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

Dilan Khalili , Martin Kunc, Sarah Herbrich, Anna M. Müller
and Ulrich Theopold*

Department of Molecular Biosciences, The Wenner-Gren Institute, Stockholm University,
Stockholm, Sweden
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

loopmediated 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.

KEYWORDS

Drosophila, immunity, tumor, endosomal vesicles, salivary glands, chitinase, insect immunity
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
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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 offibrotic 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

aSpectrin. Inhibiting EnVs formation by individually knocking-

down Idgf3 and aSpectrin, 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 roomwith a 12 h light/dark cycle.
Frontiers in Oncology 026
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
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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

compar i son , and two-way ANOVA wi th Dunne t t ’ 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.
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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.

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
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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 inWT, 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
Frontiers in Oncology 048
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
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.
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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.
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 O−
2 scavenger SOD (Superoxide

dismutase A), in the RasV12 background and quantified Idgf3::GFP

intensity. Reducing levels of intracellular H2O2 (Cat
OE), but not O−

2

(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
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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).

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.

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
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.
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(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
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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
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.
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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-
Frontiers in Oncology 0711
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
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.
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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 aSpectrin

To analyze Spectrin contribution to EnVs formation, we stained

for aSpectrin, 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 aSpectrin
levels and EnVs formation (Figures 5A-D’). Despite efficient

Idfg3KD, transcript levels for both a- and bHeavySpectrin 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, andMyosin II also decorate the EnVs

(Figure S4V-Y’: arrow). In contrast, aSpectrinKD (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 aSpectrin in RasV12 glands abolished EnVs

formation and partially restored the SG lumen (Figure 5I’’).

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
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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.
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
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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
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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
FIGURE 5

JNK promotes EnVs formation via Idgf3 upstream of aSpectrin (A-D’) aSpectrin staining showing restoration of normal distribution in Idgf3KD;
RasV12glands. (E) qPCR data showing no reduction of aSpectrin and bHeavySpectrin in Idgf3KD;RasV12. (F-I’’) Reduced levels of aSpectrin (aSpectrinKD/

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.
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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
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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
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.
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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.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Author contributions

DK, UT and MK conceived the research and designed the

experiments. DK, MK, SH and AM performed experiments and

data analysation. DK, UT and MK wrote the paper and participated

in the revisions. All authors contributed to the article and approved

the submitted version.
Frontiers in Oncology 1115
Funding

This work was supported by Swedish Cancer Foundation (CAN

2015-546), Wenner-Gren Foundation (UPD2020-0094 and

UPD2021-0095 to MK), Swedish Research Council (VR 2016-

04077 and VR 2021-04841).
Acknowledgments

We would like to thank Chris Molenaar, Roger Karlsson, Stina

Höglund and the Imaging facility at Stockholm University for

support with all aspects of microscopy. We would also like to

thank Vasilios Tsarouhas for his critical feedback. This work was

supported by grants from the Swedish Cancer Foundation (CAN

2015-546), the Wenner-Gren Foundation (UPD2020-0094 and

UPD2021-0095 to MK) and the Swedish Research Council (VR

2016-04077 and VR 2021-04841).
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.
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.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1170122/

full#supplementary-material
References
1. Roslind A, Johansen JS. YKL-40: a novel marker shared by chronic inflammation
and oncogenic transformation.Methods Mol Biol (2009) 511:159–84. doi: 10.1007/978-
1-59745-447-6_7

2. Shao R, Hamel K, Petersen L, Cao QJ, Arenas RB, Bigelow C, et al. YKL-40, a
secreted glycoprotein, promotes tumor angiogenesis. Oncogene (2009) 28:4456–68. doi:
10.1038/onc.2009.292

3. Johansen JS, Jensen BV, Roslind A, Nielsen D, Price PA. Serum YKL-40, a new
prognostic biomarker in cancer patients? Cancer Epidemiol Biomarkers Prev (2006)
15:194–202. doi: 10.1158/1055-9965.EPI-05-0011
4. Uhlen M, Zhang C, Lee S, Sjostedt E, Fagerberg L, Bidkhori G, et al. A pathology
atlas of the human cancer transcriptome. Science (2017) 357(6352):357. doi: 10.1126/
science.aan2507

5. Park KR, Yun HM, Yoo K, Ham YW, Han SB, Hong JT. Chitinase 3 like 1
suppresses the stability and activity of p53 to promote lung tumorigenesis. Cell
Commun Signal (2020) 18:5. doi: 10.1186/s12964-019-0503-7

6. Brumby AM, Richardson HE. Scribble mutants cooperate with oncogenic ras or
notch to cause neoplastic overgrowth in drosophila. EMBO J (2003) 22:5769–79. doi:
10.1093/emboj/cdg548
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2023.1170122/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1170122/full#supplementary-material
https://doi.org/10.1007/978-1-59745-447-6_7
https://doi.org/10.1007/978-1-59745-447-6_7
https://doi.org/10.1038/onc.2009.292
https://doi.org/10.1158/1055-9965.EPI-05-0011
https://doi.org/10.1126/science.aan2507
https://doi.org/10.1126/science.aan2507
https://doi.org/10.1186/s12964-019-0503-7
https://doi.org/10.1093/emboj/cdg548
https://doi.org/10.3389/fonc.2023.1170122
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Khalili et al. 10.3389/fonc.2023.1170122
7. Pagliarini RA, Xu T. A genetic screen in drosophila for metastatic behavior.
Science (2003) 302:1227–31. doi: 10.1126/science.1088474

8. Igaki T, Pagliarini RA, Xu T. Loss of cell polarity drives tumor growth and
invasion through JNK activation in drosophila. Curr Biol (2006) 16:1139–46. doi:
10.1016/j.cub.2006.04.042

9. Perez E, Lindblad JL, Bergmann A. Tumor-promoting function of apoptotic
caspases by an amplification loop involving ROS, macrophages and JNK in drosophila.
Elife (2017) 6:e26747. doi: 10.7554/eLife.26747

10. Zhu M, Xin T, Weng S, Gao Y, Zhang Y, Li Q, et al. Activation of JNK signaling
links lgl mutations to disruption of the cell polarity and epithelial organization in
drosophila imaginal discs. Cell Res (2010) 20:242–5. doi: 10.1038/cr.2010.2

11. Ciapponi L, Jackson DB, Mlodzik M, Bohmann D. Drosophila fos mediates ERK
and JNK signals via distinct phosphorylation sites. Genes Dev (2001) 15:1540–53. doi:
10.1101/gad.886301

12. Zeke A, Misheva M, Remenyi A, Bogoyevitch MA. JNK signaling: regulation and
functions based on complex protein-protein partnerships. Microbiol Mol Biol Rev
(2016) 80:793–835. doi: 10.1128/MMBR.00043-14

13. Bennett V, Baines AJ. Spectrin and ankyrin-based pathways: metazoan
inventions for integrating cells into tissues. Physiol Rev (2001) 81:1353–92. doi:
10.1152/physrev.2001.81.3.1353

14. Lee SK, Thomas GH. Rac1modulation of the apical domain is negatively regulated by
beta (Heavy)-spectrin. Mech Dev (2011) 128:116–28. doi: 10.1016/j.mod.2010.11.004

15. Fletcher GC, Elbediwy A, Khanal I, Ribeiro PS, Tapon N, Thompson BJ. The
spectrin cytoskeleton regulates the hippo signalling pathway. EMBO J (2015) 34:940–
54. doi: 10.15252/embj.201489642

16. Baek SH, Kwon YC, Lee H, Choe KM. Rho-family small GTPases are required
for cell polarization and directional sensing in drosophila wound healing. Biochem
Biophys Res Commun (2010) 394:488–92. doi: 10.1016/j.bbrc.2010.02.124

17. Wertheimer E, Gutierrez-Uzquiza A, Rosemblit C, Lopez-Haber C, Sosa MS,
Kazanietz MG. Rac signaling in breast cancer: a tale of GEFs and GAPs. Cell Signal
(2012) 24:353–62. doi: 10.1016/j.cellsig.2011.08.011

18. Archibald A, Mihai C, Macara IG, McCaffrey L. Oncogenic suppression of
apoptosis uncovers a Rac1/JNK proliferation pathway activated by loss of Par3.
Oncogene (2015) 34:3199–206. doi: 10.1038/onc.2014.242

19. Kirkpatrick RB, Matico RE, McNulty DE, Strickler JE, Rosenberg M. An
abundantly secreted glycoprotein from drosophila melanogaster is related to
mammalian secretory proteins produced in rheumatoid tissues and by activated
macrophages. Gene (1995) 153:147–54. doi: 10.1016/0378-1119(94)00756-I

20. Kawamura K, Shibata T, Saget O, Peel D, Bryant PJ. A new family of growth
factors produced by the fat body and active on drosophila imaginal disc cells.
Development (1999) 126:211–9. doi: 10.1242/dev.126.2.211

21. Kucerova L, Kubrak OI, Bengtsson JM, Strnad H, Nylin S, Theopold U, et al.
Slowed aging during reproductive dormancy is reflected in genome-wide transcriptome
changes in drosophila melanogaster. BMCGenomics (2016) 17:50. doi: 10.1186/s12864-
016-2383-1

22. Pesch YY, Riedel D, Patil KR, Loch G, Behr M. Chitinases and imaginal disc
growth factors organize the extracellular matrix formation at barrier tissues in insects.
Sci Rep (2016) 6:18340. doi: 10.1038/srep18340

23. Yadav S, Eleftherianos I. The imaginal disc growth factors 2 and 3 participate in
the drosophila response to nematode infection. Parasite Immunol (2018) 40:e12581.
doi: 10.1111/pim.12581

24. Krautz R, Khalili D, Theopold U. Tissue-autonomous immune response
regulates stress signalling during hypertrophy. Elife (2020) 9:e64919. doi: 10.7554/
eLife.64919

25. Khalili D, Kalcher C, Baumgartner S, Theopold U. Anti-fibrotic activity of an
antimicrobial peptide in a drosophila model. J Innate Immun (2021) 13:376–90. doi:
10.1159/000516104

26. Hauptmann G, Söll I, Krautz R, Theopold U. Multi-target Chromogenic Whole-
mount In Situ Hybridization for Comparing Gene Expression Domains in Drosophila
Embryos. J Vis Exp (2016) 107:e53830. doi: 10.3791/53830

27. Morera E, Steinhauser SS, Budkova Z, Ingthorsson S, Kricker J, Krueger A, et al.
YKL-40/CHI3L1 facilitates migration and invasion in HER2 overexpressing breast
epithelial progenitor cells and generates a niche for capillary-like network formation. In
Vitro Cell Dev Biol Anim (2019) 55:838–53. doi: 10.1007/s11626-019-00403-x

28. Karlsson C, Korayem AM, Scherfer C, Loseva O, Dushay MS, Theopold U.
Proteomic analysis of the drosophila larval hemolymph clot. J Biol Chem (2004)
279:52033–41. doi: 10.1074/jbc.M408220200

29. Palmerini V, Monzani S, Laurichesse Q, Loudhaief R, Mari S, Cecatiello V, et al.
Drosophila TNFRs grindelwald and wengen bind eiger with different affinities and
promote distinct cellular functions. Nat Commun (2021) 12:2070. doi: 10.1038/s41467-
021-22080-9

30. Diwanji N, Bergmann A. The beneficial role of extracellular reactive oxygen
species in apoptosis-induced compensatory proliferation. Fly (Austin) (2017) 11:46–52.
doi: 10.1080/19336934.2016.1222997

31. Chatterjee N, Bohmann D. A versatile PhiC31 based reporter system for
measuring AP-1 and Nrf2 signaling in drosophila and in tissue culture. PloS One
(2012) 7:e34063. doi: 10.1371/journal.pone.0034063
Frontiers in Oncology 1216
32. Uhlirova M, Bohmann D. JNK- and fos-regulated Mmp1 expression cooperates
with ras to induce invasive tumors in drosophila. EMBO J (2006) 25:5294–304. doi:
10.1038/sj.emboj.7601401

33. La Marca JE, Richardson HE. Two-faced: roles of JNK signalling during
tumourigenesis in the drosophila model. Front Cell Dev Biol (2020) 8:42. doi:
10.3389/fcell.2020.00042

34. Bilder D, Ong K, Hsi TC, Adiga K, Kim J. Tumour-host interactions through the lens
of drosophila. Nat Rev Cancer (2021) 21:687–700. doi: 10.1038/s41568-021-00387-5

35. Tran DT, Kelly G. Ten Hagen Real-time insights into regulated exocytosis. J Cell
Sci (2017) 130 (8):1355–1363. doi: 10.1242/jcs.193425

36. Bartlett BJ, Isakson P, Lewerenz J, Sanchez H, Kotzebue RW, Cumming RC,
et al. p62, Ref(2)P and ubiquitinated proteins are conserved markers of neuronal aging,
aggregate formation and progressive autophagic defects. Autophagy (2011) 7:572–83.
doi: 10.4161/auto.7.6.14943

37. Asano K, Miwa M, Miwa K, Hanayama R, Nagase H, Nagata S, et al. Masking of
phosphatidylserine inhibits apoptotic cell engulfment and induces autoantibody
production in mice. J Exp Med (2004) 200 (4):459–467. doi: 10.1084/jem.20040342

38. Recouvreux MV, Commisso C. Macropinocytosis: a metabolic adaptation to
nutrient stress in cancer. Front Endocrinol (Lausanne) (2017) 8:261. doi: 10.3389/
fendo.2017.00261

39. Williams ST, Smith AN, Cianci CD, Morrow JS, Brown TL. Identification of the
primary caspase 3 cleavage site in alpha II-spectrin during apoptosis. Apoptosis (2003)
8:353–61. doi: 10.1023/A:1024168901003

40. Zhao T, Su Z, Li Y, Zhang X, You Q. Chitinase-3 like-protein-1 function and its
role in diseases. Signal Transduct Target Ther (2020) 5:201. doi: 10.1038/s41392-020-
00303-7

41. Kucerova L, Broz V, Arefin B, Maaroufi HO, Hurychova J, Strnad H, et al. The
drosophila chitinase-like protein IDGF3 is involved in protection against nematodes
and in wound healing. J Innate Immun (2015) 8:199–210. doi: 10.1159/000442351

42. Lee CG, Da Silva CA, Dela Cruz CS, Ahangari F, Ma B, Kang MJ, et al. Role of
chitin and chitinase/chitinase-like proteins in inflammation, tissue remodeling, and
injury. Annu Rev Physiol (2011) 73:479–501. doi: 10.1146/annurev-physiol-012110-
142250

43. Fogarty CE, Bergmann A. Killers creating new life: caspases drive apoptosis-
induced proliferation in tissue repair and disease. Cell Death Differ (2017) 24:1390–400.
doi: 10.1038/cdd.2017.47

44. Yeh YT, Hou MF, Chung YF, Chen YJ, Yang SF, Chen DC, et al. Decreased
expression of phosphorylated JNK in breast infiltrating ductal carcinoma is associated
with a better overall survival. Int J Cancer (2006) 118:2678–84. doi: 10.1002/ijc.21707

45. Tang H, Sun Y, Shi Z, Huang H, Fang Z, Chen J, et al. YKL-40 induces IL-8
expression from bronchial epithelium via MAPK (JNK and ERK) and NF-kappaB
pathways, causing bronchial smooth muscle proliferation and migration. J Immunol
(2013) 190:438–46. doi: 10.4049/jimmunol.1201827

46. Insua-Rodriguez J, Pein M, Hongu T, Meier J, Descot A, Lowy CM, et al. Stress
signaling in breast cancer cells induces matrix components that promote
chemoresistant metastasis. EMBO Mol Med (2018) 10:e9003. doi: 10.15252/
emmm.201809003

47. Juliano RL, Kimelberg HK, Papahadjopoulos D. Synergistic effects of a membrane
protein (spectrin) and Ca 2+ on the Na + permeability of phospholipid vesicles. Biochim
Biophys Acta (1971) 241:894–905. doi: 10.1016/0005-2736(71)90017-4

48. Pinder JC, Bray D, Gratzer WB. Actin polymerisation induced by spectrin.
Nature (1975) 258:765–6. doi: 10.1038/258765a0

49. Hardy B, Schrier SL. The role of spectrin in erythrocyte ghost endocytosis.
Biochem Biophys Res Commun (1978) 81:1153–61. doi: 10.1016/0006-291X(78)91257-3

50. Lattner J, LengW, Knust E, Brankatschk M, Flores-Benitez D. Crumbs organizes
the transport machinery by regulating apical levels of PI(4,5)P2 in drosophila. Elife
(2019) 8:e50900. doi: 10.7554/eLife.50900

51. Ackermann A, Brieger A. The role of nonerythroid spectrin alphaII in cancer. J
Oncol (2019) 2019:7079604. doi: 10.1155/2019/7079604

52. Yang P, Yang Y, Sun P, Tian Y, Gao F, Wang C, et al. betaII spectrin (SPTBN1):
biological function and clinical potential in cancer and other diseases. Int J Biol Sci
(2021) 17:32–49. doi: 10.7150/ijbs.52375

53. Ziemnicka-Kotula D, Xu J, Gu H, Potempska A, Kim KS, Jenkins EC, et al.
Identification of a candidate human spectrin src homology 3 domain-binding protein
suggests a general mechanism of association of tyrosine kinases with the spectrin-based
membrane skeleton. J Biol Chem (1998) 273:13681–92. doi: 10.1074/jbc.273.22.13681

54. Macoska JA, Xu J, Ziemnicka D, Schwab TS, Rubin MA, Kotula L. Loss of
expression of human spectrin src homology domain binding protein 1 is associated
with 10p loss in human prostatic adenocarcinoma. Neoplasia (2001) 3:99–104. doi:
10.1038/sj.neo.7900145

55. Dubielecka PM, Cui P, Xiong X, Hossain S, Heck S, Angelov L, et al. Differential
regulation of macropinocytosis by Abi1/Hssh3bp1 isoforms. PloS One (2010) 5:e10430.
doi: 10.1371/journal.pone.0010430

56. Ritter M, Bresgen N, Kerschbaum HH. From pinocytosis to methuosis-fluid
consumption as a risk factor for cell death. Front Cell Dev Biol (2021) 9:651982. doi:
10.3389/fcell.2021.651982
frontiersin.org

https://doi.org/10.1126/science.1088474
https://doi.org/10.1016/j.cub.2006.04.042
https://doi.org/10.7554/eLife.26747
https://doi.org/10.1038/cr.2010.2
https://doi.org/10.1101/gad.886301
https://doi.org/10.1128/MMBR.00043-14
https://doi.org/10.1152/physrev.2001.81.3.1353
https://doi.org/10.1016/j.mod.2010.11.004
https://doi.org/10.15252/embj.201489642
https://doi.org/10.1016/j.bbrc.2010.02.124
https://doi.org/10.1016/j.cellsig.2011.08.011
https://doi.org/10.1038/onc.2014.242
https://doi.org/10.1016/0378-1119(94)00756-I
https://doi.org/10.1242/dev.126.2.211
https://doi.org/10.1186/s12864-016-2383-1
https://doi.org/10.1186/s12864-016-2383-1
https://doi.org/10.1038/srep18340
https://doi.org/10.1111/pim.12581
https://doi.org/10.7554/eLife.64919
https://doi.org/10.7554/eLife.64919
https://doi.org/10.1159/000516104
https://doi.org/10.3791/53830
https://doi.org/10.1007/s11626-019-00403-x
https://doi.org/10.1074/jbc.M408220200
https://doi.org/10.1038/s41467-021-22080-9
https://doi.org/10.1038/s41467-021-22080-9
https://doi.org/10.1080/19336934.2016.1222997
https://doi.org/10.1371/journal.pone.0034063
https://doi.org/10.1038/sj.emboj.7601401
https://doi.org/10.3389/fcell.2020.00042
https://doi.org/10.1038/s41568-021-00387-5
https://doi.org/10.1242/jcs.193425
https://doi.org/10.4161/auto.7.6.14943
https://doi.org/10.1084/jem.20040342
https://doi.org/10.3389/fendo.2017.00261
https://doi.org/10.3389/fendo.2017.00261
https://doi.org/10.1023/A:1024168901003
https://doi.org/10.1038/s41392-020-00303-7
https://doi.org/10.1038/s41392-020-00303-7
https://doi.org/10.1159/000442351
https://doi.org/10.1146/annurev-physiol-012110-142250
https://doi.org/10.1146/annurev-physiol-012110-142250
https://doi.org/10.1038/cdd.2017.47
https://doi.org/10.1002/ijc.21707
https://doi.org/10.4049/jimmunol.1201827
https://doi.org/10.15252/emmm.201809003
https://doi.org/10.15252/emmm.201809003
https://doi.org/10.1016/0005-2736(71)90017-4
https://doi.org/10.1038/258765a0
https://doi.org/10.1016/0006-291X(78)91257-3
https://doi.org/10.7554/eLife.50900
https://doi.org/10.1155/2019/7079604
https://doi.org/10.7150/ijbs.52375
https://doi.org/10.1074/jbc.273.22.13681
https://doi.org/10.1038/sj.neo.7900145
https://doi.org/10.1371/journal.pone.0010430
https://doi.org/10.3389/fcell.2021.651982
https://doi.org/10.3389/fonc.2023.1170122
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Khalili et al. 10.3389/fonc.2023.1170122
57. Maxson ME, Sarantis H, Volchuk A, Brumell JH, Grinstein S. Rab5 regulates
macropinocytosis by recruiting the inositol 5-phosphatases OCRL and Inpp5b that
hydrolyse PtdIns(4,5)P2. J Cell Sci (2021) 134(7):jcs252411. doi: 10.1242/jcs.252411

58. Shubin AV, Demidyuk IV, Komissarov AA, Rafieva LM, Kostrov SV.
Cytoplasmic vacuolization in cell death and survival. Oncotarget (2016) 7:55863–89.
doi: 10.18632/oncotarget.10150

59. Yan G, Dawood M, Bockers M, Klauck SM, Fottner C, Weber MM, et al.
Multiple modes of cell death in neuroendocrine tumors induced by artesunate.
Phytomedicine (2020) 79:153332. doi: 10.1016/j.phymed.2020.153332

60. Mehrotra S, Maqbool SB, Kolpakas A, Murnen K, Calvi BR. Endocycling cells do
not apoptose in response to DNA rereplication genotoxic stress. Genes Dev (2008)
22:3158–71. doi: 10.1101/gad.1710208
Frontiers in Oncology 1317
61. Zhang B, Mehrotra S, Ng WL, Calvi BR. Low levels of p53 protein and
chromatin silencing of p53 target genes repress apoptosis in drosophila endocycling
cells. PloS Genet (2014) 10:e1004581. doi: 10.1371/journal.pgen.1004581

62. Araki M, Kurihara M, Kinoshita S, Awane R, Sato T, Ohkawa Y, et al. Anti-
tumour effects of antimicrobial peptides, components of the innate immune system,
against haematopoietic tumours in drosophila mxc mutants. Dis Model Mech (2019) 12
(6):dmm037721. doi: 10.1242/dmm.037721

63. Parvy JP, Yu Y, Dostalova A, Kondo S, Kurjan A, Bulet P, et al. The
antimicrobial peptide defensin cooperates with tumour necrosis factor to drive
tumour cell death in drosophila. Elife (2019) 8:e45061. doi: 10.7554/eLife.45061

64. Kzhyshkowska J, Larionova I, Liu T. YKL-39 as a potential new target for anti-
angiogenic therapy in cancer. Front Immunol (2019) 10:2930. doi: 10.3389/fimmu.2019.02930
frontiersin.org

https://doi.org/10.1242/jcs.252411
https://doi.org/10.18632/oncotarget.10150
https://doi.org/10.1016/j.phymed.2020.153332
https://doi.org/10.1101/gad.1710208
https://doi.org/10.1371/journal.pgen.1004581
https://doi.org/10.1242/dmm.037721
https://doi.org/10.7554/eLife.45061
https://doi.org/10.3389/fimmu.2019.02930
https://doi.org/10.3389/fonc.2023.1170122
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Frontiers in Oncology

OPEN ACCESS

EDITED BY

Zhiqian Zhang,
Southern University of Science and
Technology, China

REVIEWED BY

Yi Li,
Nanjing Medical University, China
Aierpati Maimaiti,
First Affiliated Hospital of Xinjiang Medical
University, China

*CORRESPONDENCE

Zhi-qiang Wei

zhiqiang20088@126.com

Yan-cai Yang

yangyancai2008@sina.com

RECEIVED 04 April 2023

ACCEPTED 24 April 2023
PUBLISHED 03 May 2023

CITATION

Wei Z-q, Ding S and Yang Y-c (2023)
TYROBP-positive endothelial
cell-derived TWEAK as a promoter of
osteosarcoma progression: insights
from single-cell omics.
Front. Oncol. 13:1200203.
doi: 10.3389/fonc.2023.1200203

COPYRIGHT

© 2023 Wei, Ding and Yang. 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.

TYPE Original Research

PUBLISHED 03 May 2023

DOI 10.3389/fonc.2023.1200203
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cell-derived TWEAK as a
promoter of osteosarcoma
progression: insights from
single-cell omics

Zhi-qiang Wei*, Sheng Ding and Yan-cai Yang*

The Department of Pediatric Surgery, The Ningbo Women and Children’s Hospital, Ningbo, China
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.
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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.
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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
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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
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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
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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.
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).
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
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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
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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
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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.
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TWEAK and other proteins in the TYROBP-positive endothelial

cell-conditioned medium promoted the malignant phenotype of

OS cells.
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
Frontiers in Oncology 0623
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
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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.
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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
Frontiers in Oncology 0724
metabolism, and TYROBP-positive ECs were primarily engaged in

starch and sucrose metabolism (Figure 4E).
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
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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.
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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.
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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).
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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
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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).
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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
Frontiers in Oncology 1027
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).
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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.
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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
Frontiers in Oncology 1128
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
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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.
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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
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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).

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
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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.
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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
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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-kB 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
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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 targetablemolecules in this subtype,

few targets have shown promise. However, the present study revealed that FOXD1,

a transcription factor that functions in both normal development andmalignancy, 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

mixturemodel 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.

KEYWORDS

FOXD1, TCGA, gaussian mixture model, enhancer, basal-like breast cancer
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
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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
Frontiers in Oncology 0234
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

p r im e r s u s e d i n t h i s s t u d y i n c l u d e d FOXD1 - F

(GGACTCTGCACCAAGGGA) , FOXD1-R(AAACACC

GAACCACCAAGAC) , ACTB -F (GCCAACCGCGAG

AAGATGA), 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°
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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

Quant ifica t ion ,” 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
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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,” (i i i ) 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).

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
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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,
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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
B C
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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.
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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.
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).

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
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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
BA

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.
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activity. These results suggest that FOXD1 is involved in

maintaining the activity of the enhancers targeted by tumor-

promoting TFs.

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
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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
B

C D

E F G

A

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.
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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
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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
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FIGURE 4

Changes in enhancer activity induced by FOXD1-KD and enhancer–gene pairs maintained by FOXD1. (A) Scatter plot of DChromVAR motif scores
(siNC − siFOXD1) calculated using H3K27ac ChIP-seq data. A high DChromVAR 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).
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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
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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 inbasal-like primary tumorsand 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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42. Békés M, Langley DR, Crews CM. PROTAC targeted protein degraders: the past
is prologue. Nat Rev Drug Discovery (2022) 21:181–200. doi: 10.1038/s41573-021-
00371-6
frontiersin.org

https://doi.org/10.1038/ncomms4197
https://doi.org/10.1158/0008-5472.CAN-15-2860
https://doi.org/10.1158/0008-5472.CAN-15-2860
https://doi.org/10.3389/fonc.2023.1126482
https://doi.org/10.1158/1535-7163.MCT-21-0103
https://doi.org/10.1016/j.molcel.2020.04.027
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.3389/fonc.2023.1156111
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Frontiers in Oncology

OPEN ACCESS

EDITED BY

Tao Liu,
University of New South Wales, Australia

REVIEWED BY

Rodolfo Chavez,
National Autonomous University of Mexico,
Mexico
Dolores Aguilar-Cazares,
National Institute of Respiratory Diseases-
Mexico (INER), Mexico
Francesco Pezzella,
University of Oxford, United Kingdom

*CORRESPONDENCE

Divya P. Kumar

divyapk243@gmail.com

divyapkumar@jssuni.edu.in

RECEIVED 23 December 2022
ACCEPTED 26 May 2023

PUBLISHED 09 June 2023

CITATION

Suresh D, Srinivas AN, Prashant A, Satish S,
Vishwanath P, Nataraj SM, Koduru SV,
Santhekadur PK and Kumar DP (2023)
AATF inhibition exerts antiangiogenic
effects against human
hepatocellular carcinoma.
Front. Oncol. 13:1130380.
doi: 10.3389/fonc.2023.1130380

COPYRIGHT

© 2023 Suresh, Srinivas, Prashant, Satish,
Vishwanath, Nataraj, Koduru, Santhekadur
and Kumar. 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.

TYPE Original Research

PUBLISHED 09 June 2023

DOI 10.3389/fonc.2023.1130380
AATF inhibition exerts
antiangiogenic effects against
human hepatocellular carcinoma

Diwakar Suresh1, Akshatha N. Srinivas1, Akila Prashant1,
Suchitha Satish2, Prashant Vishwanath1, Suma M. Nataraj1,
Srinivas V. Koduru3, Prasanna K. Santhekadur1

and Divya P. Kumar1*

1Department of Biochemistry, CEMR, JSS Medical College, JSS Academy of Higher Education and
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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
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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
Abbreviations: HCC, hepatocellular carcinoma; AATF, apoptosis antagonizing

transcription factor; DNA, deoxyribonucleic acid; UPR, unfolded protein

response; ER, endoplasmic reticulum; NAFLD, nonalcoholic fatty liver disease;

HUVECs, human umbilical vein endothelial cells; VEGF, vascular endothelial

growth factor; PDGF, platelet-derived growth factor; FGF, fibroblast growth

factor; PEDF, pigment epithelium-derived factor; CAM, chorioallantoic

membrane; CM, conditioned media; nrf2, nuclear factor erythroid-related

factor 2; NRAGE, neurotrophin receptor-interacting MAGE homolog; MMP,

matrix metalloproteinases; ERK1/2, extracellular signal-regulated protein kinase;

FAK, focal adhesion kinase; STAT3, signal transducer and activator of

transcription 3; VEGFR, vascular endothelial growth factor receptor; siRNA,

small interfering ribonucleic acid; AAV, adeno associated virus.

Frontiers in Oncology 0244
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
frontiersin.org
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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,

8mm-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 b-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
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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 mg/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 mg/ml Puromycin. Stable knockdown of AATF in QGY-7703 cells

was confirmed by qRT-PCR andwestern 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 mm 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
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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 mg/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.
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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 mm 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 conditionedmedia

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 mM zinc chloride)

for 24 h at 370C. After the incubation, gels were stained using
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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 ml 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-DDCt and was expressed normalized with endogenous control b-
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 mg 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, b-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, b-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
Frontiers in Oncology 0547
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).
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
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AATF was significantly reduced in the knockdown clones

compared to puromycin-resistant control clones (Figure 2A,

Supplementary Figure 3).

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
Frontiers in Oncology 0648
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).
B C

D E

A

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.
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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
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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
B

C

D

E

A

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.
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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).

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
Frontiers in Oncology 0850
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
B

C D
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A

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 b-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.
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(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

mg/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.
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).
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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
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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.
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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
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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.
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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
Frontiers in Oncology 1153
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
B
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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/b-actin). Data are expressed as the mean ± SEM of three experiments. **p < 0.001 or *p < 0.05 compared to control.
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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 g-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.

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-
Frontiers in Oncology 1254
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
FIGURE 6

Schematic representation of the molecular mechanisms involved in AATF-mediated regulation of angiogenesis in human HCC.
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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.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, Further inquiries can be

directed to the corresponding author.
Ethics statement

The study was approved by the institutional ethics committee at

JSS Medical College, JSS AHER, Mysore, Karnataka, India. (JSSMC/

IEC/260822/37NCT/2022-23). The patients/participants provided

their written informed consent to participate in this study.
Author contributions

DS designed and performed experiments, analyzed data, and

wrote the manuscript; AS performed experiments and analyzed data;

SS analyzed the data; AP, SN and PV contributed to the discussion

and reviewed the manuscript; PS and SK provided scientific insights

and reviewed the manuscript; and DPK conceptualized the project,

designed experiments, critically evaluated the results, and wrote the

manuscript. All authors contributed to the article and approved the

final version of the manuscript submitted.
Funding

DS’ appointment is supported by the Extramural Ad-hoc Grant

from the Indian Council of Medical Research (ICMR-Grant No.: 5/3/

8/55/2020-ITR) to DPK. This study was supported in whole or in part,

by the Extramural Ad-hoc Grant from ICMR and Ramalingaswami

Re-entry Fellowship (Grant No.: BT/RLF/Re entry/58/2017) from the

Department of Biotechnology to DPK. The authors also acknowledge

funding support from the Department of Biotechnology (DBT)- Boost

to University Interdisciplinary Life science Departments for Education

and Research programme (DBT-BUILDER: BT/INF/22/

SP43045/2021).
Acknowledgments

We gratefully acknowledge Dr. Nalini and her team,

Gynecologist, Shree Devi Nursing Home, Mysore, for providing

human umbilical cord for the study. Human normal or HCC tissues
Frontiers in Oncology 1355
were obtained from the National Tumor Tissue Repository

(NTTR), Tata Memorial Hospital, Mumbai.
Conflict of interest

Author SK was employed by Omelette Inc.

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.
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.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1130380/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

(A)Quantitation andcomparisonof theAATF-positive cells inHCC tissuesof stage

1, stage 2, stage 3 and stage 4 using Image J software.WD, well differentiated; PD,
poorly differentiated HCC tissues. (B) Culturing of Human umbilical vein

endothelial cells (HUVECs). Images at differentmagnifications- 10X, 20X and 40X.

SUPPLEMENTARY FIGURE 2

(A) Differential expression Analysis of AATF in normal (n=50) and human HCC
(n=371) tissues in TCGA microarray data set (P<1x10-12). (B) Expression of AATF

varies across the stagesofHCC (normal vs. stage 1: P<1.62x10-12; normal vs. stage
2: P<1.62x10-12; normal vs. stage 3: P<1x10-12; normal vs. stage 4: P<7.7x10-2). (C)
Tumorgradeswerehighly significant (normal vs. grade 1:P<1.33x10-10; normal vs.

grade 2: P<1x10-12; normal vs. grade 3: P<1x10-12; normal vs. grade4: P<6.4x10-4).

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
(mg/ml) of conditionedmedia 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 themean ± SEM of three

experiments. **p < 0.001 or *p < 0.05 compared to control.

SUPPLEMENTARY TABLE 1

Demographic and clinicopathological data of HCC patients. M, male; F,
female; HCC, hepatocellular carcinoma; TNM, tumor, nodes and

metastases; PD, poorly differentiated; MD, moderately differentiated; WD,
well differentiated.

SUPPLEMENTARY TABLE 2

List of primers used in qRT-PCR.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2023.1130380/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1130380/full#supplementary-material
https://doi.org/10.3389/fonc.2023.1130380
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Suresh et al. 10.3389/fonc.2023.1130380
References
1. Rumgay H, Arnold M, Ferlay J, Lesi O, Cabasag CJ, Vignat J, et al. Global burden
of primary liver cancer in 2020 and predictions to 2040. J Hepatol (2022) 77(6):1598–
606. doi: 10.1016/j.jhep.2022.08.021

2. Suresh D, Srinivas AN, Kumar DP. Etiology of hepatocellular carcinoma: special
focus on fatty liver disease. Front Oncol (2020) 10:601710. doi: 10.3389/
fonc.2020.601710

3. Dhar D, Baglieri J, Kisseleva T, Brenner DA. Mechanisms of liver fibrosis and its
role in liver cancer. Exp Biol Med (Maywood). (2020) 245(2):96–108. doi: 10.1177/
1535370219898141

4. Chidambaranathan-Reghupaty S, Fisher PB, Sarkar D. Hepatocellular carcinoma
(HCC): epidemiology, etiology, and molecular classification. Adv Cancer Res (2021)
149:1–61. doi: 10.1016/bs.acr.2020.10.001

5. Giraud J, Chalopin D, Blanc J-F and Saleh M. Hepatocellular carcinoma immune
landscape and the potential of immunotherapies. Front Immunol (2021) 12:655697.
doi: 10.3389/fimmu.2021.655697

6. Morse MA, Sun W, Kim R, He AR, Abada PB, Mynderse M, et al. The role of
angiogenesis in hepatocellular carcinoma. Clin Cancer Res (2019) 25(3):912–20.
doi: 10.1158/1078-0432.CCR-18-1254

7. Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discovery (2022) 12
(1):31–46. doi: 10.1158/2159-8290.CD-21-1059

8. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of
angiogenesis. Nature (2011) 473(7347):298–307. doi: 10.1038/nature10144

9. Sampat KR, O'Neil B. Antiangiogenic therapies for advanced hepatocellular
carcinoma. Oncologist (2013) 18(4):430–8. doi: 10.1634/theoncologist.2012-0388

10. Rivera LB, Bergers G. CANCER. tumor angiogenesis, from foe to friend. Science
(2015) 349(6249):694–5. doi: 10.1126/science.aad0862

11. Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A, Rong H, et al. BAY 43-
9006 exhibits broad spectrum oral antitumor activity and targets the RAF/MEK/ERK
pathway and receptor tyrosine kinases involved in tumor progression and angiogenesis.
Cancer Res (2004) 64(19):7099–109. doi: 10.1158/0008-5472

12. Zhu AX, Finn RS, Mulcahy M, Gurtler J, Sun W, Schwartz JD, et al. A phase II
and biomarker study of ramucirumab, a human monoclonal antibody targeting the
VEGF receptor-2, as first-line monotherapy in patients with advanced hepatocellular
cancer. Clin Cancer Res (2013) 19(23):6614–23. doi: 10.1158/1078-0432

13. Siegel AB, Cohen EI, Ocean A, Lehrer D, Goldenberg A, Knox JJ, et al. Phase II
trial evaluating the clinical and biologic effects of bevacizumab in unresectable
hepatocellular carcinoma. J Clin Oncol (2008) 26(18):2992–8. doi: 10.1200/
JCO.2007.15.9947

14. Haibe Y, Kreidieh M, El Hajj H, Khalifeh I, Mukherji D, Temraz S, et al.
Resistance mechanisms to anti-angiogenic therapies in cancer. Front Oncol (2020)
10:221. doi: 10.3389/fonc.2020.00221

15. Oguntade AS, Al-Amodi F, Alrumayh A, Alobaida M, Bwalya M. Anti-
angiogenesis in cancer therapeutics: the magic bullet. J Egypt Natl Canc Inst (2021)
33:15. doi: 10.1186/s43046-021-00072-6

16. Kuczynski EA, Yin M, Bar-Zion A, Lee CR, Butz H, Man S, et al. Co-Option of
liver vessels and not sprouting angiogenesis drives acquired sorafenib resistance in
hepatocellular carcinoma. J Natl Cancer Inst (2016) 108(8):djw030. doi: 10.1093/jnci/
djw030

17. Abdalla AME, Xiao L, Ullah MW, Yu M, Ouyang C, Yang G. Current challenges
of cancer anti-angiogenic therapy and the promise of nanotherapeutics. Theranostics
(2018) 8(2):533–48. doi: 10.7150/thno.21674

18. Srinivas AN, Suresh D, Mirshahi F, Santhekadur PK, Sanyal AJ, Kumar DP.
Emerging roles of AATF: checkpoint signaling and beyond. J Cell Physiol (2021) 236
(5):3383–95. doi: 10.1002/jcp.30141

19. Leister P, Burgdorf S, Scheidtmann KH. Apoptosis antagonizing transcription
factor AATF is a novel coactivator of nuclear hormone receptors. Signal Transduction
(2003) 3(1-2):17–25. doi: 10.1002/sita.200300020

20. Bruno T, Desantis A, Bossi G, Di Agostino S, Sorino C, De Nicola F, et al. Che-1
promotes tumor cell survival by sustaining mutant p53 transcription and inhibiting
DNA damage response activation. Cancer Cell (2010) 18(2):122–34. doi: 10.1016/
j.ccr.2010.05.027

21. Di Padova M, Bruno T, De Nicola F, Iezzi S, D'Angelo C, Gallo R, et al. Che-1
arrests human colon carcinoma cell proliferation by displacing HDAC1 from the
p21WAF1/CIP1 promoter. J Biol Chem (2003) 278(38):36496–504. doi: 10.1074/
jbc.M306694200

22. Bruno T, Iezzi S, De Nicola F, Di Padova M, Desantis A, Scarsella M, et al. Che-1
activates XIAP expression in response to DNA damage. Cell Death Differ (2008) 15
(3):515–20. doi: 10.1038/sj.cdd.4402284

23. Haanpää M, Reiman M, Nikkilä J, Erkko H, Pylkäs K, Winqvist R. Mutation
analysis of the AATF gene in breast cancer families. BMC Cancer (2009) 9(1):1–5.
doi: 10.1186/1471-2407-9-457

24. Kaul D, Mehrotra A. Functional characterization of AATF transcriptome in
human leukemic cells.Mol Cell Biochem (2007) 297(1-2):215–20. doi: 10.1007/s11010-
006-9317-1
Frontiers in Oncology 1456
25. Welcker D, Jain M, Khurshid S, Jokić M, Höhne M, Schmitt A, et al. AATF
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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.

KEYWORDS

METTL3, prostate cancer, RNA splicing, N 6 -methyladenosine, MKNK2, nanopore direct
RNA sequencing
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
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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.
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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 mg 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
frontiersin.org
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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 mg 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
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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.
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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.
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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
B
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A

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.
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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.

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.

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
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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.

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.
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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-
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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
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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.
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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
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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
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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.
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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).

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.
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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.

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
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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.
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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
B

C

D
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F G

A

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.
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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
Frontiers in Oncology 1066
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
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A

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.
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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.
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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
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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/
frontiersin.org

https://doi.org/10.3389/fonc.2023.1227016
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wang et al. 10.3389/fonc.2023.1227016
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
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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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Overexpressed transferrin
receptor implied poor prognosis
and relapse in gastrointestinal
stromal tumors

Chun Zhuang †, Xiaoqi Li †, Linxi Yang, Xinli Ma, Yanying Shen,
Chen Huang, Tao Pan, Jianzhi Cui, Bo Ni* and Ming Wang*

Department of Gastrointestinal Surgery, Renji Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, China
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.

KEYWORDS

gastrointestinal stromal tumor (GIST), ferroptosis, TFRC, tumor biomarkers, prognosis
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
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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
Frontiers in Oncology 0273
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.
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
TABLE 1 Patients’ characteristics.

Clinicopathological factors n (%)

Age ≤61 298 (50.77)

>61 289 (49.23)

Gender Male 294 (50.09)

Female 293 (49.91)

Modified NIH criteria Low risk 254 (43.27)

Intermediate risk 95 (16.18)

High risk 238 (40.55)

Tumor size ≤2 cm 51 (8.69)

2–5 cm 247 (42.08)

5–10 cm 212 (36.11)

>10 cm 77 (13.12)

Mitotic figures ≤5 442 (75.30)

5–10 75 (12.78)

>10 70 (11.92)

Recurrence No 513 (87.39)

Yes 74 (12.61)

Overall survival state Alive 556 (94.72)

Dead 31 (5.28)
fro
NIH, National Institutes of Health.
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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.
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
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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).
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
A

CB

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 mm). (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.
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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.
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
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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
A B

DC

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.
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findings indicate that TFRC might be a key ferroptosis gene, which

is commonly upregulated and associated with relapse in high-

risk 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
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features had greater sensitivity and specificity and was a stronger

RFS predictor than any single risk factor or their combination.
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.
A B

DC

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.
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A

B

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 2 Correlations between TFRC expression and clinicopathological features in GISTs.

Clinicopathological
feature

Expression of TFRC p-Value
(c2 test)

Low
(n = 296, 50.43%)

High
(n = 291, 49.57%)

Age ≤61 139 159 0.063

>61 157 132

Gender Male 146 148 0.710

Female 150 143

Modified NIH criteria Low risk 140 114 0.003

Intermediate risk 56 39

High risk 100 138

Tumor size ≤2 cm 28 23 0.311

2–5 cm 131 116

5–10 cm 105 107

>10 cm 32 45

Mitotic figures ≤5 234 208 0.085

5–10 34 41

>10 28 42

Recurrence Yes 23 51 <0.001

No 273 240
F
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GIST, gastrointestinal stromal tumor; NIH, National Institutes of Health. P-values < 0.05 are indicated using bold font
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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
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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
TABLE 4 Univariate analyses of prognostic parameters for DFS in GISTs.

Prognostic parameter Univariate analysis

HR 95% CI p-Value

Expression of TFRC (high vs. low) 2.192 1.337–3.593 0.002

Age (>61 vs. ≤ 61) 0.731 0.461–1.160 0.184

Gender (male vs. female) 0.511 0.315–0.829 0.007

Modified NIH criteria (high risk vs. intermediate risk and low risk) 10.208 5.080–20.512 <0.001

Tumor size (>5 cm vs. ≤ 5 cm) 2.785 1.650–4.701 <0.001

Mitotic figures (>5 vs. ≤ 5) 6.061 3.737–9.832 <0.001
fro
P-values < 0.05 are indicated using bold font.
TABLE 3 Univariate analyses of prognostic parameters for OS in GISTs.

Prognostic parameter Univariate analysis

HR 95% CI p-Value

Expression of TFRC (high vs. low) 2.352 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) 15.314 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
OS, overall survival; GIST, gastrointestinal stromal tumor; NIH, National Institutes of Health. P-values < 0.05 are indicated using bold font
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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.
Frontiers in Oncology 0879
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The studies involving humans were approved by Shanghai

Jiaotong University School of Medicine, Renji Hospital Ethics

Committee. The studies were conducted in accordance with the

local legislation and institutional requirements. The participants

provided their written informed consent to participate in this study.
Author contributions

MW provided the whole study design. BN supervised the

experiment conduction. CZ and XL carried out the experiments

and organized the manuscript. LY finished the bioinformatics

analysis. XM and YS collaborated to collect the specimens and

record clinical information. CH, TP, and JC were responsible for

statistical analysis. MW and BN offered critical reviews. All authors

contributed to the article and approved the submitted version.
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.
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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.
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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
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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).
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
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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,
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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.
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.
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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
Frontiers in Oncology 0484
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).

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
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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
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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.
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.
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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.
Author contributions

HN: Writing – original draft, Writing – review & editing. YA:

Writing – original draft, Writing – review & editing. KT: Writing –

original draft, 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 in part by the Japan Society for the Promotion of

Science (grants C/19K08397, C/16K07178 to KT).
Frontiers in Oncology 0686
Conflict of interest

KT received lecture fee from Daiichi Sankyo.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be constructed as a potential conflict of interest.
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.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1285661/

full#supplementary-material
References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence andmortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin (2021) 71:209–49. doi: 10.3322/caac.21660

2. Hubert RS, Vivanco I, Chen E, Rastegar S, Leong K, Mitchell SC, et al. STEAP: a
prostate-specific cell-surface antigen highly expressed in human prostate tumors. Proc
Natl Acad Sci U.S.A. (1999) 96:14523–8. doi: 10.1073/pnas.96.25.14523

3. Moreaux J, Kassambara A, Hose D, Klein B. STEAP1 is overexpressed in cancers:
a promising therapeutic target. Biochem Biophys Res Commun (2012) 429:148–55.
doi: 10.1016/j.bbrc.2012.10.123

4. Barroca-Ferreira J, Pais JP, Santos MM, Goncalves AM, Gomes IM, Sousa I, et al.
Targeting STEAP1 protein in human cancer: current trends and future challenges. Curr
Cancer Drug Targets (2018) 18:222–30. doi: 10.2174/1568009617666170427103732

5. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer and
normal gene expression profiling and interactive analyses. Nucleic Acids Res (2017) 45:
W98–W102. doi: 10.1093/nar/gkx247

6. Danila DC, Szmulewitz RZ, Vaishampayan U, Higano CS, Baron AD, Gilbert HN,
et al. Phase I study of DSTP3086S, an antibody-drug conjugate targeting six-
transmembrane epithelial antigen of prostate 1, in metastatic castration-resistant
prostate cancer. J Clin Oncol (2019) 37:3518–27. doi: 10.1200/JCO.19.00646

7. Jin Y, Lorvik KB, Jin Y, Beck C, Sike A, Persiconi I, et al. Development of STEAP1
targeting chimeric antigen receptor for adoptive cell therapy against cancer. Mol Ther
Oncolytics (2022) 26:189–206. doi: 10.1016/j.omto.2022.06.007

8. Gomes IM, Maia CJ, Santos CR. STEAP proteins: from structure to applications in
cancer therapy. Mol Cancer Res (2012) 10:573–87. doi: 10.1158/1541-7786.MCR-11-
0281

9. Oosterheert W, Gros P. Cryo-electron microscopy structure and potential
enzymatic function of human six-transmembrane epithelial antigen of the prostate 1
(STEAP1). J Biol Chem (2020) 295:9502–12. doi: 10.1074/jbc.RA120.013690

10. Bhatia V, Kamat NV, Pariva TE, Wu LT, Tsao A, Sasaki K, et al. Targeting advanced
prostate cancer with STEAP1 chimeric antigen receptor T cell and tumor-localized IL-12
immunotherapy. Nat Commun (2023) 14:2041. doi: 10.1038/s41467-023-37874-2

11. Gomes IM, Arinto P, Lopes C, Santos CR, Maia CJ. STEAP1 is overexpressed in
prostate cancer and prostatic intraepithelial neoplasia lesions, and it is positively
associated with Gleason score. Urol Oncol (2014) 32:53.e23–9. doi: 10.1016/
j.urolonc.2013.08.028

12. Ihlaseh-Catalano SM, Drigo SA, de Jesus CM, Domingues MA, Trindade Filho
JC, de Camargo JL, et al. STEAP1 protein overexpression is an independent marker for
biochemical recurrence in prostate carcinoma. Histopathology (2013) 63:678–85.
doi: 10.1111/his.12226
13. Gomes IM, Rocha SM, Gaspar C, Alvelos MI, Santos CR, Socorro S, et al.
Knockdown of STEAP1 inhibits cell growth and induces apoptosis in LNCaP prostate
cancer cells counteracting the effect of androgens. Med Oncol (2018) 35:40.
doi: 10.1007/s12032-018-1100-0

14. Challita-Eid PM, Morrison K, Etessami S, An Z, Morrison KJ, Perez-Villar JJ,
et al. Monoclonal antibodies to six-transmembrane epithelial antigen of the prostate-1
inhibit intercellular communication in vitro and growth of human tumor xenografts in
vivo. Cancer Res (2007) 67:5798–805. doi: 10.1158/0008-5472.CAN-06-3849

15. Burnell SEA, Spencer-Harty S, Howarth S, Bodger O, Kynaston H, Morgan C,
et al. Utilisation of the STEAP protein family in a diagnostic setting may provide a more
comprehensive prognosis of prostate cancer. PloS One (2019) 14:e0220456.
doi: 10.1371/journal.pone.0220456

16. Khanna K, Salmond N, Lynn KS, Leong HS, Williams KC. Clinical significance
of STEAP1 extracellular vesicles in prostate cancer. Prostate Cancer Prostatic Dis (2021)
24:802–11. doi: 10.1038/s41391-021-00319-2

17. Pinsky PF, Parnes H. Screening for prostate cancer. N Engl J Med (2023)
388:1405–14. doi: 10.1056/NEJMcp2209151

18. Quinlan MR, Bolton D, Casey RG. The management of rectal bleeding following
transrectal prostate biopsy: a review of the current literature. Can Urol Assoc J (2018)
12:E146–53. doi: 10.5489/cuaj.4660

19. Nakamura H, Takada K, Arihara Y, Hayasaka N, Murase K, Iyama S, et al. Six-
transmembrane epithelial antigen of the prostate 1 protects against increased oxidative
stress via a nuclear erythroid 2-related factor pathway in colorectal cancer. Cancer Gene
Ther (2019) 26:313–22. doi: 10.1038/s41417-018-0056-8

20. Motohashi H, Yamamoto M. Nrf2-Keap1 defines a physiologically important
stress response mechanism. Trends Mol Med (2004) 10:549–57. doi: 10.1016/
j.molmed.2004.09.003

21. Kansanen E, Kuosmanen SM, Leinonen H, Levonen AL. The Keap1-Nrf2
pathway: mechanisms of activation and dysregulation in cancer. Redox Biol (2013)
1:45–9. doi: 10.1016/j.redox.2012.10.001

22. Rocha SM, Nascimento D, Coelho RS, Cardoso AM, Passarinha LA, Socorro S,
et al. STEAP1 knockdown decreases the sensitivity of prostate cancer cells to paclitaxel,
docetaxel and cabazitaxel. Int J Mol Sci (2023) 24:6643. doi: 10.3390/ijms24076643

23. Dolezal JM, Wang H, Kulkarni S, Jackson L, Lu J, Ranganathan S, et al.
Sequential adaptive changes in a c-Myc-driven model of hepatocellular carcinoma. J
Biol Chem (2017) 292:10068–86. doi: 10.1074/jbc.M117.782052

24. Zheng K, Cubero FJ, Nevzorova YA. c-MYC-making liver sick: role of c-MYC in
hepatic cell function, homeostasis and disease. Genes (Basel) (2017) 8:123. doi: 10.3390/
genes8040123
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2023.1285661/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1285661/full#supplementary-material
https://doi.org/10.3322/caac.21660
https://doi.org/10.1073/pnas.96.25.14523
https://doi.org/10.1016/j.bbrc.2012.10.123
https://doi.org/10.2174/1568009617666170427103732
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1200/JCO.19.00646
https://doi.org/10.1016/j.omto.2022.06.007
https://doi.org/10.1158/1541-7786.MCR-11-0281
https://doi.org/10.1158/1541-7786.MCR-11-0281
https://doi.org/10.1074/jbc.RA120.013690
https://doi.org/10.1038/s41467-023-37874-2
https://doi.org/10.1016/j.urolonc.2013.08.028
https://doi.org/10.1016/j.urolonc.2013.08.028
https://doi.org/10.1111/his.12226
https://doi.org/10.1007/s12032-018-1100-0
https://doi.org/10.1158/0008-5472.CAN-06-3849
https://doi.org/10.1371/journal.pone.0220456
https://doi.org/10.1038/s41391-021-00319-2
https://doi.org/10.1056/NEJMcp2209151
https://doi.org/10.5489/cuaj.4660
https://doi.org/10.1038/s41417-018-0056-8
https://doi.org/10.1016/j.molmed.2004.09.003
https://doi.org/10.1016/j.molmed.2004.09.003
https://doi.org/10.1016/j.redox.2012.10.001
https://doi.org/10.3390/ijms24076643
https://doi.org/10.1074/jbc.M117.782052
https://doi.org/10.3390/genes8040123
https://doi.org/10.3390/genes8040123
https://doi.org/10.3389/fonc.2023.1285661
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Nakamura et al. 10.3389/fonc.2023.1285661
25. Iijima K, Nakamura H, Takada K, Hayasaka N, Kubo T, Umeyama Y, et al. Six-
transmembrane epithelial antigen of the prostate 1 accelerates cell proliferation by
targeting c-Myc in liver cancer cells. Oncol Lett (2021) 22:546. doi: 10.3892/ol.2021.12807

26. Zhang Z, Hou WB, Zhang C, Tan YE, Zhang DD, An W, et al. A research of
STEAP1 regulated gastric cancer cell proliferation, migration and invasion in vitro and
in vivos. J Cell Mol Med (2020) 24:14217–30. doi: 10.1111/jcmm.16038

27. Wu YY, Jiang JN, Fang XD, Ji FJ. STEAP1 regulates tumorigenesis and
chemoresistance during peritoneal metastasis of gastric cancer. Front Physiol (2018)
9:1132. doi: 10.3389/fphys.2018.01132

28. Guo Q, Ke XX, Liu Z, Gao WL, Fang SX, Chen C, et al. Evaluation of the
prognostic value of STEAP1 in lung adenocarcinoma and insights into its potential
molecular pathways via bioinformatic analysis. Front Genet (2020) 11:242.
doi: 10.3389/fgene.2020.00242

29. Liu T, Niu X, Li Y, Xu Z, Chen J, Xu G. Expression and prognostic analyses of the
significance of STEAP1 and STEAP2 in lung cancer. World J Surg Oncol (2022) 20:96.
doi: 10.1186/s12957-022-02566-6

30. Zhuang X, Herbert JM, Lodhia P, Bradford J, Turner AM, Newby PM, et al.
Identification of novel vascular targets in lung cancer. Br J Cancer (2015) 112:485–94.
doi: 10.1038/bjc.2014.626

31. Huo SF, Shang WL, Yu M, Ren XP, Wen HX, Chai CY, et al. STEAP1 facilitates
metastasis and epithelial-mesenchymal transition of lung adenocarcinoma via the
JAK2/STAT3 signaling pathway. Biosci Rep (2020) 40:BSR20193169. doi: 10.1042/
BSR20193169

32. Riggi N, Suvà ML, Stamenkovic I. Ewing’s sarcoma. N Engl J Med (2021)
384:154–64. doi: 10.1056/NEJMra2028910

33. Grunewald TG, Diebold I, Esposito I, Plehm S, Hauer K, Thiel U, et al. STEAP1
is associated with the invasive and oxidative stress phenotype of Ewing tumors. Mol
Cancer Res (2012) 10:52–65. doi: 10.1158/1541-7786.MCR-11-0524

34. Grunewald TGP, Ranft A, Esposito I, da Silva-Buttkus P, Aichler M, Baumhoer
D, et al. High STEAP1 expression is associated with improved outcome of Ewing’s
sarcoma patients. Ann Oncol (2012) 23:2185–90. doi: 10.1093/annonc/mdr605

35. Markey FB, Romero B, Parashar V, Batish M. Identification of a new
transcriptional co-regulator of STEAP1 in ewing’s sarcoma. Cells (2021) 10:1300.
doi: 10.3390/cells10061300

36. Owen LA, Kowalewski AA, Lessnick SL. EWS/FLI mediates transcriptional
repression via NKX2.2 during oncogenic transformation in Ewing’s sarcoma. PloS One
(2008) 3:e1965. doi: 10.1371/journal.pone.0001965

37. Zhao C, Xiong K, Ji Z, Liu F, Li X. The prognostic value and immunological role
of STEAP1 in pan-cancer: A result of data-based analysis. Oxid Med Cell Longev (2022)
2022:8297011. doi: 10.1155/2022/8297011

38. Xie J, Yang Y, Sun J, Jiao Z, Zhang H, Chen J. STEAP1 inhibits breast cancer
metastasis and is associated with epithelial-mesenchymal transition procession. Clin
Breast Cancer (2019) 19:e195–207. doi: 10.1016/j.clbc.2018.08.010
Frontiers in Oncology 0787
39. Wu HT, Chen WJ, Xu Y, Shen JX, Chen WT, Liu J. The tumor suppressive roles
and prognostic values of STEAP family members in breast cancer. BioMed Res Int
(2020) 2020:9578484. doi: 10.1155/2020/9578484

40. Slaney CY, Wang P, Darcy PK, Kershaw MH. CARs versus biTEs: A comparison
between T cell-redirection strategies for cancer treatment. Cancer Discovery (2018)
8:924–34. doi: 10.1158/2159-8290.CD-18-0297

41. Goebeler ME, Bargou RC. T cell-engaging therapies - BiTEs and beyond.Nat Rev
Clin Oncol (2020) 17:418–34. doi: 10.1038/s41571-020-0347-5

42. Lin TY, Park JA, Long A, Guo HF, Cheung NV. Novel potent anti-STEAP1
bispecific antibody to redirect T cells for cancer immunotherapy. J Immunother Cancer
(2021) 9:e003114. doi: 10.1136/jitc-2021-003114

43. Zhang X, Zhu L, Zhang H, Chen S, Xiao Y. CAR-T cell therapy in hematological
Malignancies: current opportunities and challenges. Front Immunol (2022) 13:927153.
doi: 10.3389/fimmu.2022.927153

44. Marofi F, Motavalli R, Safonov VA, Thangavelu L, Yumashev AV, Alexander M,
et al. CAR T cells in solid tumors: challenges and opportunities. Stem Cell Res Ther
(2021) 12:81. doi: 10.1186/s13287-020-02128-1

45. Qi C, Gong J, Li J, Liu D, Qin Y, Ge S, et al. Claudin18.2-specific CAR T cells in
gastrointestinal cancers: phase 1 trial interim results. Nat Med (2022) 28:1189–98.
doi: 10.1038/s41591-022-01800-8

46. Rossi J, Paczkowski P, Shen YW, Morse K, Flynn B, Kaiser A, et al. Preinfusion
polyfunctional anti-CD19 chimeric antigen receptor T cells are associated with clinical
outcomes in NHL. Blood (2018) 132:804–14. doi: 10.1182/blood-2018-01-828343

47. Baulu E, Gardet C, Chuvin N, Depil S. TCR-engineered T cell therapy in solid
tumors: state of the art and perspectives. Sci Adv (2023) 9:eadf3700. doi: 10.1126/
sciadv.adf3700

48. Schirmer D, Grünewald TG, Klar R, Schmidt O, Wohlleber D, Rubıó RA, et al.
Transgenic antigen-specific, HLA-A*02:01-allo-restricted cytotoxic T cells recognize
tumor-associated target antigen STEAP1 with high specificity.Oncoimmunology (2016)
5:e1175795. doi: 10.1080/2162402X.2016.1175795

49. Schober SJ, Thiede M, Gassmann H, Prexler C, Xue B, Schirmer D, et al. MHC
class I-restricted TCR-transgenic CD4+ T cells against STEAP1 mediate local tumor
control of ewing sarcoma in vivo. Cells (2020) 9:1581. doi: 10.3390/cells9071581

50. Alves PM, Faure O, Graff-Dubois S, Cornet S, Bolonakis I, Gross DA, et al.
STEAP, a prostate tumor antigen, is a target of human CD8+ T cells. Cancer Immunol
Immunother (2006) 55:1515–23. doi: 10.1007/s00262-006-0165-3

51. Kübler H, Scheel B, Gnad-Vogt U, Miller K, Schultze-Seemann W, Vom Dorp F,
et al. Self-adjuvanted mRNA vaccination in advanced prostate cancer patients: a first-
in-man phase I/IIa study. J Immunother Cancer (2015) 3:26. doi: 10.1186/s40425-015-
0068-y

52. Guo L, Xie H, Zhang Z, Wang Z, Peng S, Niu Y, et al. Fusion protein vaccine
based on ag85B and STEAP1 induces a protective immune response against prostate
cancer. Vaccines (Basel) (2021) 9:786. doi: 10.3390/vaccines9070786
frontiersin.org

https://doi.org/10.3892/ol.2021.12807
https://doi.org/10.1111/jcmm.16038
https://doi.org/10.3389/fphys.2018.01132
https://doi.org/10.3389/fgene.2020.00242
https://doi.org/10.1186/s12957-022-02566-6
https://doi.org/10.1038/bjc.2014.626
https://doi.org/10.1042/BSR20193169
https://doi.org/10.1042/BSR20193169
https://doi.org/10.1056/NEJMra2028910
https://doi.org/10.1158/1541-7786.MCR-11-0524
https://doi.org/10.1093/annonc/mdr605
https://doi.org/10.3390/cells10061300
https://doi.org/10.1371/journal.pone.0001965
https://doi.org/10.1155/2022/8297011
https://doi.org/10.1016/j.clbc.2018.08.010
https://doi.org/10.1155/2020/9578484
https://doi.org/10.1158/2159-8290.CD-18-0297
https://doi.org/10.1038/s41571-020-0347-5
https://doi.org/10.1136/jitc-2021-003114
https://doi.org/10.3389/fimmu.2022.927153
https://doi.org/10.1186/s13287-020-02128-1
https://doi.org/10.1038/s41591-022-01800-8
https://doi.org/10.1182/blood-2018-01-828343
https://doi.org/10.1126/sciadv.adf3700
https://doi.org/10.1126/sciadv.adf3700
https://doi.org/10.1080/2162402X.2016.1175795
https://doi.org/10.3390/cells9071581
https://doi.org/10.1007/s00262-006-0165-3
https://doi.org/10.1186/s40425-015-0068-y
https://doi.org/10.1186/s40425-015-0068-y
https://doi.org/10.3390/vaccines9070786
https://doi.org/10.3389/fonc.2023.1285661
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Frontiers in Oncology

OPEN ACCESS

EDITED BY

Shihori Tanabe,
National Institute of Health Sciences (NIHS),
Japan

REVIEWED BY

Prajish Iyer,
City of Hope National Medical Center,
United States

*CORRESPONDENCE

Wenjun Deng

wdeng@mgh.harvard.edu

Xinyi Zhang

zhangxinyi80@163.com

Shanye Yin

shanye.yin@einsteinmed.edu

†These authors have contributed equally to
this work

RECEIVED 07 November 2023

ACCEPTED 06 December 2023
PUBLISHED 21 December 2023

CITATION

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

COPYRIGHT

© 2023 Ye, Wang, Bu, Luo, Deng, Zhang 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.

TYPE Mini Review

PUBLISHED 21 December 2023

DOI 10.3389/fonc.2023.1333812
Viral oncogenes, viruses,
and cancer: a third-generation
sequencing perspective on
viral integration into the
human genome
Ruichen Ye1,2,3†, Angelina Wang4†, Brady Bu5†,
Pengxiang Luo6, Wenjun Deng7*, Xinyi Zhang8*

and Shanye Yin1,2*

1Department of Pathology, Albert Einstein College of Medicine, Bronx, NY, United States,
2Einstein Pathology Single-cell & Bioinformatics Laboratory, Bronx, NY, United States, 3Stony
Brook University, Stony Brook, NY, United States, 4Tufts Friedman School of Nutrition, Boston,
MA, United States, 5Horace Mann School, Bronx, NY, United States, 6Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China, 7Clinical Proteomics Research
Center, Massachusetts General Hospital, Harvard Medical School, Boston, MA, United States,
8Department of Respiratory Diseases, The Second Affiliated Hospital of Nanchang University,
Nanchang, China
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
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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.
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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
frontiersin.org
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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
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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
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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

DNAmethylation 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,
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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 CpGmethylation 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
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(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
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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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Potential markers of
cancer stem-like cells in
ESCC: a review of the
current knowledge
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Zhenpeng Yan1,2, Guohui Chen1,2, Qinglu Wu1,2,
Songrui Xu1,2, Qichao Zhou1,2, Lili Liu1,2, Meilan Peng1,2,
Xiaolong Cheng1,2* and Ting Yan1,2*

1Translational Medicine Research Center, Shanxi Medical University, Taiyuan, Shanxi, China, 2Key
Laboratory of Cellular Physiology of the Ministry of Education, Department of Pathology, Shanxi
Medical University, Taiyuan, Shanxi, China, 3Clinical Laboratory Medicine Centre, Shenzhen
Hospital, Southern Medical University, Shenzhen, China
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.
KEYWORDS

esophageal squamous cell carcinoma, cancer stem-like cells, EMT, surface
markers, microenvironment
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
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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
Frontiers in Oncology 0296
studies described in this article did not use any data (Supplementary

Figure S1).
Overview of CSLC marker in ESCC

Studies suggest that focusing on CSLCmarker-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).

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
FIGURE 1

Markers in ESCC CSLCs.
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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
Frontiers in Oncology 0397
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/b-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-kB, 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-b signaling pathway in ESCC (ESCC)

TGF-b 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-b 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-b pathway (52, 53). Based on research, Tian

et al. found that miR-130a-3p suppressed TGF-b-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).
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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-3b/b-catenin pathway through Pitx2 (62). Li et al. also
Frontiers in Oncology 0498
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).

In addition, the PI3K/mTOR signal pathway plays a significant

part in cell proliferation and survival. Studies have shown that miR-
FIGURE 3

Activated and inhibitor pathways in ESCC CSLCs.
FIGURE 2

EMT-related signaling pathways in ESCC CSLCs.
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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-3b/
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/b-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, STAT3b inhibited chemoresistance

and stemness through STAT3a (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-b1 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).
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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/b-catenin pathway

and the TGF-b/Smad pathway (87). Taken together, SALL4 (34),

Lgr5 (88), and ATG7 (89) can also regulate CSLC proliferation by

theWnt/b-catenin pathway in ESCC. c-Myc combined the miR-942

promoter and suppressed sFRP4, GSK3b, and TLE1, which

regulated the Wnt/b-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 b-catenin in ESCC (93). Cao

et al. also concluded that FZD7 promoted the progress of EMT

through the Wnt/b-catenin pathway in ESCC (96). Additionally, the

presence of Msi2 promotes ESCC cell proliferation, between

Hedgehog (Hh) and Wnt/b-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).
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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).
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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
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The microenvironment associated with EMT in ESCC CSLCs.
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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.
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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
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.
KEYWORDS

HER2 mutation, non-small cell lung cancer, chemotherapy, target-therapy, T-
DXd, ADCS
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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-

genera t ion sequenc ing iden t ified a HER2 muta t ion

(p.Y772_A775dupYVMA) and a BRCA2 germline mutation with
Abbreviations: ADCs, antibody-drug conjugates; CT, computed tomography;

DoR, duration of response; ECOG PS, Eastern Cooperative Oncology Group

performance status; I+C+A, immune checkpoint inhibitors + chemotherapy +

angiogenesis inhibitors; ICI, immune checkpoint inhibitor; IMRT, intensity-

modulated radiotherapy; MRI, magnetic resonance imaging; NGS, next-

generation sequencing; NSCLC, non-small cell lung cancer; NCCN, National

Comprehensive Cancer Network; PD, progressive disease; PR, partial response;

RECIST, Response Evaluation Criteria In Solid Tumors; SD, stable disease; T-

DM1, ado-trastuzumab emtansine; T-DXd, trastuzumab deruxtecan.
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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 exhibit ing cavity formation

(Figure 1-IIe).

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
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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
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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
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.
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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.

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
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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”
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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
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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 theWeb 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.
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.
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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.
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
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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.

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.
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
FIGURE 1

The flow chart depicting bibliometric analysis.
frontiersin.org

https://doi.org/10.3389/fonc.2024.1424100
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yang et al. 10.3389/fonc.2024.1424100
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
Frontiers in Oncology 04112
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.

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 1 Top 10 nations and institutes for Entosis research.

Rank Country Citation Articles Institution Year 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 Italy 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%)
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.
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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
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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.
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
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.
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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
Frontiers in Oncology 06114
“entosis is a default pathway that becomes apparent only when

other catabolic processes are inhibited.”

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
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 Top 10 journals and co-cited journals for studies Entosis.

Ranks Journals Count IF Q Co-Cited Journals Co-Citation IF Q

1 Current Molecular Medicine 9 2.5 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 328 12.4 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 5.5 Q1 Cancer Res 278 11.2 Q1

8 International Journal of Molecular Sciences 4 5.6 Q1 J Biol Chem 249 4.8 Q2

9 Cancers 4 5.2 Q2 J Cell Biol 235 7.8 Q1

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

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
FIGURE 5

(A) Network visualization diagram of the co-cited authors regarding Entosis. (B) Top 10 authors’ production over time. TC, total citation.
TABLE 3 Top 10 authors and co-cited authors on Entosis.

Rank Authors Counts Co-Cited Authors 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, S 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, J 546 612

10 Florey, O 9 Hamann, Jc 539 6066
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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
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.
TABLE 4 Top 10 co-cited references for Entosis research.

Ranks Cited Reference Citations
Total
Link
Strength

1
Overholtzer M, 2007, Cell,
v131, p966,

169 1415

2
Sun Q, 2014, Cell Res, v24,
p1288, doi 10.1038/cr.2014.137

78 955

3
Sun Q, 2014, Cell Res,
v24, p1299,

75 981

4
Krajcovic M, 2011, Nat Cell Biol,
v13, p324,

69 791

5
Florey O, 2011, Nat Cell Biol,
v13, p1335,

68 777

6
Overholtzer M, 2008, Nat Rev
Mol Cell Bio, v9, p796,

68 764

7
Hamann Jc, 2017, Cell Rep,
v20, p201,

56 623

8
Lugini L, 2006, Cancer Res,
v66, p3629,

53 703

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

10
Fais S, 2018, Nat Rev Cancer,
v18, p758,

41 562
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cellular mechanisms suggests that research into entosis’s role in

tumor development may become a significant area of interest in

the future.

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
Frontiers in Oncology 09117
mentioned more than 30 times and represent the primary focus

of entosis research.

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
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.
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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
Frontiers in Oncology 10118
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,
TABLE 5 Top 20 keywords on research of Entosis.

Rank Keywords Occurrences Rank Keywords Occurrences

1 Entosis 137 11 Death 21

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 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 Cell death 23 20 Clearance 13
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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:
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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).
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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
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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
Frontiers in Oncology 02123
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.
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
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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 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).
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Fron
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:
I. Viral Genome Retrieval: Presents the sequence and

annotated information of the viral genome.
tiers in Oncology 04125
II. Viral Integration Sites: Illustrates the positions of viral

integration sites along with the number of associated reads.

III. Integration Breakpoints: Maps the breakpoints in both

the viral and host genomes.

IV. Host Integration Sites: Shows the positions of integration

sites in the host genome along with their respective

read counts.

V. 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
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.
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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:

Excepted count  =  Total observed integrations 

� Region size (bp)
Total genome size (bp)

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.
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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
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.
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(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
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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
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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.
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