional enrichment of m6A regulators was analyzed using Metascape (23) and displayed using Cytoscape software (24).




2.6 Nanopore DRS data processing

As previously described, each 1 μg purified polyA RNA was subjected to library preparation following the SQK_RNA002 kit procedure and consequently sequenced on a Nanopore GridION platform for a 48-h runtime (25). Base-calling was performed with Guppy (v4.2.2) to generate passed reads with quality scores ≥7. The alignment of passed reads against human hg38 (UCSC) and transcriptome (GENCODE v32) was implemented via minimap2 (v2.17-r941) (26). Statistics of the passed reads were assessed using NanoStat (v1.4.0) (27). The sequence length distribution of each sample was generated using the wub package (https://github.com/Nanoporetech/wub).




2.7 AS analysis of DRS and RNA-Seq data

Splicing analysis of DRS data was performed with the FLAIR (v1.5) pipeline (17). Specifically, BED12 files were converted from primary BAM files and then corrected by annotated GTF files and junction files. Junction files from RNA-Seq data were obtained from the same cell lines, and splice sites (< 3 reads) were filtered out. Then, the corrected files were assembled into high-confidence isoforms with the stringent parameters of at least three supporting reads. Splicing events were determined using the FLAIR diffSplice module based on Fisher’s exact test.

Differential AS events of RNA-Seq data were identified using rMATS (v4.1.0) with a strict parameter of cstat=0.05 (28, 29) and filtered with a p-value <0.05. As an indicator of splicing events, the percent spliced in (PSI) index of differential intron retention and exon splicing events refers to the ratio of included reads to total reads (sum of included and excluded reads) (30). The PSI values of differential AS events were assessed using the Wilcoxon rank-sum test, which is used to provide a global overview of inclusion/exclusion levels between the control and knockdown groups. The global difference in PSI distributions was also evaluated by using FDR<0.05, which was supplemented in the Supplementary Figure S8.

The PSI index of MKNK2a/b isoforms in PCa was downloaded from the TCGA SpliceSeq database. The MKNK2_AA_46570 event represents the PSI index of sequencing reads covering between exon 13 (e13) and exon 14a (e14a), indicating the expression of the MKNK2a isoform. While the MKNK2_AT_46567 represents the PSI index of the sequencing reads covering between exon 13 and exon 14b (e14b), producing the MKNK2b isoform. According to the previous reference (31), we set the threshold at the 80th percentile, dividing the PCa patients into high PSI and low PSI groups. The survival difference between high and low PSI groups was calculated by using “survival” (3.5) and “survminer” (0.4.9) R software.




2.8 Detection of differential m6A sites

Differential m6A sites between the siControl and siMETTL3 groups were detected using ELIGOS2 and DRUMMER (32, 33). Both approaches were designed to identify RNA modifications through the comparative analysis of base-calling errors in the Nanopore DRS dataset (34). In our study, ELIGOS2 was utilized to assess the global difference in m6A modifications, employing strict threshold values of p<0.05 and odd ratio >1.2 (https://gitlab.com/piroonj/eligos2) (32). The criterion of “odd ratio >1.2” indicated at least a 1.2-fold difference between the control and METTL3 knockdown conditions. Therefore, the differential m6A sites utilized in the further analysis primarily represented the decreased m6A sites upon METTL3 knockdown. DRUMMER can identify RNA modifications at each site on distinct transcript isoforms by using isoform mode (https://github.com/DepledgeLab/DRUMMER) (33). Therefore, DRUMMER was utilized to detect isoform-specific differences in m6A levels. All differential m6A data from ELIGOS2 and DRUMMER were then selected with a p-value <0.05 and the reference “A” site. The 5-kmer motif of differential m6A sites was generated via WebLogo (https://weblogo.berkeley.edu/logo.cgi). The genomic features of m6A sites were annotated with the ChIPseeker R package (35). The detailed differential m6A results were included in the Supplementary Tables S3–6.




2.9 Motif analysis of spliced genes

The regions of differential intron retention and exon skipping events were extracted for motif analysis using HOMER (http://homer.ucsd.edu/homer/motif/) software. The resulting motifs were visualized using the ggseqlogo R package.




2.10 Statistical analysis

Differences in PSI values of differential intron retention and exon skipping events between groups were assessed using the Wilcoxon rank-sum test. The significance of overlaps between m6A sites and DEGs, spliced genes, or junction regions was determined using a hypergeometric test by R software. The significance of candidate genes in qPCR experiments was determined by T-test.





3 Results



3.1 Increased expression of METTL3 was associated with an aggressive PCa status

Functional enrichment indicated that m6A regulators were more associated with mRNA stability and mRNA processing regulation (Figure 1A). To investigate how m6A regulates mRNA processing in PCa, we first conducted an analysis of the expression profiles of m6A regulators by retrieving the FPKM expression data from the TCGA database, comprising adjacent normal (n=52) and prostate adenocarcinoma (n=499). Most m6A “writer” and “reader” proteins were overexpressed in PCa tissues compared to normal tissues (Figure 1B), indicating high m6A levels in PCa.




Figure 1 | High METTL3 expression is associated with an aggressive PCa status. (A) Genes and functional ontology related to m6A. (B) Heatmap showing the expression profile of 17 m6A regulators in adjacent normal (n=52) and PRAD tissues (n=499). The expression level of METTL3 was analyzed in (C) TCGA PRAD dataset, (D) GSE21034, (E) GSE74367, and (F) PCa cell lines (GSE35401). The error bars indicate the variation between the biological replicates in each dataset. (G) The difference in METTL3 expression between the low Gleason score (≤7) and high Gleason score (>7) groups. Overall survival (H), disease-free survival (I), progression-free interval (J), and biochemical recurrence (K) curves for the high and low METTL3 groups based on the median values. *p<0.05; **p<0.01; ***p <0.001; ****p <0.0001.



In particular, we focused on METTL3, the catalytic submit for m6A modifications (7), and its expression patterns in various stages of PCa. We observed that the increase in METTL3 expression between normal and primary groups was statically significant but relatively modest in both TCGA and GSE21034 datasets (Figures 1C, D). However, a more substantial change in METTL3 was evident when comparing the primary and metastatic groups (GSE74367) (Figure 1E), supposing a potential role of METTL3 in PCa metastasis. The overexpression of METTL3 was also observed in PCa cell lines LNCaP (androgen-sensitive, AR+) and DU145 (androgen insensitive, AR-) compared to normal prostate cells (RWPE-1) (Figure 1F, GSE35401) (36). To explore the clinical significance of METTL3 in PCa, we found that the higher METTL3 level was positively associated with a high Gleason score (>7) (Figure 1G). Furthermore, overrepresented METTL3 was linked to aggressive survival stages, including overall survival (OS), disease-free survival (DFS), progression-free interval (PFI), and biochemical recurrence (Figures 1H–K). Collectively, these findings suggested a pro-oncogenic role of METTL3 in PCa progression.




3.2 Elucidating functional pathways influenced by METTL3 depletion

To gain further insight into the molecular mechanism by METTL3 in PCa, we performed RNA-Seq in DU145 (AR-) and LNCaP (AR+) cells with METTL3 knockdown. First, the knockdown efficiency of siRNA against METTL3 was assessed in the two PCa cell lines by qPCR and western blotting and shown in Figures 2A, B. In parallel with qPCR and western blotting assessment, the successful knockdown of METTL3 was also confirmed by RNA-Seq data (Figure 2C). Subsequently, we evaluated genes potentially regulated by METTL3 using DESeq2. It was found that 2078 DEGs in DU145 cells between siMETTL3 and siControl groups, of which 1171 genes were upregulated and 907 genes were downregulated (padj <0.05, Figure 2D). In LNCaP cells, we found 1,263 increased genes and 958 decreased genes along with METTL3 knockdown (padj <0.05, Figure 2D). The data revealed that METTL3 depletion has a global impact on gene expression.




Figure 2 | Functional annotation of DEGs of the two PCa cell lines. (A, B) The relative mRNA and protein level of METTL3 in siControl and siMETTL3 groups of LNCaP and DU145 cells. (C) The normalized counts of METTL3 in siControl and siMETTL3 groups of RNA-Seq data. (D) Volcano plot of DEGs in the comparison of the siMETTL3 against siControl groups of DU145 and LNCaP cells. The X-axis shows log2fold changes in expression and the Y-axis represents –log10 (adjusted p-value). DEGs with a padj < 0.05 & abs|log2FC| >0.5 were considered significantly differentially expressed. (E, F) Venn plot indicated the overlapped genes of upregulated and downregulated DEGs of the two PCa cells. (G, H) KEGG functional annotation of overlapped upregulated or downregulated genes. (I) The relative mRNA levels of candidate genes in the two cell lines upon METTL3 depletion. siCT, siControl; siM3, siMETTL3; *p<0.05; **p<0.01; ***p<0.001.



We next explored the consistency between LNCaP and DU145 cells in response to METTL3 knockdown. There were 458 genes commonly upregulated, and 224 genes downregulated, respectively (Figures 2E, F). KEGG enrichment of these DEGs indicated that METTL3 was negatively associated with protein processing in endoplasmic reticulum, while favorably connected to various cancer-related pathways, such as HIF-1 signaling, endocrine resistance, FoxO signaling, and proteoglycans (Figures 2G, H). We selected eight known cancer driver genes and PCa-survival genes (37, 38) and then validated the expression change using qPCR. As a result, the expression changes of these eight METTL3-regulated genes showed a consistent trend with RNA-Seq data, demonstrating the accuracy of our RNA-Seq data (Figure 2I). Moreover, these eight genes were identified as having at least one annotated m6A site in public miCLIP data (39, 40) (Figure S2), supposing the potential regulation by m6A. However, more research is required to determine the potential mechanisms involving these genes (e.g., MSI1, NPEPL1).

More interestingly, GSVA analysis also showed that many cancer hallmarks were dysregulated between siControl and siMETTL3 groups, with a noticeable unique pattern in LNCaP (AR+) and DU145 (AR-) cells (Figures S3A, C). For instance, immune (e.g., IFN gamma/alpha response) and metabolism-related (e.g., cholesterol and adipogenesis) signatures were less active in the siMETTL3 group of DU145 cells (Figure S3B). In contrast, metabolism pathways such as cholesterol homeostasis and adipogenesis were more activated in the siMETTL3 LNCaP group (Figure S3D). This may be relevant to cell-specific genomic properties and AR dependence. Previous studies have demonstrated that AR controls critical genes involved in glucose metabolism and lipid metabolism (41). Taken together, the data imply that METTL3 may be engaged in multiple common cancer-related pathways, thus performing pro-oncogenic activities in PCa cells. On the other hand, METTL3 may have partially dissimilar functions in AR+ and AR- PCa cells, especially in terms of metabolism.




3.3 Depletion of METTL3 impacts AS landscape

To gain an insight into the role of METTL3 in AS regulation, we applied direct RNA-sequencing (DRS) performed using the Oxford Nanopore long-read sequencing platform to generate METTL3-dependent AS profiles in LNCaP (AR+) and DU145 (AR-) cells. Overall, 0.6-1.5 million reads were generated for each sample, with an average read length of 1.0 kb and average read quality of 11 (Figure S4; Table S2). Approximately 95% and 99% of the passed reads were aligned to the human genome hg38 and transcriptome (GENCODE v32), respectively (Table S2).

Then, we used FLAIR (17) software to identify the differential AS events upon METTL3 knockdown. Four types of AS events were obtained, including exon skipping (ES), alternative 5’/3’-splice site (A5SS/A3SS), and intron retention (IR). A total of 426 and 172 differential AS events were identified in DU145 and LNCaP cells, respectively (Figure 3A). The predominant AS type in the two cells was the ES type.




Figure 3 | The global overview of differential AS events in DU145 and LNCaP cells. (A) Pie chart of differential AS events between siControl and siMETTL3 groups of DU145 and LNCaP cells. (B) The top 20 functional annotations and (C) ENCODE TF terms of AS-associated genes in DU145 (left) and LNCaP (right) cells. (D) Venn plot showing the overlapped genes between DEGs and AS-related genes in DU145 and LNCaP cells. (E) The intersection between differentially expressed isoforms (DEI) and AS harboring genes. Significance was assessed by a hypergeometric test. (F, H) Schematic diagram of isoforms of two known spliced genes (MKNK2 and CDKN2A) in DU145 or LNCaP cells. Stacked bar plots showing the relative proportion and the corresponding read count of each isoform and isoforms were labeled with different colors. (G, I) Bar plots displayed the relative mRNA expression of two main isoforms of MKNK2 and CDKN2A genes. siCT, siControl; siM3, siMETTL3. *p<0.05; **p<0.01.



The functional enrichment revealed that differential AS events were mainly associated with eukaryotic translation initiation, cellular response to stimuli (e.g., heat, chemical), metabolic pathways, and proliferation hallmarks (MYC targets v1, E2F targets) (Figure 3B). Additionally, transcription factor (TF) analysis showed that differential AS events were highly associated with MYC (Figure 3C), supposing the potential role of MYC in AS regulation.




3.4 METTL3 regulates isoforms switching

As we know that AS is usually coupled with transcriptional processes and thus influences gene expression (42). We found that the functional annotation of METTL3-regulated spliced genes was in line with those discovered in DEGs. However, when intersected AS genes with previously identified DEGs, we noted that only 9-15% of AS genes overlapped (Figure 3D), suggesting that AS dysregulation may have a minor influence on global gene expression but rather functionally tuned transcriptomes (43).

Then, using FLAIR (17), we inspected the isoform-level profiles to explore the functional implications of AS dysregulation on PCa transcriptome. We discovered that, as expected, the majority of differentially expressed isoforms (DEIs) were generated due to aberrant splicing events (Figure 3E). For example, two known spliced genes (e.g., MKNK2 and CDKN2A) were selected to show distinctive isoforms switching with METTL3 knockdown (Figures 3F–I) (Figure S5-6). Three isoforms of the MKNK2 gene were observed, with a proportionate rise in the shorter transcript ENST00000309340 (MKNK2b) and a comparable reduction in the longer transcript (MKNK2a) upon METTL3 depletion (Figure 3F). We validated the isoform switching of MKNK2 using qPCR and found a similar reduction of MKNK2a with METTL3 knockdown (Figure 3G). Another alternatively spliced gene, CDKN2A, has been found to express two major isoforms, of which the CDKN2A-4 isoform (ENST00000579755) was relatively decreased under the DU145 siMETTL3 condition (Figure 3H) (Figure S5). The qPCR experiment also verified a similar decrease in CDKN2A-4 and a slight rise in the CDKN2A-1 isoform upon METTL3 depletion (Figure 3I). However, more research has to be done to determine the precise mechanisms of these isoforms and how they relate to PCa development. Nevertheless, our findings suggest that METTL3-induced splicing abnormalities may influence PCa biology in part via isoform switching of key genes.




3.5 METTL3 regulates intron retention and exon-skipping events

We previously found that LNCaP (AR+) and DU145 (AR-) cells have different functional enrichments upon METTL3 depletion (Figure S3). Therefore, we further investigated the overlap of AS-related genes in the two PCa cells to see if they also with divergent phenotypes. As a result, there was only limited overlap, indicating cell specificity (Figure S7). This is to be expected, given the transcriptome changes drastically as the disease progresses.

Further, we analyzed the different effects of METTL3 on AS events in DU145 and LNCaP cells and we mainly focused on ES and IR types. In the comparison of siControl versus siMETTL3 of DU145 cells, we observed a preferential increase in upregulated ES (155 up/89 down) and downregulated IR events (11 up/62 down) (Figure 4A). On the other hand, METTL3 knockdown led to the opposite effect in LNCaP cells. That is fewer upregulated ES events (34 up/44 down) and downregulated IR events (15 up/10 down) (Figure 4B). To corroborate this finding, we measured the inclusion levels (PSI values) of differential IR and ES events between siControl and siMETTL3 groups using RNA-Seq data. Consistently, the opposing changes in PSI values of IR and ES events were found in DU145 and LNCaP cells (Figures 4C, D; Figure S8). This indicated an increase in retained introns and skipped exons in the DU145 siMETTL3 group, whereas the LNCaP siMETTL3 group had the opposite tendency. For instance, the transcript (ENST00000392350) of the ORMDL1 gene with exon 2 skipping showed an increased level in the DU145 siMETTL3 group but decreased in the LNCaP siMETTL3 group (Figure 4E; Figure S9). ORMDL1 has been reported to be associated with ceramide biosynthesis and as a regulator of sphingolipid levels implicated in cell proliferation as well as migration (44).




Figure 4 | Depletion of METTL3 influences intron retention and exon skipping events in DU145 and LNCaP cells. (A, B) The bar plot of up and downregulated AS events shows a significant difference between siControl and siMETTL3 groups of DU145 and LNCaP cells. (C, D) Box plots showing PSI values of differential IR and ES events in DU145 and LNCaP cells, respectively. (E) Schematic diagram of isoforms from ORDML1 gene in DU145 or LNCaP cells. Stacked bar plots showing the relative proportion and the corresponding read count of each isoform and isoforms were labeled with different colors. (F) The intersection between METTL3 pulled-down proteins and known SFs. Significance was assessed by a hypergeometric test. Several typical intersecting genes were marked in red. (G) Predicted sequence motifs of differential IR and ES events in DU145 and LNCaP cells. siCT, siControl; siM3, siMETTL3; SFs, splicing factors.



RNA splicing is a complicated process that is coregulated by multiple factors, including splice sites, cis-elements, and splicing factors (SFs) (42). Next, we intended to explore whether the distinct influence on IR and ES in AR+ and AR- cells is associated with SFs. By analyzing the proteomic data of METTL3 reported by Yue et al. (45), we discovered a substantial overlap between METTL3 pulled-down proteins and known SFs (e.g., SRSF2, U2AF2, KHDRBS3, KHSRP) (P=1.2e-34, hypergeometric test), suggesting a possible interaction between METTL3 and SFs (Figure 4F). Furthermore, motif analysis revealed that SRSF1 (P=1e-13) and KHRBSH1 (P=1e-14) were enriched in differential ES and IR events of DU145 cells, whereas the SRSF2 (P=1e-8) motif was detected in differential ES and IR events for LNCaP cells (Figure 4G), indicating that different mechanisms may be involved in the two PCa cell lines. Taken together, we found that METTL3 depletion resulted in divergent phenotypes for IR and ES events in DU145 and LNCaP cells, and the regulatory effects of METTL3 may be associated with different SF proteins.




3.6 Differential m6A profiles

To understand whether METTL3 modulates RNA splicing through m6A, we first analyzed differential m6A sites from DRS data using ELIGOS2 software with strict criteria, focusing primarily on decreased m6A sites (32)(seeing Methods). In DU145 and LNCaP cells, we found 15806 and 16940 potentially decreased m6A sites, respectively, with 2506 m6A-modified genes shared by the two cell lines (Figure 5A; Tables S3, 4). Moreover, the core residues of the 5-kmer motifs around these m6A sites were AC (Figure 5B), which was also consistent with prior results (46). Aside from the previously reported major enrichment in the 3’UTR, we observed that identified m6A sites in PCa cells partially fell into exonic (16.0% or 18.1%) and intronic regions (10.3% or 11%), indicating the potential involvement of m6A in IR and ES events (Figure 5C). Further, cancer hallmark enrichment of m6A-modified genes revealed a high association with “Myc target V1/V2”, “mTORC1 signaling”, and several metabolic pathways (Figure 5D). Remarkably, this finding also coincided with previous enrichment by altered genes or AS events.




Figure 5 | Decreased m6A profiles in DU145 and LNCaP cells with METTL3 depletion. (A) Venn diagram of the overlapping m6A-modified genes between DU145 and LNCaP cells. (B) The 5-kmer motif of differential m6A sites in DU145 and LNCaP cells after METTL3 knockdown. (C) The genomic feature distributions of decreased m6A sites in DU145 and LNCaP cells. (D) Cancer hallmark enrichments of m6A modified genes in DU145 and LNCaP cells, respectively. Only significant items with a p-value <0.05 are shown in the plot. (E–G) Examples of predicted m6A levels in MYC, TK1, and MTHFD2 genes. The top panel represented the proportion of predicted m6A levels in each gene under control (siCT) and METTL3 knockdown (siM3) condition in DU145 and LNCaP cells. Y-axis represents the m6A modification percentage, which is the percent error of specific bases (%ESB) identified by ELIGOS2 software. The bottom panel indicated the longest isoform of each gene.



We next investigated the relationship between decreased m6A sites and previously identified DEGs or splicing events. As a result, there were 443 (22.5%) and 280 (13.8%) overlapping genes between DEGs and m6A-modified genes in DU145 and LNCaP cells, respectively (P=1.87e-107 and P=2.76e-48, hypergeometric test) (Figure S10A). Additionally, we observed that 182 of 235 (77.4%) spliced genes in DU145 cells and 58 out of 79 (73.4%) genes in LNCaP cells intersected with m6A-modified genes (P=1.08e-158 and P=3.65e-56, hypergeometric test) (Figure S10B). The predicted m6A levels of three selected examples, namely MYC, TK1, and MTHFD2 genes were presented in Figures 5E–G. Notably, MYC has been previously shown to be regulated by METTL3 in PCa in an m6A-dependent manner (9). In addition, our analysis using the DRUMMER software also revealed intriguing isoform-specific differences in m6A levels (Tables S5, 6; Figure S11). These data suggest the function of METTL3 in the regulation of gene expression and RNA splicing in PCa cells might be mediated by m6A.




3.7 METTL3 modulates MKNK2 isoform expression by SRSF1 and m6A

Based on previous functional enrichment analysis (Figure 3B), we noted that METTL3 was primarily associated with alternative splicing of genes linked to translation initiation. Among these genes, MNK2 (encoded by MKNK2) is the known kinase responsible for phosphorylating eukaryotic translation initiation factor 4E (eIF4E) at serine 209, an essential molecule during the mRNA translation phase (47). Therefore, we further interrogate whether the spliced event of MKNK2 that was validated in PCa cell lines was clinical significance. For MKNK2, two alternative isoforms were analyzed (namely MKNK2a and MKNK2b). The whole mRNA and protein levels of MKNK2 were evaluated in PCa, suggesting its onco-prognosis in PCa (Figures 6A, B). Moreover, we explored the relationship between MKNK2a/b isoforms and the prognosis of PCa patients. The data showed that a higher MKNK2a or a lower MKNK2b had a worse prognosis (PFI survival) (Figures 6C, D) and more biochemical recurrences (Figure S12), which indicated MKNK2 isoforms might play roles in PCa progression.




Figure 6 | The potential mechanism of METTL3 in modulating MKNK2 splicing in PCa. (A, B) MKNK2 mRNA and protein levels in normal and PCa tissues. The immunohistochemical results were obtained from the human protein atlas. (C, D) Survival analysis showed a significant positive/negative correlation between MKNK2a/b isoforms and progression-free survival (PFI) in PCa patients. Patients were divided into high and low PSI groups based on the 80th percentile. The below represented the splicing pattern indicated by the red line. (E, F) The correlation between the PSI index of MKNK2a/b isoforms and METTL3 expression in PCa, respectively. (G) The violin plot of PSI index of MKNK2a/b isoforms in METTL3 high and low groups, indicating increased expression of MKNK2a isoforms and decreased expression of MKNK2b isoforms in METTL3 high group. (H) The PSI index of the MKNK2 AS event (generating the MKNK2a isoform) in siMETTL3 or STM2457 (METTL3 inhibitor) C42 cells was reduced compared to the control group. (I) The top two panels represented the proportion of predicted m6A levels of MKNK2 in control (siCT) and METTTL3 knockdown (siM3) conditions. Y-axis represents the m6A modification percentage, which is the percent error of specific bases (%ESB) identified by ELIGOS2 software. The third and fourth panels represented the read coverage of m6A modification levels on the MKNK2 gene in normal prostate epithelial cells (RWPE-1) and PCa cells (LNCaP) from public sequencing data. Among them, the regions highlighted by four colors are regions with differential m6A modification levels in the exon 14a/b region of MKNK2. The bottom shows the structural features of MKNK2a/b isoforms. (J) The correlation between the PSI index of MKNK2a/b isoforms and 1-12 SRSFs expression in PCa, respectively. The red dot represented the significant correlation. (K) The correlation between the PSI index of MKNK2a/b isoforms and SRSF1 expression in PCa, respectively. siCT, siControl; siM3, siMETTL3; *p<0.05; **p<0.01; ***p <0.001; ****p<0.0001.



We further validated the relationship between METTL3 and MKNK2a/b isoforms using TCGA Spliceseq datasets. Correlation analysis showed that there was a significant positive/negative correlation between the expression of METTL3 and MKNK2a/b AS events (Figures 6E, F). Consistently, we observed that the AS events for MKNK2a displayed a significantly higher PSI value in METTL3 high patients than in the lower group, while the PSI values were significantly lower for MKNK2b (Figure 6G). These results suggest that METTL3 participated in the splicing process of the MKNK2 gene in PCa patients. Moreover, we also verified that METTL3 depletion (METTL3 inhibitor, STM2457) led to aberrant splicing of MKNK2 using two external datasets (Figure 6H) (48), which was also consistent with our previous findings. Collectively, these data indicated the role of METTL3 in modulating MKNK2 AS events in PCa.

The previous findings indicated that METTL3 regulates the splicing process associated with splicing factors and m6A sites. Our nanopore DRS data showed that after METTL3 knockdown, the m6A modification level in the MKNK2 exon 14a/b region was downregulated (Figure 6I). At the same time, we analyzed the public MeRIP-seq data and found that compared with normal prostate cells (RWPE-1), the exon 14a/b region of the MKNK2 gene in PCa cells has a higher methylation level (Figure 6I). Therefore, we speculate that the m6A modification in the exon 14a/b region of the MKNK2 gene may affect the binding of splicing factors to MKNK2. We next aimed to identify the potential splicing factors targeting MKNK2. Through the correlation test, we found that several SFs were positively correlated with the level of MKNK2a and negatively correlated with the MKNK2b level (Figure 6J). It’s known that the splicing process of MKNK2 pre-mRNA is regulated by SRSF1 (49). Here, we found a significant correlation between the expression of SRSF1 and MKNK2a/b isoforms in PCa (Figure 6K). However, RNA-Seq results showed that METTL3 knockdown did not affect the expression level of most SRSFs including SRSF1 (Figure S13). Previous studies indicated that m6A modification near splicing sites may affect the binding of splicing factors to transcripts. Therefore, we speculate that the m6A modification in the exon 14a/b region of the MKNK2 gene may affect the binding of splicing factors such as SRSF1 to MKNK2. The specific regulatory mechanism remains to be studied.





4 Discussion

Although mechanisms of METTL3 in many cancers have been well documented, the role of METTL3 in PCa-related AS switch has been poorly explored. Given the inherent differences in each cancer type, a tailored analysis focusing on PCa is still worth exploring and important for drug development. Our study illustrates some findings that are consistent with those in other cancers (e.g., the association between METTL3 and MYC signaling) (50–53), but we did find many PCa-specific findings that differ from other cancer types.

Prior research has found that high METTL3 expression can promote PCa cell proliferation, survival, and invasion in vitro and in vivo (9, 10, 54–56), however, our understanding of its role in AS regulation is still limited. Thus, we performed RNA-Seq to evaluate the function of METTL3 depletion in PCa. The results showed that METTL3 knockdown resulted in alterations in many cancers and cell proliferation-related genes, such as the FOXO signaling pathway, G2M Checkpoint, E2F Targets, and DNA repair hallmark. This was consistent with results in other cancers. In liver cancer, METTL3 can stabilize FOXO3 mRNA, reducing autophagy and sorafenib resistance (57). Moreover, the METTL3-METTL14 complex participates in DNA repair processing by aggregating at UV-exposed DNA damage sites (5, 58). Moreover, we also verified the expression changes of some genes by qPCR, which showed the same trend with RNA-Seq data and was in line with existing evidence. MSI1 is characterized as an RNA-banding protein (RBP) by repressing the mRNA translation and is associated with cancer stem cell properties of various cancers (59). A recent report has implicated that MSI1 regulated the expression of m6A reader YTHDF1, thus involving glioblastoma cell proliferation and migration (59). Interestingly, a preprinted study by Wei et al. indicated that IGF2BP3, another m6A reader, destabilized the m6A-harboring NF1 mRNA to accelerate triple-negative breast cancer progression, which was also consistent with our data (60). A similar reduction in NPEPL1 protein has been noted in another METTL3 knockdown proteomics dataset in LNCaP cells (39), the detailed mechanism between METTL3 and NPEPL1 in PCa remains unclear and needs to be explored.

We next focused on genome-wide METTL3-regulated AS events in PCa cell lines. Our results revealed that METTL3 primarily regulated the AS switch associated with cell cycle and translation initiation in PCa, and that AS regulation may be associated with MYC signaling. C. Achour et al. reported that METTL3 may indirectly regulate AS events through MYC in breast cancer (61). In addition, studies by Yuan et al. (9) and C. Achour et al. (61) also showed that METTL3 knockdown can suppress MYC protein levels, respectively, which is also common in several other cancers, such as AML, gastric cancer, colorectal cancer, and bladder cancer (50–53). These results suggest that the regulation of carcinogenesis by METTL3 through MYC is a common phenomenon and that METTL3 regulates AS events through a similar mechanism in prostate and breast cancer. In addition, we explored the association of AS alterations with the regulation of gene expression. However, our findings showed that only 9-15% of AS-affected genes overlapped with DEGs, with the majority being related to isoform-switched genes. This suggests that in PCa cells, AS dysregulation may have little effect on global gene expression but functionally tailored transcriptomes instead (43). Interestingly, we found that functional pathways enriched by AS genes (e.g., metabolic pathways, MYC, and E2F target markers) were coordinated with those in METTL3-affected DEGs. These results indicated that METTL3 jointly regulates PCa biological processes through multi-layered gene regulation, and has a broad and complex mechanism of action, which requires further in-depth study of its coordinated mechanism.

Notably, we found that after METTL3 depletion, two PCa cells had different regulatory responses on ES and IR events. Knockdown of METTL3 in AR- cells (DU145) resulted in more introns being preserved and more exons being skipped, whereas the opposite phenomenon was observed in AR+ cells (LNCaP). It has been shown that m6A promotes exon inclusion or exon exclusion. A breast cancer study showed that depletion of METTL3 causes exons of specific genes to be retained (61). Conversely, another study showed that m6A promotes exon inclusion, and depletion of METTL3 leads to exon skipping (62). The differential effects of m6A on AS appear to be cell- or transcript-specific and depend on specific splicing factors. Studies have shown that m6A reader YTHDC1 binds to m6A sites and recruits the splicing factor SRSF3 to promote exon inclusion (15). A parallel study showed that the accumulation of m6A markers following FTO depletion in mouse preadipocytes promoted the binding of another splicing factor, SRSF2, leading to increased inclusion of target exons (16). Therefore, we also hypothesized that there is heterogeneity in the regulation of AS by METTL3 in AR- or AR+ cells, depending on the cellular context and specific splicing factors. Exclusion of certain exons has been shown to be controlled by antagonism of the SRSF1/SRSF2 proteins, with SRSF1 inhibiting exon skipping and SRSF2 activating exon skipping (47). Our results showed that SRSF1 or SRSF2 were enriched in DU145 and LNCaP, respectively. These studies suggest that METTL3 may play different roles in RNA splicing in DU145 and LNCaP cells by interacting with different partners. However, the regulatory network of RNA splicing is complex and dynamic, and the mechanism of METTL3 in the two PCa cell lines requires more studies.

In this study, we took the MKNK2 gene as an example to explore the clinical significance of AS dysregulation in PCa. Our previous results showed that METTL3 mainly regulates alternative splicing of genes related to translation initiation. MNK1/2 are the only known kinases responsible for phosphorylating eukaryotic translation initiation factor 4E (eIF4E) at serine 209, which is a key rate-limiting molecule in the mRNA translation phase (63). Phosphorylation of eIF4E by MNKs proteins enhances its binding to the 5’cap structure of mRNA, thereby enhancing the cap-dependent translation process (64). MNK2/eIF4E signaling pathway is associated with the translation of tumorigenesis-associated mRNAs, contributing to cell proliferation, invasion, and drug resistance (49, 63, 65–69). Our results found that MKNK2 expression was higher in PCa patients than in normal samples. Moreover, splicing variants of MKNK2a were significantly associated with poor PFI in PCa patients and significantly positively correlated with METTL3 expression. These results suggest that METTL3 was also associated with AS of MKNK2 in PCa clinical samples, and the MKNK2a subtype may play a role in promoting cancer progression. At the same time, we also verified that METTL3 knockdown led to abnormal splicing of MKNK2 and reduced expression of MKNK2a isoforms using full-length transcriptome and qPCR. Therefore, METTL3 may affect the translation process of oncogenes by regulating the AS of the translation initiation-related gene MKNK2.

Finally, we explored the possible mechanism of METTL3 in regulating MKNK2 splicing. The variable splicing process of genes is controlled by a variety of regulatory elements, mainly including splicing factors and splicing sites (42). It is known that MKNK2 pre-mRNA is one of the target molecules of the splicing factor SRSF1 (49), which is proven to modulate the MKNK2a-MKNK2b isoforms switch. In our data, a significant correlation was found between the expression of SRSF1 and MKNK2a/b isoforms in PCa, which is consistent with the literature. Furthermore, the binding motif of SRSF1 was significantly enriched in METTL3-regulated splicing events. These results suggest that SRSF1 may be involved in the regulation of MKNK2 alternative splicing by METTL3. However, RNA-Seq results showed that METTL3 knockdown did not affect the expression level of SRSF1. Existing studies have shown that m6A modification near the cleavage site can affect the binding of cleavage factors to transcripts, thereby changing the way the transcripts are cleaved. Our results also showed that m6A sites overlap significantly with splice junctions, suggesting that m6A is involved in the regulation of splice site recognition. Further, the data revealed that the methylation level of the exon14a/b region of the MKNK2 gene in PCa cells was significantly higher than that in normal cells. And after METTL3 knockdown, the predicted methylation level of exon exon14a/b region was significantly reduced. Therefore, the declining m6A level in MKNK2 caused by METTL3 knockdown potentially reduces the binding of splicing factors. In the future, further experiments are needed to verify the mechanism of METTL3 regulating MKNK2 AS events.

This study has some limitations. First, while offering advantages such as long read lengths and RNA modification analysis, the DRS approach has limitations of higher error rates and more complex bioinformatics analysis. Our results are mainly based on bioinformatic analysis, and further research in experimental cohorts is warranted. It is worth mentioning that our conclusions are supported by other independent datasets and qPCR experiments, demonstrating the validity. Second, we uncovered an intriguing mechanism of METTL3 in AR- and AR+ PCa cells. However, which factors are functionally related to these responses remains unanswered, which may enhance the understanding of the carcinogenesis process of different PCa stages.

In summary, our study used genome-wide analyses to investigate METTL3-regulated AS events in AR+ and AR- PCa cell lines via a combination of standard RNA-Seq and long-reads direct RNA-Seq of Nanopore. We revealed both common and phenotypic heterogeneity of different PCa cells regulated by METTL3, which were potentially associated with m6A modification and SFs. The study identified the clinical relevance of MKNK2 AS events in PCa and explored the potential mechanism of METTL3 in modulating MKNK2 AS events. These findings provide new insights into RNA modifications in PCa and could serve as a favorable molecular basis for novel treatment strategies in androgen-sensitive and androgen-resistant prostate cancer.
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Ferroptosis, as a novel-induced programmed cell death, plays critical roles in the pathogenesis of cancers. However, the promising biomarkers of ferroptosis in gastrointestinal stromal tumor (GIST) remain to be elucidated. Herein, the expression of ferroptosis-related genes was analyzed in GIST. Among the 64 ferroptosis-related genes, transferrin receptor (TFRC) expression presented a remarkable upregulation in high-risk patients through Gene Expression Omnibus (GEO) dataset analysis, as well as its significant change after imatinib was treated. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of TFRC-relevant genes revealed that TFRC expression was closely associated with cell growth pathways and metabolism-related pathways. Furthermore, patients at high risk of recurrence were more likely to exhibit high TFRC expression by immunohistochemistry. Additionally, high TFRC expression indicated an undesirable state of patient relapse, which could serve as a powerful significant independent predictor of recurrence-free survival (RFS). In summary, we systematically summarize the expression characteristics and clinical relevance of TFRC and show that TFRC can be used as a prognostic factor, which can be considered a potential therapeutic target in GIST.
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Introduction

Gastrointestinal stromal tumor (GIST) is a class of mesenchymal neoplasms of the digestive tract, and most of them possess an activated mutation of KIT or platelet-derived growth factor receptor alpha (PDGFRA) (1). People over 50 years have a high incidence of suffering from GIST, and an increasing incidence of GIST occurs among younger people (2). Until now, surgical resection remains the primary therapeutic regimen for GIST. Although imatinib mesylate was approved for first-line treatment and yields significant improvement in survival for unresectable and metastasized GIST patients since 2002, the majority of them would suffer disease progression after treatment for 2–3 years (2). There are no alternative treatments available to treat them. Hence, it is urgently required to develop novel biomarkers and molecule targets against GIST.

Ferroptosis, as a novel-induced programmed cell death, is characterized by the accumulation of intracellular iron and lipid reactive oxygen species (ROS) (3). Recently, extensive studies were reported on cancer initiation, progression, or drug sensitivity, which showed great promise in cancer treatment (4, 5). For example, erastin, a ferroptosis inducer, showed a significant synergistic effect on the effect of antitumor therapy when combined with cisplatin (6).

In addition, emerging evidence suggested that aberrant expression of ferroptosis-related genes was closely related to clinical characteristics. SLC7A11, a core target-regulating ferroptosis, is frequently overexpressed in most tumors, such as colon adenocarcinoma (COAD), lung adenocarcinoma (LUAD), and esophageal cancer (ESCA), which would affect lymphatic metastasis, the infiltration of immune cells, etc. (7). Additionally, SLC3A2, VDAC2, and SLC7A11 expression increased continuously with the TNM stage, and FTH1 and LPLCAT3 expression increased continuously with pathological grade in pan-cancer (8). However, the expression pattern of ferroptosis-related genes and the association between them and clinical relevance remain largely unknown in GIST.

In this study, data mining of ferroptosis-related genes using the Gene Expression Omnibus (GEO) dataset confirmed that transferrin receptor (TFRC) expression was aberrant in high-risk patients and would be affected by imatinib mesylate treatment. We then investigated the enriched signaling pathways by TFRC driving. Next, we validated its expression and evaluated its clinical relevance, as well as the prognostic value in the collected GIST patient cohorts.





Materials and methods




Data mining

All original data were downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/) databases. Gene set enrichment analysis (GSEA) was performed to investigate the differences in signaling pathways involved by TFRC, with the gene set “c2.cp.kegg.v6.2.symbols.gmt” as the reference.





Patient characteristics and ethics

In total, 587 samples containing detailed clinical prognostic information of pathologic diagnosis of GIST were obtained from pathology files, which were treated in the Department of General Surgery, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University. Informed consent forms were signed by all patients. The clinical information including age at diagnosis, gender, modified National Institutes of Health (NIH) criteria, tumor size, mitotic figures, recurrence, and overall survival (OS) state is summarized in Table 1. Preoperative imaging data and surgery records were confirmed to ensure that the included patients had resected localized GISTs. Patients with unresectable or metastatic GISTs or other malignant tumors were excluded. Tissue microarray (TMA) was made using the 587 formalin-fixed paraffin-embedded tumor biopsies. All samples were collected under institutional review board approval. The study was approved by the Research Ethics Committee of Ren Ji Hospital and carried out in accordance with ethical standards as formulated in the Declaration of Helsinki, with ethical approval number 2018-029.


Table 1 | Patients’ characteristics.







Immunohistochemistry

The protocol for immunohistochemistry (IHC) was performed according to a previous description (9). The prepared TMA sections were dewaxed with xylene and hydrated with alcohol. Sodium citrate was used for antigen retrieval, and hydrogen peroxide was used to block endogenous peroxidase. Bovine serum albumin (BSA) was used to block non-specific sites. All sections were incubated with an appropriate primary antibody and secondary antibody. The primary antibody used was TFRC (Proteintech, Rosemont, IL, USA; 10084-2-AP, 1:400). TFRC expression was classified semi-quantitatively, which was independently scored by two pathologists blinded to clinical outcomes, and differences were resolved by mutual agreement, as previously described (10, 11). Briefly, the score of TFRC expression was assigned semi-quantitative terms, namely, “−”, “+”, “++”, or “+++”: “−” = “none” (no staining), “+” = “weak staining”, “++” = “moderate staining”, or “+++” = “strong staining” (Figure 1A). “++” and “+++” were considered as higher expression, and the others were considered as lower expression. 




Figure 1 | IHC scores of TFRC expression in 587 GIST patients. (A) Representative IHC score for TFRC expression in GIST tissues (original magnification: ×4 and ×20, round panel and orthogonal panel, respectively; scale bars, 100 μm). (B) IHC score distribution of TFRC in 587 cases. (C) Statistical analysis of the IHC score distribution in patients with different degrees of risk. IHC, immunohistochemistry; GIST, gastrointestinal stromal tumor.







Statistical analyses

Data are shown as means ± SD. GraphPad Prism 5 software was used to calculate cumulative survival time by the Kaplan–Meier method via the log-rank test or Cox regression analysis, as shown by the Kaplan–Meier (KM) curve. Fisher’s exact test and chi-square test were used for comparison between groups through SPSS 20.0 (Chicago, IL, USA). Correlation between markers was obtained using Spearman’s correlation method. All tests were two-sided except as indicated, and p < 0.05 was considered statistically significant.






Results




Identification of TFRC as a key upregulated ferroptosis gene in GISTs

Ferroptosis, as a novel-induced programmed cell death, has been widely researched in cancers. Hence, 64 genes assigned to ferroptosis pathways in the MSigDB database were gathered (Supplementary Table 1). To determine the potential dysregulated ferroptosis association in GIST, two independent GEO datasets (GSE31802 and GSE136755) containing high- and low-risk patients were utilized. As shown in Figures 2A, B, many ferroptosis-associated genes were significantly up- or downregulated in high-risk compared to low-risk patients. In addition, only GCLC and TFRC with obvious upregulation were obtained by the overlapping analysis of these two gene sets (Supplementary Figures 1A, B). A gradient increased expression pattern of GCLC and TFRC was demonstrated with the increase in risk level (Supplementary Figures 1C, D). As known to us, imatinib mesylate (IM) has been used as a major adjuvant treatment for advanced GIST patients (12). Here, we were more interested in determining potentially dysregulated ferroptosis association in GISTs with IM treatment. As shown in Figure 2C, multiple genes displayed significant up- or downregulation in patients after IM treatment compared to that before IM treatment analyzed in GSE15966. Finally, TFRC was selected for further research via overlapping analysis of these three gene sets (Figure 2D).




Figure 2 | Identification of TFRC as a key ferroptosis association in GIST. (A, B) Volcano plots of differentially expressed ferroptosis-associated genes in GSE31802 and GSE136755 between high- and low- or very low-risk patients. (C) Volcano plots of differential expression of ferroptosis-associated genes before and after treatment with IM in GSE15966. (D) Venn diagram showing that TFRC was the common dysregulated gene of ferroptosis association in GSE31802, GSE136755, and GSE15966. p-Value < 0.05. Green, downregulated genes; red, upregulated genes. IM, imatinib mesylate.







Exploration of the potential molecular pathways associated with TFRC in GIST

To further study the signaling pathways involved in TFRC in GIST, we conducted GSEA in the GEO dataset. Through the cutoff values of p-value < 0.05 and false discovery rate (FDR) < 0.25, we determined that high TFRC expression was positively correlated to the P53 signaling pathway, DNA replication, Pentose phosphate pathway, Mismatch repair, Pyrimidine metabolism, etc., in GSE136755 (Figure 3A), and Glycolysis gluconeogenesis, Purine metabolism, Pyrimidine metabolism, Oxidative phosphorylation, Pyruvate metabolism, etc., in GSE15966 pre-IM treatment (Figure 3B). These data displayed that TFRC was mainly involved in metabolism-related signaling pathways to exert an oncogenic role in GIST. Additionally, we further analyzed the potential signaling pathways involved in TFRC with IM treatment in GIST. First, we found there were remarkable interactions between IM treatment with cell growth pathways (such as Nucleotide excision repair, Base excision repair, DNA replication, Mismatch repair, and Cell Cycle) and metabolism-related pathways (Oxidative phosphorylation, Pyrimidine metabolism, Purine metabolism, and Glycolysis gluconeogenesis) (Figure 3C). Meanwhile, there were remarkable interactions of TFRC with the mTOR signaling pathway, Nucleotide excision repair, and cell cycle in GSE15966 post-IM treatment (Figure 3D). Overall, TFRC plays an important role in GIST progression, as well as in the process of IM treatment.




Figure 3 | Analysis of TFRC-involved signaling pathways in GIST. (A, B) GSEA for the signaling pathways involved in the high TFRC expression subpopulation of GSE136755, as well as the high TFRC expression subpopulation GSE15966 pre-IM treatment. (C) GSEA for the signaling pathways involved in IM treatment in GSE15966. (D) GSEA for the signaling pathways of TFRC participants after IM treatment in GSE15966. p-Value < 0.05, FDR < 0.25. GIST, gastrointestinal stromal tumor; GSEA, gene set enrichment analysis; IM, imatinib mesylate; FDR, false discovery rate.







Analysis of TFRC expression and its association with clinical characteristics in GIST

To evaluate TFRC expression levels, IHC was performed in a set of TMAs containing 587 GIST samples. According to the staining score of TFRC, GIST patients were clustered into high and low TFRC expression subpopulations. As shown in Figure 2A, 291 cases were divided into a high group (scores of “++” and “+++”) and others into a low group (scores of “−” and “+”; Figure 1A). Consistent with the analyzed results by the GEO dataset, remarkably more patients possessed higher TFRC expression in high-risk subpopulations (Figures 1B, C).





Prognostic significance of TFRC in GIST

Subsequently, the prognostic value of TFRC in GISTs was confirmed. As depicted in Table 2, clinical association analyses revealed that in addition to a positive correlation with modified NIH criteria, upregulation of TFRC expression was also associated with most relapsed patients. Moreover, Kaplan–Meier analyses showed that TFRC negatively correlates with OS and recurrence-free survival (RFS) in GIST patients (Figure 4A). Next, Cox proportional hazards models were applied to analyze the relationship between TFRC expression and patient outcomes. Univariate analyses showed that TFRC expression, NIH risk degree, mitotic figures, and tumor size were significantly correlated with OS (Table 3) and RFS (Table 4). However, multivariate analyses showed that TFRC expression was merely an independent prognostic predictor for RFS (Figure 4B). These findings indicate that TFRC might be a key ferroptosis gene, which is commonly upregulated and associated with relapse in high-risk GISTs.


Table 2 | Correlations between TFRC expression and clinicopathological features in GISTs.






Figure 4 | Prognostic significance of TFRC. (A) Kaplan–Meier analyses of overall survival (OS; p = 0.0340) and relapse-free survival (RFS; p = 0.0014) of GIST patients in correlation with high or low TFRC expression. (B) Multivariate Cox regression analysis of OS and RFS performed in GIST patients. GIST, gastrointestinal stromal tumor; OS, overall survival; RFS, recurrence-free survival.




Table 3 | Univariate analyses of prognostic parameters for OS in GISTs.




Table 4 | Univariate analyses of prognostic parameters for DFS in GISTs.







The sensitivity and specificity of TFRC for RFS in GISTs

To further confirm the prognostic accuracy of TFRC in GIST, logistic regression was conducted to compare the sensitivity and specificity of TFRC for RFS. Multiple models were constructed, including TFRC as a single clinicopathological feature, combinations of clinicopathological features, and TFRC combined with clinicopathological features Figure 5. A receiver operating characteristic (ROC) curve comparison demonstrated that the area under the curve (AUC) for TFRC combined with other clinicopathological features was higher than that for any other single or combined factor (AUC = 0.831, p < 0.001). These results indicated that TFRC combined with other clinicopathological features had greater sensitivity and specificity and was a stronger RFS predictor than any single risk factor or their combination.




Figure 5 | The sensitivity and specificity of TFRC for DFS. The ROC curve compares the prognostic accuracy of TFRC with clinicopathological features in all 587 GIST patients by logistic regression. ROC, receiver operating characteristic; AUC, area under the curve. Combined clinical prognostic factors include modified NIH criteria, tumor size, and mitotic figures. DFS, disease-free survival; GIST, gastrointestinal stromal tumor; NIH, National Institutes of Health. Note. DFS, disease-free survival; GIST, gastrointestinal stromal tumor; NIH, National Institutes of Health.








Discussion

Ferroptosis, a newly defined form of programmed cell death, is characterized by iron overload, lipid ROS accumulation, and lipid peroxidation. Extensive studies in cancers have shown the intimate association between ferroptosis with cancer initiation and progression. For example, SLC7A11, a core target-regulating ferroptosis, is overexpressed and is correlated with worse survival in non-small cell lung cancer (NSCLC) (13) and pancreatic ductal adenocarcinoma (PDAC) (14) patients, which is classified as a suppressor of ferroptosis. However, few studies about the primary mechanisms and signal pathways relevant to ferroptosis have been performed, as well as their potential roles in GIST. Therefore, our study aimed to reveal the clinical significance of ferroptosis-related genes in GIST.

First, data mining using GEO datasets displayed that overexpressed TFRC exists in high-risk patients. However, the clinical relevance of TFRC expression and its prognostic value for GIST patients remain unclear. Here, we found that increased TFRC expression was closely related to tumor relapse and poor prognosis, which suggested that TFRC has a role in carcinogenesis. However, its detailed function and underlying mechanism in GIST remain unclear and warrant further studies.

TFRC, also known as CD71, is one of the most important receptor-mediated controls during the iron intake process in generic cells via binding with iron–transferrin complex to facilitate iron into cells. Meanwhile, TFRC has been verified to be abnormally expressed in various cancers (15). Dramatically increased TFRC expression was associated with a worse prognosis in epithelial ovarian cancer, which would accelerate the progression via upregulation of AXIN2 expression (16). CD71-positive cells enriched by HPV-E6 protein promoted cancer aggressiveness in cervical cancer cells (17). In hepatocellular carcinoma (HCC), O-GlcNAcylation can increase ferroptosis sensitivity via transcriptional elevation of TFRC to increase the iron concentration in cells (18). In general, inducing ferroptosis in tumor cells can effectively inhibit tumor growth (19). Moreover, TFRC was categorized into ferroptosis drivers by summarizing ferroptosis regulators by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment and selecting genes using the FerrDb database, PubMed, and Google Scholar (8). Hence, more in-depth studies need to be conducted to verify the role of TFRC on ferroptosis in GIST. Although TFRC is an important iron uptake receptor in cancer cells, its functions and mechanisms in ferroptosis and tumor progression remain unclear. Therefore, TFRC may not mediate GIST progression by regulating ferroptosis, and other pathways may be involved, such as the metabolism-related pathway shown in Figure 3, which suggests that TFRC is tissue and tumor type. Several studies in gastric cancer (GC) have shown that the expression of TFRC is reversely correlated with a poor prognosis in primary GC (20). Xiaojing Cheng et al. (21) conducted experiments both in vitro and in vivo, revealing that TFRC-negative cells exhibit properties of tumor-initiating cells and possess immune escape features. Further investigation into the effects of TFRC on GIST cells could offer potential therapeutic strategies for patients with GIST.

Moreover, data mining also revealed that decreased expression of TFRC occurred after treatment with imatinib, which indicates its relationship with drug sensitivity. In addition, clinical sample analysis revealed a positive correlation between TFRC expression and patient relapse. Survival analysis was indicative that patients with high TFRC expression possessed more undesirable disease-free survival (DFS) outcomes than those with low TFRC expression. These data are consistent with the analyzed results in previous reports of other cancers, which further supported the pivotal role in cancer progression. Previous research has revealed that the CD71+ subpopulation of cervical cancer cells exhibited enhanced resistance to irradiation and suppression of CD71-inhibited sensitized cells to irradiation treatment (17). Furthermore, more frequently upregulated TFRC expressions occur in some drug-resistant human cancer cells (22), therefore requiring more in-depth studies to clarify the role of TFRC in the sensitivity and resistance of cancer cells to imatinib in GIST therapy. Targeting TFRC using compounds such as curcumin (one of the most successful chemo-preventive compounds) to intervene with the progression of cancers seems feasible (23). Moreover, increasing the concentrations of TFRC-targeted superparamagnetic iron oxides in tumor tissues via magnetic fields could inhibit tumor progression, which is a promising cancer treatment (24, 25). However, whether TFRC can be an effective target for GIST treatment needs more theoretical support.

In summary, our study found that the expression of TFRC was significantly upregulated in high-risk GIST and resulted in a higher relapse rate. Meanwhile, decreased expression of TFRC caused by imatinib treatment occurred. Therefore, developing new treatments targeting TFRC would be a potential therapeutic approach in GIST, as well as its combination with imatinib.
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Supplementary Figure 1 | Aberrantly expression of ferroptosis-associated genes in GIST. (A) Venn diagram showed the overlap of significantly down-regulated ferroptosis-associated genes in GSE31802 and GSE136755. (B) Venn diagram showed the overlap of significantly up-regulated ferroptosis-associated genes in GSE31802 and GSE136755. (C) Expression analysis of GCLC in different risk degree patients (p = 0.0041). (D) Expression analysis of TFRC in different risk degree patients (p = 0.0041). H: High risk, Inter: Intermediate risk, L: Low risk, VL: Very low risk.
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Although the six-transmembrane epithelial antigen of prostate 1 (STEAP1) was first identified in advanced prostate cancer, its overexpression is recognized in multiple types of cancer and associated with a poor prognosis. STEAP1 is now drawing attention as a promising therapeutic target because of its tumor specificity and membrane-bound localization. The clinical efficacy of an antibody-drug conjugate targeting STEAP1 in metastatic, castration-resistant, prostate cancer was demonstrated in a phase 1 trial. Furthermore, growing evidence suggests that STEAP1 is an attractive target for immunotherapies such as chimeric antigen receptor-T cell therapy. In this review, we summarize the oncogenic functions of STEAP1 by cancer type. This review also provides new insights into the development of new anticancer strategies targeting STEAP1.
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1 Introduction

Cancer is still a major burden of disease worldwide despite the development of new therapeutic strategies. An estimated 19.3 million new cases and almost 10 million deaths have reportedly occurred due to cancer in 2020 (1). Further efforts are needed to prolong the survival time of patients with cancer, especially at the advanced stages.

The six-transmembrane epithelial antigen of prostate 1 (STEAP1), first identified in advanced prostate cancer, is a cell surface protein that functions as a transporter (2). STEAP1 is reportedly overexpressed in a subset of human cancers (3, 4). The Gene Expression Profiling Interactive Analysis (GEPIA) web server, which contains 9,736 tumors and 8,587 normal samples from the Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) projects, also revealed high expression of STEAP1 in multiple cancer tissues compared to normal tissues (Figure S1) (5). Thus, considering its cell surface location and cancer specificity, STEAP1 is regarded as a promising therapeutic target in cancer. DSPT3068S, an antibody-drug conjugate (ADC) -targeting STEAP1, has been investigated in a phase I trial for patients with metastatic castration-resistant prostate cancer (6). Furthermore, a recent study demonstrated the development of a chimeric antigen receptor (CAR) against STEAP1, which showed remarkable efficacy against prostate cancer cells both in vitro and in vivo (7). Thus, STEAP1 is rapidly gaining attention for the development of novel treatment strategies of cancer.

In this review, we initially focus on the molecular mechanisms and functions of STEAP1 by cancer type and subsequently present several potential therapeutic strategies targeting STEAP1 based on previous pre-clinical and clinical reports.




2 Molecular mechanisms and functions of STEAP1

The STEAP family contains four members, named STEAP1–4, all of which have in common a six transmembrane domain with the COOH- and N-terminals located in the cytosol (8). STEAP1 was the first member of the STEAP family to be identified and has been widely studied as a gene related to cancer progression. STEAP1 was previously predicted not to promote iron and cooper reduction or uptake mainly due to the lack of the N-terminal NADPH-binding F420H2:NADP+ oxidoreductase domain unlike other STEAP members. However, a recent study revealed that STEAP1 exhibits cellular ferric reductase activity by fusing to the intracellular NADPH-binding domain of STEAP4. These findings can ultimately contribute to the development of STEAP1 targeted therapy (9). In contrast, the pathological functions of STEAP1 in cancer still need further investigation. In this section, we discuss the molecular mechanisms and functions of STEAP1 in a cancer-type-dependent manner.



2.1 Prostate cancer

STEAP1 was first identified as a prostate-specific-cell surface-antigen that is highly expressed in human prostate cancer (2). STEAP1 is reportedly expressed in more than 80% of the cases of metastatic castration-resistant prostate cancer with bone or lymph node involvement and its expression is elevated in all stages of the disease (10). A high level of STEAP1 expression was positively associated with Gleason scores, which is the most reliable histological grading for prostate cancer, and poor prognoses, suggesting that STEAP1 is involved in tumor initiation and progression (11, 12). Knockdown of STEAP1 induces apoptosis and inhibits proliferation in prostate cancer cells (13). Further, monoclonal antibodies against STEAP1 were found to inhibit intercellular communication in vitro and suppress proliferation of tumor xenografts in a xenograft model of prostate cancer (14).

In terms of diagnosis, immunohistochemical analysis of prostate cancer specimens with a range of Gleason scores revealed that STEAP1 could be a suitable candidate to distinguish patients with cancer from patients without tumor (15). Furthermore, a recent study revealed that STEAP1-positive extracellular vesicle levels in plasma are significantly associated with prostate cancer diagnoses (16). The current standard diagnostic methods are prostate-specific antigen (PSA) screening and tissue biopsy, which have a high false-positive rate and are invasive, respectively (17, 18). Therefore, STEAP1 extracellular vesicles can be used for screening to improve the clinical management of prostate cancer.

Prostate cancer is thus the most investigated type of cancer with respect to STEAP1-targeted therapy. However, the underlying mechanisms of proliferation and invasiveness triggered by STEAP1 are still controversial, and little is known about the underlying pathways related to STEAP1 in prostate cancer compared to other types of cancer. Further efforts are warranted to clarify the STEAP1-related pathway to develop STEAP1-targeted treatment strategies in prostate cancer.




2.2 Colorectal cancer

We have previously reported that STEAP1 is overexpressed in colorectal cancer (CRC) cells compared with the normal counterparts (19). Knockdown of STEAP1 evoked intrinsic apoptosis in several CRC cell lines. We also measured intracellular ROS using flow cytometry to assess whether the knockdown of STEAP1 stimulated ROS generation in CRC cell lines. Contrary to the results mentioned above, an increased generation of intracellular ROS was observed in CRC cell lines such as DLD-1 and SW480. N-Acetyl-cysteine, a ROS scavenger, suppressed the increase in ROS production and the intrinsic apoptosis evoked by STEAP1 silencing. We also found that the expression of several nuclear factor-erythroid 2-related factor 2 (NRF2)-mediated antioxidant molecules, including heme oxygenase 1 (HMOX1), NAD(P)H quinone dehydrogenase 1 (NQO1), and thioredoxin reductase 1 (TXNRD1), was significantly down regulated by STEAP1 silencing. Under normal circumstances, kelch-like ECH-associated protein 1 (KEAP1) binds to NRF2 and retains it in the cytoplasm. However, NRF2 dissociates from KEAP1 and translocates to the nucleus to activate downstream antioxidant enzymes (20, 21). Immunocytochemical analysis revealed that the nuclear translocation of NRF2 was inhibited by STEAP1 silencing in DLD-1 cells. A significantly positive relationship between STEAP1 and NRF2 was also detected by performing Pearson’s correlation coefficient analysis on publicly accessible gene expression profiling data. These findings suggest that the STEAP1-NRF2 axis may be beneficial as a novel strategy to combat CRC (Figure 1).




Figure 1 | Model representation of STEAP1-mediated gene regulation in colorectal cancer and hepatocellular carcinoma. NRF2 is located in the cytoplasm and is regulated by KEAP1 under normal conditions. Oxidative stress triggers NRF2 dissociation from KEAP1 and subsequent translocation to the nucleus to activate multiple cytoprotective genes. STEAP1 seems to play a role in the activation of the pathway in colorectal cancer. Conversely, STEAP1 modulates ROS levels, although the role of the STEAP1-NRF2 axis is uncertain in hepatocellular carcinoma. In addition, STEAP1 promotes cell cycle progression by regulating the expression of c-Myc. STEAP1, the six-transmembrane epithelial antigen of prostate 1; NRF2, nuclear factor-erythroid 2-related factor 2; KEAP1, kelch-like ECH-associated protein 1; ROS, reactive oxygen species.






2.3 Hepatocellular carcinoma

We had also previously investigated the biological mechanisms of STEAP1 in hepatocellular carcinoma (HCC). Similar to CRC, STEAP1 is overexpressed in HCC and associated with poor prognoses. The knockdown of STEAP1 triggered G1 arrest, leading to the inhibition of cell proliferation in HCC. The results of bioinformatic analysis indicated that c-Myc, which is known to contribute to the pathogenesis of a broad range of human cancers, lies downstream of STEAP1, and the pathway promotes cell proliferation and cell-cycle progression in HCC. A recent study revealed that STEAP1 silencing leads to increased phosphorylation of c-Myc in prostate cancer cells (22). Although there might be several types of STEAP1 pathways related to c-Myc, the underlying mechanisms still needs further investigation. In addition, intracellular ROS levels were also increased by STEAP1 inhibition, similar to CRC. However, we found no relationship between STEAP1 and NRF2 in HCC. Previous reports had demonstrated that c-Myc generates ROS in liver cancer cells, which is inconsistent with our findings (23, 24). These results suggest the existence of an NRF2- or c-Myc- independent ROS-related pathway in the regulation of STEAP1-mediated cell proliferation (Figure 1) (25).




2.4 Gastric cancer

Zhang et al. reported that STEAP1 was overexpressed and associated with poor prognoses in gastric cancer. Up-regulation of STEAP1 increased cell proliferation, migration, and invasion via the AKT/FOXO1 pathway and caused epithelial–mesenchymal transition (EMT); these effects decreased after STEAP1 silencing (26). Furthermore, Wu et al. revealed that STEAP1 is translationally induced during peritoneal metastasis and can drive both tumorigenesis and chemoresistance to docetaxel (27). These studies concluded that STEAP1 can be a potent candidate for targeted therapy.




2.5 Lung cancer

Several groups have reported that STEAP1 is significantly upregulated in lung cancer compared to the normal cells and is associated with poor prognoses (28, 29). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses also revealed that STEAP1 upregulation potentially regulates tumor progression via homologous recombination, p53 signaling, cell cycle, DNA replication, and apoptosis (24). Furthermore, knockdown of STEAP1 using siRNA reduced endothelial cell migration and tube formation, which implicated STEAP1 as a novel vascular target in lung cancer (30). Importantly, STEAP1 regulates EMT via the Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) signaling pathway that is often detected in various tumors and involved in oncogenesis (31). Collectively, STEAP1 appears to be a promising biomarker and therapeutic target in lung cancer.




2.6 Ewing’s sarcoma

Ewing’s sarcoma (EWS) is the second most common bone cancer in children. Despite recent advances in the multimodal treatment for EWS, the 5-year survival rate is less than 30% in patients with metastases (32). STEAP1 has emerged as a target for EWS therapy. In EWS cells, overexpressed STEAP1, whose expression is induced by the EWS::FLI fusion gene binding to the STEAP1 promoter lesion as a transcription factor, confers enhanced proliferative and invasive properties on the cells. STEAP1 induces the production of intracellular reactive oxygen species (ROS), followed by STAT1 activation (Figure S2) (33). In contrast, high membranous STEAP1 expression was correlated with improved overall survival (OS) in patients with EWS, which could be attributed to a correlation with sensitivity to chemotherapeutic agents such as doxorubicin and etoposide (34). Although these observations are valuable, they complicate decision-making while considering therapeutic interventions.

In addition to EWS::FLI1, NKX2.2 is a positive regulator of STEAP1 expression (35). Initially, the transcriptional repressive roles of NKX2.2 were recognized as being necessary and sufficient for the oncogenic properties of EWS (36). However, Markey et al. showed that NKX2.2 binds to two sites of the STEAP1 promoter lesion, leading to increased STEAP1 expression. Moreover, by interacting with EWS::FLI1 at sites proximal to the EWS::FLI1 sites, NKX2.2 works as a co-regulator of STEAP1 expression (Figure S2). Thus, the elucidation of master transcriptional regulators of STEAP1 can help identify potential therapeutic targets of EWS.




2.7 Breast cancer

As mentioned earlier, STEAP1 confers oncogenic properties such as enhanced proliferation and metastatic potential and its high expression is a poor prognostic maker in a subset of cancers (37). In contrast, STEAP1 exerts tumor suppressive effects on breast cancer cells. STEAP1 expression is downregulated in breast cancer tissues compared to normal cells, and low STEAP1 expression is associated with poor prognoses in patients with breast cancer (38). This can be attributed to EMT suppression by STEAP1 through CDH1 upregulation and the downregulation of EMT-related genes in breast cancer cells. Researchers have also used bioinformatics analyses to demonstrate that low STEAP1 expression is related to poor prognoses (39). Therefore, interventions to inhibit STEAP1 can be useful as antimetastatic drugs for breast cancer.





3 Development of novel therapies by targeting STEAP1

STEAP1 is rapidly gaining attention as a novel therapeutic target because of its location on the cell surface and specificity to cancer versus normal cells. Of note, the functions of STEAP1 depend on the type of cancer. In this section, we discuss the development of STEAP1-targeting novel therapies.



3.1 Antibody therapy

DSTP3086S, a STEAP1-targeting ADC, has shown acceptable safety and potential benefit for patients with STEAP1-expressing, metastatic, castration-resistant, prostate cancer in a phase I trial (6). Eleven out of 77 patients treated with DSTP3086S once every 3 weeks met the response criteria of PSA reduction of ≥50%, while 26 out of 46 patients with evaluable disease at the baseline presented clinical response (two partial response; 24 stable disease). However, 69 out of 77 participants experienced an adverse event, with grade 3/4 noted in 24 participants, whereas no treatment-related deaths were observed in the study.

Bispecific T-cell engagers (BiTEs) are recombinant proteins made up of two single-chain variable fragments from two different antibodies, one targeting a tumor-specific antigen and the other targeting the effector T cell. Although these proteins have demonstrated dramatic therapeutic effects in patients with hematologic malignancies, they have not been investigated extensively for solid cancers (40, 41). Lin et al. demonstrated the efficacy of BC261, a rehumanized STEAP1-IgG, which is bispecific for STEAP1 and CD3 (42). BC261 reportedly showed significant elevation of T-cell infiltration and tumor ablation in EWS-family tumors and prostate cancer cell lines, confirmed by preclinical studies.




3.2 Chimeric antigen receptor -T cell therapy

CAR-T cell therapy is now one of the cutting-edge therapies for cancer. To date, six CAR-T therapies have been approved by the Food and Drug Administration (FDA) for the treatment of hematological malignancies such as lymphomas, some forms of leukemia, and multiple myeloma (43). In contrast to the results observed with hematologic malignancies, those from clinical trials of CAR-T cells targeting solid tumors were disappointing (44). However, Qi et al. recently reported the remarkable antitumor efficacy of anti-Claudin18.2 CAR-T for patients with gastric cancer, suggesting the potential benefit of CAR-T cell therapy for solid tumors (45).

Considering the principles of CAR-T cell therapy, the most important aspect is identifying the tumor-specific antigen to be detected by the CAR, which should be highly expressed on the cell surface of the target but not on healthy human tissues. In this context, STEAP1 could be an attractive target as it is expressed in many cancer types, and high normal tissue expression of STEAP1 is only documented in the prostate, which is not a vital organ (Figure 2).




Figure 2 | Schematic representation of the STEAP1 CAR-T cell. T cells are isolated from the patient’s blood and genetically modified to express CAR. Subsequently, cells are expanded ex vivo and then infused into the patient’s body to fight cancer cells. STEAP1 could be an attractive target as it is expressed in many cancer types. STEAP1, the six-transmembrane epithelial antigen of prostate 1; CAR, chimeric antigen receptor.



Although STEAP1 CAR-T has not yet been applied in the clinical trial setting, it showed promising anti-tumor activity in prostate cancer with CAR-T cell expansion and infiltration into the tumor microenvironment both in vivo and in vitro (7). In this preclinical study, the authors tested the second-generation anti-STEAP1 CAR with the 4-1BB co-stimulatory domain. The CAR-T product showed high transduction efficiency and polyfunctionality that were reported to be associated with clinical outcomes in anti-CD19 CARs (46). Furthermore, Bhatia et al. reported that STEAP1 CAR-T cells demonstrated reactivity in low antigen density, antitumor activity across metastatic prostate cancer models, and safety in a human STEAP1 knock-in mouse model (10). These preclinical results warrant further development of STEAP1 CAR-T for clinical trials.




3.3 Other immunotherapies

T cells expressing an engineered T cell receptor (TCR-T cells) have recently drawn attention as a novel immunotherapy for cancer, especially for solid tumors (47). Schirmer et al. successfully isolated a STEAP1130/HLA-A*02:01-peptide-restricted TCR. EWS cell growth was suppressed when treated with respective TCR tg CD8+ T cells compared to non-specific CD8+ T cells both in vivo and in vitro (48). A subsequent report from the group also revealed the local tumor control effect of TCR tg CD4+ T cells in vivo (49). Thus, STEAP1-specific TCRs could be useful for STEAP1-expressing tumors.

Furthermore, due to its specific overexpression in cancer tissues but not in normal tissues, STEAP1 is considered an attractive target for several immunotherapies, including cancer vaccines. Cancer vaccines for STEAP1 have been developed because several epitopes of STEAP1 are recognized by cytotoxic T lymphocytes (CTLs) and successfully evoke the activation of CTLs (50). Although some of these STEAP1-targeted vaccines were well tolerated and successfully evoked immunogenicity, these preclinical observations have yet to translate into clinical success (51, 52).





4 Discussion

STEAP1 has been recently investigated in a variety of tumor tissues in addition to prostate cancer. As mentioned in section 2, STEAP1 has an oncogenic role in multiple types of tumors such as prostate cancer, CRC, HCC, gastric cancer, and lung cancer. Conversely, a tumor-suppressive function has also been reported in some types of tumors such as EWS and breast cancer. These inconsistent results suggest multiple roles of STEAP1 in a cancer-dependent manner, which need to be investigated further. Based on our findings and reports from other groups, ROS could be one of the possible factors giving rise to this inconsistency. We previously reported that STEAP1 silencing contributed to increased ROS levels, which resulted in cell apoptosis in CRC and HCC (19, 25). In contrast, STEAP1 knockdown decreased ROS levels and STEAP1 upregulation induced ROS production in EWS (33). In CRC, we hypothesized that the contribution of NRF2 to ROS manipulation was related to STEAP1. In EWS, STAT1 is reported to be a key regulator of ROS production induced by STEAP1. Collectively, it is assumed that multiple pathways exist between STEAP1 and ROS in a cancer-type specific manner. Furthermore, ROS has a dual role in cancer cell pathophysiology. At low to moderate levels, ROS act as signal transducers demonstrating the oncogenic properties in cancer cells. In contrast, excessive levels of ROS cause damage to cancer cells, leading to cell death. Therefore, evaluating the cell’s responsiveness to ROS depending on cancer types may also be crucial to assess the relationship between STEAP1 and ROS.

As discussed in section 3, STEAP1 is an ideal target of cancer treatment because it is located on the cell surface and is specifically expressed in various types of cancer. In this review, we mentioned different types of STEAP1 targeted therapy, including antibody therapy, CAR-T therapy, TCR-T therapy, and cancer vaccines. The results of these therapies are promising, and the diagnostic roles of STEAP1 such as in liquid biopsy in prostate cancer have also been reported recently (16). Although most of the research related to STEAP1 was conducted in prostate cancer, we believe that STEAP1 could also be an ideal target in other types of malignant tumors as growing evidence has revealed the overexpression of STEAP1 in cancerous cells compared to the normal counterpart. However, therapeutic or diagnostic strategies targeting STEAP1 have not been applied in clinical settings. Thus, large clinical trials are warranted in addition to further investigation of the role of STEAP1 at the molecular level.




5 Conclusion

In this review, we summarized the oncogenic functions of STEAP1 and several potential therapeutic strategies targeting STEAP1. Growing evidence has revealed that STEAP1 is an ideal target for cancer therapy. Further efforts are warranted to apply STEAP1 targeted therapy in a clinical setting.
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The link between viruses and cancer has intrigued scientists for decades. Certain viruses have been shown to be vital in the development of various cancers by integrating viral DNA into the host genome and activating viral oncogenes. These viruses include the Human Papillomavirus (HPV), Hepatitis B and C Viruses (HBV and HCV), Epstein-Barr Virus (EBV), and Human T-Cell Leukemia Virus (HTLV-1), which are all linked to the development of a myriad of human cancers. Third-generation sequencing technologies have revolutionized our ability to study viral integration events at unprecedented resolution in recent years. They offer long sequencing capabilities along with the ability to map viral integration sites, assess host gene expression, and track clonal evolution in cancer cells. Recently, researchers have been exploring the application of Oxford Nanopore Technologies (ONT) nanopore sequencing and Pacific BioSciences (PacBio) single-molecule real-time (SMRT) sequencing in cancer research. As viral integration is crucial to the development of cancer via viruses, third-generation sequencing would provide a novel approach to studying the relationship interlinking viral oncogenes, viruses, and cancer. This review article explores the molecular mechanisms underlying viral oncogenesis, the role of viruses in cancer development, and the impact of third-generation sequencing on our understanding of viral integration into the human genome.




Keywords: viral integration, cancer sequencing, third generation sequencing, nanopore, PacBio




1 Introduction

Cancer is a complex and multifaceted disease with genetic alterations playing a central role in its initiation and progression. It is comprised of genetically diverse heterogeneous groups of diseases that are constantly evolving, stretching across populations and individuals (1–6). Throughout the years, several studies, such as the PCAWG Project (7), have investigated these variations or mutations in cancer cells to see the relationship between the genetic changes and their role in cancer (1, 8, 9). Although somatic mutations have traditionally been the focus of cancer genetics, viral infections also contribute significantly to the global cancer burden (10–12). 15.4% of all cancers are attributable to infections and 9.9% are linked to viruses, according to the World Health Organization (WHO). After Helicobacter pylori, the four most prominent infection-related causes of cancer are HPV, HBV, hepatitis C, and EBV. These viruses are widely known to the general population and, with their rising infection rates, are to be a significant matter to raise up. Viruses are part of a multistep pathway of oncogenesis and contribute to the development of cancer (8, 12). Characteristics that can be attributed to the development of cancer through human viruses include the presence and persistence of viral DNA in tumors, growth-promoting activity of viral genes in model systems, malignant phenotype dependence on viral oncogene expression, and epidemiological evidence that viral infection can be a major risk of cancer development (11). Recently, there have been efforts made by the worldwide scientific community to specifically analyze comprehensive genomes and whole transcriptomes from tissue samples from cancer patients. The PCAWG Project, for example, collected whole genome sequencing data from 2,658 cancers in 38 tumor types, most likely from third-generation sequencing, a new and uprising technique being used to sequence genomes (8, 11, 13–15). This review aims to provide an overview of viral oncogenes, their role in cancer, and the recent advancements in third-generation sequencing that have enhanced our ability to study viral integration into the human genome.




2 Viral oncogenes and their role in cancer

Viral oncogenes are genes carried by certain viruses that can promote cellular transformation and lead to the development of cancer. These genes are often homologous to cellular proto-oncogenes, but their regulation and expression are altered in infected cells. In these infected cells, normal cell growth control mechanisms are disrupted, and they display uncontrolled proliferation. Tissue-specific functions cease and ultimately lead to the development of cancer. 15-20% of all human cancers have been caused via infection by oncogenic viruses (12). Key viral oncogenes include E6 and E7 from human papillomavirus (HPV), E1A and E1B from adenovirus, and Tax from human T-cell leukemia virus (HTLV-1). These oncogenes disrupt normal cellular processes, such as cell cycle regulation, apoptosis, and DNA repair, leading to uncontrolled cell growth and eventual tumor formation.



2.1 Viruses implicated in human cancer

Several viruses have been linked to the development of various cancers. Notable examples include:



2.1.1 Human papillomavirus

HPV is a DNA virus associated with cervical, anal, and oropharyngeal cancers. More than half of all malignancies related to infection around the world are caused by HPV, with an incidence of approximately 5% among all cancers worldwide (16–18). HPV16 and HPV18, with less frequency, are involved in a subset of head and neck cancers (HNCs) which are called oropharyngeal squamous cell carcinomas (OPSCCs) (19, 20). The fraction of OPSCCs arising from HPV infection has been around 20%. Integration of HPV DNA into the host genome disrupts tumor suppressor genes and promotes oncogene expression. HPV carries two critical oncogenes: E6 and E7. E6 promotes the degradation of the tumor suppressor protein p53, and E7 disrupts the function of the retinoblastoma protein (pRb), leading to uncontrolled cell division (17, 21, 22). Specifically, hrHPV E6 binds to p53 and promotes its degradation, triggering uncontrolled cell proliferation through cell cycle checkpoint evasion. HPV+ cancer cells have been shown to retain unaltered p53 and pRb genes, which is unlike most human tumors containing mutations in these tumor suppressor genes. Understanding the molecular mechanisms of these oncogenes is crucial for developing targeted therapies against HPV-associated cancers.




2.1.2 Hepatitis B and C viruses

Viral hepatitis stemming from the hepatitis B and C viruses is primarily associated with severe health complications, including liver cirrhosis, hepatocellular carcinoma, hepatic fibrosis, and steatosis. Both are considered to be a major healthcare problem and are blood-borne viruses that primarily infect the liver. Hepatitis B is a life-threatening liver disease caused by the highly contagious viral pathogen called hepatitis B virus (HBV) (23–25), which is an enveloped virus belonging to Hepadnavirida. Hepatitis C virus (HCV) is a positive-stranded RNA virus that causes severe liver disorders and is related to Togaviridae or Flaviviridae. It is a small spherical enveloped virion with an icosahedral capsid (26–28). Chronic hepatitis B and C viral infections can result in hepatocellular carcinoma (HCC) through mechanisms involving viral integration and chronic inflammation. Integration of viral DNA into the host genome can cause genomic instability and chronic inflammation, promoting the progression of liver cancer. Studying these viral integration sites and their impact on host genes is essential for identifying potential therapeutic targets. It is crucial to implement preventative strategies and therapies to eradicate chronic infection of HCV and suppress viral replication for HBV (26, 27).




2.1.3 Epstein-Barr virus

Epstein-Barr Virus, a member of the herpesvirus family, is associated with several cancers including nasopharyngeal carcinoma, Burkitt’s lymphoma, and gastric carcinoma. EBV infects B cells and epithelial cells, maintaining itself in a latent state in B cells for the lifetime of the host (29–32). The association of EBV with various human cancers has been well-documented. The virus encodes several genes that promote cell growth and inhibit apoptosis, such as LMP1 and EBNA2. LMP1 acts as a constitutively active receptor, activating several signaling pathways leading to cell proliferation and survival. EBNA2, on the other hand, controls the expression of genes promoting B cell growth (33–35). While integration of the EBV genome into the host chromosome isn’t common, the expression of its viral oncogenes and their interaction with cellular pathways plays a pivotal role in the development of EBV-associated cancers (36–40).




2.1.4 Human T-cell leukemia virus

HTLV-1 is a retrovirus known to cause adult T-cell leukemia/lymphoma (ATL). This virus integrates its DNA into the host genome, leading to the clonal expansion of infected cells (41). HTLV-1 is a key viral oncogene encoding for Tax protein, which can activate a variety of cellular pathways leading to cell proliferation. While the precise factors contributing to the varied outcomes of HTLV-1 infection remain incompletely elucidated, mounting evidence indicates that a intricate interplay between the virus and the host, along with the host’s immune response to HTLV-1, likely govern the emergence of HTLV-1-associated diseases (42–44). By disrupting cell cycle regulation and DNA repair mechanisms, Tax promotes genetic instability and the survival of damaged cells, paving the way for leukemogenesis. In some cases, HTLV-1-associated adult T cell leukemia/lymphoma can present with unique clinical manifestations, such as granulomatous pneumocystis jiroveci pneumonia and hypercalcemia.





2.2 Viral integration into the human genome

The contribution of viruses to carcinogenesis has been a topic of profound significance in the realm of cancer biology. Central to this paradigm is the mechanism through which viruses integrate their DNA into the human genome (45–47). Such integration events play a pivotal role in the life cycle of oncogenic viruses, often precipitating a cascade of cellular disruptions that culminate in tumorigenesis. Timely identification of these human-infecting viruses is crucial for understanding their role in carcinogenesis and for implementing appropriate interventions (48). Recent advancements have enabled rapid identification of such viruses, providing a more comprehensive understanding of their implications in human health.



2.2.1 Mechanisms of viral integration

Viral integration into the host genome is not a random event. Research has shown that integration sites often cluster with fragile sites in the genome, which may have implications for the activation of proto-oncogenes. It is orchestrated through a repertoire of intricate mechanisms, including non-homologous end joining (NHEJ) and microhomology-mediated end joining (MMEJ). The precise loci of these integration events can significantly differ across instances, determining the severity of genetic disruption and subsequent activation of oncogenes. Delving into the specific mechanisms employed by different viruses helps elucidate their unique contributions to cancer.




2.2.2 Consequences of viral integration

Once viruses find their way into the human genome, their repercussions on cellular machinery are multifaceted: The integration of the viral genome into the host can be seen as a double-edged sword, with both benefits and detriments for both parties. Activation of Cellular Oncogenes: Viral DNA, when integrated, can strategically position viral enhancers or promoters in proximity to cellular proto-oncogenes. This can lead to the aberrant activation of genes like MYC in the case of HPV-associated cervical cancers, accelerating the journey to tumorigenesis. Disruption of Regulatory Elements and Pathways: Beyond the activation of proto-oncogenes, viral integration can also disrupt host genes, alter regulatory elements, or introduce novel oncogenes. Such disruptions can skew gene expression, compromise cellular function, and enhance cellular growth or survival tendencies. Inactivation of Tumor Suppressor Genes: Notably, viruses also have the ability to incapacitate tumor suppressor genes, such as TP53 and PTEN. The loss of these sentinels of cellular regulation paves the way for uncontrolled growth and genomic instability.




2.2.3 Viral-induced genomic instability and clonal evolution

The integration of viral DNA into the host genome can lead to genomic instability, fostering an environment ripe for mutations. Certain viruses can directly induce DNA damage through their replication processes, leading to genomic instability. Viruses may interfere with host DNA repair mechanisms, compromising genome stability. This interference can result in the accumulation of DNA mutations, which are critical for clonal evolution. As these mutations accumulate, as the immune system exerts selective pressure on viral variants, certain cell clones with conferred growth advantages may begin to dominate the tumor landscape. Over time, the tumor evolves, becoming a heterogeneous entity teeming with sub-clones, each potentially harboring distinct viral integration patterns. In the context of antiviral therapy, viral-induced genomic instability can contribute to the emergence of drug-resistant viral strains. Understanding the dynamics of clonal evolution is essential for designing effective therapeutic strategies. Developing strategies to interfere with viral integration or eliminate integrated viral genomes could be a promising approach to reduce viral-induced genomic instability and its associated pathologies.






3 Third-generation sequencing technologies and viral integration

The genomic landscape of cancer has been revolutionized by advancements in sequencing technologies (13, 49). A significant facet of this change has been brought about by third-generation sequencing technologies, which illuminate the dynamics of viral integration into the human genome (50–52). Long-read sequencing allowed the sequencing of chimeric reads, incorporating both viral DNA and the host genome fragments on either side (53). This aids in detecting multiple clonal integration events and uncovering key features of viral integration in the cancer genome. The promise of these technologies lies in their capability to offer extended read lengths, real-time sequencing, and unprecedented resolution, all of which are pivotal in studying the intricate relationships between viral oncogenes, viruses, and cancer (54–57).



3.1 Pacific biosciences sequencing

PacBio sequencing has emerged as a pioneering technology in genomics, particularly for its unique capabilities in generating long reads. This groundbreaking approach enables researchers to delve deeper into the complexities of genomes, transcriptomes, and epigenomes, unlocking a wealth of biological information that was previously challenging to access. One of the standout features of PacBio sequencing is the ability to produce exceptionally long reads, often spanning thousands to tens of thousands of base pairs. This stands in stark contrast to short-read sequencing technologies, allowing for the detection of structural variants, complex genomic rearrangements, and complete characterization of repetitive regions that were previously elusive. Such extended read lengths are especially advantageous in the context of viral-related tumors, as they facilitate the precise mapping of viral integration sites within the human genome, offering a deeper understanding of the molecular events underpinning tumorigenesis. Moreover, PacBio sequencing excels in deciphering the epigenetic landscape through the analysis of DNA modifications, offering insights into the role of DNA methylation and histone modifications in viral-related tumors (58, 59). These capabilities make PacBio sequencing an invaluable tool for unraveling the intricacies of viral oncogenesis and hold significant promise for the development of advanced diagnostic and therapeutic strategies in the field of cancer research.




3.2 Nanopore sequencing

Another formidable player in the third-generation sequencing realm is nanopore sequencing, which involves the passage of DNA or RNA molecules through nanometer-sized pores, enabling real-time monitoring of nucleotide sequences (60–63). Its advantages include long-read capabilities, portability, and the potential for direct RNA sequencing. Beyond the capability to provide long reads, nanopore sequencing is distinctive due to its real-time, single-molecule sequencing of DNA strands. For studies central to viral integration, this technology holds promise by allowing direct observation of the integration process. Such insights grant researchers the capability to identify structural variants that have arisen due to viral integration, providing a more comprehensive understanding of the process. Nanopore sequencing has been instrumental in characterizing the integration patterns of the HPV genome into host DNA, providing insights into the molecular events driving cervical cancer (52, 64–66). Importantly, the study showed that within the same sample, separate integration events often clustered closely, with partial overlap at different breakpoints (52, 65).




3.3 Implications on epigenetics and functional genomics

Third-generation sequencing technologies, when juxtaposed with functional genomics methodologies like RNA-seq and chromatin immunoprecipitation sequencing (ChIP-seq), forge a powerful toolset. In the context of investigating CpG methylation in novel and existing transposable element (TE) insertions, both Oxford Nanopore Technologies and PacBio long-read sequencing techniques offer valuable capabilities (60, 67, 68). These sequencing platforms enable the analysis of CpG methylation patterns within TE insertions in a comprehensive and detailed manner. Specifically, researchers can employ ONT and PacBio long-read sequencing to capture long sequences and comprehensively cover TE insertions, many of which can be extensive and complex. Moreover, these long sequencing technologies can resolve methylation patterns and allow for precise mapping of CpG methylation, providing important insights into the epigenetic alterations associated with tumorigenesis and other biological processes (69, 70). This combination enables researchers to probe deeper, investigating the ramifications of viral integration on host gene expression, epigenetic shifts, and chromatin configurations. It is this intersection of technologies that holds the potential to unravel the mechanisms steering viral oncogenesis. Moreover, as sequencing technologies evolve, so do the methods for virus detection. Current and emerging molecular and immunological methods are expanding the toolkit for researchers, allowing for more comprehensive and accurate identification of viruses in various samples.




3.4 Analysis of HPV integration

Recent progress in sequencing technology has led to the capability of producing exceptionally long reads, averaging around 100 kb. This advancement includes the generation of high-throughput, full-length mRNA or cDNA reads and the construction of genomic contigs exceeding 100 Mb. However, this technological leap presents a challenge: existing alignment programs are either incapable or inefficient in handling such extensive data, highlighting the urgent need for new, more capable alignment algorithms. The field of bioinformatics has been evolving rapidly to meet these demands, with significant strides made in the development of alignment methods for long sequencing reads. These methods are particularly adept at chimeric sequence-aware alignment, crucial for identifying reads that align with both human and viral reference genomes – a key process in understanding pathogen-host interactions and disease mechanisms.

One standout tool in this domain is Minimap2 (71), a versatile alignment program designed to map DNA or long mRNA sequences against extensive reference databases. Alongside Minimap2, other notable aligners have emerged, including desalt (72), which is tailored for aligning long DNA or mRNA sequences. Additionally, tools originally developed for short reads are being adapted and enhanced for the unique challenges posed by error-prone long reads. This includes TAGET (73) and a newly adapted mode of the STAR aligner (73). These improvements reflect the ongoing evolution of bioinformatics tools, ensuring they remain at the forefront of managing and interpreting the burgeoning data from next-generation sequencing technologies.





4 Discussion

Viral-induced genomic instability and clonal evolution represent an intricate and multifaceted aspect of viral infections. Understanding the mechanisms and consequences of this phenomenon is essential for the development of effective therapeutic strategies. As our knowledge continues to expand, further research is needed to unveil new insights into this complex relationship and its potential implications for human health. Ultimately, deciphering the interplay between viruses and host genomes will be critical in advancing our ability to prevent and treat viral-associated diseases.

Third-generation sequencing technologies have ushered in a new era in the study of viral-related tumors, offering unprecedented insights into the molecular intricacies of viral oncogenesis. The intricate interplay between viruses, oncogenes, and human cancers remains a vital research frontier, with oncogenic viruses playing an undeniable role in global cancer epidemiology. Our understanding of this dynamic has been immensely enriched by third-generation sequencing technologies, which have cast light on the hitherto elusive mechanisms underlying viral integration into the human genome.

The advent of third generation sequencing has revolutionized our capacity to pinpoint viral integration sites with exceptional resolution, enabling a deeper comprehension of their implications on functional genomics. As the genomic landscape of cancer continually evolves, these technologies provide a dynamic lens, capturing shifts in viral integration sites over time and documenting tumor progression and heterogeneity. The ability to map viral integration sites, study epigenetic modifications, and track clonal evolution provides a multifaceted view of these complex diseases. The practical implications are vast, from innovative diagnostic markers to personalized treatment strategies and the exploration of novel therapeutic targets.

However, the significance of these insights extends beyond the domain of academic research. The translational potential of understanding viral oncogenesis is vast. Recognizing unique viral integration patterns can provide innovative diagnostic markers, heralding early detection and improved patient outcomes. The meticulous mapping of the relationship between viral integration and cellular response can pave the way for novel therapeutic strategies. The insights gained from third-generation sequencing in viral-related tumors hold significant potential for clinical applications. Here are some practical implications: 1) Innovative Diagnostic Markers: Third-generation sequencing can identify unique patterns of viral integration and epigenetic alterations in viral-related tumors. These patterns can serve as innovative diagnostic markers, allowing for the early detection and stratification of cancer subtypes. 2) Personalized Treatment Strategies: Understanding the clonal evolution and heterogeneity of viral-related tumors through third-generation sequencing helps in tailoring personalized treatment approaches. This can lead to more effective therapies and improved patient outcomes. 3) Exploring Novel Therapeutic Targets: The precise characterization of viral oncogenes and their interactions with the host genome can uncover novel therapeutic targets. Inhibiting viral-specific factors can be a promising avenue for targeted cancer therapies.4) Monitoring Treatment Response: Third-generation sequencing can be used to monitor the response of viral-related tumors to treatments over time. This real-time monitoring can guide adjustments in therapeutic strategies and help predict the course of the disease.

As we move forward, addressing the challenges of data analysis, integration with other omics data, validation in clinical settings, and cost considerations will be essential (74, 75). It is also important to integrate these findings with other functional and clinical data. This holistic approach will be essential in realizing the full potential of these insights, from bench to bedside. While third-generation sequencing has brought about remarkable advancements in the study of viral-related tumors, several challenges and future directions warrant attention. 1) Data Analysis and Interpretation: Managing the large volumes of data generated by third-generation sequencing is a considerable challenge. The development of robust bioinformatics tools and analytical pipelines is crucial to extract meaningful insights. 2) Integration with Other Omics Data: A holistic understanding of viral-related tumors often requires the integration of genomic, transcriptomic, proteomic, and epigenomic data. Future research should focus on methods for seamless integration of these multidimensional datasets. 3) Validation in Clinical Settings: To translate the findings from third-generation sequencing into clinical practice, rigorous validation studies are essential. These studies should assess the diagnostic and prognostic utility of the identified markers and therapeutic targets. 4) Cost and Accessibility: While third-generation sequencing technologies have advanced, their cost and accessibility remain barriers to widespread adoption. Efforts to reduce costs and improve accessibility will be instrumental in realizing the full potential of these technologies in clinical settings.
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In patients with esophageal squamous cell carcinoma (ESCC), the incidence and mortality rate of ESCC in our country are also higher than those in the rest of the world. Despite advances in the treatment department method, patient survival rates have not obviously improved, which often leads to treatment obstruction and cancer repeat. ESCC has special cells called cancer stem-like cells (CSLCs) with self-renewal and differentiation ability, which reflect the development process and prognosis of cancer. In this review, we evaluated CSLCs, which are identified from the expression of cell surface markers in ESCC. By inciting EMTs to participate in tumor migration and invasion, stem cells promote tumor redifferentiation. Some factors can inhibit the migration and invasion of ESCC via the EMT-related pathway. We here summarize the research progress on the surface markers of CSLCs, EMT pathway, and the microenvironment in the process of tumor growth. Thus, these data may be more valuable for clinical applications.
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Introduction

In the past year, esophageal cancer (EC) has increased by 572,000 new cases and 509,000 deaths globally. It ranks seventh in occurrence in all kinds of cancers, which means one of 20 cancer deaths was due to EC (1). Tumor mass is a heterogeneous hierarchy. Most of the cells could no longer differentiate. Only a small set of them has the capacity of self-renewal and could differentiate into malignant cancer cells (2). This small group of cells is called CSLCs, or tumor-initiating cells (TICs). Theories of CSLCs believe that the poor effect of cancer therapies, which showed relapse and metastasis of cancer cells, might be because of the therapeutic resistance of CSLCs (3, 4). For example, in breast cancer cells, studies show that miR-155 enhances stemness, decitabine (DCA) resistance, and CSLC properties by targeting TSPAN5, which causes TNBC to have an unfortunate forecast (5). Studies by Li et al. showed that single-cell RNA sequencing in hepatocellular carcinoma has produced an abundance of information to validate a panel of cells with cancer stem-like cells’ properties (6). In cancer treatment, only the differentiated cells could make a response. However, the surviving CSLCs may differentiate into new cancer cells. CSLCs are thought to be seed cells in the process of tumor formation, control of the occurrence, and metastasis through complex signal transduction (7). In light of this feature, it should be better to target the CSLCs in cancer treatments. The targeted molecules specific to CSLCs became a hot topic in cancer research.

Up to now, a good deal of studies have shown the existence of CSLCs in ESCC, and their functions involve proliferation and tumor growth and even indicate poor prognosis. In this review, that is the reason why we explain recent advances in identification markers of CSLCs and the link between CSLCs and EMT and the immune cell microenvironment. There is a need to create new therapies for CSLCs in ESCC.





Materials and methods

We followed the PRISMA 2020 rules and applied for our review (8). The articles were carefully reviewed using literature resources such as PubMed service of the US National Library of Medicine and Geen Medical. Search algorithms such as “ESCC”, “EMT”, “cancer stem-like cells”, “marker”, “cancer”, “tumor”, and “pathway” were used in searches. In this review, references to retrieved articles were also filtered for additional data. It is important to note that the studies described in this article did not use any data (Supplementary Figure S1).




Overview of CSLC marker in ESCC

Studies suggest that focusing on CSLC marker-based treatments might act as a more powerful procedure to take out these recalcitrant cells (9). These markers and some signaling pathways may also serve as targets for the elimination of CSLCs (10). First, Mardani et al. showed that co-articulation of CSLC markers CD133/CXCR4 might have a poor prognosis in osteosarcoma. Meanwhile, CD133/SALL4 has a critical relationship among SALL4 and BMP signal target genes, including SIZN1, VENTX, and DIDO1. It assumes a significant role in tumorigenesis in ESCC (11). Next, for CSLC therapy, SN-38 is a nanocarrier for topoisomerase inhibitors; CD133 is a theoretical CSLC marker; CD133-NPS-SN-38 represses growth development and can dispose CD133-positive cells, which is a potential CSLC-designated treatment (12). Therefore, the exploration of more ESCC-CSLC markers on the surface can provide a basis for the recognizable proof of CSLCs and targeted therapy of CSLCs (Figure 1, green).




Figure 1 | Markers in ESCC CSLCs.



Similar to other kinds of solid tumors, several cell surface molecules have been recognized as markers of ESCC-CSLCs. Wang and Yang exhibited that ALDH1-expressing cells are highly invasive metastases in ESCC (13, 14). ALDH1 is accounted for as a marker of normal and malignant stem cells in several lineages. Nuclear expression of ALDH1 is related to lymph hub metastasis and low endurance in ESCC (13–15). Based on this research, the expression of ALDH1 was associated with a poor prognosis in 577 cases of breast cancer (16). CD44 has been utilized as a cell surface marker for stemness, has CD133. It was also confirmed as the CSLC marker in ESCC cell lines (17) that could be utilized to efficiently enrich TICs (17). One study showed cells with CD44High/CD24Low, which is a recognized marker for CSLCs in breast cancer (18), have been confirmed to possess CSLC properties (19). Additionally, CD90+ cells show an improved capacity for self-renewal, differentiation, and resistance to chemotherapy (20). CD271+ malignant growth cells showed higher sphericity and state-framing limits, high articulation of immature microorganism-related qualities, and protection from chemotherapy (21) (Figure 1, yellow).

CSLC surface markers are important for targeted therapy in ESCC. Similarly, we also believe that regulating genes associated with stem cell markers is important. The inhibition of TRPV2 by low concentrations of Tranilast is more cytotoxic in CSLCs than in the non-CSLC population, indicating that Tranilast could be utilized as a novel targeted therapeutic agent against ESCC-CSLCs (22). ABCG2 (23) and Msi1 (24) overexpression cells were found to represent CSLCs with special harmful potential in ESCC and could regulate the proliferation, apoptosis, sphere formation, and migration ability in spheroid cells (25). Cripto-1-positive ESCC cells were higher stemness-related genes, self-renewal, tumorigenesis, boosting tumor cell migration, invasion, and angiogenesis (26). Moreover, it has been reported that KIFC1 (27) and kinesin family 11 (KIF11) (28) were overexpressed and required for sphere formation in ESCC cells. Interestingly, in cells with Ras-like expression without CAAX1 (RIT1) exogenously overexpressing, the stemness genes, for example, ALDH1, ABCG2, OCT4, CD44, and CXCR4, were significantly downregulated (29) (Figure 1, red).

The green illustrates CD133, CXCR4, and SALL4 presented in a one-paragraph overview in CSLC marker in ESCC. The yellow illustrates ALDH1, CD44, CD90+, and CD271+ presented in a two-paragraph overview of CSLC markers in ESCC. The red illustrates TRPV2, ABCG2, MSi1, CR-1, KIFC1, and KIF11 presented in a three-paragraph overview of CSLC markers in ESCC. The blue illustrates OCT4, SOX1, MYC, Nanog, KLF4, SOX2, and Numb, presented in a four-paragraph overview of CSLC markers in ESCC.

The organic action of CSLCs is controlled by pluripotent record factors like SOX2, MYC, KLF4, OCT4, and Nanog (30). Moreover, studies have shown that pluripotent stem cells could be produced straightforwardly from the fibroblast culture with certain factors, such as Oct3/4, c-MYC, and Sox2 (31). The immature microorganism marker Nanog regulates stem cell differentiation, proliferation, and asymmetric division (32). Du et al. demonstrated the overexpression of Nanog and that a mix of Nanog siRNA with cisplatin showed further improved chemosensitivity in ESCC (33). While SALL4 is obviously increased in cell spheres, which is deemed as an enrichment of CSC-like cells (34), SOX1, a tumor-suppressor gene, was shown to be underexpressed combined with SALL4 overexpression in ESCC and showed a critical role in the inhibition of aggressiveness, indicating the therapeutic potential of the molecule against ESCC-CSLCs (35). Furthermore, the downregulation of the Numb inhibited cell proliferation and expression of CSLC markers (36) (Figure 1, blue).





EMT pathway and tumor microenvironment in ESCC-CSLC targeting

In addition to marker identifications, studies started to focus on exploring CSC features, such as the tumorigenesis, metastasis, and therapeutic resistance role of CSLCs in ESCC. However, when the tumor metastases, the primary tumor needs to invade the blood vessels, and the distant metastasis needs to activate EMT to dedifferentiate so that the cancer cells can spread and move (37) so that the cancer stem-like cells can migrate and move (38). In addition, cancer-associated EMT results in more migratory cells capable of forming new tumor tissue, indicating increased stemness (38, 39). In that way, whether EMT triggers tumor progression by stimulating CSLC’s potential. One study identified that Twist1 is an important transcription factor that upregulates the expression of Oct4 protein and Sox2 protein (40, 41). Knocking down USP4 resulted in a decrease in OCT4 and SOX2 proteins (42). Evolving evidence suggests that CTAs induce EMT and CSLC generation (43). In addition, silencing SRPX2 inhibited cell proliferation and EMT via the Wnt/β-catenin pathway, increasing sensitivity toward cisplatin for ESCC cells (44). Therefore, this article means to sum up the progress of EMT regulatory mechanisms, aiming to elucidate the potential role of EMT in CSLC-targeted therapy and tumor resistance research.





EMT-associated pathway in CSLCs

EMT-related signaling pathways are involved in the survival, self-renewal, and differentiation of ESCC-CSLCs. These signaling pathways form a network of interlaced signaling media that regulate the growth of CSLCs. The investigation of small-molecule inhibitors of this signal pathway is a functioning area of cancer drug advancement (45). It has been found that the abnormal activation of Notch, NF-κB, and Wnt signaling pathways can result in the proliferation, differentiation, and self-renewal of CSLCs. It is suggested that Notch can induce the growth of CSLCs and maintain the stem cells, which is an effective measure to treat tumors and reverse the drug resistance of tumor chemotherapy. Therefore, the following describes how signaling pathways are regulated.





TGF-β signaling pathway in ESCC (ESCC)

TGF-β signaling plays a protumor role by promoting EMT, migration, and invasion (46). Relevant studies have shown that knockdown TIP30 can result in EMT via the TGF-B pathway, improving the invasive ability and advancing growth metastasis in in vivo and in vitro (47). Additionally, MLL2 (48), EGFR (49), and LncRNA SPRY4-IT1 (50) were found to directly promote EMT through the TGF-β pathway in ESCC, which may participate EMT for patients with ESCC through the different mechanisms (51). Meanwhile, UHRF2 and miR-655 were recognized to suppress EMT by the TGF-β pathway (52, 53). Based on research, Tian et al. found that miR-130a-3p suppressed TGF-β-promoted EMT progression in a SMAD4-dependent manner in ESCC (54). Moreover, the PTEN/PI3K/Akt signaling pathway is the major regulator that promotes EMT progress in ESCC. Hence, these should be considered in the strategies against EMT (55–57) (Figure 2).




Figure 2 | EMT-related signaling pathways in ESCC CSLCs.







PI3K/AKT signaling pathway in ESCC and association with its targeting CSLCs

The PI3K/AKT Signaling pathway has been demonstrated to be essential to the regulator of CSLCs by EMT (30). AKT is a vital individual from the PI3K/AKT signal pathway, which has been shown to promote the progression of multiple cancers, especially in the self-renewal of CSLCs (58).

Recent studies showed that B7H4 (59), TNC (60), and LETM1 (61) were further confirmed to induce CSLC character through the PI3K/AKT pathway. Additionally, miR-664a attenuates stem-cell-associated phenotype and ESCC cell malignancy, in part due to the inactivation of the Akt/GSK-3β/β-catenin pathway through Pitx2 (62). Li et al. also showed that PTEN was also involved in the PI3K/Akt/ABCG2 pathway and regulated the CSLC population of ESCC (63). Further studies have shown that stem cell properties of drug resistance, tumor initiation, an increase of glycolysis, and oxidative phosphorylation are dependent on the Hsp27-AKT-HK2 pathway in ESCC (64). Nevertheless, it upholds the significance of the IGF2-PI3K/AKT-miR-377-CD133 axis in maintaining the malignant growth of CSLCs (65). Interestingly, CD133 has been found downstream of PI3K/AKT/miR-377 to mediate the functions of CSLCs (65). Simultaneously, the PI3K-AKT signaling pathway can upregulate c-MYC, which will promote stemness in ESCC (66) (Figure 3).




Figure 3 | Activated and inhibitor pathways in ESCC CSLCs.



In addition, the PI3K/mTOR signal pathway plays a significant part in cell proliferation and survival. Studies have shown that miR-495 suppresses proliferation, migration, and invasion in ESCC cells by AKT1 (67). It has been reported and demonstrated that circVRK1 suppressed EMT progression and radioresistance. The possible worth of circVRK1 on ESCC was proposed by miR-624-3p/PTEN and the PI3K/AKT signal pathway (68). Conversely, knockdown of TIM-3 suppressed EMT through the Akt/GSK-3β/Snail pathway in ESCC (69). It was likewise recommended that fibrinogen promoted EMT via the p-AKT/p-mTOR pathway to increase cell motility (70). One study showed that silencing Rab3D inhibited the proliferation by the PI3K/Akt pathway in ESCC (71). Furthermore, Glypican-1 (GPC1), via the regulation of the PTEN/Akt/β-catenin signaling pathways, and Sp1/miR-205 via the PTEN/PI3K/Akt pathway (72) directly enhances EMT in ESCC (73). These discoveries suggested that they might be a new therapeutic target and prognostic biomarker for ESCC through the PI3k/Akt pathway (Figure 2).





JAK-STAT signaling pathway in ESCC (ESCC) and association with its targeting CSLCs

Moreover, transcription factors likewise prompt the self-renewal of CSLCs via the JAK-STAT signaling pathway. STAT3 is essential for self-renewal in embryonic stem cells (74). Current studies have focused on its role in oncogenesis. In breast cancer, STAT3 induces cell proliferation and maintains CSLC stemness (75). Similarly, the same effect was demonstrated by another group by means of the AGK/JAK2/STAT3 axis. Patients with ESCC had a more limited general endurance and a more terrible sickness-free endurance (76). Interestingly, STAT3β inhibited chemoresistance and stemness through STAT3α (77), which requires further clinical investigations (Figure 3).

The impact of other transcription factors’ expression was induced/reduced by cell migration, invasion, and EMT by the JAK-STAT pathway. Gao et al. also concluded that it was associated with SOX2-incited Slug-interceded EMT (78). Moreover, PKM2 promoted the progress of EMT which induced TGF-β1 via phosphorylation STAT3 (79). Furthermore, SNHG20 affects EMT by ATM/JAK/PD-L1 pathway in ESCC (80) (Figure 2).





MAPK signaling pathway in ESCC and association with its targeting CSLCs

The MAPK pathway responds to multiple input signals as growth factors (75). Research has demonstrated that the MAPK signaling pathway is a valid target for cancer treatment. For example, the best progress has been made in drug targets by the RAS-RAF-MEK-ERK axis (81). Furthermore, some findings indicate that the FGF-2/FGFR (19) and TDO2/EGFR (82) axes were essential factors regulating CSLCs via the MAPK pathway in ESCC. These transcription factors could be potential targets for ESCC through MAPK stemness (Figure 3).

In addition, other factors were shown to modulate the EMT through the MAPK signaling pathway. Our early research suggested inhibition of FAT1 promotes the progression of EMT, which induces the MAPK/ERK pathway in ESCC (83). Meanwhile, relevant research showed that triptolide suppresses cell proliferation, invasion, and migration through the MAPK/ERK pathway in ESCC (84). For example, TKT has been identified as a critical determinant that promotes cell invasion by mediating the EMT process, leading to esophageal cancer (85). Knockdown of COL11A1 inhibited migration and invasion capabilities by EMT (86) (Figure 3).





Wnt, Hh, and Notch signaling pathways in ESCC and their association with their targeting CSLCs

The Wnt pathway may directly regulate the self-renewal of CSLCs (46). MiR-455-3p can promote chemoresistance and tumorigenesis in ESCC cells through the Wnt/β-catenin pathway and the TGF-β/Smad pathway (87). Taken together, SALL4 (34), Lgr5 (88), and ATG7 (89) can also regulate CSLC proliferation by the Wnt/β-catenin pathway in ESCC. c-Myc combined the miR-942 promoter and suppressed sFRP4, GSK3β, and TLE1, which regulated the Wnt/β-catenin pathway (90). A similar study of CSLCs of patients with esophageal cancer also showed the Hedgehog pathway, a key signaling for stemness maintenance of ESCC cells, played a role in the self-renewal of ESCC-CSLCs based on overexpression of glioma-associated oncogene homolog1 (Gli1) (91). The current study found that the Wnt inhibitor IWP-2 can target the Wnt pathway. Therefore, by inhibiting the Wnt signaling pathway, it can inhibit the growth of CSLC and achieve the goal of treating cancer (92). The above experimental results suggest that these factors may be used as new prognostic biomarkers or therapeutic targets in ESCC (Figure 3).

Aberrant Notch signaling promotes self-renewal and the transfer of mammary stem cells (93). Stearoyl-coa desaturase-1 (SCD1) has been found to be important in the survival of CSLCs. SCD1 inhibitors can significantly reduce the Notch signaling pathway, which further damages CSLC and increases the sensitivity of tumors. Therefore, SCD1 may be a new target in colorectal cancer (94). The Hedgehog pathway assumes a significant part in cancer through EMT (95). Strikingly, increased levels of N-myc-downregulated NDRG1 activated the Wnt pathway and EMT, which decreased the expression of TLE2 and increased β-catenin in ESCC (93). Cao et al. also concluded that FZD7 promoted the progress of EMT through the Wnt/β-catenin pathway in ESCC (96). Additionally, the presence of Msi2 promotes ESCC cell proliferation, between Hedgehog (Hh) and Wnt/β-catenin by EMT pathways (97). Furthermore, the EMT regulator SIP1 is positively regulated by the Hh signal sensor GLI1 (95). On the other hand, Notch2 as the target gene for miR-146a-5p and miR-1 (98) inhibits EMT in ESCC (50). In particular, knockdown of NHE leads to EMT by inhibiting the Notch3 pathway in ESCC (99) (Figure 2).





The microenvironment associated with EMT in CSLCs

In addition to pathway and transcription factors, EMT-related microenvironments are also noteworthy. CSLCs were regarded as super stem cells and out of control (100). In the tumor microenvironment, inflammatory cells and molecules influence almost every process. Research showed that FBXW7-ZEB2 regulates the drug resistance and migration of tumor cells (101). Chronic tumor-associated inflammation is a marker that stimulates the progression of metastasis in cancer (5). The tumor microenvironment is also essential in EMT. Ionizing radiation is known to induce the self-renewal of CSLCs and promote tumor progression by activating EMT (102). Hypoxia induces EMT, in which only the cancer stem-like cells induce invasion and metastasis (103). CSLC exosomes transported by miR-19b-3p promote cell proliferation and active EMT (104). ALDH1-positive tumors are associated with aggressive tumor growth through EMT and IL-6 increases (105). The cancer microenvironment assumes a significant part in prompting EMTs and keeping up with CSLCs. These studies reveal interactions between different types of cells in the tumor microenvironment and their impact on promoting EMT and enhancing the self-renewal of CSLC. Therefore, there is a bidirectional relationship among tumor microenvironment, EMT, and CSLC, which affect each other and promote the development of tumors and the formation of drug resistance (Figure 4).




Figure 4 | The microenvironment associated with EMT in ESCC CSLCs.








Discussion

CSLCs are believed to be the main cause of the development of most solid tumors and the major factor in drug resistance. Targeting cancer patients with stem cells is promising for the future. Therefore, effective molecular targets for CSLCs must be carefully selected, and the mechanism of the targeted therapy for CSLCs must be thoroughly revealed. This paper reviews the characteristics and identification of CSLCs and discusses the potential targeted therapies for CSLCs. The identification of specific early diagnosis and prognostic CSLC markers in ESCC gives a strategy for the classification of diseases. In order to improve the outcomes of ESCC treatment, new targeted CSLC therapies are also needed. The above provides insights into how ESCC CSLCs initiate cancer and treat resistance and metastasis. At present, drug development for cell signaling has become a new type of chemotherapy. It is worth considering that, despite the focus on key signaling pathways and their potential as a potential treatment strategy, the trial failure rate remains high. Many drugs may work, but they may have different effects for patients at different times. This highlights the importance of precision treatment. The different roles of CSLCs in ESCC emphasize the importance of their related genes as therapeutic targets.

Advances in translational medicine have enabled us to better understand the role and outcomes of cancer therapies. In particular, the introduction of the CSC concept and the link between EMT and CSC provide us with new insights into solving ESCC problems. In addition, EMT may be the main pathway for ESCC cells to obtain the CSC phenotype, which makes it a powerful new target for ESCC treatment. That makes these pathways attractive targets for cancer treatment. Therefore, further study is needed on the association between EMT and CSC in order to use the EMT-CSC link to improve treatment practices.

However, there are still many obstacles to the complete elimination of stem cells. First, stem cells have not yet been accurately identified. Second, some of the current ESCC-CSC studies are in bulk cell research. Due to the limitations of research methods, it is difficult to study the function of related genes in SP. Cell experiments and other in vitro experiments cannot fully reflect the changes in the human body. In the context of precision medicine, patients derived from ESCC organoids can serve as a reliable model system for studying tumor evolution and treatment response. Therefore, the development of new methods is very important. Third, in light of the fact that CSLCs additionally share some pathways with normal cells, not all controllers that cause CSLCs are appropriate as focuses for disease treatment. Fourth, we need to pay more attention to the role of natural products targeting CSLCs in research. For example, curcumin cannot only clear cancer cells but also target tumor cells (106). Fifth, related signaling molecules have emerged as potential stem cell therapies. Therefore, multitarget inhibitors will be one of the fundamental techniques to conquer the drug resistance of CSLCs (106). Sixth, CSLC therapy targets the activation or inhibition of stem cells to promote or prevent CSLCs from entering the cell cycle, which is also a problem worth considering (107). Finally, the treatment of cancer with CSLCs as the target is very promising, which is a hot topic at present and needs to be further explored.





Author contributions

LW: Investigation, Writing – original draft. HL: Data curation, Supervision, Writing – review & editing. YL: Methodology, Supervision, Writing – review & editing. SG: Investigation, Writing – review & editing. ZY: Methodology, Conceptualization, Data curation, Writing – review & editing. GC: Formal analysis, Writing – review & editing. QW: Formal analysis, Writing – review & editing. SX: Formal analysis, Writing – review & editing. QZ: Writing – review & editing, Investigation, Software. LL: Methodology, Writing – review & editing. MP: Methodology, Writing – review & editing. XC: Writing – review & editing, Methodology, Formal analysis, Validation. TY: Conceptualization, Funding acquisition, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by funding from the Research Program of Shanxi Province (20210302123292), the Central Guidance on Local Science and Technology Development Fund of Shanxi Province (YDZJSX2021A018), the Shenzhen Project of Science and Technology (JCYJ20190813094203600), and the innovative project of graduate education in Shanxi province (2022Y366).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1324819/full#supplementary-material




References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Shackleton, M, Quintana, E, Fearon, ER, and Morrison, SJ. Heterogeneity in cancer: cancer stem-like cells versus clonal evolution. Cell (2009) 138(5):822–9. doi: 10.1016/j.cell.2009.08.017

3. Yang, L, Shi, P, Zhao, G, Xu, J, Peng, W, Zhang, J, et al. Targeting cancer stem cell pathways for cancer therapy. Signal Transduct Target Ther (2020) 5(1):8. doi: 10.1038/s41392-020-0110-5

4. Huang, T, Song, X, Xu, D, Tiek, D, Goenka, A, Wu, B, et al. Stem cell programs in cancer initiation, progression, and therapy resistance. Theranostics (2020) 10(19):8721–43. doi: 10.7150/thno.41648

5. Yang, LW, Wu, XJ, Liang, Y, Ye, GQ, Che, YC, Wu, XZ, et al. miR-155 increases stemness and decitabine resistance in triple-negative breast cancer cells by inhibiting TSPAN5. Mol Carcinog (2020) 59(4):447–61. doi: 10.1002/mc.23167

6. Li, XY, Shen, Y, Zhang, L, Guo, X, and Wu, J. Understanding initiation and progression of hepatocellular carcinoma through single cell sequencing. Biochim Biophys Acta Rev Cancer (2022) 1877(3):188720. doi: 10.1016/j.bbcan.2022.188720

7. Clarke, MF, Dick, JE, Dirks, PB, Eaves, CJ, Jamieson, CH, Jones, DL, et al. Cancer stem-like cells–perspectives on current status and future directions: AACR Workshop on cancer stem-like cells. Cancer Res (2006) 66(19):9339–44. doi: 10.1158/0008-5472.Can-06-3126

8. Page, MJ, McKenzie, JE, Bossuyt, PM, Boutron, I, Hoffmann, TC, Mulrow, CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. Bmj (2021) 372:n71. doi: 10.1136/bmj.n71

9. Wang, JH, Huang, ST, Zhang, L, Liu, ZG, Liang, RX, Jiang, SW, et al. Combined prognostic value of the cancer stem cell markers CD47 and CD133 in ESCC. Cancer Med (2019) 8(3):1315–25. doi: 10.1002/cam4.1894

10. Wang, D, Plukker, JTM, and Coppes, RP. Cancer stem-like cells with increased metastatic potential as a therapeutic target for esophageal cancer. Semin Cancer Biol (2017) 44:60–6. doi: 10.1016/j.semcancer.2017.03.010

11. Assarnia, S, Ardalan Khales, S, and Forghanifard, MM. Correlation between SALL4 stemness marker and bone morphogenetic protein signaling genes in ESCC. J Biochem Mol Toxicol (2019) 33(3):e22262. doi: 10.1002/jbt.22262

12. Ning, ST, Lee, SY, Wei, MF, Peng, CL, Lin, SY, Tsai, MH, et al. Targeting colorectal cancer stem-like cells with anti-CD133 antibody-conjugated SN-38 nanoparticles. ACS Appl Mater Interfaces (2016) 8(28):17793–804. doi: 10.1021/acsami.6b04403

13. Wang, Y, Zhe, H, Gao, P, Zhang, N, Li, G, and Qin, J. Cancer stem cell marker ALDH1 expression is associated with lymph node metastasis and poor survival in ESCC: a study from high incidence area of northern China. Dis Esophagus (2012) 25(6):560–5. doi: 10.1111/j.1442-2050.2011.01279.x

14. Yang, L, Ren, Y, Yu, X, Qian, F, Bian, BS, Xiao, HL, et al. ALDH1A1 defines invasive cancer stem-like cells and predicts poor prognosis in patients with ESCC. Mod Pathol (2014) 27(5):775–83. doi: 10.1038/modpathol.2013.189

15. Ji, Y, Li, X, Li, Y, Zhong, Y, Cao, J, Xu, R, et al. Aldehyde dehydrogenase-1 expression predicts unfavorable outcomes in patients with ESCC. Anticancer Res (2016) 36(1):343–9.

16. Ginestier, C, Hur, MH, Charafe-Jauffret, E, Monville, F, Dutcher, J, Brown, M, et al. ALDH1 is a marker of normal and Malignant human mammary stem cells and a predictor of poor clinical outcome. Cell Stem Cell (2007) 1(5):555–67. doi: 10.1016/j.stem.2007.08.014

17. Rassouli, FB, Matin, MM, Bahrami, AR, Ghaffarzadegan, K, Cheshomi, H, Lari, S, et al. Evaluating stem and cancerous biomarkers in CD15+CD44+ KYSE30 cells. Tumour Biol (2013) 34(5):2909–20. doi: 10.1007/s13277-013-0853-5

18. de Beça, FF, Caetano, P, Gerhard, R, Alvarenga, CA, Gomes, M, Paredes, J, et al. Cancer stem-like cells markers CD44, CD24 and ALDH1 in breast cancer special histological types. J Clin Pathol (2013) 66(3):187–91. doi: 10.1136/jclinpath-2012-201169

19. Maehara, O, Suda, G, Natsuizaka, M, Ohnishi, S, Komatsu, Y, Sato, F, et al. Fibroblast growth factor-2-mediated FGFR/Erk signaling supports maintenance of cancer stem-like cells in ESCC. Carcinogenesis (2017) 38(11):1073–83. doi: 10.1093/carcin/bgx095

20. Tang, KH, Dai, YD, Tong, M, Chan, YP, Kwan, PS, Fu, L, et al. A CD90(+) tumor-initiating cell population with an aggressive signature and metastatic capacity in esophageal cancer. Cancer Res (2013) 73(7):2322–32. doi: 10.1158/0008-5472.Can-12-2991

21. Li, S, Yue, D, Chen, X, Wang, L, Li, J, Ping, Y, et al. Epigenetic regulation of CD271, a potential cancer stem cell marker associated with chemoresistance and metastatic capacity. Oncol Rep (2015) 33(1):425–32. doi: 10.3892/or.2014.3569

22. Shiozaki, A, Kudou, M, Ichikawa, D, Fujiwara, H, Shimizu, H, Ishimoto, T, et al. Esophageal cancer stem-like cells are suppressed by tranilast, a TRPV2 channel inhibitor. J Gastroenterol (2018) 53(2):197–207. doi: 10.1007/s00535-017-1338-x

23. Hang, D, Dong, HC, Ning, T, Dong, B, Hou, DL, and Xu, WG. Prognostic value of the stem cell markers CD133 and ABCG2 expression in ESCC. Dis Esophagus (2012) 25(7):638–44. doi: 10.1111/j.1442-2050.2011.01298.x

24. Moghbeli, M, Forghanifard, MM, Aarabi, A, Mansourian, A, and Abbaszadegan, MR. Clinicopathological sex- related relevance of musashi1 mRNA expression in ESCC patients. Pathol Oncol Res (2014) 20(2):427–33. doi: 10.1007/s12253-013-9712-3

25. Qin, G, Lian, J, Yue, D, Chen, X, Nan, S, Qi, Y, et al. Musashi1, a potential prognostic marker in ESCC. Oncol Rep (2017) 38(3):1724–32. doi: 10.3892/or.2017.5809

26. Zhang, Y, Jin, X, Wang, Z, Zhang, X, Liu, S, and Liu, G. Downregulation of SNHG1 suppresses cell proliferation and invasion by regulating Notch signaling pathway in esophageal squamous cell cancer. Cancer biomark (2017) 21(1):89–96. doi: 10.3233/cbm-170286

27. Imai, T, Oue, N, Yamamoto, Y, Asai, R, Uraoka, N, Sentani, K, et al. Overexpression of KIFC1 and its association with spheroid formation in ESCC. Pathol Res Pract (2017) 213(11):1388–93. doi: 10.1016/j.prp.2017.09.009

28. Imai, T, Oue, N, Sentani, K, Sakamoto, N, Uraoka, N, Egi, H, et al. KIF11 is required for spheroid formation by oesophageal and colorectal cancer cells. Anticancer Res (2017) 37(1):47–55. doi: 10.21873/anticanres.11287

29. Feng, YF, Lei, YY, Lu, JB, Xi, SY, Zhang, Y, Huang, QT, et al. RIT1 suppresses ESCC growth and metastasis and predicts good prognosis. Cell Death Dis (2018) 9(11):1085. doi: 10.1038/s41419-018-0979-x

30. Forghanifard, MM, Azaraz, S, Ardalan Khales, S, Morshedi Rad, D, and Abbaszadegan, MR. MAML1 promotes ESCC aggressiveness through upregulation of EMT marker TWIST1. Mol Biol Rep (2020) 47(4):2659–68. doi: 10.1007/s11033-020-05356-z

31. Yamasaki, S, Taguchi, Y, Shimamoto, A, Mukasa, H, Tahara, H, and Okamoto, T. Generation of human induced pluripotent stem (Ips) cells in serum- and feeder-free defined culture and TGF-B1 regulation of pluripotency. PloS One (2014) 9(1):e87151. doi: 10.1371/journal.pone.0087151

32. Derynck, R, and Weinberg, RA. EMT and cancer: more than meets the eye. Dev Cell (2019) 49(3):313–6. doi: 10.1016/j.devcel.2019.04.026

33. Du, Y, Shi, L, Wang, T, Liu, Z, and Wang, Z. Nanog siRNA plus Cisplatin may enhance the sensitivity of chemotherapy in esophageal cancer. J Cancer Res Clin Oncol (2012) 138(10):1759–67. doi: 10.1007/s00432-012-1253-8

34. He, J, Zhou, M, Chen, X, Yue, D, Yang, L, Qin, G, et al. Inhibition of SALL4 reduces tumorigenicity involving epithelial-mesenchymal transition via Wnt/β-catenin pathway in ESCC. J Exp Clin Cancer Res (,(2016) 35(1):98. doi: 10.1186/s13046-016-0378-z

35. Rad, A, Esmaeili Dizghandi, S, Abbaszadegan, MR, Taghechian, N, Najafi, M, and Forghanifard, MM. SOX1 is correlated to stemness state regulator SALL4 through progression and invasiveness of ESCC. Gene (2016) 594(2):171–5. doi: 10.1016/j.gene.2016.08.045

36. Liu, Z, Luo, C, Yang, W, Wang, K, Hu, C, Zou, J, et al. Increased Numb protein expression predicts poor clinical outcomes in ESCC patients. Cancer Biol Ther (2018) 19(1):34–41. doi: 10.1080/15384047.2016.1276131

37. Thiery, JP, Acloque, H, Huang, RY, and Nieto, MA. Epithelial-mesenchymal transitions in development and disease. Cell (2009) 139(5):871–90. doi: 10.1016/j.cell.2009.11.007

38. Brabletz, T, Jung, A, Spaderna, S, Hlubek, F, and Kirchner, T. Opinion: migrating cancer stem-like cells - an integrated concept of Malignant tumour progression. Nat Rev Cancer (2005) 5(9):744–9. doi: 10.1038/nrc1694

39. Lüönd, F, Sugiyama, N, Bill, R, Bornes, L, Hager, C, Tang, F, et al. Distinct contributions of partial and full EMT to breast cancer Malignancy. Dev Cell (2021) 56(23):3203–3221.e3211. doi: 10.1016/j.devcel.2021.11.006

40. Maia, AM, da Silva, JH, Mencalha, AL, Caffarena, ER, and Abdelhay, E. Computational modeling of the bHLH domain of the transcription factor TWIST1 and R118C, S144R and K145E mutants. BMC Bioinf (2012) 13:184. doi: 10.1186/1471-2105-13-184

41. Zhu, QQ, Ma, C, Wang, Q, Song, Y, and Lv, T. The role of TWIST1 in epithelial-mesenchymal transition and cancers. Tumour Biol (2016) 37(1):185–97. doi: 10.1007/s13277-015-4450-7

42. Li, F, Hu, Q, He, T, Xu, J, Yi, Y, Xie, S, et al. The deubiquitinase USP4 stabilizes twist1 protein to promote lung cancer cell stemness. Cancers (Basel) (2020) 12(6):1582. doi: 10.3390/cancers12061582

43. Salmaninejad, A, Zamani, MR, Pourvahedi, M, Golchehre, Z, Hosseini Bereshneh, A, and Rezaei, N. Cancer/testis antigens: expression, regulation, tumor invasion, and use in immunotherapy of cancers. Immunol Invest (2016) 45(7):619–40. doi: 10.1080/08820139.2016.1197241

44. He, F, Wang, H, Li, Y, Liu, W, Gao, X, Chen, D, et al. SRPX2 knockdown inhibits cell proliferation and metastasis and promotes chemosensitivity in ESCC. BioMed Pharmacother (2019) 109:671–8. doi: 10.1016/j.biopha.2018.10.042

45. Wang, Q, Chen, X, and Hay, N. Akt as a target for cancer therapy: more is not always better (lessons from studies in mice). Br J Cancer (2017) 117(2):159–63. doi: 10.1038/bjc.2017.153

46. Tripathi, V, Shin, JH, Stuelten, CH, and Zhang, YE. TGF-β-induced alternative splicing of TAK1 promotes EMT and drug resistance. Oncogene (2019) 38(17):3185–200. doi: 10.1038/s41388-018-0655-8

47. Shapira, KE, Hirschhorn, T, Barzilay, L, Smorodinsky, NI, Henis, YI, and Ehrlich, M. Dab2 inhibits the cholesterol-dependent activation of JNK by TGF-β. Mol Biol Cell (2014) 25(10):1620–8. doi: 10.1091/mbc.E13-09-0537

48. Abudureheman, A, Ainiwaer, J, Hou, Z, Niyaz, M, Turghun, A, Hasim, A, et al. High MLL2 expression predicts poor prognosis and promotes tumor progression by inducing EMT in ESCC. J Cancer Res Clin Oncol (2018) 144(6):1025–35. doi: 10.1007/s00432-018-2625-5

49. Sato, F, Kubota, Y, Natsuizaka, M, Maehara, O, Hatanaka, Y, Marukawa, K, et al. EGFR inhibitors prevent induction of cancer stem-like cells in ESCC by suppressing epithelial-mesenchymal transition. Cancer Biol Ther (2015) 16(6):933–40. doi: 10.1080/15384047.2015.1040959

50. Wang, C, Zhang, W, Zhang, L, Chen, X, Liu, F, Zhang, J, et al. miR-146a-5p mediates epithelial-mesenchymal transition of oESCC via targeting Notch2. Br J Cancer (2016) 115(12):1548–54. doi: 10.1038/bjc.2016.367

51. Pang, L, Li, Q, Wei, C, Zou, H, Li, S, Cao, W, et al. TGF-β1/Smad signaling pathway regulates epithelial-to-mesenchymal transition in ESCC: in vitro and clinical analyses of cell lines and nomadic Kazakh patients from northwest Xinjiang, China. PloS One (2014) 9(12):e112300. doi: 10.1371/journal.pone.0112300

52. Harazono, Y, Muramatsu, T, Endo, H, Uzawa, N, Kawano, T, Harada, K, et al. miR-655 Is an EMT-suppressive microRNA targeting ZEB1 and TGFBR2. PloS One (2013) 8(5):e62757. doi: 10.1371/journal.pone.0062757

53. Iguchi, T, Ueda, M, Masuda, T, Nambara, S, Kidogami, S, Komatsu, H, et al. Identification of UHRF2 as a negative regulator of epithelial-mesenchymal transition and its clinical significance in ESCC. Oncology (2018) 95(3):179–87. doi: 10.1159/000488860

54. Tian, X, Fei, Q, Du, M, Zhu, H, Ye, J, Qian, L, et al. miR-130a-3p regulated TGF-β1-induced epithelial-mesenchymal transition depends on SMAD4 in EC-1 cells. Cancer Med (2019) 8(3):1197–208. doi: 10.1002/cam4.1981

55. Bai, X, Li, YY, Zhang, HY, Wang, F, He, HL, Yao, JC, et al. Role of matrix metalloproteinase-9 in transforming growth factor-β1-induced epithelial-mesenchymal transition in ESCC. Onco Targets Ther (2017) 10:2837–47. doi: 10.2147/ott.S134813

56. Zhang, HY, Wang, ZQ, Li, YY, Wang, F, Zeng, QR, Gao, Y, et al. Transforming growth factor-β1-induced epithelial-mesenchymal transition in human ESCC via the PTEN/PI3K signaling pathway. Oncol Rep (2014) 32(5):2134–42. doi: 10.3892/or.2014.3453

57. Xuan, X, Zeng, Q, Li, Y, Gao, Y, Wang, F, Zhang, H, et al. Akt-mediated transforming growth factor-β1-induced epithelial-mesenchymal transition in cultured human esophageal squamous cancer cells. Cancer Gene Ther (2014) 21(6):238–45. doi: 10.1038/cgt.2014.23

58. Knowles, MA, Platt, FM, Ross, RL, and Hurst, CD. Phosphatidylinositol 3-kinase (PI3K) pathway activation in bladder cancer. Cancer Metastasis Rev (2009) 28(3-4):305–16. doi: 10.1007/s10555-009-9198-3

59. Piao, L, Yang, Z, Jin, J, Ni, W, Qi, W, and Xuan, Y. B7H4 is associated with stemness and cancer progression in ESCC. Hum Pathol (2018) 80:152–62. doi: 10.1016/j.humpath.2018.05.021

60. Yang, Z, Zhang, C, Feng, Y, Qi, W, Cui, Y, and Xuan, Y. Tenascin-C is involved in promotion of cancer stemness via the Akt/HIF1α axis in ESCC. Exp Mol Pathol (2019) 109:104239. doi: 10.1016/j.yexmp.2019.03.007

61. Yang, Z, Ni, W, Cui, C, Qi, W, Piao, L, and Xuan, Y. Identification of LETM1 as a marker of cancer stem-like cells and predictor of poor prognosis in ESCC. Hum Pathol (2018) 81:148–56. doi: 10.1016/j.humpath.2018.07.001

62. Zhang, JX, Chen, ZH, Xu, Y, Chen, JW, Weng, HW, Yun, M, et al. Downregulation of microRNA-644a promotes ESCC aggressiveness and stem cell-like phenotype via dysregulation of PITX2. Clin Cancer Res (2017) 23(1):298–310. doi: 10.1158/1078-0432.Ccr-16-0414

63. Li, H, Gao, Q, Guo, L, and Lu, SH. The PTEN/PI3K/Akt pathway regulates stem-like cells in primary esophageal carcinoma cells. Cancer Biol Ther (2011) 11(11):950–8. doi: 10.4161/cbt.11.11.15531

64. Liu, CC, Chou, KT, Hsu, JW, Lin, JH, Hsu, TW, Yen, DH, et al. High metabolic rate and stem cell characteristics of esophageal cancer stem-like cells depend on the Hsp27-AKT-HK2 pathway. Int J Cancer (2019) 145(8):2144–56. doi: 10.1002/ijc.32301

65. Xu, WW, Li, B, Zhao, JF, Yang, JG, Li, JQ, Tsao, SW, et al. IGF2 induces CD133 expression in esophageal cancer cells to promote cancer stemness. Cancer Lett (2018) 425:88–100. doi: 10.1016/j.canlet.2018.03.039

66. Zhang, HF, Wu, C, Alshareef, A, Gupta, N, Zhao, Q, Xu, XE, et al. The PI3K/AKT/c-MYC axis promotes the acquisition of cancer stem-like features in ESCC. Stem Cells (2016) 34(8):2040–51. doi: 10.1002/stem.2395

67. Mao, Y, Li, L, Liu, J, Wang, L, and Zhou, Y. MiR-495 inhibits ESCC progression by targeting Akt1. Oncotarget (2016) 7(32):51223–36. doi: 10.18632/oncotarget.9981

68. Jiang, Q, Crews, LA, Holm, F, and Jamieson, CHM. RNA editing-dependent epitranscriptome diversity in cancer stem-like cells. Nat Rev Cancer (2017) 17(6):381–92. doi: 10.1038/nrc.2017.23

69. Shan, B, Man, H, Liu, J, Wang, L, Zhu, T, Ma, M, et al. TIM-3 promotes the metastasis of ESCC by targeting epithelial-mesenchymal transition via the Akt/GSK-3β/Snail signaling pathway. Oncol Rep (2016) 36(3):1551–61. doi: 10.3892/or.2016.4938

70. Zhang, F, Wang, Y, Sun, P, Wang, ZQ, Wang, DS, Zhang, DS, et al. Fibrinogen promotes Malignant biological tumor behavior involving epithelial-mesenchymal transition via the p-AKT/p-mTOR pathway in ESCC. J Cancer Res Clin Oncol (2017) 143(12):2413–24. doi: 10.1007/s00432-017-2493-4

71. Zhang, J, Kong, R, and Sun, L. Silencing of Rab3D suppresses the proliferation and invasion of ESCC cells. BioMed Pharmacother (2017) 91:402–7. doi: 10.1016/j.biopha.2017.04.010

72. Pan, F, Mao, H, Bu, F, Tong, X, Li, J, Zhang, S, et al. Sp1-mediated transcriptional activation of miR-205 promotes radioresistance in ESCC. Oncotarget (2017) 8(4):5735–52. doi: 10.18632/oncotarget.13902

73. Li, J, Chen, Y, Zhan, C, Zhu, J, Weng, S, Dong, L, et al. Glypican-1 promotes tumorigenesis by regulating the PTEN/akt/β-catenin signaling pathway in ESCC. Dig Dis Sci (2019) 64(6):1493–502. doi: 10.1007/s10620-019-5461-9

74. Matsuda, T, Nakamura, T, Nakao, K, Arai, T, Katsuki, M, Heike, T, et al. STAT3 activation is sufficient to maintain an undifferentiated state of mouse embryonic stem cells. EMBO J (1999) 18(15):4261–9. doi: 10.1093/emboj/18.15.4261

75. Kim, EK, and Choi, EJ. Pathological roles of MAPK signaling pathways in human diseases. Biochim Biophys Acta (2010) 1802(4):396–405. doi: 10.1016/j.bbadis.2009.12.009

76. Chen, X, Ying, Z, Lin, X, Lin, H, Wu, J, Li, M, et al. Acylglycerol kinase augments JAK2/STAT3 signaling in esophageal squamous cells. J Clin Invest (2013) 123(6):2576–89. doi: 10.1172/jci68143

77. Zhang, HF, Chen, Y, Wu, C, Wu, ZY, Tweardy, DJ, Alshareef, A, et al. The opposing function of STAT3 as an oncoprotein and tumor suppressor is dictated by the expression status of STAT3β in ESCC. Clin Cancer Res (2016) 22(3):691–703. doi: 10.1158/1078-0432.Ccr-15-1253

78. Gao, H, Teng, C, Huang, W, Peng, J, and Wang, C. SOX2 promotes the epithelial to mesenchymal transition of esophageal squamous cells by modulating slug expression through the activation of STAT3/HIF-α Signaling. Int J Mol Sci (2015) 16(9):21643–57. doi: 10.3390/ijms160921643

79. Ma, R, Liu, Q, Zheng, S, Liu, T, Tan, D, and Lu, X. PKM2-regulated STAT3 promotes ESCC progression via TGF-β1-induced EMT. J Cell Biochem (2019) 120(7):11539–50. doi: 10.1002/jcb.28434

80. Zhang, C, Jiang, F, Su, C, Xie, P, and Xu, L. Upregulation of long noncoding RNA SNHG20 promotes cell growth and metastasis in ESCC via modulating ATM-JAK-PD-L1 pathway. J Cell Biochem (2019) 120(7):11642–50. doi: 10.1002/jcb.28444

81. Stylianou, S, Clarke, RB, and Brennan, K. Aberrant activation of notch signaling in human breast cancer. Cancer Res (2006) 66(3):1517–25. doi: 10.1158/0008-5472.Can-05-3054

82. Pham, QT, Oue, N, Sekino, Y, Yamamoto, Y, Shigematsu, Y, Sakamoto, N, et al. TDO2 Overexpression Is Associated with Cancer stem-like cells and Poor Prognosis in ESCC. Oncology (2018) 95(5):297–308. doi: 10.1159/000490725

83. Hu, X, Zhai, Y, Kong, P, Cui, H, Yan, T, Yang, J, et al. FAT1 prevents epithelial mesenchymal transition (EMT) via MAPK/ERK signaling pathway in esophageal squamous cell cancer. Cancer Lett (2017) 397:83–93. doi: 10.1016/j.canlet.2017.03.033

84. Yanchun, M, Yi, W, Lu, W, Yu, Q, Jian, Y, Pengzhou, K, et al. Triptolide prevents proliferation and migration of Esophageal Squamous Cell Cancer via MAPK/ERK signaling pathway. Eur J Pharmacol (2019) 851:43–51. doi: 10.1016/j.ejphar.2019.02.030

85. Chao, YK, Peng, TL, Chuang, WY, Yeh, CJ, Li, YL, Lu, YC, et al. Transketolase serves a poor prognosticator in esophageal cancer by promoting cell invasion via epithelial-mesenchymal transition. J Cancer (2016) 7(13):1804–11. doi: 10.7150/jca.15467

86. Zhang, B, Zhang, C, Yang, X, Chen, Y, Zhang, H, Liu, J, et al. Cytoplasmic collagen XIαI as a prognostic biomarker in ESCC. Cancer Biol Ther (2018) 19(5):364–72. doi: 10.1080/15384047.2018.1423915

87. Liu, A, Zhu, J, Wu, G, Cao, L, Tan, Z, Zhang, S, et al. Antagonizing miR-455-3p inhibits chemoresistance and aggressiveness in ESCC. Mol Cancer (2017) 16(1):106. doi: 10.1186/s12943-017-0669-9

88. Lv, Z, Yu, JJ, Zhang, WJ, Xiong, L, Wang, F, Li, LF, et al. Expression and functional regulation of stemness gene Lgr5 in ESCC. Oncotarget (2017) 8(16):26492–504. doi: 10.18632/oncotarget.15624

89. Wang, C, Yan, FH, Zhang, JJ, Huang, H, Cui, QS, Dong, W, et al. OV6(+) cancer stem-like cells drive ESCC progression through ATG7-dependent β-catenin stabilization. Cancer Lett (2017) 391:100–13. doi: 10.1016/j.canlet.2017.01.026

90. Ge, C, Wu, S, Wang, W, Liu, Z, Zhang, J, Wang, Z, et al. miR-942 promotes cancer stem cell-like traits in ESCC through activation of Wnt/β-catenin signalling pathway. Oncotarget (2015) 6(13):10964–77. doi: 10.18632/oncotarget.3696

91. Yang, Z, Cui, Y, Ni, W, Kim, S, and Xuan, Y. Gli1, a potential regulator of esophageal cancer stem cell, is identified as an independent adverse prognostic factor in ESCC. J Cancer Res Clin Oncol (2017) 143(2):243–54. doi: 10.1007/s00432-016-2273-6

92. Osthus, RC, Shim, H, Kim, S, Li, Q, Reddy, R, Mukherjee, M, et al. Deregulation of glucose transporter 1 and glycolytic gene expression by c-Myc. J Biol Chem (2000) 275(29):21797–800. doi: 10.1074/jbc.C000023200

93. Ai, R, Sun, Y, Guo, Z, Wei, W, Zhou, L, Liu, F, et al. NDRG1 overexpression promotes the progression of ESCC through modulating Wnt signaling pathway. Cancer Biol Ther (2016) 17(9):943–54. doi: 10.1080/15384047.2016.1210734

94. Huang, R, Wang, G, Song, Y, Tang, Q, You, Q, Liu, Z, et al. Colorectal cancer stem cell and chemoresistant colorectal cancer cell phenotypes and increased sensitivity to Notch pathway inhibitor. Mol Med Rep (2015) 12(2):2417–24. doi: 10.3892/mmr.2015.3694

95. Isohata, N, Aoyagi, K, Mabuchi, T, Daiko, H, Fukaya, M, Ohta, H, et al. Hedgehog and epithelial-mesenchymal transition signaling in normal and Malignant epithelial cells of the esophagus. Int J Cancer (2009) 125(5):1212–21. doi: 10.1002/ijc.24400

96. Li, P, Liu, X, Dong, ZM, and Ling, ZQ. Epigenetic silencing of HIC1 promotes epithelial-mesenchymal transition and drives progression in ESCC. Oncotarget (2015) 6(35):38151–65. doi: 10.18632/oncotarget.5832

97. Li, Z, Jin, H, Mao, G, Wu, L, and Guo, Q. Msi2 plays a carcinogenic role in ESCC via regulation of the Wnt/β-catenin and Hedgehog signaling pathways. Exp Cell Res (2017) 361(1):170–7. doi: 10.1016/j.yexcr.2017.10.016

98. Liu, W, Li, M, Chen, X, Zhu, S, Shi, H, Zhang, D, et al. MicroRNA-1 suppresses proliferation, migration and invasion by targeting Notch2 in ESCC. Sci Rep (2018) 8(1):5183. doi: 10.1038/s41598-018-23421-3

99. Ariyoshi, Y, Shiozaki, A, Ichikawa, D, Shimizu, H, Kosuga, T, Konishi, H, et al. Na+/H+ exchanger 1 has tumor suppressive activity and prognostic value in ESCC. Oncotarget (2017) 8(2):2209–23. doi: 10.18632/oncotarget.13645

100. Reya, T, Morrison, SJ, Clarke, MF, and Weissman, IL. Stem cells, cancer, and cancer stem-like cells. Nature (2001) 414(6859):105–11. doi: 10.1038/35102167

101. Li, N, Babaei-Jadidi, R, Lorenzi, F, Spencer-Dene, B, Clarke, P, Domingo, E, et al. An FBXW7-ZEB2 axis links EMT and tumour microenvironment to promote colorectal cancer stem-like cells and chemoresistance. Oncogenesis (2019) 8(3):13. doi: 10.1038/s41389-019-0125-3

102. Lee, SY, Jeong, EK, Ju, MK, Jeon, HM, Kim, MY, Kim, CH, et al. Induction of metastasis, cancer stem cell phenotype, and oncogenic metabolism in cancer cells by ionizing radiation. Mol Cancer (2017) 16(1):10. doi: 10.1186/s12943-016-0577-4

103. Salnikov, AV, Liu, L, Platen, M, Gladkich, J, Salnikova, O, Ryschich, E, et al. Hypoxia induces EMT in low and highly aggressive pancreatic tumor cells but only cells with cancer stem cell characteristics acquire pronounced migratory potential. PloS One (2012) 7(9):e46391. doi: 10.1371/journal.pone.0046391

104. Wang, L, Yang, G, Zhao, D, Wang, J, Bai, Y, Peng, Q, et al. CD103-positive CSC exosome promotes EMT of clear cell renal cell carcinoma: role of remote MiR-19b-3p. Mol Cancer (2019) 18(1):86. doi: 10.1186/s12943-019-0997-z

105. Chen, MF, Chen, PT, Lu, MS, and Chen, WC. Role of ALDH1 in the prognosis of esophageal cancer and its relationship with tumor microenvironment. Mol Carcinog (2018) 57(1):78–88. doi: 10.1002/mc.22733

106. Almanaa, TN, Geusz, ME, and Jamasbi, RJ. Effects of curcumin on stem-like cells in human esophageal squamous carcinoma cell lines. BMC Complement Altern Med (2012) 12:195. doi: 10.1186/1472-6882-12-195

107. Takeishi, S, and Nakayama, KI. To wake up cancer stem-like cells, or to let them sleep, that is the question. Cancer Sci (2016) 107(7):875–81. doi: 10.1111/cas.12958




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Wang, Liu, Liu, Guo, Yan, Chen, Wu, Xu, Zhou, Liu, Peng, Cheng and Yan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




CASE REPORT

published: 18 January 2024

doi: 10.3389/fonc.2023.1268260

[image: image2]


Positive response to trastuzumab deruxtecan in a patient with HER2-mutant NSCLC after multiple lines therapy, including T-DM1: a case report


Junzhu Xu, Bo He, Yunan Wang, Mengjia Wu, Yanyi Lu, Zixuan Su, Shujun Liu, Fengmin Yin, Jian-Guo Zhou * and Wei Hu *


Department of Oncology, The Second Affiliated Hospital of Zunyi Medical University, Zunyi, Guizhou, China




Edited by: 

Shanye Yin, Albert Einstein College of Medicine, United States

Reviewed by: 
Wei Ke, Rutgers, The State University of New Jersey, United States

Wenjun Deng, Massachusetts General Hospital and Harvard Medical School, United States

Yunjia Song, Johns Hopkins University, United States 
in collaboration with reviewer WD

*Correspondence: 

Wei Hu
 huweikeyan@163.com 

Jian-Guo Zhou
 jianguo.zhou@yahoo.com


Received: 27 July 2023

Accepted: 22 December 2023

Published: 18 January 2024

Citation:
Xu J, He B, Wang Y, Wu M, Lu Y, Su Z, Liu S, Yin F, Zhou J-G and Hu W (2024) Positive response to trastuzumab deruxtecan in a patient with HER2-mutant NSCLC after multiple lines therapy, including T-DM1: a case report. Front. Oncol. 13:1268260. doi: 10.3389/fonc.2023.1268260



Human epidermal growth factor 2 (HER2) mutations are uncommon in non-small cell lung cancer (NSCLC), and the lack of established, effective, targeted drugs has resulted in a persistently poor prognosis. Herein, we report the case of a non-smoking, 58-year-old man diagnosed with lung adenocarcinoma (cT3N0M1c, stage IVB) harboring a HER2 mutation (Y772_A775dupYVMA) and PD-L1 (-). The patient’s Eastern Cooperative Oncology Group performance status (PS) score was assessed as 1. He commenced first-line treatment with chemotherapy, followed by immuno-chemotherapy, and with disease progression, he received HER2-targeted therapy and chemotherapy with an anti-angiogenic agent. However, HER2-targeted therapy, including pan-HER tyrosine kinase inhibitors (afatinib, pyrotinib, and pozitinib) and antibody–drug conjugate (T-DM1), produced only stable disease (SD) as the best response. After the previously described treatment, primary tumor recurrence and multiple brain metastases were observed. Despite the patient’s compromised overall physical condition with a PS score of 3-4, he was administered T-DXd in addition to whole-brain radiotherapy (WBRT). Remarkably, both intracranial metastases and primary lesions were significantly reduced, he achieved a partial response (PR), and his PS score increased from 3-4 to 1. He was then treated with T-DXd for almost 9 months until the disease again progressed, and he did not discontinue the drug despite the occurrence of myelosuppression during this period. This is a critical case as it exerted an effective response to T-DXd despite multiple lines therapy, including T-DM1. Simultaneously, despite the occurrence of myelosuppression in the patient during T-DXd, it was controlled after aggressive treatment.
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Background

Lung cancer is the most common cause of cancer-related death worldwide (1). Non-small cell lung cancer (NSCLC) is the predominant type of lung cancer, accounting for 85% of all cases. However, human epidermal growth factor 2 (HER2, erbB-2/neu) mutations occur in only 2–4% of NSCLC patients, more commonly in women, never-smokers, and adenocarcinoma  (2). HER2 is a member of the ErbB receptor tyrosine kinase family, and its mutations in NSCLC are predominantly an in-frame insertion of exon 20 into the tyrosine kinase structural domain, including Y772_A775dupYVMA, G778_P780dup, and G776delinsVC (G776delinsLC) (3, 4), which is associated with poor overall survival (OS) of only 18–21 months (5). Although HER2 can be regarded as a therapeutic target, the efficacy of targeted therapy in HER2-mutant NSCLC has been disputed. Therefore, the standard first-line treatment remains a reference for advanced “driverless” NSCLC. Antibody-drug conjugates (ADCs) are novel antitumor agents that combine the high specificity of antibody targeting with potent cytotoxic drugs (6). For cancer patients with HER2 mutation or amplification, particularly breast and gastric cancer, numerous clinical trials have demonstrated the promise of ADCs as an effective treatment strategy. Nevertheless, research into potentially effective treatments for advanced NSCLC with HER2 mutations is still ongoing.

Herein, we present a patient with an overall survival (OS) of 46.5 months who underwent chemotherapy, immune checkpoint inhibitors (ICIs), anti-angiogenesis agents (bevacizumab and anlotinib), pan-HER tyrosine kinase inhibitors (afatinib, pyrotinib, and poziotinib), and ADCs (ado-trastuzumab emtansine [T-DM1], trastuzumab deruxtecan [T-DXd]), and attempt to provide new evidence for effective treatment of patients with HER2-mutant cancer (Figure 1-I).





Case presentation

A 58-year-old male never-smoker was found to have an occupying lesion in the right hilar lung on chest computed tomography (CT) during a medical examination on 12.05.2019 (Figure 1-IIa). A biopsy was performed, and pathology revealed adenocarcinoma. The patient had diabetes, but it was under control. He then completed a systemic evaluation, which revealed pericardial and sacrococcygeal metastases. Next-generation sequencing identified a HER2 mutation (p.Y772_A775dupYVMA) and a BRCA2 germline mutation with PD-L1 (-) and microsatellite stability. He was ultimately diagnosed with advanced-stage lung adenocarcinoma (cT3N0M1c [pericardial and sacral metastases], stage IVB) with an Eastern Cooperative Oncology Group performance status (ECOG PS) of 1. The pericardial effusion was drained, and the patient was administered one cycle of cisplatin. Subsequently, he underwent six cycles of first-line chemotherapy (pemetrexed plus cisplatin plus bevacizumab) and four cycles of maintenance therapy. A partial response (PR) was achieved at each efficacy evaluation, and progression-free survival (PFS) from first-line treatment was 11.3 months. In May 2020, with progressive disease (PD), the subject received a second-line immuno-chemotherapy regimen (paclitaxel albumin plus pembrolizumab plus bevacizumab) and was deemed to have achieved PR after two cycles. However, he discontinued paclitaxel albumin owing to unbearable bone pain. Strikingly, after two cycles, new frontal lobe and lung metastases were observed (Figure 1-IIb). Based on the HER2 mutation, he then received four anti-HER2 therapies, including ADCs (afatinib, T-DM1, pyrotinib, and poziotinib) for each relapse at recurrence (Figures 1-IIc, d). During this period, the patient underwent stereotactic radiotherapy (45 Gy/3 Gy/15 fractions) for significant enlargement of the intracranial metastasis (Figure 1-IId). Subsequently, a chest CT revealed an increase in bilateral pulmonary nodules. He was treated with anlotinib plus paclitaxel albumin for six cycles. After the second cycle, CT revealed a reduction in the size of the nodules in both lungs, with some lesions exhibiting cavity formation (Figure 1-IIe).




Figure 1 | I (x-coordinate is the time, the unit is months): timeline diagram of the case receiving multiple lines of treatment; the PFS during this treatment period is expressed in length. II: Efficacy of treatment as demonstrated by chest CT and cranial MRI; (a) Primary lesions in the lungs (b) After treatment with ICIs, new lesions in the lungs and cranial metastatic lesions were observed (c) During treatment with T-DM1 (d) Disease progression after multiple lines pan-HER TKI therapy (e) Significant reduction in lung and brain lesions during treatment with re-challenge chemotherapy combination (f) Disease progression and multiple metastases in the brain (g) Radiotherapy was given for the cranial metastases, and subsequently in treatment with T-Dxd.



On 16/05/2022, significantly enlarged primary foci and multiple brain metastases were observed (Figure 1-IIf). The patient subsequently underwent whole-brain radiotherapy (36 Gy/2 Gy/18 f). Despite the previous treatment with T-DM1 and its poor efficacy, he chose to try T-DXd (400mg q3w) with a poor PS of 3-4. Interestingly, the patient responded to T-DXd even after heavy treatment and achieved PR (Figure 1-IIg), showing a significant improvement in PS (1–2). He was treated with T-DXd for almost 9 months before his disease progressed again, and he experienced neutropenia of grade 4 caused by T-DXd, which improved after supportive care. The patient died on 30.03.2023, having achieved an OS of 46.5 months.





Discussion and conclusion

HER2 mutations are uncommon in advanced-stage NSCLC with poor prognosis, and the current standard treatment still refers to the National Comprehensive Cancer Network (NCCN) (7) recommended driverless NSCLC using platinum-pemetrexed plus bevacizumab or pembrolizumab. Also, a European EUHER2 cohort reported that in first-line treatment, PFS was 6 months and 4.8 months for chemotherapy and HER2-targeted therapy, respectively (8). In our case, we chose pemetrexed plus cisplatin plus bevacizumab as first-line treatment, and the patient was evaluated as PR during treatment with a PFS of 11.3 months. Additionally, the KEYNOTE-189 trial reported significant improvements in PFS and OS in chemotherapy-naive patients with non-squamous NSCLC, regardless of their PD-L1 expression status, using immuno-combination therapy (9). In this study, our patient received second-line albumin paclitaxel, bevacizumab, and pembrolizumab, and unfortunately, his PFS was only 2.8 months, similar to that reported in the IMMUNOTARGET retrospective study of HER2-mutant NSCLC receiving immunotherapy (10). Notably, although PR was achieved at the first evaluation, disease progression occurred after the last two cycles without albumin-paclitaxel due to bone pain. Whether disease progression is related to the discontinuation of chemotherapy or the ineffectiveness of immunotherapy remains inconclusive. However, in the first two lines of treatment, we noticed that this patient appeared to have a better response to chemotherapy. In addition, it was confirmed that afatinib and pirotinib had similar mPFS and produced responses in patients with HER2-mutant NSCLC with or without prior treatment (11–13). Also, the ZENITH20-2 trial demonstrated that poziotinib had antitumor activity in previously treated patients with HER2 exon 20 insertion NSCLC. This patient was treated with multiple pan-HER TKIs (afatinib, pyrotinib, and pozitinib) and ADC (T-DM1) based on the HER2 mutation, but neither reached an objective response. For T-DM1, the duration of response (DoR) in our case was similar to the lung cancer cohort in the phase 2 basket study (14). Our multiple treatment attempts have failed at this point. According to the ALTER0303 trial, the mPFS of the anlotinib group in advanced NSCLC beyond third-line treatment was 5.4 months; thus, we chose conventional treatment plus anlotinib (15). Every efficacy evaluation showed PR, with a PFS of 5.7 months. In this case, we chose multiple lines therapy including chemotherapy, immunotherapy, pan-HER TKIs, and ADC, and despite the chemotherapy used in front-line and back-line, which both achieved PR and contributed to delayed progression, the disease still inevitably progressed.

With the previous multiple lines treatment having failed, the DESTINY series of studies (Table 1), which reported the positive efficacy of third-generation ADC (T-DXd) in HER2-altered breast and gastric cancer, has given us a new direction for treatment options (16, 17). T-DXd is a novel HER2-targeted ADC that consists of trastuzumab and a topoisomerase I inhibitor. Subsequently, in Destiny-Lung01 by Li et al., previously treated HER2-mutant NSCLC patients receiving T-DXd (6.4 mg/kg) had an mPFS of 8.2 months and a median overall survival of 17.8 months, while the most common drug-related adverse event of grade 3 or higher was neutropenia, and drug-related interstitial lung disease occurred in 26% of patients (18). The pivotal findings from the Destiny-Lung02 study for T-DXd dose exploration significantly contributed to the subsequent FDA approval of T-DXd on 11/08/2022 for adults with HER2-mutant NSCLC who have experienced disease progression following systemic platinum-based therapy (19). Our patient received T-DXd in failure of T-DM1 treatment and a poor PS score (3-4) and maintained PFS for almost 9 months. The best response was assessed as PR, and the ECOG PS score improved to 1-2, which is similar to a case that reported an objective response and ECOG PS score improvement following treatment with T-DXd in poor PS (20). However, both Destiny-Lung01 and Destiny-Lung02 excluded patients with a PS score >2 or who had previously received T-DM1. Prior to this, only the ‘DESTINY-Breast’ clinical trial series reported a significant delay in disease progression with T-DXd in HER2-positive breast cancer patients who had previously received T-DM1 (17, 21). Our case suggests that the efficacy and safety of T-DXd were maintained in patients with advanced NSCLC who had previously received multiple lines therapy, despite the failure of T-DM1, and with poor PS scores. Although at that time we chose to administer T-DXd at a dose of 6.4 mg/kg according to Destiny-lung01, the recent Destiny-lung02 clinical trial demonstrated the efficacy of low-dose T-DXd in treating HER2-mutant NSCLC with a lower incidence of grade 3 or higher adverse events than the high-dose group (22). In addition, we caution clinicians about the four-degree myelosuppression caused by T-DXd. Based on the limitations of individual cases, the efficacy and safety of T-DXd in this group of patients still require further clinical case accumulation for validation.


Table 1 | Several trials and cases of ADC.



This patient had both HER2 and BRCA2 germline mutations. Our therapeutic work has focused on standard treatment for driverless advanced NSCLC in addition to treatment for the HER2 gene mutation. Notably, the patient achieved a positive response with T-DXd after T-DM1 resistance demonstrated promising survival benefits. The efficacy of T-DXd on T-DM1-resistant HER2-positive cancer cells has been suggested to be related to the elevated expression of ABCC2 (MPR2) and ABCG2 (BCRP) (23). Furthermore, for lung cancer patients with BRCA germline mutations, BRCA inhibitors in combination with chemotherapeutic agents are emerging as a viable option. Taofeek et al. reported the efficacy and safety of veliparib compared to conventional platinum-based chemotherapeutic agents for the treatment of SCLC (24, 25). Lynnette et al. revealed a significant anti-tumor effect when combining olaparib and icotinib (26). Based on the above positive results of combination therapy with BRCA inhibitors in the treatment of lung cancer, more extensive research is required to ascertain whether combining ADCs with BRCA inhibitors could offer a novel and potential treatment approach for patients with concurrent HER2 and BRCA germline mutations.

In conclusion, we have reported a case with the HER2 mutation in an NSCLC patient who tried various treatments after progressing on standard therapy and achieved an OS of 46.5 months. This case is a reminder to clinicians that such patients could still benefit from T-DXd despite having poor PS scores after multiple lines therapy, including T-DM1, which still needs to be confirmed by more data and prospective clinical trials.
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Objective

In 2007, entosis was proposed as a form of programmed cell death, distinct from apoptosis. This process involves a living cell (internalized cell) actively invading a neighboring live cell of the same type (host cell), forming a cell-in-cell structure. Recently, entosis has been increasingly associated with cancer, leading to significant advancements in research. Despite this progress, a comprehensive and unbiased review of the current state of entosis research is lacking. This study aims to evaluate the developments in the field of entosis over the past decade and highlight emerging research trends.





Materials and methods

We performed a literature search for studies published since the introduction of the entosis concept, using the Web of Science Core Collection database. The bibliometric analysis was conducted using VOSviewer, CiteSpace, Microsoft Excel, and the Bibliometrix R package.





Results

A total of 196 articles from 39 countries and 346 institutions were included. Between 2007 and 2024, research on entosis has seen rapid growth, with most publications originating from China and the United States. The United States also leads in total citations, with Memorial Sloan Kettering Cancer Center emerging as the top research institution. Sun Qiang is the most prolific author in this field, while Overholtzer M has the highest number of citations. Current Molecular Medicine has published the most articles related to entosis. Frequently occurring keywords include “entosis,” “cannibalism,” “autophagy,” and “apoptosis.” In recent years, keywords such as “phagocytosis,” “drug resistance,” and “human cancers” have surged, indicating a growing focus on understanding the role of entosis in tumor progression and exploring its potential as a therapeutic target for cancer treatment.





Conclusions

This study provides the first bibliometric analysis of entosis, detailing its evolution over the last decade. It highlights critical areas of interest, including the development of inhibitors targeting entosis and their potential clinical applications. This research aims to guide future investigations and serve as a valuable resource for scholars exploring entosis in cancer biology.





Keywords: entosis, cell-in-cell, VOSviewer, CiteSpace, R package “bibliometrix”




1 Introduction

Entosis, proposed in 2007, refers to a form of programmed cell death distinct from apoptosis (1). This process involves a living cell (internalized cell) actively penetrating a neighboring live cell (host cell) of the same type, resulting in the formation of a cell-in-cell (CIC) structure. Several outcomes are possible for the cells involved in entosis. The most common fate for the internalized cell is death, mediated by the lysosomal pathway of the host cell. However, a small fraction of internalized cells can survive within the host, be re-released, and, in some cases, even undergo division and proliferation (2).

Initial studies on entosis suggested that it primarily results in cell death, which may provide anticancer benefits. For example, Overholtzer et al. (2007) found that entosis restricts the abnormal proliferation of tumor cells grown in soft agar, supporting its potential role in tumor inhibition (3). Additionally, the inhibition of entotic cell death through autophagy protein knockdown increases the transformed growth of cells with high rates of entosis, suggesting that entosis may reduce such growth, at least partially, by inducing cell death (4).

As research has progressed, however, the focus has shifted toward the idea that entosis may promote tumor cell proliferation and metastasis. Entosis induces aneuploidy, a known driver of tumor development. During entosis, the internalized cell can disrupt the host cell’s division by interfering with the cleavage furrow, often leading to cytokinesis failure (5, 6). This failure can result in binucleated cells with significant aneuploidy, contributing to the formation of melanoma lesions (7). Consistently, host cells can recover nutrients from digested entotic cells, a process known as nutrient scavenging, which helps support cell proliferation and survival under starvation conditions (8). With the growing understanding of entosis as a promoter of tumor progression, the development of entosis inhibitors has emerged as a promising area of research. For instance, a study published in Cell Death & Disease demonstrated that, in the absence of glucose, the inhibition of PEPCK-M with iPEPCK-2 promotes entosis, while overexpression of PEPCK-M inhibits it (9). Furthermore, recent studies have identified Ca2+ chelators and inhibitors of SEPTIN, Orai1, and MLCK as suppressors of entosis (10). The future discovery and development of additional entosis inhibitors hold great promise for their application in clinical anticancer treatments, potentially leading to advanced therapeutic approaches.

Entosis, one of the emerging modes of cell death, has garnered increasing attention from researchers in the field of cancer biology. The growing number of studies on entosis reflects a rapidly expanding interest in understanding its role, placing a significant demand on researchers to stay updated on the latest findings, track current research hotspots, and anticipate future developments in the field. Bibliometric analysis, a quantitative analytical method, employs mathematical and statistical tools to systematically examine the literature of a specific research domain. This method helps construct a knowledge network within a field, enabling researchers to identify key areas of study and the boundaries of academic discourse. The objectivity and rigor of bibliometric analysis have made it a widely used tool across numerous disciplines, allowing scholars to quickly understand prevailing trends in their respective fields (11, 12). Bibliometric analysis can more accurately assist researchers in the field of entosis to understand the latest scientific discoveries, identify research hotspots, and predict the future development of the field.

However, no bibliometric studies have yet been conducted on entosis. To address this gap, our study searched the Web of Science Core Collection for literature related to cellular entosis published from January 1, 2007, to February 15, 2024. Using tools such as CiteSpace, VOSviewer, and R (version 4.2.2), we performed a comprehensive bibliometric analysis and visualized the results. Our aim was to summarize the current state of entosis research, assess emerging trends, and predict future research directions in the field (13–15).




2 Materials and methods



2.1 Literature source and retrieval strategy

Data were retrieved from the Web of Science Core Collection on a single day, February 15, 2024, using the search formula TS = (entosis). The search covered literature published from January 1, 2007, to February 15, 2024. Out of the 237 articles initially identified, 41 were excluded, including meeting abstracts, editorial content, corrections, correspondences, retractions, and conference papers. Ultimately, 196 articles were selected for analysis and exported under the categories “Full Record and Cited References” and “Plain Text.” To ensure comprehensive examination, the exported files were renamed as “download_*.txt” to enable processing in CiteSpace. The retrieval and analysis process is illustrated in Figure 1.




Figure 1 | The flow chart depicting bibliometric analysis.






2.2 Data analysis and visualization

To ensure the accuracy and consistency of the literature data, we utilized the “DEAN” data-cleaning process proposed by Pan Wei et al. for pre-processing and screening the data (16). Following this, we analyzed and visualized the literature using four software programs: Microsoft Excel 2021, CiteSpace, VOSviewer, and R (version 4.3.1). CiteSpace, developed by Chao-Mei Chen, is the most widely used tool for bibliometric analysis, and version 6.1.6 was used in this study for institutional collaboration analysis, journal cluster analysis, co-citation clustering and bursts, keyword timelines, and keyword bursts (17). VOSviewer, created by Nees Jan van Eck and colleagues, focuses on analyzing bibliometric knowledge graphs (18), and version 1.6.20 were used to visualize and analyze countries, journals, cited authors, co-cited authors, high-impact papers, and keywords. Additionally, the Bibliometrix R package (version 4.1.4) (https://www.bibliometrix.org) was used to display publication output by country (19), illustrate international collaboration, and present thematic trend analyses and a three-field plot. We also visualized the annual output of the top five institutions, journals, and the top 10 authors. Microsoft Excel 2021 was used to examine annual publication trends and conduct curve fitting.





3 Results



3.1 Annual quantitative distribution of publications

The annual publication of scholarly articles reflects the advancements in research within this domain. Our search strategy included all articles published since the definition of entosis was proposed, yielding a total of 237 English publications. After excluding publication types such as conference abstracts, book reviews, letters, and retracted articles, we conducted a comprehensive review of 196 papers, comprising 138 research articles and 58 reviews. Between 2007 and 2010, the number of publications was limited, indicating a period of stagnation in research, as illustrated in Figure 2A. However, following 2011, there has been a consistent increase in research literature in this field, with a peak in published articles observed from 2020 to 2023. This signifies a recent surge in recognition of entosis research among scholars. It is evident that entosis holds significant potential for clinical applications, particularly in anticancer therapy, and the trend in this research area is expected to continue expanding.




Figure 2 | (A) Annual outputs of publications regarding Entosis field. (B) TOP 20 corresponding author’s countries that produced the largest number of literature. (C) The overlay visualization map of country co-authorship analysis conducted by VOSviewer. (D) The geographical network map of Entosis. SCP, Single Country Publications; MCP, Multiple Country Publications.






3.2 Analysis of countries and institutions

Since the introduction of the entosis definition, publications have emerged from 39 different countries and regions, as well as 346 organizations. As depicted in the geographical network map in Figure 2D, the top 10 countries were primarily located in Asia, Europe, and North America.

Table 1 shows that China (71 publications, 36.22%) and the United States (61 publications, 31.12%) together accounted for 67.34% of the total global publications, significantly distancing themselves from the third-ranked country. The U.S. publications garnered the highest overall citation frequency (6,024), followed by the UK (3,230), France (2,808), and Italy (2,558). Figure 2C illustrates the frequency of international academic collaboration, with the size of each node representing the number of publications from that country. Collaborative research efforts among various nations were strong, with dynamic partnerships notably between the U.S., China, and the UK. Furthermore, Italy and the UK showed a strong partnership. However, China’s multi-country publication research constituted only a small fraction of its domestic research output (see Figure 2B), indicating a limited degree of close academic collaboration with other countries and continents in this research area. By incorporating these advanced analytical tools, we provide a comprehensive review of entosis-related research, establishing a solid foundation for assessing the current state of the field and its future potential.


Table 1 | Top 10 nations and institutes for Entosis research.



Using CiteSpace software, we visualized and analyzed the 346 institutions involved in this research (Figure 3A). The ranking of publications is presented in Table 1, which highlights the top 10 institutions contributing to this field. The leading research institution is Memorial Sloan Kettering Cancer Center, with 24 publications, accounting for 12.24% of the total output. Notably, the list of institutions also includes several Chinese research entities. The diagram in Figure 3A shows the network of interinstitutional collaboration. As shown, Memorial Sloan Kettering Cancer Center actively collaborates with The Babraham Institute, while Capital Medical University maintains close ties with the Chinese People’s Liberation Army General Hospital. Moreover, partnerships among institutions are predominantly confined to their respective countries, reflecting a lack of dynamic academic cooperation across various nations. Figure 3B indicates a steady upward trend in the annual publication output of the top five institutions in recent years.




Figure 3 | (A) The visualization of institutions' cooperation networks based on CiteSpace. (B) Top 5 institutions’ production over time. (C) Map of authors’ cooperative relationship. (D) Visualization of journals on the research of entosis based on VOSviewer.






3.3 Journals and co-cited journals

The journals and co-cited journals within this research domain were visualized and analyzed using VOSviewer. A total of 119 journals were included in this analysis. Figure 3D displays the top 10 journals based on the number of publications, with a minimum threshold of 4 publications; the size of the nodes corresponds to the volume of publications for each journal. Figure 4A presents the network layout of journals cited together, including those with a minimum of 20 citations. This figure shows that the 119 journals cited together are represented in the overall strength of the links. Leading the list of journals in terms of overall link strength are Cell (total link strength = 38,061), Nature (total link strength = 35,478), Cell Death & Differentiation (total link strength = 26,500), Proceedings of the National Academy of Sciences USA (total link strength = 22,200), and Journal of Biological Chemistry (total link strength = 19,828). There has been a consistent increase in the publication numbers of the leading five journals in this field of study in recent years, as illustrated in Figure 4B.




Figure 4 | (A) Network map of journals that were co-cited in more than 20 citations. (B) Top 5 journals’ publication over time. (C) The dual-map overlay of journals related to Entosis.



Table 2 numbers the top 10 most prolific and co-cited journals included in this study. Molecular Medicine, with an impact factor (IF) of 2.50 in 2024, emerged as the leading publisher with nine publications. Additionally, there were nine articles published in Cell and Developmental Biology (IF = 5.50, 2024), eight in Cell Death & Disease (IF = 9.00, 2024), and four in Cell Research (IF = 44.1, 2024). Notably, 7 out of the top 10 journals classified under JCR Region I contained relevant articles.


Table 2 | Top 10 journals and co-cited journals for studies Entosis.



The journal biplot overlay provides a visual representation of the distribution of journals, the evolution of citation trajectories, and the shift in research focus across various research areas. In each subplot of Figure 4C, the left side displays the citing journal groups, while the right side illustrates the cited journal groups. As shown in Figure 4C, most citations in the curve are concentrated in the yellow citation link area, with the thickest citation link identified using the Z-score function of CiteSpace. The results indicate that the citing journals clustered around entosis primarily encompass molecular biology and immunology, whereas the cited journals cluster predominantly within the fields of molecular biology and genetics. These findings suggest that current research on entosis is mainly focused on molecular biology and immunology.




3.4 Authors and co-cited authors

A total of 1,055 authors have contributed to entosis research. As presented in Table 3, the top 10 authors contributed 140 publications, accounting for approximately 71% of all publications in this domain. Sun, Qiang emerged as the leading author with 24 research publications, followed by Overholtzer, M with 23 papers, and Huang, Hongyan with 17 papers. Figure 5B illustrates the yearly contributions of the leading 10 authors from 2007 to 2024. Overholtzer, M has been active in the field since the introduction of the concept of entosis, while Wang, Xiaoning and Florey, Oliver began their major research contributions after 2009 and 2011, respectively. As depicted in Figure 3C, VOSviewer illustrates the connections among authors, highlighting that those from the same countries or regions often collaborate more frequently and exhibit stronger connections. However, collaboration among authors from different countries remains inadequate.


Table 3 | Top 10 authors and co-cited authors on Entosis.






Figure 5 | (A) Network visualization diagram of the co-cited authors regarding Entosis. (B) Top 10 authors’ production over time. TC, total citation.






3.5 Co-citation analysis

The co-citation analysis evaluates the relevance of scholarly articles based on their co-citation frequency. Using VOSviewer, we examined 48 authors who each have at least 20 citations. As illustrated in Figure 5A, notable collaborations include those between Qiang Sun and Manna Wang, as well as between Overholtzer, M and Fais, S. Table 3 lists these authors, showing that Overholtzer, M is the most cited author (240 citations), followed closely by Sun, Q (187 citations) and Florey, O (129 citations). Notably, four authors in total have surpassed the 100-citation mark.




3.6 Highly valuable papers

To assess the impact of key papers on entosis studies, we analyzed citation counts from various regions. In total, over 150 papers in this area received more than five citations (Figure 6A). The paper titled “Classification of Cell Death: The 2009 Recommendations of the Committee on Nomenclature of Cell Death” has garnered an impressive 2,314 citations. This study details the NCCD’s 2009 recommendations regarding cell death terminology, including terms like “entosis,” “mitotic catastrophe,” “necrosis,” “necroptosis,” and “pyroptosis.” (20). It emphasizes that “entosis is a default pathway that becomes apparent only when other catabolic processes are inhibited.”




Figure 6 | (A) Network map of citation analysis of documents with more than 5 citations. (B) Network map of co-citation analysis of references. (C) Top 25 references with strongest citation bursts of publications regarding Entosis.



The second most cited article, “A Non-Apoptotic Cell Death Process, Entosis, That Occurs by Cell-in-Cell Invasion,” has received 499 citations. This paper introduces the concept of “entosis” and provides evidence of its role in the CIC cytological features commonly observed in human cancers (3). The third most cited article, “Autophagy Machinery Mediates Macroendocytic Processing and Entotic Cell Death by Targeting Single Membranes,” has been cited 332 times and discusses how autophagy proteins can target single-membrane vacuoles in cells even in the absence of pathogenic organisms (4).

VOSviewer identifies three primary groups (Figure 6B) with extensive interconnections among the references, highlighting the intricate relationships in this research area. Table 4 presents the 10 most frequently cited sources in entosis research, with “Overholtzer M, 2007, Cell, v131, p966” standing out as the second most frequently cited reference, accumulating 169 citations.


Table 4 | Top 10 co-cited references for Entosis research.



Additionally, references that have been widely cited by scholars in a specific field over time are referred to as references with citation bursts. These citations serve as important indicators, highlighting sources that have generated significant scholarly interest within a particular area over a specific period. Using CiteSpace, we identified the top 25 sources with the most intense citation surges, as shown in Figure 6C. Notably, Qiang Sun’s 2014 article, “Induction of Entosis by Epithelial Cadherin Expression” (21), ranked highest (intensity = 10.11). Following this, Krajcovic et al. defined a previously unknown mechanism of cytokinesis failure and aneuploid cell formation in human cancers (5), further exploring the role of entosis in this context.




3.7 Analysis of keywords

CiteSpace’s algorithm was used to detect keyword bursts. Figure 7A displays the top 10 keywords with the most significant bursts. The most frequently cited keyword was “phagocytosis” (intensity = 3.68), followed by “human cancers” (3.38) and “autophagy” (2.62). The keyword “phagocytosis” had the longest burst duration, spanning six years from 2012 to 2017. Notably, the keyword “ferroptosis” has seen a recent surge in citations (2022–2024). Ferroptosis is a novel iron-dependent mode of programmed cell death that differs from apoptosis, necrosis, and autophagy. It is closely linked to the pathophysiological processes of various diseases, including tumors and neurological disorders (22). Given that entosis and ferroptosis are both forms of programmed cell death, their simultaneous appearance in studies related to tumor cellular mechanisms suggests that research into entosis’s role in tumor development may become a significant area of interest in the future.




Figure 7 | (A) Top 10 keywords with the strongest citation bursts based on Citespace. (B) Overlay visualization of the keywords network based on Vosviewer. (C) The three-field plot of the Keywords analysis base on R package “bibliometrix.” (D) The timeline view of keywords conducted by CiteSpace.



Analyzing keyword co-occurrences facilitates the rapid identification of hotspots within the research domain. The leading 20 high-frequency terms in this area are enumerated in Table 5. According to the co-occurrence analysis, the top four keywords identified were: “entosis” (137 occurrences), “cannibalism” (58 occurrences), “autophagy” (42 occurrences), and “apoptosis” (35 occurrences). Cannibalism, autophagy, and apoptosis were mentioned more than 30 times and represent the primary focus of entosis research.


Table 5 | Top 20 keywords on research of Entosis.



From a total of 1,111 keywords, we excluded those with fewer than five occurrences and selected 59 keywords for cluster analysis using VOSviewer. As illustrated in Figure 7B, the keywords were categorized into six distinct clusters, each representing a unique research pathway. The red cluster includes “entosis,” “expression,” and “gene,” indicating a strong correlation between entosis and the selective expression of genes. The blue cluster encompasses “autophagy,” “apoptosis,” and “cell death,” suggesting a potential connection between entosis and various forms of cell death, particularly apoptosis. The purple cluster, characterized by terms like “emperipolesis,” “lymphocytes,” and “nurse cells,” indicates a higher incidence of entosis in specific cell types, such as lymphocytes. The green cluster features keywords like “cannibalism,” “engulfment,” and “death process,” emphasizing the concept of cannibalism among similar cells in entosis. Lastly, the orange cluster contains keywords such as “breast cancer,” “clearance,” and “tumor,” highlighting that entosis has been extensively studied in solid tumors, particularly breast cancer.

Figure 7C presents a three-field graph linking authors, keywords, and journals, showcasing the most frequently used keywords and the journals that publish the most in this field. The most common keywords include “CIC,” “entosis,” “CIC structures,” and “cell cannibalism.” Authors Sun Q, Overholtzer M, and Huang HY are closely associated with the keywords “entosis” and “CIC,” creating strong links. The journal with the most significant connections is Cell Death & Disease.

Analyzing the timeline of keywords provides valuable insights into the progress and evolving focus of the research area. The size of the nodes reflects the frequency of keyword appearances within the clusters, with earlier nodes representing keywords that appeared first in the timeline. Figure 7D depicts keywords such as “ferroptosis,” “lymphocyte,” “breast cancer,” “cancer cell,” “cell invasion,” “selection,” and “cell death.” The early appearance of “cannibalism” (dating back to 2007) suggests that cancer and apoptosis were among the initial areas of interest in this field. Notably, the frequency of the keyword “drug resistance” has significantly increased recently. This trend may indicate the rapid development of entosis within cancer therapeutics, suggesting that the development of novel drugs aimed at countering cancer cell escape is becoming a prominent research topic.





4 Discussion

This investigation used tools such as VOSviewer, CiteSpace, and the Bibliometrix R package to implement sophisticated bibliometric analysis principles and advanced visualization techniques. Our review of entosis and its impact on cancer involved an extensive analysis of annual publications, geographical regions, institutions, contributing and cited authors, academic and peer-reviewed journals, and pertinent keywords, aiming to uncover major research foci and trends in this domain.

In examining geographical areas and institutions, China and the United States emerged as the leading countries in terms of publication output. However, there is a notable lack of international collaboration between these countries. To foster the collective advancement of this field, China must actively engage in strengthening global cooperation. Chinese institutions account for the highest percentage of the top 10 institutions by publication volume. While the development of entosis research requires the exchange and collaboration of experts, these institutions predominantly collaborate with domestic counterparts. We anticipate an increase in cooperation among different countries and institutions to promote collaborative growth in this research area.

Regarding journals and co-citation analysis, Current Molecular Medicine ranked first in terms of publication count. In 2024, the top 10 journals had an average IF of 9.86, with Cell Research recording the highest IF at 44.10. Notably, 80% of the journals had an IF exceeding 5, and 70% of these journals were categorized as Q1 (JCR). Among the journals cited together, Nature Reviews Molecular Cell Biology emerged as the highest in IF at 112.70, while Cell was the most frequently cited. Furthermore, 9 out of the top 10 journals frequently cited were classified as Q1. These results indicate that this research area has attracted significant academic attention from prominent journals specializing in cell biology and cancer treatments.

In terms of authorship, Sun, Qiang, and Overholtzer, Michael stand out as the most prolific contributors in the field. The collaboration network among authors (Figure 3C) highlights their ongoing cooperative efforts. Their most cited article, “Competition between Human Cells by Entosis,” demonstrates that human cells engage in direct competition through a phagocytic process known as entosis, resulting in their engulfment or cannibalism while alive, followed by cell death. Our research reveals that the characteristics of the engulfing (“winner”) and engulfed (“loser”) cells are determined by the phagocytic mechanism governed by RhoA and actomyosin. In heterogeneous populations, tumor cells with high deformability tend to engulf and outcompete neighboring cells with lower deformability. Furthermore, the study found that the activation of the Kras and Rac pathways bestows dominant status on cells by reducing contractile myosin, facilitating the absorption of adjacent cells, which ultimately leads to cell death. The paper also calculates the energy dynamics of CIC formation, highlighting the mechanical distinctions between winning and losing cells as crucial for advancing our understanding of entosis. This information outlines a competitive process in mammalian cells, particularly in human tumors, and serves as a vital guide for examining entosis in human cancer cells.

Within the context of cited authors, Overholtzer, M emerges as the most frequently cited author. He is best known for his article that first introduced the concept of “entosis,” providing evidence that it is a prevalent “CIC” phenomenon in human cancers. This foundational article not only established the concept of entosis but also suggested that it is driven by the compaction forces associated with the formation of adherens junctions, occurring without integrin interaction. This mechanism may potentially serve as an inherent tumor-inhibiting force for cells separated from the extracellular matrix.

The significance of the most cited literature and references in this field has been discussed in detail above; therefore, these points will not be reiterated here.



4.1 Hotspots and frontiers

Recent research has highlighted that references and keywords experiencing a surge in citations can serve as indicators of trending topics within a specific field. Upon examining the major research areas associated with these frequently cited references and keywords, we identified that current themes in entosis research primarily focus on understanding the biological mechanisms underlying entosis and exploring the potential of inducing entosis in cancer cells as a therapeutic strategy. Notably, references citing the surge in 2014 reported that the expression of exogenous epithelial cadherin proteins (E- or P-cadherin) in human breast tumor cells, which lack endogenous expression of these cadherins, induces entosis and inhibits transformed growth (21).

Keywords are an effective means of quickly grasping the focus and progress within the entosis research field. By employing both keyword clustering analysis and a timeline perspective (see Figure 7), we can discern temporal shifts in research topics. Current trends increasingly concentrate on the potential impact of entosis on tumor cells and the application of entosis to impede cancer progression. This focus reflects a strong interest in the practical implications of entosis research, particularly in uncovering the effects of entosis on the development of tumor and entosis inhibitors. Thus, we can conclude that research on entosis has focused on the following areas:




4.2 Hotspots: impact of entosis on tumor development

Entosis is characterized by the dynamic penetration of a living cell (the internalized cell) into an adjacent living cell of a similar type (the host cell), leading to the formation of a CIC structure. While entotic cells typically undergo death, some can escape from the host cell. A small percentage of these cells are capable of division within the host (3). The death of entotic cells occurs through a non-cell-autonomous process, as the live engulfed cells are degraded by autophagy and lysosomal pathways (23). This cell death occurs in the absence of cysteine-3 cleavage and lacks the morphological features associated with apoptosis. Therefore, it has been suggested that entosis should be classified as a novel type IV cell death (24).

Initial research indicated that CIC structures had an anticancer effect primarily by inducing cell death (3, 25). Early experiments demonstrated that the entosis process could inhibit tumor progression by killing tumor cells that had already been isolated from the stroma (5). However, entosis may promote tumor progression by inducing changes in cell ploidy (6). It actively fosters polyploidy through the interruption of cell division, leading to the development of polyploid cells in cultures. Furthermore, there is a correlation between CIC structures and cancer stages; for instance, in lung (26), gastric (27, 28), breast (29), renal (30), and pancreatic cancers (31), CIC structures serve as markers of poor prognosis. A direct comparison of xenograft growth in mice revealed that cells exhibiting greater endodermal activity formed larger tumors, indirectly hinting at a pro-tumorigenic role for the CIC structure (32). As research on entosis has advanced, evidence has accumulated that a significant proportion of cancer cells undergoing entosis are able to escape from host cells (32, 33). It is now widely accepted that host cells provide a safe environment for endocytes, allowing them to evade adverse conditions such as nutrient deprivation, toxic substances, and immune cell attacks (34, 35). In conclusion, entosis is increasingly viewed as promoting the proliferation and metastasis of tumor cells.




4.3 Hotspots: inhibitors of entosis

Entosis is triggered by various physiological conditions, including matrix detachment, aberrant mitosis (36), and glucose deprivation (37), Regardless of the initiating mechanism, entotic cells form adherens junctions (AJs) through Ca2+/E-cadherin interactions (21). Following the formation of AJs, these cells are engulfed via actin polymerization (38), mechanical ring formation (39), and actomyosin contraction (40–42).

Recent findings indicate that intracellular Ca2+ signaling regulates entosis through the SEPTIN-Orai1-Ca2+/CaM-MLCK-actomyosin axis (40, 41). Intracellular Ca2+ oscillations in entotic cells exhibit spatiotemporal variations during engulfment, mediated by Orai1 Ca2+ channels in the plasma membrane (43). SEPTIN controls the polarized distribution of Orai1, leading to local MLCK activation, which results in MLC phosphorylation and actomyosin contraction, ultimately facilitating the internalization of invasive cells (44–46). Notably, Ca2+ chelators and inhibitors of SEPTIN, Orai1, and MLCK have been shown to suppress entosis (10).

As the role of entosis in tumor development becomes clearer, investment in research and development of entosis inhibitors is expected to grow, paving the way for future anticancer therapies that target this process.





5 Conclusion

In summary, a bibliometric analysis of entosis research reveals a rapidly evolving and dynamic field that reflects our growing understanding of novel modes of cell death and the potential for anticancer therapies to make a significant impact. Key themes identified include “cancer prognosis,” “drug resistance,” and “cell engulfment.” As research in entosis has advanced, there is a noticeable shift toward the perspective that entosis promotes tumor cell proliferation and metastasis, underscoring the current emphasis on the entotic properties of tumor cells. Notably, the emergence of “entosis inhibitors” as a central topic suggests a promising direction for future research, as the pro-cancer effects of entosis continue to be elucidated. The integration of cellular pharmacology, cell biology, and related disciplines may provide a robust impetus for the development of entosis inhibitors. For instance, the identification of Orai1 as a Ca2+ channel involved in non-apoptotic cell death and its role in cancer development has facilitated the development of Ca2+ chelators, as well as inhibitors targeting SEPTIN, Orai1, and MLCK to inhibit entosis. Consequently, researchers, clinicians, and policymakers should closely monitor this field and support its ongoing advancement, given its significant potential to inhibit tumor cell growth of tumor cells.
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The integration of viral DNA into the human genome is a critical event in the pathogenesis of various cancers. This process leads to genomic instability, disrupts cellular regulatory mechanisms, and activates oncogenes or inactivates tumor suppressor genes. Despite significant advancements in genome sequencing technologies, there remains a notable lack of computational tools, particularly web-based applications, specifically designed for viral integration analysis and visualization. To address this gap, we present virusPlot, a web server with the following functional modules: (i) automatic retrieval of virus genome sequences and their annotation; (ii) visualization of virus integration locations and read counts through a graphical representation that links viral and host genome integration sites, facilitating the interpretation of integration patterns; (iii) analysis of virus integration hotspots using Fisher’s exact test; and (iv) integration of various functions into an interactive web platform via shinyapp. VirusPlot efficiently processes and visualizes integration data from viruses and host genomes, providing researchers with an intuitive and user-friendly analytical tool that simplifies the complexity of virus integration analysis.




Keywords: viral integration, genomic visualization, hotspot analysis, computational biology, bioinformatics tool, host-virus interaction




1 Introduction

Viral insertion into the host genome is a critical event in the viral life cycle of several viruses associated with tumorigenesis (1, 2). Specifically, viruses, such as human papillomavirus (HPV) (3, 4), hepatitis B virus (HBV) (5), Epstein-Barr virus (EBV) (6), and Human T-cell leukemia virus type 1 (HTLV-1) (7), are well-known for their oncogenic potential through this mechanism. The integration of viral DNA can result in genomic alterations that drive malignant transformation, contributing to cancer development and progression (1, 8–12). Understanding the molecular mechanisms of viral integration and its impact on cellular pathways is essential for developing targeted therapies and preventive strategies against virus-associated cancers.

Recent advances in genome sequencing methods have significantly enhanced the detection of viral integration events in tumor genomes. Whole Genome Sequencing (WGS) provides a comprehensive view of the entire tumor genome and allows for the identification of viral integration sites across the genome (3, 13–15). Capture sequencing involves the enrichment of viral sequences and their adjacent host sequences before sequencing, which is highly effective for detecting viral integration sites and mapping the integration landscape with high sensitivity and specificity (14, 16, 17). The development of long-read sequencing technologies offers the advantage of reading longer DNA fragments, which can span entire integration sites and provide more accurate mapping of integration events (18–21). This method is particularly useful for resolving complex integration events and structural variations.

Additionally, tools such as isling (22) and Vseq-Toolkit (23) have been developed for viral integration analysis, along with other tools benchmarked in these studies, providing a foundation for comparative assessments.

Viral integration events are complex and require sophisticated algorithms to accurately detect and interpret insertion sites within the host genome (9). These events can vary significantly in their genomic context, integration frequency, and impact on gene regulation, necessitating specialized tools for comprehensive analysis (1, 3, 9, 14). Currently, most available tools for viral integration analysis are either standalone software or scripts requiring a high level of bioinformatics expertise to operate (24–26). These tools often demand substantial computational resources and can be challenging for researchers without advanced programming skills. Furthermore, effective visualization tools are lacking, which are essential for interpreting the results of viral integration studies, allowing researchers to explore integration sites, their genomic contexts, and potential effects on gene expression and genome stability.

The absence of user-friendly, web-based platforms limits accessibility and hinders the widespread adoption of viral integration studies in the broader research community. To address this, we have developed virusPlot, an all-in-one analysis and visualization software. Key features of virusPlot include the automatic retrieval of virus genome sequences and annotation information, a visualization tool that represents viral integration events by connecting integration sites in the host genome with corresponding positions in the viral genome, and virus integration hotspot analysis using Fisher’s exact test to help identify possible integration hotspot regions. Importantly, virusPlot integrates all these functions into an interactive web platform via shinyapp, expanding accessibility to users without technical or computational skills. The integration of interactive, web-based visualization tools can significantly enhance the ability to communicate findings, generate hypotheses, and facilitate collaborative research.




2 Methods and functions

We have developed virusPlot, an R package that offers a comprehensive suite of tools for analyzing and visualizing virus integration into the host genome. The user interface and back-end of virusPlot are built using Shiny. Analysis results are displayed on the web page and can be downloaded in various formats, including PDF, PNG, EPS, TXT, and HTML (for more details, refer to the website help pages). The workflow and typical output schema are illustrated in Figures 1–4. Detailed functions and operations for each module are described below.




Figure 1 | Screenshot of the virusPlot web tool. This package encompasses four main functionalities: (i) Automatic retrieval of virus genome information, (ii) Virus integration information visualization, (iii) Virus integration hot spots analysis, hot spots refer to genes with a statistically significant number of viral integration events, identified using Fisher’s exact test or Chi-square test, and (iv) a user-friendly web application interface (shinyapp).






Figure 2 | HPV integration in oropharyngeal cancer. (A) Strudel plot of HPV16 integration information. (B) The HPV16 integration hotspot analysis of the HPV16 genome. (C) The HPV16 integration hotspot analysis of the host genome.






Figure 3 | HPV integration in cervical cancer. (A) Strudel plot of HPV18 integration information. (B) The HPV18 integration hotspot analysis of the HPV18 genome. (C) The HPV18 integration hotspot analysis of the host genome.






Figure 4 | HBV integration in liver cancer. (A) Strudel plot of HBV integration information. (B) The HBV integration hotspot analysis of the HBV genome. (C) The HBV integration hotspot analysis of the host genome.





2.1 Automatic retrieval of virus genome

The virusPlot package includes two key functions for retrieving virus genome data: get_virus_genom and get_virus_annotation. The get_virus_genom function automates the process of obtaining viral genomic sequences from the National Center for Biotechnology Information (NCBI) database. By leveraging NCBI’s extensive repository, this function provides users with accurate and up-to-date viral sequences for their research. Complementing this, the get_virus_annotation function retrieves gene annotation information for the obtained viral genomes, which is essential for understanding the functional roles of various viral genes and their potential impact on the host organism.




2.2 Quality control

To ensure the robustness of the input data analysis, we have incorporated a rigorous quality control mechanism. This mechanism allows users to apply filters based on two adjustable parameters: minimum read number and p-value threshold. For example, users can set a minimum read number (e.g., ≥10 reads) to exclude low-confidence breakpoints supported by insufficient reads, and a p-value threshold (e.g., p < 0.05) to ensure statistical significance. These parameters can be fine-tuned based on the specific characteristics of the dataset, such as sequencing depth or experimental design.

We have observed that adjusting these parameters has distinct effects on the dataset:

	Increasing the minimum read number threshold improves the confidence of the retained breakpoints but may reduce the overall number of breakpoints available for downstream analysis.

	Tightening the p-value threshold enhances statistical rigor but might exclude potentially relevant breakpoints with weaker statistical signals.






2.3 Virus integration information visualization

A novel visualization approach, the strudel plot, has been developed within the virusPlot package to graphically represent the complex integration patterns of viruses within host genomes. The strudel plot is a multi-faceted structure that effectively displays integration sites, viral genome breakpoints, and the correspondence between host integration sites and viral breakpoints. The plot is organized into five distinct components:

	Viral Genome Retrieval: Presents the sequence and annotated information of the viral genome.

	Viral Integration Sites: Illustrates the positions of viral integration sites along with the number of associated reads.

	Integration Breakpoints: Maps the breakpoints in both the viral and host genomes.

	Host Integration Sites: Shows the positions of integration sites in the host genome along with their respective read counts.

	Host Gene Hotspots: Identifies the host genes that are hotspots for viral integration.



VirusPlot analyzes viral integration breakpoints irrespective of the completeness of the viral genome at the site. The analysis supports both forward and reverse orientations of the virus and incorporates rearranged fragments by identifying and visualizing integration breakpoints on both the viral and host genomes.




2.4 Virus integration hot spots analysis

Viral integration hotspots are pivotal for comprehending virus-induced cancer mechanisms and for devising targeted therapies and preventive strategies. Identifying these hotspots holds promise for early detection, prognostic insights, and personalized treatment approaches. In the virusPlot package, a robust analysis tool is included for detecting viral integration hotspots within the host genome. A gene is identified as a potential hotspot if the observed number of integration sites significantly exceeds the expected count by chance. This comparison, facilitated by both Fisher’s exact and chi-square tests, offers valuable insights into the preferential integration patterns of viruses, critical for deciphering viral persistence mechanisms and pathogenesis. The expected number of integration sites for each genomic region was calculated as follows:

	

Statistical significance was determined using Fisher’s exact test and Chi-square test by comparing the observed and expected counts. The p-value threshold for significance was set at 0.05.

The web-based version of VirusPlot processes viral integration data using the hg38 human genome assembly by default. For users of the R package version, the genome assembly can be customized by specifying the TxDb parameter in functions such as get_hot_gene and strudel_plot. This flexibility allows users to work with data aligned to different genome versions, ensuring compatibility with their specific datasets and annotations.




2.5 A user-friendly web application interface

To make virusPlot widely accessible and easy to use, we’ve integrated a shinyapp, providing a user-friendly web interface for accessing all features without the need for coding. This web app simplifies operations, requiring no local setup or specific hardware, as all computations are cloud-based, ensuring compatibility across different systems. Through practical case studies using our own data and published HPV and HBV integration data in various cancers (i.e., oropharyngeal cancer, cervical cancer and hepatocellular cancer) (Figures 2–4), virusPlot has proven effective in displaying integration sites and identifying hotspots, underscoring virusPlot’s utility in simplifying the complex analysis of viral integration and providing valuable insights into the genomic alternations and regulatory disruptions associated with virus-related cancers.




2.6 A data security and privacy

VirusPlot employs multiple measures to ensure the security of user data. All data transfers between the user and the server are encrypted using HTTPS. Uploaded data is processed in-memory without being stored permanently on the server, and all data is automatically deleted upon completion of the analysis. The server is hosted on a secure platform with firewalls and regular updates to protect against vulnerabilities.





3 Case study



3.1 HPV integration in oropharyngeal cancer (Data in this study)

Whole Exome & HPV capture sequencing (WEHS) was performed on 20 head and neck cancer samples. We used the Survirus software (24) to detect HPV16 integration information. This analysis revealed 471 integration sites and 13,007 reads encompassing these sites. The viral integration sites were evenly distributed throughout the HPV16 genome but concentrated in specific chromosomal regions of the host genome, such as chr17, chr9, and chr15. The five genes with the highest number of viral read insertions were CHMP6, RPTOR, LOC124904077, CD274, and GDPGP1 (Figure 2A). Regarding the HPV16 genome, fewer integration sites were observed in the E6 gene compared to random occurrences, while no significant differences were noted for other genes, and no hotspot integration genes were identified (Figure 2B). In the host (human) genome, several hotspots for HPV16 insertion were identified, including BMS1P23, CHMP6, EBMP1, OR4C46, and RPTOR, compared to random occurrences (Figure 2C).




3.2 HPV integration in cervical cancer

Ma’s Lab conducted DNA sequencing on 39 cervical cancer samples collected from Tongji Hospital in Wuhan and Jingmen No. 2 People’s Hospital in Hubei Province, China, between 2007 and 2014 (14). Exfoliated cervical epithelial cells were collected using cervical brushes. The high-throughput Viral Integration Detection (HIVID) (27) was then applied to these samples to detect HPV18 integration information. This analysis identified 241 integration sites and 48,603 reads including these sites. The viral integration sites were evenly distributed across the HPV18 genome and concentrated in specific chromosomal regions of the host genome, such as chr8, chr11, and chr17. The five genes with the highest number of viral read insertions were CCAT1, PTRH2, TGM2, MMP3, and NCOA7-AS1 (Figure 3A). In the HPV18 genome, the actual number of integration sites in the E7 and L2 genes was significantly higher than random, indicating hotspots for integration, while the L1 gene had significantly fewer integration sites than random (Figure 3B). In the host (human) genome, multiple hotspots for HPV18 insertion were identified, including BARX2, DNAJB8-AS1, MIR548BB, MIR603, and UBE4B, compared to random occurrences (Figure 3C).




3.3 HBV integration in liver cancer

Wang’s Lab performed DNA sequencing on 138 hepatocellular carcinomas (HCCs) collected at the Eastern Hepatobiliary Surgery Hospital in Shanghai from 2009 to 2010 using high-throughput viral integration detection (HIVID) method (28). This analysis identified 546 integration sites and 13,242 reads encompassing these sites. The reads containing viral integration sites were primarily concentrated in the X gene of the HBV genome and on chromosomes chr5, chr11, and chr19 of the host genome. The five genes with the highest number of viral read insertions were MIR4457, TERT, FGF4, SHANK2-AS1, and KM12B (Figure 4A). Regarding the HBV genome, the actual number of integration sites in the X gene was significantly higher than random, indicating hotspots for integration, whereas the PreS1/PreS2/S and P genes had significantly fewer integration sites than random (Figure 4B). In the host (human) genome, multiple hotspots for HBV insertion were identified, including TEAR, KMT2B, CCNE1, CCNA2, and MIR4457, compared to random occurrences (Figure 4C).





4 Discussion

The virusPlot platform offers a comprehensive suite of tools and workflows designed to simplify the analysis and visualization of viral integration events within host genomes. Serving as an visualization solution, virusPlot streamlines the process of identifying integration hotspots and understanding the impact of viral integration on cancer development. With its intuitive interface, virusPlot enables researchers, including experimental biologists without computational programming skills, to explore complex viral integration patterns and gain valuable insights into virus-associated cancers. By integrating multiple analytical approaches and statistical tests, virusPlot enhances the analysis of viral integration data, complementing traditional methods and enabling more comprehensive investigations. As sequencing methods continue to evolve and become more cost-effective, an increasing number of viral-associated cancers and viral integration events are expected to be uncovered (1, 20). This expanding dataset of viral-related cancer genomes and integration sites will provide valuable insights into the role of viruses in oncogenesis and facilitate the development of targeted therapies and preventive strategies against virus-associated cancers. We are committed to maintaining the virusPlot platform and continuously updating it with new data and methods, ensuring its relevance and utility for the research community over the coming years. Through its user-friendly interface and powerful analytical capabilities, virusPlot aims to accelerate discoveries in viral oncology and facilitate the identification of novel cancer pathways and therapeutic targets.

To evaluate the usability of VirusPlot, we compared it with other visualization tools commonly used for integration data, such as Circos (29). Users reported that VirusPlot’s interactive interface significantly reduced the complexity of generating visualizations, compared to the manual configurations required by Circos. Furthermore, VirusPlot provides integration-specific features, such as the strudel plot and hotspot analysis, which are not available in these general-purpose tools. Additionally, the web-based accessibility of VirusPlot eliminates the need for local installations, making it a more user-friendly and efficient tool for analyzing viral integration data.

Future updates to virusPlot aim to expand its capabilities by including support for additional genomic data types, such as RNA-seq and long-read sequencing data. Planned features include new visualization tools, such as circular diagrams and VCF diagrams, which are currently under development. We also aim to integrate more advanced statistical modules to accommodate complex integration scenarios, such as those involving rearranged viral genomes.





Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: https://github.com/huerqiang/virusPlot.





Author contributions

SY: Methodology, Project administration, Software, Writing – original draft, Writing – review & editing. EH: Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. JA: Writing – review & editing. AG: Writing – review & editing. NW: Writing – review & editing. NK: Writing – review & editing. JZ: Writing – review & editing. GR: Writing – review & editing. SA: Writing – review & editing. RS: Writing – review & editing. JS: Writing – review & editing. HO: Writing – review & editing. AA: Writing – review & editing. CC: Writing – review & editing. MP: Writing – review & editing. TO: Writing – review & editing. WD: Project administration, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was in part supported by NIH R01CA291607 (SY), R21 CA267527-01 (SY), the Feldstein Medical Foundation grant (SY), R01INS134819 (WD), Fundings from the Moffitt Cancer Center and State of Florida (AA).





Conflict of interest

WD and SY hold equity in Yihui Bio, Inc. AA is a Global Advisory Board member and paid consultant for LG Chem Life Sciences Innovation Center.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Ye, R, Wang, A, Bu, B, Luo, P, Deng, W, Zhang, X, et al. Viral oncogenes, viruses, and cancer: A third-generation sequencing perspective on viral integration into the human genome. Front Oncol. (2023) 13:1333812. doi: 10.3389/fonc.2023.1333812

2. Zapatka, M, Borozan, I, Brewer, DS, Iskar, M, Grundhoff, A, Alawi, M, et al. The landscape of viral associations in human cancers. Nat Genet. (2020) 52:320–30. doi: 10.1038/s41588-019-0558-9

3. Akagi, K, Li, J, Broutian, TR, Padilla-Nash, H, Xiao, W, Jiang, B, et al. Genome-wide analysis of hpv integration in human cancers reveals recurrent, focal genomic instability. Genome Res. (2014) 24:185–99. doi: 10.1101/gr.164806.113

4. Lechner, M, Liu, J, Masterson, L, and Fenton, TR. Hpv-associated oropharyngeal cancer: epidemiology, molecular biology and clinical management. Nat Rev Clin Oncol. (2022) 19:306–27. doi: 10.1038/s41571-022-00603-7

5. Arzumanyan, A, Reis, HM, and Feitelson, MA. Pathogenic mechanisms in hbv- and hcv-associated hepatocellular carcinoma. Nat Rev Cancer. (2013) 13:123–35. doi: 10.1038/nrc3449

6. Young, LS, Yap, LF, and Murray, PG. Epstein-barr virus: more than 50 years old and still providing surprises. Nat Rev Cancer. (2016) 16:789–802. doi: 10.1038/nrc.2016.92

7. Matsuoka, M, and Jeang, KT. Human T-cell leukaemia virus type 1 (Htlv-1) infectivity and cellular transformation. Nat Rev Cancer. (2007) 7:270–80. doi: 10.1038/nrc2111

8. Williams, VM, Filippova, M, Soto, U, and Duerksen-Hughes, PJ. Hpv-DNA integration and carcinogenesis: putative roles for inflammation and oxidative stress. Future Virol. (2011) 6:45–57. doi: 10.2217/fvl.10.73

9. Symer, DE, Akagi, K, Geiger, HM, Song, Y, Li, G, Emde, AK, et al. Diverse tumorigenic consequences of human papillomavirus integration in primary oropharyngeal cancers. Genome Res. (2022) 32:55–70. doi: 10.1101/gr.275911.121

10. Porter, VL, and Marra, MA. The drivers, mechanisms, and consequences of genome instability in hpv-driven cancers. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14194623

11. Kang, JJ, Yu, Y, Chen, L, Zakeri, K, Gelblum, DY, McBride, SM, et al. Consensuses, controversies, and future directions in treatment deintensification for human papillomavirus-associated oropharyngeal cancer. CA Cancer J Clin. (2022). doi: 10.3322/caac.21758

12. Sabatini, ME, and Chiocca, S. Human papillomavirus as a driver of head and neck cancers. Br J Cancer. (2020) 122:306–14. doi: 10.1038/s41416-019-0602-7

13. Cancer Genome Atlas N. Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature. (2015) 517:576–82. doi: 10.1038/nature14129

14. Hu, Z, Zhu, D, Wang, W, Li, W, Jia, W, Zeng, X, et al. Genome-wide profiling of hpv integration in cervical cancer identifies clustered genomic hot spots and a potential microhomology-mediated integration mechanism. Nat Genet. (2015) 47:158–63. doi: 10.1038/ng.3178

15. Muhr, LSA, Guerendiain, D, Cuschieri, K, and Sundstrom, K. Human papillomavirus detection by whole-genome next-generation sequencing: importance of validation and quality assurance procedures. Viruses. (2021) 13. doi: 10.3390/v13071323

16. Pinatti, LM, Gu, W, Wang, Y, Elhossiny, A, Bhangale, AD, Brummel, CV, et al. Searchpv: A novel approach to identify and assemble human papillomavirus-host genomic integration events in cancer. Cancer. (2021) 127:3531–40. doi: 10.1002/cncr.33691

17. Liu, Y, Lu, Z, Xu, R, and Ke, Y. Comprehensive mapping of the human papillomavirus (Hpv) DNA integration sites in cervical carcinomas by hpv capture technology. Oncotarget. (2016) 7:5852–64. doi: 10.18632/oncotarget.6809

18. Yang, S, Zhao, Q, Tang, L, Chen, Z, Wu, Z, Li, K, et al. Whole genome assembly of human papillomavirus by nanopore long-read sequencing. Front Genet. (2021) 12:798608. doi: 10.3389/fgene.2021.798608

19. Amarasinghe, SL, Su, S, Dong, X, Zappia, L, Ritchie, ME, and Gouil, Q. Opportunities and challenges in long-read sequencing data analysis. Genome Biol. (2020) 21:30. doi: 10.1186/s13059-020-1935-5

20. Zhou, L, Qiu, Q, Zhou, Q, Li, J, Yu, M, Li, K, et al. Long-read sequencing unveils high-resolution hpv integration and its oncogenic progression in cervical cancer. Nat Commun. (2022) 13:2563. doi: 10.1038/s41467-022-30190-1

21. Yang, W, Liu, Y, Dong, R, Liu, J, Lang, J, Yang, J, et al. Accurate detection of hpv integration sites in cervical cancer samples using the nanopore minion sequencer without error correction. Front Genet. (2020) 11:660. doi: 10.3389/fgene.2020.00660

22. Scott, S, Hallwirth, CV, Hartkopf, F, Grigson, S, Jain, Y, Alexander, IE, et al. Isling: A tool for detecting integration of wild-type viruses and clinical vectors. J Mol Biol. (2022) 434:167408. doi: 10.1016/j.jmb.2021.167408

23. Afzal, S, Fronza, R, and Schmidt, M. Vseq-toolkit: comprehensive computational analysis of viral vectors in gene therapy. Mol Ther Methods Clin Dev. (2020) 17:752–7. doi: 10.1016/j.omtm.2020.03.024

24. Rajaby, R, Zhou, Y, Meng, Y, Zeng, X, Li, G, Wu, P, et al. Survirus: A repeat-aware virus integration caller. Nucleic Acids Res. (2021) 49:e33. doi: 10.1093/nar/gkaa1237

25. Baheti, S, Tang, X, O’Brien, DR, Chia, N, Roberts, LR, Nelson, H, et al. Hgt-id: an efficient and sensitive workflow to detect human-viral insertion sites using next-generation sequencing data. BMC Bioinf. (2018) 19:271. doi: 10.1186/s12859-018-2260-9

26. Zeng, X, Zhao, L, Shen, C, Zhou, Y, Li, G, and Sung, WK. Hivid2: an accurate tool to detect virus integrations in the host genome. Bioinformatics. (2021) 37:1821–7. doi: 10.1093/bioinformatics/btab031

27. Li, W, Zeng, X, Lee, NP, Liu, X, Chen, S, Guo, B, et al. Hivid: an efficient method to detect hbv integration using low coverage sequencing. Genomics. (2013) 102:338–44. doi: 10.1016/j.ygeno.2013.07.002

28. Zhao, LH, Liu, X, Yan, HX, Li, WY, Zeng, X, Yang, Y, et al. Genomic and oncogenic preference of hbv integration in hepatocellular carcinoma. Nat Commun. (2016) 7:12992. doi: 10.1038/ncomms12992

29. Krzywinski, M, Schein, J, Birol, I, Connors, J, Gascoyne, R, Horsman, D, et al. Circos: an information aesthetic for comparative genomics. Genome Res. (2009) 19:1639–45. doi: 10.1101/gr.092759.109




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Hu, An, Gersten, Wu, Kawachi, Zhu, Rosenblatt, Augustine, Smith, Segall, Ostrer, Amelio, Chung, Prystowsky, Ow, Deng and Yin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fonc.2023.1200203/fonc-13-1200203-g007.jpg
Coefficients

Cytokine-cytokine receptor .
interaction Count
Coronavirus disease - COVID-19 . @
Staphylococcus aureus . ®
10 infection . 16
Phagosome { [ ) [ B0
Si 20
9 Neutrophil extracellular . .
© Down trap formation . 22
® Not Complement and coagulation .
o Up . . _cascades
5 Viral protein interaction qvalue
with cytokine and cytokine o
receptor 7.5e-07
Pertussis [ ] ho-57
Hematopoietic cell lineage{ @ 2.5e-07
0 Leishmaniasis {®
R T 008 010 012 0.14 0.16
logFC GeneRatio
C RAB3IL1| MPP1| PLD3| TFEC | TLR7 | B3GALT4 E
23 23 17 4 24 23 22 23 21 21 12 8 5 2 riskscore == Low == High
300
8 1.00
s
3
>
i £ 0.759
3 E
- H
2 5050
& -
©
2
-8 -6 -4 -2 4
3 0.25
Log Lambda 2] p =0.00035
0.00
Age (N=84) (ovso;éo-mtm) ] 0.6757 ) 50 100 150
i Time in months
Gender Fﬁ;";;)e reference [ ]
Mal 0.506 :
(N=47)  (0.2138 - 1.20) 0.1216
{ riskscore == Low = High
Metastatic ”&5 3) reference n F .
Yes 4.808 ; 1.00
(N=21)  (2.0854 - 11.08) —— <0.001
Race ’;\,\7':36'] reference - 2 o075
B AR oo
H [
Unknown 1.994 —— 0.4337 2.0.50
(N=20)  (0.3542 - 11.23) i X ]
H 2 '
Whit 0.885 3
(N=51)  (0.1864 - 4.20) — 08778 . |
H n p = 0,006
Tumor site ’(w:s/;‘a"d reference [ ] ;
1 1
Leg/Foot 1.325 — 57975 000{ ' T
=10 (02050 €.19) i 6 50 100 150 200 250
Pelvis 12.094 P w0022 Time in months
(N=2)  (1.4326-102.10) | .
RiskGrouplfis  reerence H External validation cohort
HRisk 6.152 H
INS2%) (20056 78.87) [— = 0.0015

—log10(adj.P.Val)

0.05 0.1

05 1

10 50 100





OPS/images/fonc.2023.1200203/fonc-13-1200203-g008.jpg
A Nomogram B

Points

01020 30 40 50 60 70 80 90 100 Nomogram points < Low points == High points
! Leg/Foot
Tumor site Arm/hand Pelvis

g 1.00

Metastatic . Yes

Riskscore ———W’—

-25 =15 =05 05 T5

0.754

Total points

i
.
80 T00 120 40 60 T80 200 220 240 260 p <0.001 i
Hazard Ratio = 6.52
95% Cl: 2.442 - 17.391
Pr(futime < 36) o 0005 0T Uz U& UG UB5UIT5UDS 0.00{ .

Survival probablllty
5

o
N
a

Pr( futime < 60 )q pg———0:05™ 0702 U& U6 U5 UIT5UH8

0 50 100 150
Time in months

Pr( futime < 12) o qo~—0:007~U0T5 ™" 003006 (U8 S s 1 174

C D E
3 Number high risk
2 4 o Hetral e ~=== Number high risk with event
o 7 g
—— Nomogram 8 g
© P
o o ;
© © : 8
Q ]
F £ o |t
S 5
g — AUC at 1 years: 0.946 =
-* —— AUC at 3 years: 0.794 °
o |} —— AUC at 5 years: 0.826 o | r T - T - )
° 5 T T T T T = T T T T 00 02 04 06 08 10
00 02 04 06 08 10 02 0.4 06 08 High Risk Threshold
T T T T T 1
1-Specificity Nomogram Predicted Probability 1100 14 23 32 41 100:1
Cost:Benefit Ratio
F G H

25
26

w
©
o

20

24

w
®
3

23

ol
e
B

<
N
o)
©
®
g
(2]
=
m
“
)
(=}
'}
Q
ke’
o}
2
©
£
=
(9]
Ll

Estimated I1C5q of KINO01-135
Estimated IC5q of PHA-665752

b

2.2
T-test, p = 0.0082 T-test, p = 0.00053
05 24P T-tSst, p = 0.042
& & & & & &
o & o ¥ o ¥
NS ¥ v NS A, ¥





OPS/images/fonc.2023.1156111/crossmark.jpg
©

2

i

|





OPS/images/fonc.2023.1200203/fonc-13-1200203-g003.jpg
A

TNF - TNFRSF1A ()

RETN - CAP1 4 [ ]

PDGFB - PDGFRA o
PDGFA - PDGFRA -

LGALS9 - CD44 [ ]

IGF1 - IGF1R ]

T
TYROBP+Endothelial-C3 —> Malignant

E Normal-CM  0e-TYROBP-CM

SO-7n

aevi

U2-0s

2.5 -e- Normal-CM

20 -#- oe-TYROBP-CM

1.5
1.0

0.5

Cell proliferation absorbance(OD450)

Time (h)

Commun. Prob.
max

l min

(o] D
HUVECs 800
p-value §s - €
2 2 600
@ p<001 ::; 4 :g-
a3 £ 400
o s
g2 x
v < 200
2 =
z 0
& & &
&
S
&
&
U2-0s 143B
250
200
g 100 g
£ £ 150
5 5
c c
3 H 100
6 % S
50
0 [
\;}‘ & &
& &
o&‘ & & 9
¥ ® &

143B

3 -e- Normal-CM
-#- oe-TYROBP-CM

Cell proliferation absorbance(OD450)

Time (h)





OPS/images/fonc.2023.1200203/fonc-13-1200203-g004.jpg
15
BTLA
TGFBI I 1
LAG3 05
cn4s 5
PDCDILG2

-05

00-[BleYIopPUI+EHNAT

ZO-[ellayopu3+L9IMN

CD244
SLAMF7
HAVCR2
CSFIR
10
LAIR1
cD274
BTN2A2
LGALSY
1DO1
TIGIT
cD96

-1

-15

cD160
cTLA4
KIR2DL1

BTN3AT

BTN3A2

cp247
PDCD1
KIR2DL3

cD276

KDR

YIOPUT+L9IMIN

00-lelleylopu3+gyNa3
LO-lelleYIopuI+Hday 4

_ |MTORC1_SIGNALING

GLYCOLYSIS
OXIDATIVE_PHOSPHORYLATION q
| DNA_REPAIR

MITOTIC SPINDLE

SPERMATOGENESIS 0
MYC_TARGETS_V1

—

MYC_TARGETS V2
APICAL_SURFACE
CHOLESTEROL HOMEOSTASIS
PANCREAS BETA ClI

HEDGEHOG_ SIGN’AL
WNT_BETA_CTATENIN SIGNALING
TGF "BETA SIGNALING
MYOGENESIS

HYPOXIA

__| COAGULATION
EPITHELIAL_MESENCHYMAL_TRANSITION
NOTCH_SIGNALING
KRAS_SIGNALING DN
ESTROGEN_RESPONSE_EARLY
APICAL_JUNCTION
UV_RESPONSE_DN
ANGIOGENESIS_

BILE ACID METABOLISM
PROTEIN_SECI
PEROXISOME
UNFOLDED_PROTEIN_RESPONSE
REACTIVE_OXYGEN_SPECIES_PATHWAY
PI3K_AKT MTOR_SIGNALING ~

ATE

~ UV_RESPONSE_UP

Metabolic Pathway

ZO-[ellayiopu3+L9IMN

| S
IL2_STAT5_SIGNALING

KRAS_SIGNALING UP

| XENOBIOTIC, METABOLISM

ANDROGEN RESPOI

INTERFERON GAMMA RESPONSE

INTERFERON ALPHA RESPONSE
ALLOGRAFT_REJECTION
IL6_JAK_STAT3_SIGNALING

IF'L

COMPLEMENT

TNFA_SIGNALING_VIA_NFKB
INFLAMMATORY_RESPONSE

00-lellsyiopu3+gyNa3

LO-[Bl_YIopUT+Ydavd

FOS (12g)
FOSB (14g)
JUNB ( 12g)
JUN (32g

JUN 31g
HES1 (11

KLF2 (12

KLF10 (199

FOSL2 (14g)

ATF3 extended (319)
| REL (1

ELF2 1

STAT3 §1

YY1 (1
FLI1 (129)
ERG_extended (28g)
SMAD1 (209
NCOR1 (159

ELF1 (229g)

XBP1 (119)

| NR2F2_extended (11g)
FOXP17(20g)

MAFB extended (129)
Erica 1

MEFZA E)Zgg

ETS2 (3

ETS1 38

USF2 extended 20g
SOX7_extended (159
CREB3L2_extended (17g)
REST (119)

00-lellryiopu3+gdNad3
LO-lellsyiopu3+ydgv4
¢O-lelldyiopu3a+/9IMIN

Starch and sucrose metabolism 4

Pyruvate metabolism {

Pentose phosphate pathway {

Pentose and glucuronate interconversions {

Glycolysis / Gluconeogenesis {

Galactose metabolism -

Fructose and mannose metabolism 4

Citrate cycle (TCA cycle)

Ascorbate and aldarate metabolism 4

Amino sugar and nucleotide sugar metabolism

Value

0.00

Value

e 000
® 025
@ 050
@ ors
@ 100





OPS/images/fonc.2023.1200203/fonc-13-1200203-g005.jpg
EDNRB-+Endothelial

ns

ns

-t Low - - -

J

=0.44
0.00-|

0 3 6 9 12
7+Endothelial

3 b S

;

p=0.13

[) 3 ) 12

P S
= 0
=3 <
Auiigeqoid [enining
L
-
8 53
m z >
]
£ W
5 Z pS

B ©
21093 [ellayiopuI+ydavd

Metastatic
No
Yes

0 =)

2100g [eljsyiopuz3+adNaT

Yes

No

Yes

No

ns
No Yes

- - - - -____ FABP4+Endothelial

to

1.00

(o]

o oo S TYROBP+Endothelial

12

a
T T )
1S 2 & 8 & 2 & ] 8 S 2 & 8
S = S 3 >% M 2! = - =3 =3 IS =
Augeqoud [eainIng ) lliqeqoud [eAIAINg T Ayigegoud [eaning
L
k] 2 - o
w22 £ =
kot £
a 2
g
s
A
2 °
8 =
£ F 5
H Lo ©
2 R
n
' o &
5. g ] s & & g 8§ s
2100 [Elj8Ul0pUT+dHOYAL - m___amnom _m>_>:_% <

s

Metastatic
No
Ye:

EDNRB+Endothelial

== High

- MKI67+Endothelial

= High
= Low

- : 2 e
=1
H n
= ' a to
3 © ) o 3 v
8 Q2 3 8 8 B > P > P 3
& = < < = g g 2 Z & g
21003 [eljaYI0pUT+ - - % a S <
S [Bl1oUI0pUZ+ 29I = KIgEqoNd [ENAINS

External validation cohort





OPS/images/fonc.2023.1200203/fonc-13-1200203-g006.jpg
A TYROBP+Endothelial Bl Hgh B3 Low g TYROBP+Endothelial B3 Low EE High

Immune infiltration

- o = e 2 e R
o N o ~N o
o 5 o o o
r * . * * = 20001 .
Activated.B.cell{ i_. N i s
Activated.CD4.T.cell | _t . :
o 10001
. | W e &
Activated.CD8.T.cell I - H 2
" i . * & .
Activated.dendritic.cell { ._r i 2 04
N ; oo .
CDS56bright.natural.killer.cell{ ._1. H
CD56dim.natural killer.cell{ e H 2 ~10001 '
Eosinophil{ ‘ -e H .
- -
e ———— . ofe i StromalScore ImmuneScore
& . .
Immature.B.cell{ oI H TYROBP+Endothelial
Immature.dendritic.cell i_l H KEGG_CHEMOKINE_SIGNALING_PATHWAY
MDSC S— -,
B KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY
Macrophage { -. H
. '
Mast.cell{ & H KEGG_B_CELL_RECEPTOR_SIGNALING_PATHWAY
Monocyte - J. i
KEGG_NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY'
Natural.killer.T.cell i H
" . *
Natural killer.cell % .! H KEGG_LEISHMANIA_INFECTION
Neutrophil | __ L i
KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY
Plasmacytoid.dendritic.cell _t .
Regulatory.T.cell i i H KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION
Tfollicular.helper.cell oo —l o H 2
.o KEGG_PRIMARY_IMMUNODEFICIENCY
Type.1.T.helper.cell{ i! H 1
Type.17.T.helper.cell{ é . H KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS 0
Type.2.T.helper.cell{ l @ =1
KEGG_HEMATOPOIETIC_CELL_LINEAGE 2
Cc TYROBP+Endothelial B Low BE High

NS NS ** ¥ N AT FE AWK RE ng 4R NG NG R g i *H ¥ g NS MY NS % NS *HT FAR AW AR ¥R ARK AKK Ak whx kxn ¥nR g WRR ARV ¥4 %% W4 g W N DS DS

Se s
5 i .
s4 s . * o 3°
b3 ] 3 .
(3} L] s
g ' '
62 0.
:
!l“ 3 o
g 4 b s- wl . Tl
323828988 NP8y R S0z I8 o08825502588389
823583358 BN 20N eR5E380085 08580485 2R258822532
£7o"7g°3 EOLETCOE LS S3TEC §UEEYTETVLER 8RS
= o FE =] r =z o X = £z a z-
= = a





OPS/images/fonc.2023.1200203/crossmark.jpg
©

2

i

|





OPS/images/fonc.2023.1200203/fonc-13-1200203-g001.jpg
®e0 @ 15
o1 @16
- e2 o 17
3 @ 1 25
® 4 0 19 ® CD4Tconv
o5 20 © coBTex
N o6 @21 @ Endothelial
i N
=z 0 e7 o 2 w' o ® Fibroblasts
[}
= s o2 % @ Malignant
e9 o ® Mono/Macro
® 10 ® 25 ' Osteoblasts
e 11 e @ Plasmocytes
=25 -25
o2 ez
e 130 28
®
-40 —ED ) 20 -50 —éﬂ 0 20
SNE_1 SNE_1
(o] Top 5 Marker Genes
Average Expressic
3{ e o @ o e © 66 - - - - - O 06 0 0 0 g
0.5
0.0
21 ® ®© @ e o - o o © 6 6 6 606 - - - - - -05
t -1.0
3
29 . . . . . . [ ] e O . . . . . . . . . . Percent Expressed
e 25
® 50
® o . . . . . 2 . o . .
L4 ® 75
@ 100
D GSM4952363
GSM5155198
Sample
cluster B smaos2ses
Endothelia 0 OMe195200 GSM4952365
[ Endothelial_1 I csustssise
Endothelial_2
-ndothelial_2 CSM5155199 GSM5155200
B encotneial_3 [ cswmstssies
I Gsmaes2ses

GSM4952365

GSM4952364

0.25 0.50 0.75 100 0 100 200
proportion cell_num

E _ Endothelial_cluster
: e 1 © 3 @ 5 o
Pseudotime e 0 e 1 e 2 o 3 State

7 e 9
0 3 6 12 B e 2 e 4 o 6 o 8
2
2
No
i\EA 0 g ° ~N
(7] . 13 E O °
5 g g
g2 £ 2
I}
IS] o £
© 3
-4 o -4 -4 o
- . - - - . - T . - - -
-4 =2 0 -4 =2 0 2 -4 =2 0 2

Component 1

Component 1 Component 1





OPS/images/fonc.2023.1200203/fonc-13-1200203-g002.jpg
° ’\.‘.%t

»

-10

20 Lo
3

oo

TYROBP+EndoBlial ,}‘.:f
L
/ ~

VEGF
VISFATIN
MK

MIF
SEMA3
ANGPTL
ANGPT
GALECTIN

o
PERIOSTIN
PROS

OSM

TWEAK
RAIL I
I

EDNRB-+Endothelial-CO

Malignant

MKI67+Endothelial-C2

EDNRB+Endothelial-CO
FABP4+Endothelial-C1
MKI67+Endothelial-C2
TYROBP+Endothelial-C3

TYROBP+Endothelial-C3

Interaction weights/strength

MKIG7+Ei

FABP4+Endothelial-C1

EDNRB+Endothelial-CO

Incoming interaction strength

Interaction weights/strength
FABP4+Endothelial-C1

=
o

o
o
1

o
o
'

254

EDNRB+EN:
MKIG7+E

thelial-CO

othelial-C2

@FABP4+Endothelial-C1

Malignant®
T

FABP4+Endothelial-C1

4

6

8

10

Outgoing interaction strength

Malignant

Incoming signaling patterns

MKI67+Endothelial-C2

TYROBP+Endothelial-C3

Relative strength





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Investigating the interplay between tumor mutations, immune evasion, and targeted therapy resistance



		Chitinase-like proteins promoting tumorigenesis through disruption of cell polarity via enlarged endosomal vesicles



		Introduction



		Methods



		Results and discussion



		1 Introduction



		2 Materials and methods



		2.1 Drosophila maintenance and larvae staining



		2.2 Sample preparation and immunohistochemistry



		2.3 Salivary gland size imaging and analysis



		2.4 Nuclear volume imaging and quantification



		2.5 Intensity and hemocyte quantification



		2.6 Enlarged endosomal vesicles penetrance quantification



		2.7 Humanized transgenic Drosophila lines



		2.8 In situ hybridization



		2.9 qPCR









		3 Results



		3.1 Idgf3 promotes a dysplastic phenotype



		3.2 Idgf3 induces dysplasia via JNK-signaling



		3.3 ROS promotes Idgf3 induction via JNK



		3.4 Idgf3 accumulates in large vesicles, which display markers for endocytosis and macropinocytosis



		3.5 JNK promotes EnVs formation via Idgf3 upstream of αSpectrin



		3.6 Human CLP members enhance dysplasia in Drosophila SGs









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		TYROBP-positive endothelial cell-derived TWEAK as a promoter of osteosarcoma progression: insights from single-cell omics



		Background



		Method



		Results



		Conclusion



		Introduction



		Materials and methods



		Pre-processing of the scRNA-seq datasets



		Cell culture and conditioned medium collection



		Lentiviral transfection



		Enzyme-linked immunosorbent assay



		Migration assay and Cell Counting Kit-8



		RNA extraction and real-time polymerase chain reaction (PCR) assay



		Gene regulatory network analysis and pseudotime analysis



		Cell–cell communication analysis



		Gene set variation analysis and metabolic analysis



		Pre-processing of the bulk transcriptome datasets



		ESTIMATE algorithm



		Construction and validation of the ECs-derived risk score



		Drug sensitivity



		Statistical analysis



		TYROBP-positive endothelial cells may be the initiating cells



		TYROBP-positive endothelial cells generate the strongest crosstalk with malignant cells



		Overexpression of TYROBP results in increased TWEAK production by endothelial cells



		TYROBP-positive endothelial cells have a unique metabolic and immunological profile



		High enrichment of TYROBP-positive endothelial cells indicates a better prognosis



		High enrichment of TYROBP-positive endothelial cells represents the “hot” tumor state



		TYROBP-positive endothelial cell-derived risk signature can be used for prognostic prediction and medication guidance









		Discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		References









		FOXD1 is associated with poor outcome and maintains tumor-promoting enhancer–gene programs in basal-like breast cancer



		Introduction



		Materials and methods



		Quantification of FOXD1 expression in breast cancer cell lines



		Small interfering RNA transfection



		RNA-seq



		ChIP-seq



		Cell growth assay



		The cancer genome atlas breast invasive carcinoma data analysis



		RNA-seq analysis



		ChIP-seq analysis









		Results



		GMM based approach reveals genes associated with overall survival in basal-like breast cancer



		FOXD1 expression is associated with poor outcome in basal-like breast cancer but not in other subtypes



		FOXD1 regulates distinct gene expression in basal-like breast cancer cell lines



		FOXD1 regulates enhancer–gene programs potentially associated with tumor progression









		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		AATF inhibition exerts antiangiogenic effects against human hepatocellular carcinoma



		Background and aims



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Reagents



		2.2 Subjects and sample collection



		2.3 Isolation and culture of human umbilical vein endothelial cells (HUVECs)



		2.4 Cell culture and stable clones preparation



		2.5 Tissue processing and histological analysis



		2.6 Immunohistochemistry



		2.7 Condition media preparation and neutralization of PEDF



		2.8 Enzyme-linked immunosorbent assay)



		2.9 Proliferation assay



		2.10 Migration assay



		2.11 Invasion assay



		2.12 Chick chorioallantoic membrane assay



		2.13 Zymography



		2.14 RNA isolation and quantitative real-time PCR



		2.15 Immunoblotting



		2.16 Gene expression analysis using TCGA database



		2.17 Statistical analysis









		3 Results



		3.1 Upregulation of AATF in human HCC



		3.2 AATF knockdown suppresses the angiogenic potential of HCC



		3.3 Effect of AATF knockdown on PEDF levels



		3.4 AATF knockdown exerts anti-angiogenic effect in HCC via PEDF



		3.5 Mechanisms involved in AATF-mediated angiogenesis in human HCC









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		Abbreviations



		References









		Dissecting the effects of METTL3 on alternative splicing in prostate cancer



		1 Introduction



		2 Materials and methods



		2.1 Cell culture



		2.2 siRNA transfection, RNA extraction, and polyA RNA isolation



		2.3 Real-time quantitative PCR and western blot



		2.4 RNA-Seq data processing



		2.5 TCGA data analysis



		2.6 Nanopore DRS data processing



		2.7 AS analysis of DRS and RNA-Seq data



		2.8 Detection of differential m6A sites



		2.9 Motif analysis of spliced genes



		2.10 Statistical analysis









		3 Results



		3.1 Increased expression of METTL3 was associated with an aggressive PCa status



		3.2 Elucidating functional pathways influenced by METTL3 depletion



		3.3 Depletion of METTL3 impacts AS landscape



		3.4 METTL3 regulates isoforms switching



		3.5 METTL3 regulates intron retention and exon-skipping events



		3.6 Differential m6A profiles



		3.7 METTL3 modulates MKNK2 isoform expression by SRSF1 and m6A









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Overexpressed transferrin receptor implied poor prognosis and relapse in gastrointestinal stromal tumors



		Introduction



		Materials and methods



		Data mining



		Patient characteristics and ethics



		Immunohistochemistry



		Statistical analyses









		Results



		Identification of TFRC as a key upregulated ferroptosis gene in GISTs



		Exploration of the potential molecular pathways associated with TFRC in GIST



		Analysis of TFRC expression and its association with clinical characteristics in GIST



		Prognostic significance of TFRC in GIST



		The sensitivity and specificity of TFRC for RFS in GISTs









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Supplementary material



		References









		Targeting STEAP1 as an anticancer strategy



		1 Introduction



		2 Molecular mechanisms and functions of STEAP1



		2.1 Prostate cancer



		2.2 Colorectal cancer



		2.3 Hepatocellular carcinoma



		2.4 Gastric cancer



		2.5 Lung cancer



		2.6 Ewing’s sarcoma



		2.7 Breast cancer









		3 Development of novel therapies by targeting STEAP1



		3.1 Antibody therapy



		3.2 Chimeric antigen receptor -T cell therapy



		3.3 Other immunotherapies









		4 Discussion



		5 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Viral oncogenes, viruses, and cancer: a third-generation sequencing perspective on viral integration into the human genome



		1 Introduction



		2 Viral oncogenes and their role in cancer



		2.1 Viruses implicated in human cancer



		2.1.1 Human papillomavirus



		2.1.2 Hepatitis B and C viruses



		2.1.3 Epstein-Barr virus



		2.1.4 Human T-cell leukemia virus









		2.2 Viral integration into the human genome



		2.2.1 Mechanisms of viral integration



		2.2.2 Consequences of viral integration



		2.2.3 Viral-induced genomic instability and clonal evolution















		3 Third-generation sequencing technologies and viral integration



		3.1 Pacific biosciences sequencing



		3.2 Nanopore sequencing



		3.3 Implications on epigenetics and functional genomics



		3.4 Analysis of HPV integration









		4 Discussion



		Author contributions



		Acknowledgments



		Conflict of interest



		References









		Potential markers of cancer stem-like cells in ESCC: a review of the current knowledge



		Introduction



		Materials and methods



		Overview of CSLC marker in ESCC



		EMT pathway and tumor microenvironment in ESCC-CSLC targeting



		EMT-associated pathway in CSLCs



		TGF-β signaling pathway in ESCC (ESCC)



		PI3K/AKT signaling pathway in ESCC and association with its targeting CSLCs



		JAK-STAT signaling pathway in ESCC (ESCC) and association with its targeting CSLCs



		MAPK signaling pathway in ESCC and association with its targeting CSLCs



		Wnt, Hh, and Notch signaling pathways in ESCC and their association with their targeting CSLCs



		The microenvironment associated with EMT in CSLCs









		Discussion



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Positive response to trastuzumab deruxtecan in a patient with HER2-mutant NSCLC after multiple lines therapy, including T-DM1: a case report



		Background



		Case presentation



		Discussion and conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Abbreviations



		References









		A bibliometric and visualization analysis of entosis research from 2007 to 2024



		Objective



		Materials and methods



		Results



		Conclusions



		1 Introduction



		2 Materials and methods



		2.1 Literature source and retrieval strategy



		2.2 Data analysis and visualization









		3 Results



		3.1 Annual quantitative distribution of publications



		3.2 Analysis of countries and institutions



		3.3 Journals and co-cited journals



		3.4 Authors and co-cited authors



		3.5 Co-citation analysis



		3.6 Highly valuable papers



		3.7 Analysis of keywords









		4 Discussion



		4.1 Hotspots and frontiers



		4.2 Hotspots: impact of entosis on tumor development



		4.3 Hotspots: inhibitors of entosis









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Virusplot: a web server for viral integration analysis and visualization



		1 Introduction



		2 Methods and functions



		2.1 Automatic retrieval of virus genome



		2.2 Quality control



		2.3 Virus integration information visualization



		2.4 Virus integration hot spots analysis



		2.5 A user-friendly web application interface



		2.6 A data security and privacy









		3 Case study



		3.1 HPV integration in oropharyngeal cancer (Data in this study)



		3.2 HPV integration in cervical cancer



		3.3 HBV integration in liver cancer









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		References























OPS/images/fonc.2023.1170122/fonc-13-1170122-g003.jpg
I

<0.0001

6x108
2
‘»
C
(O]
S 4x10¢
R
LL
O
¢ 2x108
(@))
O
0
ldgf3
| e ,7778 3
. V12 I OE V12
8 Ras 0,0082 Irc”~/Ras
S '_‘ 0,0019 K- W'L'w%‘f—‘""
c 6
S : |
c
O 4
k) 0,0095
O
L 2
N
8’3 0
1
-2
Puc MMP1 Hid ldgf3
<
O 5 5x109 0.0001 T1_5><105
> 2x10°
[ X
§1.5x109 £ 10
= N
< 1x109 [z
a (D 5x10%
5x108 % : 2

& &
N fo% >
Co





OPS/images/fonc.2024.1424100/table1.jpg
Citation Count (%)

1 China 1886 71(36.22%) Memorial Sloan Kettering Cancer Center 2011 24(12.24%)
2 USA 6024 61(31.12%) Capital Medical University 2014 19(9.69%)
3 England 3230 23(11.73%) Chinese People's Liberation Army General. 2013 18(9.18%)
4 Germany 506 18(9.18%) Cornell University 2011 16(8.16%)
5 Japan 316 12(6.12%) Weill Cornell Medicine 2011 15(7.65%)
6 Ttaly 2558 9(4.59%) Southern Medical University- China 2009 12(6.12%)
7 Poland 72 9(4.59%) Chinese Academy of Sciences 2009 12(6.12%)
8 Russia 48 8(4.08%)) Biotechnology and Biological Sciences Res 2013 10(5.10%)
9 France 2808 7(3.57%) South China University of Technology 2009 9(4.59%)
10 Australia 2515 6(3.06%) Babraham Institute 2014 9(4.59%)






OPS/images/fonc.2023.1170122/fonc-13-1170122-g004.jpg
RaSV12
Salivary gland

O
o
S

N
o

w
o

N
o

-
o

1S
=
.
9]
o
9]
1S
0
©
Q0
L
o
>

N
a
X
-
o
=

Idgf3::GFP intensity






OPS/images/fonc.2024.1424100/table2.jpg
Journals Count IF (@] @ ited Journals = Co-Citation IF Q

1 Current Molecular Medicine 9 25 Q3 Cell 537 64.5 Q1
2 Frontiers in Cell and Developmental Biology 9 5.5 Q1 Nature 418 64.8 Q1
3 Cell Death and Disease 8 9 Q1 Cell Death Differ 1 328 124 Q1
4 Scientific Reports 6 4.6 Q2 Cell Res 322 44.1 Q1
5 Cell Reports 5 8.8 Q1 P Natl Acad Sci USA 296 11.1 Q1
6 Cell Research 4 44.1 Q1 Nat Cell Biol 292 21.3 Q1
7 Frontiers in Cell and Developmental Biology 4 55 Q1 Cancer Res 278 112 Q1
8 International Journal of Molecular Sciences 4 5.6 Q1 ] Biol Chem [ 249 4.8 Q2
9 Cancers 4 52 Q2 ] Cell Biol 235 7.8 Q1

10 Journal of Cell Biology 4 7.8 Q1 Nat Rev Mol Cell Bio 200 112.7 Q1





OPS/images/fonc.2023.1170122/fonc-13-1170122-g001.jpg
A 3x10°
~<
© o
(@®)]
S N 2x105
O (/)]
= 2
2 ©
<§’ gmos
= ©
=
®
QL& O & O © L
P PP P @

D WT E

Nuclear volume (






OPS/images/fonc.2023.1170122/fonc-13-1170122-g002.jpg
<0.0001
6x10°— — 1— 1 1

Grd®;Ras"” ‘Rag’s Bsk“;Ras""
..oo‘:o.' o E ¢ .. g)

® H O 4x10°
* R

. 2x105

..oo.o.‘.... 0





OPS/images/fonc.2023.1170122/im1.jpg





OPS/images/fonc.2024.1424100/fonc-14-1424100-g004.jpg
Sources’ Production over Time

Source

— CELL DEATH & DISEASE

— CELL REPORTS

— CURRENT MOLECULAR MEDICINE
— FRONTIERS IN ONCOLOGY

— SCIENTIFIC REPORTS

imn?nity B Occurrences
gel

TS
5.0
e ra.d|a!oncol
* biorfedres int
P 2.5
£ 0.0
‘/» T T
= 5EESONNINENRaS NG Ve
- labchip 00 000000000000 0O0DOo
VOSviewer nem 0 NNANANNNNNNNNNNNNNQAN

C Citing journals






OPS/images/fonc.2023.1170122/im2.jpg





OPS/images/fonc.2024.1424100/fonc-14-1424100-g005.jpg
“ VOSviewer

B

Authors’ Production over Time

Authors
OVERHOLTZER M- ° L ] L2 ®- L2 L ® L2 - L L 2 @
suNa- ° @ @ e @ @ L 2 &
HUANG HY - ° =Y @ e TS TS ’ ° N.Articles
® 1
e 2
WANG XN~ ° & o e e e . ® o
[
NIUZB- [ 2 s & L & - @
[
CHENZL- 3 s . e e ° [
TC per Year
FLOREY O~ . ° o e o e o o
e 10
. 20
HE MF- @ L 2 - - - - . 30
GAOLH- @ - @ @ > ©
WANG MN - @ & o o o
5 2 - Y " S > = 2
g g g g g H H 8 g Year
] b E] ] ] ] ] H H





OPS/images/fonc.2023.1170122/fonc-13-1170122-g005.jpg
Idgf3NE % &% Ras"” |D Adgf3°;Ras"” =

OWT  Oldgf3®
MRas"” Widgf3*;Ras"™

Log2 Fold Change

ocSpecKD/Ra 5

-
(@) N
X X
N -
(@) (@)
[e)] [o)]

(€3}
X
RN
o
3]

|Idgf3::GFP intensity

—

BNegative
mPositive

RN
o

)

O

c

©

| -

e

)

3

o 0.5
=

O
o

C

<0 0001

4x10°
25X1051 %

w
X
—_
o

[e)]

N
X
RN
o
»

pJNK intensity
TRE intenS|ty






OPS/images/fonc.2024.1424100/fonc-14-1424100-g006.jpg
A

burnsi(2012)

ohsakii2009) Wen
sarodey2014)
. @

vasquézm 8)

- ®  zhangi2
urray (2019)

B krishna s, 2016, cell mol life sci, v73, g

9, doi 10.1007/500018-016-2207-0

6/j.celrep.2017.06.037

1038/541418-017-0012-4

Top 25 References with the Strongest Citation Bursts

References
Sun Q, 2014, CELL RES, V24, P1288, DOI 10.1038/cr.2014.137, DOL
Krajcovic M, 2011, NAT CELL BIOL, V13, P324, DOI 10.1038/ncb2174, DOL
Florey O, 2011, NAT CELL BIOL, V13, P1335, DOI 10.1038/ncb2363, DOL
Hamann JC, 2017, CELL REP, V20, P201, DOI 10.1016j.celrep.2017.06.037, DOL
Overholtzer M, 2007, CELL, V131, P966, DOI 10.1016/j.cell. 2007.10.040, DOL
Sun Q, 2014, CELL RES, V24, P1299, DOI 10.1038/cr.2014.138, DOL
Overholtzer M, 2008, NAT REV MOL CELL BIO, V9, P796, DOI 10.1038/nrm2504, DOT
Fais S, 2018, NAT REV CANCER, V18, P758, DOI 10.1038/541568-018-0073-9, DOL
Mackay HL, 2018, NAT COMMUN, V9, P0, DOI 10.1038/s41467-018-05368-1, DOL
Wang S, 2013, CELL DEATH DIS, V4, P0, DOI 10.1038/cddis.2013.352, DOL
Durgan J, 2017, ELIFE, V6, PO, DOI 10.7554/eLife.27134, DOL
Krajcovic M, 2013, MOL BIOL CELL, V24, P3736, DOI 10.1091/mbc. E13-07-0408, DOL
Liang JQ, 2021, CELL DEATH DIFFER, V28, P799, DOI 10.1038/s41418-020-00645-3, DOL
Zhang X, 2019, FRONT ONCOL, V9, P0, DOI 10.3389/fonc.2019.00895, DOL
LiYJ, 2015, CELL REP, V11, P358, DOI 10.1016/j.celrep.2015.03.035, DOL
Galluzzi L, 2018, CELL DEATH DIFFER, V25, P486, DOI 10.1038/541418-017-0012-4, DOL
Benseler V, 2011, P NATL ACAD SCI USA, V108, P16735, DOI 10.1073/pnas.1112251108, DOL
Krishna S, 2016, CELL MOL LIFE SCI, V73, P2379, DOI 10.1007/500018-016-2207-0, DOL
Cano CE, 2012, EMBO MOL MED, V4, P964, DOI 10.1002/emmm.201201255, DOL
Krajcovic M, 2012, CANCER RES, V72, P1596, DOI 10.1158/0008-5472.CAN-11-3127, DOL
‘Wang MN, 2020, CELL REP, V32, P0, DOI 10.1016/j.celrep.2020.108071, DOL
Purvanov V, 2014, ELIFE, V3, PO, DOI 10.7554/eLife.02786, DOL
Hayashi A, 2020, MODERN PATHOL, V33, P1822, DOI 10.1038/s41379-020-0549-5, DOL
Sun Q, 2015, MOL CELL ONCOL, V2, PO, DOI 10.1080/23723556.2014.1002707, DOT
Kroemer G, 2014, CELL RES, V24, P1280, DOI 10.1038/cr.2014.133, DOI

Year Strength Begin End

2014
2011
2011
2017
2007
2014
2008
2018
2018
2013
2017
2013
2021
2019
2015
2018
2011
2016
2012
2012
2020
2014
2020
2015
2014

12.99 2015
12.64 2011
11.04 2013
10.99 2018
10.95 2009
10.77 2015
8.33 2011
7.75 2019
7.56 2020
7.24 2015
7.16 2018
7.03 2014
6.28 2021
6.22 2020
6.14 2016
6.11 2020
6.06 2012
6.02 2017
6.01 2013
6.01 2013
5.91 2021
5.78 2015
5.73 2021
5.47 2015
5.42 2015

2019
2016
2016
2022
2012
2019
2013
2022
2024
2018
2022
2018
2024
2024
2020
2024
2016
2021
2017
2017
2024
2019
2024
2019
2018

2007 - 2024






OPS/images/fonc.2023.1170122/fonc-13-1170122-g006.jpg
Al > 20 0 N Glycosyl hydrolases 8 O0WT B CH3L1-OE
family 18 . 0 CH3L2-OE
.Sugar_transport_2 > 6
©
dgf3 il [ [Disulfide bridge S
. S = Other ranges 54
—— ! t Other sites o~
CH3L1 7 GHIBZZ ) 4 5
— R -
-
! ?
CH3L2 BRI
<0.0001
A Anna
—~ 2x10° <0.0001
g
()
N
(7))
©
C
K
(@)
-
©
=
©
n

@ Q’\q, OQ/ A’\q’ OQ/ Q’\q’

\e\(b\/Q/Q‘\e\ Q/Q@?
A o
\% oy
&
P Dgeg?tlve
B Positive
81.0
-
e !
0.5
()
Q. AN T} (@))
2 SNBSS
0.0

\e\"a\’ Q‘ 3{5\’ Q@
NS Y oP
oV oy
A





OPS/images/fonc.2024.1424100/fonc-14-1424100-g007.jpg
A B

Top 10 Keywords with the Strongest Citation Bursts

@ /

Keywords  Year Strength Begin End 2007 - 2024 senescence
carcinoma 2007 219 2010 2013 ___, mechani3y
phagocytosis 2012 3.68 2012 2017
human cancers 2013 3.38 2013 2016
cell competition 2014 24 2014 2016
cell cannibalism 2014 2.21 2014 2015 expression

autophagy 2009 2.62 2016 2017

e — R entosis
entosis 2009 1.99 2018 2020 e————— Ve Can g ¢
Z %
etabolism 2018 1.9 2018 2020 — afeubloidy_ enguilfment,; mechanisms
I
clearance 2011 225 2019 2021 ——— S— humanigancers -dellistructires
202 252 2022 202
ferroptosis 2020 252 2022 2024 p— " cell caniibaligm
efl corpetition
e-cadherin
&
breastitancer
Keywords Authors Journals
cell-in-cell
1 overholtzer m cell-death s disease [Jli]
= cell-réesearch
international journal.of molecular-sciences [l
entosis 7 —cell'reports lll
ot sun q o cancers
- - frontiers in cell and‘developmental biology s
> current.moiecularrmedicine s
Journal of coll BiSRGy =
s huang hy JourRELef cell Rislegy =
chen 21 /
cell cannibalis;
florey o

breast cancer
cell death

cannibalism
* apoptosis

autophagy.
cellicompetition
phagocytosis <

engulfment
2n0ojKis <

BYIBBFUPesis

Ve e Siouets 8-07834

2007

0 ferroptosis
#1 lymphocyte
te S Rannibalism D 3
N P T AT S eSS S e, v N SO IRS NN #2 breast cancer
#3 cancer cell
#4 cell invasion

#5 selection

#6 cell death

21l death *

shuman ealheeFPebli9getition





OPS/images/fonc.2024.1424100/crossmark.jpg
©

2

i

|





OPS/images/fonc.2024.1424100/fonc-14-1424100-g001.jpg
237studies identified from Web

Of Science Core Collection.

196 studies-identified.

Visualization and analysis (Microsoft-

Excel

Excluded 41 studies,
Including meeting, abstracts,

editorial materials, corrections,
letters, retractions and
proceedings papers






OPS/images/fonc.2024.1424100/fonc-14-1424100-g002.jpg
counties Gorresponding Author's Countries

A B .

Annual Publication Output

GERMANY -

30 UNITED KINGDOM -
JAPAN-

POLAND-
25 =

RUSSIA-

20 FRANCE -
ITALY -

SPAIN-
15 AUSTRALIA-
BRAZIL-
10 INDIA-
CZECH REPUBLIC-
5 . IRELAND -

ISRAEL -

S Collaboration
6 SINGAPORE -

O * TURKEY -
2005 2010 2015 2020 2025 CANADA-

FINLAND -

3
IS
8

60

[
N. of Documents

Country Collaboration Map
S -—— e

S

éaain

';VOSviewer =





OPS/images/fonc.2024.1424100/fonc-14-1424100-g003.jpg
P = Articles

kpchepacoas
930.UN10, Y8 010

Affiliations’Production over Time
Affiliation
— CAPITAL MEDICAL UNIVERSITY
— CHINESE PEOPLE'S LIBERATION ARMY GENERAL HOSPITAL
INSTITUT NATIONAL DE LA SANTE ET DE LA RECHERCHE MEDICALE (INSERM)

MEMORIAL SLOAN KETTERING CANCER CENTER
UNIVERSITY OF ERLANGEN NUREMBERG

304
é

2041

104
~ OO #NMTNONDOO ~ N m ¢ T
o O ™ ™o o o o o o NN N NN
o O OO0 O0OO0OO0OO0OOOOO OO O O

D o~ NN NN N NN NN NN N NN NN
® —
carigers o
\ . scientil'epo{ts

michael
journal of @Il biology

N\ N

N .
floreygoliver

kim, sung eun

¥
frontiers in ce’Qd evelopm

e T "
S current m%lar medicine
S . °






OPS/images/fonc.2023.1170122/crossmark.jpg
©

2

i

|





OPS/images/fonc.2025.1539782/fonc-15-1539782-g002.jpg
oy

Number of breakpoints

120

log10(supporting reads)

904

60

30

04

E6

B E1l

L2

P =1.19¢-01

P=797e-02

=5.47e-01

P =9.37e-04

=6.92¢-02 R0 -

P =5.90e-01

=1 I T4 Hs e

IP =7.77e—
-
1.1

Tn

v
E7

10

Number of breakpoints

11

1]
ot .. ' Host
H © .

Bm i tlns . it .afft JSoteei SWCHIT

12 13 14 15 16 17 1819202122 X

CHMP6
GDPGP1
RPTOR
LOC124904077
124
P=9.17e-21 P =9.82¢-22

94 P=1.00e-14

¢ [P=256e-10 P =3.26e-13

3.

0l group
0.008 B Observed
’ I Expected
0.006
0.004
0.002 A
0.000

BMS1P23 CHMP6 EMBPI OR4C46

RPTOR





OPS/images/fonc.2025.1539782/fonc-15-1539782-g003.jpg
L1

52

25

E4
JE.”

El

B LB

HPVI8

.

L]
tae

8 *. %ee

-t oth o

&
oo o™ &2

(spea1 Suntoddns)p 1301

Host

K
13 14 15 16

.
.
% oo alowe oo

° o
o 0w ocee

® o o 00

.
.
.
*°° %

%o

=

o

Y T

18 20 22 x
19 21

17

PTRH2 Lo

12

11
MMP3

group
B Observed
[ Expected

1.78e—29

P=

8.16e—13

P=

09

P =9.35¢—
P=9.23e—09

2.35e-11

P

9 10

8

CCAT1

—AS1

NCOA7

@)

0

1

5
0
0.003 -

0.002 1
0.001 -

syurodyea1q Jo Joquinn

0.000 1

y ; y UBE4B

BARX2 DNAJB8-AS1 MIR548BB MIR603

1.00e+00

P

2.66e—02(

P=

1.58e—

P=

3.61e

P=

7.09e-01

02

P=

P=18.55¢-01
=0

8.93e—01

—
T
g
&,
°
Il

E7

m

=3
o

=

mﬁmommwoﬁ Jjo

(=3 (=]

N

IoquinN





OPS/images/fonc.2025.1539782/fonc-15-1539782-g004.jpg
preS1/preS2/S

preC/C

preS1/preS2/S

\%

Host

m
an

B Observed
[ Expected

group

4

T

P =8.23¢e~

1.76e—

2022 x
19 21
KMT2B
50

18

P

KMT2B MIR4457 TERT

17
2.14e

P

14 15 16
1.68e—

o
13

P=
—09

12

1.92¢
Il
CCNA2 CCNE1

AN
10 11
FGF4
SHANK2-AS1
30
204
10 4
P
01

0.0050 1
0.0025 1
0.0000 1

_ _
o w»n
(=) [ g
- o
S 2
ISEER=
(0]

e sjurodyeaiq Jo JqunN

6.33¢—38

H
]
v
3%,
MIR4457
TERT
P =1.46e—05 P
| ' L

preC/C  preS1/preS2/S

L
e
2
1.03e—04
P

0
Chr.
P

(=4 (=3 (=
(=3 (=

(speai1 Sunioddns)g130] aa) muﬁomxwoﬁ JO JoqunN

300

X





OPS/images/fonc.2025.1539782/M1.jpg
Excepted count = Total observed integrations
x o Regansize (bp) _

Totsl senomedise (b5





OPS/images/fonc.2024.1424100/table4.jpg
Cited Reference

Overholtzer M, 2007, Cell,

Citations

Total
Link
Strength

1 169 1415
v131, p966,

5 Sun Q, 20.14, Cell Res, v24, g 955
p1288, doi 10.1038/cr.2014.137

5 Sun Q, 2014, Cell Res, 75 981
v24, p1299,
Krajcovic M, 2011, I Biol,

4 ajcovic Nat Cell Biol 60 71
v13, p324,

s Florey O, 2011, Nat Cell Biol, 8 777
v13, p1335,

& Overholtze.r M, 2008, Nat Rev i 764
Mol Cell Bio, v9, p796,

. Hamann Jc, 2017, Cell Rep, 56 623
v20, p201,

s Lugini L, 2006, Cancer Res, 53 703
v66, p3629,

9 Durgan J, 2017, Elife, v6, 42 523

10 Fais S, 2018, Nat Rev Cancer, 4 562

v18, p758,






OPS/images/fonc.2024.1424100/table5.jpg
Keywords Occurrences Keywords

1 Entosis 137 11 Death

2 Cannibalism 58 12 Mechanisms 19
3 Autophagy 42 13 Emperipolesis 18
4 Apoptosis 35 14 Leads 16
5 Cell-in-cell 28 15 Expression 16
6 Cancer I 28 16 Tumor-cells 15
7 Death process 27 17 Lymphocytes 15
8 Phagocytosis 26 18 Ferroptosis 14
9 Carcinoma 24 19 Activation 14
10 1 Cell death 23 20 Clearance 13






OPS/images/fonc.2025.1539782/crossmark.jpg
©

2

i

|





OPS/images/fonc.2025.1539782/fonc-15-1539782-g001.jpg
@ Assession number

National Library of Medicine

@ input virus insert

e
aris
s
s
ants
a2t
chris
chia

result table

host loc

127882447
127740814
127885269
127677991
127748887
90211860
90220065
90209669
0371392
10009904
37626208

37581753

hpv foc
2102
5307
3763
7035
209
6392
ss6s
4104
1634
6788
2219

1970

reads

@ click submit

260

sample

sample3
samplet1
sample1s
sample7
samples
samplets
sample1s
samples
sample10
sample6
samplel

sample2

Accession number:

NC_001526.2

chr
chrg
chrs
chrg
chr8
chrs
chrs
chrs

chrg

Upload virus inserts result file

Browse..

host_loc

127886048
127874880
127727167
127886058
127884965
127882447
127740814
127885269

virusPlot

hpy_
4667
5296
2358
529
3228
2102
5307
3763

log10(supporting reads)

virusPlot worktlow

strudel plot

B4 Es 2

R sy L aa

ool 1 E G5 18 A

LINCO2912  LOG124900329
EAMPY

2 3 4 5 6

host insert hot genes

[I——

P-3sseas

Peatrem Poasse20

Petarets

. . . . group

W Observed
l . l l l -
|

Posorets

host hot genes table

nsert “oxpect pvalue
B 0052495534142 393080748449320%¢ 38
7 000496 16265643693 31673736653743856 20
0005676255376841104 4054589506724526e.20
6 oooss0ss0sTELISIIS Las18412399040
0 000845 7835925154604 50Ta998663046467e-16
1 . 0o0s142096089532523 so93TsAsSGTeIze 11
4 ooosrsc0142251583 2.m308420012988
3 0006611302663182695 aaa0mm100
s 00080029 samssissinMes

3 oo0Trsss 1564664891922053%7

virus breakpoints hot genes

oS

group.

M Observed
1 Expected






OPS/images/fonc.2024.1424100/table3.jpg
Citations Total Link Strength

1 Sun, Qiang 24 Overholtzer, M 240 22186
2 Overholtzer, M 23 Sun, Qiang 187 17261
3 Huang, Hongyan 17 Florey, O 129 12227
4 Niu, Zubiao 14 Fais, § 112 10369
5 » ‘Wang, Xiaoning 14 Galluzzi, L 99 9371
6 [ Chen, ZhaoLie 11 Wang, S 90 8695
7 Gao, Lihua 10 Kroemer, G 90 7401
8 Zheng, You 9 Lugini, L 71 6767
9 Wang, Manna 9 Durgan, ] 546 612

10 Florey, O 9 Hamann, Jc 539 6066





OPS/images/fonc.2023.1151687/table3.jpg
Prognostic parameter Univariate analysis

95% CI
Expression of TFRC (high vs. low) 2352 1.042-5.307 0.039
Age (>61 vs. < 61) 0.514 0.242-1.090 0.083
Gender (male vs. female) 0.753 0.368-1.540 0.437
Modified NIH criteria (high risk vs. intermediate risk and low risk) 15314 3.626-64.680 <0.001
Tumor size (>5 cm vs. < 5 cm) ‘ 3.826 1.448-10.111 0.007
Mitotic figures (>5 vs. < 5) 4.034 1.899-8.567 <0.001
Recurrence (yes vs. no) 2,305.866 0.787-6,751,922.497 0.057
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